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Editorial on the Research Topic

Mineral solubilizing microorganisms (MSM) and their applications in nutrient

availability, weathering and bioremediation

As the world’s human population continues to grow, agricultural needs for future food

supply will be one of the greatest challenges facing the agricultural community. In other words,

agriculture is essential to achieve food security. Chemical fertilizers and pesticides have become

a necessity in plant production to fulfill the rapid rise in population and, as a result, the increased

nutritional needs. However, the unwanted and indiscriminate use of these fertilizers/pesticides

causes many problems and has a negative impact on agricultural production in many countries

today. In addition, soil pollution by chemical fertilizers, pesticides and heavy metals is a threat

to the environment and food security due to the rapid growth of industry and agriculture and

disruption of natural ecosystems by human pressures related to human population growth.

Heavy metal pollution also poses many risks to the ecosystem and humans, affecting the

safety of the food chain, food quality, and the ability to use land for agricultural production,

which in turn affects food security. To meet this challenge, a lot of effort focusing on soil

biological system and agro-ecosystem as a whole is needed to enable a better understanding

of the complex processes and interactions among soil, plant and microorganisms governing the

sustainability of agricultural land. Plant-associatedmicroorganisms play a key role in solubilizing

mineral substrates and contribute to the release of key nutrients from primary minerals

and make essential plant elements available in soil, enhancing crop productivity (Etesami

and Adl, 2020). In addition, these beneficial microbes are also involved in the degradation

and/or detoxification of organic and inorganic compounds (bioremediation) present in the

ecosystem (Etesami, 2018). Hence, introducing such a phytomicrobiome into the agricultural

industry is an effective approach as a result of its long-term and environmentally favorable

mechanisms to increase plant growth and preserve plant health and quality. In recent years,

low-cost and environmentally friendly agricultural practices have received increasing attention.
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This Research Topic, Mineral-solubilizing microorganisms

and their applications in nutrient availability, weathering and

bioremediation, presents one review paper and 12 original research

papers, from 11 different countries (88 authors), and has papers

that span the field of mineral-solubilizing microorganisms research,

gives insight into ongoing topics, and provides a basis for further

study on Mineral-solubilizing microorganisms and their applications

in nutrient availability, weathering and bioremediation. Here, we

summarized some of the highlights derived from the 13 articles

published in this Research Topic.

Phosphorus (P) is one of the major plant nutrients, lack of which

limits plant growth. Most agricultural soils contain large reserves of

total P. Both P fixation and precipitation occur in soil because of the

large reactivity of phosphate ions with numerous soil constituents.

Developing microbial inoculants containing phosphate-solubilizing

bacteria (PSB) represents an emerging biological solution to improve

rhizosphere P availability (Etesami, 2020). In addition to PSB, the

association of plants with mycorrhizal fungi defines a strategy to cope

with P limitation (Plassard and Dell, 2010). The results of the study of

Schreider et al. also provided evidence that an ectomycorrhiza has the

potential to occupy fundamental niches of various P sources differing

in their bioavailability, indicating that being a generalist in P nutrition

can facilitate adaptation to various nutritional settings in soil.

Most publications describing isolation of PSB employed

tricalcium phosphate. According to Bashan et al. (2013), tricalcium

phosphate is relatively weak and unreliable as a universal selection

factor for isolating and testing PSB for enhancing plant growth.

A practical approach to screen true PSB is to use a combination

of two or three metal-P compounds together. Janati et al. assessed

several PSB strains’ ability to enhance solubilization activity from

rock phosphate, tricalcium phosphate, and their combination. The

results of these researchers showed that the isolated bacteria had

the ability to dissolve different sources of P both individually and

in combination. It has been reported that the results obtained from

the effect of PSB/plant growth promoting rhizobacteria (PGPR)

on plant growth under axenic conditions could not be reproduced

under field conditions (Smyth et al., 2011; Bashan et al., 2013). This

might be occurred due to the low quality of the inoculums and/or

the inability of the PSB/PGPR to compete with the indigenous

population (Catroux et al., 2001) and to survive under stressful

conditions (Etesami and Maheshwari, 2018). Janati et al. showed

that the isolated PSB also were resistant to salinity, acidity, drought,

and temperature stress, which can be used in stressful environments.

Another reasons for the poor performance of agricultural bio-inocula

in natural environments and in the rhizosphere of host plants could

be the use of a single bacterial strain (van Veen et al., 1997). Khan

M. Y. et al. showed that a multi-strain consortium of PGPR could

be more effective to combat the salinity stress owing to the presence

of a variety of plant growth-promoting traits (e.g., ACC-deaminase,

phosphate solubilization, exopolysaccharides and siderophore).

Compared to the well-known role of bacterial auxin hormone in

increasing plant growth and resistance to stress, in the study of

Zaheer et al., it was also found that bacterial cytokinin hormone also

plays a significant role in plant growth.

It is known that rock/minerals weathering is the result of

a combination of physical, chemical, and biological weathering,

with organisms, particularly microorganisms, playing an important

role in the early rock weathering process (Liu et al., 2020).

Chen et al. provided new insights into the weathering process of

carbonate rocks.

Zinc (Zn) is one of the most abundantly found heavy metals

in the Earth’s crust and is reported to be an essential trace metal

required for the growth of living beings. However, its essentiality

also runs parallel to its toxicity, which is induced through various

anthropogenic sources, constant exposure to polluted sites, and other

natural phenomena. Hussain et al. reviewed Zn and its properties,

uses, bioavailability, toxicity, as well as the major mechanisms

involved in its bioremediation from polluted soil and wastewaters.

Dietary essential micronutrient (Zn, Fe, and Se) deficiency also affects

a high percentage of the world population with significant health

impacts. Microbial-assisted biofortification is a novel concept in the

field of agricultural microbiology for nutrifying crop edibles. In the

study of Upadhayay et al., the application of zinc-solubilizing bacteria

caused an elevated Zn amount in the rice grain.

It has been a challenge to decontaminate industrial wastewater

and soil from heavy metals and organic pollutants. Different

strategies have been designed and implemented for their removal,

including filtration, oxidation/reduction, reverse osmosis and

electro-chemical treatment among many others, but are not the

favored option due to their cost, inefficiency, and intense labor

(Algieri et al., 2021). The use of bacteria possessing the ability to

degrade organic pollutants, to immobilize heavy metals in soil

and to promote plant growth, as single or in combination with

plants, is an efficient and environmentally sustainable strategy

to remediate organic pollutant and heavy metal-contaminated

soils. Alotaibi et al. demonstrated that the combination of

PGPR and the petroleum hydrocarbons (PHC) degradation

potential of bacteria can result in an enhanced beneficial effect

in phytoremediation management, which could lead to the

development of innovative bacterial inoculants for plants to

remediate PHC-contaminated soils. In the study of Khan M.

et al., the potential of a copper (Cu)-resistant bacterium (Bacillus

altitudinis MT422188) to remove Cu from polluted wastewater was

investigated. Due to having some special features, B. altitudinis

MT422188 was introduced as an efficient biosorbent for Cu

that can be employed for Cu remediation. Xue et al. remedied

copper-rich water bodies by using two-step biomineralization

approach (i.e., securing the urease activity and modifying

pH conditions).

In the study of Batool et al., the use of bacterial and fungal

strains and zinc and iron-enriched rice husk biochar also

resulted in maximum chromium [Cr(VI)] adsorption from

wastewater applied to the soil by various mechanisms. In

addition to bacteria and fungi, thermoacidophilic archaea also

have a promising potential in bioleaching operations and metal

recycling processes in regard to circular economies and waste

management as investigated by Kölbl et al. To study microbial-

assisted phytoremediation, the understanding the changes

in the microbial community structure and the relationship

between microbial community and soil environment is of utmost

importance. Liu et al. studied microbial-assisted phytoremediation

by exploring soil bacterial community. Their results showed that

the diverse bacterial community is the result of adaptation to

environmental changes.
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The use of plant growth-promoting rhizobacteria (PGPR) as a bioremediation enhancer 
in plant-assisted phytoremediation requires several steps, consisting of the screening, 
selection, and characterization of isolates. A subset of 50 bacterial isolates representing 
a wide phylogenetic range were selected from 438 morphologically different bacteria that 
were originally isolated from a petroleum hydrocarbon (PHC)-polluted site of a former 
petrochemical plant. Selected candidate bacteria were screened using six conventional 
plant growth-promoting (PGP) traits, complemented with the genetic characterization of 
genes involved in alkane degradation, as well as other pertinent functions. Finally, the 
bacterial isolates were subjected to plant growth promotion tests using a gnotobiotic 
approach under normal and stressed conditions. Our results indicated that 35 bacterial 
isolates (70%) possessed at least four PGP traits. Twenty-nine isolates (58%) were able 
to utilize n-hexadecane as a sole carbon source, whereas 43 isolates (86%) were able to 
utilize diesel as the sole carbon source. The presence of catabolic genes related to 
hydrocarbon degradation was assessed using endpoint PCR, with the alkane 
monooxygenase (alkB) gene found in 34 isolates, the cytochrome P450 hydroxylase 
(CYP153) gene found in 24 isolates, and the naphthalene dioxygenase (nah1) gene found 
to be present in 33 isolates. Thirty-six strains (72%) promoted canola root elongation in 
the growth pouch assay. After several rounds of screening, seven bacterial candidates 
(individually or combined in a consortium) were tested for canola root and shoot growth 
promotion in substrates amended by different concentrations of n-hexadecane (0%, 1%, 
2%, and 3%) under gnotobiotic conditions. Our results showed that Nocardia sp. (WB46), 
Pseudomonas plecoglossicida (ET27), Stenotrophomonas pavanii (EB31), and Gordonia 
amicalis (WT12) significantly increased the root length of canola grown in 3% n-hexadecane 
compared with the control treatment, whereas Nocardia sp. (WB46) and Bacillus 
megaterium (WT10) significantly increased shoot length compared to control treatment 
at the same concentration of n-hexadecane. The consortium had a significant enhancement 
effect on root length compared to all isolates inoculated individually or to the control. This 
study demonstrates that the combination of PGPR traits and the PHC degradation 
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potential of bacteria can result in an enhanced beneficial effect in phytoremediation 
management, which could lead to the development of innovative bacterial inoculants for 
plants to remediate PHC-contaminated soils.

Keywords: PGPR, alkanes, rhizoremediation, plant growth promotion, bioinoculants, 1-aminocyclopropane-
1-carboxylate deaminase

INTRODUCTION

Human activities related to the petroleum and gas industry, 
such as exploration, extraction, refining, storage, and shipping, 
are polluting soil and water environments with petroleum 
hydrocarbons (PHCs; Alotaibi et  al., 2021a). Aliphatic 
hydrocarbons (alkanes) are saturated hydrocarbons, representing 
the main constituents of crude oil, and are major soil 
contaminants (Chénier et al., 2003; Stroud et al., 2007). Alkanes 
are major soil pollutants, characterized by low chemical activity, 
low water solubility, and higher activation energies (Labinger 
and Bercaw, 2002; Rojo, 2009). Hexadecane (C16H34) is present 
in the aliphatic fraction of crude oil and is a main component 
of diesel fuel (Chénier et  al., 2003). Hexadecane has been 
used as a model compound to study alkane biodegradation 
because of its presence in many diesel-contaminated soils and 
its well-characterized biodegradability (Chénier et  al., 2003; 
Tara et  al., 2014; Shiri et  al., 2015; Balseiro-Romero et  al., 
2017a; Garrido-Sanz et  al., 2019). The presence of these 
compounds in the environment adversely affects plant, animal, 
and human health (Arslan et  al., 2014). Thus, the remediation 
of alkane-contaminated environments is a primary goal in the 
field of environmental biotechnology.

The use of the usual physical and chemical methods to cope 
with PHC contamination have shown many limitations (Alotaibi 
et al., 2021a). These conventional approaches are very expensive, 
only work for specific organic compounds and do not often 
result in the complete degradation of the contaminants; in 
addition, they are not environmentally friendly as they contribute 
to greenhouse gas emissions (Kuiper et  al., 2004; Pilon-Smits, 
2005; Behera, 2014). On the other hand, a biological method 
such as phytoremediation that relies on the plant–microbe 
partnership is a promising strategy for the remediation of soils 
contaminated with aliphatic hydrocarbons. Phytoremediation 
requires less maintenance effort, minimizes site disturbances, 
and is a cost-effective and less destructive approach (Alotaibi 
et  al., 2021a).

Plants, due to their exudates, metabolite diversity and 
enzymatic machinery, can adapt and alleviate stressful conditions 
such as the presence of hydrocarbons in soil (Pilon-Smits, 
2005). However, plant growth and biomass production are often 
limited under such harsh conditions and subsequently 
phytoremediation efficiency is reduced and plant mortality is 
increased (Glick and Stearns, 2011). Plant growth-promoting 
rhizobacteria (PGPR) can be  used to enhance plant growth 
in stressful conditions, thus enhancing phytoremediation 
efficiency (Tara et  al., 2014; Balseiro-Romero et  al., 2017a; 
Oleńska et  al., 2020). PGPR can alleviate stress in plants and 
reduce the phytotoxicity of hydrocarbons via many mechanisms, 

such as reducing soil nutrient deficiencies (fixing nitrogen, 
solubilizing phosphorus, and enhancing iron uptake), synthesizing 
plant growth-promoting (PGP) hormones, suppressing ethylene 
production via 1-aminocyclopropane-1-carboxylate (ACC) 
deaminase (ACCD) activity (Schlaeppi and Bulgarelli, 2015; 
Backer et  al., 2018; Oleńska et  al., 2020), and by virtue of 
their pollutant-degrading pathways and metabolic activities 
(Arslan et  al., 2014; Xu et  al., 2018).

The development of a database and collection of bacterial 
isolates characterized for PGP traits and hexadecane degradation 
potential can assist in the selection of the most promising 
strains for further advancement as bioaugmentation inoculants 
in phytoremediation strategies for diesel-contaminated soils. 
In this study, 50 bacterial strains were selected from 438 
morphologically different bacteria that were isolated from bulk 
and rhizosphere soils of plants growing in a petrochemical 
site contaminated with PHCs (Alotaibi et al., 2021b). The strains 
were selected based on the fact that they covered a wide 
phylogenetic affiliation range, their ability to possess various 
PGP activities and their wide-spectrum hydrocarbon degradation 
potential. We  hypothesize that combined traits of PGP and 
hexadecane degradation potential occur in bacteria isolated 
from an aged petroleum-hydrocarbon polluted site. The specific 
objectives of this study were: to define and compare the PGP 
traits of selected bacterial strains qualitatively and quantitatively; 
to test their ability to utilize 1% (v/v) sterilized n-hexadecane 
and 1% (v/v) diesel as a sole carbon source; to screen for the 
presence of the stress tolerance gene (acdS) encoding ACCD 
and the dinitrogenase reductase gene (nifH) encoding (nitrogen 
fixation); to search for the presence of hydrocarbon-degrading 
genes (alkB, CYP153, and nah); and to assess their plant growth 
promotion potential under gnotobiotic conditions in growth 
pouches. The outcome of this study can be an effective approach 
for the developing integrated microbial inoculants for 
bioremediation biotechnology applications.

MATERIALS AND METHODS

Bacterial Strains
The 50 bacterial strains used in this study are a subset of a 
larger collection of 438 morphologically different bacteria isolated 
from bulk soil and the rhizosphere of Salix purpurea and Eleocharis 
obtusa plants growing in a site highly polluted with petroleum-
hydrocarbons (Alotaibi et  al., 2021b). This site is in Varennes, 
Quebec, Canada (45°43 N, 73°22 W), with an allocated area of 
approximately 5,000 m2. These bacterial strains were selected 
based on their phylogenetic affiliations to cover major bacterial 
lineages in order to increase taxonomic, genetic and functional 
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diversities. The identification of bacterial strains was performed 
using Sanger sequencing of the 16S rRNA gene, as described 
in Alotaibi et  al. (2021b). The isolation source and the species 
affiliations of bacterial strains used in this study are summarized 
in Table  1. The bacterial strains were stored at −80°C.

Stock cultures were preserved in 20% glycerol at −80°C. When 
reviving bacteria, isolates were cultured in 50 ml of 1/2 strength 
Trypticase Soy Broth (TSB) (Difco Laboratories Inc. Detroit, 

Michigan, United  States) at room temperature for 48 h with 
continuous agitation at 150 rpm on a gyratory shaker.

Screening for in vitro PGP Characteristics
Phosphate Solubilization
The inorganic phosphate solubilization activity of bacterial isolates 
was determined using both qualitative and quantitative assays as 

TABLE 1 | List of bacterial isolates used in this study.

Isolation 
code

Environmental niche Isolation mediuma Phylum/Family NCBI taxonomic identity (accession number)

ST4 Bulk soil 1/10TSA Actinobacteria/Nocardiaceae Rhodococcus ruber (MZ430450)
ST15 Bulk soil 1/10TSA Gammaproteobacteria/Pseudomonadaceae Pseudomonas sp. (MZ430461)
ST25 Bulk soil 1/10TSA Gammaproteobacteria/Xanthomonadaceae Stenotrophomonas nitritireducens (MZ430471)
ST45 Bulk soil 1/10TSA Actinobacteria/Gordoniaceae Gordonia amicalis (MZ430491)
SB26 Bulk soil B–H_amended diesel Actinobacteria/Rhodobacteraceae Paracoccus sp. (MZ430412)
SB32 Bulk soil B–H_amended diesel Actinobacteria/Microbacteriaceae Microbacterium hatanonis (MZ430418)
SB36 Bulk soil B–H_amended diesel Gammaproteobacteria/Moraxellaceae Acinetobacter pittii (MZ430422)
SB38 Bulk soil B–H_amended diesel Gammaproteobacteria/Pseudomonadaceae Pseudomonas stutzeri (MZ430424)
SB39 Bulk soil B–H_amended diesel Actinobacteria/Microbacteriaceae Microbacterium oxydans (MZ430425)
SB41 Bulk soil B–H_amended diesel Gammaproteobacteria/Moraxellaceae Acinetobacter sp. (MZ430427)
SB45 Bulk soil B–H_amended diesel Gammaproteobacteria/Pseudomonadaceae Pseudomonas mosselii (MZ430431)
SB49 Bulk soil B–H_amended diesel Betaproteobacteria/Oxalobacteraceae Massilia oculi (MZ430435)
SB50 Bulk soil B–H_amended diesel Alphaproteobacteria/Sphingomonadaceae Sphingobium yanoikuyae (MZ430436)
ET5 Eleocharis rhizosphere 1/10TSA Actinobacteria/Microbacteriaceae Microbacterium testaceum (MZ430211)
ET10 Eleocharis rhizosphere 1/10TSA Alphaproteobacteria/Rhizobiaceae Rhizobium selenitireducens (MZ430216)
ET25 Eleocharis rhizosphere 1/10TSA Firmicutes/Bacillaceae Bacillus marisflavi (MZ430231)
ET27 Eleocharis rhizosphere 1/10TSA Gammaproteobacteria/Pseudomonadaceae Pseudomonas plecoglossicida (MZ430233)
ET33 Eleocharis rhizosphere 1/10TSA Betaproteobacteria/Comamonadaceae Delftia lacustris (MZ430239)
ET46 Eleocharis rhizosphere 1/10TSA Gammaproteobacteria/Yersiniaceae Serratia sp. (MZ430252)
ET49 Eleocharis rhizosphere 1/10TSA Gammaproteobacteria/Enterobacteriaceae Enterobacter bugandensis (MZ430255)
EB6 Eleocharis rhizosphere B–H_amended diesel Betaproteobacteria/Burkholderiaceae Chitinimonas taiwanensis (MZ430152)
EB26 Eleocharis rhizosphere B–H_amended diesel Gammaproteobacteria/Aeromonadaceae Aeromonas hydrophila (MZ430172)
EB31 Eleocharis rhizosphere B–H_amended diesel Gammaproteobacteria/Xanthomonadaceae Stenotrophomonas pavanii (MZ430177)
EB35 Eleocharis rhizosphere B–H_amended diesel Betaproteobacteria/Comamonadaceae Comamonas odontotermitis (MZ430181)
EB37 Eleocharis rhizosphere B–H_amended diesel Actinobacteria/Microbacteriaceae Lysinimonas sp. (MZ430183)
EB43 Eleocharis rhizosphere B–H_amended diesel Gammaproteobacteria/Pseudomonadaceae Pseudomonas entomophila (MZ430189)
WT8 Salix rhizosphere 1/10TSA Actinobacteria/Streptomycetaceae Streptomyces atriruber (MZ430334)
WT10 Salix rhizosphere 1/10TSA Firmicutes/Bacillaceae Bacillus megaterium (MZ430336)
WT12 Salix rhizosphere 1/10TSA Actinobacteria/Gordoniaceae Gordonia amicalis (MZ430338)
WT17 Salix rhizosphere 1/10TSA Gammaproteobacteria/Pseudomonadaceae Pseudomonas kilonensis (MZ430343)
WT19 Salix rhizosphere 1/10TSA Actinobacteria/Micrococcaceae Pseudarthrobacter siccitolerans (MZ430345)
WT34 Salix rhizosphere 1/10TSA Actinobacteria/Micrococcaceae Arthrobacter sp. (MZ430360)
WT39 Salix rhizosphere 1/10TSA Actinobacteria/Streptomycetaceae Streptomyces atratus (MZ430365)
WB17 Salix rhizosphere B–H_amended diesel Actinobacteria/Micrococcaceae Paenarthrobacter nitroguajacolicus (MZ430283)
WB23 Salix rhizosphere B–H_amended diesel Betaproteobacteria/Comamonadaceae Variovorax paradoxus (MZ430289)
WB25 Salix rhizosphere B–H_amended diesel Alphaproteobacteria/Sphingomonadaceae Sphingomonas sanxanigenens (MZ430291)
WB31 Salix rhizosphere B–H_amended diesel Gammaproteobacteria/Pseudomonadaceae Pseudomonas frederiksbergensis (MZ430297)
WB40 Salix rhizosphere B–H_amended diesel Actinobacteria/Micrococcaceae Pseudarthrobacter siccitolerans (MZ430306)
WB46 Salix rhizosphere B–H_amended diesel Actinobacteria/Nocardiaceae Nocardia sp. (MZ430312)
WB48 Salix rhizosphere B–H_amended diesel Actinobacteria/Nocardiaceae Streptomyces umbrinus (MZ430314)
WB49 Salix rhizosphere B–H_amended diesel Actinobacteria/Nocardioidaceae Nocardioides alpinus (MZ430315)
WB51 Salix rhizosphere B–H_amended diesel Actinobacteria/Gordoniaceae Nocardia asteroides (MZ430317)
WB54 Salix rhizosphere B–H_amended diesel Actinobacteria/Intrasporangiaceae Phycicoccus bigeumensis (MZ430320)
SA7 Bulk soil ACCD Gammaproteobacteria/Enterobacteriaceae Pantoea agglomerans (MZ430101)
EA5 Eleocharis rhizosphere ACCD Gammaproteobacteria/Enterobacteriaceae Klebsiella oxytoca (MZ430073)
EA9 Eleocharis rhizosphere ACCD Gammaproteobacteria/Enterobacteriaceae Enterobacter cancerogenus (MZ430077)
EA21 Eleocharis rhizosphere ACCD Actinobacteria/Microbacteriaceae Curtobacterium sp. (MZ430089)
WA8 Salix rhizosphere ACCD Gammaproteobacteria/Erwiniaceae Raoultella terrigena (MZ430128)
WA19 Salix rhizosphere ACCD Gammaproteobacteria/Enterobacteriaceae Citrobacter sp. (MZ430139)
WA25 Salix rhizosphere ACCD Gammaproteobacteria/Pseudomonadaceae Pseudomonas thivervalensis (MZ430145)

aIsolation media abbreviations: B–H_amended diesel, Bushnell–Haas medium amended with 1% diesel; TSA, Trypticase Soy Agar; and ACCD, 1-aminocyclopropane-1-carboxylate 
(ACC) deaminase enrichment culture method.
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described in Nautiyal (1999). In the qualitative assay using solid 
agar plates, fresh pure bacterial isolates were grown in half-strength 
TSB at 28°C for 48 h with continuous agitation at 150 rpm in a 
rotary shaker. Then, 10 μl of growing bacterial culture was spot-
inoculated into the center of NBRIP (the National Botanical Institute’s 
phosphate growth medium) agar plates containing tri-calcium 
phosphate as the sole inorganic phosphate source (Nautiyal, 1999). 
The NBRIP agar plates were incubated at 28°C for 14 days and 
a clear zone around inoculated colonies indicated the solubilization 
of inorganic phosphate. The test was replicated three times.

In the quantitative liquid assay, a loopful of pure bacterial 
isolates growing on 1/10 Trypticase Soy Agar (TSA) plates 
were inoculated into 125-ml Erlenmeyer flasks containing 50 ml 
freshly sterilized liquid NBRIP medium supplemented with 
tri-calcium phosphate as the sole inorganic phosphate source. 
The cultures were grown at 28°C under continuous agitation 
at 150 rpm in a rotary shaker for up to 14 days. Five-milliliter 
aliquots were centrifuged at 10,000 g for 10 min, and the 
supernatant was filtered through a 0.2-μm Millipore filter and 
used for soluble P determination using ammonium molybdate 
reagent (Fiske and Subbarow, 1925). The blue-color compound 
was measured by reading the absorbance at 650  nm using a 
multimode microplate spectrophometer against a standard curve 
KH2PO4. The test was replicated three times.

Indole-3-Acetic Acid Production
The production of IAA by bacterial isolates was determined 
using both qualitative and quantitative assays as described in 
Patten and Glick (2002). Bacterial isolates were first cultured 
overnight in 5 ml of DF salts minimal medium, and then 20 μl 
aliquots were transferred into 15-ml Falcon tubes containing 
5 ml of DF salts minimal medium supplemented with tryptophan 
(1 mg ml−1) as auxin precursor. Cultures were grown in a shaker 
(120 rpm) for 48 h at 28°C. One-milliliter aliquots of bacterial 
cultures were then centrifuged at 9,500 g for 2 min and 100 μl 
of supernatant were added to a 96-well plate, followed by the 
addition of 100 μl of Salkowski’s reagent, and the 96-well plate 
was incubated in the dark for 30 min at room temperature. 
Bacterial isolates producing IAA were characterized by the 
formation of a distinct red color. To quantify IAA produced 
by bacterial isolates, the absorbance was measured at 535 nm 
using a multimode microplate spectrophotometer against a 
standard curve of commercial IAA (Sigma-Aldrich, 
United  States). The test was replicated three times.

Siderophore Syntheses
Siderophore production by bacterial isolates was determined 
qualitatively using the Chrome-Azurol S (CAS) assay as described 
in Alexander and Zuberer (1991). Pure bacterial isolates were 
grown in half-strength TSB at 28°C for 48 h with continuous 
agitation at 150 rpm in a rotary shaker, and 10 μl of the growing 
bacterial culture was spot-inoculated into the centers of CAS-agar 
plates. The CAS-agar plates were incubated at 28°C for 72 h, 
and bacterial isolates showing an orange halo were considered 
positive for siderophore synthesis (Schwyn and Neilands, 1987). 
The test was replicated three times.

Siderophore production quantification was estimated using 
the CAS-Shuttle assay performed in high-throughput mode 
using a 96-well format, as described in Payne (1994). Briefly, 
bacterial strains were inoculated into an iron-deficient MM9 
medium to induce siderophore production and grown at 28°C 
under continuous agitation. After 48 h, 100 μl of cell-free 
supernatant was mixed with 100 μl of CAS dye and 2 μl of 
shuttle solution. The 96-well plate was incubated in the dark 
for 15 min, and the absorbance was measured at 630 nm using 
a multimode microplate spectrophotometer. The test was 
replicated three times.

Ammonia Production
The ammonia production by bacterial isolates was evaluated 
in both qualitative and quantitative assays as described in 
Cappuccino and Sherman (1992) and as outlined in Dutta 
et al. (2015). The qualitative estimation of ammonia production 
was carried out by inoculating fresh bacterial isolates into 
10-ml test tubes of peptone water (peptone 10 g. L−1; NaCl 
5 g. L−1; 1 L dH2O), and bacterial cultures were incubated for 
72 h at 28°C. Then, 1 ml aliquots of bacterial culture were 
transferred to 2 ml tubes and 50 μl of Nessler’s reagent [10% 
HgI2; 7% KI; 50% aqueous solution of NaOH (32%)] were 
added to each tube. A color change of the mix to yellow 
indicates ammonia production, with a weak yellow indicating 
of small amount of production and a deep yellow being a 
sign of the maximum capacity of ammonia production (Marques 
et  al., 2010). To quantify ammonia production by bacterial 
isolates, the absorbance was measured at 450 nm against a 
standard curve of ammonium sulfate using a multimode 
microplate spectrophotometer. The test was replicated three times.

ACCD Activity
ACCD activity was assessed by monitoring the bacterial isolate’s 
ability to grow on DF minimal salts medium containing ACC 
as a sole nitrogen source (Penrose and Glick, 2003). Pure 
bacterial isolates were grown in half-strength TSB at 28°C for 
48 h under continuous agitation at 150 rpm in a rotary shaker. 
A loopful of each bacterial isolate growing in liquid culture 
was streaked into a DF minimal salts agar plate containing 
3 mM ACC solution, which was spread into the agar plate 
immediately prior to use. Plates were incubated at 28°C for 
up to 1 week. The presence of growth in the DF-ACC agar 
plates was considered positive. Bacterial strains were classified 
using a rating scale as follows: −, no growth; +, slightly growth; 
++, moderate growth; and +++, heavy growth. The test was 
replicated three times.

ACCD activity was also confirmed via PCR amplification 
of the acdS gene (Blaha et  al., 2006). More details regarding 
procedure and PCR conditions are given below.

Nitrogen Fixation
Bacterial isolates were evaluated regarding their capacity to 
grow on an N-deficient combined carbon medium (Rennie, 
1981). Bacterial cultures were grown in half-strength TSB at 
28°C for 48 h under continuous agitation at 150 rpm in a rotary 
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shaker. A loopful of each bacterial isolate growing in liquid 
culture was streaked into the N-deficient combined carbon 
medium agar plate and incubated at 28°C for up to 1 week. 
The presence of growth in the agar plates was considered 
positive. Bacterial strains were classified using a rating scale 
as follows: −, no growth; +, slightly growth; ++, moderate 
growth; and +++, heavy growth. The test was replicated 
three times.

Nitrogen fixation activity was also confirmed using PCR 
amplification of the nifH gene (Rösch et  al., 2002). More 
details regarding the procedure and PCR conditions are 
given below.

Catabolic Gene Detection Using PCR 
Amplifications
PCR analysis was used to assess the presence of hydrocarbon-
degrading genes and PGPR genes in bacterial isolates selected 
in this study. Primers used to detect the presence of genes 
and PCR conditions are presented in Supplementary Table S1.

PCR reactions for the analysis of the alkB gene were performed 
in a reaction volume of 25 μl, which consisted of 1× PCR 
Buffer (Qiagen, Toronto, Canada), 0.8 μM of each primer, 0.2 mM 
of dNTP mix, 0.5 mM of MgCl2, 0.2 mg ml−1 of BSA (Amersham 
Biosciences, Mississauga, Canada), 1.25 U of Taq DNA polymerase 
(Qiagen, Toronto, Canada), and 1 μl purified genomic DNA 
(Kloos et  al., 2006). For the detection of the CYP153 gene, 
PCR reactions were prepared as for the alkB gene (Wang et al., 
2010). In addition, PCR nah gene detection was conducted 
as previously described in Baldwin et  al. (2003). Briefly, PCR 
analyses were performed in a reaction volume of 25 μl, which 
consisted of 1× PCR buffer, 0.5 μM of each primer, 1 μl of 
dNTP (Qiagen, Toronto, Canada), 0.5 mM of MgCl2, 0.2 mg ml−1 
of BSA, 1 U of Taq DNA polymerase, and 1 μl purified genomic 
DNA. For the detection of the acdS gene, PCR reactions were 
prepared as for the nah gene (Blaha et  al., 2006). Finally, for 
the detection of the nifH gene, PCRs were performed in a 
reaction volume of 25 μl of 1× PCR buffer, 0.5 μM of each 
primer, 0.5 μl of dNTP, 0.5 μl of MgCl2, 0.2 mg ml−1 of BSA, 
1 U of Taq DNA polymerase, and 1 μl purified genomic DNA 
(Rösch et  al., 2002).

The presence and length of PCR products were verified by 
electrophoresis with GelRed-stained 1.5% agarose gels using 
the Gel-Doc system (Bio-Rad Laboratories, Mississauga, Canada).

PGP Potential of Bacterial Isolates Under 
Gnotobiotic Conditions
Inoculum Preparation
Bacterial isolates (Table  1) were first grown in fresh 1/10 TSA 
plates and incubated for 72–96 h at 28°C. Then, pure colonies 
of each isolate were inoculated separately into a 500 ml Erlenmeyer 
flask containing 250 ml half-strength TSB medium. Bacterial 
isolates were incubated on a rotary shaker (150 rpm) at 28°C 
for 48 h (except for the following isolates, which were grown 
for up to 120 h at 28°C: Rhodococcus ruber ST4, Sphingobium 
yanoikuyae SB50, Lysinimonas sp. EB37, Gordonia amicalis 
WT12, Sphingomonas sp. WB25, Nocardioides alpinus WB49, 

Gordonia sp. WB51, and Phycicoccus sp. WB54). The optical 
density (OD) of bacterial cells was measured and adjusted to 
an OD600 value of 1. Bacterial suspensions were harvested via 
centrifugation (15 min at 5,000 g), washed three times in 
phosphate buffer saline (PBS; Difco Laboratories, Detroit, 
United  States), and resuspended in 20 ml sterile tap water. 
Serial dilutions were then prepared in PBS and spread on 
1/10 TSA plates, and incubated at 28°C for 72 h. This yielded 
cell densities of approximately 109 (colony-forming units) 
cfu ml−1.

Seed Inoculation
Canola (cv. 4,187 RR) seeds were surface-sterilized by washing 
with ethanol (95% v.v−1) for 30 s, followed by soaking in NaCIO 
(2.5% v.v−1) for 10 min under constant gentle shaking (Hynes 
et  al., 2008). Seeds were rinsed with sterile distilled water 10 
times in order to remove excess sodium hypochlorite. The 
seeds were then air-dried by placing them in a biosafety cabinet 
for 24 h. Sub-samples of surface-sterilized seeds were picked 
randomly and placed onto 1/10-strength TSA plates and incubated 
at 28°C for 24 h to further check for any contamination. 
Surface-sterilized seeds were soaked in 5 ml of bacterial 
suspension for 4 h with gentle shaking in a rotary shaker to 
allow the bacteria to penetrate into the seeds. For the control 
treatment (without bacterial inoculum), seeds were soaked in 
5 ml autoclaved distilled H2O.

Root Elongation Assay
The root elongation assays were conducted under gnotobiotic 
conditions using growth pouches as previously described in 
Lifshitz et  al. (1987). Seed growth pouches (16.5 cm × 18 cm) 
containing chromatographic filter paper (Mega International, 
Minneapolis, United  States) were filled with 10 ml of sterile 
half-strength N-free Hoagland’s nutrient solution, wrapped in 
aluminum foil and sterilized at 121°C for 20 min prior to 
seeding. Ten seeds soaked in the bacterial suspension were 
aseptically sown inside the growth pouches and five replicate 
pouches were used for each treatment and for the control. 
After seed germination, pouches were thinned to five seeds 
per pouch. The pouches were wrapped with Saran plastic wrap 
to minimize the loss of moisture and covered with aluminum 
foil to prevent light from reaching plant roots. The moisture 
content was kept constant during the time course of the 
experiment via additions of sterile distilled water and half-
strength N-free Hoagland nutrient solution, on an alternative 
day’s basis, using aseptic techniques. The seeds were grown 
in growth pouches for 7 days at 28°C, with a 16/8 h  day/night 
cycle, before the root measurements were taken.

Growth of Bacterial Isolates in MSM With 
(1%) n-Hexadecane and (1%) Diesel
Bacterial isolates were tested for their ability to utilize either 
1% (v/v) filter-sterilized n-hexadecane or 1% (v/v) diesel in 
mineral salt medium (MSM) by measuring the cell density at 
600 nm. Bacterial isolates were first grown in half-strength TSB 
at 28°C for 48 h with continuous agitation at 150 rpm. Then, 
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cells were collected via centrifugation, washed three times with 
PBS, and resuspended in sterile dH2O, and 10 μl was used to 
inoculate MSM amended with 1% n-hexadecane or 1% diesel. 
The assay was carried out in 125 ml Erlenmeyer flasks containing 
50 ml sterile MSM and the n-hexadecane or diesel as carbon 
source, incubated at 28°C under continuous agitation at 150 rpm 
on a rotary shaker. After a week, cells growth was measured 
at 600 nm and compared with a control containing no carbon 
source. The experiment was carried out in triplicate.

Gnotobiotic Assay Under Alkane Stress 
Conditions
Seven candidates that performed well in different assays were 
selected and tested gnotobiotically for their plant growth 
promotion potential under different concentrations of 
n-hexadecane (0%, 1%, 2%, and 3%).

The bacterial strains tested in this experiment were 
Acinetobacter sp. strain SB41, Pseudomonas putida strain ET27, 
Stenotrophomonas maltophilia strain EB31, Bacillus megaterium 
strain WT10, G. amicalis strain WT12, Arthrobacter sp. strain 
WT19, and Nocardia sp. strain WB46. The bacterial inoculum 
was prepared as described above.

The experiment was performed utilizing growth pouches 
as described above, with modifications. The ability of bacterial 
strains to enhance plant growth under alkane stress conditions 
was tested by including different concentrations of n-hexadecane 
(0%, 1%, 2%, and 3%) in the sterile half-strength N-free 
Hoagland nutrient solution in the growth pouches. Briefly, 10 
seeds soaked in the bacterial suspension were aseptically sown 
inside the growth pouches and five replicated pouches were 
used for each treatment and control. After seed germination, 
pouches were thinned to five seeds per pouch. The pouches 
were wrapped with Saran plastic wrap to minimize the loss 
of moisture and covered with aluminum foil to prevent light 
from reaching the plant roots. The seeds were grown in growth 
pouches for 7 days at 28°C, with a 16/8 h  day/night cycle, 
before the root and shoot measurements were made.

Growth of Bacterial Isolates on Different 
Concentrations of n-Hexadecane
The growth of bacterial strains was measured in sterile 50 ml 
MSM medium containing different concentrations of 
n-hexadecane (1%, 2%, and 3%) as the carbon source in 125 ml 
Erlenmeyer flasks. Bacterial cultures were grown as described 
in above and then the bacterial cultures were incubated at 
28°C under continuous agitation at 150 rpm on a rotary shaker. 
Bacterial growth was determined by measuring the cell density 
at 600 nm every day for up to 7 days. Non-inoculated control 
treatments were included at each concentration. The experiment 
was carried out in triplicate.

Statistical Analyses
The growth pouch study was carried out in a completely 
randomized design. In the first growth pouch study, the data 
were presented as means and SDs, and the difference between 

treatments compared to the control were analyzed using Dunnett’s 
test (p = 0.05). In the second growth pouch experiment, the 
differences between treatments were analyzed using one-way 
ANOVA at a 5% significance level with Tukey’s post-hoc test, 
using JMP software (SAS Institute Inc. Cary, NC, United States). 
A Venn diagram was generated using InteractiVenn software 
(Heberle et  al., 2015).

RESULTS

PGP Traits of Bacterial Isolates
A total of 50 bacterial isolates were screened for six different 
PGP traits and the presence of two genes encoding nitrogenase 
(nifH) and ACCD (acdS). The results of screening tests are 
shown in Table 2. Fourteen strains (28%) were able to solubilize 
calcium phosphate in the liquid medium (Table  2). Among 
these, several strains showed excellent P solubilization ability. 
B. megaterium strain WT10 showed the highest solubilization 
activity with 690.86 μg ml−1 calcium phosphate (Table 2), followed 
by G. amicalis strain WT12, Curtobacterium sp. strain EA21, 
and Pseudomonas fluorescens strain WT17, which were able 
to solubilize 567.12 μg ml−1, 525.4 μg ml−1, and 476.48 μg ml−1 
calcium phosphate, respectively (Table  2).

Out of 50 bacterial strains, 34 strains (68%) were able to 
produce IAA after 48 h of incubation with a 1 mg ml−1 supplement 
of tryptophan as an auxin precursor (Table  2). Three bacterial 
strains showed the highest IAA production among all the 
strains, specifically Rhizobium sp. strain ET10, Curtobacterium 
sp. strain EA21, and Klebsiella sp. EA5, which produced 
44.31 μg ml−1, 44.13 μg ml−1, and 31.32 μg ml−1 IAA, respectively 
(Table  2).

Twenty-four bacterial strains (48%) were able to synthesize 
siderophores (Table 2). The maximum production of siderophores 
by bacterial strains were observed in Pseudomonas putida strain 
ET27, Enterobacter sp. strain EA9, Pseudomonas stutzeri strain 
SB38, Enterobacter cancerogenus strain ET49, and Pseudomonas 
fluorescens strain WT17, which produced around 29% or above 
of siderophore units (Table  2).

Most of the bacterial strains under investigation were able 
to produce ammonia (Table 2). Most bacterial isolates produced 
ammonia in the range of 5.00 to 10.50 μmol ml−1 (Table  2). 
Four bacterial strains showed the maximum ammonia production 
among the strains, namely, Comamonas sp. strain EB35, 
Chitinimonas sp. strain EB6, Microbacterium oxydans strain 
SB39, and S. maltophilia strain EB31 (Table  2).

All bacterial isolates were further screened qualitatively for 
ACCD and N fixation, of which 34 isolates (68%) demonstrated 
ACCD activity and also showed the presence of an ACCD 
gene (acdS) (Table  2). Additionally, 28 isolates (56%) showed 
the ability to fix atmospheric N2 and the presence of the N 
fixation gene (nifH) (Table  2).

Root Elongation Assay
The bacterial isolates were tested on canola root elongation 
under gnotobiotic conditions. The results indicated that the 
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highest canola root elongation effect was induced by the following 
bacterial isolates: Curtobacterium sp. EA21, B. megaterium 
WT10, and Gordonia sp. ST45, which significantly increased 

(p ≤ 0.05) canola root elongation by 118%, 98%, and 86%, 
respectively, compared with the control treatment (Figure  1). 
Other isolates that significantly increased (p ≤ 0.05) canola root 

TABLE 2 | Screening of selected bacterial strains for PGP traits.

Strain 
code

Identity
IAA 

productiona 
(μg ml−1)

Phosphate 
solubilization 

(μg ml−1)

Siderophore 
production 

(%)

Ammonia 
production 
(μmol ml−1)

ACC 
deaminaseb

Nitrogen 
fixationc

PCRd

acdS nifH

ST4 Rhodococcus ruber 25.93 − − 9.59 + + + +
ST15 Pseudomonas sp. 11.51 − 13.4 7.35 ++ + − +
ST25 Stenotrophomonas nitritireducens 21.48 − 7.6 9.81 +++ − + −
ST45 Gordonia amicalis − − − − ++ +++ + +
SB26 Paracoccus sp. − − − 9.47 − − − −
SB32 Microbacterium hatanonis − − 9.16 7.39 ++ +++ − −
SB36 Acinetobacter pittii − 420.36 22.3 − +++ + + +
SB38 Pseudomonas stutzeri 13.78 − 32.1 8.11 − − + −
SB39 Microbacterium oxydans 6.51 − 8.2 12.51 ++ − − −
SB41 Acinetobacter sp. 4.39 369.28 − 7.25 +++ ++ − +
SB45 Pseudomonas mosselii 19.10 − 12.3 6.42 +++ +++ + +
SB49 Massilia oculi 7.67 − 17.1 7.36 − − − −
SB50 Sphingobium yanoikuyae 15.34 − − 5.93 ++ ++ + +
ET5 Microbacterium testaceum 11.01 − − 8.23 − − − −
ET10 Rhizobium selenitireducens 44.31 − 26.7 9.05 − +++ − +
ET25 Bacillus marisflavi − − − 8.61 +++ − − −
ET27 Pseudomonas plecoglossicida 11.80 424.68 36.4 7.07 +++ +++ + +
ET33 Delftia lacustris 5.05 − − − +++ − + −
ET46 Serratia sp. 13.47 381.51 24.8 7.06 ++ + − +
ET49 Enterobacter bugandensis 9.18 − 31.1 8.59 ++ ++ − +
EB6 Chitinimonas taiwanensis − − − 13.05 ++ − − −
EB26 Aeromonas hydrophila 1.67 − − 10.50 − − − −
EB31 Stenotrophomonas pavanii 29.44 380.79 19.6 11.46 ++ + − +
EB35 Comamonas odontotermitis − − 14.9 13.95 + − + +
EB37 Lysinimonas sp. − − − 8.64 − − − −
EB43 Pseudomonas 0.45 − − 8.89 ++ ++ − +
WT8 entomophila 0.53 72.16 − 9.16 − − − −
WT10 Streptomyces atriruber Bacillus − 690.86 − 9.27 − − − −
WT12 megaterium Gordonia amicalis 0.45 567.12 − 7.97 ++ +++ + +
WT17 Pseudomonas kilonensis 8.41 476.48 29. 3 6.41 +++ ++ + +
WT19 Pseudarthrobacter siccitolerans 11.56 − 10.1 6.70 − + − +
WT34 Arthrobacter sp. 10.32 − − 10.34 − − − −
WT39 Streptomyces atratus − − − 5.0 − − − −
WB17 Paenarthrobacter nitroguajacolicus − − 12.1 6.86 +++ ++ + +
WB23 Variovorax paradoxus − − − − ++ +++ + +
WB25 Sphingomonas sanxanigenens 1.14 − 8.3 9.10 ++ − − −
WB31 Pseudomonas frederiksbergensis 9.68 449.86 22.8 7.19 +++ ++ + +
WB40 Pseudarthrobacter siccitolerans 7.88 − − 7.28 − − − −
WB46 Nocardia sp. 1.46 − 8.2 6.67 − − − −
WB48 Streptomyces umbrinus − − − 9.05 ++ +++ + −
WB49 Nocardioides alpinus 8.49 − − 9.71 − − − −
WB51 Nocardia asteroides − − − 8.60 ++ ++ + +
WB54 Phycicoccus bigeumensis 0.24 72.16 − 9.35 − − − −
SA7 Pantoea agglomerans 19.37 − 29.1 8.42 +++ − + −
EA5 Klebsiella oxytoca 31.32 − 18.7 7.85 +++ +++ + +
EA9 Enterobacter cancerogenus 10.58 − 36.4 8.25 +++ + + +
EA21 Curtobacterium sp. 44.13 525.4 − 8.60 +++ +++ − +
WA8 Raoultella terrigena 13.54 − − 7.97 +++ ++ + +
WA19 Citrobacter sp. − 338.35 − 8.42 +++ + + +
WA25 Pseudomonas thivervalensis − 324.68 19.3 7.11 +++ +++ + +

Values are means of three replicates ± SD. aIndole-3-acetic acid.
b1-aminocyclopropane-1-carboxylate deaminase “−” means showed no growth on agar plates, “+” means showed low growth on agar plates, “++” means showed medium growth 
on agar plates, and “+++” means showed heavy growth on agar plates.
cThe presence of growth in the agar plates was considered positive for nitrogen fixation, “−” means showed no growth on agar plates, “+” means showed low growth on agar plates, 
“++” means showed medium growth on agar plates, and“+++” means showed heavy growth on agar plates.
d“−” indicates the absence of PCR products and “+” indicates the presence of PCR products for the functional genes—acdS, ACCD gene and nifH, nitrogen fixation gene.
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FIGURE 1 | Effect of selected plant growth-promoting rhizobacteria (PGPR) bacterial isolates on root length (cm) of canola plants measured after 7 days of growth. 
Error bars represent SDs and * indicates a significant difference compared to the control according to a Dunnett test, p ≤ 0.05.

length included Citrobacter sp. WA19, Pseudomonas thivervalensis 
WA25, Microbacterium oxydans SB39, Pseudomonas mosselii 
SB45, Pseudomonas stutzeri SB38, Acinetobacter pittii SB36, 
Pseudomonas putida ET27, S. maltophilia EB31, G. amicalis 
WT12, Arthrobacter sp. WB40, and Klebsiella sp. EA5 (Figure 1). 
In contrast, bacterial isolates Arthrobacter sp. WT34, Pseudomonas 
sp. WB31 and Gordonia sp. WB51 tended to inhibit canola 
root elongation, although this effect was not significant at 
p = 0.05 (Figure  1).

n-Hexadecane and Diesel Degradation 
Potential, and Presence of alkB, CYP153 
and nahA Genes in Bacterial Isolates
n-hexadecane was used as the sole carbon source for the growth 
of 29 isolates (58%) (Table 3). Some isolates, such as G. amicalis 
ST45, Comamonas odontotermitis EB35, Pseudomonas fluorescens 
WT17, Nocardia sp. WB46, Nocardia asteroides WB51, and 
Phycicoccus bigeumensis WB54, showed high growth rates when 
they were cultivated in MSM medium supplemented with 
n-hexadecane as the sole source of carbon and energy (Table 3).

Similarly, 43 bacterial isolates (86%) were able to utilize diesel 
as the sole carbon source (Table 3). Isolates R. ruber ST4, G. amicalis 
ST45, Comamonas odontotermitis EB35, B. megaterium WT10, 
G. amicalis WT12, Pseudomonas kilonensis WT17, Paenarthrobacter 
nitroguajacolicus WB17, Sphingomonas sanxanigenens WB25, 
Nocardia sp. WB46, Nocardia asteroides WB51, and Enterobacter 
cancerogenus EA9 showed the highest growth rate when they 
were cultivated in MSM medium supplemented with diesel as 
the sole source for carbon and energy (Table  3).

The detection of the presence of functional genes related 
to PHC-degradation—alkB, CYP153, and nah1—was used to 
evaluate the biodegradation ability of bacterial isolates. The 
alkB gene was detected in 34 isolates (68%) by PCR amplification 
(Table  3). The CYP153 gene was also detected in 24 isolates 
(48%) (Table  3), whereas 33 bacterial isolates (66%) possessed 
the nah1 gene (Table  3).

Notably, five hexadecane-degrading bacterial isolates possessed 
all PGP traits under investigation (Figure  2) specifically, 
Pseudomonas putida ET27, Serratia sp. ET46, S. maltophilia 
EB31, Pseudomonas fluorescens WT17, and Pseudomonas sp. 
WB31 (Figure  2).

Canola Growth Promotion under 
n-Hexadecane Gradient
Further screening tests were performed on bacterial isolates 
in order to assess their PGP activity using canola plants in 
growth pouches amended or not with a gradient of n-hexadecane 
concentrations ranging from 0% as a control to 3%. Under 
the conditions of no hydrocarbon stress (0% n-hexadecane), 
the consortium significantly increased (p ≤ 0.05) root length 
compared to all isolates inoculated individually and to the 
control (Figure 3). All bacterial isolates, except Pseudarthrobacter 
siccitolerans WT19, significantly increased (p ≤ 0.05) their root 
length compared to the control treatment (Figure  3). The 
highest growth promotion was observed in inoculations with 
Stenotrophomonas pavanii EB31 and G. amicalis WT12 
(Figure  3). Similarly, all bacterial treatments significantly 
increased (p ≤ 0.05) the shoot lengths of canola plants compared 
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TABLE 3 | Ability of bacterial isolates to grow on aliphatic compounds and to possess hydrocarbon degradation genes.

Strain Identitya Isolation medium
Growth in 

dieselb
Growth in 

hexadecanec

PCRd

alkB CYP153 nah

ST4 Rhodococcus ruber 1/10TSA +++ +++ + + +
ST15 Pseudomonas sp. 1/10TSA + − − − +
ST25 Stenotrophomonas nitritireducens 1/10TSA ++ − + − −
ST45 Gordonia amicalis 1/10TSA ++++ ++++ + + −
SB26 Paracoccus sp. B–H_amended diesel + − − + +
SB32 Microbacterium hatanonis B–H_amended diesel ++ − + − +
SB36 Acinetobacter pittii B–H_amended diesel − ++ + − +
SB38 Pseudomonas stutzeri B–H_amended diesel ++ + − + +
SB39 Microbacterium oxydans B–H_amended diesel + − + − −
SB41 Acinetobacter sp. B–H_amended diesel +++ ++ + − +
SB45 Pseudomonas mosselii B–H_amended diesel ++ − − + +
SB49 Massilia oculi B–H_amended diesel − + + − +
SB50 Sphingobium yanoikuyae B–H_amended diesel +++ + + − +
ET5 Microbacterium testaceum 1/10TSA + − − − +
ET10 Rhizobium selenitireducens 1/10TSA + − + + +
ET25 Bacillus marisflavi 1/10TSA ++ − − − +
ET27 Pseudomonas plecoglossicida 1/10TSA +++ + + + +
ET33 Delftia lacustris 1/10TSA − + + − +
ET46 Serratia sp. 1/10TSA − + + − +
ET49 Enterobacter bugandensis 1/10TSA +++ − + + +
EB6 Chitinimonas taiwanensis B–H_amended diesel ++++ + − + +
EB26 Aeromonas hydrophila B–H_amended diesel + + + − −
EB31 Stenotrophomonas pavanii B–H_amended diesel ++++ +++ + + +
EB35 Comamonas odontotermitis B–H_amended diesel + ++++ + − +
EB37 Lysinimonas sp. B–H_amended diesel + − + − +
EB43 Pseudomonas entomophila B–H_amended diesel + + + − −
WT8 Streptomyces atriruber 1/10TSA − − − − +
WT10 Bacillus megaterium 1/10TSA +++ + + − −
WT12 Gordonia amicalis 1/10TSA ++++ ++++ + + +
WT17 Pseudomonas kilonensis 1/10TSA +++ + − + −
WT19 Pseudarthrobacter siccitolerans 1/10TSA + ++ + − +
WT34 Arthrobacter sp. 1/10TSA ++ + + − −
WT39 Streptomyces atratus 1/10TSA + − − − −
WB17 Paenarthrobacter nitroguajacolicus B–H_amended diesel ++++ + + + +
WB23 Variovorax paradoxus B–H_amended diesel ++ + + − +
WB25 Sphingomonas sanxanigenens B–H_amended diesel +++ − + − −
WB31 Pseudomonas frederiksbergensis B–H_amended diesel + +++ − + −
WB40 Pseudarthrobacter siccitolerans B–H_amended diesel ++ ++ − − +
WB46 Nocardia sp. B–H_amended diesel ++++ ++++ + − +
WB48 Streptomyces umbrinus B–H_amended diesel ++ + + + −
WB49 Nocardioides alpinus B–H_amended diesel + − − + +
WB51 Nocardia asteroides B–H_amended diesel +++ ++++ + + +
WB54 Phycicoccus bigeumensis B–H_amended diesel − ++++ + − −
SA7 Pantoea agglomerans ACCD + − + − −
EA5 Klebsiella oxytoca ACCD + − − + −
EA9 Enterobacter cancerogenus ACCD +++ + + + +
EA21 Curtobacterium sp. ACCD + − − + −
WA8 Raoultella terrigena ACCD ++ − + + +
WA19 Citrobacter sp. ACCD − + − + −
WA25 Pseudomonas thivervalensis ACCD ++ + + + +

aIndicates 16S rDNA identity of bacterial strains with their closest type strains in GenBank.
bIndicates growth capability of bacterial strains on 1% (v:v) diesel in MSM. ++++, +++, ++, +, and −, indicating the growth capability from strong to weak with diesel as a sole carbon 
and energy source, measured by optical density at 600 nm, after 1 week incubation at 28°C. ++++, growth (OD600 > 1); +++, growth (OD600 > 0.6); ++, growth (0.6 > OD600 > 0.2); 
+, growth (OD600 < 0.2); and −, no growth.
cIndicates growth capability of bacterial strains on 1% (v:v) n-hexadecane in MSM. ++++, +++, ++, +, and −, indicating the growth capability from strong to weak with n-hexadecane 
as a sole carbon and energy source, measured by optical density at 600 nm, after 1 week incubation at 28°C. ++++, growth (OD600 > 1); +++, growth (OD600 > 0.6); ++, growth 
(0.6 > OD600 > 0.2); +, growth (OD600 < 0.2); and −, no growth.
dIndicates “−” absence of PCR products and “+” presence of PCR products for the functional genes: alkB, alkane monooxygenase; CYP153, cytochrome P450 hydroxylase; and 
nah, naphthalene dioxygenase.
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to the control (Figure  3). The highest growth promotion was 
observed in the consortium treatment (Figure  3).

When canola seedlings were grown in the presence of 
different concentrations of n-hexadecane (1%, 2%, and 3%), 
the resultant hydrocarbon stress caused a decrease in both 
root length and shoot length among most of the treatments 
(Figures  3–6). For example, canola seedlings treated with 
S. pavanii EB31, G. amicalis WT12, and Pseudomonas 
plecoglossicida ET27 grown in the presence of 3% 
n-hexadecane stress showed shoot lengths that were decreased 
by up to 60% compared to seedlings inoculated with the 
same strains grown in the absence of the hydrocarbon 
(Figures 3, 6). However, under 3% n-hexadecane amendment, 
all bacteria treatments significantly (p ≤ 0.05) increased their 
shoot length when compared with the control treatment 
(Figure  6). The highest shoot enhancement was induced 
by the isolate Nocardia sp. WB46 and the consortium 
treatment (Figure  6).

Unlike shoot length, canola seedlings grown under different 
concentrations of n-hexadecane showed an almost 16% decrease 
in root length when compared with seedlings grown in the 
absence of the hydrocarbon (Figures  3–6). In the presence 
of 3% n-hexadecane stress, all bacteria treatments significantly 
(p ≤ 0.05) increased root length when compared with the 

control treatment (Figures  4, 6). The highest root growth 
promotion was induced by the consortium treatment of 
Nocardia sp. WB46, P. plecoglossicida ET27, and S. pavanii 
EB31 (Figure  6).

Growth of Bacterial Isolates in Different 
Concentrations of n-Hexadecane
Bacterial isolates were grown in different concentrations of 
n-hexadecane (1%, 2%, and 3%) to determine the effect of 
increasing concentrations on bacterial growth. The results of 
this experiment indicated that when the concentration of 
n-hexadecane increased, the growth rate of some hexadecane-
degrading bacteria was inhibited (Figure  7). For example, 
B. megaterium WT10 has an OD of 0.470  in 1% n-hexadecane, 
whereas this value decreased to 0.230  in the presence of the 
3% concentration of n-hexadecane (Figure  7). Similar trends 
were observed for plecoglossicida ET27, S. pavanii EB31, and 
Acinetobacter sp. SB41. In contrast, Nocardia sp. WB46 and 
Pseudarthrobacter siccitolerans WT19 showed increased bacterial 
growth as the n-hexadecane concentrations increased (Figure 7). 
For example, Nocardia sp. WB46 had an OD of 1.6 with 1% 
n-hexadecane, whereas its growth rate increased to 2.3 with 
3% n-hexadecane (Figure  7).

FIGURE 2 | Venn diagram representation of 50 rhizobacterial strains, showing positive results for hexadecane degradation potential and different plant growth-
promoting (PGP) traits (with five strains showing positive results for all the traits under investigation).
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DISCUSSION

The use of plants in combination with bacteria possessing the 
ability to degrade PHCs and to promote plant growth is an 
efficient and environmentally sustainable strategy to remediate 
diesel-contaminated soils. High concentrations of PHCs can 
have phytotoxic effects on plants growing on contaminated 
soils (Baek et  al., 2004). Therefore, the use of bacterial strains 
with multiple PGP and hydrocarbon degradation capabilities 
has crucial advantages for plants growing in such 
hostile environments.

To select bacterial isolates for the phytoremediation of diesel-
contaminated soil, it is important to consider characteristics 
such as high degradation potential, the presence of alkane-
degrading genes and a robust substrate affinity, as well as 
multiple PGP traits, such as the production of plant growth 
regulator substances and the ability to improve nutrient 
acquisition, which may enhance plant growth under 
contamination stress (Balseiro-Romero et  al., 2017a).

We previously isolated and identified 438 PHC-degrading 
bacteria with multiple PGP characteristics from rhizosphere 
soil of Salix purpurea and E. obtusa plants growing in a highly 
PHC-contaminated site (Alotaibi et  al., 2021b). In this study, 
we  selected and characterized 50 bacterial isolates in depth 
based on their taxonomic and functional diversities and they 
were tested for their alkane degradation potential, PGP traits, 
and plant growth promotion potential under normal and stressed 
conditions using growth pouch assays.

PGPR regulate plant growth via diverse sets of mechanisms 
(Lugtenberg and Kamilova, 2009; Schlaeppi and Bulgarelli, 
2015). In the present work, bacterial isolates exhibited several 
PGP traits, including P solubilization, IAA production, 
siderophore synthesis, ammonia production, ACCD activity, 
and N-fixation (Table  2). Ammonia production may play a 
role in enhancing plant growth through the accumulation of 
N and subsequently increasing biomass production (Marques 
et  al., 2010). Ammonia production was the most common 
PGP trait observed among the strains. Similar results were 
reported in Dutta and Thakur (2017) in the characterization 
of 48 bacterial strains isolated from different tea cultivars in 
India. This suggest that ammonia production is among the 
mechanisms used by PGPR to stimulate plant growth. It has 
been shown that ammonia produced by PGPR supplies N to 
their host plants and thus promotes root and shoot elongation 
(Marques et  al., 2010; Bhattacharyya et  al., 2020).

The ability to fix nitrogen would provide a selective advantage 
for hydrocarbon-degrading bacteria used in phytoremediation 
applications, particularly in N-limited soils (Foght, 2018). Our 
results indicated that majority of diazotrophic bacteria belonged 
to Gammaproteobacteria (Table  2). In line with our findings, 
several reports indicate that diazotrophic bacteria predominate 
in PHCs-contaminated environments were affiliated to 
Gammaproteobacteria (Church et al., 2008; Radwan et al., 2010; 
Do Carmo et  al., 2011) including taxa such as Acinetobacter, 
Pseudomonas, Azotobacter, Stenotrophomonas, and Klebsiella 
(Eckford et  al., 2002; Dashti et  al., 2009; Do Carmo et  al., 
2011; Foght, 2018; Alotaibi et al., 2021b). One of the constraint-
limiting biodegradation activities of microbial communities in 
PHC-contaminated soils is the lack of sufficient nutrients 
especially nitrogen. Thus, application of diazotroph could offer 
a sustainable and efficient approach to enhance bioaugmentation 
and phytoremediation of PHC-contaminated soils (Dashti et al., 
2009; Foght, 2018).

Bacteria capable of solubilizing inorganic forms of P may 
promote plant growth by improving the nutrient uptake of 
plants. The majority of bacterial isolates that showed P 
solubilization activity in this study belonged to Proteobacteria 
(Table  2). This corroborates previous reports about the ability 
of many bacterial strains isolated from plants growing in 
agricultural and contaminated soils and belonging to this phylum 
to have P solubilization abilities (Chowdhury et al., 2017; Pawlik 
et  al., 2017; Lumactud and Fulthorpe, 2018). Iron-chelating 
siderophores are another important factor for PGP. PGPR 
produce siderophores that bind Fe3+ and render it available 
for reduction to Fe+2, a preferred form for plant roots uptake 
(Oleńska et  al., 2020). Similar results were reported previously 

FIGURE 3 | Effect of selected PGPR bacterial strains on root and shoot 
length (cm) of canola plants measured after 7 days of growth in the presence 
of 0% n-hexadecane. Error bars represent SDs, and different letters indicate 
significance according to Tukey’s post-hoc test at p ≤ 0.05.
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in Príncipe et al. (2007) in the characterization of PGPR isolates 
from saline soils. In a recent study, Eze et  al. (2022) isolated 
a PGP and diesel-degrading bacterial consortium, dominated 
by Alphaproteobacteria, that led to a 66% increase in Medicago 
sativa biomass and resulted in 91% removal of diesel hydrocarbons 
in just 60 days. Functional metagenome analysis of the consortium 
revealed the presence of several genes responsible for PGP 
traits, including N-fixation, phosphate solubilization, and 
siderophore production (Eze et  al., 2022). The prevalence of 
PGP genes in the consortium may account for not only the 
growth promotion of M. sativa but also their tolerance of 
diesel toxicity (Eze et  al., 2022).

PGPR capable of lowering levels of ACC, a precursor of 
ethylene phyto-hormone, may stimulate growth and stress 
tolerance in plants under normal and stressed conditions (Glick, 
2014). The high percentage of ACCD-producing bacteria in 
our study is in agreement with previous reports documenting 
the prevalence of this phenotype in various soil bacteria isolated 
from many stressed environments (Belimov et al., 2001; Mayak 

et  al., 2004; Sandhya et  al., 2010; Ali and Kim, 2018). Tara 
et al. (2014) reported that maximum bacterial population, plant 
biomass and hydrocarbon degradation activity were achieved 
for carpet grass plants growing in soil spiked with diesel and 
inoculated with bacterial strains (Pseudomonas sp. ITRH25, 
Pantoea sp. BTRH79, and Burkholderia sp. PsJN) possessing 
both alkane-degradation and ACCD activity, compared to 
bacterial strains possessing only alkane degradation activity.

IAA produced by PGPR is responsible for increasing root 
elongation, lateral root formation and root hairs, thus enhancing 
the water and nutrient uptake efficiency of the plant root 
system (Lugtenberg and Kamilova, 2009). Some recent studies 
have shown that rhizobacteria isolated from PHC-contaminated 
soil including strains of Arthrobacter sp., Bacillus sp., Enterobacter 
sp., Rhodococcus sp., Pantoea sp., Pseudomonas sp., 
Stenotrophomonas sp., and Streptomyces sp. are also PGPR-
producing IAA (Pawlik et  al., 2017; Balseiro-Romero et  al., 
2017a; Lumactud and Fulthorpe, 2018; Kidd et  al., 2021). In 
a recent study, Li et  al. (2021) reported a significant plant 
growth enchantment of ryegrass growing in PHC-contaminated 

FIGURE 4 | Effect of selected PGPR bacterial strains on root and shoot 
length (cm) of canola plants measured after 7 days of growth in the presence 
of 1% n-hexadecane. Error bars represent SDs, and different letters indicate 
significance according to Tukey’s post-hoc test at p ≤ 0.05.

FIGURE 5 | Effect of selected PGPR bacterial strains on root and shoot 
length (cm) of canola plants measured after 7 days of growth in the presence 
of 2% n-hexadecane. Error bars represent SDs, and different letters indicate 
significance according to Tukey’s post-hoc test at p ≤ 0.05.
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soils and co-inoculated with bacterial strains Arthrobacter pascen 
and Bacillus cereus, possessing both IAA production and 
fluoranthene (Flu) degradation traits. Additionally, the Flu 
concentration was enhanced in the roots and shoots of inoculated 
plants (Li et  al., 2021). The increase in the absorption and 
transport of Flu into plant tissues was attributed to the effect 
of IAA-producing bacteria on plants growth. IAA producing 
microbes would increase plant growth, which may increase 
the production of extra root exudates and lead to a higher 
transpiration rate, thus improving the rate of mineralization, 
solubility, and transport of Flu into the plant tissues (Técher 
et  al., 2011; Li et  al., 2021).

Plant-related factors in the rhizosphere, such as the production 
of organic compounds in root exudates, might affect the survival 
and colonization of PGPR and their ability to express many 
PGP activities (Drogue et  al., 2012; Alemneh et  al., 2021). 
Therefore, we  used a plant-based strategy for screening PGPR 
regarding their PGP potential. In our study, numerous bacterial 
strains significantly increased the root elongation of canola 

plants (Figure  1). Our results are in line with the findings of 
Asghar et al. (2004), who screened the effect of 100 rhizobacterial 
strains on the promotion of canola root growth under gnotobiotic 
conditions and found that 58% enhanced root growth. Several 
studies have suggested that the PGPR isolates that most effectively 
promote plant growth produce both IAA and ACCD (Glick, 
2014; Balseiro-Romero et  al., 2017b; Kang et  al., 2019). In 
our study, the highest root-growth promotion effect was observed 
with Curtobacterium sp. strain EA21. This strain produced the 
highest amount of IAA among all strains (44.13 μg ml−1; Table 2) 
and produced ACCD, as demonstrated by the plate assay and 
the positive PCR amplification result (Table  2). The cross-talk 
between IAA and ACCD is fundamental for PGPR to enhance 
root growth (Glick, 2014). Several studies have reported that 
PGPR producing IAA higher than 40 μg ml−1 inhibited root 
growth and seed germination (Pawlik et  al., 2017; Alemneh 
et  al., 2021) due to the stimulation of ethylene caused by the 
higher amount of IAA (Glick, 2014). However, if the bacterium 
has both IAA and ACC deaminase activities, then the ACCD 
would mediate the decreasing of ethylene production, thus 
permitting IAA synthesis, which could continue to enhance 
root growth (Glick, 2014; Kang et  al., 2019; Alemneh et  al., 
2021). Several other PGPR in our study that promoted root 
growth and produced both IAA and ACC deaminase included 
strains such as Microbacterium oxydans strain SB39, Pseudomonas 
mosselii strain SB45, Pseudomonas stutzeri strain SB38, 
P. plecoglossicida strain ET27, S. pavanii strain EB31, G. amicalis 
strain WT12, and Klebsiella oxytoca strain EA5 (Figure  1). 
Interestingly, B. megaterium strain WT10, which was unable 
to express ACCD and IAA, significantly enhanced the root 
growth of canola plants compared to the control treatment 
(Figure  1). Therefore, the positive effect of this strain might 
be  related to its ability to solubilize inorganic phosphate up 
to 690.86 μg ml−1 and its ammonia production (Table 2). Similar 
results were reported in Alemneh et  al. (2021), who observed 
that several strains belonging to Bacillus spp. enhanced the 
growth and nodulation of chickpeas under gnotobiotic conditions. 
The improvement of plant growth was mainly related to the 
ability of these strains to express PGP traits other than IAA 
and ACCD (Alemneh et al., 2021). Interestingly, bacterial strains 
tested in this experiment showed growth-promoting potential 
for canola plants despite being isolated from different plant 
species. This fact suggests that these PGPR strains are non-host-
specific, thus having huge potential as inoculants to promote 
plant growth in phytoremediation, as well as in 
organic agriculture.

Degradative bacteria can enhance the removal of alkanes 
and reduce the phytotoxicity of pollutants in soils due to 
their capability to possess hydrocarbon-degrading enzymes 
(van Beilen and Funhoff, 2007; Arslan et  al., 2014). In our 
study, numerous bacterial strains had the potential to utilize 
aliphatic hydrocarbons (Table 3). Several authors have reported 
both large populations and high diversities of alkane-degrading 
bacteria in various habitats, ranging from marine environments 
to polar soils (Whyte et  al., 2002; Yakimov et  al., 2007; 
Jurelevicius et  al., 2013; Lumactud et  al., 2016;  
Pawlik et  al., 2017).

FIGURE 6 | Effect of selected PGPR bacterial strains on root and shoot 
length (cm) of canola plants measured after 7 days of growth in the presence 
of 3% n-hexadecane. Error bars represent SDs, and different letters indicate 
significance according to Tukey’s post-hoc test at p ≤ 0.05.
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Alkane hydroxylases (AHs) genes are responsible for the 
aerobic biodegradation of alkanes by bacteria (van Beilen and 
Funhoff, 2007). In our study, various bacterial strains harbored 
AlkB and CYP153-related AHs. These two AHs genes demonstrate 
a complementary substrate range. AlkB is involved in the 
degradation of medium-chain alkanes (C10-C20), whereas CYP153 
catalyzes the biodegradation of short-chain alkanes (C5-C16; 
Rojo, 2009; Ji et al., 2013; Wang and Shao, 2013). Similar results 
were reported by Pawlik et al. (2017), who screened 26 bacterial 
strains isolated from Lotus corniculatus and Oenothera biennis 
plants growing in a long-term polluted site, and found that 
50% of these strains were equipped with CYP153 genes.

Previous research has shown that AH genes are often 
associated with Betaproteobacteria and Gammaproteobacteria, 
particularly the Pseudomonas genus (van Beilen and Funhoff, 
2007; Liu et  al., 2014; Garrido-Sanz et  al., 2019; Eze et  al., 
2021). In our study, AH-degrading genes were also found in 
strains that belonged to Betaproteobacteria and 
Gammaproteobacteria; in addition, members of the Actinobacteria, 
such as Gordonia, Arthrobacter, Nocardia, Rhodococcus, and 
Rhodococcus, were found to harbor these genes (Table  3). The 
wider taxonomic affiliations of bacterial strains capable of 
metabolizing alkanes demonstrate the potential of this culture 
collection for the remediation of diesel-contaminated soils.

Interestingly, several strains tested in this study had multiple 
AlkB and CYP153 genes coexisting together (Table  3). The 
co-occurrence of multiple AHs has been reported previously 
in several bacterial strains, such as Acinetobacter sp. ADP1 
(Barbe et  al., 2004), Dietzia sp. DQ12-45-1b (Nie et  al., 2011), 
and Amycolicicoccus subflavus DQS3-9A1 (Nie et  al., 2014b). 
Undoubtedly, the coexistence of multiple AH genes in one 
bacterium would extend the alkane substrate range, thus 
enhancing the adaptation ability and subsequently the degradation 
potential of the host bacterium (Sun et  al., 2018).

Under contaminant stress conditions (the second growth 
pouch experiments with various n-hexadecane concentrations), 
the inoculation of canola seeds with the selected PGPR strains 
either alone or in consortia generally provoked a significant 
increase in both the root length and shoot length of canola 
seedlings when compared with control plants (Figures  3–6). 
This indicates that PGPR inoculants exert a positive effect 
on plant growth under such stressful conditions. In agreement 
with our results, Balseiro-Romero et  al. (2017b) reported that 
the inoculation of Cytisus striatus L. and Lupinus luteus L 
plants, grown in 1.25% diesel-contaminated soil in a pot 
experiment, with diesel-degrading bacterial strains with multiple 
PGP activities significantly improved plant growth. In the 
present experiment, selected hexadecane-degrading strains were 

FIGURE 7 | Effect of different concentrations of n-hexadecane (1%, 2%, and 3%) on bacterial growth of selected bacterial strains. All strains were grown for 7 days. 
Error bars represent SDs, and different letters indicate significance according to Tukey’s post-hoc test at p ≤ 0.05.
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evaluated for their ability to promote the growth of canola 
plants under increasing hexadecane concentrations (Table  3). 
Additionally, these selected hexadecane-degrading strains 
possessed multiple PGP traits (Table 2). Among the hexadecane-
degrading strains, after the consortium treatments, the 
actinobacterium Nocardia sp. strain WB46 was found to be the 
best plant growth promoter among all the strains assessed 
(Figure  6). This strain showed robust growth on hexadecane 
as a sole energy source (Figure  7). Genome analyses revealed 
that Nocardia sp. strain WB46 contains three copies of the 
alkB gene (unpublished data). AlkB is a class of alkane 
hydroxylase enzymes that is responsible for the microbial 
degradation of oil and fuel additives, as well as many other 
compounds (van Beilen and Funhoff, 2007; Nie et  al., 2014a). 
Nocardia sp. strain WB46 was also shown to possess several 
PGP activities, such as IAA, siderophore, and ammonia 
production (Table  2). IAA is a phytohormone responsible for 
increasing root elongation and the formation of lateral root 
and root hairs, thus enhancing the water and nutrient uptake 
efficiency of plant root systems (Lugtenberg and Kamilova, 
2009), whereas the production of siderophores and ammonia 
plays a role in enhancing plant growth by increasing the 
nutrient acquisition efficiency of Fe+2 and N, respectively 
(Lugtenberg and Kamilova, 2009; Marques et  al., 2010).

Other hexadecane-degrading isolates, specifically 
P. plecoglossicida ET27 and S. pavanii EB31, exhibited excellent 
plant growth promotion potential (Figure  6). Although these 
two isolates do not utilize hexadecane as efficiently as Nocardia 
sp. WB46 (Figure  7), they were shown to possess strong PGP 
capabilities (Table  2). Pseudomonas plecoglossicida ET27 was 
able to produce all PGP traits under investigation in this 
study. In agreement with our results, Balseiro-Romero et  al. 
(2017b) reported the characterization of Pseudomonas strain 
12, which was isolated from the rhizosphere of poplar plants 
growing in a diesel-contaminated site. In their study, 
Pseudomonas stain 12 was able to solubilize P, produce 
siderophore, synthesize IAA and produce ACCD, as well as 
promoting plant growth when used as an inoculum to enhance 
the growth of plants growing in diesel-contaminated soils 
(Balseiro-Romero et al., 2017b). Stenotrophomonas pavanii EB31 
was also shown to possess all PGP features. Several recent 
studies highlighted the potential of the members of genus 
Stenotrophomonas having multiple PGP traits to be  used as 
inoculants in the bioremediation of PHC-contaminated soils 
(Pawlik et  al., 2017; Lumactud and Fulthorpe, 2018; Mitter 
et  al., 2019; Alotaibi et  al., 2021b).

Interestingly, P. plecoglossicida ET27 and S. pavanii EB31 
contain genes for N-fixation and alkane degradation. Earlier 
studies reported that other N-fixers such as Frankia spp. were 
found to harbored alkane genes in addition nifH gene (Rehan 
et  al., 2016). Diazotroph capable of coupling N-fixation to 
hydrocarbon degradation represent a key strategy to promote 
plant growth in N-limited marginal lands such as 
PHC-contaminated soils (Foght, 2018). Thus, enhancing the 
efficiency of phytoremediation of PHC-contaminated soils.

Our results along with previous reports (Tara et  al., 2014; 
Balseiro-Romero et  al., 2017a,b; Kidd et  al., 2021) support 

our hypothesis that bacteria with multiple PGP and pollutant 
degradation characteristics performed better than strains with 
only one of these traits. In addition, hexadecane-degrading 
activity could be  considered itself a PGP feature, because 
pollutants have a harmful effect on plant growth and development. 
Given the potential for positively influencing plant growth, 
exploiting these bacteria is a major goal for environmental 
and agricultural biotechnologies (Quiza et  al., 2015). Such an 
achievement could enhance our ability to promote efficient 
soil nutrient use to increase plant growth, while reducing the 
toxicity of PHC pollutants. Our study clearly demonstrated 
that some bacterial taxa exhibit traits of PGP and capacity of 
degradation of PH pollutants. Integration of bacterial taxa that 
performed better for each test, can help to develop different 
formulations of bioinoculants. Further compatibility and 
formulation tests of these bioinoculants must avoid competition 
between isolates and allow the maintenance of microbial 
propagule survival for long periods of time and assure their 
ability to improve the growth of plants under various 
field conditions.

CONCLUSION

In conclusion, the results of our study suggest that the screening 
of rhizobacteria for in vitro PGP activities, aliphatic hydrocarbon 
degradation potential, and root growth promotion under 
gnotobiotic conditions is an effective approach for the selection 
of efficient PGPR candidates for bioremediation biotechnology 
applications. After several rounds of screenings, bacterial strains 
Nocardia sp. WB46, P. plecoglossicida ET27 and S. pavanii EB31 
showed the highest growth stimulation when grown under the 
presence of 3% n-hexadecane. These isolates originated from 
a unique site with high concentration of PHC pollution scored 
positive for PGP traits and hexadecane degradation potentials, 
indicating the potential to serve as inoculants for assisting the 
phytoremediation of diesel-contaminated soils. Additionally, 
with this culture collection in hand, a better understanding 
of the role of plant growth promotion in the phytoremediation 
of PHC-contaminated soils can be achieved through additional 
phenotypic and in planta characterization, whole genome 
sequencing, and the construction of bacterial consortia for 
field applications.
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Many natural and anthropogenic soils are phosphorus (P) limited often due to larger P

stocks sequestered in forms of low bioavailability. One of the strategies to overcome this

shortage lies in the symbiosis of plants with mycorrhizal fungi, increasing the plant P

uptake of these hardly accessible sources. However, little is known about mycorrhizal

fungal mediated partitioning of differently available P forms, which could contribute

to more efficient use of P by plants and, thereby, reduce competition for soil P. This

study aimed to investigate the uptake of P from differently bioavailable P sources by

ectomycorrhiza. For that, we conducted a rhizotrone study using Populus x canescens

and its compatible ectomycorrhizal fungus Paxillus involutus. Four different P sources

[ortho-phosphate (oP), adenosine monophosphate (AMP), hydroxyapatite (HAP), and

oP bound to goethite (gP)] or only HAP as 1P control were supplied in separate

compartments, where only the fungal partner had access to the P sources. The amount

of the specific P sources was increased according to their decreasing bioavailability. In

order to distinguish between the P sources, we applied 33P to track its incorporation in

plants by a non-destructive analysis via digital autoradiography. Our results show that an

ectomycorrhizal plant is able to utilize all provided P sources via its mycorrhizal fungal

associate. The acquisition timing was determined by the most bioavailable P sources,

with oP and AMP over HAP and gP, and a mixed P pool over a single P source. In

contrast, the magnitude was defined by the by the amount of supplied P source provision

of additional nitrogen, hence AMP over oP and gP, as well as by P source complexity,

with gP as the least favorable P form. Nevertheless, the results of the present study

provide evidence that an ectomycorrhiza has the potential to occupy fundamental niches

of various P sources differing in their bioavailability, indicating that being a generalist in P

nutrition can facilitate adaptation to various nutritional settings in soil.

Keywords: adenosine monophosphate, ectomycorrhizal fungi, goethite P complex, hydroxyapatite, P availability,

P diversity, radioactive labeling, resource partitioning

26

https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org/journals/soil-science#editorial-board
https://www.frontiersin.org/journals/soil-science#editorial-board
https://www.frontiersin.org/journals/soil-science#editorial-board
https://www.frontiersin.org/journals/soil-science#editorial-board
https://doi.org/10.3389/fsoil.2022.865517
http://crossmark.crossref.org/dialog/?doi=10.3389/fsoil.2022.865517&domain=pdf&date_stamp=2022-04-04
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/soil-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:schreider@ifbk.uni-hannover.de
https://doi.org/10.3389/fsoil.2022.865517
https://www.frontiersin.org/articles/10.3389/fsoil.2022.865517/full


Schreider et al. Ectomycorrhizal Mediated Partitioning of Phosphorus

INTRODUCTION

Phosphorus is an essential element for the plant net primary
productivity (1), but it is also limited in soils in many ecosystems
[e.g., (2)], as more than 90% of P in the soil is present in different
chemical forms that are not readily available to plants (3). Plants
are able to take up P in the form of free phosphate (Pi) in soil
solution (4). However, Pi is poorly mobile, as it interacts strongly
with soil constituents and can be adsorbed onto metal oxides and
clay minerals, and precipitate as (apatite-like) minerals (5, 6). In
addition, P is immobilized in diverse organic forms. In young
soils with parent material high in P, plants and microorganisms
acquire P from primary minerals (7). However, with increasing
soil development, primary minerals are getting depleted, and the
plants and soil organisms recycle P from organic matter in the
upper soil horizons (7, 8) or pedogenic Fe andAl oxidesmainly in
the subsoil (9, 10). Therefore, with increasing soil succession and
associated depletion in readily available P sources, more efficient
plant P uptake and recycling (8) are necessary.

The association of plants with mycorrhizal fungi defines a
strategy to cope with P limitation (1). With their extraradical
hyphae, the mycorrhizal symbionts are able to increase the
volume of soil explored for nutrients beyond the rhizosphere
(11, 12). Furthermore, mycorrhizal fungi actively contribute
to P mobilization through exudation of low-molecular-weight
organic anions (LMWOAs) to release P from primary and
secondary minerals and release phosphatases to cleave P from
organic P sources [reviewed by (1)]. The mycorrhiza associated
P uptake is thereby more cost-effective, as less carbon (C) units
are needed for the uptake of one unit P, while the hyphae
provide a higher adsorbing length for the same infrastructural
investment as compared to roots (13). Furthermore, depending
on the inherent P acquiring mechanisms, mycorrhizal fungi are
able to mobilize P frommineral and/or organic P sources (14, 15)
and could, therefore, contribute to the necessary efficient use of
different forms of P in soil. Also, ectomycorrhizal fungi showed
an adaptation to a high variety of P sources such as inorganic
phosphate (Pi), as well as different mineral (16) and organic P
sources (17). Furthermore, the study of Zavičić et al. (18) has
shown that fertilization of soils with triple phosphate negatively
affected the P uptake efficiency of mycorrhizal beech compared
to P uptake efficiency in P deficient soils.

According to the framework of Turner (19), the different
chemical forms of P are partitioned by plants with different P
acquiring adaptations to P limitation. This framework highlights
the fact that mycorrhizal fungi are the key players to reduce
competition for P and facilitate the co-existence of plants. Plant
communities developing on soils with limited bioavailabilities
of P are globally some of the most biodiverse compared with
ecosystems limited in other nutrients (20, 21). Therefore, besides
affecting the net primary productivity of terrestrial ecosystems, P

limitation influences also the diversity and persistence of different

plant species (20–22).
Progress in studying P partitioning for soil P has been

achieved by examining plant responses to single P sources
(23, 24) or a mixed pool of different P sources (25). The
study of Andrino et al. (26, 27) investigated the mycorrhizal

fungal acquisition of differently available P sources, which was
determined by different amounts of C invested by the plant
into the association with a mycorrhizal fungus that had access
to differently available P sources. Nevertheless, the P sources
were supplied as a single P source. The demonstration of the
uptake of P with different bioavailabilities is challenging due to
the need to differentiate one particular P source from a mixture
of various P sources. Starting with Pearson and Jacobsen’s (28)
groundbreaking study on P uptake viamycorrhiza, recently, a few
studies have used radioisotope labeling with 33P to demonstrate
differences in plant P uptake from different chemical forms of
P offered as a sole P source (21) and as a mixture of different P
sources (29). However, the sole contribution of ectomycorrhizal
fungi in resource partitioning for P remains unclear. Hence, the
aim of our study was to investigate whether an ectomycorrhizal
fungus shows preferences to specific P sources of different
bioavailability when offered in a mixed pool. This should help
understand how the belowground nutrient P diversity shapes
the mycorrhizal mediated aboveground plant biomass and P
uptake. The present study addressed the following hypotheses:
as the mycorrhizal fungi are essential in plant P acquisition and
are known to be able to access organic and sorbed P (1, 30),
we hypothesized (H1) that all P sources within the diverse P
pool are available to mycorrhizal fungi, and therefore to plants,
but the order and magnitude of acquisition depend on the P
source complexity. We expected that the mycorrhizae would
favor the readily available Pi over organic or mineral P sources,
whereby the amount of each P source applied into the system
was increased according to its complexity. Furthermore, in order
to support the general assumption that a minor diversity in
belowground resources, which can occur as a side effect of
fertilization (31, 32), result in less efficient uptake of P (18), we
hypothesize (H2) that mineral source (HAP) as a single P source
is less available than within a pool of diverse P sources.

MATERIALS AND METHODS

Plant and Mycorrhizal Material
Poplar species Populus x canescens clone “Schleswig I” was
used as a model plant and its functional ectomycorrhizal fungal
strain MAJ of Paxillus involutus (33) was used as a symbiotic
partner. Both were identified as functional associates which
provide valuable model systems for a more robust test of nutrient
acquisition and exchange models (33). The poplar plantlets
were propagated on Woody Plant Medium [WPM (34)] without
hormones (dephyte e.K., Langenberg, Germany) by establishing
explants from the first two lateral meristems with one leaf
and bud. The apical buds with 1.5 cm height were used for
rooting on WPMmedium but with one-third amount of sucrose
and vitamins in Microboxes (O118/80, by Sac O2, Deinze,
Belgium) with a membrane for sterile gas exchange (81.35 GE
day−1). P. involutus was propagated in liquid culture of 0.2 L
of modified Melin-Norkrans (MMN; ready to use salts, dephyte
e.K., Langenberg, Germany) medium (33) in 0.5 L glass bottles
under shaking and proliferated on 0.8 L Perlite as a carrier
with 0.2 L MMN.
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Preparation of the Phosphorus Sources
and the Containers
To investigate mycorrhizal mediated plant P uptake from a pool
of different P sources, the following chemical forms of P were
tested: free ortho-phosphate (oP), adenosine monophosphate
(AMP), hydroxyapatite (HAP), beside phosphate bound to
goethite (gP) as a P adsorption complex with the Fe oxide,
which is one of the most profuse and naturally occurring in
soils (35). To differentiate the uptake between the different P
sources, the use of radio-labeling with 33P in combination with
the non-destructive digital autoradiography was made. As 33P
labeled compounds [P33] phosphoric acid (FF-1) and [alpha-
P33] AMP (FF-217) were purchased from Hartmann Analytic
GmbH (Braunschweig, Germany).

To obtain the P sources oP and AMP in concentrations
of 0.9 and 3.8mg P ml−1, respectively, NaH2PO4 · 2H2O
(for analysis, EMSURE R©, Merck KGaA, Darmstadt, Germany)

and adenosine 5
′
-monophosphate sodium salt (from yeast,

>99%, SigmaAldrich, Merck KGaA, Darmstadt, Germany) were
dissolved in deionized H2O (dH2O) and the pH adjusted to
5.2 using 1M Na2HPO4 for oP and 1M HCl for AMP. For
labeling with 33P, an aliquot of the oP and AMP solutions was
spiked with 0.20ml 74MBqH33

3 PO4 and 0.20ml 74MBq AM33P,
respectively. The oP and AMP were filtered using sterile syringe
filter (Filtropur S, PES, 0.2µm pore size, Sarstedt AG & Co. KG,
Nümbrecht, Germany).

The HAP was produced as multistep synthesis at 25◦C
according to the protocol described by Wolf et al. (36). The
only modification of this protocol was performed in the second
step for the application of 33P label, in which the 2M H3PO4

solution was spiked with 0.5ml 185 MBq H33
3 PO4. The HAP

pellet was ground with mortar and pestle and passed through
a 0.20mm sieve. The resulting 33P activity of HAP accounted
for 117.8 MBq g−1.

To prepare the adsorption complexes of oP to goethite (gP),
the procedure described by Andrino et al. (26, 27) was used
with following modifications: for the loading of goethite with
oP, 1M NaH2PO4 solution was used. To prepare the 33P labeled
gP (gP-33P), 24.5ml of 1M NaH2PO4 solution were spiked
with 0.5ml 185 MBq H33

3 PO4. Always 6.2ml 1M NaH2PO4

(non-labeled or 33P-labeled) and 5 g of synthetic goethite (α-
FeOOH < 0.045mm, Bayferrox R© 920 Z, Lanxess Deutschland
GmbH, Cologne, Germany) were mixed and filled up to 220ml
with dH2O in centrifuge bottles (250ml, NalgeneTM, Thermo
ScientificTM, Waltham, Massachusetts, USA). Further steps are
described in detail by Andrino et al. (26, 27) up to the step of
drying the gP-33P pellet. Due to the labeling with 33P, gP had
to be dried at 50◦C in a drying oven without ventilation. After
cooling down, the gP pellet was sieved through a 0.63mm sieve.
The resulting 33P activity of gP accounted for 245.6 kBq g−1.

Both gP and HAP (labeled and non-labeled) were sintered
three times at 105◦C for 30min in a drying oven, including
a subsequent incubation period at 30◦C for 2 h the first
two times. This step is called tyndallization and is used for
fractionated sterilization without changing the mineral structure.
The Raman spectrum of HAP with its phosphate typical bands

(Supplementary Figure 1) is aligned with the spectra obtained
by Wolf et al. (36), confirming the main characteristics of HAP.

To determine the P content of gP and HAP, 102mg of each
were solubilized in 10ml 32% HCl (AnalaR NORMAPUR R©

for analysis, VWR International GmbH, Darmstadt, Germany),
shaken on an overhead shaker for 24 h, and filtered using
filter papers (thickness of 0.14mm, a pore size of 2–3µm;
LABSOLUTE R©, Th. Geyer GmbH & Co. KG, Renningen,
Germany). P analysis was performed by Inductively Coupled
Plasma-Optical Emission Spectrometry (ICP-OES, Varian 725-
ES, City, State). In order to determine the easy desorbable P
from gP and HAP, 55mg gP or 101mg HAP were suspended in
10ml dH2O, shaken on an overhead shaker for 24 h, and filtered
through a filter paper (as described above). The analysis of P in
the filtered solution was performed via ICP-OES. The P content
of gP accounted to 1.04± 0.06mg g−1 goethite (n= 7), of which
0.17± 0.01mg P g−1 gP were easy desorbable, so that maximum
of 16% P from P bound to goethite could be mobilized without
any action of the mycorrhizal fungus. The P content of HAP
accounted for 197.5 ± 5.3mg g−1 HAP (n = 3), of which 7.1
± 0.1mg P g−1 HAP (3.6% P in HAP) were easy desorbable.
According to the dissolution studies of HAP conducted by Wolf
et al. (36), HAP is (independent of the synthesis temperature)
otherwise stable in aqueous systems at pH values above 3.8.

All P sources were supplied in separate containers made of
5ml SafeSeal reaction tubes. At around 2ml height, a hole of
1 cm in diameter was burned into the tube and sealed with
a combination of two types of membranes, allowing only the
mycorrhizal partner to access the P sources in the P containers
as described in more detail by Andrino et al. (26, 27). Briefly, a
hydrophobic PTFE membrane (5µm, Pieper Filter GmbH, Bad
Zwischenahn, Germany) was installed at the P source side and a
nylon mesh (20µm, Franz Eckert GmbH, Waldkirch, Germany)
at the plant root side. The containers were autoclaved (121◦C,
20min) and filled with the different labeled and non-labeled P
sources under sterile conditions in a laminar flow cabinet. All
containers were filled up to 3ml with dH2O.

Preparation of the Rhizotrone Culture
Systems
A small-scaled, continuously closed rhizotrone culture system
with four separate containers for the simultaneous supply of four
different P sources (oP, AMP, HAP, and gP) was established to
test hypothesis H1. In this 4P-33P experiment, only one P source
was labeled with 33P before installing into a rhizotrone culture
system. The overall P amount per system accounted for 13.2mg P
and was considered sufficient to sustain the system for 3 months.
The specific P sources were supplied as 0.9mg P in the form of
oP, 3.8mg P in the form of AMP, 6.2 ± 0.1mg P in the form
of HAP, and 2.3 ± 0.1mg P as gP, whereby 223 and 368 µg P
from mineral P sources HAP and gP (respectively) were easy
desorbable (Table 1). The supplied P amounts increased with
the increasing complexity of the P sources. The activity of 33P
(Table 1) accounted for 7,452 kBq per P container for oP and

Frontiers in Soil Science | www.frontiersin.org 3 April 2022 | Volume 2 | Article 86551728

https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/soil-science#articles


Schreider et al. Ectomycorrhizal Mediated Partitioning of Phosphorus

TABLE 1 | Amount of P [mg], 33P activity [kBq], and the calculated specific 33P activity [Bq mg−1 P] of the different P sources applied in the P compartments in the

rhizotrone systems.

P source in P compartment 4P +oP-33P 4P +AMP-33P 4P +HAP-33P 4P +gP-33P 1P +HAP-33P

P [mg] 0.88 3.77 6.26 ± 0.12 2.32 ± 0.07 19.9 ± 0.4

33P activity [kBq] 7,452 7,452 2,547 ± 47 638 ± 20 8,090 ± 158

specific 33P activity [kBq mg−1 P] 8,498 1,975 407 275 407

Data indicate means ± standard deviation (n = 7). 4P experiment with simultaneous supply of four different P sources: oP, ortho-phosphate; AMP, adenosine monophosphate; gP, oP

bound to goethite; HAP, synthesized hydroxyapatite; and 1P control experiment supplied with HAP.

AMP and 2,538 and 410 kBq per P container for HAP and gP
(respectively) at 7.5 days post inoculation (dpi).

To test hypothesis H2, a 1HAP-33P experiment was
established to test the synthesized, 33P labeled hydroxyapatite
(1HAP-33P) as a sole P source as a control to the 4P-33P
experiment. The P containers contained 19.9 ± 0.4mg P in the
form of HAP to provide a complex P source in surplus to ensure
uptake. The activity of 33P in HAP accounted for 8,080 kBq per
P container at 3 dpi.

The rhizotrone culture systems used in the present study were
made of square Petri dishes (10 × 10 × 2 cm, Sarstedt AG &
Co. KG, Nümbrecht, Germany). The P containers were inserted
1 cm from the bottom into the rizotrones in a randomized order.
Then, the rhizotrones were filled with Perlite (washedwith dH2O;
autoclaved at 121◦C for 20min two times; Perligran R© classic,
Knauf Aquapanel GmbH, Dortmund, Germany) as nutrient-free
substrate. To obtain mycorrhizal plant treatments, the substrate
was inoculated with 10 vol.% of P. involutus-Perlite carrier. For
the non-mycorrhizal plant treatments, the inoculated substrate
was autoclaved one more time before use. The rooted poplar
plantlets were placed on the top of the P containers and covered
with an additional thin layer of Perlite. Next, the rhizotrone
was covered with a thin, sterile PVC foil (10 × 10 × 0.02 cm,
Modulor GmbH, Germany) to minimize radio-active shielding
and afterwards sealed with hot glue. The skip for the plant stem at
the top and the opening to release the excess of nutrient solution
at 2 cm height from the bottom of the rhizotrone were closed with
sterile cotton wool.

To keep the system sterile during the watering, the rhizotrones
were equipped with a sterile syringe filter (Filtropur S, PES,
0.2µm pore size, Sarstedt AG & Co. KG, Nümbrecht, Germany),
which was connected to the rhizotrone through an autoclaved
PVC pipe. From 0 dpi, the mesocosms were supplied with a
Woody Plant (WPM) nutrient solution containing macro- and
micro-elements without P and vitamins (WPM –P; dephyte e.K.,
Langenberg, Germany), which is a modification from a recipe
described by Müller et al. (34) and which was balanced with
KNO3 and (NH4)2SO4 to adjust the desired concentration of K.

For each 33P labeled P source, four replicates were prepared as
mycorrhizal treatments and three replicates as non-mycorrhizal
treatments. To obtain no P controls with P compartments
containing H2O only, two mycorrhizal and two non-mycorrhizal
rhizotrone culture systems were prepared. The plantlets were
kept under a plastic cover that included moisturized protecting
paper plugs for the first 2 weeks for acclimatization and,
thus, for protection from lower ambient air humidity and
higher UV radiation. The rhizotrones were kept in a climate

chamber set at an 18/6 h day/night cycle with 20/18◦C and 80%
ambient humidity.

Autoradiography and Harvest of
Rhizotrones and Plant Material
In the time course of the experiment, the rhizotrones were
regularly exposed to phospho-imaging screens for 4 h (at 7, 21,
34, 52, 70, and 80 dpi) and 72 h (at 42 and 94 dpi) in order to
monitor the transfer of 33P through the ectomycorrhizal fungal
partner from the P containers into the plant shoots. To do
this, the whole rhizotrone surfaces, including the above-ground
plants, were overlaid by phospho-imaging screens (20 × 40 cm
and 35 × 43 cm; Dürr NDT GmbH & Co. KG, Germany). They
were wrapped into an extra thin cover foil to protect the screens
from contamination with the 33P label and damage by an outflow
from the rhizotrone. To ensure possibly tight contact between
the plant leaves and stems and the phospho-imaging screen, a
foam of a suitable thickness was placed under the plant shoots.
Another foam and a heavier plate were placed from the phospho-
imaging screens’ backside to ensure tight contact between the
rhizotrone and screen from the top side. As reference to the 33P
label, a set of 14C polymer standards (IPcal test source array;
Elysia-raytest, Straubenhardt, Germany) were used with different
activities (in dpm cm−2): 1,107,000, 424,000, 112,000, 41500,
13,350, and 3,950, supplemented by an activity free background.
Thereby, each activity had a surface area of 1 cm². The exposition
of rhizotrones to the phosphor-imaging screens must be in the
dark. The phospho-image screens were read out immediately
using an image plate scanner (CR-35 BIO, Elysia-raytest, Liège,
Belgium) in sensitive mode with 100µm resolution. Each scan
is saved as a set of two raw data files which can be converted
subsequently into one (e.g., JPG) data file using the Aida Image
Analyser v5.0 (Elysia-raytest, Straubenhardt, Germany).

The mesocosms from 1HAP-33P and 4P-33P experiments were
harvested at 108 dpi and between 110 and 112 dpi, respectively.
The plant roots were separated from the substrate, washed, and
dried with paper clothes. Fine root aliquots of up to 0.15 g of each
plant were conserved in 70% ethanol to assess mycorrhization
grade. The freshly harvested plant material was immediately
imaged first for 4 h and afterwards for 72 h (as described above).
The same imaging procedure was performed with the plant
material after drying at 40◦C overnight. After the last imaging,
the plant material was separated into leaves, stem, and roots, and
the biomass of the different plant parts was recorded.

The substrate was dried at 40◦C for 96 h. The liquids in
the P containers were collected in 2ml SafeSeal reaction tubes,
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weighed, and controlled for the pH using pH-indicator strips
(Neutralit R© pH5-10, Merck KGaA, Darmstadt, Germany; pH-
Fix 0-6, Macherey-Nagel GmbH & Co. KG, Düren, Germany;
and pH-Fix 0-14, Carl Roth GmbH & Co. KG, Karlsruhe,
Germany). The pH-indicator stripes may not provide the most
accurate result, but it offers reasonable control of changes in pH
attributable to P uptake.

Quantification of 33P and P and Calculation
of Related Parameters
In order to quantitatively analyse the activity of 33P in plant
material, all parts of plant material (leaves, stem, roots) and
substrates underwent thermal digestion at 480◦C for a minimum
of 6 h. 33P, P, and nutrients were extracted using 3.6M HNO3.
After 10min incubation, the extracts were filtered using a
folded filter (SartoriusTM FT-4-303-185, Grade 3hw, ø150mm,
65 g m−2, Sartorius AG, Goettingen, Germany). Thereafter,
an aliquot of plant/substrate extracts (diluted to obtain a
2.3M HNO3 solution and prevent any phase separation)
was mixed with 10ml scintillation cocktail (Ultima GoldTM,
PerkinElmer Inc., USA) and analyzed for 33P activity (dpm
single program under blank correction) by liquid scintillation
counting (LSC, Tri-Carb 3110TR, PerkinElmer Inc., Waltham,
USA). The obtained 33P activity was corrected by subtracting
the background value, obtained as a blank undergoing the same
extraction and preparation procedures as the plant material.
The calibration/normalization of the LSC was performed daily
with instrument inherent external standards. The reliability and
accuracy of the 33P activity data were ensured by a serial dilution
of a sample extract with a high 33P activity at 260 Bq at the day
of measurement (Supplementary Figure 2). The reproducibility
of measured values down to 1.5 Bq did not deviate significantly
from the theoretical values. The measured values starting from
1.0 to 0.5 Bq were with 8–5% (respectively) less reproducible. 33P
activity values below 0.2 Bqwere with 16% standard deviation less
trustful, and as a consequence, excluded from data analysis.

The 33P activity incorporated in different plant parts (leaves,
stem, and roots) was determined as follows:

33P activity
[

Bq
]

=

(

33P signal
[

Bq
]

sample − 33P signal
[

Bq
]

blanc
)

• extract volume
[

ml
]

• plant part biomass [g]

extract aliqoute
[

ml
]

• plant part aliqoute [g]
(1)

The correction of 33P activity in plant material from LSC
measuring date and experiment starting date was calculated
as follows:

33P activity
[

Bq
]

=

33P activity
[

Bq
]

e

((

− ln(2)
25.34

)

• (t0−tLSC)

) (2)

Since not only the activity but also the P amounts applied with
different P sources varied, we had to determine the specific
activity in each P compartments containing 33P labeled P source
(Table 1) by using the following equation:

specific 33P in P compartment
[

Bq mg−1
]

=

33P
[

kBq
]

in P compartment • 103

P in P compartment
[

mg absolute
] (3)

The recovery of 33P (5) in plant material and substrate as well as
the total P uptake in plant material (6) was calculated as follows:

33P recovery [%] =

33P
[

Bq
]

in plant or substrate

33P in P compartment
[

Bq
]

•100% (4)

P uptake in plant
[

ug
]

=

33 P
[

Bq
]

in plant • 103

specific 33P
[

kBq mg−1
]

in P compartment • 103
(5)

The analyses of total P in plant material and substrate
were performed via ICP-OES (Varian 725-ES, Agilent
Technologies, Santa Clara, United States). The
standards for the calibration were prepared using the
same matrix.

Assessment of Mycorrhization Grade of
Mycorrhizal Plant Roots
In order to record the plants’ response to mycorrhizal
inoculation and the P source dependency and/or diversity, we
determined the mycorrhization grade in mycorrhizal plant roots.
Characteristically for successful mycorrhization of poplar roots
by P. involutus (MAJ) is the change in root morphology, e.g.,
specific branching of root tips and no development of root hairs.
The grade of mycorrhization of plant roots was determined
using the gridline intersection method (37) as modified and
described in detail by Brundrett et al. (38). Thereby, aliquots of
82 ± 27 cm of mycorrhizal and 28 ± 7 cm of non-mycorrhizal
fine roots were inspected for the mycorrhizal root tips and
the intersections of roots with the gridlines in triplicates (by
rearranging the same root sample after each counting) using
a stereo zoom microscope (45x magnification; KERN OZM-5,
KERN& SOHNGmbH, Balingen, Deutschland). Mycorrhization

grade was expressed as number of
mycorrhizal root tips per cm−1 analyzed
root length:

mycorrhization grade [#mycorrhizal root tips cm−1 root length]

=
number mycorrhizal root tips

cm root length
(6)

As expected, the fine roots of mycorrhizal
plants were abundantly mycorrhized at 108 dpi
(Supplementary Figure 3; Supplementary Table 1),
while the non-mycorrhizal controls were
not mycorrhized.
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Statistical Analysis
All statical tests were performed with SPSS R© Statistics 26.0
[IBM R© Corporation, USA (39)] at the probability level of 0.05.
All data were tested for normal distribution using the Shapiro-
Wilk test and homogeneity of variances using Levene’s test,
where the P-value was calculated based on the mean. To test
for significant differences in data of plant biomass, P content,
and pH of P liquids (normally distributed) between mycorrhizal
treatments (with two independent groups), the independent
samples t-test was performed. To test for significant differences
in data of plant biomass, plant P content, 33P activity, 33P
recovery, and plant P uptake between the different P and
mycorrhizal treatments (with more than three independent
groups), the following statistical procedure was applied: a one-
factorial analysis of the variances (ANOVA) with replicates
was performed on normally distributed data. In case of
significant differences, the Scheffé procedure (for data sets
with no equal variances, as it is insensitive to violation of
homogeneity of variances) or the Tukey-HSD test (for data
sets with equal variances) as a post-hoc test were used. In
case the data were not normally distributed, the Kruskal-
Walis-H-test was used. It is a non-parametric equivalent
of the One-Way ANOVA to test for significant differences
between more than two groups using medians. In case of
significant differences between the groups, the Mann-Witney-U-
test was performed.

RESULTS

Distribution of Biomass and Absolute P
Content in Plant Parts Differ Between
Mycorrhizal and P Treatments
At the end of the experiment at 108 dpi, we determined in both
experiments (4P-33P and HAP-33P) the biomass (Figure 1A)
of, and the absolute P content (Figure 1B) in, different plant
parts and substrate in order to investigate, whether these two
parameters differ between the different plant parts and P pools
applied into the system.

In both experiments, mycorrhizal plants developed
significantly higher biomass at 108 dpi (Figure 1A) compared
with the non-mycorrhizal plants (P < 0.0005). In addition,
both treatments (mycorrhizal and non-mycorrhizal) had
significantly (P < 0.00001) higher root biomass compared with
the shoot biomass. Unfortunately, only two non-mycorrhizal
1HAP-33P and mycorrhizal no P (H2O) controls and only
one non-mycorrhizal no P control could be harvested at the
end of the experiment so that no statics could be done on
these treatments.

The absolute P content (Figure 1B) follows almost the same
trend as the plant biomass, as independent of the P species and
mycorrhizal treatment, the absolute P content in plant correlated
positively with the plant biomass (R2 = 0.64, P < 0.001;
Supplementary Figure 4). The absolute P content inmycorrhizal
plants from 4P-33P systems was significantly higher (P < 0.001)
than in their non-mycorrhized counterparts. Mycorrhizal and
non-mycorrhizal plants incorporated significantly more P (P <

FIGURE 1 | (A) Biomass [g dry weight] and (B) P content [mg absolute] in

different parts of mycorrhizal (+Myc) and non-mycorrhizal (-Myc) poplar plant

at 108 dpi. 4P experiment with simultaneous supply of four different P

sources: oP, ortho-phosphate; AMP, adenosine monophosphate; gP, oP

bound to goethite; HAP, synthesized hydroxyapatite; and 1P control

experiment supplied with HAP. The error bars show the standard deviation

(4P: +Myc: n = 16; -Myc: n = 12; HAP: +Myc: n = 4; -Myc: n = 2; H2O:

+Myc: n = 2; -Myc: n = 1). The letters (a, A, α) indicate significant differences

between the plant parts: (A) a-b and A-B: P < 0.001; α-β: P < 0.003; (B) a-c:

P < 0.001; A-C and α-β: P < 0.005. Marking with (*) indicates significant

differences between mycorrhizal and non-mycorrhizal treatments: (A) ***P <

0.001 for whole plant and for leaves, stem, and roots); (B) **P < 0.02 for the

whole plant; P < 0.001 for leaves, stem, and roots; *P < 0.04 for the whole

plant; P < 0.001 for leaves and stem; P < 0.01 for roots.

0.005) in roots than in their stems and leaves. Furthermore, the P
content in mycorrhizal 4P-33P plants was significantly higher (P
< 0.04) than in mycorrhizal 1HAP-33P plants.
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The plant biomass and the P content in plants from
mycorrhizal no P control systems are almost 2-fold lower than
the mycorrhizal P treatments. This gain in biomass and P content
of mycorrhizal P treatments accounted for 0.35± 0.15 g biomass
and 0.38 ± 0.17mg P. This is the gain alone from the P uptake
from the P compartments.

33P Incorporation in Plants and Its
Distribution Between Plant Parts Differ
Between P Treatments
In order to differentiate the plant P uptake from the different
P sources and its partitioning in the plant, we have exposed
the rhizotrone culture systems in the time course of the
experiment (Supplementary Figure 5) as well as the harvested
plants (Figure 2) to phospho-imaging screens for 4 and 72 h.
Further, for the same reason, we determined the 33P activity in
harvested plants (leaves, stem, and roots) and substrate (Figure 3;
Supplementary Table 3).

No incorporation of 33P label in plant material was detected
at 21 dpi. In contrast, the images of rhizotrone culture systems
at 34 dpi revealed that the mycorrhizal fungus started to acquire
the P sources oP and AMP (Supplementary Figures 5A,B,
respectively) almost simultaneously. From HAP supplied in a
pool of four different P sources (Supplementary Figure 5C),
incorporation of 33P label in plant shoots was visible for the first
time at 42 dpi, while 33P from HAP supplied as a single P source
(Supplementary Figure 5D) was detectable for the first time in
the plant at 94 dpi, when the rhizotrone culture systems were
imaged for 72 h. No incorporation of 33P label could be detected
in the plant from HAP supplied as a single P source, nor from gP
supplied in a pool of four different P sources at that time point.

The images of harvested plants of 4P systems with 33P-
labeled oP, AMP, and HAP (Figure 3) showed a trend in
33P activity incorporated in plant: After 4 h exposing time
of harvested plant material to the phospho-imaging screens,
the highest 33P activity was detected in 4P systems with 33P-
labeled AMP (Figure 2B), followed by oP (Figure 2A), and
HAP (Figure 2C). The blue color indicates areas with high 33P
activity—these are the areas of roots with high intensity in the
branching of the root tips (Supplementary Figure 2). As the
main proportion of 33P label in the plant is incorporated in
roots, the 33P incorporated in the plant from gP (Figure 2D)
could be detected the first time in harvested plant material
by exposing the dried plant to the phosphor-imaging plate
for 72 h.

The quantitative analysis of 33P activity (Figure 3) in plants
showed the same trend as the images of harvested plant material.
Moreover, the 33P activity was significantly lower in plants from
mycorrhizal gP treatments compared to the other mycorrhizal
P treatments. The non-mycorrhizal P treatments were evidently
lower enriched in 33P than the mycorrhized counterparts,
and the 33P activity for the non-mycorrhizal 4P+gP-33P and
1P+HAP-33P treatments was even under the detection limit.
When comparing different plant parts, the leaves of 4P+AMP-
33P treatment incorporated significantly (P < 0.03) more 33P
compared with the 4P+oP-33P treatment and significantly higher
amounts of 33P in leaves, stem, and substrate compared with

1P+HAP-33P treatment. The main proportion of 33P was found
in the plant roots (>57%).

33P Recovery in Plant and Plant P Uptake
Differ Between the Specific P Sources
From a Mixed P Pool
In order to relate the 33P activity incorporated in plant
material to the 33P activity of the initially applied P sources,
we investigated the 33P recovery [%] in the harvested plant
(Figure 4A; Supplementary Table 4). Furthermore, in order to
standardize the different 33P activity added with different P
amounts applied with each P source, we used the 33P activity
[Bq] incorporated in plant material, and the specific 33P activity
[kBq mg−1] of the initially applied P sources to determine the
plant P uptake [µg] (Figure 4B; Supplementary Table 4) from
the specific 33P labeled P source.

The recovery of initially applied 33P in plant (Figure 4A)
from the 33P-labeled P sources accounted to a maximum of 5%.
Significantly (P < 0.03) higher 33P recovery could be observed in
mycorrhizal plants grown in 4P rhizotrones with labeled AMP-
33P (followed by HAP-33P and oP-33P) compared with gP-33P
and single HAP-33P and non-mycorrhizal treatments. Although
the initial P content of 1P rhizotrone system containing labeled
HAP-33P as a single P source was 32% higher compared with the
4P system, the recovery of 33P in plant shoots (leaves and stems)
was significantly lower (P < 0.03) from the former as compared
to the latter.

Looking at the plant 33P uptake [µg] (Figure 4B) standardized
by the initially applied P content, the uptake from HAP-33P as
a single P source (44 ± 66 µg P) tended to be lower than from
HAP-33P with the 4P system (119 ± 59 µg P), which is possibly
due to the higher standard deviation in data from 1P+HAP-
33P treatment. Furthermore, P taken up from AMP-33P (115
± 73 µg P) and HAP-33P from a mixed P pool were similar.
However, the P uptake from the readily available oP-33P (7.1 ±

1.6 µg P) and the more complex gP-33P (0.61 ± 0.76 µg P) was
significantly lower (P < 0.03) compared with other P treatments.
Furthermore, the calculated plant P uptake from the mineral P
sources HAP and gP (max. 168 µg P and 1.6 µg P, respectively)
was lower compared to the easy desorbable P (max. 224 µg P
from HAP and 369 µg P from gP).

DISCUSSION

The present study tested the suggestion highlighted in the
framework of Turner (19) that the partitioning of different
chemical P forms in the soil by plants is mediated by mycorrhizal
fungi. For this purpose, we performed an experiment using an
axenic rhizotrone culture system and the mycorrhizal associates
of the poplar plant P. x canescens and the ectomycorrhizal fungus
P. involutus. The system was supplied simultaneously with four
different chemical forms of P in separate compartments so that
only the mycorrhizal fungus had access to the P sources. To
differentiate the mycorrhizal mediated plant P uptake between
the different P sources, labeling with the radio-isotope 33P was
applied. Finally, the obtained results from this experiment were
compared with the mycorrhizal mediated plant P uptake from
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FIGURE 2 | Images of harvested plants from rhizotrone systems labeled with (A) 33P-oP, (B) -AMP, and (C) -HAP (4 h exposing time to imaging plates; images

developed at factor 2.3) as well as (D) 33P-gP (72 h exposing time to imaging plates; images developed at factor 3.6) after 108 dpi. As reference, C-14 polymer

sources were used with following activities [dpm cm−2]: 1,107,000, 424,000, 112,000, 41,500, 13,350, and 3,950, supplemented by an activity free background

(each activity had a surface area of 1 cm²). The blue color indicates areas with high 33P activity.

FIGURE 3 | 33P activity [kBq] in different parts of mycorrhizal (+Myc) and non-mycorrhizal (-Myc) poplar plants at 108 dpi. 4P experiment with simultaneous supply of

four different P sources: oP, ortho-phosphate; AMP, adenosine monophosphate; gP, oP bound to goethite; HAP, synthesized hydroxyapatite; and 1P control

experiment supplied with HAP. The error bars show the standard deviation (4P+Myc: n = 4; 4P-Myc: n = 3; 1P+Myc: n = 4; 1P-Myc: n = 2). Data replaced by n.d.

was below detection limit. The letters (a, b, c) indicate significant differences in 33P activity in plant between 4p-33P and 1HAP-33P treatments: P < 0.03

(Kruskal-Wallis-H-test and subsequent Mann-Witney-U-test; see Supplementary Table 3 for detailed information on statistical analysis).

a mineral P form supplied as a single P source in the system
to support the general assumption that a minor diversity in
belowground resources, e.g., due to fertilization, resulting in a

reduced uptake efficiency (18). We can confirm the previous
findings of Andrino et al. (26, 27), as our compartmental system
using nylon and hydrophobic membranes to separate the P
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FIGURE 4 | (A) 33P recovery [%] in plant and (B) plant P uptake [µg] from 33P labeled P sources from mycorrhizal (+Myc, n = 4) and non-mycorrhizal (-Myc, n = 3 for

4P-33P; and n = 2 for 1HAP-33P) rhizotrones equipped with P containers with different P sources: 4P experiment with simultaneous supply of four different P sources:

oP, ortho-phosphate; AMP, adenosine monophosphate; gP, oP bound to goethite; HAP, synthesized hydroxyapatite; and 1P control experiment supplied with HAP.

The error bars show the standard deviation. The letters (a, A, α) indicate significant differences between the P treatments of 4P-33P and 1HAP-33P experiments: P <

0.003 (see Supplementary Table 4 for more details).

sources from plant roots was a good choice to test mycorrhizal
mediated plant P uptake. The small and negligible quantities
of 33P activity detected in non-mycorrhizal treatments possibly
result from “leakiness” due to the process of autoclaving of the
P compartments to sterilize them and create axenic conditions
inside the system. After the autoclaving, the membranes could
not adhere so tight anymore at some weaker spots of the P
compartment, which we did not examine in this study. The
autoclaving of the P compartments was chosen, as it was possible
to sterilize a vast amount of P compartments simultaneously
and thereby avoid the use of any chemicals and safe time of the
preparation of the culture systems.

Our results confirm a successful mycorrhizal mediated plant
P uptake from the P compartments, independent of the P form
taken up from a pool of differently available P sources or a
single P source. The mycorrhizal mediated plant P uptake from
the P compartments of the P treatments resulted in the gain in
plant biomass of a similar magnitude as absolute plant P content
compared to the mycorrhizal no P control treatment. Also,
the incorporation of the 33P label (Figures 2–4) in mycorrhizal
plants indicates a P uptake from all supplied P sources. Due
to the axenic conditions prevalent in our system, we have
excluded any competition with other microorganisms inhabiting
the plant rhizosphere (40) and the fungal hyphosphere (41),
which consume nutrients released by hyphae and root or also
by feeding on hyphae (40, 42, 43), and which could reduce
the control on the mycorrhizal fungal supply of P to plant.
The images of harvested plants (Figure 2) showed areas with
the highest 33P label incorporated in roots with high intensity

in the branching of the root tips (Supplementary Figure 3),
indicating that a high proportion of incorporated 33P label in
the plant was detectable at the mycorrhizal fungus-root interface.
This observation could result from a higher shielding of 33P
by roots and shoots compared to the hyphal mantel around the
root tips. In contrast to this assumption, the microradiographic
localization of 33P in ectomycorrhizal poplar roots performed
by Bücking and Heyser (44) has revealed that P taken up by
hyphae accumulates rapidly in the hyphal mantel around the root
tip and is slowly allocated through the Hartig net to the root
cortical cells. Also, previous studies using excised roots detected
an accumulation of P in the fungal sheet around the root tips
and linked it to mycorrhizal fungal control on the amounts of
P translocated to its host plant (11, 30). Nevertheless, results
from experiments using excised plant roots should be handled
with care, as they do not provide the same extent of a whole
plant controlling its P demand and the P translocation by ECM
fungus. The first successful attempt to describe the molecular
processes of P transfer through the ectomycorrhizal Hartig net
to plant roots under controlled conditions were made by the
study of Becquer et al. (45). The H+:Pi transporter, HcPT2, of
Hebeloma cylindrosporum was determined not only in the extra-
radical hyphae, serving for the Pi entry into the mycelium, but
also in the Hartig net, aiding for the transfer of Pi to the host
plant Pinus pinaster. Thereby, the host plant was also found to
induce the expression of HcPT2, revealing that the host plant is
regulating its P supply by the mycorrhizal fungus.

Nevertheless, mycorrhizal fungal P uptake preferences in
an axenic system should more closely reflect the potential
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capabilities (niches) (46, 47) in acquiring differently available P
sources. The higher incorporation of the 33P label and especially
the significantly higher plant P uptake from AMP compared
to oP was surprising. We have also expected that the fungus
would start the P acquisition from oP, but within a week
(27–34 dpi), we have detected a simultaneous uptake of oP and
AMP. Nevertheless, our results cannot approve the assumption
that the mycorrhizae prefer or would start to acquire the readily
available oP. Free Pi has to be just taken up from the solution via
the plasma membrane phosphate transporters at fungal hyphae
(40), whereby the mycorrhizal fungus would not need to apply
any acquiring mechanisms, causing no costs for the P mining. In
contrast, the AMP is assumed to require a phosphomonoesterase
to release the phosphate ion (Pi) (19). Previous studies provide
evidence that the ectomycorrhizal fungal species P. involutus can
produce phosphatases, which are largely surface-bound (48, 49).
The phosphatase activity is considered to be induced by the
substrate or a low concentration of Pi (7). Furthermore, the
results of Scheerer et al. (50) have proposed that AMP (and/or
ADP) or at least the nucleoside adenosine consisting of ribose
and adenine could be taken up by excised roots of poplar cuttings
and beech seedlings via some nucleotide transporters of the
root, which were not indicated to date. Their assumption was
built due to the uptake rates of 13C and 15N but also of 33P
of ATP tested as a P source for plant P uptake. We could
not find experimental evidence for the uptake of the whole
molecule of AMP or adenosine by mycorrhizal mycelium in the
present literature. Still, it was already suggested by Rennenberg
and Herschbach (51) that ectomycorrhizal fungi could take up
organic P sources as a wholemolecule. Manymycorrhizal species,
including P. involutus, possess the ortholog of the yeast Porg
transporter, ScGit1p (52). This transporter of Saccharomyces
cerevisiae is upregulated under P limiting conditions and can
import phospho-diesters (53). The activity of these transporters
in ectomycorrhizal fungi/symbiosis was not identified to date
and present a knowledge gap in the biochemistry of mycorrhizal
plant P uptake. Nevertheless, this hypothesizedmechanism could
probably explain the mycorrhizal favoritism of AMP over oP
in our study. The adenine could serve as an additional C and
N source to the mycorrhizal fungal associate, reducing the
dependency on C supply from the host plant.

However, the plasma membrane Pi transporters of
ectomycorrhizal fungi of Basidiomecete are coupled with
H+ symporter (54). Also, the Git1p was shown to function as an
H+ symporter (55). Hence, with each imported Pi/Porg molecule,
the P solution would lose one H+, by which the pH in the P
solution would increase. Also, the performance of Git1p was
shown to drop with increasing pH (56). Likewise, in our study,
the pH (Supplementary Figure 6B) increased significantly in
harvested AMP solution of mycorrhizal treatments compared
to the non-mycorrhizal treatments but also compared to the
pH of 5.2 set initially. Considering the higher incorporation
of the 33P label from AMP, followed by oP and HAP, the pH
increase in these P solutions in mycorrhizal treatments should
be a consequent outcome.

On the one hand, if the activity of the Pi or Git1p transporters
decreases with increasing pH, the similar plant P uptake from
AMP and HAP could be explained by the pH increase in the

AMP solution. We could detect the first incorporation of the
33P label in the plant from HAP only 1 week later compared
to AMP and oP in the 4P system. On the other hand, HAP
was supplied with a 2-fold higher P amount initially, which
could indicate that besides the P source availability also the P
amount of a P source is additionally essential for the choice of
P uptake from a pool with different P sources by mycorrhizal
fungus and its delivery to the plant. To underpin this assumption,
shifts in nutritional strategies from acquisition (weathering
of P rich primary minerals) to recycling (of accumulated P
stocks in organic or secondary mineral P forms) were already
observed from P-rich to P-poor temperate beech forests (7),
suggesting that the most profuse P sources in an ecosystem are
(of course depending on their bioavailability) the most favorable
for the acquisition.

Inorganic P bound to metal oxides is considered not or
only hardly accessible for P uptake by mycorrhizal plants and
accumulating in the Lüss subsoil of forests limited in P (10). This
was indebted to the high abundance of Fe and Al oxides in the
Bw horizon and comprehensive adsorption of P to the mineral
surface. Thus, it might not be surprising that the mycorrhizal
mediated plant P uptake from gP was of the lowest magnitude
compared to the other P sources supplied in the mixed pool. The
desorption of Pi from goethite in H2O is affected by sorption-
desorption equilibrium and diffusion transport (35). Further,
low molecular organic anions (LMWOAs) increase the release
and availability of Pi sorbed to goethite via ligand exchange.
The ectomycorrhizal fungal genera Paxillus were described to
release extensive amounts of LMWOAs (57, 58). P. involutus
was also shown to produce and exude oxalate (59–61), which is
suggested to be also a key component in apatite dissolution for
the P uptake by ectomycorrhizal fungi and immobilization of Ca
into Ca-oxalate (62). Furthermore, it was shown for arbuscular
mycorrhizae that if the P source occurs in a not dissolved
form, the P is more uniformly shared between the mycorrhizal
associates (26). The higher retention of P in hyphae was
considered to be a response to P bioavailability (63) and enabled
the arbuscular mycorrhizal fungus to invest in the growth of its
hyphae to reach the not soluble P sources (64, 65). However, the
plant P uptake from gP (Figure 4B; Supplementary Table 4) was
lower compared to the easy desorbable P from the same P source.
Nevertheless, this parameter represents the maximal desorption
rate of P bound to goethite supplied in dH2O suspended form,
which was obtained by shaking the gP suspension for 24 h.
In our study, the filled P compartments and the rhizotrone
systems were handled with care and did not experience extensive
shaking. We could instead attribute the lower P uptake from gP
to its voluminous but at the same time compact consistency,
which indirectly categorizes gP as a more complex P source
within the mixed pool in our study. It has been suggested that
ectomycorrhizal fungi can function as “biosensors” searching for
nutrients from mineral sources and differentiate the mineralogy
and grain sizes (61, 62). This could have lead P. invollutus to favor
HAP over gP in our study. Nevertheless, for all these reasons,
we can conclude that the later and lower P incorporation in the
P. involutus ectomycorrhizal plant could be due to the higher
complexity of gP as a P source and the lower 33P activity applied
initially compared with other P sources.
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The absolute P content in the plant and leaves of 4P treatments
was significantly higher compared to the 1P treatment. This
indicates that the fungus can supply the plant with more P
either due to the presence of specific P forms in a mixed P
pool or due to a general effect of P source diversity. To explain
the latter effect of P source diversity with more favorable and
readily available P sources besides the more complex P sources,
we could assume that a mixed P pool might work as a “spiking”
instrument to ensure an easier and faster familiarization of
ectomycorrhiza to P sources with different bioavailabilities.
Nevertheless, both statements are strongly supported by the
significantly higher incorporation of the 33P label [kBq] from
AMP and its significantly higher 33P recovery [%] in plant
leaves compared to the 1P-HAP treatment. Higher P content
in leaves of 4P plant treatments presumably allowed the earlier
acquisition of HAP in 4P systems compared to the 1P system, as
a higher C translocation to the HAP compartments is required to
release Pi through exudation of organic anions (62). In contrast,
photosynthesis is restricted under P limiting conditions (66),
reducing at the same time the translocation of C to the below-
ground infrastructure in order to mine the HAP patches. The
lower P content in leaves of 1P treatment could result in lower
photosynthetic fixation of CO2 that consequently could result in
a lower C allocation to themycorrhizal partner for the acquisition
of HAP supplied as a single P source and could explain its later
uptake. Nevertheless, there was no difference in plant P uptake
from HAP supplied as a single P source or with different P
sources, even though the amount of P supplied with HAP as
a single P source was 1/3-fold higher compared with the sum
of P amounts supplied with the four different P sources in the
4P system.

CONCLUSION

In the conducted rhizotrone experiment under axenic conditions,
our results indicate that the representative ectomycorrhizal
fungus P. x involutus was able to access all P sources (oP,
AMP, HAP, and gP) we have supplied with the P pool,
suggesting that this ectomycorrhizal fungus can act as a
generalist in P acquisition. We assume a different weighting
between the ectomycorrhizal species offering a playground for
further research. Nevertheless, we confirm that specialization
to the acquisition of one or a few specific P sources while
having access to many in order to find a niche of an
appropriate resource occur as an option or need due to
competition for limited soil resources (67). Ectomycorrhizal
fungi, compared with other P acquiring strategies of plants,
could be unequally capable of occupying a broad variety of
niches (68), which could explain the dominating occurrence of
ectomycorrhizal fungi in many boreal (69–71) and temperate
(70, 72, 73) forest ecosystems limited in P, controlling the
occurrence of other species. Our results indicate that nutrient
niching is possible in one species of ectomycorrhiza and
that P resource diversity improves plant nutrition, providing
supporting evidence for higher functional diversity by nutrient
source partitioning.

In our study, from the mixed P pool, the sources AMP
and HAP (over oP) were the most favorable to ectomycorrhizal

mediated plant P uptake. We conclude that the magnitude of
plant P uptake from a mixed pool containing P sources of
different availabilities depends on the P species itself, additional
nutrients coming with the specific P sources, and the complexity
of the P source. In contrast, the order of uptake of different P
forms depended on their complexity (oP and AMP over HAP and
gP) and supplied diversity (HAP in a pool over HAP alone).

Even though we have used one mycorrhizal fungus and one
plant only, to our knowledge, we are the first in showing that
the ectomycorrhizal P. x canescens can occupy simultaneously
fundamental niches of various P sources through the mediation
of its mycorrhizal fungal partner P. involutus, indicating
that the acquisition of differently available P sources by an
ectomycorrhiza can facilitate niche plasticity and adaptation to
specific nutrient limiting conditions.
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The continuous deposition of hazardous metalliferous wastes derived from industrial

steelmaking processes will lead to space shortages while valuable raw metals are being

depleted. Currently, these landfilled waste products pose a rich resource for microbial

thermoacidophilic bioleaching processes. Six thermoacidophilic archaea (Sulfolobus

metallicus, Sulfolobus acidocaldarius, Metallosphaera hakonensis, Metallosphaera

sedula, Acidianus brierleyi, and Acidianus manzaensis) were cultivated on metal waste

product derived from a steelmaking process to assess microbial proliferation and

bioleaching potential. While all six strains were capable of growth and bioleaching

of different elements, A. manzaensis outperformed other strains and its bioleaching

potential was further studied in detail. The ability of A. manzaensis cells to break down

and solubilize the mineral matrix of the metal waste product was observed via scanning

and transmission electron microscopy. Refinement of bioleaching operation parameters

shows that changes in pH influence the solubilization of certain elements, which might

be considered for element-specific solubilization processes. Slight temperature shifts

did not influence the release of metals from the metal waste product, but an increase

in dust load in the bioreactors leads to increased element solubilization. The formation

of gypsum crystals in course of A. manzaensis cultivation on dust was observed and

clarified using single-crystal X-ray diffraction analysis. The results obtained from this

study highlight the importance of thermoacidophilic archaea for future small-scale as

well as large-scale bioleaching operations and metal recycling processes in regard

to circular economies and waste management. A thorough understanding of the

bioleaching performance of thermoacidophilic archaea facilitates further environmental

biotechnological advancements.
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INTRODUCTION

The mobilization of metal ions from various insoluble mineral
phases has been widely used in biotechnological processes to
recover useful metals (White et al., 1998; Donati and Sand, 2007;
Khaing et al., 2019). However, the potential of metalliferous steel
waste as a circular provider of precious metals for developing
technologies has yet to be uncovered. The European Steel
Association (EUROFER) states that approximately 278 million
tons of steel have been produced in 2020 in Europe (15.2%
of worldwide steel production), while generating millions of
tons of various waste products (EUROFER, 2020). Many types
of hazardous wastes, such as slags, dust, and ash, create
space shortages due to their necessary deposition in landfills,
contributing to the release of hazardous metalliferous wastes into
our environment while leading to a depletion of valuable raw
materials (Singh et al., 2013; World Steel Association, 2016).

For this study, a secondary dust waste product of the basic
oxygen furnace (BOF) steelmaking process (hereafter referred
to as BOF-dust) (Gara and Schrimpf, 1998; voestalpine Stahl
Donawitz GmbH, Leoben, Austria) is investigated for microbial
metal recovery potential by six thermoacidophilic archaeal
strains. The potential of growth, metal solubilization, and the
interaction of thermoacidophilic archaea with secondary dust
particles was investigated to assess future implementation in
high-temperature bioleaching operations. Steel waste products
pose a rich resource of metal oxides that need to be recycled
or reintroduced into the manufacturing system by natural
microbial processes (Pawlowski et al., 1984; Krebs et al.,
1997; Barbuta et al., 2015; Waste Disposal Recycling in Steel
Industry, 2019). Biomining and bioleaching are well-established
operations that are applied in a variety of mineral mining-
associated industries and laboratory-scale operations (Bosecker,
1997; Schippers et al., 2013; Jujun et al., 2015; Banerjee et al.,
2017; Blazevic et al., 2019). Additionally, microorganisms have
been applied to detoxifymetal-contaminated compounds derived
from industrial processes such as incineration bottom ash, fly ash,
slags from smelting processes, heavy metal waste from tanning
factories (Batool, 2012; Igiri et al., 2018; Mäkinen et al., 2019;
Srichandan et al., 2019), electronic scrap (Brandl et al., 2001),
radioactive waste environments (Brim et al., 2003; Manobala
et al., 2019), and many more through bioleaching.

Bioleaching is a process based on the ability of
microorganisms (archaea, bacteria, fungi, etc.) to convert
insoluble metals into a soluble state (Schippers et al., 2013).
Usually, this process is performed by acidophilic microorganisms
that are genetically equipped to oxidize Fe2+ into Fe3+ and/or
reduced inorganic sulfur compounds (RISCs) at a low pH
(acidophilia), preferably by growing in the unity of biofilms and
frequently attaching to the mineral material, forming a reaction
space (Valdés et al., 2008; Ma et al., 2017; Zhang et al., 2019).
Bioleaching at elevated temperatures exploits the potential of
thermoacidophilic archaea (∼70–80◦C), whereas mesophilic
bioleaching is performed by bacteria at lower temperatures
(∼25–40◦C) (Norris, 1997). Bioleaching operations executed by
thermoacidophilic archaea (e.g., Sulfolobus spp., Metallosphaera
spp., and Acidianus spp.) benefit from a more efficient mineral

dissolution compared to mesophilic bacterial bioleaching (Marsh
and Norris, 1983; Gericke and Pinches, 1999; Wang et al., 2014).

Since bioleaching processes of a large ore mass can
generate a significant amount of exothermic heat (Beck, 1967),
thermophiles such as Acidianus brierleyi proved themselves
inherently suitable for high-temperature operations. A. brierleyi
cells propagate chemolithotrophically by S0 or Fe2+ redox
chemistry (Segerer et al., 1986) and provide a higher sphalerite
(CuFeS2) leaching rate compared to a mesophilic bacterium
Acidithiobacillus ferrooxidans culture (Konishi et al., 1998;
Saitoh et al., 2017). Furthermore, Sulfolobales representatives,
such as Sulfolobus metallicus (Huber and Stetter, 1991) and
Sulfolobus acidocaldarius (Brock et al., 1972), mobilize copper,
zinc, and uranium (Gautier et al., 2007), provide desulfurization
strategies for coal (Shivvers and Brock, 1973; Kargi and
Robinson, 1985; Tobita et al., 1994), and oxidize arsenite
to arsenate in culture (Sehlin and Lindström, 1992). Great
potential in industrial heap bioleaching is demonstrated by
Metallosphaera hakonensis (Takayanagi et al., 1996) due to
high Fe2+ oxidation rates when grown on inorganic sulfur
compounds (Bromfield et al., 2011; Shiers et al., 2013).
Closely related thermoacidophilic Metallosphaera sedula utilizes
various metal-containing ores as well as organic carbon
sources to feed its respiratory electron transport chain (Huber
et al., 1989; Auernik and Kelly, 2010a,b). Besides inherent
(chalco-)pyrite bioleaching abilities (Mikkelsen et al., 2007;
Ai et al., 2019), M. sedula can oxidize solid triuranium
octaoxide (U3O8) to U(VI) while feeding own bioenergetic
needs (Mukherjee et al., 2012). Furthermore, M. sedula cells
are able to biotransform the calcium-tungstate mineral scheelite
by leaching mineral-bound tungsten into the surrounding,
resulting in tungsten carbide layers on the cell surface (Blazevic
et al., 2019). Precious metals from synthetic (Kölbl et al.,
2017), as well as genuine extraterrestrial materials such as
meteorites (ordinary chondrite NWA 1172; Martian breccia
NWA 7034) are also solubilized by M. sedula, which creates
possibilities for future asteroid biomining (Milojevic et al., 2019b,
2021). A. manzaensis (Yoshida et al., 2006) is an emerging
thermoacidophilic bioleacher, which grows as a facultative
anaerobe utilizing molecular hydrogen and elemental sulfur
as electron donor under aerobic conditions by using Fe3+

as the electron acceptor for anaerobic growth. So far, A.
manzaensis has merely been investigated for its chalcopyrite
leaching efficiency as well as a possible acid mine drainage
(AMD) bioremediation agent (Chang-Li et al., 2012; Liu et al.,
2016a,b; Nie et al., 2019; Li et al., 2020). Obviously, current and
future challenges in circular economy and waste management
demand in-depth analyses of microorganisms with great inherent
bioleaching potential.

Recent advances in these technologies (e.g., Coetzee et al.,
2020; Giachino et al., 2021; Newsome and Falagán, 2021) may
contribute to a great extent to the United Nations Sustainable
Development Goals (specifically goal number 12), namely, to
achieve sustainable and efficient use of natural resources as
well as to implement an environmentally sound management
of chemicals and all wastes throughout their life cycle by 2030
(United Nations General Assembly, 2015).
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TABLE 1 | Detailed microbiological media composition for the six thermoacidophilic strains.

[g] A. manzaensis A. bierleyi M. sedula M. hakonensis S. metallicus S. acidocaldarius

(NH4)2SO4 0.132 3.00 1.30 1.30 1.30 1.30

KH2PO4 0.041 0.50 0.28 0.28 0.28 0.28

MgSO4·7H2O 0.49 0.50 0.25 0.25 0.25 0.25

CaCl2·2H2O 0.009 - 0.07 0.07 0.07 0.07

FeCl3·6H2O - - 0.02 0.02 0.02 0.02

KCl 0.052 0.10

Ca(NO3)2 - 0.01

Yeast extract - - - - - 0.01 % (w/v)

In this study, the growth potential of six thermophilic
archaeal strains (S. metallicus, S. acidocaldarius, M. hakonensis,
M. sedula, A. brierleyi, and A. manzaensis), their ability to
propagate in presence of a multimetallic waste product (BOF-
dust), as well as the subsequent solubilization of metals
bound to the respective BOF-dust grains is investigated.
Furthermore, we focus on the bioleaching potential of A.
manzaensis, subjecting cells to different leaching parameters
(BOF-dust load, pH, and temperature), while investigating the
microbial interactions with dust particles via scanning and
transmission electron microscopy (SEM and TEM) coupled to
energy-dispersive spectroscopy (EDS) analysis. In our study,
we observe efficient metal solubilization from dust particles
by A. manzaensis and explore microbial-mineral interactions
associated with this case. Our results provide the first insights
into laboratory-scale thermoacidophilic bioleaching associated
with industrial steelmaking waste products. Integrating not
well-studied bioleaching microorganisms into future circular
waste management processes might open up a plethora of new
applications for environmental biotechnology.

MATERIALS AND METHODS

Strains and Media Composition
A. manzaensis (NBRC 100595), A. brierleyi (DSMZ 1651), S.
metallicus (DSMZ 6482), S. acidocaldarius (DSMZ 639), M.
hakonensis (DSMZ 7519), and M. sedula (DSMZ 5348) cultures
were grown aerobically in their respective media (Table 1).
Allen’s trace element solution was added to 1 L media, resulting
in 1.80mg MnCl2·4H2O, 4.50mg Na2B4O7·10H2O, 0.22mg
ZnSO4·7H2O, 0.05mg CuCl2·2H2O, 0.03mg Na2MoO4·2H2O,
0.03mg VSO4·2H2O, and 0.01mg CoSO4 final concentration
(for DSMZ 1,651; 6,482; 639; 7,519; 5,348). A solution containing
831 trace elements was added to 1 L media, resulting in
a final concentration containing 1mg ZnSO4·7H2O, 2mg
CuSO2·5H2O, 1mg MnSO4·5H2O, 0.5mg Na2MoO4·2H2O,
0.5mg CoCl2·6H2O, 1mg NiCl2·6H2O, and 5mg FeSO4·7H2O
(for NBRC 100595). pH was adjusted with 10N H2SO4 according
to the DSMZ/NBRC data. Cultivation of thermophilic archaea
was performed as described earlier (Milojevic et al., 2019b)
in 1 L modified Schott-bottle bioreactors (Duran DWK Life
Sciences GmbH, Wertheim/Main, Germany), equipped with a
thermocouple connected to a heating and magnetic stirring
plate (RH basic 2 IKAMAG, IKA-Werke GmbH & Co.

KG, Staufen, Germany) for temperature and agitation control
(Supplementary Figure S1). Each bioreactor was equipped with
three 10ml graduated pipettes, permitting carbon dioxide and
air gassing (gas flow rates 0.5 NL/min, respectively, MFC
8741, Bürkert GmbH & Co. KG, Ingelfingen, Germany) and
sampling of culture. The graduated pipettes used for gassing were
connected by silicon tubing to sterile 0.2µm filters (Millex-FG
Vent filter unit, Merck KGaA, Darmstadt, Germany). Graduated
pipettes used for sampling were equippedwith a Luer-lock system
to permit sampling with sterile syringes (Soft-Ject, Henke Sass
Wolf, Tuttlingen, Germany). Off-gas was forced to exit via a
water-cooled condenser (Carl Roth GmbH & Co. KG, Karlsruhe,
Germany). Respective temperatures inside the bioreactors were
controlled by electronic thermocouple via heating and magnetic
stirring plates. For chemolithotrophic growth, cultures were
supplemented with 10 g/L BOF-dust. Before addition to the
microbiological medium, BOF-dust samples were heat-sterilized
at 180◦C in a laboratory oven for a minimum of 24 h prior to
autoclavation at 121◦C for 20min. Cell growth was examined via
cell counting (Neubauer Chamber, Carl Roth GmbH & Co. KG,
Karlsruhe, Germany) and the release of soluble metals into the
culture medium.

Metal Release Analysis (ICP-MS)
To determine the extracellular concentrations of metal ions
mobilized from the metal-containing waste product, samples
of thermoacidophilic cultures were clarified by centrifugation.
Cells were harvested at the early stationary growth phase for
inductively coupled plasma (ICP) measurements. Samples of
the resulting supernatants were filtered (0.44µm pore size,
Macherey-Nagel GmbH & Co. KG, Germany). A total of 18
elements (Fe, Cu, Ni, Zn, Cr, Cd, Mn, Ca, Mg, Al, Co, V, Ti,
Sr, Pb, Mo, Ba, As) were analyzed by ICP mass spectrometry
(ICP-MS). Abiotic samples (containing BOF-dust and respective
microbiological media but no cells) and zero time points (at
start of cultivation) were analyzed in each experiment, and
their corresponding values are already subtracted in all figures
presented in this study.

Wavelength-Dispersive X-Ray
Fluorescence Analysis (WD-XRF)
The BOF-dust sample used in the study was analyzed
using wavelength-dispersive X-ray fluorescence (WD-XRF)
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spectrometer Zetium PW 5400, Panalytical and SuperQ-
program. The evaluation of the measuring data was done
using Uniquant program, hence the chemical composition was
ascertained. In parallel, the loss of ignition of the sample was
determined at 1,000◦C. The results of the evaluation of the bulk
elemental composition of BOF-dust via WD-XRF analysis are
presented in Supplementary Table S1.

Scanning and Transmission Electron
Microscopy
For scanning transmission electron microscopy coupled to
energy-dispersive X-ray spectroscopy (SEM-EDS) analysis, A.
manzaensis cells were collected, primary fixed with 2.5%
glutaraldehyde (in 1M Na-cacodylate buffer), and post-fixed
for 2 h in 1% osmium tetroxide (OsO4). Subsequently, samples
were washed (1.5× PHEM-buffer) and dehydrated by a gradual
ethanol series (30, 50, 70, 80, 90, 95%, abs.) and acetone (100%).
Samples were dried by critical point drying (Critical Point
Dryer, Leica EM CPD300, Leica Microsystems GmbH, Wetzlar,
Germany), gold sputtered (JEOL JFC-2300HR from Jeol GmbH,
Freising, Germany), and analyzed via JEOL IT300 Microscope
at 20 kV acceleration voltage (Jeol GmbH, Freising, Germany).
EDAX Detector (AMETER Material Analysis Division, Ametek
GmbH, Weiterstadt, Germany) and energy-Dispersive X-ray
spectroscope (EDX) were used for the elemental analysis at an
acceleration voltage of 25 kV. Spectra and mappings with the
elements of chosen areas were determined using TEAMTM EDS
Analysis System (Texture and Elemental Analytical Microscopy;
detector Octane Plus) program.

Sample preparation for STEM-EDS has been performed by
focused ion beam (FIB) sputtering using a FEI Quanta 3D FEG
instrument, equipped with an electron column hosting a field-
emission electron source and an ion column hosting a Ga-
liquid metal ion source (LMIS) as described earlier (Milojevic
et al., 2021). Before sputtering, a Pt layer was deposited on the
sample surface as a protective layer by FIB Pt deposition at
16 kV IB acceleration voltage. STEM and energy-dispersive X-
ray spectrum (EDS) images were acquired from A. manzaensis
cultures grown on BOF-dust. Elemental maps and spectra were
processed with Gatan Digital Micrograph software (Gatan Inc.).
Element quantification for EDS spectra was performed by using
the k-factor method.

Crystal X-Ray Diffraction
The crystalline phase was collected from cultures of A.
manzaensis grown on BOF-dust. Single crystals weremounted on
loops and examined using a Bruker D8 Venture, operated with
multilayer monochromator, INCOATEC microfocus sealed tube
(λ (MoKα)= 0.71073 Å) and CMOS Photon Detector.

RESULTS

Microbial Growth on BOF-Dust
Six archaeal strains of the Sulfolobales order (A. manzaensis,
A. brierleyi, S. metallicus, S. acidocaldarius, M. hakonensis, and
M. sedula) were grown in their respective media (Table 1, also
refer to the “Materials and methods” section) supplemented with

BOF-dust to examine growth capacity and culture maintenance
in conditions of a high metal content. In course of 17 days
of cultivation supplemented with CO2-gassing and BOF-dust
(single portion, 10 g/L culture), microbial growth was monitored
by phase-contrast/epifluorescence microscopy and metal release.
Each culture was inoculated with approximately 106 cells/ml
and during 17 days of operation time, growth of all six
thermoacidophiles on BOF-dust became apparent through a
100- or 1,000-fold increase in cell densities at the final point of
cultivation (Figure 1). A. manzaensis andM. sedula were among
the highest proliferating strains with final densities of 3.5 × 109

and 3.2× 109 cells/ml, respectively, whereasM. hakonensis and S.
metallicus exhibited lowest cell densities of all six strains after 17
days of cultivation (maximum densities 1.6 × 108 and 3.7 × 108

cells/ml, respectively). S. acidocaldarius and A. brierleyi reached
cell numbers (2.3 × 109 and 1.7 × 109 cell/ml, respectively)
comparable to A. manzaensis andM. sedula.

Metal Release of Six Thermoacidophilic
Archaea
The six aforementioned thermoacidophilic strains were tested
for their potential to mobilize metals from BOF-dust particles
into their respective medium (leachate solution). A comparative
analysis of leached elements among thermophiles was carried
out via ICP-MS. The most abundant elements in the microbial
leachate of A. manzaensis were Mn, Cd, Cr, Zn, Ni, and Cu,
whereas Fe, Pb, and Mn were released more efficiently by A.
brierleyi. M. hakonensis was able to mobilize Mn, Zn, Cu, Fe,
Cd, and Ni from the dust product, but no release of Cr or Pb
could be detected. Similar to the absence of solubilized Cr in
the M. hakonensis culture, S. acidocaldarius did not leach any
Cr into the microbiological medium. Yet, the overall bioleaching
performance of S. acidocaldarius is comparable toM. sedula and
S. metallicus,with S. acidocaldarius solubilized moreMn, Zn, and
Fe into the leachate solution than M. sedula and S. metallicus.
Both Ni and Cd were not detected in the S. metallicus culture
(Figure 2).

A. manzaensis-Mediated Bioleaching
Under Various Conditions
A. manzaensis cells were subjected to further in-depth
experiments due to the overall high bioleaching performance
and the most outstanding Cr leaching abilities compared to other
strains tested. To assess cultivation parameters for more efficient
A. manzaensis bioleaching operations, parameters such as
BOF-dust load, operation pH and temperature were examined.
For future applications in bioleaching with this archaeon,
exposure to higher concentrations of the multi-metallic waste
product is favorable. Therefore, A. manzaensis cultures were
fed with increasing BOF-dust concentrations (10/20/30 g/L)
(Figures 3A–C), and subsequent metal release was investigated
via ICP-MS. Elements, such as Fe, Zn, Mn, Mg, Cr, Cd, and
Sr, were detected at elevated levels respective to increasing dust
concentrations, while the release of Ca, Al, Ni, Co, V, Ti, Pb,
Mo, and As did not correspond to increasing concentrations
of dust in the cultures (Figure 3A). For aerobic growth, A.
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FIGURE 1 | Logarithmic growth curves of Sulfolobus spp., Metallosphaera spp., and Acidianus spp. grown on BOF-dust (10 g/L) over time (n = 3).

FIGURE 2 | ICP-MS analysis of released metal ions in the supernatant of thermoacidophilic cultures grown on BOF-dust (10 g/L).

manzaensis tolerates pH ranges from 1.0 to 5.0 with the optimum
being around 1.2–2.0 (Yoshida et al., 2006). ICP-MS analysis
for varying pH values set at 1.5, 2.0, and 2.5 points out that
in a more acidic environment of pH 1.5 A. manzaensis cells
mobilize Fe, Ni, V, Ti, and most notably Cr with the highest

efficiency from dust particles into solution (Figures 3D,E). In
contrast, a higher pH at 2.5 supports Zn, Mn, Cu, Cd, and Co
bioleaching, while a neglectable change in metal mobilizing
performance for all elements at pH 2.0 became apparent.
Regarding operation temperature, A. manzaensis cells are able to
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FIGURE 3 | ICP-MS analysis of released metal ions in leachate solution of A. manzaensis grown on BOF-dust at different parameters. (A–C) A. manzaensis grown on

increasing amounts of dust (10/20/30 g/L); (D,E) A. manzaensis grown at different pH values (1.5/2.0/2.5); (F,G) A. manzaensis grown at different temperatures

(62◦C/64◦C/67◦C).

grow in a temperature range of 60–90◦C (Yoshida et al., 2006),
in previous bioleaching operations as well as for this study,
A. manzaensis was cultivated at 65◦C (Liu et al., 2016a,b; Nie
et al., 2019). Slight temperature shifts (62◦C/64◦C/67◦C) did
not result in a significant change in bioleaching performance
(Figures 3F,G). An operating temperature of 64◦C yields slightly
higher concentrations of Fe, Ca, Zn, Mn, Al, Cu, Cd, Co, and V,
even though these differences are not substantial. Interestingly,
the most efficient Cr leaching was achieved at 62◦C, and the least
efficient temperature was 67◦C.

SEM Observations of Raw and
Bioprocessed BOF-Dust Particles
To further investigate the interactions of A. manzaensis cells
with BOF-dust particles, SEM was applied on unprocessed (raw,
not incubated with microbial cells). BOF-dust samples as well

as with BOF-dust samples after cultivation with A. manzaensis.
SEM examination of unprocessed dust particles demonstrates
that big, spherical grains with a diameter ranging from 2 to
80µm exist among significantly smaller and finer dust grains
(Figure 4A). A close-up SEM caption of an approximately
50-µmsized dust grain exhibits a rough and rippled surface,
covered in dust debris (Figure 4B). After a total of 14 days
of cultivation of A. manzaensis supplemented with 10g/L
BOF-dust, observations from SEM analysis show overall small
dust particles approximately 2–5µm with various surface
textures and structures (Figures 4C–G). The rough and rippled
surface of unprocessed particles (Figure 4B) transformed
into extremely smooth-looking structures or structures with
porous or broken surface (etched) upon 14 days of cultivation
(Figures 4C–G, Figure 5; Supplementary Figures S2,S3).
Additionally, A. manzaensis cells appear as regular cocci
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FIGURE 4 | Scanning electron microscopy (SEM) images of BOF-dust

particles and cells of A. manzaensis. (A) Overview of raw, unprocessed dust

sample; (B) Enlarged image of unprocessed dust corn particle; (C,D)

Microbially processed sample, shown are dust corn particles with co-localized

A. manzaensis cells. (E–G) Microbially processed sample, shown are dust

corn particles with co-localized A. manzaensis cells; (H) Microbially processed

sample, shown are dividing cells of A. manzaensis. White arrows indicate cells

(∼1µm size). Microbially processed grains of waste dust product are bigger

(up to 5–20µm) and are shown in (C–G), revealing their microbially

etched surface.

that are about 0.6–1.0µm in size, co-localizing with BOF-
dust particles (Figures 4C–H). In Figures 4C–G, coccoid
cells of A. manzaensis are shown attached or close to
single grains of waste dust material (>5µm), which have a
microbially etched surface. The exemplary biotransformed
grains of waste dust material are shown in Figures 4C–G,
Supplementary Figures S2, S3. The magnified SEM images
(Figure 5, Supplementary Figure S3B) illustrate a close-up of
grains of waste product material bioprocessed by A. manzaensis.
The red arrows in Figure 5A show exemplary microbially etched
pits on the grain surface. Single etched pits can be bigger than
2µm (Figure 4G). A cell division of A. manzaensis (Figure 4H)
and cell attachment to a big grain of waste dust material

FIGURE 5 | SEM images showing the microbially etched surface of grains of

waste material product bioprocessed by A. manzaensis. (A) The microbially

etched pits are depicted by the red arrows. (B) Magnified SEM image of

microbially etched surface.

(Figure 4D) are depicted by the white arrows. Overall, the dust
grains are covered by multiple etched pits upon cultivation
with A. manzaensis, indicating the attack of microbial cells that
use the metal-bearing waste product material as a nutrient and
as the energy source. Furthermore, small and round particles
(around 200 nm) are highly abundant in all biogenic samples
(Figures 4, 5, Supplementary Figures S2, S3), but absent in
unprocessed BOF-dust. These round-shaped nanoparticles can
represent well-known extracellular vesicles that are secreted
by thermoacidophilic archaea of the Sulfolobales order to
catalyze metal oxidation and facilitate mineral solubilization
under the energy-starving chemolithoautotrophic conditions
(Johnson et al., 2018). The exemplary microbially colonized
BOF-dust gains that are embedded in the network of cells and
their vesicles are shown in Supplementary Figures S2C,D. We
have also previously observed the formation of such vesicles
during growth on other multimetallic materials (Milojevic et al.,
2019a,b, 2021).

Analytical Spectroscopy Analysis of
Microbial-Metal Interface
SEM-EDS was applied to localize element distribution
among highly heterogeneous microbial-mineral content of
A. manzaensis cultures grown on BOF-dust. Elemental EDS
maps detected an abundance of Fe, S, P, Co, Pb, and Mo, which
are distributed evenly among the microbially processed sample
after 14 days of cultivation, whereas Cr, Mn, Al, and Mg were
detected in specific spots of the same sample (Figure 6). For
further investigations at high resolution, a thin section was
produced via a FIB milling and examined in STEM mode. The
STEM-EDS results demonstrate the content and distribution
of metals and metalloids in microbial-mineral assemblages
(Figure 7). The elemental maps show that microbial-mineral
assemblages are enriched with P, Fe, Mn, Zn, and O. Biologically
important elements such as S, K, and Cl are evenly distributed
within a microbial-mineral assemblage. Additionally, Si and Al
deposits are detected in the sample.

Moreover, the formation of crystalline material (gypsum
(CaSO4 × 2H2O) crystals) was observed in A. manzaensis
cultures after 7 days of cultivation on BOF-dust. No crystals were
detected in corresponding abiotic controls that comprise only
BOF-dust and microbiological medium. Gypsum crystals were
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FIGURE 6 | SEM-EDS investigations of microbial-mineral assemblages formed in cultures of A. manzaensis grown on BOF-dust. Shown are the SEM image of a

microbially processed sample used for the EDS spectrum image acquisition, composite image, and corresponding elemental distribution maps of phosphorus (P),

carbon (C), nitrogen (N), molybdenum (Mo), oxygen (O), sodium (Na), sulfur (S), magnesium (Mg), aluminum (Al), lead (Pb), silicon (Si), strontium (Sr), and cadmium (Cd).

initially observed in course of light microscopy investigations
(Figure 8A), followed by SEM-EDS analysis (Figure 8B and
elemental maps), and subsequently analyzed via single-crystal
X-ray diffraction (XRD) to determine the structural properties

and nature of the crystals. The obtained unit cell parameters
(a = 6.31Å; b = 15,25Å; c = 5,70Å; α = 90◦; β = 114◦)
were identified as calcium sulfate dihydrate (CaSO4 × 2H2O)
(Figure 8), indicating the occurrence of calcium sulfate in the
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FIGURE 7 | Elemental ultrastructural analysis of microbial-mineral

assemblages formed in cultures of A. manzaensis grown on BOF-dust.

HAADF-STEM image of a microbially processed sample used for the EDS

spectrum image acquisition and corresponding elemental distribution maps of

phosphorus (P), iron (Fe), manganese (Mn), sulfur (S), potassium (K), chlorine

(Cl), oxygen (O), zink (Zn), calcium (Ca), aluminum (Al), carbon (C), nitrogen (N),

and silicon (Si).

bioleachate solution. SEM-EDS investigation of putative gypsum
crystals in the microbial culture corresponds to light microscopy
and XRD unit cell parameters (Figure 8).

DISCUSSION

All six thermoacidophilic archaeal strains cultivated for this study
were able to grow chemolithotrophically on a high metal-content
BOF-dust that is generated during the BOF steel production
processes. Our cultivation parameters (strain-specific medium,
temperature, acidity) were selected according to commonly
applied cultivation parameters for each strain (refer to the
“Materials and methods” section). All of the cultivated strains

were able to proliferate successfully in course of 17 days. Inherent
resistance to a (heavy) metalliferous environment was one of
the criteria for strain selection. Previous extensive work with
M. sedula in mineral- and metal-containing environments made
this archaeon a prime candidate (Auernik and Kelly, 2010b;
Blazevic et al., 2019; Milojevic et al., 2019b, 2021), along with its
close relativeM. hakonensis. Interestingly, a comparison of metal
solubilization capacities of M. hakonensis and M. sedula grown
on BOF-dust-supplemented medium favors M. sedula, which
was able to extract Cr and Pb from BOF-dust grains (Figure 2).
Silica content in BOF-dust (Supplementary Table S1) may be
solubilized chemically by the acidic pH of the surrounding
medium and is subsequently precipitated onto M. hakonensis
cells during bioleaching operation (Usher et al., 2009). Under
these circumstances, a fusion barrier can be created that
consequently slows down the release of metals from dust grains
(Usher et al., 2009). This phenomenon has already been observed
for M. hakonensis in heap bioleaching operations and might
be applicable to other thermoacidophilic strains (Dopson et al.,
2008). BothMetallosphaera strains solubilize metals by attaching
to their respective substrates as well as by regenerating Fe2+ to
Fe3+ that is vital for chemical attack onminerals (Bromfield et al.,
2011; Kölbl et al., 2017). While the growth of S. metallicus is
inhibited by a high amount of surrounding Fe2+ ions (Shiers
et al., 2013), proliferation on a high Fe3+ content (as in BOF-
dust) does not seem to have significant impact on cellular
propagation since S. metallicus cells leach metals by attaching to
a mineral surface as well as by providing Fe3+ ions as a lixiviant
(Gautier et al., 2008). Whereas S. metallicus grows in an obligate
chemolithoautotrophic mode, its relative S. acidocaldarius
proliferates heterotrophically (Wheaton et al., 2015). This might
explain the faster generation time of S. acidocaldarius in course
of cultivation. In this study, S. acidocaldarius outperformed
S. metallicus in the growth and bioleaching of most elements
except for Fe. Contradictory experimental data on lifestyle and
substrate utilization (autotrophy vs. heterotrophy; oxidation
of S0) of S. acidocaldarius (Dworkin et al., 2006) need to
be clarified by dedicated experiments in order to determine
bioleaching mechanism(s). A. manzaensis is a facultative
autotroph capable of utilizing Fe3+ as electron acceptor under
anaerobic circumstances in contrast to the closely related A.
brierleyi species (Yoshida et al., 2006). However, no data exist
on how a high concentration of surrounding Fe3+ ions can
influence the growth rate of A. manzaensis. While Fe3+ ions
are a vital oxidizing agent in autotrophic bioleaching processes,
the generation of protons by acidophilic microorganisms further
supports bioleaching and keeps Fe3+ ions in solution (Donati
and Sand, 2007). Both heterotrophs (e.g., fungi) and autotrophs
(e.g., thermoacidophilic iron-oxidizing archaea) are capable of
solubilizing metals from ores and minerals using different
strategies and bioleaching agents (Schippers et al., 2013). In this
study, all cultivated archaeal strains are chemolithotrophs (except
S. acidocaldarius) that use a variety of inorganic energy sources,
which are in turn closely intertwined with their bioleaching
abilities (Donati and Sand, 2007). Chemolithotrophic production
of sulfuric acid (protons) by sulfur-oxidizing thermoacidophilic
archaea (Metallosphaera spp., Acidianus spp., S. metallicus) might
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additionally support efficient metal solubilization from BOF-dust
grains by maintaining a low pH during bioleaching operations.

All six thermoacidophilic archaea were able to efficiently
solubilize various metals from BOF-dust grains due to their
inherent bioleaching capacities. Several enzymes involved
in bioleaching processes have been identified among the
Sulfolobales order. A. manzaensis genome encodes several
enzymes involved in sulfur and RISCs oxidation, including a
sulfur oxygenase-reductase, thiosulfate:quinone oxidoreductase
and a tetrathionate hydrolase (Ma et al., 2017). So far, no
genes for iron redox chemistry in A. manzaensis have been
annotated, which makes future biochemical characterization
on genes responsible for bioleaching capacity necessary. The
fox gene cluster responsible for iron oxidation was identified
in S. metallicus (Bathe and Norris, 2007) and M. sedula, as
well as the genetic presence of rusticyanin homologs (Rus) for
iron oxidation and tetrathionate hydrolase (TetH) for sulfur
oxidation, appear to distinguish microbes able to perform
bioleaching from non-bioleaching microbes (Auernik et al.,
2008). Bioleaching (and/or biomining) capacities of M. sedula,
M. hakonensis, A. brierleyi, S. metallicus, and S. acidocaldarius
have been examined extensively compared to A. manzaensis.
Comparative ICP-MS analysis of all thermoacidophiles shows
superiority of A. manzaensis in leaching of certain strategically
important elements from BOF-dust, such as Cu, Ni, Zn, Cr, Cd,
and Mn (Figure 2). Future experiments to determine iron redox
(bio)chemistry in A. manzaensis need to be carried out to fully
understand its bioleaching potential.

Refinement of the current BOF-bioleaching operation
included BOF-dust load, pH, and slight temperature shifts. For
most elements (Fe, Zn, Mn, Al, Cu, Ni, Cr, Cd, Co, V, Sr, Ba,
Mg), a higher dust load (Figure 3A) equals higher amounts
leached into solution. In contrast, elements such as Ti, Pb, Mo,
and Al might have formed insoluble precipitates under higher
dust load conditions since they seem to be underrepresented
in the analyzed bioleachate solution (Figure 3A). Furthermore,
a decrease of operation pH from 2.5 to 1.5 increased Cr, Fe,
and Ni bioleaching significantly compared to a less acidic
pH (Figure 3B). On the contrary, Zn, Mn, Co, Cd, and Cu
bioleaching was enhanced at higher pH (2.5). Similar results for
A. manzaensis copper bioleaching at different pH-values have
been shown by previous experiments, where Cu dissolution
increased with a less acidic pH, whereas Fe concentration
dropped by pH increase which is in concordance with own
measurements (Liang et al., 2014; Liu et al., 2016a). In classic
metal sulfide bioleaching, Fe precipitation is usually accounted
to the formation of a passivating layer (usually by jarosite),
which slows down overall mineral dissolution (Klauber, 2008).
Excessive implementation of mesophilic microorganisms such
as Acidithiobacillus spp. and Leptospirillum spp. in commercial
bioleaching operations of metal sulfides (pyrite, chalcopyrite)
shows that biological leaching processes decrease with time
and eventually cease due to the formation of a polysulfide
(Cu4Fe2S9) passivation layer on the mineral surface (Hackl et al.,
1995; Zhao et al., 2019). Thermoacidophilic archaea such as
Acidianus spp., Sulfolobus spp., and Metallosphaera spp. are able
to significantly accelerate mineral sulfide dissolution, cope with

high overall acidity and temperatures (Clark and Norris, 1996;
Gericke and Pinches, 1999) and can promote a more efficient
dissolution of BOF-dust grains by solubilizing metals into the
leachate solution (Figure 2). The formation of unwanted or
inhibiting bioleaching by-products formed by these processes
needs to be investigated in further studies in order to enhance
industrial implementation. Slight changes in bioleaching
operation temperature (62◦C/64◦C/67◦C) did not reveal any
significant solubilization events; for future investigation, further
temperature shifts should be examined in depth.

A. manzaensis was the most efficient strain among all other
tested Sulfolobales spp. capable of chemolithotrophic growth
on BOF-dust. A. manzaensis broke down the chemical matrix
of BOF-dust grains and actively solubilized various metals into
the leachate solution. Our SEM observations show the successful
colonization of metal-bearing waste particles by A. manzaensis
and their subsequent biotransformation (e.g., etched grains
surface, Figures 4C–H, Figure 5, Supplementary Figure S3).
This is in concordance with previous findings of cooperative
contact/non-contact bioleaching mechanisms of A. manzaensis
(Zhang et al., 2019). Studies of chalcopyrite bioleaching with A.
manzaensis cells also indicate corrosion and break down of the
mineral matrix with simultaneous copper solubilization after
several days of cultivation (He et al., 2009; Liu et al., 2016b).
Furthermore, the formation of a jarosite (KFe3(SO4)2(OH)6)
passivation layer by A. manzaensis was reported from
chalcopyrite bioleaching operations (Nie et al., 2019), indicating
the formation of by-products during leaching processes. In our
study, we observed gypsum crystals (CaSO4 × 2H2O) after
approximately 7 days of cultivation (Figure 8), which might be
accounted for both microbial and chemical-induced processes
during cultivation. A high calcium content in the BOF-dust
(Supplementary Table S1), as well as the involvement of sulfur
derived from the same product, can account for abiotic calcium
sulfate formation once these elements are intensively released
by A. manzaensis into the leachate solution. Similar to calcium
sulfate, nickel and manganese sulfate formation in the leachate
solution has been previously reported for M. sedula cultivated
on multimetallic extraterrestrial material (Milojevic et al.,
2019b). In this case, associated with the potential for asteroid
biomining operations, nickel sulfate was proposed as a metabolic
biosignature resulting from the microbial leaching activity of
meteorite minerals (Milojevic et al., 2019b). In light of terrestrial
industrial operations, gypsum is a naturally occurring mineral
and is used in various industrial settings. Usually, gypsum is
formed as a by-product of sulfide oxidation to produce sulfuric
acid and is used excessively in the construction industry (Lutz
et al., 2012). In contrast, a study conducted by Vogel et al. shows
that biofilms of cyanobacteria and Bacteroidetes species are
actively involved in gypsum sedimentation implicating biological
involvement in its formation (Vogel et al., 2009). Despite the
possibility of biological involvement, a low pH favors the growth
of gypsum crystals in inorganic systems (Liu et al., 2015).
Furthermore, substrates rich in Fe, Ca, Mg, or Ba combined with
continuous CO2 input in the bioreactor might precipitate as a
stable red gypsum mineral through CO2 mineral carbonation
(Rahmani et al., 2016; Rahmani, 2018, 2020). As the origin of
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FIGURE 8 | Microscopic and spectroscopic analysis of gypsum crystals

detected in A. manzaensis culture supplemented with BOF-dust. (A) Light

microscopy of gypsum crystals in active culture. (B) SEM image of

bioprocessed BOF-dust sample used for the EDS spectrum image acquisition

and corresponding extracted calcium (Ca), sulfur (S), and oxygen (O) elemental

maps with unit cell parameters detected with single-crystal X-ray diffraction

(XRD) analysis.

gypsum crystals in this study is not resolved, more studies on its
influence on bioleaching efficiency and its possible application as
a useful by-product need to be executed.

First insights into laboratory-scale thermoacidophilic
bioleaching associated with industrial steelmaking waste
products are provided in this study. Further genetic analysis
and biochemical characterization of metal-oxidizing molecular
machinery of A. manzaensis need to be carried out to optimize
this strain for future operations. A thorough screening of
operation parameters in frames of scale-up processes is highly
necessary to implement this technology for upcoming circular
processes in order to efficiently recycle/re-feed valuable metals
into industrial systems. In addition to microbial analysis on
a nanometer-scale, metalliferous waste products need to be
sufficiently characterized in order to assess bioleaching efficiency
of each tested microorganism.

CONCLUSION

Six thermoacidophilic archaeal strains (M. sedula, M.
hakonensis, S. acidocaldarius, S. metallicus, A. brierleyi, and
A. manzaensis) were capable of growing when supplemented
with multimetallic BOF-dust derived from a steel production
plant. Furthermore, each species was able to leach a set of

elements from BOF-dust grains; however, A. manzaensis
showed the highest potential in growth and bioleaching of
economically relevant elements. Electron microscopy-assisted
analysis of BOF-dust grains processed by A. manzaensis
reveals a breakdown of the dust-grains mineral matrix in
course of cultivation. Additionally, the formation of gypsum
crystals was observed during the cultivation process. The
obtained results emphasize the utilization of thermoacidophilic
archaea for future (industrial) bioleaching operations and
the need to conduct more in-depth studies to optimize these
processes. So far, bioleaching mechanisms have been described
extensively for a handful of acidophilic bacteria (overview
by Donati and Sand, 2007). To exploit the full potential of
thermoacidophilic archaea, more in-depth studies need to
be carried out for the future efficient bioleaching operations
and for the development of environmental-friendly circular
economies. Further investigations should focus on resolving the
microbial-mineral interfaces of the selected thermoacidophiles
grown on waste product materials down to nanometer scale. This
will help understand the mechanisms of microbial interactions
with metal-bearing waste product material and see the relevant
cell compartments involved in the bioleaching process.
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The experimental study was contrived to characterize two zinc-solubilizing bacteria
(ZSB), namely BMRR126 and BMAR64, and their role in zinc (Zn) biofortification of
rice. These bacteria solubilized Zn profoundly, determined qualitatively by halo-zone
formation on a solid medium and quantitatively in a liquid broth by AAS and SEM-
EDX. The lowering of pH and contact angle assessment of the liquid broth unveiled
the establishment of the acidic conditions in a medium suitable for Zn solubilization. The
characterization of both isolates on the basis of 16S rRNA gene analysis was identified
as Burkholderia cepacia and Pantoea rodasii, respectively. These strains were also
found to have some plant probiotic traits namely phosphate solubilization, production
of siderophore, indole acetic acid (IAA), exopolysaccharide (EPS), and ammonia. The
field experiments were performed at two diverse locations and under all treatments;
the simultaneous use of BMRR126 and BMAR64 with zinc oxide (ZnO) resulted in
the highest growth and productivity of the paddy crop. The utmost Zn achievement
in the grain was estimated in a treatment (T9) (25.07 mg/kg) containing a consortium of
BMRR126 and BMAR64 along with ZnO for the Terai region. The treatment containing
single ZSB bioinoculant BMRR126 (T7) showed an elevated Zn amount in the rice
grain (33.25 mg/kg) for the Katchar region. The soil parameters (pH, EC, organic
carbon, NPK, available Zn, and dehydrogenase activity) were also positively influenced
under all bacterial treatments compared to the uninoculated control. Our study clearly
accentuates the need for Zn solubilizing bacteria (ZSB) to provide the benefits of
Zn-biofortification in different regions.

Keywords: FE-SEM/EDX, biofortification, zinc solubilizing bacteria, zinc, rice
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INTRODUCTION

Agriculture is the topmost significant sector in India, besides
industrial and technological developments, which contributes to
a prolific role in 17.5% of the Nation’s GDP (Sambasivam et al.,
2020). Rice is an important edible staple crop that fulfills the
nutritional requirements of an ever-growing population of the
world (Val-Torregrosa et al., 2021). The addition of high-yielding
rice varieties and the application of agrochemicals (fertilizers
and pesticides) resulted in a significant augmentation in the rice
yield (Eliazer Nelson et al., 2019; Yu et al., 2020). However, it
can be predicted that rice production will be affected adversely
in the near future due to some issues, such as the shrinking
of rice acreage, shortage of water for proper irrigation, and
higher cultivation costs. Furthermore, micronutrient dearth is
the most important limiting factor for global rice productivity
(Senthilkumar et al., 2021). Micronutrients, especially Zn, are
required in very minute quantities and show a crucial job in
the well-being of humans and plants (Sharma et al., 2013;
Natasha et al., 2022). Current studies focus on the modern
agricultural production of Zn-fortified food crops to curtail the
negative effects of Zn-associated malnutrition among a deprived
section of the global population (Kiran et al., 2022; Naeem
et al., 2022). Although soils contain a huge portion of the
insoluble Zn which is not accessible by plants (Moreno-Lora and
Delgado, 2020), and thereby affects the amount of Zn in grains
(Liu et al., 2019).

An ample range of soil factors, typically total Zn level, elevated
pH, and the maximum content of calcite, organic matter, Ca, Mg,
Na, phosphate, and bicarbonate also influence the Zn availability
in plants (Alloway, 2009). The inadequacy of Zn exhibits various
symptoms that typically become apparent within 2 to 3 weeks
after seedling transplantation of rice. Symptoms may include
the incidence of “brown blotches: and “streaks,” which may
coalesce to obscure older leaves completely, stunted growth,
delay in maturity, and decline in yield (Wissuwa et al., 2006;
Singh and Prasad, 2014). If we consume the rice grown on Zn
scarce soil, it can lead to Zn malnutrition in humans (Rehman
et al., 2012). To circumvent the issue of Zn deficiency, few
methods are popular. The foremost agronomic method entails
the usage of Zn fertilizers as a soil application (Liu et al., 2020)
or as a foliar spray (Poblaciones and Rengel, 2017; Cakmak
and Kutman, 2018). But the utilization of this method depicts
environmental and economical pressure (Wissuwa et al., 2006),
and Zn fertilizers convert to insoluble forms within 7 days of
application (Rattan and Shukla, 1991; Hussain et al., 2018).
Other methods involve three important approaches that include
breeding (Swamy et al., 2016), genetic engineering (Mhatre et al.,
2011; Das et al., 2020), and transgenics (Malik and Maqbool,
2020). However, all these approaches are costlier, slower, and
laborious (Upadhayay et al., 2019). Studies on the functional
aspects of zinc solubilizing bacteria (ZSB) can better replace
these approaches (Kamran et al., 2017; Mumtaz et al., 2017;
Upadhayay et al., 2021, 2022).

As a part of both the rhizo-microbiome and the phyto-
microbiome, ZSB exhibits a benevolent role in maintaining plant
health. The contemporary understanding of ZSB inoculants and

their significance in Zn-biofortification has been imperceptibly
explicated (Sharma et al., 2012; Costerousse et al., 2017; Kamran
et al., 2017; Mumtaz et al., 2017; Hussain et al., 2018; Bhatt
and Maheshwari, 2020; Kushwaha et al., 2020, 2021; Upadhayay
et al., 2021, 2022; Prathap et al., 2022). Few studies displaying
an interaction between plants and ZSB inoculants for better
plant growth provided expectations to resolve the issue of
Zn malnutrition in an eco-friendly manner (Ramesh et al.,
2014; Kamran et al., 2017; Hussain et al., 2018; Bhatt and
Maheshwari, 2020; Kushwaha et al., 2020; Bashir et al., 2021;
Rezaeiniko et al., 2022; Upadhayay et al., 2022). The usage
of ZSB provides an economically feasible tactic for the Zn
biofortification of food crops (Upadhayay et al., 2022). The
ZSB solubilizes the complex form of Zn found in the soil
into a simpler form, thus giving plants access to the proper
level of Zn (Saravanan et al., 2004; Kushwaha et al., 2020).
Wide arrays of mechanisms involved for Zn solubilization
include organic acid secretion (Costerousse et al., 2017),
production of chelating agents (Singh and Prasanna, 2020),
protons (Kushwaha et al., 2020), and oxidoreductive systems
on cell membranes. Organic acids produced by ZSB show a
downward trend in pH in the nearby soil, thus creating a
suitable environment for Zn solubilization (Alexander, 1997;
Wu et al., 2006; Kamran et al., 2017; Upadhayay et al.,
2018, 2022). Other mechanisms include the secretion of iron-
chelating agents, “siderophores,” which are believed to play
a key role in solubilizing micronutrients, such as Fe and
Zn (Upadhayay et al., 2018, 2022).

Few studies also described the plant probiotic traits of ZSB,
such as “phosphate solubilization,” production of “siderophore,”
“phytohormones,” “exopolysaccharides,” “HCN,” and “ammonia”
(Kamran et al., 2017; Mumtaz et al., 2017; Bhatt and
Maheshwari, 2020). These features make ZSB an excellent plant
probiotic strain to facilitate crop growth besides providing
the benefit of biofortification. Many ZSB strains namely
Acinetobacter, Burkholderia (Vaid et al., 2014), Bacillus (Zeb
et al., 2018), Enterobacter, and Sphingomonas (Wang et al.,
2014) improved the Zn level in various regions of rice
plant. The consortium of ZSB, which consists of the three
strains, Agrobacterium sp., A. lipoferum, and Pseudomonas
sp., showed an improvement in rice productivity in a field-
based study (Tariq et al., 2007). Other prospective ZSB
strains augmented Zn in the edible portion of soybean
(Sharma et al., 2012), wheat (Rana et al., 2012), and maize
(Mumtaz et al., 2017).

Considering the above facts, the current study was conducted
to reveal the zinc oxide (ZnO) solubilization capability of two
bacterial strains isolated from the rhizosphere of barnyard
millet. Bacterial strains were then tested for their functional
plant probiotic traits, followed by field trials conducted at two
consecutive sites, especially in the “Terai” and “Katchar” regions
of northern India, to illustrate the impact of the ZSB and
their consortium (with and without ZnO supplementation) on
growth-yield related parameters of rice crops and soil quality.
Furthermore, the main objective of decoding the benefit of Zn-
biofortification through estimation of Zn content in grains under
the influence of ZSB was achieved.
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MATERIALS AND METHODS

Soil Collection and Microorganisms
The samples of rhizospheric soil were collected from “Barnyard
millet” (underutilized crop) growing at high altitudes of the
Northern Himalayan regions, such as Ranichauri (30.3111◦N,
78.4097◦E) and Almora (29.8150◦N, 79.2902◦E). The carefully
taken samples were tightly packed in sterilized sample collection
bags and immediately brought to the microbiology laboratory
for further studies. About 1 g of soil sample was serially diluted
(up to 106) in the saline solution. About 100 µl aliquot of the
diluted samples was homogeneously spread on NA (nutrient
agar) medium plates. The bacterial colonies with different
morphological properties were then selected after the plates had
been properly incubated for 24 h at 28 ± 2◦C. Afterward, the
cultures of bacteria were preserved at −20◦C (in glycerol stock)
and in slants at 4◦C for regular use.

Zinc Solubilization Bioassay
The preliminary qualitative screening for the selection of
potential Zn mobilizing rhizobacteria was executed by adapting
the protocol of Ramesh et al. (2014). In brief, Tris minimal
medium agar plates containing 0.1% of complex zinc source
i.e., “ZnO” were spot inoculated with freshly grown isolates on
NA plates. The inoculated Petri plates, after sealing with the
parafilm, were kept for incubation for 1 week (at 28 ± 2◦C).
After incubation, the appearance of the halo zone around the
bacterial colonies reflected a “detecting point” for deciphering the
eventuality of zinc solubilization, and the halo zone was measured
in centimeters. The formation of a halo zone around bacteria is
attributed due to the secretion of organic acids that lower the pH
of the nearby milieu and solubilize the complex form of zinc, and
this phenomenon appears in the form of a “halo zone.”

Furthermore, the Zn solubilization efficiency (ZnSE) of the
ZSB strains was calculated in percentage (%) by using the
following formula:

ZnSE = diameter of solubilization halo/diameter of

the colony× 100

The selected ZSB were also determined for quantitative Zn
mobilization in Tris-minimal liquid broth medium (with ZnO
as the insoluble Zn source) by adapting the procedure of Fasim
et al. (2002). In this process, 50 ml of ZnO-supplemented basal
liquid medium was inoculated with 500 µl aliquots of overnight
grown ZSB inoculums and kept for incubation by providing
constant temperature (28 ± 2◦C) for 10 days in an orbital
shaker at 130 rpm while the ZnO-supplemented media without
bacterial inoculation was maintained as a non-inoculated control.
After proper incubation, the inoculated and uninoculated liquid
broth was centrifuged at 6,100 × g (10 min) followed by
filtration through Whatman filter paper (No. 42). The soluble
Zn in the filtered suspension was evaluated by atomic absorption
spectrophotometer (AAS). The pH of the suspension was also
assessed by a pH meter for predicting the organic acid production
in the liquid medium pertaining to Zn solubilization by following
the experimental procedure of Mumtaz et al. (2017). The contact

angle of the supernatant acquired from the liquid medium was
also measured for observing the impact of ZSB on the inoculated
broth. Contact angles were measured from the two opposite sides,
which are represented as the left contact angle and right contact
angle, respectively, and repeated three times.

Field Emission-Scanning Electron
Microscopy/Energy Dispersive X-ray
Analysis
The Zn-solubilizing behavior was also determined by Field
Emission-Scanning Electron Microscope (FE-SEM) and energy
dispersive X-ray (EDX). For this process, 50 ml of ZnO-amended
Tris mineral-based medium was inoculated with 500 µl aliquots
of fresh test bacterial culture and kept incubated at 28 ± 2◦C in
an orbital shaker (at 130 rpm). The ZnO-supplemented media
deprived of bacterial inoculation was kept as an uninoculated
control. On the 10th day after the incubation, the medium
suspension of the flask was centrifuged at 10,000 rpm for
10 min. The medium suspension of the flask was centrifuged
at 10,000 rpm for 10 min. After discarding the supernatant, the
resulting residues were washed three times with double distilled
water (DW) and dried. The dried samples were mounted on a
carbon tape attached to a brass holder as per the method of
Delvasto et al. (2009). The assembled samples were then sputter-
coated with a carbon gold double layer. SEM and EDX-based
evaluation for elements was accomplished using a JSM-7100F
field emission SEM in conjunction with EDX.

Characterization of Bacterial Isolates
Various characteristics, namely colony morphology, Gram
staining, cell morphology, and endospore formation, were
determined by standard methods. The biochemical behaviors
of the selected ZSB strains were identified using the Bergey’s
Manual of Determinative Bacteriology. The genomic DNA of
both bacterial strains was isolated as per the method described
by Bazzicalupo and Fani (1995). The 16S rRNA gene for
each bacterial isolate was amplified in 100 µl reaction mixture
containing 1 µl template DNA, 4 µl dNTPs (2.5 mM each),
10 µl 10X Taq DNA polymerase assay buffer, 1 µl Taq DNA
polymerase enzyme (3 U/µl), water and primer (400 ng of
each forward primer: 5′–CAGGCCTAACACATGCAAGTC–3′
and reverse primer: 5′– GGCGGATGTGTACAAGGC – 3′).
Initial denaturation was provided at 95◦C for 5 min, followed
by 35 cycles of 94◦C for 30 s, 50◦C for 30 s, 72◦C for 1.5 min,
and final extension at 72◦C for 7 min. The ∼1.5 kb, 16S-
rDNA fragment was amplified using a thermal cycler “PTC-200
thermal cycler” (M.J. Research) and sequenced through Chromus
Biotech (Bangalore, India). The identification of ZSB isolates was
performed based on the 16S rRNA gene sequence homology by
the MEGA6 software using a neighbor-joining method with 1,000
bootstrap replicates (Tamura et al., 2011).

In vitro Screening of PGP Traits
Phosphate Solubilization
Quantitative analysis for determining phosphate solubilization
potential of both isolates was assessed by the method of
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Nautiyal (1999). The fresh cultures (1 ml) of test isolates were
inoculated into 50 ml of NBRIP broth. After incubation at
28 ± 2◦C (120 rpm) for up to 7 days, 5 ml of the suspension
was drawn out and filtered through Whatman No. 1 filter paper,
which was then centrifuged at 10,000 rpm (for 20 min). After
centrifugation was complete, 1 ml of cell-free suspension was
mixed with 2.5 ml of Barton’s reagent and the volume was
made up to 50 ml by the addition of distilled water. After the
development of a yellow color (10 min incubation), the OD of the
suspension was recorded by a spectrophotometer and the total
amount of dissolved P was determined from the standard curve.

Indole-3-Acetic Acid Synthesis
The synthesis of plant hormones, such as indole-3-acetic acid
(IAA) by both strains was analyzed using Salkowski’s reagent
as per the protocol of Patten and Glick (2002). The bacterial
cultures, grown in Luria broth (supplemented with 50 µg/ml
of tryptophan) at 28 ± 2◦C for 4 days, were centrifuged at
5,500 rpm for 10 min (at 4◦C). About 2 ml aliquots of the
supernatant were collected into fresh test tubes, followed by
the addition of orthophosphoric acid (2 drops) and Salkowski’s
reagent (4 ml). The appearance of the pink color indicated the
bacterial production of IAA in the broth medium and the OD was
taken at 540 nm. The production of IAA in the broth medium was
evaluated by comparison to the standard curve of IAA.

Siderophore Production
Production of siderophore (iron chelating agent) was estimated
on Chrome-Azurol S (CAS) medium as presented by Schwyn
and Neilands (1987). For performing this, the CAS agar plates
were spot-inoculated with fresh bacterial culture. After 4 days of
incubation at 28 ± 2◦C, siderophore production was confirmed
based on the measurement of the yellow-orange halo zone that
appeared around the bacterial colony.

Production of Exopolysaccharide and Ammonia
To assess the EPS production ability of selected bacterial isolates,
the 500 µl aliquot of a freshly grown bacterial suspension grown
in the nutrient broth was inoculated into 50 ml of special medium
for EPS production as suggested by Siddikee et al. (2011). After
incubation at 28 ± 2◦C for 5 days with shaking at 150 rpm,
the broth was centrifuged at 10,000 × g (10 min). The resultant
supernatant was collected in a fresh and sterile test tube, and
after adding three-fold chilled absolute ethanol, the tubes were
kept at 4◦C overnight. The formation of the precipitation in
the suspension indicated a positive result for EPS production.
Once this step was completed, centrifugation was performed at
7,000 × g (20 min), the supernatant was discarded, and the
resulting pellet was collected. The pellet was dried at 60◦C for
the complete disappearance of the alcohol and the dry weight of
the dried residues was calculated in mg/ml. For the production
of ammonia by bacterial isolates, the method of Cappuccino
and Sherman (1992) was used. Vials containing peptone water
(5 ml/vial) were inoculated with freshly grown bacterial cultures
and incubated at 28 ± 2◦C for 48 h. At the end of the incubation
period, Nessler’s reagent (0.5 ml) was added to each vial and kept

at room temperature for at least 5 min, and the positive result was
assessed by the development of a brown to yellow color.

Bacterial Culture Conditions and
Consortium Preparation
The characterized ZSB isolates (BMRR126 and BMAR64) were
cultured on Luria-Bertani (LB) agar plates at 28 ± 2◦C for 24 h.
Bacterial isolates were subcultured onto a fresh medium every
2 weeks. For the preparation of liquid cultures, the fresh colony
of the bacterial culture was transferred to an LB broth medium
and kept for incubation at 28 ± 2◦C (for 48 h) with shaking
at 200 rpm. Afterward, the broth with visible bacterial growth
was spun in a centrifuge for 15 min (at 6000 × g) and the
resulting bacterial pellet was suspended in sterile distilled water
to achieve a concentration of 109 CFU/ml. This concentration of
the bacterial strains was used for various in vitro assays. Before
the preparation of the bacterial consortium, the biocompatibility
of both strains was also assessed according to the method of
Roshani et al. (2020). A freshly grown colony on LB agar plate
from each compatible culture was inoculated into a test tube
containing 10 ml of nutrient broth (NB) medium and kept at
proper incubation for 24 h (with constant shaking at 120 rpm)
at 28 ± 2◦C. The absorbance of bacterial grown suspension was
analyzed at the optimum wavelength (600 nm). Afterward, the
equal culture volume {A600-0.6} from both compatible bacterial
cultures was dispensed to 100 ml of NB and mixed properly to
build a bacterial consortium (Prasad and Babu, 2017).

In situ Field Study
Site Description and Experimental Design
The experimental study was executed at two subsequent locations
in the “Terai” region - Breeder Seed Production Center
(BPSC), GBPUA&T, Pantnagar (U.S.Nagar), Uttarakhand, India
(29.0308◦ N, 79.4651◦ E) and the “Katchar” region - Village:
Kariyamai (Budaun), Uttar Pradesh, India (28.2523◦ N, 78.7490◦
E) from July 2018 to October 2018. The soil characteristics
of the experimental area in both regions are provided in
Supplementary Table 3. The research trials were set up in a
randomized block design (RBD) with three replications. The trial
included nine treatments mentioned in Table 1.

Raising of Nursery
The preparation of nursery beds was carried out in both sites
(Terai and Katchar) with the proper inclusion of drainage

TABLE 1 | Treatments used for field trial.

Labels Treatments Description Labels Treatments Description

T1 Control T6 Consortium***

T2 ZnSO4* T7 BMRR126 + ZnO

T3 ZnO** T8 BMAR64 + ZnO

T4 BMRR126 T9 Consortium*** + ZnO

T5 BMAR64

*ZnSO4 as Zn supplement @25 kg/hectare; **ZnO as Zn supplement
@60 kg/hectare; ***Consortium contains zinc solubilizing bacterial (ZSB) strains,
BMRR126 and BMAR64.
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TABLE 2 | Details of trial establishment.

Particular Details

Design Randomized Block Design (RBD)

Crop Rice (Oryza sativa)

Variety Pusa Basmati 1

Number of replications 3

Number of treatment combinations 9

Total number of plots 27

Gross plot size 12 m 2

Net plot size 6.6 m2

Spacing 15 × 20 cm

channels along the bed to drain the excess water. The seeds of
the rice variety “Pusa Basmati-1,” which were procured from
the Breeder Seed Production Center, Pantnagar (Uttarakhand),
India, were soaked for 48 h and kept in a moist gunny
cloth for 48 h. The seeds were broadcasted uniformly on the
previously established nursery beds. Adequate moisture levels
were maintained by irrigation, but flooding was avoided.

Trial Establishment
Field preparation at both sites (Terai and Katchar) was
commenced a week before transplanting. Some essential
procedures as suggested by agricultural experts were followed to
prepare the farmland for field trial. The main field was ploughed
with tractor-drawn disc plough followed to obtain a good tilth,
and the bunds (up to 15 cm in height) were made in dry
conditions after being compacted. Each plot was 4 m long and
3 m wide, giving a total area of 12 m2. Each plot was manually
leveled and the soil was saturated prior to transplanting. The
rice seedlings of 21 days old were uprooted from a nursery and
thoroughly washed with water, and precautions were taken to
have a lesser degree of damage to the plant roots. Uprooted
seedlings were taken from the nursery to the transplanted site,
followed by immersion of the roots of seedlings in the LB liquid
broth of test bacterial suspensions (individual ZSB strain and
consortium) with an adequate bacterial population density of
approximately 106 to 107 cfu/ml as per the method of Tariq
et al. (2007), Sharma et al. (2014). Inoculated seedlings (three
seedlings per hill) were transplanted manually by maintaining a
planting geometry of 15 cm× 20 cm. The recommended dose of
fertilizers was applied before transplantation. The recommended
doses of ZnSO4 (@25 kg/hectare) and ZnO (@60 kg/hectare)
were broadcasted into the plots according to the treatment.
Irrigation, fertilization, weed management, and plant protection
were performed according to standard procedures. The trials at
both sites were maintained until crop harvesting. The detail of
the trial establishment is given in Table 2.

Biometric Observation and Yield Assessment
At the time of harvest, biometric observations, such as the
height of the plant, number of tillers (per hill), and dry matter
accumulation were recorded. The four main yield components,
such as the panicle length, the number of panicles per hill, the
number of grains per panicle, and the 1,000 grain weight were

also determined. The crop was harvested for decoding yield
assessment, such as biological yield, grain yield, straw yield, and
harvest index, when the plants attained physiological maturity.
To circumvent the border effect, border rows were first harvested
before net plots were harvested. After 72 h of sun drying in the
field, the produce of each plot was tied into bundles (plot-wise),
weighed in kg per plot with a spring balance, and then converted
into q ha−1 for assessing the biological yield. After threshing the
bundles, the grain and straw yield was recorded in kilograms per
plot and then expressed in q ha−1. The harvest index of each plot
was calculated by the following formula:

Harvest index = Economic yield/Biological yield× 100

Zinc Estimation in Grain
Grain samples harvested after 120 days after transplanting (DAT)
of each treatment were further analyzed for Zn content according
to the study by Estefan et al. (2013). In brief, 0.1 g of paddy
grain samples were weighed and transferred into the flask. About
10 ml of a triacid mixture consisting of nitric acid: sulfuric
acid: perchloric acid (10: 1: 4 v/v/v) were added to each flask.
The flasks were then placed on a hot plate (95◦C) for complete
digestion. Later, 5 ml of 6N HCl was added after completion
of digestion and the volume was made up to 50 ml by adding
distilled water. The digested solution was filtered through a filter
paper (Whatman No. 1 filter paper) and transferred to fresh
storage vials. The filtered digested samples were then used to
analyze the Zn content in the samples by an atomic absorption
spectrophotometer (AAS).

Soil Parameters
At the time of harvest, the soil samples were collected from
each plot to determine different parameters, such as pH, EC,
available Zn, organic carbon (%), and available NPK. The pH
and EC were determined by following the procedure of Bower
and Wilcox (1965), Jackson (1967), respectively. The estimation
of the available Zn in the soil of each plot was performed
using the DTPA extraction method (Lindsay and Norvell, 1978).
While the organic carbon content was estimated by adapting
the standard protocol (rapid titration method) of Walkley and
Black (1934), the availability of macronutrients, such as N, P,
and K, was assessed using the procedures of Hanway and Heidel
(1952), Olsen et al. (1954), Subbiah and Asija (1956), respectively.
The dehydrogenase activity, which actually reflects the microbial
activity in the soil, was determined by the method of Casida et al.
(1964).

Cluster and Principal Component
Analysis
Cluster analysis categorizes multivariate data into subgroups
through a wide range of methods. By shaping multivariate
data into subsets, clustering can help reveal the attributes of
existing structures or patterns. Hierarchical cluster analysis
for agronomical and soil parameters was accomplished to
construct a dendrogram based on the mean distance between
treatments using the unweighted pair group method of arithmetic
means (UPGMA). Principal components analysis (PCA) is the
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data reduction method relevant to quantitative data types.
PCA transmutes multi-correlated variables into distinct sets
of uncorrelated variables for further investigation, simplifying
the complexity in high-dimensional data while preserving
trends and patterns. Such new distinct sets of variables are
linear amalgamations of original variables. This is based on
the eigen values and mutually independent eigen vectors
(principal components) arranged in the descending order of
variance magnitude. Such components provide scatterplots of
observations with the finest properties to examine the underlying
correlation and variability. In order to estimate the relative effect
of different treatments on agronomic and soil parameters, a PCA
and cluster analysis were performed using the software PAST 4.03
(Hammer et al., 2001).

Statistical Analysis
Before statistical analysis, data were normalized using the
Shapiro-Wilk normality test. A statistical method was used to
assess the suitability of treatments for different variables, such
as agronomic parameters (height of the plant, number of tillers
per hill, dry matter accumulation, panicle length, the number
of panicles per hill, the number of grains per panicle, 1,000
grain weight, biological yield, grain Zn content, grain yield, straw
yield, and harvest index), and soil parameters (pH, EC, organic
carbon content, available nitrogen, phosphorus, potassium, and
Zn). Data obtained from field trials of both regions (Terai
and Katchar) were subjected to statistical analysis by one-way
ANOVA using OPSTAT software packages1. The RBD with three
replicates for each treatment was used for the experiments.
Treatment means were compared by the Least Significant
Difference (LSD) test with a probability of 5% (p < 0.05). The
graphs were created using GraphPad Prism 5 software (GraphPad
Software, San Diego, CA, United States).

RESULTS

Zinc Solubilization Assay
A total of 62 different bacterial isolates from rhizospheric soils
of millet were examined for Zn solubilization potential. Finally,
two bacterial isolates i.e., BMRR126 and BMAR64, were selected

1http://14.139.232.166/opstat/

based on zinc solubilizing potential. The isolate, BMRR126,
showed a larger Zn solubilizing halo zone (3.17 cm) compared
to BMAR64 (2.40 cm) on Tris-mineral salts medium (amended
with ZnO) (Table 3 and Supplementary Figure 1) but the
highest solubilization efficiency (SE) was shown by BMAR64
(i.e., 1200.00%) (Table 3). Similarly, BMRR126 significantly
augmented the Zn availability in the liquid broth amended with
ZnO as compared to BMAR64 (Table 3). Evaluation of pH
indicated a decrease in pH to a minimum of 4.38 from the
initial pH of 7.2 after 1 week of incubation. The cell-free culture
supernatant of BMRR126 exhibited the lowest pH value of 4.38
followed by BMAR64 with the value of 5.86. The lowering of
the pH value of the inoculated broth medium shows an elevated
acidity. The decreased value of the contact angle (50.23 for CA
left and 51.40 for CA right) for the cell-free culture supernatant
of BMRR126 compared to the uninoculated control shows the
production of organic acids or other similar hydrophilic products
in the cell-free suspension of the broth medium (Figure 1 and
Table 3). The SEM images of ZnO amended Tris-mineral salt
broth medium on the 10th day after incubation of both isolates
exhibited better bio mobilization of Zn over non-inoculated
control (Figure 2). The EDX analysis of four spectra also showed
a decrease in the Zn percent (%) and an increase in the carbon
content in the residues of the treated samples compared to the
uninoculated control (Figure 2 and Supplementary Table 1).

Bacterial Characterization
Both zinc-solubilizing bacterial isolates were attributed on basis
of morphological and biochemical analysis (Supplementary
Table 2). The 16S rDNA-based analysis revealed the confirmed
identification of BMRR 126 as Burkholderia cepacia (accession
number MW843566) and BMAR64 as Pantoea rodasii (accession
number MZ397586) (Figure 3). The consequences of the BLAST
search of the 16S rRNA gene sequences depicted the BMRR126
isolate as closely related to Burkholderia cepacia. On the other
hand, BMAR64 showed the highest similarity with the Pantoea
rodasii strain Os_Ep_PSA_45 with the representation of the
closest homolog, Pantoea sp. Strain GNH-R4.

Plant Growth Promoting Attributes
Both the bacterial isolates were further determined for different
PGP traits. Isolates showed positive outcomes and gave a varying

TABLE 3 | Zinc solubilizing potential of BMRR126 and BMAR64 in solid medium [qualitative Zn solubilization by measuring halo zone formation and solubilization
efficiency (SE)] and liquid medium (quantitative Zn estimation, pH, and contact angle analysis).

ZSB isolates Zinc solubilizing potential pH of broth medium Contact angle (CA) of broth
medium

Qualitative assay Quantitative assay

halo zone (cm) Solubilization efficiency (%) Solubilized zinc (mg/kg) CA left CA right

Uninoculated control – – – 7.2 58.70 ± 0.85 58.57 ± 0.82

BMRR126 3.17 ± 0.12 633.33 30.08 ± 1.54 4.38 ± 0.13 50.23 ± 0.38 51.40 ± 0.38

BMAR64 2.40 ± 0.26 1200.00 12.22 ± 0.61 5.86 ± 0.20 56.90 ± 0.58 59.23 ± 0.61

Data are represented by mean value using three replicates.
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FIGURE 1 | Contact angle images depicting various level of values of broth suspension: (A1–A3) (uninoculated control); (B1–B3) (BMRR126); and (C1–C3)
(BMAR64) inoculated broth.

degree of results for all plant growth-promoting attributes
(Table 4). The highest halo zone formation depicting the
potential of siderophore production was recorded for BMRR126
(5.87 ± 1.03 cm) followed by BMAR64 (1.57 ± 0.15 cm). The
maximum phosphate solubility was determined for BMRR126
(302.67 µg/ml) followed by BMAR64 (241.67 µg/ml) after 7 days
of incubation. Isolates, BMRR126 and BMAR64, produced the
IAA (auxin) but the greatest potential of IAA production was
observed in BMAR64 at a level of 29.82 µg/ml, followed by the
isolate, BMRR126 with a range of 23.45 µg/ml in tryptophan-
amended broth. In addition, isolates also showed a positive
result for EPS production. Both the isolates, namely BMRR126
and BMAR64, showed different levels of EPS production
of 2.80 mg/ml and 2.18 mg/ml, respectively. Moreover, the
qualitative test of ammonia production was found to be positive
for both isolates (BMRR126 and BMAR64).

Field Experiment and Biometric
Observation
Field experiments were carried out at two subsequent locations to
depict the prolific effects of ZSB strains (BMRR126 and BMAR64)
and their consortium with and without Zn supplementation

(ZnO). The ZSB isolates and their consortium have a positive
effect on rice growth and influence plant height, number
of tillers per hill, dry matter accumulation per hill, effective
tillering, panicle length, number of grains per panicle, 1,000
grain weight, grain yield, and straw yield (Tables 5–7). The
outcomes of the growth and yield parameters of paddy
after treatments by ZSB and their consortium with and
without an insoluble source of zinc (ZnO) exhibited varying
levels of results. However, the least values were recorded
for the uninoculated control treatment (T1). Moreover, the
highest values for all the parameters were recorded for the
Katchar region compared to the Terai region. Among the
treatments, the maximum value of the plant height was
recorded in the treatments containing ZSB inoculant, BMRR126
(137.39 cm), and consortium + ZnO (111.17 cm) for the
Katchar region and Terai region, respectively. Similarly, the
highest number of tillers hill−1 (13.27) was determined for
the treatment T8 containing the bacterial strain, BMAR64,
and ZnO supplementation for the Terai region as compared
to the control (9.87). However, in the Katchar region, the
highest number of tillers hill−1 (15.13) was calculated for the
treatment T9 (consortium + ZnO) as compared to the control
treatment (11.20).
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FIGURE 2 | Scanning electron micoscopy (SEM) (A1–A3), typical EDX
spectrum (B1–B3) and element quantification analysis exhibit mobility of ZnO,
showing element spectrum (Wt%) of Zn (zinc) and C (carbon) by isolates,
BMRR126 (A2,B2) and BMAR64 (A3,B3) in Tris mineral salt medium culture
and uninoculated Tris mineral salt medium depicts the insoluble zinc (Zn)
source of ZnO (A1,B1).

The treatment containing the consortium and the
recommended dose of ZnO (T9) showed the highest values
of dry matter accumulation hill−1 (52.13) for the Terai region,
while for the Katchar region, the treatment of the bacterial strain,
BMRR126, with ZnO supplementation (T7) depicted the highest
dry matter accumulation hill−1 (55.87 gm). Moreover, the
bacterial consortium with ZnO supplementation (T9) showed
the highest values of the effective tillering for both regions, i.e.,
Terai region (12.47) and Katchar region (13.60), in comparison
to the control treatment (9.20 for the Terai area and 10.53 for the
Katchar area). The highest value of the panicle length (32.95 cm)
was recorded for consortium+ ZnO (T9) followed by treatments
containing BMRR126 + ZnO (32.44 cm) and consortium
(32.31) for the Terai region. In contrast, the maximum value
of panicle length (34.32 cm) was observed for the treatment
containing BMRR126 with ZnO supplementation (T7) followed
by consortium + ZnO (T9) which showed the panicle length
value as 34.26 cm. For the Terai region, T9 (consortium + ZnO)
showed the highest digits for the number of grains per panicle
(179.67) in comparison with other treatments, while the bacterial
strain, BMAR64 with ZnO amendment (T8) had an utmost value
for grains per panicle (185.83) for the Katchar region. The highest
grain yield (q/ha) was measured for the BMRR126 + ZnO (T7)
for both the regions, Terai (42.52 q ha) and Katchar (43.59 q/ha).
But treatment containing the bacterial consortium with no ZnO
supplement (T6) showed a maximum value for straw yield for
the Terai region (58.58 q/ha) and Katchar region (70.93 q/ha)
in comparison to control treatment (52.80 q/ha for the Terai

region and 53.65 q/ha for the Katchar region). Likewise, the
same treatment also showed the highest value of the biological
yield for both regions (99.85 q/ha for the Terai region and
114.07 q/ha for the Katchar region) compared to the control
treatment (90.74 q/ha for the Terai region and 92.60 q/ha for the
Katchar region).

Zinc Content Estimation in Grain
Inoculation of proficient ZSB strains and their consortium
bearing massive PGP abilities not only augments plant growth
but also increases the Zn micronutrient concentration in rice
grains. Data about the Zn content in grains for all treatments
from both trial sites are depicted in Figure 4A. The results
from the Terai region revealed that the maximum Zn content
(25.07 mg/kg) was observed for the treatment containing
consortium with ZnO supplement (T9); there was almost 1.58-
fold increment over the control (T1) which was 15.80 mg/kg. In
the Katchar region, the highest Zn content (33.25 mg/kg) was
observed for the BMRR126 + ZnO (T7), which showed a 1.72-
fold increase compared to the control treatment (19.28 mg/kg).
In both regions, all treatments showed significant results with
a CD score of 2.83 and 2.92 for the Terai and Katchar regions,
respectively (Supplementary Table 4). The results indicated that
either single bacterial or consortium inoculation in combination
with the ZnO application showed significant outcomes in
providing Zn biofortification benefits via increasing the Zn
concentration in edible parts of paddy.

Chemical Properties of Soil
Soil samples from both sites were collected from each treatment
plot after the harvest of the crop for the determination of
chemical properties, such as pH, EC, organic carbon, and NPK
(Table 8). The soil pH value of the treated plots showed a
lower value compared to the control. At both locations, the
highest organic carbon was reported for the T7 (BMRR126 +
ZnO), while the maximum P content was determined for T9
(consortium+ZnO). In addition, BMRR126 + ZnO (T7) for
the Terai region and consortium + ZnO (T9) for the Katchar
region showed the maximum value of N and K compared to
other treatments. The data on the DTPA-extractable Zn in each
treatment soil is shown in Figure 4B. The highest level of
available Zn (1.35 mg/kg) is reported for BMRR126 + ZnO
(T7) and consortium + ZnO (T9) for the Terai region. In
contrast, BMAR64 + ZnO (T8) showed a relatively higher level
of available Zn (2.10 mg/kg) for the Katchar region, followed by
consortium + ZnO (T9) (2.09 mg/kg) and BMRR126 + ZnO
(T7) (2.08 mg/kg). Furthermore, consortium + ZnO (T9)
exhibited maximum DHA (dehydrogenase activity) for both
Terai region (315.18 mgTPF/g soil/day) and Katchar region
(463.41 mgTPF/g soil/day) (Figure 5).

Principal Component Analysis and
Cluster Analysis
The principal component analysis allowed us to demonstrate
the consequence of different treatment applications in a
more cohesive mode between different variables under field
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FIGURE 3 | Phylogenetic tree of both ZSB isolates, BMAR64 (A) and BMRR126 (B).

TABLE 4 | Plant probiotic traits of potential zinc solubilizing bacterial isolates.

Isolates Siderophore production Phosphate solubilization IAA production (µg/ml) EPS Production (mg/ml) Ammonia production

Qualitative assay (cm) Quantitative assay (µg/ml)

BMRR126 5.87 ± 1.03 302.67 ± 6.03 23.45 ± 1.18 2.80 ± 0.10 +

BMAR64 1.57 ± 0.15 241.67 ± 4.73 29.82 ± 1.46 2.18 ± 0.18 +

Data are represented by mean value using three replicates.
“ + ” indicates positive result.

experimentation in two different regions (Figures 6A1,A2,
7A1,A2). Two main components of PCAs for the agronomic
parameters accounted for 93.79% of the experiment variability,
i.e., PC1 for 78.14% and PC2 for 15.65%, for the Terai
region (Figure 6A1). For the Katchar region, the PC1 and
PC2 explained ∼88.45% of the total variability (PC1 for
79.01% and PC2 for 9.44%) (Figure 6A2). In addition, two
main components of PCAs were determined for the soil-
related parameters with 87.45% (PC1) and 6.74% (PC2) for
the Terai region (Figure 7A1), while for the Katchar region,
the values of PC1 and PC2 were determined as 76.97% and
10.14%, respectively (Figure 7A2). The concluding remarks
of PCA, evidently indicate that two treatments, such as
BMRR126 + ZnO (T7) and BMAR64 + ZnO (T8) in the

Terai region, and three treatments, BMRR126 (T4), consortium
(T6) and BMRR126 with ZnO supplementation (T7) in
the Katchar region, displayed noteworthy improvement in
agronomic parameters (Figure 6). While T4 and T7 in the
Terai region and BMRR126 (T4) and BMAR64 with ZnO
supplement (T8) in the Katchar region displayed noteworthy
improvement in soil-related parameters. Outcomes of the cluster
analysis are also similar to PCA (Figures 6B1,B2, 7B1,B2).
The agronomical parameters, such as the number of grains
per panicle for the Terai region and harvest index for the
Katchar region had the maximum coefficient value for the
PC1 (0.99121) and PC2 (0.97238), respectively (Table 9). The
soil related parameters, such as phosphorus for the Katchar
region and nitrogen for the Terai region had the maximum
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TABLE 5 | Effect on growth parameters (plant height, number of tillers, and dry matter accumulation) of rice at harvest stage under field experiment.

Treatments details Plant height (in cm) No. of tillers hill−1 Dry matter (g) hill−1

Labels Terai region Katchar region Terai region Katchar region Terai region Katchar region

T1 Control 100.66 126.85 9.87 11.20 45.60 46.26

T2 ZnSO4 102.73 130.85 11.93 12.33 46.21 49.61

T3 ZnO 101.19 128.75 10.60 11.87 46.00 46.22

T4 BMRR126 105.95 137.39 12.40 13.27 49.65 51.34

T5 BMAR64 103.93 132.49 12.27 13.67 47.04 50.72

T6 Consortium* 105.09 134.79 12.73 13.47 50.04 54.28

T7 BMRR126 + ZnO 108.13 134.61 13.13 13.93 50.71 55.87

T8 BMAR64 + ZnO 105.88 134.02 13.27 14.47 47.60 53.00

T9 Consortium* + ZnO 111.17 134.87 12.80 15.13 52.13 54.73

SE(m)± 0.93 1.02 0.65 0.58 1.53 1.28

C.D. 2.82 3.10 1.99 1.77 NS* 3.87

C.V. 1.54 1.34 9.41 7.68 5.49 4.32

Each value is mean of three replicates. Data were analyzed statistically at the 5% (p < 0.05) level of significance. Consortium* contains bacterial strains,
BMRR126 and BMAR64.

TABLE 6 | Effect on growth parameters (effective tillers, panicle length, number of grains per panicle, and 1,000 grain weight) of rice at harvest stage under
field experiment.

Treatments details Effective tillers Panicle length (in cm) No. of grain/panicle 1000 grain weight (g)

Labels Terai
region

Katchar
region

Terai
region

Katchar
region

Terai
region

Katchar
region

Terai
region

Katchar
region

T1 Control 9.20 10.53 28.92 30.25 130.87 142.83 16.6 18.38

T2 ZnSO4 11.07 11.40 30.25 31.47 147.07 167.03 17.84 20.24

T3 ZnO 9.67 11.33 29.32 30.67 137.20 155.17 16.81 19.32

T4 BMRR126 11.20 12.67 31.14 32.70 159.93 176.90 18.56 20.94

T5 BMAR64 10.80 12.73 30.04 32.22 154.40 171.33 18.14 19.13

T6 Consortium* 11.27 13.07 32.31 33.28 169.27 177.20 18.77 20.58

T7 BMRR126 + ZnO 12.33 13.40 32.44 34.32 172.40 185.33 19.85 22.37

T8 BMAR64 + ZnO 12.20 12.93 31.81 33.03 165.07 185.83 19.6 21.1

T9 Consortium* + ZnO 12.47 13.60 32.95 34.26 179.67 184.60 20.43 21.6

SEM ± 0.64 0.70 0.49 0.62 1.98 2.77 0.36 0.46

C.D. 1.95 NS* 1.48 1.87 5.99 8.39 1.11 1.39

C.V. 10.06 9.77 2.37 3.30 2.18 2.79 3.43 3.91

Each value is mean of three replicates. Data were analyzed statistically at the 5% (p < 0.05) level of significance. Consortium* contains bacterial strains
BMRR126 and BMAR64.

coefficient value for the PC1 (0.98927) and PC2 (0.48289),
respectively (Table 10).

DISCUSSION

“Microbial assisted biofortification” is a novel concept in the
field of agricultural microbiology for nutrifying crop edibles
with essential micronutrients (Zn, Fe, and Se). Zn is an
indispensable element required for the maintenance of vital
activities in humans, animals, and plants. The lack of this
micronutrient triggers the onset of Zn malnutrition-linked
ailments. In many regions of northern India, rice cultivation
is being more popular among middle-income farmers as it
provides the staple food for a large section of the South Asian
population. India, as the second-largest rice producer, produced

112.76 million tons of rice in 2017-2018 (Sanjeeva Rao et al.,
2020). At present, rice cultivation in North India is gaining
popularity as these regions have all the necessary facilities,
mainly irrigation systems, for rice cultivation. In fact, rice
grain is the main source of calorie intake in many developing
countries, but the Zn content in rice is insufficient to achieve
the appropriate Zn content for human consumption (Zaman
et al., 2018; Chávez-Dulanto et al., 2021). Hence, the present
study reveals the incredibility of potential ZSB in improving
general crop growth parameters that show the benefit of Zn
biofortification of rice grain at two different state-wise regions
of northern India. In the current investigation, BMRR126
and BMAR64 were recognized as competent ZSB from the
rhizosphere of the barnyard millet. Rhizospheric soil is the main
hub for soil-dwelling microorganisms, where a diverse range of
microorganisms possibly solubilize the insoluble form of Zn and
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TABLE 7 | Effect on yield parameters of rice at harvest stage under field experiment.

Treatments details Grain yield (q/ha) Straw yield (q/ha) Biological yield (q/ha) Harvest index

Labels Terai
region

Katchar
region

Terai
region

Katchar
region

Terai
region

Katchar
region

Terai
region

Katchar
region

T1 Control 37.94 38.95 52.80 53.65 90.74 92.60 41.83 42.87

T2 ZnSO4 39.67 41.77 52.48 57.52 92.15 99.28 43.08 43.99

T3 ZnO 38.53 39.23 52.29 53.41 90.82 92.64 42.44 41.18

T4 BMRR126 40.77 41.96 57.69 59.15 98.45 101.11 41.41 43.96

T5 BMAR64 38.80 39.92 55.26 59.64 94.06 99.56 41.28 43.03

T6 Consortium* 41.27 43.13 58.58 70.93 99.85 114.07 41.36 43.44

T7 BMRR126 + ZnO 42.52 43.59 55.94 67.71 98.46 111.30 43.48 41.67

T8 BMAR64 + ZnO 39.95 41.89 53.08 64.26 93.04 106.15 43.44 42.41

T9 Consortium* + ZnO 41.57 43.56 57.54 62.28 99.11 105.84 41.96 43.41

SEM ± 0.86 0.70 3.68 2.90 3.86 2.99 1.68 0.74

C.D. 2.62 2.12 NS* 8.79 NS* 9.06 NS* NS*

C.V. 3.74 2.92 11.57 8.26 7.03 5.06 6.91 2.99

Each value is mean of three replicates. Data were analyzed statistically at the 5% (p < 0.05) level of significance. Consortium* contains bacterial strains,
BMRR126 and BMAR64.

likewise augment the crop yield (Khan et al., 2019; Upadhayay
et al., 2021, 2022).

Zinc Solubilization Potential
In the current study, BMRR126 and BMAR64 were identified
as the most effective Zn solubilizers. Though the strain
BMRR126 showed a maximum area of halo zone illustrating Zn
solubilization (3.17 cm), strain BMAR64 exhibited higher Zn SE
(1200%) on ZnO supplemented medium (Table 3). A previous
study carried out by Shaikh and Saraf (2017) also observed
the solubilization of Zn on ZnO-supplemented medium, where
Exiguobacterium aurantiacum (MS-ZT10) produced a clear zone
of 31 mm in ZnO-containing medium. The possibility of Zn
solubilization could be due to the stronger adhesion to insoluble
metal residues (Saravanan et al., 2004). Further confirmation
of Zn solubilization was evaluated in a liquid broth medium
amended with ZnO as an insoluble 0.1% of Zn source. The
results revealed that the potentiality of the strain, BMRR126
exerted promising Zn solubilization in comparison to strain
BMAR64. These similar patterns of outcomes were also depicted
by Ramesh et al. (2014), where two Bacillus strains (MDSR7
and MDSR14) efficiently solubilized the ZnO as an insoluble
Zn compound. The decline in the pH of the inoculated liquid
broth, as opposed to uninoculated broth (pH 7.2) (Table 3),
clearly indicated the secretion of organic acids in the broth
medium. The secretion of gluconic acid by ZSB was considered
a prime feature for Zn solubilization (Fasim et al., 2002;
Mumtaz et al., 2017; Kushwaha et al., 2020; Prathap et al., 2022;
Upadhayay et al., 2022). Besides, other organic acids including
oxalic, tartaric, formic, (Li et al., 2010) lactic acid, malonic
acid, citric acid (Vidyashree et al., 2018a,b), and acetic acids
(Mumtaz et al., 2019) which have been detected in the broth
medium inoculated with ZSB, might have a probable role in
the solubilization of insoluble Zn. The higher availability of
elemental Zn is directly related to the acidic pH of a liquid
medium, which explicates the mechanism of bacterial-assisted

Zn solubilization (Desai et al., 2012). Pieces of literature have
also suggested the auxiliary role of siderophore and protons
produced by bacteria in Zn solubilization (Kamran et al., 2017;
Hussain et al., 2018; Upadhayay et al., 2018, 2019, 2022). The
lowest contact angle value which was detected for the inoculated
liquid medium further illustrates the higher hydrophilicity of the
liquid broth than that of the untreated control broth (Figure 1
and Table 3). It was the first report based on contact angle
analysis of a tiny drop of Zn-supplemented broth indicating
the presence of more hydrophilic compounds, such as organic
acids, which are essential for Zn solubilization. Both strains
were identified as Burkholderia cepacia and Pantoea rodasii
based on biochemical tests and molecular characterization,
respectively (Figure 3). However, an inadequate number of
studies are available on Zn solubilization by Burkholderia and
Pantoea sp.

Field Emission-Scanning Electron
Microscope/Energy Dispersive X-ray
Analysis for Zinc Solubilization
The SEM-based analysis shows an effective mobilization of
ZnO by both Zn solubilizing bacterial isolates compared to the
control (Figure 2). The untreated control exhibits amorphous
and dense residues of insoluble substances under SEM (Figure
2A1), while bacterial-treated samples showed lesser opaque
“mineral residues” (Figures 2A2,A3). Our results were according
to the findings of Gandhi and Muralidharan (2016), where
the bacterium Acinetobacter, isolated from rice rhizosphere,
efficiently mobilized ZnO observed under SEM. Elemental
analysis of residues by EDX also depicted different spectra
of elements, particularly, Zn and carbon (Figures 2B1–B3
and Supplementary Table 1). The values of the reduced
percentage of Zn from four spectra of all samples indicate
that both ZSB strains have effectively solubilized Zn compared
to the control. The increased carbon content in samples
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FIGURE 4 | Concentration of Zn (mg/kg) in grain (A) and available Zn (mg/kg)
in soils (B) for Terai and Katchar regions.

inoculated with bacteria in all spectra indicated that organic
compounds produced by bacteria may be aggregated with
mineral residues.

Plant Growth Promoting Behaviors
Both bacterial strains contained some selected plant probiotic
traits and showed different results under in vitro studies
(Table 4). The characteristic of siderophore production shows
the iron-solubilizing behavior of both isolates and enhances
the value of such isolates in the form of bio-inoculants to
produce Fe-fortified crops. The trait of phosphate solubilization
show an imperative role of the bacterial inoculant for crop
vitalization (Singh et al., 2013). Both isolates also showed varying
levels of P solubilization when measured quantitatively. The
highest value (302.67 µg/ml) of phosphate solubilization by
isolate BMRR126 further illustrates the remarkable potential
of ZSB as a “P-solubilizer.” The earlier finding of Verma
et al. (2020) reported “Rhizobium radiobacter LB2” for the
phosphate solubilizing property besides being an efficient Zn
solubilizer. These results are also in agreement with Mumtaz
et al. (2017), Bhatt and Maheshwari (2020) who reported the
phosphate solubilization potential of ZSB isolated from different
sources. Isolates were also tested for IAA production and
the results revealed that both ZSB strains contain the IAA

production efficacy in the presence of L-tryptophan in the
medium. There was considerable variation in IAA production
between the ZSB isolates, ranging from 23.45 to 29.82 µg/ml in
the L-tryptophan supplemented broth. In the past, a variation
in the IAA production has been reported for ZSB isolates from
the rhizosphere of Chickpea and rice, as reported by Gandhi
and Muralidharan (2016), Zaheer et al. (2019), respectively. It
is a well-established fact that an ample level of IAA increases
plant growth and assists in the development of plant roots
(Xie et al., 1996). In the present study, both ZSB isolates
were evaluated for the production of EPS (exopolysaccharides),
which provides help in effective root colonization. The plant
facilitates the colonization of microbes by producing exudates
that serve as a nutrient for bacteria in the rhizosphere
(Bhattacharjee et al., 2012). In previous studies, the ZSB isolates,
which demonstrate the ability to produce EPS, were used in
the Zn enrichment of crops (Kamran et al., 2017; Mumtaz
et al., 2017). The bacterial isolates also exhibited plant growth
elevating features through the production of ammonia. This
characteristic is also attributed to the plant growth-stimulating
effect by plant-growth-promoting bacteria (Hayat et al., 2010;
Backer et al., 2018).

Growth Parameters and Yield-Related
Attributes
Outcomes of the present study revealed the remarkable influence
of ZSB and their consortium along with ZnO supplement on
numerous vegetative growth parameters (plant height, number
of tillers per hill, and dry matter accumulation) and yield-
related attributes (effective tillering per hill, panicle length,
number of grains/panicle, 1,000 grain weight, grain yield, and
straw yield) over uninoculated control under field study carried
out at two different regions viz Terai and Katchar regions.
Bacteria with diverse plant growth-promoting properties show
high potential to improve plant height, dry weight, and the
number of tillers, especially when applied in combination or
with Zn supplementation (Vaid et al., 2014; Doni et al., 2022;
Prathap et al., 2022). Maximum plant height in response to
the bacterial consortium with Zn for the Terai region and a
single bacterial inoculation (BMRR126) for the Katchar region
indicated a microbial-assisted improvement in plant height
(Table 5). The variation in plant height at both locations must be
due to certain factors including soil type and climatic conditions.
The ZSB including Acinetobacter sp, Burkholderia cenocepacia,
and Serratia sp exhibited remarkable improvement in rice plant
height (Idayu Othman et al., 2017; Nepomuceno et al., 2020).
The effect on the number of tillers was higher when ZSB were
co-inoculated with ZnO for both regions (Table 5). Similar
results were also reported by Shakeel et al. (2015) in Basmati
rice cultivars in response to co-inoculation of ZSB with Zn
supplementation. Calculating effective tillering is an important
feature to express grain yield and productivity in response to
a given treatment. All bacterial-inoculated treatments expressed
significant numbers of effective tillers (Table 6). Previous studies
demonstrated the role of Burkholderia and Acinetobacter in
considerable increment in the number of effective tillers of
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TABLE 8 | Chemical properties of the experimental soils of Terai and Katchar regions.

Treatments
details

pH EC Organic carbon (%) Nitrogen (kg/ha) Phosphorus (kg/ha) Potassium (kg/ha)

Labels Terai
region

Katchar
region

Terai
region

Katchar
region

Terai
region

Katchar
region

Terai
region

Katchar
region

Terai
region

Katchar
region

Terai
region

Katchar
region

T1 Control 7.86 7.42 0.461 0.336 0.72 0.75 220.56 267.61 16.13 19.03 114.5 138.21
T2 ZnSO4 7.80 7.35 0.469 0.332 0.75 0.8 226.3 271.79 17.50 19.78 120.29 158.26
T3 ZnO 7.75 7.40 0.471 0.337 0.73 0.76 222.2 267.61 16.80 19.65 117.79 143.7
T4 BMRR126 7.62 7.30 0.335 0.281 0.79 1.12 245.21 288.51 20.01 21.81 139.81 183.27
T5 BMAR64 7.71 7.30 0.442 0.297 0.74 0.99 232.87 280.15 18.71 21.24 136.75 212.96
T6 Consortium* 7.56 7.18 0.331 0.269 0.77 0.81 226.22 284.33 19.08 21.2 144.59 150.52
T7 BMRR126 + ZnO 7.45 6.95 0.341 0.284 0.81 1.18 245.67 309.42 19.40 23.27 158.59 168.71
T8 BMAR64 + ZnO 7.64 7.23 0.348 0.295 0.77 1.1 231.37 305.24 19.28 22.03 142.13 201.67
T9 Consortium* + ZnO 7.48 6.91 0.334 0.271 0.79 0.86 238.34 317.78 20.06 23.44 155.57 226.35

SE(m) 0.11 0.10 0.02 0.02 0.02 0.05 8.30 10.30 0.48 0.90 10.70 10.90
C.D. NS* 0.32 0.08 NS* NS* 0.16 NS* 31.15 1.48 2.72 NS* 32.96

C.V. 2.55 2.54 12.50 14.03 4.77 9.90 6.19 6.19 4.56 7.34 13.56 10.73

Each value is mean of three replicates. Data were analyzed statistically at the 5% (p < 0.05) level of significance. Consortium* contains bacterial strains,
BMRR126 and BMAR64.

paddy (Trân Van et al., 2000; Vaid et al., 2014). The field
investigation also revealed maximum values of 1,000 grain
weight in response to bacteria or their consortium with ZnO
supplementation (Table 6). Similar findings by Gandhi and
Muralidharan (2016) also illustrated the effect of Acinetobacter
with Zn supplement on increasing the 1,000 grain weight of
rice. The effect of the bacterial strain, BMRR126 in combination
with ZnO (T7) on the grain yield in a significant manner at
different locations shows the better effectiveness of the bacterial
isolate with Zn fertilizers (Table 7). Multitude studies decoded
the enhanced grain yield in response to ZSB inoculants (Tariq
et al., 2007; Vaid et al., 2014; Hussain et al., 2018; Kushwaha et al.,
2020; Prathap et al., 2022). The study of Shakeel et al. (2015)
illustrated the prolific effect of Bacillus sp on the rice plant in
terms of increasing the grain yield. Bacteria play an auxiliary
factor in the assimilation of nutrients from the soil, thereby
increasing the grain yield and also crop biomass (Tariq et al.,
2007; Suseelendra, 2012; Batool et al., 2021). The consortium of
BMRR126 and BMAR64 in the paddy field gave the maximum
biological yield (114.07 q/ha) for the Katchar region (Table 7).
The result is similar to the result from the study of Shakeel
et al., 2015, where the co-inoculation of ZSB and Zn showed
an increased pattern of biological yield. In this study, results
indicated that inoculation of ZSB resulted in an increase in straw
yield (Table 7) which is supported by the results of Gandhi
and Muralidharan (2016). However, the ZSB application along
with ZnO showed an overall positive effect on the growth and
yield of rice crops compared to a single Zn treatment containing
ZnSO4 and ZnO. It might be due to the steady and slow release
of Zn from ZnO along with the proficient act of ZSB (Zeb
et al., 2018). Somehow, the similar patterns of studies of Vaid
et al. (2014), Gandhi and Muralidharan (2016), also unveiled an
apparent role of ZSB in terms of improving the growth-related
parameters of rice plants.

Zinc Content in Grain
The considerable augmentation in the Zn concentration of paddy
variety, Pusa Basmati-1, was observed in the current study due

FIGURE 5 | Dehydrogenase (DHA) activity of the soils in the Terai and Katchar
regions.

to the effect of ZSB containing massive plant probiotic traits.
Thus, the maximum Zn acquirement in the grain was determined
for the treatment containing consortium and recommended dose
of ZnO (T9) (for the Terai region) and BMRR126 + ZnO (T7)
(for the Katchar region) (Figure 4A), where the application
of consortium (BMRR126 and BMAR64) along with ZnO at
Terai region and single ZSB bioinoculant BMRR126 at Katchar
region confirm their ability of Zn solubilization. The results
clearly showed that treatment with ZSB inoculants along with
ZnO additives showed an improved pattern of Zn consignation
in rice grains at both locations. The study by Shakeel et al.
(2015), Gandhi and Muralidharan (2016) shows similar result
patterns in which the ZSB shows a positive influence on the
uptake of the elemental zinc in the rice grains. The key benefit of
using ZSB is its dual action, firstly providing the biofortification
benefits of rice to address the problem of zinc malnutrition, and
secondly as a potential biofertilizer contributing to sustainable
agriculture. The ZSB strains possess the plant probiotic properties
to augment plant growth and improved nutrient acquisition for
maintaining plant health (Upadhayay et al., 2022). The improved
Zn concentration of grain is certainly influenced by ZSB
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FIGURE 6 | Relative performance prognosis of different treatments on agricultural parameters (plant height, number of tillers, effective tillers, dry matter, panicle
length, number of grains/panicle, 1,000 grain weight, grain yield, straw yield, biological yield, harvest index, and Zn content in grain) through cluster (B1 for the Terai
region and B2 for the Katchar region) and principle component analysis (PCA) (A1 for the Terai region and A2 for the Katchar region).

inoculants, suggesting that the use of such microorganisms may
offer green technological approaches for the biofortification of
plants (Khan et al., 2019; Kushwaha et al., 2021). The increase
in plant growth by ZSB is due to its imperative traits of
root colonization (Idayu Othman et al., 2017). In our study, the
augmented Zn levels in rice grain with the ZSB inoculants,
BMRR126 and BMAR64, were viewed as an auxiliary tactic to
curtail the Zn deficiency in cultivated rice at two consecutive
locations (Terai region and Katchar region). The increased Zn
content in the edible part of the plant may be due to efficient ZSB
colonization, where organic acids secreted by bacteria lower the
pH of the rhizospheric soil and create a favorable environment
for Zn solubilization (Mumtaz et al., 2017; Hussain et al., 2018;
Upadhayay et al., 2022). The finding of Zn content was consistent
with previous studies using a ZSB microbial strain, such as
Bacillus sp., enhanced Zn translocation (22–49%) in Basmati rice
(Basmati-385) (Shakeel et al., 2015). Furthermore, Wang et al.

(2014) deciphered that “Enterobacter sp. ” and “Sphingomonas
sp. ” increased Zn content by 11.2% and 13.7% in polished
rice, respectively.

Available Zinc in Soil
The increased level of DTPA-extractable Zn content in soils
due to bacterial treatments with ZnO additives has rectified the
issue of more prevalence of an inaccessible form of Zn in soil
(Figure 4B). It is well studied that ZSB solubilizes the complex
type of Zn in the soil and makes it accessible to the plant
system (Ramesh et al., 2014; Kushwaha et al., 2020; Upadhayay
et al., 2021). The increased level of available Zn in soil for the
treatment containing bacteria and Zn supplementation might
be due to the organic acid production ability of inoculated
bacteria which might slowly release zinc from ZnO and other
insoluble Zn forms. Plenty of previous studies documented
the various organic acid producing microorganisms assisting
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FIGURE 7 | Representation of different treatments on soil parameters (organic carbon, nitrogen, phosphorus, potassium, available zinc, and dehydrogenase activity)
through cluster (B1 for the Terai region and B2 for the Katchar region) and PCA (A1 for the Terai region and A2 for the Katchar region).

in lowering the rhizospheric soil pH (Ramesh et al., 2014;
Shakeel et al., 2015; Krithika and Balachandar, 2016; Kushwaha
et al., 2020). Moreover, Saravanan et al. (2004), Sarathambal
et al. (2010) deciphered the decline of soil pH due to the
inoculation of G. diazotrophicus, Bacillus, and Pseudomonas for
sufficient Zn accessibility to plant. Improved soil Zn content
after bacterial inoculation can be a good indicator of microbial
activity and its fruitful contribution to enhancing Zn uptake
by plants.

Soil Parameters
Indeed, under field conditions, multiple external determinants
come to the front and can reduce the capacity of soil
bacteria to generate fertile impacts on plant growth. In field
conditions, the bacterial inoculant must show competitiveness
and withstand certain environmental stresses while retaining
specific prolific traits. The microbiological activity in the soil
should be measured using certain soil parameters, such as
the available proportion of nitrogen, phosphorus, potassium,

the content of organic carbon, and the determination of
dehydrogenase activities. All treatments containing bacterial
inoculants showed a pattern of reduced soil pH compared to
no bacterial treatment (Table 8). The reduced soil pH may be
due to the secretion of organic acids by ZSB (Fasim et al.,
2002; Upadhayay et al., 2018, 2019; Kushwaha et al., 2020),
and this phenomenon ultimately improves the availability of
Zn in the soil (Saravanan et al., 2004; Upadhayay et al.,
2022). The treatment containing BMRR126 with ZnO showed
the highest organic carbon content (1.18%) in the Katchar
region (Table 8). Since chemical-based fertilizers cannot increase
soil organic matter, microbial inoculants improve soil organic
carbon by promoting the mineralization of soil organic matter.
Furthermore, Shahdi Kumleh (2020) illustrated the elevated
soil organic carbon levels (1.79%) in response to bacterial
inoculation in a clover rice cultivation system. Overall, a bacterial
consortium with Zn supplementation, i.e., T9, showed maximum
values of available nitrogen and phosphorus in the soil of
both these regions (Table 8). BMRR126 and consortium in

Frontiers in Microbiology | www.frontiersin.org 15 May 2022 | Volume 13 | Article 85219267

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-852192 April 30, 2022 Time: 18:9 # 16

Upadhayay et al. Bacterial Mediated Zn-Biofortification of Paddy

TABLE 9 | Loading of coefficients of percentages of different variables of selected
agronomical parameters for the first two principal components.

Variable Principal components
for the Terai region

Principal components
for the Katchar region

PC 1 PC 2 PC 1 PC 2

Plant height 0.95826 0.023864 0.87717 0.27943

No. of tillers per hill 0.89968 0.19636 0.88837 0.029895

Dry matter per hill 0.94055 −0.25078 0.9884 −0.00893

Effective tillers 0.94076 0.3051 0.94802 −0.0143

Panicle length 0.9782 0.030622 0.98501 −0.04504

No. of grain/panicle 0.99121 −0.00974 0.96147 0.02044

1000 grain weight 0.96764 0.18626 0.92082 −0.16241

Grain yield 0.93552 −0.00529 0.94412 0.084063

Straw yield 0.74778 −0.65762 0.8781 −0.05142

Biological yield 0.87994 −0.43816 0.92305 −0.02079

Harvest Index 0.11875 0.94506 0.14513 0.97238

Zinc in grain 0.88373 0.36075 0.87716 −0.26355

% of Variance 78.14 15.65 79.01 9.44

Eigen value 9.37 1.87 9.48 1.13

TABLE 10 | Loading of coefficients of percentages of different variables of
selected soil-related parameters for the first two principal components.

Variable Principal components
for the Terai region

Principal components
for the Katchar region

PC 1 PC 2 PC 1 PC 2

Organic carbon (%) 0.95681 0.12827 0.71379 0.48229

Nitrogen 0.86659 0.48289 0.97315 −0.10445

Phosphorus (kg/ha) 0.94897 0.068391 0.98927 −0.02397

Potassium (kg/ha) 0.97747 −0.1469 0.73391 0.43436

Available Zinc in soil
(mg/kg)

0.93825 −0.20242 0.90994 −0.30181

Dehydrogenase
activity

0.91894 −0.29664 0.90377 −0.29104

% of Variance 87.45 6.74 76.97 10.14

Eigen value 5.24 0.40 4.61 0.60

combination with ZnO depicted the highest level of available
potassium in the soil of Terai region (158.59 kg/ha) and Katchar
region (226.35 kg/ha), respectively (Table 8). The increased
dehydrogenase activity in all bacterial inoculated treatments
reflects the splendid microbial activity in the soil system.
A recent report by Kumawat et al. (2022) examined the
nutrients and enzymatic activities in the soil and extrapolated the
increased dehydrogenase activity (32.66 µg triphenylformazan
g−1 h−1) under the treatment of Bradyrhizobium sp., LSBR-
3 and Pseudomonas oryzihabitans L compared to the control
treatment. Microorganisms that produce organic acids facilitate
the solubilization of bound phosphorus and potassium in
the soil, thereby increasing the levels of these nutrients in
the soil (Alori et al., 2017; Tian et al., 2021). Our study is
justifiable with the previous studies in which bacterial treatments
improved soil health by showing significant levels of organic

carbon, nitrogen, phosphorus, and potassium (Adak et al., 2014;
Reyes-Castillo et al., 2019).

Finally, we rationalize our study and present its uniqueness
from other studies based on the following aspects:(i) EDX
spectrum and contact angle-based analysis were new techniques
used to assert the Zn-solubilization potential of bacteria isolated
from rhizospheric soil of underutilized crop, i.e., barnyard millet;
(ii) decoding the effects of ZSB with low-cost ZnO source input
on multiple agronomic and soil parameters at two different sites.

Overall, our study showed that the agro parameters of rice
crops were improved by the bacterial treatment together with
the ZnO application in the soil. Similarly, bacterial inoculant
in combination with soil zinc (ZnO) application increased the
Zn content of grain (Figure 4A) in both agro-climatically
different regions and proved to be a sustainable strategy for
bacterial assisted grain biofortification. However, the application
of ZnSO4 is common as zinc fertilizer and is an important part of
agronomic Zn biofortification (Xu et al., 2021). The cost of ZnO
is relatively lower compared to Zn sulfate; hence the present study
recommends using ZnO as a Zn supplement with ZSB to solve the
purpose of Zn malnutrition in a very economically feasible way.

CONCLUSION

Zinc has a pivotal role in human health and also in crop
production. The intensive cropping patterns, the rampant usage
of chemical fertilizers, and a dearth of available soil zinc (Zn)
results in inadequate consignation of the proper level of Zn
in rice edibles and hence set forth the phenomenon of Zn
malnutrition. Therefore, microbial-mediated biofortification can
be a prolific tactic to counteract the issue of Zn malnutrition,
as soil-dwelling ZSB acts as auxiliary natural factors to prop up
plants for elevated Zn uptake from the soil system. The study
was conducted to illustrate the ZnO solubilization ability of the
two rhizospheric strains from the Himalayan underutilized crop,
“barnyard millet.” The FE-SEM-EDX-based analysis revealed a
notable Zn solubilization behavior by the mobility of zinc from
the ZnO residue for both isolates, i.e., BMRR126 and BMAR64.
The isolates were prominent for various plant probiotic traits,
such as P solubilization, production of siderophores, IAA, EPS,
etc. (Table 4). Further, both ZSB strains were determined under
the field conditions at two different sites (Terai region and
Katchar region) and demonstrated their auspicious effects in
terms of showing maximum growth-yield related characteristics
of paddy. The bacterial consortium for the Terai region and a
bacterial inoculant (BMRR126) for the Katchar region with ZnO
supplementation exhibited a 1.58- and 1.72-fold increase in Zn
levels of the rice grain, respectively, compared to the control
(Figure 4A). The improved soil quality was also evident with all
treatments containing bacterial inoculants (Table 8). By carefully
monitoring all parameters, this study proposes the use of ZSB
inoculants with an economically feasible Zn source, specifically
ZnO, to achieve the benefits of the overall plant productivity
and the benefits of Zn biofortification. The outcomes of the
current investigation motivate the authors to further explore the
bacterial potentiality under various agro-climatic conditions to
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assess the agronomic and zinc biofortification benefits of multiple
staple food crops.
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Plant growth-promoting rhizobacteria are known to associate with several cereal crops.

The rhizobacterium exerts its function by synthesizing diverse arrays of phytohormones,

such as cytokinin (Ck). However, it is difficult to determine the plant growth promotion

when a bacterium producesmany different kinds of phytohormones. Therefore, to assess

the involvement of Ck in growth promotion and activation of antioxidant and physiological

systems, we set up this experiment. Wheat seeds (Triticum aestivum L.) were inoculated

with Azospirillum brasilense RA−17 (which produces zeatin type Ck) and RA−18 (which

failed to produce Ck). Results showed that seed inoculation with RA−17 significantly

improved growth and yield-related parameters compared with RA−18. The activity of

enzymes, proline contents, and endogenous hormonal levels in wheat kernels were

improved considerably with RA−17 than with RA−18. Strain RA−17 enhanced grain

assimilation more than strain RA−18 resulting in a higher crop yield. These results

suggest that microbial Ck production may be necessary for stimulating plant growth

promotion and activating antioxidant and physiological systems in wheat.

Keywords: bacteria, cytokinin, hormones, rhizosphere, wheat
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INTRODUCTION

Rhizobacteria play a vital role in ecosystem services. The bacterial
population around plant roots is more versatile in nutrients
solubilization, transformation, and mobilization (Hussain et al.,
2013; Sabir et al., 2013), thus increasing plant growth (Qureshi
et al., 2012; Liu et al., 2019). It is carried out by synthesizing
diverse arrays of plant hormones. such as auxin, cytokinin (Ck),
gibberellin, abscisic acid (ABA), and indole-3-acetic acid (IAA)
(Ahmed and Hasnain, 2020; Ortiz-Castro et al., 2020). Microbe-
derived phytohormones influence plant growth parameters and
have been well studied (Arshad and Frankenberger, 1991;
Zafar et al., 2012; Farooq and Bano, 2013; Xu et al., 2018).
Phytohormones improve the metabolic functions of plants,
influence root exudation, alter gene expressions, cell division,
xylem processes, root development, and different signaling
processes (Campos et al., 2019; Mushtaq et al., 2019).

Cytokinins play a significant role in plant growth promotion
in different mechanistic ways, such as cell division, chlorophyll
accumulation, expansion of leaves, by delaying leaf senescence,
and etioplasts conversion to the chloroplast (Angeli et al., 2001;
Zafar et al., 2012; Zwack and Rashotte, 2013). Both plants and
microorganisms produce Cks, which differ in types and activity
(Akhtar et al., 2020). Cerný et al. (2010) noticed that the different
kinds of proteins and phosphor-proteins are present in the
chloroplast, a direct singling chain responsible for the CK actions
in the chloroplast. Rhizobacterial inoculation with the seeds
was independent of specific hormone signaling. For example,
López-Bucio et al. (2007) reported that Bacillus megaterium
inoculation enhanced biomass and stimulated the growth of
roots in auxin mutant Arabidopsis by auxin and ethylene-
independent signaling system. Ortíz-Castro et al. (2008) found
reduced growth-promoting effects in Arabidopsis inoculation
with B.megaterium. They suggested that crop growth stimulation
by the microbe may require an intact Ck signaling pathway.
Rice seedling inoculation with a Ck-mutantMagnaporthe oryzae
did not show distinct growth and development features until an
exogenous source of Ck was applied (Chanclud et al., 2016).

Wheat (Triticum aestivum L.) is a significant food source
for human consumption. For decades, improving growth and
increasing yield have been the major interest among wheat
breeders (Sears, 1997; Zaheer et al., 2021b). It has been suggested
that wheat production needs to be increased by an estimated 60%
tomeetmarket demand in the next 10 years (Zaheer et al., 2019a).
Interactions between (Ck producing) rhizobacteria and wheat
is crucial for promoting growth and increasing yield. Zaheer
et al. (2019a) reported that Ck plays a vital role in improving
wheat yield. Its production with the rhizobacteria strain can
be more beneficial for the physiological processes of the wheat
plant. The use of specific bacterial strains that can produce more
Ck in the plant can benefit the wheat plant’s internal metabolic
and growth improvement processes. Little study is available for
those rhizobacteria that can make Ck, so there is a need to
investigate the Ck-producing bacteria and their effect on plant
growth (Sarkar et al., 2018).

In this study, carried out in the field, wheat seeds were
inoculated with a strain of Ck (zeatin)-producing bacteria,

Azospirillum brasilense, and its effects on wheat growth,
physiological and antioxidant systems were compared to
inoculation with a Ck non-producing strain of the same bacteria.
We hypothesize that Ck-producing bacteria, compared with
non-producing bacteria, are more beneficial for wheat growth
and yield improvement and upregulation of physiological and
antioxidant systems.

MATERIALS AND METHODS

Bacterial Strains and Preparation of Wheat
Seeds
Cytokinin producing (RA−17) and non-producing (RA−18)
strains of A. brasilense were obtained from the soil lab
of the Ayub Agricultural Research Institute, Faisalabad. Ck
production was confirmed before being used for the experiments
(Figure 1). Surface sterilized seed with ethanol (70%) and sodium
hypochlorite of an approved wheat variety “Galaxy−2013” were
used in the experiment. Seeds were inoculated with either the
Ck producing or non-producing strain (10 × 108 CFU ml−1

obtained at exponential growth phase) following the procedure
reported by Fukami et al. (2016).

Plant Growth Conditions
Field experiments were conducted in the semi-arid region of
Bahawalpur from 2017 to 2018. The experimental plots size
was 5 × 5m. The soil was loamy, having 0.61% organic
matter, 8.1 pH, 249 µS cm−1 electrical conductivity, 7.08
ppm available P, 112 ppm available K, and 34% saturation
percentage. The Galaxy−2013 wheat variety, released by Punjab
Seed Corporation in 2013 and mostly grown in the area of
Bahawalpur, was used for the experiment.

To compare the effects of Ck-producing strains with non-
producing strains on wheat growth and physiological parameters,
three treatments, uninoculated control (T0), inoculation with
Ck producing (T1), and non-Ck producing (T2) A. brasilense,
were arranged in Randomized Complete Block Design (RCBD).
Wheat seeds (according to the treatments) were sown on
15 November 2017. According to the recommendations,
recommended fertilizers (120-60-60 NPK kg/ha) and four
irrigation schemes (3 Acr inches) were applied. Briefly, 3 feet was
the inter-plot distance in all replications.

Measured Parameters
Physiological parameters were determined using 20 plants from
each plot with three replications and an average. Different
growth and yield-related parameters were measured by standard
procedures (Bremner, 1965; Tkachuk, 1966; Ullah et al., 2018).
Crop growth rate (CGR) and relative growth rate (RGR) were
calculated by the formula described by Karimi and Siddique
(1991), and net assimilation rate (NAR) was obtained by
following the procedure of Vernon and Allison (1963). The leaf
area index (LAI) was noticed using the digital leaf area meter,
and the chlorophyll meter was used to detect the chlorophyll
content. An infrared gas analyzer (IRGA) was used to notice
the stomatal conductance and photosynthetic rate. Epicuticular
wax was determined by following the approach described by
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FIGURE 1 | Growth curve (OD, optical density) and cytokinin (Ck accumulation) of a cultured medium of Azospirillum brasilense RA−17 (A) and RA−18 (B).

Silva-Fernandes et al. (1964). Relative water content (RWC)
of a leaf was measured according to Barrs and Weatherley
(1962) equation:

RWC (%) = (Fresh weight− dry weight) / (turgid weight

− dry weight)× 100

According to Kudoyarova et al. (2014), levels of endogenous
hormones in kernels of wheat were noticed. Proline content
determined in wheat leaves by the ninhydrin method as reported
by Bates et al. (1973). The activity of antioxidant enzymes, such as
Ascorbate peroxidase (APX), catalase (CAT), Peroxidase (POD),
and superoxide dismutase (SOD) was determined according to
Nakano and Asada (1981), Vanacker et al. (2000), Ghanati et al.
(2002), and Beyer and Fridovich (1987), respectively.

Statistical Analysis
Data from three experiments were analyzed using Fisher’s test,
and least significant difference (LSD) was used to compare
treatments at a 95% probability level (Steel et al., 1997).

RESULTS

Azospirillum brasilense strain RA−17 produced an increasingly
higher concentration of Ck, while the RA−18 strain consistently
delivered a very low concentration of Ck (Figure 1).

Growth and Yield-Related Parameters
Relative growth rate (Figure 2) and net assimilation rate
(Figure 2) were higher in wheat plants inoculated with Ck-
producing than non-producing strain at tillering, flag leaf,
milking, andmaturity stages, and were lowest in the uninoculated
plants. RGR was highest at the tillering stage and was about
two-folds higher than at the flag leaf stage, about four-folds
higher than at the milking stage, and six-folds higher than at the
maturity stage. NAR was highest at the flag leaf stage and was
about two-folds higher than at tillering and milking stages, which
did not differ, but was four–six-folds more increased than at the
maturity stage.

At tillering stage, the LAI did not differ between plants
inoculated with Ck-producing and non-producing bacterial
strains but it was lowest in the uninoculated plants (Figure 2).
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FIGURE 2 | Effect of Ck-producing A. brasilense RA−17 and non-producing A. brasilense RA−18 on (A) Relative growth rate (RGR), (B) Net assimilation rate (NAR),

and (C) Leaf area index (LAI) of wheat plants. Different letters are significantly other in each column (p ≤ 0.05), and the different letter shows a significant difference in

treatments at a 5% probability level.
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TABLE 1 | Effect of cytokinin producing Azospirillum brasilense RA−17 (T1) and

non-producing A. brasilense RA−18 (T2) on crop growth rate (CGR, g m−2 day−1)

of wheat.

Treatment Tillering stage Flag leaf stage

T0 (control) 1.73 c 6.33 c

T1 2.15 a 9.58 a

T2 1.94 b 8.44 b

The different letter shows a significant difference in treatments at a 5% probability level.

TABLE 2 | Effect of cytokinin (Ck)-producing A. brasilense RA−17 (T1) and

non-producing A. brasilense RA−18 (T2) on plant height (cm) and yield

parameters of wheat.

Treatments Plant

height

(cm)

Spike

length

(cm)

Number

of

spikelets

per spike

Number

of grains

per spike

1,000-

grain

weight (g)

Grain

yield

(kg/ha)

T0 (Control) 83.33 c 8.88 c 14.23 c 24.34 c 37.7 c 3,850 c

T1 88.34 a 11.19 a 19.23 a 28.54 a 44.12 a 4,666 a

T2 85.53 b 10.06 b 18.55 b 26.52 b 41.56 b 4,182 b

The different letter shows a significant difference in treatments at a 5% probability level.

TABLE 3 | Effect of cytokinin-producing A. brasilense RA−17 (T1) and

non-producing A. brasilense RA−18 (T2) on proline content, epicuticular wax,

stomatal conductance, and photosynthetic rate of wheat at flag leaf stage.

Treatments Epicuticular

wax

(g cm−2)

Stomatal

conductance

(mmol

m−2 s−1)

Photosynthetic rate

(µ mol m−2 s−1)

T0 (control) 0.007 c 266.33 c 7.84 c

T1 0.009 a 290.66 a 11.45 a

T2 0.008 b 279.00 b 9.84 b

The different letter shows a significant difference in treatments at a 5% probability level.

However, at the flag leaf and milking stage, LAI was more
significant with the Ck-producing than non-producing strain and
was lowest in the uninoculated plants. LAI was highest at the flag
leaf stage and was about two-folds higher than at the milking
stage. A non-significant difference was noticed in LAI at the
maturity of all treatments.

Crop growth rate at tillering and flag leaf stages was greater
in wheat plants inoculated with the Ck-producing than non-
producing strain, and it was lowest in the uninoculated plants
(Table 1). CGR was about four-folds higher in wheat at the
flag leaf stage than at the tillering stage. All growth and yield-
related parameters were more significant with the Ck-producing
than non-producing bacterial strain and were lowest in the
uninoculated plants (Table 2).

Physiological and Photosynthetic
Parameters in Wheat Leaves
Epicuticular wax, stomatal conductance, photosynthetic rate
(Table 3), and chlorophyll contents (Figure 3) were greater

with the Ck-producing than non-producing bacterial strain
and were lowest in the uninoculated plants. RWC did not
differ between plants inoculated with Ck-producing and non-
producing bacterial strains but was lowest in the uninoculated
plants (Figure 4).

Proline and Antioxidant Enzymes
Antioxidant enzyme activities and proline content (Figures 5, 6)
were greater in those wheat plants that were inoculated with the
Ck-producing compared with the non-producing strain and were
lowest in the uninoculated plants. Generally, enzyme activities
were highest at the anthesis stage and lowest at tillering stage.

Endogenous Hormone Levels in Kernels
The concentration of endogenous hormones in kernels of
wheat was highest in wheat plants inoculated with the Ck-
producing strain than non-producing strain andwas lowest in the
uninoculated plants (Figure 7). Zeatin riboside, IAA, and ABA
levels increased from 3 to 18 days after anthesis and decreased
sharply after (Figures 7A–C). Gibberellin level was high at the
early grain filling stage and then decreased continually for 15 days
and then increased from 15 to 18 days and then decreased again
until 27.

DISCUSSION

Influence of Ck-Producing Strain on Wheat
Growth Parameters
Azospirillum spp. are known to be associated with several
cereal crops (Ibrahim et al., 2016; Chávez-Herrera et al., 2018;
Zaheer et al., 2021a). In this study, inoculation of wheat
seed with strains of A. brasilense increased plants’ growth
parameters (plant height, CGR, RGR, NAR, and LAI) at
different developmental stages than in uninoculated control.
Seed inoculation with rhizobacteria has improved plant growth
performance by releasing phytohormones, such as IAA, Ck,
and gibberellins (Lakshmanan et al., 2013). For example, in
grapevines, A. brasilense Sp245 enhanced the root and vegetative
development (Bartolini et al., 2017), cucumber seedlings (Pereyra
et al., 2010), and wheat plants (Spaepen et al., 2008) by producing
IAA, and A. brasilense improved growth and photosynthetic
parameters in wheat by producing Cks (Afzal et al., 2014; Zaheer
et al., 2019b).

However, in this study, wheat inoculation with strain
RA−17 produced a higher level of Ck significantly increased
growth parameters compared with strain RA−18. Cks are
phytohormones that influence plant growth and development by
cell division, expansion of leaves, delay leaf senescence, etioplasts
conversion to chloroplasts, and chlorophyll accumulation
in leaves (Zafar et al., 2012; Zwack and Rashotte, 2013).
Ck-producing Magnaporthe oryzae aided plant nutrient
mobilization, increased photosynthetic levels and activated
salicylic acid-mediated defense response in rice (Chanclud et al.,
2016). Whereas, the Ck-mutant with a deleted Ck synthesizing
gene did not show distinct growth and development features
until an exogenous source of Ck was applied. In a study by
Esquivel-Cote et al. (2010), inoculation of tomato seeds with a
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FIGURE 3 | Effect of Ck producing A. brasilense RA−17 and non-producing A. brasilense RA−18 on relative chlorophyll content (mg g−1 FW) of wheat. T0 = no

inoculation; T1 = Ck producing strain, and T2 = non-Ck producing bacterial strains. The different letter shows a significant difference in treatments at a 5% probability

level.

FIGURE 4 | Effect of Ck producing A. brasilense RA−17 and non-producing A. brasilense RA−18 on relative water content (RWC, %) of wheat. T0 = no inoculation;

T1 = Ck producing strain, and T2 = non-Ck producing bacterial strains. The different letter shows a significant difference in treatments at a 5% probability level.

higher Ck-producing Azospirillum strain, A. lipoferum AZm5,
enhanced RGR and increased leaf area, thus resulting in an
increased photosynthetic surface, compared with a low-Ck

producing strain VS9. However, they found that NAR did not
increase due to nitrogen deprivation, which was reversed after
the supply of N-fertilizer.
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FIGURE 5 | Effect of Ck-producing A. brasilense RA−17 and non-producing A. brasilense RA−18 on antioxidant enzymes activities (U mg−1 protein) of wheat. The

different letter shows a significant difference in treatments at a 5% probability level.

Influence of Ck-Producing Strain on Wheat
Yield Parameters
All yield-promoting parameters are more significant with the
Ck-producing than non-producing strain and were lowest in

the uninoculated plants. Yield improvement in rhizobacteria-
inoculated plants is due to improved water uptake and nutrient

availability (Liu et al., 2019). In Panda et al. (2018), Ck

significantly improved grain filling by increasing the expression
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FIGURE 6 | Effect of Ck-producing A. brasilense RA−17 and non-producing A. brasilense RA−18 on proline content at flag leaf stage of wheat. The different letter

shows a significant difference in treatments at a 5% probability level.

of cell cycle regulators in the spike’s basal spikelets, leading to
enhancement in grain filling. Mohapatra et al. (2011) showed
the growth promotion effect of Ck in rice with the improving
grain filling in rice panicles. Ck production by rhizobia was
also shown to enhance the growth of different crops (Hayat
et al., 2008). Barley inoculation with Ck-producing A. brasilense
Sp246 increased yield and related parameters compared with the
uninoculated control (Ozturk et al., 2003). Saber et al. (2012) also
reported higher grains in wheat inoculated with plant growth-
promoting rhizobacteria that lead to a higher yield.

Influence of Ck-Producing Strain on
Proline Content and Antioxidant Enzyme
Activities
Inoculating wheat seeds with the Azospirillum strains increased
proline content and antioxidant enzyme activity (APX, CAT,
POD, and SOD) more than in uninoculated plants. However,
inoculation with high Ck-producing Azospirillum strain AR−17
than strain AR−18 increased the accumulation of these
metabolites, particularly at anthesis. Rhizobacteria produce
different metabolites to enhance stress tolerance and remove
the adverse effects of reactive oxygen species (ROS) in plants
(Madhaiyan et al., 2006; Raheem et al., 2018; Zaheer et al.,
2021a). Synthesis of proline is increased by upregulation of
the P5CS gene in the presence of Ck and ABA in plants
(Vacheron et al., 2013). Different Ck-producing rhizobacterial
strains have been noted to increase proline content under salt
stress in soybean (Naz et al., 2009). Higher activities of APX,
CAT, POD, and SOD were noticed at tillering, anthesis, and

grain filling stages with the strain AR−17 than strain AR−18.
As opined by Naseem et al. (2014), Ck can modulate defense
signaling by activating antioxidant enzymes. Argueso et al. (2012)
demonstrated that higher levels of Ck increased immune defenses
in Arabidopsis. They showed that the enhanced levels of Ck gave
higher protection in wild Arabidopsis plants. Ghorbanpour et al.
(2013) and El-Esawi et al. (2018) reported that rhizobacterial
inoculation of Hyoscyamus niger improves antioxidant enzymes
activities, thus activating the plant defense mechanism. Chang
et al. (2016) observed that levels of antioxidant enzymes increased
in plants when Ck level was also increased.

Influence of Ck-Producing Strain on
Endogenous Hormone Levels in Wheat
Kernels
Inoculation with Ck-producing Azospirillum strain AR−17
increased the contents of zeatin riboside, gibberellin, IAA,
and ABA, compared with strain AR−18, in wheat kernels
and was lowest in the uninoculated plants. Higher hormonal
contents in the kernels have been noted to significantly
increase grain filling percentage (Yang et al., 2000; Zhang
et al., 2010) and also regulate the sink size of the kernels
(Yang et al., 2003). However, a study of Ck application in
wheat kernels is limited. Yang et al. (2016) found that the
contents of zeatin riboside, gibberellin, IAA, and ABA were
significantly correlated with grain-filling rate. Production
of endogenous hormones is essential for the regulation of
kernel development. For example, zeatin maximizes the
endosperm cell division, and increases sink capacity, thus
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FIGURE 7 | Effect of Ck-producing A. brasilense RA−17 and non-producing A. brasilense RA−18 on levels of endogenous hormones (µg g−1 FW) in wheat kernels.

increasing assimilating accumulation (Yang et al., 2002).
An increase in IAA content could reverse the reduction
in grain weight (Yan et al., 2005). This suggests that
Ck could sustain a more active photosynthetic period,
thus transferring more assimilates to the grains during
the grain filling stage, (Chen et al., 2010), and finally
increase yield.

CONCLUSION

Azospirillum brasilense inoculation with the wheat seed
significantly affected the wheat crop’s growth, yield, and
physiological parameters. Ck-producing A. brasilense is
more beneficial for the growth, yield, antioxidant, and
physiological systems of wheat than the non-Ck-producing
A. brasilense. Ck producing A. brasilense is very effective for
higher antioxidant enzyme activities and growth hormones
production in wheat crops.
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The contamination of heavy metals is a cause of environmental concern across the globe, 
as their increasing levels can pose a significant risk to our natural ecosystems and public 
health. The present study was aimed to evaluate the ability of a copper (Cu)-resistant bacterium, 
characterized as Bacillus altitudinis MT422188, to remove Cu from contaminated industrial 
wastewater. Optimum growth was observed at 37°C, pH 7, and 1 mm phosphate, respectively. 
Effective concentration 50 (EC50), minimum inhibitory concentration (MIC), and cross-heavy 
metal resistance pattern were observed at 5.56 mm, 20 mm, and Ni > Zn > Cr > Pb > Ag > Hg, 
respectively. Biosorption of Cu by live and dead bacterial cells in its presence and inhibitors 
1 and 2 (DNP and DCCD) was suggestive of an ATP-independent efflux system. B. altitudinis 
MT422188 was also able to remove 73 mg/l and 82 mg/l of Cu at 4th and 8th day intervals 
from wastewater, respectively. The presence of Cu resulted in increased GR (0.004 ± 0.002 
Ug−1FW), SOD (0.160 ± 0.005 Ug−1FW), and POX (0.061 ± 0.004 Ug−1FW) activity. Positive 
motility (swimming, swarming, twitching) and chemotactic behavior demonstrated Cu as a 
chemoattractant for the cells. Metallothionein (MT) expression in the presence of Cu was also 
observed by SDS-PAGE. Adsorption isotherm and pseudo-kinetic-order studies suggested 
Cu biosorption to follow Freundlich isotherm as well as second-order kinetic model, respectively. 
Thermodynamic parameters such as Gibbs free energy (∆G°), change in enthalpy 
(∆H° = 10.431 kJ/mol), and entropy (∆S° = 0.0006 kJ/mol/K) depicted the biosorption process 
to a feasible, endothermic reaction. Fourier Transform Infrared Spectroscopy (FTIR), Scanning 
Electron Microscopy (SEM), and Energy-Dispersive X-Ray Spectroscopy (EDX) analyses 
revealed the physiochemical and morphological changes in the bacterial cell after biosorption, 
indicating interaction of Cu ions with its functional groups. Therefore, these features suggest 
the potentially effective role of B. altitudinis MT422188 in Cu bioremediation.

Keywords: copper bioremediation, biosorption, industrial wastewater, isotherm, thermodynamics
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INTRODUCTION

Heavy metals are one of the most persistent pollutants found 
on Earth due to their non-biodegradability and tendency to 
accumulate in the environment, causing harm to our natural 
ecosystems in the process (Gaur et  al., 2021). There are many 
sources of heavy metals which can take root from natural and 
anthropogenic origins, with the former including soil run-off, 
volcanic eruptions, weathering, and erosion (Soltani-
Gerdefaramarzi et al., 2021), whereas the latter are anthropogenic 
sources that stem from several industrial processes such as ore 
mining, combustion of fossil fuels, and the production of alloys, 
steel, plastic, dyes, and pigments, respectively (Selvi et  al., 2019). 
Like soil and surface resources, water resources too tend to get 
contaminated by heavy metals, due to their closeness to industries 
which require large amounts of water for cooling and other 
processes, which ultimately enhances the precipitation of heavy 
metal ions onto the water bed once they enter the closest source 
(Briffa et  al., 2020).

Among many heavy metals that are specifically categorized 
on the basis of their essentiality and non-essentiality to living 
organisms, copper (Cu) is an essential metal for biological systems 
as it is required for the function of various significant processes 
in prokaryotes and eukaryotes (Oves et  al., 2016). It is a soft 
metal which conducts both heat and electricity, and belongs to 
the group IB in the Periodic Table of elements, in between nickel 
(Ni) and zinc (Zn). It is naturally found as a mineral, bound 
with other elements in the form of sulfides, oxides, and carbonates 
(Crichton and Pierre, 2001). Though found in two oxidation 
states in nature, it is usually found in its monovalent form (Cu+), 
which is required by various organisms for essential biological 
functions, as well as a co-factor for many enzymes, albeit in 
low concentrations, as elevated levels of Cu tend to induce cellular 
toxicity and can result in cell death (Zhao et al., 2010). Increasing 
levels of Cu in our environment have resulted in its pollution, 
which has since been aggravated due to many anthropogenic 
and natural factors (Izydorczyk et  al., 2021; Covre et  al., 2022).

Extensive research for mitigating excessive levels of heavy 
metals in the environment has brought about several methods 
for combating environmental pollution, as their accumulation 
poses a grave danger to sensitive ecosystems of the world (Minnikova 
et al., 2017). Over the years, many physical and chemical methods 
of remediation have been developed and critically evaluated, but 
not all were deemed to be  sufficiently efficacious (Sayqal and 
Ahmed, 2021). The need for cheaper, feasible, and environmentally 
friendly methods was imperative, due to which the focus shifted 
toward other forms of adsorbents to remove heavy metals from 
water (Sulaiman et  al., 2021). Biological agents, such as plants, 
algae, and microorganisms were found to be  better suited for 

heavy metal remediation (Elwakeel et  al., 2012; El-Liethy et  al., 
2018; Elgarahy et  al., 2020), but the latter appeared to be  more 
beneficial as they improved metal solubility due to the production 
of organic acids and/or by modification of soil texture due to 
the production of polysaccharides (Wang et al., 2017; Alves et al., 
2022). Microorganisms such as bacteria are considered to 
be  efficacious agents of bioremediation due to their generally 
well-known resistance mechanisms, and for their tendency to 
survive and endure extreme environments (Jain et al., 2011; Saeed 
et al., 2022). Bacterial consortia of several species such as Alcaligenes 
faecalis, Staphylococcus aureus, Streptococcus lactis, Micrococcus 
luteus, and Enterobacter aerogenes was reported to remove various 
heavy metals such as copper, cadmium, lead, and zinc from 
wastewaters (Silambarasan and Abraham, 2013). Furthermore, 
Bacillus sp. have also been well-reported as efficient agents of 
bioremediation from soil and wastewaters over the years (Joo 
et al., 2010; Kamika and Momba, 2013; Singh et al., 2014; Wierzba, 
2015; Babar et al., 2021). Bacillus sp. are considered to be potentially 
effective in removing heavy metals from contaminated sources 
of soil and water, based on prior knowledge that Gram-positive 
bacteria are able to resist a much higher quantity of heavy metals 
than Gram-negative bacteria (Nwinyi et  al., 2014). Furthermore, 
carboxyl group in the peptidoglycan layers of the bacterial cell 
wall serve a key role in the uptake of heavy metals, due to 
which Bacillus sp. are potential candidates for the bioremediation 
of Cu and its compounds (Igiri et  al., 2018).

This study aimed to investigate the bioremediation potential 
of a Cu-resistant bacterium isolated from contaminated industrial 
wastewaters. The bacterium was also evaluated for its growth 
characteristics, antioxidative, motility and chemotactic behavior, 
as well as for the presence of metallothioneins. Fourier Transform 
Infrared Spectroscopy (FTIR), Scanning Electron Microscopy 
(SEM), and Energy-Dispersive X-Ray Spectroscopy (EDX) 
analyses were employed to study physicochemical changes to 
bacterial cells pre and post Cu biosorption.

MATERIALS AND METHODS

Collection of Samples
The wastewater samples (n = 10) were collected from 10 different 
industrial sites each at Kalashah Kaku and Muridke, which 
are well-known industrial areas in Sheikhupura, Punjab, Pakistan 
(geographically located at 31° 72′ 50″ North, 74° 26′ 77″ East 
and 31° 80′ 95″ North, 74° 25′ 34″ East), respectively. Samples 
were obtained in sterilized containers, after which some of 
their physical and chemical characteristics viz., pH, concentration 
of Cu ions, and temperature were checked and noted.

Isolation and Purification of Selected 
Bacterial Strain
All the samples were proceeded on Luria-Bertani (LB) agar medium 
(tryptone 1%; yeast extract 1%; sodium chloride 0.5%; agar 1.5%). 
Prior to spreading each sample, Cu (0.1 mm) was added (100 μl) 
after which incubation was done at 37°C for 24 h. The process 
was repeated until pure bacterial strains were isolated.

Abbreviations: APOX, Ascorbate Peroxidase; CAT, Catalase; DCCD, N, 
N-Dicyclohexylcarbodiimide; DNP, 2,4-Dinitrophenol; EDX, Energy-Dispersive 
X-Ray Spectroscopy; FTIR, Fourier Transform Infrared Spectroscopy; GR, 
Glutathione Reductase; MIC, Minimum Inhibitory Concentration; MT, 
Metallothionein; OD, Optical Density; POX, Peroxidase; PVP, Polyvinylpyrrolidone; 
ROS, Reactive Oxygen Species; rRNA, Ribosomal RNA; SDS-PAGE, Sodium 
Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis; SEM, Scanning Electron 
Microscopy; SOD, Superoxide Dismutase.
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Determination of Minimum Inhibitory 
Concentration
The purified cultures were streaked on sterile plates of minimal 
salt medium (1.0 g/l NH4Cl; 0.001 g/l CaCl2.H2O, 0.2 g/l 
MgSO4.7H2O, 0.5 g/l K2HPO4, 0.001 g/l FeSO4.7H2O, 5.0 g/l 
sodium acetate, 1 g/l yeast extract, final pH adjusted to 7.0; 
Pattanapipitpaisal et  al., 2001), supplemented with different 
concentrations of Cu (0.1–35 mm). The plates were incubated 
overnight and the process was repeated until the concentration 
inhibiting the growth of the most resistant isolate was determined 
(Shamim, 2014). The isolate was then selected for further study.

Characterization of Selected Bacterial Strain
The chosen strain was identified by observing several parameters 
such as colony morphology, Gram staining, and other biochemical 
tests (Cheesbrough, 2006), after which its molecular 
characterization was confirmed by 16S rRNA sequencing from 
Macrogen®, South Korea.

Determination of Cross Heavy Metal 
Resistance
The resistance to other heavy metals was also investigated by 
test-tube dilution method. Minimal salt broth medium 
(supplemented with phosphate and sodium succinate) was 
prepared and autoclaved in test-tubes, to which 1% of fresh 
bacterial culture was added in aseptic conditions. Variable 
concentrations of metal ions were added until the concentration 
at which the bacterial growth was inhibited for every metal 
was obtained (Shamim, 2014).

Determination of Optimal Growth Parameters
The optimal conditions for growth parameters such as temperature, 
pH, and phosphate concentration were investigated with regard 
to the chosen bacterial strain. Fresh bacterial cells (1%) in sterile 
broth media were incubated overnight at varying temperatures 
(10, 15, 20, 25, 37, 40, 40, 50, 55°C). For the determination 
of pH, various pH values (5–9) were adjusted for each set, 
whereas for optimal phosphate concentration, freshly inoculated 
cells were supplemented with phosphate concentrations ranging 
from 0.1–5.0 mm prior to their incubation at 37°C. Growth of 
bacterial cells was observed (OD578nm) after successful overnight 
incubation (Shamim and Rehman, 2012).

Determination of EC50 and Effect of Cu on 
Bacterial Growth
The half maximal effective concentration (EC50) was calculated 
by administering several concentrations of Cu to fresh bacterial 
cells (1%) in minimal salt broth medium (pH 7). The samples 
were incubated at 37°C and optical density was determined after 
subsequent time periods (OD = 578 nm; Pepi et  al., 2008). The 
growth pattern of cells with and without Cu was also investigated 
(Shamim et  al., 2014). In the experimental setup, Cu (0.1 mm) 
was supplemented to fresh cultured cells (1%) once they reached 
logarithmic phase (OD578  = 0.3–0.4) while no Cu was added to 
the control. Growth in each setup was noted at every hour by 
drawing an aliquot of culture (1 ml) for absorbance at 578 nm.

Cu Uptake Studies
Uptake of Cu by Live Bacterial Cells
Purified bacterial cells (1%) were inoculated in sterile minimal 
salt medium (pH 7), followed by the addition of Cu (10 mg/l) 
at logarithmic phase (OD = 578 nm). The flask was placed in 
a shaking incubator for 30 min to achieve acclimatization phase. 
In the next step, aliquot (15 ml) was drawn from the setup 
after regular hourly intervals and was harvested via centrifugation 
for 10 min at 15,000 rpm. Washing of cell pellets was done 
thrice with EDTA (0.5 M) and Milli-Q® water, while supernatants 
were collected separately. The water collected from washing 
was used to analyze the amount of Cu ions adsorbed onto 
the bacterial surface, while the cell pellets (acid digested; 0.2 N 
HNO3) were evaluated for intracellular accumulation of Cu. 
All three samples (supernatants, acid digested pellets, water 
obtained from washing) were then investigated for Cu by atomic 
absorption spectrometry (AAS) analysis (228.8 nm). The overall 
% increase and decrease in the concentration of Cu (accumulation, 
uptake and adsorption) was calculated and presented in the 
form of graphs (Shamim et  al., 2014).

Effect of Inhibitors on the Uptake of Cu by Live 
Bacterial Cells
Three experimental setups were prepared as before. The first 
set consisted of live bacterial cells, Cu ions (10 mg/l) and 
2,4-Dinitrophenol (DNP, Sigma-Aldrich; 1 mm; 1st inhibitor), 
while the second setup consisted of live cells, Cu ions and 
N, N-Dicyclohexylcarbodiimide (DCCD, Sigma-Aldrich; 100 μm; 
2nd inhibitor). DNP acts as an uncoupler of the mitochondrial 
membrane by blocking electron transport, while DCCD is a 
metabolic inhibitor which blocks ATPase and modifies the 
carboxyl group. In the third setup, the uptake of Cu ions was 
evaluated in the presence of both inhibitors (Shamim et  al., 
2014). All three setups were analyzed by AAS analysis (228.8 nm).

Uptake of Cu by Dead Bacterial Cells
Upon achieving log phase, live cells in the medium were killed 
by autoclaving. In the next step, Cu was added in the medium 
(10 mg/l), followed by incubation, growth determination and 
AAS analysis at hourly intervals as before (Shamim et al., 2014).

Cu Removal Efficacy by Pilot-Scale Study
The efficacy of Cu removal by bacterial cells was evaluated by 
pilot-scale study. Regular tap water (10 l), and industrial effluents 
(including Cu; 10 l) were taken in one and two large-sized 
plastic containers, respectively, to which bacterial culture (1.5 l) 
was then added to tap water, and one of the effluent containers, 
respectively. Cu (10 mg/l) was then added to all three containers. 
Samples were then harvested (15,000 rpm; 10 min) after 4 and 
8 day intervals, after which the supernatants were used to evaluate 
the percentage (%) removal of Cu (Shamim and Rehman, 2012).

Estimation of Antioxidative Enzymes
For the preparation of enzyme extract, inoculation of fresh 
bacterial cells in medium was performed, followed by incubation 
at 37°C for 24 h. The next day, Cu (10 mg/l) was added to 
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the medium which was then incubated again overnight. Control 
was run parallel to the experimental setup, where no Cu was 
introduced to the bacterial cells. After sufficient growth, bacterial 
cells were harvested and extraction buffer [50 mm NaH2PO4 
(pH 7.5); 1% PVP; 0.5% Triton X-100; 1 mm EDTA] was added 
to obtained pellet under low temperature (4°C), after the 
suspension was centrifuged again (Shamim et  al., 2014). The 
supernatant was then accumulated in a sterile falcon tube and 
was labelled as the enzyme extract, which was then utilized 
to evaluate the expression of various antioxidative enzymes 
such as glutathione reductase (GR; Rao et al., 1996), peroxidase 
(POX; Reuveni et  al., 1992), superoxide dismutase (SOD; 
Beauchamp and Fridovich, 1971), catalase (CAT; Luck, 1965), 
and ascorbate peroxidase (APOX; Nakano and Asada, 1987).

Metallothionein Profiling
The profiling of metallothioneins was carried out using 
SDS-PAGE. Bacterial cells (1%) supplemented with Cu (0.1 mm) 
as well as control were incubated overnight. After 24 h, pellets 
were obtained by centrifuging cells in the medium. The 
supernatant was discarded and the pellet obtained was dried 
thoroughly and homogenized in 1X gel-loading buffer. Protein 
marker and bacterial samples were loaded into resolving gel 
(12%) and stacking gel (5%) and the electrophoresis apparatus 
(Bio-Rad, United  States) was supplied with electrical current 
from the power supply. The protein bands were subsequently 
visualized by using staining and de-staining solutions (Laemmli, 
1970). The quantitative estimation of protein was also performed 
using Bradford assay (Bradford, 1976).

Evaluation of Bacterial Motility and 
Chemotaxis in the Presence of Cu
Three patterns of bacterial motility (swimming, swarming, and 
twitching) were evaluated in the presence and absence of Cu 
on 0.1, 0.3, and 1.0% of agar, respectively (Murray et al., 2010). 
Bacterial chemotaxis with and without the supplementation 
of Cu was also evaluated according to Adler (1973).

Cu Adsorption Isotherm and Kinetic Studies
Isotherm Models
Two isotherm models (Langmuir and Freundlich) were used 
to determine the suitable mode of biosorption. The Langmuir 
adsorption isotherm model assumes the biosorption occurs as 
a monolayer, and was calculated using the following formulae 
(Wierzba, 2015):

 

Ce
q

Ce
q bqe

= +
max max

1

 
(1)

where Ce, qe is the amount of metal ions in solution and 
adsorbed at equilibrium state, respectively, whereas qmax, and 
b denotes the Langmuir and adsorption constant, respectively.

The Freundlich adsorption isotherm model assumes 
heterogeneous biosorption, with binding taking place as a 
multi-layer of ions stacked onto bacterial cells, and is denoted 
by the following formulae (Joo et  al., 2010):

 
ln ln lnq k

n
Cee f= +

1
 

(2)

where constants of Freundlich isotherm model are represented 
by Kf and n, respectively.

Kinetic Parameters
The kinetic parameters of Cu biosorption were studied by 
pseudo-first and second-order kinetic models (Lagergren, 1898; 
Aksu, 2001), using the following formulae:

 ln lnq q q k te t e-( ) = - 1  (3)
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(4)

where qe and qt represent adsorption of metals ions adsorbed 
at equilibrium level, and t, k1 and k2 denote time and constants 
of first- and second-order kinetics, respectively.

Thermodynamic Parameters
Gibbs free energy change (∆G°), enthalpy change (∆H°), and 
entropy change (∆S°) were calculated using the following formulae:

 D ° = -G ln DRT K  (5)

where the constants R, T represent universal gas constant, and 
temperature (Kelvin), respectively.

Fourier Transform Infrared Spectroscopy 
Analysis
In order to determine the interaction of bacterial cells with 
Cu in the medium, FTIR was performed. Samples were prepared 
by harvesting bacterial cells (24 h) which were previously 
supplemented with Cu (10 mg/l) as well as control. Samples 
homogenized in deionized water were then subjected to FTIR 
analysis in the mid IRF region of 500–4,000/cm−1 (Bruker; 
Deokar et  al., 2013).

Scanning Electron Microscopy and 
Energy-Dispersive X-Ray Spectroscopy 
Analysis
Bacterial characteristics before and after Cu biosorption  
were analyzed by SEM, coupled with EDX. Samples were 
prepared according to the method of Khan et  al. (2016), 
which were then fixed and dehydrated using fixing agent 
and alcohol. The samples were then freeze-dried and were 
coated with gold for SEM-EDX analysis (JEOL, Japan).

Statistical Analysis
The experimental and control setups were carried out thrice, 
accompanied with controls in similar experimental conditions. 
Standard error, mean and standard deviation were estimated 
using SPSS (IBM; V. 27.0).
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RESULTS

Purification, Screening and Selection of 
Cu-Resistant Isolate
In the present study, 25 bacterial isolates were obtained from 
wastewater samples. From these isolates, the most resistant 
strain was chosen for its minimum inhibitory concentration, 
which was demonstrated to be  20 mm for Cu. The selected 
isolate, labelled as SMK-08, also exhibited resistance to varying 
concentrations of several other heavy metals. The cross heavy 
metal resistance pattern was observed in the following order; 
Ni (25 mm) > Zn (20 mm) > Cr (18 mm) > Pb (12 mm) > Ag 
(10 mm) > Hg (5 mm).

Characterization of Cu-Resistant Isolate
The selected bacterial isolate was identified (morphologically 
and biochemically) and characterized using 16S rRNA ribotyping, 
which elucidated the isolate SMK-08 as Bacillus altitudinis, 
which was submitted to GenBank under the accession 
number MT422188.

Optimal Growth Parameters, Growth in 
Presence of Cu and EC50
Several growth parameters such as pH, phosphate concentration, 
and temperature of B. altitudinis MT422188 were observed to 
be  pH 7, 1 mm phosphate, and 37°C, which were noted for 
further experimental setups. The growth curve indicated that 
the presence of Cu lowered the rate of growth than normal 
but did not stop it altogether, as shown in Figure  1. The 
effective concentration (EC50) for Cu was observed to be 5.56 mm, 
depicting that this was the maximal dose at which half the 
bacterial cells could survive. To validate the results, optical 
density was obtained (OD = 578 nm) and plotted on the same 
graph, which demonstrated decline in cellular growth (Figure 2).

Cu Biosorption Studies
Cu Uptake by Live Bacterial Cells
Cu adsorption onto the bacterial surface was observed to 
be  maximum at 9th h (1.52 mg/l), which was also indicated 
by decrease in Cu present in the medium from 2nd h The 
intracellular accumulation of Cu increased from 3rd h, with 
maximum uptake at 9th h (0.37 mg/l). Bacterial cells entered 
logarithmic phase when added to the medium, whereupon 
the addition of Cu into aqueous medium, the growth of cells 
slowly increased from 1st to 5th h, with sharp increase from 
the 6th to 9th h (Figure  3A).

Cu Uptake by Live Bacterial Cells in the 
Presence of Inhibitors
When inhibitor 1 (DNP) was added to the medium in the 
presence of Cu, the amount of extracellular Cu in the medium 
decreased from the original concentration (10 mg/l) in the 1st 
h to 9.75 ± 0.05 mg/l in the 9th h, which was suggestive of 
Cu uptake by bacterial cells. The adsorption of Cu onto bacterial 
cell surface started in the 3rd h (0.1 mg/l) but continued to 
increase slowly till 9th h (0.19 mg/l). Intracellular accumulation 

of Cu commenced from 6th h (0.01 mg/l), and continued to 
increase at regular intervals till 9th h (0.05 mg/l). The growth 
of bacterial cells dipped between 1st and 2nd h due to 
acclimatation, but an overall increase was observed after cells 
entered logarithmic phase (Figure 3B). In the case of inhibitor 
2 (DCCD), once the bacterial cells were introduced in the 
medium, growth dipped at 2nd h, but sharply increased at 
7th h Cu adsorption started at 3rd h (0.05 mg/l) which increased 
at regular intervals up until 9th h (0.16 mg/l). Intracellular 
accumulation of Cu commenced from 6th (0.01 mg/l) to 9th 
h (0.05 mg/l), which was due to the action of DCCD and 
resulted in the slow but active uptake of Cu from the medium 
(Figure  3C). In the presence of Cu and both inhibitors in 
the same experimental setup, the adsorption and intracellular 
accumulation were found to be  decreased than the other sets, 
but the cells were still regulating uptake of Cu, starting at the 
6th h till 9th h (0.02 mg/l). Cu adsorption also started at 2nd 
h, with only 0.02 mg/l adsorbed at 9th h (Figure  3D).

Cu Uptake by Dead Bacterial Cells
The dead bacterial cells were not able to grow exponentially 
in the growth medium as they were inactivated via heat. Due 
to no active uptake process, most of the metal remained in 
the medium, but the surface of dead bacterial cells provided 
enough surface area for adsorption onto bacterial cells, which 
started in 2nd h (0.01 mg/l) and continued till 9th h (0.06 mg/l; 
Figure  3E).

Cu Removal Efficacy by Pilot-Scale Study
Bacillus altitudinis MT422188 cells was able to remove 73 mg/l 
and 82 mg/l at 4 and 8 day intervals, respectively, from distilled 
water which contained Cu, whereas the bacterial cells removed 
52 and 68 mg/l at day 4 and 8, respectively, from industrial 
effluent. On the other hand, the original microbial flora of 
the industrial effluent removed 18 and 28 mg/l at day 4 and 
8, respectively, demonstrating that B. altitudinis MT422188 is 
more efficient in removing Cu, as shown in Figure  4.

Estimation of Antioxidative Enzymes
In B. altitudinis MT422188, expression of antioxidative enzymes 
with and without Cu yielded the increased expression of GR, 
SOD, and POX. CAT and APOX activity were not induced 
in either the control or experimental setup (Table  1).

Metallothionein Profiling by SDS-PAGE
In bacterial sample (control) without Cu, the induction of 
several proteins was observed (100, 51, 35, 30, 27, 15, 14, and 
12 kDa), whereas in the experimental sample, the presence of 
Cu elucidated protein of molecular weight 70 kDa among other 
proteins, suggesting the presence of metallothionein (Figure 5).

Bacterial Motility and Chemotaxis in the 
Presence of Cu
The motility experiments demonstrated remarkable patterns of 
bacterial movement. Swimming and swarming pattern enabled 
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the bacterial cells to cover the entire agar plate, indicating the 
cells moved freely in the presence of Cu (Figures 6A,B). Twitching 
motility, however, was less pronounced (Figure 6C). Chemotaxis 

experiments demonstrated that Cu acted as a chemoattractant 
for B. altitudinis cells, which subsequently activates bacterial 
flagellar movements resulting in motion toward Cu ions (Figure 7).

FIGURE 1 | Growth pattern of Bacillus altitudinis MT422188 with Cu (0.1 mm) and control.

FIGURE 2 | EC50 of B. altitudinis MT422188 with Cu.
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Cu Adsorption Isotherm and Kinetic Order 
Studies
Isotherm Models
Two isotherm models were applied for investigating adsorption 
of Cu ions onto bacterial cells. The correlation coefficient (R2) 
values of Langmuir isotherm were in the range of 0.90–0.95, 
which was less than the R2 values of the Freundlich isotherm 
(0.955–0.999; Table 2), which is why the latter was the suitable 
model for our work.

Kinetic Parameters
The parameters of pseudo-first- and second-order kinetics are 
given in Table  3. Graphs for first-order were plotted with ln 
(qe-qt) and qt on the y- and x-axis, respectively. Correlation 
coefficients (R2) for first-order were in the range of 0.9993–0.997, 
but the values of the experimental and calculated coefficient 
(qexp and qcal) were not in tandem with the values of the 

equilibrium constant (qe). In the case of pseudo-second order, 
the R2 values were in the range of 0.98–0.99, and the equilibrium 
constants were also in agreement to the experimental and 
calculated constants, which therefore implicated the pseudo-
second-order to be  better fitted for our study (Table  3).

Thermodynamic Parameters
Gibbs free energy (∆G°) for 10, 25, 37, and 45°C was calculated 
to be  −9.3719, −9.64062, −9.6609, and −4.1655 kJ/mol, 
respectively. The entropy change (∆S°) was demonstrated to 
be  0.0006 kJ/mol/K, while the enthalpy change (∆H°) was 
observed to be  10.431 kJ/mol (Table  4).

Fourier Transform Infrared Spectroscopy 
Analysis
The FTIR peaks elucidated several functional groups which 
interacted with Cu ions. The peak of 1637.22 cm−1 demonstrated 

A B

C

E

D

FIGURE 3 | Graphs demonstrating biosorption by B. altitudinis MT422188 (A) for Cu (10 mg/l; B) for Cu (10 mg/l) and DNP (1 mm; C) for Cu (10 mg/l) and DCCD 
(100 μm; D) for Cu (10 mg/l), DNP (1 mm) and DCCD (100 μm; E) for dead cells and Cu (10 mg/l).
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C‖O stretching of amide I, as well as the C‖O peptide 
bond of carboxyl groups, whereas peaks of 3279.39 cm−1 was 
characteristic of hydroxyl, amine, and carboxyl groups in the 
control, which was determined with the help of peak shifts 
in experimental and control samples.

Scanning Electron Microscopy and 
Energy-Dispersive X-Ray Spectroscopy 
Analysis
SEM analysis represented changes in the bacterial cellular 
morphology and shape after the addition of Cu, where the 
cells appeared to be  a bit flattened and elongated in shape, 
as compared to bacterial cells which grew without the addition 
of Cu (Figures  8A,B). EDX analysis represented Cu to be  part 
of the main elements which interacted with the bacterial cell 
(Figures  9A,B).

DISCUSSION

The sources of heavy metal contamination in the environment 
have increased in the past few decades, giving rise to many 
grave predicaments in nature. It has been a challenge to 
decontaminate industrial wastewater and soil from heavy metals. 
Different strategies have been designed and implemented for 
their removal, including filtration, oxidation/reduction, reverse 
osmosis and electro-chemical treatment among many others, 
but are not the favored option due to their cost, inefficiency, 
and intense labor (Algieri et  al., 2021). This research work 
was carried out to investigate the bioremediation ability of 

chosen bacterial isolate for removing Cu from contaminated 
wastewaters. In this study, the chosen strain was identified as 
Bacillus altitudinis MT422188, which was isolated from the 
industrial areas of Kala Shah Kaku and Muridke, known for 
their miscellaneous industries and contamination of surrounding 
areas. It was affirmed in a previous study that a major share 
of bacteria isolated from heavy metal contaminated environments 
are Gram positive in nature, and are particularly members of 
the genus Bacillus (Aka and Babalola, 2017).

Cu-resistant bacteria isolated from various sources have been 
previously reported (Rathi and Nandabalan, 2017; Bhardwaj 
et al., 2018; Irawati and Tahya, 2021). In our study, the minimum 
inhibitory concentration (MIC) of B. altitudinis MT422188 for 
Cu was observed to be  20 mm, which was in agreement with 
the results of Mustapha and Halimoon (2015). The cross metal 
resistance behavior was also investigated (Ni > Zn > Cr >  
Pb > Ag > Hg). Rohini and Jayalakshmi (2015) reported the 
resistance of Bacillus cereus against Cu and more heavy metals. 
B. subtilis was reported to be  capable of tolerating Cr and Cu 
upto 20 and 80 mm, respectively (Khusro et  al., 2014). Bacillus 
sp. was found to have a high tolerance to many metals, with 
the most resistance observed against Cu at 12.5 mm, in a study 
conducted by Esertaş et  al. (2020). Similar observations for 
Bacillus sp. were reported in another study (Singh and Chopra, 
2014; Gillard et  al., 2019). Prior to conducting further 
experimentation, the growth parameters such as pH, temperature, 
and phosphate concentration of B. altitudinis MT422188 were 
studied, where it demonstrated favorable growth at pH 7, 37°C, 
and 1 mm phosphate, respectively. B. licheniformis was also 
reported to demonstrate optimum growth at 37°C and pH 7 
(Sher et al., 2021). pH has a pronounced effect on the solubility 
of heavy metal ions and the charge on the cell surface, which 
aids greatly in removing the former from contaminated media 
(Jin et  al., 2018), and optimal pH (4–8) is reported to 
be  significantly associated with all biomass forms (Sánchez-
Clemente et  al., 2020). The growth curves of B. altitudinis 
MT422188 were studied in the presence and absence of Cu, 
where its presence extended the lag phase of the bacterial 
cells for a short period of time and did not stop the growth, 
but resulted in its overall decrease (Figure  1). Similar growth 
characteristics were observed in B. licheniformis in the study 
of Sher et  al. (2021). No effect of Cu on the final growth of 
B. stearothermophilus cells was observed when it was added 
to medium in a study (Bubela, 1973). In another study, Bacillus 
sp. demonstrated remarkable growth pattern in the absence 
of Cu, but the overall growth was observed to be  decreased 
in the presence of increasing Cu concentrations (Khan et  al., 
2017), which was also evident from the findings of our study. 
Cu ions did not affect growth of B. thuringiensis cells greatly, 
indicating that they survived and grew in low concentrations 

FIGURE 4 | Graph of pilot scale study for biosorption of Cu (10 mg/l) by 
B. altitudinis MT422188 after 4 and 8 days, respectively.

TABLE 1 | Expression of antioxidative enzymes of Bacillus altitudinis MT422188 with and without Cu.

Experiment GR (Ug−1FW) POX (Ug−1FW) SOD (Ug−1FW) APOX (Ug−1FW) CAT (Ug−1FW)

B. altitudinis with Cu 0.004 ± 0.002 0.061 ± 0.004 0.160 ± 0.005 – –
B. altitudinis without Cu 0.001 ± 0.003 0.003 ± 0.001 0.091 ± 0.003 – –
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of the metal (Liu et  al., 2020). The half maximal effective 
concentration (EC50) is considered to be the initial concentration 
of the metal ions at which the activity of the bacterial cells 
in the presence of metal is comparable to that of 50% of the 
control culture in the absence of the metal. Due to this aspect, 
EC50 is a determinative parameter that defines the toxicity of 
metals with respect to bacterial cells. In this study, EC50 of 
B. altitudinis for Cu was 5.56 mm, demonstrating that this was 
the dose at which 50% of the bacterial cells would survive in 
the presence of Cu (Figure  2). Utgikar et  al. (2001) reported 
the EC50 for Cu in their study to be  <0.1 mm.

The biosorption studies depicted that in the case of Cu, 
the amount of extracellular Cu from the medium decreased 
proportionally from 7th h onwards, particularly due to the 
increased adsorption of Cu onto the bacterial cells, as well as 
some of the Cu being accumulated at intracellular level by 
bacterial cells, indicating that some of Cu was used for the 
performance of their essential functions. Growth of bacterial 
cells also noticeably increased after the first 6 h (Figure  3A). 
When DNP (inhibitor 1) was added to the medium containing 
Cu and bacterial cells, less pronounced but still eminent uptake 
was observed as there was some decrease in total Cu present 
in the medium. Adsorption of Cu also occurred, albeit slowly, 

from the 3rd to 9th h, while intracellular accumulation of Cu 
took place in the last 3 h (Figure  3B). DCCD (inhibitor 2) 
reduced the uptake of Cu from the medium but did not halt 
it altogether. Adsorption commenced from the 3rd h which 
continued till 9th h, while the intracellular accumulation was 
the same as in the case of DNP (Figure  3C). In the presence 
of both inhibitors and Cu, the bacterial growth rate was reduced. 
The adsorption and accumulation were also decreased but still 
occurred nevertheless, indicating that an ATP independent 
efflux system was employed by B. altitudinis MT422188 
(Figure  3D). The most commonly reported Cu efflux system 
in bacterial species is encoded by the copZA operon, which 

FIGURE 5 | Metallothionein profiling of B. altitudinis MT422188 via SDS-
PAGE.

A

C

B

FIGURE 6 | Motility patterns of (A) swimming, (B) swarming, and 
(C) twitching behavior of B. altitudinis MT422188 with Cu (10 mg/l).

FIGURE 7 | Chemotactic pattern of B. altitudinis MT422188 in 4 different 
setups with Cu and control (glucose). (+) = Cu present, (−) = Cu absent, 
C = capillary, and P = pond.
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is essential for inducing resistance to excessive levels of Cu. 
CueR is a protein which regulates cytosolic Cu and the operon 
encoding both Cu chaperones and ATPases for efflux, respectively 
(Gaballa and Helmann, 2003). CopZ serves the key role as 
chaperone for delivering Cu to CopA, a CPx-type ATPase, 
whereas CopB in the operon is responsible for Cu efflux and 
detoxification (Smaldone and Helmann, 2007; Figure  10).

In many studies, live or dead biosorbents have been used 
to deduce their efficiency in removing heavy metals from 
contaminated environments. It has been reported that rendering 
a bacterial biosorbent inactive by heat (autoclaving) strengthens 
its efficacy of biosorption (Paul et  al., 2012). Therefore, passive 
uptake seems to be  the major mechanism of biosorption in 
killed cells, as compared to the active uptake in live cells, 
respectively (Shamim et  al., 2014). In this study, the killed 
cells of B. altitudinis MT422188 were able to remove Cu ions 
from the environment (Figure 3E), the findings of which were 
consistent with the study findings of Todorova et  al. (2019) 
and Hu et  al. (2020). In the pilot scale study, B. altitudinis 
MT422188 was able to remove 73 mg/l and 82 mg/l at 4 and 
8 day intervals, which demonstrated its biosorption ability to 
be  efficient in removing Cu (Figure  4). B. cereus has been 
reported to effectively remove more than 40 and 50% of Cu 
from industrial effluents (Raj et  al., 2018).

Environmental factors like heavy metal stress can act as 
key inducers of ROS production, which are directly associated 
with cell death due to the alteration of intracellular redox 
stats of the cell (Franco et  al., 2009). This increased level of 
ROS species in the cell can induce a state of “oxidative stress” 
which can be  triggered by toxic concentrations of heavy metal 
ions and metalloids anions in the cell (Kumagai and Sumi, 
2007). In order to combat this, high concentrations of heavy 
metal ions stimulate the increase in the activity of defense 
antioxidative enzymes, of which SOD and CAT are the first 
responders (Choudhary et  al., 2007). The presence of divalent 
or monovalent heavy metal cations, including Cu, can induce 
the production of ROS through Fenton and Haber-Weiss 
reactions (Gunther et  al., 1995). In our study, the increased 
activities of SOD, POX, and GR in the presence of Cu was 
indicative that Cu acted as a stress of B. altitudinis MT422188 
cells, while CAT and APOX demonstrated no activity (Table 1). 
High concentrations of heavy metals are reported to trigger 
oxidative and non-oxidative stress, suggesting increased levels 
of ROS in metal stressed bacterial cells (Steunou et  al., 2020). 
Cu-Zn SODs were previously thought to be specific to eukaryotes 
but are now reported to be  present in many bacterial species, 
including Bacillus (Argüello et  al., 2013). It is pertinent to 
note that the presence of Cu may have possibly induced the 

TABLE 4 | Thermodynamic parameters for B. altitudinis MT422188 biosorption.

∆G° (kJ/mol)

Thermodynamic 
parameters

∆H° (kJ/mol) ∆S°(kJ/mol/K) 10°C

(283.15 K)

25°C

(298.15 K)

37°C

(310.15 K)

45°C

(318.15 K)

Values 10.431 0.0006 −9.3719 −9.64062 −9.6609 −4.1655

TABLE 3 | Pseudo-order (first and second) kinetic model constants for B. altitudinis MT422188 biosorption.

Experiments Pseudo first-order Pseudo second-order

qexp k1 qcal R2 k2 qcal R2

Live cells + Cu 9.11 0.052 2.612 0.9995 0.434 8.438 0.989
Live cells + Cu + DNP 8.88 0.051 2.581 0.9936 0.669 10.44 0.9883
Live cells + Cu + DCCD 8.57 0.0512 2.542 0.9999 1.836 9.8619 0.9974
Live cells + 
Cu + DNP + DCCD

8.14 0.0535 2.485 0.9998 0.658 10.537 0.9884

Dead cells + Cu 2.11 0.2141 1.383 0.9978 0.5594 10.706 0.9881

TABLE 2 | Cu adsorption isotherm model constants of B. altitudinis MT422188.

Experiments Langmuir isotherm Freundlich isotherm

qmax b R2 n Kf R2

Live cells + Cu 4.504 0.0015 0.9515 1.83 1.574 0.9999
Live cells + Cu + DNP 4.699 0.0025 0.9058 1.828 1.545 0.9999
Live cells + Cu + DCCD 3.381 0.0006 0.9206 1.752 1.536 0.997
Live cells + 
Cu + DNP + DCCD

1.594 0.0005 0.9331 1.75 1.535 0.9996

Dead cells + Cu 9.19 0.0482 0.9237 2.069 0.676 0.9557
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enhanced activity of Cu-Zn SOD in our study. The study 
findings of Wiesemann et  al. (2013) demonstrated elevated 
SOD activity for mitigating ROS-mediated stress in cells. Another 
study demonstrated increased CAT activity in the face of 
elevated H2O2 stress (Behera et  al., 2014), while Latef et  al. 
(2020) reported the elevated POX activity and decreased CAT 
activity during oxidative stress, respectively. Metallothioneins 
(MTs) are proteins that are low in weight and abundant in 
cysteine, which also bind to heavy metal ions with remarkable 
avidity, and aid in regulating high toxic metal concentrations 
as well as metal homeostasis (Gadd, 2010). It is reported to 
be found in many microorganisms including bacteria and fungi, 
as well as eukaryotes such as plants, animals, and human 
beings (Chaturvedi et  al., 2012). The findings of our study 
elucidated the presence of a 70 kDa MT protein in B. altitudinis 
MT422188  in the presence of Cu (Figure  5). Another study 
also reported the role of MT in removing metal ions from 
the environment via sequestration (Mulik et al., 2018). Copper 
homeostasis involves sequestration, efflux or detoxification as 
shown in Figure 11. Although essential for the cellular processes, 
concentrations of Cu2+ above 10 μm becomes toxic for the 
microbial cell. The detoxification mechanisms (Rohini and 
Jayalakshmi, 2015) are mentioned in Figure  11. During efflux 
mechanism, CopZ acts as chaperone and converts Cu2+ to Cu+ 
which ultimately enters the cells via CopA protein. CopB 
protein is associated with ATPase which is energy dependent 
and helps in Cu+ efflux out of the cell (Alotaibi et  al., 2021; 
Figure 10). To the best of our knowledge, copper sequestration 

by MTs as well as uptake and efflux mechanisms regulated 
by copZA operon are apparently involved in copper homeostasis 
in B. altitudinis, as observed in our study.

Motility, particularly in bacteria, is generated by flagellae 
which enable bacteria to move forward through various 
movements. There are six different types of movements which 
cause bacterial motility, such as swimming, swarming, twitching, 
gliding, sliding, and darting, of which the first two are caused 
by flagellar movements (Prabhakaran et  al., 2016). In our study, 
swimming, swarming, and twitching patterns of B. altitudinis 
MT422188 were found to be  positive in the presence of Cu, 
which resulted in enhanced motile behavior in bacterial cells 
(Figures 6A–C). Enhanced motility was also observed in Bacillus 
sp. in the presence of Cu (Singh et  al., 2014). In another study, 
the positive motility and chemotactic behavior of B. safensis 
was reported in the presence of manganese (Mn) ions (Ran 
et al., 2020). Chemotaxis is a process which involves the regulation 
of movement away or toward the concentration gradient of 
specific stimuli or stresses, acting either as attractant and repellent 
factors, respectively (Vladimirov and Sourjik, 2009). Chemotaxis 
in bacteria is regulated via a chemo-sensory pathway which 
involves several key proteins which initiate the movement away 
or toward an external stimulus. In this study, Cu acted as a 
chemoattractant for the cells, meaning that bacterial cells in 

A

B

FIGURE 8 | SEM micrographs of B. altitudinis MT422188 (A) with 
(B) without Cu.

A

B

FIGURE 9 | EDX images of B. altitudinis MT422188 in (A) with (B) without 
Cu.

94

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Khan et al. Copper Bioremediation by Bacillus altitudinis

Frontiers in Microbiology | www.frontiersin.org 12 May 2022 | Volume 13 | Article 878000

solution tended to move toward Cu ions, which initiated flagellar 
motions of movement in B. altitudinis MT422188 (Figure  7).

For the determination of suitable adsorption isotherm, the 
biosorption data were examined with two mathematical models 
(Table  2). The study findings indicated biosorption was well-
fitted by the Freundlich model (R2  ≥ 0.98). The Langmuir 
isotherm model suggests that the process of adsorption is 
homogenous which occurs at specific sites in the adsorbent, 
while the Freundlich model suggests the adsorption occurs 
on a heterogenous surface with varying levels of biosorption 
affinities. The binding sites with a remarkably stronger binding 
energy tend to be involved primarily, followed by the exponential 
decline in the adsorptive energy until the whole process is 
completed (Pandhare et  al., 2013). The Freundlich intensity 
constant (n) is regarded to be  independent of the metal ion 
concentration, where n  > 1, 1/n  < 1, 1/n  > 1 are suggestive of 
adsorption in favorable conditions, normal adsorption, and 
co-operative adsorption, respectively. In our study, the value 

of n was found to be  greater than 1, which indicated the 
favorable biosorption of Cu ions. The results were in agreement 
with other studies which was also reported the Freundlich 
isotherm model to be  well-fitted for Bacillus sp. (Liu et  al., 
2013; Kanamarlapudi and Muddada, 2019). In another study, 
the same model was also observed to be opted by Lactobacillus 
fermentum for the biosorption of Cu ions (Kargar and Shirazi, 
2020). The study of kinetic parameters is important for the 
examination of the binding processes which can aid in elucidating 
reaction pathways and their mechanisms of action for subsequent 
biosorption. In order to determine the kinetic parameters of 
Cu for B. altitudinis, the pseudo-order (first and second) kinetics 
were investigated (Table 3), which demonstrated pseudo-second-
order kinetics to be  more suitable for our results than the 
former. Yang et  al. (2017) also described the pseudo-second-
order to be  well-fitted with their study of Cu biosorption. 
Change in free energy, enthalpy and entropy (∆G°, ∆H°, and 
∆S°, respectively) were calculated in this study in order to 

FIGURE 10 | General aspects of copper metabolism in bacterial cells, where it acts as a causative agent for copper-mediated oxidative stress (Ladomersky and 
Petris, 2015), non-oxidative stress, its efflux (Alotaibi et al., 2021), its major functions (Bondarczuk and Piotrowska-Seget, 2013) in the cell as well as how a cell 
protects (Giachino and Waldron, 2020) itself from its harmful effects. The conversion of Cu2+ to Cu+ results in the production of ·OH ions, which damages the cells. 
The replacement of Fe with Cu+ initiates the Fenton reaction which ultimately harms the survival of the cell.
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evaluate the thermodynamic patterns of Cu biosorption onto 
B. altitudinis cells. ∆G° was observed to be −9.3719, −9.64062, 
−9.6609, and − 4.1655 kJ/mol, respectively (Table 4). The negative 
values of free energy change were suggestive of the 
thermodynamically feasible nature of the biosorption process. 
The enthalpy change (∆H°) was found to be  10.431 kJ/mol, 
which indicated that Cu biosorption by B. altitudinis MT422188 
was an endothermic process. ∆S° demonstrated the reaction 
to be  feasible due to increased randomness at solid–liquid 
interface, which also agreed with the works of Kaparapu and 
Prasad (2018) and Sonawdekar and Gupte (2020).

The interaction of Cu with bacterial cell was investigated by 
FTIR. Peaks after Cu biosorption demonstrated slight shift in 
various functional groups such as hydroxyl (‖OH) and carboxyl 
(―C‖O). These peaks were indicative of Cu ion adsorption 
onto bacterial cells, with the cell membrane and its functional 
groups playing a significant part in the binding of metal ions, 
respectively. Many studies reported similar bands of biosorption 
peaks (Yang et  al., 2017; Palanivel et  al., 2020). SEM and EDX 
analyses yielded the physicochemical changes in bacterial cells 
in the presence of Cu, which was analyzed through SEM 
micrographs. These changes after Cu biosorption pertained to 
structural changes in bacterial cells, which were noted to 
be  irregular and more flattened in shape as compared to cells 
prior Cu biosorption, as shown in Figures  8A,B. Changes in 
the shape of bacterial cells in response to metal ions has been 
reported previously by Yang et al. (2017). The changes in bacterial 

cells in the presence of Cu were also observed by EDX analysis, 
where sharp, intensified peaks in the range of 0–2 keV and at 
8 keV corresponded to the presence of Cu signals in the spectrum, 
which was less pronounced in the control sample (Figures 9A,B). 
Our study findings were in agreement with Matilda et al. (2021).

CONCLUSION

This research work was conducted to investigate a Cu-resistant 
bacterium for its potentially efficient ability to remove Cu from 
polluted wastewater. The selected bacterial isolate SMK-08, 
identified as Bacillus altitudinis, was observed to optimally grow 
at pH 7, 1 mm phosphate, and 37°C, while its EC50 (for Cu) 
was observed to be  5.56 mm. Biosorption studies indicated the 
efflux and uptake of Cu in bacterial cells to be an ATP independent 
process, whereas in the pilot scale study the efficient removal 
of Cu by B. altitudinis MT422188 (73 mg/l and 82 mg/l of Cu 
at 4 and 8 day intervals) was indicative of its efficacy. Chemotaxis 
and motility demonstrated positive chemoattractant behavior by 
B. altitudinis MT422188 cells for Cu. GR, SOD, and POX activity 
in bacterial cells was elevated in the presence of copper, while 
no expression of CAT and APOX activity was observed in either 
the presence or absence of Cu. Isotherm study demonstrated 
the Freundlich model to be  the closest fit to the study, while 
the pseudo-second-order was suited in the kinetics of the study. 
The thermodynamic parameters depicted the overall process of 

FIGURE 11 | Mechanisms of copper homeostasis and detoxification.
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biosorption to be  spontaneous and feasible. FTIR demonstrated 
interaction of bacterial ―OH and ―C‖O groups with Cu 
after biosorption, while the SEM and EDX analyses were indicative 
of the interactions of Cu ions with the bacterial cell wall and 
other components, resulting in physicochemical changes. Taking 
these properties presented in our study into consideration, it 
could be  stated that B. altitudinis MT422188 is an efficient 
biosorbent for Cu, and can be  employed for its remediation.
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Zinc (Zn) is one of the most abundantly found heavy metals in the Earth’s crust and is reported 
to be an essential trace metal required for the growth of living beings, with it being a cofactor 
of major proteins, and mediating the regulation of several immunomodulatory functions. 
However, its essentiality also runs parallel to its toxicity, which is induced through various 
anthropogenic sources, constant exposure to polluted sites, and other natural phenomena. 
The bioavailability of Zn is attributable to various vegetables, beef, and dairy products, which 
are a good source of Zn for safe consumption by humans. However, conditions of Zn toxicity 
can also occur through the overdosage of Zn supplements, which is increasing at an alarming 
rate attributing to lack of awareness. Though Zn toxicity in humans is a treatable and non-life-
threatening condition, several symptoms cause distress to human activities and lifestyle, 
including fever, breathing difficulty, nausea, chest pain, and cough. In the environment, Zn is 
generally found in soil and water bodies, where it is introduced through the action of weathering, 
and release of industrial effluents, respectively. Excessive levels of Zn in these sources can 
alter soil and aquatic microbial diversity, and can thus affect the bioavailability and absorption 
of other metals as well. Several Gram-positive and -negative species, such as Bacillus sp., 
Staphylococcus sp., Streptococcus sp., and Escherichia coli, Pseudomonas sp., Klebsiella 
sp., and Enterobacter sp., respectively, have been reported to be promising agents of Zn 
bioremediation. This review intends to present an overview of Zn and its properties, uses, 
bioavailability, toxicity, as well as the major mechanisms involved in its bioremediation from 
polluted soil and wastewaters.

Keywords: zinc, bioremediation, pollution, wastewater, heavy metal, toxicity

INTRODUCTION

The surge in anthropogenic activities has exacerbated the problem of heavy metal pollution in the 
world, which, due to their indefinite persistence in the environment, are non-degradable pollutants 
and can be  detrimental for living beings at high levels (Witkowska et  al., 2021). Zinc (Zn) is one 
of the most profusely abundant transition elements in the Earth’s crust and is also reported to 
be  an essential trace element for all living organisms (Roohani et  al., 2013; Jarosz et  al., 2017; Lee, 
2018). It is a significant component of various proteins, acting as a cofactor or coenzyme of more 
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than 300 enzymes (Rahman and Karim, 2018), and is attributable 
to the activity and regulation of various enzymes, proteins, DNA 
and DNA binding proteins, immunity, as well as cell metabolism. 
It also aids in suppressing the generation of free radicals and 
reactive oxygen species (ROS), which accentuates protein stability 
and the function of antioxidative enzymes (Narayanan et al., 2020). 
In nature, it exists as a divalent cation (Zn2+), thus interacting 
with various negatively charged ions (CO3

−, OH−, C2O4
2−). Zn 

was first reported to be essential for the growth of microorganisms 
in 1869 (Raulin, 1869), much earlier than plants and animals 
(Todd et  al., 1933; Prasad et  al., 1963). It was not until the 1960s 
that Zn was established to be  essential for humans as well, prior 
to which it was not known that its deficiency would cause detrimental 
effects to human health (Prasad, 2017). In humans, Zn serves the 
elemental role in the production of hormones and their receptors 
(Chasapis et  al., 2012; Roohani et  al., 2013). It is reported that 
the cumulative concentration of Zn in the human body amounts 
to approximately 2–3 gm, more than 80% of which is apportioned 
in the bone and muscles. During transportation within the body, 
enzymes like superoxide dismutase and carbonic anhydrase in the 
red blood cells carry the largest quantity of Zn in the bloodstream 
(Vallee and Falchuk, 1993). However, majority of transported Zn 
is bound to albumin in plasma, with approximate concentration 
of 12–16 μm (Rink and Gabriel, 2000). Furthermore, the regulation 
of Zn in the human body is closely associated with normal levels 
of cellular proliferation, apoptosis and differentiation (Haase and 
Rink, 2014a), and the production of cytokines and antibodies, 
thus serving a significant role in the homeostasis of innate and 
adaptive immune systems (Haase and Rink, 2014b; Weyh et  al., 
2022). The supplementation of Zn has also been recommended 
for the reduction of viral activity, as well as the amelioration of 
tissue damage and inflammation in many viral infections, including 
COVID-19 (Asl et al., 2021; Rodelo et al., 2022). The consumption 
of Zn in humans is typically dependent upon dietary intake, which 
is varied according to age and gender. According to the German 
Nutrition Society, the consumption of 1.5 mg/day for infants 
(0–4 months), 11 and 14 mg/day for adolescent males and females 
(15–19 years) has been advised, while for adult males and females 
(ages 19 or older), the average allowance of intake is recommended 
to be 11–16 and 7–10 mg/day (variable by phytate intake), respectively, 
by The Food and Nutrition Board, United  States (Otten et  al., 
2006; Rodelo et  al., 2022). Thus, deficiency of Zn can be  an 
important factor in creating nutritional imbalance and can adversely 
impact human health, where it can be a precursor in the development 
of certain medical ailments, including immune dysregulation, 
impaired immunity, increased vulnerability to infection, lymphopenia, 
common cold, epilepsy, acne, Wilson’s disease, and neurological 
diseases, such as schizophrenia, Parkinson’s, and Alzheimer’s disease 

(Irving et  al., 2003; Walker and Black, 2004; Prasad, 2013). Zn 
intake and its excess is also reported to be  associated with the 
modulation of gastrointestinal flora and immune systems (Skalny 
et al., 2021). In this light, it is also important to note that excessive 
intake of this element can have negative effects, such as disturbances 
in the levels of other elements, particularly copper, which can 
subsequently result in copper deficiency anemia, reduction in the 
copper-dependent enzymes, and cholesterol metabolism dysregulation 
(Terrin et  al., 2020; Brzóska et  al., 2021).

In literature, there are various reports which demonstrate 
the adverse effects caused by excessive micronutrient exposure, 
including exposure to Zn, causing disturbance to the homeostasis 
of various biological systems (Hynninen et  al., 2010; Potocki 
et  al., 2012). At higher concentrations, Zn can cause toxicity 
in cells, which can often result in the disruption of essential 
biological functions triggered by blocking protein thiols  
through mismetallation with other metals (Marchetti, 2013; 
Chandrangsu et  al., 2017). In the environment, emissions of 
vast quantities of Zn due to natural and anthropogenic sources 
has enabled its unmitigated entry into food chains, resulting in 
biomagnification in living organisms. Bioremediation is feasible 
and efficient method for the removal of these toxic quantities 
from contaminated soil and wastewater sources, thus offering 
a new perspective on the utilization of heavy metal-resistant 
bacteria through sustainable development (Sharma et  al., 2021).

This review aims to compile and present the chemical and 
physical properties of Zn, its uses, the effects of its toxicity, 
as well as summarize and highlight the potential mechanism 
of resistance in bacteria which enable them as promising agents 
of bioremediation of heavy metals, such as Zn.

PHYSICAL AND CHEMICAL 
PROPERTIES OF ZINC

Zinc is represented by the symbol “Zn,” with an atomic number 
and weight of 30 and 65.38 gm, respectively. It was discovered 
and recognized as a metal for the first time in 1746 by German 
chemist Andreas Sigismund Marggraf (National Center for 
Biotechnology Information, 2022). It belongs to group XII 
(known formerly as II-B) of the periodic table (Period number 
4, element group number 12, block “d”; Jensen, 2003), and is 
a brittle, lustrous, bluish-white metal which is solid at room 
temperature. When heated at temperatures above 110°C, it 
readily becomes malleable and ductile and is generally considered 
to be  a moderately reactive metal in terms of its reactivity 
with oxygen and other metals (Table 1; Wuana and Okieimen, 
2011). It acts as a strong reducing agent, and in hydrolytic 
reactions, acts as a Lewis acid in catalyzing reactions, thereby 
being associated with various metalloenzymes, DNA binding, 
and regulatory proteins, as well as transcription factors (Cerasi 
et  al., 2013). Zn naturally occurs as a mineral sphalerite (ZnS) 
and has five stable isotopes (64Zn, 66Zn, 67Zn, 68Zn, and 70Zn) 
in nature, from which 64Zn is the major isotope in terms of 
natural abundance (Audi et  al., 2017).

Zn does not generally act as a typical metal, as it does 
not have an 8-electron octet rather an 18-electron shell upon 

Abbreviations: ATP, Adenosine 5′-triphosphate; CDF, Cation diffusion facilitator; 
DNA, Deoxyribonucleic acid; IFN-γ, Interferon gamma; IL-1α, Interleukin 1 alpha; 
IL-1β, Interleukin 1 beta; IL-2, Interleukin-2; IL-6, Interleukin-6; NADPH, Reduced 
nicotinamide adenine dinucleotide phosphate; NF-κB, Nuclear factor kappa B; 
NK, Natural killer; RNA, Ribonucleic acid; RND, Resistance nodulation division; 
ROS, Reactive oxygen species; SARS, Severe acute respiratory syndrome; TLR, 
Toll-like receptor; TNFR, Tumor necrosis factor receptors; TNF-α, Tumor necrosis 
factor α.
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the loss of its outermost two electrons, rendering it less reactive 
than other metals. However, since it undergoes neither oxidation 
nor reduction, it forms a stable metal ion in biological matrices 
where the redox potential is in constant flux (Graf, 1997). It 
has an oxidation state of 2+, and readily forms compounds 
with ammonia, cyanide, and halide ions. When compared to 
the metal itself, Zn dust is reported to be  more reactive and 
pyro-phoric due to its large surface area. Selective compounds 
of Zn (chloride and sulfate) are water soluble, whereas other 
compounds (sulfide, carbonate, phosphate, oxide) are observed 
to be  insoluble or slightly soluble in water (Habashi, 2013). 
It is capable of displacement of all metals beneath its position 
in the electrochemical series, and can also displace gold from 
cyanide solution, the latter of which is a large-scale industrial 
process (Robinson and Pohl, 2013). The surface of the metal 
is prone to rapid corrosion, ultimately forming an encapsulant 
layer of Zn carbonate after reacting with atmospheric carbon 
dioxide (Holleman et  al., 1985), though it can be  removed by 
the corroding action of strong acids (HCl, H2SO4; Porter, 1994).

IMMUNOMODULATORY FUNCTIONS OF 
ZINC

Zinc and Its Role in Innate and Adaptive 
Immunity
Sufficient consumption and uptake of Zn is vital for the 
regulation and optimal function of innate and adaptive immunity 
in human beings (Bonaventura et al., 2015). In innate immunity, 
Zn serves an elemental role in maintaining the activity of 
NADPH oxidase found in neutrophil granulocytes (Hasegawa 
et  al., 2000; DeCoursey et  al., 2003). Thus, the lack of Zn 
uptake and its subsequent deficiency could beget decreased 
production and killing potential of ROS (Bonaventura et  al., 
2015). Furthermore, Zn deficiency mediates the induction of 

decreased adhesion and chemotactic behavior in neutrophil 
and monocyte granulocytes and impairs the function and 
maturation phase of macrophages (Shankar and Prasad, 1998). 
Pertaining to its role in natural killer cells (NK cells), a deficit 
of Zn in the body could reduce overall NK cell count in 
blood, where the decreased chemotactic and lytic behavior of 
infected or cancer cells has also been observed (Rajagopalan 
et  al., 1995; Rajagopalan and Long, 1998).

In the case of adaptive immunity, the presence of Zn is 
fundamental in the generation, maturation, and activity of T 
cells (Fraker and King, 2004). This is due to its significance 
in the elemental composition of thymulin, a hormone produced 
in the thymus which promotes the development of pre-T 
lymphocytes into mature lymphocytes (Dardenne and Pleau, 
1994; Saha et  al., 1995), which can be  inhibited in the case 
of Zn deficiency, resulting in thymus atrophy and decreased 
T-cell count (King et  al., 2005). Moreover, Zn deficiency can 
negatively affect T cell and cytokines (such as IL-2 and IFN-γ) 
production (Bădulici et  al., 1994; Prasad et  al., 1997). Apart 
from T-cell maturation, Zn also aids in the cell differentiation 
process, where it was observed that a deficiency of Zn 
demonstrated a decrease in CD4+ T cells, which ultimately 
results in the disruption of CD4+/CD8+ cells ratio, which is 
a characteristic sign of immune dysfunction (Beck et  al., 1997; 
Sheikh et  al., 2010).

Immunomodulatory Effects of Zinc
Apart from its effect on the functions of selective immune 
cells, the uptake of Zn is affiliated with the general regulation 
of the entire immune system, where various studies have 
demonstrated that elevated levels of oxidative stress and 
inflammation are all associated with a deficiency of Zn in the 
body (Wong et  al., 2015, 2019; Gammoh and Rink, 2017). In 
in vivo models, the supplementation of Zn was observed to 
induce the production, maturation, and stability of function 
in regulatory T cells (Rosenkranz et al., 2016, 2017). Moreover, 
lack of Zn in the body can aggravate cases of chronic 
inflammation, which can elevate the expression of pro- 
inflammatory markers, such as IL-1α, IL-1β, and IL-6 in several 
inflammatory disease (Yazar et  al., 2005). This aspect of Zn 
significance as a micronutrient is therefore essential for the 
positive downregulation of disease pathogenesis and molecular 
pathways, such as NF-κB signaling pathway, which significantly 
regulates apoptosis, immune and inflammatory responses, as 
well as the expression of pro-inflammatory cytokines (Jarosz 
et  al., 2017). In addition, Zn also importantly affects the 
expression of Zn finger proteins which are known to suppress 
the expression of TNFR- and TLR-initiated NF-κB signaling 
pathways (Gammoh and Rink, 2017).

Zinc and Infections
Over the years, studies have reported the importance of Zn in 
the alleviation of viral infections, which is mainly associated with 
the entry of virus particles into the host cells, and their subsequent 
fusion and replication, as well as translation and emission of 
virus proteins in the host (Ishida, 2019; Read et  al., 2019). In a 

TABLE 1 | Description of various physical parameters of Zn.

Physical parameters Zn properties

Atomic number 30
Density at room temperature (gcm−3) 7.134
Atomic weight (mass) 65.39
Relative abundance in Earth’s crust (%) 8 × 10−3

Melting point (°C) 419.53°C
Boiling point (°C) 907°C
Heat of vaporization (kJ/mol) 295.8
Specific heat capacity (J kg−1 K−1) 388
Heat of transformation, (J/gram atom) 1,966
Crystal structure; 
α-Zn 
β-Zn Cubic (face-centered) Tetragonal
Van der Waals radius (nm) 0.138
Ionic radius (nm) 0.074
Isotopes 5 (stable)
Electronic shell [Ar] 3d10 4s2

Energy of first ionization (kJ mol−1) 904.5
Energy of second ionization (kJ mol−1) 1723
Energy of third ionization (kJ mol−1) 3832.687
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study, it was reported that supplementing Zn at the recommended 
dose (>75 mg/day) remarkably aided in the reduction of severity 
of colds (Maares and Haase, 2020). In elder adults, the 
supplementation of Zn (45 mg/day of Zn gluconate) was observed 
to reduce the number of infections, as well as strengthen their 
immune system via the marked increase in the concentration of 
Zn in the plasma, along with the lowered production of oxidative 
stress markers and TNF-α (Prasad et  al., 2007). More recent 
research findings demonstrate the ability of Zn to aid in the 
inhibition of RNA polymerase of SARS virus, via the reduction 
of viral replication (Te Velthuis et al., 2010), which are suggestive 
of Zn to be potentially effective against SARS-CoV-2, and COVID-19 
(Skalny et  al., 2020; Weyh et  al., 2022).

BIOAVAILABILITY OF ZINC

Plants tend to uptake Zn from soil because of which its 
deficiency is reported to be  a significant abiotic stress factor 
affecting more than 40% of agricultural lands worldwide. Several 
plant species are reported to be  Zn-efficient (rich in Zn), such 
as carrot, rye, cashew nuts, wheat, sunflower, pea, oats, and 
alfalfa (Hambidge et  al., 2010). Other good sources of Zn 
include beef, and dairy products, such as milk, eggs, and cheese 
(Hacisalihoglu, 2020). Though it is well established that the 
presence of high phytate ions in the diet can ultimately hinder 
the absorption of several essential minerals like Ca, Fe, and 
Zn (Castro-Alba et  al., 2019), improved absorption of Zn was 
observed when dairy products were consumed in combination 
with other foods with high phytate (e.g., bread, tortillas, and 
rice), which seemed to be  associated with the presence and 
beneficial effects of citrate and phosphopeptides in dairy products 
(Shkembi and Huppertz, 2021). Zn absorption occurs within 
the small intestine in its ionized form which is formed when 
Zn is released from consumed foods. However, this ionized 
form may then be  able to form inhibiting complexes with 
ligands of organic acids, such as phytates, amino acids, and 
phosphates, inadvertently affecting its solubility and absorption 
(Krebs, 2000). The presence of citrate, a low molecular weight 
ligand found in human milk which binds with Zn, and casein 
phosphopeptides, which are phosphorylated peptides released 
upon the digestion of casein which can also bind to Zn, in 
dairy products has thus been hypothesized to improve Zn 
absorption by preventing it from binding and forming complexes 
with phytate ions (Miquel and Farré, 2007). However, there 
have been some reports which state otherwise (Pécoud et  al., 
1975; Sandström and Cederblad, 1980; Flanagan et  al., 1985; 
Wood and Zheng, 1990). The availability of Zn from mixed- 
or vegetable-based diets is reported to be  more than 20% 
(Hacisalihoglu and Blair, 2020). The use of Zn supplements 
is widespread, though not necessarily mandatory for fulfilling 
dietary Zn requirements. In a normal and healthy host, the 
choice of Zn salt used is insignificant (Tran et  al., 2004), 
though the amount of Zn absorbed from supplements is more 
greater than absorption from diet. Furthermore, despite the 
beneficial effect of Zn consumption on the immune system, 
excessive intake can result in its toxicity (Maares and Haase, 2020).

ZINC TOXICITY

Heavy metals are known to persist in the human body as 
well as the environment, with various environmental sources 
being attributable for their wide availability (Haiyan and Stuanes, 
2003; Nadal et  al., 2005). They can usually be  exposed to 
humans through inhalation, ingestion, and dermal contact (of 
contaminated soil and water), as well as consumption of 
contaminated produce (Hough et  al., 2004; Baastrup et  al., 
2008; Mari et  al., 2009; Man et  al., 2020). In order to ensure 
public safety and health, it is essential to identify and mitigate 
these sources of exposure (Hu and Dong, 2011). Zn is one 
of the most readily available heavy metals found in soil, where 
its excessive levels may exert a phytotoxic effect which can 
drastically affect crop quality and yield, respectively, and even 
pose a health risk to humans upon consumption due to the 
accumulation of Zn through absorption or deposition (Wang 
et al., 2005; Baran, 2012, 2013; Bolan et al., 2014). Furthermore, 
excess levels of Zn in soil also contribute to the inhibition 
and alteration of soil microorganisms (Olaniran et  al., 2013), 
due to its bioavailability in the form of ionic Zn and as part 
of organo-metallic complexes, which have been previously 
determined (Pueyo et  al., 2004; Anju and Banerjee, 2011; 
Fedotov et  al., 2012; Agnieszka et  al., 2014; Kim et  al., 2015; 
Baran et al., 2018). Therefore, efficient methods of heavy metal 
remediation are crucial for the alleviation of Zn toxicity in 
order to preserve soil microorganisms and their biodiversity, 
as well as plant and human health (Guarino et  al., 2020).

Zn is a biologically essential element for the human body, 
which is significantly required for the normal function and 
regulation of several enzymes and other proteins. However, 
excess levels of Zn can act as toxic, which can induce conditions 
of acute toxicity for living beings (Lindholmer, 1974; Wu et al., 
2011; Wadige et  al., 2014). According to the Environmental 
Protection Agency, United States, the Zn toxicity concentration 
in the case of freshwater aquatic life is 120 μg/l (for short- and 
long-term hazardous concentration), while the ranges for human 
health amount to 7,400 and 26,000 μg/l, respectively (for drinking 
water + consumable aquatic living beings, and consumable living 
beings only; US EPA, 2009; Li et  al., 2019). In humans, Zn 
toxicity mainly occurs in either of three ways; oral, dermal, 
and inadvertent inhalation (Toxicological Profile for Zinc, 2005). 
As most of Zn toxicity cases are reported to be acute, prognosis 
are often good with complete recovery by treatment, such as 
chelation therapy or medication (Qu et  al., 2012). One of the 
most common causes of acute Zn toxicity is the over-consumption 
of dietary Zn supplements. This also creates an imbalance for 
copper bioavailability, which can subsequently lead to its 
deficiency. This mechanism can likely be  attributable to 
Zn-induced formation of copper-binding metallothioneins 
(Sandstead, 2013).

Other reasons include the unpremeditated consumption of 
dental products rich in Zn, as well as Zn contaminated food 
and drinks, which can result in acute gastrointestinal illness, 
with vomiting, nausea, and epigastric pain as the major symptoms. 
Inhalation of smoke and fumes containing Zn usually occurs 
in the case of exposure to industrial processes, such as 
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galvanization. Furthermore, Zn-containing smoke bombs are 
the major sources of inhalation toxicity, primarily in soldiers 
and armed forces (Freitag and Caduff, 1996). However, in two 
reports, there was no scientific evidence that the respiratory 
distress was mainly attributable to Zn (Johnson and Stonehill, 
1961; Zerahn et  al., 1999). Inhalation of Zn fumes can induce 
metal fume fever, which is one of its most widely caused and 
reported effects (Figure  1). It is an acute condition originating 
in cases of industrial exposure (Zn smelting, welding, and 
galvanization) in the presence of metal fumes (particular size 
<1 μm; Vogelmeier et al., 1987). Although a non-life-threatening 
condition, it can manifest several symptoms in the case of 
acute exposure which include nausea, muscle fatigue, chest 
pain, cough, breathing distress, and fever (Rohrs, 1957; Putila 
and Guo, 2011). With accurate treatment, these symptoms can 
be  cured completely within a matter of days (Martin et  al., 
1999; Plum et  al., 2010). Excessive consumption of Zn can 
also result in gastrointestinal distress, with several symptoms, 
such as vomiting, nausea, cramps, diarrhea, and epigastric pain. 
This can also arise from ingesting Zn from food and drinks 
stored in galvanized containers, where the acidic nature of 
the food or drinks enables the liberation of Zn from the 
galvanized coating layer (Brown et  al., 1964). Ingestion of Zn 
sulphate tablets was also reported to induce gastrointestinal 
stress symptoms in healthy subjects (Haase et  al., 2008). 
Additionally, other compounds, such as Zn gluconate and oxide, 
are also observed to induce similar effects on human 
gastrointestinal health (Callender and Gentzkow, 1937; Lewis 
and Kokan, 1998; Liu et  al., 2006). In human health, though 

Zn is well-reported to be  essential for the regulation of most 
biological functions, its excessive levels are implicated in the 
causation and development of prostate cancer (Zaichick et  al., 
1997; Costello and Franklin, 1998), which is associated with 
regulating Zip1, a Zn transporter attributed to its accumulation 
and acquisition in prostate cells (Costello et  al., 1999; Franklin 
et  al., 2005). Though men having a moderate to high level of 
Zn intake may be  reported to face a lower risk of prostate 
cancer, exceedingly high concentrations or perpetual Zn intake 
can result otherwise (Jarrard, 2005; Plum et  al., 2010).

ZINC IN THE ENVIRONMENT

In the environment, the persistence of Zn is the culmination 
of both natural and anthropogenic sources, the latter of which 
can arise from various sources (Hanahan and Weinberg, 2000). 
These sources can significantly contaminate water sources when 
industrial waste is discharged into river streams and water 
lines, where microbial and marine life get exposed. Industrial 
wastewaters can also be  released into soils and irrigative lands 
where this contaminated water can enable Zn to leach into 
soils and affect soil microbial diversity and pH (Gautam 
et  al., 2016).

Zn is the one of the most abundant elements (23rd in rank) 
found in the Earth’s crust, with an average of about 78 mg/kg 
(Alloway, 2008). It is deemed requisite for modern times, as 
it is one of most utilized metals alongside iron (Fe), aluminum 
(Al), and copper (Cu) in the world in terms of tonnage. Sphalerite, 

FIGURE 1 | Signs and symptoms of Zn toxicity affecting various organs and sites of the human body (Created with BioRender). Zn toxicity can occur via three 
primary routes; oral, dermal, and inadvertent inhalation. Though reversible, its toxicity can affect the respiratory and gastrointestinal tracts as well as the brain with 
various side effects. Inhalation of Zn fumes can induce metal fume fever arising from fume inhalation in industries, manifesting several symptoms in the case of acute 
exposure which include nausea, muscle fatigue, chest pain, cough, breathing distress, and fever.
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Zn’s primary ore, is among the most principal ores in the 
world. Zn mine global production was reported to increase in 
2021 from that of its predecessor year, where production was 
observed to be halted due to lockdown restrictions (International 
Lead and Zinc Study Group, 2020). Therefore, in 2021, production 
reached approximately 14.13 million tons which resulted in a 
production surplus (Guo and Feng, 2013). The identified Zn 
resources are reported to amount to more than 1.8 billion tons 
in the world, with China being the second largest country in 
the world in terms of extracting, importing, and consumption 
of Zn (Li et al., 2019; U.S. Geological Survey, 2022). The natural 
introduction of Zn in soils is attributable to natural phenomenon 
of parent rock erosion and weathering. The exchangeability and 
bioavailability of Zn (in Zn2+ form) is dependent upon the pH 
of the soil, where adsorption and desorption into soil organic 
matter takes place (Mertens and Smolders, 2013). However, at 
high concentration of Zn, non-specific sorption to clay as well 
as mineral precipitation are primary and there is little or no 
correlation to pH. Typical concentrations of Zn in the soil 
range from 10–300  mg kg−1 (White, 1993). Zn concentration 
is reported to be  richer in soils formed from basic rocks (e.g., 
basalt) as compared to acid rocks (e.g., granite; Vinogradov, 
1959). Furthermore, Zn content is found to be  comparatively 
greater in heavier soils than lighter ones (Frank et  al., 1976). 
Other sources may likely include atmospheric deposition through 
natural sources like volcanic ash, forest fires, and dust (Nriagu, 
1989), along with man-made sources, such as combustion of 
fossil fuels, galvanization, tire and railing rust, motor oil, cement, 
tar production, and hydraulic fluid (Imseng et  al., 2019). In 
soil, Zn can occur in either of these five forms; water soluble, 
complexed, chelated, adsorbed, or exchangeable; where these 
forms can vary in terms of uptake, dissemination, and strength 
and are regulated by several factors, such as pH, and the 
concentration of other ions, such as Fe and manganese (Mn; 
Deb, 1992). Moreover, the availability of Zn to plants in the 
soil is contingent on clay, carbonate, and total Zn content, 
redox, and moisture conditions, microbial activity in soil, as 
well as the concentration of micro- and macro-nutrients (Mandal 
et  al., 1993; Alloway, 2008). In soils formed from limestone, 
the chemisorption of Zn onto calcium carbonate aids the 
formation of Zn hydroxycarbonate which ultimately inhibits its 
availability to surrounding plants. Moreover, Zn readily adsorbs 
to kaolinite and illite types of clay in the presence of high pH 
conditions (Farrah and Pickering, 1977). The formation of poorly 
soluble Zn sulfide is facilitated by the oxidation of organic 
matter in the case of Zn sedimentation, which also decreases 
the availability of Zn to plants (Sandstead, 2013). In the 
atmosphere, Zn is usually found in its oxidized form, and 
particles containing Zn can range up to 5 mm in size. In 
freshwaters, the pH range most often favors the adsorption of 
Zn, where its binding to organic matter is facilitated by pH 
above 6. Normal concentration of Zn in surface and groundwater 
may be <10 μg/l and about 10–40 μg/l (Elinder, 1986; Sandstead, 
2013). Industrial uses of Zn span a wide range of applications, 
including galvanization, production of brass, bronze, Zn-based 
alloys, metal-coating, paint, dyes, and pigments (Incharoensakdi 
and Kitjaharn, 2002; Wu et  al., 2017).

ZINC RESISTANCE MECHANISMS AND 
BIOREMEDIATION

The worldwide dilemma of environmental pollution has been 
aggravated by the incessant usage of heavy metals in various 
industries. According to the US EPA, more than 40% of industrial 
wastewaters are reported to be  contaminated with heavy metals 
and organic pollutants (Sharma et  al., 2018). To tackle this 
worsening situation, many physical, chemical, and biological 
methods have been introduced over the years to successfully 
remove these pollutants from wastewater. Physical and chemical 
methods have since been proven to be exorbitant and unfeasible 
at large-scale applications (Wang and Chen, 2009). In this regard, 
developing and promoting biological methods to alleviate toxic 
levels of heavy metals was imperative. Therefore, the introduction 
of novel approaches has unlocked the usage of biological sources 
(microorganisms, plants as well as algae) to combat this problem 
(Ahemad and Malik, 2012). Plants have evolved to adapt numerous 
defense mechanisms against the exposure of excess heavy metals, 
including complexation, chelation with metallothioneins, and 
migration with ligands via plasma membrane channels 
(Cunningham et  al., 1995; Wei et  al., 2021). This mechanism 
is known as phytoremediation. Furthermore, bacteria, yeast, 
fungi, protozoa, and algae that grow despite the harsh environment 
of industrial wastewaters have evolved to harbor various resistance 
mechanisms that can aid in their survival (Zahoor and Rehman, 
2009). Bioremediation is the process which employs the use 
of biological agents for the removal of heavy metals from various 
environments, particularly effluents and wastewaters, which has 
since been hailed as a cheaper, more efficient method than 
chemical and physical ones (Timková et  al., 2018). As the 
problem of pollution is getting more pronounced all over the 
world, more and more importance is being given to detoxification 
methods of effluents prior to their release (Shamim and Rehman, 
2012). In soil, excessive levels of heavy metals may induce 
alteration to soil microbial diversity and selective survival in 
soil microbes (Berendonk et  al., 2015; Epelde et  al., 2015). This 
can be mitigated by adapting an efficient strategy for the evolution 
of microbes, based on encoded genetic mechanisms, a 
phenomenon found in several bacterial strains which survive 
in heavy metal-polluted areas (Aka and Babalola, 2017). Therefore, 
bacteria can be  utilized for remediating heavy metals from 
polluted areas (Chen et al., 2018). Though many efforts regarding 
heavy metal resistance mechanisms in bacteria are majorly 
focusing upon single isolated strains, a comprehensive elucidation 
of resistance mechanisms on the whole, contaminated areas, 
and the feasibility of such strategies are crucial for the optimization 
of bioremediation (Chen et  al., 2019).

Mechanisms of Zinc Homeostasis in 
Bacteria
Intracellular concentrations of Zn are regulated through its 
homeostasis, where the use of a Zn regulator enables cells to 
regulate the transcriptional expression of Zn transporters which 
facilitate its import and export to and from the cell. This 
mechanism employed by cells is driven by conditions of Zn 
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toxicity (efflux) and starvation (uptake) across the bacterial 
cell membrane (Capdevila et  al., 2016). In bacteria, general 
resistance mechanisms pertain to both Gram-negative and 
-positive bacteria, with many agents overlapping in many species 
for a particular metal. These general mechanisms can aid in 
metal resistance through various ways, such as efflux, 
sequestration, chelation, and uptake. For Zn, several of these 
mechanisms are widely reported in many bacterial species. 
The intracellular regulation (uptake and efflux) of Zn2+ ions 
across the cell membrane is mediated by Zur/SlyA/MarR family 
and the MerR (ZntR) and ArsR/SmtB families, respectively 
(Mikhaylina et  al., 2018). Zur is a member of the Fur family, 
which represses znuABC (an ABC transporter which facilitates 
Zn2+ ions uptake) under normal concentrations of Zn2+ in the 
cell (Hantke, 2001). However, in conditions of Zn2+ scarcity, 
Zur reverses its functions and induces the transporter to uptake 
Zn2+ from the outer environment. Moreover, it activates the 
transcription of a P-type ATPase which mediates the efflux of 
Zn2+ out of the cell under conditions of its toxicity (Capdevila 
et  al., 2016). In Streptococcus pneumoniae, CzcD, a member 
of the CDF family, acts as major resistance determinant for 
Zn (Figure  2; Suryawati, 2018).

Mechanisms of Zinc Uptake in Bacteria
In order to control Zn homeostasis, bacterial cells are able to 
enable the import and export of Zn ions via Zn uptake systems. 
In most bacterial species, two highly specified uptake systems 
are found to act in conditions of extreme toxicity (low-affinity 
uptake system) and extreme scarcity (high-affinity uptake 
systems), respectively, both of which are used in different 
conditions. In moderate conditions inside the cell, low-affinity 
uptake transporters are used to maintain levels of Zn (Hantke, 
2001). The ABC family, comprised of three regulatory proteins 
(ZnuA, ZnuB, and ZnuC) is attributable to high-affinity uptake 
of Zn in the cell (Patzer and Hantke, 1999) and is a member 
of the ATP-binding cassette transporter family of the ZnuABC 
and AdcABC/ZitSPQ type. ZnuA is a soluble protein which 
resides in the outer membrane of the bacterial cell, whereas 
ZnuB is the protein which is found in the inner membrane 
and interacts with ZnuA. The third protein, ZnuC, regulates 
the breakdown of ATP, thus contributing to the uptake and 
efflux of the metal. Reports suggest that the deletion of ZnuA, 
ZnuB, and/or ZnuC or znuABC in different bacterial species 
can result in the decreased uptake of Zn (Porcheron et  al., 
2013). Though much is known about this high-affinity uptake 
system, very little is reported about the other uptake system 
(Chandra et  al., 2007). In Bacillus subtilis, the uptake of Zn2+ 
is regulated majorly by Zur family, but another uptake system 
known as ZosA (which is a P-type ATPase) was also reported 
to be  active in conditions of oxidative stress (Suryawati, 2018; 
Figure  2; Table  2).

Mechanisms of Zinc Efflux in Bacteria
In conditions of Zn toxicity, the expression of efflux systems 
in bacterial cells aids in the prevention of overabundance 
of Zn (Guilhen et  al., 2013). In bacteria, three families of 

exporters; cation diffusion facilitator (CDF), Resistance 
nodulation division (RND) efflux pumps, and P-type ATPases 
are majorly reported to be  involved in metal export out of 
bacterial cells (Kolaj-Robin et al., 2015). Among these families, 
the CDF family is one of the most commonly found protein 
families in living beings. In Escherichia coli, ZitB and YiiP 
proteins, members of the CDF family, are transporters which 
regulate the efflux of Zn2+ ions via using the energy generated 
through the uptake of H+ ions (Porcheron et  al., 2013). 
Another member of the CDF family, ZntA, reported to mediate 
resistance against Zn2+ ions in Staphylococcus aureus, is a 
well-known Zn transporter (Singh et al., 1999). In Caulobacter 
crescentus, the czrCBA system is the major efflux facilitator 
for Cd2+ and Zn2+ ions (Valencia et  al., 2013). The Czc 
determinant confers resistance via efflux against various metals, 
such as Co2+, Zn2+, and Cd2+ ions in Alcaligenes eutrophus 
(Nies et  al., 1989). This efflux system is a cation/proton anti-
porter system which enables the efflux of cations from the 
cell, and consists of three structural genes (czcABC) which 
in turn encode three regulatory proteins of the efflux pump 
CzcA, CzcB, and CzcD (Nies, 1992). Moreover, efflux of Zn2+ 
ions in B. subtilis is mediated by CadA, which is a CPx-type 
ATPase efflux system (Gaballa et  al., 2002). P-type ATPase 
family is reported to be found in both eukaryotes and bacteria, 
though they are generally well-defined in the latter. These 
transporters are regulated either by MerR/ZntR or ArsR/
SmtB family members, which are often found to be  working 
in close association with other metal transport proteins 
(Hantke, 2001). P-type ATPases regulate the transportation 
of metal ions across the bacterial cell membrane by utilizing 
the energy of ATP hydrolysis (Apell, 2004). A good example 
of P-type ATPase is ZntA in E. coli, which is regulated by 
MerR-like regulator via the attachment of apo-ZntR dimer 
to the promotor region of zntA, repressing its transcription 
(Porcheron et  al., 2013). This phenomenon takes place when 
intracellular Zn concentration exceed sub-toxicity levels (Khan 
et  al., 2002). The RND family is majorly found in Gram-
negative bacteria which is involved in the active efflux of 
antibiotics and other therapeutic agents. These systems have 
large periplasmic domains and in many bacterial species are 
known to form complexes with extracellular channels and 
adaptor proteins (Nikaido and Takatsuka, 2009). In C. crescentus, 
CzrCBA is known to export cadmium and Zn ions from 
cytoplasm of cells (Valencia et  al., 2013). The export of Zn 
and other metal ions in Ralstonia metallidurans is facilitated 
by CzcABC system, which is regulated by CzcS/CzcR 
two-component regulatory system (Anton et al., 1999; Hantke, 
2001; Blencowe and Morby, 2003; Blindauer, 2015; Suryawati, 
2018; Figure  2).

Zinc Bioremediation by Bacteria
The bioremediation of Zn from various environments has 
been reported in various studies over the years. Brevibacterium 
sp. was effective in removing Zn from polluted environments, 
even in concentrations as low as 0.1 mm (Taniguchi et  al., 
2000). The biosorption potential of Delftia tsuruhatensis  
for Zn and lead (Pb) was also reported in a study 
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(Bautista-Hernandez et al., 2012). Bacterial consortia of several 
species, such as Alcaligenes faecalis, Staphylococcus aureus, 
Streptococcus lactis, Micrococcus luteus, and Enterobacter 
aerogenes, was reported to remove various heavy metals, such 
as copper (Cu), cadmium (Cd), Pb, and Zn from wastewaters 
(Silambarasan and Abraham, 2013). Pseudomonas putida, 
another Gram-negative bacterium, was reported to demonstrate 
highest ability of Zn removal among other isolates in a study, 

whereas Bacillus subtilis was the most effective among Gram-
positive bacteria, respectively (Kamika and Momba, 2013). 
Rhodobacter capsulatus was reported to efficiently remove 
Zn from polluted environments with the help of its wild-
type strain and an enclosed plasmid which conferred resistance 
(Magnin et  al., 2014). Bacillus licheniformis and Salmonella 
typhi were reported to remove more than 90% of Zn from 
contaminated samples, whereas Pseudomonas fluorescens and 
E. coli were effective in removing more than 96 and 93% 
of Zn, respectively (Basha and Rajaganesh, 2014). P. fluorescens 
and P. putida were also observed to be  good bioremediation 
agents for many heavy metals, including Zn (Upadhyay and 
Srivastava, 2014; Ahmady-Asbchin et  al., 2015; Naz et  al., 
2016). In a similar study, several bacterial species, such as 
P. aeruginosa, S. aureus, E. coli, Proteus vulgaris, and Klebsiella 
pneumoniae, were evaluated for their heavy metal removal 
ability, where their mixed consortium was able to remediate 
more than 90% of Zn. Among pure isolates, P. aeruginosa 
was effective in removing the largest quantity of Zn from 
contaminated medium (53.9%), as well as other heavy metals 
(Oaikhena et  al., 2016). Among Gram-positive bacteria, 

FIGURE 2 | Overview of the general resistance mechanisms for Zn found in Gram-negative and -positive bacteria (Created with BioRender). In Gram negative and 
positive bacteria, general resistance mechanisms aid in efflux, sequestration, chelation, and metal uptake for their survival in toxic or scarce conditions. For the metal 
Zn, uptake in Gram positive bacteria from the outer environment is facilitated by P-type ATPase (ZosA), and Zn membrane transporters. For efflux of Zn ions out of 
the cell, CDF and RND efflux pumps (Czc determinants found in both Gram positive and negative bacteria), as well as CPx-type (CadA in Gram positive bacteria) 
and P-type ATPases (ZntA in both Gram positive and negative bacteria) are majorly involved. Moreover, intracellular or periplasmic proteins can bind to Zn inside the 
cell.

TABLE 2 | Genes involved in Zn resistance in Gram-positive and Gram-negative 
bacterial species.

Gene Toxic ion(s) Bacteria

czcA, czcB, and czcC Zn, Cd, Co Ralstonia eutropha
czrCBA Zn, Cd Pseudomonas aeruginosa
zntA Zn, Co Staphylococcus aureus, 

Escherichia coli, Ralstonia 
metallidurans

smtAB Zn, Cd Synechococcus sp.
ycdH operon

yciC operon

Zn Bacillus subtilis

cadCA, cadB Zn, Cd Staphylococcus aureus
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Staphylococcus epidermidis was also reported to be  effective 
in removing Zn (<80%) as well as other heavy metals from 
contaminated water (Nwagwu et  al., 2017). Streptomyces sp. 
also demonstrated to remove Zn under controlled conditions 
(Sedlakova-Kadukova et  al., 2019). Another study revealed 
Serratia sp. to be  effective in tolerating high concentrations 
of Zn. High values of biosorption (more than 90%) were 
observed under Zn stress, which also aided in growth 
augmentation of plant roots, shoots, and chlorophyll content 
(Kour et  al., 2019). Furthermore, the bioremediation of Zn 
by various Bacillus sp. from soil and wastewaters has been 
well-reported in various studies over the years (Joo et  al., 
2010; Singh and Chopra, 2014; Wierzba, 2015; Huang et  al., 
2020; Table  3). A recent study also sought out to investigate 
Zn removal efficacy of Sporosarcina pasteurii from contaminated 
soils, where urease-producing isolates and S. pasteurii had 
removal ability of more than 70%, and L-asparaginase-producing 

isolate had the ability to remove more than 90% Zn in 
solution (Ghorbanzadeh et  al., 2022).

CONCLUSION

Zn is the one of the major elements (23rd) found in the 
Earth’s crust, with an average concentration of approximately 
78 mg/kg. After Fe, Al, and Cu, it is the major metal used 
in the world, in terms of tonnage. Zn is regarded as a 
biologically essential element for living beings. It is reported 
to be  imperatively required for the normal functioning of 
major enzymes and proteins. It is also reported to be effective 
in combating viral infections and strengthening the immune 
system against them, which involves the inhibition of the 
entry, fusion, replication, translation, and emission of virus 
particles into and out of the host cells. However, excess levels 

TABLE 3 | Zn biosorption and metal uptake ability of various Gram-positive and Gram-negative bacterial species, as reported in different studies.

Bacterial strains Initial metal concentration Metal uptake References

Bacillus firmus 100 mg/l 61.8% Salehizadeh and Shojaosadati, 2003
B. subtilis D215 100 mg/l 63.73% Sabae et al., 2006
Bacillus jeotgali 75 mg/l 30% Green-Ruiz et al., 2008
B. cereus 0–200 mg/l 66.6 mg/g Joo et al., 2010
Pseudomonas sp. 1 mm 49.8% Kumaran et al., 2011
Delftia tsuruhatensis – 0.207 mmoL/g Bautista-Hernández et al., 2012
Pseudomonas sp. SN7 
Pseudomonas sp. SN28 
Pseudomonas sp. SN30

1.6 mM 29 mg/g 
25 mg/g 
26 mg/g

Ahemad and Malik, 2012

Geobacillus thermodenitrificans 
Geobacillus thermocatenulatus.

0.5 g/l 18 mg/l 
24 mg/l

Babák et al., 2012

Exiguobacterium sp. ZM-2 25–200 mg/l 78.2% Alam and Ahmad, 2013
B. licheniformis 0.1 mg/l 53% Kamika and Momba, 2013
B. licheniformis 
Salmonella typhi 
P. fluorescens 
Escherichia coli

– 96.14% 
91.78% 
96.14% 
93.27%

Basha and Rajaganesh, 2014

Alcaligenes faecalis 
Staphylococcus aureus 
Streptococcus lactis 
Micrococcus luteus 
Enterobacter aerogenes

– 39% 
41% 
38% 
41% 
67%

Silambarasan and Abraham, 2013

Bacillus sp. (KF710041) 
B. subtilis (KF710042)

– 73.29% 
78.15%

Singh and Chopra, 2014

Rhodobacter capsulatus 10 mg/l 164 mg/g Magnin et al., 2014
B. subtilis 178 mg/l 49.7 mg/l Wierzba, 2015
P. aeruginosa 100 mg/l 46.1 mg/g Ahmady-Asbchin et al., 2015
P. aeruginosa 
S. aureus 
Escherichia coli 
Proteus vulgaris 
Klebsiella pneumoniae

7 mg/l 53.9% 
90.1% (Mix culture)

Oaikhena et al., 2016

B. megaterium EMCC 1013 
Rhizobium leguminosarum EMCC1130

1 mg/ml 88% 
85%

El-barbary and El-badry, 2018

Serratia sp. 1,000 mg/kg < 90% Kour et al., 2019
Streptomyces K11 strain – 36% Sedlakova-Kadukova et al., 2019
Stenotrophomonas maltophilia XZN4 20 g/l 91.6% Huang et al., 2020
Oceanobacillus profundus 2 mg/ml 54% Mwandira et al., 2020
Sporosarcina pasteurii 
Urease-producing isolate 
L-asparaginase-producing isolate

4 mmol/l 

8 mmol/l

70.36% 
71.46% 
97.32%

Ghorbanzadeh et al., 2022

108

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Hussain et al. Essential and Toxic Effects of Zinc

Frontiers in Microbiology | www.frontiersin.org 10 May 2022 | Volume 13 | Article 900740

of Zn can act as toxic, which can induce conditions of 
acute toxicity for living beings. For its mitigation from the  
environment, bioremediation is a comparatively cheaper, 
more efficient, and effective method employed for the 
removal of heavy metals from various environments, like 
effluents and wastewaters. In bacteria, general resistance 
mechanisms (such as efflux, uptake, sequestration, and 
chelation) are found in Gram-negative and -positive bacteria 
which aid in the removal of heavy metals, such as Zn, 
from polluted environments. However, these resistance 
mechanisms need to be  investigated on a molecular level 
so that these species could be  manipulated for industrial 
applications, as one of the drawbacks of bioremediation is 
its inability to be  reproduced from lab scale to large scale. 
This review focuses on the uses, toxicity, and bioremedia-
tion of Zn with special insight into its chemical and physical 
properties as well as its role in nutrition and immunity. 
Further innovative aspects of Zn remediation and toxicity 

can aid in the elucidation of resistance mechanisms, as 
well as Zn bioavailability.
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Soil bacterial communities of 
three types of plants from 
ecological restoration areas and 
plant-growth promotional 
benefits of Microbacterium 
invictum (strain X-18)
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Ming Feng 1 and Shutong Zhang 2
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Microbial-assisted phytoremediation promotes the ecological restoration 

of high and steep rocky slopes. To determine the structure and function of 

microbial communities in the soil in response to changes in soil nutrient 

content, the bacterial communities of rhizospheric soil from three types of 

plants, i.e., Robinia pseudoacacia, Pinus massoniana, and Cynodon dactylon, 

were analyzed using Illumina sequencing technology. High-quality sequences 

were clustered at the 97% similarity level. The dominant genera were found 

to be RB41, Gemmatimonas, Sphingomonas, Bradyrhizobium, and Ellin6067. 

The Tukey HSD (honestly significant difference) test results showed that the 

abundance of RB41 and Gemmatimonas were significantly different among 

three types of plants (p < 0.01). The relative abundances of RB41 (13.32%) and 

Gemmatimonas (3.36%) in rhizospheric soil samples from R. pseudoacacia 

were significantly higher than that from P. massoniana (0.16 and 0.35%) and C. 

dactylon (0.40 and 0.82%), respectively. The soil chemical properties analyses 

suggested that significant differences in rhizospheric soil nutrient content 

among the three plant types. Especially the available phosphorus, the content 

of it in the rhizospheric soil of R. pseudoacacia was about 280% (P. massoniana) 

and 58% (C. dactylon) higher than that of the other two plants, respectively. The 

soil bacterial communities were further studied using the correlation analysis 

and the Tax4Fun analysis. A significant and positive correlation was observed 

between Gemmatimonas and soil nutrient components. Except total nitrogen, 

the positive correlation between Gemmatimonas and other soil nutrient 

components was above 0.9. The outcomes of these analyses suggested that 

Gemmatimonas could be the indicator genus in response to changes in the soil 

nutrient content. Besides, the genes involved in metabolism were the major 

contributor to soil nutrients. This study showed that soil nutrients affect the 

soil bacterial community structure and function. In addition, pot experiments 

showed that Microbacterium invictum X-18 isolated from the rhizospheric soil 

of R. pseudoacacia significantly improved soil nutrient content and increased 

R. pseudoacacia growth. A significant increase in the numbers of nodules of 
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R. pseudoacacia and an increase of 28% in plant height, accompanied by an 

increase of 94% in available phosphorus was measured in the M. invictum X-18 

treatment than the control treatment.

KEYWORDS

phytoremediation, bacterial communities, soil nutrient, sequencing technology, 

bioinoculant, plant-growth promotion

Highlights

➢  Studying microbial-assisted phytoremediation by exploring soil bacterial 

community.

➢ Response of bacterial community to changes in soil nutrients.

➢ Combination of sequencing and isolation culture technology.

➢  Gemmatimonas and Microbacterium invictum X-18 belong to the similar key 

indicator taxa.

➢  Gemmatimonas and Microbacterium invictum X-18 are beneficial for soil 

and plants.

Introduction

Human activities have led to the destruction of the mountains 
resulting in multiple high and steep rocky slopes, adversely 
affecting the ecological environment and landscape (Wang et al., 
2020; Han et al., 2021). Thus, the restoration of the ecological 
environment in these areas is gaining considerable momentum. 
However, fragile ecological functions and poor soil nutrient 
conditions in these areas hinder the long-term and stable survival 
of plants. Thus, phytoremediation in these areas is challenging. 
External-soil spray seeding is widely used in such areas for 
ecological restoration, even then, the fertility of the soil substrate 
is limited, and failures of ecological restoration are not uncommon. 
In order to improve soil conditions on high and steep rocky slopes, 
microbial-assisted phytoremediation is being explored.

Soil microbes are active components of processes such as litter 
decomposition and soil mineralization. Certain microbes can 
improve soil quality, promote plant growth, and enhance 
phytoremediation efficiency by accelerating the weathering of 
rocks and promoting the production of mineral nutrients and 
phytohormones (Li et al., 2020; Jia et al., 2021; Tian et al., 2021). 
In addition, previous studies have demonstrated that bacterial 
community structure and diversity reflect changes in soil ecology 
(Su et al., 2018). Thus, understanding the changes in the bacterial 
community structure and the relationship between bacterial 
community and soil environment is of utmost importance to 
study microbial-assisted phytoremediation.

Legumes are commonly used as the protective species to 
restore high and steep rocky slopes. Legumes are highly resistant 
to stress and can rebuild degraded ecological functions and restore 
soil nutrient conditions (Sun et  al., 2020). To explore the soil 
microbial community and its possible ecological functions, soil 
bacterial communities in Robinia pseudoacacia, Pinus massoniana, 

and C. dactylon rhizospheric soil from high and steep rocky slopes 
in the Yueyang, Hunan, China, were analyzed using Illumina 
sequencing technology that cultivation-independent. In addition, 
the soil bacteria were screened, and their soil improvement and 
plant-growth potential were explored.

Materials and methods

Sample collection and soil nutrient 
analysis

The study site is located on the high and steep rocky slopes on 
the side of Yueyang Avenue in Yueyang, Hunan, China, where 
external-soil spray seeding was applied to restore the ecological 
environment 7 years ago (Supplementary Figure S1). The 
dominant plant species in the experimental site included 
R. pseudoacacia (R), P. massoniana (P), and C. dactylon (C), all of 
which are commonly used plants in phytoremediation. The 
rhizospheric soil was collected, and three samples (each sample at 
least 5–10 m away from other plants) were collected for each plant 
type. Each sample was transported to the laboratory for processing 
within 24 h. Semi-micro Kjeldahl method was used to determine 
total nitrogen (TN; Liu et  al., 1996; Falco and Magni, 2004), 
molybdenum-antimony anti-colorimetric method with NaOH 
melting was used to determine total phosphorus (TP), flame 
photometry with NaOH melting was used to determine total 
potassium (TK), alkaline hydrolysis diffusion method was used to 
determine hydrolyzed nitrogen (HN), molybdenum-antimony 
anti-colorimetric method with NaHCO3 extraction to determine 
available phosphorus (AP), flame photometry with NH4OAc 
extraction to determine available potassium (AK), and pH meter 
to determine pH.
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DNA extraction and sequencing

Soil samples were sieved through a 0.075 mm screen, ground, 
and then lysed using the soil homogenate. Microbial DNA was 
extracted using the HiPure Soil DNA Kits (Magen, Guangzhou, 
China) according to the manufacturer’s protocols. The 16S rDNA 
target region of the ribosomal RNA gene was amplified via PCR 
(95°C for 5 min, followed by 30 cycles at 95°C for 1 min, 60°C for 
1 min, and 72°C for 1 min, and a final extension at 72°C for 7 min) 
using 341F primer (5’-CCTACGGGNGGCWGCAG-3′) and 806R 
primer (5′- GGACTACHVGGGTATCTAAT-3′) targeting the 
V3-V4 region. PCR reactions were performed in triplicates. 50 μl 
PCR mixture containing 10 μl of 5 × Q5@ Reaction Buffer, 10 μl of 
5 × Q5@ High GC Enhancer, 1.5 μl of 2.5 mm dNTPs, 1.5 μl of each 
primer (10 μm), 0.2 μl of Q5@ High-Fidelity DNA Polymerase, 
and 50 ng of template DNA. Related PCR reagents were from New 
England Biolabs, United States. AMPure XP beads were used to 
purify the second round of amplified products. ABI StepOnePlus 
Real-Time PCR System (Life Technologies, produced in the 
United States) was used for quantification, and sequencing was 
performed on the computer based on the PE250 mode pooling of 
Novaseq 6000.

Processing of sequencing data

Raw reads were assigned to samples based on their unique 
barcode, and the barcode sequence was truncated using the lima 
application (version 2.0.1) of the Pbbioconda package (Pacific 
Biosciences). This was followed by the analysis of subreads to 
generate CCS (Circular Consensus Sequencing) reads using PacBio’s 
open-source software suite Smart Link (version 7.0) with the 
following parameters: minfullpass = 3, minPredictedAccuacy = 0.99. 
Primer sequences were trimmed using cutadapt (version 2.10; 
Martin, 2011). The files generated by the PacBio platform were then 
used for amplicon size filtering to remove sequences outside the 
expected amplicon size (minlength 1.3 kb, maxlength 1.7 kb). Reads 
with the same continuous base number > 8 were considered 
low-quality reads and thus removed. The clean reads thus obtained 
were clustered into operational taxonomic units (OTUs) of ≥97% 
similarity using UPARSE (version 9.2.64) pipeline (Edgar et al., 
2011). All chimeric reads were removed using the UCHIME 
algorithm to obtain clean reads for further analysis. The sequence 
with the highest abundance was selected as a representative 
sequence within each cluster.

Soil microbes’ isolation, identification, 
and growth-promoting benefits

To study the beneficial microbes in the soil, culturable 
strains were isolated from the rhizospheric soil of 
R. pseudoacacia with relatively high soil nutrients. Soil samples 
were diluted and smeared on NA (Nutrient Agar). The agar 

plates were incubated at 28°C for 3 days. Morphologically 
distinct colonies were further sub-cultured to obtain a pure 
culture. The pure cultures were maintained on NA slants at 4°C 
in a refrigerator.

Since the sample site was phosphorus-deficient, bacterial 
cultures from these samples were screened for phosphorus 
solubilizing function. All strains were inoculated on Monkina agar 
at 28°C. The agar plates inoculated with phosphate solubilizing 
strains exhibited the formation of halos (zone of solubilization) 
around the colonies after 7 days of incubation. The diameter of the 
halos (D) around the microbial colonies (d) was measured, and 
D/d was calculated. Based on D/d, five phosphate solubilizing 
strains were selected for pot experiments.

To explore the growth-promoting benefits of soil microbes, 
the phosphate solubilizing bacteria were inoculated into the 
seedlings of R. pseudoacacia, respectively. The seeds of 
R. pseudoacacia plants were surface-sterilized and allowed to 
germinate for 3 days at 20°C and relative humidity of 60%. 
Later, the three healthy seedlings were planted in each pot, 
including mixed matrix soil (Jiangsu Xingnong Matrix 
Technology Co., Ltd). One month later, only one seedling was 
allowed to grow per pot, and it was ensured that the growth of 
seedlings in each pot was identical. Bacterial inoculum was 
prepared by culturing bacteria in NA. Colonies of each strain 
were added to a 100 ml Erlenmeyer flask containing 30 ml LB 
(Luria-Bertani) broth (10 g peptone, 5 g yeast, 5 g NaCl, 1,000 ml 
deionized water, pH 7.2), incubated at 30°C, and 180 r/min for 
12 h. The absorbance of the bacterial suspension was measured 
(UV-8000 T, Shanghai Metash Instruments Co., Ltd) at 600 nm 
(18). Inoculum cultures were adjusted to get a final absorbance 
of 0.8 ~ 1.2. The inoculums were sealed and stored in a 
refrigerator at 4°C for later use. For inoculation, the stored 
suspension of the inocula was diluted 100X, and 60 ml of the 
resulting diluted sample was applied to the soil. The pots were 
divided into one control group and five inoculation groups, 
three replicates for each group, and placed in a greenhouse. 
Subsequently, the control group was added to the sterile LB 
broth, and the other inoculation groups, including five bacteria, 
were added with the same concentration of bioinoculant for 
each strain, respectively.

Three months later, the plants were sampled and analyzed. For 
plants, vernier calipers and tape were used to measure the ground 
diameter and height of the seedlings. Root scanners were used to 
measure the leaf area (ten upper, middle, and lower leaves were 
selected from each pot to measure the leaf area). The plants were 
dried to measure the above-ground and under-ground biomass. 
For potting soil, the Mettler toledo pH meter was used to measure 
soil’s pH value (water: soil ratio was 5: 1). The alkaline hydrolysis 
diffusion method was used to determine HN. The molybdenum-
antimony anti-colorimetric method with NaHCO3 extraction was 
used to determine AP. The strain demonstrating the best plant-
growth-promoting and soil improvement benefits was selected 
and was subjected to 16S rDNA analysis and morphological 
characteristics for identification.
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TABLE 2 α-diversity of bacteria from the soil samples distance < 0.03.

Samples Unique tags Number of OTUs
α-diversity

Chao1 Shannon Simpson

R. pseudoacacia 118,357 2,447 2,622 8.67 0.9907

P. massoniana 90,533 2,233 2,495 8.66 0.991

C. dactylon 109,808 2,506 2,722 9.02 0.9944

Statistical analysis

To illustrate the microbial diversity of rhizospheric soil in 
different vegetation types, the alpha diversity (including Chao1, 
Simpson, and Shannon indices) was quantified based on OTU 
abundance. The abundance statistics of each taxonomy were 
visualized using Krona (version 2.6; Ondov et  al., 2011). The 
stacked bar plot of the community composition was visualized in 
the R project ggplot2 package (Wickham and Chang, 2015). The 
pvclust package of R with the default settings was used for cluster 
analysis using Ward’s cluster method. Heat maps and networks of 
correlation coefficients were generated using Omicsmart, a 
dynamic real-time interactive online platform for data analysis1. 
Analysis of function difference between groups was calculated by 
Welch’s t-test, Wilcoxon rank test, Kruskal-Wallis H test, and 
Tukey’s HSD test in the R project Vegan package (version 2.5.3; 
Oksanen et al., 2010).

Results

Rhizosphere soil nutrient

In the current study, the rhizospheric soil nutrients, i. e., N 
(nitrogen), P (phosphorus), and K (potassium; Table  1), were 
analyzed. The results of soil nutrients analyses showed that the N 
and K content was in normal level, and that of P was slightly lower 
in rhizospheric soil samples from three plants as per the 
‘Environmental Quality Standard for Soil’ of China (Author, n.d.). 
It indicated that soil in sample sites was P deficient. In general, the 
total rhizospheric soil nutrient content from R. pseudoacacia was 
higher than that of P. massoniana and C. dactylon. The available 

1 http://www.omicsmart.com

rhizospheric soil nutrient content of R. pseudoacacia was 
significantly higher than that of P. massoniana and C. dactylon. 
Different plant species exhibited different rhizospheric soil 
nutrient content, and the rhizospheric soil nutrient content of 
R. pseudoacacia was higher than other plant species.

Effects of soil nutrients on bacterial 
communities

The bacterial communities of nine rhizospheric soil samples 
were analyzed using Illumina sequencing technology. The atypical 
rhizospheric soil samples collected from R. pseudoacacia were 
removed. The dataset of eight samples consisted of 837,739 unique 
16S rDNA gene tags (Table 2). The OTUs per sample ranged from 
2088 to 2,542. The α-diversity (Chao 1, Shannon, and Simpson) 
analysis assessed the bacterial abundance in rhizospheric soil 
samples (Table 2). Chao1 index evaluated the total number of 
OTUs in all the rhizospheric soil samples, demonstrating the 
species richness of the microbial communities. Shannon and 
Simpson indices reflected the richness and uniformity of the 
microbial communities and indicated that the α-diversity of both 
R. pseudoacacia and C. dactylon was higher than that of 
P. massoniana, which had a lower soil nutrient content.

Bacterial community structure in soil samples at the genus 
level is demonstrated in Figure  1A. RB41, Gemmatimonas, 
Sphingomonas, Bradyrhizobium, and Ellin6067 were found to 
be the dominant genera in the rhizospheric soil samples. Tukey 
HSD test method was used to detect the significance of species 
differences at the genus level (Figure 1B). The relative abundances 
of RB41 (13.32%) and Gemmatimonas (3.36%) in rhizospheric soil 
samples from R. pseudoacacia were significantly higher than that 
from P. massoniana (0.16 and 0.35%) and C. dactylon (0.40 and 
0.82%), respectively. Furthermore, the relative abundances of 
RB41 and Gemmatimonas were significantly different among the 

TABLE 1 The rhizospheric soil nutrient content of Robinia pseudoacacia, Pinus massoniana, and Cynodon dactylon.

Samples
TN TP TK HN AP AK pH

(g/kg, dry weight) (mg/kg, dry weight)

R. pseudoacacia 3.65 ± 0.04a 0.13 ± 0.01a 26.78 ± 0.54a 241.32 ± 38.23a 0.057 ± 0.006a 162.48 ± 1.21a 5.65 ± 0.22a

P. massoniana 1.90 ± 0.08b 0.07 ± 0.01b 21.37 ± 0.69ab 136.32 ± 16.64b 0.015 ± 0.001c 110.87 ± 1.10c 5.08 ± 0.17b

C. dactylon 3.13 ± 0.06a 0.10 ± 0.01a 23.13 ± 0.56a 196.84 ± 23.19ab 0.036 ± 0.001b 135.68 ± 1.10b 5.12 ± 0.13ab

The values “a, b, c” represent the standard deviation. Different letters represent significant differences. TN, Total nitrogen; TP, Total phosphorus; TK, Total potassium; HN, Hydrolyzable 
nitrogen; AP, Available phosphorus; and AK, Available potassium.
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three plant types (p < 0.01), indicating that RB41 and 
Gemmatimonas may be correlated to the difference in rhizospheric 
soil nutrient content.

The correlation analysis validated the correlation between soil 
nutrients and soil bacterial community (Figure  2). Bacterial 
genera, RB41, Gemmatimonas, and Ellin6067, were positively 
correlated to soil nutrient content (0.05 < p < 0.5). Compared with 
RB41 and Ellin6067, a significant and positive correlation was 
observed between Gemmatimonas and soil nutrient components. 
It indicated that Gemmatimonas might be most relevant to the 
rhizosphere soil nutrient difference.

The functional abundance of bacterial communities of 
rhizospheric soil from three types of plants were identified using 
16S rDNA gene amplicon data and Tax4Fun (Figure 3). Several 
predicted pathways were significantly enriched (p < 0.5) in the 
bacterial communities of rhizospheric soil from R. pseudoacacia, 
specifically genes associated with metabolism (carbohydrate 
metabolism, amino acid metabolism, energy metabolism, 

A

B

FIGURE 1

The bacterial community structure at the genus level: (A) Tukey HSD test at genus level with 95% confidence intervals and (B) *p < 0.05; ***p < 0.01. 
R, P, C represent Robinia pseudoacacia, Pinus massoniana, and Cynodon dactylon, respectively.

FIGURE 2

Correlation network map illustrating the correlation between soil 
nutrient and soil bacterial community at the genus level. Nodes 
represent genus and soil nutrient, lines represent correlations, 
and the thickness of the line represents the degree of correlation 
(0.05 < p < 0.5).
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FIGURE 4

Microbacterium invictum X-18.

biosynthesis of another secondary metabolism, and so on), 
genetic information processing (replication and repair, folding, 
sorting, and degradation), and environmental information 
processing (cell growth and death, transport, and catabolism). In 
addition, almost all the secondary sub-classification pathways in 
metabolism were significantly enriched in the R. pseudoacacia 
rhizospheric soil bacterial communities. Besides, the abundance 
of bacterial metabolic functions in the rhizospheric soil of 
different plants was distinct due to differences in nutrient content. 
The results showed that vigorous microbial metabolism is 
associated with a higher soil nutrient content.

The 16S sequence of rhizospheric soil samples was deposited 
in the NCBI (The National Center for Biotechnology Information) 
database with the number PRJNA757370.

Isolation, identification, and benefits of 
X-18 of soil microbes

Since the study site was phosphorus-deficient, phosphate 
solubilizing bacteria were screened in the current study. As shown 
in Table 3, five phosphate solubilizing bacteria were screened from 
the rhizospheric soil of R. pseudoacacia.

According to the results of the pot experiment, X-18 exhibited 
the highest efficacy for plant-growth promotion. X-18 was 
identified as Microbacterium invictum (Figure 4; accession number 
MN586282). The X-18 isolate was deposited at the CCTCC (China 
Center for Type Culture Collection) with the accession number 
M2019236. Plant growth characteristics and soil nutrient 
concentration are demonstrated in Table 4. Compared with the 
control, the dry weight of the root of the X-18 inoculated plants 
significantly increased by 122%, ground diameter by 22%, plant 
height by 28%, and average leaf area by 18%. In addition, the 
number and total weight of nodules also increased significantly. 
With a significant increase of 55.34 and 93.67% (p < 0.05) compared 
to the control, HN and AP of potted soil inoculated with X-18 were 
113.52 mg/kg and 2.599 mg/kg, respectively.

Discussion

Soil nutrient and soil bacterial 
community

In the present study, the rhizospheric soil from R. pseudoacacia 
was found to contain an increased level of total and available 
rhizospheric soil nutrients compared to P. massoniana and 
C. dactylon (Table 1). Besides, the α-diversity of soil bacteria from 
R. pseudoacacia and C. dactylon was higher than that of 
P. massoniana (p < 0.05; Table 2). These results are consistent with 
the previous findings that the diverse bacterial community is the 
result of the physiological or evolutionary adaptation of microbes 
to the environment (Wang et al., 2021).

The above analysis indicated that Gemmatimonas might be the 
key genus in response to changes in the soil nutrient content. 
Gemmatimonas demonstrated strong positive associations with 
soil nutrient transformations, and thus it emerged as the key taxa 
beneficial for plant growth (Li et  al., 2017). According to the 
previous studies, Gemmatimonas can dissolve insolubilized P and 
convert it into P for plant growth. Gemmatimonas was found to 

FIGURE 3

Heat map cluster and abundance of microbial functions at the 
genus level. R, P, and C represent Robinia pseudoacacia, Pinus 
massoniana, and Cynodon dactylon, respectively.

TABLE 3 Phosphorus-dissolving effect of phosphate solubilizing 
bacteria.

Name D/d (organic 
phosphorus)

D/d (inorganic 
phosphorus)

X-4 3.61 2.13

X-8 / 2.60

X-11 3.06 4.54

X-14 3.47 2.81

X-18 3.62 2.87
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be more abundant in the rhizospheric soil of healthy plants than in 
diseased soil (She et al., 2016), indicating its disease-suppressing 
properties. Besides, Gemmatimonas can solubilize insoluble 
elements, induce plant stress resistance or produce antifungal 
antibiotics (Mahanty et al., 2017; Shang and Liu, 2020; Akinola 
et al., 2021; Zhu et al., 2021). In the present study, Gemmatimonas 
was the dominant genus in the rhizospheric soil from three plant 
types, accounting for up to 3.36% of all OTUs from R. pseudoacacia. 
However, only 0.35 and 0.82% of all OTUs in the rhizospheric soil 
from P. massoniana and C. dactylon were Gemmatimonas. The 
correlation analysis showed that Gemmatimonas is significantly 
and positively correlated with all soil nutrient factors (Figure 3). 
Overall, if Gemmatimonas is beneficial to improving soil nutrients, 
more experiments will be necessary to understand the functional 
mechanism of these soil bacteria.

Microbes participating in the process of soil nutrient 
transformations are all connected through genes (Castaneda and 
Barbosa, 2017; Chen et al., 2019; Srour et al., 2020). In the present 
study, Tax4Fun was applied to infer the differences in the 
dominant functional traits dominating through 16S rDNA gene 
data. Genes involved in metabolism, including “carbohydrate 
metabolism,” “amino acid metabolism,” “energy metabolism,” and 
so on, were significantly more abundant in soil with high nutrients 
than in low nutrient conditions (Figure 4). It suggested that the 
function of the microbial community significantly contributed to 
responses to nutrient changes in the soil environment.

The benefits of Microbacterium invictum 
X-18

Microbacterium invictum X-18 significantly increased the 
nutrient content of potted soil. Similarly, the number and weight of 
nodules, root dry weight, plant height, ground diameter, and average 
leaf area of X-18 inoculated plants significantly increased compared 
to the control group (p < 0.05). Sang et  al. (2014) reported that 
Microbacterium sp. exhibited phosphate solubilizing activity to 
promote plant growth. Ribeiro et  al. (2021) also showed that 
Microbacterium sp. can promote plant growth by increasing the 
production of IAA, siderophore, ACC deaminase, and decarboxylase. 
These results indicate that the mechanism of Microbacterium sp. to 
promote plant growth may improve soil nutrient content and 
increase the production of auxins, enzymes, and so on.

Accordingly, in the current study, it revealed that both 
M. invictum X-18 and Gemmatimonas belong to the similar taxa, 
which are beneficial to increase soil nutrient content and 
plant growth.

Conclusion

In this study, the rhizospheric soil bacterial community 
structure from three types of plants based on cultivation-
independent Illumina sequencing technology was analyzed. 
We observed that Gemmatimonas is the indicator genus to assess 
soil nutrient changes. The results showed that the diverse bacterial 
community is the result of adaptation to environmental changes. 
M. invictum X-18  in soil improvement and plant-growth 
promotion was validated through the plate culture experiment 
and pot experiment. Compared with the control, the nodule, dry 
weight and plant height inoculated with X-18 increased 
significantly. The current study demonstrated a novel thought of 
using two approaches to explore key microbial taxa in response to 
changes in the soil environment. M. invictum X-18 strain 
identified in this study will be  beneficial to promote the 
development of microbial-assisted phytoremediation technology. 
These work proved the feasibility and efficiency of microbial-
assisted phytoremediation. It provides strain and theoretical 
guidance for improving the phytoremediation efficiency of 
barren areas.
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TABLE 4 Effects of X-18 on plant and soil.

Groups 
(Sample) Soil (potted) Plant (above ground) Plant

(underground)

HN (mg/
kg)

AP (mg/
kg) pH Ground

diameter (m)
Plant

height (m)
Average

leaf area (m2)

Number
of 

nodules

Total
nodules 

weight(g)

Dry
weight(g)

CK 73.08 ± 2.52b 1.342 ± 0.039b 5.35 ± 0.026b 4.75 × 10−3 ± 0.07b 40.04 × 10−2 ± 1.56c 4.353 × 10−4 ± 0.12b 0 / 0.23 ± 0.05b

X-18 113.52 ± 2.61a 2.599 ± 0.022a 5.17 ± 0.015a 5.81 × 10−3 ± 0.20a 51.20 × 10−2 ± 0.31a 5.131 × 10−4 ± 0.19a 5 0.0083 ± 0.0007a 0.51 ± 0.02a

The values “a, b” represent the standard deviation. Different letters represent significant differences. HN, Hydrolyzable nitrogen and AP, available phosphorus.
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Soil chromium toxicity usually caused by the tannery e	uent compromises

the environment and causes serious health hazards. The microbial role in

strengthening biochar for its soil chromium immobilization remains largely

unknown. Hence, this study evaluated the e�ectiveness of zinc and iron-

enriched rice husk biochar (ZnBC and FeBC) with microbial combinations

to facilitate the chromium immobilization in sandy loam soil. We performed

morphological and molecular characterization of fungal [Trichoderma

harzianum (F1), Trichoderma viride (F2)] and bacterial [Pseudomonas

fluorescence (B1), Bacillus subtilis (B2)] species before their application

as soil ameliorants. There were twenty-five treatments having ZnBC and

FeBC @ 1.5 and 3% inoculated with bacterial and fungal isolates parallel to

wastewater in triplicates. The soil analyses were conducted in three intervals

each after 20, 30, and 40 days. The combination of FeBC 3%+F2 reduced the

soil DTPA-extractable chromium by 96.8% after 40 days of incubation (DAI)

relative to wastewater. Similarly, 92.81% reduction in chromium concentration

was achieved through ZnBC 3%+B1 after 40 DAI compared to wastewater.

Under the respective treatments, soil Cr(VI) retention trend increased with

time such as 40 > 30 > 20 DAI. Langmuir adsorption isotherm verified

the highest chromium adsorption capacity (41.6mg g−1) with FeBC 3%

at 40 DAI. Likewise, principal component analysis (PCA) and heat map

disclosed electrical conductivity-chromium positive, while cation exchange

capacity-chromium and pH-organic matter negative correlations. PCA

suggested the ZnBC-bacterial while FeBC-fungal combinations as e�ective

Cr(VI) immobilizers with >70% data variance at 40 DAI. Overall, the study

showed that microbes + ZnBC/FeBC resulted in low pH, high OM, and

CEC, which ultimately played a role in maximum Cr(VI) adsorption from

wastewater applied to the soil. The study also revealed the interrelation

and alternations in soil dynamics with pollution control treatments.
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Based on primitive soil characteristics such as soil metal concentration, its

acidity, and alkalinity, the selection criteria can be set for treatments application

to regulate the soil properties. Additionally, FeBC with Trichoderma viride

should be tested on the field scale to remediate the Cr(VI) toxicity.

KEYWORDS

doped biochar, wastewater (WW), fungi and bacteria, phylogenetic analysis, heat map
analysis

Introduction

Heavy metals such as chromium Cr(VI), arsenic (As),

and lead (Pb) are generally released from processing and

manufacturing industries (Wang et al., 2020). Chromium exists

in natural environment as H2CrO4 at pH<1, HCrO−
4 at pH< 6,

and CrO4
2− at pH > 6.0 (Xia et al., 2019). Chromium is highly

toxic and mutagenic due to its oxidization characteristics to the

intracellular components of living organisms (Wei et al., 2022).

Chromium [Cr(VI)] has 1,000 times more cellular toxicity

potential compared to Cr(III) (Shahid et al., 2017). The Cr(VI)

threatens the threshold limits of land and aquatic systems due

to its high stability, persistence, and solubility nature (Chen

et al., 2015). It is translocated from the soil to the plant body

through sulfate and phosphate transporters (Ao et al., 2022).

In plants, Cr(VI) damages protein structure and minerals (K,

Fe, Ca, Mn, and Mg) balance (Srivastava et al., 2021). The

GRAPHICAL ABSTRACT |

Cr(VI) metal has a high capacity of bioaccumulation in the

human body through the food chain (Azeez et al., 2021). Ahmad

et al. (2012) also mentioned Cr(VI) induced cytotoxicity in

human. For developing countries such as Pakistan, inadequate

investment and advanced technology to treat concentrated

industrial effluents always remained serious challenges (Abriz

and Golezani, 2021). Some conventional metal removal methods

such as the use of ferric salts, red mud, and inorganic clays have

previously been reported; however, the application of inorganic

materials leads to the formation of stable metal compounds

having less mobility and accessibility to plants (Choo et al.,

2020). Nevertheless, associated costs, production of secondary

pollutants, and minimal metal removal rate remained the major

constraints (Wang et al., 2020).

Biochar (BC) is a black carbonaceous compound produced

from bio-wastes under anoxic conditions (Haider et al.,

2021). Accessibility and variety of raw materials for biochar
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manufacturing make it an ideal adsorbent and an inexpensive

soil fertility booster material (Dai et al., 2018). Biochar

characteristics depend on the type of organic raw material, BC

surface area, porosity, and magnetism [metal cations (Fe, Zn,

etc.) enriched form] properties (Zhang et al., 2020). Rice husk

(550–650◦C) BC has a honeycomb-like structure with a low

atomic H/C O/C ratio and volatile matter which contributes

to its soil ameliorant properties (Pariyar et al., 2019). Through

metal doping mechanisms, BC chemistry, reactivity, surface

energy, and complex stability can be enhanced suitably to bring

multiple grades of interaction among BC and soil components

(Liu et al., 2019b;Moradi et al., 2019). In a study, wheat straw Fe-

enriched BC (600◦C) was added to Cr(VI)-laden soil (Lyu et al.,

2018). At acidic pH, iron-sulfide (FeS) disassociated with Fe2+

and S2− ions, and Fe(II) as a natural reductant reduced Cr(VI) to

Cr(III) with a subsequent increase in Fe–Cr co-precipitates [(Fe,

Cr) (OH)3]. The analysis on X-ray photoelectron spectroscopy

(XPS) showed the disappearance of Fe◦, and the appearance

of Cr2O3 and Fe2O3 peaks confirmed Cr(VI) reduction by

Fe◦ released electrons. In the same context, Li et al. (2018)

showed that granular-activated carbonaceous BC enriched with

zinc oxide (ZnO) resulted in a 5 times higher metal (Pb2+)

removal rate compared to activated BC only. Magnetic BC

(Fe/Zn enriched) produced (400◦C) from rice husk expressed

∼10 times higher Pb2+ adsorption capacity than simple BC

(Seleiman et al., 2020).

The acidification-based enrichment process makes BC a

soil pH-reducing agent (Moradi et al., 2019). The chromium

oxide species such as negatively charged chromate ions

(CrO2−; CrO2−
4 ) are readily adsorbed at low pH (Zhang

et al., 2018a). Contrarily, at high pH levels, OH− species and

Cr(VI) anionic species competitively interact for positively

charged compounds (Gomes, 2016). The soil physicochemical

properties such as organic matter (OM), pH, and electrical

conductivity (EC) strongly influence the heavy metals

immobilization by ion exchange, surface coagulation, sorption,

chelation, and precipitation mechanisms; however, the bonding

nature varies with metal characteristics (Saffari et al., 2016).

Similarly, biologically modified systems through metabolism

or bioaccumulation pathways contribute to metal adsorption

and detoxification. Microbial phospholipid fatty acid (PLFA)

studies revealed that bacteria and fungi vary in their soil OM

degradation patterns through which their pollution remediation

potential can be determined (Xu et al., 2018). The endophytes

such as Trichoderma sp. develop mutual chemistry with soil

dwellers (other bacterial and fungi) and release metabolites

facilitating metal detoxification. Fungal mycelia usually excrete

glomalin protein, which reduces the metal bioavailability

(Shakya et al., 2016). Furthermore, fungal hyphae, spores, and

vesicles work as exclusion barriers (Khan et al., 2020). Bacteria

generally reduce the metal content by their metabolic pathways

and primarily enhance the soil fertility and organic constituents’

bioavailability through OM degradation (Hashem et al., 2019).

Naggar et al. (2020) reported Pseudomonas sp. (alcaliphila

NEWG strain) use for Cr(VI) removal (96.33%) from aqueous

solution (pH 7) within 48 h of the incubation period. He et al.

(2020) combined ureolytic bacteria with P. fluorescence for

remediation of polluted soils and achieved 83% removal of

Pb and cadmium (Cd) metals. Heavy metals accumulation

by P. fluorescence appeared to be highly pH-dependent as it

showed efficient metal removal at acidic pH (Lopez et al., 2000).

Alotaibi et al. (2021) referred to the chromate reductase (ChrR)

enzyme-producing Cr-resistant Bacillus sp. to reduce toxic

Cr(VI) to Cr(III) with a 95% efficiency level. In another study,

B. subtilis mediated ∼96% Cd and 65% Cr pollution in edible

radish parts relative to control (Wang et al., 2014). B. subtilis

improved the antioxidant enzymes production in the Alfalfa

plant and enhanced the nutrient cycling in the amended soil.

The same species enhanced 29.4% alfalfa growth, whereas 139%

Cd metal immobilization was observed in treated soil relative to

control (Li et al., 2021). These microbial species are benign and

have never been reported as pathogenic organisms (Quintieri

et al., 2020; Su et al., 2020).

Although various studies mentioned the BC–microbial

association in removing metal toxicity from different mediums

such as aqueous solutions and soil (Han et al., 2016; Huang et al.,

2017; Khan et al., 2020), however, few studies are available on

enriched BC–microbial associations in remediation of tannery

wastewater (WW) impacted soil (Batool et al., 2022; Meki et al.,

2022). Based on microbial strains efficacy, bacterial species

including P. fluorescence (B1) and B. subtilis (B2), and fungal sp.

of genus Trichoderma including T. harzianum (F1) and T. viride

(F2) were exclusively selected for the proposed study.

We hypothesized that the FeBC and ZnBC in combination

with fungal and bacterial isolates could remediate soil Cr(VI)

pollution. Primarily, the research was conducted to evaluate

the effects of Cr(VI) polluted WW on soil physicochemical

properties in control and how microbial–BC application

improved these properties at different intervals. Similarly,

the microbial–BC role in soil Cr(VI) removal was assessed

through principal component analysis–heat map and Cr(VI)

adsorption kinetics.

Materials and methods

Wastewater collection for soil spiking

The WW effluent was collected from the Siddique

leather works (Pvt.) industry, Lahore (latitude: 31◦37’48.05“N;

longitude: 74◦12’59.94”E), Pakistan. The composite WW

samples were collected during November 2021 and preserved

at −4◦C until the experimentation. Before application to soil,

WW was filtered through the filter paper (Whatman no. 42)

to remove the suspended particles. Then, Cr(VI) concentration

was analyzed through a multi-sequential Atomic Absorption
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Spectrophotometer (Thermo Scientific iCE 3000 AAS, USA)

by following Syuhadah’s et al. (2015) guidelines. The Cr(VI)

metal concentration in WW was 523.18 ppm considered for

soil spiking.

Morphological and molecular
characterization of microbial isolates

T. harzianum (F1) (accession code: FCBP-SF-1277), T.

viride (F2) (accession code: FCBP-SF-644), P. fluorescence (B1)

(accession code: FCBP-SB-0188), and B. subtilis (B2) (accession

code: FCBP-SB-0189) cultures were acquired from the First

Fungal Culture Bank of Pakistan (FCBP), University of the

Punjab, Lahore.

Fungal species (F1, F2) were re-inoculated and maintained

on Malt extract agar (10 g Malt extract, 10 g agar, 500ml

distilled water). The pH of the medium was adjusted to 6.5

with sodium hydroxide (NaOH). Fungal cultures were incubated

at 26–28◦C for 7 days (Baral et al., 2018). The purified

culture morphological characterization was made by colony

morphology and microscopic studies (Table 2; Sempere and

Santamarina, 2011; Lagree et al., 2018). Finally, the pure cultures

were stored at−4◦C.

Fungal DNA was isolated by following the optimized

Cetyl trimethylammonium bromide (CTAB) method (Doyle

and Doyle, 1987) confirmed in gel electrophoresis (Inglis

et al., 2018). PCR amplification was done with universal

primers ITS 1 (5′TCCGTAGGTGAACCTGCGG3′) and ITS

4 (5′TCCTCCGCTTATTGATATGC3′). PCR-amplified product

was sent for sequencing to Genetix: Gene Insight Experts

Laboratory in Lahore (Gulberg-3), Pakistan. Through Sanger

technology, obtained sequences were analyzed through BLAST

(Basic Local Alignment Search Tool), and a phylogenetic

tree was developed by MEGA-X software with the reference

sequences from NCBI database to compare their genetic

variation (Figure 2).

Bacterial cultures were re-inoculated on Lauria Bertin agar

(Tryptone 5 g, yeast extract 2.5 g, NaCl 5 g, and agar 6 g in

500ml d.H2O) medium (Loutfi et al., 2020). The plates were

incubated at 34◦C for 24 h. Morphological characterization of

bacterial isolates was done by gram staining test, UV light

test, colony morphology, and microscopic studies at 100X

(Smith and Hussey, 2005; Moyes et al., 2009). Purified bacterial

cultures were stored in 20% glycerol solution at−4◦C (Howard,

1956). DNA of bacterial isolates was extracted by the phenol-

chloroform method by following an optimized DNA extraction

protocol (Holben, 1994). To confirm extracted DNA presence,

gel electrophoresis (1% agarose gel with 1 X TAE buffer),

PCR amplification (Supplementary Figure 1), and PCR product

gel electrophoresis steps were followed (Riffiani et al., 2015).

PCR amplification was performed by 16S rRNA primers. The

amplified product was gel sequenced, and result sequences after

BLAST analysis were processed for alignment and phylogenetic

analysis by MEGA-X software.

The freshly grown fungal culture plates were added with

200ml of d.H2O, and spores-enriched water was collected for

pouring into treatment cups as 1ml per 10 g of soil (David and

Davidson, 2014). However, the bacterial broth cultures were

prepared for direct application as 1ml per 10 g of soil (Lederberg

and Lederberg, 1952).

Biochar preparation and characterization

Rice husk (oven-dried at 80◦C for 24 h) grounded samples

were pyrolyzed in a furnace (TF-1200X; Hefei Ke Jing Materials

Technology Co. Ltd, China) at 550◦C with 10◦C/min heat

rate (Dad et al., 2020). Then, the pyrolyzed material (BC

product) was passed through a 2-mm sieve. For Fe and Zn

enrichment on BC, the procedure was adopted as given in our

following manuscripts (Dad et al., 2020; Taqdees et al., 2022).

The physicochemical properties of enriched rice husk BC (ZnBC

and FeBC) are listed in Table 1.

Soil sample characterization

The soil used in this experiment was purchased from Malik

nursery, Lahore, Pakistan. The physicochemical properties of the

soil used in this experiment are given in Table 1. Soil texture

was determined using the hydrometer method as described

by Gee and Or (2002). Soil cation exchange capacity (CEC)

was checked by the ammonium acetate extraction method

(Ellen et al., 2001). For soil Cr(VI) metal content analyses, the

diethylenetriamine penta-acetic acid (DTPA) metal-extraction

method was followed (Lindsay and Norvell, 1978). Soil OM

contents were quantified by the acid digestion (Walkley-black

method) method (Nelson and Sommers, 1996). Soil pH and EC

were checked with pH meter (smart CHEM-LAB Laboratory

Analyser, VWR International Pty Ltd., Australia) (Rhoades,

1996) and EC meter (San ++, Skalar Analytical B.V., the

Netherlands) (Hesse, 1971).

Experimental setup and design

The research elements (Zn/Fe doped BC, microbial

formulations, soil, and WW) were prepared as described

in the above sections for pot (height: 15.2 cm; width 9.5 cm

(circumference) and bottom 6.2 cm) fil before incubation trial.

ZnBC and FeBC were measured as 1.5 and 3% rates with 60 g of

Bhal soil as per pot. The 25 treatments such as WW (control),

B1 (P. fluorescence), B2 (B. subtilis), F1 (T. harzianum), F2

(T. viride), ZnBC1.5%, ZnBC 3%, FeBC1.5%, FeBC3%, B1 +
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TABLE 1 Soil and biochar physicochemical properties (Mean ± S.D).

Materials

characterization

Type Pyrolysis

temperature

Texture pH EC (dS/m) CEC [cmol

(+)/Kg]

OM% Cr mg kg−1

Bhal soil Loamy sand – Sand 75%

Loam 18%

Clay 7%

7.80± 0.3 0.8± 0.01 4.21± 0.4 0.8± 0.1 0.02± 0.001

Enriched-Biochar ZnBC 550◦C/min – 4.7± 0.4 0.36± 0.02 14.9± 0.9 3.5± 0.6 –

FeBC 10◦C/min – 2.67± 0.1 0.1134± 0.001 19.9± 1.2 8± 0.99 –

ZnBC1.5%, B1 + ZnBC3%, B1 + FeBC1.5%, B1 + FeBC3%,

B2 + ZnBC1.5%, B2 + ZnBC3%, B2 + FeBC1.5%, B2 +

FeBC3%, F1 + ZnBC1.5%, F1 + ZnBC3%, F1 + FeBC1.5%, F1

+ FeBC3%, F2 + ZnBC 1.5%, F2 + ZnBC 3%, F2 + FeBC1.5%,

and F2+ FeBC 3% were applied in pots (3 replicates each) for 3

assessment periods (20, 30, and 40 days). All the treatments were

mixed under sterilized conditions to avoid spore contamination.

Finally, WW (100% conc.; 40ml) was applied to all the pots.

Plastic pots were placed in the growth chamber at Sustainable

Agriculture Laboratory, Sustainable Development Study Center

(SDSC) Government College University, Lahore, under the

uniform conditions (such as average temperature 25–30◦C and

humidity < 20–40%).

Soil post-harvest physicochemical
parameter analyses

Soil samples were harvested after 20, 30, and 40 days

of incubation (DAI). Each time, soil Cr(VI) concentration

(Lindsay and Norvell, 1978; Figure 4), pH (Rhoades, 1996;

Figure 5), OM content (Nelson and Sommers, 1996; Figure 6),

EC (Hesse, 1971; Figure 7), and CEC (Richards, 1954; FAO,

1990; Figure 8) were determined. Similarly, the confirmation

of viable fungal and bacterial spores in soil samples was

performed by adopting the same procedures for re-isolation

and characterization of the microbes as discussed in Section

Morphological and Molecular Characterization of Microbial

Isolates (Figure 3).

Isotherm kinetic models

The Cr(VI) concentration adsorbed by adsorbents (unit

mass) such as ZnBC and FeBC in soil was determined by the

concentration difference (Manzoor et al., 2013; Shah et al., 2016).

The mathematical expression was as follows:

q = (Cf − Ci)× (V/1000)/m

Ci: Cr(VI) initial concentration (mg kg−1); Cf: Cr(VI) final

concentration (mg kg−1); V: extractant volume (ml); m:

adsorbent mass (g).

To calculate the percentage (%) metal removal, the control

value was taken as an initial metal concentration (Ci) relative to

treatments added as follows:

C = Ci− Cf /Ci× 100

Langmuir and Freundlich’s adsorption isotherm models were

applied on Cr(VI) metal adsorption data (triplicate sets mean

values) to distinguish ZnBC and FeBC adsorption capacities

over time (Manzoor et al., 2013). The Langmuir linear equation

(Equation 1) and Freundlich isotherm log equation (Equation 2)

mathematical expressions are given

Ce/qe = 1/qmaxKl + Ce/qmax (1)

Log qe = 1/n (Log Cf ) + Log Kf (2)

Qe: Metal ions [Cr(VI)] sorbed (g kg−1); Kl: Langmuir

constant; Kf and 1/n: Freundlich constants.

Statistical and co-linearity analyses (PCA,
heat map)

The data were statistically analyzed by completely

randomized design (CRD) using Sigma-plot (14.5 version)

and Statistix@ 8.1 software (Tallhase software package, USA) to

segregate the treatments based on the least significant difference

(LSD) test (Liu et al., 2020). Further to evaluate the co-linearity

and co-association of variables, principal component analysis

(PCA–Pearson correlation) was applied to data sets (organized

as ZnBC and FeBC treatments) with mean values for 20, 30,

and 40 DAI by XLSTAT 2021 tool (Addinsoft-New York,

USA). Finally, for all the treatment variables, a heat map was

generated through the “Metabo-analyst” statistic analyses online

website (https://www.metaboanalyst.ca/) to visually distinguish

interval-wise changes in soil properties under metal stress and

treatment additions individually.
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FIGURE 1

Images of pure culture T. harzianum (a) inoculated plate (b) microscopic study, pure culture T. Viride (c) inoculated plate (d) microscopic study;

images of pure culture Azotobacter nigricans sp. (e) inoculated plate (f) microscopic study and pure cultures Trichococcus sp. (g) inoculated

plate (h) microscopic study.

Results

F1 had one concentric ring that appeared outward from

the inoculum point and green conidia (with dense middle)

were spread over the growth media having a compact mycelial

growth pattern (Figure 1). In contradiction, F2 showed regular

concentric growth rings and fluffy mycelium. Phialide (F1: 4 ×

2.6µm; F2: 3 × 3.2µm) were hook-shaped in both sp. such

as Trichoderma sp. (F1, F2) granular mycelial hyphae were

aseptate, and conidiophores showed tuft of fertile conidia [F1:

globose to subglobose (2.8 × 2.7µm); F2: globose to ellipsoidal

(3.2 × 2.7µm)] attached at conidiophores (Figure 1). F1

conidiophores (4.5–7.0× 2.7–2.5µm)were frequently branched

contrary to F2 which had irregularly branched conidiophore

(5.0–6.5× 1.7–2.7µm) structures (Table 2).

The morphological characterization of bacterial isolates

revealed rod-shaped B1 cells, which existed individually as well

as in chain-like arrangements. Likewise, B2 cells were also rod-

shaped but only appeared as single cells rather than chain or

clustered forms (Figure 1, Table 2). Both sp. showed different

gram staining projects such as B1 were gram-negative while

B2 remained gram-positive as it retained crystal violet dye. In

spore testing results, B1 was spore-positive while B2 persisted as

negative. Both bacterial isolates were off-white. Similarly, both

isolates appeared bright under UV radiations (Table 2).

Extracted DNA bands from pure fungal (F1, F2) cultures

were visible over agarose gel (DNA marker size 100 bp)

before and after PCR amplification (Supplementary Figure 1).

Molecular evolutionary genetics analysis of Trichoderma

isolates revealed that F1 was genetically closer (>99.86%

likelihood) to F2 as confirmed by NCBI reference sequences

analyses. Phylogenetic dendrograms of Trichoderma sp.

have been presented (Figure 2). Similarly, extracted DNA

bands from pure bacteria (B1; B2) cultures appeared by

gel electrophoresis (DNA marker size 100 bp) before and

after PCR amplification were seen over agarose gel under

UV luminescence (Supplementary Figure 1). Molecular

evolutionary genetics analysis of B1 with its reference sequences

from NCBI confirmed that the isolate had maximum genetic

likelihood (92.04%) with an isolate of the same species

from China and submitted to NCBI with an accession

number KU507053, and 99.93% with another Chinese isolate

with accession number JX683725. Likewise, B2 molecular

evolutionary genetics analysis with its reference sequences

from NCBI has confirmed isolate 99.86% genetic similarity

with an isolate of the same species from India and submitted
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TABLE 2 Selected microbial species characterization.

Coding Name Culture

accession no.

Color Shape Gram test Spore UV test

Bacteria species

B1 P. fluorescence FCBP-SB-0188 Off-white Rod – – Bright

B2 B. subtilis FCBP-SB-0189 Off-white Rod + + Bright

Coding Name Culture

accession no.

Morphology Micro-metery

Fungal species

F1 T. harzianum FCBP-SF-1277 Rings: Multiple concentric rings and

green (dense) middle

Colony color: Green

Colony texture: Compact, granular

Hyphae: Septate

Conidia shape: Globose to sub-globose

Conidia color: Green

Conidiophore: Frequently branched

Chlamydospore formation: Infrequent,

internal and terminal

Conidia size: 2.8× 2.7µm

Phialide size: 4× 2.6µm

Conidiophore size: 4.5∼ 7.0× 2.7

∼ 2.5µm

F2 T. viride FCBP-SF-644 Rings: Enclosed rings with green

conidia throughout or mostly outward

Colony color: Green

Colony texture: Fluffy, granular

Hyphae: Septate

Conidia shape: Globose to ellipsoidal

Conidia color: Green

Conidiophore: long, infrequently and

irregularly branched, verticillate

Chlamydospore formation: Terminal

and intercalary

Conidia size: 3.2× 2.7µm

Phialide size: 3× 3.2µm

Conidiophore size: 5.0∼ 6.5× 1.7

∼ 2.7µm

to NCBI with an accession number MK828386. Phylogenetic

dendrograms of B1 and B2 have been given in Figure 2.

Microbial spores inoculated harvested soil analyses revealed

the presence of similar fungal (F1, F2) and bacterial isolates (B1,

B2) as discussed for pure cultures sp. (Table 2). The following

figure (Figure 3) presented the morphological study of microbial

sp. isolates from inoculated soil.

There were significant (p < 0.05) main and first-order

interactions of fungi, bacteria, ZnBC, and FeBC treatments

under Cr(VI) stress as shown in Figure 4. Soil post-harvest

analyses revealed an increasing rate of DTPA-extractable Cr(VI)

concentration of 92%, over time (Figure 4). In WW, the

extracted DTPA-Cr(VI) was 2-, 5-, and 7-folds at 20, 30, and 40

DAI, respectively (Figure 4, Table 3). However, the fungal (F1,

F2) and bacterial (B1, B2) species as single soil amendments

brought significant (p < 0.05) metal immobilization viz. 31.65%

by B1, 14.60% by B2, 40.49% by F1, and 33.86% by F2 at 40

DAI compared to WW (Table 3). Similarly, the BC-mediated

soil Cr(VI) retention trend increased with time such as 40 >30

>20 DAI compared to WW (Figure 4). It was observed that

B1 + ZnBC 3% brought 92.81% metal immobilization (at 40

DAI), which was the highest among bacterial-BC co-applied

treatments (Table 3). Likewise, there was a significant increase

of 96.8% in Cr adsorption rate by F2 + FeBC 3% amendment

relative to WW at 40 DAI (Figure 4, Table 3).

Langmuir and Freundlich adsorption isotherms were

individually applied on ZnBC (1.5 and 3%) and FeBC (1.5 and

3%) against B1, B2, F1, F2 single treatments at 20, 30, and 40 DAI

(Table 4). The results demonstrated that the data were highly

supported by the Langmuir isotherm adsorption model based

on high R2 (R2 = 0.9–1) values (Table 4). Maximum Cr(VI)

adsorption capacity (41mg g−1) was reported with FeBC 3%
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FIGURE 2

Phylogenetic dendogram of (A) T. Harzianum, (B) T. viride (sequenced with ITS1 and ITS4 regions), (C) P. fluorescens, and (D) B. subtilis

(sequenced with 16S ribosomal RNA gene) for identification using sanger sequencing. Phylogenetic tree was constructed using the maximum

likelihood method in MEGA version 10 following Tamura and Nei model. Bootstrap value was kept 1,000 replicates.

followed by ZnBC 3% (37.7mg g−1), which confirmed that 3%

input rate enhanced the treatments effectiveness over 1.5% input

rate (Table 4).

Data revealed significant (p < 0.05) variations in soil pH

for main and first-order interaction of fungi, bacteria, ZnBC,

and FeBC treatments under Cr(VI) stress from 20 to 40 DAI

(Figure 5). The main effects showed enhancement in pH of the

soil; particularly, the highest (10.65%) pH increase was observed

for B1 relative to WW at 40 DAI. Additionally, all the fungal

treatments except F1+ FeBC 1.5% and F2+ FeBC 1.5% caused

16.46% decrease in soil pH value relative to WW at 40 DAI.

The OM content was initially (20 DAI) reported by all

the treatments except B2 + ZnBC 3% and F1 + ZnBC 1.5%.

The bacterial activity significantly (p < 0.05) degraded the OM

content with the passage of time, and no OM content was

reported eventually among all bacterial treatments at 40 DAI,

except B1 + FeBC3% and B2 + FeBC 3% (Figure 6). Similarly,

the persistent decrease in OM content was reported in those

treatments where both fungal species were applied with Fe and

Zn BC. There was a (37.5%) decrease in OM content estimated

with F2 + FeBC 3% application, whereas a maximum increase

(20%) in OM content with FeBC 1.5% was observed compared

to WW at 40 DAI.

There was an increase in EC observed among first-order

interaction of all the treatments at 20 DAI relative to WW;

however, a significant (p < 0.05) reduction in EC values was

obtained at 40 DAI (Figure 7). The maximum (19.4%) increase

in EC value turned out to be with ZnBC1.5% treatment relative

to WW, at 40 DAI. However, FeBC1.5% interaction with B1

resulted in the highest EC reduction (55.6%) among all the

treatments relative to WW at 40 DAI (Figure 7).

Soil CEC of first-order interaction treatments significantly

(p<0.05) increased relative to WW, from 20 to 40 DAI. ZnBC

3% as alone and along with B2 treatment caused the highest soil

CEC (2-folds) relative to WW at 40 DAI (Figure 8). However,

the B2 with FeBC 3% rate contributed only 1-fold (least among
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FIGURE 3

Images of T. harzianum fungal sp. from harvested soil (a) growth pattern (b) microscopic study and T. viride soil inoculated plate (c) growth

pattern (d) microscopic study; images of P. fluorescence bacterial sp. from harvested soil (e) growth pattern (f) microscopic study and B. subtilis

sp. from harvested soil (g) growth pattern (h) microscopic study.

first-order interaction treatments) CEC rise in treated soil. It was

observed that all fungal sp. applied soil samples showed lower

CEC compared to bacterial appended first-order treatments

relative to WW, at 40 DAI (Figure 8).

Principal component analyses segregated the ZnBC-

bacterial while FeBC-fungal combinations as effective Cr(VI)

immobilizers with >70% data variance at 40 DAI (Figure 9).

ZnBC and FeBC treatments variability under Cr(VI), pH,

OM, EC, and CEC parameters were visible across 20(F

> 75%), 30(F > 56%), and 40(F > 76%) DAI (Figure 9).

Similarly, the analyzed parameters (PCA active variables)

also depicted the shifting trend by occupying the biplot

position relative to significantly influenced treatments (active

observations). Heat map data analyses visually presented a

gradual increase in variability of treatments and parameters.

The contrasting colors in the map depicted the variability,

while less distinguishable colors showed homogeneity in

variables/treatments (Figure 9B). Analyses of ZnBC and

FeBC treatments through PCA biplot demonstrated that

treatment-added soil Cr(VI) adsorption was increasing

gradually; furthermore, the OM, EC, and pH values showed a

reduction after 40 DAI. However, the treatments-applied soil

CEC value increment was evident by 76.28% data variance

(Figure 9).

Discussion

Soil Cr(VI) adsorption was time- and
rate-dependent

The soil Cr(VI) adsorption followed a decreasing trend as

40 DAI > 30 DAI > 20 DAI in WW (Table 3). The significant

(p < 0.05) metal adsorption and gradual Cr(VI) immobilization

were attained by F2 + FeBC 3% (96.8%) and B1 + ZnBC

3% (92.81%) compared to WW at 40 DAI (Figure 4, Table 3).

Different scientists mentioned the maximum Cr adsorption at

high rates of enriched biochar, such as Liu et al. (2019a) reported

that an 8% rate of Fe-enriched rice husk-BC removed 99%

Cr(VI) within 2 h from soil containing 795mg kg−1 Cr(VI)

concentration. In another study, sheep manure Fe-enriched BC

5% w/w application to soil [100mg kg−1 Cr(VI)] remediated

55% Cr concentration relative to WW within 30 days (Mandal

et al., 2017). Similarly, Li et al. (2018) reported that 0.04 g

Zn-enriched carbonaceous BC enhanced 91.2% metal removal

from Cr(VI) solution (50–100 ppm) relative to WW within

24 h. The previous studies reported the doped BC input rate

as >3% (Liu et al., 2019a, 2020); similarly, in our study,

3% BC rates with microbial application remarkably enhanced

the Cr(VI) immobilization in WW-affected soil relative to all
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FIGURE 4

DTPA-extractable Cr(VI) concentration (Mean ± S.D) for ZnBC (1.5, 3%) and FeBC (1.5 and 3%) treatments at 20, 30, and 40 DAI periodic

assessments.

other treatments (Figure 4, Table 3). Microbes cannot break

heavy metals; instead, they bring metal immobilization through

surface binding and enzymatic reactions (Wang et al., 2017a). It

was examined that F2 exhibited high metal sorption compared

to bacterial isolates (Figure 4); thus, they remained potential

candidates for hexavalent Cr decontamination by enhancing
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TABLE 3 Percentage (%) change in metal adsorption (R = 3 mean) after 20, 30, and 40 days of soil metal-spiking.

Treatments Cr (VI) mg kg−1

20 DAI Mean

± S.D

Percentage

change in

Cr(VI)

adsorption

30 DAI Mean

± S.D

Percentage

change in Cr

(VI)

adsorption

40 DAI Mean

± S.D

Percentage

change in

Cr(VI)

adsorption

Soil 0.02± 0.001 – 0.021± 0.01 – 0.0243± 0.01 –

WW 3.84± 0.06 +191% 9.58± 0.09 +455% 16.3± 0.18 +670%

B1 1.66± 0.12 −56.77% 2.9± 0.2 −69.72% 11.14± 1 −31.65%

B2 2.14± 0.02 −44.27% 3.54± 0.04 −63.04% 13.92± 1 −14.60%

F1 2.14± 0.1 −44.27% 2.92± 2 −69.51% 9.7± 1.5 −40.49%

F2 1.22± 0.02 −68.22% 3.5± 1.98 −63.46% 10.78± 1.5 −33.86%

ZnBC 1.5% 2.68± 0.02 −30.20% 5.94± 0.12 −37.99% 9.18± 0.16 −43.6%

ZnBC 3% 1.26± 0.56 −67.18% 2.3± 0.2 −75.99% 3.32± 0.04 −79.63%

FeBC 1.5% 2.54± 0.12 −33.85% 3.96± 0.14 −58.66% 5.36± 0.58 −67.11%

FeBC 3% 0.34± 0.04 −91.14% 4.06± 0.4 −57.62% 7.8± 0.12 −52.14%

B1+ ZnBC 1.5% 2.12± 0.86 −44.79% 3.1± 1 −67.64% 4.08± 0.09 −74.96%

B1+ ZnBC 3% 2.46± 0.4 −35.93% 2.3± 0.2 −75.99% 1.16± 0.86 −92.81%

B1+ FeBC 1.5% 0.64± 0.6 −83.33% 6± 0.9 −37.36% 9.64± 1 −40.85%

B1+ FeBC 3% 2.36± 0.12 −38.54% 2.38± 0.2 −75.15% 4.14± 0.6 −74.601%

B2+ ZnBC 1.5% 1.74± 0.24 −54.68% 5.24± 1.2 −45.30% 8.72± 1 −46.50%

B2+ ZnBC 3% 2.76± 0.26 −28.12% 5.3± 1.98 −44.67% 7.84± 0.6 −51.98%

B2+ FeBC 1.5% 1.76± 0.14 −54.16% 4.02± 1.76 −58.03% 6.68± 1 −59%

B2+ FeBC 3% 1.22± 0.08 −68.22% 3.94± 0.26 −58.87% 6.28± 1 −61.47%

F1+ ZnBC 1.5% 1.64± 0.5 −57.29% 3.06± 1 −68.05% 6.48± 0.5 −60.24%

F1+ ZnBC 3% 2.62± 0.7 −31.77% 3.24± 0.2 −66.17% 4.86± 1.9 −70.18%

F1+ FeBC 1.5% 2.1± 0.06 −45.31% 4.92± 0.2 −48.64% 5.72± 0.78 −64.90%

F1+ FeBC 3% 1.38± 0.58 −64.06% 3.34± 1 −65.13% 4.3± 1 −73.61%

F2+ ZnBC 1.5% 0.12± 0.02 −96.87% 4.14± 1 −56.78% 8.18± 0.88 −49.81%

F2+ ZnBC 3% 0.82± 0.03 −78.64% 3.28± 0.39 −65.76% 5.74± 0.24 −64.78%

F2+ FeBC 1.5% 2.22± 0.2 −42.18% 2.5± 0.6 −73.90% 2.78± 1.38 −82.94%

F2+ FeBC 3% 1.82± 0.2 −52.60% 1.66± 0.6 −82.67% 0.52± 0.4 −96.8%

All the treatments have been compared with wastewater (WW) while WW has been compared with soil Cr (VI) content.

The values remained bold to distinguish them from the rest of the treatments. DAI, Day after incubation; SD, Standard deviation.

the chelation (Gan et al., 2015) and accumulation mechanisms

(Zhang et al., 2020; Yu et al., 2021). Microbial function

as symbionts with metals solubilization potential supports

their usage in agronomic fields and for contaminated soils

rehabilitation (Alam et al., 2019).

Adsorbents Cr(VI) retention potential
(isotherms analyses)

Chromium [Cr(VI)] adsorption rate by ZnBC and FeBC

(1.5 and 3%) with their microbial mixes at 20, 30, and 40 DAI

was checked by kinetic isotherm models (Table 4). Langmuir

isotherm was recommended as the best-fitted model as most

of their R2-values remained ∼1. Similarly, FeBC 3% had

maximum Cr(VI) adsorption capacity (Qmax) 41.6mg g−1

followed by ZnBC 3% (38.31mg g−1) at 40 DAI (Table 4).

Basically, Langmuir isotherm suggested a monolayer Cr(VI)

adsorption pattern with functional groups (COOH-, OH-) and

minerals (Fe/Zn) over BC surface in soil solution (Babu and

Gupta, 2008; Manzoor et al., 2013; Dad et al., 2020). Likewise,

it is supposed that ZnBC and FeBC 3% dose rate contributed

an increase in the number of functional groups and minerals

(Fe/Zn) magnetism played a crucial role in enhanced soil

Cr(VI) retention (Table 4). In a study, the Cr(VI) adsorption

capacity of Zedarach (Chinaberry) wood Magnetic BC was

recorded as 25.27mg g−1 by Zhang et al. (2018b). Zhu et al.

(2018) also applied adsorption isotherms and mentioned the
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TABLE 4 FeBC and ZnBC metal adsorption capacity (20, 30, and 40 days) determined by Langmuir and Freundlich isotherms.

Langmuir adsorption isotherm Freundlich adsorption isotherm

Q (max) or

Xm (mg g−1)

k (l) R (l) R
2 Qe (mg g−1) 1/n = m (slope) R

2

WW (20) 1 0.547 0.11 0.98 WW (20) 15.84 0.9 0.97

WW (30) 14 0.05 0.005 1 WW (30) 5.370 0.86 1

WW (40) 4.1 0.36 0.02 0.995 WW (40) 2.51 0.4 0.9995

ZnBC 1.5% (20) 1.06 0.77 0.157 0.9013 ZnBC 1.5% (20) 3.16 0.292 0.7782

ZnBC 1.5% (30) 9.09 0.704 0.006 0.9778 ZnBC 1.5% (30) 5.52701 0.84 0.9765

ZnBC 1.5% (40) 27.7 0.023 0.001 0.983 ZnBC 1.5% (40) 7.6 0.67 0.9696

ZnBC 3% (20) 0.672 0.066 0.01 0.9946 ZnBC 3% (20) 4.07 0.843 0.9616

ZnBC 3% (30) 11 0.067 0.005 0.9824 ZnBC 3% (30) 15.84 0.740 0.9595

ZnBC 3% (40) 38.31 0.01 0.001 0.9714 ZnBC 3% (40) 19.95 0.2 0.8632

FeBC 1.5% (20) 1.09 0.636 0.131 0.8309 FeBC 1.5% (20) 3.845 0.584 0.9202

FeBC 1.5% (30) 7.87 0.07 0.007 0.9348 FeBC 1.5% (30) 13.983 0.82 0.9147

FeBC 1.5% (40) 27.47 0.023 0.001 0.9564 FeBC 1.5% (40) 17.93 0.539 0.8853

FeBC 3% (20) 1.408 0.673 0.139 0.8631 FeBC 3% (20) 3.73 0.388 0.8268

FeBC 3% (30) 15.03 0.054 0.004 0.9931 FeBC 3% (30) 14.79 0.406 0.9756

FeBC 3% (40) 41.6 0.016 0.0009 0.9673 FeBC 3% (40) 21.35 0.198 0.8167

Langmuir isotherm as the best-fitted model determining the

Cr(VI) adsorption potential of 48.82mg g−1 by Fe-enriched

wetland reed BC.

Variation in soil physicochemical
parameters (pH and OM) with Cr(VI)
stress under bacterial/fungal and Zn/Fe
BC amendments

The experimental soil pH was 7.8 that reduced (7.4%) with

the WW application at 20 DAI. Virtually, the heterogeneity

of pH values increased across the treatments after 40 DAI

(Figure 5). The FeBC original pH (3.67) had an acidic

effect on soil pH as FeBC applied soil samples showed

a pH range of 6.01–6.9. Different treatments such as F1

+ FeBC 1.5% and F2 + FeBC 1.5% caused a similar

reduction (16.46%) in soil pH compared to WW at 40

DAI (Figure 5). The reason for this reduction trend might

be the oxidation potential of FeBC, which enhanced the

exposure of Fe and acidic (carbonyl, carboxyl) functional

groups, under aerobic conditions (Abrishamkesh et al., 2015).

According to Kumar et al. (2007), HCrO−
4 ions are readily

adsorbed over the soil surface by electrostatic attraction

under acidic conditions, as the probability of H+ ions

exchange increases with negatively charged ions. However,

ZnBC (pH 4.7)-added soil samples exhibited a 6.9–7.25 pH

range (Figure 5). The Cr(VI) translocation and mobilization

majorly depend on its oxidative state and medium pH (Attah

and Melkamu, 2013). Furthermore, acidic to neutral pH might

induce different metal immobilization mechanisms such as

reduction, ion exchange, precipitation, and metabolic metal

transformations (Palansooriya et al., 2020). The highly effective

F2 + FeBC3% and B1 + ZnBC3% treatments had pH

values of 6.03 and 6.97, respectively. Thus, the treatments

exclusively contributed in setting the medium pH which

influences microbial viability, Cr(VI) oxidative state, and

minerals/OM availability.

There was no OM content reported in all bacterial

treatments at 40 DAI except B1 + FeBC3% and B2 + FeBC

3% (Figure 6). Organic matter oxidation, microbial metabolic

activities, and metal reduction might be the reasons for OM

content variation with time (Huang et al., 2017; Liu et al., 2020).

Bacteria with fast metabolic activity might consume soil OM

at a faster rate compared to fungi (Figure 6). However, OM

was present in all fungal applied BC (ZnBC, FeBC) treatments,

except F1+ZnBC 1.5% at 40DAI. Fungimycelium grows slowly

and retains OM, which contributes to carbon balance and metal

particles retention in soil (Xu et al., 2018). Thus, FeBC-fungi

inoculated soil had a high potential for metal immobilization,

carbon sequestration (high organic content observed), and long-

term soil minerals management.With FeBC 1.5%, themaximum

increase (20%) in OM content was observed compared to

WW at 40 DAI (Figure 6). The variability can be attributed

to aerobic experimental conditions and subsequent relative

exposure to air.
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FIGURE 5

Comparative analyses of pH for treatments (Mean ± S.D) at 20, 30, and 40 DAI periodic assessments.

Variation in soil physicochemical
parameters (EC and CEC) with Cr(VI)
stress applied under bacterial/fungal and
Zn/Fe BC amendments

In this study, the soil EC ∼0.8 dS/m was reported before

commencing the experiment, whereas the optimal EC ranges

between 1.10 and 5.70 dS/m for fertile soil (Ghorbani et al.,

2019). The WW application significantly (p < 0.05) reduced

(97.73%) the soil EC as compared to the natural soil (Figure 7).

However, the EC value of the soil increased for the main

effects of all treatments as we moved from 20 to 40 DAI,

while it remained unchanged or lower for the combined BC

and microbial treatments over time (20–40 DAI) (Figure 7).
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FIGURE 6

Comparative analyses of OM% content for treatments (Mean ± S.D) at 20, 30, and 40 DAI periodic assessments.

Few research studies already reported a rise in soil EC with

time as enriched BC application might acquire high reaction

kinetics (Masulili et al., 2010; Ghorbani and Amirahmadi, 2018).

Contrarily, few studies mentioned non-significant changes in

EC value of soil even after the addition of organic amendments

(Jien and Wang, 2013; Mavi et al., 2018). The EC of F2 +

FeBC 3% and B1 + ZnBC 3% treatments was reduced by 27.1

and 33.3%, relative to WW at 40 DAI, respectively (Figure 7).

Low EC represents the less availability of nutrients, while

high EC value indicated the presence of excessive nutrients

(Liu et al., 2020). Microbial metabolic activities and carbon/

nitrogen turnover directly influence the nutrients balance of soil

(Muniz et al., 2014; Chen et al., 2017, 2021). Varied and low

EC value range (relative to WW) for all ZnBC/FeBC microbial

combinations might be due to an increase in metal-salt-OH

groups or ionic and electrostatic interactions (Saffari et al.,
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FIGURE 7

Comparative analyses of EC (dS/m) for treatments (Mean ± S.D) at 20, 30, and 40 DAI periodic assessments.

2016; Liu et al., 2020). According to PCA, the EC value was

significantly (F = 76.28% for ZnBC; F = 78.23% for FeBC)

and positively co-related to DTPA-extractable Cr(VI) content of

soil (Figure 9).

The optimal soil CEC has a range of ∼4.5–5 cmol(+)/kg

for sandy loam soil (Olorunfemi et al., 2016). The WW

application significantly (p < 0.05) reduced (86.5%) the soil

CEC value (Figure 8). This reduction might be attributed to
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FIGURE 8

Comparative analyses of CEC [cmol (+)/kg] for treatments (Mean ± S.D) at 20, 30, and 40 DAI assessment periods.

Cr(VI) adsorption mechanism at the initial days (20 DAI) (Liu

et al., 2020); however, microbial application with BC (first-

order interaction) showed a gradual increment in soil CEC.

After 40 DAI, there was a 2-fold increment in the CEC value

observed for B2+ZnBC 3% relative toWW(Figure 8). Different

scientists have proposed different reasons such as it could be

due to oxidation of BC functional groups, increased mobility

of Cr(VI) due to microbial activity, competition between OH−

groups and metal anions and disassociation of mineral and

metal components (Wang et al., 2017a,b; Liu et al., 2020; Yu
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FIGURE 9

(A) Principal component analysis (PCA) for FeBC and ZnBC presenting data distribution co-linearity and variables co-association. (B) Heat map

showing increasing distinction among variable values over time period of 40 days.

et al., 2021). Furthermore, alterations in H+ ions balance, metal

transformation (precipitation), DOC bioavailability, microbial

mobility, and metabolic activity rate (polyphenol oxidase,

dehydrogenase, catalase) in soil matrixmight be other influential

factors for CEC variation (Bandara et al., 2017). Biochar (BC)

was approved to be an effective soil conditioner that extracted

Cr from the soil solution and thus subsequently improved the

soil CEC (Figure 8). Jien and Wang (2013) also reported an

increment in the soil CEC value by application of BC having

high porosity and large surface area. The sandy loam contains

low mineral contents due to lesser silt and clay fractions;

thus, BC acquires a high surface charge in sandy loam soil

compared to clay soil (Aljoumani et al., 2017). Similarly, the

CEC percentage increase was higher for sandy loam than clay,

as reported by Ghorbani et al. (2019). Increasing CEC indicates

soil nutrients holding capacity, which ultimately depends on
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soil biota, adsorbents, moisture content, and texture (Hao et al.,

2014). CEC and OM values for tested soil samples depicted the

positive co-relations that pointed out OM as a reactive material

affecting the soil Cr(VI) adsorption kinetics and CEC (Figure 9).

PCA segregated ZnBC/FeBC-fungal assemblages applied soil

samples with high CEC and OM values. The above-mentioned

factors might be the reason for significantly (p < 0.05) enhanced

metal immobilization (96.2%) by F2 + FeBC3% treatment

applied to the soil which had high CEC (85.7%) and low pH

value (11.7%) relative to WW and viable OM content at 40 DAI

(Figures 9A,B).

Conclusion

Both fungal sp. with enriched BC (Zn/Fe) proved to be an

excellent combination for soil Cr immobilization and showed

slow OM oxidation relative to bacterial sp. Thus, FeBC3%

+ F2 application remained the best treatment for Cr(VI)

immobilization as 96.8% soil Cr(VI) adsorption was achieved

relative to WW. Similarly, soil Cr(VI) adsorption increased

to 92.81% with ZnBC 3%+ B1 relative to WW. Langmuir

adsorption isotherm gave FeBC 3% group treatments maximum

Cr(VI) adsorption capacity (Qmax) 41.6mg g−1 followed by

ZnBC 3% group treatments as 38.31mg g−1 at 40 DAI. Soil

pH turned slightly acidic with FeBC and remained neutral

with ZnBC promoting the Cr(VI) reduction and speciation

processes. We concluded that combined application gave better

metal remediation outcomes relative to amendments single

application. Biochar was enriched with Fe and Zn minerals

because these minerals are deficient in soils of Pakistan and

also have nutritional value. This is the first study to report

the use of zinc-enriched BC with microbial cultures. Similarly,

limited studies were found on Fe-enriched BC co-application

with microbial amendments. Mostly, the literature was available

on enriched BC and microbial individual or sole applications.

Under the comparative analyses’ framework, we tried to find out

how the combined application was beneficial for soil health and

what alterations are occurred in physicochemical properties.

Eventually, this study implies that microbes along with

Zn/Fe doped BC resulted in low pH, high OM, and CEC,

which ultimately played a role in maximum Cr(VI) adsorption

from WW applied soil. However, study can further be

extended to determine the soil physicochemical characteristics

optimization to promote soil structural stability and high crop

productivity with biochar-microbial application. Additionally,

plant growth variables can be assessed under the set of these

remedial approaches.
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SUPPLEMENTARY FIGURE 1

Pure cultures fungal (F1: 1; F2: 2) DNA bands appeared by gel

electrophoresis (a) before PCR amplification (b) after PCR amplification

(1 denotes to T.harzianum while 2 denotes to T.viride species; the

alphabets show sample replicates); Pure cultures bacteria (B1: 1; B2: 2)

DNA bands appeared by gel electrophoresis (c) before PCR amplification

(d) after gel electrophoresis (1 denotes to P. fluorscence while 2 denotes

to B. subtilis; the alphabets show sample replicates).

SUPPLEMENTARY FIGURE 2

Changes in soil physicochemical properties under organic and microbial

amendments over time period of 40 days.
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Microbial induced carbonate precipitation (MICP) has recently applied to

immobilize heavy metals toward preventing their threats to public health

and sustainable development of surrounding environments. However, for

copper metallurgy activities higher copper ion concentrations cause the

ureolytic bacteria to lose their activity, leading to some difficulty in forming

carbonate precipitation for copper immobilization (referred to also as

“biomineralization”). A series test tube experiments were conducted in

the present work to investigate the effects of bacterial inoculation and

pH conditions on the copper immobilization efficiency. The numerical

simulations mainly aimed to compare with the experimental results to

verify its applicability. The copper immobilization efficiency was attained

through azurite precipitation under pH in a 4–6 range, while due to Cu2+

migration and diffusion, it reduced to zero under pH below 4. In case

pH fell within a 7–9 range, the immobilization efficiency was attained

via malachite precipitation. The copper-ammonia complexes formation

reduced the immobilization efficiency to zero. The reductions were attributed

either to the low degree of urea hydrolysis or to inappropriate pH

conditions. The findings shed light on the necessity of securing the urease

activity and modifying pH conditions using the two-step biomineralization

approach while applying the MICP technology to remedy copper-rich

water bodies.

KEYWORDS

microbial-induced carbonate precipitation, ureolytic bacteria, copper metal, two-
step biomineralization, copper-ammonia complex
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Introduction

Copper (Cu) is an indispensable trace element for human
health, plant and animal growth, and it has an activating effect
on some key enzymes in cellular metabolism (Facchin et al.,
2013). However, it can impose serious threats to organisms if
the concentration exceeds the legal limit (Elalfy et al., 2021; Guo
et al., 2021). Most of the copper in nature exists as compounds
(i.e., copper minerals), and in China, the development of copper
mining, smelting, and processing has raised the potential of their
migration and diffusion in surrounding environments (Bai et al.,
2021b,c; Hu et al., 2021a, 2022a,b; Wang et al., 2022b; Xue et al.,
2021; Yu et al., 2021). Nowadays there are various physical and
chemical measures available for remedying copper-rich water
bodies. However, these methods are time-consuming, costly,
and not environmental-friendly (Qdais and Moussa, 2004; Wei
et al., 2005; Fu and Wang, 2011; You et al., 2018; Chen et al.,
2022a,b; Li et al., 2022; Wang et al., 2022a). In recent years, the
microbial-induced carbonate precipitation (MICP) technology
has attracted extensive attention as an alternative to traditional
measures (Achal et al., 2012a; Chen and Achal, 2019; Ye et al.,
2021; Xue et al., 2022a,b).

The MICP technology can precipitate carbonates between
soil particles and has been widely applied to calcareous sand
reinforcement (Jiang et al., 2019; Lai et al., 2020; Rahman
et al., 2020; Zhang et al., 2020; Cui et al., 2021; Xiao et al.,
2021; Yang et al., 2022), while studies on the remediation of
heavy metals using the MICP technology are markedly limited
(Kang et al., 2015; Li et al., 2021; Wang et al., 2022e,f). The
principle of the MICP technology is to catalyze urea hydrolysis
through secreting the urease using the ureolytic bacteria,
discharging hydroxide and ammonium ions (see Eqs. 1–3) and
subsequently yielding carbonates. Heavy metal ions and calcium
ions could co-precipitate with bacteria as nucleation sites in
the biomineralization process (see Eqs. 4–7) (Li et al., 2013).
As a result, the “net” effect of such a reaction corresponds
to an increase in surrounding pH (Schwantes-Cezario et al.,
2017; Cui et al., 2022). The use of carbonates aims to capsulize
heavy metal ions by forming carbonate precipitation (termed
immobilization of heavy metals hereafter), preventing their
migration and diffusion (Achal et al., 2011; Achal et al., 2012b;
Jiang and Soga, 2019; Chen and Achal, 2019; Schwantes-Cezario
et al., 2020; Liu et al., 2021; Mujah et al., 2021; Zeng et al.,
2021). Ali et al. (2022) reported that strain B. diminuta isolated
from soil could immobilize Cd2+ and Zn2+ in solution by co-
precipitation. In addition, extracellular polymers (EPS) secreted
by bacteria can provide nucleation sites and promote bacteria
to immobilize heavy metal ions in solution (Chen et al., 2016;
Casas et al., 2020; Qiao et al., 2021; Kim et al., 2021).

CO(NH2)2 +H2O→ 2NH3 + CO2 (1)

2NH3 + 2H2O↔ 2NH4
+
+ 2OH− (2)

CO2 + 2OH− ↔ HCO3
−
+OH− ↔ CO3

2−
+H2O (3)

Ca2+
+ Cell→ Cell− Ca2+ (4)

M2+
+ Cell→ Cell−M2+ (5)

Cell− Ca2+
+ CO3

2−
→ Cell− CaCO3(s) (6)

Cell−M2+
+ CO3

2−
→ Cell−MCO3(s) (7)

Recent studies indicated that the copper immobilization
efficiency generally maintains at low levels compared to other
heavy metals (Achal et al., 2011; Li et al., 2013; Mugwar and
Harbottle, 2016; Bai et al., 2019, 2021a; Hu et al., 2021b; Wang
et al., 2022c,d). It is due to the fact that copper ions bind
to the functional groups of the urease, and as a result, its
spatial structure is badly modified causing its denaturation and
inactivation (Krajewska, 2008; Seplveda et al., 2021). Among
all the positive divalent heavy metals, copper has the highest
toxicity on the urease activity except mercury, and securing the
urease activity against copper metal is deemed a challenging
task while introducing the MICP technology (Zaborska et al.,
2004; Jiang et al., 2019). Increasing the initial urea concentration
may improve the resistance of the urease against copper metal.
However, the higher the urea concentration, the higher the
surrounding pH, and the higher the potential of forming
complexes unfavorable for the immobilization of copper metal
(Ferris et al., 2004; Torres-Aravena et al., 2018; Duarte-
Nass et al., 2020; Liu et al., 2020; Seplveda et al., 2021;
Tarach et al., 2021; Chen et al., 2022a,c; Xue et al., 2022c).

Conducting a closer look to the literature on the
biomineralization, however, reveals a number of gaps and
shortcomings. To this end, the present work proposes a two-step
biomineralization approach; the first step allows the ureolytic
bacteria hydrolyze urea to discharge the amount of carbonate
and hydroxyl ions necessary for forming carbonates in the
second step. The second step mainly aims to use the ureolytic
bacteria as nucleation sites to precipitate carbonate, capsulizing
copper metal (Torres-Aravena et al., 2018; Duarte-Nass et al.,
2020). Prior to the second step where the urease is inoculated to
the medium containing copper metal, the amount of carbonate
and ammonia ions necessary for forming carbonates in the
second step is already yielded in the first step, mitigating
the effect of Cu2+ toxicity. In addition, different inoculation
proportions may consider in the second step to modify the
surrounding pH, thus preventing the formation of complexes
unfavorable for securing the copper immobilization efficiency.
The objectives of this study are: (1) To conduct test tube
experiments to investigate the effects of bacterial inoculation
and pH surrounding conditions, (2) to highlight the necessity
of modifying pH and distinguish the speciation of precipitation
against different pH ranges using the numerical simulations,
and (3) to propose the two-step biomineralization approach to
secure the immobilization efficiency.
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Materials and methods

Ureolytic bacteria culture

Sporosarcina pasteurii, a basophilic ureolytic bacterium, was
used in the present work. It was activated in a sterile liquid
medium, which consists of 20 g/L yeast extract, 10 g/L NH4Cl,
20 g/L urea, 10 mg/L MnSO4·H2O, 24 mg/L NiCl2·6H2O. The
surrounding pH for the sterile liquid medium was adjusted
to 8.8 using 1 M solution of NaOH. The activated ureolytic
bacteria were mixed with glycerol using a ratio of 7:3 and
stored at –20 ◦C. They were subjected to shaking culture at
30 ◦C and 180 rpm for 30 h. Further, the chemicals of urea,
MnSO4·H2O, NiCl2·6H2O, NaOH, and Cu(NO3)2·3H2O were
diluted to given concentrations, respectively, and applied to the
subsequent test tube experiments.

Urease activity measurement

The urease activity (termed UA hereafter) under different
bacterial inoculation proportions was measured in Cu2+

contained 0.5 M urea solution, which aims to evaluate the effect
of Cu2+ toxicity on the ureolytic bacteria and urease activity.
The concentration of Cu2+ and the bacterial inoculation
proportion were 5, 10, and 20 mM, and 1:9, 1:3, and
1:1, respectively.

pH, EC (electric conductivity), and UA, while catalyzing
urea hydrolysis, were measured using a benchtop pH meter
(Hanna Instruments Inc. HI2003) and a benchtop conductivity
meter (Hanna Instruments Inc. HI2314), respectively. UA was
measured on a basis of the ureolysis rate, as recommended by
Whiffin et al. (2007); 2 mL final reaction solution is mixed with
18 mL 1.11 M urea, and EC is measured at 0 min and 5 min after
the mixing. UA can be evaluated using the equation below:

UA =
EC5 − EC0

5
× 10× 1.11(mM Urea min−1) (8)

where EC0 and EC5 are electrical conductivity at 0 and
5 min, respectively. NH4

+ concentration of the final reaction
solution is measured at 0, 24 and 48 h, respectively, and the
method for measuring NH4

+ concentration corresponds to the

TABLE 2 Scheme applied to the test tube experiments.

Parameters
applied to the
first step

Parameters
applied to the

second step

Concentration
of Cu(NO3)2

(mM)

Urea at 333 mM
NH4Cl at 187 mM

1:9 20, 40, 60

1:3 20, 40, 60

1:1 0–50

modified Nessler method (Whiffin et al., 2007). There were three
replicates for each test set.

Numerical simulations

To evaluate the effect of Cu2+ concentration and pH
on the speciation of precipitation and copper immobilization
efficiency, the biomineralization process was reproduced using
the Visual MINTEQ software package, although the process of
urea hydrolysis has been neglected. The initial concentration
for NH4

+ and CO3
2− was calculated in accordance with

the bacterial inoculation proportion. Table 1 summarize the
parameters applied to the numerical simulations.

Test tube experiments

This part aims to elaborate more about the details applied
to the test tube experiments. First, a Cu(NO3)2 solution at
concentrations varying in a 0–60 mM range was prepared, while
the ureolytic bacteria were cultivated with yeast extract and
ammonia nitrogen, during which time urea at 333 mM was
also added to the culture medium. Second, the urea hydrolysis
proceeded with the bacterial inoculation proportions of 1:9, 1:3,
and 1:1, respectively, for 48 consecutive hours. The aforesaid
two-step biomineralization approach is the first proposed by
the authors and primarily aims not only to discharge NH4

+

and OH− preventing not only the effect of Cu2+ toxicity but
the formation of complexes unfavorable for securing the copper
immobilization efficiency. NH4

+ and Cu2+ concentrations
were measured at 0, 24, and 48 h, respectively. An atomic

TABLE 1 Parameters applied to the numerical simulations of the copper immobilization efficiency against Cu(NO3)2 concentration and pH
considering bacterial inoculation proportions of 1:9, 1:3, 1:1, and 3:1, respectively.

Bacterial inoculation proportion Ion concentration (mM) pH

Cu2+ NO3
− NH4

+ CO3
2− Cl−

1:9 5, 20, 40, 60, 80 10, 40, 80, 120, 160 85.3 33.3 18.7 0–13

1:3 213.25 83.25 46.75

1:1 426.5 166.5 93.5

3:1 639.75 249.75 140.25
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spectrophotometer (Beijing Purkinje General Instrument TAS-
990) was responsible for the Cu2+ concentration measurements.
The copper immobilization efficiency can be evaluated as
follows:’

Immobilization efficiency = ((C0 − C1)/C0)× 100% (9)

where C0 and C1 are Cu2+ ions concentration before and
after remediation, respectively. Table 2 summarize the scheme
applied to the test tube experiment. There were three replicates
for each test set.

Results and discussion

Test tube experiments

Effect of bacterial inoculation
UA is an important indicator that determines the

growth and reproduction of the ureolytic bacteria during
the biomineralization process. Furthermore, the higher the
UA, the higher the resistance of the ureolytic bacteria against
copper metal (Song et al., 2017). Considering copper metal can

significantly impede the bacteria’s growth and reproduction
(Zaborska et al., 2004), the degradation mechanism is
summarized as copper metal binding to the functional groups
of the urease and modifying its spatial structure, thus causing
its denaturation and inactivation (Krajewska, 2008). Duarte-
Nass et al. (2020) suggested that increasing the initial urea
concentration could improve the resistance of ureolytic bacteria
against Cu2+ toxicity. Despite that, such high initial urea
concentration, however, turns the surrounding pH into alkaline
environments promoting the formation of copper-ammonia
complexes unfavorable for securing the copper immobilization
efficiency (Liu et al., 2018; Duarte-Nass et al., 2020).

When subjected to 20 mM Cu2+, UA goes into a decline
for the bacterial inoculation proportion = 1:1, while for the
bacterial inoculation proportions = 1:3 and 1:9, it shows
a smaller change (see Figure 1A). UA for all the bacterial
inoculation proportions reduces to approximately zero 4 h after
the beginning of bacterial inoculation, indicating that the effect
of Cu2+ toxicity depresses the growth and reproduction of
the ureolytic bacteria and causes some difficulty in catalyzing
urea hydrolysis. For this reason, the measurements of EC and
NH4

+ show a small change because of a small number of NH4
+

and OH− discharged, as depicted in Figures 1B,C. UA for the

FIGURE 1

(A) UA vs. treatment time relationship, (B) EC vs. treatment time relationship, and (C) NH4
+ vs. treatment time relationship when subjected to

Cu2+ concentration at 20 mM.
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FIGURE 2

(A) UA vs. treatment time relationship, (B) EC vs. treatment time relationship, and (C) NH4
+ vs. treatment time relationship when subjected to

Cu2+ concentration at 10 mM.

FIGURE 3

(A) UA vs. treatment time relationship, (B) EC vs. treatment time relationship, and (C) NH4
+ vs. treatment time relationship when subjected to

Cu2+ concentration at 5 mM.
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FIGURE 4

(A) pH vs. treatment time relationship under Cu2+ concentration at 20 mM, (B) pH vs. treatment time relationship under Cu2+ concentration at
10 mM, (C) pH vs. treatment time relationship under Cu2+ concentration at 5 mM, and (D) schematical illustration of copper-ammonia complex.

bacterial inoculation proportion = 1:1 goes into a decline at
the very beginning of bacterial inoculation when subjected to
10 mM Cu2+, and goes up 12 h following the commencement
of bacterial inoculation, as shown in Figure 2A. In contrast, UA
for the other two inoculation proportions presents a negligible
change all long. These results indicate that the ureolytic bacteria
for the bacterial inoculation proportion = 1:1 could remain its
activity when subjected to 10 mM Cu2+, and for the other two
inoculation proportions, the effect of Cu2+ toxicity depresses
the growth and reproduction of the ureolytic bacteria reducing
the secretion of the urease. The measurements of EC and
NH4

+ provide testimony of the above argument, as shown in
Figures 2B,C. Given the inoculation proportion= 1:1, UA going
up 12 h after the beginning of bacterial inoculation is attributed
to the reduction in the effect of Cu2+ toxicity, induced by the
formation of copper-ammonia complexes. In other words, the
formation of copper-ammonia complexes causes an inability of
depressing the growth of the ureolytic bacteria and enhances the
resistance of the urease against Cu2+ toxicity. When subjected

to 5 mM Cu2+, the behavior can also be recognized as UA
going down rapidly and going up till the end of the process
and becomes more distinct compared to 10 mM Cu2+. UA for
the inoculation proportion = 1:3 even surpasses that for the
inoculation proportion = 1:1 12 h after the commencement of
bacterial inoculation. The relatively higher urea concentration
for the inoculation proportion = 1:3 may be considered as
the main cause leading to such phenomenon. EC and NH4

+

measurements give testimony to the argument made, as shown
in Figures 3B,C.

On the whole, when subjected to 20 mM Cu2+, either
for higher inoculation proportions or lower inoculation
proportions the majority of the ureolytic bacteria lose their
activity in the first 4 h because of the effect of Cu2+

toxicity. For this reason, a small number of NH4
+ and OH−

are discharged and EC, therefore, shows a small increase.
The effect of Cu2+ toxicity badly depresses the growth and
reproduction of the ureolytic bacteria for the subsequent
8 h. The ureolytic bacteria that remain active 12 h after the
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FIGURE 5

(A) pH vs. treatment time relationship, (B) UA vs. treatment time relationship, (C) NH4
+ vs. Cu(NO3)2 concentration relationship and, (D) copper

immobilization efficiency vs. Cu(NO3)2 concentration relationship for the bacterial inoculation proportion = 1:1.

commencement of bacterial inoculation begin showing their
resistance against Cu2+ toxicity. The formation of copper-
ammonia complexes reduces the effect of Cu2+ toxicity on
the ureolytic bacteria and UA. This phenomenon becomes
more pronounced when subjected to lower Cu2+ concentrations
and higher bacterial inoculation proportions (e.g., 1:3 and
1:1). When subjected to 10 mM Cu2+, the ureolytic bacteria
remain active only when the bacterial inoculation proportion
is raised to 1:1, whereas the ureolytic bacteria, when subjected
to 5 mM Cu2+, remain active even when the inoculation
proportion is reduced to 1:3. These results lead us to
summarize that although higher inoculation proportions can
improve the resistance of the ureolytic bacteria against Cu2+

toxicity and promote the secretion of the urease, their use
is accompanied by discharging more OH− throughout the
biomineralization process, turning surrounding environments
into alkaline conditions and promoting the copper-ammonia
complexes formation. The copper-ammonia complexes largely
raise the potential of Cu2+ migration and diffusion, causing
an inability of securing the copper immobilization efficiency.
As indicated by Figure 3C, an improvement in EC and

NH4
+ may cause misleading interferences concerning the

use of high inoculation proportion of 1:1 for improving
the copper immobilization efficiency. Therefore, it is argued
that higher inoculation proportions pave the way to secure
copper immobilization efficiency. In addition to UA, particular
attention to the surrounding pH conditions should also be given,
preventing a reduction in the copper immobilization efficiency
by the copper-ammonia complexes formation.

Effect of surrounding pH conditions
The temporal relationships of pH against the bacterial

inoculation proportion= 1:9, 1:3, and 1:1 when subjected to 20,
10, and 5 mM Cu2+ are shown in Figures 4A–C, respectively.
The results from the previous section indicate that when
subjected to 10 mM Cu2+, the ureolytic bacteria remaining
active is present only when the inoculation proportion is raised
to 1:1, while the bacteria that remain active, when subjected to
5 mM Cu2+, presents even when the inoculation proportion
is as low as 1:3. The value of surrounding pH corresponding
to the these results, however, exceeds 9 (Duarte-Nass et al.,
2020). As discussed, the ureolytic bacteria can be characterized
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FIGURE 6

(A) copper immobilization efficiency vs. pH relationship for the inoculation proportion = 1:9, (B) copper immobilization efficiency vs. pH
relationship for the inoculation proportion = 1:3, (C) copper immobilization efficiency vs. pH relationship for the inoculation proportion = 1:1,
and (D) copper immobilization efficiency vs. pH relationship for the inoculation proportion = 3:1 [Cu(NO3)2 concentration = 40 mM].

as UA going down in the first 4 h after the commencement of
bacterial inoculation, and UA going up since after 12 h (see
Figures 2A, 3A). The bacteria that remain active 12 h after
the commencement of bacterial inoculation can reproduce and
catalyze urea hydrolysis, discharging NH4

+ and OH−. This
is deemed as the main cause leading to the value of pH in
excess of 9.

pH below 9 is attained using 20–50 mM Cu2+ where
the effect of Cu2+ toxicity can depress the growth and
reproduction of the ureolytic bacteria (see Figures 5A,B). The
ureolytic bacteria remain active when subjected to 0–10 mM
Cu2+, discharging NH4

+ throughout the biomineralization
process (see Figure 5C). It is worth to note that the
copper immobilization efficiency could be as low as 5%
under the inoculation proportion being 1:1, and such low
copper immobilization efficiency still holds true when Cu2+

concentration decreases to 5 mM (see Figure 5D). These results
conflict with our consensus that lower Cu2+ concentrations
can ease the effect of Cu2+ toxicity on the ureolytic bacteria
and promote the secretion of the urease by the ureolytic
bacteria, thus improving the degree of urea hydrolysis and
subsequently the copper immobilization efficiency. There are
two underlying mechanisms revealed by the present work.
Although the ureolytic bacteria remain active when subjected to
0–10 mM Cu2+, the highest inoculation proportion of 1:1 not
only eases the effect of Cu2+ toxicity on the ureolytic bacteria
and UA but turns the surrounding pH into alkaline conditions
(pH > 9), promoting the formation of copper-ammonia
complexes. The copper-ammonia complexes raise the potential
of Cu2+ migration and diffusion and reduce the copper
immobilization efficiency to as low as 5%. Furthermore, despite
pH below 9 and no copper-ammonia complex formation, the
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FIGURE 7

(A) copper immobilization efficiency vs. pH relationship for the inoculation proportion = 1:9, (B) copper immobilization efficiency vs. pH
relationship for the inoculation proportion = 1:3, (C) copper immobilization efficiency vs. pH relationship for the inoculation proportion = 1:1,
and (D) copper immobilization efficiency vs. pH relationship for the inoculation proportion = 3:1 [Cu(NO3)2 concentration = 20 mM].

effect of Cu2+ toxicity badly depresses the ureolytic bacteria and
UA when subjected to a range of 20–50 mM Cu2+, reducing
the degree of urea hydrolysis. The lower the degree of urea
hydrolysis, the lesser the carbonate precipitated, and the lower
the copper immobilization efficiency. The reduction in the
degree of urea hydrolysis reduces the copper immobilization
efficiency to approximately 5%.

Numerical simulations

Considering harsh pH conditions and the precipitation
speciation have been neglected in the test tube experiments,
they are interpreted a step further using a series of numerical
simulations. Given 40 mM Cu(NO3)2, the relationships of
the copper immobilization efficiency vs. the surrounding pH
against the inoculation proportions of 1:9, 1:3, 1:1, and 3:1 are

shown in Figure 6. Under the inoculation proportion = 1:9,
there are three speciations of carbonate precipitation, including
azurite [(Cu3(OH)2(CO3)2], malachite [Cu2(OH)2CO3], and
tenorite (CuO), when pH remains above 4 (see Figure 6A).
The copper immobilization efficiency increases notably when
pH is increased from 4.0 to 4.5. It reaches approximately 100%
when pH falls within a 5–12 range, with the exception of pH
surrounding 9 where a reduction in the copper immobilization
efficiency occurs. When pH is below 4, Cu2+ are present in a
free state and no carbonate precipitation is found, reducing the
copper immobilization efficiency to zero. The aforesaid three
speciations of carbonate precipitation are also present under
the inoculation proportion = 1:3 (see Figure 6B). Similarly,
Cu2+ are present in a free state when pH remains below 4.
Except pH surrounding 9, the copper immobilization efficiency
reaches nearly 100% as pH falls within a 5–12 range. Such
reduction in the copper immobilization efficiency under the
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FIGURE 8

(A) copper immobilization efficiency vs. pH relationship for the inoculation proportion = 1:9, (B) copper immobilization efficiency vs. pH
relationship for the inoculation proportion = 1:3, (C) copper immobilization efficiency vs. pH relationship for the inoculation proportion = 1:1,
and (D) copper immobilization efficiency vs. pH relationship for the inoculation proportion = 3:1 [Cu(NO3)2 concentration = 60 mM].

inoculation proportion = 1:1 and 3:1, respectively, is also noted
(see Figures 6C,D). It is also present when subjected to 20 mM
and 60 mM Cu(NO3)2, respectively (see Figures 7, 8). In this
situation (pH approximately 9) precipitation even disappears
under the inoculation proportion = 3:1. Taking a close look
at the variations of the copper immobilization efficiency shown
in Figures 6–8, higher Cu2+ concentrations narrow pH ranges
that are associated with the formation of copper-ammonia
complexes. For example, pH corresponding to the formation
of copper-ammonia complexes is narrowed from 8.2 to 10.2
range when subjected to 20 mM Cu2+ to 8.6–10 range when
subjected to 60 mM Cu2+. In other words, there is a higher
possibility for the copper-ammonia complexes to form when
subjected to lower Cu2+ concentrations. These phenomena are
due to the fact that lower Cu2+ concentrations in fact turn
surrounding environments into alkaline conditions favorable

for forming the copper-ammonia complexes. In contrast, higher
Cu2+ concentrations provide acidic environments.

In acidic environments, the hydrolysis of CO3
2− is going

forward and ammonia is present in NH4
+ form. Considering

HCO3
− and H2CO3 as well as NH4

+ are not going to react
with Cu2+, the majority of Cu2+ is present in a free state and
the remaining is biomineralized with CO3

2−, thereby forming
azurite precipitation (see Figures 6–8). Under pH below 4, Cu2+

in a free state raises its migration and diffusion potential and is
deemed as the main contributor to the reduction in the copper
immobilization efficiency. In short, under pH in a 4–6 range
(in most cases), the copper immobilization efficiency is attained
through azurite precipitation. The copper immobilization
efficiency drops sharply to zero under pH below 4 due to Cu2+

migration and diffusion. In contrast, the hydrolysis of CO3
2− is

going backward in alkaline environments, and ammonia is, in
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FIGURE 9

(A) copper immobilization efficiency vs. Cu(NO3)2 concentration relationship and (B) NH4
+ concentration vs. Cu(NO3)2 concentration

relationship for the inoculation proportion = 1:9; (C) copper immobilization efficiency vs. Cu(NO3)2 concentration relationship and
(D) NH4 + concentration vs. Cu(NO3)2 concentration relationship for the inoculation proportion = 1:3.

turn, present in NH3 form. NH3 is going to react with Cu2+,
forming the copper-ammonia complexes. The remaining is
going to precipitate with CO3

2− to form malachite precipitation
(see Figures 6–8). It is noteworthy that tenorite is precipitated
under pH above 10, corresponding to a copper immobilization
efficiency of approximately 100%. Notwithstanding that, its
chemical and thermodynamic properties are not as good as the
other two carbonates (i.e., azurite and malachite) because it
dissolves under harsh pH and temperature conditions, causing
an inability of preventing Cu2+ migration and diffusion. To
summarize, under pH surrounding 9, the copper-ammonia
complexes notably reduce the copper immobilization efficiency
to zero by promoting Cu2+ migration and diffusion. In
case pH falls within a 7–9 range (in most cases), the
copper immobilization efficiency is attained through malachite
precipitation.

Copper immobilization efficiency

This part aims not only to verify the applicability of the
numerical simulations applied to the present work but to

investigate further the effect of Cu2+ concentration on the
immobilization efficiency under a given pH value (Mugwar and
Harbottle, 2016). It can be observed that for the inoculation
proportion = 1:9, the copper immobilization efficiency
being approximately 90% is the highest under Cu(NO3)2

concentration at 40 mM, corresponding to pH = 6.79 (see
Figures 9B,D). Further, the copper immobilization efficiency
approximately 45% is the lowest when subjected to Cu(NO3)2

concentration at 20 mM, which corresponds to pH = 8.39.
These results are in line with the simulated results, thereby
verifying the applicability of the numerical simulations (see
Figures 6–8). The reductions in the copper immobilization
efficiencies, when subjected to Cu(NO3)2 = 20 mM and
60 mM, appear to be attributed to the effect of pH
conditions. Although the majority of the ureolytic bacteria
lose their activity in the second step of the two-step
biomineralization, the discharge of OH− (relevant to bacterial
inoculation proportion) in the first step determine not only pH
conditions but also the speciation of carbonate precipitation.
pH = 8.88, induced by the inoculation proportion = 1:3, gives
alkaline environments when subjected to 20 mM Cu(NO3)2

and promotes the formation of copper-ammonia complexes,
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FIGURE 10

Schematic illustration of the underlying mechanisms affecting the copper immobilization efficiency.

yielding the copper immobilization efficiency way below
10% (see Figures 9C,D). In contrast, when subjected to
60 mM Cu(NO3)2, pH = 6.89, resulting from the inoculation
proportion = 1:3, gives acidic environments and then prevent
the formation of copper-ammonia complexes, corresponding
to the copper immobilization efficiency approximately 80%.
In most cases the copper immobilization efficiency using
the two-step biomineralization approach higher than 45% is
much higher than that using the ordinary biomineralization
approach despite a discrepancy in the bacterial inoculation
proportion (see Figure 5D). That is to say, the two-step
biomineralization approach elevates the copper immobilization
efficiency and such improvement is especially pronounced when
subjected to higher Cu(NO3)2 concentrations. However, the
copper immobilization efficiency way below 10% under the
bacterial inoculation proportion = 1:3 appears when subjected
to 20 mM Cu(NO3)2. Modification concerning pH conditions
may consider by reducing the inoculation proportion to 1:9 to
prevent the reduction in the copper immobiliztion efficiency.
To conclude, the two-step biomineralization approach prevents
the effect of Cu2+ toxicity by discharging NH4

+ and OH−

prior to inoculating the ureolytic bacteria to the liquid medium
containing Cu(NO3)2. Discharging NH4

+ and OH− while
cultivating the ureolytic bacteria is deemed as the first step
(see Figure 10). To prevent the formation of copper-ammonia

complexes, pH conditions are modified by reducing the
inoculation proportion, referred to also as the second step.
As a result, the copper immobilization efficiency remains very
high when even subjected to higher Cu(NO3)2 concentrations.
The use of the two-step biomineralization to secure the urease
activity and also to modify pH conditions is considered of
great necessity while applying the MICP technology to remedy
copper-rich water bodies.

Conclusion

The proposed two-step biomineralization approach to
secure the urease activity and also to modify pH conditions to
prevent the copper-ammonia complexes formation was applied
to copper immobilization. Based on the results and discussion,
some main conclusions can be drawn as follows:

(1) The copper immobilization efficiency way below 10%
for the bacterial inoculation proportion = 1:1 is
attained and still holds true even when Cu(NO3)2

concentration is reduced to 5 mM. Although higher
inoculation proportions can improve the resistance of
the ureolytic bacteria against Cu2+ toxicity, their use
is accompanied by discharging more OH−, turning
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surrounding environments into alkaline conditions and
promoting the formation of copper-ammonia complexes.
For this reason, the potential of Cu2+ migration is raised,
causing an inability of securing the copper immobilization
efficiency.

(2) 20–50 mM Cu(NO3)2 can badly depress the ureolytic
bacteria and then reduces the degree of urea hydrolysis.
The lower the degree of urea hydrolysis, the lesser
the carbonate precipitated, and the lower the copper
immobilization efficiency. The lack of CO3

2−, induced
by the reduction in the degree of urea hydrolysis, is
considered to be the main cause leading to the copper
immobilization efficiency way below 10% when subjected
to 20–50 mM Cu(NO3)2.

(3) Under pH in a 4–6 range (in most cases), the copper
immobilization efficiency is attained through azurite
precipitation. The copper immobilization efficiency drops
to zero under pH below 4 due to Cu2+ migration and
diffusion. Under pH surrounding 9, the copper-ammonia
complexes reduce the copper immobilization efficiency to
zero. In case pH falls within a 7–9 range (in most cases),
the copper immobilization efficiency is attained through
malachite precipitation. The findings shed light on the
necessity of securing the urease activity and modifying pH
conditions while applying the MICP technology to remedy
copper-rich water bodies.
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Low-cost and environmentally friendly agricultural practices have received

increasing attention in recent years. Developing microbial inoculants

containing phosphate (P) solubilizing bacteria (PSB) represents an emerging

biological solution to improve rhizosphere P availability. The present study

aims to explore PSB strains isolated from soils located at different bioclimatic

stages in Morocco and present in various legumes rhizosphere to improve

agronomic microbial fertilizer’s effectiveness. It was also aimed to test the

isolated strains for their ability to solubilize P in NBRIP medium with Tricalcium

P (Ca3 (PO4)2) (TCP), rock phosphate (RP), and their combination as a

source of phosphorus, by (22) experiment design. Bacterial strains with a

high P solubility index (PSI) were selected, characterized, and compared to

commercial control. The vanadate-molybdate method was used to estimate

P solubilization activity. Stress tolerance to salinity, acidity, drought, and

temperature was tested. From all isolated strains (64), 12 were screened as

promising biotechnological interest because of their P solubilization and their

good resistance to different drastic conditions. Besides, the strain WJEF15

showed the most P solubility efficiency in NBRIP solid medium with a PSI of

4.1; while the WJEF61 strain was located as the most efficient strain in NBRIP-

TCP liquid medium by releasing 147.62 mg.l−1 of soluble P. In contrast, in

the NBRIP-RP medium, the strain WJEF15 presented maximum solubilization

with 25.16 mg.l−1. The experiment design showed that a combination of RP

and TCP with max level progressively increases P solubilization by 20.58%,

while the WJEF63 strain has the most efficient concentration of 102.69 mg.l−1.

Indeed, among the selected strains, four strains were able to limit tested fungi

growth. Thus, results reveal a potential effect of selecting PSBs to support

cropping cultures as plant growth-promoting rhizobacteria (PGPR).

KEYWORDS

microbial fertilizers, rock phosphate, stress tolerance, sustainability, antifungal
acitivity, TCP
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Introduction

Phosphorus (P) is one of the main essential macronutrient
compounds for growth and plant development. It is involved
in central plant metabolic processes such as cellular energy
storage, photosynthesis, and respiration (Balemi and Negisho,
2012; Razaq et al., 2017; Sanz-Sáez et al., 2017; Malhotra et al.,
2018). Depending on the environmental and biological factors,
it can be the primary growth-limiting nutrient factor (Alok
et al., 2013; Rajkumar and Kurinjimalar, 2021). However, the
amount of soluble P in soil is generally low (0.4–1.2 g.kg−1)
(Fernández et al., 2014; Joe et al., 2018). Most parts of soil
P (approximately 95–99%) are present in insoluble forms,
and therefore they cannot be easily used by plants (Mara
et al., 2014). Traditionally, organic and inorganic fertilizers
applied to farm fields have been used to correct nutrient
deficiencies and maintain nutrient balances (Liu et al., 2020;
Tiwari et al., 2020). Soil P is characterized by its restricted
mobility when compared to other important nutrients such
as nitrogen or potassium and plant nutrient models have
long shown that slow diffusion of inorganic phosphate (Pi)
is a major limitation to P acquisition by plants (Barber,
1995). This suggests that plants need additional mechanisms
to acquire Pi under low P conditions, as their roots have
access to a rather small fraction of total soil P. Even if
chemical fertilizers are supplied to soils, plants can only use
small amounts of P fertilizer because of P complexities in
growing weak soil structures. A large quantity of P applied as
chemical fertilizer goes out of the plant-soil system through
complexity with Ca2+ in calcareous soils, and Al3+ and Fe3+

in acidic soils (Gyaneshwar et al., 2002; Izhar Shafi et al.,
2020), therefore, approximately 80% of applied P become
unavailable to plant (Salvagiotti et al., 2017). Nevertheless, the
negative environmental impact could result from excessive and
irrational nutrient application in agroecosystems, which has
attracted attention from stakeholders along the food value chain
(Choudhury and Kennedy, 2005). According to FAO, more than
175.5 million tons of chemical fertilizers are used in agriculture
to obtain the highest crop yield to meet increasing habitat
demands.

Most phosphate fertilizers are manufactured using rock
phosphate (RP) as the principal source of P2O5. While
demand continues to increase, the supply of rock phosphate
is limited worldwide (Suleman et al., 2018). The extremely
poor solubility of RP is the only constraint in its direct use
as a soil amendment (Baig et al., 2012). However, insoluble
P forms such as tricalcium P [Ca3 (PO4)2], aluminum P
(AlPO4), and iron P (FePO4) can be solubilized by organic
acids, phosphatase enzymes, and complexing agents produced
by soil microorganisms inhabiting different soil ecosystems
(Vaishampayan et al., 2001). Several studies have reported
the usage of microorganisms to solubilize insoluble phosphate
compounds as an alternative strategy to phosphate fertilizers

(Adnan et al., 2020). Indeed, using these telluric competent
strains is an agroecological strategy for improving agricultural
fertility and reducing farmers’ dependency on inorganic
fertilizers to enhance soil health (Janati et al., 2021). For
several decades, agricultural microbiologists have studied the
ability of certain bacteria to dissolve P fertilizers and P
chelated in soil according to sustainability tendency. For
this purpose, Behera et al. (2017) noted that PSB’s ability
to solubilize P from soil or fertilization activities in many
agricultural fields is highly dependent on their secretion of
organic acids such as citric, formic, oxalic, lactic, acetic, and
malic acids. Moreover, PSBs can increase plant P availability
by modifying soil processes in the rhizosphere, providing
essential nutrients to plants and generating other regulators’
growth in various production systems (Adnan et al., 2020;
Islam et al., 2021). Likewise, PSBs can produce growth-
promoting hormones such as Gibberellins and Indol Acetic
Acid (IAA), which are beneficial for plant growth (Bahadur
et al., 2016; Linu et al., 2019; Khan et al., 2020; Kour
et al., 2020). Currently, most bacteria classified as PSBs
belong to Pseudomonas, Serratia, Burkholderia, Achromobacter,
Agrobacterium, bacillus, rhizobia, Micrococcus, Aerobacter,
Flavobacterium, Acinetobacter, and Pantoea genera (Castagno
et al., 2011; Chauhan A. et al., 2015; Adnan et al., 2019;
Seenivasagan and Babalola, 2021).

Morocco covers a significant share of world P reserves;
it contains 75% of planetary P and is the leading exporter
of P and its derivatives. So the global market country’s
contribution is more than 30% (Hakkou et al., 2016). This
advantageous position of Morocco on commercial and technical
levels of P extraction remains very far from a bio-industry
that accompanies the sector of biotechnology. The latter could
open up possibilities for the maximum valorization of soil
P. Although PSBs can provide agronomic benefits, they are
not always abundant enough in the soil to compete with
other indigenous microorganisms (Acevedo et al., 2014). For
this reason, these telluric bacteria should be promising at
the same time crop productivity and economic-environmental
sustainability need to be selected, characterized, and identified
to establish sustainable cropping systems.

Considering the above facts, the present study focused
on the effect of several tolerant PSBs on different abiotic
stresses to promote P solubilization from RP and TCP as the
only P source in the context of biological fertilization and
sustainable agricultural strategy. We isolated and characterized
PSBs from legumes rhizosphere located at various bioclimatic
stages and we detected their optimal resistance under different
growth and environmental stress conditions (salinity, pH,
drought, and temperature). The findings of this study could
provide an effective approach for agronomic improvement of
microbial inoculants to enhance soil P mobilization for plant
growth, either in intensive production or in agroecological
applications in Morocco.
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Materials and methods

Soil sample collection and analysis

Soil samples were taken from different rhizospheres of
cultivated legumes, cereals, and spontaneous plants from
different localities in Fes-Meknes regions. Plantations are
located at different bioclimatic stages in four stations, namely
Tafrant, Ait Saleh, Dayt Al Amira, and Ait Yaakoub. These
locations are characterized by:

• Tafrant: Climate is warm and temperate, with less rainfall
in winter. The average annual temperature is 18.1◦C and
average annual rainfall is 866 mm.
• Ait Saleh: Climate is warm and temperate. Rain falls mainly

in winter, with relatively little rain in summer. It has
an average annual temperature of 15.5◦C and an average
annual rainfall of 651 mm.
• Dayt Al Amira: Climate is warm and temperate.

Rainfall is high even in the driest months. The average
annual temperature is 12.1◦C and the average annual
rainfall is 683 mm.
• Ait Yaakoub: Climate is warm and temperate. In winter,

rainfall is much higher than in summer. The average annual
temperature is 17.8◦C and the average annual rainfall is
549 mm (Climate-data.org, 2022).

Rhizospheric soil samples were carefully collected,
placed in labeled sterile plastic bags, analyzed for physico-
chemical characteristics and stored at –20◦C before
rhizobacteria isolation.

Isolation and purification of phosphate
solubilizing bacteria

A soil suspension was prepared to isolate PSBs from
a dilution cascade. For this purpose, 10 g of soil were
suspended in 100 mL of sterile phosphate-buffered saline
(PBS) solution (pH 7.2) and shaken at 190 rpm for 45 min.
Subsequently, serial dilutions were prepared to 10−6. About
100 µL of each dilution was placed on NBRIP agar plates
(National Botanical Research in P medium), which has as
composition: glucose 10 g, (NH4)2SO4 0.1 g, MgSO4.7H2O
0.25 g, KCl 0.2 g, and agar 15 g, supplemented with 5 g RP
from Khouribga phosphate mine and dissolved in 1,000 ml
distilled water, and the medium is stabilized to pH 6.8
(Nautiyal, 1999). The NBRIP medium was then complemented
with cycloheximide to inhibit fungal growth. NBRIP agars
plates were incubated for 6 days at 28 ± 2◦C. During this
incubation, clear zones of solubilization surrounding the colony
allowed the detection of PSBs. Every different morphological
colony types were isolated, purified, and retested by restricting

them from a single colony (five times) for purification on
NBRIP plates and finally preserved in Tryptic Soy Agar (TSA)
medium before cryopreservation in sterile glycerine (20%) at
–80◦C.

Quantitative estimation of phosphate
solubilization indice

Colony diameter and visible halos were evaluated between
3 and 9 days after inoculation to calculate the P solubilization
index (PSI) (Nautiyal, 1999). Halo and colony diameters were
measured after 9 days of incubation on NBRIP plates’ at
28 ± 2◦C. Bacteria’s ability to solubilize insoluble P was
described by the solubilization index formula (Equation 1):

PSI =
CD+HD

CD
(1)

CD: Colony Diameter.
HD: Halo zone Diameter.

Quantitative estimation of phosphate
solubilization using tricalcium
phosphate, rock phosphate, and their
combination

Phosphate solubilizing assessment
Phosphate solubilizing bacteria’s quantitative solubilization

capacity of TCP, RP, and their combination was done in
a liquid NBRIP medium. For this purpose, overnight pre-
culture in TSA medium was prepared and then moved to
NBRIP medium. After 7 days of incubation at 28◦C under
shaking to 150 rpm, 20 ml of bacterial suspensions were taken
and centrifuged (12,000 g for 15 min). Supernatants were
recovered and analyzed for their assimilable P content and pH
measurements. Assimilable P content was carried out by the
ascorbic acid colorimetric method (Murphy and Riley, 1962).
About 1 mL of supernatant is mixed with 160 µL of a reaction
solution and the OD (optical density) was then measured at
880 nm after a few minutes of incubation at room temperature.
Phosphate soluble content was calculated based on a standard
P solution of KH2PO4 (concentrations ranging from 0 to
1 mg.l−1).

TABLE 1 Factors’ levels (X1 and X2) involved in P solubilization.

Min level Max level

–1 +1

X1 : RP 1% 2.5%

X2 : TCP 1% 2.5%
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Optimization study of combined rock
phosphate and tricalcium phosphate
solubilization system

Optimization strategy to reveal and quantify the influence
of PSBs effect on the solubilization process of two combined
phosphate sources (RP and TCP) was conducted following
a two-level experimental design (22 = 4 experiments).
Experimental domain of both factors [X1 = (RP) and
X2 = (TCP)] are presented in Table 1. The experimental design
was developed to study the effects of the two factors (X1 and
X2) and their interaction (X1

∗X2) on the concentration of P
solubilized and pH medium (Table 2).

Factors and their mathematical modeling
interaction

The matrix analysis model of experimental design (Table 2)
results in response functions indicating the coded factors’ effects
(X1 and X2) and their interaction, which has the following
formula (Equation 2):

Y = a0 + a1X1 + a2X2 + a12X1X2 (2)

a0: Coefficient model.

a1 and a2: Coefficients of the linear part of the
mathematical model.

a12: Interaction coefficient of the two factors.
Mathematical analysis interactions between factors (X1 and

X2) provide response surfaces and allow us to define the
domains where there is a maximum or minimum response of
the studied response functions (YP[C] and YpH) experimentally.

Morphological and biochemical
characterization

Phosphate solubilizing bacteria were characterized as
described in Bergey’s Manual (Systematic Bacteriology, 2nd ed.,
vol. 5, eds., 2012), and cells morphology, motility test, and
Gram staining were performed (Aneja, 2007). Isolates were also
tested for catalase, gelatinase, and urease activities (Graham
and Parker, 1964; Aneja and Wilkes, 2003). Experiments were
repeated three times for each isolate. To determine PSBs’
capability to use starch as a source of carbon (Salgaonkar et al.,
2018), PSBs were inoculated on starch agar media and incubated
at 28◦C ± 2◦C for 24 h. Citrate utilization by the isolates
was observed by growth on YEM agar containing sodium
citrate in place of mannitol and supplemented with 1 ml of
bromothymol blue (BTB) solution (1%) and incubated at 30◦C.
After incubation (7 days), a distinct change in color, from green

TABLE 2 Experimental design developed to study the effects of factors (X1: RP and X2: TCP) and their interaction (X1*X2) on pH medium and
P concentration.

Experiment X0 X1 X2 X1∗2 YP[C] YpH

1 +1 –1 –1 +1 – –

2 +1 –1 +1 –1 – –

3 +1 +1 –1 –1 – –

4 +1 +1 +1 +1 – –

YP[C] : concentration of P solubilized response function. YpH : pH medium response function.

TABLE 3 Physico-chemical and PSBs analysis of the studied soil samples.

Sites Tafrant A. Yaakoub D.A. Amira A. Saleh

Coordinates Y –5.112751,X 34.615013 Y –4.950365,X 33.975209 Y –5.019709,X 33.692496 Y –4.992072,X 33.791152

Altitude (m) 312.5 566 1548 922

T.avg/year (◦C) 18.1 17.8 12.1 15.5

P.avg/year (mm) 866 549 683 651

PSBs load (Cells / g of soil) 5.95*103 1.98*105 1.04*106 3.16*107

pH-water 8.26 8.323 8.067 8.273

Electrical conductivity 1/5 (ds/m) 187.033 300.333 241.233 173.2

Cation exchange capacity (cmol+/kg) 40.987 32.28 37.227 31.563

Organic matter (%) 2.573 5.103 5.64 4.38

N total (%) 0.126 0.255 0.324 0.174

N-NH4 + N-NO3 (mg/kg N) 7.383 8.867 8.167 7.4

P2O5 (mg/kg) 10 46.7 98.7 23.3

K2O (mg/kg) 432 846.3 990.7 373

CaO (mg/kg) 9,450 8,550 5,250 6,375

MgO (mg/kg) 410.667 854 1213.333 917.333
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FIGURE 1

Principal component analysis of different soil in the function of mineralogical composition.

FIGURE 2

Phosphate solubilization index (PSI) of isolated strains on solid NBRIP medium.

to blue, refers to as a positive test. A glucose peptone agar
(GPA) assay was performed to determine PSB’s capability to
use glucose as the sole source of carbon and energy for growth
(Amela et al., 2018). Similarly, a lactose assay was performed
(Paudyal et al., 2021).

Bacterial stress tolerance
Isolates salinity tolerance evaluation was done onto a liquid

rich medium (TSA) containing different NaCl concentrations

(0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.6, and 2 M). Incubation was carried
out at 28◦C ± 2◦C for 48 h. Then, absorbance was measured
at 620 nm (Singh et al., 2015). As solubilization is strongly
related to pH medium changes, isolates were inoculated on
a solid TSA medium at different pH values starting from
3 to 13 and incubated at 28◦C ± 2◦C for 48 h. This test
allows isolates selection that can grow over a wide range of
soil pH (acid, neutral, and alkaline). Phosphate solubilizing
bacteria isolates were also cultured onto a solid rich agar
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FIGURE 3

PSBs solubilization capacity of TCP and RP after 7 days in liquid medium.

FIGURE 4

Negative correlation between pH medium and solubilization concentration.

medium (TSA) and incubated at 37, 48, and 55◦C for 48 h to
assess isolates’ temperature tolerance through bacterial growth.
In addition, drought tolerance of PSBs was assessed on a
liquid medium (TSA) containing different concentrations of
polyethylene glycol 6000 (PEG) (10, 20, and 30%). Incubation
was carried out at 28◦C ± 2◦C for 24 h, after that absorbance
assessment was done at 620 nm.

Antifungal effect of phosphate solubilizing
bacteria strains

All 12 bacterial isolates were tested for their antagonistic
effect against six fungal strains isolated from strawberry fruit
and grown in a PDA medium. To assess antagonism, a 5-mm
block (growing mycelium + medium) was placed in the middle
of the Petri dish. Tested bacteria were placed in four different
positions around the block. After incubation at 26◦C ± 2◦C for
24 h, a zone of inhibition between colonies and fungal strains
indicates antagonism presence. Finally, isolates producing more
than 15 mm of inhibition zone were selected. The inhibition

rate of fungal growth was determined using the percentage of
inhibited radial growth (% IRG) according to the following
formula (Equation 3):

% IRG =
R1−R2

R1
* 100 (3)

R1 radial growth of control mycelium.
R2 radial growth of treated mycelium.

Statistical analysis

Data were analyzed using SPSS software, and the results
were expressed as the means ± standard deviation of three
replicates. Data were examined by ANOVA I analysis, and
mean comparison was performed by Duncan’s multiple range
test at p ≤ 0.05. Dimensional analysis done by principal
component analysis (PCA) has been used to give a summarizing
view of obtained results. For the design of the experiment
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trial, all experiments were done in four replicates, and data
were analyzed using JMP 4 software. Response surface of
experimental design response functions (YpH and YP[C]) were
done by Maple 9 software.

Results

Soil physico-chemical analysis

Soil samples’ physico-chemical and PSBs contents are listed
in Table 3. Agricultural legume soils analyzed contained, on
average, 4.4% of Organic Matter, 7.9 (mg/Kg) of nitrogen, 44.65
(mg/Kg) of P2O5, 660.5 of K2O (mg/Kg), 7,406.25 of CaO
(mg/Kg), and 848.83 (mg/Kg) of MgO. Maximum electrical
conductivity, reflecting soil salinity, was recorded in the Ait
Yaakoub soil sample with an average of 300.33 (ds/m). In terms
of soil pH, it was close to neutral or slightly basic (pH = 8.2 on
average).

The mineralogical compositions of different analyzed sites
with ICP are presented, respectively, in Figure 1. We notice
that Al, Ca, Fe, K, Mg, Na, and P are the most important
minerals in the studied sites. Based on principal component
analysis of different sites in terms of mineralogical composition,
we find that sites S9 (Dayt Al Amira) and S10 (Ait Saleh) are
controlled by both Mg and Ca minerals, while all the other sites
are controlled by Al, Fe, K, and Na minerals.

Selection and purification of
phosphate solubilizing bacteria

Soil samples collected from different sites were used
to study the PSB bacteria. Strains were selected based on
colonies’ morphological difference and halo resulting from
TCP solubilization. Although, halo formation around colonies
provides the first qualitative indication of PSB. Colonies that
grew without forming a halo were also isolated to test their
solubilization capacity. Initially, 134 isolates were selected; these
isolates were transplanted onto the NBRIP medium three times
to guarantee their efficiency and stability. Among 134 isolates,
64 were designated as PSB based on their solubilization of P on
NBRIP liquid medium, and only 12 isolates were screened as
promising biotechnological interest.

Quantitative estimation of phosphate
solubilization indice

The appearance of the halo zone in all strains was noticed
after 4th day of incubation, solubilization index ranged from
3.14 cm to 4.1 on average. Isolate WJEF15 showed a maximum
solubilization index with PSI = 4.1 (Figure 2). Thus, a significant

difference was found for all strains tested. We notice the
existence of a correlation between incubation time and halo zone
size, whereby the halo zone size of each isolate increases with
incubation time.

Quantitative estimation of phosphate
solubilization using tricalcium
phosphate and rock phosphate

Soluble P and pH variations are presented in Figure 3.
The solubilization of TCP, RP, and their combination in liquid
NBRIP medium by tested strains was accompanied by a
significant pH decrease. NBRIP-TCP soluble P concentration
varied between 75.61 and 147.62 mg.l−1, whereas NBRIP-RP
soluble P concentration varied between 15.41 and 25.16 mg.l−1

with significant variations between all strains when compared
to control (p ≤ 0.05). However, maximum solubilization in
NBRIP-TCP liquid medium was observed for isolate WJEF61
(147.62 mg.l−1). In contrast, for the NBRIP-RP medium, strain
WJEF15 presented maximum solubilization with 25.16 mg.l−1.
On the other hand, commercial control solubilized only
36.05 mg.l−1 of P with TCP and 3.39 mg.l−1 with RP. Besides,
NBRIP medium pH inoculated with selected strains strongly
decreased from 7.06 to 4.145 (TCP) and from 7.97 to 4.28 (RP)
after 7 days of incubation. Compared to the commercial control,
it decreased to 5.74 and 7.26, respectively.

Correlation between pH medium and
solubilization concentration

The correlation between P[C] and pH was positive in all
strains with high P solubility. Correlation coefficients (R) were
greater than 0.84 for P [C] vs. pH medium. However, in several
applications, regression equations for P [C] vs. pH medium were
linear models (Figure 4).

Design of experiments method to
study tricalcium phosphate and rock
phosphate interaction

Experimental matrix analysis design (Tables 4, 5) results
(response functions) present coded factors’ effects (X1 and X2)
and their interaction (X1

∗X2) (Equation 2). The control (non-
inoculated) was introduced to evaluate the chemical reaction of
the medium.

Phosphate solubilization and pH medium results obtained
by WJEF26 isolate according to the experimental design are
summarized in Table 6. The values correspond to the mean of
four replicates.
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The main factors’ effects (X1 and X2) and their interaction
(X1
∗X2) of the WJEF26 strain, for example, are summarized in

Figures 5A,B. We notice that factors’ interaction on pH medium
and P [C] have a positive effect in comparison to each factor
alone.

For the strain WJEF63, P solubilization and pH medium
results obtained according to the designed experiment are

summarized in Table 7. Values correspond to the four replicates’
mean.

Factors’ effects (X1 and X2) and their interaction (X1
∗X2) of

WJEF63 isolate are summarized in Figures 5C,D. We notice that
factors’ interaction on P [C] has a positive effect on the contract
of each factor alone. On the other hand, the effect of factors alone
or in interaction on pH medium have the same activity.

TABLE 4 Effect of phosphorus source (RP and TCP) on culture medium acidification.

Isolates Model coefficient RP effect TCP effect Interaction RP/TCP

Coefficients a0 a1 a2 a12

Control 1.931 0.013 0.055 –0.016

Commercial control 0.335 –0.025 –0.079 0.016

WJEF15 3.278 –0.034 0.029 0.047

WJEF56 2.793 0.042 –0.019 –0.101

WJEF26 2.921 –0.020 –0.138 –0.019

WJEF38 3.237 0.063 0.047 –0.129

WJEF41 3.193 0.020 0.075 –0.143

WJEF45 3.222 0.011 0.146 –0.123

WJEF46 3.209 0.057 0.104 –0.076

WJEF51 3.261 0.009 0.101 –0.149

WJEF59 3.089 0.084 0.100 –0.115

WJEF61 3.237 0.051 0.092 –0.109

WJEF63 3.199 0.085 0.140 –0.161

TABLE 5 Impact of phosphorus source (RP and TCP) on P solubilization in culture medium.

Isolates Model coefficient RP effect TCP effect Interaction RP/TCP

Coefficients a0 a1 a2 a12

Control 0.481 –0.055 –0.031 –0.049

Commercial control 1.076 –0.030 0.178 –0.037

WJEF15 14.637 –0.598 8.050 –0.405

WJEF56 10.102 0.228 4.623 –1.197

WJEF26 10.865 –2.116 3.722 –0.898

WJEF38 15.491 –1.406 7.430 –0.873

WJEF41 14.208 0.570 8.394 –2.034

WJEF45 14.513 0.912 8.628 –1.993

WJEF46 14.738 0.966 8.768 –1.774

WJEF51 16.397 –0.182 8.601 –1.119

WJEF59 16.196 0.008 7.785 –1.589

WJEF61 16.802 0.713 8.019 –1.779

WJEF63 16.574 1.452 8.743 –1.094

TABLE 6 Experimental design results done after P solubilization by isolate WJEF26.

Experiments X1 X2 X12 YpH YP[C]

1 –1 –1 +1 4.3 33.442

2 +1 –1 –1 4.7725 23.696

3 –1 +1 –1 5.1175 70.405

4 +1 +1 +1 5.165 46.289

YpH : Function response of pH medium during P solubilization. YP[C] : Function response of P solubilization (mg.l−1).
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A B

C D

FIGURE 5

(A) Effects of studied factors (X1 and X2) and their interaction on pH medium in the presence of WJEF26 strain. (B) Effects of studied factors (X1

and X2) and their interaction on P[C] in the presence of WJEF26 strain. (C) Effects of studied factors (X1 and X2) and their interaction on pH
medium in the presence of WJEF63 strain. (D) Effects of studied factors (X1 and X2) and their interaction on P[C] in the presence of WJEF63
strain.

TABLE 7 Experimental design results done after P solubilization by isolate WJEF63.

Experiments X1 X2 X12 YpH YP[C]

1 –1 –1 +1 4.547 21.144

2 +1 –1 –1 4.482 41.505

3 –1 +1 –1 4.525 99.836

4 +1 +1 +1 4.647 102.699

YpH : Function response of pH medium during P solubilization. YP[C] : Function response of P solubilization (mg.l−1).

Factor interaction is presented in Figure 6, where we
observe the response surface according to coded variables (RP
medium and TCP) which delimits the experimental domain.
Figure 6A shows that the pH medium is maximal when RP is
at the lowest level and TCP is at the highest level (1 and 2.5%,
respectively). On the opposite, Figure 6B shows that P[C] is
maximal when both factors X1 and X2 are at the highest level
(2.5 and 2.5%, respectively).

The second example was done with the WJEF63 strain. The
interaction of studied factors is presented in Figures 6C,D,
where we observe the response surface according to coded
variables (RP medium and TCP) which delimits the
experimental domain. The figure shows that pH medium
and P [C] is maximal when RP is at the lowest level and TCP is
at the highest level (1 and 2.5%, respectively). From response
surface function, we notice that strains’ metabolic response
depends on the nature of the used microorganisms.
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FIGURE 6

(A) The effect of studied factors (X1 and X2) and their interaction on pH surface response by WJEF26 strain. (B) The effect of studied factors (X1

and X2) and their interaction on the response surface of P[C] by WJEF26 strain. (C) Effect of studied factors (X1 and X2) and their interaction on
response surface of pH with WJEF63 strain. (D) Effect of studied factors (X1 and X2) and their interaction on response surface of P[C] with
WJEF63 strain.

Morphological and biochemical
characteristics

The morphological profile of studied strains shows a whole
appearance; irregular edges, white, off-white, or yellow color,
and a mucoid or viscous texture. Cell structures show rod and
coccobacillus shapes with an arrangement of single pairs, chain
rods, and solitaires. Gram reaction indicates that all isolates
were Gram-negative with the exception of five strains (WJEF15,
WJEF38, WJEF41, WJEF45, and WJEF59). Cell motility test
and catalase activity is positive for all selected strains (Table 8).
Similarly, all strains grew on GPA with glucose or lactose as
a source of carbon. The same results were obtained from the
starch hydrolysis test except for WJEF61, WJEF52, and WJEF56
strains. After submitting inoculated plates to iodine vapor,
clear areas around colonies were observed and the colonies
turned yellow, while blue color occurs on growth-free areas.

This indicates that two strains (WJEF56 and WJEF61) have the
potential to hydrolyze starch present in the medium.

Bacterial tolerance to stresses

According to the results in Table 9, it is evident that
selected strains are tolerant to considerable variations in terms of
alkalinity, acidity, salinity, dryness, and temperature. All strains
present tolerate temperatures between 24 and 37◦C, except
the strain WJEF56. Also, strains WJEF45, WJEF46, WJEF51,
WJEF61, and WJEF63 were able to grow at temperatures up
to 55◦C. In addition, these isolates were able to grow and
survive over a wide pH range (3–13). Moreover, among all tested
isolates, only WJEF45, WJEF51, WJEF59, and WJEF61 were
able to successfully resist higher NaCl concentrations (2M) g/L
(Table 9).
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TABLE 8 Morphological and biochemical characteristics of selected strains.

PSB strains/characteristics Commercial
control

WJEF15 WJEF26 WJEF38 WJEF39 WJEF41 WJEF45 WJEF46 WJEF51 WJEF56 WJEF59 WJEF61 WJEF63

Colony
morphology

Margin I E E E E I E I E I I E E

Color W Y Y OW Y OW OW OW OW Y Y OW OW

Texture D V V V V M V M V M M V V

Cells
morphology

Shape R R R C R C C C C C C C CB

Arrangement S S CR S S S S S SP S S S S

Physiological
tests

Gram staining + + – + – + + – – – + – –

Catalase + + + + + + + + + + + + +

Motility + + + + + + + + + + + + +

Gelatin hydrolysis – + + – + – – – – + + – –

Urea hydrolysis – – – + – – – – – – – – –

GPA (Glucose) + + + + + + + + + + + + +

GPA (Lactose) + + + + + + + + + + + + +

Starch – – – – – – – – – + – + –

Tested positive, utilized substrate; tested negative, not utilized substrate. E, entire; I, irregular; Y, yellow; W, white; OW, off-white; D, Dry; V, viscid; M, mucoid; R, rod; C, cocci; CB, coccobacillus; SP, single pairs; CR, chain rods; and S, solitaire.

TABLE 9 Physiological characteristics of selected isolates under temperature, pH, and salinity pressure.

PSB strains/pressures Commercial
control

WJEF15 WJEF26 WJEF38 WJEF39 WJEF41 WJEF45 WJEF46 WJEF51 WJEF56 WJEF59 WJEF61 WJEF63

GT 24◦C 1 1 1 1 1 1 1 1 1 1 1 1 1

37◦C 1 1 1 1 1 1 1 1 1 –1 1 1 1

48◦C 1 –1 –1 1 1 1 1 1 1 1 1 1 1

55◦C –1 –1 –1 –1 –1 –1 1 1 1 –1 –1 1 1

G pH pH 3 –1 1 1 1 1 1 1 1 1 1 1 1 1

pH 5 1 1 1 1 1 1 1 1 1 1 1 1 1

pH 7 1 1 1 1 1 1 1 1 1 1 1 1 1

pH 9 1 1 1 1 1 1 1 1 1 1 1 1 1

pH 11 1 1 1 1 1 1 1 1 1 1 1 1 1

pH 13 –1 1 1 1 1 1 1 1 1 1 1 1 1

GS 1.6M 1 1 1 –1 1 1 1 1 1 –1 1 1 1

2M –1 –1 –1 –1 –1 –1 1 –1 1 –1 1 1 –1

GT, growth temperature; GpH, growth pH; GS, growth salinity. Tested positive/utilized as substrate; tested negative/not utilized substrate.
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To quantify tested PSBs’ tolerance to high salt
concentrations, we incubated PSBs in a nutrient-liquid medium,
and after 24 h, we measured biomass formation expressed by
absorbance. Log (AB) as a function of salt concentrations
revealed that all strains significantly decreased at 1.5M NaCl
concentration, except WJEF15, WJEF26, and WJEF39 strains,
which resist and show positive growth (Figure 7).

Regarding drought tolerance, all 12 isolates show the same
behavior under increasing PEG-6000 concentrations (10, 20,
and 30%). PSB isolates exhibit a decline in cell numbers and
absorbance value. However, the WJEF61 strain presented an
optimal resistance, with an absorbance value higher than those
of the other isolates and commercial control to all PEG levels
(Figure 8).

Based on the principal correspondence analysis of tested
strains on physico-chemical pressure, we notice that we have
two major groups of strains, the first one is correlated with
temperature and the second group is correlated with alkalinity,
acidity, and salinity (Figure 9).

Antifungal effect of phosphate
solubilizing bacteria strains

Fungal growth inhibitory of isolated PSBs was tested on six
plant pathogenic fungi: Aspergillus Niger, Fusarium Culmorum,
Fusarium Oxysporum, Penicillium Digitatum, Penicillium
Notatum, and Rhizopus Stolonifer (Table 10). The antifungal
activity showed that of the 12 bacteria, 3 (WJEF26, WJEF56, and
WJEF61) were able to inhibit fungal growth of at least 4 fungi
tested (Table 10). In addition, the best antagonist against tested
fungi was located in the WJEF61 strain with an IRG percentage
of 49.15, 23.51, 32.76, and 32.92% against Aspergillus Niger,
Fusarium Culmorum, Fusarium Oxysporum, and Rhizopus
Stolonifer, respectively. The WJEF59 strain has an antagonistic
effect only against R. Stolonifer with a % IRG of 36.54% which
presents a specific character (Table 10).

Discussion

The present study focused on the effect of several tolerant
PSBs on different abiotic stresses to promote P solubilization
from RP and TCP as the only P source in the context of
biological fertilization and sustainable agricultural strategy.
Increasing soil P concentrations via inorganic and organic
soil P mobilization pools involve changes in pH and the
release of P-mobilizing compounds such as carboxylates and
phosphatases, which are exuded by the roots themselves or by
micro-organisms in the rhizosphere. However, the selection of
an efficient PSB is crucial, as it practically increases P in the
plant rhizosphere (Aliyat et al., 2020). Phosphate solubilization
capacity is considered a key factor in isolating highly efficient

PSBs from agricultural soils (Aliyat et al., 2020). Among 134 PSB
strains from different leguminous plants’ rhizosphere in the Fez-
Meknes region, only 12 (12) PSBs show phenotypic stability of P
solubilization after five successive subcultures in the NBRIP-RP
plates.

The solubility index (Figure 2) indicates a PSI of TCP in
agreement with previous studies conducted on different plants’
rhizosphere, where the PSBs solubility index ranges from 2 to
5.1 (Sadik et al., 2013; Rfaki et al., 2014; Manzoor et al., 2017).
The PSB isolated strains used in this work were able to increase
P availability in NBRIP liquid medium containing RP or TCP
as a source of P, also a combination of RP ∗ TCP. Our results
support the idea that PSBs are characterized by their ability
to easily and efficiently solubilize inorganic P (Elkoca et al.,
2008; Anand et al., 2016; Adnan et al., 2019). This is confirmed
with the use of Bacillus subtilis DSM 10, which improved the
P nutrition of common beans in hydroponic experiments when
plants were inoculated with Rhizobium tropici and grown with
one of the two P sources (Pi or phytate) and co-inoculated
with B. subtilis (Maougal et al., 2014). Our results show that
soluble P concentration in the medium containing RP was
between 16.11 mg.l−1 and 25.16 mg.l−1, while the medium
containing TCP was between 75.61 mg.l−1 and 147.62 mg.l−1

(Figure 3). These results are in agreement with other studies
done by Zaidi and El Naqa (2010) and Anand et al. (2016),
who report that PSBs can solubilize insoluble inorganic P
compounds, such as TCP, dicalcium P (DCP), hydroxyapatite,
and RP. Phosphate solubilization is accompanied by a pH
medium decrease when compared to control, both in media
containing RP and TCP. Furthermore, we note that as pH
values decrease, the P concentration increases. This is noted
by Batool and Iqbal (2019), who indicate a strong correlation
between P solubilization and pH decrease. Changes in pH
value in the rhizosphere, caused by roots or microorganisms,
can influence the surface charges on metal oxide particles and
thus Pi availability (Hinsinger et al., 2009), ultimately leading
to Pi release that is available to plants. P mobilization in the
rhizosphere is largely due to pH changes induced by roots
and/or associated microorganisms and to carboxylate exudation
(Hinsinger et al., 2011). Soil pH is critical in determining the
availability of inorganic forms of P (Hinsinger et al., 2009;
Adnan et al., 2018), and it can also influence the fate of organic
P through its impact on enzymatic activities. In neutral to
alkaline soils, Pi occurs largely in various forms of Ca phosphate
(mainly apatites) whereas, in acidic and deeply weathered soils,
such as those abundant in the tropics, much of the soil Pi
occurs as bound to and/or occluded in Fe and Al oxy (hydr)
oxides (Jones and Oburger, 2011). As the positive charges on
these minerals become increasingly positive with decreasing pH,
greater amounts of P can be adsorbed at low rather than high
pH. In addition, Ca-phosphates solubility is strongly increased
with decreasing pH. Devau et al. (2011) showed that both
increasing and decreasing pH could lead to an increase in soil
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FIGURE 7

Biomass in function of salt concentrations g/L.

FIGURE 8

Biomass in the function of PEG concentrations.

P availability, which was consistent with the findings of previous
studies, as reviewed by Hinsinger et al. (2009). Similarly, Alori
et al. (2017) observed a negative correlation between the amount
of P solubilized by B. cepacia (SCAUK0330) and decreasing
pH, leading to increased solubilization of P. As proposed by
Batool and Iqbal (2019), the decrease in pH can be explained
by organic acid production and H+ secretion. Several studies
support this argument and indicate that the main mechanism of
mineral P solubilization is lowering soil pH by microbial organic
acid production (Rodríguez and Fraga, 1999; Khan et al., 2010;

Sharma et al., 2013; Anand et al., 2016). The excretion of
organic acids that promote Pi solubilization is a trait found in
many P-solubilizing microorganisms. Rodríguez et al. (2007)
listed several bacterial genes involved in gluconic acid oxidation,
which is a major mechanism of mineral P solubilization in
Gram-negative bacteria (Chauhan H. et al., 2015).

Experimental design results of P solubilization and pH
medium are highly significant and show that pH medium and
P[C] is maximal when RP and TCP are at the highest level
(2.5 and 2.5%) (Tables 6, 7). However, Bashan et al. (2013)
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FIGURE 9

Principal correspondence analysis of tested isolates on physico-chemical pressure.

pointed out that the most commonly used source of insoluble
Pi, tricalcium phosphate (TCP), is unreliable and insufficient;
And also suggested that a combination of two or three metal-
P compounds is used together or in tandem, depending on
the type of soil and final use of screened bacteria. This would
result in a significant reduction in potential PSBs and would
also maximize the chances of selecting the most efficient strains
capable of contributing to plant P nutrition. Our experiments
show an increase in P solubilization accompanied by a decrease
in pH, increasing as RP and TCP concentration increase
(Figures 5, 6). Similarly, Yadav et al. (2017) use organic
compost with RP at different concentrations to optimize P
solubilization by PSBs. They found that the 75:25 ratio of
RP and compost showed maximum soluble P accompanied
by higher plant growth when compared to plants fertilized
with normal compost and rock phosphate. Our result can
explain the Pi solubilization process by micro-organisms due
to carboxylates and organic acids production. Concerning the
free extracellular phosphatase enzymes, although it is difficult to
differentiate their origin (Burns et al., 2013), several examples
show that microbial enzymes are predominant in soil (Gao
et al., 2019), and these present a higher efficiency for Pi release
(Adnan et al., 2019). Different types of phosphatases can be
found, including phosphomonoesterases, which have been most
studied, especially for P-solubilizing microorganisms (Jones and
Oburger, 2011).

On the other hand, as discussed by Khan et al. (2010),
although there is a clear potential for the development of
inoculants with PSBs, their widespread application remains
limited by a poor understanding of microbial ecology,
dynamics population in soil, and inconsistent performance
in a range of environmental factors. However, although

PSBs are present in the majority of soils, their performance
is strongly influenced by environmental factors such as
soil type, temperature, salinity, cation exchange capacity,
pH, organic matter, and availability of substances in soils
(Rfaki et al., 2018; Masdariah et al., 2019). Similarly, Namli
et al. (2017) stated that resistance to extreme environmental
conditions is an important characteristic that allows inoculant
bacteria to survive and maintain optimal population numbers
throughout a specific crop life cycle. Resistance to intrinsic and
extrinsic stresses is an important factor for the proliferation,
development, and survival of microorganisms in rhizospheric
soils. In our study, to have a more appropriate approach
for competent strains selection of PSB that could increase
the chances of successful field inoculation and significantly
improve plants’ P status, all selected strains showed good
tolerance to various environmental stresses such as increased
temperature from 37 to 55◦C, salinity ranging from 0.2
to 2 M, pH between 3 and 13 (Table 9), and drought
variation of PEG-600 from 10 to 30% (Figure 8). Therefore,
these microorganisms that survive under drastic conditions
could be used in different cultural practices to improve
agricultural production. Moreover, isolated PSBs showed a
strong ability to inhibit different fungal species (Table 10).
These results were confirmed by the findings of Muleta et al.
(2009), who reported that several Pseudomonas strains which
could inhibit phytopathogenic strain Fusarium oxysporum
possess the ability to produce HCN, siderophores, and
antibiotics.

Furthermore, Gram staining indicates a group of Gram-
negative and Gram-positive strains, with an advantage for
Gram-negatives (Table 8). Besides, previous observations have
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shown that several plants’ rhizosphere selects more Gram-
negative than Gram-positive rhizobacteria (Muleta et al., 2009).
The cell motility test indicates that all selected strains were
motile (Table 8). Moreover, bacterial motility is considered
to be an essential element for successful root colonization
and P transfer in soil (Shahid et al., 2015). In addition, it
has been reported that motile bacteria have better access to
root exudates in the rhizospheric zone through chemotaxis
(Shahid et al., 2015; Manzoor et al., 2017). Motility can
potentially enhance the rhizoplane competence in terms of
movement, both from bulk soil to root and along roots
(Dutta and Podile, 2010), leading to heterogeneous colonization
of host plant roots by the PGPR. After root surface
colonization, PGPR can stimulate plant growth through several
mechanisms impacting plant nutrition and, in some cases, also
improving its resistance to pathogens (Pérez-Montaño et al.,
2014).

However, PSB biotechnology offers an excellent
opportunity to develop durable biofertilizers to be used
as supplements and/or alternatives to chemical fertilizers
to overcome agricultural challenges imposed by an ever-
increasing food demand (Sharma et al., 2013). Moreover,
with readily available carbon resources, free-living soil
bacteria can rapidly mineralize P from soil organic
matter and incorporate it into their biomass. Microbial
P thus represents not only an important P sink in soil
and terrestrial ecosystems but also a possible source of
available P for plants (Xu et al., 2013). In addition to
chemical fertilizers, PSBs application as biofertilizers could
also promote plant growth with large amounts of soluble
P (Pi, polyphosphates, and organic P) released from lysed
bacterial cells following rewetting of dry soils or during
freeze-thaw cycles at the beginning of the growing season. For
example, Turner et al. (2003) showed that the potential
contribution of bacterial cell lysis to water-extractable
phosphorus following soil drying varied between 88 and
95% in two Australian pasture soils. In general, the selection
of a competent strain of PSBs as an inoculant and their
qualification as a biofertilizer should not only be based
on laboratory and greenhouse experiments but also on
field experiments.

Conclusion

The main objective of this study was to assess several
PSB strains’ ability to enhance solubilization activity from
RP, TCP, and their combination. As a problem, inorganic P
fixation into insoluble complexes renders these compounds
inaccessible for plant absorption. The use of biofertilizers such
as microorganisms can help in this regard by sustainably
enhancing plant growth. Based on the mentioned results, we
find that the isolated PSB strains have an antifungal effect of up
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to 49.15% inhibition as well as a high capacity to resist
intrinsic and extrinsic stress. In addition, we note that P
solubilization significantly increased by 20.58% when RP and
TCP percentages in combination are at the max level. By
analyzing all the different orientations of this study, we
recommended the use of PSBs strains with high potential
as microbial fertilizers in the agronomic field. To exploit
the full potential of these telluric bacteria, more studies
are need to be investigated on the genetic mechanisms
level and microbial-mineral interfaces. Further innovative
research should focus on the application concepts of microbial
biotechnology in agriculture to identify more PSBs for
their usage in a consortium to have competent microbial
inoculants in sustainable cultures’ production systems under
various conditions.
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Potential of plant growth
promoting bacterial consortium
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conditions
Muhammad Yahya Khan1†, Sajid Mahmood Nadeem1*†,
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Fahad Alotaibi2, Liaqat Ali1, Zahir Ahmad Zahir3 and
Fahad N. I. Al-Barakah2

1Sub-Campus Burewala-Vehari, University of Agriculture, Faisalabad, Pakistan, 2Department of Soil
Sciences, College of Food and Agricultural Sciences, King Saud University, Riyadh, Saudi Arabia,
3Institute of Soil and Environmental Sciences, University of Agriculture, Faisalabad, Pakistan

Owing to inconsistent results of a single bacterial strain, co-inoculation of

more than one strain under salinity stress could be a more effective strategy

to induce salt tolerance. Co-inoculation of more than one bacterial strain

could be more effective due to the presence of several growths promoting

traits. This study was conducted to evaluate the effectiveness of multi-

strains bacterial consortium to promote wheat growth under salinity stress.

Several plant growth promoting rhizobacteria (PGPR) had been isolated

and tested for their ability to grow in increasing concentrations of sodium

chloride (NaCl). Those rhizobacterial strains having tolerance against salinity

were screened to evaluate their ability to promote wheat growth in the

presence of salinity by conducting jar trials under axenic conditions. The

rhizobacteria with promising results were tested for their compatibility

with each other before developing multi-strain inoculum of PGPR. The

compatible PGPR strains were characterized, and multi-strain inoculum was

then evaluated for promoting wheat growth under axenic conditions at

different salinity levels, i.e., 2.1 (normal soil), 6, 12, and 18 dS m−1. The

most promising combination was further evaluated by conducting a pot

trial in the greenhouse. The results showed that compared to a single

rhizobacterial strain, better growth-promoting effect was observed when

rhizobacterial strains were co-inoculated. The multi-strain consortium of

PGPR caused a significant positive impact on shoot length, root length, shoot

fresh weight, and root fresh weight of wheat at the highest salinity level

in the jar as well as in the pot trial. Results showed that the multi-strain

consortium of PGPR caused significant positive effects on the biochemical

traits of wheat by decreasing electrolyte leakage and increasing chlorophyll

contents, relative water contents (RWC), and K/Na ratio. It can be concluded

that a multi-strain consortium of PGPR (Ensifer adhaerens strain BK-30,

Frontiers in Microbiology 01 frontiersin.org

177

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2022.958522
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2022.958522&domain=pdf&date_stamp=2022-09-29
https://doi.org/10.3389/fmicb.2022.958522
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmicb.2022.958522/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-13-958522 September 23, 2022 Time: 15:0 # 2

Khan et al. 10.3389/fmicb.2022.958522

Pseudomonas fluorescens strain SN5, and Bacillus megaterium strain SN15)

could be more effective to combat the salinity stress owing to the presence

of a variety of growth-promoting traits. However, further work is going on

to evaluate the efficacy of multi-strain inoculum of PGPR under salt-affected

field conditions.

KEYWORDS

salinity, rhizobacteria, multi-strain, wheat, tolerance

Introduction

In the soil environment, a plant faces both biotic and
abiotic stresses, which cause a harmful impact on plant growth
and development. In many areas of the world, including
Pakistan, salinity is one of the most serious problems hampering
agricultural production. About 40,000 ha of land is lost annually
to cultivation due to salinity, and therefore causes a significant
impact on the country’s economy (Aslam and Prathapar, 2006;
Qadir et al., 2014). Salinity is considered a major cause of
desertification and effect almost one-fourth of the world’s
cultivated land (Machado and Serralheiro, 2017).

Under salinity stress, the plant faces a nutritional and
hormonal imbalance as well as ion toxicity, and a huge
amount of energy is required to modify the environment to
accommodate the plant. Increased concentration of Na+ caused
an increased uptake of Na+ and a decrease in K+ and Ca2+

contents of the plant (Abrar et al., 2020; Ndiate et al., 2021,
2022). Similarly, a significant quantity of ethylene produced
under stress can damage the plants due to its negative impact
on roots growth, and it can also cause epinasty and premature
senescence (Nadeem et al., 2010). Soil microbial functioning has
also been significantly affected by the influence of soil salinity
stress (Liu et al., 2019).

Many efforts have been channelized to understand the
mechanisms of stress tolerance and to enhance plant resistance
against salinity stress. Among these, an environmentally
sound and cost-effective option is the use of beneficial
microbes for providing assistance to plants (Nazli et al., 2020).
These beneficial bacteria including plant growth promoting
rhizobacteria (PGPR) have been widely reported to help crop
plants in various kinds of stresses under varying environmental
conditions (Khan et al., 2013; Raza et al., 2021; Nadeem et al.,
2022; Rafique et al., 2022). These PGPR protect the plant from
the negative impact of salinity through a number of their direct
and indirect mechanisms and therefore enable it to withstand
stress environment (Zahir et al., 2009, 2019; Fu et al., 2010;
Glick, 2013; Nadeem et al., 2016; Ullah et al., 2017; Al-Barakah
and Sohaib, 2019; Rafique et al., 2021; Saeed et al., 2021; Singh
P. et al., 2022; Upadhyay and Chauhan, 2022; Upadhyay et al.,
2022). However, under certain stresses, the results obtained in

axenic conditions could not be reproduced in the field (Smyth
et al., 2011). This might be occurred due to the low quality of the
inoculums and/or the inability of the bacteria to compete with
the indigenous population (Catroux et al., 2001). The reasons
for the poor performance of agricultural bio-inocula in natural
environments and in the rhizosphere of host plants could be the
use of a single bacterial strain (Van Veen et al., 1997). Therefore,
instead of using a single bacterial strain with single trait/multiple
traits for inoculation of seeds/seedlings, multiple microbial
consortia could be used for multiple benefits. The preparation
of a multi-strain bacterial consortium by keeping in view
their compatibility enables the bacterial strain to communicate
synergistically with each other by decreasing inhibitory products
and providing more balanced plant nutrition improve plant
growth and development in variable environments (Wani
et al., 2007). In certain cases, single strain inoculation fails to
compete with indigenous soil microflora due to its low root
colonization percentage and poor survival efficiency (Bashan,
1998; Elkoca et al., 2010) significant positive results are not
obtained (Smyth et al., 2011). Compared to a single strain, a
multi-strain consortium improves plant growth through the
cumulative effect of various mechanisms adopted by different
microbial strains (Khan and Zaidi, 2007). Jha and Saraf (2012)
observed that the growth of the Jatropha plant (Jatropha curca)
improved maximally in greenhouse and field experiments when
three strains were applied together. Similarly, the consortia of
three strains gave the best performance in terms of growth
parameters of Lycopersicum esculentus (Nicolaus et al., 1999).
They demonstrated that the use of combined biofertilizers
containing consortia of bacteria was an excellent inoculant for
the growth performance of the plants.

As far as growth under stress environment is concerned,
Annapurna et al. (2011) studied the effectiveness of PGPR
separately and in combination for reducing the impact of
salinity on wheat growth. They found that single and dual
inoculations of PGPR strains showed variations in their effect
to enhance the crops’ tolerance to salt. The bacterial consortium
was more effective in inducing salinity tolerance in wheat plants.
They considered it as an acceptable and environment-friendly
technology to improve plant performance and development
under stress environments. The results of their study indicated
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that co-inoculation with Bacillus subtilis and Arthrobacter sp.
could alleviate the adverse effects of soil salinity on wheat
growth. The use of multi-strain bacterial consortia in agriculture
has become an area of interest because of its positive impact
on plant growth compared to single inoculation. The positive
interactions between rhizobacteria could be helpful in better
colonization and combating stress-induced negative impact.

Some recent studies show that the effectiveness of bacterial
consortia for enhancing plant growth over a single bacterial
strain (Moronta-Barrios et al., 2018; Chandra et al., 2019;
Olanrewaju and Babalola, 2019). However, most of this work has
been conducted under normal conditions or plant protection
against biotic stress. Furthermore, some preliminary studies
also indicate that multi-strain bacterial consortium offers more
sustainable plant growth improvement (Khan et al., 2017;
Irfan et al., 2019; Sohaib et al., 2020). Limited work has
been conducted under salinity stress therefore the application
of multi-strains bacterial consortium over single inoculation
could be an effective approach for reducing the harmful
impact of salinity stress on plant growth, which is one of the
major growth limiting factors in arid and semi-arid regions.
Therefore, this study was undertaken with the objective to
evaluate the effectiveness of multi-strain bacterial consortium
for improving the growth and development of wheat under salt
stress condition.

Materials and methods

Isolation of plant growth promoting
rhizobacteria and salinity tolerance
assay

A total of 55 samples of rhizosphere soil samples were
collected from the salt-affected fields of wheat (30◦14′35.9"N
72◦43′19.7" E). The rhizosphere sample was collected by
following the procedure adopted by Khan et al. (2017). The
rhizosphere soil adhering to the roots was collected and
soil suspension obtained was used to isolate rhizobacteria by
dilution plate method by using DF minimal salt medium
(Dworkin and Foster, 1958) containing ACC as a sole source
of nitrogen (Jacobson et al., 1994). The isolated rhizobacterial
strains were purified by further 2–3 times streaking on freshly
prepared DF minimal salt medium and pure colonies were used
for further screening.

A total of 50 isolated bacterial strains including two
previously characterized PGPR strains, i.e., Pseudomonas
fluorescens strain SN5 (Accession Number; JN858098)
and Bacillus megaterium strain SN15 (Accession Number;
JN858088) were examined for their ability to tolerate salinity.
For this purpose, tryptic soya broth (TSB) with 2.5, 5, and 7.5%
sodium chloride (NaCl) were prepared and inoculated with
respective strains. For each isolate, triplet test tubes at each
salinity level were inoculated with 0.5 mL inoculum of OD 0.5

(>108 cell mL−1) and incubated for 72 h at 28 ± 1◦C, shaking
at 100 rpm. PGPR isolates showing high optical density (OD) at
600 nm under salinity were considered salinity tolerant.

Screening of plant growth promoting
rhizobacteria for promoting wheat
growth under salinity stress

The 20 bacterial isolates selected on the basis of salinity
tolerance assay were evaluated for their growth promoting
potential For this purpose, a jar experiment was conducted
under axenic conditions. Four salinity levels, i.e., original, 6, 12,
and 18 dS m−1 were used. Salinity levels were developed by NaCl
salt in sterilized half-strength Hoagland solution (Machado and
Serralheiro, 2017). Two sterilized filter paper sheets were soaked
and saturated with respective inoculum. Four surface-sterilized
wheat seeds were sandwiched between these two sterilized filter
papers, which were rolled and placed in the glass jars (Asghar
et al., 2002). Seeds were surface sterilized by dipping in 70%
ethanol for 1 min and 3.5% sodium hypochlorite for 3–5 min
and followed by 3–4 washings with autoclaved distilled water
(Long et al., 2008). Jars were arranged using a completely
randomized design with four replications for each treatment.
Jars were placed in a growth chamber at 25 ± 1◦C, adjusted
to 16 h of light (supplied by a mixture of incandescent and
fluorescent lamps at an intensity range of 200–225 µE m−2s−1),
and an 8 h dark period. After 3 weeks, four plants were harvested
and data regarding shoot/root length, shoot\root fresh weight,
and shoot/root dry weight were recorded.

Compatibility test

On the basis of the results of the axenic trial, 10 most
promising strains (DG-18, DG-34, BK-6, BK-30, BK-46, BK-50,
UA-3, UA-46, SN5, and SN15) were tested for their compatibility
with each other in all possible combination by cross streak assay
on nutrient agar medium (Raja et al., 2006). One bacterial strain
was streaked on the solidified nutrient agar plate and incubated
at 28 ± 1◦C for 24 h for growth. The counter bacterial strain
was streaked vertically to the growth of the already streaked
bacterial strain. The plates were incubated at 28 ± 1◦C for 48 h
and bacterial growth was observed. The growth suppression of
counter bacterial strain by already streaked bacterial strain was
considered as un-compatible and mixing of bacterial growth of
both strains was considered as compatible. Among these strains,
six strains (DG-34, BK-30, UA-3, UA-46, SN5, and SN15)
showed compatibility when used in various combinations.

Characterization of compatible strains

The six strains showed compatibility in various
combinations and were characterized by their plant growth
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promoting traits. The ACC-deaminase activities of the strains
were measured quantitively by determining the amount of
α-ketobutyrate produced when the enzyme cleaved ACC into
ammonia and α-ketobutyrate according to the method of
Penrose and Glick (2003). All measurements were carried out
in triplicate and ACC-deaminase activity was calculated as
µmol α-ketobutyrate mg−1 protein h−1. Exopolysaccharides
production was measured qualitatively according to the method
of Nicolaus et al. (1999). For this purpose, strains were grown
in a culture medium, and supernatants were collected by
centrifuging at 1,000 rpm. The formation of the precipitate by
the addition of cold absolute ethanol dropwise was an indication
of the production of exopolysaccharides.

Phosphate solubilization was determined qualitatively by
using the National Botanical Research Institute (NBRI) growth
medium according to Mehta and Nautiyal (2001). Individual
bacterial isolates were cultured, and spot inoculated in the center
of the agar plates. Colonies showing the formation of clear zones
after incubating at 28◦C for 5 days were considered positive
for phosphate solubilization, and the diameter of the clear
halo zone was measured. Siderophore production of the strains
was assayed qualitatively according to the universal method of
Schwyn and Neilands (1987). Fresh cultures of each strain were
inoculated into a modified MM9 medium (low iron medium).
The cultures were centrifuged after incubation at 28◦C for
48 h. The supernatant was then mixed with the chrome azurol
S (CAS) solution. The change of color from blue to orange
indicated the presence of siderophores in the solution.

Indole acetic acid production of the selected six isolates was
determined colorimetrically as used by Sarwar et al. (1992).
For this purpose, 5 mL of filter sterilized 0.5% l-tryptophan
solution was added to the flask and inoculated with a particular
strain, and then incubated at 28◦C for 48 h on a horizontal
shaker at 100 rev min−1. Un-inoculated control was also kept
for comparison. After incubation, the contents were filtered, and
3 mL of the filtrate was mixed with 2.0 mL of Salkowski reagent
and allowed to stand for 30 min for color development. Auxin
compounds expressed as IAA equivalents were determined by
spectrophotometer (Sarwar et al., 1992).

Screening of multi-strain consortium
for promoting wheat growth under
salinity stress

Six rhizobacterial strains showed compatibility with each
other and were used in various combinations as co-inoculation
and multi-strain inoculum. These combinations were DG-
34 × BK30, UA-3 × UA-46, UA-3 × SN5, UA-46 × SN15, BK-
30 × SN5, UA-3 × SN15, BK-30 × SN15, UA-3 × SN15 × UA-
46, and BK-30 × SN5 × SN15. These combinations were tested
for evaluating their ability to promote wheat growth under
salinity stress. The inoculum of each strain was prepared as

described above. For inoculating the sterilized wheat seed with
multi-strain inoculum, broth cultures of desired bacterial strains
were mixed in equal proportion and vortexed for 5 min to ensure
homogenized cell density of different bacterial strains before
seed dipping. Surface sterilized seeds of wheat were placed in
sterilized Petri plates enfolded in two sheets of filter paper
moistened with sterilized distilled water. These Petri plates were
incubated at 25 ± 1◦C for germination in an incubator under
darkness for 2 days. Fully sprouted seeds of wheat and maize
were dipped for 10 min in broth culture of the required bacterial
population (107–108 cfu mL−1). Four salinity levels, i.e., 0, 6, 12,
and 18, as described above were prepared.

Salinity levels were developed by NaCl salt in the sterilized
Hoagland solution (Machado and Serralheiro, 2017) of half-
strength. The actual salinity levels obtained after developing
salinity were 0.8, 6.2, 12.5, and 17.4 dS m−1. Jars were arranged
using completely randomized design with four replications
for each treatment. Jars were placed in a growth chamber at
25 ± 1◦C, adjusted to 16 h light (supplied by a mixture of
incandescent and fluorescent lamps at an intensity range of 200–
225 µE m−2s−1) and an 8 h dark period. After 3 weeks, plants
were harvested and data regarding shoot/root length, shoot\root
fresh weight, and shoot/root dry weight were recorded and
analyzed statistically.

Root colonization assay

The root colonization ability of bacterial isolates was
determined by the modified method of Simons et al. (1996).
After 1 week of starting the jar experiment, the plant from one
replication was harvested and rinsed with distilled water, and
blotted to dryness. The root tips (0.2 g) were removed and put
into a flask containing 5 mL of sterilized distilled water. The
root samples were shaken vigorously for 30 min using an orbital
shaker (Memmert, Schwabach, Germany). Serial dilutions of
bacterial suspensions were prepared and 1 mL of each dilution
was spread on already prepared tryptic soya agar plates (TSA).
All treatments in the colonization experiment were replicated
three times. The average number of colony-forming units (cfu)
per gram root was determined after 24 h of incubation at
28 ± 2◦C using a digital colony meter (J.P Selecta, Barcelona,
Spain).

Pot trial

From the results of the axenic trial, the two combinations
(UA-3 + SN15 + UA-46 and BK-30 + SN5 + SN15) were selected
on the basis of their better performance by promoting growth
at the highest salinity level. A third combination having a
consortium of two strains, i.e., UA-46 + SN15 was also selected
for comparison. There were four treatments, i.e., T1 (Control),
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T2 (UA-46 + SN15), T3 (UA-3 + SN15 + UA-46), and T4 (BK-
30 + SN5 + SN15). For developing a multi-strain consortium, a
fresh inoculum of each strain was prepared in sterilized broth
separately as described earlier. Before inoculating the wheat
seeds, an optical density (OD) of 0.5 was developed to maintain
a population density of 107–108 cfu mL−1.

For conducting a pot trial, the soil was ground and passed
through a 2 mm sieve. The electrical conductivity (EC) of soil
was 2.1 dS m−1. The required salinity levels, i.e., 6, 12, and 18
dS m−1 were developed by thoroughly mixing the calculated
amount of NaCl in the sieved soil.

After developing salinity, each pot was filled with 12 kg
of soil and was arranged according to a complete randomized
design with three replications. For inoculating wheat seed, a
consortium of three strains were prepared by mixing equal
proportion (at a ratio of 1:1:1 having 4 mL inoculum of each
strain) and a consortium of two strains was prepared by mixing
equal proportion (at a ratio of 1:1 having 6 mL inoculum of
each strain). Surface-disinfected wheat seeds were inoculated
with sterilized (autoclaved) peat mixed with 10% sterilized sugar
solution (1:1 w/w inoculum to peat ratio).

Five wheat seeds were sown in each pot at an equal distance.
The pots of each treatment were arranged randomly and NPK at
the rate of 120:90:60 kg ha−1 were used as urea, diammonium
phosphate, and muriate of potash fertilizers. Good quality canal
water (EC = 0.7 dS m−1, SAR = 0.5 (mmol L−1)1/2 and
RSC = 0.05 mmolc L−1) meeting the irrigation quality criteria
of the crops (Ayers and Westcot, 1985) was used for irrigation.
Twenty days after germination, a uniform plant population of
two seedlings per pot was maintained by thinning. In all these
experiments, wheat crop variety Faisalabad-2008 (Approved by
Punjab Seed Corporation (PSC), Pakistan in September, 2008)
was used as a test wheat variety.

Data collection and physiological
analysis

Seventy days after sowing, plant leaf samples were collected
for analyzing some chemical and biochemical parameters like
sodium, potassium, chlorophylls (a and b), relative water
content (RWC), membrane stability, and proline contents. At
maturity, data regarding plant height, number of tillers per pot,
number of spikelets per spike, grain yield per pot, root length,
and 1,000-grain weight were collected. Wheat shoot and grain
samples were analyzed for nitrogen and phosphorus content.

For determining chlorophyll contents, 0.5 g of leaf sample
was collected from each treatment and homogenized with
80% acetone (v/v). The homogenate was filtered through filter
paper. The absorbance of the resulting solution was read by
spectrophotometer at 663 and 645 nm for chlorophylls a and b,
respectively (Arnon, 1949). Chlorophylls a and b were calculated
using the following formula and results were mentioned as total

chlorophyll content, i.e., Chlorophyll a + b:

Chl ‘a′
(
mg/g fresh weight

)
= [{(12.7×OD663)− (2.69×OD645)} ×

V
1000

×W]

Chl ‘b′
(
mg/g fresh weight

)
= [{(22.9×OD645)− (4.68×OD663)} ×

V
1000

×W]

where,

OD663 = OpticalDensityatawavelengthof663 nm

OD645 = OpticalDensityatawavelengthof645 nm

V = Volumeofthesample,

W = Weightoffreshtissue

RWC was determined by using the following formula as
described by Mayak et al. (2004):

RWC (%) =
(FW− DW)

(FTW− DW)
× 100 (1)

where,

RWC = RelativeWaterContents

FW = Freshweight

DW = Dryweight

FTW = Fullyturgidweight

The fully turgid weight (FTW) is defined as the weight of the
leaf after it was held in 100% humidity conditions in the dark at
4◦C for 48 h.

Membrane stability was determined by calculating
electrolyte leakage according to the method described by
Lutts et al. (1996). One young leaf was collected from two plants
from each treatment and washed thoroughly with deionized
water to remove surface-adhered electrolytes.

The samples were placed in closed vials with deionized water
and incubated on a rotary shaker for 24 h at 25◦C. The EC of the
solution (Lt) was determined by a conductivity meter. Samples
were then autoclaved at 120◦C for 20 min and the final EC of the
solution (L0) was measured after cooling. The electrolyte leakage
was determined by the formula:

EL (%) =

(
Lt
L0

)
× 100

Free proline content was determined according to the
method described by Bates et al. (1973). One gram leaf sample
was homogenized in 3% sulphosalyclic acid and then filtered
through Whatman filter paper No. 2. After the addition of
acid ninhydrin and glacial acetic acid, the mixture was heated
at 100◦C for 1 h in a water bath and the reaction was
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stopped using an ice bath. The mixture was extracted with
toluene and the absorbance was read at 520 nm. Proline
concentration was determined using a standard curve and was
expressed as µmol g−1.

Plant analyses

The grain samples of wheat were first digested for
determining nitrogen and phosphorus according to the method
of Wolf (1982). The sample was digested with conc. H2SO4

and H2O2 (35% A. R. grade extra pure) at 350◦C. After
digestion, nitrogen was determined by the Kjeldahl method. The
phosphorus-digested sample was mixed with Barton reagents
and phosphorus was determined by spectrophotometer using a
standard curve.

Identification of rhizobacterial strains

Rhizobacterial isolates were identified based on the 16S
ribosomal RNA (16S rRNA) gene sequencing. Pure colonies
of efficient bacterial isolates (DG-34, BK-30, UA-3, and
UA-46) were sent to Macrogen Inc., Korea for getting
sequences of the target gene. The BlastN tool of the NCBI
database1 was used to compare with the known nucleotide
sequences of 16S rRNA genes. Bacterial isolates were given
names as Atlantibacter hermannii strain DG-34 (Accession
Number; OP204096), Ensifer adhaerens strain BK-30 (Accession
Number; OP204097), Stenotrophomonas maltophilia strain UA-
3 (Accession Number; OP295490), and Atlantibacter hermannii
strain UA-46 (Accession Number; OP295491) based on the
maximum similarity with known bacteria.

Statistical analyses

Standard errors (SE) were estimated using Microsoft Excel
2016 R© (Microsoft Cooperation, USA), and the Student’s t-test
was applied for the level of significance (P < 0.05). Data were
statistically analyzed using the statistical software (Statistix-8.1 R©;
Analytical Software, Tallahassee, USA).

Results

Salinity tolerance of isolated strains

A total number of 50 isolated strains were evaluated for
their ability to tolerate saline conditions. The results show

1 http://www.ncbi.nlm.nih.gov/BLAST
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FIGURE 1

Impact of different salinity levels on optical density (600 nm) of
isolates. (A–D) Different levels of salinity.

that strains had great variability regarding their growth under
saline conditions. The optical density values of certain strains
remained very low with increasing levels of salinity that show
their limited growth in the saline environment (Figure 1). At
normal condition (0% NaCl), 26 strains (52%) showed 6–8
optical density and 16 strains (32%) showed optical density value
of more than 8. With increasing salinity, the optical density
decreased. At 2.5% NaCl, 9 (18%) and 31 (62%) strains showed
optical density values in the range of 6–8 and > 8, respectively.
At 5% NaCl, only three strains (6%) showed optical density
value > 8. However, no strain showed this optical density value
(> 8) at saline media containing 7.5% NaCl. Twenty strains,
i.e., 40% showed optical density values in the range of 6–8. This
indicates the ability of these strains to tolerate high salinity.

Screening of plant growth promoting
rhizobacteria for promoting wheat
growth under salinity stress

Out of these 50 strains used to evaluate their growth
in a saline environment, 20 strains were selected based on
their ability to tolerate salinity. These 20 strains were further
evaluated for their efficacy to promote wheat growth by
conducting jar trials under salinity stress conditions. The data
regarding shoot and root parameters were recorded.

Our results indicated that bacterial inoculation enhanced
the shoot length at all salinity levels (Supplementary Table 1).
This impact was more pronounced at high salinity levels 12
and 18 dSm−1. At 6 dSm−1 strain, DG-48 showed a maximum
increase in shoot length by 55%, and at this level, strains UA-46,
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UA-1, and BK-50 increased shoot length up to 47, 48, and 42%.
Similarly, at salinity level 12 dSm−1 strains DG-18 and UA-
3 gave maximum shoot length and increased the shoot length
up to 69 and 61%. At higher salinity (18 dSm−1) maximum
shoot length was showed by strain DG-18 followed by strain
UA-3, which increased shoot length up to 140% as compared
to the un-inoculated control. Data predicted in Supplementary
Table 2 showed that strains DG-52 and BK-50 increased shoot
fresh weight up to 13% at 6 dSm−1, followed by the strains UA-
1, BK-23, DG-18, and DG-48. At 12 dSm−1, UA-1 gave the best
results and caused an increase in shoot fresh weight of wheat
seedling up to 18%, and strains DG-12, BK-50, BK-28, and UA-
44 were the next most effective strains. Strains BK-6 and BK-30
showed good results at EC 18 dSm−1 and increased shoot fresh
weight up to 60% compared to the un-inoculated control. The
data regarding shoot dry weight showed that at 6 dSm−1, DG-
48 performed better and increased shoot dry weight up to 96%.
At 12 and 18 dSm−1, strains SN5 and UC-14 increased shoot dry
weight by 100 and 200% over un-inoculated control followed by
UA-44 and UA-46 (Supplementary Table 3).

Supplementary Table 4 indicated that strains had variable
responses regarding root length. All strains increased the root
length of wheat in the case where no salt was added (normal). At
6 dSm−1, the highest root length was observed by BK-46, while
strain DG-18 exhibited a maximum increase in root length at EC
level 12 dS m−1. At higher salinity levels, i.e., 18 dS m−1 strain
BK-33 was found to increase root length up to 177%. Inoculation
of wheat seeds caused a significant increase in root fresh weight
at different salinity levels (Supplementary Table 5). At 6 dS
m−1, strains UA-1 and SN5 resulted in a maximum increase in
fresh weight that was 29 and 28% higher than the uninoculated
control. BK-46 caused a 20% increase in root fresh weight at
salinity level 12 dS m−1. At high salinity level (18 dS m−1),
strains UA-44 and SN15 performed better and increase root
fresh weight by 45 and 42%. The effect of bacterial inoculation
on root dry weight is presented in Supplementary Table 6. At
6 dS m−1, the strain SN15 caused an increase up to 46%, while
an increase of 146% was observed due to strain DG-8 at EC level
12 dS m−1. At higher salinity level, i.e., 18 dS m−1, maximum
root dry weight was shown by DG-8, DG-34, BK-30, UA-44, and
SN15, which cause an increase up to 166% as compared to their
respective controls.

Multi-strain grouping

Out of 20 strains tested in the jar experiment, the strains that
gave promising results were examined for their compatibility
with each other. On the basis of the compatibility test, six
strains were selected and then used in different combinations
to prepare a multi-strain bacterial consortium for enhancing
salinity tolerance in wheat.

Screening of multi-strain consortium
for promoting wheat growth under
salinity stress

A further jar experiment was conducted to evaluate the
efficacy of bacterial consortium for promoting the growth of
wheat grown under salinity stress conditions. Obtained results
showed that multi-strain inoculum promoted wheat growth
significantly more than dual inoculation.

Results regarding the shoot length of wheat seedlings
presented in Figure 2 demonstrated that salinity decreased the
shoot length compared to normal (non-saline). The reduction in
shoot length was more at high salinity levels (12 and 18 dS m−1)
as compared to low-salinity level. However, inoculation with
different strains enhanced the shoot length at all salinity levels,
i.e., normal, 6, 12, and 18 dS m−1. Under axenic conditions,
shoot length was significantly improved when the strains
were used in different combinations. At 6 dS m−1, the dual
combinations of UA-3 × SN5 and DG-34 × BK-30 enhanced
shoot length up to 19 and 17%. At high salinity levels, i.e., 12 dS
m−1 the combination UA-3×UA-46 increased the shoot length
by 49%. However, at 18 dS m−1, multi-strain inoculation was
used, and the combination UA-3 × SN15 × UA-46 increased
the shoot length up to 51%. Inoculation with strains improved
the shoot fresh weight at low (normal and 6 dS m−1) and high
(12 and 18 dS m−1) salinity levels as compared to respective
uninoculated control (Figure 3). Shoot fresh weight significantly
increased when combinations of UA-46 × SN15 were used,
which increased fresh weight up to 12% at 6 dS m−1. At 12
dS m−1, the combinations of BK-30× SN5 and at 18 dS m−1,
BK-30 × SN5 × SN15 caused a 41 and 47% increase in shoot
fresh weight, respectively. The effect of various salinity levels on
shoot dry weight of wheat seedlings and comparative efficacy
of co-inoculation and multi-strain inoculation for improving
shoot weight is presented in Figure 4. Results showed that the
response of co-inoculation and multi-strain inoculation was
significantly better than the un-inoculated control. An increase
of 25% was observed in the combination of UA-3×UA-46 when
EC was 6 dS m−1. At higher salinity, the combination of UA-
3 × SN15 × UA-46 increased shoot dry weight up to 56% as
compared to the un-inoculated control.

Root length was increased due to inoculation with different
strains at low (normal) and high (12 and 18 dS m−1) salinity
levels (Figure 2). At normal, the combinations of UA-46× SN15
and BK-30 × SN5 enhanced root length up to 39 and 34%,
respectively. The combination of UA-3 × SN5 caused an
increase up to 57% at 6 dS m−1. At higher salinity levels (i.e.,
12 and 18 dS m−1), the co-inoculation of UA-3 × SN15 × UA-
46 exhibited an increase up to 61 and 83%. Data given in
Figure 3 indicate that different salinity levels (6, 12, and 18 dS
m−1) had posed a significant reduction in root fresh weight
of wheat seedlings as compared to normal. It is clearly evident
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FIGURE 2

Effect of multi-strains inoculum on shoot length (cm plant−1) and root length (cm plant−1) of wheat in the presence of salinity under the axenic
condition. (A–D) Different levels of salinity.

FIGURE 3

Effect of multi-strains inoculum on shoot fresh weight: SFW (g plant−1) and shoot fresh weight: RWF (g plant−1) of Wheat in the presence of
salinity under the axenic condition. (A–D) Different levels of salinity.

FIGURE 4

Effect of multi-strains inoculum on shoot dry weight: SDW (g plant−1) and root dry weight: RDW (g plant−1) of wheat in the presence of salinity
under the axenic condition. (A–D) Different levels of salinity.

from the results that inoculation reduced the salinity impact
on wheat seedlings and improved the root fresh weight as
compared to their respective controls. All co-inoculation and
multi-strain inoculation caused an improvement in root fresh
weight. At 6 dS m−1, the combination of UA-46xSN15 caused
an increase of up to 22%. At 12 dS m−1, the combination of BK-
30 × SN5 × SN15 posed an increase up to 100%, whereas at
18 dSm−1, UA-3 × UA-16 × UA-46 caused up to 72% increase
in root fresh weight. Salinity stress significantly decreased the
root dry weight at all salinity levels (6, 12, and 18 dS m−1) as
compared to normal (Figure 4). However, various strains well
supported the wheat seedlings to tolerate the salinity stress by
improving root dry weight. An increase of 39% was observed
when co-inoculation of UA-46 × SN15 was done at 6 dS m−1.
At 12 dS m−1, the combination of BK-30 × SN5 × SN15
showed statistically similar results and caused up to a 58%
increase in root dry weight as compared to their respective un-
inoculated controls. The combination of BK-30 × SN5 × SN15
gave significant results and caused up to a 180% increase at 18
dSm−1.

Plant growth promoting characteristics
of strains

The selected strains were characterized by certain growth
promoting traits (Table 1). The results of characterization assays
showed that all six strains (DG-34, BK-30, UA-3, UA-46, SN5,
and SN15) were positive for ACC-deaminase. UA-16 was highest
in ACC-deaminase activity followed by UA-3 and UA-46. DG-34
showed the lowest ACC-deaminase activity compared to other
strains. All strains for positive for phosphate solubilization and
exopolysaccharides activity except DG-34, which was due to the
lack of exopolysaccharides production. DG-34, UA-3, SN5, and
SN15 were found positive for siderophores production.

Root colonization assay

Data regarding root colonization showed that all selected
strains efficiently colonized wheat roots (Table 2). Maximum
root colonization was observed in the case of SN15, which was
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TABLE 1 Characterization and identification of the rhizobacterial strains.

PGPR
strain

Identification Accession
number
(NCBI

database)

Exopolysaccharides
activity

ACC-
deaminase

activity
(µ mol

kg−1 h−1)

Phosphate
solubilization

Siderophores Indole
acetic acid

(µ g mL−1)

DG-34 Atlantibacter hermannii OP204096 + 96 + + 13.4

BK-30 Ensifer adhaerens OP204097 + 102 + – 15.2

UA-3 Stenotrophomonas maltophilia OP295490 + 176 + + 12.7

UA-46 Atlantibacter hermannii OP295491 + 135 + – 17.2

SN5 Pseudomonas fluorescens JN858098 + 110 + + 16.3

SN15 Bacillus megaterium JN858088 + 221 + + 15.5

TABLE 2 Root colonization ability of bacterial strains.

Bacterial strains DG-34 BK-30 UA-3 UA-46 SN5 SN15

Root colonization (cfu g−1) 3.46× 104 4.10× 104 3.45× 105 4.61× 104 3.31× 105 5.21× 105

5.21× 105 followed by UA-3 (3.45× 105) and SN5 (3.31× 105).
UA-46 and BK-30 were the next effective strains regarding root
colonization ability. Strain DG-34 showed less root colonization
ability (3.46× 104) compared to other strains.

Pot trial

The multi-strain bacteria caused a significant impact on the
growth and yield parameters of wheat. The results of the pot trail
are described below.

Data in Table 3 show that the plant height of wheat seedlings
increased significantly due to inoculation with the multi-strain
bacterial consortium. Maximum increase (up to 33% over un-
inoculated control) in plant height was recorded by inoculation
with T4 at EC 17.5 dS m−1, which was statistically similar to T2

and T3. High salinity level (17.5 dS m−1) affected the number of
tillers to a great extent; however, inoculation with multi-strain
consortia mitigate this negative effect (Table 3). A maximum
number of tillers at this EC (17.5 dS m−1) was obtained by
T4, which was 128% more than the control. T2 and T3 were
the next effective combinations. These two combinations were
statistically similar to each other and caused up to an 86%
increase in the number of tillers compared to the control.

Data regarding the number of spikelets per spike of wheat
under salinity stress indicated that with an increase in salinity,
the number of spikelets per spike of wheat decreased except for
T4 at 12.1 dS m−1 (Table 4). At high salinity, i.e., 17.5 dSm−1

again T4 caused a significant increase in the number of spikelets
over control, which was 35% more than the un-inoculated
control. Data regarding root length revealed that in most of
the cases, the statistically similar increase was observed by
inoculation with selected PGPR strains that differed significantly
from the un-inoculated control (Table 4). Consortium T4

performed better than other strains and caused 35, 44, and
66% increases over un-inoculated control at 5.8, 12.1, and 17.5
dS m−1, respectively. Inoculation with multi-strain bacterial
consortium caused a significant increase in the grain yield of
wheat compared to the un-inoculated control (Table 5). At
higher salinity levels (12.1 and 17.5 dS m−1), T4 performed
significantly better than other groups and increased grain yield
up to 56 and 50%, respectively, over the un-inoculated control.
Similarly, data regarding 1,000 grain weight at a high salinity
level, i.e., 17.5 dSm−1 T4 again showed a maximum 1,000
grain weight that was 36% more than the un-inoculated control
(Table 5).

Physiological parameters

Data regarding chlorophyll contents in Table 6 revealed
that inoculation effect was significant at different salinity levels.
At low- and medium-salinity levels (5.8 and 12.1 dSm−1), T3

caused a maximum increase in chlorophyll content. Up to 127%
increase in chlorophyll contents was observed with T4 at 17.5
dSm−1 followed by T3. As compared to higher salinity levels,
no significant impact of inoculation was observed on electrolyte
leakage at low salinity (Table 6). At 12.1 dS m−1, bacterial
consortium T4 caused a maximum increase in membrane
stability, i.e., 16% more than un-inoculated control. At 17.5 dS
m−1, T4 performed better and increased the membrane stability
of wheat leaf, which was 26% higher than the un-inoculated
control.

At a high salinity level of 17.5 dS m−1, the inoculated plants
showed more proline contents compared to un-inoculated
(Table 7). The plant inoculated with bacterial consortium T4

showed the highest proline contents (12% more than the
un-inoculated control). However, the strains were statistically
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TABLE 3 Effect of inoculation with multi-strain bacterial consortium on plant height (cm plant−1) and the number of tillers of wheat at different
salinity levels in a pot trial.

Strain Plant height Number of tillers

Salinity (dS m−1) Salinity (dS m−1)

2.1 6 12 18 2.1 6 12 18

T1 63.3 cd 60.3 de 49.7 g 42.0 h 4.67 bcd 4.67 bcd 3.33 de 2.33 e

T2 74.0 a 67.3 bc 60.7 de 53.7 fg 6.33 a 5.33 abc 4.33 cd 4.33 cd

T3 71.7 ab 68.0 bc 64.7 cd 55.0 f 6.33 a 5.33 abc 5.33 abc 4.33 cd

T4 70.7 ab 72.0 ab 62.0 d 56.0 ef 6.33 a 6.00 ab 5.33 abc 5.33 abc

LSD (5%) 5.164 0.656

Means sharing the same letter(s) are statistically non-significant according to Duncan’s multiple range test (p < 0.05).
T1 (Control), T2 (UA-46 + SN15), T3 (UA-3 + SN15 + UA-46), T4 (BK-30 + SN5 + SN15).

TABLE 4 Effect of inoculation with multi-strain bacterial consortium on a number of spikelets per spike of wheat at different salinity levels
in a pot trial.

Strain Number of spikelets per spike Root length

Salinity (dS m−1) Salinity (dS m−1)

2.1 6 12 18 2.1 6 12 18

T1 17.3 abc 14.6 de 13.3 ef 11.3 f 18.7 bc 13.6 cdef 13.0 efg 8.00 g

T2 18.6 a 17.3 abc 15.3 cde 13.3 ef 21.0 a 17.3 bcde 14.6 cdef 12.0 fg

T3 18.3 ab 16.0 bcd 15.3 cde 14.3 de 20.3 ab 17.3 bcde 17.6 bcde 11.6 fg

T4 18.0 ab 15.0 cde 17.3 abc 15.3 cde 20.3 ab 18.3 bcd 18.7 bc 13.3 def

LSD (5%) 2.47 5.07

Means sharing the same letter(s) are statistically non-significant according to Duncan’s multiple range test (p < 0.05).
T1 (Control), T2 (UA-46 + SN15), T3 (UA-3 + SN15 + UA-46), T4 (BK-30 + SN5 + SN15).

TABLE 5 Effect of inoculation with multi-strain bacterial consortium on grain yield (g pot−1) and 1,000-grain weight of wheat at different salinity
levels in a pot trial.

Strain Grain yield 1,000 grain weight

Salinity (dS m−1) Salinity (dS m−1)

2.1 6 12 18 2.1 6 12 18

T1 11.87 b 9.67 c 6.00 ef 5.03 f 3.63 defg 3.40 g 2.91 h 2.69 h

T2 13.10 ab 12.27 b 9.07 cd 7.13 e 3.74 cde 3.82 bcde 3.66 def 3.42 fg

T3 14.60 a 12.93 ab 9.30 c 7.30 de 4.06 ab 4.11 a 3.68 de 3.57 efg

T4 14.70 a 12.73 b 9.37 c 7.56 d 3.96 abc 3.84 bcd 3.72 cde 3.66 def

LSD (5%) 1.827 0.253

Means sharing the same letter(s) are statistically non-significant according to Duncan’s multiple range test (p < 0.05).
T1 (Control), T2 (UA-46 + SN15), T3 (UA-3 + SN15 + UA-46), T4 (BK-30 + SN5 + SN15).

similar to each other. Similar to proline content, the inoculation
effect regarding RWC was non-significant at low salinity levels
(5.8 and 12.1 dS m−1). Up to a 19% increase in RWCs was
recorded due to inoculation with different bacterial consortiums
(Table 7). At a high salinity level (17.5 dS m−1), all three
bacterial consortia significantly increased RWC over the un-
inoculated control. Bacterial consortium T4 was the most
effective for increasing RWC (19% more than the un-inoculated
control).

Data regarding sodium and potassium revealed that
inoculation with bacterial consortium had variable effects

on Na+ and K+ uptake by wheat plants. A significant
decrease in Na+ concentration in the leaf sap at high
salinity levels was observed due to inoculation with bacterial
strains. However, more K+ concentration was observed in
the leaf sap in inoculated treatments compared to the un-
inoculated control, which resulted in a high K+/Na+ ratio
in inoculation treatments compared to the un-inoculated
control (Table 8). At a high salinity level (17.5 dS m−1), the
highest increase in K+/Na+ was observed by inoculation with
consortium T4 that was 31% more than the un-inoculated
control.
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TABLE 6 Effect of inoculation with multi-strain bacterial consortium on chlorophyll content (mg/g fresh weight) and membrane stability index of
wheat at different salinity levels in a pot trial.

Strain Chlorophyll content Electrolyte leakage

Salinity (dS m−1) Salinity (dS m−1)

2.1 6 12 18 2.1 6 12 18

T1 4.49 abc 4.14 def 2.65 g 1.11 i 41.3 f 40.7 f 46.6 def 55.16 bc

T2 4.56 ab 4.21 def 3.99 f 2.33 h 42.9 ef 41.9 ef 47.2 def 60.03 b

T3 4.50 abc 4.35 bcd 4.20 def 2.35 h 42.9 ef 44.1 ef 49.3 cde 56.80 bc

T4 4.62 a 4.29 cde 4.09 ef 2.52 gh 44.1 ef 43.4 ef 54.1 bcd 69.53 a

LSD (5%) 0.247 7.542

Means sharing the same letter(s) are statistically non-significant according to Duncan’s multiple range test (p < 0.05).
T1 (Control), T2 (UA-46 + SN15), T3 (UA-3 + SN15 + UA-46), T4 (BK-30 + SN5 + SN15).

TABLE 7 Effect of inoculation with multi-strain bacterial consortium on proline (µmole g−1) and relative water content of wheat at different salinity
levels in a pot trial.

Strain Proline Relative water content

Salinity (dS m−1) Salinity (dS m−1)

2.1 6 12 18 2.1 6 12 18

T1 0.70 e 0.86 d 1.17 c 1.26 bc 76.0 abc 68.5 de 62.1 fg 51.7 h

T2 0.64 e 0.99 d 1.18 c 1.39 ab 78.0 ab 70.2 cd 63.3 efg 59.1 g

T3 0.65 e 1.00 d 1.31 abc 1.41 a 78.4 a 72.0 bcd 62.8 efg 59.8 g

T4 0.64 e 0.94 d 1.31 abc 1.42 a 77.7 ab 71.8 bcd 66.4 def 61.4 ef

LSD (5%) 0.147 6.31

Means sharing the same letter(s) are statistically non-significant according to Duncan’s multiple range test (p < 0.05).
T1 (Control), T2 (UA-46 + SN15), T3 (UA-3 + SN15 + UA-46), T4 (BK-30 + SN5 + SN15).

Data regarding nitrogen contents of wheat grain showed
that inoculation significantly increased the nitrogen content at
low as well as high salinity levels; however, strains had variable
effects (Table 9). Up to a 17% increase in nitrogen content was
observed with T4 at low salinity levels (5.8 dS m−1). At 12.1 and
17.5 dS m−1, T3 and T4 caused a maximum increase in nitrogen
content, respectively. The wheat straw sample analyzed for
phosphorus showed variable effects on the phosphorus contents
of wheat grain (Table 9). At low-salinity levels (original and 5.8
dS m−1), inoculation with consortium T4 caused a maximum
increase in phosphorus contents. At 12.1 and 17.5 dS m−1,

TABLE 8 Effect of inoculation with multi-strain bacterial consortium
on K/Na of wheat at different salinity levels in a pot trial.

Strain Salinity (dS m−1)

2.1 6 12 17

T1 1.95 cd 1.90 d 1.60 gh 1.30 j

T2 2.11 b 1.98 cd 1.66 fgh 1.46 j

T3 2.23 a 2.04 c 1.80 e 1.67 fgh

T4 1.99 c 2.06 c 1.73 efg 1.57 hi

LSD (5%) 0.11

Means sharing the same letter(s) are statistically non-significant according to Duncan’s
multiple range test (p < 0.05).
T1 (Control), T2 (UA-46 + SN15), T3 (UA-3 + SN15 + UA-46), T4 (BK-30 + SN5 + SN15).

inoculation showed the non-significant difference. Inoculation
with bacterial consortium T4 showed maximum phosphorus
contents (64% more than the un-inoculated control), which
were statistically similar with T2 and T3.

Discussion

Salinity is a major constraint for agricultural production,
especially in arid and semi-arid regions of the world. The
problem of salinity is also increasing due to the use of poor
quality of underground water because of the non-availability
of canal water. There are various approaches to combat the
problem of salinity. The biological approach used in this study
is also one of the emerging approaches. Although a number
of studies have been conducted for promoting plant growth
through PGPR inoculation; however, due to inconsistent results
of single bacterial strain, the multi-strains consortium has been
made to reduce the uncertainties related to this approach.

The results of the salinity tolerance assay showed that all
strains were not equally effective to maintain their growth in
saline environments. Some strains maintain their growth even at
high concentrations of salts. This ability of a strain to maintain
its growth at high salt concentration might be due to some
of its particular mechanisms. These include the production
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TABLE 9 Effect of inoculation with multi-strain bacterial consortium on nitrogen and phosphorus content (%) of wheat grain at different salinity
levels in a pot trial.

Strain Nitrogen Phosphorus

Salinity (dS m−1) Salinity (dS m−1)

2.1 6 12 18 2.1 6 12 18

T1 1.23 cd 1.20 cd 1.17 de 0.91 f 0.23 c-g 0.22 efgh 0.20 fghi 0.14 j

T2 1.60 ab 1.22 cd 1.22 cd 1.26 cd 0.27 bcd 0.26 bcd 0.23 d-h 0.19 ghi

T3 1.53 ab 1.22 cd 1.41 bc 1.11 de 0.30 ab 0.27 bcde 0.24 c-g 0.18 hi

T4 1.69 a 1.41 bc 1.31 cd 1.30 cd 0.32 a 0.28 abc 0.24 cdef 0.23 d-h

LSD (5%) 0.199 0.052

Means sharing the same letter(s) are statistically non-significant according to Duncan’s multiple range test (p < 0.05).
T1 (Control), T2 (UA-46 + SN15), T3 (UA-3 + SN15 + UA-46), T4 (BK-30 + SN5 + SN15).

of osmolytes and polysaccharides like exopolysaccharides. For
example, to maintain growth in a saline environment, the
bacteria establish and develop their internal pressure above the
surrounding environment, and they generally achieve this by the
accumulation of osmolytes in their body (Rhodes and Hanson,
1993). The survival of Pseudomonas aeruginosa in the sea by
the accumulation of glycine and betaine is an example of this
mechanism (Bakhrouf et al., 1991). Betaine is also involved
in the biosynthesis of cyclopropane fatty acids to increase
the membrane stability of Pseudomonas halosaccharolytica
under extreme salty conditions (Monteoliva-Sanchez et al.,
1993). Similarly, the production of exopolysaccharides may
also protect the microbes from sodium toxicity, because these
polysaccharides have the ability to bind Na+ and thus reduced
their mobility (Upadhyay et al., 2011). Exopolysaccharide’s
production character of bacterial strain is an important
characteristic that protects the plant from the negative impact
of stress. Shultana et al. (2020) observed that salt-tolerant PGPR
strains containing exopolysaccharides caused a positive effect on
the growth and yield of rice grown on salt-affected soils.

For better performance of bacterial strains when these are
used in combination, the compatibility of strains with each
other is a pre-requisite so better results can be achieved. In
certain cases, a multi-strain microbial consortium is prepared
by mixing microbes without taking antagonistic interactions
that occur among the strains and therefore reduces their
efficacy (Sarma et al., 2015). In this study, before preparing
a multi-strain consortium, bacterial strains were checked for
their compatibility with each other. It has been observed
that some strains did not show compatibility with each
other. This might be due to the reason for the production
of certain compounds like cyanide that cause a negative
impact on the growth of living organisms. The production of
cyanide is a common characteristic of certain bacterial strains
(Bakker and Schippers, 1987). Keeping in view the drawback
of non-compatible strains, only the compatible strains were
evaluated for their ability to promote plant growth under
stress conditions.

Results of jar and pot trials indicated that the growth of
wheat was affected by salinity stress. The effect of different
salinity levels was variable on the growth parameters of
wheat. All the growth parameters of wheat, i.e., shoot length,
root length, shoot fresh weight, shoot dry weight, root fresh
weight, and root dry weight were decreased due to salinity
stress. Hindrance in plant growth and development in saline
conditions might be due to the osmotic effect of salts and/or
due to the toxic effect of salts within the plant (Munns
and Tester, 2008). A decrease in plant growth might also be
attributable to impaired mineral nutrient absorption and their
translocation within the plant (Glenn et al., 1999). Moreover,
root growth might reduce due to excessive biosynthesis of
stress-induced ethylene (Mayak et al., 2004; Nadeem et al.,
2007, 2010; Ahmad et al., 2013). Ethylene biosynthesis is
increased due to salinity stress, which might be a key factor
in the inhibition of root growth (Zahir et al., 2012). All
these factors may be collectively responsible for decreased
growth of wheat in salinity stress. All the growth parameters
of wheat were improved due to inoculation with PGPR. This
improvement in the growth of wheat at all salinity levels very
likely be due to one or more growth-promoting activities of
selected PGPR strains. But, most importantly this increase
in growth of wheat seedlings in salinity stress might be due
to the lowering of salinity-induced biosynthesis of ethylene
in roots by ACC-deaminase activity of PGPR strains, which
ultimately resulted in more root length (Glick et al., 1999; Mayak
et al., 2004). In general, biosynthesis of ethylene is regulated
by PGPR-containing ACC-deaminase, and they maintain its
concentration below the growth inhibition level (Glick et al.,
2007). The improvement in shoot length and shoot fresh
and dry weight under salinity stress might be due to this
increase in root length because an extensive root system is
primarily important for better plant growth and development
as plant vigor is directly related to the better root system
(Doty et al., 2007). Furthermore, root and shoot growth of
wheat might increase due to a decline in the concentration of
Na+ ion within the plant before toxic limits by inoculation
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with PGPR strains possibly due to exopolysaccharides activity
which may bind it and decrease its availability for plant
uptake (Ashraf et al., 2004), as PGPR strains were positive for
exopolysaccharide production. Moreover, Zhang et al. (2008)
reported that bacterial inoculation with Bacillus subtilis GB03
decreases Na+ concentration within plants due to tissue-specific
down- and upregulation of high-affinity K+ transporter (HKT1)
in roots and shoots, respectively, which controls Na+ uptake and
transport in plants. The better growth of wheat under salinity
stress might also be a result of better protection against oxidative
stress by PGPR-containing ACC-deaminase activity (Upadhyay
et al., 2012).

In this study, salinity stress caused a negative impact
on physiological parameters of wheat including chlorophyll
content, electrolyte leakage, proline content, and RWCs. It has
been observed that salinity enhanced the electrolyte leakage;
however, a significant decrease in electrolyte leakage was
observed in treatments where a multi-strain consortium was
applied. Similarly, increasing the order of salinity caused a
significant decrease in RWC. Other studies also mentioned the
decrease in RWC in the presence of salinity (Yildrim et al., 2008;
Yasin et al., 2018). The application of bacterial strains alone or in
combination mitigated this negative impact of salinity relative to
water content; however, the effect was more pronounced where
multi-strain microbial consortium was applied. The increase in
RWC and decrease in electrolyte leakage at varying levels of
salinity has been observed by other workers by the application
of effective strains of bacteria (Shultana et al., 2020).

Salinity also negative impact on chlorophyll contents of
wheat and this effect was more pronounced at high salinity
concentration. It has already been described by various
researchers that salinity causes a decline a chlorophyll contents
that ultimately affect the photosynthesis rate of the plant
(Aquino et al., 2007; Silva et al., 2019). However, in present
study, it has been observed that under salinity stress, the
application of multi-strain bacterial consortium was found to
be an effective strategy to improve the photosynthetic pigments
that ultimately improve the photosynthesis rate of the plant.
Sapre et al. (2018) also reported an increase in chlorophyll
content of oat seedlings under salinity stress due to the
application of Klebsiella sp.

Proline is a biochemical marker of salinity stress. Proline
accumulation plays an osmoregulatory role to protect the plant
from salt stress (Kavi Kishor et al., 2005). A multi-strain
bacterial consortium of Bacillus sp. Azospirillum brasilense, and
Azosprillum lippferum improved the biomass of wheat. The
consortium also decreases electrolyte leakage and enhanced the
chlorophyll content, RWC, proline content, amino acid, and
antioxidant enzymes Akhtar et al. (2021).

A study conducted by Numan et al. (2018) demonstrated
that improved plant growth under salinity stress was due
to stimulation of osmoprotectants utilizing the microbial
population for inducing salt tolerance rice. They further

reported that it was due to ACC deaminase activity of inoculated
strain, better root colonization, and enhancing chlorophyll and
proline content. Bacillus spp. alleviated the harmful impact of
salinity on pepper and improved growth by inducing salinity
tolerance through the accumulation of proline (Wang et al.,
2018). Similarly, He et al. (2018) also reported the more
accumulation of proline content in Haloxylon amodendron
inoculated ryegrass that induces salinity tolerance in said plant.

It is a well-documented effect that a high concentration
of Na+ not causes a toxic effect on plant growth but also
decreases the uptake of other essential nutrients, therefore,
causing nutritional imbalances (Hirpara et al., 2005; da Costa
and de Medeiros, 2018; Bekmirzaev et al., 2020). Sodium (Na+)
and potassium (K+) play a major role in plant physiology
under salinity stress. A high K/Na ratio is considered as
one of the prerequisites for plant salinity tolerance. In this
study, it has been observed that a significant decrease in
K+ content occurred under salinity stress, particularly in un-
inoculated treatments. Maximum Na content was observed in
un-inoculated control treatments. Shahzad et al. (2019) also
reported a high concentration of Na in plant tissue with an
increase in salinity levels. The application of a multi-strain
bacterial consortium mitigates this negative effect on K uptake.
A decrease in Na uptake and an increase in K content have been
observed that result in a high K/Na ratio. Other workers also
reported the reduced uptake of Na+ and enhanced uptake of
K+ by the application of bacterial strains (Khan et al., 2019).
Recently, Shultana et al. (2020) while working on rice varieties
having different salt tolerant abilities observed that inoculation
with Bacillus spp. caused a significant decrease in the Na/K ratio
under saline conditions.

Better plant growth is dependent on the availability of
nutrients (Glick, 1995) and better uptake of essential plant
nutrients, such as N, P, and K, with PGPR application, play
an important role in plant growth (Hassan et al., 2015 p. 38).
Multi-strain microbial inoculation also improved the plant
nutrition by enhancing the uptake of nitrogen, phosphorus, and
potassium. The improvement in the physiological parameters
of the plant could be the reason for the enhanced uptake of
essential nutrients. This better nutrition of wheat in salinity
stress could be due to the production of siderophores (Singh
R. K. et al., 2022) by these PGPR. Other reason could be the
production of exopolysaccharides that play a significant role in
biofilm formation that enhances the bacterial colonization on
plant root (Chen et al., 2013) and restrict Na+ under saline
conditions (Ashraf and Harris, 2004). Therefore, the ability
of microbial strains to bind Na+ due to the production of
exopolysaccharides decreases the availability of Na+ near the
root environment, which ultimately reduces the antagonistic
effect of Na+ on other essential plant nutrients.

Comparatively, better growth of wheat in salinity stress
due to co-inoculations and multi-strain inoculation might be
owing to improved colonization potential and sustainability
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of inoculants as compared to single strain inoculation (Raja
et al., 2006). This is more likely to be successful survival
and maintenance of different PGPR strains in communities
(Andrews, 1991). Microbial studies performed without plants
indicated that some combinations allow the bacteria to
interact with each other synergistically, provide nutrients,
remove inhibitory products, and stimulate each other through
physical and biochemical activities that may enhance some
beneficial aspects of their physiology (Bashan, 1998). Rajasekar
and Elango (2011) studied the effectiveness of Azospirillum,
Azotobacter, Pseudomonas, and Bacillus separately and in
combination on the ashwagandha plant (Withania somniferous)
for two consecutive years. They observed that PGPR consortia
significantly increased plant height, root length, and alkaloid
content in Withania somnifera when compared to the un-
inoculated control and single inoculation. Jha et al. (2012)
observed that growth of Jatropha plant improved maximally
in greenhouse and field experiments when four strains were
applied together. Co-inoculation provides the largest and most
consistent increases in shoot weight, root weight, total biomass,
shoot and root length, total chlorophyll, shoot width, and
grain yield. In certain soil conditions, single strain inoculation
does not provide the desired result due to the reason that
inoculating strain could not compete with soil microflora.
Poor root colonization and survival efficiency as well as soil
factors, such as pH, temperature, humidity, etc., affect the
performance of inoculating strain (Elkoca et al., 2010). However,
in the case of a multi-strain microbial consortium, owing
to their compatibility with each other, the microbial strain
communicates synergistically with each other and enhances
plant growth and development (Wani et al., 2007) as has been
observed in this study.

Conclusion

On an overall basis, it can be concluded that no doubt
the single inoculation also caused a significant increase in
wheat under salinity stress; however, this improvement was
further enhanced due to the application of multi-strains
inoculum. These preliminary studies that are conducted
under laboratory and greenhouse conditions show the
significant effectiveness of multi-strain compared to single
strain inoculation; however, the effectiveness of this multi-
strains consortium in a natural soil environment will further
validate the results.
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Organisms and time are important factors for rock weathering to form soils. 

However, weathering time is usually difficult to quantitatively study, and the 

potential microorganisms involved in rock weathering are difficult to identify 

qualitatively. Currently, there is no clear conclusion on how ecological 

strategies of carbonatite weathering rind microorganisms change with 

weathering time, and how the microbial composition and functional genes 

involved in element cycling change over two century-scale weathering time. 

In this study, we selected abandoned carbonate tombstones as the subject 

and used the date when the tombstones were erected by humans as the onset 

of weathering. Using metagenome sequencing methods, we  investigated 

the trends in the composition of fungal, bacterial and archaeal communities 

of carbonate weathering rind and related elemental cycle functional genes 

during a weathering time of 19 to 213 years. The results showed that: (1) with 

the increase in weathering time, at the phylum level, microbial taxa gradually 

shifted from r-strategists (faster turnover rates, higher mortality rates, higher 

reproduction, lower competition rate) to K-strategists (slower turnover rates, 

lower mortality rates, lower reproduction, higher competition rate), which 

correspondingly increased the abundance of functional genes related to 

C and N cycles. (2) The properties of the parent rock layer determines the 

colonization and distribution of weathering rind microorganisms (especially 

prokaryotic microorganisms) and the corresponding functional gene 

abundance. Our study provides new insights into the weathering process of 

carbonate rocks.
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Introduction

Rock weathering is the result of a combination of physical, 
chemical, and biological weathering, with organisms, particularly 
microorganisms, playing an important role in the early rock 
weathering process. On one hand, biodeterioration of rocks 
caused by microbial activity has led to extensive destruction of 
artefacts, and therefore biodeterioration of rocks is considered to 
be one of the most important factors threatening the safety of 
stone artefacts and buildings (Liu et al., 2020). On the other hand, 
in degraded ecosystems (e.g., karstic desertification zones), the 
interaction of microorganisms with rock minerals produces 
protons, hydroxyl ions, or metal-chelating metabolic products that 
alter the dynamics of rock surface reactions (Rogers and Bennett, 
2004), facilitate weathering processes and form soils that are 
important contributors to the ecological restoration of degraded 
areas. As a result, the biological weathering of rocks has received 
widespread attention (Warscheid and Braams, 2000; Gaylarde and 
Gaylarde, 2004; Checcucci et al., 2022; Liu et al., 2022; Wu et al., 
2022). The biological deterioration of rocks and lithic artefacts is 
a complex process of microbial action in which a rich diversity of 
microorganisms are involved in a variety of biogeochemical 
cycling processes (Sáiz-Jiménez, 1999; Warscheid and Braams, 
2000; Gaylarde and Gaylarde, 2004; Gadd, 2017; Liu et al., 2020). 
Therefore, the use of microbiomics to decipher the structure and 
function of microorganisms involved in rock weathering is of 
great ecological importance.

Bioreceptivity originated from materials science, which is the 
ability of materials to be colonized by living organisms (Guillitte, 
1995). Besides, the bioreceptivity of rocks is affected by 
environmental conditions (such as temperature, humidity and 
light, etc.) and rock properties (such as porosity, water 
permeability and roughness, etc.) (Miller et al., 2012). Differences 
in the bioreceptivity of rocks allow different kinds of microscopic 
taxa (such as bacteria, fungi, algae, etc.) to deposit on the rock 
surface, forming biofilms (Warscheid and Braams, 2000). In the 
beginning, the structural pores of the rock surface provided 
suitable niches for the dissemination of airborne microbes for 
their deposition and capture (Šimonovičová et al., 2004). Due to 
the very limited availability of nutrients on the rock surface, 
carbon dioxide in the air is the main carbon source for microbes 
on the rock surface (Liu et  al., 2020). Phototrophs (such as 
cyanobacteria and algae, etc.) and chemolithoheterotroph 
(nitrifying bacteria and sulfur-oxidizing fungi, etc.) are major 
contributors to the assimilation of carbon dioxide into organic 
form for subsequent bio-colonizers (Salvadori and Municchia, 
2016; Vázquez-Nion et al., 2018). Ammonia and ammonia oxides 
in the air are the main nitrogen sources for the microorganisms 
on the rock surface, which are utilized by nitrifying bacteria and 
archaea to produce nitrous oxide and nitric acid, which cause acid 
corrosion of stone artefacts (Meng et al., 2016, 2017). In addition, 
sulfur exists in the atmosphere in organic and inorganic forms of 
various valence states, and in the sulfur cycle, sulfur-oxidizing 
bacteria and sulfate-reducing bacteria are important factors 
leading to biocorrosion of rocks (Kusumi et  al., 2011, 2013). 

However, the above studies are mainly aimed at the study of rock 
surface microorganisms in a certain period of time, and very few 
studies involve the succession of microbial communities on the 
surface of carbonate rocks and their correlation with the 
dissolution characteristics of carbonate rocks on a time scale.

From a soil science perspective, rock biodeterioration is the 
process of biological decomposition of rock minerals to form soil, 
which is manifested by surface disintegration (Gleeson et  al., 
2006), loss of rock hardness, and accumulation of secondary 
minerals. From an ecological point of view, rock biodeterioration 
is a process of biological primary succession on the rock surface, 
manifested by biofilm attachment, covering of the rock surface 
with green-black stains (Cutler et al., 2013b), and formation of 
bio-pitting (Piñar et  al., 2013), which, in turn, alters the rock 
surface environment and supports the growth of lichens and 
bryophytes. Succession theory can be applied to the process of 
rock succession, and in Odum’s related account of plant 
community succession, r-strategists dominate early in succession, 
while K-strategists dominate later (Odum, 1969). In a stable 
environment, the reproduction of organisms is likely to reach the 
environmental capacity (that is, the saturation density K value in 
the logistic equation), while in an unstable environment, 
disturbances often occur, with high reproductive capacity (innate 
rate of increase) organisms are usually able to adapt (MacArthur, 
1960; MacArthur and Wilson, 1967). K-strategists usually have 
slower growth rate and higher competitive capacity, but 
r-strategists usually with a faster growth rate and higher turnover 
rate (Bardgett et al., 2005; Yan et al., 2020). The reproduction rate 
of bacteria is higher than that of fungi, and the competition rate 
of fungi is higher than that of bacteria. Therefore, in microbial 
communities, fungi tend to be K-strategists, while bacteria tend 
to be r-strategists (Bardgett et al., 2005; Kaiser et al., 2014; Chen 
et al., 2016). During secondary succession in derelict land, the 
ratio of fungi to bacteria increases, indicating a gradual increase 
in the number of K-strategists during secondary succession (Zhou 
et al., 2017). In addition, within bacterial taxa, Acidobacteria and 
Actinobacteria are considered K-strategists, while Proteobacteria 
and Bacteroidetes are considered r-strategists (Fierer et al., 2007; 
Zechmeister-Boltenstern et al., 2015). Among the fungal taxa, 
Basidiomycota is considered a K-strategist, while Ascomycota is 
considered an r-strategist (Bastian et al., 2009; Zumsteg et al., 
2012). In archaeal communities, Euryarchaeota are thought to 
occur early in the succession, while Crenarchaeota are thought to 
occur later (Zumsteg et al., 2012). Further, the abundance of genes 
associated with C (for example, rbcL, accA and porA etc.) and N 
(such as nifH, nifK and napA etc.) cycling has been reported to 
be greater in late- rather than in the early succession (Blaud et al., 
2018; Liu et al., 2018; Yan et al., 2020). However, the strategic shift 
in microbial taxa and trends in functional genes during weathering 
of carbonate rocks are not well understood.

Southwest China is a typical karst distribution area, where 
carbonate rock is widely used as a common building material for 
tombstones. According to local customs, when a tombstone is 
built, the time of its erection will be engraved at the same time, 
which provides us with a relatively accurate weathering start time. 
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Considering the possible damage caused by sampling, we chose to 
investigate abandoned tombstones where tomb relocation events 
have occurred. We calculated the carbonatite weathering duration 
(2021 minus the engraved year on the tombstone) using the 
etched date on the abandoned tombstone as the weathering start 
time. This study investigated the bioweathering patterns of 
carbonate rocks on a time scale using abandoned carbonate rocks 
at different times of monument erection, which helps to further 
our understanding of microbial weathering processes and 
mechanisms of carbonate rocks. During progressive succession, 
environmental conditions tend to change from unstable to stable, 
and from entropy increase to entropy decrease. With the increase 
of weathering time, the surface of carbonatite is dissolved (Zha 
et al., 2020), roughness increases (Emmanuel and Levenson, 2014; 
Levenson and Emmanuel, 2016), and many microhabitats are 
formed (Jones, 1965), which increases the accumulation ability of 
organic matter in the atmosphere (Saheb et  al., 2016), the 
environment tends to be stable, and the carbonatite rock rind 
begins to form. The carbonatite surface gradually became suitable 
for the r-strategist from the initial suitable for the K-strategist. 
Therefore, we hypothesized the following: (i) as weathering time 
increases, the microbial community shifts from r-strategy (i.e., 
high turnover, low competition) to K-strategy (i.e., high 
competitiveness, low growth). (ii) With the increase in weathering 
time, the abundance of functional genes related to C, N, and S 
cycles gradually increases.

To test the hypotheses, we selected carbonatite tombstones 
concentrated in a small area, with little disturbance, and different 
weathering times as the research objects. We used metagenomes 
to interpret the structure and functional composition of microbial 
communities to explore the changing trend of microbial 
community structure and function during bioweathering of 
carbonate rocks during succession. Our research goal is to better 
describe and understand the microbial weathering patterns of 
carbonate rocks during succession.

Materials and methods

Site description and sampling strategy

The study area is located in the karst area of southwest China 
near the Guiyang City (26°26′46″–26°26′56″, 106°38′06″–
106°39′18″), which has a subtropical humid and mild climate, 
with rain and heat in the same period. The average annual 
temperature is 15.3°C, the average altitude is about 1,100 m, the 
average annual rainfall is approximately 1,100–1,300 mm, and the 
sunshine duration are about 1,000–1,100 h.

We used the tombstone erection time as the onset of 
weathering (Figure 1A), and among the 18 abandoned tombstones 
we investigated, the weathering time ranged from 19 to 213 years 
(Supplementary Table S1). During our investigation, 
we determined whether the target object was carbonatite based on 
the results of the “cold acid test” (Ford and Williams, 2013) 
combined with XRD data (Supplementary Figure S1). Due to local 

customs, the A, B, C, and D sides of tombstones (Figure 1) are 
generally disturbed to varying degrees during special festivals 
(such as the Ching Ming Festival), while the side E is left 
undisturbed (Figures 1B,C). To ensure rationality of sampling, 
therefore, we used only the E side of tombstones in our study. In 
addition, the tombstones were covered with moss and/or lichens, 
which were carefully removed to prevent contamination of the 
rock samples. To obtain a true weathered crust sample, 
we controlled the angle grinder to ensure full contact with the 
rock until an entire available weathered surface was removed. To 
prevent cross-contamination, we replaced the grinding disc for 
each tombstone. For sampling, we laid a sterilized (121°C, 103 kPa 
for 20 min) rectangular piece of medical surgical wrap flat on the 
E side directly below to collect sample particles. We measured the 
available length and height (width) of the E side of the tombstone 
and recorded it (Supplementary Table S1). Before the formal 
sampling, we simulated the sampling situation of the angle grinder 
on the limestone rock surface, and obtained that the angle grinder 
contacted the rock surface for about 3 s, and the rock surface could 
be ground off. Sampling was carried out from top to bottom using 
an angle grinder. To collect the samples, we controlled the angle 
grinder to touch the E side of the tombstone at a constant speed 
for approximately 3 s and then moved to the next sampling points 
until the entire available E side was collected. Finally, the samples 
that fell onto the wrapping cloth were collected. For specific 
sampling volume and sampling area, please refer to the 
Supplementary Table S1. In addition, during sampling, we 
controlled that the lowest sampling height of the tombstone was 
20 ~ 30 cm from the ground, while the highest sampling distance 
depended on the height of the tombstone. Finally, as a control for 
the regolith, we took 18 un-weathered samples of each tombstone. 
We  used a geological hammer to knock it off and cut off the 
weathered part of the rock to get the un-weathered part, which is 
then ground into powder.

Regolith sampling and measurement

The collected weathering rind samples (n = 18) were divided 
into two parts, one was passed through a 0.25-mm sieve for 
Organic carbon (OC), total nitrogen (TN), total phosphorus (TP), 
and total potassium (TK) tests, and the other was stored at −80°C 
after removing large sand and plant residues for metagenomic 
analysis. OC was determined by the H2SO4-K2Cr2O7 method (Bao, 
2000), TN by Kjeldahl (Page, 1982), TP by the H2SO4-HClO4 
abatement colorimetric method, and TK by flame photometry 
(Bao, 2000). We used the weathering strength (Ws) (Huang et al., 
1996) to measure the degree of weathering relative to the parent 
rock, and used the mobiles index (Imob) to characterize the element 
migration of the overweathered layer relative to the parent rock 
during the carbonatite weathering process (Irfan, 1996). In 
addition, X-ray fluorescence (XRF) was used to measure the 
content of major element chemistry of carbonatite, and X-ray 
diffraction (XRD) was used to determine the rock phase. Prior to 
this, in order to prevent organic matter content in the sample from 
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affecting the test results, we placed samples in a porcelain crucible 
and heated them to 950°C to eliminate this effect. Finally, 
according to the definition of bioreceptivity (Guillitte, 1995), 
we  took the number of all individuals in each sample as the 
bioreceptivity of the sample.

DNA extraction, library construction, and 
metagenomic sequencing

Total genomic DNA was extracted from carbonatite regolith 
samples using the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, 
Norcross, GA, U.S.) according to manufacturer’s instructions. 
Concentration and purity of extracted DNA was determined with 
TBS-380 and NanoDrop 2000, respectively. DNA extract quality 
was assessed on a 1% (w/v) agarose gel.

DNA samples were fragmented to an average size of about 
400 bp using Covaris M220 (Gene Company Limited, China) for 
paired-end library construction. A paired-end library was 
constructed using NEXTflex™ Rapid DNA-Seq (Bioo Scientific, 
Austin, TX, USA). Adapters containing the full complement of 
sequencing primer hybridization sites were ligated to the 
blunt-end of fragments. Paired-end sequencing was performed on 
an Illumina HiSeq Xten instrument (Illumina Inc., San Diego, CA, 
USA) at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, 
China) using HiSeq X Reagent Kits according to the manufacturer’s 
instructions.1

1 www.illumina.com

Sequence quality control and genome 
assembly

The raw reads from metagenome sequencing were used to 
generate clean reads by removing adaptor sequences, trimming, 
and removing low-quality reads (reads with N bases, a minimum 
length threshold of 50 bp and a minimum quality threshold of 20) 
using fastp (Chen et al., 2018; Ren et al., 2022, version 0.20.0)2 on 
the free online Majorbio Cloud Platform (cloud. majorbio.com). 
These high-quality reads were then assembled into contigs using 
MEGAHIT (Li et al., 2015) (parameters: kmer_min = 47，kmer_
max = 97，step = 10, version 1.1.2)3 which makes use of succinct 
de Bruijn graphs. Contigs equal to or over 300 bp in length were 
selected as the final assembled result.

Gene prediction, taxonomy, and 
functional annotation

Open reading frames (ORFs) in contigs were identified using 
MetaGene (Noguchi et al., 2006).4 Predicted ORFs equal to or over 
100 bp in length were retrieved and translated into amino acid 
sequences using the NCBI translation table.5

2 https://github.com/OpenGene/fastp

3 https://github.com/voutcn/megahit

4 http://metagene.cb.k.u-tokyo.ac.jp

5 http://www.ncbi.nlm.nih.gov/Taxonomy/taxonomyhome.html/index.

cgi?chapter=tgencodes#SG1

A B

C

FIGURE 1

Sketch of carbonatite tombstone; (A) Entity diagram of carbonatite tombstone, (B) Stereogram of carbonatite gravestone, (C) Top view of 
carbonatite tombstone.
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A non-redundant gene catalog was constructed using 
CD-HIT (Fu et  al., 2012, version 4.6.1)6 with 90% sequence 
identity and 90% coverage. After quality control, reads were 
mapped to the non-redundant gene catalog with 95% identity 
using SOAPaligner (Li et  al., 2008, version 2.21),7 and gene 
abundance in each sample was evaluated.

Representative sequences of non-redundant gene catalogs 
were annotated based on the NCBI NR database using blastp as 
implemented in DIAMOND v0.9.19 with an e-value cutoff of 1e−5 
using DIAMOND (Buchfink et  al., 2015, version 0.8.35)8 for 
taxonomic annotations. Cluster of orthologous groups of proteins 
(COG) annotation for the representative sequences were 
performed using DIAMOND (Buchfink et  al., 2015, version 
0.8.35)9 against the eggNOG database (version 4.5.1) with an 
e-value cutoff of 1e−5. KEGG annotations were also generated 
using DIAMOND (Buchfink et al., 2015, version 0.8.35)10 against 
the Kyoto Encyclopedia of Genes and Genomes database (version 
94.2)11 with an e-value cutoff of 1e−5.

Calculations and statistical analyses

The abundance counts for taxa were converted by multiplying 
the relative abundance by the minimum total sequence count for 
all samples, and this method was used to correct for the different 
sequencing depths of the samples (McMurdie and Holmes, 2014; 
Weiss et al., 2017). The relative abundance of a bacterial phylum 
is the ratio of the abundance of each bacterium at the phylum level 
compared to the total bacterial abundance. In addition, the relative 
abundance of fungal taxa, archaeal taxa, and functional genes is 
determined in the same way as bacterial taxa. Functional gene 
abundance is often used to predict biogeochemical cycle rates (Jha 
et al., 2017). For example, nifH for N2 fixation (Rösch and Bothe, 
2005) and amoA for nitrification (Wei et al., 2019). We find the 
relevant KO numbers based on the functional genes associated 
with a particular biogeochemical cycle process as the 
corresponding functional genes. For example, in the N cycle, the 
KO number of nifH is K02588, while the nifK is K02591, and both 
K02588 and K02591 are components of N-cycle corresponding 
functional genes (see Supplementary Table S2 for more details).

The relative abundance of C, N, and S cycle-related genes was 
calculated as the ratio of C, N, and S cycle-related gene abundance 
compared to the KEGG Orthology total gene abundance. The 
relative abundance of C Fixation genes, C Degradation genes, and 
Methane Metabolism genes were calculated based on the ratios of 
C Fixation genes, C Degradation genes, and Methane Metabolism 

6 http://www.bioinformatics.org/cd-hit/

7 http://soap.genomics.org.cn/

8 http://www.diamondsearch.org/index.php

9 http://www.diamondsearch.org/index.php

10 http://www.diamondsearch.org/index.php

11 http://www.genome.jp/keeg/

genes to the abundance of C cycle genes, respectively. The relative 
abundance of Calvin cycle genes, Reductive citrate cycle (rTCA) 
genes, Reductive acetyl-CoA or Wood-Ljungdahl pathway 
(rAcCoA) genes, 3-Hydroxypropionate bi-cycle (3HP) genes, 
Hydroxypropionate-hydroxybutylate cycle (3HP/4HB) genes, and 
Dicarboxylate-hydroxybutyrate cycle (DC/4HB) genes were 
calculated based on the ratios of each respective gene compared 
to the abundance of C Fixation genes. Similarly, the relative 
abundance of Starch Degradation genes, Cellulose Degradation 
genes, Chintin Degradation genes, Hemicellulose Degradation 
genes, Lignin Degradation genes, and Aromatics Degradation 
genes were calculated based on the ratios of each respective gene 
compared to the abundance of C Degradation genes. Moreover, 
the relative abundance of Assimilatory N Reduction (ANRA) 
genes, Dissimilatory N Reduction (DNRA) genes, Nitrification 
genes, Denitrification genes, N Transport genes, N Fixation genes, 
and Organic N Metabolism (ONM) genes were also calculated 
based on the ratios of each respective gene compared to the 
abundance of N cycle genes. Further, the relative abundance of 
Assimilatory sulfate reduction (ASR) genes, Dissimilatory sulfate 
reduction (DSR) genes and Thiosulfate oxidation by SOX complex 
(SOX) genes were calculated based on the ratios of each respective 
gene compared to the abundance of S cycle genes.

The meteorological data came from the China Meteorological 
Administration.12 To analyze the characteristics of taxa and 
functional genes with weathering time, the significance of linear 
models was tested with the built-in function ‘lm’ in stat package 
of R (version 4.2.1). p values were obtained by permutation test 
when the data did not conform to normal distribution or/and 
homogeneity of variance. In the Mantel test, taxa data that exist in 
all samples (n = 18) were selected for analysis. The Bray–Curtis 
distance algorithm was used to conduct Mantel tests on taxa and 
functional gene data, and the Euclidean distance algorithm was 
used to conduct Mantel tests on environmental data. Mantel 
validation and drawing were performed using the R package 
linkET. When doing regression analysis, composition data were 
transformed by log10(x + x0), where x is the relative abundance, x0 
is a constant, and x0 = 0.9·min(x). The structural equation model 
(SEM) was evaluated with the built-in ‘sem’ function in the R 
package lavaan (Rosseel, 2012).

Results

Changes in element content of 
carbonatite regolith at different 
weathering times

Because the properties of carbonatite parent rocks at different 
weathering times are different, the relative changes in the element 
content of the regolith relative to the parent rock layer can better 

12 http://www.cma.gov.cn/
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reflect the relative changes of the main elements of carbonatite at 
different weathering times. The XRF results show that, relative to 
the parent rock, with the increase of the carbonatite weathering 
time, the Mg, Al, Si, Fe, and Ti in the carbonatite regolith were 
gradually enriched, and the increment relative to the parent rock 
layer was significantly reduced (Figure  2). The content of Ca 
gradually decreased with the increase of weathering time, and the 
increment of Ca relative to the parent rock decreased significantly 
with the increase of weathering time (Figure 2).

In addition, the mobiles index decreased significantly with 
increasing weathering time (Figure  3B), while the weathering 
strength was reversed (Figure 3A). It shows that with the increase 
of weathering time, the weathering degree of carbonatite gradually 
increases, while the element migration rate decreases gradually.

Changes in gene abundance in 
microorganisms

A total of 6,282,480 non-redundant genes were screened out 
in the metagenomes of all samples, including 5,207,594 in bacteria, 
108,547  in fungi, and 30,221  in archaea. In addition, NR 
annotation results showed that the ratio of fungal abundance to 
bacterial abundance decreased significantly with an increase in the 

weathering time of carbonate rocks, while the ratio of archaeal 
abundance to bacterial abundance did not change significantly 
(Supplementary Figure S2). The Shannon–Wiener index showed 
that the diversity of bacteria decreased significantly with an 
increase in weathering time, while the diversity of fungi and 
archaea did not change significantly with an increase in weathering 
time (Supplementary Figure S3). The bioreceptivity and total 
diversity first increased and then decreased with the increase in 
weathering time (Supplementary Figure S2).

Changes in fungal, bacterial, and 
archaeal diversity and composition at 
different weathering times

Based on similarities to entries in the NCBI-NR database, 
among the 18 samples, per sample read counts ranged from 18,326 
to 22,469 reads, 97.88% of sequences were classified as Bacteria, 
0.41% were classified as Archaea, 1.51% were classified as 
Eukaryota (among them, 1.21% were classified as Fungi), and 
0.03% were classified as Viruses. The phyla Actinobacteria 
(37.03%) and Proteobacteria (23.07%) dominated carbonate rock 
rind bacterial communities (Figure  4). The average relative 
abundance of Actinobacteria significantly increased with the 

FIGURE 2

Relative variation of elements in carbonatite weathering rind with different weathering years.
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increase in weathering time (Table  1). The average relative 
abundance of Proteobacteria decreased significantly with the 
increase in weathering time, while the other bacterial phyla with 
average relative abundance >1% had no significant trend during 
succession (Table 1). The phyla Ascomycota (96.25%) dominated 
carbonate rock rind fungal communities (Figure 4). The relative 
abundance of Ascomycota decreased significantly, while 
Mucoromycota and Basidiomycota increased significantly during 
succession (Table  1). The phyla Euryarchaeota (44.28%) and 
Thaumarchaeota (38.49%) dominated carbonate rock rind 
archaeal communities (Figure 4). At a threshold of mean relative 
abundance >1%, Crenarchaeota and Euryarchaeota decreased 
significantly, while Thaumarchaeota showed no significant change 
during succession (Table 1).

Potential functional pathways in 
microorganisms at different weathering 
times

The corresponding ORFs were annotated according to the 
KEGG and CAZy databases to quantify the changes of potential 
functional genes of carbonate rock rind at different weathering 
times. In total, 450 pathway-associated genes and 552 CAZy genes 
were screened from all metagenomes. The dominant categories 
were biosynthesis of secondary metabolites (8.41%), microbial 
metabolism in diverse environments (5.67%), biosynthesis of 
amino acids (3.05%), carbon metabolism (2.89%), ABC 
transporters (2.73%), and quorum sensing (1.8%) of the total 
KEGG pathway Level 3 annotated genes (Supplementary Table S3). 

A B

FIGURE 3

Regression fitting between weathering index and weathering time; (A) Weathering strength, (B) Mobiles index.

A B C

FIGURE 4

The relative abundance of different taxa at the phylum taxonomic level (the top 10 relative abundances are shown); (A) Bacteria, (B) Fungi and 
(C) Archaea.
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In all pathways with average relative abundance >1%, biosynthesis 
of secondary metabolites, microbial metabolism in diverse 
environments, biosynthesis of amino acids, carbon metabolism, 
glyoxylate and dicarboxylate metabolism, and pyruvate metabolism 
increased significantly with an increase in weathering time 
(Supplementary Table S3). However, ABC transporters, quorum 
sensing, and two-component systems significantly decreased  
with an increase in weathering time, while the other pathways  
showed no significant changes with weathering time 
(Supplementary Table S3). Glycoside hydrolases (30.92%) and 
glycosyl transferases (38.39%) were dominant in the class hierarchy 
of CAZY-related enzyme genes. However, the mean relative 
abundance of all class levels did not change significantly with the 
increase in weathering time (Supplementary Table S4).

Changes in functional genes related to C, 
N, and S cycle at different weathering 
times

We identified genes associated with C, N, and S cycles based 
on the KEGG Orthology database. We identified 2,640,106 genes 
related to the C cycle, 1,062,634 genes related to the N cycle, and 
550,188 genes related to the S cycle in all metagenomes. During 
succession, we found that the relative abundance of genes related 
C (from 2.21 to 2.75%) and N (from 0.83 to 1.22%) cycling 
significantly increased with time (Table 2). However, the relative 
abundance of genes related to S cycling did not change 
significantly with time (Table  2). Furthermore, in S cycling, 
we found that the relative abundance of genes related to ASR 
(from 90.07 to 98.01%) significantly increased with time, but SOX 
(from 8.91 to 1.51%) decreased (Table  2). In N cycling, the 
relative abundance of genes related to denitrification (from 5.58 

to 0.43%) and nitrification (3.34 to 0.06%) significantly decreased 
with time (Table 2), while, the other N cycle processes showed no 
significant changes with time. In C cycling, the relative abundance 
of genes related to C degradation (from 17.51 to 10.31%) 
significantly decreased with time, while genes related to C 
Fixation and methane metabolism showed no significant trend 
with time (Table 2). In C Fixation, the relative abundance of genes 
related to 3HP/4HB (from 25.14 to 21.62%, with the main taxa 
being Sphingomonadaceae and Rubrobacteraceae; 
Supplementary Figure S12) and 3HP (from 26.89 to 22.71%, with 
the main taxa being Rubrobacteraceae and Sphingomonadaceae; 
Supplementary Figure S11) significantly decreased with time, 
while genes related to DC/4HB (from 33.93 to 42.54%), rTCA 
(from 43.55 to 51.97%), and rAcCoA (from 9.34 to 12.18%) 
significantly increased with time (Table 2). In C Degradation, the 
relative abundance of genes related to starch degradation (from 
30.04 to 46.45%) and aromatics degradation (from 0.34 to 1.65%) 
significantly increased with time, while genes related to cellulose 
degradation (from 30.05 to 16.68%) significantly decreased with 
time (Table 2).

Drivers of microbial biodiversity and 
biogeochemical cycling genes at 
different weathering times

To identify the drivers of carbonate rock rind microbes and 
related gene functions at different weathering times, we correlated 
differences in taxa composition (present in all 18 samples) and 
gene function composition (relative abundance of genes mainly 
related to C, N, and S cycles) with differences in environmental 
factors (physicochemical factors and oxide molecular ratio of 
regolith, and parent rock oxide molecular ratio; Figure  5A). 

TABLE 1 The variations of phyla of bacteria, fungi, and archaea over different weathering times (average relative abundance >1%).

Phylum Slope SE p-param R2 Adj R2 HmV and 
Normality p-perm p-sign

Acidobacteria −2.12E-05 7.48E-04 0.978 <0.01 Null Null Null 0.978

Actinobacteria 1.41E-03 4.22E-04 0.004 0.41 0.38 No, Non-N 0.005 0.005**

Bacteroidetes −8.07E-04 1.21E-03 0.516 0.03 Null Null Null 0.516

Chloroflexi −1.18E-03 6.14E-04 0.072 0.19 Null Null Null 0.072

Cyanobacteria −3.20E-03 1.20E-03 0.017 0.31 0.26 No, HtV 0.029 0.029*

Planctomycetes −1.71E-03 7.60E-04 0.039 0.24 0.19 Yes Null 0.039*

Proteobacteria −1.50E-03 5.81E-04 0.020 0.29 0.25 Yes Null 0.020*

Ascomycota −1.19E-04 3.60E-05 0.005 0.40 0.37 No, Non-N 0.012 0.012*

Basidiomycota 3.89E-03 7.94E-04 0.000 0.60 0.57 Yes Null <0.001***

Mucoromycota 3.59E-03 1.45E-03 0.025 0.28 0.23 Yes Null 0.025*

Candidatus Bathyarchaeota −2.39E-03 1.10E-03 0.045 0.23 0.18 No, HtV 0.057 0.057

Crenarchaeota −2.33E-03 8.72E-04 0.017 0.31 0.27 Yes 0.017 0.017*

Euryarchaeota −2.44E-03 1.07E-03 0.036 0.25 0.20 No, HtV 0.037 0.037*

Thaumarchaeota 2.12E-03 1.66E-03 0.221 0.09 Null Null Null 0.221

The relative abundance of bacterial, fungal, and archaeal phyla were averaged for each sample (n = 18).  
The variance explained (R2), regression slope, and parametric p value (p-param) of the linear regression, normality test, homogeneity test for variance, and permutation test p value (p-
perm) with different weathering times are shown in the table (*indicates p < 0.05, ** indicates p < 0.01, and ***indicates p < 0.001). HmV, homogeneity of variance; HtV, heterogeneity of 
variance; p-sign, significance value of p.
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We found an interesting phenomenon: the composition of gene 
abundances related to archaeal community, bacterial community, 
and element cycling is mostly related to the parent rock oxide  
ratio compared to the regolith oxide molecular ratio and 
physicochemical factors (Figure 5A). However, fungal community 
composition was insensitive to these environmental factors.  
In addition, the organic carbon content of the regolith was 
significantly correlated with the composition of archaeal and 
bacterial communities in the carbonatite regolith at different 
weathering times. Mantel analysis showed that the properties of 
the parent rock and the organic carbon content of the regolith may 
be important driving factors affecting the archaea and bacteria of 
the carbonate rock rind at different weathering times.

We used SEM to investigate the direct and indirect effects of 
functional genes related to cycling and microbial diversity in 
carbonate weathering regolith at different weathering times on the 

degree of carbonate weathering. We found that N cycle-related 
functional genes had significant direct positive effects on mobiles 
index and weathering strength. Meanwhile, the OC content of the 
weathering regolith has a significant direct positive effect on the 
mobiles index, but the mobiles index has a significant direct 
negative effect on the weathering strength (Figure 5B). In addition, 
N cycle-related functional genes had a significant direct negative 
effect on the Shannon diversity index, while the S cycle had a 
significant direct positive effect on the Shannon diversity index. 
Shannon diversity index had a significant direct positive effect on 
OC, while OC had a significant direct negative effect on C cycling, 
which had a direct negative effect on migration index (Figure 5B). 
SEM indicated that the differences in the abundance of N and  
S cycle-related functional genes may be the driving mechanism  
for the microbial diversity of carbonate rock rind at different 
weathering times. Additionally, the differences in the abundance 

TABLE 2 Variations of the relative abundance of genes related to microbial biogeochemical cycling over different weathering times (mean relative 
abundance >1%). 

Gene function 
category

Relative 
abundance % 
(mean 
abundance)

HmV and 
normality Slope SE R2 p-param Adj R2 p-perm p-sign

S Cycle 0.49% (30566) Null −2.58E-04 1.47E-04 0.16 0.099 Null Null Null

N Cycle 0.95% (59035) No, HtV 8.73E-04 3.31E-04 0.30 0.018* 0.26 0.035 0.035*

C Cycle 2.34% (146672) No, HtV 1.38E-03 3.85E-04 0.44 0.003** 0.41 0.012 0.012*

C Fixation 76.09% (111643) Null 1.11E+00 5.51E-01 0.20 0.060 Null Null Null

C Degradation 12.70% (18588) No, HtV −1.51E+00 4.83E-01 0.38 0.007** 0.34 0.007 0.007**

Methane Metabolism 11.21% (16440) Null 3.97E-01 3.43E-01 0.08 0.265 Null Null Null

ANRA 6.65% (3911) Null −1.44E-02 2.20E-02 0.13 0.523 Null Null Null

DNRA 4.36% (2592) Null 1.29E-02 1.20E-02 0.12 0.302 Null Null Null

N Fixation 0.21% (122) Null 1.96E-04 4.79E-03 0.06 0.968 Null Null Null

N Transport 5.10% (2990) Null 1.75E-02 2.93E-02 0.17 0.560 Null Null Null

Denitrification 1.39% (804) Yes −3.27E-02 1.36E-02 0.55 0.002* 0.49 0.002 0.002**

Nitrification 0.65% (368) Yes −2.14E-02 8.12E-03 0.60 <0.001*** 0.55 <0.001 <0.001***

ONM 82.14% (48528) Null 2.15E-02 3.89E-02 0.03 0.588 Null Null Null

ASR 93.87% (28648) Yes 2.16E-02 8.26E-03 0.30 0.019* 0.26 0.019 0.019*

DSR 6.67% (2019) Null 7.26E-04 4.52E-03 0.00 0.874 Null Null Null

SOX 5.47% (1713) Yes −2.16E-02 7.60E-03 0.34 0.012* 0.29 0.012 0.012*

Hemicellulose 27.50% (5140) Null 2.19E-01 7.66E-01 0.01 0.779 Null Null Null

Starch 41.47% (7620) Yes 2.99E+00 1.24E+00 0.27 0.028* 0.22 0.028 0.028*

Aromatics 1.00% (181) Yes 2.74E-01 1.08E-01 0.29 0.021* 0.24 0.021 0.021*

Chintin 8.04% (1532) Null −1.07E+00 7.26E-01 0.12 0.159 Null Null Null

Lignin 0.03% (6) Null −2.60E-02 1.35E-02 0.19 0.072 Null Null Null

Cellulose 21.97% (4109) Yes −2.38E+00 1.01E+00 0.26 0.031* 0.21 0.031 0.031*

3HP/4HB 23.86% (26699) Yes −1.12E-02 3.96E-03 0.34 0.012* 0.29 0.012 0.012*

3HP 25.78% (28819) Yes −1.34E-02 3.73E-03 0.45 0.002** 0.41 0.002 0.002**

DC/4HB 36.16% (40311) No, HtV 2.05E-02 7.41E-03 0.32 0.014* 0.28 0.029 0.029*

rTCA 45.55% (50766) No, HtV 1.88E-02 7.46E-03 0.28 0.023* 0.24 0.046 0.046*

rAcCoA 10.89% (12227) Yes 3.27E-02 1.06E-02 0.39 0.008** 0.31 0.008 0.008**

Calvin cycle 27.87% (31093) Null −3.55E-01 2.60E-01 0.10 0.191 Null Null Null

The relative abundances of gene function category were averaged for each site (n = 18). The variance explained (R2), regression slope, and parametric p-value (p-param) of the linear 
regression, normality test, homogeneity test for variance, and permutation test p value (p-perm) with different weathering times were shown in the table (* indicates p < 0.05, ** indicates 
p < 0.01, and ***indicates p < 0.001). HmV, homogeneity of variance; HtV, heterogeneity of variance; p-sign, significance value of p.
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of functional genes related to the N cycle may also be the driving 
mechanism for the natural weathering of carbonate rocks.

Discussion

Variation characteristics of carbonate 
weathering rind taxa at different 
weathering times

Despite rapid temperature fluctuations and poor water 
availability on the rock surface, many species of microorganisms 
have colonized (Gaylarde et  al., 2017a,b; Louati et  al., 2020; 
Ding et  al., 2021). In this study, the overall abundance of 
microbial taxa (about 21,270 on average) was lower than that in 
forest soils (about 4.6 million on average) and farmland soils 
(about 2.23 million on average; Yan et al., 2020). In addition, the 
Shannon index of microbial taxa decreased significantly with 
the increase of weathering time (Supplementary Figure S3). 
Previous studies have shown that the large temperature 
difference on the rock surface, poor energy source and nutrient 
availability, and strong ultraviolet radiation limit the 
colonization of microorganisms (Gorbushina, 2007; Miller 
et  al., 2012), which may also lead to a lower abundance of 
microbial taxa in the carbonatite weathering rinds than in the 
soil. In addition, the total number of reads obtained in this 
study was slightly lower than those obtained in previous studies 
(Louati et  al., 2020), which may be  related to our sampling 

location. Our sampling position was perpendicular to the 
ground, which may not be conducive to microbial colonisation.

The number of individuals first increased and then decreased 
with weathering time, which is different from previous studies 
(Nemergut et al., 2007; Zumsteg et al., 2012). This change implies 
that factors affecting microbial taxa are not only related to 
weathering time but may also be related to the rock’s parent rock 
composition, climatic conditions (Figure 6), nutrient status, and 
other factors (Lazzaro et al., 2009). In this study, bioreceptivity, 
total diversity, and organic carbon content were significantly 
positively correlated, and total diversity was significantly 
negatively correlated with weathering strength (Figure 7). This 
suggests that despite lower weathering, higher weathering rates 
recruit a greater variety of microorganisms, leading to higher 
organic carbon production rates (Figure 5B).

Regarding fungal communities, studies have shown that 
eukaryotic algal and fungal communities on rock surfaces tend  
to exhibit lower biodiversity compared to natural environments, 
but fungal communities on rock surfaces are more abundant and 
heterogeneous (Cutler et  al., 2013a). Overall, the fungal 
community abundance decreased with weathering time. However, 
in the fungal community, the relative abundance of the r-strategist 
Ascomycota decreased significantly with weathering time, while 
the relative abundance of the K-strategist Basidiomycota increased 
significantly with weathering time; this finding is more consistent 
with our first hypothesis. In addition, the relative abundance of 
Mucoromycota also increased significantly with weathering time 
(Table 1), suggesting that Mucoromycota may be a K-strategist. 

A B

FIGURE 5

Biotic and abiotic drivers of microbial community composition and rock weathering. (A) Pairwise comparisons of environmental factors are 
shown, with a color gradient denoting spearman’s correlation coefficints. Taxonomic and functional (based on biochemical KEGG Orthologs) 
genes composition was related to each environmental factor of Mantel tests. Edge width corresponds to the Mantel’s r statistic for the 
corresponding distance correlations, and edge color denotes the statistical based on 9,999 permutations. (B) Structural equation modeling. The rg 
prefix indicates regolith and the br prefix indicates parent rock. Red and blue arrows represent positive and negative path coefficients, respectively, 
and dashed arrows represent non-significant paths (p > 0.05). The path width is proportional to the absolute value of the path coefficients, and 
numbers are normalized path coefficients.
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Previous studies (Bastian et al., 2009) have shown that Ascomycota 
is usually suitable for living in barren environments, and is 
especially common as a pioneer species in the early succession; 
while in late succession, it is dominated by the environmental 
nutrient-dependent Basidiomycota. This may be  because the 
environment is relatively barren in the early stage of carbonatite 
weathering, and it is more suitable for microbial colonization 
through nutrient enrichment in the later stage.

For bacterial communities, studies have shown that the selection 
of bacterial communities by petrochemical elements results in 
bacterial community structure driven by the chemical composition 
of minerals (Gleeson et al., 2006). In this study, the bacterial diversity 
index decreased significantly with increasing weathering time 
(Supplementary Figure S3). At the phylum level, the K-strategist 
Actinobacteria significantly increased with increasing carbonatite 
weathering time, while the r-strategic Proteobacteria decreased 
significantly with increasing weathering time (Table 1). Studies have 
shown that Proteobacteria are composed of a large number of 
phototrophs, photoheterotrophs, and chemolithotrophs, and are at 
an advantage in initial ecosystems with limited nutrient resources 
(Hodkinson et al., 2002). Actinobacteria play an important role in 
the decomposition of lignin and other refractory polymers (Heuer 
et  al., 1997). In this study, Cyanobacteria, Planctomycetes, and 
Chloroflexi decreased significantly with weathering time, suggesting 
that they may be r-strategists. Cyanobacteria are photoautotrophs 
that form lichen symbionts with fungi and were the first to colonize 
bare rocks (Fermani et al., 2007). The increased C and N inputs of 
Cyanobacteria colonization provide an important prerequisite for 
the progressive succession of subsequent heterotrophs (Freeman 
et al., 2009).

For archaeal communities, most previous studies have reported 
that archaea are usually found in extreme environments (Bintrim 
et al., 1997; Chaban et al., 2006). Unlike bacteria and fungi, archaeal 
community diversity indices showed no significant change with 
weathering time (Supplementary Figure S3). However, Candidatus 
Bathyarchaeota, Crenarchaeota, and Euryarchaeota phyla 
decreased significantly with increasing weathering time (Table 1), 
which differs from previous studies. Crenarchaeota is usually a 

FIGURE 6

Correlation analysis between different taxa and meteorological data at phylum taxa level. AAAP, annual average atmospheric pressure (hPa); A2WS, 
average 2 min wind speed (m/s); AARH, annual average relative humidity (%); P20-20, recipitation of 20 p.m. − 20 p.m. (mm); LAT, the lowest air 
temperature (°C); AAHT, annual average highest temperature (°C); AAAT, annual average air temperature (°C); AALT, annual average lowest 
temperature (°C); AAWP, annual average water pressure(hPa); DMP, daily maximum precipitation (mm); HAT, the highest temperature (°C); DDP1, 
Days with daily precipitation > = 0.1 mm (d); MPS, monthly percentage of sunshine (%); SD, sunshine duration (h). *inidicates p < 0.05, **inidicates 
p < 0.01.

FIGURE 7

Correlation of weathering time with weathering degree, diversity 
index, and organic carbon. *p < 0.05, **p < 0.01.
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K-strategist and is enriched in late succession, while Euryarchaeota 
is considered to be an r-strategist and is usually present in barren 
environments (Zumsteg et  al., 2012). Crenarchaeota has been 
reported to be affected by organic carbon (Zinger et al., 2011). In 
this study, the organic carbon content was higher in the early stage 
of weathering than in the later stage, which may be one of the 
reasons why the abundance of Crenarchaeota in the early stage of 
weathering was higher than that in the later stage.

Variation characteristics of genes 
abundance related to C, N, and S cycling 
in carbonate rind at different weathering 
times

In this study, we found that the gene abundances of microbial taxa 
associated with carbonatite regolith C-cycle (the main taxa are 
Actinobacteria and Proteobacteria; Supplementary Figure S4A) and 
N-cycle (the main taxa are Actinobacteria, Proteobacteria and 
Cyanobacterial; Supplementary Figure S5A) increased with 
weathering time (Table 2), which supports our second hypothesis. The 
above conclusions are similar to those of the secondary succession 
process of plant communities (Blaud et al., 2018; Yan et al., 2020).

The abundance of C degradation-related genes decreased 
significantly with the increase in weathering time, which showed 
that the abundance of starch-related degradation genes (the main 
dominant taxa are Acidobacteria bacterium, Chloroflex bacterium, 
and Kallotenue sp., see Supplementary Figure S7B) increased 
significantly, while the abundance of cellulose degradation-related 
genes (the main dominant taxa is Acidobacteria bacterium and 
Cellulomonas sp., see Supplementary Figure S8B) gradually 
decreased significantly. This implies that during the carbonatite 
weathering process, the microbial niche of the carbonatite 
weathering crust differentiated, and the carbon source for 
microbial carbon degradation changed from a difficult-to-
decompose carbon source (cellulose) to an easily-decomposable 
carbon source (starch).

In C fixation, both rTCA and rAcCoA increased 
significantly with weathering time, and the rTCA cycle pathway 
to fix CO2 taxa usually exists in anaerobic and sulfur-rich 
extreme habitats (Campbell and Cary, 2004). In this study, the 
main taxa of the rTCA cycle pathway were Actinobacteria 
(mainly include Rubrobacteraceae and Pseudonocardiaceae, see 
Supplementary Figure S9B), Proteobacteria, Acidobacteria, and 
Cyanobacteria (Supplementary Figure S9A), which was consistent 
with previous studies (Hall et al., 2008). In the maize rhizosphere 
microbial community, Rhodopseudomonas and Stappia may be the 
main groups for carbon dioxide fixation through the rAcCoA 
pathway (Li et  al., 2014). In this study, the main taxa in the 
rAcCoA pathway were Rubrobacteraceae and Pseudonocardiaceae 
(Supplementary Figure S10). In addition, Rubrobacter radiotolerans, 
which belong to Rubrobacteraceae was γ-irradiation and moderate 
thermophiles (Suzuki, 2015). Pseudonocardiaceae were found to 
be the main dominant taxa in the biological degradation of stony 
artifacts (Stomeo et al., 2008, 2009). Further, 3HP and 3HP/4HB 

decreased significantly with the increase in weathering time. The 
main group of 3HP has been reported as Chloroflexus aurantiacus 
(Holo, 1989). Previous studies have shown that 3HP is the main 
carbon fixation method in oolites (Diaz et al., 2014). The main taxa 
in the 3HP/4HB pathway are Crenarchaeota and Thaumarchaeota 
(Bergauer et al., 2013). To sum up, the types of microorganisms 
involved in the C fixation in carbonatite rock rind are similar to 
those in the previous studies, which are in line with their respective 
ecological amplitudes.

N is an essential component of all living things, and its 
availability depends on the various nitrogen conversion reactions 
carried out by microorganisms (Kuypers et  al., 2018). For N 
cycling, nitrification, and denitrification decreased significantly 
with increasing weathering time, which may be related to nutrient 
availability (Sun and Badgley, 2019). The S-cycle related functional 
genes did not change significantly with the increase of  
weathering time, and the main taxa was Sphingomonadaceae and 
Rubrobacteraceae (Supplementary Figure S6).

Sphingomonadaceae and Rubrobacteraceae were more 
common on the surfaces of gravestones in all weathering time 
periods and were closely related to C, N and S cycle processes. 
Sphingomonadaceae are widespread in almost all types of natural 
environments and are usually Gram-negative bacteria, mostly 
containing carotenoids, which are yellow in their natural 
environment (Glaeser and Kämpfer, 2014). Some genera of 
Sphingomonadaceae (e.g., Blastomonas, Sandaracinobacter, etc.) 
are facultative prototrophs (Glaeser and Kämpfer, 2014). Bacteria 
able to produce growth factors are called prototrophs (D’Souza 
et al., 2018; Soto-Martin et al., 2020). These properties suggest that 
Sphingomonadaceae may be autotrophic and able to survive in 
extreme environments (e.g., rocky surfaces, polluted water bodies, 
etc.). In addition, some genera of the Sphingomonadaceae  
(e.g., Sphingomonas) have been found to have nitrogen-fixing  
functions. Besides, Several species of the genus Rubrobacter 
(Rubrobacteraceae) can tolerate extremely high levels of ionizing 
radiation and are moderately thermophilic or thermophilic 
(Albuquerque and da Costa, 2014). These species were primarily 
isolated mainly from deteriorated stone artefacts. In addition, as 
well as isolated from arid soils and dry, discolored, and 
sun-exposed walls (Albuquerque and da Costa, 2014). The species 
characteristics of Rubrobacteraceae described above all suggest 
that Rubrobacteraceae are suited to survive in arid, nutrient-poor 
environments and it is not surprising that they have been found 
to colonise the surface of tombstones in large numbers.

Conclusion

This study provides new insights into how the ecological 
succession strategies and functional gene changes of bacterial, 
archaeal, and fungal communities vary with the time of 
carbonatite weathering. We have three main conclusions. First, 
during the weathering of carbonatite over time, microbial taxa 
gradually shifted from r-strategists to K-strategists, and the 
abundance of functional genes related to C and N was gradually 
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increased. Secondly, the properties of carbonatite parent rock 
determine the colonization and distribution of microorganisms. 
In the early stage of carbonatite weathering, the weathering 
potential is large, the weathering rate is fast, and the weathering 
degree is small. Therefore, in the early stage, there are many kinds 
of microorganisms, but the abundance of genes related to element 
cycling is small, and the rate of environmental modification is fast, 
while the opposite is true in the later stage of weathering. Thirdly, 
the increase in the abundance of genes related to the N cycle 
promotes an increase in carbonatite weathering degree and drives 
the succession of carbonatite rock rind microorganisms. In 
summary, this study provides a coupling mechanism between 
carbonatite weathering rind microorganisms and potential 
functional genes during succession, and at the same time, we also 
reveal the coupling mechanism between carbonatite weathering 
degrees and potential functional genes.
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