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Abstract 

 

Global population growth, urbanization and demand for raw materials have continuously 

driven the growth of the mining industry. Mining activities however have far-reaching 

ecological impacts that lead to ecosystem degradation and biodiversity loss. Hence, post-

mining terrestrial ecosystem restoration is important for the conservation of fauna and flora 

and to regain ecosystem functioning. Post-mining vegetation restoration in Western 

Australia faces various challenges including semi-arid conditions, diverse plant communities, 

limited availability of topsoil, degraded topsoil and large amounts of solid wastes.  

In the course of mining activities, topsoil is subjected to various processes that cause 

alteration in soil structure, physicochemical characteristics and loss of biological properties. 

These severely impact the functionality of topsoil as plant growth medium. Amelioration of 

soil physicochemical properties through physical and chemical means has been widely 

explored, but amelioration of soil biological properties has been much less studied. 

Microorganisms (bacteria and fungi) with various ecological roles are important 

determinants of topsoil biological properties. Thus, establishing techniques and methods to 

ameliorate soil biological properties, and in particular the reintroduction of plant beneficial 

microorganisms, could increase ecological restoration success in post-mining sites.  

Phytohormones are important regulators of various plant molecular and physiological 

processes. Phytohormones are produced by plants and microorganisms, and also function 

as bidirectional communication signals between plants and microorganisms. Plant 

interactions with microorganisms can lead to in planta phytohormone concentration changes 

via various mechanisms, including the uptake of phytohormones produced by 

microorganisms. Therefore, measurement of in planta phytohormone concentrations 

enables assessment of plant physiological status and plant-microbial interactions.  

This thesis aimed to investigate the feasibility of using commercially available microbial 

inoculants to improve plant performance in challenging substrates present at mine sites in 

different parts of Western Australia. This was investigated in greenhouse experiments, first 

using a crop species, pigeon pea (growing on a mixture of topsoil and overburden, Chapter 

3), followed by native plant species from two different systems, Banksia woodland (growing 

on sand, Chapter 4) and semi-arid shrubland (growing on topsoil, magnetite tailings or a 

mixture of both, Chapter 5). In the experiments (Chapter 3, 4 and 5), plant performance was 

evaluated using physical and physiological parameters including biomass gain, gas- 
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exchange measurements, foliar carbon (C), nitrogen (N) and stable isotope (δ13C and δ15N) 

composition, and plant xylem sap phytohormone compositions. Xylem sap samples 

collected from the experimental plants were analysed using an ultra-high-performance liquid 

chromatography-electrospray ionization-tandem mass spectrometry (UHPLC-ESI-MS/MS) 

method developed and validated for the simultaneous analysis of phytohormones belonging 

to different classes (Chapter 2). Phytohormones belonging to the classes of cytokinins, 

abscisic acid (ABA) and salicylic acid (SA) were detected and quantified. Relationships 

between xylem sap phytohormone concentrations and measured parameters were explored 

via correlation analysis. Soil microbial 16s RNA sequencing was conducted in Chapter 5, to 

determine if the composition and diversity of the soil microbial community had been 

influenced by inoculation and interactions with plants.  

Across the experiments, inoculation treatments led to significant biomass gain in some but 

not all of the investigated plant species. Inoculated pigeon pea exhibited improved plant 

water use efficiency (Chapter 3) while native plants showed varied responses (Chapter 4 

and 5). Inoculation treatments also increased plant germination and survival, especially for 

plants grown in tailings mixed with topsoil (Chapter 5). Relationships between xylem sap 

phytohormone concentration and measured parameters were also apparent. For example, 

in Chapter 3, N6-isopentenyladenosine (iPR; cytokinin) correlated positively with plant 

photosynthetic rates, and abscisic acid (ABA) correlated negatively with stomatal 

conductance. In Chapter 4, trans-zeatin riboside (tZR; cytokinin) correlated positively with 

root mass and total biomass. Rhizospheric soil microbial 16s RNA sequencing results 

revealed that microbial inoculation increased bacterial species richness especially in capped 

tailings and tailings compared with controls (not planted or inoculated) and some of the non-

inoculated plants. Inoculation treatments also caused differential bacteria enrichment across 

the plant species.     

This thesis reports on a pioneering research project evaluating the use of commercial 

microbial inoculants in highly challenging post-mining substrates of Western Australia with 

poorly known plant species. It provides methods and experimental approaches that will be 

useful for future research. The rather limited beneficial effects of the selected microbial 

inoculants on the tested native plant species highlight that further research is required before 

advocating the use of commercial microbial inoculant in post-mining ecological restoration. 
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Chapter 1. General introduction 

Ecological restoration 

Anthropogenic activities have been causing global land degradation with far reaching 

impacts, including climate change, environmental pollution, habitat alteration, biodiversity 

loss and loss of soil fertility (Baquero et al., 2021; Bartish et al., 2020; Dirzo et al., 2014; 

IPBES, 2018; Kennish, 2002; Steffen et al., 2015). Globally, it has been estimated that 25% 

of the total land area has been degraded, and that this could increase to 95% by the year 

2050 (Global Environment Facility, 2021). To prevent, halt and reverse the degradation of 

ecosystems worldwide, the United Nations General Assembly proclaimed 2021-2030 as the 

Decade on Ecosystem Restoration (United Nations, 2021).  

Ecological restoration is the process of assisting the recovery of an ecosystem that has been 

degraded, damaged or destroyed, informed by appropriate designated native reference 

ecosystem (Gann et al., 2019). This is in contrast to rehabilitation, which aims to reinstate a 

level of ecosystem functioning for renewed and ongoing provisioning of ecosystem services 

that could differ from native ecosystems (Gann et al., 2019). Rehabilitation, however, is part 

of the restorative continuum and projects achieving some improvements in ecological 

conditions, can later be targeted for ecological restoration (Gann et al., 2019).  

The restoration of terrestrial ecosystems is not only important for the conservation of 

threatened fauna and flora, but also to regain important ecosystem functions such as carbon 

sequestration, filtration for clean water and  food production to feed a growing global 

population (Herrick et al., 2019; IPBES, 2018). Successful terrestrial ecological restoration 

is often dependent on soil biotic and abiotic properties due to the strong influence these 

exert on plant growth and performance (Heneghan et al., 2008). Hence, better 

understanding of soil-microbe-plant interactions can lead to more informed ecological 

understanding of ecosystem processes and result in more successful restoration outcomes 

(Birnbaum & Egidi, 2020). 
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Ecological impacts of mining  

Global population growth, urbanization and the resultant demand for raw materials required 

for infrastructure, energy generation, and production of every-day goods (Govreau, 2021; 

Kragt & Manero, 2021) will continue to drive the growth of the mining industry. Australia is 

one of the world’s top five producers of various mineral commodities, including bauxite, gold, 

iron ore, and lithium. Large quantities of these commodities are mined in Western Australia 

(DMIRS, 2020a). Although mining contributes significantly to Australia’s economy, 

accounting for 11.1% of gross value added in financial year 2019-20 (Australian Bureau of 

Statistics, 2020), these activities come with environmental costs.  

Globally, mining impacts more than 5.7 million hectares of land (Figure 1, Maus et al., 2020). 

In Western Australia, approximately 2.5 million hectares of land is under active mining 

leases (Kragt et al., 2019), with 147,196 hectares of disturbed land and only 22% of the 

disturbed land under rehabilitation (DMIRS, 2020d). Apart from disturbed land, mining 

activities also generate large amounts of solid waste materials such as overburden and 

tailings (Lu & Cai, 2012). Overburden, also referred to as waste rock, is material with 

commodities in concentrations too low to be mined profitably (Hitch et al., 2010), and tailings 

are a non-economic by-product of the beneficiation process of mineral extraction (Sun et al., 

2018). These waste materials are stored in waste rock dumps or tailings storage facilities 

(TSFs), respectively, which occupy large land areas (Figure 2; Lu & Cai, 2012; Maus et al., 

2020; Sun et al., 2018). 

 

 

Figure 1. Global distributions of mining impacted land (adapted from Maus et al., 2020). 
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Mine closure in Australia 

In Australia, it is mandatory to rehabilitate all disturbed sites before mine closure (Minerals 

Council of Australia, 2018). Progressive rehabilitation requirements are integrated into the 

regulatory approval processes in all Australian jurisdictions to ensure that previously mined 

lands regain their value for conservation of biodiversity, future economic activity, or 

community use (Mattiske, 2016; Young et al., 2019). In Western Australia, mine sites are to 

be “rehabilitated and closed in a manner to make them physically safe to humans and 

animals, geo-technically stable, geo-chemically non-polluting/non-contaminating, and 

capable of sustaining an agreed post-mining land use without unacceptable liability to the 

State”, under the Mining Act 1978 (DMIRS, 2020c). Environmental objectives include “to 

maintain representation, diversity, viability and ecological function at the species, population 

and community level” and “to maintain the quality of land and soils so that environmental 

values are protected” in these mined lands (DMIRS, 2020b). These requirements are also 

applied to TSFs (DMIRS, 2020c; DMP & EPA, 2015; Stevens & Dixon, 2017).  

 

Mine site restoration practices and challenges 

Soil (specifically topsoil) is one of the most important and limiting components in mine site 

restoration (Kneller et al., 2018; Sheoran et al., 2010). Prior to mining for the targeted 

commodity, topsoil (and sometimes subsoil) is often stripped and stockpiled if not used 

immediately for restoration (Figure 2; Bellairs & Bell, 1993; Golos & Dixon, 2014; Koch, 

2007a). Some of these soil stockpiles are stored for several years (> 10 years; Harris et al., 

1989) before respreading onto restoration sites/ landscapes. Studies have shown that the 

use of fresh or direct-return topsoil yields better restoration results, with this effect attributed 

to the recruitment of seedlings from the soil seedbank of fresh topsoil (Bellairs & Bell, 1993; 

Golos & Dixon, 2014; Koch, 2007b; Rokich et al., 2000). Until recently, it has been largely 

overlooked that microorganisms in fresh topsoil may also contribute to restoration success 

(Birnbaum et al., 2017; Heneghan et al., 2008).  

In the process of stripping, stockpiling and subsequent respreading of topsoil onto 

restoration sites, soil structure, physicochemical characteristics and biological properties are 

altered (Harris et al., 1989), impacting the functionality of topsoil as a plant growth medium. 

Topsoil is often in short supply at mine sites, due to losses during pre-mining processes 

(Zhu et al., 2021), and requirement of more topsoil than originally salvaged for restoration 

of extensive areas (such as waste dumps from deep pit mining). Furthermore, long-term 
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storage in stockpiles without plant cover ceases rhizodeposition, the input of plant organic 

carbon to the soil system via root turn-over and root exudation (Delgado & Gomez, 2016; 

Gougoulias et al., 2014). This affects soil microorganisms which are dependent upon 

rhizodeposition as an energy source (Raaijmakers et al., 2009), potentially leading to altered 

soil microbiological properties with increasing stockpile age (Gorzelak et al., 2020), which in 

most cases would lead to loss of biological functions.  

Apart from the limited availability and decreased functionality of stockpiled topsoil, it is also 

a great challenge to establish vegetation on the vast post-mining landscapes, especially on 

TSFs, such as those resulting from magnetite mining. Physicochemical properties of 

magnetite tailings (hereby referred to as tailings), such as extreme pH (pH >9), poor physical 

structure and hydraulic properties, geochemical instability, and low nutrient content (Sun et 

al., 2018; Wang et al., 2017; Wu et al., 2019) make these tailings unfavourable as plant 

growth medium. Several amelioration techniques have been explored to remediate the 

physical, chemical and biological nature of tailings. Physical and chemical techniques, which 

have been more widely explored, are limited by high implementation costs, low efficacy and 

the risk of generating secondary pollution in the process (Sun et al., 2018; Wang et al., 2017). 

Biological techniques such as bioremediation involving the use of plants and 

microorganisms, however, may be more sustainable and cost effective (Wang et al., 2017).    

 

Figure 2. Overview of an operational mining site, with waste rock dump in the foreground, 
topsoil stockpiled for later use and tailings in the background.   



   Chapter 1 

5 

Importance of soil microorganisms 

The microorganisms (e.g., archaea, bacteria, fungi and protists) confer soils with critical 

biological properties and functions (Buerkert et al., 2012; Jacoby et al., 2017; Timmis & 

Ramos, 2021). Soil bacteria and fungi (hereafter collectively referred to as soil 

microorganisms, unless stated otherwise) play an important role in various ecological 

functions including pedogenesis (Buscot, 2005; Schulz et al., 2013), soil aggregate 

formation (Barea et al., 2005), nutrient and carbon cycling (Marschner, 2007; Pii et al., 2015; 

Richardson et al., 2009), and organic matter transformation (Van Veen & Kuikman, 1990); 

processes which are important in providing plants with soil substrates that are favourable 

for establishment and growth (Figure 3). Soil microorganisms can negatively and positively 

influence plant growth, plant performance and competitiveness, and therefore may directly 

or indirectly influence plant diversity and community composition (Fitzpatrick et al., 2019; 

Fonseca et al., 2017; Kardol et al., 2006; Van Der Heijden et al., 2008; Wubs et al., 2016).   

When plants establish in the soil, plant roots and microorganisms come into contact in a 

narrow region of soil, commonly known as rhizosphere (York et al., 2016). In the rhizosphere, 

plant-microbe interactions are important for maintaining plant growth and productivity 

(Lambers et al., 2009; Ortíz-Castro et al., 2009). Interactions between plant roots and 

microorganisms may involve endophytic or free-living microorganisms, and can be symbiotic, 

associative or mutualistic in nature (Richardson et al., 2009). These interactions can be 

beneficial (e.g., rhizobia and mycorrhizal fungi) or detrimental (e.g., pathogenic organisms) 

for plants (Pii et al., 2015).  

Studies on microbial-plant interactions in agricultural and forestry systems have shown soil 

microorganisms to have a positive effect on plant performance and survivorship in 

unfavourable environments (Grover et al., 2011; Ilangumaran & Smith, 2017; Khan et al., 

2016). Improved plant performance could be attributed to increased bioavailability of 

nutrients such as nitrogen, phosphorus and iron via microbial facilitated nitrogen fixation, 

phosphorus solubilization and mobilization, and chelation, respectively (Ahemad & Kibret, 

2014; de Souza et al., 2015; Owen et al., 2015; Pii et al., 2015; Richardson et al., 2009). 

Besides effects on nutrient availability, modifications and alterations of in planta 

phytohormones concentrations, such as upregulation of cytokinins, auxins, gibberellins, and 

abscisic acid and downregulation of ethylene by microorganisms may also enhance plant 

growth and physiological performance, especially under abiotic stress conditions such as 

drought (see section Phytohormones – the plant-microbial signals; Egamberdieva et al., 
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2017; Glick, 2014; Jorge et al., 2019; Kudoyarova et al., 2019; Ngumbi & Kloepper, 2016; 

Timmusk et al., 2014).   

Increasing understanding of the critical role of soil microorganisms in ecosystem functioning 

combined with the urgent need to restore degraded land (Herrick et al., 2019) have led to 

greater focus being placed on the study of soil microorganisms in a restoration context. 

Together with technological advances such as next-generation sequencing and analytical 

equipment with higher sensitivity and resolution, soil microbial community composition and 

soil metabolome have been used to assess soil health and function (Hart et al., 2020; 

Heaven & Benheim, 2016; Withers et al., 2020).  

 

Figure 3. Functions of soil microorganisms. Soil microorganisms, including bacteria and 
fungi, have important roles in various ecological processes including pedogenesis (Buscot, 
2005; Schulz et al., 2013) and soil aggregate formation that contributes to soil structure 
(Barea et al., 2005), biogeochemical processes of nutrient and carbon cycling, organic 
matter transformation and decomposition (Marschner, 2007; Pii et al., 2015; Richardson et 
al., 2009; Van Veen & Kuikman, 1990), which are important in providing soil substrates 
favourable for plant establishment and growth. Beneficial soil microorganisms enhance plant 
growth by increasing bioavailability of nutrients (e.g., nitrogen fixation, phosphorus 
solubilization) for plant up-take (Pii et al., 2015; Richardson et al., 2009), and through 
phytohormone regulation and signalling (Wong et al., 2015). Phytohormones and secondary 
metabolites from soil microorganisms also help confer tolerance against biotic and abiotic 
stress (Egamberdieva et al., 2017; Glick, 2014; Jorge et al., 2019; Ngumbi & Kloepper, 
2016). Microbial secondary metabolites such as antibiotics, inhibit and suppress plant 
pathogens and pests (Ruiu, 2020). (Adapted from: Chandra & Kumar, 2017; Prashar & Shah, 
2016).   
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Use of microbial inoculants in mine site restoration  

Microbial inoculants are products comprising microorganisms capable of conferring growth,  

developmental and/or physiological benefits on plants. Microorganisms with such properties 

are commonly referred to as plant-growth-promoting microorganisms (PGPMs). The 

development of microbial inoculants has dated as far back as 1890s (Hartmann et al., 2008; 

Santos et al., 2019) and has been widely used in the agricultural sector to increase crop 

yield. The use of microbial inoculants has also become increasingly common in the 

horticultural and forestry sectors. Research on the use of microbial inoculants has been 

extended to environmental applications as understanding of the ecological roles of 

microorganisms, as well as their effects on plant development and stress tolerance has 

increased (Canfora et al., 2021). Microbial inoculants have been used to increase 

productivity of degraded land such as pastures (Santos et al., 2019) and to remediate 

pollution such as heavy metals and organic pollutants (Arora & Kumar, 2019; DalCorso et 

al., 2019; Mishra et al., 2017; Ren et al., 2019). More recently, explorations on the use of 

microbial inoculant for mine site restoration have been increasing (Bi et al., 2018; Farrell et 

al., 2020; Fisher, 2012; Maltz & Treseder, 2015; Matias et al., 2009; Mendes Filho et al., 

2010). 

The growing evidence of microbial inoculation treatments enhancing performance of 

restored plant species (Gonzalez et al., 2018; Solans et al., 2021; Torres-Díaz et al., 2021; 

Wubs et al., 2018)  indicate that appropriate use of microbial inoculants can be effective for 

improving restoration outcomes (Farrell et al., 2020). As opposed to agricultural applications, 

use of microbial inoculant in Western Australia mine site restoration context would need to 

focus on improving plant survival and resilience, rather than simply plant growth promotion. 

Conditions at most Western Australia restoration sites are generally harsh with low water 

availability, high temperatures and low soil fertility. Plant mortality rates are also 

exceptionally high in the early stages of restoration (Brundrett et al., 2020; Charles et al., 

2018; Rinella & James, 2017). Hence, improving plant stress tolerance and resilience, 

especially in the early stages, would be highly beneficial for enhancing restoration outcomes.  

 

Assessing the beneficial effects of microbial inoculants on plants 

Assessment of microbial inoculant efficacy on improving plant performance can be 

determined via various physical and physiological parameters. The most common 

parameter used is plant biomass gain since most microbial inoculation efficacy tests have 
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been investigated for agricultural applications to increase crop yield. Measurements of plant 

biomass gain have also been utilised in restoration studies (e.g., Chaudhary et al., 2020; 

Karthikeyan & Krishnakumar, 2012). In a restoration context, higher biomass gain in 

inoculated plants could indicate that the introduced microorganisms have contributed to 

increased nutrient availability. This could be especially useful for certain restoration sites, 

such as TSFs, where nutrients are not readily available for plant uptake. Another important 

indicator of microbial inoculant efficacy, especially in field studies, is plant survival rates. 

Increased survival rates would indicate higher plant resilience against abiotic stress, such 

as drought, which is common in restoration sites. Survival rates could be easily determined 

via counting or unmanned aerial vehicles (Buters et al., 2019) as opposed to biomass gain, 

which may involve destructive procedures or tedious measurements. 

One of the most widely used methods to determine plant physiological performance is 

through instantaneous point measurements of leaf gas-exchange using portable systems 

(Douthe et al., 2018). These measurements indicate plant physiological status under current 

growth conditions and can be linked to environmental indicators such as nutrient availability, 

temperature and soil water availability (Haworth et al., 2018). Hence, instantaneous point 

measurements of leaf gas-exchange provide a powerful tool for assessing the efficacy of 

microbial inoculants and to elucidate the mechanisms responsible for the benefits.  It may, 

however, not be feasible to conduct leaf gas-exchange measurements on plants that are 

too small, plants with unusual leaf shapes or form (common in Western Australian native 

plant species), or plants growing on rough terrain, such as waste rock dumps. Under such 

circumstances, analysis of foliar stable isotopes is a useful alternative.  

Foliar stable isotopes, such as carbon (δ13C) and nitrogen (δ15N), function as surrogate 

variables that integrate various physiological processes (Robinson et al., 2000) throughout 

the entire developmental period of the leaf tissue (Dawson et al., 2002). Measuring foliar 

δ13C could help determine if the inoculation treatments have improved plant functions such 

as photosynthetic capacity and water-use efficiency (Dawson et al., 2002; Flanagan & 

Farquhar, 2014; Tankari et al., 2019). Foliar δ15N is a good proxy for biological nitrogen 

fixation and successful establishment of symbiosis between plants and the introduced 

microorganisms (Hobbie & Högberg, 2012; Unkovich & Pate, 2001; Unkovich, 2013).   

Compared with physical and physiological measurements, assessing microbial inoculant 

efficacy with biochemical parameters, such as phytohormones, has rarely been utilised 

despite the central role phytohormones play in plant molecular and physiological processes.  
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Phytohormones – the plant-microbial signals 

Phytohormones are a group of small signalling molecules which influence plant physiological 

processes at low concentrations (Davies, 2004). Main classes of phytohormones include 

abscisic acid (ABA), auxins, brassinosteroids, cytokinins, ethylene, gibberellins, jasmonic 

acid, salicylic acid and strigolactones (Wang et al., 2020). Phytohormones are important 

regulators of various plant molecular and physiological processes, ranging from cell division, 

expansion, and elongation, to root growth, shoot branch development, and leaf senescence 

(Wong et al., 2015; Xin et al., 2020). Phytohormones also play critical roles in responses to 

abiotic stresses such as drought (Jogawat et al., 2021) and heavy metals (Kopittke, 2016).  

Apart from production by plants, phytohormones and phytohormone-like metabolites are 

also produced by soil microorganisms (Egamberdieva et al., 2017; Kudoyarova et al., 2019). 

Microorganisms in the rhizosphere produce phytohormonal signals which are transferred to 

plant roots (Yong et al., 2014), and transported via the xylem channel to stimulate plant 

growth and defence (Korobova et al., 2021; Lu et al., 2021). Phytohormones not only travel 

from the microorganisms to the plants, but function as bidirectional communication signals 

between plants and microorganisms (Pozo et al., 2015; Sayer et al., 2021). Therefore, 

measurements of in planta phytohormone concentrations enables assessment of plant 

physiological status and plant-microbial interactions.  

The quantification of plant phytohormones is, however, challenging due to their low 

concentrations (occurring at concentration range of femtomole – picomole per gram of fresh 

plant tissue), varied concentration ranges and presence of interfering compounds such as 

proteins (Šimura et al., 2018; Wang et al., 2020). Plant phytohormones are commonly 

quantified individually through highly specific immunoassays such as enzyme linked 

immunosorbent assay (ELISA). Advancements in analytical equipment such as ultra-high 

performance liquid chromatography tandem mass spectrometry (UHPLC–MS/MS) has 

allowed for simultaneous quantification of phytohormones belonging to multiple classes at 

higher sensitivity and specificity (Šimura et al., 2018; Xin et al., 2020). Simultaneous analysis 

of multi-class phytohormones is important to help unravel the phytohormonal crosstalk 

involved in the regulation of various plant functions and processes and the interactions 

between plants and soil microorganisms (Dicke & van Loon, 2014; Jogawat et al., 2021; 

Pozo et al., 2015).  
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Thesis aims and scope 

The overall aim of this thesis was to investigate the feasibility of using commercially available 

microbial inoculants to improve plant performance in challenging substrates present at mine 

sites in different parts of Western Australia (Figure 4). This was tested in glasshouse 

experiments, first using a crop species (growing on a mixture of topsoil and overburden, 

Chapter 3) followed by native plant species of Banksia woodland (growing on sand, Chapter 

4) and semi-arid shrubland (growing on topsoil, magnetite tailings or a mixture of both, 

Chapter 5) of Western Australia, grown in substrates collected from mine sites. In these 

experiments, plant performance was evaluated using physical and physiological parameters 

including biomass gain, gas-exchange measurements, foliar carbon (C), nitrogen (N) and 

stable isotope (δ13C and δ15N) composition, and plant xylem sap phytohormone 

compositions. Analysis of plant xylem sap phytohormone concentrations was conducted as 

a proxy of interactions between test plants and inoculated microorganisms, and indicator of 

plant physiological status. A phytohormone analytical method (Chapter 2) was established 

for the analyses of plant xylem sap samples collected from the pot experiments. For this 

research, I hypothesized that microbial inoculation treatments would enhance plant 

performance, including biomass gain with corresponding changes in phytohormone 

concentrations.    

 

Chapter 2 presents the plant xylem sap phytohormone analytical method established for 

the analyses of samples collected from the pot experiments. The method was optimised and 

validated using coconut water as plant xylem sap surrogate.  

 

Chapter 3 tests the efficacy of microbial inoculant for post-mining restoration application 

using the crop plant species pigeon pea (Cajanus cajan (L) Millsp.). Plants were grown in 

mine-waste substrate collected from a Pilbara mine site, situated in the north-west of 

Western Australia. Six treatments were established to investigate the effects of microbial 

inoculants (Bradyrhizobium spp., microbial-mix and non-inoculated controls) and water 

availability (low and moderate) in a factorial design over a 6 month growth period. Plant 

performance was evaluated by measuring growth (height and biomass), gas-exchange 

parameters and foliar stable isotope compositions. Plant xylem sap phytohormone 

concentrations and profiles were measured to determine the plants’ physiological status and 

effects of inoculation treatments.    
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Chapter 4 explores the applicability of a commercial microbial inoculant on ten 

representative plant species of the Banksia woodland plant community. The selected plant 

species differed in taxonomy, growth form, nutrient acquisition strategy, drought response, 

fire response and rooting morphology. Nursery acquired plant seedlings were transplanted 

into substrates obtained from a sand mining operation situated in the south-west of Western 

Australia. Over the experimental duration of 24 weeks, plants were subjected to two watering 

regimes (well-watered and drought) in combination with microbial inoculation treatments 

(inoculated and non-inoculated control) to determine if microbial inoculation had beneficial 

impact on plant drought responses. Plant performance was evaluated as biomass gain, gas 

exchange parameters, foliar stable isotope and plant xylem sap phytohormone compositions.  

 

Chapter 5 investigates the use of microbial inoculant to ameliorate magnetite tailings. 

Topsoil and tailings used in this experiment were collected from a magnetite mining 

operation situated in the mid-west region of Western Australia. Six plant species native to 

the region and representative of a wide range of taxonomic and functional diversity were 

investigated over a growth period of 18 months. Plants were grown in three substrates, 

tailings, topsoil and a combination of tailings and topsoil (capped tailings), and subjected to 

either microbial inoculated or non-inoculated (control) treatments. Plant performance was 

evaluated by plant germination, survival, biomass gain and foliar stable isotope 

compositions. Plant xylem sap phytohormone analysis was also used to assess plant 

responses to the microbial inoculant. Soil microbial 16s RNA sequencing was conducted to 

determine if the composition and diversity of soil microbial community had been influenced 

by inoculation and interactions with plants.  
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Figure 4. Glasshouse experiments presented in this thesis and the locations where 
respective substrates were collected within Western Australia. (A) Crop species pigeon pea 
grown in topsoil and overburden collected from a Pilbara mine site, Chapter 3; (B) Banksia 
woodland plant species transplanted in sand collected from a sand mining operation, 
Chapter 4; and (C) semi-arid shrubland plant species grown in topsoil, tailings and 
combination of tailings and topsoil (capped tailings) collected from a magnetite mining 
operation, Chapter 5.  
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Abstract 

Phytohormones are important naturally occurring molecules essential for regulating 

biochemical, physiological and developmental processes in plants. Phytohormones also 

help mediate various roots, soil and microbiome interactions. Phytohormone analysis have 

been widely conducted on agricultural plant species to understand its roles in relation with 

plant growth and abiotic stresses, to improve crop production. Application of phytohormone 

analysis in ecophysiological studies to elucidate ecological processes such as plant-

microbial interactions and stress responses of non-crop species have been undervalued. 

Here we developed a targeted UHPLC-MS/MS method for the tandem analysis of 

phytohormones across various classes (cytokinins, auxins, gibberellins, strigolactones, 

karrikin, abscisic acid and salicylic acid) in xylem sap samples obtained from Western 

Australian native plant species (Acacia ramulosa, Banksia attenuata, Banksia menziesii and 

Eucalyptus loxophleba) subjected to different microbial inoculation and watering regimes. 

The method was developed using coconut water as a surrogate for the plant xylem sap and 

enabled simultaneous and direct analysis of 19 phytohormones across six classes of 

phytohormones with high sensitivity, reproducibility, repeatability and precision. Using the 

validated method, cytokinins, abscisic acid and salicylic acid were detected and quantified 

from the native plant xylem sap samples. Future work investigating the matrix effects of plant 

xylem sap will be useful to determine if additional sample preparations are required to 

enhance analytical sensitivity and accuracy, and aid towards the development of a method 

capable of simultaneous analysis of all phytohormone classes found in the plant xylem 

system. 

 

Keywords 
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Introduction 

Phytohormones are important naturally occurring molecules essential for regulating 

biochemical, physiological and developmental processes (Davies, 2004; Kieber & Schaller, 

2018; Sakakibara, 2006; Wilkinson et al., 1998; Zhao, 2010). To date, nine classes of 

phytohormones, namely, auxins, abscisic acid (ABA), brassinosteroids, cytokinins, ethylene, 

gibberellins (GAs), jasmonates, salicylic acid (SA) and strigolactones, have been identified 

(Su et al., 2017); with auxins, ABA, cytokinins, ethylene and GAs regarded as classical 

phytohormones (Kende & Zeevaart, 1997). Simultaneous analysis of various phytohormone 

classes has allowed for deeper understanding of the complex network of interactions 

between phytohormone classes and plant physiological processes (Almeida Trapp et al., 

2014; Delatorre et al., 2017; Šimura et al., 2018; Urano et al., 2017). However, the trace 

levels of endogenous phytohormones (at concentrations of fmol to pmol g−1 fresh weight; 

Šimura et al., 2018; Tarkowski et al., 2009), posed a serious technical challenge to measure 

the analytes accurately. 

Methods used for phytohormones analyses include immunoassays (radioimmunoassay, 

scintillation proximity assay (SPA), enzyme-linked immunosorbent assay (ELISA)) and gas 

chromatography (GC) and high performance liquid chromatography (HPLC) based 

physicochemical techniques (Tarkowská et al., 2014; Tarkowski et al., 2009; Yong et al., 

2000) which does not usually allow for simultaneous quantitation of multiple phytohormone 

classes. Recently, ultra-high performance liquid chromatography coupled with tandem mass 

spectrometry (UHPLC-MS/MS) has been applied for both qualitative and quantitative 

analysis of target analytes. UHPLC coupled with mass detectors can result in improved 

method sensitivity, resolution and signal-to-noise ratio (S/N) that are significantly enhanced 

(Cao et al., 2020; Delatorre et al., 2017; Gosetti et al., 2010; Šimura et al., 2018).  

Much has been published on the roles of phytohormones  in relation with growth and various 

abiotic stresses including drought and salinity (Cortleven et al., 2019; Gupta et al., 2020; Ma 

et al., 2020; Salvi et al., 2021). Although such abiotic stresses are very prevalent in Australia, 

there is limited phytohormone data published on Australian native plants in relation to abiotic 

stress response. Native plant species are often deemed to be of lower economic values, 

and do not attract as much attention and resources for phytohormonal research compared 

to agricultural species, exceptions being Eucalyptus marginata (Cahill et al., 1986), 

Eucalyptus globulus (high economic value; Negishi et al., 2014) and Banksia prionotes 

(Jeschke & Pate, 1995; Pate et al., 1998). Also, phytohormone analysis  is not widely applied 

in ecophysiological studies, despite its potential application for elucidating some of the 
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ecological processes (Voesenek & Blom, 1996). In the Web of Science, there are 12 150 

publications that resulted from a search for ‘phytohormon*, and only 222 papers belonged 

to the category of Ecology (Appendix 1), whilst search for ‘phytohormon* & ecophysiolog*’ 

yielded 25 publications (search conducted on 27 July 2021).   

Phytohormonal analyses are usually performed using plant tissues such as leaves or roots. 

These require extractions involving solvents and can result in the co-extraction of 

substances that lead to matrix interferences, affecting the quantification of analytes  that are 

present in very low concentrations (Fu et al., 2011). Many studies have suggested that 

circulating phytohormones in the vascular system (xylem and phloem) can be potentially 

analysed (Bishopp et al., 2011; Dodd et al., 2010; Dreischhoff et al., 2020; Furch et al., 2014; 

Jackson, 1993; Schurr, 1998; Yong et al., 2000). In addition to the transfer of mineral 

nutrients (Alvarez et al., 2008; Bahrun et al., 2002; Peuke et al., 2001), the vascular system 

also serve as a pathway for signalling molecules such as phytohormones to communicate 

information pertaining to the prevailing abiotic and biotic conditions above and below ground 

(Dodd et al., 2010; Lucas et al., 2013; Smith et al., 2017).  

Phytohormones help mediate various roots, soil and microbiome interactions including 

microbial symbiosis, nutrient acquisition, plant growth, root morphogenesis, stress tolerance 

and resilience, and immunity to diseases and pathogens (Akhtar et al., 2020; de Vries et al., 

2020; Msimbira & Smith, 2020; Naseem et al., 2014; Ngumbi & Kloepper, 2016; Oleńska et 

al., 2020; Pérez-Montaño et al., 2014). Studies have suggested that phytohormonal signals 

are transferred from the rhizosphere to the roots, and transported to the shoot via the xylem 

channel to regulate the plants’ physiological responses according to their prevailing growth 

conditions (de Vries et al., 2020; Dodd et al., 2010; Gupta et al., 2020; Kiba et al., 2019; Lu 

et al., 2021; Yong et al., 2000, 2014). Thus, the analysis of plant xylem phytohormonal 

profiles might offer valuable insights on plant-microbe interactions.     

To facilitate research into the role of phytohormones in plant-microbe interactions and plant 

stress responses (Chapters 3, 4 and 5), we developed a targeted UHPLC-MS/MS method 

for the tandem analysis of cytokinins, auxins, GAs, strigolactones, karrikin, ABA and SA 

phytohormones in xylem sap samples obtained from Western Australian (WA) native plant 

species. This was achieved using coconut water as a surrogate for the plant xylem sap for 

method development. Coconut water is a suitable plant fluid for method development as it 

is easily obtainable and contains a range of measurable phytohormones, amino acids and 

nutrients, commonly found in the xylem sap (Yong et al., 2000, 2009).  We then analysed 

plant xylem sap samples from native plant species including Acacia ramulosa, Banksia 
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attenuata, Banksia menziesii and Eucalyptus loxophleba cultivated in glasshouses under 

controlled conditions. We believe that this is the first report of phytohormonal profiling across 

several classes and quantification by mass spectrometry of xylem sap phytohormones in 

WA native plants. 

 

Experiment 

Reagents and materials 

All the phytohormone standards used in this study were obtained from OlChemIm Ltd. 

(Olomouc, Czech Republic) except for salicylic acid (SA) which was purchased from 

SigmaAldrich (Saint Louis, MO, USA). Please refer to Table 1 for a comprehensive list of 

phytohormones used. Acetonitrile (ACN), methanol (MeOH) and water (Optima™ LC/MS 

grade) were obtained from Fisher Scientific. Acetic acid (AA; LiChropur® LC/MS grade) and 

formic acid (FA; LiChropur® LC/MS grade) were from Merck Pty Ltd.  

 

Preparation of standard solutions 

Stock standard solutions of each phytohormone were prepared at 1 mg mL-1 in MeOH. 

Mixtures of compounds and deuterated internal standards were then prepared by mixing an 

equal amount of each standard to create final concentrations of 10 ug mL-1. Stock standard 

solutions and mixtures were stored at −20 °C. Working solutions were prepared by diluting 

the mixtures into desired concentrations.   
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Table 1. List of targeted phytohormones and respective internal standards, with 
abbreviations. 

Phytohormone 
class 

Compound Abbreviation Internal standard Abbreviation 

Cytokinins  

N6-Benzyladenine   BAP [2H7] N6-Benzyladenine  [2H7]-BAP 
N6-Benzyladenosine  BAPR [2H7] N6-Benzyladenine  [2H7]-BAP 
N6-Isopentenyladenine  iP [2H6] N6-Isopentenyladenine  [2H6] -iP   
N6-Isopentenyladenosine  iPR [2H6] N6-Isopentenyladenine  [2H6] -iP 
trans-Zeatin tZ [2H5] trans-Zeatin  [2H5]-tZ 
trans-Zeatin Riboside  tZR [2H5] trans-Zeatin  [2H5]-tZ 
cis-Zeatin   cZ [2H5] trans-Zeatin  [2H5]-tZ 
Kinetin  K [2H5] trans-Zeatin  [2H5]-tZ 
Dihydrozeatin  DHZ [2H3] Dihydrozeatin  [2H3]-DHZ 
Dihydrozeatin Riboside   DHZR [2H3] Dihydrozeatin  [2H3]-DHZ 
Dihydrozeatin-O-Glucoside   DHZOG [2H5] trans-Zeatin-O-Glucoside  [2H5]-tZOG 
trans-Zeatin-O-Glucoside   tZOG [2H5] trans-Zeatin-O-Glucoside  [2H5]-tZOG 

Auxins  
Indole-3-Acetic Acid  IAA [2H5] Indole-3-Acetic Acid  [2H5]-IAA 

Indole-3-Butyric Acid  IBA [2H5] Indole-3-Acetic Acid  [2H5]-IAA 

Gibberellins 
(GAs) 

Gibberellin A24  GA24   
Gibberellin A15  GA15   
Gibberellin A20  GA20   
Gibberellin A1   GA1   
Gibberellic acid   GA3   
Gibberellin A4  GA4   
Gibberellin A7  GA7   
Gibberellin A13  GA13   
Gibberellin A5  GA5   
Gibberellin A6  GA6   
Gibberellin A9  GA9   
Gibberellin A19  GA19   

Strigolactones 
(±) Strigol    
(±) Orobanchol    

Others 

Karrikin 2  KAR2   

Salicylic acid  SA [2H4] Salicylic acid  [2H4]-SA 

(+)-cis,trans-abscisic acid ABA [2H6](+)-cis,trans-abscisic acid  [2H6]-ABA 
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Instrument parameters  

Targeted phytohormones were analysed using an Acquity UPLC® I-Class System equipped 

with a Binary Solvent Manager, a Sample Manager with 10 μL loop needle, and an Acquity 

UPLC® CSHTM C18 column (2.1 x 100 mm, particle size of 1.7 μm) coupled to a triple 

quadrupole mass spectrometer Xevo® TQ-S micro, all from Waters (Singapore). The UPLC 

mobile phase consisted of electrospray ionization (ESI) mode specific binary gradients of 

ACN with 0.01% (vol vol-1) FA (A) and water with 0.01% (vol vol-1) FA (B), flowing at 0.5 mL 

min-1. The mobile phase gradient is shown in Table 2. Column temperature was held at 

50 °C for both ESI modes. System control, data acquisition and data analysis were 

performed with the MassLynxTM software (version 4.1, Waters, Milford, MA, USA). 

In the ESI positive mode, the MS analyzer had the following settings: source temperature 

150 °C; source desolvation temperature 600 °C; capillary voltage 2.2 kV; cone voltage 20 V; 

cone gas flow 10 L hr-1; desolvation gas flow 950 L hr-1; collision energy MS/ MSMS, 3/ 15 

V. Compound specific MRM transitions were recorded over every chromatographic run to 

maximise the MS signal intensity. Conditions for the MS analyzer in the ESI negative mode 

were the same as ESI positive mode except for the following: source temperature 125 °C; 

capillary voltage 1.5 kV; cone voltage 25 V. 

 

Table 2. UPLC gradient condition for (a) ESI positive mode and (b) ESI negative mode. A 
and B refers to ACN and water, respectively.   

(a)    (b)   
Time (min) %A %B  Time (min) %A %B 
Initial 5 95  Initial 10 90 
4 10 90  2 15 85 
5 20 80  3 20 80 
6 40 60  4 25 75 
7 60 40  5 30 50 
8 80 20  6 40 60 
9 95 5  7 50 50 
10 5 95  8 60 40 
12.5 5 95  9 65 35 
    10 80 20 
    10.30 100 0 
    12 10 90 
    15 10 90 
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Method validation 

Linearity  

Linearity of the calibration curves was determined based on injections of standard solutions 

prepared initially in mobile phase (5% or 10% ACN with 0.01% FA) and then in matrix, i.e., 

coconut water, at the concentrations of 1, 5, 10, 25 and 50 ng mL-1 (ESI positive mode) and 

2.5, 5, 12.5, 25 and 90 ng mL-1 (ESI negative mode). Internal standards were spiked at 5 ng 

mL-1 and 12.5 ng mL-1 for ESI positive and negative mode, respectively, close to 

endogenous concentrations to obtain more accurate quantification (Gosetti et al., 2010).  

 

Limits of detection (LOD) and quantification (LOQ) 

The respective LODs and LOQs of each analyte were determined where signal-to-noise 

ratios of 3:1 and 10:1 were achieved for each analyte, respectively (Šimura et al., 2018). 

LOD is usually determined by spiking the matrix with low concentrations of the targeted 

compounds (Almeida Trapp et al., 2014). However, it is impossible to obtain matrix (coconut 

water or xylem sap) free of the target analytes and hence LODs were determined in solvent 

(5% or 10% ACN with 0.01% FA) instead of matrix (Almeida Trapp et al., 2014).  

 

Method precision and accuracy 

Method precision and accuracy were assessed using spiked coconut water samples. 

Coconut water samples were spiked at three final concentrations, 5, 25 and 50 ng mL-1 and 

5, 25, 90 ng mL-1 (ESI positive and negative mode, respectively). Accuracy was determined 

by the amount of phytohormone recovered (recovery) in spiked samples, after subtracting 

the determined endogenous phytohormone concentration, compared with the known 

theoretical spiked concentration and presented as method accuracy (expressed as 

percentage bias (%bias)) and precision (relative standard deviation percentage (%RSD)) in 

three replicates.   
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Repeatability 

Repeatability of the method were determined using standard solutions at concentrations 1, 

5, 10, 25 and 50 ng mL-1 (ESI positive mode) and 2.5, 5, 12.5, 25 and 90 ng mL-1 (ESI 

negative mode) analysed in triplicates over three consecutive days. The stability of the 

retention time for all compounds was expressed as %RSD. The repeatability of the 

normalized response for each phytohormone was also determined on intra- and inter-day 

basis. 

 

Matrix effect 

Matrix effect was evaluated based on comparison of the slope of the analytical curves 

prepared in matrix (coconut water) and in solvent (Equation 1; Pizzutti et al., 2016) 

Equation 1:  

Matrix effect (%) =
      

   
× 100  

 

Matrix effect of 0% indicates no effect, >0% indicates ion enhancement, <0% indicates ion 

suppression.  

 

Sample collection and preparation 

Coconut water 

Fresh coconut water was obtained from drinking coconuts imported from Thailand (Kulaway 

drinking coconuts, imported by TCFS, New South Wales, Australia). The coconut water was 

filtered through Millex®-HV 0.45 µm sterile hydrophilic PVDF membrane (Merck Pty Ltd). 

The filtered coconut water was freeze-thawed twice to precipitate proteins (Xiong et al., 2017) 

and centrifuged for 5 mins at 16.1x Relative Centrifugal Force (RCF), 0 °C (Eppendorf 

Centrifuge 5415R). Supernatant was transferred and stored at −20 °C prior to analysis. 

Several steps were optimized for direct sample (coconut water) analysis, rotary evaporator 

concentration and sample reconstitution (summarized in Appendix 2).   
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On the day of analysis, frozen samples were spiked with internal standards (final 

concentration 5 ng mL-1 and 12.5 ng mL-1 for ESI positive and negative mode, respectively). 

Spiked samples were weighed before being placed in a rotary evaporator (Eppendorf 

Vacufuge plus) to remove the water content, at room temperature. Samples were then 

reconstituted using 5% ACN for ESI positive mode analysis and 10% ACN for ESI negative 

mode analysis (both ACN and water contained FA at 0.01% (vol vol-1)), matching the initial 

mobile phase of respective modes (Table 2; Boyd et al., 2008). Reconstituted coconut water 

samples were analysed in triplicates.  

 

Plant xylem sap  

Xylem sap samples were collected from WA native plant species cultivated in two separate 

glasshouse experiments. Briefly, both glasshouse experiments were designed to assess the 

effects of microbial inoculants on growth and stress tolerance of WA native plants belonging 

to the Mediterranean-climate Banksia woodlands and the semi-arid shrublands of the mid-

west (Chapter 4 and 5, respectively). The main stress factor studied in the first experiment 

was drought, and in the second experiment soil alkalinity and low fertility. In both 

experiments, plants were grown in mine site collected substrates, overburden layered with 

topsoil for the Banksia woodland species, and topsoil for the semi-arid shrubland species. 

Microbial inoculation was hypothesised to alleviate stress and/or enhance growth, with 

potential applications for ecological restoration at mine sites.  

Xylem sap collection protocol was adapted from Noodén et al. (1990). Xylem sap samples 

were collected pre-dawn when the plants’ water potential is at equilibrium with the soil water 

potential (Jones, 2007) and representative of phytohormones transported from roots to 

shoot  (Dodd et al., 2015). During xylem sap collection, plants were cut at between 1 to 5 

cm above soil level and placed into a pressure chamber (PMS-600, PMS Instrument 

Company, Albany, Oregon, USA). The cut surfaces were blotted with methanol : FA : water 

(14:1:2, vol vol-1) to inhibit enzymatic reactions causing breakdown of phytohormones and 

to remove contaminating cell debris (Noodén et al., 1990). Increasing pressure was 

subjected to the plant cutting placed in the pressure chamber till sap emerge from stem and 

maintained at the same pressure for sap collection for approximately 5 mins. First drops of 

exudates were discarded to avoid contamination arising from the cut surfaces. Collection 

was done using micropipette and transferred into microcentrifuge tubes containing 
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concentrated FA and placed in ice to inactivate enzymatic activities. Collected sap samples 

were stored in darkness at −80 °C before analysis.  

Prior analysis, thawed xylem sap samples were centrifuged for 1 min at 16.1 RCF, 0 °C to 

exclude precipitated proteins. Xylem sap samples within the same treatment group were 

then pooled in equal amounts, and spiked with internal standards before being concentrated 

via the rotary evaporator at room temperature. Samples for ESI positive mode analysis were 

spiked and reconstituted at 10-fold concentration to achieve internal standard concentration 

of 1 ng mL-1; whilst samples for ESI negative mode analysis were spiked to achieve internal 

standard concentration of 10 ng mL-1. These internal standard spiking concentrations were  

used to reflect the endogenous phytohormone concentrations, referenced from xylem sap 

analysis studies (e.g., Alvarez et al., 2008; Furch et al., 2014; Netting et al., 2012; Yong et 

al., 2014), so as to obtain more accurate quantification (Gosetti et al., 2010). All 

concentrated xylem sap samples were reconstituted with respective initial analytical mobile 

phases (Table 1). Reconstituted xylem sap samples were analysed in duplicates and 

triplicates in the ESI positive and ESI negative mode, respectively. 

 

Phytohormone quantification 

The phytohormone concentrations in coconut water and plant xylem sap were quantified 

using the TargetLynxTM software (version 4.1, Waters, Milford, MA, USA). Phytohormones 

with internal standards were quantified using Equation 2, while those without internal 

standards were quantified using external calibration curves prepared in mobile phase. 

Quantification of endogenous phytohormone concentrations referencing internal standards 

is preferred over external calibration curves as the use of internal standards allows for 

correction of compound loss during sample preparation and chromatographic separation, 

and variability in ion yield due to ion suppression (Pan & Wang, 2009). However, internal 

standards could not be obtained for all the compounds, such as GAs, strigolactones and 

karrikin (Table 1), due to unavailability at the time of the experiment.  

Equation 2:  

Phytohormone concentration 

= Peak area of endogenous phytohormone x 
Concentration of internal standard

Peak area of internal standard
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Results  

Method validation 

All targeted compounds had reproduceable retention time with %RSD of less than 3%, 

except KAR2 at 16.4% (Table 3). Representative chromatograms of each compound are 

available in Appendix 4.  

Compounds analysed in the ESI positive mode had low %RSD for both intra- and inter-day 

concentrations, ranging between 0.30-32.8% and 0.58-11.43%, respectively.  ESI negative 

mode analysed compounds, ABA and SA had %RSD below 25% for both intra- and inter-

day concentrations, whilst a large range of values were obtained for GAs. Intra-day 

concentration %RSD for GAs ranged between 10-105% and inter-day concentration %RSD 

ranged between 52-160%.  

All phytohormone standards showed good linearity (Table 3) with R2 values no less than 

0.78, with an overall average of 0.93 across all investigated analytes, within the tested range 

of 1-50 ng mL-1 (ESI positive mode) and 2.5-90 ng mL-1 (ESI negative mode). Recovery of 

each compound was similar across the three spiked concentrations, with larger variations 

observed in DHZOG, IAA, Strigol, Orobanchol and the various GAs. Good recovery of >80% 

and high accuracy (indicated by low %bias values between −14.8 and 10.1%) were obtained 

for most of the compounds analysed in ESI positive mode, with some exceptions. DHZOG, 

IAA, IBA, Strigol and Orbanchol exhibited poor recovery. Recovery of DHZOG was 

exceptionally high (between 208% and 1525%), especially at the lower spiked concentration 

(5 ng mL-1). Low recoveries of IAA, IBA, Strigol and Orbanchol were obtained, especially for 

IAA across all three spiked concentrations. As for compounds analysed in the ESI negative 

mode, good recovery and accuracy were obtained for ABA and SA, but GAs in general 

exhibited poor recovery and accuracy (Table 3).  

The matrix effect for the compounds analysed in the ESI negative mode was considerably 

higher than for those analysed in the ESI positive mode (Table 3). Coconut water caused 

ion suppression in most of the compounds analysed in the ESI positive mode, as evident 

from the negative matrix effect values (Table 3). Ion suppression in these compounds were 

generally less than 30%, but strong suppressions were observed for Strigol (97%) and 

Orobanchol (68%). Ion enhancement occurred for DHZR, DHZOG, tZR, IAA and IBA. Ion 

enhancement for DHZR, tZR and IBA were less than 2%, but DHZOG and IAA were 

enhanced by 39% and 52%, respectively. In the ESI negative mode, ion enhancement 
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generally occurred in all the compounds except SA and GA1, which exhibited ion 

suppression.   

 

Analysis of phytohormones in coconut water 

Using the UPLC-MS/MS system described earlier, phytohormones were successfully 

profiled in coconut water. These are as follows: cytokinins, DHZR, DHZOG, iPR, tZ, tZOG 

and tZR, auxin, IAA and abscisic acid (ABA). Concentrations of phytohormones detected in 

this study are presented in Figure 1 together with results previously reported in other studies. 

Concentrations of DHZR, tZ, tZOG and tZR quantified were close to the reported 

concentrations, with ABA, DHZOG and IAA concentrations higher than reported. In contrast 

with Ge et al. (2006), ribosylated-iP (iPR) instead of iP was detected. BAP (Ma et al., 2008), 

IBA (Ma et al., 2008) and K (Ge et al., 2004, 2006; Mohd Lazim & Badruzaman, 2015) 

previously quantified in coconut water were however not detected in this study.  

 

Figure 1. The phytohormones detected in coconut water () in this study vs reported 
concentrations in previous studies conducted by Ge et al., 2004 (), 2006 (); Ma et al., 
2008 (); Mohd Lazim & Badruzaman, 2015 () and Tan et al., 2014(). DHZR: 
dihydrozeatin-riboside; iPR: N6-isopentenyladenosine, tZ: trans-zeatin; ABA: abscisic acid; 
tZOG: trans-zeatin-O-glucoside; tZR: trans-zeatin-riboside; DHZOG: Dihydrozeatin-O-
glucoside; IAA: indole-3-acetic acid. Note that the averaged concentrations from the 
reported concentration ranges were presented for Mohd Lazim & Badruzaman, 2015.   



 Chapter 2 

35 

Analysis of phytohormones in WA native plant species 

Xylem sap collected from WA native plant species were analysed using the validated 

method. In line with González et al. (2010) for trace concentrations of phytohormones, we 

applied a maximum 45% RSD threshold for analyte acceptance. Most of the concentration 

quantification results %RSD are below 45%. We observed that samples from Banksia 

menziesii showed high RSD values (>45%) for all analytes except ABA and SA, with one 

occurring in Acacia ramulosa for DHZOG (Table 4).   

Experimental treatments (inoculation and watering regimes) resulted in considerable 

variations in phytohormone concentrations in the native plant species assessed (Table 4). 

For interpretations and discussions of the biological significance of the differences between 

plant species and treatments, please see Chapter 4 (Banksia woodland) and Chapter 5 

(semi-arid shrubland).    
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Table 3. Method validation in terms of compound retention time; intra-day and inter-day concentration variations; limits of detection and quantification (LOD, LOQ); linearity and calibration curve equations 
of the phytohormones within the investigated range; matrix effect and recovery of the phytohormones from coconut water spiked at three different concentrations (5, 25 and 50 ng mL-1 for ESI positive mode 
and 5, 25, 90 ng mL-1 for ESI negative mode). 

ESI positive mode        Recovery  
      Pure standard  Spiked level (ng mL-1): Recovery (%) ± RSD (%)  

Phytohormone 
RT 

(min) 
RT 

(%RSD) 

Intra-day 
concentrations 

(%RSD) 

Inter-day 
concentrations 

(%RSD) 
LOD  

(ng mL-1) 
LOQ  

(ng mL-1) 

Linear 
range  

(ng mL-1) 
Linearity 
(R2) Calibration curve 

Matrix 
effect (%) 5 25 50 %bias 

BAP 5.52 0.67 1.09 0.58 0.005 0.05 1-50 0.9864 y = 4270.6x - 6513.3 −24.4 85 ± 0.41 87 ± 0.45 118 ± 1.21 7.95 
BAPR 6.06 0.44 2.57 3.83 0.05 0.1 1-50 0.9985 y = 462.46x + 56.392 −2.3 109 ± 3.46 153 ± 1.16 153 ± 1.89 10.1 
cZ 1.88 2.50 5.80 7.35 0.01 0.1 1-50 0.9971 y = 1184x + 91.432 −19.7 104 ± 9.90 105 ± 8.99 96 ± 1.09 −1.06 
DHZ 1.64 1.61 3.73 2.58 0.1 0.5 1-50 0.9987 y = 297.59x - 37.594 −10.7 56 ± 13.36 62 ± 5.71 59 ± 3.45 41.9 
DHZR 3.94 2.09 5.66 3.34 0.1 0.5 1-50 0.9989 y = 101.99x + 1.8072 0.21 73 ± 8.64 78 ± 7.32 76 ± 5.49 25.0 
DHZOG 1.75 2.90 6.38 2.49 0.005 0.01 1-50 0.9985 y = 93.306x + 3.369 39.0 1525 ± 11.89 341 ± 13.25 208 ± 17.84 2.49 
iP 5.12 0.59 2.41 3.42 0.01 0.5 1-50 0.999 y = 576.9x - 178.05 −16.7 92 ± 4.09 100 ± 2.43 95 ± 1.95 6.66 
iPR 6.00 0.54 5.24 6.34 0.05 0.5 1-50 0.9982 y = 660.92x + 26.19 −4.4 131 ± 0.83 128 ± 2.31 118 ± 1.67 −26.9 
K 3.55 1.83 6.17 9.72 0.05 0.5 1-50 0.9665 y = 992.77x + 420.29 −11.9 87 ± 10.18 138 ± 8.17 97 ± 0.41 −1.27 
tZ 1.56 2.40 8.07 9.70 0.01 0.05 1-50 0.9982 y = 443.55x - 70.617 −13.4 117 ± 11.63 122 ± 11.28 110 ± 0.99 −14.8 
tZOG 1.50 2.19 6.16 3.59 0.1 0.5 1-50 0.9954 y = 42.211x + 4.4551 −10.0 81 ± 26.70 102 ± 20.95 99 ± 5.50 −13.6 
tZR 3.75 2.45 8.33 6.84 0.1 0.5 1-50 0.9978 y = 162.2x + 34.175 2.12 148 ± 31.78 151 ± 11.66 143 ± 1.24 −52.1 
IAA 6.01 0.89 9.51 5.52 0.1 0.5 1-50 0.996 y = 69.261x + 63.817 51.5 −1591 ± 5.06 −298 ± 9.70 −92 ± 18.29 2156 
IBA 6.75 0.54 8.00 10.8 0.005 0.1 1-50 0.9988 y = 64.384x - 17.52 0.76 1 ± 8.39 8 ± 2.29 14 ± 1.85 93.5 
KAR2 2.28 16.43 5.05 3.28 1 2.5 1-50 0.9962 y = 149.24x - 128.68 −31.0 89 ± 9.58 135 ± 1.05 121 ± 1.56 6.95 
Strigol 7.18 0.36 32.8 4.37 1 2.5 1-50 0.8733 y = 32.813x - 71.898 −97.3 −8 ± 174.87 11 ± 43.38 41 ± 8.56 11.1 
Orobanchol 7.17 0.30 0.30 11.4 1 2.5 1-50 0.8714 y = 22.664x - 46.846 −67.9 −3 ± 302.68 7 ± 29.17 57 ± 6.54 9.06 

               
ESI negative mode          Recovery  
      Pure standard  Spiked level (ng mL-1): Recovery (%) ± RSD (%)  

Phytohormone 
RT 

(min) 
RT 

(%RSD) 

Intra day 
concentrations 

(%RSD) 

Inter day 
concentrations 

(%RSD) 
LOD  

(ng mL-1) 
LOQ  

(ng mL-1) 

Linear 
range  

(ng mL-1) 
Linearity 
(R2) Calibration curve 

Matrix 
effect (%) 5 25 90 %bias 

ABA  4.93 1.03 10.2 24.2 2.5 5 2.5-90 0.9513 y = 1.7146x + 6.3232 68.3 90 ± 15.28 128 ± 14.90 78 ± 23.76 −23.0 
SA 3.96 0.48 9.59 23.8 1 2.5 2.5-90 0.9672 y = 14.866x + 61.42 −72.4 97 ± 9.18 125 ± 9.23 96 ± 4.35 −7.95 
GA1 3.25 0.23 105 112 12.5 25 25-90 0.5398 y = 1.0652x - 4.0332 −1961 - - - −173 
GA3 3.06 0.38 16.5 66.3 12.5 25 25-90 0.7803 y = 0.9127x + 3.6906 71.7 - 222 ± 45.68 165 ± 5.62 −57.9 
GA4 6.74 0.28 50.8 110 2.5 5 5-90 0.8705 y = 0.1356x - 0.0935 1326 150 ± 148 191 ± 61.16 194 ± 12.64 −54.3 
GA5 5.08 0.73 38.2 102 2.5 5 5-90 0.9449 y = 0.4674x + 0.6579 26.4 223 ± 42.23 158 ± 48.73 119 ± 10.70 −54.8 
GA6 4.02 0.11 16.6 91.7 2.5 5 5-90 0.9718 y = 0.442x + 0.2547 7.1 120 ± 49.96 185 ± 11.54 107 ± 12.34 −38.7 
GA7 6.62 0.68 10.5 52.1 2.5 5 5-90 0.9463 y = 0.3193x + 1.0505 1159 50459 ± 8.62 9334 ± 30.77 1782 ± 29.73 −16042 
GA9 7.79 0.21 50.0 86.8 5 12.5 12.5-90 0.7973 y = 0.0301x + 0.0696 222 - - - - 
GA13 5.01 0.16 12.9 54.1 5 12.5 12.5-90 0.9539 y = 1.8383x + 6.297 67.2 175 ± 10.27 193 ± 2.90 149 ± 7.86 −52.5 
GA15 7.73 0.23 34.6 107 2.5 5 5-90 0.8051 y = 0.1566x + 0.0345 88.9 84 ± 110 218 ± 23.10 174 ± 12.85 −17.0 
GA19 5.16 0.13 50.7 113 12.5 25 25-90 0.9046 y = 0.3127x - 0.3079 45.8 23 ± 173 106 ± 15.62  151 ± 20.76 −45.5 
GA20 5.15 3.29 94.9 160 5 12.5 12.5-90 0.8406 y = 0.0177x + 0.015 43.5 13 ± 173 3 ± 173 3 ± 173 −70.8 
GA24 7.09 0.11 13.5 81.9 2.5 5 5-90 0.9701 y = 0.2851x + 0.14 60.5 67 ± 25.31 217 ± 10.23 146 ± 13.05 −37.7 
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Table 4. Phytohormone concentrations quantified in xylem sap of WA native plant species grown in glasshouse experiments. Values presented are mean (nmol L-1), and relative standard deviation (RSD) 
expressed in percentages. Inoculation treatments ‘−’ and ‘+’ represent non-inoculated and inoculated, respectively. DHZOG: Dihydrozeatin-O-glucoside; iPR: N6-isopentenyladenosine; tZOG: trans-zeatin-
O-glucoside; tZR: trans-zeatin-riboside; ABA: abscisic acid; SA: salicylic acid; <LOD: below limits of detection; <LOQ: below limits of quantification. 

 Systems Species Inoculation Watering 
regime 

DHZOG iPR tZOG tZR ABA SA 

      (nmol L-1) (%RSD) (nmol L-1) (%RSD) (nmol L-1) (%RSD) (nmol L-1) (%RSD) (nmol L-1) (%RSD) (nmol L-1) (%RSD) 
Banksia woodland Banksia attenuata  − Well-watered 0.608 15 0.048 19 4.12 17 0.52 32 131 8 590 9 

  + Well-watered 0.610 0.21 0.072 2 3.06 4 1.12 14 89.9 1 598 2 

  − Drought 0.636 11 0.066 17 4.82 3 0.40 23 67.0 17 583 4 

  + Drought 0.738 11 0.066 7 4.56 4 2.17 19 45.0 11 736 7 

                

 Banksia menziesii  − Well-watered 3.57 120 0.057 60 38.4 77 4.66 71 139 9 929 6 

  + Well-watered 3.09 17 0.110 13 38.8 47 3.11 61 69.1 2 1061 6 

  − Drought 3.41 6 0.092 17 29.8 12 1.90 43 90.9 6 941 2 
    + Drought 1.00 49 0.060 15 29.2 48 0.44 9 69.2 11 1036 4 
                
Semi-arid shrubland Acacia ramulosa  − Well-watered 12.1 71 2.03 15 18.1 38 3.02 6 47.8 22 59.3 10 
  + Well-watered 4.42 9 3.43 9 9.61 25 3.24 12 144 26 140 2 
                
 Eucalyptus loxophleba  − Well-watered 8.53 44 0.656 15 150 40 <LOQ - 66.0 15 206 15 
  + Well-watered 1.28 25 0.596 16 11.7 3 <LOD - 88.1 2 71.2 7 
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Discussion 

A UHPLC-MS/MS method was successfully developed for the simultaneous quantitation of 

19 phytohormones across six classes of phytohormones showing high sensitivity, 

repeatability and precision. These phytohormones had reproduceable retention time and 

responses for both intra- and inter-day analyses. Linearity with R2 values above 0.87 was 

achieved in the tested range of 1-50 ng mL-1 (cytokinins and auxins) and 2.5-90 ng mL-1 

(ABA and SA). Good recoveries were also obtained for most compounds except auxins, 

DHZOG and strigolactones.  

In this study, coconut water DHZOG quantified was higher than past reports (Figure 1). This 

could have been due to high matrix effect (39%) resulting in signal enhancement and 

consequently overestimation of concentrations (higher recovery; Gosetti et al., 2010). 

Similarly, high matrix effect (51%) may have contributed to the large coconut water IAA 

concentration deviations from previous reports (Figure 1). Despite signal enhancement from 

matrix effect, auxin recovery percentages were extremely low at all investigated spiking 

concentrations (Table 3). This is likely due to compounding effects from matrix effect and 

the use of a less suitable ionisation mode. Auxins can be analysed in both ESI positive and 

negative modes (Cao et al., 2016) and recent works have analysed auxins in ESI positive 

mode (Hashiguchi et al., 2021; Revelou et al., 2019; Šimura et al., 2018; Yalçın et al., 2019) 

instead of ESI negative mode (Pan et al., 2010). Various method development and validation 

works have also highlighted that analysis of auxins in ESI positive mode is more sensitive 

than in ESI negative mode (Cao et al., 2016; Kojima et al., 2009; Pěnčík et al., 2018; Revelou 

et al., 2019). Hence, analysis of auxins in ESI positive mode was selected in this study. 

However, there is a possibility that the analysis of auxins in coconut water and xylem sap in 

ESI negative mode may yield better response due to improved sensitivity from increased 

ionization efficiency and potential lower detection limits (Liigand et al., 2017).  

Unlike DHZOG and IAA, suppressive matrix effects were observed for strigolactones. 

Strigolactones were included in the analytical method as it is a recently discovered class of 

phytohormones with various roles in regulating developmental processes, environmental 

responses, and symbiotic interactions with microorganisms (Borghi et al., 2016; Chesterfield 

et al., 2020; Halouzka et al., 2020). Method validation results for strigolactones were not 

ideal. High suppressive matrix effects (>67.9%) and poor recovery of −8 to 57% indicate 

that the method was unsuitable for Strigol and Orbanchol analysis. Furthermore, 

strigolactones have never been identified in coconut water and hence there is no reference 
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to determine if the strigolactone concentrations quantified from coconut water were accurate. 

Thus, analysis of strigolactones in native plant xylem sap samples was omitted.   

Although matrix effect has resulted in higher IAA concentration quantified in coconut water 

than previously reported, IAA was not detected in the native plant xylem sap samples. 

Auxins were expected to be absent as auxins are transported via phloem and not in the 

xylem (Petrášek & Friml, 2009). It is important to note that plant xylem sap and coconut 

water are different matrices, as the composition (such as sugar and amino acids) differs 

between coconut water and plant xylem sap. Large molecular weight compounds such as 

sugar, lipids, gazer (large conjugated organics with cytokinins, G3A2-ZR) and possible 

soluble solids could have been the cause of the matrix effects in coconut water (Frébort et 

al., 2011; Kobayashi et al., 1995; Prades et al., 2012; Yong et al., 2009). For example 

coconut water was found to have (mean ± standard deviations) 66 ± 18 mmol L-1 sucrose 

and 2.5 ± 2.6 g L-1 proteins, across 13 different coconut varieties (Prades et al., 2012). 

Banksia prionotes from native habitat did not contain any sucrose, but had 0.42 ± 0.07 mmol 

L-1 total amino acids in the xylem sap (Jeschke & Pate, 1995). Eucalyptus grandis x E. 

urophylla hybrid clones had sucrose concentrations ranging between 0.99-1.75 mmol L-1 

(Mattiello et al., 2009). Total amino acids found in E. todtiana was 0.83 mmol L-1 and 2.4 

mmol L-1 in Acacia saligna (Pate et al., 1991). Although xylem sap amino acid and sugar 

compositions of the investigated plants are undetermined, the highly varied concentration of 

tZOG in B. menziesii (treatment groups: −, well-watered and +, drought) and tZR in both B. 

attenuata (+, drought) and B. menziesii (+, drought) suggested that matrix effects could have 

been present.  

A common method utilized to reduce potential matrix effects is to dilute the samples. This 

method, more commonly known as “dilute-and-shoot”, had been used alongside LC-MS/MS 

across various scientific disciplines and sample matrices (Greer et al., 2021). Applications 

in phytohormone related analysis, however, remain limited. The use of dilute-and-shoot 

omits the sample clean-up steps involving materials such as alkyl-bonded silica, that may 

reduce recoveries at low analyte concentration (Sulyok et al., 2020). Dilute-and-shoot may 

also be advantageous over solid-phase extraction (SPE) to allow simultaneous analysis of 

multiple compounds of different properties. This had been proven by the work of Sulyok et 

al. (2020), in which >500 mycotoxins and secondary metabolites (including ABA and GA) 

were quantified from different food matrices. Thus, the “dilute and shoot” method could 

perhaps be further explored for phytohormone analysis in matrices such as coconut water 

and xylem sap. Steps taken to remove plant cell debris, pigments or other large molecules 
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are likely required for plant tissue phytohormonal extract analysis to prevent clogging of 

columns and potential damage to equipment.  

This method did not include GAs because of the wide range of intra- and inter-day 

concentration %RSD, minimum LOD of 2.5 ng mL-1 and LOQ of 5 ng mL-1. These indicate 

that the method for GA analysis is not stable, robust nor sufficiently sensitive for analysis of 

GAs occurring at lower concentrations in xylem sap (Martínez-Andújar et al., 2017). GAs 

analysis by LC-ESI-MS/MS is challenging due to their complex and highly similar chemical 

structures and low ionisation efficiency in the negative ion mode (Wang et al., 2020). Limited 

plant xylem sap samples also prevented the application of sample derivatisation techniques, 

which requires higher sample volumes, to improve ionisation efficiency and detection 

sensitivity of GAs by introducing positively charged moieties via derivatisation reactions (Ge 

et al., 2008; Pan et al., 2017; Wang et al., 2020). These would require further investigations 

into the suitability of each derivatisation reagent and conditions for GAs in liquid medium 

such as coconut water and xylem sap (Pan et al., 2017).  

 

Conclusions 

A UHPLC-ESI-MS/MS method was developed for the simultaneous analysis of auxins, 

cytokinins, karrikin, strigolactones, ABA, GAs, and SA. Comprehensive method validation 

shows high repeatability and precision reflected by low intra and inter-day 

concentration %RSD that were less than 20% and good recovery of >80%. Using the 

validated method, cytokinins, abscisic acid and salicylic acid were detected and quantitated 

from the xylem sap samples harvested from Western Australian native plants, A. ramulosa, 

B. attenuata, B. menziesii and E. loxophleba. This is the first investigation on Western 

Australian native plant xylem sap phytohormonal changes in respond to microbial 

inoculation treatments and drought stress. Future work investigating the matrix effects of 

plant xylem sap will be useful to determine if additional sample preparations are required to 

enhance analytical sensitivity and accuracy. Plausible derivatization protocols for plant 

xylem sap should also be established for the analysis of GAs. These will aid towards the 

development of a method capable of simultaneous analysis of all phytohormone classes 

found in the plant xylem system.  
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Supplementary material 

Appendix 1. Visualisation treemap on the number of papers in the Web of Science 
categories over the years using search term ‘phytohormon*’, executed on 27 July 2021. 
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Appendix 2. Sample preparation optimisation flowchart 
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Appendix 3. MS conditions for the investigated phytohormones (compound) and respective internal standard (IS) 

 

Compound MRM transition RT (min) CV (V) CE (V) Dwell time (ms) IS IS MRM transition IS RT (min) CV (V) CE (V) Dwell time (ms) 

BAP 226 > 91 5.54 23 22 0.15 [2H7]-BAP 223 > 98 5.47 25 24 0.2 

BAPR 358 > 226 6.08 10 20 0.25 [2H7]-BAP 223 > 98 5.47 25 24 0.2 

cZ 220 > 136 1.9 17 25 0.05 [2H5]-tZ 225 > 46 1.55 18 21 0.1 

DHZ 222 > 136  1.65 20 23 0.05 [2H3]-DHZ        225 > 136 1.62 20 26 0.05 

DHZR 354 > 136 3.99 14 40 0.15 [2H3]-DHZ 225 > 136 1.62 20 26 0.05 

DHZOG 384 > 222 1.76 24 19 0.05 [2H5]-tZOG     387 > 225 1.49 17 17 0.2 

iP 204 > 136 5.13 17 17 0.05 [2H6] -iP 210 > 137 5.07 20 23 0.03 

iPR 336 > 136 6.01 22 30 0.1 [2H6] -iP       210 > 137 5.07 20 23 0.03 

K 216 > 81 3.58 20 28 0.2 [2H5]-tZ 225 > 46 1.54 18 21 0.1 

tZ 220 > 97 1.59 21 19 0.06 [2H5]-tZ 225 > 46 1.54 18 21 0.1 

tZR 352 > 220 3.8 14 21 0.05 [2H5]-tZ 225 > 46 1.54 18 21 0.1 

tZOG 382 > 220 1.52 20 23 0.15 [2H5]-tZOG 387 > 225 1.49 17 17 0.2 

IAA 176 > 130 6.04 15 20 0.08 [2H5]-IAA 181 > 134 6.01 20 25 0.1 

IBA 204 > 186 6.77 22 15 0.25 [2H5]-IAA 181 > 134 6.01 20 25 0.1 
Strigol 347 > 97 7.18 10 21 0.097       
Orobanchol 347 > 97 7.17 25 38 0.097       
KAR2 137 > 81 2.37 10 21 0.041       
ABA 263 > 153 4.95 20 15 0.014 [2H6]-ABA 269 > 159 4.93 25 16 0.014 
SA 137 > 93 3.96 25 13 0.027 [2H4]-SA 141 > 97 3.91 25 27 0.027 
GA1 347 > 237 3.19 10 21 0.03       
GA3 345 > 239 3.06 20 15 0.03       
GA4 331 > 257 6.74 25 25 0.051       
GA5 329 > 145 5.10 10 27 0.014       
GA6 345 > 119 4.02 10 24 0.027       
GA7 329 > 211 6.64 10 29 0.082       
GA9 315 > 253 7.79 10 25 0.03       
GA13 377 > 303 5.01 10 23 0.03       
GA15 329 > 257 7.73 14 27 0.064       
GA19 361 > 273 5.16 20 29 0.03       
GA20 331 > 173 5.26 25 32 0.03       
GA24 345> 257 7.09 25 28 0.03       
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Appendix 4. Representative chromatograms of investigated compounds and internal 
standards 

 

Cytokinins 
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Appendix 4. Representative chromatograms of investigated compounds and internal 
standards (continued) 

 

Auxins 

 

Gibberellins 
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Appendix 4. Representative chromatograms of investigated compounds and internal 
standards (continued) 

 
Strigolactones 

 

Others 

 

Internal standards 
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Abstract  

Mining activities alter soil physicochemical and biological properties which are critical for 

plant establishment. Revitalisation of soil biological properties via microbial inoculations can 

potentially be adopted to improve vegetation restoration. Here, we evaluate the feasibility of 

using beneficial microorganisms in the form of commercially available inoculants to enhance 

plant performance in a non-toxic and infertile mine-waste substrate, using pigeon pea 

(Cajanus cajan (L) Millsp.) as a test plant. Six treatments were established to investigate the 

effects of inoculants (Bradyrhizobium spp., microbial-mix and uninoculated controls) and 

water availability (low and moderate) in a factorial design over 6 months. Plant performance 

was determined by physiological parameters (leaf gas-exchange, leaf carbon, nitrogen and 

stable isotopes) and growth (height and biomass). Plant xylem sap phytohormones were 

measured to determine the plants’ physiological status and effects of inoculation treatments. 

Results revealed that water had a greater effect on plant growth than inoculation treatments. 

Inoculation treatments, however, improved some physiological parameters. This study 

suggests that physical conditions such as soil moisture and nutrient availability may occlude 

more subtle (direct or interactive) effects of beneficial soil microbes on plant growth and 

plant condition. Prior knowledge on the biological and physicochemical properties of the soil 

to be amended, and on plant species-specific responses, would be needed to customise 

microbial inoculants for maximum benefits to ecological restoration, to support future 

adoption of this practice.  

 

Keywords 

Microbial inoculation; mine site restoration; gas-exchange; xylem sap; phytohormones; soil 

amendments   
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Introduction 

Globally, mine site restoration faces great challenges due to legacy effects of mining 

operations such as disturbed soil structure (Sheoran et al., 2010), and soil and groundwater 

pollution due to heavy metals and chemical leaching (Duruibe et al., 2007; Jung, 2001; 

Wong, 2003). One of the greatest challenges in mine site restoration is the re-establishment 

of self-sustaining vegetation (Thavamani et al., 2017) in substrates that have been 

biologically degraded (Harris et al., 1993). Mine site restoration in arid and semi-arid zone 

systems such as Western Australia (WA) is further challenged by climatic factors including 

seasonal aridity and high temperatures (Groom & Lamont, 2015), soils of low organic matter 

(Murphy et al., 1998) and low phosphorus content (Soil Quality Pty Ltd, 2017). To date, mine 

site vegetation restoration success rates have been low (Lamb et al., 2015; Suding, 2011), 

so restoration practices need to be improved to increase the success rates.  

Current common practice in large and long-term WA mine sites involves the stripping and 

stockpiling of topsoils, before spreading the topsoils onto engineered landforms for 

vegetation restoration. The depth of topsoils stripping ranges between 5 and 100 cm, 

depending on soil types, and varies between locations and company practices (Evolution 

Mining, 2015; Sustainable Soils Management Pty Ltd, 2013). Guidelines on topsoil handling 

have been established to ensure that the soil retains its full functionality for restoration use 

(LPSDP, 2016; Main Roads Western Australia, 2016; MHFD, 2020). However, the 

physicochemical and biological properties which determine “soil quality” and functionality of 

these topsoils are often altered in the process (Delgado & Gomez, 2016; Golos & Dixon, 

2014; Vincent et al., 2018). The stripping, stockpiling and spreading of the topsoils lead to 

drastic changes in soil structures (Wick et al., 2009). Rearrangement of mineral particles, 

organic matter and pore space among these particles may cause compaction, ground 

fissures and alter soil hydraulics and water retention properties, which are important for plant 

water access and up-take (Bünemann et al., 2018; Delgado & Gomez, 2016) and impact 

the soil biogeochemical cycles and distribution of soil organisms (Bi et al., 2019; Buscot, 

2005; Wong & Bradshaw, 2003). Topsoil compaction may also impose penetration 

resistance to root growth and various physiological dysfunctions resulting in poor plant 

growth (Bünemann et al., 2018; Kozlowski, 1999).  

Long-term stockpiling without vegetation cover also alters soil physicochemical and 

biological properties. Wind erosion and leaching may cause the loss of organic matter and 

mineral nutrients, reducing the fertility of the topsoils. More importantly, prolonged absence 

of plants in the topsoils ceases rhizodeposition, the input of plant organic carbon to the soil 
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system via root turn-over and root exudation (Delgado & Gomez, 2016; Golos & Dixon, 2014; 

Gougoulias et al., 2014). This in turn affects soil microorganisms which are dependent upon 

rhizodeposition as an energy source (Raaijmakers et al., 2009). Lack of plant presence also 

reduces niche areas (i.e., rhizosphere) for soil microbial activities and colonization sites for 

beneficial microorganisms such as Rhizobium and mycorrhizal fungi, which are dependent 

on plant roots for physical support. The reduction in soil microorganisms in turn leads to 

decreased soil biological properties which are important for supporting plant growth.  

Revitalisation of soil biological properties by applying microbial inoculants directly or 

indirectly through organic amendments are potential methods to help increase mine site 

restoration success (Abbott et al., 2018; Hueso-González et al., 2017; Rivera et al., 2014; 

Vincent et al., 2018). Multiple studies in agricultural and forestry systems have revealed that 

soil microorganisms, including mycorrhizal fungi and bacteria, can enhance plant nutrient 

uptake and promote growth (Grover et al., 2011; Hayat et al., 2010; Pii et al., 2015; Trabelsi 

& Mhamdi, 2013; Yong et al., 2014). Soil microorganisms also help increase plant resistance 

against drought stress via various mechanisms (de Vries et al., 2020; Ngumbi & Kloepper, 

2016; Tobar et al., 1994; Zhao et al., 2015). Use of microbial inoculants and organic 

amendments to achieve sustainable agriculture is also being advocated (Abbott et al., 2018; 

Backer et al., 2018; de Vries et al., 2020; Finkel et al., 2017; Wong et al., 2020) as the 

understanding of beneficial plant-microbe interactions is increasing with research and 

technological advances. Likewise, these beneficial interactions could be exploited to 

improve mine site vegetation restoration through increasing rhizospheric nutrient and 

bioactive metabolite availability, improve plant nutrient and water uptake and increase stress 

tolerance. For example, enhancement of mineral nutrient and water uptake via root 

architecture modification due to mycorrhizal symbiosis, or root growth stimulation from 

microbial metabolites like phytohormones, e.g., auxins and cytokinins (Bi et al., 2019; Boivin 

et al., 2016; Cox et al., 2018), could benefit plants in nutrient-poor and arid environments 

such as WA mine sites. Past studies have also shown increased survival in plants inoculated 

with beneficial microorganisms (Ngumbi & Kloepper, 2016). 

As facilitators of plant-microbe interactions, phytohormones are involved in many 

belowground interactions between roots, soil and the microbiome, mediating microbial 

symbiosis, root morphology, nutrient acquisition, plant growth, resilience and immunity to 

diseases (de Vries et al., 2020; Naseem et al., 2014; Ngumbi & Kloepper, 2016; Pérez-

Montaño et al., 2014; Wong et al., 2020). Our understanding of the communication pathway 

for phytohormones along this soil-microbe-root-shoot continuum is improving. Current 
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evidence indicated that the phytohormonal signals were transferred from the soil and 

microbes (rhizosphere) to the roots, entering the xylem channel and finally reaching the 

shoots to optimize physiological responses to match the prevailing growth conditions (de 

Vries et al., 2020; Dodd et al., 2010; Gupta et al., 2020; Kiba et al., 2019; Yong et al., 2000, 

2014). Thus, assessing the xylem phytohormonal profiles of test plants might offer valuable 

insights to assess the status of any plant-microbe interactions. 

Despite the great potential for the use of microorganisms to increase mine site restoration 

success, there is a knowledge gap in the growth benefits microorganisms can confer to 

plants under mine site conditions. Available literature on microorganisms in a mining context 

are mostly focused on the microbial community structure shifts, diversity, functionality 

(Banning et al., 2011; Degrood et al., 2005; Harris et al., 1989; Kumaresan et al., 2017; Li 

et al., 2014) and phytoremediation of pollutants (Fashola et al., 2016; Thavamani et al., 2017; 

Wong, 2003). However, works investigating growth benefits that microorganisms can confer 

on plants under mine site conditions are limited.  In one recent study by Moreira-Grez et al. 

(2019), the effects of a commercial inoculant and mineral fertilization on seedling emergence 

of Acacia ancistrocarpa, a native legume commonly used in restoration, was investigated. 

The study concluded that the commercial inoculant reduced seedling emergence and did 

not enhance plant fitness determined via shoot:root ratio measurements on plants subjected 

to 12 weeks growth. In contrast, Aggangan & Anarna (2019) found that microbial inoculated 

seedlings of Acacia mangium, Eucalyptus urophylla and Pterocarpus indicus performed 

better in terms of survival, biomass and microbial population after 27 months of growth in 

substrates subjected to additional amendments (lime, vermicompost and inorganic 

fertilizers). Contrasting findings between both studies highlighted that much work is still 

required to determine the effects of commercial inoculants on the growth and physiological 

condition of plant species over longer growth periods.  

Thus, the aim of the present work was to further evaluate the feasibility of using beneficial 

microorganisms in the form of commercially available inoculants to enhance plant 

performance in a non-toxic but infertile mine-waste substrate, using pigeon pea (Cajanus 

cajan (L) Millsp.) as a test plant. Six treatments were established to investigate the effects 

of inoculants (Bradyrhizobium spp., microbial-mix and uninoculated controls) and water 

availability (low and moderate) in a factorial design over 6 months. Plant performance was 

determined by physiological parameters and xylem sap phytohormone concentrations were 

measured to determine the plants’ physiological status and effects of inoculation treatments. 

We hypothesized that pigeon pea subjected to microbial inoculation would exhibit better 
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growth performance and drought tolerance with corresponding changes in xylem sap 

phytohormones. 

 

Methods 

Plant species selection 

Pigeon pea (Cajanus cajan (L.) Millsp.), a fast-growing legume able to withstand arid 

conditions, was selected as the test plant in this experiment. Pigeon pea has been widely 

used in plant-growth promoting rhizobacteria interaction studies (Gopalakrishnan et al., 

2016; Sonawane et al., 2019) and drought stress tolerance experiments (Qiao et al., 2011). 

Information on phytohormone profile changes in pigeon pea with microbial inoculation is 

also available (Upadhyaya et al., 1991; Yong et al., 2014), to help determine the efficacy of 

the inoculation treatments in regulating plant physiology. 

 

Plant growth conditions 

Seeds of pigeon pea, sourced from seed company Perth Hills Veggie Co., Perth, WA, were 

sown in plastic tapered square pots (60 mm x 60 mm x 200 mm; Garden City Plastics, 

Forrestfield, WA) containing 640 mL sieved (12.5 mm) and homogenised substrate (25% 

topsoil and 75% overburden) collected from a Pilbara mine site. The Pilbara region, situated 

in the north of Western Australia, is a biodiverse semi-arid ecosystem but also one of the 

most heavily mined regions in the state (Department of Primary Industries and Regional 

Development, 2017; Muñoz-Rojas et al., 2016). In the local restoration operations, 

overburden consisting of rocks and soil that originates from the layer surrounding the ore 

body being mined (Oggeri et al., 2019) is commonly used in landform reconstruction and as 

vegetation growth media in mixture with topsoil (Muñoz-Rojas et al., 2016). Topsoil and 

overburden originated from an iron ore mine near Newman, WA. Both substrates were 

stockpiled on-site for 5+ years before being stored dry in steel drums for an additional 5+ 

years. Hence, the substrates were considered infertile and biologically impoverished. The 

homogenised substrate had a water holding capacity of approximately 22%. Chemical 

properties of the substrate were determined by CSBP Soil and Plant Analysis Laboratory 

(Bibra Lake, WA), and are presented in Table 1.  The plants were grown in a glasshouse at 

the University of Western Australia (UWA) under daytime average photosynthetically active 

radiation (PAR) of 600 µmol m-2 s-1 between September 2017 and March 2018, in simulated 
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Pilbara climatic conditions of 34  1 °C day, 25  1 °C night and average relative humidity 

of 55%. 

 

Table 1. Chemical properties of the substrate used in this experiment. DTPA: diethylene-
triamine-penta-acetic acid; Exc.: exchangeable.  

Chemical properties 

Total Nitrogen (mg 100g-1) < 10 

Ammonium Nitrogen (mg kg-1) 6.67 ± 0.67 

Nitrate Nitrogen (mg kg-1) 7.00 ± <0.01 

Total Phosphorus (mg kg-1) 253 ± 8.27 

Colwell Phosphorus (mg kg-1) < 2 

Colwell Potassium (mg kg-1) 82.7 ± 1.67 

Sulphate Sulphur (mg kg-1) 130 ± 3.35 

Total Carbon (mg 100g-1) 710 ± 20.0 

Organic Carbon (mg 100g-1) 270 ± 20.0 

Conductivity (dS m-1) 0.19 ± < 0.01 

pH (CaCl2) 7.53 ± 0.03 

pH (H2O) 8.27 ± 0.07 

Exc. Acidity (meq 100g-1) < 0.01 

Exc. Aluminium (meq 100g-1) 0.06 ± 0.01 

Exc. Calcium (meq 100g-1) 5.41 ± 0.03 

Exc. Magnesium (meq 100g-1) 1.01 ± < 0.01 

Exc. Potassium (meq 100g-1) 0.16 ± 0 

Exc. Sodium (meq 100g-1) 0.22 ± 0 

DTPA Copper (mg kg-1) 0.21 ± 0.01 

DTPA Iron (mg kg-1) 3.30 ± 0.24 

DTPA Manganese (mg kg-1) 1.92 ± 0.04 

DTPA Zinc (mg kg-1) 0.63 ± 0.05 

Aluminium CaCl2 (mg kg-1) < 0.01 

Boron hot CaCl2 (mg kg-1) < 0.01 
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Experimental procedure 

Six treatments were established to investigate the effects of microbial inoculants 

(Bradyrhizobium spp., microbial-mix and uninoculated controls) and water availability (low 

and moderate) on the growth and physiology of pigeon pea. During sowing, rhizobial 

inoculated treatments were treated with a commercially available Bradyrhizobium spp. 

(obtained from Perth Hills Veggie Co., Perth, WA) at 0.25 g inoculant per 100 g of seeds 

(Drew et al., 2012). Bradyrhizobium spp. is widely used for pigeon pea culture in Australia 

(Drew et al., 2012). Microbial-mix inoculated treatments were treated with a freeze-dried 

commercial microbial mix (Langley Fertilizers Troforte® Microbe Blend – Cropping, Sunpalm 

Australia Pty Ltd, Wangara, WA), comprised of beneficial bacteria and fungi (Appendix 1), 

reconstituted in deionised water, in addition to the commercial Bradyrhizobium spp. 

inoculant. 500 µL inoculant (equivalent to 0.1 g microbial mix) was applied around the seeds, 

covered loosely with fine substrate, and kept moist until seedlings emerged. These 

inoculation treatments are hereby referred to as “Rhizobia” and “Microbes” inoculated 

treatments, respectively. Controls of uninoculated plants were also included. Each treatment 

group had five replicates. All treatments received 0.47 g commercial controlled-release 

fertilizer (10:1.5:4.5% NPK plus trace elements, release pattern 3 months, Sunpalm 

Australia Pty Ltd, Wangara, WA) 10 days after the seeds were sown. Fertilization was 

delayed to avoid downregulation of plant-microbial symbiosis observed in fertilized plants 

(Upadhyaya et al., 1991; Yong et al., 2014; Porter & Sachs, 2020). Uniform seedlings were 

subsequently selected to achieve a final density of one plant per pot. Initially, the seedlings 

were given 36 mL of water daily for two weeks before being subjected to low and moderate 

watering regimes adapted from Muñoz-Rojas et al. (2016). In brief, low water treatments 

received 2 x 54 mL and moderate water treatments received 3 x 54 mL water per week via 

manual administration of deionised water using a 50 mL syringe. Moisture content of the 

substrates ranged between 10.1 – 15.7% and 10.6 – 16.3% (HydroSense II, Campbell 

Scientific Australia Pty Ltd.) for the low and moderate treatment groups, respectively, at 

harvest.  

Plant performance was determined by physiological parameters (leaf gas-exchange, leaf 

carbon and nitrogen content) and growth (height and biomass). Plant physiological 

performances were further evaluated by measuring foliar stable carbon (δ13C), nitrogen 

(δ15N) and oxygen (δ18O) isotopes, which function as surrogate variables that integrate 

various physiological processes (Robinson et al., 2000). Briefly, plant δ15N signatures 

correlate with levels of N fixation through symbiosis with N-fixing microorganisms 

(Yoneyama, 2017). Plant δ13C signatures provide a surrogate measurement of the plants’ 
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water use efficiency (WUE), and combination with δ18O allows an assessment of variation 

in stomatal regulation and photosynthetic capacity (Cernusak et al., 2013; Dawson et al., 

2002; Flanagan & Farquhar, 2014). Xylem sap phytohormone concentrations were 

measured to determine the plants’ physiological status and effects of inoculation treatments 

(Yong et al., 2014).  

Leaf physiology measurements 

Leaf gas exchange was measured 2 weeks prior to the plants’ harvest, using a portable 

open system (LI-6400XT, Licor, Lincoln, NE, USA) equipped with the standard leaf chamber 

LED light source and CO2 injector system.  All measurements were made between the hours 

of 8 am and 12 pm, at PAR of 1200 µmol m-2 s-1, sample CO2 at 382 – 399 μmol CO2 mol-1 

air  and air temperature 27.8 – 29.6 °C, on surviving plants (n = 4 – 5) one day after watering. 

Intrinsic water-use efficiency (WUEi) was determined as photosynthetic rate divided by 

stomatal conductance (Hatfield & Dold, 2019). 

 

Biomass and foliar carbon, nitrogen and stable isotope measurements 

Leaves fallen off the plants were collected throughout the experiment and presented as ratio 

to the harvested shoot mass (referred to as “shed leaves”). Roots were removed from the 

soil, brushed and gently washed to remove attached soil particles. Ratio of root mass to total 

biomass (root mass fraction) was explored to determine differences in biomass partitioning. 

Shoot and root dry mass were determined after drying the plant material to a constant weight 

at 70 °C for approximately 72 hours. 

Single, newly mature whole-leaf samples were oven-dried and ground for δ15N and δ13C 

analysis using a continuous flow system consisting of a Delta V Plus mass spectrometer 

connected with a Thermo Flash 1112 via Conflo IV (Thermo-Finnigan, Bremen, Germany). 

The samples were also analysed for δ18O using a high-temperature conversion elemental 

analyser (TC/EA) coupled with Delta XL mass spectrometer in continuous flow mode 

(Thermo-Fisher Scientific, Bremen, Germany). All isotopic analyses were carried out by the 

West Australian Biogeochemistry Centre (WABC, UWA, Perth).  
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Xylem sap collection and analysis 

Phytohormone analyses were conducted on xylem sap collected pre-dawn prior to 

harvesting plants. Plants were watered one day prior to harvest. During pre-dawn xylem sap 

collection, plants were cut at about 2 cm above soil level and placed into a pressure chamber 

(PMS-600, PMS Instrument Company, Albany, Oregon, USA). The cut surfaces were blotted 

with methanol : formic acid : water (14:1:2, vol vol-1) to inhibit enzymatic reactions from 

breaking down phytohormones and to remove contaminating cell debris (Yong et al., 2000). 

Plant cuttings were placed in a pressure chamber and subjected to increasing pressure until 

bleeding occurred and then maintained at that constant pressure for sap collection for 

approximately 5 mins to prevent collection of exudates apart from xylem sap. The first drops 

of xylem sap were discarded to avoid contamination. Xylem sap was collected using 

micropipette and transferred into microcentrifuge tubes containing 25 μL concentrated 

formic acid and placed on ice. On average, xylem sap collected from individual plants ranged 

between 50 – 200 μL. Collected sap samples were stored in darkness at −80 °C until 

analysis.  

Due to the low volumes of xylem sap collected, samples were pooled within treatments and 

split into two sets for analysis using ultra performance liquid chromatography-electrospray 

ionization-tandem mass (UPLC-ESI-MS/MS) in ESI positive (auxins and cytokinins) and ESI 

negative (abscisic acid and salicylic acid) mode. The samples were spiked with deuterated 

standards (Table 2) (OlChemIm Ltd., Olomouc, Czech Republic) close to endogenous 

concentrations (Gosetti et al., 2010) and dried down in a rotary evaporator (Eppendorf 

Vacufuge plus) at room temperature. The concentrated samples were reconstituted with 

starting mobile phase 5% acetonitrile (ACN) and 10% ACN for ESI positive and ESI negative 

modes, respectively, both with 0.01% formic acid (FA) for analysis. Samples were analysed 

at 10x concentration and endogenous concentration in ESI positive and ESI negative modes, 

respectively. Reconstituted samples were analysed in duplicates using an Acquity UPLC® 

I-Class System equipped with a Binary Solvent Manager, a Sample Manager with 10 µL 

loop needle, and an Acquity UPLC® CSHTM C18 column (2.1 x 100 mm, particle size of 1.7 

μm) coupled to a triple quadrupole mass spectrometer Xevo® TQ-S micro (Waters, 

Singapore). The UPLC mobile phase consisted of ACN with 0.01% (vol vol-1) FA (A) and 

water with 0.01% (vol vol-1) FA (B), flowing at 0.5 mL min-1. Specific gradients were used for 

each mode of analysis (Appendix 2). Column temperature was held at 50 °C for both ESI 

modes. System control, data acquisition and data analysis were performed with the 

MassLynxTM software (version 4.1, Waters, Milford, MA, USA). Phytohormone 
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concentrations were quantified according to Equation 1. Results reported are the mean 

value of duplicate samples that met the criteria of signal-to-noise (S/N) ratio >10 and relative 

standard deviation percentage (RSD%) <20.  Results with S/N ratio <10 were deemed below 

limits of quantification (<LOQ). Phytohormones analysed with their respective LOQ and 

analytical parameters are presented in Table 2.  

 

Equation 1:  

Phytohormone concentration = Peak area of endogenous phytohormone x 
Concentration of deuterated standard

Peak area of deuterated standard
 

 

Statistical analysis 

Two-way Analysis of Variance (ANOVA) with Tukey’s HSD post-hoc tests were performed 

to determine if growth and physiological variables differed significantly among the treatments, 

including water and inoculation treatments and the interactions between both. Effects of 

water and inoculation treatments on plant photosynthetic rates were determined by Analysis 

of Covariance (ANCOVA) with stomatal conductance as a covariate. All parameters 

investigated were tested for normality and variance homogeneity using Shapiro-Wilk and 

Levene’s tests, respectively, and the data was square root or log-transformed when required. 

All the ANOVA, ANCOVA and post-hoc tests were performed using JMP® 14.1.0 (SAS 

Institute Inc.). Correlations between measured variables presented in the form of a 

correlogram was generated by R (R Core Team, 2020) package corrplot (Wei & Simko, 

2017).   
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Table 2. Analytical parameters for the phytohormones and respective deuterated standards examined 

Phytohormone 
class 

Analyte Transition Cone 
voltage 
(V) 

Collision 
voltage 
(V) 

Retention 
time (min) 

LOQ 
(ng mL-1) 

Deuterated 
standard 

Transition Cone 
voltage 
(V) 

Collision 
voltage 
(V) 

Retention 
time (min) 

Spiked 
concentration  
(ng mL-1) 

Auxin 
Indole-3-acetic acid (IAA) 176 > 130 15 20 5.95 0.25 [2H5]-IAA 181 > 134 20 25 5.94 0.10 
Indole-3-butyric acid 
(IBA) 204 > 186 22 15 6.74 0.50 [2H5]-IAA 181 > 134 20 25 5.94 0.10 

Cytokinin 

N6-benzyladenine (BAP) 226 > 91 23 22 5.50 0.05 [2H7]-BAP 233 > 98 25 24 5.41 0.10 
N6-benzyladenosine 
(BAPR) 358 > 226 10 20 6.07 0.10 [2H7]-BAP 233 > 98 25 24 5.41 0.10 
cis-Zeatin (cZ) 220 > 136 17 25 1.81 0.10 [2H5]-tZ 225 > 46 18 21 1.43 0.10 
Dihydrozeatin (DHZ) 222 > 136 20 23 1.56 0.50 [2H3]-DHZ 225 > 136 20 26 1.55 0.10 
Dihydrozeatin-O-
glucoside  (DHZOG) 384 > 222 24 19 1.58 0.50 [2H3]-DHZ 225 > 136 20 26 1.55 0.10 
Dihydrozeatin riboside  
(DHZR) 354 > 136 14 40 3.80 0.05 [2H3]-DHZ 225 > 136 20 26 1.55 0.10 
N6-Isopentenyladenine 
(iP) 204 > 136 17 17 5.05 0.25 [2H6]-iP 210 > 137 20 23 5.01 0.10 
N6-Isopentenyladenosine 
(iPR) 336 > 136 22 30 5.99 0.05 [2H6]-iP 210 > 137 20 23 5.01 0.10 
Kinetin (K) 216 > 81 20 28 3.39 0.25 [2H5]-tZ 225 > 46 18 21 1.43 0.10 
trans-Zeatin (tZ) 220 > 136 21 19 1.47 0.05 [2H5]-tZ 225 > 46 18 21 1.43 0.10 
trans-Zeatin-O-glucoside 
(tZOG) 382 > 220 20 23 1.48 0.50 [2H5]-tZOG 387 > 225 17 17 1.41 0.10 
trans-zeatin riboside 
(tZR) 352 > 220 14 21 3.60 0.50 [2H5]-tZ 225 > 46 18 21 1.43 0.10 

Abscisic acid Abscisic acid (ABA) 263 > 153 20 15 4.94 5.00 [2H6]-ABA 269 > 159 25 16 4.91 10.00 
Salicylic acid Salicylic acid (SA) 137 > 93 25 17 3.92 5.00 [2H4]-SA 141 > 97 25 27 3.88 10.00 
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Results 

Growth 

Plants subjected to low water treatments were shorter and had lower total biomass than 

plants given moderate water in both controls and inoculated plants (Table 3). Despite 

improved biomass growth, plants subjected to moderate water treatment shed more leaves, 

with the highest rate observed in the control treatment group (Table 3). Phenotypically, the 

control plants in both water treatments had leaves that were smaller and less green 

compared to the inoculated plants (Figure 1a). 

Overall, watering treatments contributed significantly (p < 0.0001) to the differences 

observed in height, total biomass and biomass allocations (Table 3).  Differences existed 

among water treatments in shoot mass and root mass, as indicated by the post-hoc Tukey 

test, with the general patterns being similar to that observed in the total biomass. There were 

no significant differences in root mass fraction (Table 3).  

Inoculation had no direct nor interactive effects on the plant growth parameters measured 

but increased the number of nodules (Table 3). Nodule counts in all the plants were generally 

low with an overall mean value of 3.68 and standard error of 0.65. Inoculated plants had 

higher number of nodules (4.94 ± 0.78) than control plants (1.4 ± 0.79) (Figure 3b).  

 

 

Figure 1. Representative plants (a) and growth in height (b) of pigeon pea plants subjected 
to different inoculation treatments and two watering regimes (i.e., low and moderate 
indicated by L and M and open and closed symbols respectively). Scale bar denotes 10 cm 
intervals. Square symbols  represent control plants,  circles for rhizobia treatment and 
triangles for microbes inoculated plants. 



 Chapter 3 

66 

Table 3. Height, biomass and biomass distribution of plants subjected to different inoculation (Control, Rhizobia, Microbes) and water (L: 
Low; M: Moderate) treatments and effects of water, inoculation and their interactions on the respective measured parameters. Values 
shown for measured parameters are mean ± standard error (n = 4 – 5).  

Treatments Height (mm) Total biomass (g) Shoot dry mass (g) Root dry mass (g) Shed leaves (%) 
Root mass 
fraction Number of nodules 

Control – L 227 ± 30b 2.42 ± 0.08b 1.29 ± 0.10c 1.13 ± 0.04b 29.8 ± 2.7b 0.47 ± 0.02a 0.2 ± 0.2b 
Control – M 391 ± 11a 4.71 ± 0.52a 2.45 ± 0.22ab 2.26 ± 0.32a 41.9 ± 2.2a 0.47 ± 0.02a 2.6 ± 1.44ab 
Rhizobia – L 267 ± 13b 2.71 ± 0.18b 1.53 ± 0.13bc 1.18 ± 0.06b 30.2 ± 1.2b 0.44 ± 0.01a 7.5 ± 2.72a 
Rhizobia – M 393 ± 36a 5.28 ± 0.45a 3.00 ± 0.36a 2.28 ± 0.14a 38.0 ± 2.1a 0.44 ± 0.03a 3.8 ± 1.07ab 
Microbes – L 247 ± 19b 2.77 ± 0.23b 1.38 ± 0.20c 1.39 ± 0.09b 25.6 ± 2.0a 0.51 ± 0.04a 3.6 ± 1.12ab 
Microbes – M 404 ± 28a 5.70 ± 0.80a 3.10 ± 0.36a 2.60 ± 0.46a 38.9 ± 3.3b 0.45 ± 0.02a 5.5 ± 0.65ab 
Water 51.86*** 55.05*** 56.30*** 61.11*** 33.16*** 0.72NS 0.68NS 
Inoculation   0.40NS   1.28NS   1.48NS   1.62NS   1.20NS 1.35NS 4.82* 
Water*Inoculation   0.31NS   0.29NS   0.53NS   0.06NS   0.74NS 0.93NS 0.84NS 

Different letters indicate significant differences between treatments at p < 0.05 (ANOVA with post-hoc Tukey HSD Test). Values shown 
for the effect test are F ratio; statistical significance: NS: not significant, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Gas-exchange  

Gas exchange measurements revealed large variations in photosynthetic rates among the 

treatments, which strongly correlated with stomatal conductance (Figure 2a and Table 4). In 

general, inoculated plants of the low water treatment tended to have higher photosynthetic 

rates than non-inoculated plants in that treatment, and than most plants in the moderate 

water treatment (Figure 2a). ANCOVA analysis with stomatal conductance as covariate 

revealed that inoculation treatments had a significant effect on photosynthetic rates (Table 

4). This appears to correspond with generally lower WUEi at a given stomatal conductance 

for control compared to inoculated treatments (Figure 2b: most control plants are below the 

fitted line). 

 

Figure 2. Photosynthetic rates (a) and intrinsic water-use-efficiency (WUEi) (b) plotted 
against stomatal conductance of pigeon pea plants subjected to different inoculation 
treatments and two watering regimes (low and moderate indicated by open and closed 
symbols, respectively). Square symbols represent control plants, circles for rhizobia 
treatment and triangles for microbes inoculated plants.  

 

 
Table 4. Analysis of covariance (ANCOVA) for photosynthetic rates by water and inoculation 
treatments with stomatal conductance as covariate 

Model DF Sum of Squares F p 
Water 1   0.104     2.44   0.132 
Inoculation 2    0.312     3.65   0.042 
Stomatal conductance  1 13.717 320.89 <0.001 
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Foliar Carbon, Nitrogen and Isotopes 

Plants subjected to moderate water treatment had higher foliar nitrogen content than plants 

in the low water treatment (Table 5). Within each water treatment, inoculated plants had 1.2 

to 2.3 fold higher foliar nitrogen content compared to respective controls (Figure 3a). Foliar 

nitrogen content was significantly influenced by both water and inoculation but not their 

interaction (Table 5). Foliar carbon content was not significantly different in the two water 

treatments but was increased from 44 to 47 g g-1 by inoculation (Table 5). There were no 

statistical differences in foliar δ18O and δ13C content among the treatments. There was 

however a slight positive correlation (R2=0.203) between foliar δ18O and δ13C (Figure 3c). 

Foliar δ15N was affected by water and inoculation treatment, and interactions between both 

factors (Table 5). The low water control group, which had less nodules, had significantly 

higher foliar δ15N than inoculated treatments and the moderate water treatment groups 

regardless of inoculation treatment (Figure 3b).  
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Table 5. Foliar nutrient and stable isotopes content and respective effects of water, inoculation and their interactions. Values presented for 
foliar nutrient and stable isotopes are mean ± standard error (n = 4 – 5).  
 

Treatments C (mg g-1) N (mg g-1) C/N  δ18O  (‰) δ13C (‰) δ15N (‰) 
Control – L 444. 6 ± 6.5b 7.2 ± 2.1b 79.88 ± 16.78a 34.70 ± 0.96a -29.34 ± 0.64a 1.24 ± 0.69a 
Control – M 448. 4 ± 8.4ab 17.5 ± 4.3b 45.21 ± 22.38ab 34.66 ± 1.11a  -31.03 ± 0.56a -2.04 ± 0.71b 
Rhizobia – L 462. 3 ± 3.1ab 16.5 ± 1.6ab 42.94 ± 15.72ab 35.48 ± 1.05a -29.01 ± 0.43a -2.91 ± 0.20b 
Rhizobia – M 475. 5 ± 2.2a 20.3 ± 1.6a 23.99 ± 1.93b 35.08 ± 1.25a -28.95 ± 0.53a -2.81 ± 0.26b 
Microbes – L 474. 0 ± 1.5ab 16.0 ± 1.2a 30.33 ± 2.18ab 36.32 ± 0.98a -29.15 ± 0.41a -2.68 ± 0.22b 
Microbes – M 475. 1 ± 3.2a 23.0 ± 2.4a 21.36 ± 1.93b 36.05 ± 0.46a  -29.46 ± 0.22a -2.89 ± 0.13b 
Water   1.73NS 11.47* 2.51NS 0.077NS 2.44NS 8.62* 
Inoculation 17.78***   4.75* 5.82* 1.08NS 3.09NS 18.18*** 
Water*Inoculation   0.56NS   0.83NS 0.85NS 0.012NS 1.69NS 8.12* 

 
Different letters indicate significant differences between treatments at p < 0.05 (ANOVA with post-hoc Tukey HSD Test). Values shown for 
the effect test are F ratio; statistical significance: NS: not significant, * p < 0.05, ** p < 0.01, *** p < 0.001.  
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Figure 3. Relationships between (a) total plant biomass and foliar N content, (b) foliar δ15N and nodule count, and (c) foliar δ18O and foliar 
δ15C of pigeon pea plants subjected to different inoculation treatments and two watering regimes (low and moderate indicated by open and 
closed symbols respectively). Square symbols represent control plants, circles for rhizobia treatment and triangles for microbes inoculated 
plants. 
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Phytohormones  

Plant growth associated phytohormones including cytokinins, in the ribosylated form, 

namely N6-isopentenyladenosine (iPR), dihydrozeatin riboside (DHZR) and trans-zeatin 

riboside (tZR) were detected in the plant xylem sap pooled within treatment groups. Most 

treatments had a similar iPR concentration, around 0.04 nmol L-1, except for a modest 

increase in low water treated Rhizobia and Microbes inoculated plants (Table 6).  A marked 

increase of tZR was detected in Rhizobia inoculated plants subjected to low water availability. 

There was also a general trend that plants subjected to low water availability had higher tZR 

concentration compared to moderate water treated plants. A similar trend was observed for 

DHZR, with exceptions in the Microbes inoculated group.  

Plant stress-related phytohormones, including abscisic acid (ABA) and salicylic acid (SA), 

were also detected. Inoculated plants had higher ABA concentrations under a moderate 

water regime than under a low water regime, but the opposite was found for control plants. 

Water regimes did not have consistent effects on SA, but inoculated plants generally had 

lower concentrations than controls.  

 

Table 6. Phytohormone concentrations (nmol L-1) detected in xylem sap samples.  

Treatments iPR DHZR tZR Total cytokinin ABA SA 
Control – L 0.0474 4.24 3.16 7.45 94.2 2433 
Control – M 0.0447 2.43 <LOQ 2.47 61.7 4424 
Rhizobia – L 0.0641 15.06 5.29 20.41 72.6 1723 
Rhizobia – M 0.0471 4.67 0.74 5.46 130.9 854 
Microbes – L 0.0531 3.96 1.45 5.46 65.8 1115 
Microbes – M 0.0447 6.96 0.94 7.94 87.8 1426 

 
Xylem sap of replicate plants was pooled into one sample per treatment, which was 
analysed twice. 
<LOQ indicates concentration below limits of quantification; iPR: N6-isopentenyladenosine, 
DHZR: dihydrozeatin riboside, tZR: trans-zeatin riboside, ABA: abscisic acid and SA: 
salicylic acid.  
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Relationships among plant traits and phytohormones 

Relationships between all measured parameters evaluated within this experiment were 

explored through correlation and presented in the form of a correlogram (Figure 4). 

Significant positive correlations between growth parameters such as height with root mass, 

and height with total or shoot biomass were observed, as expected. Both δ13C and ABA 

were also observed to have a significant positive correlation with plant WUEi.  

Through the correlation analysis, some interesting relationships were found between 

phytohormone concentrations and physiological measurements. For example, cytokinins 

(iPR and DHZR) were positively correlated with each other and with gas exchange 

parameters (photosynthetic rates and stomatal conductance) and number of nodules. 

Representative relationships with stronger correlations, such as DHZR with number of 

nodules, and iPR with photosynthetic rates are presented in Figure 5a and 5b, respectively. 

ABA was found to be negatively correlated with stomatal conductance (Figure 5c), SA 

(Figure 5d) and photosynthetic rates (Figure 4).  

 

Figure. 4 Correlogram for the measured plant growth parameters (total, shoot and root 
biomass, root mass fraction, height and nodules), foliar chemistry (C, N and C/N), foliar 
isotope composition (δ13C, δ15N and δ18O), gas-exchange measurements (photosynthesis, 
stomatal conductance and intrinsic water-use-efficiency (WUEi)), and xylem sap 
phytohormones (ABA, SA, iPR and DHZR). Circle size is proportional to the correlation 
coefficient. Positive correlation is indicated by blue, while negative correlation is indicated 
by red. Blank squares indicate that the correlation was not significant (α = 0.05). 
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Figure 5. Relationship between (a) nodules and xylem sap DHZR, (b) plant photosynthetic 
rate and xylem sap iPR, (c) plant stomatal conductance and xylem sap ABA, and (d) xylem 
sap SA and ABA.  
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Discussion 

Effects of two different inoculants, namely Bradyrhizobium spp. (Rhizobia) and a mixture of 

soil microorganisms (Microbes), on plant physiological performance under two different 

watering regimes, low and moderate, were studied using a test plant, pigeon pea. Overall, 

inoculation treatments impacted plant physiological parameters (e.g., endogenous 

phytohormones) but not biomass or height growth, which was mainly influenced by water 

availability. These observations indicated that the use of microbial inoculants could 

potentially be beneficial for improving certain plant health functions in mine site restoration 

environments. For example, enhanced photosynthetic water use efficiency may not increase 

growth rates, but could contribute to increased stress resilience against the harsh 

environment of restored mine sites.    

In terms of plant growth, water availability had a greater influence on the differences 

observed in the plants’ height and biomass (Table 3) compared with inoculation treatments. 

It was expected that inoculation treatments might influence biomass partitioning, but root 

mass fraction (Table 3) revealed otherwise. Inoculation did, however, have a significant 

effect on nodule count, with consistently higher nodule counts for both the Rhizobia and 

Microbes treatments than uninoculated control treatments (Table 3; Figure 3b). This 

indicated that the symbiotic plant-rhizobia relationships were successfully established, but 

may not necessarily lead to growth benefits under the prevailing conditions. Evidence of 

plant-microbial symbiosis via nitrogen fixation in the inoculated plants was confirmed by the 

more negative foliar δ15N values (Yoneyama, 2017), which were close to the reported value 

of −1.6 ± 0.44‰ by Kumar Rao et al. (1996). Results of foliar nitrogen content suggested 

that the nitrogen fixation resulting from a rather modest increase in nodule counts in 

inoculated treatments could have supplied the plants with additional nitrogen, resulting in 

higher foliar nitrogen content (Table 5; Figure 3a). Foliar nitrogen content detected across 

treatments was, however, lower than the average value of 5% in similar pigeon pea leaves 

grown in Alfisol soil (Sanetra et al., 1998), and closer to that observed by Nichols (1965) in 

nutrient deficient pigeon pea. This could be due to the low basal nutrient content in the 

growth substrate. For example, nitrogen content of the growth substrate with total nitrogen 

< 100 mg kg-1 (Table 1), was much lower than the level of 200 - 300 mg kg-1 considered 

considered moderate by Rayment & Lyons (2011) despite fertilization, especially so for a 

legume crop species like the pigeon pea. Also, growth substrate Colwell P of < 2 mg kg-1 

was less than the recommended range of 20 - 50 mg kg-1 to support healthy plant growth in 

WA soil (Gourley et al., 2019; Pattison et al., 2010). To overcome nutrient limitation in these 
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substrates, pigeon pea plants abscised older leaves (Figure 1a) to remobilise nitrogen for 

newer growth as evident in the relatively rapid leaf shedding rate of 26 - 42% across 

treatments (Table 3). An overall low number of nodules was observed in all the plants (3.68 

± 0.65), especially the inoculated treatments (4.94 ± 0.78) in which a higher number of 

nodules, ranging between 7 and 10 (Rajendran et al., 2008) was expected. The low number 

of nodules might have resulted from phosphorus deficiency. In a mineral nutrition study 

conducted by Nichols (1965), the omission of phosphorus significantly reduced nodule 

counts in pigeon pea compared to most other elements. The observation of increasing 

nodule count with increasing phosphorus supply in soybean (Glycine max) further illustrated 

the importance of phosphorus in nodule formation (Qiao et al, 2007). Further investigations, 

such as tissue nutrient analysis, are required to confirm that the pigeon pea plants in this 

study were not phosphorus deficient.  

In this experiment, water was the main factor accounting for the differences observed in 

growth, except for nodule counts attributed to the inoculation treatments. A strong negative 

impact of water deficiency on plant biomass was also previously reported in cowpea (Vigna 

unguiculata) by Rocha et al. (2019). Rocha et al. (2019) also found that inoculation 

treatments mitigated the growth inhibition of water deficiency on cowpea. In contrast with 

their findings, the overriding effect of water might have masked the beneficial effects of 

inoculation treatments on the growth of pigeon pea, despite significant effects on their 

physiology (e.g., biological nitrogen fixation, gas exchange). It is likely that the absence of 

improved growth in inoculated pigeon pea might have resulted from insufficient soil nutrients 

in our mine site substrates. As discussed earlier, deficiency in nitrogen and phosphorus, and 

possibly other nutrients, would have affected the efficacy of the inoculation treatments on 

pigeon pea. The effect of substrate nutrients on plant growth and how that may have 

changed with inoculation were however not investigated in this experiment. 

Unexpectedly, plants in the low water treatments exhibited higher conductance and 

photosynthesis compared with plants in the moderate water treatment (Figure 2a). It is 

reasonable to assume that, on average, the plants that were given more water had higher 

rates of plant-level photosynthesis and transpiration, and that the greater carbon fixation 

resulted in their higher biomass and greater height (Table 3). Being larger plants, they also 

had greater leaf area (Figure 1). Thus, the rates of photosynthesis and transpiration per unit 

leaf area were not necessarily higher for the plants in the moderate water treatment. Also, 

the photosynthesis rates and stomatal conductance may have dropped faster with time after 

the last watering event. This is however only detectable with continuous monitoring of the 
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plants’ gas exchange, which was not conducted. The point measurements of gas exchange 

may therefore not represent longer-term physiology. It is useful, however, to explore 

possible differences in WUE. Inoculated plants tended to have higher WUEi at a given 

stomatal conductance, with more data points above the fitted line than control plants in 

Figure 2b. To further determine if the gas exchange differences were mainly due to stomatal 

conductance or photosynthetic capacity, which could have been enhanced by inoculation 

treatment, foliar δ13C and δ18O were analysed (Flanagan & Farquhar, 2014). The slight 

positive correlation between foliar δ13C and δ18O (Figure 3c) indicated that stomatal 

conductance was the main factor (Flanagan & Farquhar, 2014). The multi-measurements 

approach of using short-term gas-exchange measurements and stable isotopes revealed 

that the inoculated plants had higher photosynthesis and WUEi which were due to stomatal 

conductance, and not enhanced photosynthetic capacity.  

Microorganisms (Azotobacter, Azospirillum, Bacilli, Pseudomonas, Streptomyces, 

Saccharomyces, Trichoderma and various fungi) formulated into the commercial microbial 

inoculant (Appendix 1) and Bradyrhizobium spp. used as rhizobial inoculant have been 

reported to produce phytohormones (Chanclud & Morel, 2016; Dodd et al., 2010; Sathya et 

al., 2017; Sumbul et al., 2020). The ribosylated forms of cytokinins that are produced by 

microorganisms (García de Salamone et al., 2001; Madhaiyan et al., 2006; Upadhyaya et 

al., 1991), could be easily transported to the shoots (Kudoyarova et al., 2019) from the roots 

via the xylem (Park et al., 2017; Yong et al., 2014). Hence, an increase in xylem 

phytohormone concentration of the inoculated plants would indicate higher levels of 

phytohormones in planta that are available for physiological functions (Kiba et al., 2019) and 

these are produced by the plant (mainly root tips) and its associated microorganisms (Lu et 

al., 2021).  

Phytohormones are typically present in the plant xylem sap at very low concentrations, and 

therefore xylem sap samples collected had to be concentrated for analysis. Due to the low 

yield, samples within the same treatment group were pooled, making statistical analysis 

impossible. Whilst this prevented us from assessing the statistical differences between 

treatments, the analyses revealed useful biological relationships between the 

phytohormones and plant performances (Figure 4, Figure 5). The phytohormone analytical 

results are of high standard, meeting the criteria of strong S/N ratio >10 and RSD <20% for 

duplicated analysis of each pooled sample. Cytokinins of the ribosylated forms, tZR and 

DHZR, were detected in similar concentrations as those quantified in pigeon pea by 

Upadhyaya et al. (1991).  
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Positive correlations between nodule counts and xylem concentrations of the cytokinins 

DHZR and iPR (Figure 4) could be due to two different processes. Firstly, the higher 

concentrations of cytokinins in inoculated plants (Table 6) could have resulted from root 

production upon rhizobial infection. This could be a mechanism to prevent the formation of 

excessive numbers of nodules (autoregulation of nodulation) which could otherwise inhibit 

growth of host plants (Sasaki et al., 2014). Secondly, increased cytokinin could also have 

resulted from plant uptake of cytokinins or pre-cursors produced by the microbes (Dodd et 

al., 2010). This is potentially beneficial for the plants, as ribosylated cytokinins can be easily 

transported to the shoots to stimulate plant growth (Kiba et al., 2019; Kudoyarova et al., 

2019). The low SA but high ABA observed in the inoculated plants suggest that the 

inoculation treatments could have helped resist pathogens, and increase WUE to enhance 

drought tolerance (Jorge et al., 2019; Naseem et al., 2014); both traits could be highly 

beneficial for plants under field conditions with low water availability and encountering 

possible biotic stress. The negative correlations of SA with ABA (Figure 5d) and WUE was 

also previously reported by Mosher et al. (2010).  

Overall, phytohormone analysis results indicated that inoculation treatments impacted the 

plants’ xylem sap phytohormone concentration with strong correlations with physical traits, 

specifically nodule counts, and plant photosynthetic rates and stomatal conductance. The 

benefits of this can only be speculated until greater understanding is gained into the roles of 

each phytohormone and the implications of increasing or decreasing its concentration in 

planta. It is also important to note that only representative phytohormones in plant xylem 

sap were investigated due to the limited sap volume. There is a possibility that 

phytohormones or other bioactive substances not investigated here may show greater 

changes to inoculation treatments. Investigation of phytohormone differences in other plant 

organs, such as roots and leaves, may also provide more insights on the impacts of 

inoculation treatments under low, moderate and high water availability. Furthermore, 

additional control treatments including deactivated microbial inoculum and inoculum carrier 

substances would help to elucidate the source of phytohormones and bioactive substances.   
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Conclusions 

Soil microbial inoculation improved the physiology of pigeon pea growing in a challenging 

substrate under water limitation. The inoculation treatments helped the plants to optimize 

water use via phytohormone regulation and provided the plants with additional nitrogen. 

Water availability, however had a greater effect on the plants’ growth than microbial 

inoculations. Plant survival and resilience, rather than rapid growth, is often a priority for 

ecological restoration projects in challenging environments, and therefore the potential use 

of soil amendments that improve plant resilience can be very beneficial in restoration 

projects (Hueso-González et al., 2017; Rivera et al., 2014; Valliere et al., 2020; Wang, 2017). 

To validate the feasibility of applying soil microbial inoculation for mine site restoration, 

effects of inoculation treatments under field conditions and on target species for restoration, 

which are often native species, must also be investigated; following the earlier controlled 

environmental experiments (e.g., pots, greenhouse) with additional control treatments 

including inactivated microbial inoculum and/ or inoculum carrier substance. Validation on 

the efficacy of the inoculation treatments should not only include growth parameters, which 

could be masked by other factors such as water availability, but to also include other 

physiological measures to assess stress tolerance under a range of abiotic conditions. This 

study has highlighted that resource conditions such as soil moisture and nutrient availability 

could have strong effects on the potential of soil microbes to positively influence plant growth 

during restoration. Further prior knowledge on the properties of the soil to be amended, 

including soil type and indigenous microorganisms, seed banks, and plant species-specific 

responses, are needed to customise the inoculant for maximum benefits to ecological 

restoration and to support future adoption of this practice.  
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Appendix 2. UPLC gradient condition for phytohormone analysis in (a) ESI positive mode 
(auxins and cytokinins) and (b) ESI negative mode (abscisic acid and salicylic acid).  

 

(a)    (b)   

Time (min) %A %B  Time (min) %A %B 

Initial 5 95  Initial 10 90 

4 10 90  2 15 85 

5 20 80  3 20 80 

6 40 60  4 25 75 

7 60 40  5 30 50 

8 80 20  6 40 60 

9 95 5  7 50 50 

10 5 95  8 60 40 

12.5 5 95  9 65 35 

    10 80 20 

    10.30 100 0 

    12 10 90 

    15 10 90 
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Abstract 

Soil microbial inoculants are increasingly being explored as means to improve soil conditions 

to facilitate ecological restoration. In the south-west of Western Australia, highly biodiverse 

Banksia woodland plant communities are increasingly threatened by various factors 

including climate change, development and mining. Banksia woodland restoration is 

necessary to conserve this diminishing plant community. The use of microbial inoculation in 

Banksia woodland restoration has not yet been investigated. Here, we evaluated the efficacy 

of a commercial microbial inoculant for improving the performance of ten ecologically diverse 

Banksia woodland plant species in a pot experiment. During the study, plants were 

subjected to one of two watering regimes (well-watered and drought) in combination with 

microbial inoculation treatments (non-inoculated and inoculated) in a factorial experimental 

design. Plants were maintained under these two watering treatments for 10 weeks, at which 

point plants in all treatments were subjected to a final drought period lasting 8 weeks. Plant 

performance was evaluated by measuring plant biomass and allocation at the end of the 

experiment, gas-exchange parameters, foliar carbon and nitrogen and stable isotope (δ15N 

and δ13C) compositions. Plant xylem sap phytohormones were analysed to investigate the 

effect of microbial inoculation on plant phytohormone profiles and potential relationships with 

other observed physiological parameters. Across all investigated plant species, inoculation 

treatments had  small effects on plant growth. Further analysis within each species revealed 

that inoculation treatments did not result in significant plant biomass gain under well-watered 

or drought-stressed conditions, and effects on nitrogen nutrition and photosynthesis were 

variable and minimal. These suggest that the selected commercial microbial inoculant had 

limited benefits for the tested plant species. Further investigations on the compatibility 

between the microorganisms (present in the inoculant) and plants, timing of inoculation, 

viability of the microorganisms in the inoculant and concentration(s) of microorganisms 

required to achieve effectiveness, under controlled conditions and field trials are required to 

test the feasibility and efficacy in actual restoration environment. 

 

Keywords 

Microbial inoculation; Banksia woodlands; mine site restoration; xylem sap; phytohormones 
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Introduction 

The South Western Australian Floristic Region (SWAFR), located in the south-west of 

Western Australia (WA), is one of only two recognised biodiversity hotspots in Australia 

(Hopper & Gioia, 2004; Ritchie et al., 2021). Situated within the SWAFR is the Swan Coastal 

Plain dominated by Banksia woodland plant communities (Ritchie et al., 2021). These 

woodlands are dominated by Banksia (Proteaceae) trees, and sometimes with scattered 

Eucalyptus and other tree species present within or above the Banksia canopy 

(Commonwealth of Australia, 2016). The understorey has rich plant species, including 

sclerophyllous shrubs, sedges, rushes and geophytes (Commonwealth of Australia, 2016; 

Ritchie et al., 2021). These highly biodiverse Banksia woodland plant communities have 

been increasingly threatened by climate change, urbanization, industry and infrastructure 

development and resource extraction (Ritchie et al., 2021; Rokich, 2016). Throughout the 

region, sites cleared for mining of silica and building products are legislated for Banksia 

woodland community restoration so as to conserve the diminishing community (DMIRS, 

2020). Despite the years of research and ground work, a lot of challenges remain to be 

addressed for Banksia woodland restoration (Rokich, 2016). 

In the close partnership between the Botanic Gardens and Parks Authority (BGPA, WA) and 

Hanson Australia (construction and building material supplier), various challenges in 

Banksia woodland restoration have been addressed over the years (Rokich, 2016; UDIA, 

2019). Some of the challenges addressed are related to substrate handling (soil ripping, 

fertilizer applications, soil profile reconstruction, soil compaction), weed invasion, seed 

dormancy and seed loss due to biotic and abiotic factors (Golos & Dixon, 2014; Rokich, 

2016; Rokich et al., 2000). Whilst these various research projects over the years have led 

to improved restoration strategies in this system, Banksia woodland restoration remains 

challenging due to various factors including substrate properties and water availability 

(drought). Hence to improve restoration outcomes, new strategies for overcoming these 

challenges need to be investigated.  

In previous research conducted on Banksia woodland restoration, little emphasis has been 

placed on the soil microbial aspects. Soil microorganisms, encompassing bacteria and fungi, 

are important for multiple ecosystem processes, including nutrient cycling and soil 

development (Buscot, 2005), and play important roles in plant nutrition, health, and stress 

tolerance (Prakash et al., 2015). Native plant species may also require soil microorganisms 

as symbiotic partners and/or source of chemical signals essential for their establishment 

and development (Lamont et al., 2015; Marschner et al., 2005; Nurfadilah et al., 2013). For 
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example, Marschner et al. (2005) investigated the bacterial community composition and 

function of three Banksia species, and found differing bacterial community composition 

between plant species and growth status. Marschner et al. (2005) attributed the bacterial 

community composition to plant species-specific differences in root exudation, highlighting 

that even closely related plant species may select for different potentially beneficial 

microorganisms in the soil (Williams & de Vries, 2020). However, little is known about the 

Banksia woodland soil microbial community, the benefits they confer, the mechanisms 

involved and how this information can be harnessed to improve restoration outcomes.  

In sand mining operations, topsoil is stripped and typically stored in stockpiles and later 

transferred to restoration sites (Stephens, 2016). Topsoil disturbance and stockpiling during 

mining activities alters soil structure, physicochemical characteristics and microbiological 

properties (Ghose, 2004; Harris et al., 1989). Recent work from Gorzelak et al. (2020) found 

that bacterial richness declined over time in stockpiled topsoils, which could impact plant 

performance and restoration outcomes. In a study conducted by Birnbaum et al. (2017), 

using soils from the same mine site, Acacia saligna seedlings grown in older stockpiles had 

lower plant biomass and lower root nodule biomass compared to plants grown in younger 

stockpiles even despite having greater levels of arbuscular mycorrhizal fungi (AMF) 

colonisation. Birnbaum et al. (2017) suggested that fungal pathogens could have been the 

cause of lower plant biomass, but lower plant biomass could also have resulted from 

photosynthate loss to the large quantity of associated AMF. However, the loss of bacterial 

richness or keystone species, such as rhizobia essential for the formation of nitrogen-fixing 

nodules, are also plausible explanations for reduced plant performance in stockpiled soils 

(Banerjee et al., 2018; Gorzelak et al., 2020).  

Since the mid-1970s, south-west Western Australia has been experiencing dramatic climate 

change, including increased average temperature and reduced rainfall (Bates et al., 2008; 

Sudmeyer et al., 2016). Future climate projections include further rises in average 

temperature, increases in numbers of dry days and reductions in annual precipitation 

(Sudmeyer et al., 2016). Such changes mean that Banksia woodland communities are likely 

to experience more extreme and frequent stress events such as drought. In fact, drought 

stress is already a significant challenge in Banksia woodland restoration projects. For 

example, summer drought has been reported to be a primary cause of plant mortality in 

Banksia woodland restoration projects (Brundrett et al., 2020). Therefore, there is a strong 

need for restoration practices that improve plant stress tolerance and survival in the face of 

ongoing climate change. 
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The use of microbial inoculants is not a new concept and has been widely used in agriculture, 

horticulture and forestry (Mohan & Rajendran, 2020; Ruzzi & Aroca, 2015; Santos et al., 

2019), and there is increasing interest in applications for ecological restoration (Farrell et al., 

2020). These inoculants may contain single strains of bacteria or fungi, or a consortia of 

both (Berg et al., 2021; Canfora et al., 2021). They are reported to confer various benefits 

on plants, including increased nutrient bioavailability for plant uptake, growth stimulations 

through phytohormones, and increased abiotic stress tolerance via various direct or indirect 

mechanisms (Glick, 2012; Oleńska et al., 2020; Ruzzi & Aroca, 2015). Plant uptake of 

phytohormones produced by the microorganisms may also help confer stress tolerance (Lu 

et al., 2021; Ma et al., 2020). For example, microbial phytohormones can enhance root 

growth and improve plant water up-take. This is beneficial for the plants, especially seedlings, 

to survive through summer droughts. Hence, microbial inoculants may have the potential to 

enhance plant growth, survival, and drought tolerance of restored Banksia woodlands.  

The use of microbial inoculation in Banksia woodland restoration has not yet been 

investigated. In this study, we evaluated the efficacy of a commercial microbial inoculant for 

improving the performance of ten ecologically diverse Banksia woodland plant species in a 

pot study under two watering regimes. We evaluated plant performance using a multifaceted 

approach, which included measures of growth (i.e., biomass), allocation, photosynthesis 

and phytohormones. We hypothesized that 1) microbial inoculation treatment would improve 

plant growth, 2) inoculated plant would exhibit improved physiological performance under 

drought conditions compared to non-inoculated individuals, and 3) inoculated plants would 

exhibit different phytohormone profiles compared with control (non-inoculated) plants.  
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Methods 

Experimental design 

The experiment was conducted in a glasshouse at the University of Western Australia 

(UWA), Perth, between January and June 2018 for 24 weeks. Substrates were sourced from 

a sand mining operation site of Hanson Australia, situated in the south-west of WA. The 

area is predominantly Banksia woodland, thus plant species representative of the 

community with different growth forms, nutrient acquisition strategy and ecological traits 

were selected as study species (Table 1).  

 

Table 1. Plant species investigated in this study 

AM, arbuscular mycorrhizal; CR, cluster roots; ECM, ectomycorrhizal; NF, nitrogen-fixing; 
NM, non-mycorrhizal (Brundrett, 2008; Groom & Lamont, 2015; Pate & Bell, 1999; Teste et 
al., 2020) 
 

Topsoil and overburden (the layer immediately below the topsoil) was collected from the 

mine site (50 km NE of Perth) and dried for 18 hours at 80 °C in a drying chamber at the 

UWA Plant Growth Facility. Topsoil and overburden were sieved through a 2 mm and 5 mm 

mechanical sieve, respectively, before use.  

Species Family Growth 
form 

Nutrient 
acquisition 
strategy 

Fire response Rooting 
depth 

Acacia pulchella R.Br. Fabaceae Shrub NF, AM Obligate 
seeder 

Deep  

Adenanthos cygnorum Diels 
subsp. cygnorum 

Proteaceae Shrub CR, NM Obligate 
seeder 

Deep 

Allocasuarina fraseriana (Miq.) 
L.A.S.Johnson  

Casuarinaceae Tree AM / ECM, 
NF 

Resprouter Deep 

Anigozanthos manglesii D. Don Haemodoraceae Herb NM Obligate 
seeder 

Shallow 

Banksia attenuata R. Br. Proteaceae Tree NM, CR Resprouter Deep 

Banksia menziesii R. Br. Proteaceae Tree NM, CR Resprouter Deep 

Eucalyptus todtiana F. Muell.  Myrtaceae Tree AM/ ECM Resprouter Deep 

Hibbertia subvaginata (Steud.) F. 
Muell. 

Dilleniaceae Shrub AM Obligate 
seeder 

Shallow  

Jacksonia floribunda Endl. Fabaceae Shrub AM Resprouter Deep 

Kunzea glabrescens Toelken Myrtaceae Shrub AM/ ECM Obligate 
seeder 

Shallow 
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Plant seedlings were used in this experiment as some of the species such as A. cygnorum 

and H. subvaginata can be difficult to propagate from seeds (Maher, 2009). Plant seedlings 

were purchased from three local nurseries, namely Apace (North Fremantle, WA), Natural 

Area Consulting Management Services (Whiteman, WA) and Plantrite (Bullsbrook, WA). All 

seedlings were uniform in size within each species and received as tubestocks (forestry tube 

size of 50mm x 50mm x 120mm). Prior to transplanting into substrates collected from the 

mine site, potting material was carefully removed by washing roots under running water. The 

individual washed plants were each transplanted immediately into 8 L round plastic pots 

(250mm x 235 mm; Garden City Plastics, Forrestfield, WA) lined with transparent plastic 

bags. Each pot was filled with 6 kg of overburden followed by 3.5 kg of topsoil on top to 

simulate on-site restoration practices for soil profile reconstruction (average of 50 mm topsoil 

layer; Rokich, 2016). During the experimental period, the glasshouse was maintained at 24 

 4 °C day, 18  4 °C night, average relative humidity of 63%, and average photosynthetically 

active radiation (PAR) of 450 µmol m-2 s-1.  

In this experiment, plants were subjected to one of two watering regimes (well-watered and 

drought) in combination with microbial inoculation treatments (non-inoculated and 

inoculated) in a factorial design to determine if microbial inoculation had a beneficial effect 

on plant drought response. After potting, the plants were acclimatised for 4 weeks at 100% 

of pot-water holding capacity with two watering sessions each week (Figure 1). During 

weeks 5-6, watering was reduced to achieve the desired water content levels of 60% and 

30%, for the well-watered and drought treatments, respectively. These moisture levels were 

maintained for 10 weeks, with weekly pot weighing and watering to weight. At week 16, all 

plants were subjected to a final drought treatment (no watering at all) of 8 weeks until the 

end of the experiment.  

Inoculated plants received three doses of a commercially-sourced microbial inoculant, 

GOGO Juice (Neutrog® Australia Pty Ltd, Kanmantoo, South Australia; Appendix 1), at 

weeks 10, 14 and 22 to ensure successful inoculation. Last dose was applied during the 

final drought phase to investigate if inoculation treatment can have beneficial effects on 

plants under severe drought stress. This inoculant has been previously tested on crop 

species and Australian native plant species (Frick et al., 2019; Guymer & Aitchison, 2019; 

Neutrog Australia, 2019). The inoculant was diluted according to manufacturer 

recommendations and applied to each plant within 20 mm radius. In brief, inoculated plants 

received 6 mL of diluted inoculant while non-inoculated plants received 6 mL of water. Ten 

replicates were set up for each treatment group per species and placed in randomised 
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positions on glasshouse benches. The final number of replicates varied between species, 

ranging between three and six due to plant mortality. An overview of the experimental 

timeline with treatment applications indicated is presented in Figure 1.    

 

 

Figure 1. Overview of the experimental timeline, with treatment applications indicated on 
the X-axis representing time in weeks. Y-axis indicates water content as a percentage of pot 
water-holding capacity in the well-watered and drought treatment groups. Note that the lines 
representing the water content are not observed averages but an estimated representation 
of the experimental conditions.  

 

Plant physiological measurements 

Leaf gas exchange measurements of B. attenuata, B. menziesii and E. todtiana were taken 

at week 23 of the experiment, after the plants had been subjected to watering and inoculation 

treatments, at the end of the final drought period, prior to harvest. In the final 8 weeks prior 

to these measurements, the plants had not been watered at all. Measurements were made 

using a portable open system (LI-6400XT, Licor, Lincoln, NE, USA) equipped with the 

standard leaf chamber, LED light source and CO2 injector system.  All measurements were 

made in the morning, at PAR of 1500 µmol m-2 s-1, sample CO2 at 385 – 402 μmol CO2 mol-

1 air and air temperature 20.7 – 25.5 °C. We selected the youngest mature leaf from each 

plant for these measurements. B. attanuata and B. menziesii had five replicates, and E. 

todtiana had six replicates, per treatment.  
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Xylem sap collection and phytohormone analysis 

Phytohormone analyses were conducted on xylem sap of B. attenuata, B. menziesii and E. 

todtiana, collected pre-dawn prior to the plants’ harvest. These species were selected due 

to ease of xylem sap harvest, and to elucidate the links between phytohormones and plant 

physiological processes such as gas-exchange which were measured on these species. 

During xylem sap collection, plants were cut at approximately 5 cm above soil level and 

aboveground biomass placed into a pressure chamber (PMS-600, PMS Instrument 

Company, Albany, Oregon, USA) for xylem sap collection. The exposed cut stem surfaces 

were blotted with methanol : formic acid : water (14:1:2, vol vol-1) to inhibit enzymatic 

degradation of the phytohormones and to remove contaminating cell debris (Noodén et al., 

1990). Plant cuttings were placed in a pressure chamber and subjected to increasing 

pressure until bleeding of xylem sap occurred and then maintained at that constant pressure 

for sap collection for approximately 5 mins. The first drops of xylem sap were discarded to 

avoid contamination. Xylem sap was collected using micropipette and transferred into 

microcentrifuge tubes kept cold by placing on ice, each containing 50 μL concentrated formic 

acid (Noodén et al., 1990). Xylem sap collected from individual plants ranged between 10 

μL and 500 μL. Collected sap samples were stored in darkness at −80 °C until further 

analysis. 

Xylem sap samples within treatment groups per species were pooled (in equal amount) due 

to varied volume yield from individual plants, which was insufficient for analysis on a per-

plant basis. Phytohormone analytical method presented in Chapter 2 of this thesis was used 

to analyse the xylem sap samples. Briefly, the analysis was performed on an ultra-

performance liquid chromatography-electrospray ionization-tandem mass spectrometry 

(UPLC-ESI-MS/MS, Xevo® TQ-S micro, Waters, Singapore) in ESI positive (auxins and 

cytokinins) and ESI negative (abscisic acid and salicylic acid) mode. The samples were 

spiked with deuterated standards for 16 hormones (Appendix 2; OlChemIm Ltd., Olomouc, 

Czech Republic) close to endogenous concentrations (Gosetti et al., 2010) and dried down 

in a rotary evaporator (Eppendorf Vacufuge plus) at room temperature. The concentrated 

samples were reconstituted with a starting mobile phase (5% acetonitrile (ACN) and 10% 

ACN for ESI positive and ESI negative modes, respectively, both with 0.01% formic acid 

(FA)) for analysis. Samples were analysed at 10x concentration and endogenous 

concentration in ESI positive and ESI negative modes, respectively. Reconstituted samples 

were analysed in duplicates using an Acquity UPLC® I-Class System equipped with a Binary 

Solvent Manager, a Sample Manager with 10 µL loop needle, and an Acquity UPLC® CSHTM 
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C18 column (2.1 x 100 mm, particle size of 1.7 μm) coupled to a triple quadrupole mass 

spectrometer Xevo® TQ-S micro (Waters, Singapore). The UPLC mobile phase consisted 

of ACN with 0.01% (vol vol-1) FA (A) and water with 0.01% (vol vol-1) FA (B), flowing at 0.5 

mL min-1.  Specific gradients were used for each mode of analysis (Chapter 2, Table 2). 

Column temperature was held at 50 °C for both ESI modes. System control, data acquisition 

and data analysis were performed with the MassLynxTM software (version 4.1, Waters, 

Milford, MA, USA). Phytohormone concentrations were quantified according to the response 

of the spiked deuterated standards. Results reported are the mean value of duplicate 

samples that met the criteria of signal-to-noise (S/N) ratio >10. Results with S/N ratio <10 

and 3 were deemed below limits of quantification (<LOQ) and below limits of detection 

(<LOD), respectively. The phytohormones analysed and their respective LOQ and LOD are 

listed in Appendix 2. Phytohormone analysis on commercial microbial inoculant, GOGO 

Juice, was attempted but was unsuccessful due to complex matrix effects.  

 

Biomass and foliar carbon, nitrogen and stable isotopes measurements 

Plant biomass was partitioned into shoot and roots. Shoot mass was further split into leaf 

and stem mass, except for A. manglesii, a perennial herb with strap-like leaves that emerge 

from ground level. Roots were removed from the soil and gently washed to remove attached 

soil particles. Plant dry mass was determined after drying to a constant weight at 70 °C for 

approximately 72 hours. Leaf mass ratio (leaf mass / total biomass) and root mass ratio (root 

mass / total biomass) were calculated to determine differences in biomass partitioning.  

Foliar carbon (C), nitrogen (N) and stable isotopes were analyzed for all species except 

J. floribunda and  K. glabrescens, which did not show any significant differences in biomass 

between inoculation treatments in initial analyses. Single, newly mature whole-leaf samples 

were used for A. manglesii, B. attenuata, B. menziesii and E. todtiana. Multiple newly mature 

leaves were pooled for A. pulchella, A. cygnorum, A. fraseriana and H. subvaginata. 

Samples were oven-dried, ground and analysed for δ15N and δ13C using a continuous flow 

system consisting of a Delta V Plus mass spectrometer connected with a Thermo Flush 

1112 via Conflo IV (Thermo-Finnigan, Germany). All isotopic analyses were performed by 

the West Australian Biogeochemistry Centre (WABC, UWA, Perth).   
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Statistical analyses  

We first explored the effect of water and inoculation treatments, and the interaction of these 

factors on measures of plant biomass using two-way analysis of variance (ANOVA), with 

plant species identity as a random effect. We then conduct three-way ANOVA with the 

addition of plant species identity as a factor. Plant species showed a significant effect on all 

parameters, and we followed these analyses with individual two-way ANOVA models by 

species, with water and inoculation treatments and the interaction of both as fixed effects. 

For ANOVA models in which significant treatment effects were detected, we utilized Tukey’s 

HSD tests for post hoc mean comparisons.  

Comparisons of plant gas exchange parameters, photosynthesis and stomatal conductance, 

were evaluated using ANOVA followed with post-hoc Tukey’s HSD tests, performed within 

each species.   

Foliar chemistry and stable isotope data within each species was analysed with two-way 

ANOVA, with water and inoculation treatments and the interaction of both as fixed effects.  

All data were square-root or Log normalised to meet assumptions of normal distributions 

and equal variances. In the event that the data were not able to be normalised, Kruskal-

Wallis tests were conducted, followed by Games-Howell post hoc test where significant 

effect tests were detected. All analyses were conducted on JMP® 15.2.0 (SAS Institute Inc.). 

Correlations between measured variables on well-watered B. attenuata, B. menziesii and E. 

todtiana presented in the form of a correlogram was generated by the corrplot package (Wei 

& Simko, 2017) in the R environment (R Core Team, 2020). Biomass data used for 

generating the correlogram was normalised within each species by dividing over the mean 

value. Data from only well-watered treatments were used in generating the correlogram due 

to incomplete drought treatment data, specifically insufficient phytohormone data for E. 

todtiana. 
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Results 

Plant biomass 

Across all species, a significant effect of inoculation treatment on plant total biomass (F = 

4.59, p = 0.034) was observed, but not on leaf (F = 1.75, p = 0.19), stem (F = 0.91, p = 0.34), 

root (F = 2.74, p = 0.10), leaf mass ratio ( F = 2.83, p = 0.09) nor root mass ratio (F = 0.51, 

p = 0.47), when controlling for plant species identity as a random effect in the statistical 

model. Averaged across all species, inoculated plants had 8.25% greater biomass at the 

end of the experiment. Watering treatment had a significant effect on plant total biomass (F 

= 23.70, p < 0.001), root mass (F = 28.85, p < 0.001), leaf mass ratio (F = 20.99, p < 0.001) 

and root mass ratio (F = 20.16, p < 0.001), but not on leaf nor stem mass, when controlling 

for plant species identity as a random effect in the statistical model. Using the same 

statistical model, the interaction of inoculation and watering treatments did not have 

significant effect on the measured plant biomass parameters.  

As plant species identity had a significant effect on all growth parameters measured 

(Appendix 3), plant biomass and biomass allocation data were then analysed by species 

(Table 3). Overall, we observed few differences in measures of plant biomass and allocation 

due to inoculation and watering treatments and the interaction, with some exceptions (Table 

3). There were no statistically significant effects of inoculation treatment on leaf mass for 

any species. Effects of inoculation treatment were statistically significant on stem mass of 

A. pulchella, and root mass and total biomass of A. manglesii. Inoculated A. pulchella had 

higher stem mass, and inoculated A. manglesii had higher root mass and total biomass 

compared to non-inoculated plants. Similarly, there were no significant effects of microbial 

inoculation on biomass allocation except for A. pulchella, A. manglesii and E. todtiana (Table 

3). Root mass ratio of A. pulchella decreased, increased in A. manglesii, and leaf mass ratio 

of A. manglesii and E. todtiana decreased compared to non-inoculated plants (Table 2).  

Watering treatment had a significant effect on leaf and stem mass of A. pulchella, and root 

and total biomass mass of A. cygnorum, A. fraseriana, A manglesii, B. menziesii and K. 

glabrescens, with well-watered plants having higher biomass than droughted plants (Table 

2 and 3). Effects of watering treatment were also statistically significant on the leaf mass 

ratio of  A. pulchella, A. fraseriana, A manglesii, B. menziesii and K. glabrescens. The same 

pattern was observed in these species for root mass ratio, except for B. menziesii. Leaf 

mass ratio decreased in A. pulchella, but increased in A. fraseriana, A manglesii, B. 
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menziesii and K. glabrescens under drought treatment. The opposite trend was observed 

for root mass ratio.     

The interaction of watering regime and inoculation treatment had a significant effect on the 

root and total biomass of A. cygnorum. Inoculated A. cygnorum under well-watered 

conditions had the highest root and total biomass followed by non-inoculated plants under 

well-watered conditions. Regardless of inoculation treatment, A. cygnorum in drought 

treatment had similar root mass, but inoculated plants had higher total biomass. 

 

 

Figure 2. Representative experimental plants of (a) A. pulchella, (b) A. cygnorum, (c) 
A. fraseriana, (d) A. manglesii, (e) B. attenuata, (f) B. menziesii, (g) E. todtiana, (h) 
H. subvaginata, (i) J. floribunda and (j) K. glabrescens, subjected to well-watered and 
drought watering treatments and without (−) and with (+) inoculation treatments. Scale bars 
denote 10 cm intervals.   
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Figure 3. Total biomass of plants grown under well-watered and drought conditions, without 
(−) and with (+) inoculation treatments. Different letters indicate significant differences 
between treatments at p < 0.05 (from ANOVA with post-hoc Tukey HSD Test). Error bars 
are standard errors.  
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Table 2. Plant biomass, partitioned into leaf, stem, root, total biomass, as well as leaf mass ratio and root mass ratio, for plants grown in well-watered and drought conditions, without (−) and with (+) 
inoculation treatments. Values presented are mean ± standard error. Different letters indicate significant differences between treatments within species at p < 0.05 (from ANOVA with post-hoc Tukey HSD 
Test). Note: A. manglesii  is a perennial herb without true  stems, hence no values are reported for stem mass. 

  Leaf mass (g) Stem mass (g) Root mass (g) Total biomass (g) Leaf mass ratio Root mass ratio 
  Well-watered Drought Well-watered Drought Well-watered Drought Well-watered Drought Well-watered Drought Well-watered Drought 

Acacia  pulchella  
(n = 5) 

− 2.55 ± 0.30 1.67 ± 0.15      4.39 ± 0.51ab 3.48 ± 0.14b   3.11 ± 0.31   4.52 ± 0.66 10.04 ± 0.98   9.66 ± 0.83 0.25 ± 0.05a 0.17 ± 0.02b 0.31 ± 0.02b 0.46 ± 0.03a 

+ 3.09 ± 0.56 1.97 ± 0.24 6.59 ± 0.89a 4.18 ± 0.55b   4.45 ± 0.86   3.08 ± 0.45 14.13 ± 2.12   9.23 ± 0.94 0.22 ± 0.02ab 0.21 ± 0.02ab 0.31 ± 0.03b 0.33 ± 0.03b 

Adenanthos  cygnorum  
(n = 5)  

− 4.81 ± 0.55 5.14 ± 0.76 3.98 ± 0.56 3.92 ± 0.77   8.38 ± 1.04a   8.07 ± 0.66ab 17.17 ± 1.11 17.13 ± 1.03 0.28 ± 0.03 0.30 ± 0.04 0.49 ± 0.06 0.47 ± 0.02 

+ 5.51 ± 0.35 5.76 ± 0.72 4.64 ± 0.43 4.38 ± 0.53 12.43 ± 1.67ab   6.32 ± 0.66b 22.58 ± 1.97 16.46 ± 1.31 0.25 ± 0.03 0.35 ± 0.02 0.54 ± 0.04 0.39 ± 0.04 

Allocasuarina fraseriana 
(n = 5)  

− 5.26 ± 0.97 4.38 ± 0.45 4.66 ± 0.80 4.91 ± 0.59   8.69 ± 1.67ab   5.30 ± 0.58b 16.77 ± 2.91 14.59 ± 1.50 0.29 ± 0.03ab 0.30 ± 0.02ab 0.46 ± 0.03a 0.36 ± 0.01b 

+ 5.24 ± 0.49 5.58 ± 0.42 4.49 ± 1.17 4.56 ± 0.45 11.49 ± 1.29a   5.24 ± 0.65b 21.22 ± 2.10 15.38 ± 1.33 0.25 ± 0.03b 0.36 ± 0.01a 0.54 ± 0.02a 0.34 ± 0.02b 

Anigozanthos manglesii 
(n = 5) 

− 3.18 ± 0.12 2.89 ± 0.25 - -   5.84 ± 0.62a   4.52 ± 0.25b   9.02 ± 0.68   7.40 ± 0.30 0.36 ± 0.02a 0.39 ± 0.03a 0.64 ± 0.02b 0.61 ± 0.03b 

+ 2.76 ± 0.24 2.67 ± 0.30 - -   8.96 ± 1.10b   5.86 ± 0.47b 11.72 ± 1.21   8.53 ± 0.72 0.24 ± 0.02b 0.31 ± 0.01ab 0.76 ± 0.02a 0.69 ± 0.01ab 
Banksia attenuata 
(n = 5) 

− 3.95 ± 0.36 4.28 ± 0.35 0.97 ± 0.14 0.97 ± 0.13 11.76 ± 1.79 10.58 ± 0.53 16.68 ± 2.10 15.83 ± 0.76 0.27 ± 0.01 0.25 ± 0.03 0.70 ± 0.02 0.67 ± 0.02 
+ 4.43 ± 0.43 4.33 ± 0.37      1.23 ± 0.16 1.30 ± 0.28 11.23 ± 2.24 14.08 ± 1.84 16.89 ± 2.53 19.70 ± 2.30 0.23 ± 0.02 0.24 ± 0.02 0.69 ± 0.02 0.71 ± 0.02 

Banksia menziesii 
(n = 5) 

− 4.79 ± 0.71 3.51 ± 0.35 0.95 ± 0.10 0.78 ± 0.11 25.77 ± 2.45a 12.69 ± 2.83b 31.51 ± 2.94 16.98 ± 2.80 0.15 ± 0.01 0.23 ± 0.05 0.82 ± 0.01 0.72 ± 0.05 
+ 4.57 ± 0.31 4.89 ± 0.48 0.94 ± 0.09 0.99 ± 0.06 24.23 ± 2.97a 17.54 ± 2.58ab 29.75 ± 2.79 23.42 ± 2.87 0.16 ± 0.02  0.22 ± 0.02 0.80 ± 0.03 0.74 ± 0.03 

Eucalyptus todtiana  
(n = 6) 

− 2.95 ± 0.17 3.19 ± 0.23 1.30 ± 0.14 1.48 ± 0.20   5.33 ± 0.70   5.63 ± 0.29   9.57 ± 0.77 10.50 ± 0.56 0.31 ± 0.02 0.30 ± 0.02  0.55 ± 0.03 0.54 ± 0.01 
+ 2.82 ± 0.22 2.90 ± 0.52 1.39 ± 0.18 1.31 ± 0.18   6.76 ± 0.73   5.57 ± 0.50 11.32 ± 0.94 10.19 ± 1.00 0.25 ± 0.02  0.28 ± 0.03 0.59 ± 0.02 0.55 ± 0.03 

Hibbertia subvaginata  
(n = 4) 

− 2.31 ± 0.32 3.84 ± 0.22 1.36 ± 0.19 2.15 ± 0.26   3.81 ± 0.33   4.59 ± 0.65   7.48 ± 0.70 10.58 ± 0.89 0.31 ± 0.02 0.37 ± 0.03 0.51 ± 0.03 0.43 ± 0.03 
+ 3.61 ± 0.63 2.94 ± 0.12 2.30 ± 0.31 1.97 ± 0.27   4.62 ± 0.29   4.63 ± 0.61 10.52 ± 0.48   9.55 ± 0.56 0.34 ± 0.04 0.31 ± 0.01 0.44 ± 0.03 0.48 ± 0.04 

Jacksonia floribunda  
(n = 3) 

− 2.92 ± 0.12 3.26 ± 0.94 1.16 ± 0.28 0.59 ± 0.12 11.51 ± 3.57   8.54 ± 4.9 19.68 ± 3.63 16.24 ± 6.91 0.16 ± 0.03 0.22 ± 0.03 0.56 ± 0.08 0.47 ± 0.08 
+ 1.76 ± 0.53 2.65 ± 0.62 0.96 ± 0.41 0.42 ± 0.11 11.24 ± 5.09   7.47 ± 4.40 16.68 ± 3.71 13.60 ± 5.84 0.13 ± 0.05 0.23 ± 0.04 0.61 ± 0.14 0.47 ± 0.10 

Kunzea glabrescens  
(n = 5) 

− 2.96 ± 0.18 3.53 ± 0.36 1.69 ± 0.13 1.77 ± 0.08   8.19 ± 2.12a   3.29 ± 0.40b 12.84 ± 2.34   8.59 ± 0.79 0.25 ± 0.03c 0.41 ± 0.01a 0.60 ± 0.05a 0.38 ± 0.02c 
+ 3.24 ± 0.27 3.15 ± 0.27 1.55 ± 0.09 1.46 ± 0.15   6.72 ± 0.99a   3.82 ± 0.38ab 11.51 ± 1.21   8.42 ± 0.76 0.29 ± 0.02bc 0.38 ± 0.01ab 0.58 ± 0.03ab 0.45 ± 0.01bc 

 



Chapter 4 

103 

Table 3. Analysis of variance results for the effects of water and inoculation, and the interaction of both on plant biomass, partitioned into leaf, stem, root, total biomass, leaf mass ratio and root mass ratio. 
Analysis was performed within each species. Note: A. manglesii  is a perennial herb without true stems, hence no statistical test values are reported for stem mass. 

Species Effect  Leaf mass  Stem mass  Root mass  Total biomass  Leaf mass ratio  Root mass ratio 
   F p  F p  F p  F p  F p  F p 
Acacia pulchella  
 

Water  8.38 0.011  9.50 0.007  0.01 0.926  3.91 0.066  6.52 0.021  9.49 0.007 
Inoculation  1.50 0.238  5.99 0.027  0.08 0.782  1.63 0.220  0.00 0.990  5.31 0.035 
Water*Inoculation  0.12 0.729  1.60 0.225  4.69 0.046  2.82 0.113  5.40 0.034  4.56 0.049 

Adenanthos cygnorum  
 

Water  0.22 0.649  0.08 0.787  8.67 0.010  4.80 0.044  3.01 0.102  4.26 0.056 
Inoculation  1.15 0.300  0.90 0.357  1.12 0.306  2.84 0.112  0.10 0.752  0.14 0.718 
Water*Inoculation  0.00 0.948  0.03 0.865  7.10 0.017  4.69 0.046  1.35 0.262  2.54 0.131 

Allocasuarina fraseriana 
 

Water  0.19 0.672  0.04 0.842  19.56 <0.001  5.75 0.029  5.93 0.027  47.58 <0.001 
Inoculation  0.88 0.363  0.11 0.746  1.38 0.257  0.68 0.422  0.30 0.589  1.52 0.236 
Water*Inoculation  0.95 0.345  0.01 0.915  1.61 0.223  0.19 0.665  3.97 0.064  5.59 0.031 

Anigozanthos manglesii 
 

Water  0.64 0.435  - -  10.87 0.005  9.23 0.008  5.45 0.033  5.45 0.033 
Inoculation  1.80 0.199  - -  11.44 0.004  5.65 0.030  20.50 <0.001  20.50 <0.001 
Water*Inoculation  0.20 0.659  - -  1.20 0.290  0.74 0.403  0.90 0.356  0.90 0.356 

Banksia attenuata 
 

Water  0.09 0.770  0.04 0.853  0.23 0.636  0.23 0.637  0.07 0.794  0.01 0.905 
Inoculation  0.49 0.495  2.39 0.141  0.74 0.404  1.00 0.333  1.20 0.291  0.40 0.537 
Water*Inoculation  0.33 0.576  0.03 0.871  1.37 0.260  0.81 0.383  0.75 0.400  1.16 0.298 

Banksia menziesii 
 

Water  0.98 0.338  0.50 0.491  13.26 0.002  13.40 0.002  5.11 0.038  6.22 0.024 
Inoculation  1.43 0.250  1.12 0.306  0.37 0.550  0.67 0.424  0.02 0.901  0.01 0.939 
Water*Inoculation  2.70 0.120  1.40 0.253  1.38 0.257  2.07 0.170  0.03 0.873  0.23 0.638 

Eucalyptus todtiana  
 

Water  0.25 0.621  0.10 0.756  0.58 0.454  0.02 0.901  0.16 0.693  0.93 0.346 
Inoculation  0.44 0.515  0.05 0.819  1.38 0.254  0.74 0.399  5.11 0.035  1.36 0.258 
Water*Inoculation  0.07 0.791  0.59 0.453  1.64 0.215  1.52 0.232  0.64 0.432  0.35 0.563 

Hibbertia subvaginata  
 

Water  1.35 0.267  0.77 0.398  0.63 0.441  2.46 0.143  2.01 0.187  0.42 0.529 
Inoculation  0.28 0.606  2.14 0.169  0.71 0.415  2.20 0.164  1.31 0.279  0.09 0.771 
Water*Inoculation  8.67 0.012  4.50 0.055  0.60 0.455  9.09 0.011  0.42 0.532  3.26 0.096 

Jacksonia floribunda  
 

Water  0.96 0.356  4.88 0.058  0.55 0.478  0.39 0.549  0.08 0.779  1.34 0.280 
Inoculation  2.01 0.194  0.83 0.389  0.02 0.885  0.29 0.603  4.76 0.061  0.06 0.816 
Water*Inoculation  0.20 0.670  0.00 0.993  0.01 0.932  0.00 0.973  0.25 0.627  0.07 0.804 

Kunzea glabrescens  
 

Water  0.76 0.395  0.00 0.959  15.39 0.001  6.94 0.018  27.82 <0.001  30.57 <0.001 
Inoculation  0.04 0.851  3.87 0.067  0.03 0.872  0.18 0.676  0.02 0.896  0.52 0.483 
Water*Inoculation  1.43 0.250  0.59 0.452  0.60 0.449  0.09 0.773  2.22 0.156  2.61 0.126 
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Plant gas-exchange 

Photosynthetic rate and stomatal conductance across the three investigated plant species, 

B. attenuata, B. menziesii and E. todtiana were varied. Regardless of inoculation treatment, 

well-watered plants of the three species maintained higher photosynthesis and stomatal 

conductance (Figure 4). Whilst inoculation did not cause differences in gas exchange of 

well-watered plants, we observed contrasting responses under drought: inoculation caused 

lower photosynthesis and stomatal conductance in B. attenuata (Figure 4a) and higher 

photosynthesis and stomatal conductance in E. todtiana (Figure 4c). B. menziesii did not 

exhibit an effect of inoculation under drought (Figure 4b).  

 

Foliar chemistry and stable isotope composition 

Across all investigated species, effects of microbial inoculation on foliar chemistry and stable 

isotope composition were not statistically significant when controlling for plant species 

identity as a random effect in statistical models. Using the same statistical analyses, effects 

of watering regime were statistically significant on foliar stable isotope compositions, δ13C 

(F = 8.24, p = 0.005) and δ15N (F = 9.36, p = 0.003). Plants under well-watered conditions 

had lower δ13C and δ15N values than droughted plants. There were no interactions between 

inoculation treatment and watering regime.  

When plant species identity was included as a fixed effect in the statistical model, together 

with inoculation treatment and watering regime, plant species identity had a significant 

impact on foliar chemistry and stable isotope compositions (Appendix 4), further analyses 

were then conducted on a per-species basis.  

Across all investigated species, foliar C content ranged between 390 and 490 mg g-1, and 

minimal differences were observed between treatment groups within each species (Table 

4). Effects of microbial inoculation and in interaction with water were statistically significant 

on foliar C content of H. subvaginata, while effects of watering regime were significant for A. 

cygnorum and A. manglesii (Table 5). In A. cygnorum, well-watered plants had higher C 

content than droughted plants, while A. manglesii exhibited the opposite trend. In H. 

subvaginata well-watered non-inoculated plants had the lowest C content while well-watered 

inoculated plants had the highest C content, with droughted plants exhibiting intermediate 

concentrations irrespective of inoculation. 
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Foliar N concentrations were within the range of 1.5 and 5.0 mg g-1 across the investigated 

species except A. pulchella with values at least four times as high (Table 4). Inoculation and 

watering treatments had no effect on foliar N across all species.  

Plant δ13C values ranged between −28 and −32‰, values which are typical of C3 plants 

(Marshall et al., 2007). Within species, there were no significant effects of inoculation 

treatment, but effect of watering regime was significant on A. pulchella (Table 5). Regardless 

of inoculation treatment, well-watered A. pulchella had more negative δ13C values than 

droughted plants (Table 4).    

Plant δ15N values varied widely from −3.50 to 2.41‰ (Table 4) between species. Statistical 

models within each species revealed that there was no significant effect of inoculation 

treatment, but watering regime had an effect on B. attenuata. Well-watered B. attenuata had 

lower δ15N values than droughted plants (Table 4). In both A. pulchella and E. todtiana, 

plants under well-watered conditions had more negative δ15N values compared with 

droughted plants. Similarly, well-watered A. fraseriana had negative δ15N values while 

droughted plants had positive values (Table 4).  

 

Figure 4. Photosynthesis and stomatal conductance of (a) B. attenuata, (b) B. menziesii 
and (c) E. todtiana grown under well-watered and drought conditions, without (−) and with 
(+) inoculation treatments. Measurements were taken at the end of the final drought period. 
Different letters indicate significant differences between treatments at p < 0.05 (from ANOVA 
with post-hoc Tukey HSD Test). Error bars are standard errors. 
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Table 4. Foliar carbon (C), nitrogen (N) and stable isotopes δ13C and δ15N content of plants grown in well-watered and drought conditions, 
without (−) and with (+) inoculation treatments. Values presented are mean ± standard error. Different letters indicate significant differences 
between treatments at p < 0.05 (from ANOVA with post-hoc Tukey HSD Test). 

  C (mg g-1) N (mg g-1) δ13C (‰) δ15N (‰) 
  Well-watered Drought Well-watered Drought Well-watered Drought Well-watered Drought 
Acacia  pulchella  
(n = 5) 

− 450.3 ± 2.1 451.8 ± 3.0 20.9 ± 0.7 23.7 ± 4.9 −32.19 ± 0.45b −30.79 ± 0.11a −1.30 ± 0.26 −0.48 ± 0.11 
+ 449.3 ± 4.1 447.0 ± 6.3 21.5 ± 2.8 17.8 ± 2.6 −31.84 ± 0.22ab −31.60 ± 0.11ab −1.06 ± 0.46 −0.74 ± 0.13 

Adenanthos  cygnorum  
(n = 5)  

− 470.0 ± 3.8a 462.4 ± 3.5ab 4.5 ± 2.1 3.9 ± 0.9 −32.64 ± 0.29 −31.97 ± 0.29 1.02 ± 0.36 1.18 ± 0.12 
+ 472.2 ± 2.6a 454.0 ± 2.9b 3.1 ± 1.4 1.3 ± 0.4 −32.45 ± 0.19 −31.77 ± 0.47 1.13 ± 0.27 0.44 ± 0.25 

Allocasuarina fraseriana 
(n = 5)  

− 453.0 ± 0.64 459.3 ± 0.4 3.8 ± 0.8 4.2 ± 0.7 −30.59 ± 0.48 −30.80 ± 0.64 −0.48 ± 0.65 0.17 ± 0.35 
+ 460.4 ± 0.5 460.8 ± 1.3 3.8 ± 1.8 3.8 ± 0.9 −31.33 ± 0.18 −30.04 ± 0.15 −1.15 ± 0.83 0.31 ± 0.50 

Anigozanthos manglesii 
(n = 5) 

− 389.1 ± 6.1 400.6 ± 4.2 3.4 ± 0.7 5.0 ± 1.3 −29.28 ± 0.11 −28.47 ± 0.16 −0.06 ± 0.14 0.50 ± 0.23 
+ 393.3 ± 4.4 406.0 ± 2.7 3.4 ± 0.6 4.7 ± 0.2 −29.96 ± 0.54 −29.24 ± 0.38 0.35 ± 0.14 0.27 ± 0.29 

Banksia attenuata 
(n = 5) 

− 469.4 ± 0.3 466.7 ± 9.8 2.3 ± 0.3 2.9 ± 0.4 −30.56 ± 0.48 −30.59 ± 0.09 0.41 ± 0.26 1.68 ± 0.31 
+ 463.7 ± 1.2 475.8 ± 4.3 3.6 ± 0.9 3.1 ± 0.8 −30.62 ± 0.61 −31.07 ± 0.54 0.98 ± 0.22 1.42 ± 0.47 

Banksia menziesii 
(n = 5) 

− 487.0 ± 4.0 481.1 ± 1.4 3.7 ± 0.9 3.5 ± 1.0 −31.09 ± 0.40 −30.95 ± 0.11 0.75 ± 0.84 1.12 ± 0.67 
+ 483.5 ± 6.3 490.4 ± 5.0 3.6 ± 1.3 2.5 ± 0.1 −30.89 ± 0.23 −30.98 ± 0.09 0.78 ± 0.07 1.60 ± 0.21 

Eucalyptus todtiana  
(n = 6) 

− 481.8 ± 5.2 486.4 ± 4.2 3.5 ± 0.5 2.8 ± 0.6 −30.55 ± 0.53  −30.51 ± 0.63 −3.50 ± 0.33 −2.20 ± 0.46 
+ 482.0 ± 4.2 475.9 ± 4.0 2.2 ± 0.2 3.4 ± 0.6 −31.72 ± 0.42 −29.35 ± 1.03 −2.58 ± 0.57 −2.96 ± 0.57 

Hibbertia subvaginata  
(n = 4) 

− 399.3 ± 5.9b 427.5 ± 3.0a 5.0 ± 2.4 4.5 ± 0.7 −32.70 ± 0.27 −31.21 ± 0.41 2.27 ± 0.65 1.87 ± 0.39 
+ 432.2 ± 4.7a 426.0 ± 7.7a 3.2 ± 1.2 4.5 ± 0.9 −31.27 ± 0.38 −32.14 ± 0.92 1.80 ± 0.38 2.41 ± 0.31 
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Table 5. Analysis of variance results for the effects of water and inoculation, and the interaction of both on foliar carbon (C), nitrogen (N) 
and stable isotopes δ13C and δ15N content. Analysis was performed within each species. 

 

Species Effect  C  N  δ13C  δ15N 
   F p  F p  F p  F p 
Acacia pulchella  
 

Water    0.01 0.939  0.02 0.880  9.95 0.014  4.15 0.076 
Inoculation    0.51 0.494  0.61 0.458  0.76 0.409  0.00 0.977 
Water*Inoculation    0.23 0.646  1.19 0.307  4.98 0.056  0.80 0.397 

Adenanthos cygnorum  
 

Water  16.22 0.004  0.77 0.409  4.25 0.073  1.02 0.343 
Inoculation    0.86 0.380  1.81 0.220  0.34 0.575  1.44 0.265 
Water*Inoculation    2.40 0.160  0.03 0.866  0.00 0.988  2.66 0.142 

Allocasuarina fraseriana 
 

Water    0.05 0.838  0.08 0.789  1.68 0.232  2.82 0.132 
Inoculation    0.61 0.461  0.08 0.789  0.00 0.978  0.15 0.712 
Water*Inoculation    0.13 0.734  0.08 0.789  3.24 0.110  0.51 0.497 

Anigozanthos manglesii 
 

Water    7.26 0.027  3.86 0.085  4.92 0.057  1.31 0.285 
Inoculation    0.99 0.348  0.05 0.833  4.38 0.070  0.18 0.679 
Water*Inoculation    0.01 0.915  0.05 0.833  0.02 0.903  2.34 0.165 

Banksia attenuata 
 

Water    0.69 0.421  0.15 0.704  0.27 0.614  6.71 0.024 
Inoculation    0.09 0.775  0.32 0.584  0.32 0.582  0.22 0.644 
Water*Inoculation    1.76 0.209  0.63 0.441  0.20 0.665  1.59 0.231 

Banksia menziesii 
 

Water    0.01 0.944  0.26 0.621  0.01 0.921  1.18 0.310 
Inoculation    0.33 0.579  0.26 0.621  0.14 0.718  0.21 0.656 
Water*Inoculation    1.69 0.230  0.26 0.621  0.22 0.651  0.17 0.689 

Eucalyptus todtiana  
 

Water    0.03 0.869  0.04 0.844  3.04 0.100  0.88 0.361 
Inoculation    1.30 0.272  0.28 0.604  0.00 0.988  0.02 0.877 
Water*Inoculation    1.45 0.246  4.80 0.044  2.84 0.111  2.93 0.106 

Hibbertia subvaginata  
 

Water    3.81 0.087  0.69 0.431  0.32 0.589  0.06 0.813 
Inoculation    7.73 0.024  0.35 0.571  0.21 0.661  0.01 0.937 
Water*Inoculation    9.46 0.015  0.35 0.571  4.53 0.066  1.26 0.293 
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Phytohormones 

Phytohormones belonging to the class of cytokinins (BAP, BAPR, DHZOG, iPR, tZOG and 

tZR), abscisic acid (ABA) and salicylic acid (SA) were detected in the plant xylem sap 

samples of all three species investigated, B. attenuata, B. menziesii and E. todtiana (Table 

6). Auxins (IAA and IBA) and cytokinins, cZ, DHZ, DHZR, iP, K and tZ were not detected.   

Cytokinins DHZOG and tZOG were observed in much higher concentrations (~1.3x to 12.7x) 

in B. menziesii compared to B. attenuata regardless of treatment (Table 6), despite both 

being species within the same genus. In all three species, iPR was found in higher 

concentrations in inoculated plants under well-watered conditions compared to plants grown 

under drought (Table 6).   

Across all three species, stress associated phytohormone ABA concentrations were lower 

in droughted plants compared to well-watered plants. Comparing between inoculation 

treatments, ABA concentrations were lower in inoculated plants, except drought treated E. 

todtiana (Table 6). In the well-watered treatment, inoculated plants across all three species 

had approximately 0.5x lower ABA concentrations than non-inoculated controls. In contrast, 

in the drought treatment, inoculated B. attenuata and B. menziesii had 0.7x lower ABA than 

their non-inoculated controls. Droughted and inoculated E. todtiana had 0.3x higher ABA 

concentration than its non-inoculated control.  

Levels of the other stress-associated phytohormone SA showed less variation between 

treatments in both B. attenuata and B. menziesii, however inoculated E. todtiana had lower 

SA than non-inoculated plants in both water treatments (Table 6).  

Correlations between the measured plant growth and physiology parameters and 

phytohormones in B. attenuata, B. menziesii and E. todtiana were explored via a 

correlogram (Figure 5). Cytokinins DHZOG and tZR correlated negatively with gas-

exchange parameters, photosynthesis and stomatal conductance. However, tZR correlated 

positively with root mass and total biomass. ABA correlated positively with iPR but negatively 

with tZR, and the opposite trend occurred for SA.   
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Table 6. Phytohormone concentrations (nmol L-1) detected in pooled xylem sap samples. 
Xylem sap samples were pooled from all replicates within each treatment group to yield one 
sample per species per treatment. <LOD indicates concentration below limits of detection; 
<LOQ indicates concentration below limits of quantification; - indicates that no samples were 
available; BAP: N6-benzyladenine , BAPR: N6-benzyladenosine, DHZOG: dihydrozeatin-O-
glucoside, iPR: N6-isopentenyladenosine, tZOG: trans-zeatin-O-glucoside, tZR: trans-zeatin 
riboside, ABA: abscisic acid and SA: salicylic acid. 

 

  Banksia attenuata 
(n = 5) 

 Banksia menziesii 
(n = 5) 

 Eucalyptus todtiana  
(n = 6) 

  Well-
watered 

Drought  Well-
watered 

Drought  Well- 
watered 

Drought 

BAP − <LOQ <LOQ  <LOQ <LOQ  0.124 - 
+ <LOQ <LOQ  <LOQ <LOQ  0.118 - 

BAPR − <LOD <LOD  <LOD <LOD  <LOQ - 
+ <LOD <LOD  <LOD <LOD  0.092 - 

DHZOG − 0.608 0.636  3.573 3.409  0.524 - 
+ 0.610 0.738  3.091 1.004  4.914 - 

iPR − 0.048 0.066  0.057 0.092  0.107 - 
+ 0.072 0.066  0.110 0.060  0.125 - 

tZOG − 4.12 4.82  38.37 29.78  7.15 - 
+ 3.06 4.56  38.77 29.17  117.32 - 

tZR − 0.52 0.40  4.66 1.90  0.04 - 
+ 1.12 2.17  3.11 0.44  0.15 - 

ABA − 131 67.0  139 90.9  487 14.3 
+ 89.9 45.0  69.1 69.2  268 18.9 

SA − 590 583  929 941  62.3 219 
+ 598 736  1061 1036  42.9 42.9 
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Figure 5. Correlogram for the measured plant growth parameters (leaf, stem, root and total 
biomass) and resource partitioning (leaf and root mass ratios), gas-exchange parameters 
(photosynthesis and stomatal conductance), foliar chemistry, foliar stable isotope 
composition (δ13C and δ15N), and xylem sap phytohormones of B. attenuata, B. menziesii 
and E. todtiana, grown under well-watered conditions, with and without microbial inoculation. 
Circle size is proportional to the correlation coefficient. Positive correlation is indicated by 
blue, while negative correlation is indicated by red. Blank squares indicate that the 
correlation was not significant (α = 0.05).  
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Discussion 

We explored the effects of a commercial microbial inoculant on the growth and physiological 

performance of a diverse range of native Banksia woodland plant species to evaluate the 

potential for such products to improve restoration success in post mining sites. The efficacy 

of this approach was evaluated through various plant responses including growth, 

physiological adjustments and potential signals in the form of phytohormones. We observed 

that the beneficial effects of microbial inoculation were minimal, and overall water availability 

exerted a stronger effect on plant performance. In contrast with our hypotheses, microbial 

inoculation treatment did not result in significantly enhanced plant growth, and differences 

in physiological performance between inoculated and non-inoculated plants under drought 

conditions varied between species. Inoculated plants under well-watered conditions 

however exhibited a trend of higher iPR concentrations. 

Improved plant growth from microbial inoculation treatments have been reported in plant 

species used for ecological restoration (Gonzalez et al., 2018; Pérez-Fernández et al., 2016; 

Schoebitz et al., 2014; Solans et al., 2021). In contrast, the observed effects of inoculation 

treatment on plant growth in the native Banksia woodland species were minimal. The failure 

to observe a significant effect of inoculation treatment on plant growth could be due to low 

product efficacy and/or limitations of the experimental design. Overall, our results revealed 

that water had more significant effect on total plant biomass. Whilst the microbial treatment 

had a 3 month duration, biomass increase during that period may have been small due to 

the slow growth rates of these native species (Groom & Lamont, 2015). Therefore, only a 

relatively small percentage of the final biomass was formed during the experimental period, 

making it difficult to demonstrate  growth benefits and shifts in allocation. Final biomass may 

also have been differentially affected by biomass loss through shedding of leaves (Chaves 

et al., 2003), which was not accounted for in this experiment. 

One of the potential advantages of microbial inoculation is improved nutrient availability. We 

did not find evidence for this in the present study. A possible explanation is that the natural 

Banksia woodland substrate is extremely low in nutrients (Rokich et al., 2002), reducing the 

possibility that introduced microbes cause significantly enhanced nutrient availability for 

plant uptake. The low nutrient availability is evident in the low N foliar content in both 

inoculated and non-inoculated plants regardless of water treatment. Furthermore, the 

seedlings were likely well-fertilised during cultivation at the nurseries, providing the plants 

with surplus nutrients and negate the benefits of microbial inoculation (Porter & Sachs, 2020). 

Additionally, the age of the plants may have affected the efficacy of the inoculation treatment 
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(Lopes et al., 2021). Plants in this experiment were approximately more than 6 months old 

when inoculation treatments were first applied. Inoculation might have been more effective 

if it had been implemented when plants were younger seedlings. Although a total of three 

inoculations were given, this may still have been insufficient to enhance plant performance. 

More subsequent inoculations may have been required to achieve efficacy (Bashan, 1986). 

Also, the number of viable microorganisms present and introduced at each inoculation was 

unknown. Greater improvements in plant performance may have been achieved with the 

use of optimal microbial concentrations (Ambrosini et al., 2016; Bashan, 1986; Lance et al., 

2019). It has been observed that the use of low inoculant concentrations resulted in low 

efficacy, while the use of concentrations above optimum resulted in deleterious effects 

(Bashan, 1986; Lance et al., 2019).   

Apart from improved plant growth, another benefit of using microbial inoculants is enhanced 

photosynthetic capacity. This has been widely reported in crop species (Samaniego-Gámez 

et al., 2016; Timmusk et al., 2014) and in some restoration plant species. In restoration plant 

species, inoculation treatments increased leaf chlorophyll content (Gonzalez et al., 2018), 

and helped maintain photosynthetic capacity in drought-stressed plants (Liu et al., 2019). 

Similarly, in this study, inoculation resulted in enhanced photosynthetic capacity in E. 

todtiana plants subjected to drought treatment. However, an opposite response was 

observed in inoculated B. attenuata under drought conditions, and there was no effect of 

inoculation on photosynthetic rates in the other species evaluated. These highlight the 

potential importance of plant-microbial interactions under stressful conditions such as 

drought, during which soil microorganisms can have positive or negative impacts on the 

plants (Ulrich et al., 2019). Thus, testing the compatibility between inoculant(s) and targeted 

plant species before blanket application on restoration site(s) is crucial to avoid wasted 

expenditure in procuring and applying the inoculant(s). Some species may show no 

response, as observed in B. menziesii, while other species may experience a detrimental 

impact as exhibited by B. attenuata.   

Although point measurements of plant photosynthesis and stomatal conductance revealed 

different responses in all three plant species, foliar δ13C which is often used as a long-term 

integrative indicator of plant photosynthetic performances (Dawson et al., 2002) revealed 

little to no effect between inoculated treatments and non-inoculated controls, except in A. 

pulchella. This suggests that the inoculation treatments did not have a long term impact on 

the intrinsic photosynthetic capacity of the investigated Banksia woodland plant species, 

with A. pulchella being the one exception. The contrasting response in A. pulchella may be 
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due to associations with Azotobacter present in the inoculant (Appendix 1; Sulaiman et al., 

2019), whilst this may not have occurred in the other plant species due to host selectivity 

(Mrkovacki & Milic, 2001). Production of phytohormones, such as auxins and cytokinins, and 

phosphate-solubilization by Azotobacter could have promoted greater photosynthetic 

capacity in A. pulchella (Mrkovacki & Milic, 2001; Ruzzi & Aroca, 2015). Higher 

concentrations of auxins may have also increased the efficacy of other phytohormones, with 

direct positive effects on the plants’ photosynthetic capacity (Khatoon et al., 2020). Finally, 

increases in cytokinins and phosphate availability may have allowed the plants to overcome 

growth restriction at the cell cycle checkpoints and enhanced chloroplast development, 

thereby increasing the plants’ photosynthetic capacity (Cortleven & Schmülling, 2015; Wong 

et al., 2015). 

The foliar δ15N results also further suggest inoculated microorganisms may have interacted 

with plant species differently. The δ15N values observed were overall consistent with 

expected ranges of each species’ nutrient acquisition strategy, non-mycorrhizal (0.9 ± 0.2‰), 

arbuscular mycorrhizal (−1.1 ± 0.1‰) and ectomycorrhizal (−2.3 ± 0.2‰; Hobbie & Högberg, 

2012). The few exceptions to these expected ranges included droughted A. fraseriana, well-

watered and non-inoculated A. manglesii and H. subvaginata across all treatments. These 

results suggest that most of the mycorrhizal plants had N (15N depleted) sourced from their 

symbiotic mycorrhizal fungi (Hobbie & Högberg, 2012), resulting in negative foliar δ15N 

values. Exceptions in A. fraseriana, A. manglesii and H. subvaginata could be due to 

complex interactions between plants and microorganisms (fungal and bacterial) and would 

require further investigations. Lower δ15N values in non-mycorrhizal species under well-

watered conditions suggested the occurence of N fixation by free-living microorgaisms 

(Michelsen & Sprent, 1994). However, the different amount of water present in each 

treatment likely impacted soil microorganisms in various direct and indirect ways, resulting 

in the varied plant responses observed. Under well-watered conditions, indigenous 

microorganisms in the substrates or microorganisms adhering to the plant roots during 

transplant may have established prior to microbial inoculation. These indigenous 

microorganisms may have then impeded the establishment of inoculated microorganisms 

(Lopes et al., 2021). Under drought conditions, associations with beneficial microorganisms 

may increase to help the plants overcome drought stress (Williams & de Vries, 2020).     

Results from phytohormone analysis suggest that each plant species may have its own 

unique phytohormone profile (Osugi & Sakakibara, 2015). However, despite species-

specific variation in phytohormone concentrations, there was a general trend of higher 
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concentrations of iPR in inoculated plants under well-watered conditions. iP-type cytokinins 

are produced by plants and microorganisms, and they are more commonly produced by 

bacteria (Frébortová & Frébort, 2021). The higher concentrations of iPR in the inoculated 

plants could have resulted from plant uptake of exogenous cytokinins, such as cytokinins of 

microbial-origin, and converted into ribosides (e.g., iPR and tZR) which are the transport 

forms (Dodd et al., 2010; Hluska et al., 2021; Korobova et al., 2021; Lu et al., 2021). 

Although iPR has lower bioactivity compared to tZ and iP (determined by binding affinity to 

specific receptors), it can be enzymatically converted into more active forms such as iP and 

tZ (Hluska et al., 2021; Keshishian & Rashotte, 2015). Similar with cytokinin ribosides, 

glycosylated cytokinins DHZOG and tZOG can be enzymatically converted into active forms 

(Hluska et al., 2021). Although DHZOG and tZOG are generally considered as storage forms, 

they are also transported in the xylem and have been found to help regulate plant 

transpiration and leaf senescence (Badenoch-Jones et al., 1996; Hluska et al., 2021).  

Cytokinins and ABA are known to interact antagonistically in the regulation of plant 

developmental processes and responses to abiotic stress, including drought (Großkinsky et 

al., 2014; Huang et al., 2018). In the Banksia woodland species examined here, inoculated 

plants had higher concentrations of cytokinins but lower ABA concentrations compared to 

non-inoculated control plants. This indicates that the inoculation treatments might have 

induced greater drought tolerance in plants. Drought stress may cause shoot cytokinin 

concentrations to decrease, and inoculation could provide plants with exogenous cytokinins 

of microbial origin and help delay drought-induced senescence (Hai et al., 2020; Verslues, 

2016). Increasing cytokinin concentrations in planta can increase plant growth under 

favourable conditions (Wong et al., 2015), and help improve plant stress resistance via 

various mechanisms including leaf senescence suppression, maintenance of meristematic 

activity, and modulation of stress responses (Hallmark & Rashotte, 2020; Liu et al., 2013; 

Ogawa et al., 2011; Veselov et al., 2017).  

In addition to improving plant drought tolerance, the inoculation treatments may have helped 

reduce the activity or abundance of antagonistic soil biota (e.g., pathogens). Microbial 

inoculated E. todtiana plants had lower SA concentrations compared with control plants. 

Accumulation of SA is known to be associated with defence response against pathogens 

and disease (Naidoo et al., 2014). This phenomenon could be further explored and validated 

in future studies that include measurements of other plant responses, such as the production 

of secondary metabolites and presence of specific anti-pathogen activity (Naidoo et al., 

2014), which usually manifest in response to pathogens. Soil microbial community analysis, 
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which was not conducted in the present study, could also help determine the effects of 

inoculation treatments on changing the abundance of antagonistic or beneficial soil and root 

associated biota.  

Whilst the study of correlations between plant performance parameters and phytohormones 

revealed interesting patterns across the plant species evaluated, further research is needed. 

Our analyses only included data from well-watered plants, as we were unable to obtain 

sufficient sample quantities for drought-stressed plants. It is also important to note that 

phytohormone profiles and activities may differ between plant species, at different 

developmental stages and environmental conditions (Akhtar et al., 2020). This could explain 

why some phytohormones were not detected or absent in the samples analysed. 

Furthermore, the list of phytohormones being analysed was not exhaustive. Other forms of 

phytohormones (e.g., cytokinin conjugated conjugates with sugars, sugar phosphates, and 

amino acids) may have significant roles in the regulation of developmental processes and 

stress responses in Banksia woodland species (Hoyerová & Hošek, 2020). Despite these 

limitations, the well documented ABA-SA antagonism was observed (Cao et al., 2011). 

Further investigations incorporating a more comprehensive list of phytohormones and their 

analysis in plant tissues (leaves and roots) would help to elucidate the specific roles of each 

phytohormone and the cross-talk between different classes. This would improve our 

understanding of these phytohormones (including microbially-originated forms) on plant 

physiology, particularly for understudied native plants, such as Banksia woodland plant 

species.  
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Conclusions 

The use of soil microbial inoculants is increasingly explored as means to manipulate soil 

abiotic and abiotic conditions to improve restoration outcomes (Farrell et al., 2020; Valliere 

et al., 2020). In this study, application of the selected commercial microbial inoculant on ten 

ecologically diverse Banksia woodland plant species resulted in few and small benefits for 

plant performance. These results suggest that the plant responses may be highly species-

specific, and commercial microbial inoculants may be poorly suited for application on 

Banksia woodland restoration. This study also highlights that much more testing is required 

before advocating the use of commercial products, typically developed for agricultural/ 

horticultural species, for native plant restoration. Higher numbers of experimental replicates 

will also be required to identify robust statistical trends in native plant species. Research 

should include both experimental studies under controlled conditions (as in the present study) 

and field trials to test feasibility and efficacy in actual restoration environment. More 

experimental controls such as inactivated microbial inoculum and/ or inoculum carrier 

substance should be included. Important research questions include compatibility between 

the microorganisms (present in the inoculant) and plants, age of the plants and timing of 

inoculation, viability of the microorganisms in the inoculant, concentration(s) of 

microorganisms required to achieve effectiveness and the effects of inoculation treatments 

on root associated and soil microbial communities. It is crucial to test the compatibility 

between the microorganisms and plants because in the context of ecological restoration, the 

microorganisms will be introduced to a diversity of plant species, unlike agricultural 

monoculture applications. Whether generic commercial inoculants will confer sufficient 

benefits for rehabilitation or restoration remains unknown – a potentially more effective 

strategy could be to develop site-specific inoculants by culturing microorganisms found in 

the same or similar environment, such as reference sites (Remke et al., 2020; Solans et al., 

2021). Re-establishing soil health by reintroducing and enhancing microbial diversity and 

biomass has great potential, but inoculation with ineffective, incompatible or even 

detrimental microbes could be wasteful and counterproductive. 
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Supplementary material 

Appendix 1. Commercial brochure of microbial inoculant, GOGO Juice (Neutrog® Australia 
Pty Ltd, Kanmantoo, South Australia), utilised in the experiment. (Source: 
https://neutrog.com.au/wp-content/uploads/2019/08/NEU-GGJcomm-A4-060519.pdf)  
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Appendix 2. Analytical parameters for the phytohormones and respective deuterated standards. LOQ: limits of quantification based on S/N ratio <10. LOD: limits of detection based on S/N ratio 3.  

Phytohormone 
class 

Analyte Transition Cone 
voltage (V) 

Collision 
voltage (V) 

Retention  
time (min) 

LOQ 
(ng mL-1) 

LOD  
(ng mL-1) 

Deuterated 
standard 

Transition Cone 
voltage (V) 

Collision 
voltage (V) 

Retention 
time (min) 

Spiked 
concentration  
(ng mL-1) 

Auxins Indole-3-acetic acid (IAA) 176 > 130 15 20 5.95 0.05 0.025 [2H5]-IAA 181 > 134 20 25 5.94 0.1 
Indole-3-butyric acid (IBA) 204 > 186 22 15 6.74 0.5 0.025 [2H5]-IAA 181 > 134 20 25 5.94 0.1 

Cytokinins N6-Benzyladenine  (BAP) 226 > 91 23 22 5.50 0.05 0.025 [2H7]-BAP 233 > 98 25 24 5.41 0.1 
N6-Benzyladenosine (BAPR) 358 > 226 10 20 6.07 0.05 0.025 [2H7]-BAP 233 > 98 25 24 5.41 0.1 
Cis-zeatin (cZ) 220 > 136 17 25 1.81 0.25 0.1 [2H5]-tZ 225 > 46 18 21 1.43 0.1 
Dihydrozeatin (DHZ) 222 > 136 20 23 1.56 0.5 0.25 [2H3]-DHZ 225 > 136 20 26 1.55 0.1 
Dihydrozeatin-O-glucoside 
(DHZOG) 

384 > 222 24 19 1.58 0.5 
0.25 

[2H3]-DHZ 225 > 136 20 26 1.55 0.1 

Dihydrozeatin riboside  
(DHZR) 

354 > 136 14 40 3.80 0.05 
0.025 

[2H3]-DHZ 225 > 136 20 26 1.55 0.1 

N6-Isopentenyladenine (iP) 204 > 136 17 17 5.05 0.25 0.025 [2H6]-iP 210 > 137 20 23 5.01 0.1 
N6-Isopentenyladenosine (iPR) 336 > 136 22 30 5.99 0.05 0.025 [2H6]-iP 210 > 137 20 23 5.01 0.1 
Kinetin (K) 216 > 81 20 28 3.39 0.25 0.1 [2H5]-tZ 225 > 46 18 21 1.43 0.1 
Trans-zeatin (tZ) 220 > 136 21 19 1.47 0.05 0.025 [2H5]-tZ 225 > 46 18 21 1.43 0.1 
Trans-zeatin-O-glucoside 
(tZOG) 

382 > 220 20 23 1.48 0.5 
0.05 

[2H5]-tZOG 387 > 225 17 17 1.41 0.1 

Trans-zeatin riboside (tZR) 352 > 220 14 21 3.60 0.25 0.025 [2H5]-tZ 225 > 46 18 21 1.43 0.1 
Others Abscisic acid (ABA) 263 > 153 20 15 4.94 5 0.25 [2H6]-ABA 269 > 159 25 16 4.91 10 

Salicylic acid (SA) 137 > 93 25 17 3.92 5 0.1 [2H4]-SA 141 > 97 25 27 3.88 10 
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Appendix 3. Analysis of variance results for the effects of plant species, water and inoculation, and their interactions on plant biomass, 
partitioned into leaf, stem, root, total biomass, leaf mass ratio and root mass ratio. 

 

Effect Leaf mass  Stem mass  Root mass  Total biomass  Leaf mass ratio  Root mass ratio 
F p F p F p F p F p F p 

Species 25.21 <0.001  88.58 <0.001  36.79 <0.001  34.31 <0.001  17.12 <0.001  59.72 <0.001 
Water 0.30 0.584  4.88 0.029  30.21 <0.001  23.13 <0.001  25.25 <0.001  26.01 <0.001 
Species*Water 1.56 0.132  2.45 0.012  2.78 0.005  1.93 0.051  3.15 0.002  5.94 <0.001 
Inoculation 1.25 0.265  0.75 0.388  1.54 0.216  2.98 0.086  2.35 0.128  0.04 0.845 
Species*Inoculation 1.38 0.203  1.59 0.122  0.95 0.481  0.96 0.474  1.89 0.058  1.70 0.095 
Water*Inoculation 0.37 0.543  1.62 0.206  2.36 0.127  2.74 0.100  1.10 0.297  0.50 0.479 
Species*Water*Inoculation 1.41 0.187  0.63 0.771  1.38 0.203  1.20 0.299  1.46 0.167  1.93 0.052 
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Appendix 4. Analysis of variance results for the effects of plant species, water and inoculation, and their interactions on foliar carbon (C), 
nitrogen (N), C/N ratio and stable isotopes δ13C and δ15N content of plants. 

 

Effect 
C 

 
N 

 
C/N 

 
δ13C 

 
δ15N 

F p F p F p F p F p 
Species 157.26 <0.001  78.57 <0.001  7.57 <0.001  11.61 <0.001  57.80 <0.001 
Water 1.65 0.202  0.01 0.922  0.08 0.780  7.54 0.008  7.96 0.006 
Species*Water 2.49 0.023  0.32 0.942  0.53 0.812  0.96 0.470  0.81 0.578 
Inoculation 1.65 0.203  2.64 0.108  3.49 0.066  0.21 0.648  0.00 0.965 
Species*Inoculation 1.87 0.087  0.52 0.816  1.27 0.279  0.34 0.935  0.17 0.990 
Water*Inoculation 1.87 0.176  0.71 0.402  0.05 0.822  0.02 0.888  0.73 0.395 
Species*Water*Inoculation 2.54 0.021  1.07 0.391  1.33 0.249  2.17 0.047  1.23 0.295 
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Appendix 5. Bacteria identified in the commercial microbial inoculant using 16s ribosomal RNA sequencing  

 

Phylum Class Order Family Genus 
Bacteroidetes Bacteroidia Bacteroidales Porphyromonadaceae Paludibacter 
Cyanobacteria Chloroplast Streptophyta   
Firmicutes Bacilli Bacillales Bacillaceae Bacillus 
Firmicutes Bacilli Bacillales Bacillaceae Oceanobacillus 
Firmicutes Bacilli Bacillales Bacillaceae Virgibacillus 
Firmicutes Bacilli Bacillales Thermoactinomycetaceae Planifilum 
Firmicutes Clostridia Clostridiales Clostridiaceae Clostridium 
Firmicutes Clostridia Clostridiales Lachnospiraceae Coprococcus 
Firmicutes Clostridia Clostridiales Peptococcaceae Desulfosporosinus 
Firmicutes Clostridia Clostridiales Peptococcaceae Desulfotomaculum 
Firmicutes Clostridia Clostridiales Peptococcaceae Sporotomaculum 
Firmicutes Clostridia Clostridiales Ruminococcaceae Clostridium 
Firmicutes Clostridia Clostridiales Ruminococcaceae Ethanoligenens 
Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcus 
Firmicutes Clostridia Clostridiales Syntrophomonadaceae Syntrophomonas 
Firmicutes Clostridia Clostridiales [Tissierellaceae] Tepidimicrobium 
WWE1 [Cloacamonae] [Cloacamonales] [Cloacamonaceae] W22 
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Abstract 

The biological properties of soil have become important considerations in rehabilitation and 

ecological restoration. The use of microbial inoculants to improve soil biological properties 

in the restoration of post-mining landscapes is potentially an economical and ecologically 

sound approach. Restoration of post-mining areas faces numerous challenges, including 

highly altered physical and chemical environments which may be unfavourable for native 

vegetation assemblages. We tested the efficacy of a commercially-sourced microbial 

inoculant on improving plant performances and on ameliorating magnetite tailings as a plant 

growth medium in a glasshouse experiment. Six native plant species were grown in three 

substrates (topsoil, magnetite tailings and a combination of both) collected from an iron ore 

mine situated in a semi-arid region of Western Australia. Measured plant responses to soil 

microbial inoculation included germination success, seedling survival, total aboveground 

biomass, plant foliar chemistry (carbon, nitrogen and stable isotopes) and xylem sap 

phytohormone profiles. Plant rhizosphere soil samples were also analysed to determine the 

influence of the inoculation treatment on substrate microbiome. Plants grown in topsoil 

exhibited varied responses to the inoculation treatment, and subtle benefits in germination 

and survival were observed in certain species. In tailings, incorporation of both topsoil and 

microbial inoculation resulted in improved substrate structure and biological functionality to 

support sustained plant growth. Therefore, the benefits of microbial inoculation may be 

species specific and context-dependent, but this approach could be especially useful in mine 

tailings. Future work optimising tailings and topsoil mixture ratios and determining microbial 

inoculation dosage may help develop this strategy further to facilitate the reestablishment of 

native vegetation in post-mining substrates. 

 

Keywords 

Microbial inoculation; mine-site restoration, magnetite tailings, soil microbiome, 

phytohormones  
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Introduction 

Soil microorganisms play critical roles in various ecosystem processes including soil 

formation and aggregation, nutrient cycling, and in plant nutrient uptake, growth stimulation 

and abiotic stress tolerance (Buscot, 2005). In recent years, soil biological properties have 

become an important consideration for rehabilitation and ecological restoration following 

anthropogenic disturbances (Hart et al., 2020). In mining operations, topsoil is typically 

stripped and stockpiled for a prolonged period until required for post-mining rehabilitation or 

ecological restoration (Golos & Dixon, 2014). During this process, soil physical, chemical 

and biological properties are greatly altered (Ghose, 2004; Kumaresan et al., 2017), 

compromising the ability of these soils to support plant growth and adversely influencing 

ecological restoration outcomes (Birnbaum et al., 2017; Dhar et al., 2019; Rokich et al., 

2000).  

Magnetite mining operations produce large amounts of waste rock and magnetite tailings 

(Dauce et al., 2019; Ndlovu et al., 2017). Magnetite tailings (hereafter referred to as tailings) 

have physicochemical properties that are unfavourable for the establishment of many plants, 

including extreme pH (pH >9), poor physical structure and hydraulic properties, geochemical 

instability, and low nutrient content including a lack of available nitrogen (Cross & Lambers, 

2021; Cross, Ivanov, et al., 2021; Cross, Stevens, et al., 2021; Sun et al., 2018; Wu et al., 

2019). Tailings are deposited in tailings storage facilities (TSFs), usually in dams in the forms 

of paste or slurry, but rarely in dry stacks as self-supporting mounds (Williams et al., 2016). 

The global TSF storage volume is expected to reach 60 billion m3 by 2025 (GRID-Arendal, 

2019), with magnetite tailings representing a large proportion of this global volume (Cross, 

Ivanov, et al., 2021). In major tailings-producing regions such as Western Australia (WA), 

the return of functional, representative and biodiverse native plant communities to TSFs is 

both an objective and a regulatory requirement of mine closure and relinquishment (Cross, 

Ivanov, et al., 2021; Stevens & Dixon, 2017). Although TSFs are often remediated with 

geotechnical solutions such as capping, excavation and chemical stabilisation to make them 

safe, stable, and non-polluting, there appears to be little demonstrated capacity for either 

rehabilitation or ecological restoration without amendments on TSFs (Cross, Ivanov, et al., 

2021; Cross, Zhong, et al., 2021). This not only impacts the ecological value of these sites, 

but also jeopardises the economic viability and sustainability of mining operations (Cross, 

Ivanov, et al., 2021; Mendez & Maier, 2008; Roche et al., 2017). Clearly, more efficient, 

effective and economical restoration solutions for tailings are required (Silveira et al., 2019).  
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Compared with geotechnical solutions, plant-based approaches, such as phytoremediation, 

could be more economical (Mendez & Maier, 2008) and aid in achieving or accelerating 

progress towards targets of functional, representative and biodiverse native plant 

communities on TSFs (Cross & Lambers, 2017). The ecologically hostile characteristics of 

these substrates, however, renders plant establishment challenging for many species from 

functional groups not favoured by their edaphic conditions (Cross & Lambers, 2021). To 

overcome this challenge, various amelioration techniques and strategies of physical, 

chemical and biological nature have been explored. Physical ameliorations, including ripping, 

ploughing and mixing rocks into surface soil, are often conducted to improve the physical 

properties of substrates (Grant et al., 2016; Lamb et al., 2015). Chemical ameliorations are 

used to increase nutrient content and counter substrate pH and sodicity issues (Grant et al., 

2016). In contrast, biological ameliorations such as applying inoculum consisting of 

beneficial microorganisms (e.g., plant growth promoting rhizobacteria [PGPR] and 

mycorrhizal fungi) remain predominantly underutilized and undervalued despite the 

importance of the microbiome for soil functioning and its interactions with plants (Thavamani 

et al., 2017). However, Kumaresan et al. (2017) reported that biological amelioration of 

magnetite tailings using stockpiled topsoil as microbial inoculum helped generate key 

microbial soil functions and reduced abiotic constraints to plant and microbial survival.  

Although research on microorganisms in post-mining landscapes dates back as far as the 

1950s (Wilson & Stewart, 1956), including their importance in post-mining revegetation 

(Cundell, 1977), adoption of microbial inoculants to ameliorate highly-altered substrates and 

simultaneously enhance plant productivity and improve abiotic stress tolerance lags behind 

its application in the agricultural, horticultural and forestry sectors. This is despite early 

evidence that microorganisms such as vesicular-arbuscular mycorrhizae may have 

beneficial effects on seedling establishment, growth and survival in post-mining 

environments (Allen & Allen, 1980; Rothwell & Eagleston, 1985).  

As the success of commercial inoculants in the agricultural, horticultural and forestry sectors 

grows, development and use of commercial inoculants in restoration are increasing (Bi et 

al., 2018; Fisher, 2012; Maltz & Treseder, 2015; Matias et al., 2009; Mendes Filho et al., 

2010). However, the effectiveness of these commercial products in natural ecosystems is 

unclear (Maltz & Treseder, 2015). For example, the use of commercial microbial inoculant 

to recondition soils from a WA mine site was explored by Moreira-Grez et al. (2019). The 

study did not find any significant benefit of microbial inoculation on plant germination nor 

biomass gain, which could be due to only one plant species being investigated over 12 
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weeks of growth. It is unlikely that all plant species will exhibit the same response (Smith et 

al., 2018; Wubs et al., 2018). Microbial inoculation research encompassing prolonged plant 

performance monitoring in WA is still lacking despite success from other parts of the world. 

For example, microbial inoculation improved plant performance and establishment in iron-

ore and tin-mining impacted substrates in Brazil (Matias et al., 2009; Mendes Filho et al., 

2010), coal mine substrate in China (Bi et al., 2018) and pyrrhotite ore tailings in Morocco 

(Benidire et al., 2021). It is evident from these examples that microbial inoculants can 

enhance plant growth in mining-impacted substrates under both glasshouse and field 

conditions.  

Plant performance in ecological restoration experiments is typically measured as survival 

and growth (e.g., height, biomass and cover). Physiological measurements which can 

provide further information on plant status are less frequently used. Measuring plant 

physiological performance is useful for assessing the efficacy of microbial inoculation, as 

microbes play important roles in various plant processes including plant nutrient acquisition 

and stress tolerance responses (Oleńska et al., 2020). For example, gas exchange 

parameters (e.g., photosynthetic rates, stomatal conductance and transpiration) give 

indications on the plants’ carbon fixation capacity, nutrient and water status. Chlorophyll 

fluorescence and foliar isotopes (e.g., δ13C and δ15N) function as indicator of stress and how 

the plants have interacted with and responded to their abiotic and biotic environments, 

respectively (Dawson et al., 2002; Maxwell & Johnson, 2000). Compared with physiological 

measurements, parameters of biochemical nature, such as phytohormones, are more rarely 

utilised despite their roles in plant molecular and physiological processes. 

Phytohormones are important regulators of various plant molecular and physiological 

processes ranging from cell division, expansion, and elongation, to root growth, shoot 

branch development, and leaf senescence (Wong et al., 2015). Plant growth stimulations 

and stress tolerance conferred by microorganisms have also been attributed to 

phytohormones or phytohormone-like metabolites produced by microorganisms 

(Egamberdieva et al., 2017; Kudoyarova et al., 2019), but studies utilising phytohormone 

analysis to assess plant performance in ecological restoration remain limited. The 

measurement of in planta phytohormone concentrations can contribute to the understanding 

of plant-microbial interactions as these interactions are mediated by phytohormones and/or 

phytohormone-like metabolites (Lu et al., 2021). Thus, in planta phytohormone 

measurement is a potential diagnostic tool for determining plant physiological status which 

may not be visually distinct.  
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In this study, we tested the potential of ameliorating magnetite tailings substrate from a WA 

mine site with beneficial microorganisms via inoculation with a commercial product. In a full-

factorial glasshouse experiment using six native plant species, we compared plant 

responses to microbial inoculation in three substrates: tailings, topsoil and a combined 

substrate of both tailings and topsoil (capped tailings). We aimed to (1) determine if microbial 

inoculation enhanced plant growth in topsoil under glasshouse conditions, (2) investigate 

the efficacy of microbial inoculation on improving the tailings substrate for plant growth in 

pure form and in combination with topsoil, (3) determine if substrate microbial composition 

and diversity was altered by inoculation and subsequent interactions with plants, and (4) 

evaluate the utility of measuring phytohormones in conjunction with other measures of plant 

performance to assess plant responses to soil microbial inoculation. We hypothesized that 

the addition of a mixture of beneficial microbes would improve plant establishment and 

survival in the tailings substrate; and enhance plant growth in tailings and capped tailings, 

but less so in topsoil, due to large initial differences in the presence of a functional microbial 

community.  

 

Methods & Materials 

Plant species selection and growth conditions 

The experiment was conducted in a glasshouse at the University of Western Australia, Perth, 

between May 2018 and December 2019, with substrates sourced from a magnetite mining 

operation situated in the mid-west region of Western Australia, approximately 400 km 

northeast of Perth. Six plant species native to the region were selected for investigation, 

including Acacia ramulosa (Fabaceae), Allocasuarina acutivalvis (Casuarinaceae), 

Austrostipa scabra (Poaceae), Eucalyptus loxophleba (Myrtaceae), Hakea recurva 

(Proteaceae), and Maireana georgei (Chenopodiaceae). These species all occur commonly 

in natural vegetation adjacent to a TSF at the site, and represent a wide range of taxonomic 

and functional diversity, including a variety of nutrient-acquisition strategies and symbiotic 

associations with soil biota (Table 1).  

Seeds purchased from Nindethana Seed Service Pty Ltd (Albany, Western Australia) were 

sown in plastic tapered square pots (18 cm x 18 cm x 44 cm) containing the experimental 

substrates. For A. ramulosa, H. recurva and M. georgei, 15 seeds were sown per pot, 

whereas equal weights of seeds were sown for the smaller-seeded species Allocasuarina 

acutivalvis (0.10 g per pot, ~35 seeds); A. scabra (0.10 g per pot, ~20 seeds); and E. 
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loxophleba (0.02 g per pot, ~100 seeds). Each plant species was grown in three different 

substrate treatments, including topsoil, tailings and capped tailings, with 20 replicate pots 

established for each substrate treatment. Topsoil and tailings pots contained 6 kg pure 

topsoil and tailings, respectively. Capped tailings pots contained 4.8 kg of tailings overlain 

by 1.2 kg of mixed topsoil and tailings (1:1 v/v). Physical and chemical properties of topsoil 

and tailings (Appendix 1) have been previously reported by Cross, Stevens et al. (2021). 

Within each substrate treatment, half of the pots were subjected to microbial inoculation 

regimes (hereafter referred to as inoculated), with non-inoculated pots functioning as 

controls. Each inoculated pot was treated with 100 mL of inoculant containing 2 g of 

commercial freeze-dried microbial mix (Langley Fertilizers Troforte® Microbe Blend – 

Cropping, Sunpalm Australia Pty Ltd, Wangara, WA; Appendix 2), reconstituted in deionised 

water, at one and two months after seeds were sown. At the time of the first inoculation, very 

few seeds had germinated. Additional unseeded pots were established as controls to 

compare microbial changes over time and in contrast with seeded substrates and inoculation 

treatment. Water content was maintained at approximately 15% (water to pot weight) for all 

pots throughout the experiment, by manual watering through irrigation spikes placed in the 

middle of each pot (Figure 1).   

 

Table 1. Plant species investigated in this study 

Species Family Growth form Nutrient 
acquisition 
strategy 

Acacia ramulosa W.Fitzg. var. ramulosa Fabaceae Shrub/tree  AM/NF 

Allocasuarina acutivalvis subsp. prinsepiana 
(C.R.P.Andrews) L.A.S.Johnson 

Casuarinaceae Tree ECM/AM/NF/CR 

Austrostipa scabra (Lindl.) S.W.L.Jacobs & 
J.Everett 

Poaceae Perennial 
grass 

AM 

Eucalyptus loxophleba subsp. supralaevis  
L.A.S.Johnson & K.D.Hill 

Myrtaceae Tree ECM/AM 

Hakea recurva Meisn. subsp. recurva Proteaceae Shrub/tree CR/NM 

Maireana georgei (Diels) Paul G.Wilson Chenopodiaceae Shrub NM 

AM: arbuscular mycorrhizal; CR: cluster roots; ECM: ectomycorrhizal; NF: nitrogen-fixing; 
NM: non-mycorrhizal (Cross, Ivanov, et al., 2021)  
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Figure 1. Representative plants of H. recurva, A ramulosa, A acutivalvis, E. loxophleba and M. georgei at (a) 6 months and (b) 18 months 
growth in topsoil, capped tailings and tailings, without (non-inoculated) and with inoculation treatments. Irrigation spikes were placed in the 
middle of each pot for water administration. Scale bar denotes 1 cm intervals.  
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Plant growth and physiology 

Germination success (i.e., number of emerged seedlings; n = 10 per treatment) and the 

number of seedlings surviving at the end of the experiment were recorded for all pots. Plants 

were harvested at two time points, 6 and 18 months after sowing, with 5 replicates per 

treatment harvested at each time point.    

Plant performance was assessed as survival (monitored every 1-2 months) and biomass at 

each harvest (after 6 and 18 months of growth). Plant survival, expressed as a percentage 

of emerged plants within each pot, are based on pots monitored over 18 months (n = 5 per 

treatment, as five of ten replicates were harvested at 6 months). Plants without any green 

leaves and shoots were considered dead. Shoots were harvested by cutting at 0.5 cm above 

the soil surface, and lightly washed to remove any soil. Roots were retrieved by washing 

away the substrates under gentle running water over a mesh grid to prevent loss of biomass. 

Roots were not harvested for treatment groups with poor survival, mainly in tailings and 

capped tailings. Harvested shoot and root mass were determined after drying the plant 

material to a constant weight at 70 °C for at least 72 hours. Shoots of A. ramulosa, E. 

loxophleba and M. georgei were further divided into leaf and stem mass (noting that the 

phyllodes of A. ramulosa are here referred to as leaves). Biomass results are presented on 

a per-pot basis. 

Leaves of similar age from plants within each pot were combined into one sample for carbon 

(C), nitrogen (N) and stable isotope (δ15N and δ13C) analysis. These analyses were done 

for three randomly selected pots for each species from all substrate and inoculation 

treatments. Selected leaves were oven-dried and ground, and analysed by the West 

Australian Biogeochemistry Centre (WABC, UWA) using a continuous flow system 

consisting of a Delta V Plus mass spectrometer connected with a Thermo Flush 1112 via 

Conflo IV (Thermo-Finnigan, Germany). Samples harvested after 6 and 18 months of growth 

were analysed to determine if the inoculation treatment had long term effects on plant 

nutrition and water-use efficiency. δ15N measurements were used to determine 

establishment of plant symbiosis with N-fixing microorganisms (Yoneyama, 2017). δ13C was 

used as a surrogate measurement of plant water-use efficiency (WUE; Cernusak et al., 2013; 

Dawson et al., 2002).  
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Xylem sap collection and analysis 

Plant xylem sap was collected from A. ramulosa, E. loxophleba and M. georgei after 6 

months of growth. Collection was not feasible for the remaining species due to technical 

difficulties encountered resulting from small plant size and low xylem sap yield across 

treatments. Prior to the plants’ harvest, at pre-dawn, plants were cut at 0.5 cm above soil 

level and placed into a pressure chamber (PMS-600, PMS Instrument Company, Albany, 

Oregon, USA) for xylem sap collection. The cut surfaces were blotted with methanol : formic 

acid : water (14:1:2, vol vol-1) to inhibit enzymatic degradation of the phytohormones and to 

remove contaminating cell debris. Plant cuttings were placed in a pressure chamber and 

subjected to increasing pressure until sap bleeding occurred and then maintained at that 

constant pressure for sap collection over approximately 5 mins. The first drops of xylem sap 

were discarded to avoid contamination. Xylem sap was collected using micropipette and 

transferred into microcentrifuge tubes kept cold by placing on ice, containing 10 μL 

concentrated formic acid (FA). Xylem sap collected from individual plants averaged 70 μL. 

Collected sap samples were stored in darkness at −80 °C until further analysis.    

Due to the low volumes of xylem sap collected, samples were pooled within each substrate 

and inoculation treatment groups, and split into duplicates. Samples were analysed using 

ultra performance liquid chromatography-electrospray ionization-tandem mass (UPLC-ESI-

MS/MS) in ESI positive (auxins and cytokinins) and ESI negative (abscisic acid and salicylic 

acid) mode. The samples were spiked with deuterated standards (Appendix 7; OlChemIm 

Ltd., Olomouc, Czech Republic) close to endogenous concentrations (Gosetti et al., 2010) 

and dried down in a rotary evaporator (Eppendorf Vacufuge plus) at room temperature. The 

concentrated samples were reconstituted with a starting mobile phase (5% acetonitrile (ACN) 

and 10% ACN for ESI positive and ESI negative modes respectively, both with 0.01% FA) 

for analysis. Samples were analysed at 10x concentration and endogenous concentration 

in ESI positive and ESI negative modes, respectively. Reconstituted samples were analysed 

in triplicates using an Acquity UPLC® I-Class System equipped with a Binary Solvent 

Manager, a Sample Manager with 10 µL loop needle, and an Acquity UPLC® CSHTM C18 

column (2.1 x 100 mm, particle size of 1.7 μm) coupled to a triple quadrupole mass 

spectrometer Xevo® TQ-S micro (Waters, Singapore). The UPLC mobile phase consisted 

of ACN with 0.01% (vol vol-1) FA (A) and water with 0.01% (vol vol-1) FA (B), flowing at 0.5 

mL min-1. Specific gradients were used for each mode of analysis (Appendix 6). Column 

temperature was held at 50 °C for both ESI modes. System control, data acquisition and 

data analysis were performed with the MassLynxTM software (version 4.1, Waters, Milford, 
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MA, USA). Phytohormone concentrations were quantified according to the response of the 

spiked deuterated standards. Limits of quantification (LOQ) and limits of detection (LOD) 

were set at signal to noise ratio (S/N) of 10 and 3, respectively. Results with relative standard 

deviation percentage (RSD%) < 20% were deemed as acceptable in reference to analytical 

methodology validation guideline for drug testing (UNODC, 2009). Phytohormones analysed 

with their respective LOD, LOQ and analytical parameters are presented in Appendix 7.  

 

Statistical analyses for plant growth parameters 

Two-way analysis of variance (ANOVA) with substrate, inoculation and the interaction of 

both included as fixed effects, followed by Tukey’s HSD post hoc analysis were used to test 

for the effects of inoculation and substrate type on germination success (n = 10) for each 

species.  

Plant survival was determined as a percentage of the number of emerged seedlings within 

each pot. Data presented and analysed was based on pots that were monitored over 18 

months, i.e., pots that were harvested at 18 month (n = 5), except for A. scabra (n = 10) 

which was only monitored for the first 6 months. Repeated measures analysis of variance 

(ANOVA) (with substrate type and inoculation treatment as the between-subject variables, 

and time as the within-subject variable) on the repeated measurements of survival rates 

(arcsine transformed) were conducted for each species individually (Lehman et al., 2013; 

von Ende, 2001).  

Effects of inoculation on plant biomass at each harvest (6 and 18 months) were determined 

by Student’s t test within each substrate type (n = 3-5) for each species, as plant responses 

appeared highly substrate and species-specific. To determine the impacts of substrate type 

and inoculation on plant biomass, ANOVA with Tukey’s HSD (with substrate, inoculation 

treatment and the interaction of both as fixed effects), was performed on plant biomass 

harvested from plants grown in topsoil and capped tailings after 18 months. Individual 

ANOVA models were run for each species. Biomass data from tailings were excluded due 

to high mortality and insufficient replication.  

To investigate changes in foliar chemistry composition over time, foliar C, N and stable 

isotope composition were analysed by ANOVA with Tukey’s HSD (with inoculation, time and 

the interactions of both as fixed effects), using data obtained from plants grown in topsoil 

harvested at 6 and 18 months. Insufficient sample quantity constrained analyses of foliar 

chemistry for capped tailings and tailings treatment.  
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All analyses were conducted separately for each species. Data were square-root or log 

normalised as needed to achieve normal distribution. Welch’s test, followed with post-hoc 

Games-Howell test, was applied to compare means for data with unequal variance. In cases 

where data distribution could not be normalised, nonparametric Wilcoxon Rank Sum test, 

followed by post-hoc Dunn’s test were conducted. All statistical analyses described above 

were performed on JMP ® 14.1.0 (SAS Institute Inc.).  

 

Soil microbial analysis 

To determine if presence of plants and/or microbial inoculation led to changes in soil 

microbial profiles, comparisons were made on the soil microbial community composition 

between control samples (pots without plants, sampled at 0 (beginning) and 18 month of 

experiment) and rhizosphere samples obtained from non-inoculated and inoculated plants 

harvested at 18 months.  

Rhizosphere soil (soil that remain adhered to plant roots after gentle shaking to remove bulk 

soil) was collected from A. ramulosa, E. loxophleba, and M. georgei (grown in various 

substrates, Appendix 8) before the roots were washed. These samples, together with 

controls mentioned above, were subjected to soil microbial DNA extractions and 16S rRNA 

sequencing targeting the V4 hypervariable region performed by the Australian Genome 

Research Facility (AGRF Melbourne). Briefly, DNA was extracted from 250 mg of soil with 

60 μL elution volume, using a Qiagen DNeasy® PowerSoil® Pro Kit. PCR was performed 

using the 515F – GTGYCAGCMGCCGCGGTAA (Parada et al., 2016) and 806R – 

GGACTACNVGGGTWTCTAAT (Apprill et al., 2015) primers and sequenced on the Illumina 

MiSeq (300PE) platform. All amplicon sequences were deposited in ENA under the 

accession number PRJEB46930.    
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Soil microbial bioinformatics and statistical analysis 

Sequence analyses were performed within the QIIME2 environment. Amplicon single 

variants were picked using the DADA2 algorithm after trimming the first and last five 

nucleotides of each sequence. Taxonomic assignment was performed using the Scikit-learn 

algorithm also implemented in QIIME2. The supervised learning algorithms was trained 

against the SILVA database (release 132). Chloroplast and mitochondria-like sequences 

were discarded for further analysis. All sub sequential analyses were carried out in R 

environment (R Core Team, 2020). 

Low abundant amplicon sequence variants (ASVs; i.e., accounting for less than 20 times 

within samples) were discarded from the dataset (9.09% of the identified ASVs). Due to poor 

read numbers in capped tailings and tailings samples, rarefaction was performed using the 

Vegan package (Oksanen et al., 2020) set to 3000 reads per sample, which forced the 

omission of one capped tailings sample and three tailings samples. Non-metric 

multidimensional scaling (NMDS) ordination was generated based on the Bray-Curtis 

dissimilarity matrix based on the relative microbial abundance using the metaMDS function. 

Species richness was calculated using the function diversity, followed with post-hoc Tukey 

test using the multcomp package (Hothorn et al., 2020) and plotted using the ggplot2 

package (Wickham, 2016). Due to low rarefaction depth forced by tailings samples, ANOVA-

like differential expression analysis (ALDEx2) was used in order to compare microbial 

enrichments without the need for a prior rarefaction step (Fernandes et al., 2014). 128 

Dirichlet Monte-Carlo Instances were used. Results were visualized using the 

EnhancedVolcano package (Blighe et al., 2020). ASVs with Log2 fold change lower than 

−2.5 and higher than 2.5 while having a significance level below alpha level were identified 

as significant microbial enrichments.  
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Results  

Germination 

Germination occurred predominantly in weeks 5-6 of the experiment, after the first 

inoculation treatment had been applied (Appendix 4). Patterns of germination of A. ramulosa 

(Figure 2a), A. scabra (Figure 2c), H. recurva (Figure 2e) and M. georgei (Figure 2f) were 

similar across substrate and inoculation treatments, with a non-significant tendency of lower 

germination in the tailings substrate. In H. recurva, inoculation significantly increased 

germination in tailings: 75 ± 0.03% compared to 51 ± 0.07% for the control (t(14) = 3.14, p 

= 0.007; Figure 2e). In M. georgei, inoculation significantly increased germination in capped 

tailings: 19 ± 8% compared to 9 ± 8% for the control (t(18) = 2.95, p = 0.009; Figure 2f). In 

the species A. acutivalvis was unique in showing significant increases in germination due to 

inoculation across all three substrates (Figure 2b). Both A. acutivalvis and E. loxophleba 

had particularly low germination in tailings, especially when not inoculated (Figure 2b and 

d). 

 

 

Figure 2. Number of plants germinated (left axes) and germination percentages (right axes) 
for each species, seeded in topsoil (brown bars), capped tailings (green bars) and tailings 
(grey bars), with (+) and without (−) inoculation treatments. Bars indicate mean ± s.e, n = 10 
per treatment. Means of treatment with different letter are significantly different using 
Tukey’s HSD test (p < 0.05).  
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Survival 

In general, survival was highest in topsoil, followed by capped tailings and tailings across all 

plant species, while inoculation had variable effects on plant survival in different species 

(Figure 3). To understand the effect of substrate and inoculation on the plants’ survival, 

repeated measures ANOVA incorporating time as a factor was conducted. Across all 

species, the effect of substrate (Time*Substrate) on plant survival across species was highly 

prominent, and inoculation (Time*Inoculation) resulted in significantly greater survival in all 

substrates for A. ramulosa, E. loxophleba and M. georgei (Table 2; Figure 3a, d and f). The 

interactive effect of substrate and inoculation (Time*Substrate*Inoculation) was only 

significant in A. ramulosa and A. scabra (Table 2) which could be attributed to the positive 

effects of inoculation on the survival of A. ramulosa in topsoil and capped tailings (Figure 

3a), and A. scabra in capped tailings and tailings (Figure 3c). 

 

 

Figure 3. Plant survival, expressed as a percentage of emerged plants over the 18 months 
of the study, for six species in three different substrates, topsoil, capped tailings and tailings 
(indicated by brown, green and grey lines, respectively), without (solid lines) and with (dotted 
lines) microbial inoculation. n = 5 for each species except A. scabra (n = 10). 
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Table 2. Results from Multivariate Analysis of Variance (MANOVA) for the effects of 
substrate, inoculation, growth period (time), and their interactions on percent plant survival. 
Pillai’s trace statistics; n = 5 for each species except A. scabra (n = 10). DF: Degree of 
freedom; F: F ratio; p: probability  

 

 

 

 

 

 

  

Species Effect DF F p 
A. acutivalvis  Substrate 2, 24 217.25 <0.0001 

Inoculation 1, 24 0.09 0.7635 
 Substrate*Inoculation 2, 24 3.28 0.0552 
 Time*Substrate 16, 36 2.48 0.0118 
 Time*Inoculation 8, 17 0.90 0.7418 
 Time*Substrate*Inoculation 16, 36 1.29 0.2568 
A. ramulosa   Substrate 2, 24 279.48 <0.0001 

Inoculation 1, 24 19.26 0.0002 
 Substrate*Inoculation 2, 24 6.33 0.0062 
 Time*Substrate 18, 34 8.68 <0.0001 
 Time*Inoculation 9, 16 5.43 0.0017 
 Time*Substrate*Inoculation 18, 34 2.13 0.0281 
A. scabra  Substrate 2, 54 41.55 <0.0001 

Inoculation 1, 54 32.05 <0.0001 
 Substrate*Inoculation 2, 54 7.44 0.0014 
 Time*Substrate 4, 108 7.75 <0.0001 
 Time*Inoculation 2, 53 0.87 0.4257 
 Time*Substrate*Inoculation 4, 108 5.09 0.0009 
E. loxophleba  Substrate 2, 24 150.68 <0.0001 

Inoculation 1, 24 7.93 0.0096 
 Substrate*Inoculation 2, 24 5.77 0.0090 
 Time*Substrate 16, 36 3.16 0.0021 
 Time*Inoculation 8,17 2.76 0.0376 
 Time*Substrate*Inoculation 16,36 2, 0.4957 
H. recurva  Substrate 2, 24 211.32 <0.0001 

Inoculation 1, 24 2.88 0.1025 
 Substrate*Inoculation 2, 24 0.84 0.4440 
 Time*Substrate 18, 34 6.39 <0.0001 
 Time*Inoculation 9, 16 1.05 0.4469 
 Time*Substrate*Inoculation 18, 34 1.23 0.2923 
M. georgei  Substrate 2, 24 36.20 <0.0001 

Inoculation 1, 24 8.32 0.0081 
 Substrate*Inoculation 2, 24 3.72 0.0392 
 Time*Substrate 18, 34 3.02 0.0026 
 Time*Inoculation 9, 16 6.90 0.0004 
 Time*Substrate*Inoculation 18, 34 2.05 0.0348 



Chapter 5 

144 

Biomass 

Across all plant species, biomass harvested after 18 months of growth was highest in topsoil, 

whilst growth and survival were lowest in tailings (Figure 4). Substrate type had significant 

impact (p < 0.001) on plant shoot biomass across all species (Table 3). Within substrate 

treatments, plants subjected to inoculation generally had higher biomass than plants without 

inoculation across all species (Appendix 9). 

In topsoil, inoculated plants across all species, except H. recurva, had higher shoot mass, 

ranging between 1.2 –1.8 fold, compared with respective controls (Figure 4). The differences 

in shoot mass between controls and inoculated plants grown in topsoil were statistically 

significant in A. ramulosa (Figure 4a), A. scabra (Figure 4c) and E. loxophleba (Figure 4d), 

and contributed to higher total biomass in A. scabra and E. loxophleba (Appendix 9). Shoot 

mass of M. georgei with and without inoculation were similar, but root mass of inoculated M. 

georgei was twice that of the control, resulting in significantly higher total biomass (Appendix 

9). Unlike all other species, H. recurva did not exhibit a strong response to the inoculation 

treatment.  

In capped tailings, inoculated A. ramulosa, A. acutivalvis, A. scabra and M. georgei had 

significantly higher shoot mass, ranging between 2.7 – 8.9 fold, compared with respective 

controls (Figure 4). Similar to M. georgei grown in topsoil, inoculated M. georgei grown in 

capped tailings exhibited greater shoot and root growth (Figure 4f and Appendix 9).  There 

were no significant biomass differences in capped tailings grown E. loxophleba and H. 

recurva between inoculated plants and controls.  

In tailings, data for shoot mass of both control and inoculated treatments were only available 

for A. acutivalvis and H. recurva, (Appendix 9) due to mortality in other species (Figure 4). 

The shoot mass of both species was not significantly different between control and 

inoculated plants. 
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Figure 4. Shoot dry biomass of plants grown in three substrates, topsoil, capped tailings 
and tailings, without (−) and with (+) microbial inoculation, harvested after 18 months of 
growth. Bars represent the mean ± s.e, n = 3-5. Treatment groups (i.e., tailings) with less 
than three samples are not presented. Different letters indicate significant differences 
between treatments (Tukey’s HSD test; p < 0.05); statistical test results are available in 
Table 3.  
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Table 3. Results from Analysis of Variance (ANOVA) for the effects of substrate, inoculation, 
and their interactions on plant shoot biomass harvested after 18 months of growth in topsoil 
and capped tailings. Note that shoot biomass harvested from tailings were not included due 
to mortality and insufficient replication. F: F ratio; p: probability 

 ANOVA Effect test 

Species F p Effect F p 

A. acutivalvis 182.12 <0.001 Substrate 505.99 <0.001 

  Inoculation 42.67 <0.001 

   Substrate*Inoculation 27.29 <0.001 

A. ramulosa   60.65 <0.001 Substrate 171.37 <0.001 

  Inoculation 12.15 0.003 

   Substrate*Inoculation 7.27 0.017 

A. scabra 34.13 <0.001 Substrate 77.87 <0.001 

  Inoculation 23.96 <0.001 

   Substrate*Inoculation 2.35 0.146 

E. loxophleba 56.60 <0.001 Substrate 158.69 <0.001 

  Inoculation 10.20 0.006 

   Substrate*Inoculation 0.90 0.356 

H. recurva 64.78 <0.001 Substrate 190.41 <0.001 

  Inoculation 1.93 0.184 

   Substrate*Inoculation 2.01 0.176 

M. georgei 64.73 <0.001 Substrate 181.41 <0.001 

  Inoculation 12.47 0.003 

   Substrate*Inoculation 0.32 0.579 
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Foliar carbon, nitrogen and isotopes   

Subtle differences in foliar C, N and stable isotope contents of plants harvested at 6 and 18 

months of growth were observed across all plant species grown in topsoil and capped 

tailings. Observed patterns of foliar chemistry varied among species and inoculation 

treatments. 

At 6 months, foliar C content in topsoil grown control and inoculated plants was similar 

across all investigated species (Table 4). A similar trend was observed in samples collected 

at 18 months, except M. georgei which exhibited lower C content with inoculation (Table 4). 

It is also interesting to note that foliar C content of M. georgei was significantly lower at 6 

months than at 18 months, while the opposite trend was observed in H. recurva.  

In terms of foliar N content, topsoil grown plants did not show significant differences between 

control and inoculated plants at 6 months. At 18 months, topsoil grown inoculated A. 

acutivalvis had lower N content than control plants, but no differences were noted in other 

species. In capped tailings, there were no significant differences between control and 

inoculated plants at 6 or 18 months.  

Foliar δ13C in plants across species and treatments ranged between −25‰ and −33‰ 

(Table 4). Less negative values were generally detected in topsoil grown plants at both 6 

and 18 months of growth, compared with capped tailings grown plants. Foliar δ13C values 

were generally similar between control and inoculated treatments at 6 months, but less 

negative in inoculated topsoil grown E. loxophleba compared to non-inoculated plants 

(significant at 6 months).  There were no significant differences between topsoil grown 

control and inoculated plants at 18 months despite larger variations. Differences between 

capped tailings controls and inoculated plants were also not significant.  

Foliar δ15N  varied over a large range of 1‰ to 11‰ (Table 4).  Higher δ15N values were 

observed in topsoil grown plants, compared to capped tailings grown plants. Significant 

differences between control and inoculated plants were only detected in A. ramulosa grown 

in topsoil and M. georgei grown in capped tailings at 18 months (Table 4). In both species, 

inoculated plants had lower δ15N compared with controls. In the case of A. ramulosa, the 

lower δ15N value coincided with the presence of root nodules, indicative of a symbiotic 

association with N-fixing bacteria. Nodules were only found in two out of five pots of 

inoculated A. ramulosa, and none were found in the plants harvested at 6 months.  
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Table 4. Foliar carbon (C), nitrogen (N) and isotopic composition of plants grown in topsoil 
and capped tailings over 6 months and 18 months, without (−) and with (+) inoculation. Data 
are presented as mean ± s.e, n = 3. Asterisks (*) indicates significant difference in 
comparison with respective control treatment within each plant species and harvested time 
(One-way ANOVA at p < 0.05). Different letters indicate significant difference in comparison 
within each plant species across harvest time and inoculation treatment (p < 0.05). Note that 
values are missing due to absence of suitable sample for analysis or insufficient replication.  

 

Species Substrate Month Treatment C (mg g-1) N (mg g-1) δ13C (‰) δ15N (‰) 

A. acutivalvis Topsoil 6 − 453.7 ± 5.5b 14.4 ± 3.7ab −29.93 ± 0.90 6.99 ± 1.00 

  + 455.7 ± 1.8ab 16.7 ± 1.4ab −29.71 ± 0.66 4.97 ± 0.37 

  18 − 474.2 ± 6.0a 18.3 ± 0.8a −27.44 ± 0.45 4.35 ± 0.88 

   + 462.4 ± 1.8ab 8.8 ± 1.6*b −28.66 ± 0.40 5.63 ± 0.21 

 Capped 

tailings 

6 − - - - - 

  + - - - - 

  18 − - - - - 

   + - - - - 

A. ramulosa Topsoil 6 − 477.5 ± 2.9 17.9 ± 3.9 −29.56 ± 0.79 7.49 ± 0.31 

  + 477.1 ± 4.0 13.4 ± 0.5 −29.06 ± 0.35 9.18 ± 1.22 

  18 − 487.1 ± 13.4 12.1 ± 0.6 −28.65 ± 0.21 8.30 ± 0.03 

   + 484.9 ± 0.2 9.9 ± 4.0 −31.64 ± 1.08 6.98 ± 0.61* 

 Capped 

tailings 

6 − 419.9 ± 1.9 7.9 ± 0.7 −31.43 ± 0.86 4.66 ± 0.50 

  + 437.8 ± 9.6 6.1 ± 1.4 −33.63 ± 0.19  3.90 ± 0.23 

  18 − - - - - 

   + - - - - 

A. scabra Topsoil 6 − 442.0 ± 4.1 26.1 ± 2.8 −28.62 ± 0.79 7.32 ± 1.06 

  + 436.4 ± 1.9 25.4 ± 2.4 −29.86 ± 1.66 7.15 ± 0.74 

  18 − 431.3 ± 5.2 16.8 ± 3.1 −28.95 ± 0.82 9.11 ± 2.27 

   + 422.2 ± 7.5 21.9 ± 3.2 −31.85 ± 1.67 8.42 ± 0.33 

 Capped 

tailings 

6 − - - - - 

  + - - - - 

  18 − - - - - 

   + - - - - 

(continue on next page) 
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Table 4. Foliar carbon (C), nitrogen (N) and isotopic composition of plants grown in topsoil 
and capped tailings over 6 months and 18 months, without (−) and with (+) inoculation. Data 
are presented as mean ± s.e, n = 3. Asterisks (*) indicates significant difference in 
comparison with respective control treatment within each plant species and harvested time 
(One-way ANOVA at p < 0.05). Different letters indicate significant difference in comparison 
within each plant species across harvest time and inoculation treatment (p < 0.05). Note that 
values are missing due to absence of suitable sample for analysis or insufficient replication.  

(continue from previous page) 

Species Substrate Month Treatment C (mg g-1) N (mg g-1) δ13C (‰) δ15N (‰) 

E. loxophleba Topsoil 6 − 465.0 ± 6.0 12.0 ± 2.6 −27.48 ± 0.32 7.61 ±  0.14b 

  + 461.9 ± 7.9 10.3 ± 1.4 −25.52 ± 0.57* 8.35 ± 0.97ab 

  18 − 451.4 ± 1.5 12.9 ± 5.1 −27.71 ± 0.78 10.87 ± 0.27a 

   + 456.3 ± 3.3 10.9 ± 1.8 −26.25 ± 0.38 8.98 ± 1.30ab 

 Capped 

tailings 

6 − - - - - 

  + 430.8 ± 2.8 3.7 ± 2.1 −30.50 ± 0.51 1.82 ± 0.25 

  18 − 436.2 ± 4.8 6.5 ± 0.9 −30.47 ± 1.28 3.49 ± 0.26 

   + 442.6 ± 4.5 10.3 ± 2.5 −33.08 ± 0.36  2.74 ± 0.28  

H. recurva Topsoil 6 − 473.3 ± 5.3ab 16.1 ± 3.4 −29.68 ± 0.29 5.17 ± 0.47 

  + 466.0 ± 4.0b 8.3 ± 1.6 −30.37 ± 0.04 5.79 ± 1.58 

  18 − 485.5 ± 2.7a 8.4 ± 2.2 −29.83 ± 0.45 6.67 ± 1.20 

   + 484.2 ± 3.1a 7.4 ± 1.4 −29.53 ± 0.06 4.84 ± 0.18 

 Capped 

tailings 

6 − 438.8 ± 4.5 3.7 ± 1.5 −31.73 ± 0.53 4.69 ± 0.54 

  + 437.2 ± 2.1 7.3 ± 2.7 −31.83 ± 0.19  2.52 ± 0.49  

  18 − - - - - 

   + - - - - 

M. georgei Topsoil 6 − 377.2 ± 4.2a 22.7 ± 0.6 −27.65 ± 0.21 11.35 ± 0.26 

  + 379.6 ± 1.7a 23.9 ± 1.8 −27.90 ± 0.35 11.09 ± 0.27 

  18 − 355.0 ± 4.2b 24.4 ± 5.5 −28.45 ± 0.71 11.29 ± 0.07 

   + 327.4 ± 4.8*c 16.7 ± 4.1 −27.24 ± 0.54 11.97 ± 0.48 

 Capped 

tailings 

6 − - - - - 

  + - - - - 

  18 − 290.4 ± 20.5 11.1 ± 3.5 −31.04 ± 0.58 9.54 ± 0.65 

   + 283.7 ± 22.2 3.0 ± 2.1  −30.01 ± 0.50  6.21 ± 0.56* 
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Phytohormones 

Analyses of cytokinins, a class of phytohormones associated with plant growth, were 

performed for A. ramulosa and E. loxophleba, but not M. georgei due to insufficient xylem 

sap yield. In both A. ramulosa and E. loxophleba, there was a general trend of higher 

concentration of storage form cytokinins, DHZOG and tZOG, in plants grown in topsoil 

without inoculation (Table 5). Concentrations of active form cytokinins, iP, iPR and tZR, were 

higher in inoculated A. ramulosa grown in topsoil. Inoculated E. loxophleba grown in capped 

tailings had cytokinin concentrations closer to those of inoculated than non-inoculated 

topsoil grown plants.  

Plant stress associated phytohormones, ABA and SA, were detected in the xylem sap of all 

species tested, including A. ramulosa, E. loxophleba and M. georgei. Inoculated plants of A. 

ramulosa and E. loxophleba grown in topsoil had higher ABA concentrations than non-

inoculated controls, but the opposite pattern was observed in M. georgei, which also had 

much lower ABA concentrations (Table 5). Inoculated A. ramulosa and E. loxophleba grown 

in capped tailings had ABA concentrations similar to their respective topsoil grown non-

inoculated controls, whilst for M. georgei they were closer to those in topsoil grown 

inoculated plants. ABA was higher in A. ramulosa and E. loxophleba that had grown more, 

but the opposite trend was observed in M. georgei (Figure 5a).  

For SA, lower concentrations were observed in non-inoculated controls of A. ramulosa and 

M. georgei grown in topsoil compared with inoculated plants, while the opposite was 

observed in E. loxophleba. In all three species, capped tailings grown plants with inoculation 

had the highest SA concentration. SA was negatively correlated with shoot biomass in all 

three species (Figure 5b). 
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Figure 5.  Relationship between shoot mass and xylem sap ABA (a) and SA (b) of A. 
ramulosa, E. loxophleba and M. georgei. 

 

Table 5. Phytohormones detected in xylem sap of A. ramulosa, E. loxophleba and M. 
georgei grown in topsoil and capped tailings over 6 months, without (−) and with (+) 
inoculation: cytokinins (DHZOG: dihydrozeatin-O-glucoside, iP: N6-isopentenyladenine, iPR: 
N6-isopentenyladenosine, tZOG: trans-zeatin-O-glucoside and tZR: trans-zeatin riboside), 
abscisic acid (ABA) and salicylic acid (SA). Values presented are mean (nmol L-1) and 
relative standard deviation (RSD) expressed in percentages, of pooled samples analysed in 
triplicates. <LOQ indicates concentration below limits of quantification; <LOD indicates 
concentration below limits of detection. Cytokinin analyses were not conducted on treatment 
groups with low xylem sap yield, indicated with dashes. 

  A. ramulosa E. loxophleba M. georgei 

  Topsoil Capped 
tailings 

Topsoil Capped 
tailings 

Topsoil Capped 
tailings 

  − + + − + + − + + 

DHZOG nmol L-1 12.05 4.42 - 8.53 1.28 0.76 - - - 
RSD (%) 71 9  44 25 24    

iP nmol L-1 <LOQ 0.69 - <LOQ <LOQ <LOQ - - - 
RSD (%)  28        

iPR nmol L-1 2.03 3.43 - 0.66 0.60 0.69 - - - 
RSD (%) 15 9  15 16 10    

tZOG nmol L-1 18.12 9.62 - 149.61 11.72 9.31 - - - 
RSD (%) 38 25  40 3 13    

tZR nmol L-1 3.02 3.24 - <LOQ <LOD <LOD - - - 
RSD (%) 6 12        

ABA nmol L-1 47.82 144.64 52.32 65.98 88.08 40.14 16.61 5.07 6.81 
RSD (%) 22 26 3 15 2 18 4 16 18 

SA nmol L-1 59.30 140.31 784.61 206.41 71.17 333.12 41.92 51.04 114.83 
RSD (%) 10 2 4 15 7 8 6 13 6 
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Soil microbial analysis 

In the control treatments (not planted or inoculated), topsoil had significantly higher bacterial 

species richness than the tailings substrate, with the capped tailings substrate having 

intermediate richness (Figure 6a). The three species, A. ramulosa, E. loxophleba and M. 

georgei increased bacterial species richness in topsoil, whereas E. loxophleba and M. 

georgei had no significant effect in capped tailings. M. georgei significantly increased 

species richness in the pure tailings substrate to a level similar to that of the capped tailings 

substrate.  

NMDS ordination showed clear overall separation between soil types (mainly along the first 

axis) and further separation due to the presence of plants (y axis; Figure 6b). Overall, topsoil 

samples tended to cluster closely while samples of capped tailings and tailings were more 

dispersed, especially in the presence of plants.  

ALDEx2 analyses visualized in volcano plots revealed differential bacteria enrichment in 

plants with and without inoculation treatments (Figure 6). Despite being given the same 

inoculation treatments in terms of product and dosage, bacteria enriched in inoculated plants 

were different across all three plant species. The highest number of bacteria ASVs affected 

were found in E. loxophleba and M. georgei, with E. loxophleba having more negatively 

affected bacteria ASVs, while M. georgei had more positively affected ASVs (Table 6). In 

both E. loxophleba and M. georgei, Bacillaceae was negatively impacted and 

Ktedonobacteraceae was positively impacted (Table 6).   
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Figure 6. Microbiome response to substrate and inoculation treatments: (a) bacterial species richness in rhizospheric soil of A. ramulosa 
(Ar), E. loxophleba (El) and M. georgei (Mg) grown in topsoil, capped tailings and tailings, inoculated and non-inoculated treatments in 
comparison with control (unplanted and non-inoculated) substrates (capital letters indicate significant differences between topsoil and 
capped tailings, and small letters indicate significant difference within topsoil samples, p < 0.05);  (b) NMDS plot of the multivariate 
relationship based on the relative microbial taxonomic abundance. Markers are labelled with plant species (Ar: A. ramulosa; El: E. 
loxophleba; Mg: M. georgei), and non-labelled markers indicate unplanted and non-inoculated controls; Volcano plots showing the ASVs 
that were positively (yellow panel) or negatively (blue panel) affected in rhizospheres of (c) A. ramulosa, (d) E. loxophleba and (e) M. 
georgei. The points (in red) indicate bacteria that are statistically different between rhizosphere soil without inoculation (blue region) and 
with inoculation (orange region) beyond a fold change threshold of 2.5 times at p < 0.05 (listed in Table 6).
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Table 6. Bacteria ASVs significantly affected by inoculation treatments, in the rhizospheres of A. ramulosa, E. loxophleba and M. georgei, 
identified via ALDEx2 analysis with fold change threshold of 2.5 times at p < 0.05.  

Plant species Phylum Class Order Family Log2 fold change p  

A. ramulosa Proteobacteria Deltaproteobacteria   −6.53 0.0469 

 Actinobacteria    −6.40 0.0418 

 Proteobacteria Alphaproteobacteria Rhodospirillales Acetobacteraceae   3.52 0.0034 

 Proteobacteria Betaproteobacteria Burkholderiales Burkholderiaceae   8.09 0.0488 

E. loxophleba Proteobacteria Alphaproteobacteria Rhizobiales Methylobacteriaceae −8.42 0.0253 

 Firmicutes Bacilli Bacillales Bacillaceae −3.93 0.0005 

 Actinobacteria Actinobacteria Actinomycetales Intrasporangiaceae −2.73 0.0061 

 Proteobacteria Alphaproteobacteria   −2.63 0.0147 

 Actinobacteria Actinobacteria Actinomycetales Promicromonosporaceae 6.18 0.0447 

 Chloroflexi Ktedonobacteria Ktedonobacterales Ktedonobacteraceae 6.49 0.0386 

M. georgei Proteobacteria    −7.93 0.0335 

 Firmicutes Bacilli Bacillales Bacillaceae −3.27 0.0338 

 Nitrospirae Nitrospira Nitrospirales Nitrospiraceae 6.65 0.0492 

 Chloroflexi  Ktedonobacteria Ktedonobacterales Ktedonobacteraceae 7.09 0.0408 

 AD3 JG37.AG.4.   7.50 0.0456 

 Acidobacteria Acidobacteriia Acidobacteriales Koribacteraceae 7.85 0.0386 
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Discussion 

Effects of microbial inoculation on native plant performance 

Post mining substrate amelioration with microbial inoculation is one possible approach to 

reintroduce beneficial microorganisms that may have been lost during soil disturbance (i.e., 

topsoil stripping and stockpiling) or where they are likely absent as in the case of tailings 

(Kohler et al., 2015; Solís-Domínguez et al., 2011). We investigated plant performance in 

response to three different substrates and microbial inoculation in six native plant species, 

using multiple measures of plant growth and physiological performance, including 

germination, survival over a prolonged period of 18 months, biomass accumulation and foliar 

chemistry. We found that the tailings substrate was inhospitable to plants, but that it was 

ameliorated by mixing with topsoil, which was favourable for plant functioning as a growth 

substrate. In the rhizospheric soil of the investigated plant species grown in topsoil, 

microbiome richness varied in the same way among species, between inoculated and non-

inoculated plants. We observed benefits from the inoculant for plant germination, survival, 

and growth, but these benefits were limited and highly substrate- and species-specific. 

Microbial inoculation treatments increased germination of A. acutivalvis across all three 

substrates but not of other species. This suggest that the inoculant may contain a specific 

signal (e.g., chemical compound) for A. acutivalvis germination. This signal could be similar 

to gibberellin which was previously reported to affect germination of Allocasuarina 

campestris (Bell et al., 1995). This signal could have been produced by the microorganisms, 

e.g.,  Azotobacter, Azospirillum, Bacillus, Pseudomonas and Streptomyces, contained in the 

inoculant (Brown & Burlingham, 1968; Janzen et al., 1992; Kang et al., 2019; Karadeniz et 

al., 2006; Rademacher, 1994). This however requires further investigation, as to our 

knowledge improved Allocasuarina species seed germination with microbial inoculation has 

not been previously reported. Apart from A. acutivalvis, inoculation also improved 

germination of H. recurva in tailings. This could be due to Bacillus, in the inoculant, which is 

known to have a wide range of host plants and capable of increasing plant germination under 

alkaline conditions (Msimbira & Smith, 2020). The beneficial effects of Bacillus however 

could have been masked by indigenous microorganisms present in the topsoil and hence 

the absence of improved H. recurva germination in topsoil and capped tailings with 

inoculation. Germination responses also indicated that the substrate type had significant 

impact on the plants’ germination. The adverse effect of tailings on germination was clearly 

ameliorated by mixing with topsoil and further alleviated with inoculation treatment in some 

species.  
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Overall, inoculation showed a clear beneficial effect on plant survival across species, and 

this effect was especially prominent in capped tailings and tailings and less so in topsoil. 

This was likely due to the presence of native soil microbial communities in the topsoil, which 

may have fulfilled the functions required by the plants and outcompeted the introduced 

microbes (Khare & Arora, 2015), thereby reducing the efficacy of the inoculant in the topsoil-

only substrate. On the other hand, when topsoil was mixed with the biologically inert tailings 

to form capped tailings, native soil microbe abundance would have decreased due to dilution, 

reducing microbial competition. Microbes from the inoculant could then fulfill some of the 

functions required by plants. Similar benefits in inoculated tailings might be expected, but 

were only observed for M. georgei. The poor establishment and high mortality of all species 

on the tailings substrate is likely explained by its adverse physical and chemical properties 

(Appendix 1). Its fine texture with low porosity and minimal organic matter content offers a 

hostile environment for roots and most microorganisms. It contains no N, and is deficient in 

micronutrients like copper, zinc, manganese and possibly boron, due to high alkalinity and/or 

low content of these elements. Moreover, the very high calcium levels may be toxic to the 

plants (Cross, Ivanov, et al., 2021). The longer survival of M. georgei on inoculated tailings, 

compared to the other species, is interesting, although its growth was very limited. This could 

be attributed to the detoxification of heavy metals by the inoculated microorganisms such 

as Actinobacteria and Pseudomonas (Bankar & Nagaraja, 2018; Wasi et al., 2013), and M. 

georgei’s potential tolerance of toxic elements in the tailings as a fleshy-leaved species 

(Nikalje & Suprasanna, 2018). Its high internal N-recycling efficiency and ability to scavenge 

trace N (Zhong et al., 2021) present in the tailings or introduced with the inoculant (Appendix 

3, Batch A) may have also contributed to its longer survival.  Poor structure, poor nutrient 

availability and high pH of the tailings probably also hindered establishment of the inoculated 

microbes (Khare & Arora, 2015). Fine structure and low porosity (Hu et al., 2017) may have 

reduced microbial distribution and colonization (Juyal et al., 2018). Poor nutrient composition, 

especially in N, may have also hampered the survival of the inoculated microbes, and the 

high pH is far from optimal for most microorganisms (Msimbira & Smith, 2020). The 

inoculations were applied early in the experiment, before and just after germination, and the 

small and slow growing native plant seedlings were perhaps producing insufficient root 

exudates to sustain microbial association. Thus, the inhospitable nature of tailings may have 

hindered successful microbial inoculation of plants in this substrate.  

Plant foliar chemistry results indicated that the inoculation treatments did not increase N 

availability, since inoculated plants did not have higher foliar N content (Table 3). Foliar δ13C 

analysis, however, revealed that inoculated E. loxophleba plants grown in topsoil may have 
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improved water-use efficiency compared with non-inoculated control at the earlier growth 

phase. Less negative δ13C in inoculated plants was also previously observed by Querejeta 

et al. (2003), and could be due to more conservative stomatal behaviour. The observed 

higher ABA content in xylem sap (Table 4) could have led to lower stomatal conductance, 

which generally increases water-use efficiency. On the other hand, decreased stomatal 

conductance would have led to lower rates of photosynthesis, which is not supported by the 

higher growth of inoculated plants of these species (Figure 4). The lack of a significant 

difference in δ13C between topsoil grown control and inoculated E. loxophleba at 18 months 

and the absence of significant differences in other species suggest inconsistent effects of 

inoculation on leaf internal CO2 concentrations and water-use efficiency. Potential 

explanations are that either the effects of microbes were minimal, or that parallel changes 

in stomatal conductance and photosynthetic capacity constrained the variation in leaf 

internal CO2 (Cernusak et al., 2013).  

Lower δ15N and presence of nodules in inoculated A. ramulosa (a leguminous species) 

harvested at 18 months suggest that the inoculation treatment may have resulted in 

symbiotic input of fixed N (Pate et al., 1998). Opposite trends in the same species at 6 

months, and lack of consistent differences with other species, may indicate that other factors, 

such as different soil N forms with different isotopic signatures, may also have influenced 

variation in δ15N.  

 

Efficacy of microbial inoculation for ameliorating magnetite tailings 

The application of microbial inoculants in tailings and capped tailings generally improved 

plant growth and physiological performance, with more pronounced impacts observed in 

capped tailings. Microbial inoculation treatments clearly improved seed germination, 

although the degree of responses varied across plant species. Inoculation also markedly 

improved plant survival, both rates and duration, in most of the plant species, leading to 

better growth (higher biomass gain). Furthermore, rhizosphere bacterial species richness 

was increased with inoculation treatments. These observations suggest that the inoculation 

treatment made the tailings substrate more favourable for plant establishment, especially in 

combination with topsoil.  

The positive effects of mixing topsoil with tailings are consistent with a previous study by 

Kumaresan et al. (2017), which showed that added topsoil can function as a whole-soil 

microbial inoculum to generate key soil functions and to reduce the abiotic constraints of 



Chapter 5 

158 

tailings on plant and microbial survival. However, our data also highlight that additional 

microbial inoculation could be beneficial for improving the suitability of capped tailings for 

plant growth. This is because the topsoils used have often been stockpiled for prolonged 

period and may have reduced microbial abundance, diversity, and activity (represented by 

topsoil control in Figure 6a; Ezeokoli et al., 2019; Harris et al., 1989) required to elicit plant 

growth benefits. Thus, the addition of microbial inoculant could introduce beneficial microbes 

in larger quantities to ensure microbial survival and proliferation in the sub-optimal conditions 

of the capped tailings, and in turn confer benefits to plants. This is substantiated by plant 

rhizosphere soil analysis in which microbial ASVs with known plant growth benefits were 

enriched in inoculated treatments (Figure 6 and Table 6) as opposed to the common soil 

ASVs found in control treatments.  For example, Acetobacteraceae and Burkholderiaceae, 

are known nitrogen-fixing symbionts (Mannaa et al., 2019; Reis & Teixeira, 2015) and 

Nitrospiraceae harbour members important in the nitrification process critical in the 

biogeochemical nitrogen cycle (Daims, 2014). Bacterial families Koribacteraceae, 

Ktedonobacteraceae and Promicromonosporaceae may have specialised abilities that are 

important for ecosystem function (Treby et al., 2020; Wang et al., 2018; Weber & King, 2010). 

Although the use of a microbial inoculant may have helped make capped tailings more 

favourable for plant growth and survival, plant biomass overall was far less in this substrate 

than for plants grown in topsoil. This illustrates that the innate properties of tailings, as 

discussed above, still impose severe constraints on plant growth even when beneficial 

microbes are reintroduced. Thus, more ameliorations targeting the edaphic conditions, such 

as the extreme pH, soil structure and low nutrient content (Cross, Ivanov, et al., 2021), 

together with microbial inoculations may be required to make it into a sustainable plant 

growth medium. This could also possibly be achieved by growing more resilient and stress-

tolerant plant species, such as A. ramulosa, E. loxophleba and M. georgei, which exhibited 

higher survival in capped tailings, as these species may be able to condition the substrate 

in such a way that will improve soil conditions for subsequent plant species introduced to 

the restoration site (Cross, Ivanov, et al., 2021; Zhong et al., 2021). Our results indicate that 

different species had different effect on soil microbial composition, suggesting that some 

species may be better suited to ameliorate soil biology than others, or alternatively, that a 

mix of plant species will yield a more diverse microbial community, increasing the chances 

of beneficial effects for subsequent species. 

While the use of commercial inoculants to increase soil microbial diversity and abundance 

is potentially an economical and ecologically sound approach, careful investigations and 
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considerations are needed before widespread applications (Hart et al., 2018; Jack et al., 

2021). It is likely that the outcomes will vary according to different conditions such as plant 

species and substrate type, as observed for example in the contrasting trends in rhizosphere 

microbial species richness of E. loxophleba and M. georgei grown in topsoil and capped 

tailings, with and without inoculation treatments. To overcome potential plant-microbial 

incompatibility when using commercial inoculants, cultivation of indigenous microbes from 

reference sites to develop site-specific inoculant might be a plausible approach (Grover et 

al., 2011; Kumar & Gopal, 2015; Valliere et al., 2020). If commercial products are selected 

for application, assessments of microbial viability and identity within these inoculants should 

be conducted prior to their application. This is because the inoculant may not contain the 

reported microbes, or the microbes may not generate the intended benefits as stated. These 

issues could arise from various reasons such as differences in batch production (Appendix 

3) or complications during production (Kaminsky et al., 2019). It is also possible that the 

microbes in the product are not viable, as it remains a challenge to produce commercial 

microbial inoculants with long shelf-life and high efficacy (Backer et al., 2018). Inclusion of 

additional control treatments, such as inactivated microbial inoculum and/ or inoculum 

carrier substance, would help elucidate the source(s) of benefits with the use of commercial 

products.  

 

Use of phytohormones to assess plant responses to soil microbial inoculation 

Biosynthesis of plant growth regulators, such as phytohormones, is one of the mechanisms 

how microbes confer growth stimulation and improve plant stress tolerance (Backer et al., 

2018). For example, many PGPR have been reported to produce auxins, cytokinins and 

gibberellins (Backer et al., 2018). Microbes are usually tested for their phytohormone 

biosynthesis ability in vitro, using analytical chemistry (e.g., Patel & Saraf, 2017), or indirectly 

via plant physiological responses such as root growth or inhibition and architecture 

(Kudoyarova et al., 2019). When phytohormone levels in planta are analysed, it is often 

conducted on plant tissue samples such as roots and leaves, to determine plant responses 

to abiotic stress such as drought and salinity. Analysis of phytohormones in planta to assess 

plant response to microbial inoculations in ecological restoration remains limited. This 

technique has, however, been utilized to assess plant response to arbuscular mycorrhizal 

fungi inoculations (Song et al., 2020; Zhang et al., 2020).   

In this experiment, phytohormone concentrations of plant xylem sap were analysed for three 

out of the six plant species investigated, due to technical difficulties with xylem sap extraction 



Chapter 5 

160 

in the other species. We found that plant phytohormone profiles could function as indicators 

for treatment responses and plant performance. While the lack of biological replicates did 

not allow for direct statistical analysis of phytohormone concentrations, the pooled samples 

do represent true averages per species per treatment. The quantitative results revealed that 

inoculated A. ramulosa had higher concentrations of iP and iPR, phytohormones known to 

be produced by soil microbes (Wong et al., 2015), which suggests successful microbial 

colonization from the inoculation treatment. Correlations between phytohormones and plant 

growth parameters, specifically plant biomass, indicate the potential of analysing plant 

phytohormones to understand plant performance and the potential role of soil microbes in 

facilitating plant establishment, growth, and survival. This may be particularly useful for 

ecological restoration assessment to understand the underlying mechanisms on how the 

microbes have benefited the plants, and to identify beneficial microorganisms in inoculation 

studies. Furthermore, plant phytohormone assessment potentially can help inform about the 

presence of pollutants (Collier et al., 2003; Kummerová et al., 2010).  

Whilst plant xylem sap phytohormone comparisons are potentially very informative to assess 

plant functioning, their use requires further development and validation, such as comparative 

studies of different species, field-testing in various environments, and testing of samples 

collected from plants of varied growth stages. Knowledge of basal phytohormone profiles of 

plant species will provide useful baseline information, and appropriate controls will remain 

essential to determine if observed changes in phytohormone profiles were elicited by 

microbial inoculation. It is likely that phytohormone concentrations and growth parameters 

will correlate differently in different growth environments, and phytohormone profiles are 

likely very species-specific (Osugi & Sakakibara, 2015). For example, ABA is generally 

known to correlate negatively with plant growth (Cardoso et al., 2020), and we unexpectedly 

found positive correlations with plant shoot mass in A. ramulosa and E. loxophleba but 

negative correlations in M. georgei.  Further investigations into correlations between xylem 

sap and plant tissue (e.g., foliar) phytohormone concentrations would also be useful. Plant 

foliar samples could then be used rather than plant xylem sap, making sampling easier and 

the method more applicable.  
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Conclusions 

Ecological restoration on mining-impacted-substrates remains a great challenge (Cross, 

Ivanov, et al., 2021; Sun et al., 2018). In contrast to some previous reports on marked 

differences between inoculated and non-inoculated plants grown in mining-impacted 

substrates (Benidire et al., 2021; Bi et al., 2018; Karthikeyan & Krishnakumar, 2012; Matias 

et al., 2009; Song et al., 2020), only subtle benefits were observed in topsoil grown plants 

with microbial inoculation. The benefits include better germination and higher survival rates 

in certain species. The varied responses between plant species indicate that there may be 

complex interactions between plant and microbial species (Harris, 2009). Mine-site 

ecological restoration usually entails a large number of plant species of different families 

with specific requirements, thus careful considerations should be made before the broad 

application of any commercial microbial inoculants, to avoid potential adverse effects arising 

from incompatibility between plant species and inoculants. A possible alternative solution 

would be to develop site specific inoculant which may be achieved by selecting indigenous 

microorganisms (Moreira-grez et al., 2019; Thavamani et al., 2017) from reference soil, 

rather than using commercially available products as explored here.   

Achieving plant growth on tailings can be made possible by incorporating topsoil to create a 

‘novel substrate’, as Kumaresan et al. (2017) previously suggested. Using topsoil as the 

‘microbial inoculum’ (Kumaresan et al., 2017) alone, however, could be insufficient, as 

improved plant performances were observed in capped tailings with microbial inoculation. 

Incorporating topsoil likely improves the structure of the tailings to be more ‘soil-like’; and 

microbial inoculation helped introduce beneficial microbes in larger quantities, on top of 

those contributed by the topsoil, to ensure microbial survival and proliferation to confer plant 

growth benefits. Thus, amelioration of tailings by incorporating topsoil and microbial 

inoculations may be required to achieve structural and biological functionality to support 

sustainable plant growth. Future work optimising the tailings and topsoil mixture ratio, 

determining microbial inoculation dosage and screening of resilient plant species with an 

ability to condition the substrate, may help develop this strategy further for post-mining TSF 

ecological restoration applications.  
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Supplementary material 

Appendix 1. Physical and chemical characteristics of substrates, topsoil and tailings, used 
in this study.  

 

  Topsoil Tailings 
Physical properties    
Texture  Loamy sand/ Loamy clay Silty loam 
   >2 mm (stones) (%) 34 ± 4 3 ± 1 
   0.2-2 mm (sand) (%) 50 ± 3 56 ± 1 
   0.002-0.2 mm (silt) (%) 6 ± 1 34 ± 1 
   <0.002 mm (clay) (%) 10 ± 3 7 ± 1 
Surface resistivity (MPa) 0.5-2.5 0.5-2.5 
Bulk chemical properties    
pH  5.0 ± 0.2 10.0 ± 0.1 
Total soluble salt (%) 0.1 ± 0.01 0.1 ± 0.01 
EC (mS m−1) 9 ± 2 25 ± 4 
Organic C (%) 0.9 ± 0.08 0.2 ± 0.01 
Macronutrients    
   Total N (mg kg−1) 17 ± 3.8 Not detected 
   NH4-N (mg kg−1) 10 ± 2.5 Not detected 
   NO3-N (mg kg−1) 6 ± 1.7 Not detected 
   Total P (mg kg−1) 371 ± 229 1117 ± 32 
   Colwell PA (mg kg−1) 3 ± 0 9 ± 1 
   Total K (mg kg−1) 118 ± 2 520 ± 15 
   Colwell KB (mg kg−1) 28 ± 2 127 ± 4.2 
   Ca (mg kg−1) 98 ± 28 4067 ± 232 
   S (mg kg−1) 14 ± 1 66 ± 15 
   Mg (mg kg−1) 35 ± 8 143 ± 4 
Other elements    
   Al (mg kg−1) 647 ± 56 48 ± 2 
   B (mg kg−1) 0.7 ± 0.06 0.2 ± 0.06 
   Cu (mg kg−1) 1 ± 0.1 1 ± 0.1 
   Fe (mg kg−1) 21 ± 3 585 ± 6 
   Mn (mg kg−1) 8 ± 2 48 ± 1 
   Na (mg kg−1) 11 ± 3 67 ± 6 
   Zn (mg kg−1) 1 ± 0.1 5 ± 0.4 

 
Adapted from Cross, Stevens, et al., 2021 
ABicarbonate-extractable P, Method 9B (Rayment & Lyons, 2011) 
BBicarbonate-extractable K+, Method 18A1 (Rayment & Lyons, 2011)  



Chapter 5 

170 

Appendix 2. Compositions of commercial microbial mix 
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Appendix 3. Chemical characteristics of two different batches of microbial inoculant. Note 
that Batch A was utilised in the experiment.  

 

Chemical properties   Batch A Batch B 
pH  7.0 7.2 

EC (mS m-1) 830 670 

Organic C (%) 23.30 22.00 

Macronutrient    
   Total N (%) 1.53 1.48 

   NH4-N (mg kg-1) 230 160 

   NO3-N (mg kg-1) 150 150 

   Total P (mg kg-1) >500 >500 

   Total K (mg kg-1) >550 >550 

   Ca (mg kg-1) 4300 >5500 

   S (mg kg-1) >250 >250 

   Mg (mg kg-1) >1000 >1000 
Other elements    
   Al (mg kg-1) 410 410 
   As (mg kg-1) 1.2 0.9 
   B (mg kg-1) 2.6 >100 
   Cd (mg kg-1) <0.01 <0.01 
   Co (mg kg-1) 0.32 0.21 
   Cu (mg kg-1) 0.6 16 

   Fe (mg kg-1) 230 140 

   Mn (mg kg-1) 120 87 

   Mo (mg kg-1) 0.16 0.12 

   Na (mg kg-1) >1000 >1000 

   Ni (mg kg-1) 0.7 0.5 

   Pb (mg kg-1) 0.8 0.3 

   Se (mg kg-1) 0.1 0.3 

   Zn (mg kg-1) 7.1 >100 
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Appendix 4. Number of plants germinated after the first dose of microbial inoculant and the 
total number of germinated plants, in each substrate, without (−) and with (+) inoculation. 
Asterisks (*) indicate significant differences in number of plants after inoculation treatment 
and total number of plants germinated (Wilcoxon-Rank Sum test at p < 0.05). Overall, 88% 
of germination occurred after the first inoculation. 

 

Species Substrate Treatment No. of plants 
germinated after  
inoculation 

Total no. of plants 
germinated 

A. acutivalvis Topsoil −   9.0 ± 0.8    9.2 ± 0.8 
 + 11.3 ± 1.1  16.2 ± 1.7* 

 Capped tailings −   8.4 ± 0.9    8.6 ± 0.9 
 + 12.4 ± 2.1  18.3 ± 3.0 
 Tailings −   2.6 ± 0.5    2.7 ± 0.5 
  +   3.8 ± 0.5    6.3 ± 1.0 
A. ramulosa Topsoil −   4.6 ± 0.7    4.7 ± 0.7 

 +   4.6 ± 0.9    5.1 ± 0.9 
 Capped tailings −   5.7 ± 1.0    6.2 ± 1.0 
 +   6.8 ± 0.4    7.4 ± 0.8 
 Tailings −   4.0 ± 0.5    4.2 ± 0.6 
  +   4.0 ± 0.4    4.7 ± 0.7 
A. scabra Topsoil −   4.2 ± 1.2    4.8 ± 1.2 

 +   5.1 ± 1.4    5.8 ± 1.4 
 Capped tailings −   6.8 ± 1.3    7.0 ± 1.4 
 +   6.7 ± 1.0    7.0 ± 1.0 
 Tailings −   2.8 ± 0.3    3.1 ± 0.4 
  +   2.9 ± 0.4    3.2 ± 0.5 
E. loxophleba Topsoil − 25.8 ± 5.7  30.6 ± 6.0 

 + 28.9 ± 10.3  52.3 ± 11.7* 
 Capped tailings − 14.9 ± 2.9  16.9 ± 3.5 
 + 13.8 ± 2.9  15.6 ± 3.3 
 Tailings −   3.7 ± 0.8   4.0 ± 0.9 
  +   9.5 ± 2.3 12.3 ± 3.3 
H. recurva Topsoil − 10.7 ± 0.8 10.8 ± 0.8 

 +   9.5 ± 0.7 10.2 ± 0.6 
 Capped tailings − 10.1 ± 0.9 10.3 ± 0.9 
 + 10.7 ± 0.6 10.8 ± 0.6 
 Tailings −  7.4 ± 0.9   7.6 ± 1.0 
  +  8.2 ± 0.5 11.2 ± 0.5* 
M. georgei Topsoil −  2.7 ± 0.4   2.7 ± 0.4 

 +  2.7 ± 0.6   2.7 ± 0.6 
 Capped tailings −  1.3 ± 0.3   1.3 ± 0.3 
 +  2.7 ± 0.4   2.9 ± 0.4 
 Tailings −  1.5 ± 0.3   1.6 ± 0.4 
  +  1.7 ± 0.3   1.7 ± 0.3  
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Appendix 5. Bacteria detected in the commercial microbial mix using 16s ribosomal RNA 
sequencing. 

Phylum Class Order Family Genus 

Acidobacteria Acidobacteriia Acidobacteriales Koribacteraceae  

Actinobacteria Actinobacteria Actinomycetales Intrasporangiaceae Phycicoccus 

Actinobacteria Actinobacteria Actinomycetales Micrococcaceae  

Actinobacteria Actinobacteria Actinomycetales Nocardioidaceae  

Actinobacteria Actinobacteria Actinomycetales Nocardioidaceae Nocardioides 

Actinobacteria Actinobacteria Actinomycetales Streptomycetaceae  

Actinobacteria MB-A2-108 0319-7L14   

Actinobacteria Thermoleophilia Gaiellales Gaiellaceae  

Actinobacteria Thermoleophilia Solirubrobacterales   

Chloroflexi Ellin6529    

Chloroflexi Ktedonobacteria Ktedonobacterales Ktedonobacteraceae  

Chloroflexi Ktedonobacteria Thermogemmatisporales Thermogemmatisporaceae  

Cyanobacteria Chloroplast Stramenopiles   

Cyanobacteria Chloroplast Streptophyta   

Firmicutes Bacilli Bacillales Alicyclobacillaceae Alicyclobacillus 

Firmicutes Bacilli Bacillales Bacillaceae Bacillus 

Firmicutes Bacilli Bacillales Paenibacillaceae Ammoniphilus 

Firmicutes Bacilli Bacillales Paenibacillaceae Paenibacillus 

Firmicutes Bacilli Bacillales Planococcaceae Sporosarcina 

Firmicutes Bacilli Bacillales Sporolactobacillaceae Pullulanibacillus 

Firmicutes Clostridia Clostridiales Clostridiaceae SMB53 

Proteobacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae Rhodoplanes 

Proteobacteria Alphaproteobacteria Rhodospirillales Rhodospirillaceae Azospirillum 

Proteobacteria Alphaproteobacteria Rickettsiales mitochondria Lupinus 

Proteobacteria Betaproteobacteria Burkholderiales Alcaligenaceae Achromobacter 

Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Enterobacter 

Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Serratia 

Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter 

Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas 

Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae Dyella 
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Appendix 6. UPLC gradient condition for phytohormone analysis in (a) ESI positive mode 
(auxins and cytokinins) and (b) ESI negative mode (abscisic acid and salicylic acid). 

 

(a)    (b)   

Time (min) %A %B  Time (min) %A %B 

Initial 5 95  Initial 10 90 

4 10 90  2 15 85 

5 20 80  3 20 80 

6 40 60  4 25 75 

7 60 40  5 30 50 

8 80 20  6 40 60 

9 95 5  7 50 50 

10 5 95  8 60 40 

12.5 5 95  9 65 35 

    10 80 20 

    10.30 100 0 

    12 10 90 

    15 10 90 

  



Chapter 5 

175 

Appendix 7. Analytical parameters for the phytohormones and respective deuterated standards.  

Analyte Transition Cone 
voltage 
(V) 

Collision 
voltage 
(V) 

Retention 
time (min) 

LOD 
(ng mL-1) 

LOQ 
(ng mL-1) 

Deuterated 
standard 

Transition Cone 
voltage (V) 

Collision 
voltage (V) 

Retention 
time (min) 

Spiked 
concentration 
(ng mL-1) 

IAA 176 > 130 15 20 5.95 0.025 0.05 [2H5]-IAA 181 > 134 20 25 5.94 0.1 

IBA 204 > 186 22 15 6.74 0.025 0.5 [2H5]-IAA 181 > 134 20 25 5.94 0.1 

BAP 226 > 91 23 22 5.50 0.025 0.05 [2H7]-BAP 233 > 98 25 24 5.41 0.1 

BAPR 358 > 226 10 20 6.07 0.025 0.05 [2H7]-BAP 233 > 98 25 24 5.41 0.1 

cZ 220 > 136 17 25 1.81 0.1 0.25 [2H5]-tZ 225 > 46 18 21 1.43 0.1 

DHZ 222 > 136 20 23 1.56 0.25 0.5 [2H3]-DHZ 225 > 136 20 26 1.55 0.1 

DHZOG 384 > 222 24 19 1.58 0.25 0.5 [2H3]-DHZ 225 > 136 20 26 1.55 0.1 

DHZR 354 > 136 14 40 3.80 0.025 0.05 [2H3]-DHZ 225 > 136 20 26 1.55 0.1 

IAA 176 > 130 15 20 5.95 0.025 0.05 [2H5]-IAA 181 > 134 20 25 5.94 0.1 

IBA 204 > 186 22 15 6.74 0.025 0.5 [2H5]-IAA 181 > 134 20 25 5.94 0.1 

iP 204 > 136 17 17 5.05 0.1 0.25 [2H6]-iP 210 > 137 20 23 5.01 0.1 

iPR 336 > 136 22 30 5.99 0.025 0.05 [2H6]-iP 210 > 137 20 23 5.01 0.1 

K 216 > 81 20 28 3.39 0.05 0.25 [2H5]-tZ 225 > 46 18 21 1.43 0.1 

tZ 220 > 136 21 19 1.47 0.025 0.05 [2H5]-tZ 225 > 46 18 21 1.43 0.1 

tZOG 382 > 220 20 23 1.48 0.25 0.5 [2H5]-tZOG 387 > 225 17 17 1.41 0.1 

tZR 352 > 220 14 21 3.60 0.1 0.25 [2H5]-tZ 225 > 46 18 21 1.43 0.1 

ABA 263 > 153 20 15 4.94 2.5 5 [2H6]-ABA 269 > 159 25 16 4.91 10 

SA 137 > 93 25 17 3.92 2.5 5 [2H4]-SA 141 > 97 25 27 3.88 10 
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Appendix 8. Details of samples collected for soil microbial analysis. Note that rhizospheric 
soil samples were collected from plants, A. ramulosa, E. loxophleba and M. georgei 
harvested at 18 months.  

 

 Substrate Time point No. of replicates 

Control (without plants) Topsoil 0 month 3 
   18 month 3 
 Capped tailings 0 month 3 
   18 month 3 
 Tailings 0 month 3 
    18 month 3 
    

 Species Substrate Inoculation No. of replicates 

Acacia ramulosa Topsoil Non-inoculated 3 
    Inoculated 3 
Eucalyptus loxophleba Topsoil Non-inoculated 3 
   Inoculated 3 
 Capped tailings Non-inoculated 3 
    Inoculated 3 
Maireana georgei Topsoil Non-inoculated 3 
   Inoculated 3 
 Capped tailings Non-inoculated 3 
   Inoculated 3 
 Tailings Non-inoculated Not available 
    Inoculated 3 
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Appendix 9. Plant biomass harvested at 18 months and results of t test between non-inoculated (−)  and inoculated (+) plants within 
substrate type. Data are presented as mean ± s.e, n = 3–5 for each treatment; treatment groups with less than 3 surviving samples are not 
presented but marked with dashes.  Statistical tests (one-way ANOVA, Welch’s test or Wilcoxon-Rank Sum test) were conducted between 
control and inoculated plants within substrate type according to the data sets’ distribution normality and variance homogeneity. 

 

  Total biomass (g) Shoot mass (g) Root mass (g) 
  Treatment Statistics Treatment Statistics Treatment Statistics 
Species Substrate − + t p − + t  p − + t p 

Allocasuarina 
acutivalvis 

Topsoil 10.80 ± 1.20 12.97 ± 1.06 1.35 0.215   7.46 ± 0.93   9.04 ± 0.61 1.43 0.197 3.35 ± 0.40   3.93 ± 0.49 0.93 0.381 
Capped tailings - - - -   0.08 ± 0.02   0.57 ± 0.10 4.29 0.004 - - - - 
Tailings - - - -   0.03 ± 0.01   0.02 ± 0.01 −0.55 0.609 - - - - 

Acacia 
ramulosa 

Topsoil 13.23 ± 0.69 14.76 ± 0.84 2.06 0.074   8.75 ± 0.58 10.64 ± 0.73 2.33 0.048 4.49 ± 1.20   4.12 ± 1.06 1.65 0.137 
Capped tailings - - - -   0.24 ± 0.16   0.85 ± 0.14 2.90 0.023 - - - - 
Tailings - - - - -   0.14 ± 0.04 - - - - - - 

Austrostipa 
scabra 

Topsoil 10.89 ±  1.04 17.99 ± 1.73 3.51 0.011   8.67 ± 0.99 15.90 ± 1.48 4.06 0.004 2.22 ± 0.18   2.09 ± 0.29 −0.38 0.716 
Capped tailings -   6.78 ± 1.79     0.48 ± 0.45   4.25 ± 1.08 3.34 0.013 - -   
Tailings - -   - -   - -   

Eucalyptus 
loxophleba 

Topsoil 14.21 ± 2.20 21.87 ± 1.96 2.60 0.032   9.14 ± 1.46 14.62 ± 1.25 2.85 0.021 5.07 ± 0.78   7.25 ± 1.04 1.68 0.132 
Capped tailings   1.74 ± 0.72   2.98 ± 0.43 1.49 0.175   0.70 ± 0.40   1.27 ± 0.22 1.25 0.257 1.73 ± 0.21   1.71 ± 0.23 −0.05 0.963 
Tailings - -   - -   - -   

Hakea  
recurva 

Topsoil 11.97 ± 1.32 12.28 ± 0.94 0.19 0.854   7.78 ± 0.85   7.63 ± 0.58 −0.15 0.888 4.19 ± 0.53   4.65 ± 0.39 0.69 0.508 
Capped tailings - -     0.54 ± 0.14   0.89 ± 0.17 1.56 0.157 - - - - 
Tailings - -     0.25 ± 0.08   0.31 ± 0.08 0.45 0.665 - - - - 

Maireana 
georgei 

Topsoil 18.42 ± 1.85 28.52 ± 2.10 3.61 0.007 12.93 ± 1.75 16.99 ± 1.57 1.73 0.123 5.49 ± 0.35 11.54 ± 1.20 4.84 0.006 
Capped tailings   1.76 ± 0.53   4.54 ± 0.16 5.00 0.005   1.11 ± 0.29   3.04 ± 0.14 5.93 0.001 0.65 ± 0.26   1.50 ± 0.07 3.15 0.028 
Tailings -   0.79 ± 0.10 - - -   0.28 ± 0.04 - - -   1.07 ± 0.14 - - 
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Chapter 6. General discussion 

Introduction 

This thesis reports on a pioneering research project evaluating the use of commercial 

microbial inoculants in highly challenging post-mining substrates of Western Australia (WA). 

It dealt with relatively understudied plant species, natives of WA, from multiple ecosystems 

with high conservation priority and threatened by mining, and with the complex interactions 

between plants and soil microorganisms. A broad approach involving physical (growth, 

survival, germination) and physiological (gas-exchange, foliar carbon, nitrogen and isotopes) 

measurements was used to evaluate plant performance in response to microbial inoculants. 

Plant xylem sap phytohormones, which are technically challenging to analyse, were used 

as a proxy of plant-microbial interactions and as indicators of plant physiological status.  

In this final chapter, I summarise the main findings of the three glasshouse experiments, 

followed by discussion on the experimental outcomes, the use of microbial inoculants as an 

amelioration strategy for ecological restoration on magnetite tailings, and the use of 

phytohormones as a proxy of plant-microbial interactions. I then conclude with the 

implications of my findings for the mining industry and suggest future research to further 

develop microbial inoculation as an ecological restoration strategy.  

 

Assessing benefits of microbial inoculation – main findings 

Testing the effects of microbial inoculant for ecological restoration application in post-mining 

substrates in WA was carried out first on a crop species (Chapter 3), followed by native plant 

species from two different ecosystems (Chapter 4 and 5). The application of microbial 

inoculants on the crop species, pigeon pea (Cajanus cajan), grown in simulated post-mining 

restoration site conditions and substrates (mixture of topsoil and overburden), showed 

improved plant water use efficiency potentially regulated by the phytohormone abscisic acid 

(ABA; Chapter 3). Inoculated pigeon pea also appeared to benefit from additional nitrogen 

fixed by the introduced microorganisms. Water availability was found to have a significant 

effect on plant growth, including height and biomass gain. Results from this experiment 

showed that the use of microbial inoculant is potentially beneficial for improving plant 

performance in ecological restoration projects such as post-mining sites.  
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The effect of microbial inoculants on Western Australian native plant species from the 

Banksia woodland (growing on sand, south-west) and semi-arid shrubland (growing on 

topsoil, magnetite tailings or mixture of both, mid-west) systems, showed varied plant 

responses among species and between experiments.  

In the Banksia woodland system (Chapter 4), beneficial effects of microbial inoculation on 

the ten investigated plant species were minimal. Only two species exhibited higher biomass 

gain from the microbial inoculation treatment. The lack of distinct growth benefits from 

microbial inoculation could have been due various factors including nutrient scarcity, poor 

compatibility, inoculum viability (see discussion below) and plant developmental stage at the 

time of inoculation. Older plants may be less responsive to inoculation (Bashan, 1986) due 

to changes in roots exudates and root cells thickening that hinder penetration of beneficial 

microorganisms such as arbuscular mycorrhizal fungi (Xie et al., 2020). Furthermore, short 

experimental duration (inoculation treatments of 3 months) and slow growth rates of the 

native plants (Groom & Lamont, 2015) means that only a relatively small percentage of the 

final biomass was formed during the experimental period. Biomass loss through shedding 

of leaves may also have affected the final biomass (Chaves et al., 2009). These factors 

could have limited the detection of growth benefits from microbial inoculation treatment. 

Gas-exchange measurements of three species revealed varied responses to inoculation 

treatments under drought conditions. I conclude that this supports the findings of Ulrich et 

al. (2019) that soil microorganisms can have positive or negative impacts on plant 

performance under stressful conditions such as drought. Similar to Chapter 3, water 

availability also had a significant effect on the biomass gain of some of the investigated plant 

species.  

In the semi-arid shrubland system (Chapter 5), microbial inoculation in topsoil grown plants 

conferred subtle improvements in plant germination, survival and biomass gain in some but 

not all the investigated species; one out of six species investigated exhibited higher 

germination percentages, whilst two species had higher total shoot mass, and three species 

exhibited higher survival percentages over the experimental duration of 18 months 

compared to non-inoculated plants. In terms of plant physiology, there were no significant 

differences in plant water use efficiency, as assessed by foliar δ13C composition. 

Improvement in plant germination and survival from inoculation treatment were, however, 

more prominent in plants grown in tailings and capped tailings (topsoil mixed with tailings). 

Contrasting results between substrate types indicate the presence of indigenous 

microorganisms in the topsoil. These indigenous microorganisms presumably conferred the 



Chapter 6 

180 

topsoil with biological properties and functions to support plant establishment and growth, 

and possibly outcompeted the introduced microorganisms. When topsoil was mixed with 

tailings, the abundance of indigenous microorganisms decreased and may have been less 

competitive against the introduced microorganisms. Inoculated microorganisms could then 

fulfill some of the functions required by the plants. In contrast with the experiments presented 

in Chapter 3 and 4, the effect of water availability on plant performance was not investigated.  

 

Microbial inoculation effects on plants – mechanisms and implications 

Based on the experimental results of Chapter 4 and 5, it is unclear how useful commercial 

microbial inoculants are for restoration of native plant species. The absence of prominent 

beneficial effects could have been due to various factors that have not been investigated in 

the experiments. Factors such as substrate properties, viability of the microorganisms in the 

commercially-sourced inoculants, concentration(s) of microorganisms required to achieve 

effectiveness and plant-microbial compatibility could have impacted the experimental 

outcomes. Additionally, the selected commercial microbial inoculants may be unsuitable for 

use on native plants in native substrates as the microorganisms may not be adapted to these 

plants and conditions.  

One of the commonly reported benefits conferred by microbial inoculation treatments is 

higher plant biomass gain (Oleńska et al., 2020). In order to grow, plants require nutrients 

such as nitrogen (N), phosphorus (P) and potassium as building blocks for cellular structure 

and biosynthesis of DNA, protein, chlorophyll, etc., which are essential for the production of 

new cells that lead to growth (Hawkesford et al., 2012; Wong et al., 2015). These nutrients 

are also required by soil microorganisms for growth (Kuzyakov & Xu, 2013). Australian soils 

are, however, naturally low in N and P (Groom & Lamont, 2015; Rayment & Lyons, 2011). 

Furthermore, nutrients may be leached from substrates during the mining and stockpiling 

processes (Ghose, 2004). Hence, even if the inoculated microorganisms could produce 

plant growth-stimulating phytohormones and/or have the ability to increase nutrient 

bioavailability (e.g., P solubilization; Jacoby et al., 2017; Lugtenberg & Kamilova, 2009), soil 

nutrient limitation could have constrained the potential benefits of microbial inoculation. 

Apart from nutrient availability, both biotic and abiotic properties of the substrates could have 

affected the efficacy of the microbial inoculants (Khare & Arora, 2015). Although mining-

impacted substrates such as stockpiled topsoils may have reduced biological activities (i.e., 

microbial diversity and/or quantity; Gorzelak et al., 2020; Sheoran et al., 2010), these 
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substrates are not completely sterile. For example in Chapter 5, unplanted and non-

inoculated topsoil controls, which were representative of stockpiled topsoil, harboured 

considerable bacteria species richness (Chapter 5, Figure 6).  It is likely that the indigenous 

microorganisms which are better adapted to the environment and likely to be more 

compatible with the native plants, may outcompete the introduced microorganisms (Backer 

et al., 2018; Khare & Arora, 2015) before the introduced microorganisms can establish and 

confer plant-growth benefits.  

Another common benefit reported on the use of microbial inoculation treatments is increased 

abiotic stress tolerance (Enebe & Babalola, 2018; Grover et al., 2011). Plants establishing 

in restoration sites may face various abiotic stressors, with drought being the most prominent 

in semi-arid WA. In this thesis, there was some evidence of inoculated plants performing 

better than non-inoculated plants under drought stress treatments. For example, inoculated 

plants of pigeon pea (Chapter 3, Figure 2) and E. todtiana (Chapter 4, Figure 4c) exhibited 

higher photosynthetic rates than non-inoculated plants. Droughted pigeon pea inoculated 

with a mixture of microorganisms also shed fewer leaves than non-inoculated plants. These 

results indicate that the inoculated plants may have experienced lower levels of stress. 

Using stress-associated phytohormone ABA concentrations as an indicator, droughted 

plants with inoculation in Chapter 3 and 4 had lower concentrations of ABA than non-

inoculated plants, except E. todtiana (Chapter 3, Table 6 and Chapter 4, Table 6). Lower 

ABA concentrations in plants could be indicative of the plants being less stressed, as an 

increase in xylem sap ABA concentration is a stress response (Alvarez et al., 2008). 

Although drought was not investigated in Chapter 5, the ecologically hostile characteristics 

of tailings such as high pH pose abiotic stresses on the plants (e.g., due to reduced root 

system size or poor root condition). Increased plant survival in tailings and capped tailings 

with inoculation treatments indicate that inoculated plants may be more stress tolerant than 

non-inoculated plants. The higher plant survival rates observed could be attributed to the 

amelioration of the substrates by the inoculation treatments.  

In the experiments presented in Chapter 3, 4 and 5, it was assumed that the selected 

microbial inoculants contained live, viable beneficial microorganisms as stated on the 

product packaging. A different commercial microbial inoculant was used in Chapter 4 due to 

unavailability of the product used in Chapter 3 and 5 during experimental set-up. No 

assessment was made of microbial viability prior to product use. Formulating microbial 

inoculants with long shelf life remains a challenge, even in the agricultural sector (Backer et 

al., 2018; Bashan, 2016; Kaminsky et al., 2019). GOGO Juice (Neutrog® Australia Pty Ltd, 
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Kanmantoo, South Australia) used in Chapter 4, was of a liquid formulation and could have 

a relatively short shelf life, in the range of months (Bashan, 2016). Troforte® Microbe Blend 

– Cropping (Langley Fertilizers, Sunpalm Australia Pty Ltd, Wangara, WA) used in Chapter 

3 and 5 was in a freeze-dried powder form, and should have a shelf life of at least 1 year 

(Bashan, 2016). Both products however did not have expiration dates stated on their 

packaging. Absence of production information, such as date of production or batch number, 

on both products also indicate that quality assurance assessments may not have been 

conducted. This highlights the weak regulatory requirements for commercial microbial 

inoculant products in Australia (Berg et al., 2020). Bacterial sequencing of both products, 

however, confirmed presence of some but not all the stated microorganisms (Chapter 4, 

Appendix 5; Chapter 5, Appendix 5). Hence, it is possible that the commercially-sourced 

microbial inoculants may have had insufficient potency or viability, explaining the absence 

of prominent results in inoculated plants.  

Varied plant responses ranging from negative (lower photosynthetic rates and stomatal 

conductance in inoculated plants, Chapter 4), to neutral and positive responses observed in 

Chapter 4 and 5, reinforce the importance of plant-microbial compatibility when using 

commercially-sourced microbial inoculants. Negative outcomes such as poorer plant 

performance in inoculated plants (e.g., Chapter 4) could also result from displacement of 

indigenous microorganisms that have coevolved with native plants (Jack et al., 2021). As 

opposed to lower biomass in plants inoculated with commercial inoculants reported by 

Aprahamian et al. (2016), the negative effects observed were lower stomatal conductance 

and photosynthetic rates. These seemingly negative effects, however, may have been due 

to priming of plant immunity by the inoculated microorganisms. The inoculated 

microorganisms could have stimulated the activation of induced systemic resistance (ISR) 

and systemic acquired resistance (SAR) in the plants, both processes involving stomatal 

closure (David et al., 2019; Enebe & Babalola, 2019). Stomatal closure reduces stomatal 

conductance leading to lower photosynthetic rates, however, it can be an adaptive response 

in the case of drought stress, when avoidance of dehydration is a priority.  

Incompatibility between plant species and microbial inoculants may render the inoculated 

microorganisms ineffective by two potential mechanisms via plant root exudates. Firstly, 

plants constitutively secrete antibacterial and antifungal compounds, such as flavonoids, in 

root exudates as defence mechanism against infection, and these compounds may inhibit 

or repel the inoculated microorganisms (Baetz & Martinoia, 2014; Bais et al., 2006; Weston 

& Mathesius, 2013). Secondly, the inoculated microorganisms may be recognised as 
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pathogens by the plants, leading to the synthesis, accumulation, and release of defence-

related compounds in root exudates (Baetz & Martinoia, 2014), which then act against the 

inoculated microorganisms. Thus, plant species can differentially modulate their root 

exudate composition which helps shape the structure of their rhizosphere microbial 

communities (Jacoby et al., 2017; Jones et al., 2019). Hence, plant-microbial incompatibility 

may render the inoculation treatment ineffective as the introduced microorganisms may not 

establish due to selection pressure imposed by the plants and/or competition from 

indigenous microorganisms, as discussed above.  

 

Amelioration of magnetite tailings with microbial inoculant 

One of the key findings from this thesis is the potential use of microbial inoculants to 

ameliorate magnetite tailings. Ecological restoration on magnetite tailings is extremely 

challenging due to their innate properties, including extreme pH, poor moisture retention, 

low nutrient content and bioavailability of macro- and micro-nutrients, physicochemical 

properties unsuitable for sustainable plant establishment, and low diversity and functionality 

of microbial communities (Cross & Lambers, 2017; Cross, Ivanov, et al., 2021; Cross, Zhong, 

et al., 2021; Kumaresan et al., 2017; Wu et al., 2019). Application of microbial inoculants 

during ecological restoration of magnetite tailings could be beneficial in many ways. 

Microbial inoculation is a relatively quick and easy method, at least at a small scale, to 

improve the biological properties of tailings with diverse beneficial microorganisms in large 

quantities. These inoculated microorganisms can then confer critical biological properties 

and functions to the tailings, such as germination signals and stress tolerance, required by 

plants. This is evident in Chapter 5, in which inoculation improved germination in some of 

the plant species grown in tailings (A. acutivalvis and H. recurva) and capped tailings (A. 

acutivalvis; Chapter 5, Figure 2). In some plant species, survival and shoot biomass were 

also markedly increased in inoculated compared to non-inoculated plants grown in tailings 

and capped tailings (Chapter 5, Figure 3 and 4).  

Although the inclusion of topsoil may function as a microbial inoculum for the biologically 

inert tailings (Kumaresan et al., 2017), supplementary microbial inoculations could further 

boost the biological properties of the substrate. This will be especially useful when older 

stockpiled topsoils with impoverished soil microbiological properties are utilised to form 

capped tailings for restoration (Gorzelak et al., 2020). On the other hand, it may not always 

be possible to conduct ecological restoration on tailings storage facilities by mixing tailings 
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with topsoils, due to topsoil shortages and the colossal amount of tailings being produced 

(GRID-Arendal, 2019). While performance of inoculated plants grown in tailings was poorer 

than that of plants grown in capped tailings, their higher germination and survival suggests 

that microbial inoculation could be one of the key remedies to ameliorate magnetite tailings. 

Furthermore, the inoculated microbes could be beneficial for various other ecological 

processes such as the weathering of tailings to initiate soil formation, and increasing nutrient 

content and bioavailability via nitrogen fixation and phosphorus solubilization (Varma & 

Buscot, 2005; Wu et al., 2019). However, these processes will require the presence of plants 

to provide microorganisms with organic carbon as energy source through rhizodeposition 

(Raaijmakers et al., 2009). Thus, the use of microbial inoculant for ecological restoration on 

magnetite tailings should be done in conjunction with seeding or planting of pioneer plant 

species resilient against the hostile properties of tailings. Alternative amelioration methods 

using organic substrates such as biochar and biosolids could be explored (Trippe et al., 201). 

Whilst the use of these organic substrates may be a relatively cheap and environmentally 

friendly option, it also brings about other challenges such as transportation cost, presence 

of pathogens and pollutants (Cele and Maboeta, 2016; Kamali et al., 2022). Also, the use of 

organic substrates alone may not necessarily help to reintroduce plant growth beneficial 

microorganisms. The use of microbial inoculant in tailings is not novel (e.g., Kohler et al., 

2015; Solís-Domínguez et al., 2011; Trippe et al., 2021; Valentín-Vargas et al., 2018), but 

findings in this thesis may be the first evidence that microbial inoculation could be beneficial 

for ecological restoration on magnetite tailings storage facilities in semi-arid WA.  

 

Use of phytohormones to assess plant-microbial interactions and plant 

performance 

Plant phytohormone analysis is not commonly used to assess plant performance in 

comparison with more direct measurements such as physical growth parameters, especially 

in studies exploring restoration strategies. It may however be a useful tool to assess plant-

microbial interactions and as an indicator of microbial inoculation success. Phytohormones, 

synthesised both by plants and microorganisms, are informative because they function as 

bidirectional communication signals between plants and microorganisms (Sayer et al., 2021). 

They may indicate changes in plant function before inoculation treatments lead to 

measurable changes in growth, as observed in various plant species investigated in this 

thesis. For example, xylem sap phytohormone analysis of selected plant species in Chapter 

4 and 5 revealed contrasting phytohormone concentrations between inoculated and 
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uninoculated control plants (Chapter 2, Table 4), but no significant differences in biomass. 

The trends in phytohormone profiles were, however, inconsistent across and within 

experiments. These inconsistencies could have resulted from the use of different microbial 

inoculants in these experiments and the differential species-specific interactions with the 

introduced microorganisms. Each plant species may select for a different microbiome 

structure (Jones et al., 2019), and differences in phytohormone biosynthesis rates between 

microorganisms (Egamberdieva et al., 2017) could in turn lead to varied xylem sap 

phytohormone concentrations as observed in the studies presented in Chapter 3, 4 and 5.  

The use of phytohormones as a diagnostic tool can potentially be simplified to analyse 

specific phytohormones or phytohormone classes determined to be produced by soil 

microorganisms and associated with certain plant physiological processes. Plant 

physiological processes are, however, regulated by complex crosstalk between various 

phytohormone classes (Khan et al., 2020; Pacifici et al., 2015). Hence, single 

phytohormones or phytohormone classes provide an incomplete picture of plant-microbial 

interactions across different plant species and microorganisms. Simultaneous analysis of 

various phytohormones across different classes and comparisons of phytohormone profiles 

between inoculated and non-inoculated plants can perhaps help identify appropriate 

indicator(s) for assessments of plant performance. This is now feasible with advanced 

developments in analytical methods and instruments such as ultra-high performance liquid 

chromatography coupled with tandem mass spectrometry (UHPLC-MS/MS), which were 

tested in Chapter 2. These tests revealed some technical difficulties, highlighting that 

analysis of phytohormones in trace concentrations is still challenging (Wang et al., 2020), 

especially for small plants with low sample (xylem sap) yield.    

Further exploration of different sample types such as plant tissues (leaf and root) and soil 

samples may help to overcome the limitations of xylem sap analysis and increase our 

understanding of plant-microbial interactions (High et al., 2019). The use of plant tissue and 

soil samples will however pose other technical challenges such as presence of interfering 

compounds including chlorophyll and lipids in plant tissue (Cui et al., 2015; Šimura et al., 

2018) and complexity of the soil matrix (High et al., 2019). Complex and time-consuming 

procedures are also required for sample preparation and phytohormone extraction (Du et 

al., 2012; High et al., 2019). Additional sample preparation steps may also be required to 

increase phytohormone extraction efficiency from sclerophyllous leaf tissue, such as that of 

the plant species investigated in this thesis. While soil samples and leaf tissue can be easily 
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obtained, root tissue sampling may be difficult, especially from plants in the field. Destructive 

tissue sampling procedures may also have detrimental impacts, especially on juvenile plants. 

It is important to note that changes in phytohormone concentrations could just be one of the 

many responses resulting from plant-microbial interactions. Furthermore, the exact 

functions and effect sizes of each phytohormone are not known. Phytohormone profile 

variation between and within plant species (Osugi & Sakakibara, 2015), and diurnal and 

seasonal concentration variations (Dobrev & Vankova, 2012) also need to be investigated. 

Perhaps, through collaborations, a multi-omics approach could be undertaken to better 

understand plant-microbial interactions (Kaul et al., 2016; Larsen et al., 2016; Meena et al., 

2017; Sharma et al., 2020; Xu et al., 2021; Zancarini et al., 2021) and synergistic microbial 

interactions (Saraiva et al., 2021) to advance ecological restoration efforts with the use of 

beneficial microorganisms. For example, inclusion of transcriptomics analysis to study gene 

regulation in this thesis, would have helped better determine if the differences in plant 

phytohormone concentrations had resulted from plant phytohormone biosynthesis or uptake 

of phytohormones synthesized by the microorganisms. Proteomics analysis of proteins 

involved in phytohormone signalling pathways (Puga-Freitas & Blouin, 2015) is also feasible 

for the identification of the mechanisms leading to plant growth stimulation and stress 

tolerance upon microbial inoculation treatments.  
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Implications for industry applications and future research 

Research reported in this study contributes to the immense challenge of restoring 

ecosystems on hostile substrates or severely degraded land. New evidence that some WA 

native plant species benefited from microbial inoculation under controlled glasshouse 

conditions has been gathered. However, it is unknown if the same positive results would 

manifest in the field, where the plants and inoculated microorganisms will be subjected to 

additional stresses and a more variable biotic and abiotic environment. Furthermore, the 

tested plant species are just a few out of the diverse species to be restored. Thus, further 

investigations under controlled conditions and field trials will be required to validate the 

feasibility and efficacy of microbial inoculants for improving restoration in post-mining sites. 

Additional control treatments, including inactivated microbial inoculum, would help elucidate 

the sources of benefits e.g. inoculated microorganisms and/ or ingredients of the formulation. 

Various important research questions involving substrates, plants and microbes need to be 

investigated to help increase our understanding and to make informed decisions on the use 

of microbial inoculation as a restoration strategy. Some of the important research topics to 

be investigated are listed in Table 1.  

To develop this strategy further, I recommend future research focusing on the development 

of site-specific microbial inoculants. Site-specific microbial inoculants can either consist of 

microorganisms cultivated from reference site soil samples or tailor-made commercial 

products. However, the production of indigenous microorganisms can be challenging as 

most microbial species cannot be cultured in laboratory conditions (Pham & Kim, 2012). 

Instead of trying to culture the entire microbial community, comparisons could be made 

between restoration and reference sites to identify the missing keystone microbial species 

via microbial sequencing. Targeted efforts can then be placed on the cultivation and 

reintroduction of the keystone species with pivotal roles (Banerjee et al., 2018). Commercial 

companies could also aim to develop site-specific microbial inoculant by cultivating soil 

microorganisms sourced from respective native reference sites. This will not only reduce 

plant-microbial incompatibility issues, but also avoid potential negative consequences that 

may arise from the introduction of foreign microorganisms into the ecosystem (Jack et al., 

2021). Collaborative efforts between restoration practitioners, mining companies, 

researchers, and companies producing microbial inoculants will be required to help drive the 

development of microbial inoculants targeted for post-mining restoration. In addition, 

stronger regulatory requirements, such as Regulation (EU) 2019/1009 established by the 
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European Union (European Council, 2019), would help ensure that only products of high 

quality and efficacy are being marketed in Australia.  

 

Table 1. Research topics to be investigated for the development of microbial inoculation 
treatment as an ecological restoration strategy.  

Substrates  Effects of substrate physicochemical properties on the inoculant, and the 
potential to ameliorate these properties for microorganisms 

 Substrate biological properties (presence of indigenous microbial 
communities) and interactions with introduced microorganisms 

 Efficacy of inoculants in topsoil of different stockpile age 

Plants  Efficacy of inoculant needs to be tested with more plant species 

 At what developmental stage or age should the plants be inoculated 

Microorganisms  Inoculant concentration and inoculation frequency required to achieve 
effectiveness 

 Viability of the microorganisms during and after inoculation 

 Inoculant formulation e.g., single or mixture of microorganisms, carrier 
substance 

 Mode of delivery e.g., seed coating, soil drench 

 Potential of introduced microorganisms to become invasive or displace 
important native microorganisms 
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