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Highlights 

• Phosphorus addition resulted in reduced total petroleum hydrocarbon (TPH) toxicity to 

wild plants 

• Proteaceae species were sensitive to high phosphorus levels in soils 

• Chlorophyll fluorescence can be used as an indicator of TPH toxicity in plants 

• AlkB gene abundance was influenced by plant species and P input 

• Removal of aliphatic hydrocarbons was associated with AlkB gene abundance  

 

Abstract 

This study assessed the ability of phosphorus (P) fertilizer to remediate the rhizosphere of 

three wild plant species (Banksia seminuda, a tree; Chloris truncata, a grass; and Hakea 

prostrata, a shrub) growing in a soil contaminated with total (aliphatic) petroleum 

hydrocarbon (TPH). Plant growth, photosynthesis (via chlorophyll fluorescence), soil 

microbial activity, alkane hydroxylase AlkB (aliphatic hydrocarbon-degrading) gene 
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abundance, and TPH removal were evaluated 120 days after planting. Overall, although TPH 

served as an additional carbon source for soil microorganisms, the presence of TPH in soil 

resulted in decreased plant growth and photosynthesis. However, growth, photosynthesis, 

microbial activities, and AlkB gene abundance were enhanced by the application of P 

fertilizer, thereby increasing TPH removal rates, although the extent and optimum P dosage 

varied among the plant species. The highest TPH removal (64.66%) was observed in soil 

planted with the Poaceae species, C. truncata, and amended with 100 mg P kg-1 soil, while H. 

prostrata showed higher TPH removal compared to the plant belonging to the same 

Proteaceae family, B. seminuda. The presence of plants resulted in higher AlkB gene 

abundance and TPH removal relative to the unplanted control. The removal of TPH was 

associated directly with AlkB gene abundance (R2 > 0.9, p < 0.001), which was affected by 

plant identity and P levels. The results indicated that an integrated approach involving wild 

plant species and optimum P amendment, which was determined through experimentation 

using different plant species, was an efficient way to remediate soil contaminated with TPH. 

Key words: wild plants, phosphorus application, total petroleum hydrocarbon, AlkB genes, 

rhizoremediation 

 

1. Introduction 

Spills, leaks, and other releases of petroleum hydrocarbon compounds are among the most 

frequently reported incidents of soil pollution and have drawn concerns from the public 

worldwide in recent decades. Such deleterious events have long-lasting, adverse impacts on 

human and ecological health, because of the toxicity and persistence of petroleum-related 

compounds in the environment (Tang et al., 2011). Total petroleum hydrocarbon (TPH) is a 

useful term for the measure of a complex mixture of different hydrocarbon compounds that 
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originate from crude oil, including both aliphatic and aromatic hydrocarbons (Coulon and 

Wu, 2014, Hoang et al., 2020). Although the aliphatic group of compounds is the main 

constituent of TPH in the soil environment (higher than 95% by volume), it has received less 

research attention relative to the aromatic counterparts (Stroud et al., 2007). Due to its toxic 

and persistent nature, the presence of aliphatic petroleum hydrocarbons in soil poses threats 

to human health and ecosystems (Abbasian et al., 2015). Therefore, it is necessary to develop 

environmentally friendly and cost-effective approaches to remediate soil contaminated with 

petroleum-derived aliphatic hydrocarbons.   

Degradation by plant and soil microorganisms is a promising strategy for the remediation of 

TPH-polluted soils (Hoang et al., 2020, Hussain et al., 2017). Particularly, rhizosphere 

microorganisms ameliorate phytotoxicity of TPH via their pollutant-degrading abilities and 

metabolic activities as influenced by carbon and nutrients released from plant roots (Hussain 

et al., 2018a). Poaceae (grass) species form densely fibrous roots to support rhizosphere 

microorganisms, and these species have been widely used in the rhizoremediation of TPH-

contaminated soils. However, if the contaminants are present at a depth, the use of such plant 

species is ineffective owing to their shallow root systems (Cook and Hesterberg, 2013). 

Therefore, the provision of plants with deeper root systems (such as trees and shrubs) is 

needed. In our previous screening study, the Proteaceae species (Banksia seminuda, a tree 

and Hakea prostrata, a shrub) showed their potential in rhizoremediation of TPH-

contaminated soil (only lower than that of Chloris truncata, a grass species) (Hoang et al., 

2021). To the best of the authors knowledge, this is the first time the Proteaceae species are 

deployed in the remediation of TPH-contaminated soils. Due to the hydrophobic nature of 

TPH, the availability of water-soluble nutrients to plants is reduced in TPH-contaminated 

soils (Tara et al., 2014). Additionally, competition for nutrients between the plants and 

rhizosphere microorganisms becomes prominent in such TPH-contaminated, nutrient-
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deficient soils (Lugtenberg, 2015). Because nutrient levels affect the mineralization of TPH 

in soil, nutrients such as nitrogen (N) and phosphorus (P) act as critical and limiting factors in 

the rhizoremediation of TPH (Arslan et al., 2014). 

Phosphorus is essential for many plant physiological functions (e.g., photosynthesis and 

carbohydrate transport) and enhances activities of the antioxidant defence system under 

stressful environments (Saleem et al., 2020). However, high levels of P in the soil can cause 

toxicity to plants due to dehydration, burning, and, in severe cases, plant death (Albornoz et 

al., 2020). Therefore, an optimum concentration of P is necessary to enhance plant growth 

and biomass production, which is essential for rhizoremediation (Huang et al., 2005). The 

Australian landscape is highly weathered and low in nutrient content due to the lack of recent 

geologic inputs from glaciation and volcanic activity (Lambers et al., 2013). As a result of 

these continental scale factors, the Australian native vegetation has evolved with unique 

properties, such as plants with a poor ability to down-regulate P uptake at high soil P 

availability (Denton et al., 2007, Lambers et al., 2013). However, external P application can 

enhance plant growth in TPH-polluted soils, especially under low P availability (Arslan et al., 

2014). Although there are few studies on the effects of fertilizers on rhizoremediation of 

TPH-contaminated soils, the specific focus on phosphorus fertilization is still lacking. 

Therefore, since these plant species are sensitive to high levels of P in soil, it is essential to 

understand the effect of phosphorus fertilizers on rhizoremediation of TPH-contaminated 

soils by these plant species. It could be hypothesized that plants grown in TPH-impacted soils 

would respond to external P addition differently compared to those grown in uncontaminated 

soils. In addition, excessive P fertilizer might impede wild plant growth and rhizosphere 

microbial functions, which subsequently alter the TPH rhizoremediation potential of the 

plants. To test these hypotheses, three wild Australian plant species (Banksia seminuda, 

Chloris truncata, and Hakea prostrata) were grown in uncontaminated and TPH-
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contaminated soils supplied with various levels of P fertilizer. Plant growth and 

photosynthesis, and rhizosphere microbial activity were determined to assess the influence of 

P fertilization on subsequent TPH rhizoremediation. 

 

2. Materials and methods 

2.1. Plant species and experimental setup 

This study was conducted at the glasshouse facility of The University of Newcastle, 

Australia, under natural photoperiod conditions during January to April 2020. Three-week-

old seedlings of C. truncata (Poaceae family), B. seminuda (Proteaceae family), and H. 

prostrata (Proteaceae family) were used. The seedlings were grown in plastic pots of 133 mm 

(diameter) x 140 mm (length) on 1 Jan 2020, each containing 1 kg of experimental soil, with 

one seedling per pot. The soil was a clay loam soil in texture based on USDA classification 

and characterized following standard methods to determine selected physical and chemical 

parameters (Supplementary Information, SI Table 1). The soil samples were amended with 75 

mL of KH2PO4 solutions prepared at different concentrations to add different levels of P into 

the soil (0, 5, 10, 25, 50, and 100 mg P kg-1 soil) before transplanting the seedlings, and 

watered with 75 mL deionized water on alternate days. A preliminary study showed that 

cluster root formation by B. seminuda and H. prostrata was inhibited at P concentrations 

above 3 µM in soil solution, which was equivalent to around 10 mg P kg-1 soil based on the 

results of P sorption isotherms involving the experimental soil (SI Figure 1). The formation 

of cluster roots in the Proteaceae species is induced by P deficiency (Lambers et al., 2018, 

Shane et al., 2004a), and, thus, the result indicated that P level of 10 mg kg-1 is adequate for 

the plants’ requirement. Therefore, the P levels were chosen with the aim of obtaining a range 

of inorganic P (Pi) concentrations in the soil below and above 3 µM level. Values from P 
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sorption isotherms were used to characterize the soil P status and to establish the P 

requirement.  

Details about soil collection and characteristics, the glasshouse conditions, and seedling 

emergence and transplanting seedlings have been previously described (Hoang et al., 2021), 

and are given in SI. The target TPH concentration was 1.5% (15,000 mg TPH kg-1 soil) 

which resulted in initial pollutant level named TPH1. To achieve homogeneity, soil-TPH 

mixture was first mixed thoroughly using a dual tumbler bin (20 kg soil at a time) for 30 min 

and then using a concrete pan mixer for 15 min. Soil samples from different depths were 

collected and analysed for the initial TPH concentration (i.e., TPH1, SI Table 1) to ensure the 

contamination homogeneity. Soil samples used for DNA extraction were stored at -20 oC 

until analysis.  

The experiment was arranged in a randomized complete block design with three factors 

(TPH, plant species, and P) involving two soil treatments (without and with TPH, i.e., TPH0 

and TPH1), three plant treatments (i.e., B. seminuda, C. truncata, and H. prostrata) and an 

unplanted control, and six P treatments as mentioned above, with three replications for each 

treatment. The pots were rotated in positions fortnightly during the experiment to reduce 

systematic errors possibly caused by changes in environmental conditions. 

 

2.2. Plant dry biomass 

The biomass of plants was measured after harvesting at the end of the experiment (on 30 

April 2020). All the plants were harvested, separately divided into roots and shoots, and then 

oven-dried at 70 oC for 72 h for dry weight determination (Hoang et al., 2021). 
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2.3. Chlorophyll fluorescence measurement 

For each plant species, the youngest fully expanded leaves at the same developmental stage 

(100 days after planting) were selected by visual observation to measure chlorophyll 

fluorescence using a portable photosynthesis system (LI-6800, LI-COR Inc., Lincoln, NE, 

USA). Chlorophyll fluorescence is light re-emitted by chlorophyll molecules during return 

from excited to non-exited states. It is used to assess changes in photosynthesis. A dark-

adapted leaf has minimal fluorescence (F0). On the application of a saturating light, the value 

for fluorescence is raised from the ground state to maximal fluorescence (Fm). In the process, 

the first electron acceptor of photosystem II (PSII) is fully reduced (Kadir et al., 2007). 

Photosystem II is a specialized protein complex that uses light energy to oxidize water, 

resulting in the release of molecular oxygen into the atmosphere, and to reduce 

plastoquinone, which is a molecule involved in the electron transport chain in the light-

dependent reactions of photosynthesis (Whitmarsh, 2001). Variable fluorescence, Fv, is a 

calculated term using F0 and Fm. It is calculated as Fv = Fm - F0. The term Fm
’ is another 

maximal fluorescence, but it is the maximal fluorescence of the light-adapted sample when a 

high intensity pulse has been applied. The ratio Fv/Fm [or (Fm - F0)/Fm] represents an 

estimation of the maximal photochemical efficiency of PSII and is used to detect the loss of 

function of PSII reaction centre (Kadir et al., 2007). The efficiency of PSII can be calculated 

using Fm
’ and another fluorescence parameter, Fs, which is the steady-state terminal 

fluorescence. In this study, key fluorescence parameters were measured according to the 

method of Redondo-Gómez et al. (2010) under dark- and light-adapted conditions to 

investigate whether TPH pollution and external P addition affected the sensitivity of plants to 

photoinhibition, which is an indication of photosynthesis, as will be explained. After being 

dark-adapted for 20 min, the maximum fluorescence yield (Fm) was obtained during a 0.7 s 

saturation actinic light pulse of 15,000 µmol m-2 s-1 (Maxwell and Johnson, 2000). Steady-



9 

 

state (Fs) and maximal (Fm
’) fluorescence were measured under light-adapted leaves (Van 

and Snel, 1990). While Fs was recorded after adapting plant leaves to ambient light 

conditions for 30 min, Fm
’ was measured under a saturating actinic light pulse of 15,000 µmol 

m-2 s-1 for 0.7 s, which caused a temporary inhibition of PSII, and, thus, this pulse produced 

the maximum fluorescence yield (Redondo-Gómez et al., 2010). Effective quantum 

efficiency of PSII [ΦPSII, (Fm
’ - Fs)/Fm

’] and non-photochemical quenching [NPQ, (Fm - 

Fm
’)/Fm

’] were calculated (Liu et al., 2017). All measurements were conducted during the late 

morning period (9:00 – 11:00 am), considered to be the most active time for photosynthesis. 

 

2. 4. Soil dehydrogenase activity 

Dehydrogenase activity (DHA) of the rhizosphere soil samples was determined according to 

the method proposed by Casida Jr et al. (1964), and is described in detail in SI. 

 

2.5. Quantification of the abundance of AlkB gene copies in the TPH-contaminated soils 

AlkB genes that encode for hydroxylase enzymes are critical for the microbial degradation of 

aliphatic petroleum hydrocarbons (Hoang et al., 2021, Khan et al., 2013). Quantification of 

AlkB gene copies (normalized using 16S rDNA) in the TPH-contaminated soil with different 

plant and P treatments was performed according to the Synergy Brands, Inc. (SYBR) green-

based real-time qPCR method developed by Liu et al. (2015) and Shahsavari et al. (2016) 

with some modification. The sequences, amplicon sizes, and annealing temperatures of the 

employed PCR primers are given in SI Table 2. 

Soil DNA was extracted from a 0.25 g moist soil sample using a DNeasy® PowerSoil® Kit 

obtained from QIAGEN Pty Ltd., Australia (PO Box 169, Chadstone Centre, VIC 3148) 



10 

 

following the manufacturer’s protocol. Conventional PCR was used to verify and recover the 

target or reference genes DNA. Each PCR reaction mixture contained 10 µL of 10X reaction 

buffer, 1 µL deoxynucleoside triphosphates (dNTPs) mixture, 1 µL Advantage 2 Polymerase 

Mix (Clontech), 1µL of both forward and reverse primers (10 µM each), and 2 µL of DNA 

template. Conditions for the conventional PCR were set according to Liu et al. (2015): initial 

denaturation at 94 °C for 5 min; 35 cycles of denaturing at 94 °C for 20 s; annealing 

temperature of the target or reference genes (50 and 58 °C for AlkB and 16S rDNA, 

respectively) for 2 min; and final extension at 72 °C for 7 min. PCR products were examined 

by 1.5% agarose gel electrophoresis, and the bands for the target and reference genes were 

extracted and purified using an agarose gel extraction kit (Cat#42600, Merck, Bayswater, 

VIC 3153, Australia). The purified PCR products were then used to construct standard curves 

(Shahsavari et al., 2016). The purified PCR products were sent for DNA sequencing 

(Australian Genome Research Facility, Melbourne, VIC 3000, Australia) to verify their 

authenticity. Gene copy numbers were calculated from the measured concentration of the 

purified PCR product concentration following the formula proposed by Shahsavari et al. 

(2016) (Eq. 1): 

Y (molecules µL−1) =
X g µL−1 DNA

(PCR product length in base pairs×660)
× 6.022 × 1023       (Eq. 1) 

For each primer set, a standard curve was obtained from ten-fold serial dilutions of the 

template DNA (purified PCR product). qPCR reactions were carried out on a Bio-Rad 

CFX96 with iTaqTM Universal SYBR Green Supermix (Cat# 1725121) (Gladesville, NSW 

2111, Australia). Reaction mixtures contained 10 μL SYBR green supermix, 0.4 μL of 

forward primer (10 µM), 0.4 µL reverse primer (10 µM), 8.2 μL of PCR-grade water, and 1 

μL of PCR product DNA and soil DNA as templates for the construction of standard curves 

and quantification of the target or reference genes, respectively. The temperature profile for 



11 

 

real-time qPCR was as follows: 94 °C for 30 s followed by 40 cycles of denaturing at 94 °C 

for 5 s, annealing temperature of primers (50 and 58 °C for AlkB and 16S rDNA, respectively) 

for 15 s, followed by a melt curve from 55 °C to 95 °C (increment = 0.5 °C/10 s). 

 

2.6. TPH analysis of the soil 

After harvesting the plants from pots, soil from each pot was collected and homogenized for 

TPH analysis. Methods for extraction, analysis of residual TPH concentrations, and 

calculation for TPH removal rates have been described previsously (Hoang et al., 2021), and 

are given in SI. 

 

2.7. Statistical analysis 

Normal distribution of each data set was checked using SPSS Version 25 package for 

Windows (IBM Corp., NY, USA). One-way analysis of variance (ANOVA) was used at α = 

0.05 to determine the significant difference between treatments for plant dry biomass, 

chlorophyll fluorescence parameters, soil DHA, AlkB gene abundance, and TPH removal 

rates. Tukey’s test at the 5% level of confidence was used for comparisons between 

treatments. Two-way ANOVA was used to examine the influence of two different 

independent variables (among TPH levels, plant species, and P levels) on the 

abovementioned dependent variables. 

 

3. Results 

3.1. Effects of TPH and P application on plant dry biomass 
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In the absence of TPH, shoot and root dry biomass continued to increase as P application 

level increased from 0 to 10 mg kg-1 for B. seminuda and H. prostrata whereas C. truncata 

increased steadily and obtained maximum shoot and root biomass at P application of 50 mg 

kg-1, and the values tended to decrease at higher P levels (Figure 1). There were little changes 

in the root: shoot ratio among different P treatments for the three plant species (Table 1). 

Additionally, there was no obvious visual toxicity symptom at high P supply in all plant 

species in this study. 

In TPH-contaminated soil, the plants showed significantly less growth and shoot biomass 

production than those cultivated in the uncontaminated soil (p < 0.05). However, P 

amendment up to a certain level enhanced plant growth and shoot biomass production in the 

contaminated soil (Figure 1), and the optimum P level varied among plant species. Similarly, 

root biomass production of B. seminuda and C. truncata were reduced in the presence of TPH 

in soil. Surprisingly, root biomass production of H. prostrata was not affected significantly 

by TPH (Figure 1F). Overall, the optimum P level for plant growth in TPH-contaminated soil 

was higher than that in the uncontaminated control for all the plant species. The two 

Proteaceae plants showed a slight fluctuation in root biomass production from P0- to P100-

treated soils. Dry shoot and root biomass of C. truncata continuously increased as applied-P 

level increased from P0 to P100. Under TPH-contaminated conditions, the root: shoot ratios 

showed little changes among different P treatments for the three plant species. However, the 

ratios were significantly higher in all the plant species compared to those in the 

uncontaminated soil (Table 1). 

 

3.2. Chlorophyll fluorescence  
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There were an initial increase in ΦPSII and decrease in NPQ for all the plant species in the 

TPH0-treated (uncontaminated) soil with increasing P application. High P levels caused the 

reverse pattern for ΦPSII and NPQ values, and the maximal P values varied among plant 

species (Figure 2). For B. seminuda, when soil P application was increased above 25 mg kg-1, 

ΦPSII decreased and NPQ increased (Figure 2A, B). Similarly, P thresholds of 25 and 50 mg 

kg-1 were for H. prostrata and C. truncata, respectively (Figure 2C, D, E, F). 

The presence of TPH in soil had an adverse effect on chlorophyll fluorescence parameters, 

which was exhibited by significantly reduced ΦPSII and increased NPQ (p < 0.05) (Figure 

2). However, the declines in ΦPSII and increases in NPQ were alleviated significantly by the 

presence of external P, and changes observed varied with P levels for the different plant 

species. Similar to those in uncontaminated soil, high P levels caused adverse impacts on 

plant photosynthesis through decreased ΦPSII and increased NPQ in TPH-contaminated soil, 

and the threshold P application values varied among the plant species. Overall, the threshold 

P levels for the three plant species in the TPH-contaminated soil tended to be higher than 

those in the uncontaminated soil (Figure 2). 

In this study, the selected chlorophyll fluorescence parameters (ΦPSII and NPQ) and total 

plant dry biomass were significantly correlated (r = 0.48, p < 0.01, and r = - 0.78, p < 0.01 (n 

= 36), for ΦPSII and NPQ, respectively). 

 

3.3. Soil dehydrogenase activity 

Dehydrogenase activity varied significantly with increasing P levels in both TPH0- and 

TPH1-treated soil for the three plant species as well as the unplanted control. The DHA 

values tended to increase with increasing levels of P application up to 100 mg kg-1. Among 

the plant species, DHA values in C. truncata-treated soil were significantly higher than those 
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in unplanted-, B. seminuda-, and H. prostrata-grown soil regardless of TPH level (p < 0.05) 

(Figure 3). Surprisingly, the presence of the two Proteaceae species did not show any 

significant difference in DHA values compared to unplanted control in both TPH0 and TPH1 

treatments. The presence of TPH increased dehydrogenase activity in all planted treatments 

as well as unplanted control, and the increases were observed more obviously with elevated P 

levels (Figure 3). 

 

3.4. AlkB gene abundance in TPH-contaminated soil 

In the TPH-contaminated soil, numbers of AlkB gene copies, coding for n-alkane-degrading 

enzymes, differed significantly among unplanted- and planted treatments (p < 0.05) (Figure 

4). The numbers tended to increase with increasing P levels with the exception of the two 

members belonging to Proteaceae family. For these two plant species, the abundance of AlkB 

genes declined at the similar P levels causing inhibited plant growth and photosynthesis in the 

contaminated soil (i.e., 25 and 50 mg P kg-1 for B. seminuda and H. prostrata, respectively). 

Highest numbers of AlkB genes were detected in the contaminated soil cultivated with C. 

truncata at all P levels compared to those in B. seminuda-, H. prostrata-, and unplanted 

treatments (p < 0.05).  

 

3.5. Hydrocarbon removal rate 

Higher TPH removal rates were found in the planted treatments than the unplanted control 

regardless of P levels (Figure 5). The TPH removal rate increased with increasing P 

application levels in the unplanted soil (although not significant, p > 0.05). Similarly, 

increasing P level from P0 to P100 resulted in steadily increased TPH removal in the C. 
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truncata-treatment. Additionally, the TPH removal at all P levels from P0 to P100 in this 

plant species treatment was higher than that in unplanted-, B. seminuda-, and H. prostrata- 

treatments. Conversely, for B. seminuda and H. prostrata, there was an initial increase in 

TPH removal rate with increasing P from P0 to a threshold P level (25 and 50 mg kg-1, 

respectively), and then it tended to decrease at higher P levels (Figure 5).  

There was a strong positive linear relationship between AlkB gene abundance and TPH 

removal rates (Figure 6), with Pearson’s correlation coefficient of 0.957 (p < 0.001) (Eq. 2). 

TPH removal rate (%) = 2E − 06x + 9.9808 (n = 24, R2 = 0.91)        (E.q. 2) 

 

4. Discussion 

4.1. Plant growth 

In uncontaminated soil, an increase in P level resulted in an increased root and shoot dry 

biomass for the plant species only when the P supply was lower than the threshold levels (10 

mg kg-1 for B. seminuda and  H. prostrata, and 50 mg kg-1 for C. truncata) (Figure 1). 

Similar results have been reported previously with respect to the effects of P addition on the 

growth of a range of Australian plant species, which grow naturally in severely P-

impoverished landscapes, under glasshouse conditions (Pang et al., 2010, Williams et al., 

2019). The differences in the critical external P levels for plant species (from the same or 

different family) might be attributed to several factors such as intrinsic growth rates, internal 

P requirements, root morphology, and P acquisition efficiency (Hill et al., 2006). C. truncata 

favoured a relatively high external P supply compared to the other species; indeed, it was the 

only species growing well at a P level of 50 mg kg-1, which is the P level barely found in 

natural environments in Australia (Kooyman et al., 2017). 
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Optimal plant growth as a result of colonization of degrading microorganisms is considered 

as a crucial factor for determining the effectiveness of the rhizoremediation process. In this 

study, the presence of TPH in soil reduced biomass production for all the plant species 

(Figure 1). It is well established that the presence of TPH causes negative effects on plant 

growth due to toxicity and impairment of nutrient and water availability under 

hydrophobicity of the contaminants (Hoang et al., 2021, Hussain et al., 2018b). However, the 

addition of P accelerated plant growth and biomass production, and the optimum P level for 

all the plant species was found to increase relative to that in the uncontaminated soil. The 

results indicated that the presence of TPH reduced plant P availability in soil, thereby 

reducing plant growth, and consequently, external P supply resulted in a better ability to grow 

in the contaminated soil. Earlier studies also reported that the application of P improved plant 

growth and development during remediation of polluted soil (Saleem et al., 2020, Zhou et al., 

2020). Nevertheless, high P levels (> 25 mg kg-1 for B. seminuda and H. prostrata) led to a 

growth decrease for the two Proteaceae species, which are characterized by having a poor 

ability to down-regulate soil P. Down-regulation is the plant’s ability to reduce the P-uptake 

capacity when supplied-P is in excess of what is required for growth. Plant species with a low 

capacity to down-regulate their P uptake, therefore, may develop symptoms of P toxicity 

when the plants are exposed to elevated soil P levels (de Campos et al., 2013, Shane et al., 

2004b). Higher root: shoot ratios under the TPH-contaminated soil compared to those in the 

uncontaminated soil suggested that the plant species increased biomass allocation to roots in 

the contaminated soil, which was beneficial for plant survival in stressful conditions (Nie et 

al., 2010, Xu et al., 2015). 

 

4.2. Chlorophyll fluorescence  
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Photosynthesis is among the most sensitive plant physiological processes likely to change 

under environmental stresses. Under stressful conditions, functionality of PSII, which is a 

membrane protein supercomplex that executes the initial reaction of photosynthesis in higher 

plants, is altered (Baker, 1991), and the extent can be assessed by measuring chlorophyll 

fluorescence parameters (Huang et al., 2014). Reduction of ΦPSII, which reflects a damage 

in PSII reaction centres, indicates plant stress (Hichem et al., 2009). Similarly, increased 

NPQ, which reflects increased dissipation of excess light energy as heat, occurs when plants 

are under stressful conditions (Gilmore, 1997). In this study, a decrease in ΦPSII and increase 

in NPQ were detected for the three plant species exposed to the TPH-contaminated soil 

(Figure 2). However, the application of P decreased NPQ and enhanced ΦPSII, indicating 

that the supplied-P enhanced resistance to TPH-induced stress. Similarly, after P was 

supplied, ΦPSII in TPH-stressed plants was improved, perhaps due to PSII repair and 

chlorophyll synthesis (Liu et al., 2017). In this study, severe P deficiency or toxicity altered 

the photosynthetic apparatus and photosystems. The results were consistent with previous 

findings that P deficiency or toxicity increased NPQ and decreased ΦPSII due to activating 

the regulated photoprotective NPQ-mechanism and photo-oxidative damage (Carstensen et 

al., 2019, Hernández and Munné-Bosch, 2015). 

The correlation between the chlorophyll fluorescence parameters and total dry biomass 

observed in this study suggested that the quick fluorescence measurements could be used as a 

selection criterion for plant growth and development. Several studies have reported a similar 

correlation between plant biomass and leaf photosynthesis parameters (El-Sharkawy et al., 

1990, Smethurst and Shabala, 2003). Studying chlorophyll fluorescence alone in this study, 

however, may not give a full picture of plant photosynthesis (Ikawa et al., 2019). As 

photosynthetic photon flux density and carbon dioxide are the primary inputs for the 

photosynthesis process, a combination of gas exchange and chlorophyll fluorescence 
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measurements is necessary to understand accurately the effects of stresses including soil 

contamination on leaf photosynthesis in plants. 

 

4.3. Soil dehydrogenase activity 

The DHA data indicate that overall microbial activity was enhanced in the presence of C. 

truncata compared to the unplanted control regardless of TPH level (Figure 3). This 

phenomenon is well-described in the literature, and it is attributed to the rhizosphere effect. 

However, no significant difference was found among unplanted- and B. seminuda- and H. 

prostrata-treatments and it could be attributed to root exudate characteristics and associated 

rhizosphere microorganisms of these plant species (Hoang et al., 2021). Phosphorus 

application stimulated microbial activity in both uncontaminated and TPH-contaminated soil 

and the effect was observed more clearly in the latter soil. The possible reason is that, in the 

contaminated soil, P becomes a limiting-factor for microbial growth and activity (Wang et al., 

2013), especially when there was only a very small fraction of available P in the 

uncontaminated soil (SI Table 1). Increased DHA in the presence of TPH in soil compared to 

uncontaminated soil in both planted and unplanted treatments indicated that the aliphatic 

hydrocarbons can serve as a source of carbon and energy for soil microorganisms (Ramadass 

et al., 2017, Serrano et al., 2008). 

Nonetheless, the overall microbial activity, as measured by DHA, may not be a good 

indicator for the presence and activity of hydrocarbon-degrading microorganisms in the soil 

because not all the microorganisms have the ability to metabolize petroleum hydrocarbon 

compounds (Hoang et al., 2021, Wu et al., 2017). Alkanes, which are saturated hydrocarbons, 

are the major constituents of diesel and engine oil used in this study. Microbial activity and 

catabolic-gene expression responsible for aerobic alkane degradation (e.g., AlkB genes) are, 
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therefore, a better indicator (Afzal et al., 2011, Shahsavari et al., 2013). Indeed, AlkB genes 

have been used in bioremediation of aliphatic hydrocarbons as a biomarker to monitor the 

remediation efficiency (Shahsavari et al., 2013).  

 

4.4. AlkB gene abundance in TPH-contaminated soil 

The overall number of gene copies was significantly higher in planted treatments in 

comparison to those in unplanted treatments, regardless of TPH level (Figure 4). Increasing 

evidence indicates that plant roots supply their associated rhizosphere micoorganisms with a 

constant source of alkanes via root exudates and rhizodeposits (Dutta et al., 2013). In this 

study, higher AlkB gene abundance was found in the rhizosphere of the three plant species 

compared to that in the unplanted control was reported, and this is attributed to a selective 

pressure induced by the plants on microbial populations in the rhizosphere. In the planted 

treatments, differences in the AlkB gene abundance among B. seminuda, C. truncata, and H. 

prostrata at the same P level (Figure 4) perhaps resulted from varying quantity and quality of 

root exudates and rhizodeposits of the plant species (Bulgarelli et al., 2013, Phillips et al., 

2012). 

The P application showed positive effects on the AlkB gene abundance in the TPH-

contaminated planted treatments (Figure 4). Similar observations were reported in the 

literature (Chénier et al., 2003, Schloter, 2014, Tahseen et al., 2016), indicating that the 

degrading genes were amplified from nutrient addition. It appeared that growth of plants and 

their associated rhizosphere microorganisms were limited by the availability of nutrients 

including P in TPH-contaminated soil. Nevertheless, the pattern of varying AlkB gene 

abundance following P addition was not similar for the three plant species. For C. truncata, 

AlkB gene abundance increased with increasing P levels while the maximum values were 
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obtained at 25 and 50 mg kg-1 for B. seminuda and H. prostrata, respectively, then the values 

tended to decrease (Figure 4). It is worth noting that 25 and 50 mg kg-1 P were the P levels 

required for maximum shoot biomass production for B. seminuda and H. prostrata, 

respectively, in the TPH-contaminated soils (Figure 1). These results indicated that plant 

growth influenced their rhizosphere microbiota, which is in agreement with other studies 

(Dagher et al., 2019, Li et al., 2019). The AlkB gene abundance alone, however, does not 

allow determining whether the AlkB-containing community members are physiologically 

active or not. Hence, the confirmation that the presence of genes is related to their activity by 

determining the numbers of transcripts from such genes per cell is necessary. Therefore, it is 

important to explore the combined assessment of gene abundance and expression in the 

rhizoremediation of TPH in future studies. 

 

4.5. Hydrocarbon removal rate 

Very low TPH removal rates in the unplanted treatment receiving P from 0 to 100 mg kg-1, as 

well as no significant differences between different P levels, were attributed to a reduction of 

bioavailable TPH for microbial degradation at the end of the experiment (Figure 5). The TPH 

used in this study was a mixture of diesel and engine oil, which are characterized with a high 

sorption potential to soil particles due to high Kow values (Gaskin et al., 2008). In soil 

cultivated with the three plant species, higher removal rates were observed compared to the 

control soil with no plants, indicating the effect of plants in the remediation process. The 

Poaceae species, C. truncata, was found to be most efficient in the rhizoremediation of TPH 

in this study, perhaps due to its ability to develop fibrous roots, which provide sufficient 

surface for microbial growth and plant nutrient absorption (Gaskin and Bentham, 2010, 

Zuzolo et al., 2021) (SI Figure 2). Among the two Proteaceae species, H. prostrata showed 
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better growth, as well as higher AlkB gene abundance and greater TPH removal rate, in 

comparison to B. seminuda, indicating higher rhizoremediation potential of the former plant 

species. 

Several previous studies have reported a correlation between hydrocarbon-degrading genes 

and TPH removal rates (Khan et al., 2013, Liu et al., 2015). The positive correlation between 

the TPH removal rates and AlkB gene abundance in the present study (Eq. 2 & Figure 6) 

confirmed that the quantification of the hydrocarbon-degrading genes could be used as one of 

the biomarkers to predict the rhizoremediation efficiency of indigenous rhizosphere 

microorganisms in TPH-contaminated soils. In this study, the gene abundance in the 

rhizosphere was probably driven by plant identity, plant biomass production, and 

photosynthesis. The results suggested that the selection of suitable plant species and 

enhancement of plant growth by addition of P are of utmost importance in the 

rhizoremediation of TPH-contaminated soil. 

 

5. Conclusions  

This study showed that addition of P can improve the growth of wild native plants in soils 

contaminated with aliphatic hydrocarbons in the rhizosphere. However, the sensitivity of 

Proteaceae species to P application should be taken into consideration. These results indicate 

that chlorophyll fluorescence measurement can be used as an assessment of plant 

performance in stressful conditions. Similarly, AlkB gene abundance could be useful as a 

biomarker to monitor the efficiency of the remediation process. The abundance of AlkB genes 

was strongly influenced by plant identity and P inputs. Future studies should be focused on 

determining the role of root exudates and rhizodeposits in the stimulation of hydrocarbon 

degraders to enhance rhizoremediation.  



22 

 

References 

Abbasian, F., Lockington, R., Mallavarapu, M., Naidu, R., 2015. A comprehensive review of 

aliphatic hydrocarbon biodegradation by bacteria. Appl. Biochem. Biotechnol. 176, 

670-699.  

Afzal, M., Yousaf, S., Reichenauer, T.G., Kuffner, M., Sessitsch, A., 2011. Soil type affects 

plant colonization, activity and catabolic gene expression of inoculated bacterial 

strains during phytoremediation of diesel. J. Hazard. Mater. 186, 1568-1575.  

Albornoz, F.E., Shane, M.W., Lambers, H., 2020. Contrasting phosphorus sensitivity of two 

Australian native monocots adapted to different habitats. Plant Soil. 1-12.  

Arslan, M., Afzal, M., Amin, I., Iqbal, S., Khan, Q.M., 2014. Nutrients can enhance the 

abundance and expression of alkane hydroxylase CYP153 gene in the rhizosphere of 

ryegrass planted in hydrocarbon-polluted soil. PLoS One. 9, e111208.  

Baker, N.R., 1991. A possible role for photosystem II in environmental perturbations of 

photosynthesis. Physiol. Plant. 81, 563-570.  

Bulgarelli, D., Schlaeppi, K., Spaepen, S., Van Themaat, E.V.L., Schulze-Lefert, P., 2013. 

Structure and functions of the bacterial microbiota of plants. Annu. Rev. Plant Biol. 

64, 807-838.  

Carstensen, A., Szameitat, A.E., Frydenvang, J., Husted, S., 2019. Chlorophyll a fluorescence 

analysis can detect phosphorus deficiency under field conditions and is an effective 

tool to prevent grain yield reductions in spring barley (Hordeum vulgare L.). Plant 

Soil. 434, 79-91.  

Casida Jr, L., Klein, D., Santoro, T., 1964. Soil dehydrogenase activity. Soil Sci. 98, 371-376.  

Chénier, M.R., Beaumier, D., Roy, R., Driscoll, B.T., Lawrence, J.R., Greer, C.W., 2003. 

Impact of seasonal variations and nutrient inputs on nitrogen cycling and degradation 

of hexadecane by replicated river biofilms. Appl. Environ. Microbiol. 69, 5170-5177. 

Cook, R.L., Hesterberg, D., 2013. Comparison of trees and grasses for rhizoremediaion of 

petroleum hydrocarbons. Int. J. Phytoremediation. 15, 844e860.  

Coulon, F., Wu, G., Determination of petroleum hydrocarbon compounds from soils and 

sediments using ultrasonic extraction, in:  Hydrocarbon and Lipid Microbiology 

Protocols, Springer, 2014, pp. 31-46. 

Dagher, D., de la Providencia, I., Pitre, F., St-Arnaud, M., Hijri, M., 2019. Plant identity 

shaped rhizospheric microbial communities more strongly than bacterial 

bioaugmentation in petroleum hydrocarbon-polluted sediments. Front. Microbiol. 10, 

2144.  

de Campos, M.C., Pearse, S.J., Oliveira, R.S., Lambers, H., 2013. Downregulation of net 

phosphorus-uptake capacity is inversely related to leaf phosphorus-resorption 

proficiency in four species from a phosphorus-impoverished environment. Ann. Bot. 

111, 445-454.  

Denton, M.D., Veneklaas, E.J., Freimoser, F.M., Lambers, H., 2007. Banksia species 

(Proteaceae) from severely phosphorus‐impoverished soils exhibit extreme efficiency 

in the use and re‐mobilization of phosphorus. Plant, Cell Environ. 30, 1557-1565.  

Dutta, S., Rani, T.S., Podile, A.R., 2013. Root exudate-induced alterations in Bacillus cereus 

cell wall contribute to root colonization and plant growth promotion. PLoS One. 8, 

e78369.  

El-Sharkawy, M.A., Cock, J.H., Lynam, J.K., del Pilar Hernàndez, A., Cadavid, L.F.L., 1990. 

Relationships between biomass, root-yield and single-leaf photosynthesis in field-

grown cassava. Field Crops Res. 25, 183-201.  



23 

 

Gaskin, S., Soole, K., Bentham, R., 2008. Screening of Australian native grasses for 

rhizoremediation of aliphatic hydrocarbon-contaminated soil. Int. J. 

Phytoremediation. 10, 378-389.  

Gaskin, S.E., Bentham, R.H., 2010. Rhizoremediation of hydrocarbon contaminated soil 

using Australian native grasses. Sci. Total Environ. 408, 3683-3688.  

Gilmore, A.M., 1997. Mechanistic aspects of xanthophyll cycle‐dependent photoprotection in 

higher plant chloroplasts and leaves. Physiol. Plant. 99, 197-209.  

Hernández, I., Munné-Bosch, S., 2015. Linking phosphorus availability with photo-oxidative 

stress in plants. J. Exp. Bot. 66, 2889-2900.  

Hichem, H., El Naceur, A., Mounir, D., 2009. Effects of salt stress on photosynthesis, PSII 

photochemistry and thermal energy dissipation in leaves of two corn (Zea mays L.) 

varieties. Photosynthetica. 47, 517-526.  

Hill, J., Simpson, R., Moore, A., Chapman, D., 2006. Morphology and response of roots of 

pasture species to phosphorus and nitrogen nutrition. Plant Soil. 286, 7.  

Hoang, S.A., Lamb, D., Seshadri, B., Sarkar, B., Cheng, Y., Wang, L., Bolan, N.S., 2021. 

Petroleum hydrocarbon rhizoremediation and soil microbial activity improvement via 

cluster root formation by wild Proteaceae plant species. Chemosphere. 275, 130135.  

Hoang, S.A., Lamb, D., Seshadri, B., Sarkar, B., Choppala, G., Kirkham, M., Bolan, N.S., 

2020. Rhizoremediation as a green technology for the remediation of petroleum 

hydrocarbon-contaminated soils. J. Hazard. Mater. 123282.  

Huang, C., Wei, G., Jie, Y., Wang, L., Zhou, H., Ran, C., Huang, Z., Jia, H., Anjum, S.A., 

2014. Effects of concentrations of sodium chloride on photosynthesis, antioxidative 

enzymes, growth and fiber yield of hybrid ramie. Plant Physiol. Biochem. 76, 86-93.  

Huang, X.-D., El-Alawi, Y., Gurska, J., Glick, B.R., Greenberg, B.M., 2005. A multi-process 

phytoremediation system for decontamination of persistent total petroleum 

hydrocarbons (TPHs) from soils. Microchem. J. 81, 139-147.  

Hussain, F., Hussain, I., Khan, A.H.A., Muhammad, Y.S., Iqbal, M., Soja, G., Reichenauer, 

T.G., Yousaf, S., 2018a. Combined application of biochar, compost, and bacterial 

consortia with Italian ryegrass enhanced phytoremediation of petroleum hydrocarbon 

contaminated soil. Environ. Exp. Bot. 153, 80-88.  

Hussain, I., Aleti, G., Naidu, R., Puschenreiter, M., Mahmood, Q., Rahman, M.M., Wang, F., 

Shaheen, S., Syed, J.H., Reichenauer, T.G., 2018b. Microbe and plant assisted-

remediation of organic xenobiotics and its enhancement by genetically modified 

organisms and recombinant technology: A review. Sci. Total Environ. 628, 1582-

1599.  

Hussain, I., Puschenreiter, M., Gerhard, S., Schöftner, P., Yousaf, S., Wang, A., Syed, J.H., 

Reichenauer, T.G., 2017. Rhizoremediation of petroleum hydrocarbon-contaminated 

soils: improvement opportunities and field applications. Environ. Exp. Bot. 147, 202-

219. 

Ikawa, H., Sakai, H., Chen, C.P., Soong, T.H., Yonemura, S., Taniguchi, Y., Yoshimoto, M., 

Tokida, T., Zhang, G., Kuwagata, T., 2019. High mesophyll conductance in the high-

yielding rice cultivar Takanari quantified with the combined gas exchange and 

chlorophyll fluorescence measurements under free-air CO2 enrichment. Plant Prod. 

Sci. 22, 395-406.  

Kadir, S., Von Weihe, M., Al-Khatib, K., 2007. Photochemical efficiency and recovery of 

photosystem II in grapes after exposure to sudden and gradual heat stress. J. Am. Soc. 

Hort. Sci. 132, 764-769.  

Khan, S., Afzal, M., Iqbal, S., Mirza, M.S., Khan, Q.M., 2013. Inoculum pretreatment affects 

bacterial survival, activity and catabolic gene expression during phytoremediation of 

diesel contaminated soil. Chemosphere. 91, 663-668.  



24 

 

Kooyman, R.M., Laffan, S.W., Westoby, M., 2017. The incidence of low phosphorus soils in 

Australia. Plant Soil. 412, 143-150.  

Lambers, H., Ahmedi, I., Berkowitz, O., Dunne, C., Finnegan, P.M., Hardy, G.E.S.J., Jost, 

R., Laliberté, E., Pearse, S.J., Teste, F.P., 2013. Phosphorus nutrition of phosphorus-

sensitive Australian native plants: threats to plant communities in a global 

biodiversity hotspot. Conservation Physiology. 1,  

Lambers, H., Albornoz, F., Kotula, L., Laliberté, E., Ranathunge, K., Teste, F.P., Zemunik, 

G., 2018. How belowground interactions contribute to the coexistence of mycorrhizal 

and non-mycorrhizal species in severely phosphorus-impoverished hyperdiverse 

ecosystems. Plant Soil. 424, 11-33.  

Li, J., Luo, C., Zhang, D., Cai, X., Jiang, L., Zhao, X., Zhang, G., 2019. Diversity of the 

active phenanthrene degraders in PAH-polluted soil is shaped by ryegrass rhizosphere 

and root exudates. Soil Biol. Biochem. 128, 100-110.  

Liu, C., Wang, Y., Jin, Y., Pan, K., Zhou, X., Li, N., 2017. Photoprotection regulated by 

phosphorus application can improve photosynthetic performance and alleviate 

oxidative damage in dwarf bamboo subjected to water stress. Plant Physiol. Biochem. 

118, 88-97.  

Liu, Q., Tang, J., Bai, Z., Hecker, M., Giesy, J.P., 2015. Distribution of petroleum degrading 

genes and factor analysis of petroleum contaminated soil from the Dagang Oilfield, 

China. Sci. Rep. 5, 1-12.  

Lugtenberg, B., Life of microbes in the rhizosphere, in:  Principles of plant-microbe 

interactions, Springer, 2015, pp. 7-15. 

Maxwell, K., Johnson, G.N., 2000. Chlorophyll fluorescence—a practical guide. J. Exp. Bot. 

51, 659-668.  

Nie, M., Yang, Q., Jiang, L.-F., Fang, C.-M., Chen, J.-K., Li, B., 2010. Do plants modulate 

biomass allocation in response to petroleum pollution? Biol. Lett. 6, 811-814.  

Pang, J., Tibbett, M., Denton, M.D., Lambers, H., Siddique, K.H., Bolland, M.D., Revell, 

C.K., Ryan, M.H., 2010. Variation in seedling growth of 11 perennial legumes in 

response to phosphorus supply. Plant Soil. 328, 133-143.  

Phillips, L.A., Greer, C.W., Farrell, R.E., Germida, J.J., 2012. Plant root exudates impact the 

hydrocarbon degradation potential of a weathered-hydrocarbon contaminated soil. 

Appl. Soil Ecol. 52, 56-64.  

Ramadass, K., Megharaj, M., Venkateswarlu, K., Naidu, R., 2017. Ecotoxicity of measured 

concentrations of soil-applied diesel: Effects on earthworm survival, dehydrogenase, 

urease and nitrification activities. Appl. Soil Ecol. 119, 1-7.  

Redondo-Gómez, S., Mateos-Naranjo, E., Andrades-Moreno, L., 2010. Accumulation and 

tolerance characteristics of cadmium in a halophytic Cd-hyperaccumulator, 

Arthrocnemum macrostachyum. J. Hazard. Mater. 184, 299-307.  

Saleem, M.H., Ali, S., Rehman, M., Rana, M.S., Rizwan, M., Kamran, M., Imran, M., Riaz, 

M., Soliman, M.H., Elkelish, A., 2020. Influence of phosphorus on copper 

phytoextraction via modulating cellular organelles in two jute (Corchorus capsularis 

L.) varieties grown in a copper mining soil of Hubei Province, China. Chemosphere. 

248, 126032.  

Schloter, M., 2014. Effects of different compost amendments on the abundance and 

composition of alkB harboring bacterial communities in a soil under industrial use 

contaminated with hydrocarbons. Front. Microbiol. 5, 96.  

Serrano, A., Gallego, M., González, J.L., Tejada, M., 2008. Natural attenuation of diesel 

aliphatic hydrocarbons in contaminated agricultural soil. Environ. Pollut. 151, 494-

502.  



25 

 

Shahsavari, E., Aburto-Medina, A., Taha, M., Ball, A.S., 2016. A quantitative PCR approach 

for quantification of functional genes involved in the degradation of polycyclic 

aromatic hydrocarbons in contaminated soils. MethodsX. 3, 205-211.  

Shahsavari, E., Adetutu, E.M., Anderson, P.A., Ball, A.S., 2013. Plant residues—a low cost, 

effective bioremediation treatment for petrogenic hydrocarbon-contaminated soil. Sci. 

Total Environ. 443, 766-774.  

Shahsavari, E., Adetutu, E.M., Anderson, P.A., Ball, A.S., 2013. Tolerance of selected plant 

species to petrogenic hydrocarbons and effect of plant rhizosphere on the microbial 

removal of hydrocarbons in contaminated soil. Water, Air, Soil Pollut. 224, 1495.  

Shane, M.W., Cramer, M.D., Funayama-Noguchi, S., Cawthray, G.R., Millar, A.H., Day, 

D.A., Lambers, H., 2004a. Developmental physiology of cluster-root carboxylate 

synthesis and exudation in harsh hakea. Expression of phosphoenolpyruvate 

carboxylase and the alternative oxidase. Plant Physiol. 135, 549-560.  

Shane, M.W., McCully, M.E., Lambers, H., 2004b. Tissue and cellular phosphorus storage 

during development of phosphorus toxicity in Hakea prostrata (Proteaceae). J. Exp. 

Bot. 55, 1033-1044.  

Smethurst, C.F., Shabala, S., 2003. Screening methods for waterlogging tolerance in lucerne: 

comparative analysis of waterlogging effects on chlorophyll fluorescence, 

photosynthesis, biomass and chlorophyll content. Funct. Plant Biol. 30, 335-343.  

Stroud, J., Paton, G., Semple, K.T., 2007. Microbe‐aliphatic hydrocarbon interactions in soil: 

implications for biodegradation and bioremediation. J. Appl. Microbiol. 102, 1239-

1253.  

Tahseen, R., Afzal, M., Iqbal, S., Shabir, G., Khan, Q.M., Khalid, Z.M., Banat, I.M., 2016. 

Rhamnolipids and nutrients boost remediation of crude oil-contaminated soil by 

enhancing bacterial colonization and metabolic activities. Int Biodeterior Biodegrad. 

115, 192-198.  

Tang, J., Wang, M., Wang, F., Sun, Q., Zhou, Q., 2011. Eco-toxicity of petroleum 

hydrocarbon contaminated soil. J Environ Sci (China). 23, 845-851.  

Tara, N., Afzal, M., Ansari, T.M., Tahseen, R., Iqbal, S., Khan, Q.M., 2014. Combined use of 

alkane-degrading and plant growth-promoting bacteria enhanced phytoremediation of 

diesel contaminated soil. Int. J. Phytoremediation. 16, 1268-1277.  

Van, K.O., Snel, J., 1990. The use of chlorophyll fluorescence nomenclature in plant stress 

physiology. Photosynth Res. 25, 147-150.  

Wang, Y., Feng, J., Lin, Q., Lyu, X., Wang, X., Wang, G., 2013. Effects of crude oil 

contamination on soil physical and chemical properties in Momoge wetland of China. 

Chinese geographical science. 23, 708-715.  

Whitmarsh, J., 2001. Photosystem II. e LS.  

Williams, A., George, S., Birt, H.W., Daws, M.I., Tibbett, M., 2019. Sensitivity of seedling 

growth to phosphorus supply in six tree species of the Australian Great Western 

Woodlands. Aust. J. Bot. 67, 390-396.  

Wu, M., Ye, X., Chen, K., Li, W., Yuan, J., Jiang, X., 2017. Bacterial community shift and 

hydrocarbon transformation during bioremediation of short-term petroleum-

contaminated soil. Environ. Pollut. 223, 657-664.  

Xu, W., Cui, K., Xu, A., Nie, L., Huang, J., Peng, S., 2015. Drought stress condition 

increases root to shoot ratio via alteration of carbohydrate partitioning and enzymatic 

activity in rice seedlings. Acta physiologiae plantarum. 37, 9.  

Zhou, X., Wang, S., Liu, Y., Huang, G., Yao, S., Hu, H., 2020. Coupling phytoremediation 

efficiency and detoxification to assess the role of P in the Cu tolerant Ricinus 

communis L. Chemosphere. 247, 125965.  



26 

 

Zuzolo, D., Guarino, C., Tartaglia, M., Sciarrillo, R., 2021. Plant-Soil-Microbiota 

Combination for the Removal of Total Petroleum Hydrocarbons (TPH): An In-Field 

Experiment. Front. Microbiol. 11, 3611.  

  



27 

 

Figures 

 

Figure 1. Shoot and root dry biomass of B. seminuda, C. truncata, and H. prostrata grown in 

uncontaminated (TPH0) and contaminated (TPH1) soils amended with different P levels. 

TPH: petroleum hydrocarbon effect; P: phosphorus effect; TPH x P: interactive effect of 

petroleum hydrocarbons and phosphorus. Values are given as mean ± standard deviation, SD 

(n = 3). 
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Figure 2. Quantum yield of PSII (ΦPSII) and non-photochemical quenching (NPQ) of B. 

seminuda, C. truncata, and H. prostrata grown in uncontaminated (TPH0) and contaminated 

(TPH1) soils amended with different P levels. TPH: petroleum hydrocarbon effect; P: 

phosphorus effect; TPH x P: interactive effect of petroleum hydrocarbons and phosphorus. 

Values are given as mean ± SD (n = 3). 
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Figure 3. Dehydrogenase activity of unplanted-, B. seminuda-, C. truncata-, and H. 

prostrata- grown uncontaminated (TPH0) and contaminated (TPH1) soils amended with 

different P levels. TPH: petroleum hydrocarbon effect; P: phosphorus effect; TPH x P: 

interactive effect of petroleum hydrocarbons and phosphorus. Values are given as mean ± SD 

(n = 3). 
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Figure 4. Abundance of AlkB genes in the unplanted- and planted-treatments in the TPH-

contaminated soil amended with different P levels. Plant: plant species effect; P: phosphorus 

effect; Plant x P: interactive effect of plant species and phosphorus. Values are given as mean 

± SD (n = 3). Values with different letters are significantly different at p < 0.05 among the 

unplanted, B. seminuda, C. truncata, and H. prostrata at the same P level. 
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Figure 5. TPH removal rates under the unplanted- and planted-treatments in the TPH-

contaminated soils amended with different P levels. Plant: plant species effect; P: phosphorus 

effect; Plant x P: interactive effect of plant species and phosphorus. Values are given as mean 

± SD (n = 3). Values with different letters are significantly different at p < 0.05 among the 

unplanted, B. seminuda, C. truncata, and H. prostrata at the same P level. 
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Figure 6. Correlation between TPH removal rate and AlkB gene abundance across the 

unplanted and planted treatments at all P levels. 
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Table  

Table 1. Root: shoot ratios among different P and plant treatments in uncontaminated (TPH0) 

and TPH-contaminated (TPH1) soils 

P levels  

(mg kg-1) 

Plant species 

B. seminuda C. truncata H. prostrata 

TPH0 TPH1 TPH0 TPH1 TPH0 TPH1 

P0 0.53 ± 0.04 1.01 ± 0.08 0.75 ± 0.01 0.99 ± 0.05 0.38 ± 0.01 0.59 ± 0.02 

P5 0.61 ± 0.07 0.97 ± 0.05 0.77 ± 0.02 0.99 ± 0.01 0.4 ± 0.01 0.58 ± 0.04 

P10 0.52 ± 0.02 0.99 ± 0.03 0.73 ± 0.01 0.98 ± 0.06 0.48 ± 0.01 0.64 ± 0.02 

P25 0.54 ± 0.07 1.13 ± 0.04 0.66 ± 0.02 1.07 ± 0.01 0.5 ± 0.01 0.79 ± 0.03 

P50 0.46 ± 0.04 1.09 ± 0.07 0.62 ± 0.01 1.05 ± 0.01 0.45 ± 0.01 0.53 ± 0.01 

P100 0.48 ± 0.04 1.01 ± 0.07 0.66 ± 0.01 1.1. ± 0.03 0.43 ± 0.02 0.51 ± 0.01 
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Supplementary Information 

1. Details about soil collection, characteristics, and initial TPH concentration 

An uncontaminated soil (Red Kandosol; Australian Soil Classification) without any 

hydrocarbon contamination history was collected from an area in Cobar, New South Wales (-

31.502085, 145.781435). The soil was transported to the glasshouse, air-dried, sieved through 

a 4-mm screen (mesh No. 5), and identified as a clay loam soil in texture (with 35, 37, and 28% 

of clay, silt, and sand, respectively).  

Pro Quip Platinum Diesel and Castrol GTX Engine Oil 20W-50 were obtained commercially 

at a local service station in Newcastle, New South Wales. The mixture of diesel and engine oil 

(1:1, w/w) was used as source of total (aliphatic) petroleum hydrocarbon (TPH) in this study. 

 

Table 1. Selected physicochemical characteristics of the experimental soil and initial TPH 

concentrations used in the rhizoremediation study 

pH 

(H2O) 

pH 

(CaCl2) 

EC 

(µS cm-1) 

Organic 

C (%) 

Total N 

(%) 

Available P 

(mg kg-1) 

Total S 

(%) 

TPH1 

(mg kg-1) 

6.04 5.41 280 0.78 0.08 3.0 0.002 
11,370± 52 

(n=3) 

 

2. Phosphorus sorption isotherms 

 

Figure 1. Phosphorus sorption isotherms for the experimental soil 
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3. Glasshouse conditions 

The plant growth experiment was conducted under controlled glasshouse conditions (25oC for 

16 h (daytime), and 18oC for 8 h (night), typical of the New South Wales State of Australia). 

The glasshouse received natural lights only. 

 

4. Seedling emergence in Petri dishes and plant growth in micro-pots 

Seeds of the wild plant species were commercially obtained from Nindethana Seed Service 

Pty, Ltd, (Western Australia, Australia). Seeds were soaked in 1% sodium hypochlorite for 5 

min and rinsed thoroughly to eliminate any fungal pathogen.  

To 120 x 120 x 17 mm (square) polystyrene Petri dishes, two layers of filter papers were placed, 

and evenly soaked with 3 mL of ultrapure water (Milli-Q®, 18.2 MΩ.cm). To each dish, 25 

seeds of B. seminuda and H. prostrata were added in triplicate maintaining 5 x 5 grid spaces 

and sealed with Parafilm. All the plant species were germinated at 25oC and monitored 

regularly for seven days. Once radicles emerged to a certain length (approx. 5 to 10 mm), the 

germinated seeds were placed in micro-plant pots (one seedling per pot) filled with autoclaved 

propagation sand (obtained from Bunnings, Australia).  

Seeds of C. truncata, ten seeds were directly sown in each micro-plant pot (twenty replicated 

pots, 200 seeds in total) to obtain good “seed to soil” contact, which is considered as the key 

to grass seed germination. After 2 weeks, all pots were uniformly thinned out to one individual 

plant per pot to ensure homogeneity amongst all plant species. 

Nutrient solution (20 mL) was added to every pot daily. The nutrient solution was prepared 

according to Asher and Loneragan (1967). Particularly, the following concentrations of 

nutrients were achieved (in µM) in the solution: calcium 250, magnesium 100, potassium 250, 

sulfur 100, nitrogen (as NO3
-) 750, nitrogen (as NH4

+) 100, phosphorus 1, chlorine 100, iron 2 

(as Iron Ethylenediaminetetraacetic acid, FeEDTA), copper 0.1, manganese 1, zinc 0.5, cobalt 

0.04, boron 3, and molybdenum 0.02. This nutrient solution was successfully tested for 

growing native plant species previously by Lamb et al. (2010). 
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5. Soil dehydrogenase activity determination 

Soil DHA for rhizosphere samples was determined according to the method described by 

Casida Jr et al. (1964), where 2,3,5-triphenyltetrazolium chloride (TTC) was reduced to tri-

phenyl formazan (TPF). Field moist soil (3 g) was added to a 50 mL centrifuge tube, along 

with 0.5 mL of 3% aqueous TTC solution, 30 mg CaCO3, and 1.25 mL of ultrapure water 

(Milli-Q®, 18.2 MΩ.cm), successively. The samples were incubated for 24 h at 37oC. After 

incubation, 10 mL methanol was added to the sample, and thoroughly mixed using a vortex 

mixer. The content was then centrifuged at 4000 rpm for 15 min. After filtering through a 

syringe filter (0.2 µm), the absorbance of the clear supernatant was measured at 485 nm 

wavelength by a spectrophotometer (Microplate Reader; Ensight TM, Multimode, Perkin 

Elmer, USA). The result was presented as µg TPF per g-1 dry soil day-1. Assays without any 

soil but CaCO3 and TTC served as the controls. Additionally, a set of the contaminated soil 

was sterilized using an autoclave, which received the same procedure to determine DHA 

value to evaluate the interference of TPH itself to the DHA measurement. 

 

6. The sequences, amplicon sizes, and annealing temperatures of the employed PCR 

primers 

Table 2. The fragment length of PCR primers and annealing temperature conditions (Liu et al., 

2015) 

Primer 
Proteins 

targeted 
Sequence (5’-3’) 

Amplicon 

size (bp) 

PCR annealing 

temperature (°C) 

     

AlkB 
Alkane 

monooxygenases 

AACTACMTCGARCAYTACGG 
100 50 

TGAMGATGTGGTYRCTGTTCC 

     

     

16S 

rDNA 

- CGGTGAATACGTTCYCGG 
126 58 
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7. TPH analysis of the soil 

Concentration of TPH in soil was analysed according to Richter (2000). For sample 

extraction, 3 g of moist soil was taken into a 50 mL glass beaker. Diatomaceous earth (1.0 g) 

was added to the beaker and mixed thoroughly. The mixture was placed into extraction cells 

through a screw-on funnel to ensure that the entire soil was removed from the beaker. Glass 

fibre filters were fitted in the outlet before loading cells to the extraction system. 

All extractions were carried out using a Dionex ASE 350 Accelerated Solvent Extractor 

(Thermofisher, USA) in Dionex ASE 150/350 Stainless Steel cells. Extractions were 

performed at 175oC and 1500 psi, with hexane: acetone (1:1, v/v). Heating and static time 

were 8 and 5 min, respectively. The flush volume was 75%, and purge time was 60 s, with 2 

cycles. After extraction, the extracts were collected in clean 40 mL glass vials. The vials were 

placed into a Turbo Vap II evaporator until the solvent fully disappeared. Subsequently, 5 mL 

hexane was added to every vial, and 1 mL aliquot of sample was transferred into 2 mL auto-

sampler vial for analysis by gas chromatography. In preliminary tests, the recoveries achieved 

were > 84% for the accelerated solvent extraction method on a model soil containing high 

clay content (50%, representing a hard case scenario for extraction) spiked with 5,000 and 

10,000 mg TPH kg-1 soil.  

Analytical determination of TPH in soil samples was performed by gas chromatography fitted 

with flame ionization detector, GC-FID (Model No. 7697A, Headspace Sampler 7697A, 

Agilent Technology, USA). The following conditions were applied for all analyses: capillary 

column (30 m x 0.25 mm, ID = 0.25 mm); H2 carrier gas; FID at 330oC; injector temperature 

300oC; oven temperature programmed from 40 to 300oC at 12oC min-1 after 2-min hold with a 

15-min hold at the final temperature; column flow rate 1.5 mL min-1. External calibration 

standards were prepared from Hydrocarbon Window Defining Standard stocks in chloroform 

(Novachem, Australia). The linear standard curves were prepared with six concentrations (1, 
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5, 10, 20, 60 and 100 µg mL-1) for three common TPH fractions: C10 – C14, C15 – C28, and C29 

– C36 in the aliphatic hydrocarbons (diesel and engine oil) used in this study. Varian StarTM 

Version 4.5 software was used to integrate the total chromatogram areas of the three TPH 

fractions. Sample concentrations were measured using the standard curves, and TPH values 

were calculated as the sum of C10 – C36 and presented as mg TPH kg-1 dry soil. The GC-FID 

system was purged by injecting n-hexane (solvent blank) to ensure the system was free of 

contamination. In addition, a soil-free sample was subjected to the same extraction procedure 

mentioned above to detect any potential interferences. Limits of detection for C10 – C14, C15 – 

C28, and C29 – C36 were 35, 79, and 69 ng mL-1, respectively, according to the calibration 

standard curve (Guideline 2005). In addition, accuracy was evaluated using the recovery for 

real soil samples spiked with 16.67 µg mL-1, which was diluted from the stock standard solution 

of 500 µg mL-1. The recovery rate was determined using the measured concentrations in the 

enriched samples and the added concentration. The average recovery was 89% (n = 3), which 

conformed satisfactory performance of the method, and the value was in accordance with ISO 

16703 standard (Standardization 2004). 

The TPH removal rates under different plant and soil treatments were calculated as follows: 

TPH removal rate (%) =  
(Initial soil TPH − Final soil TPH)

Initial soil TPH
 ×  100   
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8. An example of mass spectrum of initial and residual TPH after rhizoremediation 

 

Figure 2. Mass spectrum of the initial (A) and residual TPH after rhizoremediation (B)  

 

 

 

 


