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ABSTRACT

The Southwest Australian biodiversity hotspot is home to exceptional plant species diversity.
Soils are severely nutrient impoverished, particularly in phosphorus (P), and adaptations have
evolved in plant species that allow them to acquire and use scarce nutrients efficiently. Most
Proteaceae, an emblematic and ecologically-important family in south-western Australia, form
cluster roots, which are ephemeral non-mycorrhizal root structures composed of hundreds to
thousands of hairy rootlets that effectively ‘mine’ P bound to soil particles by releasing large
amounts of carboxylates. Carboxylates mobilise P and other elements, including manganese
(Mn). Manganese uptake is poorly regulated in plants and accumulates in leaves, allowing Mn
concentration ([Mn]) to be used as a proxy for carboxylate concentration in the rhizosphere.
Mycorrhizal species (including Myrtaceae and most Fabaceae) acquire P through their
‘scavenging’ symbionts. While these plants are less efficient than non-mycorrhizal Proteaceae
at acquiring P on extremely P-impoverished soils, they still co-occur with Proteaceae,
contributing to the remarkable species diversity within the severely P-impoverished
south-western Australian landscapes. Phosphorus-economising adaptations have also evolved
in leaves, allowing plants in P-impoverished environments to function at low foliar
P concentrations. For example, Proteaceae replace phospholipids by other non-P-containing
lipids during leaf development, function at low ribosomal RNA levels, and preferentially
allocate P to photosynthetically-active mesophyll cells, rather than epidermal cells. By doing
so, Proteaceae achieve a very high photosynthetic-P use efficiency (PPUE).

This thesis investigated factors contributing to plant diversity in extremely
P-impoverished habitats in south-western Australia through a series of physiological studies

on the below- and aboveground functioning of P-efficient Proteaceae and co-occurring species.

The first study investigated the association of leaf Mn accumulation with the ability of
a species to release carboxylates. Some Hakea species (Proteaceae) produce functional cluster
roots and release large amounts of carboxylates, but have low leaf [Mn], challenging the
previously established model linking carboxylate release to leaf [Mn]. My physiological
assessment of Hakea species with contrasting leaf [Mn] revealed that Mn accumulation was
tightly associated with the capacity of a species to release protons to balance the negative

charges of the carboxylates released. Species with low leaf [Mn] released greater amounts of

v



other cations such as potassium and magnesium. The release of cations other than protons
increases soil pH, rendering Mn less available. I provide a comprehensive alternative

conceptual model relating root carboxylate exudation with leaf Mn accumulation.

I also examined the interaction between Banksia menziesii, a non-mycorrhizal
cluster-rooted Proteaceae, and Eucalyptus todtiana, a co-occurring mycorrhizal Myrtaceae, in
a glasshouse experiment. As expected in extremely P-limiting environments, facilitation of
P acquisition was a key process in the success of the two species with contrasting
nutrient-acquisition strategies. Cluster roots of B. menziesii enhanced the P acquisition of
mycorrhizal E. fodtiana, which strongly competed for mobilised P. In turn, the presence of a
mycorrhizal fungus and its host increased phytohormone concentrations in the roots of
non-mycorrhizal B. menziesii challenged by native oomycete Phytophthora
pathogens. I suggest that mycorrhizal E. todtiana and ectomycorrhizal fungi contribute to
inducing and priming the defence of B. menziesii against soilborne pathogens. I highlight the
complex interplay between non-mycorrhizal species, mycorrhizal species and their fungal
partners, and native oomycete pathogens. For the first time, I demonstrate how intricate

interactions shape species coexistence in an extremely P-impoverished environment.

Finally, I investigated the P-allocation patterns in leaves of five Banksia and five Hakea
species, two species-rich Proteaceae genera in south-western Australia, in relation to their high
PPUE. Within each genus, PPUE varied among species. Phosphorus-allocation patterns to
different biochemical fractions explained the high PPUE of the studied species. Within each
genus, species with higher PPUE allocated more P to small metabolites and less P to
phospholipids than species with lower PPUE. However, correlations between PPUE and
inorganic phosphate or residual P concentrations (likely containing phosphorylated proteins),
were not consistent for the two genera. For Banksia species, PPUE was positively and
negatively correlated with P allocation to small metabolites and to the residual P fraction,
respectively. Accordingly, I suggest a trade-off exists between allocation to P-containing

substrates and to ribosomal RNA to achieve high PPUE.

In conclusion, the physiological assessment of below- and aboveground functioning of
highly P-efficient Proteaceae and co-existing species highlights complementarity in functional
diversity. From P-acquisition and belowground interactions to resource partitioning in leaves,
this functional diversity underpins the species diversity in extremely P-impoverished

environments in south-western Australia.
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CHAPTER ONE

General Introduction
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Chapter 1

Southwest Australia, a global biodiversity hotspot

Southwest Australia stands out as one of 36 global biodiversity hotspots, boasting
approximately 7,000 plant species, with around 3,000 endemics (Myers et al., 2000; Hopper &
Gioia, 2004; Habel et al., 2019). However, southwest Australia is under increasing pressure
due to climate change, land-use change, and other anthropogenic factors, with over half of its
pristine habitats and up to 1,300 endemic plant species under threat (Miller ef al., 2007; Habel
et al., 2019). Similar to other biodiversity hotspots like the Cape Floristic Province in South
Africa (Cowling et al., 1996; Allsopp et al., 2014) and the Cerrado in Brazil (Oliveira et al.,
2015; Silveira et al., 2016), soils in south-western Australia are severely nutrient impoverished,
particularly depleted in phosphorus (P) which limits plant growth (Lambers, 2014; Kooyman
et al., 2017). The theory of old climatically-buffered infertile landscapes (OCBIL)
encompasses all these global biodiversity hotspots (Hopper, 2009, 2021). These landscapes,
characterised by ancient soils that encountered little disturbance, like rejuvenation through
(de)glaciation, have been subjected to prolonged weathering, leading to P depletion (Lambers

et al., 2010; Hopper, 2021).

Prominent plant families in the Southwest Australian biodiversity hotspot include
Proteaceae, Fabaceae, Myrtaceae, Orchidaceae and Ericaceae (Lambers, 2014). Some of these
families, such as Proteaceae (e.g., genera Banksia and Hakea) and Myrtaceae (e.g., genus
Eucalyptus), have persisted through the breakup of the supercontinent Gondwana and are very
well represented in the biodiversity hotspot (Crisp & Cook, 2013). Notably, species within
these families exhibit traits that enable them to thrive in the challenging conditions in southwest

Australia.

Phosphorus-acquisition strategies

Phosphorus, an essential nutrient for all life forms, is pivotal in various physiological and
biochemical processes. Plants growing in P-limiting environments have evolved with
specialised adaptations to acquire P efficiently that is tightly sorbed to soil particles and largely
unavailable to plants. A notable example is that most Proteaceae develop cluster roots, a
distinctive non-mycorrhizal root structure composed of hundreds to thousands of densely
packed hairy rootlets (Shane & Lambers, 2005). In Hakea prostrata (Proteaceae), these
ephemeral structures persist for about 21 days from formation to senescence and release

exudates into the soil in an ‘exudative burst’ during maturity, which allows them to acquire P
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sorbed onto soil particles (Watt & Evans, 1999; Shane et al., 2004). There are different
cluster-root structures. While Hakea species form ‘simple’ cluster roots, Banksia species
(Proteaceae) form ‘compound’ cluster roots resembling ‘Christmas-tree’ like structures (Shane
& Lambers, 2005). Additionally, some species from other families, e.g., Viminaria juncea
(Fabaceae) and Allocasuarina humilis (Casuarinaceae), also possess the ability to produce
cluster roots (Lambers et al., 2019). Similar specialised root structures are observed in various
other plant families (Zemunik, 2016). Dauciform roots are produced by some Cyperaceae and
while structurally distinct from cluster roots, they function similarly (Lamont, 1974; Shane et
al., 2005, 2006; Lambers et al., 2006; Fan et al., 2023). Some species from the families
Haemodoraceae and Anarthriaceae produce sand-binding roots, and some Restionaceae form
capillaroid roots (Lambers et al., 2006, 2022; Shane et al., 2011; Oliveira et al., 2015). In
P-impoverished environments in Brazil, Velloziaceae produce vellozioid roots (Teodoro et al.,
2019; Abrahio et al., 2020). However, the production of cluster roots or similar specialised
roots is a carbon-costly investment, explaining why it mostly occurs under severely
nutrient-impoverished conditions (Lambers et al., 2008; Raven et al., 2018). Although all these
specialised roots are structurally distinct, they are functionally analogous and release exudates

that mobilise P.

Carboxylates are low-molecular-weight organic anions exuded from roots through
anion channels (Zhang et al., 2004). They mobilise P and a range of other elements like Mn,
Fe, Zn, Si, as well as rare-earth elements (REE) (Shane et al., 2004; Lambers et al., 2015b; de
Tombeur et al., 2021; Wiche & Pourret, 2023). The physiology of carboxylate release from
cluster and non-cluster roots has been extensively studied (Lambers et al., 2015c). Citrate is
one of the main carboxylates exuded by roots that mobilises P and other elements. Two anion
channels permeable to citrate that were responsive to P availability were identified in cluster
roots of white lupin (Lupinus albus L.) (Kihara et al., 2003; Zhang et al., 2004; Tomasi et al.,
2009; Lambers et al., 2013). Other major carboxylates released by cluster roots are malate and
oxalate, followed by trans-aconitate, iso-citrate, cis-aconitate and minor amounts of other
organic acids (Roelofs et al., 2001; Cawthray, 2003; Hayes et al., 2024). The release of large
amounts of these organic anions must be accompanied by the release of cations to balance the
loss of negative charges. Citrate exudation in white lupin is dependent on an H'-ATPase
(Tomasi et al., 2009), which generates an electrochemical potential gradient that is necessary
to drive anion release (Nussaume ef al., 2011; Poirier et al., 2022). The identification of this

plasma-membrane-bound proton pump associated with carboxylate release follows previous
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work highlighting acidification of the rhizosphere of cluster roots in white lupin (Gardner et
al., 1982a,b; Dinkelaker et al., 1989). While protons play a major role in acidifying the
rhizosphere and further enhancing P availability in alkaline and slightly acidic soils, other
cations are also mobilised by carboxylate release. In cluster roots of white lupin, the
stoichiometric relationships between citrate release and the release of H, K*, Na* and Mg**
are1:1.3,1:2.1,1:1.5and 1 : 0.47, respectively (Zhu et al., 2005). By contrast, the release
of malate is more strongly dependent on proton release than on other cations (Zhu et al., 2005;
Tomasi et al., 2009). Carboxylates have different extraction potentials for inorganic elements,
e.g., at low pH, oxalate effectively mobilises P, while malate and citrate primarily mobilise Fe
(Strom et al., 1994). However, the effect of exuded counterions, other than protons, has

received little attention.

In addition to carboxylates, roots also exude acid phosphatases (Ozawa et al., 1995;
Gilbert et al., 1999; Miller et al., 2001; Shane et al., 2014; Png et al., 2017), which allows them
to access soil organic P (Tarafdar & Claassen, 1988; Turner et al., 2002; George et al., 2006).
Organic P can represent a major fraction of the total P in agricultural soils (Hayes et al., 2000;
McLaren et al., 2015) and also in natural soils, including those in southwest Australia (Doolette
et al., 2011; Turner et al.. 2018; Zhou et al., 2019; Zhong et al., 2021). Phosphatases can be
categorised into different groups, including phosphomonoesterases, which hydrolyse
monoesters (e.g., nucleotides and sugar phosphates), and phosphodiesterases, which target
phosphodiesters (e.g., nucleic acids and phospholipids). Phytate is a form of organic
phosphomonoester that can be a significant fraction of organic P in soils, particularly
myo-inositol-hexakisphosphate (Doolette e al., 2011; Liu et al., 2022a). Roots can release
phytases that hydrolyse phytate phosphomonoesters and liberate inorganic P (Pi) available for
plant uptake (Hayes et al., 1999; Richardson et al., 2000; Turner et al., 2002; Liu et al., 2022a).
However, phytate is not a common P compound in P-impoverished soils (Adams & Byrne,
1989; Zhong et al., 2021). Like Pi, organic P, including phytate, can be strongly bound to soil
particles and accessing P in phytate requires both mobilisation by carboxylates and hydrolysis
by enzymes (Giles et al., 2017, 2018; Richardson et al., 2022). Therefore, accessing phytate
requires greater investments in carbon and energy than accessing Pi or other organic P

compounds (Turner, 2008).

Symbiotic associations with mycorrhizal fungi is another common nutrient-acquisition

strategy. It is found in c. 80% of terrestrial vascular plants (Smith & Read, 2008). Mycorrhizal
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colonisation entails various benefits for the plant host, including but not exclusively enhanced
mineral nutrition, water uptake and overall greater growth, and increased resistance to
pathogens (Smith & Read, 2008; Brundrett, 2009; Brundrett & Tedersoo, 2018; Tedersoo et
al., 2020). During mycorrhizal symbioses, the fungal symbiont penetrates the root to form
exchange structures. In the case of arbuscular mycorrhiza (AM), arbuscules inside root cortical
cells are connected with the extraradical mycelium scavenging the soil. Ectomycorrhizal
(ECM) fungi form a Hartig net between cortical cells and a fungal mantle around the root,
extending to extraradical hyphae (Smith & Read, 2008). Therefore, mycorrhizal symbioses
comprise a ‘scavenging’ strategy, increasing the volume of soil explored per unit of absorbing
root structures. On the other hand, ‘mining’ non-mycorrhizal nutrient-acquisition strategies,
e.g., cluster roots, increase the local extraction efficiency of poorly-available nutrients
(Lambers et al., 2008). In extremely P-impoverished environments, ‘scavenging’ mycorrhizal
strategies are less efficient at acquiring nutrients, particularly P, than ‘mining’ strategies (Bolan
etal., 1984; Abbott et al., 1984; Treseder & Allen, 2002; Abrahdo et al., 2019; Albornoz et al.,
2021). Mycorrhizal symbioses also incur a greater carbon cost as soil P availability declines
(Ryan et al., 2012; Raven et al., 2018). This higher cost explains why Southwest Australia
possesses a larger proportion of non-mycorrhizal plants than nutrient-richer biomes (Brundrett
& Tedersoo, 2018). However, mycorrhizal strategies are still found in extremely
P-impoverished environments (Zemunik et al., 2015) and might provide non-nutritional
benefits to the plant host (Laliberté et al., 2015; Albornoz et al., 2017; Lambers et al., 2018;
Gille et al., 2024).

Plant interactions: facilitation rather than competition

The effect of plant species diversity on productivity has been extensively studied (Cardinale et
al., 2009; Hendriks et al., 2013; Craven et al., 2016; Thakur et al., 2021). However,
mechanisms underlying species diversity, particularly facilitative processes in
nutrient-impoverished environments, have been largely overlooked (Wright et al., 2017).
Facilitation plays a major role in species coexistence through fitness stabilising and equalising
mechanisms (Chesson, 2000, 2018). Facilitation is characterised by a facilitator plant favouring
the presence, nutrient uptake, or growth of a facilitated plant (Callaway, 2007). Along a 2-Myr
dune chronosequence in south-western Australia that offers a natural gradient of soil nutrient
availability, the diversity of plant nutrient-acquisition strategies increases with decreasing soil

P availability (Zemunik et al., 2015). The complementarity of the various nutrient-acquisition
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strategies present in the system contributes to the higher species richness on older and
extremely P-depleted soils through the facilitation of P acquisition (Zemunik et al., 2015, 2016;
Lambers et al., 2018; Gille et al., 2024). The exudation of carboxylates by cluster roots (or
similar structures, e.g., dauciform roots) of Proteaceae (or Cyperaceae) also benefits the
mineral nutrition and growth of their mycorrhizal and/or non-cluster-root-forming neighbours
(Lambers & Teste, 2013; Muler et al., 2014; Staudinger et al., 2024; Yu et al., 2023; Shen et
al., 2024; Gille et al., 2024). Facilitated species can alter biomass partitioning and root system
architecture in the presence of a facilitator. Facilitation has also been reported among crop
species. For example, both P uptake and biomass accumulation of wheat (Triticum aestivum
L.) increase when intercropped with white lupin (Lupinus albus L.) that produces cluster roots
(Cu et al., 2005) or with chickpea (Cicer arietinum L.) that releases acid phosphatases that
mobilise organic P (Li et al., 2004). It is well established that low nutrient availability drives
facilitative processes between species with contrasting nutrient-acquisition strategies
(Callaway & Walker, 1997; Brooker et al., 2008; Al-Namazi et al., 2017; Lekberg et al., 2018;
Zhu et al., 2023).

There is difficulty in assessing the expression of facilitation of P uptake in plant
communities in their natural habitats. In addition to P, carboxylates also mobilise a wide range
of micronutrients and beneficial elements, including Mn, Fe, Zn, Si, and REE (Lambers et al.,
2015b; Pang et al., 2018; de Tombeur et al., 2021; van der Ent et al., 2023; Wiche & Pourret,
2023). At very low P supply, P uptake leads to more plant growth with little increase in leaf P
concentration rather than increased leaf P storage (De Groot et al., 2003; Shane et al., 2003;
Muler et al., 2014; Gille et al., 2024). Therefore, leaf P concentration is not a good indicator
of the involvement of carboxylates in the facilitation of P acquisition; instead, the mobilisation
of Mn by carboxylates has received increasing attention in this regard in recent years (Lambers
et al., 2015b, 2021; Staudinger et al., 2024; Yu et al., 2023). The poor control of Mn uptake
by roots offers the opportunity to compare leaf Mn concentration ([Mn]) as a reflection of soil
Mn availability (Baxter et al., 2008). Since carboxylate exudation increases Mn availability,
Lambers et al. (2015b, 2021) proposed that leaf [Mn] can be used as a proxy for carboxylate
concentrations in the rhizosphere. This conceptual model has now been empirically validated,
with strong correlations between leaf [Mn] and carboxylate concentrations in the rhizosheath
among 100 chickpea genotypes with contrasting abilities to release carboxylates (Pang et al.,
2018). Using the same set of chickpea genotypes, Wen et al. (2021) proposed that leaf [Fe] and

[Zn], both elements that are also mobilised by carboxylates, can also be used as a proxy for
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carboxylate concentrations. However, correlations with these elements were weaker than those
with leaf [Mn] due to stronger control of Fe and Zn transport and uptake (Baxter et al., 2008).
In a naturally-occurring P-impoverished  Banksia woodland, leaf [Mn] of
non-cluster-root-producing Bossiaea eriocarpa (Fabaceae) correlated with its distance to the
nearest carboxylate-releasing Banksia (Proteaceae) plant (Staudinger et al, 2024).
Furthermore, the distance of a Banksia plant had an additional positive effect on the biomass
accumulation of the facilitated Bossiaea eriocarpa (Staudinger et al., 2024). Given that
measuring carboxylate exudation in roots is a labour-intensive process and impractical for field
measurement, often requiring the cultivation of plants in controlled environments, such a proxy
emerges as an invaluable tool for estimating the belowground functioning of plant species.
However, Mn as a proxy for a dependence of P uptake on carboxylate release requires
comparing the leaf [Mn] of the target species with that of a co-occurring negative reference
species, i.e. a species that is known not to depend on carboxylates, and with that of a positive
reference species, i.e. a species that releases carboxylates and accumulates Mn in leaves
(Lambers et al., 2021). While Banksia species (Proteaceae) consistently accumulate relatively
high concentrations of Mn in leaves, there is still a wide variation in leaf [Mn] of Proteaceae
(Foulds, 1993; Roelofs et al., 2001; Hayes et al., 2021, 2024). The variation in leaf [Mn] is
particularly strong in Hakea species (Proteaceae) that produce cluster roots and release
carboxylates, with species that accumulate Mn but others that do not (Gille et al., unpublished
data; see Chapter 2). This challenges the validity of the conceptual model of leaf [Mn] as a
proxy for carboxylate concentrations in the rhizosphere and the cluster-root physiology of

Hakea species, therefore, warrants further attention.

Mycorrhizal strategies are less efficient at acquiring P than carboxylate-releasing
strategies in extremely P-impoverished environments (Bolan ef al., 1984; Abbott et al., 1984;
Treseder & Allen, 2002; Albornoz et al., 2021; Standish et al., 2021). This is illustrated by the
increase in abundance of cluster-rooted species and decrease in mycorrhizal species as soil age
increases and soil P concentration decreases along a 2-Myr chronosequence in south-western
Australia (Zemunik et al., 2015). However, the mycorrhizal species richness and relative cover
remain relatively high even on the oldest, most P-impoverished stages of the chronosequence
(Zemunik et al., 2015). While cluster-rooted species facilitate P uptake of mycorrhizal species,
this raises the question: why do we not observe competitive exclusion of mycorrhizal species
on these most P-impoverished soils and what makes them remain successful in extremely

P-impoverished environments? To answer this question, we need to explore plant-plant
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interactions more deeply, focusing on microbes and other biotic factors influencing these

interactions.

Mycorrhizal symbiosis confers benefits besides mineral nutrition to the plant host,
including enhanced protection against soil-borne pathogens through various mechanisms (Pozo
& Azcon-Aguilar, 2007). Conversely, cluster-rooted species are more susceptible to soil-borne
pathogens, and, therefore, a trade-off exists between efficient P acquisition and defence against
pathogens (Laliberté et al., 2015; Albornoz et al., 2017; Lambers et al., 2018). Banksia species
lack a suberised exodermis, presumably allowing the release of large amounts of carboxylates
into the rhizosphere (Lambers et al., 2018). In Hakea laurina (Proteaceae), the release of
malate originates from the cortex rather than the epidermis, supporting this hypothesis
(Yamada, Wasaki et al., unpublished). Conversely, most species from other families than
Proteaceae do possess a suberised exodermis (Ashford et al., 1989; Vesk et al., 2000; Ma &
Peterson, 2003; Enstone et al., 2003; Brundrett & Tedersoo, 2020) that acts as a physical barrier
to soilborne pathogens (Ranathunge ef al, 2008; Brundrett & Tedersoo, 2020). In
south-western Australia, plants have co-evolved with soilborne pathogens, including native
oomycete Phytophthora species (Ricklefs, 2010; Rea et al., 2011; Albornoz et al., 2017; Sarker
et al., 2023). Both arbuscular and ectomycorrhizal colonisation enhance the resistance of their
hosts to Phytophthora species (Guillemin et al., 1994; Branzanti et al., 1999; Pozo et al., 1999;
Ozgonen & Erkilic, 2007; Pozo & Azcon-Aguilar, 2007). In addition to the physical protection
provided by the Hartig net and fungal mantel, ectomycorrhizal fungi also release antimicrobial
compounds that inhibit the growth of soilborne pathogens (Marx, 1972). Mycorrhizal
colonisation also indirectly enhances the resistance of host plants to pathogens by modulating
phytohormone (e.g., salicylic and jasmonic acids) levels, which in turn leads to defence
responses such as the induction of pathogenesis-related proteins and the production of
defence-related compounds (e.g., phenolics and flavonoids) involved in pathogen defence
(Anfoka & Buchenauer, 1997; Durner et al., 1997; Pozo et al., 1999; Pozo & Azcon-Aguilar,
2007; Prithiviraj et al., 2007; Ozgonen et al., 2009; Avanci et al., 2010; War et al., 2011; Lv
et al., 2020; Vlot et al., 2021). This trade-off between efficient P-acquisition and defence
against soil-borne pathogens confers a direct advantage to mycorrhizal species that benefit
from the facilitation by their non-mycorrhizal neighbours, and therefore equalises the
competitive abilities of both nutrient-acquisition strategies (Laliberté et al., 2015; Albornoz et

al., 2017; Lambers et al., 2018).
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A significant knowledge gap exists about the interaction between mycorrhizal fungi or
mycorrhizal plant species and non-mycorrhizal cluster-rooted species. Upon establishment of
the mycorrhizal symbiosis, ectomycorrhizal fungi alter the hormonal balance of the host, which
inhibits defence responses (Zhang et al., 2018; Basso et al., 2020; Enebe & Erasmus, 2023). It
has been proposed that non-host plants also contribute to the mycorrhizal network (Wang et
al., 2022). For example, two ectomycorrhizal fungi, Tuber melanosporum and T. aestivum,
colonise the roots of non-mycorrhizal neighbouring plants but act as endophytes
(Schneider-Maunoury et al., 2018; Schneider-Maunoury et al., 2020). In a non-host interaction
with Arabidopsis thaliana, an arbuscular mycorrhizal fungus initiates signalling without
subsequent colonisation (Fernandez et al., 2019). The modulation of the plant defence
responses by mycorrhizal fungi, whether during host or non-host compatible interaction, occurs
locally but can extend systemically (Jung et al., 2012; Vlot et al., 2021). It is possible that
non-mycorrhizal cluster-rooted species are subjected to these types of interactions and the
priming of the defences of non-mycorrhizal species in response to mycorrhizal fungi and
oomycete pathogens requires further investigation. Consequently, the indirect facilitative
interaction between mycorrhizal fungi and non-mycorrhizal plant species, in the context of
soilborne pathogens, might contribute to the coexistence of mycorrhizal and non-mycorrhizal

species in extremely P-impoverished environments.

Phosphorus-utilisation efficiency

In addition to acquiring P efficiently, numerous adaptations in Proteaceae allow them also to
use it very efficiently. During leaf development, some Proteaceae exhibit a phenomenon known
as ‘delayed greening’ to spread P investment over time (Sulpice ef al., 2014; Kuppusamy et
al., 2021). In delayed greening, the P-demanding growth of the leaf structure is dissociated
from the development of the photosynthetic machinery, including chloroplasts (Kuppusamy et
al., 2014, 2021). This results in yellow-reddish young expanding leaves. The molecular basis
of delayed greening has recently been unravelled, highlighting a major shift in the expression
of cytosolic and mitochondrial to plastid ribosomes (Bird et al, 2024). During leaf
development, phospholipids are extensively replaced by other lipids that do not contain P, such
as sulfolipids and galactolipids (Lambers ef al., 2012). Replacement of phospholipids has been
described as a strategy for plants to cope with P deficiency in other species, such as Arabidopsis
thaliana (Morcuende et al., 2007), Oryza sativa (Hayes et al., 2022), and Eucalyptus

acmenoides (Silva et al., 2022). Proteaceae function at very low abundance of rRNA and low
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concentrations of protein in mature leaves (Matzek & Vitousek, 2009; Sulpice et al., 2014; Liu,
2024). Some Proteaceae (e.g., Hakea prostrata, Banksia attenuata and B. thelemanniana)
restrain nitrate uptake when provided with excess nitrate (Prodhan et al., 2016; Liu et al.,
2022b). This nitrate-uptake restraint trait is also observed in two co-occurring Myrtaceae
species in a severely P-impoverished environment (Liu ef al., 2022b). Associated with low
abundance of rRNA and low concentrations of proteins, it appears to be a convergent trait
enhancing P-use efficiency in P-impoverished environments (Matzek & Vitousek, 2009;
Prodhan et al., 2019). Proteaceae also preferentially allocate P to photosynthetically-active
mesophyll cells rather than to epidermal cells (Hayes et al., 2018). Several species from other
families, e.g., Myrtaceae and Fabaceae, also allocate P preferentially to mesophyll cells as an
adaptive response to P-impoverished environments (Guilherme Pereira et al, 2018). In
addition, species growing under extremely low P availability remobilise P from senescing
tissues, i.e. senescing leaves, non-cluster and cluster roots, with high efficiency and proficiency
(Shane et al., 2004; Denton et al., 2007; Hidaka & Kitayama, 2011; Hayes et al., 2014). Taken
together, all these adaptations allow Proteaceae to function at extremely low foliar P and N
concentrations while maintaining relatively fast rates of COz assimilation (Veneklaas et al.,
2012; Lambers et al., 2015a) and have high photosynthetic P-use and N-use efficiency (Denton
et al., 2007; Lambers et al., 2012; Sulpice et al., 2014; Guilherme Pereira et al., 2019; Shen et
al., 2024).

One way for plants to function at high P-use efficiency is by reducing P concentrations
in leaves and partition it efficiently into different biochemical pools. Phosphorus in leaves has
been conveniently categorised into five operational biochemical pools through a sequential
fractionation method: nucleic acids, phospholipids, metabolic P (comprising Pi and small
P-containing metabolites) and a residual fraction that likely contains phosphoproteins among
other P-containing material not captured in the other fractions (Chapin & Kedrowski, 1983;
Kedrowski, 1983; Hidaka & Kitayama, 2011, 2013; Yan et al, 2019; Hayes et al., 2022;
Suriyagoda et al., 2023; Tsujii et al., 2023, 2024; Liu et al., 2023). The lipid P fraction contains
hydrophobic P-containing molecules, presumably mainly membrane lipids, including
phospholipids. The replacement of phospholipids contributes to the high photosynthetic P-use
efficiency (PPUE) of Proteaceae species (Lambers et al, 2012). The replacement of
phospholipid is a common response to P starvation in many species, including Arabidopsis and
crops (Morcuende et al., 2007; Gaude et al., 2008; Nakamura et al., 2009; Poitout et al., 2017,
Li & Yu, 2018; Wang et al., 2020). However, it is usually associated with decreased

10



Chapter 1

photosynthetic rates, while those sharply increase from young to mature leaves in Proteaceae
species, partly contributing to their high PPUE (Lambers et al., 2012). The nucleic acid P
fraction is the largest organic P pool in leaves, composed mainly of RNA and some DNA, and
of which up to 85% of P in this pool is in rRNA (Veneklaas ef al., 2012). Therefore, it is a
major pool to save P for P-efficient plants. Functioning at low rRNA levels also contributes to
the high PPUE of Proteaceae (Sulpice et al., 2014). The metabolite P pool comprises small
water-soluble phosphorylated compounds such as sugar phosphates, nucleotides, and other
esterified compounds. Most metabolites in this pool (e.g., glucose 6-phosphate,
triose-phosphate and ATP) play a central role in photosynthesis and respiratory metabolism
(Sharkey et al., 1986). Therefore, metabolite P concentration and their proportion of total P are
strongly correlated with photosynthetic rates (Hidaka & Kitayama, 2013; Hayes et al., 2022).
The fraction of cellular P in Pi is variable and spatially distinct. The cytosolic Pi is actively
used for metabolism. When the cell has excess P compared with its need, the extra P is stored
as Pi in the vacuole. Vacuolar Pi can be remobilised into the cytosol to meet P requirements
(Poirier & Bucher, 2002; Smith et al., 2003). Due to its multiple roles, especially as a storage
form of P, Pi concentration increases much more than the organic P pool as the leaf total P
concentration increases (Veneklaas et al., 2012; Suriyagoda et al., 2023). There is a tight
balance between P in nucleic acids and small metabolites. Several studies have reported strong
positive correlations between metabolic P (including Pi and metabolite P) or metabolite P and
nucleic acid P (Hidaka & Kitayama, 2013; Yan et al., 2021; Suriyagoda et al., 2023).
Proteaceae maintain relatively high concentrations of glucose 6-phosphate yet function at low
rRNA (Sulpice et al., 2014). Indeed, decreasing levels of phosphorylated intermediates would
require these species to function at higher rRNA to produce enzymes, which is a far more costly
P pool in leaves. In turn, Proteaceae might increase protein turnover to maintain protein to
rRNA ratios (Matzek & Vitousek, 2009; Lambers, 2022). Species modulate their P-allocation
patterns to these biochemical pools, particularly in low soil P availability conditions where
specific adaptations have evolved (Hidaka & Kitayama, 2011, 2013; Yan et al., 2019; Liu et
al., 2023).

Thesis outline

The primary objective of this thesis was to investigate factors underpinning plant megadiversity

in an extremely P-impoverished environment. It focused on P-acquisition strategies, P-use
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efficiency, and plant interactions mediated by microbes. This thesis contains four additional

chapters.

Chapter 2 explores the P-acquisition strategies of Hakea species (Proteaceae) with
contrasting leaf [Mn] that challenge the conceptual model of leaf [Mn] as a proxy for
carboxylate concentrations in the rhizosphere (Lambers et al., 2015b, 2021). Across a soil [P]
gradient over a 2-Myr chronosequence and adjacent areas, along with a glasshouse experiment,
this study explored edaphic (e.g., soil pH, [Mn], and P speciation) and physiological (e.g.,
exudation of carboxylates and cations, and acid phosphatases as alternative P-acquisition
strategies) variables. I hypothesised that Hakea species with low leaf [Mn] rely more on
additional strategies such as phosphatases than species with high leaf [Mn] and that, while all
species exude carboxylates, the release of counterions associated with carboxylates determines

the accumulation of Mn in leaves.

I analysed the interaction between non-mycorrhizal cluster-rooted Banksia menziesii
(Proteaceae) and mycorrhizal Eucalyptus todtiana (Myrtaceae) in Chapter 3. A glasshouse
experiment compared growth-related and defence-related parameters in these naturally
co-occurring species, both in monoculture and in mixture, with and without ectomycorrhizal
fungi and oomycete Phytophthora spp. pathogens. My hypotheses were based on previous
studies and proposed theories (Laliberté et al., 2015; Albornoz et al., 2017; Lambers et al.,
2018), suggesting that both ectomycorrhizal fungi and oomycete pathogens would equalise
competitive abilities among species with contrasting nutrient-acquisition strategies.
Furthermore, I hypothesised that the ectomycorrhizal colonisation of roots of E. fodtiana would

enhance the defences of non-mycorrhizal B. menziesii.

Chapter 4 characterised the P-allocation patterns in major biochemical pools in leaves
of 10 species of Banksia and Hakea (Proteaceae) growing in some of the most P-impoverished
soils in the world in Badgingarra National Park (Western Australia). I discuss these patterns in
light of the high photosynthetic P-use efficiency of both genera but with variability within each.
I hypothesised that a preferential allocation of P to specific P fractions would allow species to

achieve higher PPUE, with discussion on associated physiological processes.

The final chapter, the General Discussion, synthesises the findings from the previous
chapters, highlighting study limitations and contextualising the results in understanding species

coexistence in extremely P-impoverished and megadiverse environments.
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Summary

e In extremely phosphorus (P)-impoverished environments, adaptations have evolved in
plants that allow them to acquire P efficiently. Most Proteaceae produce cluster roots,
specialised structures composed of hundreds of hairy rootlets that release carboxylates that
mobilise poorly-available P sorbed onto soil particles. In addition to P, carboxylates mobilise
a range of micronutrients. These include manganese (Mn), which is readily taken up by roots
and translocated to leaves. As a result, leaf Mn concentration can be used as a proxy for
rhizosphere carboxylate concentrations. However, some Hakea (Proteaceae) species that do
produce cluster roots and release carboxylates do not accumulate Mn in their leaves,

challenging this conceptual model.

e Using species of Hakea with contrasting leaf Mn concentrations, we explored the
determinants of Mn accumulation in leaves. We investigated the physiology of the release of
carboxylates and concomitant cations, rhizosheath phosphatase activity, and soil properties

such as specific P compounds using 3'P-nuclear magnetic resonance (*!P-NMR) spectroscopy.

e Manganese accumulation in leaves did not depend on the rate of carboxylate release,
but on concomitant release of cations to balance the negative charge of carboxylates. Species
releasing K" or Mg?" did not acidify the rhizosphere compared with species releasing H', and
therefore increased, rather than decreased the rhizosphere pH and decreased the rhizosphere
Mn availability. There was a link between the ability of species to release phosphatases and

access specific organic P compounds detected by *'P-NMR spectroscopy.

e  We highlight the limitations of using leaf Mn concentration as a proxy for rhizosphere
carboxylate concentration and propose a revised model. We further discuss how the discovered
alternative physiology of carboxylate exudation may contribute to the success of some species

in alleviating metal-ion toxicity.

Key words: carboxylate release, cations, ion flux, *'P-NMR spectroscopy, phosphatase,

protons, rhizosphere acidification, root exudates.
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Introduction

In severely nutrient-impoverished environments, plant adaptations have evolved to allow them
to acquire scarce nutrients, particularly phosphorus (P), that pertain to the ‘do-it-yourself” end
of the root economic space (Bergmann et al., 2020; Carmona et al., 2021; Hayes et al., 2021,
Lambers et al., 2022). A typical adaptation to low soil P availability is the production of cluster
roots (CR) by most Proteaceae. These short-lived non-mycorrhizal roots comprise high
numbers of densely packed hairy rootlets that ‘mine’ P sorbed onto soil particles by releasing
large amounts of carboxylates and protons (Shane et al., 2004). Species from P-impoverished
environments also rely on phosphatases exuded by roots to hydrolyse P esters in organic
molecules like RNA and phospholipids that are weakly bound to soil particles (Zhong et al.,
2021; Shen et al., 2024). Root phosphatase activity also aligns with the ‘do-it-yourself” end of
the root economic space, with negative correlations between phosphatase activity and root
diameter and mycorrhizal colonisation, and positive correlations with specific root length (Han

etal., 2022).

Carboxylates, including malate and citrate, are low-molecular-weight organic anions.
Their exudation by non-cluster and cluster roots mobilises sparingly-available inorganic
nutrients sorbed onto soil particles and not readily available for plant uptake. In addition to P,
carboxylates also mobilise a range of micronutrients, including manganese (Mn), iron (Fe) and
zinc (Zn), as well as silicon (Si), and rare earth elements (REE). The link between carboxylates
in the rhizosphere and accumulation of these co-mobilised elements in leaves has recently
gained substantial interest (Lambers ef al., 2015, 2021; de Tombeur et al., 2021a; Wen et al.,
2021; Wiche & Pourret, 2023). Assessing carboxylate exudation in roots is laborious and often
requires growing plants in controlled environments with easy access to the root system. Since
Mn uptake is poorly controlled (Baxter et al., 2008) and likely reflects its availability in the
rhizosphere, Lambers et al. (2015, 2021) conceptualised leaf Mn concentration ([Mn]) as a
proxy for rhizosphere carboxylate concentrations. This model was supported by Pang et al.
(2018), who found significant correlations between rhizosheath carboxylate concentration and
leaf [Mn] among 100 genotypes of chickpea (Cicer arietinum L.) with contrasting abilities to

exude carboxylates. They also found similar trends for Fe and Zn.

Carboxylate exudation by roots requires the release of cations to balance the negative
charge of the organic anions released. The release of protons (H') as a counter ion to

carboxylate exudation has been extensively studied in various species with or without the
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ability to form cluster roots (Neumann & Romheld, 1999; Roelofs et al., 2001; Zhu et al., 2005;
Wang et al., 2008). Proton release acidifies the rhizosphere and influences nutrient availability
in the proximity of the roots. For example, the availability of Mn, Fe, Zn, and Cu is enhanced
at lower pH (Lambers & Oliveira, 2019). This is in accordance with the concept of concomitant
release of carboxylates and H' leading to the accumulation of those elements in leaves
(Lambers et al., 2015, 2021; Pang et al., 2018). However, there is a large variation in leaf [Mn]
among cluster-root producing Proteaceae that presumably all release carboxylates to acquire P
in P-impoverished environments (Foulds, 1993; de Tombeur et al., 2021a; Hayes et al., 2024).
This variation in leaf [Mn] is particularly striking among species of Hakea (Proteaceae), which
all form cluster roots and release carboxylates (Roelofs ef al., 2001). While H. prostrata
accumulates Mn (Shane & Lambers, 2005; Guilherme Pereira et al., 2021; Hayes et al., 2024),
Mn levels in leaves of H. incrassata and H. flabellifolia are more variable (de Tombeur et al.,
2021a; Guilherme Pereira et al.,2021; Hayes et al., 2024). These results challenge the proposed
model and suggest that some aspects of mechanisms involved in nutrient mobilisation by

carboxylates are currently overlooked.

Aluminium (Al) is a toxic element that is chelated by carboxylates (Pearse et al., 2006,
2007). Like the availability of Mn, which can also be toxic for plants, Al availability increases
with decreasing pH (Dong et al., 1999). Species that concomitantly release H and carboxylates
are expected to be more susceptible to metal ion toxicity due to rhizosphere acidification.
However, carboxylates have the capacity to chelate these metal ions, rendering them non-toxic
(Ryan et al., 2001). Ryan et al. (1995) found that potassium ions (K*) were associated with
Al-induced efflux of malate in wheat (7riticum aestivum L.). It is likely that the concomitant
release of carboxylates with cations other than H, such as K*, play a role in alleviating metal
ion toxicity. Moreover, carboxylates have different extraction potentials for inorganic
elements, e.g., at low pH, oxalate effectively extracts P, while malate and citrate primarily
extract Fe (Strom et al., 1994). It is unclear how species in P-impoverished environments
express these mechanisms to balance the release of carboxylates to satisfy P requirements with

Al and Fe toxicity.

In this study, we aimed to identify determinants for accumulation of Mn and other
elements in leaves of carboxylate-releasing species with contrasting leaf [Mn] in severely
P-impoverished habitats. Hakea prostrata accumulates more Mn in mature leaves than

H. flabellifolia, while H. incrassata has intermediate leaf [Mn] (Shane & Lambers, 2005;
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de Tombeur et al., 2021a; Guilherme Pereira et al., 2021; Hayes et al., 2024). Therefore,
combining data from the field and a glasshouse experiment, we investigated leaf Mn
accumulation in H. prostrata, H. incrassata and H. flabellifolia with respect to edaphic and
physiological variables. We hypothesised that (1) leaf [Mn] is positively correlated with soil
[Mn] and negatively correlated with soil pH for all studied species, as soil Mn availability is
pH dependent (Lambers & Oliveira, 2019); (2) all species release carboxylates, but the release
is accompanied by the release of species-dependent cations, i.e. Mn-accumulating H. prostrata
relies mainly on H' release while H. incrassata and H. flabellifolia, which accumulate less Mn,
predominantly release other cations, e.g., K" and Mg?**. We also hypothesised that (3) these
exudation patterns influence the accumulation of other elements for which availability varies
depending on carboxylate release and soil pH, i.e. Ca, K, Mg, Fe, P and Zn (Lambers &
Oliveira, 2019); and, finally, (4) species with low leaf [Mn] also access different forms of soil

P, e.g., P esters using exuded phosphatases which does not contribute to leaf Mn accumulation.

Materials and Methods

Species and site selection

At least one of the three target species in this study, Hakea prostrata R.Br., H. incrassata R.Br.,
and H. flabellifolia Meisn. were sampled at 10 locations near Jurien Bay (Western Australia),
c. 200 km north of Perth in southwest Australia (Fig. 1). The region has a Mediterranean
climate with hot dry summers and cool wet winters (Bureau of Meteorology, Australian
Government; http://www.bom.gov.au/climate/data). The mean annual rainfall (1968-2017) is
553 mm, of which c. 80% falls between May and September, and the mean annual maximum
temperature is  25°C  (Bureau of  Meteorology, Australian  Government;

http://www.bom.gov.au/climate/data).

Five sites are located along the Jurien Bay chronosequence. A detailed description of
this c¢. 2-Myr-old sand dune chronosequence is presented in previous studies (Laliberté et al.,
2012; Turner & Laliberté, 2015; Turner et al., 2018). Sites Spearwood 14 (SW14), Spearwood
34 (SW34) and Morgan’s Track (MT) are located on Spearwood dunes characterised by
yellow/brown shallow sand overlying pale deep sand. Sites Bassendean North Lesueur 1
(BNL1) and Powerline Track (PT) are located on Bassendean dunes characterised by pale deep

sand. Five sites are located on older (> 2-Myr-old) Peron slopes and dissected lateritic plateaus
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inland of the sand-dune chronosequence. Badgingarra National Park (BNP) is characterised by
lateritic gravels over pale and yellow deep sand. Sites Lesueur National Park (LNP-Up, up a
slope; LNP-Down, down a slope) are characterised by sedimentary (sandstone, siltstone, shale)
hills. Site Cockleshell Gully (CG) is located downhill from LNP-Up and LNP-Down sites, at
the boundary between Mount Lesueur and Nylagarda systems, and is characterised by brown
and minor pale deep sand on the edge of an alluvial plain. Site Alexander Morrison National
Park (AMNP) is characterised by sandy and lateritic gravels over pale and yellow deep sand
(Fig. 1; Western Australian Department of Primary Industries and Regional Development,
2024). This series of sites offers a strong natural range of soil P concentrations (Laliberté et al.,
2012; Hayes et al., 2014; Turner & Laliberté, 2015; Turner et al., 2018). This allowed us to
explore P-acquisition strategies of the three target Hakea species and investigate the link

between their leaf [Mn] and edaphic conditions.

Leaf sampling and analyses of field plants

Mature, fully-expanded, undamaged leaves of five individuals of each target species found at
each site were collected between June and August 2023. Leaves were dried at 60°C for seven
days to constant weight and finely ground using a zirconium bead mill (GenoGrinder, Spex
SamplePrep, Metuchen, NJ, USA). Leaf elemental concentrations were determined in
c.200 mg ground leaf material using inductively-coupled plasma optical emission
spectroscopy (ICP-OES; Avio 560 Max, PerkinElmer, Waltham, MA, USA) after digestion
with HNOs: HCIO4 (6 : 1 v/v) at 130°C (Zarcinas et al., 1987). The use of leaf [Mn] as a proxy
for carboxylate concentration in the rhizosphere requires comparing leaf [Mn] of the target
species with that of a ‘positive reference’ species (Lambers et al., 2021). Species of Banksia
(Proteaceae) consistently release carboxylates and accumulate Mn in mature leaves (Lambers
et al., 2021; Staudinger et al., 2024). Therefore, at sites where H. prostrata, which releases
carboxylates and accumulates Mn in its leaves (Shane et al., 2004; Shane & Lambers, 2005)

was not found, mature leaves of a co-occurring species of Banksia were sampled.

Ground leaf samples (c. 1 mg) were analysed by combustion to measure stable carbon
isotope composition (5'*C) using a continuous flow system (Delta V Plus mass spectrometer
connected to an elemental analyser Thermo Flush 1112 via Conflo IV, Thermo-Finnigan,
Bremen, Germany) at the West Australian Biogeochemistry Centre (The University of Western
Australia). Stable isotope compositions were determined using international (International

Atomic Energy Agency, Table S1) and laboratory standards (Skrzypek, 2013).
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Fig. 1 Location of the 10 sites along the Jurien Bay chronosequence (Quindalup, Spearwood,
and Bassendean) and surrounding area (Yerramullah, Mount Lesueur and Coalara) in
south-western Australia where Hakea prostrata, H. incrassata and H. flabellifolia were
sampled. SW14, Spearwood West 14; SW34, Spearwood West 34; MT, Morgan’s track;
BNLI1, Bassendean North Lesueur 1; PT, Powerline track; CG, Cockleshell gully; LNP-Down,
Lesueur National Park down a slope; LNP-Up, Lesueur National Park up a slope; BNP,
Badgingarra National Park; AMNP, Alexander Morrison National Park. Mapping of soil
systems was based on the classification of the Western Australian Department of Primary
Industries and Regional Development (2024).

Soil sampling and analyses

Topsoil cores (50 mm diameter, 150 mm depth) were collected after the soil surface was cleared
of litter and organic debris in open areas in the proximity of the target Hakea species. Samples
were visually inspected to ensure they did not contain any roots to represent the ‘bulk soil’,
i.e. soil available for plants to explore. Three topsoil cores were collected near one another and

pooled into one soil sample, repeated five times to obtain five well-separated soil samples at
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each site. Soil samples were air-dried at ambient temperature (c. 22°C) for two weeks and then

sieved (< 2 mm stainless steel) to remove large organic debris and gravel.

Soil pH was determined in a 1:5 soil : 0.01 M CaCl: solution with a glass electrode
(Orion Versa Star Pro, Thermo Fisher Scientific, Waltham, MA, USA). Soil total
P concentration ([P]) was determined by an ignition method (Turner & Romero, 2009). In brief,
air-dried soil was heated at 550°C for 1 h and allowed to cool before extraction by shaking with
1 M HCI for 16 h to determine total [P]. A second soil subsample was extracted with 1 M HCI
for 16 h without prior ignition to determine inorganic [P]. Both subsamples were filtered
through Whatman no. 42 paper, and soil [P] was determined colorimetrically (Motomizu et al.,
1983). Organic [P] was calculated by subtracting inorganic [P] from total [P]. Resin [P], a
measure of ‘plant-available soil P’, was extracted using anion exchange membranes (AEM;
Turner & Romero, 2009). Air-dried soil was shaken in deionised H2O with four anionic-form
AEM strips (10 x 40 mm; manufactured by BDH, Poole, UK, and distributed by VWR
International) for 16 h. After shaking, the AEM strips were rinsed free of soil particles with
deionised H20, and the Pi was recovered by shaking the strips in 0.5 M HCI for 1 h. Resin [P]
in the extract was determined colorimetrically (Motomizu et al., 1983). Soil P concentrations

are expressed on a dry-weight (DW) basis (mg P kg™! soil DW).

Soil Mn was extracted using the aqua-regia method in a fine ground subsample of
air-dried soil. In brief, c. 200 mg soil was digested in a mixture of concentrated 1 : 3 (v/v)
HNOs: HCl at 130°C for 1 h and Mn concentration in the extract was determined by ICP-OES
(Avio 560 Max, PerkinElmer, Waltham, MA, USA).

Solution 3'P-NMR spectroscopy

Phosphorus speciation in soil was determined using 3'P-nuclear magnetic resonance
(*'P-NMR) spectroscopy. Seven sites were selected as representative of the soil [P] range
among the 10 sites presented in other analyses. For the seven sites selected, three soil samples
were randomly selected. In brief, c. 10 g of air-dried soil was extracted in a 1 : 2 (W/v)
soil : extraction buffer (0.25 M NaOH, 0.05 M Na:EDTA) by shaking at c. 22°C for 4 h before
centrifugation at 8000 g at 4°C for 30 min. The supernatant was transferred to a clean vial and
freeze-dried for five days to complete dryness (VirTis BenchTop Pro ‘K’ Freeze Dryer, SP
Scientific, Warminster, PA, USA). The freeze-dried material was resuspended in 5 ml of

Milli-Q H20, and centrifuged at 8000 g at 20°C for 15 min. A 3.5 ml aliquot was transferred
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into a 10-mm diameter NMR tube with 0.3 ml of deuterium oxide and 0.1 ml of 6.0 g I'! (w/v)
methylenediphosphonic acid (MDP) as internal standard and samples were stored at 4°C until

analysis.

Solution *'P-NMR spectra at 202 MHz were obtained on a Bruker AVIIIHD 500 MHz
NMR spectrometer (Billerica, MA, USA) using a 10 mm broad band fluorine observe probe.
Experiments were conducted using inverse gated decoupling, with a 90° pulse of 30 us
duration, a repetition time of 4 s, including an acquisition time of 0.2 s. A total of 21,500 scans
were acquired, leading to an approximately 24 h total experiment time per sample.
Measurement of T1 values using inversion-recovery experiments for the species present was
prohibitively time consuming; therefore, the relaxation delay of 3.8 s was selected based on a
preliminary experiment involving a series of measurements with relaxation delay durations
from 1 s to 30 s. The relative integral against the signal of the MDP internal standard increased
from a delay of 1 s to 3 s but stabilised from 3 s (Table S2). Furthermore, the integral ratio of
significant peaks (i.e. pyrophosphate : orthophosphate, pyrophosphate : -glycerophosphate
and B-glycerophosphate : orthophosphate) was constant across relaxation delays from 3 s to
30 s (Table S2). Therefore, a relaxation delay of 3.8 s and a 0.2 s acquisition time were selected
to allow quantitative analysis of the samples, whilst maintaining a minimum repetition time to
improve the signal to noise ratio of the signals of interest. The chemical shift of signal peaks is
reported in parts per million (ppm). Quantification of P compounds in the extracts involved
deconvolution and spectral integration against the signal of the known addition of the MDP
internal standard, calibrated with a chemical shift of 17 ppm. Data were analysed using
MestReNova software v15.0.0. The following classes of P compounds were identified and
quantified based on a series of spiking experiments with known compounds: MDP (17 ppm),
orthophosphate (5.71-5.75 ppm), a-glycerophosphate (4.99-5.00 ppm), B-glycerophosphate
(4.60—4.65 ppm), adenosine 5’-monophosphate (4.49—4.52 ppm), phytate (3.97, 4.11, 4.31,
4.46 and 4.81 ppm), pyrophosphate (-5.03 to -5.04 ppm). The following compounds were also
spiked but not identified in the NaOH-EDTA soil extracts: phosphoenolpyruvate (0.07 ppm),
ATP (-4.62 and -4.71 ppm), D-glucose 6-phosphate (5.27-5.29 ppm), and phosphonate (20.27—
20.28 ppm). The identification of those peaks is consistent with previous studies (Doolette et
al.,2011; Doolette & Smernik, 2016; Zhong et al., 2021). Significant peaks in the 3.5-5.5 ppm
region without a putative identification were considered unknown phosphate monoesters

(Doolette et al., 2011; Doolette & Smernik, 2016; Zhong et al., 2021).
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Rhizobox-growth of plants and analyses

Seeds of H. prostrata and H. flabellifolia were collected at site BNP in Badgingarra National
Park and at site PT along the Jurien Bay chronosequence in April 2022. Seeds were surface
sterilised by submerging in 1% (w/v) NaClO for 20 s and then in 70% (v/v) ethanol for 20 s
before thoroughly rinsing in deionised H20. Surface-sterilised seeds were sown and germinated
in 1 1 pots filled with Bassendean sand. Seedlings with three to four leaves were transferred
from 1 1 pots to rhizoboxes (35 cm length, 3 cm width, 56 cm depth) filled with
triple-steam-pasteurised Bassendean sand collected at the BNL1 site. The rhizoboxes were
placed at a 30°C angle to force roots to grow along the acrylic faces of the rhizoboxes, which
were covered with removable black PVC sheets to avoid light exposure of the roots. The
rhizoboxes were randomly moved weekly and watered two or three times per week to maintain
a soil water content of c. 75%. Plants were grown in a glasshouse at the University of Western
Australia (31.57°S, 115.47°E) from July 15th to October 8th, 2022, with minimum and
maximum temperatures of 13 and 23°C, respectively. Relative humidity was maintained at
approximately 60% and a shade screen was deployed if photosynthetically-active radiation

exceeded 1650 umol m2 s\,

The acrylic side of the rhizobox was removed, and cluster and non-cluster roots were
carefully lifted out of the sand. Roots were gently shaken to remove loosely adhering sand
around the roots. The tightly adhering sand around the root was defined as rhizosheath soil
(Pang et al., 2017). Rhizosheath soil associated with cluster and non-cluster roots was collected
using a paint brush and weighed to determine the fresh weight (FW), then transferred into a
known volume of 0.02 M CaClz and gently shaken by hand for 2 min. The solution was filtered
through a sterile 0.22 pum syringe filter and 1 ml of the filtrate was transferred into a
high-performance liquid chromatography (HPLC) vial with 20 pl of concentrated
orthophosphoric acid and stored at -20°C until analysis. Carboxylates were determined by
HPLC as described in Cawthray (2003) using a Prevail 250*4.6 mm column with 5 pm particle
and mobile phase of 25 mM KH2PO4 adjusted to pH 2.5. Oxalic acid was determined using a
Hypercarb 4.6%*100 mm column with 5 pm particle and mobile phase of 0.1% (v/v)
trifluoroacetic acid (Uloth et al., 2015). Results are expressed in nmoles carboxylates g

rhizosheath soil FW.

Acid phosphomonoesterase activity was determined in the rhizosheath soil of cluster

and non-cluster roots and in the ‘bulk’ soil of each rhizobox, i.e. soil that was not in contact
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with any root, to determine the basal microbial activity (Tabatabai & Bremner, 1969; Eivazi &
Tabatabai, 1977). In brief, c. 1 g soil was incubated at 37°C for 1 h with 0.2 ml toluene, 4 ml
tris(hydroxymethyl)aminomethane-HCI, pH 6.5, 0.1 M maleic acid, 70 mM citric acid and
0.1 M boric acid, and 1 ml 0.05 M p-nitrophenyl phosphate (pNPP). The reaction was
terminated with 1 ml 0.5 M CaClz and 4 ml of 0.5 M NaOH. For each sample, a blank was
used, for which the pNPP substrate was added after the addition of CaCl> and NaOH. The
concentration of p-nitrophenol (»NP) was determined colorimetrically at 405 nm against pNP
working standards and the acid phosphomonoesterase activity was expressed as pg pNP g’!

rhizosheath soil FW h™! after subtracting the reading of the ‘bulk’ soil sample.

Hydroponically-grown plants and analyses

One-year-old seedlings of H. prostrata, H. incrassata and H. flabellifolia were purchased
(Natural Area Nursery, Whiteman, WA, Australia). Roots were thoroughly washed of soil
particles and seedlings were transferred into a hydroponic system in a glasshouse at the
University of Western Australia (31.57°S, 115.47°E) under the same environmental conditions
as plants grown in rhizoboxes. Seedlings were grown in 4.5 1 pots with one seedling per pot
containing 4 | continuously-aerated nutrient solution (pH 5.8) with the following composition
(in uM): 66.67 KNO3, 12 MgS0Oa4, 0.08 MnSOs4, 0.03 ZnSO4, 0.8 H3BO3, 0.01 Na2MoOs4,
3.33 Fe-NaEDTA, 10 CaClz, 0.02 CuSOs. Phosphorus was supplied separately as KH2PO4 at
the following concentrations: 4 uM for H. prostrata, 2 uM for H. flabellifolia and
H. incrassata. Pots were placed in cooling tanks, maintaining the nutrient solution temperature

at 18-20°C and the nutrient solution was replaced every three days.

Once plants were established and root systems developed, acid phosphomonoesterase
and phosphodiesterase activities were measured following Dodd et al. (1987) and
Turner et al. (2001). In brief, cluster and non-cluster roots were immersed in 50 mM Na-acetate
solution at 26°C for 5 min to equilibrate, then either 5 mM pNPP (phosphomonoesterase) or
5 mM bis-pNPP (phosphodiesterase) was added and the samples were incubated for another
30 min under the same conditions. The reactions were terminated by adding 0.11 M NaOH to
an aliquot of the extraction solution. Samples were oven-dried to constant weight and weighed
to determine DW. The concentration of pNP was determined colorimetrically by measuring the
absorbance at 405 nm against working standards in the range 0-1000 uM pNP and the acid

phosphatase activities were expressed in pmol pNP g'! root DW h!.
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Cluster and non-cluster root exudates were collected separately for the analysis of
cation concentrations. Roots were excised and immersed in 20 ml 0.01 mM CaCl: in the dark
at room temperature (c. 22°C) for 30 min to minimise leakage from the excision. Root samples
were transferred to 20 ml fresh aerated 0.01 mM CaClz and incubated in the dark at room
temperature (c. 22°C) for 60 min. The exudate solution was then filtered through a sterile
0.22 pm syringe filter and the concentrations of cations (Ca*", K*, Mg?*, Mn*") were measured
in the solution using ICP-OES (Ca and K; Avio 560 Max, PerkinElmer, Waltham, MA, USA)
or ICP-mass spectrometry (Mg and Mn; NexION 1000, PerkinElmer, Waltham, MA, USA).
The cation-exudation rates were expressed in pmol (Ca?*, K' and Mg?") or

nmol (Mn**) g"! root DW h'l.

Statistical analyses

One-way ANOVAs were performed to test the significance of differences for all measured
variables among all species at each site for leaf [Mn], among sites for soil variables (pH, soil
[P] and [Mn]), or among species for both root types (i.e. cluster and non-cluster roots) for root
physiological variables (carboxylates, phosphatase activity and cation-exudation rates), with
the ‘emmeans’ package (Lenth, 2023). Tukey’s HSD post-hoc tests were run to determine
significant pairwise differences. The homogeneity of variances was inspected using the Levene
test and the normality of the residuals was inspected using the Shapiro test (P > 0.05). Data
were logio-transformed when either condition was not met. The linear regressions between leaf
[Mn] and soil pH, soil [Mn] and cation-exudation rates were performed on averaged data per
site, and linear regressions between leaf [Mn] and §'°C were performed on all individuals, but
average data per site were presented for consistency. We characterised the leaf
element-accumulation patterns in Hakea species and element concentrations in soils using
principal component analyses (PCA). The PCA was performed with the ‘FactoMineR’ package
on logio-transformed data (L¢é et al., 2008). Ellipses were added to the output to represent the
95% confidence interval around the mean. Data were analysed using R software (R Core Team,

2023).
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Results

Soil and leaf chemical properties
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Fig. 2 (a) Soil manganese concentrations ([Mn]), (b) soil pH (CaCl.), and (c) foliar [Mn] in
leaves of Hakea prostrata (Hp), H. incrassata (Hi) and H. flabellifolia (Hf) in their natural
habitats at 10 sites along the Jurien Bay chronosequence and surrounding area in south-western
Australia. (a) and (b) Bar colours correspond to soil systems shown in Fig. 1; (¢) Brown bars
represent positive reference plants, known to release large amounts of carboxylates and
accumulate leaf Mn (Bs, Banksia sessilis; Ba, B. armata; Bn, B. nivea; Bc, B. candolleana).
Values are means + SE (n = 5). Different letters indicate significant differences among sites
according to Tukey’s HSD post-hoc test (P < 0.05). The site names and descriptions are given
in Material and Methods.

Soil [Mn] varied across sites from 26 to 42 mg Mn kg™! soil DW for AMNP and LNP-Down,
respectively (Fig. 2a). However, there were few significant (P < 0.05) differences among sites,
with only LNP-Down and CG having higher soil [Mn] than some other sites. We observed a
range of soil pH among sites along the Jurien Bay chronosequence and surrounding area,

ranging from 5.5 (SW14 and SW34) to 4.5 (AMNP, BNP, and PT) (Fig. 2b).
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We observed a wide range of foliar [Mn] among species and sites (Fig. 2c).
Hakea prostrata had significantly higher [Mn] than H. flabellifolia at sites where both occurred
(i.e. PT and BNP). Hakea incrassata had significantly higher foliar [Mn] than H. flabellifolia
at all sites where they both occurred except for LNP-Down, and lower foliar [Mn] than
H. prostrata at all sites where they both occurred except for PT. Importantly, where
H. incrassata occurred with another of the target species, its foliar [Mn] was never higher than
that of H. prostrata and never lower than that of H. flabellifolia. Foliar [Mn] of H. prostrata
averaged at 45.8 mg Mn kg'! DW across all sites. Hakea incrassata had the most variable leaf
[Mn] across sites, averaging 16.0 mg Mn kg'! DW, while that of H. flabellifolia was always
relatively low, with an average of 3.3 mg Mn kg' DW. Therefore, we refer hereafter to
H. prostrata as ‘high Mn’, H. incrassata as ‘intermediate-Mn’ and H. flabellifolia as ‘low-Mn’,

based on their leaf [Mn] values in their natural habitats.

Table 1 Soil phosphorus concentrations ([P]) at the 10 sites along the Jurien Bay
chronosequence and surrounding area in south-western Australia where high-Mn Hakea
prostrata, intermediate-Mn H. incrassata and low-Mn H. flabellifolia were sampled. Values
are means + SE (n = 4 or 5). Phosphorus concentrations (total P, organic P, inorganic P and
resin P) are expressed in mg P kg! soil dry weight. Different letters indicate significant
differences among sites following Tukey’s HSD post-hoc test (P < 0.05). Colours correspond
to soil systems shown in Fig. 1 and the site names and descriptions are given in Material and
Methods.

Site Total P Organic P Inorganic P Resin P
11.3+08a 10.5+0.7a 0.7+0.1ab  0.4+0.0bc
13.0+13a 125+12a 0.6+0.1ab 0.4+0.1bc
6.5+0.7b 6.1 £0.6 bc 0.5+0.1bc 05+0.1ab

BNLI 70+0.6b 6.7+05b 03+0.0cd 02+£0.0cde

PT 53+£05bc  5.1+0.5bc 02+0.0de 04+0.1bcd

CG 123+1.0a 114+1.0a 09+0.0a 0.7+0.1a

LNP-Down 52+£0.7bc  5.0+0.7 bc 02+0.0de 02+0.0de

LNP-Up 70+03b 6.7+03b 03+0.0cd 0.4+0.0bcd

BNP 32£03cd 3.1+£03cd 0.1£0.0¢ 0.4 £0.0 bed

AMNP 1.8+0.2d 1.7+£0.2d 0.1+£0.0f 0.1+£0.0¢e
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Fig. 3 Soil phosphorus concentrations ([P]) (a) and composition (b) in NaOH-EDTA extracts
as detected by *'P-NMR spectroscopy in bulk soil at seven sites along the Jurien Bay
chronosequence and surrounding area in south-western Australia where high-manganese (Mn)
Hakea prostrata, intermediate-Mn H. incrassata and low-Mn H. flabellifolia were sampled.
Values are means (n = 3). Ortho-P, orthophosphate; a-GP, a-glycerophosphate; B-GP,
B-glycerophosphate; AMP, adenosine 5’-monophosphate; pyro-P, pyrophosphate; unknown-P,
unidentified significant peaks, likely phosphate monoesters. The site names and descriptions
are given in Material and Methods.

Soil P concentrations (i.e. total, organic and inorganic [P]) decreased from the youngest to the
oldest soils (generally moving west to east in Fig. 1), with the exception of CG (Table 1,
Fig. 3a). This site, located in a gully formed by a stream flowing only in winter (Fig. 1), had a
soil [P] similar to that of the youngest soils (Table 1, Fig. 3a). Interestingly, there was little
variation in soil resin [P] (a measure of ‘plant-available’ P) compared with other forms of P
(Table 1). Site CG had the highest resin [P], while AMNP had the lowest resin [P]. Although
the recovery rate was lower using NaOH-EDTA extraction and *'P-NMR spectroscopy
quantification compared with that of HCI extraction and colorimetric quantification, both
methods showed consistent results when comparing soils (Fig. S1). According to NaOH-EDTA
extracts, orthophosphate was the main P compound in all soils, making up about 30% of total
P in the NaOH-EDTA extracts (Table 1, Fig. 3). The differences in total [P] between soils were
attributed to differences in all P compounds detected using 3'P-NMR spectroscopy (Fig. S2,
S3). All sites had a similar P compounds composition, i.e. the proportion of each P compound
relative to total P, except for soil at AMNP, where diesters, pyrophosphate and unidentified
P compounds, likely phosphate monoesters, were not detected (Figs 3, S2, S3). This site also
had a significantly higher proportion of AMP than the other sites (Fig. 3b).
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Non-cluster and cluster roots physiology
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Fig. 4 Concentration (a and b) and composition profile (¢) of carboxylates present in the
rhizosheath soil of cluster roots (CR) and non-cluster roots (NCR) of high-manganese (Mn)
Hakea prostrata (Hp) and low-Mn H. flabellifolia (Hf) grown in rhizoboxes. Significant
differences between the two species were tested for each root type and carboxylate compounds
using Tukey’s HSD post-hoc test (*, P < 0.05; **, P<0.01; *** P <0.001; ns, not significant,

i.e. P>0.05). ‘Other’ comprises fumarate, shikimate and cis-aconitate. nd, not detected.

There were three times more carboxylates in the rhizosheath soil of non-cluster roots of
H. prostrata than in that of H. flabellifolia (Fig. 4a,b). However, this difference between the
two species was not significant when considering the sum of carboxylates exuded (Fig. 4b) but
reflected significant differences in the presence of individual carboxylates, i.e. malate and
‘other’ carboxylates including fumarate, shikimate and cis-aconitate (Fig. 4a). These other
carboxylates were at concentrations that were only one-tenth of those of malate, so made up a
minor component of the total carboxylates in the rhizosheath. There was no difference in the
amounts of carboxylates exuded from cluster roots of the two species (P > 0.05; Fig. 4b). The
profiles of carboxylates were also similar for both species, and for both cluster and non-cluster
roots, with the most abundant carboxylates in the rhizosheath being citrate for cluster roots and

trans-aconitate for non-cluster roots (Fig. 4c). Only the proportions of malate and oxalate were

46



Chapter 2

significantly different in the rhizosheath soil of non-cluster roots of H. prostrata from those of

H. flabellifolia. Malate was more abundant, and oxalate was less abundant for H. prostrata

than for H. flabellifolia (Fig. 4c).
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Fig. 5 Acid phosphomonoesterase (PME; a—b) and phosphodiesterase (PDE; ¢) activity in
rhizosheath soil or in exudate-collecting solution of cluster roots (CR) and non-cluster roots
(NCR) of high-manganese (Mn) Hakea prostrata (Hp), intermediate-Mn H. incrassata (Hi)
and low-Mn H. flabellifolia (Hf) grown in rhizoboxes (a) and in hydroponics (b—c). Values are
means = SE (n=4-11). Different letters indicate significant differences among species for each
root type according to Tukey’s HSD post-hoc test (P < 0.05).

The acid phosphomonoesterase activity in the rhizosheath soil of both H. prostrata and
H. flabellifolia grown in rhizoboxes was similar, both for cluster and non-cluster roots
(Fig. 5a). However, there were significant differences in the external phosphomonoesterase and
phosphodiesterase activities measured from cluster and non-cluster roots of the three Hakea
species grown in hydroponics (Fig. 5b,c). Cluster and non-cluster roots of H. prostrata had a
lower acid phosphomonoesterase activity in the exudate-collecting solution than the other two
species. Phosphodiesterase activity was lower than that of phosphomonoesterase (P < 0.05),
and roots of only H. incrassata had a higher activity than that of H. prostrata in both root types,
and higher than that of H. flabellifolia in non-cluster roots (Fig. 5c).
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Correlation between leaf [Mn], edaphic conditions and root physiology
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Fig. 6 Correlations between leaf manganese concentrations ([Mn]) and soil [Mn], soil pH and
leaf stable carbon isotope composition (8'°C) for high-Mn Hakea prostrata (a—c),
intermediate-Mn H. incrassata (d—f), low-Mn H. flabellifolia (g—i) and all species (j—I) in
natural habitats at 10 sites along the Jurien Bay chronosequence and surrounding area in
south-western Australia. Values are means = SE (n = 5). For pH and soil [Mn], linear
regressions were analysed using averaged data per site, because the data for leaves were not
paired with those for roots. For leaf §'3C, linear regressions were analysed using all individuals
and averaged data are presented. Solid lines indicate significant correlations (P < 0.05), while
broken lines indicate non-significant (P > 0.05) correlations. (a—i) Text colours correspond to
soil systems shown in Fig. 1. The site names and descriptions are given in Material and
Methods. (j-1) Blue, H. prostrata; dark green, H. incrassata; light green, H. flabellifolia.
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Leaf [Mn] was significantly correlated with soil [Mn] only for H. prostrata (Fig. 6), despite
H. incrassata and H. flabellifolia growing on sites with a similar range of soil [Mn] (Fig. 2a).
Leaf [Mn] was not correlated with soil pH for any of the Hakea species, individually or when
combined. Hakea prostrata had a significantly less negative 8'C (-27%o) than H. incrassata
and H. flabellifolia (-29.1 and -29.7%o, respectively; P < 0.05). Interestingly, correlations
between leaf [Mn] and 8'°C were significant for H. incrassata and H. flabellifolia, but they
only accounted for some of the variation, resulting in weak coefficients of determination
(R?2=0.13 and 0.14, respectively). The correlation between leaf [Mn] and §'*C for all species
was significant, but the coefficient of determination was weak (R? = 0.20), reflecting higher

813C for H. prostrata than for H. incrassata and H. flabellifolia.
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Fig. 7 Exudation rate of potassium (K), magnesium (Mg) and manganese (Mn) from cluster
roots (CR) and non-cluster roots (NCR) of high-Mn Hakea prostrata (Hp), intermediate-Mn
H. incrassata (Hi) and low-Mn H. flabellifolia (Hf) grown in hydroponics, and correlations
between leaf Mn concentrations ([Mn]) in field-collected leaves and cation-exudation rates of
hydroponically-grown plants. Values are means + SE (n = 3—5 for exudation rates; n = 2542
for leaf [Mn]). Different letters indicate significant differences among species for each root
type according to Tukey’s HSD post-hoc test (P < 0.05). Correlations were calculated using
averaged data because they were not paired.
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All species released K, Mg, and Mn from cluster and non-cluster roots into the
exudate-collection solution (Fig. 7). Hakea incrassata and H. flabellifolia released K at faster
rates than H. prostrata did, but mainly from their non-cluster roots. Non-cluster roots of
H. flabellifolia released Mg significantly faster than those of the other two Hakea species.
Non-cluster roots of H. flabellifolia also released Mn significantly faster than those of the other

two species.

The exudation rate of Mg was significantly faster from cluster roots of H. incrassata
than from those of H. prostrata, but significantly slower than from those of H. flabellifolia.
Similarly to non-cluster roots, there was a trend that cluster roots of H. flabellifolia released
Mn faster than the cluster roots of the other two species; however, they were not statistically
significant or different from each other. On average, the Mn-exudation rates were orders of
magnitude slower than those of the other cations measured, i.e. nmol Mn vs. pumol K and Mg
g’ DW h'l. All species took up Ca from the exudate-collecting solution, which only contained
Ca?" and CI, with faster uptake rates for cluster roots than for non-cluster roots (data not

shown).

The correlation between leaf [Mn] and exuded cations (K, Mg, and Mn) was not
statistically significant (P > 0.05); it was performed on averaged data with a low sample size
(n = 3) due to the independence of measurements. However, there were strong correlations
between the three Hakea species for both cluster and non-cluster roots with coefficients of
determination between 0.55 and 0.89, explaining a large part of the variance in leaf [Mn] among

species (Fig. 7).
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Fig. 8 Elemental concentrations (a), and principal component analysis (PCA) of elemental
concentrations in leaves of high-manganese (Mn) Hakea prostrata (Hp), intermediate-Mn
H. incrassata (Hi) and low-Mn H. flabellifolia (Hf) in natural habitats (b), and PCA of
elemental concentrations in soil at 10 sites along the Jurien Bay chronosequence and
surrounding area in south-western Australia where Hakea species were sampled (c). Values are
means + SE (Hp, n = 25; Hi, n = 45; Hf, n = 30). (a) Different letters indicate significant
differences among species according to Tukey’s HSD post-hoc test (P < 0.05). (¢) Text colours
correspond to soil systems shown in Fig. 1. Outputs of the PCAs are given in Supporting
Information Table S3. Al, aluminium; Ca, calcium; Fe, iron; K, potassium; Mg, magnesium;

P, phosphorus; Zn, zinc. The site names and descriptions are given in Material and Methods.

There were significant differences in elemental concentrations in leaves of the three Hakea
species (Fig. 8a). Hakea prostrata had lower leaf [Ca], [K], and [Mg] and higher leaf [Fe],
[Mn], [P], and [Zn] than H. flabellifolia. Hakea incrassata generally had intermediate
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concentrations of leaf elements. This trend was strongly reflected in the principal component
analysis, where H. prostrata and H. flabellifolia were opposed, with H. incrassata spanning
the entire range of distribution along PC1 (Fig. 8b). We also observed grouping among sites
for elemental concentrations in soils (Fig. 8c). Soil [Al], [Fe], [K], [Mg] and [P] strongly
contributed to the range observed among sites along PC1 explaining 69.3% of the variance
(Fig. 8c, Table S3). Soil [Mn] contributed less to PC1 and more to PC2 than the other elements,
highlighting its low level of variation among sites (Table S3).

Discussion

We explored edaphic (i.e. soil [P], [Mn], and pH) and physiological (i.e. release of carboxylates
and cations from cluster and non-cluster roots and phosphatase activity) variables with respect
to contrasting Mn concentrations in leaves of three Hakea species (Proteaceae). Our results did
not fully support our first hypothesis that leaf [Mn] would be positively correlated with soil
[Mn] and negatively correlated with soil pH. Instead, leaf [Mn] was neither correlated with soil
[Mn] nor with soil pH. Only leaf [Mn] of H. prostrata was significantly correlated with soil
[Mn]. However, a tight link between cations that were released with carboxylates from cluster
and non-cluster roots of Hakea species and [Mn] in their leaves supports our second hypothesis,
i.e. high-Mn H. prostrata exuded K* and Mg?" at slower rates than the other Hakea species.
Exudation of carboxylates is also involved in alleviating metal ion toxicity. Leaf elemental
composition followed a clear pattern among species, with species exuding K" and Mg?" at
faster rates, e.g., H. flabellifolia, having higher leaf concentrations of Ca, K and Mg, elements
more available at higher soil pH, and conversely lower concentrations of Fe, Mn and Zn, which
are more available at lower soil pH (Lambers & Oliveira, 2019). Plant species with lower leaf
[Mn], i.e. H. incrassata and H. flabellifolia, also exhibited a higher rhizosheath phosphatase
activity that would allow them to access more organic P than H. prostrata did. This more highly
expressed P-acquisition strategy does not contribute to mobilising soil-bound Mn and helps to
comprehend the reason for low leaf [Mn] in H. incrassata and H. flabellifolia. These results

significantly advance our understanding of P-acquisition strategies within this genus.

Cations co-exuded with carboxylates explain leaf Mn accumulation

Our results confirmed the wide variation in mature leaf [Mn] among species of Hakea, with

H. prostrata having consistently high leaf [Mn], compared with the relatively low leaf [Mn] of
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H. flabellifolia (de Tombeur et al., 2021a; Guilherme Pereira ef al., 2021; Hayes et al., 2024).
The more variable leaf [Mn] of H. incrassata positioned it intermediately. However, we show
that high-Mn H. prostrata and low-Mn H. flabellifolia both released similar amounts of
carboxylates from both their non-cluster and cluster roots. A recent study showed that
carboxylate exudation rates from roots of intermediate-Mn H. incrassata were similar to that
of high-Mn H. prostrata (Hayes et al., 2024). This is in contradiction with the model that
established leaf [Mn] as a proxy to assess belowground plant functioning, particularly the
presence of carboxylates in the rhizosphere of the target species (Lambers et al., 2015, 2021;
Pang et al., 2018; Yu et al., 2023; Staudinger et al., 2024). Carboxylate release is commonly
associated with an acidification of the rhizosphere by the concomitant release of protons to
provide the driving force for carboxylate release and balance the negative charges of the
carboxylates exuded (Dinkelaker et al., 1989; Neumann et al., 2000; Roelofs et al., 2001,
George et al., 2002; Zhu et al., 2005). Manganese in the soil is available at pH below 7.5 with
an optimum range from pH 5.0 to 6.5 (Lambers & Oliveira, 2019). The acidification of the
rhizosphere towards a pH range that favours Mn bioavailability, combined with
poorly-controlled Mn uptake (Baxter ef al., 2008), support the model of the link between leaf
[Mn] and carboxylates in the rhizosphere (Lambers ef al., 2015, 2021). However, H. incrassata
and H. flabellifolia deviated from this model and had relatively low leaf [Mn], especially
H. flabellifolia, averaging at 3.3 mg Mn kg' DW, while definitely releasing carboxylates into
the rhizosphere. These results suggest that the accumulation of Mn in mature leaves depends
not only on the exudation of carboxylates but also on concomitant proton release from the roots
to the rhizosphere. Roots of both species with low leaf [Mn], H. incrassata and H. flabellifolia,
released more K" and Mg?* in the exudate-collecting solution than H. prostrata, supporting
this hypothesis. The release of alternative cations to H*, such as K* or Mg", would not lead to
a substantial acidification of the rhizosphere (Hinsinger et al., 2003). Instead, roots are
expected to take up H' to drive the release of the cations via a proton cation antiport system
(Hinsinger et al., 2003; Hinsinger et al., 2006). Therefore, this would not enhance soil Mn

availability in soil and [Mn] in the leaves.

We are currently investigating cation fluxes from non-cluster roots and cluster roots of
the present three Hakea species using a microelectrode ion flux estimation (MIFE©) system
(Shabala et al., 2013). This non-invasive technique allows for simultaneous measurement of
several ions carrying charge from plant cells or tissues using ion-selective electrodes (see

Supporting Information Method S1). Preliminary measurements show that cluster roots of
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H. prostrata exhibited a greater efflux of K than non-cluster roots, while both root types
exhibited a similar influx of Ca®" (Fig. S4). These preliminary results are in line with our
measurements of K and Ca in the exudate-collecting solution using ICP-OES. We are currently
developing a method to simultaneously measure H', K*, and Na" fluxes as the three main
cations transported across root cell membranes, according to elemental analysis from root
exudates. This method will allow the measurement of ‘steady-state’ fluxes of these cations in
cluster and non-cluster roots of the three Hakea species, i.e. the fluxes occurring in the absence
of treatment. Further analysis involving a spike in P (as KH2POs4) in the solution is expected to

reveal the physiological response of the roots to carboxylate exudation.

Hakea prostrata exuded K* and Mg?" at a slower rate than H. flabellifolia did which
must be balanced by releasing other cations to balance the release of negatively-charged
carboxylates (Hinsinger, 2001; Hinsinger et al., 2003). Protons are likely the other cation that
high-Mn H. prostrata releases to drive and accompany carboxylate release (Roelofs et al.,
2001; Lambers et al., 2006). Determining the ratio of H" to K* or other cations that are exuded
will be crucial to understand the physiology of roots in relation to carboxylate exudation given
the current model, which accounts for leaf Mn accumulation and carboxylate concentration in
the rhizosphere. We hypothesise that low Mn-accumulating carboxylate-releasing species will
have faster K" efflux than high Mn-accumulating species, while their H' efflux will be slower.
The H" : K ratio will reflect those differences. Faster rates of K* efflux compared with H"
would not lead to a significant decrease of pH in the rhizosphere, but actually increase the pH
(Hinsinger et al., 2003; Hinsinger et al., 2006), and hence not enhance but decrease rhizosphere
Mn availability. We also hypothesise that the addition of P to the rhizosphere solution would
significantly reduce the fluxes of both cations, inhibiting carboxylate exudation and confirming
the coupling of the release of carboxylates and cations. However, the temporal dynamics of the

response of exudation of carboxylates and cations to phosphate remains unknown.

A more highly-expressed phosphorus-acquisition strategy in Hakea species with low leaf Mn

Cluster and non-cluster roots of H. incrassata and H. flabellifolia had higher external
phosphatase activity than those of H. prostrata. In addition to releasing K" and Mg** that
contributed to less Mn accumulation in leaves, species with low leaf [Mn] exuded more
phosphatases, giving them access to a pool of organic P compounds that other species such as
H. prostrata only seem to access sparingly while relying more heavily on carboxylate release

and rhizosphere acidification in P-limiting environment. The analysis of P compounds in soil
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using *'P-NMR spectroscopy revealed that soils at site LNP-Up, where H. prostrata does not
occur, did not contain significantly different proportions of the various P compounds from
those at the other sites. However, we did not detect phosphate diesters, pyrophosphate or
unidentified phosphate monoesters in soils at sitt AMNP, where H. flabellifolia was found but
not H. prostrata. The proportion of phosphate monoesters, i.e. AMP, was also higher at this
site than at any other site and might be derived from the hydrolysis of P diesters (e.g., RNA
and DNA) that were not detected at sitt AMNP. Hakea incrassata and H. flabellifolia likely
have greater access to these P forms through the release of greater levels of external
phosphatases than H. prostrata did (Turner, 2008; Reitzel & Turner, 2014; Miiller et al., 2024).
Pyrophosphate only occurs inside microorganisms and is not a P compound expected in large
proportions in the soil solution (Blinemann et al., 2008; Zhou et al., 2019; Wimmer et al.,
2021). Phytate is also not a common compound in ancient and severely P-impoverished soils
(Adams & Byrne, 1989; Zhong et al., 2021). Accordingly, phytate concentrations were low
compared with those of other P compounds, and only represented 5-10% of the soil total P.
Moreover, we did not find detectable activity of external phytase exuded by either non-cluster
or cluster roots of the three Hakea species (Supporting Information Method S2; Fig. S5). These
results suggest a link between the ability of Hakea species to access organic P compounds via
pyrophosphatase and acid phosphatase activity and their occurrence at sites where those

P compounds are present in larger proportions.

Carboxylate-exudation physiology: a strategy beyond P acquisition

Soils in BNP and AMNP had a lower soil pH than those at other sites, increasing the availability
of potentially toxic elements like Al and Mn at these sites (Dong et al., 1999; Kochian et al.,
2015). Accordingly, the three Hakea species had higher leaf [Al] at these two sites.
Interestingly, however, H. flabellifolia accumulated less Al than the other species. The release
of H', associated with acidification of the rhizosphere of H. prostrata and to a lesser extent
H. incrassata, likely contributed to their greater accumulation of Al than that in H. flabellifolia.
The importance of carboxylates in alleviating metal ion toxicity by chelation has been
extensively studied (Ryan et al., 1995, 2001; Kochian ef al., 2015). Aluminium stimulates the
efflux of malate from apical cells of roots in Al-resistant wheat (7riticum aestivum L.),
balanced by an equivalent efflux of K™ (Ryan et al., 1995). Aluminium is excluded from root

tissues by the chelation of AI**

by exuded carboxylates. In lead-tolerant varieties of rice (Oryza
sativa), Yang et al. (2000) reported an increased exudation of oxalate that reduces Pb

bioavailability. Copper induces a release of citrate associated with the efflux of K from roots
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of Arabidopsis thaliana seedlings (Murphy et al., 1999). We surmise that the release of
carboxylates by Hakea species not only contributes to the acquisition of P in extremely

P-impoverished soils, but also provides benefits in avoiding toxicity by metal ions.

There were clear contrasting patterns in the foliar accumulation of elements between
H. prostrata and H. flabellifolia. Hakea prostrata had higher leaf concentrations of the
elements available at low pH (i.e. Zn, P, Mn and Fe) than H. flabellifolia. Conversely,
H. flabellifolia accumulated higher concentrations of those more available at high pH (i.e. Ca,
K and Mg). The release of carboxylates with specific cations, i.e. K" rather than H', might act
as a dual-edge process to alleviate metal toxicity, first by reducing toxicity and uptake by
chelation with carboxylates, and second by preventing the acidification of the rhizosphere,
therefore limiting the availability of those metals (Hinsinger et al., 2006). In line with leaf [Mn]
and cation-exudation rates, H. incrassata was also intermediate in its element accumulation
compared with the other two species. Collectively, these results suggest that specific
carboxylate-exudation physiologies have evolved in Hakea species that allow them to acquire
adequate nutrients. The variation in the strategies exhibited among species likely allows species

to exist in overlapping niches.

Concluding remarks

Leaf Mn accumulation depends on various environmental and physiological factors. First, soil
pH affects soil Mn availability and species can adjust their rhizosphere pH by releasing
different cations, i.e. promote acidification by releasing H" or increase the rhizosphere pH by
releasing other cations, e.g., K* that would involve H' uptake via an antiport mechanism. This
ultimately influences the uptake of Mn, a process that is poorly regulated in plants which
consequently leads to accumulation in mature leaves. Plants exhibit a variety of non-symbiotic
P-acquisition strategies (i.e. carboxylate exudation and phosphatase release). A greater
emphasis on an alternative strategy to carboxylate exudation can provide part of the P that is
needed to meet the P requirement, reducing the importance of carboxylate exudation and,
therefore, indirectly attenuate accumulation of leaf Mn. The adaptive response of roots for
carboxylate exudation (i.e. release of cations other than protons) also provides benefits, such
as avoiding the toxicity of elements like Al or Zn that are less available at higher soil pH by
preventing rhizosphere acidification and are chelated by carboxylates, which renders them

non-toxic.
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Wen et al. (2021) proposed that in addition to Mn, Fe and Zn are also suitable to assess
the concentration of carboxylates in the rhizosphere of chickpea (Cicer arietinum L.)
accessions. However, neither Fe nor Zn accumulated in the leaves of H. incrassata or
H. flabellifolia to the same levels as those in the leaves of H. prostrata. Silicon is also mobilised
by carboxylate-exuding strategies (de Tombeur ef al., 2021a). Silicon uptake requires specific
transporters and can only offer a proxy in species that possess those transporters. However,
H. incrassata likely lacks those transporters or they are poorly expressed as it does not
accumulate Si (de Tombeur et al., 2021b), suggesting Si is also not a good proxy for
carboxylate concentration in the rhizosphere. Rare earth elements are also mobilised in a
pH-dependent manner, similar to Mn and (hyper)accumulation occurs when rhizosphere pH is
below a critical value (van der Ent et al., 2023; Wiche et al., 2023; Wiche & Pourret, 2023). In
accordance with the previous conceptual model, the accumulation of Mn as well as REE in
mature leaves, in comparison with negative references, does point to species that rely on
P-mining strategies (Lambers et al., 2015, 2021). However, the reverse is not invariably true;
that is, a low leaf [Mn] does not invariably mean that the targeted plants do not release
carboxylates. We highlight the limitations of this conceptual model using carboxylate-releasing
Hakea species and propose that leaf [Mn] is only tightly linked to the release of carboxylates

when protons are the dominant counterions that balance the charge of the carboxylates.
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Method S1 Potassium and calcium ion flux measurements using the non-invasive

microelectrode MIFE technique.

Potassium (K") and calcium (Ca*") fluxes were measured from cluster and non-cluster roots of
Hakea prostrata grown in hydroponics using the non-invasive Microelectrode Ion Flux
Estimate (MIFE) technique (Shabala et al., 2013). In brief, borosilicate glass microelectrodes
were pulled using a PP-830 puller (Narishige, Tokyo, Japan), dried in an oven at 225°C
overnight, and silanised with tributylchlorosilane. The electrodes were back-filled with
backfilling solutions (200 mM KCI for K*, 500 mM CaCl: for Ca*") and front-filled with
ionophore cocktails (99311 for K¥, 99310 for Ca**, Sigma-Aldrich, St. Louis, USA). Electrodes
were then calibrated in a set of standard solutions for each ion. Only electrodes with correlation
coefficients > 0.999 were used. For measurements, the electrodes were mounted on a
micromanipulator and positioned c. 50 pm away from the surface of a rootlet of cluster roots
or non-cluster roots. A computer-controlled stepper motor was used to move the electrodes in
a 12-s square-wave cycle between two positions (50 um and 175 um) away from the root
surface. The potential difference between the two positions was recorded using the CHART
software and net ion fluxes were calculated using the MIFEFLUX software (Newman, 2001).
Ion flux measurements were performed in 10 pM CaClz and 70 uM KCI solution, the same as

the Ca and K concentrations in the hydroponic solution used to grow the plants.

66



Chapter 2

Method S2 Phytase activity measurements in exudates of cluster and non-cluster roots of

Hakea species.

Cluster and non-cluster root exudates were collected for the analysis of phytase activity,
according to Hayes et al. (1999) and Richardson et al. (2000) with minor modifications. In
brief, roots from the same plants used for cation-exudation rates were excised and immersed in
a buffer solution (15 mM MES, 1 mM EDTA, 0.5 mM CaCl2, pH 5.5) with 2 mM
inositolhexakisphosphate (IHP) as substrate and incubated in the dark at 37°C for 1 h. The
reaction was terminated by the addition of 10% (w/v) trichloroacetic acid. A set of control
assays were used to determine the basal phytase activity, in which 10% (w/v) trichloroacetic
acid was added before incubation and the IHP substrate after incubation. The amount of
inorganic phosphate (Pi) released from the IHP substrate was determine colorimetrically
(Motomizu et al., 1983). The phytase activity in the exudate was expressed as pug Pi liberated
g’! root DW h™! after subtracting the reading of the ‘control’.
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Fig. S1 Phosphorus (P) concentration in HCI (blue) and NaOH-EDTA (yellow) extracts as
detected by colorimetry and *'P-NMR spectroscopy, respectively, of bulk soil at seven sites
along the Jurien Bay chronosequence and surrounding area in south-western Australia where
high-manganese (Mn) Hakea prostrata, intermediate-Mn H. incrassata and low-Mn
H. flabellifolia were sampled. Values are means = SE (n = 5 for HCI extracts, n = 3 for
NaOH-EDTA extracts).
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Fig. S2 Soil phosphorus concentrations ([P]) in NaOH-EDTA extracts as detected by *'P-NMR
spectroscopy in bulk soil at seven sites along the Jurien Bay chronosequence and surrounding
area in south-western Australia where high-manganese (Mn) Hakea prostrata,
intermediate-Mn H. incrassata and low-Mn H. flabellifolia were sampled. Values are
means = SE (n = 3) expressed on a soil dry weight (DW) basis. Different letters indicate
significant differences among sites following Tukey’s HSD post-hoc test (P < 0.05). Ortho-P,
orthophosphate;  a-GP,  a-glycerophosphate;  B-GP,  B-glycerophosphate;  AMP,
adenosine 5’-monophosphate; pyro-P, pyrophosphate; unknown-P, unidentified significant
peaks, likely phosphate monoesters. Bar colours correspond to soil systems shown in Fig. 1
and the site names and descriptions are given in Material and Methods.
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Fig. S3 *'P-NMR spectroscopy spectra of NaOH-EDTA extracts of bulk soils at three sites
along the Jurien Bay chronosequence and surrounding area in south-western Australia where
high-manganese (Mn) Hakea prostrata, intermediate-Mn H. incrassata and low-Mn
H. flabellifolia were sampled. Ortho-P, orthophosphate; a-GP, a-glycerophosphate; B-GP,
B-glycerophosphate; AMP, adenosine 5’-monophosphate; pyro-P, pyrophosphate.
Unidentified peaks in the 3.5-5.5 ppm chemical shift region likely represent phosphate
monoesters.
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Fig. S4 Microelectrode ion flux estimation of potassium (K") and calcium (Ca*") in cluster
roots and non-cluster roots of high-manganese Hakea prostrata grown in hydroponics. Values
are means + SE (for K, n = 4 for cluster roots and n = 6 for non-cluster roots, and for Ca*",
n =7 for cluster roots and n = 16 for non-cluster roots). Significant differences between cluster
and non-cluster roots were tested using Tukey’s HSD post-hoc test (**, P < 0.01; ns, not
significant, i.e. P> (.05). Negative fluxes mean efflux from roots. Preliminary results courtesy
of Dr. Ping Yun (UWA).
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Fig. S5 Phytase activity in the exudate-collecting solution of cluster roots and non-cluster roots

of high-manganese (Mn) Hakea prostrata (Hp), intermediate-Mn H. incrassata (Hi) and
low-Mn H. flabellifolia (Hf) grown in hydroponics. Values are means + SE (n = 3-8).

Differences among species for each root type were tested with Tukey’s HSD post-hoc test (not

significant, P > 0.05). Pi, inorganic phosphate.
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Table S1 Standards provided by the International Atomic Energy Agency used for

normalisation of stable carbon isotope compositions (5!>°C). VPDB, Vienna PeeDee Belemnite.

Standard 813C (%o, VPDB)
NBS22 -30.03

IAEA603 2.46

USGS24 -16.05

USGS40 -26.39
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Table S2 Comparison of the relative *'P-NMR spectroscopic peak intensities of a selection of
phosphorus (P) compounds in NaOH-EDTA soil extracts as a function of the duration of the
relaxation delay. Data shown are the relative spectral integration against the MDP standard,
and the ratios of significant signal peaks. B-GP, B-glycerophosphate; ortho-P, orthophosphate;
pyro-P, pyrophosphate.

1s 2s 3s 38s 5s 10 s 20s 30s

MDP 100 100 100 100 100 100 100 100
Ortho-P 5.5 8.5 8.1 10.3 9.8 10.1 10.1 10.8
B-GP 1.8 3.0 2.8 2.9 3.3 4.0 33 3.1
Pyro-P 1.5 1.8 24 2.8 2.7 2.9 3.1 2.9

Pyro-P : Ortho-P  0.27 0.21 0.30 0.28 0.28 0.29 0.31 0.26
Pyro-P : B-GP 0.83 0.60 0.86 0.98 0.82 0.72 0.94 0.91
B-GP : Ortho-P 0.33 0.35 0.35 0.28 0.34 0.40 0.33 0.29
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Table S3 Output of the principal component analysis (PCA) of element concentrations in
leaves of high-manganese (Mn) Hakea prostrata, intermediate-Mn H. incrassata and low-Mn
H. flabellifolia (Fig. 8b) and in soil (Fig. 8c) at 10 sites along the Jurien Bay chronosequence
and surrounding area in south-western Australia. Data shown are the eigenvalue, the percentage
and cumulative percentage of variance explained by each subsequent principal component
(PC), and the loading of each trait to each PC. The PCs explaining > 10% of the variance are

shown. Al, aluminium; Ca, calcium; Fe, iron; K, potassium; Mg, magnesium; P, phosphorus;

Zn, zinc.

PCA leaf (Fig. 8b) PCA soil (Fig. 8c)

PCl1 PC2 PC3 PC4 PC1 PC2 PC3 PC4
Eigenvalue 2.2 1.8 1.3 1.0 5.5 1.2 0.7 0.4
Variance (%) 269 221 16.2 12.2 69.3 144 82 4.6
Cum. var. (%) 269 489 651 773 69.3 836 918 964
Al 024 087 007 0.30 094 -0.13 -0.22 -0.10
Ca -0.34 0.19 079 0.17 0.70 -0.41 046 0.32
Fe 0.74 052 0.00 0.31 090 035 0.05 -0.19
K -0.39  -047 021 0.63 096 -0.04 -0.11 -0.18
Mg -033 038 055 -049 093 -029 0.05 -0.15
Mn 073 -024 0.15 -0.33 0.50 0.75 042 0.0l
P 0.65 -036 029 0.14 090 -0.26 0.00 0.07
Zn 047 -038 046 -0.01 0.71 036 -045 0.40
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CHAPTER THREE

Facilitative and competitive interactions between mycorrhizal and
non-mycorrhizal plants in an extremely phosphorus-impoverished

environment: role of ectomycorrhizal fungi and native oomycete pathogens

in shaping species coexistence

[ .I.'--" & -

Eucalyptus todtiana (Myrtaceae)

This chapter was published in New Phytologist (Vol. 242, issue 4, pp. 1630—1644)
in the special issue “Mycorrhizal research now: from the micro- to the macro-scale’.

The main text is presented, followed by the Supporting Information.
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Summary

e Non-mycorrhizal cluster root-forming species enhance the phosphorus (P) acquisition
of mycorrhizal neighbours in P-impoverished megadiverse systems. However, whether
mycorrhizal plants facilitate the defence of non-mycorrhizal plants against soil-borne

pathogens, in return and via their symbiosis, remains unknown.

e We characterised growth and defence-related compounds in Banksia menziesii
(non-mycorrhizal) and Eucalyptus todtiana (ectomycorrhizal, ECM) seedlings grown either in
monoculture or mixture in a multifactorial glasshouse experiment involving ECM fungi and

native oomycete pathogens.

e Roots of B. menziesii had higher levels of phytohormones (salicylic and jasmonic acids,
jasmonoyl-isoleucine and 12-oxo-phytodienoic acid) than E. fodtiana which further activated
a salicylic acid-mediated defence response in roots of B. menziesii, but only in the presence of
ECM fungi. We also found that B. menziesii induced a shift in the defence strategy of
E. todtiana, from defence-related secondary metabolites (phenolic and flavonoid) towards

induced phytohormone response pathways.

e  We conclude that ECM fungi play a vital role in the interactions between mycorrhizal
and non-mycorrhizal plants in a severely P-impoverished environment, by introducing a
competitive component within the facilitation interaction between the two plant species with
contrasting nutrient-acquisition strategies. This study sheds light on the interplay between
beneficial and detrimental soil microbes that shape plant—plant interaction in severely

nutrient-impoverished ecosystems.

Key words: competition, defence responses, ectomycorrhiza, facilitation, phytohormones,

Phytophthora, plant interactions, soil-borne pathogens.
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Introduction

Severely phosphorus (P)-impoverished environments in southwestern Australia exhibit high
plant diversity. They contain many species that evolved adaptations to enhance P-acquisition
efficiency. Proteaceae, one of the most abundant families in these environments, form cluster
roots (CRs), a highly efficient P-acquisition strategy (Shane & Lambers, 2005). Cluster roots
are short-lived non-mycorrhizal and groups of densely packed hairy rootlets effectively ‘mine’
P sorbed onto soil particles by exuding large amounts of carboxylates (Shane et al., 2004).
Conversely, mycorrhizas, alternative nutrient-acquisition strategies characterised by an
association of fine roots with ‘scavenging’ fungal hyphae, are less efficient at acquiring
nutrients in extremely P-impoverished environments (Abbott ef al., 1984; Bolan ef al., 1984;
Treseder & Allen, 2002; Albornoz et al., 2021). While the abundance of cluster-rooted species
increases along a 2-Myr chronosequence with declining soil P availability in southwestern
Australia, that of both arbuscular mycorrhizal (AM) and ectomycorrhizal (ECM) species
decreases, but they do not disappear (Zemunik et al., 2015). Mobilisation of P and some
micronutrients by cluster-rooted species may benefit neighbouring species with contrasting
nutrient-acquisition strategies (Muler et al., 2014; Shen et al., 2024; Staudinger et al., 2024;
Yu et al., 2023), and nutrient-impoverished environments are characterised by a prevalence of
inter-species facilitation rather than competition (Callaway & Walker, 1997; Brooker et al.,
2008; Al-Namazi ef al., 2017; Lekberg et al., 2018). The diverse array of nutrient-acquisition
strategies plays a crucial role in shaping community assemblies and maintaining overall plant
species diversity, particularly in severely nutrient-impoverished environments (Lambers ef al.,

2018).

Mycorrhizal fungi, which establish symbiotic associations with c. 80% of terrestrial
vascular plants, enhance mineral nutrition, water uptake and overall growth of their host plants
(Smith & Read, 2008). Ectomycorrhizal fungi also enhance the protection of the host plants
against soil-borne pathogens through various mechanisms (Pozo & Azcon-Aguilar, 2007). A
trade-off exists between efficient P acquisition and root defence levels, making CRs highly
susceptible to pathogens (Albornoz et al., 2017; Lambers et al., 2018). However, whether ECM
colonisation confers pathogen tolerance to neighbouring non-mycorrhizal plants is unknown.
Investigating plant—plant interactions such as these in severely nutrient-impoverished

environments provides valuable insights into the mechanisms that underlie species coexistence.
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Introduced pathogens pose a significant threat to plant productivity and diversity —
exemplified by the devastating impact of root-rot Phytophthora cinnamomi in highly diverse
ecosystems (Lambers et al., 2013; Hardham & Blackman, 2018) — but plants have also
co-evolved with soil-borne pathogens, including native oomycete species of the Phytophthora
genus (Ricklefs, 2010; Rea et al., 2011; Albornoz et al., 2017; Sarker et al., 2023). Previous
studies have demonstrated the enhanced resistance of both AM- and ECM-colonised plants to
Phytophthora spp. (Guillemin et al., 1994; Branzanti et al., 1999; Ozgonen & Erkilic, 2007;
Pozo & Azcon-Aguilar, 2007). In addition to providing physical protection to the root with a
fungal mantle and Hartig net, ECM fungi also release antimicrobial compounds into the
rhizosphere, inhibiting the growth of pathogens (Marx, 1972). Mycorrhizal colonisation
triggers the induction of pathogenesis-related (PR) proteins and/or production of phenolic
compounds, which are associated with pathogen defence (Pozo et al., 1999; Pozo &
Azcon-Aguilar, 2007; Ozgonen et al., 2009). In the intricate network of plant-defence
responses, some phytohormones also play a crucial role as signalling molecules that coordinate
and regulate defence pathways. Small organic molecules like salicylic acid (SA) and jasmonic
acid (JA) are examples of these phytohormones that activate defence mechanisms, including
the synthesis of defence compounds (Durner et al., 1997; Avanci et al.,2010; War et al., 2011).
While mycorrhizal species benefit from their symbiotic association, non-mycorrhizal plants
exhibit a greater susceptibility to soil-borne pathogens. The range of susceptibility between
mycorrhizal and non-mycorrhizal species potentially contributes to maintaining the
megadiversity in nutrient-impoverished environments through diversity-dependent resistance

mechanisms (Johnson ef al., 2015; Thakur et al., 2021).

Recent evidence suggests that nonhost plants may participate in mycorrhizal networks,
expanding the scope of these symbiotic interactions (Wang et al., 2022). Interestingly, two
ECM fungi, Tuber melanosporum and T. aestivum, colonise the roots of non-mycorrhizal
neighbouring plants, potentially acting as root endophytes (Schneider-Maunoury et al., 2018,
2020). Arbuscular mycorrhizal fungi establish early signalling interactions with nonhost
Arabidopsis thaliana, but subsequent colonisation fails to occur (Fernandez et al., 2019). In a
compatible interaction with Populus tremula % alba, the ECM fungus Laccaria bicolor actively
suppresses the induction of the host-defence responses and alters the sensitivity of roots to
certain phytohormones, including enhanced and diminished responsiveness to SA and JA,
respectively (Basso et al., 2020). Ectomycorrhizal fungi also alter sensitivity of host plants to

phytohormones, particularly to JA, during the establishment of the symbiosis (Enebe &
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Erasmus, 2023). The modulation of plant-defence responses occurs locally in the roots and can
extend systemically throughout the plant, resulting in primed defence responses that increase
the resistance of mycorrhizal plants to pathogens (Jung et al., 2012; Vlot et al., 2021).
Understanding the responses of nonhost plants to ECM fungi and investigating the potential
priming effects of these noncompatible interactions on defence responses to pathogens are

critical areas for further research.

In this study, we aimed to explore the role of native oomycete pathogens, Phytophthora
spp., and ECM fungi, in shaping the interactions between two plant species with contrasting
P-acquisition strategies: Banksia menziesii (Proteaceae), a non-mycorrhizal CR-forming
species, and Eucalyptus todtiana (Myrtaceae), an ECM species. In a glasshouse experiment,
we cultivated B. menziesii and E. todtiana separately or together, with or without inoculation
with ECM fungal spores and native oomycete (Phytophthora spp.). We investigated the plant
growth and defence responses, and the interactions between the two species. We hypothesised
that (1) the presence of native Phytophthora spp. will negatively impact the competitive ability
of B. menziesii, as observed previously (Albornoz et al., 2017); (2) the colonisation of
E. todtiana roots by ECM fungi will trigger defence responses to Phytophthora spp. through
increased levels of phytohormones and/or secondary metabolites; and (3) defence mechanisms
will also be induced in the roots of B. menziesii when roots of E. todtiana are colonised by
ECM fungi. By examining these interactions, we aimed to enhance our understanding of the
intricate dynamics between two plant species with contrasting nutrient-acquisition strategies,
native pathogens and ECM fungi, shedding light on the mechanisms underlying the coexistence
of key dominant taxa of Proteaceae and Myrtaceae in a severely P-impoverished megadiverse

environment.

Materials and Methods

Species selection and experimental design

Banksia menziesii R.Br. (Proteaceae) and Eucalyptus todtiana F Muell. (Myrtaceae) share a
similar distribution in southwestern Australia and were selected as representative of their
families in kwongan vegetation (Pate & Beard, 1984) with contrasting P-acquisition strategies

(i.e. carboxylate-exuding CRs and mycorrhizal associations, respectively).

&3



Chapter 3
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Fig. 1 Experimental design of this study conducted in a glasshouse at the University of Western
Australia between August 2021 and January 2022. Seedlings of Banksia menziesii and
Eucalyptus todtiana were grown in monoculture or mixture, with or without oomycete

pathogens, Phytophthora spp., and with or without ectomycorrhizal (ECM) fungi (n = 10).

Seeds of B. menziesii and E. todtiana were sown and inoculated with ECM fungal
spores in seedling trays on 10 August 2021, and allowed to germinate in growth chambers.
Seedlings were transferred into 4.5 1 pots 7 wk later, on 1 October 2021, and allowed to
acclimate in controlled glasshouses, with four seedlings per pot (Fig. 1). On 31 November
2021, before inoculation with Phytophthora spp., six dead plants were removed from six pots.
Nine weeks after transferring seedlings into final pots, on 7 December 2021, inoculum of
Phytophthora spp. was inserted into the pots. Finally, plants were harvested 7 wk after
oomycete inoculation, between 24 January and 29 January 2022. In total, there were 120 pots
and 480 plants in the experiment (monocultures/mixture (three) x ECM treatment (two) x

Phytophthora treatment (two) X replication (10); Fig. 1).
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Soil preparation

Bulk soil (0-200 mm) was collected from multiple spatially distributed (c. 10 m apart within a
100 m radius) sites within the ¢. 2-Myr-old Bassendean dune system, where both species
naturally co-occur (30°10°59.4”S, 115°07°55.8”E, c¢. 230 km north of Perth, Western
Australia). All sites were located within the Jurien Bay dune chronosequence. Details on the
physicochemical properties of soil from Bassendean dunes and the Jurien Bay chronosequence
can be found elsewhere (Laliberté et al., 2012; Turner & Laliberté, 2015; Turner et al., 2018).
Soil was air-dried, mixed and sieved (2 mm) before being subjected to triple-steam

pasteurisation at 80°C for 2 h d”!' over 7 d (Albornoz et al., 2017).

Inoculation of seeds with ectomycorrhizal fungi and growth conditions

Basidiocarps of the ECM fungus Pisolithus spp. with varied shape (round to ovoid), colour
(yellow to brown) and size (30—-80 mm long) were collected from different locations in Western
Australia: Jurien Bay (30°11°05.8”S 115°06°39.1”E and 30°10°59.6”S 115°07°26.0”E,
potential hosts Melaleuca sp. and E. todtiana trees, respectively); Lesueur National Park
(30°09°41.5”S 115°11°59.1”E, potential host E. todtiana); Whiteman Park (31°48°59.9”S
115°55°19.2”E, potential host E. todtiana); and Bold Park (31°577°05.1”S 115°45°59.0”E,
potential host E. gomphocephala). Basidiocarps were air-dried at 25°C for 48 h before the outer
layer was manually broken to collect fungal spores and stored in the dark at 20°C until
inoculation. Isolates of Pisolithus sp. 8 isolate MU98/103 (potential hosts Eucalyptus and
Acacia spp.), P. albus isolate MHI115 (potential hosts Eucalyptus and Acacia spp.) and
P. microcarpus isolate MH97 (potential hosts Eucalyptus and Melaleuca spp.) were recovered
from long-term storage from the mycology herbarium at Murdoch University and used as
inoculum. GenBank accession numbers for Pisolithus isolates MU98/103, MH115 and MH97
are AF374663, AF374714 and AF374713, respectively (Martin et al., 2002).

Seeds of B. menziesii and E. todtiana were purchased (Nindethana Seed Co. Albany,
WA, Australia) after collection from natural populations in Western Australia. Seeds were
surface-sterilised in 1% (w/v) NaClO for 20 s and then in 70% (v/v) ethanol for 20 s and
thoroughly rinsed in deionised (DI) water. Surface-sterilised seeds were sown in seedling trays
filled with soil. A subset of seeds used in the mycorrhizal treatment of both species was
inoculated with c. 10 mg of fungal spore inoculum placed around the seeds into the soil during
sowing. Seeds were germinated under artificial light (12 h : 12 h, light : dark; 300 pmol photons

m~ s) at 16°C until the cotyledons emerged, keeping inoculated seedling trays separate from
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uninoculated ones. The temperature was then increased to 20°C : 16°C, day : night to promote
the growth of the seedlings. When seedlings had their second pair of leaves, they were
transferred from the seedling trays into 4.5 1 pots (190 mm diameter and 180 mm deep), which
were sealed with plastic bags and filled with pasteurised Bassendean soil. Four plants were
transferred into each pot: four B. menziesii (monoculture), four E. fodtiana (monoculture), or
two B. menziesii and two E. todtiana (mixture; Fig. 1). Pots were arranged in a randomised
block design with further randomisation every week, and pots were watered by weight to 75%
pot capacity, twice weekly and were not fertilised. Pots were covered with a thick layer (c. 10
mm) of white plastic beads to avoid potential cross-contamination between ECM and
pathogenic treatments and all material was disinfected between treatments during watering.
Pots were placed in a controlled-environment glasshouse under natural light with temperatures

of 22°C and 17°C during the day and night, respectively.

Inoculation of seedlings with Phytophthora spp.

Five native species of Phytophthora previously isolated from kwongan vegetation with
reported pathogenicity on Banksia spp. were selected (Rea et al., 2011; Simamora et al., 2015;
Burgess et al., 2021): P. arenaria (CBS 125800), P. thermophila (PN 42.13), P. kwonganina
(CBS 143060), P. cooljarloo (CBS 143062) and P. constricta (CPSM 21.42). GenBank
accession numbers for ITS region sequences for these species are HQ013205, MF593927,
IN547636, HQ012957 and OR256249, respectively. Subcultures of each species were prepared
according to Belhaj ef al. (2018), with minor modifications. In brief, subcultures were
transferred onto sterile V8 agar medium at 27°C for 2 wk for growth of mycelium and then
transferred into Erlenmeyer flasks with growth medium supplemented with sterilised millet
seeds in the dark at 27°C for 8 wk. The flasks were sealed and shaken weekly to spread the
inoculum evenly. Colonisation of the millet inoculum was confirmed and checked for
contamination by plating c. 3 g subsamples of each species onto Phytophthora-selective

NARPH agar medium (Hiiberli et al., 2000).

Nine weeks after establishment in 4.5 1 pots, seedlings that were allocated to
Phytophthora treatments were inoculated with 1 g of each millet-seed inoculum (total inoculum
5 g), according to Albornoz et al. (2017), with minor modifications. In brief, the inoculum was
added into the void where a 15 ml Falcon tube was initially inserted into the soil in the middle
of the pot. Pots without Phytophthora treatment were inoculated with 5 g of triple autoclaved

millet-seed medium (121°C for 20 min on each of three consecutive days). Pots were watered
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immediately to 100% pot capacity to facilitate colonisation of soil and roots by the pathogens.

Watering was then reduced back to 75% pot capacity, twice weekly until harvest.

Harvest and growth-related measurements

Seven weeks after Phytophthora inoculation, plants were harvested by severing mature and
other leaves (young and senescing) from the stem. All aboveground parts (stem, mature and
other leaves) were oven-dried at 70°C to a constant dry weight (DW) and their combined
weight was recorded as the aboveground biomass. Mature leaves were ground into a fine
powder in a vertical ball-mill grinder using plastic vials and yttrium-stabilised zirconium
ceramic beads (GenoGrinder, Spex SamplePrep, Metuchen, NJ, USA). Mature leaf P ([P], mg
g DW) and Mn ([Mn], mg kg'! DW) concentrations were determined from c. 200 mg ground
leaf material using inductively coupled plasma optical emission spectroscopy (Optima
5300DV; PerkinElmer, Waltham, MA, USA) after digestion in hot concentrated (6 : 1 v/v)
HNO3 : HCIO4 (Zarcinas et al., 1987). Leaf P content (mg) was calculated as mature leaf [P]
multiplied by total leaf biomass.

The root systems of each plant in the pots were gently separated by washing off
adhering soil with water. Most of the roots remained attached to the primary root and stem and
could easily be traced back to the plant to which they belonged. Based on the different root
morphology between the two species (i.e. branching pattern and colour), detached roots were
attributed to a species to contribute to the average biomass per species per pot (see Statistical
analyses). Lateral roots were separated from the primary root and CRs were collected
separately for B. menziesii. The primary root was oven-dried at 70°C to constant weight. Lateral
roots and CR were snap-frozen in liquid nitrogen, freeze-dried for 10 d (VirTis BenchTop Pro
‘K’ Freeze Dryer; SP Scientific, Warminster, PA, USA), then weighed for biomass and stored
at —80°C with silica desiccant, until further analyses. The weights of the primary root, lateral

roots, as well as CRs for B. menziesii, were combined to give the belowground biomass.

Microbial colonisation

A subsample of four to five cleaned soil-free and branched lateral roots was used for
microscopic observation to assess colonisation by ECM fungi and Phytophthora spp. in
inoculated treatments or lack thereof in noninoculated controls, following Vierheilig et al.
(1998), with minor modifications. In brief, roots were cleared in 10% (w/v) KOH for 24 h at

60°C. Clearing was continued in fresh 10% (w/v) KOH at room temperature, if required, then
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the roots were rinsed in deionised water and stained with 3% (v/v) ink/vinegar for 45 min.
Stained roots were rinsed with deionised water, de-stained in 1% (v/v) HCI for 35 min and
stored in acidified glycerol (1% (v/v) HCI) until microscopic observation (Zeiss Axioskop fitted

with Zeiss Axiocam; Zeiss).

In each treatment, three to four plants per species from each treatment were randomly
selected and checked, with consistent observations as follows (Supporting Information
Fig. S1). Roots of B. menziesii never showed any ECM fungi colonisation in either inoculated
or noninoculated treatments, while those of E. fodtiana that were inoculated were heavily
colonised (> 80% of fine root tip regions observed, Fig. S1). Roots of E. todtiana that were not
inoculated with ECM fungi did not show any colonisation. Roots of both species were

abundantly colonised by Phytophthora oospores only in inoculated treatments.

Total root phenolics and flavonoids

Total root phenolic and flavonoid compounds were extracted from c¢. 80 mg of freeze-dried
ground root material using 1.5 ml 75% (v/v) ethanol, shaken at 900 rpm at 20°C for 30 min in
a thermomixer (Eppendorf, Hamburg, Germany), then incubated in an ultrasonic bath at 40
kHz for 20 min at 20°C. The extracts were cleared by centrifugation at 845 g at 20°C for 15
min. The extraction was repeated twice with 1 ml 75% (v/v) ethanol and shaking times of 45
and 90 min, respectively, followed by sonication (Romo Pérez et al., 2018). The supernatants
were pooled and filtered through 0.45 pum filters and kept in the dark at —20°C until

quantification.

Total root phenolic compounds were quantified as in Santas et al. (2008), with minor
modifications. In brief, 200 ul (1 : 1 v/v) ethanol root extract: 75% (v/v) ethanol was mixed
with 1.5 ml (1 : 10 v/v) Folin—Ciocalteu : H20 reagent (Sigma-Aldrich) and 1.5 ml (2% w/v)
sodium carbonate and incubated in the dark at 20°C for 2 h. Absorbance was measured at 765
nm using a spectrophotometer against a blank containing 75% (v/v) ethanol. Total phenolic
equivalents were determined from a calibration curve prepared from a series of gallic acid (GA;
Sigma-Aldrich) standards ranging from 0 to 200 mg I"'. Results were expressed as mg GA
equivalents (GAE) g! dry weight (DW).

Total root flavonoids were quantified by mixing 300 pl of root ethanol extract with
900 pl of 95% (v/v) ethanol, 60 pl of 10% (w/v) aluminium trichloride and 60 pl of 1 M

potassium acetate and incubating in the dark at 20°C for 30 min. Absorbance was measured at
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415 nm using a spectrophotometer against a blank containing 75% (v/v) ethanol. Total
flavonoid equivalents were determined from a calibration curve prepared from a series of
quercetin (Sigma-Aldrich) standards ranging from 0 to 200 mg 1"!. Results were expressed as

mg quercetin equivalents g DW.

Root phytohormones

The root phytohormones SA, JA, jasmonoyl-isoleucine (JA-Ile) and 12-oxo-phytodienoic acid
(OPDA) were extracted from c¢. 30 mg of freeze-dried ground root material and analysed by
UHPLC-MS/MS, using an Acquity UPLC I-Class system (Waters Corp., Milford, MA, USA)
connected to a QTRAP 6500+ (SCIEX, Framingham, MA, USA) as in Glauser et al. (2014),
with minor modifications. In brief, 1 ml of ethyl acetate : formic acid (99.5 : 0.5 v/v), spiked
with ds-JA, 3Cs-JA-Ile and ds-SA at 100 ng ml"!, was added to ground dry root powder (25 mg)
inside a 2 ml microcentrifuge tube, which also contained three or four glass beads, and was
vortexed for 10 s. Hormones were further extracted in a mixer mill (Retsch MM400; Retsch
GmbH, Haan, Germany) at 30 Hz for 4 min. Samples were centrifuged at 14 000 g for 4 min,
and the supernatant was transferred to new tubes. The extraction step was repeated with the
pellet and 0.5 ml of ethyl acetate : formic acid (99.5 : 0.5 v/v). The supernatants were combined
and evaporated to dryness in a centrifugal concentrator (CentriVap Centrifugal Concentrator,
Labconco, KS City, MO, USA) at 35°C. The residue was re-suspended in 200 pl 50% (v/v)
methanol, and the suspension was transferred to a 0.2 ml microcentrifuge tube and centrifuged
for 3 min at 14 000 g. The supernatant was transferred to HPLC glass vials for analysis. For
HPLC, 2 pl of extract was injected onto an Acquity UPLC BEH C18 column (50 % 2.1 mm,
1.7 um particle size; Waters Corp., Milford, MA, USA). Mobile phase A consisted of
H>0 : formic acid (99.95 : 0.05 v/v) and mobile phase B consisted of acetonitrile : formic acid
(99.95: 0.05 v/v). A gradient of 5-65% B in 6.5 min was applied, followed by column washing
with 100% B and equilibration with 5% B for 2 min. The flow rate was set to 0.4 ml min! and
the column temperature to 35°C. The mass spectrometer was operated in electrospray negative
ionisation mode with multiple reaction monitoring (MRM). A six-point calibration curve (0.02,
0.1, 0.5, 5, 20 and 100 ng ml!, containing all isotopically labelled standards at 5 ng ml ') was
used for quantification. Linear regressions weighted by 1/x were applied. ANALYST v.1.7.1

was used to control the instrument and for data processing.
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Statistical analyses

For growth-related measurements, that is aboveground, belowground, CR, non-CR and total
biomass, the average of all plants from a given species within a pot constituted a data point.
For example, plant total biomass was calculated as the average of the total biomass of four
plants in monoculture treatments, and as the average of two plants for each species in mixture
treatments. Five to twelve plants and three to five plants from each of the 12 treatments were

randomly selected for leaf nutrient and defence-related measurements, respectively.

The differences among treatments were tested in all measured variables using
multifactorial linear mixed-effect models, with the block as a random effect, using the NLME
package (Pinheiro & Bates, 2000). Models with different variance structures were compared
using the Akaike information criterion (AIC). The normality of the residuals of the best model
based on the lowest AIC was checked with Shapiro—Wilks test, and logio-transformed data
were used to fit models when the assumption was not respected. First, we considered the effect
of the other species by comparing ‘monoculture’ vs ‘mixture’ for each species, regardless of
microbial treatments. We then tested the effect of the inoculation of Phytophthora spp.
regardless of ECM inoculation. Finally, we tested the effect of ECM inoculation.
Ectomycorrhizal treatment was used as the finest level of analysis in regard to the hypotheses
of the study, that is ECM colonisation contributes to defence against Phytophthora spp. in roots
of both mycorrhizal and non-mycorrhizal plants. Pearson correlation analysis was used to
analyse the correlation between defence-related compounds. We characterised the defence
strategies of the two species in the treatments using a principal component analysis (PCA),
considering the following traits: root concentrations of phenolics, flavonoids, SA, JA, JA-Ile
and OPDA. The PCA was run with the FactoMineR package on logio-transformed data (L¢ et
al., 2008). To test whether the defence strategies varied between the two species and in
response to the treatments, the scores of each individual plant on the first two dimensions of
the PCA explaining 76% and 11% of the variance, respectively, were extracted, and linear
mixed-effect models were used to detect significant differences along the defence-strategy
space. To compensate for interspecific variation, we characterised and analysed the distribution
of each species along the defence-strategy space using species-specific PCAs and linear
mixed-effect models, as described previously. Data were analysed using R software (R Core

Team, 2023).
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Results

Growth-related parameters of plants

Banksia menziesii (nonmycorrhizal)

Eucalyptus todtiana (ectomycorrhizal)
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Both B. menziesii and E. todtiana showed a significant effect on the growth of the other species
when grown together. On average, the presence of B. menziesii increased the total biomass
accumulation of E. fodtiana by 52%, while its own biomass was reduced by 29% in mixture
compared with monoculture (Fig. 2a; Table 1). For both species, similar patterns of biomass
changes were observed for the above- and belowground biomass considered separately
(Fig. S2; Table 1). Furthermore, the presence of E. fodtiana increased the root-to-shoot ratio,
CR biomass and CR-to-non-CR ratio of B. menziesii (Figs S2, S3; Table 1). In mixture and in
the absence of pathogens, ECM fungi significantly contributed to a reduction in the growth of
B. menziesii (Table S1). The ECM fungi had a positive effect on the growth of E. todtiana only
in monoculture and in the absence of pathogens (Fig. 2a). Surprisingly, the presence of
Phytophthora spp. did not affect the biomass accumulation of either species, regardless of

whether they were grown in monoculture or mixture (Figs 2a, S2, S3; Table 1).

There was little variation in mature leaf [P] and [Mn] in both species grown either alone
or in mixture (Figs 2b, S4; Table 1). However, inoculation with Phytophthora spp. significantly
increased leaf [P] of B. menziesii in monoculture, while it was reduced in mixture (Fig. 2b;
Table 1). Leaf [P] also increased in E. todtiana inoculated with Phytophthora spp. only in the
monoculture (Fig. 2b; Table 1). Similar to plant biomass, leaf P content in both species was
significantly impacted by the presence of the other species (Fig. 2c; Table 1). Inoculation with
pathogens increased leaf P content in both species in monoculture, while it reduced that of
B. menziesii and increased that of E. todtiana in mixture. Inoculation with ECM fungi reduced

leaf P content in both species in mixture only in the absence of pathogens (Fig. 2c; Table 1).

<« Fig. 2 Total plant biomass (a), leaf phosphorus (P) concentration (b) and leaf P content (c)
of Banksia menziesii (left panels) and Eucalyptus todtiana (right panels) grown in monoculture
or in mixture, inoculated with Phytophthora pathogens (+ Phyto) or not (— Phyto) and/or with
ectomycorrhizal (ECM) fungi (+ ECM, dark colour) or not (— ECM, light colour). The bottom
and top of the box denote the 25" and 75" percentiles, respectively, the central line is the
median, and the yellow dot represents the mean (n = 8—10). Whiskers extend to the most
extreme data points up to a maximum of 1.5 times the lower and upper quartiles. Significant
differences between treatments were tested with linear mixed-effect models (*, P < 0.1;
* P <0.05; **, P<0.01; *** P <0.001; ns, not significant, i.e. P> 0.1).
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Table 1 P-values of multifactorial linear mixed-effect models for growth-related traits of
Banksia menziesii and Eucalyptus todtiana to test the significance of the effect of all treatments
(i.e. monoculture vs mixture > — Phyto vs + Phyto >—ECM vs + ECM; *, P<0.1; *, P <0.05;
** P<0.01; *** P<0.001). Significant values (P < 0.1) are bolded for visualisation and the
degrees of freedom (df) are given in brackets. ECM, ectomycorrhizal fungi; Phyto,
Phytophthora spp.

B. menziesii — B. menziesii — E. todtiana — mixture E. todtiana —
monoculture mixture monoculture
— Phyto + Phyto — Phyto  + Phyto — Phyto + Phyto — Phyto  + Phyto
+/~-ECM +/~ECM +/~-ECM +/~ECM +/~-ECM  +/~ECM +/~-ECM +/- ECM
Total biomass  0.947 0.538 0.001** 0.838 0.895 0.936 0.027* 0.661
(df =132) 0.666 0.530 0.637 0.988
<0.001%%* <0.001%***
Aboveground 0422 0.727 0.014* 0.921 0.792 0.704 0.011* 0.662
biomass 0.265 0413 0.788 0409
(df =134) <0.001%** <0.0071%*
Belowground  0.395 0464 <0.001%** (.562 0.599 0.797 0.137 0.984
biomass 0.508 0.758 0.647 0.571
(df =132) <0.001%%* <0.001%%*
Root : Shoot 0.270 0493 0.003** 0.689 0.227 0.590 0.704 0.905
ratio 0371 0.873 0.929 0407
(df=132) <0.001%%* 0.319
Cluster root 0.901 0.526 0.017* 0.281 n/a
biomass 0.254 0.888
(df = 62) 0.002%*
Cluster root : 0428 0.997 0.759 0.285 n/a
Root ratio 0.369 0.969
(df = 62) <0.0071%%*
Leaf [P] 0211 0.634 0457 0.036* 0.074~ 0.540 0.905 0.163
(df =108) 0.049* <0.001%** 0.183 0.028*
0.875 0.774
Leaf P content  0.599 0.210 0.006%* 0.035* 0.084" 0.819 0.050* 0.305
(df =94) 0.001** <0.001%** 0.022* 0.010*
<0.001%** <0.001%**
Leaf [Mn] 0451 0.252 0.092~ 0.078" 0.831 0.099" 0.579 0.952
(df =108) 0.906 0.900 0.864 0.186
0.640 0.989
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Defence-related compounds in fine roots

Banksia menziesii (nonmycorrhizal) Eucalyptus todtiana (ectomycorrhizal)
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Fig. 3 Root total phenolic concentrations for Banksia menziesii (left panels) and Eucalyptus
todtiana (right panels) grown in monoculture or in mixture, inoculated with Phytophthora
pathogens (+ Phyto) or not (— Phyto) and/or with ectomycorrhizal (ECM) fungi (+ ECM, dark
colour) or not (— ECM, light colour). The bottom and top of the boxes denote the 25" and 75"
percentiles, respectively, and the central line is the median, and the yellow dot represents the
mean (n = 3-5). Whiskers extend to the most extreme data points up to a maximum of 1.5 times
the lower and upper quartiles. Significant differences between treatments were tested with
linear mixed-effect models (* P <0.1; * P <0.05; ns, not significant, i.e. P> 0.1).

Roots of E. todtiana had nearly twice the concentration of defence-related secondary
metabolites (97 mg GAE g'! DW phenolics, 3.9 mg quercetin equivalents g'' DW flavonoids)
compared with those of B. menziesii (55 mg GAE g' DW phenolics, 2.4 mg quercetin
equivalents g”! DW flavonoids; Figs 3, S5). The concentrations of these compounds in roots of
each species were not affected by the presence of the other species. Interestingly, inoculation
of Phytophthora pathogens also did not affect total root phenolic and flavonoid concentrations
(Figs 3, S5; Table 2). By contrast, the presence of ECM fungi significantly increased the root
phenolic concentrations of both species in a mixture and in the presence of pathogens (Fig. 3;
Table 2).
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Banksia menziesii (nonmycorrhizal)

Eucalyptus todfiana (ectomycorrhizal)
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Fig. 4 Root salicylic acid (a) and jasmonic acid (b) concentrations for Banksia menziesii (left

panels) and Eucalyptus todtiana (right panels) grown in monoculture or in mixture, inoculated
with Phytophthora pathogens (+ Phyto) or not (— Phyto) and/or with ectomycorrhizal (ECM)
fungi (+ ECM, dark colour) or not (— ECM, light colour). The bottom and top of the boxes

denote the 25" and 75" percentiles, respectively, and the central line is the median, and the

yellow dot represents the mean (r = 3—5). Whiskers extend to the most extreme data points up

to a maximum of 1.5 times the lower and upper quartiles. Note different y-axis range for the

two species. Significant differences between treatments were tested with linear mixed-effect
models (* P<0.1; * P <0.05; ** P<0.01; ns, not significant, i.e. P> 0.1).
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In contrast to those of total phenolics and flavonoids, the concentrations of all measured
defence-related phytohormones (SA, JA, JA-lle and OPDA) were higher in roots of
B. menziesii than in those of E. todtiana (Figs 4, S6). The concentrations of all measured
phytohormones were greater in roots of E. fodtiana growing with B. menziesii than in those in
the monoculture, with 1.3-, 1.8-, 3.4- and 2.3-fold greater concentrations, on average, for SA,
JA, JA-Ile and OPDA, respectively (Figs 4, S6; Table 2). Conversely, the concentrations of JA
and JA-Ile were lower in roots of B. menziesii in the mixture than in those in the monoculture
(33% and 40% lower, respectively). The concentration of SA in roots of B. menziesii was
greater when grown with E. fodtiana in the presence of ECM fungi and significantly increased
with inoculation of pathogens (Fig. 4a; Table 2). The concentration of OPDA also significantly
increased in roots of B. menziesii in the mixture and inoculated with Phytophthora spp.
(Fig. S6b; Table 2). The concentrations of JA were marginally lower in roots of E. fodtiana
grown in the mixture, when inoculated with ECM fungi and in the absence of Phytophthora

spp. (Fig. 4b; Table 2).

The correlations between all defence-related compounds were significant (P < 0.05)
with concentrations of defence-related secondary metabolites negatively correlated with
phytohormone concentrations (Fig. 5a). As expected, JA-related phytohormones (JA, JA-Ile
and OPDA) showed a very strong correlation among each other. The negative correlation
between constitutive defence-related secondary metabolites and measured phytohormone
concentrations in roots of E. fodtiana and B. menziesii was reflected in a defence-strategy space
along one main component in the PCA for defence-related compounds when considering

individuals from both species (Fig. 5b).

The first axis of the PCA (PCl) explained 76% of the observed variance, which
reflected that the presence of B. menziesii had a significant effect on the position of E. fodtiana
along the defence-strategy space, shifting towards higher phytohormone levels from the
defence-related secondary metabolites (Figs 5b, S7). Furthermore, the presence of ECM fungi
had a significant effect on the position of E. fodtiana along PC1 in the defence-strategy space,
but only in the presence of B. menziesii. Inoculation with Phytophthora spp. shifted the defence
strategy of E. todtiana in the monoculture from defence-related secondary metabolites towards
phytohormones (Fig. S7). There was very little variation among groups along PC2, with a
significant shift of B. menziesii in the mixture and inoculated with Phytophthora spp.,
highlighting differences in concentrations of SA and flavonoids, the two variables with the

largest contribution to PC2 (Figs 4a, S5, S7; Table S2).
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The presence of the neighbouring species significantly shifted the distribution of both
species along PC1 in individual PCAs per species (Fig. 5). In the presence of E. fodtiana,
B. menziesii shifted away from JA-related phytohormones (JA, JA-Ile and OPDA), strongly
contributing to PC1, while we observed no differences along PC2 represented by secondary
metabolites (Fig. S5c—e; Table S3). Conversely, the distribution of E. todtiana shifted towards
JA-related phytohormones, both in the monoculture in the presence of pathogens, and in the
mixture (Fig. 5f,g; Table S4). Similar to B. menziesii, the distribution of E. fodtiana did not
significantly change along PC2 or PC3, explained by other defence-related compounds
(Fig. 5h; Table S4).

Table 2 P-values of multifactorial linear mixed-effect models for defence-related traits in roots
of Banksia menziesii and Eucalyptus todtiana to test the statistical significance of the effect of
all treatments (i.e. monoculture vs mixture >— Phyto vs + Phyto>—-ECM vs + ECM; *, P <0.1;
* P<0.05; ** P<0.01; *** P<0.001; df = 47). Significant values (P <0.1) are bolded for
visualisation. ECM, ectomycorrhizal fungi; JA-Ile, jasmonoyl-isoleucine; OPDA,

12-oxo-phytodienoic acid; Phyto, Phytophthora spp.

B. menziesii — B. menziesii — E. todtiana — mixture E. todtiana —
monoculture mixture monoculture
— Phyto  + Phyto — Phyto  + Phyto — Phyto + Phyto — Phyto  + Phyto
+/—~ECM +/—~ECM +/—- ECM +/~ECM +/~-ECM +/~ECM +/— ECM +/—~ECM

Phenolics 0.720 0.779 0319 0.053~ 0.572 0.025* 0.392 0.357
0.625 0.999 0.382 0.394
0.996 0.991

Flavonoids 0.240 0.633 0911 0272 0.180 0.380 0.177 0.205
0.931 0.127 0.827 0.664
0.958 0.526

Salicylic acid ~ 0.123 0.060" 0.196 0.147 0.856 0.587 0.833 0.569
0.996 0.039* 0.930 0.672
0.967 0.394

Jasmonic acid 0499 0.596 0.163 0.185 0.065" 0.847 0911 0.755
0.957 0.455 0.665 0.167
0.059 0.005%*

JA-Ile 0.632 0.669 0.162 0.093~ 0.228 0.574 0.610 0.384
0.519 0.932 0.761 0.072~
0.034* <0.001%**

OPDA 0.859 0.696 0.403 0.105 0.188 0.379 0.292 0.135
0.124 0.009%* 0.596 0.206
0.225 <0.001%**
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Fig. 5 Correlation matrix with Pearson’s » coefficient (P < 0.05) (a), principal component
analysis (PCA) of defence-related compounds in roots of Banksia menziesii and Eucalyptus
todtiana (b); and PCA of defence-related compounds and test of the distribution of both species
and pathogen treatments along a defence-strategy space represented by the first and second
dimensions of each individual PCA for B. menziesii (c—e) and for E. todtiana (f-h). In boxplots
(d, e, g and h), the bottom and top of the boxes denote the 25" and 75" percentiles, respectively,
and the central line is the median, and the yellow dot represents the mean (n = 3-5). Whiskers
extend to the most extreme data points up to a maximum of 1.5 times the lower and upper
quartiles. Significant differences between treatments were tested with linear mixed-effect
models (* P <0.05; ** P<0.01; *** P <0.001; ns, not significant, i.e. P> 0.05). Outputs of
the PCAs are given in Supporting Information Tables S2—-S4. JA, jasmonic acid; JA-Ile,
jasmonoyl-isoleucine; OPDA, 12-oxo-phytodienoic acid; Phyto, Phytophthora spp.; SA,

salicylic acid.
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Discussion

We explored key growth and defence-related traits in two plant species with contrasting
P-acquisition strategies naturally occurring in severely P-impoverished environments and
challenged by native soil-borne oomycete pathogens. Our results support the hypothesis that
B. menziesii, a non-mycorrhizal CR-forming Proteaceae, facilitated the P acquisition and
growth of E. todtiana, a mycorrhizal Myrtaceae that forms mycorrhizal association, but does
not produce carboxylate-releasing CRs. However, the study of defence-related traits, that is
constitutive defence-related secondary metabolites and signalling phytohormones, contradicted
our hypotheses and the species have contrasting strategies resulted in various effects depending
on the mixture of the two species, the inoculation with Phytophthora spp. and the presence of
ECM fungi. We highlight a competitive component within the interaction between these
mycorrhizal and non-mycorrhizal plants in an extremely P-impoverished environment
involving a balance between the contrasting P-acquisition strategies of the plants and soil-borne
microbes. This finding supports our hypothesis that native Phytophthora spp. impact the
competitive ability of non-mycorrhizal species. This study enhances our understanding of the
interactions between mycorrhizal and non-mycorrhizal plants in severely P-impoverished
environments, mediated by detrimental and beneficial soil microbes, advancing on previous

studies (Albornoz et al., 2017; Lambers et al., 2018).

Facilitative and competitive dynamics between a mycorrhizal and a non-mycorrhizal species

Surprisingly, the facilitation of the growth and P acquisition of E. todtiana by B. menziesii also
involved a competitive component in the interaction. This was evident from the negative
impact E. todtiana had on the growth and P content of B. menziesii. These impacts included
reductions in above- and belowground bio-mass and leaf P content, as well as an increase in
root-to-shoot ratio. Inclusion of E. fodtiana also increased CR production and the
CR-to-non-CR ratio in B. menziesii. Taken together, these results reflected the greater demand
to mobilise P of B. menziesii in the mixture when E. fodtiana competed for some of the
mobilised P (Zhao et al., 2021). Conversely, the significant increase in biomass and leaf P
content without alteration of root-to-shoot ratio of E. todtiana indicated its P status was
enhanced by facilitation by the carboxylate-releasing P-mobilising B. menziesii. In
environments with a very low P availability, CR-forming and other carboxylate-releasing
species commonly facilitate P acquisition of mycorrhizal and/or non-CR-forming neighbouring

plants (Lambers & Teste, 2013; Muler et al., 2014; Shen et al., 2024; Staudinger et al., 2024;
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Yu et al., 2023). For instance, in the presence of a P-mobilizing facilitator (B. attenuata),
Hibbertia racemosa (a non-CR-producing mycorrhizal species) adjusts its biomass-allocation
pattern and root system architecture (de Britto et al., 2021). Here, we show that E. todtiana
benefited with a net gain in above- and belowground biomass but did not exhibit a different
root-to-shoot ratio when growing with B. menziesii. Roots of both species were highly
intermingled, particularly in the close proximity of CR of B. menziesii where we found many
roots of E. todtiana. Roots were not pot-bound, and we surmise that plant density likely affects
the degree of facilitation and competition between the two species. We provide insights into
the two-way interaction between mycorrhizal and non-mycorrhizal plants in extremely
P-impoverished environments. This raises the question of the specific dynamics and
mechanisms underlying the competitive effects imposed by ECM fungi that contribute to P

acquisition on the present two coexisting species.

In the absence of both ECM fungi and pathogenic Phytophthora spp., aboveground and
belowground biomass production of B. menziesii was reduced, whereas B. menziesii had a
higher leaf P content in the presence of E. fodtiana. This highlights the stronger competitive
ability of non-mycorrhizal P-mining species in severely P-impoverished environments in the
presence of oomycete pathogens. In the absence of these pathogens impacting their growth,
however, non-mycorrhizal species strongly compete with mycorrhizal species for the
acquisition of limiting P (Albornoz et al., 2017; Lambers et al., 2018). This further supports
the view of a trade-off between nutrient-acquisition efficiency and defence against pathogens.
The reduced growth of B. menziesii in the presence of ECM fungi, exclusively in the presence
of E. todtiana, suggests that ECM fungi are strongly involved in nutrient acquisition by
E. todtiana. This underscores the importance of ECM fungi in the interaction between
non-mycorrhizal and mycorrhizal species, which exacerbated the competition between the two
species. While facilitation of P acquisition in other species enhances their leaf [Mn] (Lambers
et al.,2021; Yu et al., 2023), this was not the case in E. fodtiana, indicating that mycorrhizal

fungi were involved in acquiring P mobilised by B. menziesii.

Although there was no effect on leaf [P], despite P being the major limiting nutrient in
the Bassendean soil used in this experiment (Laliberté et al., 2012; Hayes et al., 2014), the
presence of both species significantly affected their respective growth and leaf P content.
Phosphorus mobilised by CRs of B. menziesii and made available to roots of E. fodtiana led to

more growth in the latter. The absence of an effect on leaf [P] is because at very low P supply,
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all P that is taken up leads to more growth, rather than higher leaf [P], therefore resulting in
higher leaf P content (De Groot et al., 2003; Shane et al., 2003; Shen, 2023). In turn, both ECM
fungi and pathogen inoculation affected P the nutrition and growth of both species. While
facilitation of P uptake can be proxied by leaf [Mn] (Lambers et al., 2021; Yu et al., 2023),
leaf Mn of E. fodtiana did not vary between the monoculture and mixture. This indicates that
mycorrhizas likely contributed more to the P acquisition of E. todtiana than its roots did, when
grown alongside B. menziesii. Phosphorus uptake is tightly regulated in mycorrhizal roots
which down-regulate their direct root Pi-uptake pathway and promote fungal hyphal uptake
and translocation into the root (Smith et al., 2011). Moreover, Mn did not accumulate in leaves
of E. todtiana because mycorrhizas mainly facilitate P uptake rather than Mn (Lehmann &
Rillig, 2015), and Mn is likely intercepted by the ECM network (Canton et al., 2016). However,
the mechanisms by which Phytophthora spp. altered P nutrition of both species, in balance

with the ECM fungi, remain unclear.

The ECM colonisation had negligible effects on the growth of E. fodtiana, compared
with what is commonly observed in environments with moderate P limitation or when plant
growth is limited by other elements (Burgess ef al., 1993; Montesinos-Navarro et al., 2019). In
severely P-impoverished environments, ECM associations likely contribute other benefits to
plants that are complementary to P nutrition, such as protection against root pathogens
(Marx, 1972; Standish et al., 2021). Teste et al. (2014) showed a synergistic effect between
ECM hyphal scavenging and nutrient-mobilising CRs. However, the non-nutritional roles of
ectomycorrhizas on neighbouring plants deserve further attention in nutrient-poor

environments.

Phytochemical responses and pathways of defence against Phytophthora spp.

Eucalyptus todtiana constitutively exhibited higher levels of defence-related secondary
metabolites (phenolics and flavonoids) than B. menziesii. Furthermore, like other Eucalyptus
species (e.g., E. pipularis; Ashford et al., 1989; Vesk et al., 2000) and most woody species
(Brundrett & Tedersoo, 2020), E. todtiana most likely possesses a suberised exodermis that
acts as a physical barrier to root pathogens (Ranathunge et al., 2008). Banksia species lack a
suberised exodermis, presumably allowing the release of large amounts of carboxylates to the
rhizosphere (Lambers et al., 2018). A recent study demonstrated that the release of
carboxylates in Hakea laurina (Proteaceae) originates from the root cortex, rather than the

epidermis (Hirotsuna Yamada, pers. comm.). This further supports the contention of a trade-off
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between a high nutrient-acquisition efficiency in Banksia species and susceptibility to
soil-borne pathogens, although the pathogen inoculation here did not affect biomass
accumulation. While the Phytophthora spp. were selected to reflect the natural occurrence of
native Phytophthora species with inoculation rates similar to previous studies (Albornoz et al.,
2017), we surmise that the pathogen pressure in the present study was not strong enough to
suppress the growth of B. menziesii in monoculture, but it was strong enough to induce root

phytochemical responses.

The intrinsically contrasting defence strategies observed between the present two
species, that is higher levels of phytohormones in B. menziesii vs higher concentrations of
secondary metabolites (phenolics and flavonoids) in E. fodtiana, likely reflect divergent
evolutionary adaptations of each plant to its environment. While the inoculation of
Phytophthora spp. had little effect on the biomass of either species, we observed some relevant
phytochemical responses, that is JA and JA-Ile concentrations increased in roots of E. todtiana
inoculated with the pathogen in monoculture. This shows that E. fodtiana perceived the
inoculation of Phytophthora and induced a JA-related defence pathway. Interestingly,
mycorrhizal associations contribute to priming the defences of their hosts by activating the
JA-dependent responses (Pozo & Azcon-Aguilar, 2007). Most species of Phytophthora are
haemibiotrophs with a variable biotrophy period before switching to necrotrophy (Sarker et al.,
2023). The JA pathway is commonly induced in response to necrotrophic pathogens
(Glazebrook, 2005), as observed in roots of E. todtiana here. In roots of B. menziesii, the
concentration of OPDA increased with pathogen inoculation. This phytohormone has
previously been linked to the JA-dependent pathway and shown to be involved in defence
against pathogens (Gleason et al., 2016), although its role might be extended to
jasmonate-independent pathways (Jimenez Aleman et al., 2022). The induction of JA-related
phytohormones, including OPDA, commonly leads to a vast array of defence mechanisms, for
example production of defence-related secondary metabolites or the reinforcement of root
physical barriers (cell-wall thickening, suberisation and lignification). However, we surmise
that the basal expression of defence-related secondary metabolism in roots of E. todtiana,
which might be genetically controlled (Kroymann, 2011), was sufficient to counteract the low
pathogenicity of Phytophthora spp. in this trial, mimicking that in the natural environment. In
the mixture of the two plant species, Phytophthora spp. did not trigger phytohormone responses
in roots of E. todtiana. We surmise that the increase in belowground biomass due to the

facilitation by B. menziesii contributed to its stronger ability to resist pathogen infection.
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Interactions between ectomycorrhizal fungi and Phytophthora spp. alter defence

responses in the non-mycorrhizal Banksia menziesii

The defence responses of B. menziesii were affected by Phytophthora spp. and involved ECM
fungi. Inoculation of Phytophthora spp. increased SA and OPDA concentrations in roots of
B. menziesii in the mixture of the two plant species. The inoculation of ECM fungi also trended
towards higher concentrations of SA in roots of B. menziesii both with and without pathogen
inoculation (P = 0.147 and P = 0.196, respectively), in marked contrast to no significant effect
in the monoculture (P = 0.996). The activation of SA-dependent responses can be coordinated
by ECM colonisation (Pozo & Azcon-Aguilar, 2007). In the presence of both ECM fungi and
Phytophthora spp., there was even a potential association between the increase in signalling
molecules (SA and JA) and a systemic response with the production of secondary metabolites
(i.e. phenolics) for both species in the mixture. Similar results were observed in Capsicum
annuum when simultaneously inoculated with the oomycete Phytophthora capsici and AM
fungi (Ozgonen et al., 2009). Ectomycorrhizal fungi inhibit the negative effect of two species
of Phytophthora in Castanea sativa seedlings, likely by providing a physical barrier around the
roots (Branzanti et al., 1999). Although there is no evidence of colonisation of roots of
Proteaceae like B. menziesii by mycorrhizal fungi, the presence of the ECM fungi induced
molecular responses in roots of B. menziesii. We propose that the higher concentrations of SA
in roots of B. menziesii in the presence of ECM fungi may result from (1) a negative interaction
induced by incompatibility with the roots of B. menziesii in the presence of E. todtiana (Pozo
etal.,2015; Benjamin et al., 2022) or (2) signals emitted by E. todtiana or mycorrhizal hyphae
to the roots of B. menziesii (Babikova et al., 2013; Gorzelak et al., 2015; Johnson & Gilbert,
2015). The ECM fungi may have been perceived as potential pathogens by roots of the
non-mycorrhizal B. menziesii, but the origin of signals in the presence of mycorrhizal
E. todtiana remains unknown. Interactions between neighbours do not require physical contact
but may involve either water-soluble or volatile signals (Birkett et al., 2001; Bais et al., 2006;
Weston & Mathesius, 2013; Sugimoto et al., 2014; Erb, 2018). Whether those putative signals
contributed to priming defence responses against Phytophthora spp. requires further

investigation.

Conclusions

This study highlights the complex and intertwined nature of facilitative and competitive

interactions between a mycorrhizal and a non-mycorrhizal species and their responses to

103



Chapter 3

soil-borne pathogens in extremely P-impoverished environments. Our results show that ECM
fungi contributed to the competitive component of the interaction between B. menziesii and
E. todtiana by inducing phytochemical responses in roots of B. menziesii. This highlights the
importance of all four players — mycorrhizal and non-mycorrhizal plants, ECM fungi and
pathogens — in shaping plant megadiversity (Laliberté et al., 2015). Further investigation is
warranted to explore the non-nutritional roles of ectomycorrhizas, particularly their
involvement in defence against native Phytophthora species. Future investigations, including
long-term studies, focusing on different combinations of species or considering other biotic
and abiotic factors (e.g., herbivory and microbiome) are needed to fully understand how
interactions among plant species shape species diversity in severely nutrient-impoverished

environments.
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(a)

Fig. S1 Colonisation of roots of Eucalyptus todtiana (a—f) and Banksia menziesii (g—1) by
ectomycorrhizal (ECM) fungi and Phytophthora spp. pathogens. (a) Root tip region of
E. todtiana; (b—) root colonisation by ECM fungi showing fungal sheath and extraradical
hyphae; (d) extensive colonisation at the root surface of E. fodtiana by Phytophthora spp.
showing hyphae and oospores (pointing arrowheads); (e—f) oospores of Phytophthora spp. at
the root surface of E. todtiana; (g) root tip region of B. menziesii showing extensive root hair
development; (h) extensive colonisation at the root surface of B. menziesii by Phytophthora
spp. showing hyphae, oospores and aborted oospores (pointing split arrowheads); (i) aborted
oospore at the root surface of B. menziesii. Scale bars = 100 um for (a), (b), (d), (g) and (h);
50 um for (c) and (e); and 25 pm for (f) and (1).
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Banksia menziesii (nonmycorrhizal) Eucalyptus todtiana (ectomycorrhizal)
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Fig. S2 Belowground (a), aboveground (b) biomass, and root to shoot ratios (c) of Banksia
mencziesii (left panels) and Eucalyptus todtiana (right panels) grown in monoculture or in
mixture, inoculated with Phytophthora pathogens (+ Phyto) or not (— Phyto) and/or with
ectomycorrhizal (ECM) fungi (+ ECM, dark colour) or not (— ECM, light colour). The bottom
and top of the boxes denote the 25" and 75" percentiles, respectively, and the central line is
the median, and the yellow dot represents the mean (n = 8-10). Whiskers extend to the most
extreme data points up to a maximum of 1.5 times the lower and upper quartiles. Significant
differences between treatments were tested with linear mixed-effect models (* P < 0.05;
** P<0.01; *** P<0.001; ns, not significant, i.e. P> 0.1).
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Fig. S3 Cluster-root (CR) biomass (a) and CR to non-CR ratios (b) of Banksia menziesii grown
in monoculture or in mixture, inoculated with Phytophthora pathogens (+ Phyto) or not
(= Phyto) and/or with ectomycorrhizal (ECM) fungi (+ ECM, dark colour) or not (— ECM, light
colour). The bottom and top of the boxes denote the 25" and 75" percentiles, respectively, and
the central line is the median, and the yellow dot represents the mean (n = 8-10). Whiskers
extend to the most extreme data points up to a maximum of 1.5 times the lower and upper

quartiles. Significant differences between treatments were tested with linear mixed-effect
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Banksia menziesii (nonmycorrhizal) Eucalyptus todtiana (ectomycorrhizal)
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Fig. S4 Total leaf manganese (Mn) concentration of Banksia menziesii (left panel) and
Eucalyptus todtiana (right panel) grown in monoculture or in mixture, inoculated with
Phytophthora pathogens (+ Phyto) or not (— Phyto) and/or with ectomycorrhizal (ECM) fungi
(+ ECM, dark colour) or not (— ECM, light colour). The bottom and top of the boxes denote
the 25" and 75™ percentiles, respectively, and the central line is the median, and the yellow dot
represents the mean (n = 8-10). Whiskers extend to the most extreme data points up to a
maximum of 1.5 times the lower and upper quartiles. Note different y-axis range for the two
species. Significant differences between treatments were tested with linear mixed-effect
models (* P <0.1; ns, not significant, i.e. P>0.1).
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g ns ns

9 84 ns ns ns ns

IO')

c ns ns ns ns ns ns ns ns

©

o 67

(]

>

: | 3

) i

5 “H i@

: H =™

o .

S [ .. |

[e] -

€. Toapysa salfl

3

¥ 0+ Monoculture Mixture Mixture Monoculture
= = = = = = = = = = = = = = = =
O O O O o O O 0O O O O O O O O O
W w w w Ww W w w W w w w W w w w
1 + I + I + I + I + 1 + 1 + I +
— Phyto + Phyto — Phyto  + Phyto — Phyto  + Phyto — Phyto + Phyto

Fig. S5 Root total flavonoid concentrations for Banksia menziesii (left panels) and Eucalyptus
todtiana (right panels) grown in monoculture or in mixture, inoculated with Phytophthora
pathogens (+ Phyto) or not (— Phyto) and/or with ectomycorrhizal (ECM) fungi (+ ECM, dark
colour) or not (— ECM, light colour). The bottom and top of the boxes denote the 25" and 75"
percentiles, respectively, and the central line is the median, and the yellow dot represents the
mean (n = 3-5). Whiskers extend to the most extreme data points up to a maximum of 1.5 times
the lower and upper quartiles. Significant differences between treatments were tested with

linear mixed-effect models (ns, not significant, i.e. P> 0.1).
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Fig. S6 Root jasmonoyl-isoleucine (JA-Ile) (a) and 12-oxo-phytodienoic acid (OPDA) (b)
concentrations for Banksia menziesii (left panels) and Eucalyptus todtiana (right panels) grown
in monoculture or in mixture, inoculated with Phytophthora pathogens (+ Phyto) or not
(= Phyto) and/or with ectomycorrhizal (ECM) fungi (+ ECM, dark colour) or not (— ECM, light
colour). The bottom and top of the boxes denote the 25" and 75" percentiles, respectively, and
the central line is the median, and the yellow dot represents the mean (n = 3—-5). Whiskers
extend to the most extreme data points up to a maximum of 1.5 times the lower and upper
quartiles. Note different y-axis range for the two species. Significant differences between
treatments were tested with linear mixed-effect models (* P < 0.1; * P < 0.05; ** P < 0.01;
**% P <0.001; ns, not significant, i.e. P> 0.1).
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Banksia menziesii (nonmycorrhizal) Eucalyptus todtiana (ectomycorrhizal)
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Fig. S7 Distribution of Banksia menziesii and Eucalyptus todtiana along the defence-strategy
space defined in the principal component analysis (PCA) shown in Fig. 5b. Differences
between B. menziesii (left panels) and E. fodtiana (right panels) grown in monoculture or in
mixture, inoculated with Phytophthora pathogens (+ Phyto) or not (— Phyto) and/or with
ectomycorrhizal (ECM) fungi (+ ECM, dark colour) or not (— ECM, light colour) were tested
along the first (a) and second (b) principal components of the PCA. Output of the PCA is given
in Table S2. The bottom and top of the boxes denote the 25" and 75™ percentiles, respectively,
and the central line is the median, and the yellow dot represents the mean (n = 3—5). Whiskers
extend to the most extreme data points up to a maximum of 1.5 times the lower and upper
quartiles. Significant differences between treatments were tested with linear mixed-effect
models (* P<0.1; * P<0.05; ** P<0.01; *** P <0.001; ns, not significant, i.e. P> 0.1).
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Table S1 The P-values of multifactorial linear mixed-effect models for growth-related traits of
Banksia menziesii in the mixture, and the significance of differences between — Phyto/— ECM
and other treatments; * P < 0.1; * P < 0.05; ** P < 0.01; *** P <0.001. Significant values
(P <0.1) are bolded for visualisation and the degrees of freedom (df) are given in brackets.

ECM, ectomycorrhizal fungi; Phyto, Phytophthora spp.

— Phyto + Phyto

+ ECM - ECM + ECM
Total biomass 0.006** 0.389 0.0557
(df = 132)
Aboveground biomass 0.064" 0.459 0.113
(df = 134)
Belowground biomass <0.001*%** 0.032* 0.035*
(df = 132)
Root : Shoot ratio 0.017% 0.630 0.390
(df = 132)
Cluster-root biomass 0.076" 0.853 0.256
(df = 62)
Cluster root : Root ratio 0.990 0.915 0.979
(df = 62)
Leaf [P] 0.878 <0.0071*** 0.042*
(df = 108)
Leaf P content 0.032* <0.001*** 0.014*
(df = 94)
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Table S2 Output of the principal component analysis (PCA) of defence-related compounds in
roots of Banksia menziesii and Eucalyptus todtiana, as shown in Fig. 5b. Data shown are the
eigenvalue, the percentage and cumulative percentage of variance explained by each
subsequent principal component (PC), and the contribution of each trait to the PCs. The PCs
explaining > 95% of the cumulated variance are shown. The largest contribution for each trait
is bolded for visualisation. JA, jasmonic acid; JA-Ile, jasmonoyl-isoleucine; OPDA,
12-oxo-phytodienoic acid; SA, salicylic acid.

PC1 PC2 PC3 PC4
Eigenvalue 4.5 0.7 0.4 0.3
Variance (%) 75.7 11.1 6.3 4.5
Cumulated variance (%)  75.7 86.8 93.1 97.6
Phenolics -0.86 0.23 0.04 0.45
Flavonoids -0.71 0.66 0.09 -0.23
SA 0.81 0.33 -0.48 0.06
JA 0.94 0.18 0.26 0.06
JA-Ile 0.93 0.18 0.26 0.07
OPDA 0.95 0.08 0.00 0.05
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Table S3 Output of the principal component analysis (PCA) of defence-related compounds in
roots of Banksia menziesii, as shown in Fig. 5c. Data shown are the eigenvalue, the percentage
and cumulative percentage of variance explained by each subsequent principal component
(PC), and the contribution of each trait to the PCs. The PCs explaining > 90% of the cumulated
variance are shown. The largest contribution for each trait is bolded for visualisation. JA,

jasmonic acid; JA-Ile, jasmonoyl-isoleucine; OPDA, 12-oxo-phytodienoic acid; SA, salicylic

acid.

PC1 PC2 PC3 PC4
Eigenvalue 2.3 1.3 1.2 0.7
Variance (%) 38.0 22.4 19.2 11.3
Cumulated variance (%) 38.0 60.4 79.6 90.9
Phenolics 0.27 0.76 -0.13 0.52
Flavonoids 0.38 0.62 -0.45 -0.33
SA 0.40 0.40 0.63 -0.45
JA 0.91 -0.34 -0.18 0.06
JA-Ile 0.85 -0.31 -0.31 -0.08
OPDA 0.59 -0.05 0.64 0.30
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Table S4 Output of the principal component analysis (PCA) of defence-related compounds in
roots of Eucalyptus todtiana, as shown in Fig. 5f. Data shown are the eigenvalue, the
percentage and cumulative percentage of variance explained by each subsequent principal
component (PC), and the contribution of each trait to the PCs. The PCs explaining > 90% of
the cumulated variance are shown. The largest contribution for each trait is bolded for
visualisation. JA, jasmonic acid; JA-Ile, jasmonoyl-isoleucine; OPDA, 12-oxo-phytodienoic
acid; SA, salicylic acid.

PC1 PC2 PC3 PC4 PC5
Eigenvalue 2.2 1.2 1.1 0.7 0.5
Variance (%) 37.2 20.4 18.9 12.3 9.1
Cumulated variance (%) 37.2 57.6 76.5 88.8 97.9
Phenolics 0.12 0.04 0.88 0.44 -0.11
Flavonoids -0.08 0.81 0.33 -0.40 0.27
SA 0.27 0.75 -0.37 0.36 -0.31
JA 0.89 -0.08 0.26 -0.26 -0.06
JA-Ile 0.90 -0.07 -0.07 -0.24 -0.25
OPDA 0.73 -0.00 -0.20 0.36 0.54
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CHAPTER FOUR

Proteaceae with high photosynthetic phosphorus-use efficiency on the
conservative end of the leaf economics spectrum allocate phosphorus to

biochemical fractions differently

Banksia ericifolia (Proteaceae)

This chapter was submitted to New Phytologist on 29 February 2024
and is currently under review.

The main text is presented, followed by the Supporting Information.
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Chapter 4

Summary

e In severely phosphorus (P)-impoverished environments, plants have evolved
adaptations allowing them to use P very efficiently. Yet, it is unclear how P allocation in leaves
contributes to their photosynthetic P-use efficiency (PPUE) and position along the leaf
economics spectrum (LES). We address this question in five highly P-efficient species from

each of two Proteaceae genera: Banksia and Hakea.

e  We characterised traits in leaves of Banksia and Hakea associated with the LES: leaf
mass per area (LMA), light-saturated photosynthetic rates, P and nitrogen concentrations, and
PPUE. We also determined leaf P partitioning to five biochemical fractions (lipid P, nucleic

acid P, metabolite P, inorganic P, residual P).

e For both genera, PPUE was negatively and positively correlated with fractional
allocation of P to lipids and metabolites, respectively, but PPUE was negatively correlated with
residual P only for Banksia species. Phosphorus-allocation patterns significantly explained
PPUE but not to the position of Banksia and Hakea species at the conservative end of the LES

(i.e. highly-conservative traits, high LMA, low nutrient concentrations).

e  We conclude that distinct P-allocation patterns enable species from different genera to
achieve high PPUE in extremely P-impoverished environments and provide insights into the

interplay between the various P fractions.

Key words: leaf economics spectrum, nitrogen, nucleic acids, nutrient-use efficiency,

phospholipids, phosphorus fractions, Proteaceae, stoichiometry.
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Introduction

Phosphorus (P) is an essential nutrient for plant growth and is involved in many physiological
processes. Thus, P fertilisation is pivotal to high productivity in agriculture. However,
rock-derived P fertilisers are not renewable and global reserves continue to be consumed,
mainly in the agricultural sector, due to the dependence of current agricultural systems on P
fertilisers (Fixen & Johnston, 2012). Moreover, P limitation in natural terrestrial ecosystems
has been widely underestimated (Hou et al., 2020) and is becoming more critical under global
change (Wassen et al., 2005; Tian et al., 2022). As such, it is essential to understand how plants

use P efficiently to sustain growth under P-limiting conditions.

The leaf economics spectrum (LES) defines a global trade-off that contrasts
fast-growing species characterised by acquisitive traits, such as fast nutrient acquisition and
mass-based photosynthetic rates, with slow-growing species characterised by conservative
traits, such as stronger investment in structure and storage, accompanied with long-lived leaves
(Wright et al., 2004). Plants growing on infertile soils, including P-impoverished sites, tend to
exhibit more conservative growth strategies and retain scarce nutrients in the soil-plant system
(Hayes et al., 2014; Guilherme Pereira et al., 2019). For instance, along a 2-million-year dune
chronosequence in south-western Australia, plants growing on older severely P-impoverished
dunes have higher leaf mass per area (LMA), leaf dry matter content (LDMC) and defence
strategies based on silicon, a beneficial nutrient, but lower concentrations of essential nutrients
(i.e. P and nitrogen (N)) than plants growing on younger P-richer dunes (Hayes et al., 2014;
Guilherme Pereira et al., 2019; de Tombeur et al., 2020, 2021). While LMA increases with
declining soil P availability, photosynthetic rates do not decrease, either when expressed on an
area or mass basis (Guilherme Pereira et al., 2019). However, it is not clear how plants allocate
nutrients within their leaves, particularly P, to achieve high photosynthetic P-use efficiency
(PPUE) and how P allocation and leaf traits associated with the LES drive photosynthetic

nutrient-use efficiency in severely P-impoverished environments.

One way for plants to adapt or acclimate to P limitation is by reducing the concentration
of P in their leaves (Veneklaas et al., 2012). Phosphorus in leaves comprises five operational
biochemical pools: nucleic acids, phospholipids, metabolic P (comprising inorganic P (Pi) and
small P-containing metabolites) and a residual fraction that likely contains phosphorylated
proteins among other P-containing chemical compounds not captured in other fractions

(Hidaka & Kitayama, 2011, 2013; Mo et al., 2019; Yan et al., 2019; Liu et al., 2023). Along a
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120-year deglaciation chronosequence on the eastern Tibetan Plateau with varying soil P
speciation and availability, evergreen species maintain their PPUE by decreasing the total
amount of P in their leaves and by adjusting the allocation of P among fractions, with fast and
slow economic strategies driving plant succession along the chronosequence (Lei et al., 2021).
Similar results were reported for a fast-growing Banksia sessilis (Proteaceae), allocating more
P to nucleic acids than the slow-growing B. attenuata in severely P-impoverished soil (Han et
al.,2021). A recent survey demonstrated a partial association between variation in P allocation
along the LES in 12 evergreen species co-occurring on P-impoverished soils in south-eastern
Australia (Tsujii et al., 2023). However, it is not clear how the allocation of P to different P
fractions by highly P-efficient plant species integrates within the LES framework under

extreme P limitation.

South-western Australia is one of the most nutrient-impoverished regions in the world
(Lambers et al., 2010; Viscarra Rossel & Bui, 2016; Kooyman et al., 2017) and is recognised
as a global biodiversity hotspot (Myers et al., 2000; Williams ef al., 2011). The Proteaceae
family is prominent, with most species in the family being endemic to the region (Beard et al.,
2000; Hopper, 2009). Adaptations have evolved in the Proteaceae that provide them with a
high P-acquisition efficiency in extremely P-impoverished soils (Hayes et al., 2021; Lambers,
2022). The high P-acquisition efficiency is complemented by numerous adaptations that also
give Proteaceae a high internal P-use efficiency (Hayes ef al., 2021). Proteaceae function at a
very low abundance of ribosomal RNA (rRNA) and low concentrations of protein in mature
leaves (Lambers ef al., 2015a; Liu et al., 2022). During leaf development, Proteaceae replace
phospholipids with lipids that do not contain P, such as sulfolipids and galactolipids (Lambers
et al.,, 2012). The demand for P is further spread over time with the leaf growth being
dissociated from the P-demanding development of the photosynthetic apparatus, a
phenomenon known as ‘delayed greening’ (Lambers et al., 2011; Kuppusamy et al., 2014,
2021; Bird et al., 2024). These adaptations have allowed Proteaceae to function at low foliar P
and N concentrations ([P] and [N], respectively) without compromising photosynthetic
performance, as is usually the case under extremely low P availability (Veneklaas et al., 2012;
Guilherme Pereira et al., 2019; Hayes et al., 2021). This results in a high leaf PPUE and PNUE
(Denton et al., 2007; Lambers et al., 2012; Sulpice et al., 2014; Hayes et al., 2018; Guilherme
Pereira et al., 2019). Liu et al. (2023) showed that P-allocation patterns among a wide range of

species from different families in south-western Australia are species dependent. However, it
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remains unknown how the P investment at the biochemical level explains the relatively high

PPUE of species from different genera within the Proteaceae.

In this study, we combined major leaf traits associated with the LES framework (i.e.
LMA, mass-based photosynthetic rates, leaf [P] and [N]) with the allocation of P to the major
biochemical fractions described above in a range of species of Banksia and Hakea that occur
on extremely P-impoverished soils in Badgingarra National Park, Western Australia. Banksia
and Hakea are emblematic and phylogenetically well-separated genera of the Proteaceae
family, with long evolutionary histories and strong diversification (Hopper, 2009; Hayes et al.,
2021). We aimed to determine the dependence of physiological processes such as
photosynthesis and PPUE on P allocation in leaves and how P-allocation patterns integrate with
traits associated with the LES. We hypothesised that (1) the allocation of P to lipids and small
metabolites would be negatively and positively correlated with PPUE, respectively, as
observed in other studies (Hidaka & Kitayama, 2013; Suriyagoda et al., 2023); (2) in relation
to their evolutionary history, Banksia and Hakea species would be positioned at the
highly-conservative end of the LES and P allocation, particularly that in lipids, metabolites and

nucleic acids would contribute to the position of these species along the LES.

Materials and Methods

Species selection and study area

Five Banksia species (Proteaceae) and five Hakea species (Proteaceae) were selected as the
highly-abundant species in the targeted extremely P-impoverished area of Badgingarra
National Park (S30.412, E115.367), c. 200 km north of Perth, Western Australia (Fig. 1). The
vegetation is kwongan heath, dominated by sclerophyllous shrubs of the family Proteaceae,
followed by Myrtaceae and Fabaceae (Pate & Beard, 1984). The climate is Mediterranean with
hot dry summers and cool wet winters, with a mean annual maximum temperature of 26°C and
a mean annual rainfall of 440 mm (1999-2018, Badgingarra Research Station, Australian
Bureau of Meteorology, http://www.bom.gov.au). Five individuals of each species were
sampled at four sites along a c. 8 m elevation gradient with contrasting soils (Fig. 1), with one

species (Hakea conchifolia) found at two sites (Fig. 1c,e).
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Fig. 1 Sampling location of five Banksia species (triangles) and five Hakea species (circles)
naturally occurring at four extremely P-impoverished sites along a slight elevation gradient in
Badgingarra National Park, Western Australia: (a) overall study area; the inset shows the
location of Badgingarra National Park in south-western Australia, c¢. 200 km north of Perth; (b)
‘bottom’ site with silty sand; (c) ‘slope’ site with sand; (d) ‘top’ site with exposed laterite
interspersed with sand; and (e) ‘laterite’ site with little sand. Elevation differs c. 8§ m from (b)
to (e). Elevation at (c) was similar to (d). The maps were edited using ArcMap 10.8.2 GIS
software using Google Earth imagery (Google Inc.).

Leaf characteristics and nutrient analyses

Mature, fully-expanded, undamaged and sun-exposed leaves were collected, scanned with an
optical scanner (Epson Perfection V800 Photo, Epson, Los Alamitos, USA) and the images
analysed for projected leaf area (WinRHIZO Pro software, Regent Instruments Inc., Quebec,
Canada). Leaf thickness was measured using a portable digital calliper and calculated as the
average thickness of three positions on the lamina along the axis from the base to the tip of the
leaf. Leaves were oven-dried for one week at 70°C to a constant weight and leaf mass per area

(LMA; g m™) was calculated as the total dry weight of the sample divided by its total area.

Fresh mature leaf material was snap-frozen in liquid N and stored at -80°C before being
freeze-dried for seven days (VirTis BenchTop Pro ‘K’ Freeze Dryer, SP Scientific,
Warminster, PA, USA). Freeze-dried material was finely ground using plastic vials and

zirconium beads in a vertical ball-mill grinder (GenoGrinder, Spex SamplePrep, Metuchen,
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NJ, USA). Leaf total [N] was determined by combustion with a glutamic acid standard using a
CN analyser (Elementar Vario Macro CNS analyser, Langenselbold, Hesse, Germany). Leaf
total [P] was determined by inductively coupled plasma optical emission spectrometry
(ICP-OES, Optima 5300DV, PerkinElmer, Waltham, MA, USA) following acid digestion with

a mixture of concentrated nitric and perchloric acids (Zarcinas et al., 1987).

Analysis of leaf P fractions

Leaf inorganic P (Pi) concentration was determined after extraction with acetic acid (Hurley ef
al., 2010). In brief, freeze-dried and ground leaf material was mixed with cold 1% (v/v) acetic
acid, shaken with zirconium beads in bursts of 5000 rpm at 4°C for 15 s with 5 min breaks
between  bursts  (Precellys 24  Tissue  Homogenizer, Bertin Instruments,
Montigny-le-Bretonneux, France). After clarification by centrifugation at 14000 g at 4°C for
15 min, the extract was purified with activated charcoal (Dayrell ef al., 2022) and the Pi
concentration was determined colorimetrically using a malachite green-based method

(Motomizu ef al., 1983).

Foliar P was separated into lipid P, metabolic P (comprising both metabolite P and Pi),
nucleic acid P and a residual P fraction by sequential extraction based on the differential
solubility of each class of P-containing compound using a modification of the method from
(Kedrowski, 1983; Hidaka & Kitayama, 2013; Hayes et al., 2022). In brief, ground leaf
material was extracted with 12 : 6 : 1 (v/v/v) chloroform : methanol : formic acid, then with
1:2:0.8 (v/v/v) chloroform : methanol : water. The extracts were combined and extracted
with chloroform-saturated water into an organic phase and an aqueous phase, which contained
the lipid P and metabolic P fractions, respectively. The pellet was resuspended in 85% (v/v)
methanol and extracted with 5% (w/v) trichloroacetic acid (TCA). After centrifugation of the
sample at 5000 g at 4°C for 15 min, the clear supernatant was added to the metabolic P fraction.
The pellet was resuspended in 2.5% (w/v) TCA at 95°C to extract the nucleic acids. The pellet
was then transferred to a digestion flask by suspending in 85% (v/v) methanol three times to
make the residual P fraction. All fractions were dried at c. 50°C and digested with a mixture of
concentrated nitric and perchloric acids to hydrolyse esterified P (Zarcinas et al., 1987). The
Pi concentration in each fraction was determined colorimetrically as described above
(Motomizu et al., 1983). Metabolite P was calculated by subtracting Pi from metabolic P,
where Pi was determined as described above. The recovery rate (%) was calculated as the sum

of all P fractions divided by total P measured directly from the ground leaves by ICP-OES and
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ranged from 86% to 94% for our P fractionation method (Table S1). Therefore, we present total

P as the sum of the four P fractions (lipid P, metabolic P, nucleic acid P and residual P).

Gas exchange measurements

Leaf gas exchange was measured on clear sunny days between 8:30 am and 10:30 am on June
16" and 17, 2020, on leaves with similar attributes to those used for leaf trait measurement.
Light-saturated net photosynthetic rates of leaves were measured using a portable open-system
infrared gas analyser (LI6400XT, LI-COR Biosciences, Lincoln, NE, USA) with
1500 pmol!'s! photosynthetic photon flux density, 400 umol mol' CO2 with a chamber
temperature of 23 + 1°C and relative humidity of 55 to 70%. When the chamber area (6 cm?)
was not completely filled, the leaf area inside the chamber was measured by scanning as
described above. Photosynthetic rates were expressed on a leaf area basis (Asatarea;
umol CO2m™ s') and on a leaf dry mass basis, using LMA for conversion (Asatmass;
nmol CO: g! s'!). Photosynthetic P-use efficiency (PPUE) and photosynthetic N-use efficiency
(PNUE) were calculated as the rate of net photosynthetic CO: assimilation per unit P
(umol CO2 g!' P s') and N (umol CO2 g N s™), respectively.

Soil sampling and analyses

Three soil samples were collected within 300 mm around the base of three plants of each
targeted species at each site on June 16", 2023. The three subsamples of soil from each plant
were collected using a hand trowel (depth = 100 mm) and mixed to form one soil sample for
each plant. The soil samples were air-dried at room temperature (c. 20°C) for two weeks and

then sieved (< 2 mm) to remove gravel and large organic debris, including roots.

Soil pH and electrical conductivity (EC) were measured in deionised water (1 : 5 (w/v)
soil : water) using pH and EC probes calibrated with pH 4 and 7 buffers or a 1314 uS cm’!
solution, respectively. Soil pH was also measured in 0.01 M CaClz (1 : 5 (w/v) soil : solution;

Orion Versa Star Pro, Thermo Fisher Scientific, Waltham, MA, USA).

Soil total [P] was determined by ignition (Saunders & Williams, 1955). In brief,
air-dried soil was heated at 550°C for 1 h and allowed to cool before extraction by shaking with
1 M HCI (1 : 30 (w/v) soil : solution) for 16 h. A second soil subsample was extracted with
1 M HCI (1 : 10 (w/v) soil : solution) for 16 h without prior ignition for the determination of

inorganic P (Saunders & Williams, 1955). Both subsamples were filtered using Whatman
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No.42 filter papers, and the [P] was determined colorimetrically (Motomizu et al., 1983).
Organic P (Po) was calculated by subtracting the [P] in the non-ignited sample from the [P] in
the ignited sample.

Resin P, a measure of ‘plant-available’ soil P, was extracted using anion exchange
membranes (AEM (Turner & Romero, 2009)). Air-dried soil was shaken in deionised H20
(1:6 (w/v) soil : water) with four anionic-form AEM strips (10 x 40 mm; manufactured by
BDH, Poole, UK, and distributed by VWR International) for 16 h. After shaking, the AEM
strips were rinsed free of soil particles with deionised H20 and the Pi was recovered by shaking
the strips in 10 ml of 0.5 M HCI for 1 h. Resin [P] in the extract was determined
colorimetrically (Motomizu et al., 1983). Soil [P] was expressed on a dry-weight basis

(mg P kg! soil DW).

Statistical analyses

Data were analysed using the R software platform (R Core Team, 2023). One-way ANOVAs
were performed to test the significance of differences in all measured variables among all
species or among species within both genera, and Tukey’s HSD post-hoc tests were run to
determine significant differences. The homogeneity of variances was inspected using the
Levene’s test and the normality of the residuals was inspected using the Shapiro-Wilk test
(P>0.05). Data were logio-transformed when either condition was not met. The linear
regressions between leaf [P] and soil [P] were run on unmatched averaged data. The principal
component analyses (PCAs) characterising functional foliar traits defining LES and P-related
traits were run using the ‘FactoMineR’ package on logio-transformed data (L& ef al., 2008).
Missing values were imputed and the number of principal components (PCs) retained in the
PCA was decided using the ‘missMDA’ package (Josse & Husson, 2016). In the case of no
missing data, PCs explaining > 90% of the variation were retained. Pearson’s correlation
analysis was used to analyse the correlation between the allocation of P to the different fractions
and the individual coordinates extracted from individual PCAs for each genus. Global averages
for leaf traits presented in Fig. 2 were extracted with permission from the published TRY plant
trait database (Kattge et al., 2011) and global data presented in Fig. S1 were extracted with
permission from the GLOPNET dataset from the leaf economics spectrum initiative (Wright et

al., 2004).
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Results

Banksia and Hakea species had a high leaf mass per unit area (LMA), averaging 306 g m?,
compared with a global average of 60 g m™ (Figs 2a, S1). However, there was a wide variation,
reflecting differences in leaf structure among species. The LMA closely aligned with leaf
thickness (Fig. 2b). Leaf [P] were low compared with a global average with Banksia species
ranging from 0.124 to 0.202 mg P g'' DW for B. glaucifolia and B. menziesii, respectively, and
Hakea species ranging from 0.114 to 0.205 mg P g'' DW for H. flabellifolia and H. prostrata,
respectively (Figs 2c, S1). Leaf [N] were also low compared with a global average, between
4.9 and 7.2 mg N g”! DW, with only B. chamaephyton and B. glaucifolia having significantly
lower [N] than some of the other species (Figs 2d, S1). Foliar [N] was relatively more
conserved among all Proteaceae tested than foliar [P] (1.5-fold and 1.8-fold variation across all
species, respectively). This conservation was particularly pronounced among Hakea species
(1.2-fold variation), which an average of 6.7 mg N g! DW with no strictly-significant
differences within this genus (P > 0.05; Fig. 2d). The average N : P ratio for the 10 species was
41, which was notably high compared with a global average of 13 (Fig. S2).

Light-saturated photosynthetic rates were more variable than leaf [P] and [N] within
each genus (Fig. 2e,f). Area-based photosynthetic rates (Asatarea) Were spanning the entire range
of that measured in the LES (Fig. S1), although most species had slower rates than the global
average. However, when expressed on a mass basis, photosynthetic rates (Asatmass) were no
more than 6% (H. flabellifolia) to 43% (H. prostrata) of the global average rate, reflecting the
high LMA of these species (Fig. 2a,f).

The photosynthetic P-use efficiency (PPUE) of the study group ranged from 61 pumol
CO2 g'! P sl for H. flabellifolia to 375 and 246 umol CO2 g! P s! for B. glaucifolia and
H. prostrata, respectively (Fig. 2g). Therefore, the values were at or above the global average
value. The photosynthetic N-use efficiency (PNUE) followed the same relative pattern across
species as the PPUE, but the values were all less than half of the global average, except for
B. glaucifolia, which was near the global average (Fig. 2h). Both PPUE and PNUE were similar

between Banksia and Hakea (P > 0.05), but varied among species within each genus

(Fig. 2g,h).
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PPUE (umol COZ 9-1 P 3-1) @ Asat,area (pmol CO2 m-2 S'1)
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There were no significant differences in pH or EC in the soil under any of the species
(Table 1). Soil total [P] was significantly higher under B. glaucifolia and H. conchifolia, the
two species found on the lateritic site, consistent with higher soil organic [P] under these plants
(Fig. S3a; Table 1). There were no significant differences in soil resin P under any of the species
(Fig. S3b; Table 1). In contrast to the species level comparison, combining the data from these
same soils by site revealed differences in soil [P] (Table S2). The soil at the upper-most laterite
site had the highest soil [P], while the bottom and slope sites had the lowest soil total [P],
respectively. The soil at the top site was between these extremes. Soil total [P] at the site level
were consistent with soil Pi and Po concentrations. Interestingly, the slope and top sites, which
were intermediate in elevation, had the lowest and highest resin [P], respectively (Table S2).
Despite these differences in soil total [P] and resin [P] among the four sites, there was no

significant correlation between leaf [P] and either soil total [P] or resin [P] (Fig. S3).

<« Fig. 2 Foliar traits of five Banksia and five Hakea species naturally occurring on extremely
P-impoverished soils: (a) leaf mass per unit area (LMA), (b) leaf thickness, (c) leaf phosphorus
concentration ([P]), (d) leaf nitrogen concentration ([N]), (e) area-based light-saturated
photosynthetic rate (Asatarea), (f) mass-based light-saturated photosynthetic rate (Asatmass), (g)
photosynthetic P-use efficiency (PPUE) and (h) photosynthetic N-use efficiency (PNUE).
Values are means + SE (n = 4 or 5). Different letters indicate significant differences among
species (post-hoc Tukey’s HSD test, P < 0.05). The horizontal dashed lines represent mean
global averages extracted from the TRY plant trait database (Kattge et al., 2011). Bm, Banksia
menziesii, Ba, B. attenuata; Bca, B. candolleana; Bch, B. chamaephyton; Bg, B. glaucifolia;
Hf, Hakea flabellifolia; Ha, H. auriculata; Hc, H. conchifolia (Laterite and Slope); Hi,
H. incrassata; Hp, H. prostrata.
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Table 1 Soil chemical characteristics of the top layer (0 to 100 mm depth) under five Banksia
and five Hakea species naturally occurring on extremely P-impoverished soils. Values are

means + SE (n = 3). Different letters indicate significant differences among species (post-hoc

Tukey’s HSD test, P < 0.05). DW, dry weight; EC, electrical conductivity.

Species Site EC pH (CaCly) pH (H:0)

(uS em™)
B. menziesii Bottom 17+1a 45+0b 6.1+0a
B. attenuata Bottom 14+1a 45+0.1b 6.1+0a
B. candolleana Slope 17€1a 46+0.1b 6.0+0.1a
B. chamaephyton  Slope I5+£5a 4.6+0ab 6.0+£0a
B. glaucifolia Laterite 23+4a 46+0.1b 59+0.1a
H. flabellifolia Slope 27+7a 4.7+0.1 ab 59+0.1a
H. auriculata Top 21+4a 50+0.1a 62+0a
H. conchifolia Laterite 27+1a 45+0b 59+0a
H. conchifolia Slope 21+5a 46+0Db 59+0.1a
H. incrassata Top 22+2a 4.8+0.1 ab 6.1+0a
H. prostrata Slope 22+6a 45+0.1b 57+03a
Species Site Total P Inorganic P Organic P Resin P

(mgkg' DW) (mgkg'DW)  (mgkg' DW) (mgkg' DW)
B. menziesii Bottom 4.5+0.6c¢ 0.18+0.01ab 43+0.5¢c 0.23+0.00 a
B. attenuata Bottom 3.9+0.5¢ 0.19+0.03ab 3.7+£0.4c 0.22+0.04a
B. candolleana Slope 4.2+08¢ 0.16 £0.05abc 4.0+0.7c 0.27+0.01 a
B. chamaephyton Slope  3.4+0.6c 0.12+0.0l abc 33+0.5¢c 0.24+0.05a
B. glaucifolia Laterite 12.2+2.6ab 048+0.12a 11.7£25ab 0.16+£0.04 a
H. flabellifolia Slope 55+1.1¢ 0.07£0.03bc 54+1.0c 0.17+0.02 a
H. auriculata Top 83+£09bc 0.12+0.02abc 82+09bc  0.10+0.02a
H. conchifolia Laterite 16.7+1.8a 0.52+0.13 a 16.2+1.6a 0.11+0.02a
H. conchifolia Slope 42+0.7c 0.05£0.02¢c 42+0.7c 0.23+0.07 a
H. incrassata Top 90+1.1bc 0.15+0.03abc 89+1.1bc 0.14+0.03 a
H. prostrata Slope 45+1.5¢ 0.08+0.03bc 44+15¢c 0.20+0.08 a
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Fig. 3 Phosphorus (P) allocation to five biochemical fractions as a proportion of total foliar P
for five Banksia and five Hakea species naturally occurring on extremely P-impoverished soils:
(a) nucleic acid P, (b) lipid P, (¢) inorganic P (Pi), (d) metabolite P (metabolic P — Pi) and (e)
residual P. Values are means + SE (n =4 or 5). Different letters indicate significant differences
among species (post-hoc Tukey’s HSD test, P < 0.05). Actual concentrations of P
(mg P g'! DW) in each fraction are given in Supporting Information Figure S3. Bm, Banksia
menziesiiy Ba, B. attenuata; Bca, B. candolleana; Bch, B. chamaephyton; Bg, B. glaucifolia;
Hf, Hakea flabellifolia; Ha, H. auriculata; Hc, H. conchifolia (Laterite and Slope); Hi,
H. incrassata; Hp, H. prostrata.
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There was a high level of consistency in the proportion of P each species allocated to nucleic
acid P, with an overall average of 36.6% of total P allocated to this fraction (Fig. 3a). The
proportional allocation of P to lipids was also relatively conserved across species, particularly
among Hakea species, with the greatest variation of 1.4-fold between H. conchifolia (on the
slope) and H. incrassata (Fig. 3b). Interestingly, Hakea species had an overall greater
allocation of P to lipids than Banksia species did (P = 0.037). The allocation of P to Pi was also
conserved across all species with no differences among Banksia species (P > 0.05). The only
statistically-significant differences among all species were that H. conchifolia (on the slope)

had a greater P allocation to Pi than H. prostrata, B. menziesii and B. attenuata (Fig. 3c).

The allocation of P to small metabolites and the residual fraction was much more
variable, with a 2.5-fold and 14.9-fold variation among all species, respectively (Fig. 3d.e).
Within the respective genera, B. glaucifolia had a higher proportion of P allocated to small
metabolites than B. attenuata and B. candolleana, while H. conchifolia (on the slope) had a
lower proportional allocation than the other Hakea species (P < 0.05; Fig. 3d). Although
residual P only represented a small proportion of foliar total P compared with the other
fractions, it significantly differed (P < 0.001) at the genus level between Banksia and Hakea
with averages of 6.5% and 2.6% of total P, respectively (Fig. 3e).
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Fig. 4 Correlations between photosynthetic phosphorus (P)-use efficiency (PPUE) and leaf
traits for five Banksia and five Hakea species naturally occurring on extremely P-impoverished
soils. Correlations between PPUE and major leaf traits (a) area-based light-saturated
photosynthetic rate (Asatarea), (b) mass-based light-saturated photosynthetic rate (Asatmass), (C)
leaf mass per unit area (LMA), (d) leaf P concentration, and correlations between PPUE and
percentages of P allocated to (e) nucleic acid P, (f) lipid P, (g) inorganic P (P1), (h) metabolite
P (metabolic P — Pi) and (i) residual P. Solid lines indicate significant linear correlations (black:
among all individuals, N = 52 to 55; blue: among Banksia species, N = 24 or 25; and red:
among Hakea species, N = 28 to 30; P < 0.05).
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A correlation analysis across the two genera showed significant correlations between PPUE
and most of the leaf traits, as well as P fractions expressed on a fractional basis (Fig. 4). The
strongest correlations were between PPUE and Asatarea and Asatmass Which were supported by
strong correlations for each genus examined individually. In contrast, there was a weak
correlation between PPUE and LMA that was not sustained by either genus individually.
Interestingly, no correlation was found between PPUE and total foliar [P], despite a nearly
two-fold variation in leaf [P] within each genus (Fig. 2). Thus, the differences in PPUE were
associated with differences in photosynthetic rates, rather than leaf [P]. Like PPUE, PNUE was
strongly correlated with photosynthetic rates, rather than foliar [N] or LMA (Fig. S5).
Therefore, PPUE and PNUE were strongly correlated (R? = 0.97 and R? = 0.88 for Banksia and
Hakea species, respectively; P < 0.001; Fig. S5).

The only correlations between PPUE and the fractional allocation of P that was
supported by both genera assessed individually was a negative correlation of PPUE with lipid
P (Fig. 4f) and a positive correlation of PPUE with metabolite P (Fig. 4h). There was a weak
positive correlation of PPUE with nucleic acid P, but this was not supported by either genus
individually. At the level of all plants examined, there was a negative correlation between
PPUE and residual P. This correlation was driven by the Banksia species, but not by the Hakea
species. Conversely, there was a negative correlation between PPUE and Pi only for the Hakea

species examined.

Correlations specific to each genus were also found when fractions were expressed as
an absolute concentration of P, i.e. PPUE correlated with P concentration in lipids for Banksia
species and P concentration in metabolites for Hakea species (Fig. S6). Also, there was a strong
correlation for Banksia species between PPUE and the absolute P concentration in the residual
fraction. Interestingly, P allocated to the lipid and residual fractions (both fractional and actual
concentrations) were positively correlated with leaf [N] only for the Banksia species.
Moreover, there was a strong correlation between leaf [N] and nucleic acid P concentrations

supported by both genera assessed individually (Fig. S7).
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Fig. 5 Principal component analysis (PCA) of (a) functional leaf traits defining the leaf
economics spectrum and (b) after adding in phosphorus (P)-related leaf traits of five Banksia

(blue) and five Hakea species (red) naturally occurring on extremely P-impoverished soils;
PCA of functional leaf traits of (c) Banksia species and (d) Hakea species. Detailed results are
presented in Supporting Information Tables S3—S4. Nucleic acid P, lipid P, inorganic P (P1),
metabolite P and residual P are expressed as a fraction of leaf total P concentration ([P]).

Asatarea, area-based light-saturated photosynthetic rate; Asatmass, mass-based light-saturated
photosynthetic rate; LMA, leaf mass per unit area; PNUE, photosynthetic nitrogen-use

efficiency; PPUE, photosynthetic P-use efficiency.
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Table 2 Correlations between the position of individuals of Banksia and Hakea along the
dimensions defining the leaf economics spectrum in each individual principal component
analysis (PCA) and phosphorus (P) allocated to five biochemical fractions, expressed as a
percentage of total P and absolute concentration. Significant linear correlations (P < 0.05) are
shown in bold. Detailed results of the PCAs are presented in Supporting Information Table S4.

Correlations are shown in Supporting Information Fig. S8.

Banksia Hakea

PC1 PC2 PC1

P R? P R? P R?
Nucleic acid P 0.637 0.010 0.479 0.023 0.922 0.000
Lipid P 0.002** 0.356 0.444 0.027 0.611 0.011
Pi X 0.165 0.086 0.660 0.009 0.864 0.001
Metabolite P 0.002** 0.353 0.424 0.029 0.434 0.026
Residual P <0.001%** 0.643 0.573 0.015 0.052 0.149
Nucleic acid P <0.001*** 0.498 0.002** 0.353 <0.001*** 0.756
Lipid P E 0.001** 0.376 0.063 0.149 <0.001%** 0.419
Pi & 0.660 0.009 0.068 0.144 0.014* 0.226
Metabolite P E‘J 0.943 0.000 0.140 0.096 0.009** 0.254
Residual P <0.001*** 0.772 0.755 0.005 0.003%* 0.318

In a principal component analysis (PCA), the first two principal components (PCs) explained
70% of the total variance for all individuals of Banksia and Hakea when describing functional
foliar traits associated with the LES (Fig. 5a; Table S3). When P-related foliar traits were
combined with the foliar functional traits, PC1 and PC2 encompassed 59% of the variation in
all individuals (Fig. 5b; Table S3). There was no distinction between the two genera when all
traits were considered together. However, in accordance with the LES framework, structural
traits (i.e. LMA and leaf thickness) were placed opposite to total leaf [P] and [N]. in both PCAs
(Fig. 5a,b; Table S3). Surprisingly, photosynthesis-related traits (i.e. Asatarea, Asatmass, PPUE,
and PNUE) were dissociated from the contrasts between structural traits and nutrient

concentrations and were placed along a different PC.

The fractional allocation of P to metabolites and lipids grouped with and opposite to
photosynthesis-related traits, respectively, along PC1 in the PCA describing functional and
P-related traits. The allocation to residual P was strongly associated with leaf [N] along PC2,

but not with nucleic acid P that was placed on PC3 (Fig. 5b, Table S3).
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The individual PCAs of functional leaf traits comprising the LES for Banksia (Fig. 5c)
and Hakea species (Fig. 5d) showed similar patterns with structural traits opposed to nutrient
concentrations. However, photosynthesis-related traits were disconnected from that axis for
Banksia species, while they grouped together with nutrient concentrations for Hakea species
(Fig. 5c,d; Table S4). For Banksia species, PC2 opposed structural traits to both nutrient
concentrations and photosynthesis-related traits, which we define as the LES for this genus
(Fig. 5c; Table S4). However, PC1 opposed nutrient concentrations to both structural and
photosynthesis-related traits. Therefore, we define PC2 as the axis comprising the LES for
Banksia species, but also present correlations between the allocation of P to the different
fractions for PC1 (Fig. 5c; Tables 2, S4). For Hakea species, there was a clear contrast between
structural and physiological traits along PC1 that we define as the LES axis for this genus
(Fig. 5c; Table S4).

All five P fractions expressed as an absolute P concentration were significantly
positively correlated with the distribution along PC1 for Hakea species, but we did not observe
any significant correlations between the fractional P allocation and the distribution along PC1
(Table 2; Fig. S8). This highlights the tight link between an increase in P in those fractions and
increase in total [P]. Similarly for Banksia species, most P fractions except Pi and metabolite
P concentrations significantly correlated with PC1, driven by total [P] (Table 2, Fig. S8). Only
nucleic acid P concentration significantly correlated with PC2, defined as the LES, but this was
not retained for the percentage of P allocated to nucleic acids (Table 2). The percentage of P
allocated to lipid P, metabolite P and residual P significantly correlated with the distribution
along PCI, substantiating the correlations found between those P fractions and PPUE for

Banksia species (Fig. 4).

Discussion

Our results support the notion that Proteaceae naturally occurring in extremely
nutrient-impoverished environments modulate the allocation of P in their leaves to achieve high
PPUE. Of the five P fractions measured, the allocation of P to lipids and to small metabolites
were the allocations most closely associated with variation in PPUE. The allocation of P to
other fractions, especially to nucleic acids and Pi, was more conserved among species of both

genera. These observations support our first hypothesis that the allocation of P to lipids and
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small metabolites would be negatively and positively correlated with PPUE, respectively. The
variation in photosynthetic nutrient-use efficiency (PPUE and PNUE) was largely determined
by the variation in photosynthetic rates (Asatarea and Asat,mass), which were more variable among
the species and spanned the range of global values, although they were generally below global
averages (Wright et al., 2004; Kattge et al., 2011, 2020). All species had highly conservative
leaf traits, such as extremely high LMA and low leaf nutrient concentrations, placing them on
the far conservative end of the LES, supporting our second hypothesis. Our correlation analyses
showed that the P-allocation patterns of Banksia and Hakea species contributed differently, at
least in part, to their high PPUE, but not to their distribution along a genus-defined LES axis
opposing structural and physiological traits. These findings did not align with our second

hypothesis.

On the far “conservative” end of the leaf economics spectrum

Leaf [P] of Banksia and Hakea growing on extremely P-impoverished soils were extremely
low with an average of 0.16 mg P g'' DW, which is even lower than in plants found in typical
kwongan vegetation (c. 0.3 mg P g DW; Hayes et al., 2018; Guilherme Pereira et al., 2019).
Leaf [P] in this study were among the lowest recorded worldwide (worldwide average:
1.23 mg P ¢! DW (Wright et al., 2004; Kattge et al., 2011, 2020)). In alignment with low leaf
total [P], all P fractions had significantly lower concentrations than the global averages for
perennial species (Suriyagoda et al., 2023). All Proteaceae in this study had similarly
conservative leaf traits, e.g., low Asat,mass and high LMA associated with scleromorphy. Slight
variation in soil total [P] and resin [P] were not associated with higher leaf [P]. On the lateritic
site, soil was shallower than on the sandy non-lateritic sites. Yet, cluster-rooted species like
Banksia and Hakea are able to efficiently access sufficient nutrients from this lower soil
volume and also directly from lateritic gravels (Han ef al., 2021). Moreover, at a very low P
supply like that of our study site in Badgingarra National Park, which has some of the most
P impoverished soils in the world (Kooyman et al., 2017), P that is taken up by plants is mainly
distributed to support growth, rather than accumulating in leaves to a high [P] (De Groot et al.,
2003; Shane et al., 2003; Gille ef al., 2024). Accumulating more biomass rather than increasing

leaf [P] further emphasises the extreme P-conserving strategy of these species.

We observed some variation in structural (e.g., LMA) and physiological (e.g., Asat,
nutrient concentrations) traits among species of both genera. These two sets of traits comprising

the LES were well separated from each other in the PCA including both Banksia and Hakea
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species, as well as in genus-specific PCAs. However, there was a disconnection between
nutrient concentrations and photosynthesis-related traits, particularly for Banksia species.
Moreover, we did not find significant correlations between P-allocation patterns
(i.e. percentage of P allocated to each fraction) and the distribution of individuals along the
axes defining the LES, despite species among each genus being positioned differently along
those axes. However, we highlight different strategies in the two genera to achieve high PPUE

and discuss below the implications of P allocation on physiological processes.

Higher LMA is usually associated with slower growth rates, long leaf lifespans and
lower leaf protein concentrations (Poorter ef al., 2009). Our high-LMA leaves had low leaf [N]
and nucleic acid [P], indicative of low protein and rRNA concentrations, respectively,
suggesting a low capacity to produce and replace proteins. Hakea prostrata had a higher leaf
nucleic acid P concentration, but similar leaf total [N], as the other Hakea species. This
indicates that mature H. prostrata leaves function at a lower leaf protein : rRNA ratio,
suggesting a faster protein turnover rate than that of other species of Hakea (Matzek &
Vitousek, 2009; Lambers, 2022). In a glasshouse experiment conducted in acidic soil similar
to that found at our study site in Badgingarra National Park, H. prostrata and B. menziesii had
faster relative growth rates than H. incrassata (Hayes et al., 2024). However, the potential
correlation between P fractions, leaf [N] and protein turnover has yet to be explored. For this
exploration, it will be crucial to consider expanding leaves of species with contrasting growth

rates.

Interconnection of N and P efficiency

Leaf N and nucleic acid P proportions were remarkably conserved among all Proteaceae in our
study. Hakea prostrata, B. attenuata and B. thelemanniana restrain their nitrate uptake even
when provided with a large amount of nitrate (Prodhan et al., 2016; Liu et al., 2022). This
nitrate-uptake restraint trait is also found in two Myrtaceae co-occurring with Proteaceae in a
highly P-impoverished environment, suggesting that it is a convergent trait in species that
evolved in these environments (Liu et al., 2022). Limiting N uptake appears to be a strategy
that allows plants to enhance P-use efficiency, and is associated with low concentrations of
rRNA and, therefore, proteins (Matzek & Vitousek, 2009; Prodhan ef al., 2019). The low leaf
[N] and extremely high N : P ratios in leaves of all species in this study, as well as the lack of

variation among species, suggest nitrate-restraint in these species which would substantiate
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nitrate-uptake restraint as an adaptation to low-P environments. Further studies need to be

carried out to explore the prevalence of this trait among Proteaceae.

The lack of correlation between photosynthetic rates and [N] or nucleic acid P
concentrations indicates that photosynthesis was limited by metabolic factors other than protein
concentration (Sulpice et al., 2014; Ellsworth et al., 2022). Moreover, a recent study
demonstrated that two Proteaceae species from south-western Australia, Grevillea
thelemanniana and Hakea ceratophylla, prioritise leaf N investment to photosynthesis-related
proteins while sacrificing proteins related to abiotic stress tolerance to maintain rapid
photosynthetic rates at low leaf [N], compared with Arabidopsis thaliana (Liu, 2024).
However, we suggest that Banksia species might also function with higher enzyme
concentrations in parallel with lower substrate abundance, considering the strong correlation
for this genus only found between PPUE and residual P, which likely contains phosphorylated
proteins involved in photosynthetic and respiratory metabolism. The lack of correlation
between PPUE and the P concentration in small metabolites in Banksia species supports the
theory of a tight balance between substrate and enzyme abundance (Dourado et al., 2021). The
lack of correlation between residual P and either leaf [N] or PPUE for Hakea species highlights
the different biochemical strategies in this genus to adapt to the extremely
nutrient-impoverished environment compared with the Banksia species. Hakea species
potentially function at higher substrate concentrations than Banksia species, which exhibited a
positive correlation between PPUE and P concentration in small metabolites. Determining the
content of the residual P fraction and its proportion of phosphorylated proteins is an essential
challenge to the recently evolving field of P fractions in leaves (Suriyagoda et al., 2023; Liu et

al., 2023; Tsujii et al., 2024).

Implications of biochemical investment of P on PPUE

Foliar lipid P concentrations among the Banksia and Hakea species examined here were low
and similar to those found in several other species growing in severely P-impoverished
environments (Hidaka & Kitayama, 2011, 2013; Lambers et al., 2012; Yan et al., 2019). It is
likely that all Proteaceae in this study replaced phospholipids by other lipids that do not contain
P, such as sulfolipids and galactolipids as previously determined for five of the present species
(Lambers et al., 2012). The endoplasmic reticulum (ER) contains > 60% phospholipid by mass
in a variety of cells (Lagace & Ridgway, 2013). Therefore, the negative correlation between

lipid P and PPUE may indicate that the replacement of phospholipids involves a trade-off

149



Chapter 4

between saving P and maintaining the function of cellular membranes, particularly that of the
ER. The ER is involved in synthesising proteins destined for endomembranes or export
(Sadowski et al., 2008), so the trade-off may be associated with both low protein and rRNA
concentrations. The link between phospholipids in the ER membranes and protein synthesis,

as well as protein turnover, in relation to P limitation requires further attention.

Inorganic phosphate concentration is tightly linked with that of small metabolites via
phosphorylation (Plaxton & Tran, 2011). The fact that PPUE was positively correlated with
metabolite P but not with Pi indicates that plants growing under extremely low P availability
function at the lower limit of Pi concentrations. Excess Pi is stored in the vacuole and
remobilised for metabolism when needed. One of the typical P-starvation responses in a wide
range of species is the reduction of the concentration of Pi (Bieleski, 1968; Veneklaas et al.,
2012; Yan et al., 2019). Using *'P-nuclear magnetic resonance (*'P-NMR), Pratt et al. (2009)
showed that a decrease in cytosolic Pi concentration is the first response following Pi starvation
but that Pi efflux from the vacuole is not sufficient to fully compensate for the lack of Pi supply
in Acer pseudoplatanus (Sapindaceae) and Arabidopsis thaliana (Brassicaceae). Further
investigation is required to identify the extent of the metabolic importance of both cytosolic
and vacuolar Pi pools under very low P availability. These aspects can be measured using

metabolomics approaches combined with 3'P-NMR (Pratt et al., 2009; Gout et al., 2011).

Positive correlations between PPUE and the fractional allocation of P to small
metabolites are consistent with previous studies (Wen et al., 2023), although we were able to
distinguish low-molecular-weight esterified metabolites (metabolite P) from Pi which are
sometimes pooled as metabolic P (Hidaka & Kitayama, 2013). A decrease in the concentration
of phosphorylated metabolites involved in major metabolic pathways, e.g.,
Benson-Bassham-Calvin cycle and glycolysis, decreases their activity unless compensated by
increases in enzyme quantity that use these metabolites or changes in the catalytic properties
of the enzymes (Lambers et al., 2015b). Producing more enzyme is unlikely to occur under low
P availability as it would require a greater investment of P in rRNA to support protein synthesis
(Veneklaas et al., 2012; Lambers, 2022). To achieve higher PPUE, Banksia and Hakea species
might increase P allocation to small metabolites to support greater enzyme activity (i.e. higher
substrate concentration) and maintain relatively fast photosynthetic rates. However, we
observed a positive correlation between nucleic acid P and metabolite P (R?> =0.18, P = 0.002),

consistent with previous studies (Hidaka & Kitayama, 2013; Yan ef al., 2021; Suriyagoda et
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al.,2023), but contradictory to the idea that lower enzyme concentration is compensated for by
higher small metabolite concentration. Some metabolites are products of those enzymes
(e.g., glucose 1-P, fructose 6-P) and understanding how the concentrations of phosphorylated
metabolites are regulated and at which scale the composition of this pool is regulated is

warranted.

Concluding remarks

This study highlights critical differences in P-allocation patterns to achieve high PPUE between
two genera of Proteaceae found on extremely P-impoverished soils. The 10 Proteaceae studied
functioned remarkably conservatively, i.e. high LMA and low nutrient concentrations,
positioning them at the far conservative end of the LES. However, the studied Banksia and
Hakea species allocated P differently, whilst both genera achieved high PPUE. Our results
show that high PPUE was achieved by a high P allocation to small metabolites and low P
allocation to lipids for both Banksia and Hakea species. Interestingly, for the Banksia species
only, the actual concentration and relative proportion of P allocated to the residual fraction,
likely containing phosphorylated proteins, was negatively correlated with PPUE and positively
with leaf [N]. These findings have clear implications and further our understanding of the
differences and similarities of plant functional traits related to biochemical, physiological, and
structural parameters, as well as trade-offs, that impact the fitness, survival, growth, and
performance of Proteaceae. Further investigation is necessary to explore the nature of
molecules comprising those P fractions, particularly the small P metabolites and the residual

fraction.
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Fig. S1 Major leaf traits associated with the leaf economics spectrum (LES) for five Banksia

(blue) and five Hakea (red) species naturally occurring on extremely phosphorus
(P)-impoverished soils, and global data points (black) extracted from the GLOPNET dataset
(Wright et al., 2004). (a) Leaf total P vs. total leaf nitrogen concentrations (n = 836, 25 and 30

for GLOPNET, Banksia and Hakea,

respectively);

(b) light-saturated area-based

photosynthetic rate (Asatarea) vs. leaf mass per unit area (LMA) (N =764, 25, 28 for GLOPNET,

Banksia and Hakea, respectively). Data are logio-transformed to fit the regressions defined by

the LES (Wright et al., 2004).
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Different letters indicate significant differences among species (post-hoc Tukey’s HSD test,
P <0.05). The horizontal dashed lines represent mean global averages extracted from the TRY

plant trait database (Kattge et al., 2011).
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Fig. S3 Correlations between foliar total phosphorus (P) concentrations and (a) soil total P and

(b) soil resin P concentrations for five Banksia and five Hakea species naturally occurring on

extremely P-impoverished soils. Values are means + SE (n = 5 for leaf P, n = 3 for soil P).

Dashed lines indicate non-significant linear regressions (N = 11; P> 0.05).
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Fig. S4 Phosphorus (P) allocation to five major biochemical fractions in leaves of five Banksia
and five Hakea species naturally occurring on extremely P-impoverished soils: (a) nucleic acid
P, (b) lipid P, (¢) inorganic P (Pi), (d) metabolite P (metabolic P — Pi) and (e) residual P. Values
are means + SE (n = 5). Different lowercase letters indicate significant differences among
species (post-hoc Tukey’s HSD test, P < 0.05). Bm, Banksia menziesii; Ba, B. attenuata; Bca,
B. candolleana; Bch, B. chamaephyton; Bg, B. glaucifolia; Hf, Hakea flabellifolia; Ha,
H. auriculata; He, H. conchifolia (Laterite and Slope); Hi, H. incrassata; Hp, H. prostrata.
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Fig. SS Correlations between photosynthetic nitrogen (N)-use efficiency (PNUE) and major

leaf traits of five Banmksia and five Hakea species naturally occurring on extremely

P-impoverished soils. Correlations between PNUE and (a) leaf N concentrations, (b)

area-based light-saturated photosynthetic rates (Asatarea), (c) mass-based light-saturated

photosynthetic rates (Asatmass), (d) leaf mass per unit area (LMA) and (e) photosynthetic

phosphorus-use efficiency (PPUE). Solid lines indicate significant linear correlations (black:

among all individuals, blue: among Banksia species and red: among Hakea species, P < 0.05).
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blue: among Banksia species and red: among Hakea species, P < 0.05).
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Fig. S8 Correlations between the position of individuals of Banksia (blue) and Hakea (red)
along the dimensions defining the leaf economics spectrum in each individual principal
component analysis (PCA) defined in Fig. 5 and P allocated to five biochemical fractions,

expressed as a percentage of total P and absolute concentration. Solid and broken lines

represent significant (P < 0.05) and non-significant (P > 0.05) linear correlations, respectively.

Detailed results of the PCAs are presented in Supplementary Information Table S4.
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Table S1 Recovery rate of phosphorus (P) in the four fractions in leaves of five Banksia and

five Hakea species naturally occurring on extremely P-impoverished soils, showing high levels

of recovery and consistency of the P-fractionation method. Values are means + SE (n = 4-5).

DW, dry weight; ICP-OES, inductively coupled plasma optical emission spectroscopy.

Sum P fractions Leaf [P] ACP-OES) Recovery rate n

(mg g' DW) (mg g’ DW) (%)
B. menziesii 0.171 £0.03 0.198 £ 0.03 86+ 10 4
B. attenuata 0.137+£0.01 0.158 £0.01 87+ 1 5
B. candolleana 0.145+0.01 0.166 £ 0.01 87+3 5
B. chamaephyton 0.119 £0.02 0.139£0.02 86+ 6 5
B. glaucifolia 0.117+0.01 0.124 + 0.00 94 + 2 5
H. flabellifolia 0.100 £ 0.01 0.114+£0.01 88+ 1 5
H. auriculata 0.128 £ 0.01 0.141 +£0.01 91+2 5
H. conchifolia (Laterite)  0.163 +0.02 0.190 £ 0.02 86+3 5
H. conchifolia (Slope) 0.164 £0.02 0.190 £ 0.02 86+ 3 5
H. incrassata 0.144 £0.02 0.162 £0.02 89+3 5
H. prostrata 0.188+0.01 0.204 + 0.01 92 +1 5
All 0.143 +£0.01 0.162 £ 0.01 88+ 1 54
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Table S2 Soil chemical characteristics of the top layer (0-100 mm depth) under five Banksia

and five Hakea species naturally occurring on extremely phosphorus (P)-impoverished soils at

four locations in Badgingarra National Park. Values are means + SE (n = 6-15). Different

letters indicate significant differences among sites (post-hoc Tukey’s HSD test, P < 0.05). DW,

dry weight; EC, electrical conductivity.

Site EC pH (CaCly) pH (H20)
(uS cm™)
Bottom I5f1a 45+0b 6.1+0a
Slope 20+2a 46+0Db 59+0.1a
Top 21+2a 49+0.1a 6.1+0a
Laterite 24+2a 450D 59+0a
Site Total P Inorganic P Organic P Resin P
(mgkg'DW)  (mgkg'DW)  (mgkg'DW)  (mgkg' DW)
Bottom 42+04c 0.18+0.0l1b 4.0+0.3b 0.22 £0.02 ab
Slope 44+£04c 0.10£0.02b 43+04D 0.22+0.02 a
Top 8.7+0.7b 0.14+£0.02b 85+0.6a 0.12+0.02b
Laterite 145+1.7a 0.50+0.08 a 140+1.7a 0.13+0.02 ab
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Table S3 Results of the principal component analyses (PCAs) of functional leaf traits defining

the leaf economics spectrum (Fig. 5a) and functional and phosphorus (P)-related traits (Fig. 5b)

of five Banksia and five Hakea species naturally occurring on extremely P-impoverished soils.

Data shown are the eigenvalue, the percentage and cumulative percentage of variance

explained by each subsequent principal component (PC), and the loading of each trait to each

PC. The PCs explaining > 90% of the cumulated variance or retained in the PCA after imputing

missing values are shown. The loadings > |0.50| for each trait are shown in bold. Asatarea,

area-based light-saturated photosynthetic rate; Asat,mass, mass-based light-saturated

photosynthetic rate; LMA, leaf mass per unit area; Pi, inorganic P; PNUE, photosynthetic

nitrogen-use efficiency; PPUE, photosynthetic P-use efficiency.

Fig. 6a
Functional traits

Fig. 6b
Functional + P-related traits

PC1 PC2 PC3

PC1 PC2 PC3

Eigenvalue 2.6 1.6 1.4 4.4 3.2 2.1
Variance (%) 437 267 228 341 248 16.2
Cumulated variance (%) 437 704 932 341 589 75.1
Thickness -0.68 0.53 0.39 -0.13  -0.72 0.54
LMA -0.75 042 0.40 -0.24  -0.72 0.46
Leaf [P] 0.76 -0.20 0.52 -0.01 0.84 0.32
Leaf [N] 039 -0.16 0.86 -0.22 048 043
Asat,mass 0.79 058 -0.19 090 037 0.20
Asatarea 051 0.86 -0.02 0.86 0.07 045
PPUE 097 0.08 0.10
PNUE 095 026 0.11
Lipid P (%) -0.61 049 0.35
Nucleic acid P (%) 0.30 -0.10 -0.70
Metabolite P (%) 057 -0.66 -0.03
Pi (%) -032 024 042
Residual P (%) -0.16 053 -0.51
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Table S4 Results of the principal component analysis (PCA) of functional leaf traits defining
the leaf economics spectrum of five Banksia species (Fig. 5¢) and five Hakea species (Fig. 5d)
naturally occurring on extremely P-impoverished soils. Data shown are the eigenvalue, the
percentage and cumulative percentage of variance explained by each subsequent principal
component (PC), and the loading of each trait to each PC. The PCs explaining > 90% of the
cumulated variance are shown. The loadings > |0.50| for each trait are shown in bold. Asatarea,
area-based light-saturated photosynthetic rate; Asat,mass, mass-based light-saturated

photosynthetic rate; LMA, leaf mass per unit area.

Banksia Hakea

PC1 PC2 PC3 PC1 PC2 PC3
Eigenvalue 24 1.8 1.5 3.2 1.7 0.7
Variance (%) 393 29.8 24.7 539 285 11.6
Cumulated variance (%) 39.3 69.1 93.8 539 82.4 94.0
LMA 024 -0.75 0.53 -0.66 0.71 0.15
Thickness 053 -030 0.71 -0.72  0.64  -0.08
Leaf [N] -0.72  0.31 0.57 059 046  0.62
Leaf [P] -0.63  0.50 0.54 087 -0.06 0.23
Asat;mass 0.65 0.75 0.04 08 029 -036

Asatarea 0.82 047 0.28 0.64 0.70 -0.32
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General Discussion

Hakea obliqua (Proteaceae)
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Introduction

The astonishing plant diversity found in the Southwest Australian biodiversity hotspot is under
increasing threat (Hopper & Gioia, 2004; Miller et al., 2007; Habel et al., 2019). Among this
diversity, Proteaceae is an emblematic family and many adaptations have evolved in this
family, allowing them to acquire and use phosphorus (P) efficiently. This offers remarkable
opportunities to investigate factors driving the success of this family in such an extremely

P-impoverished environment (Lambers, 2014; Lambers et al., 2015a; Hayes et al., 2021).

A striking example allowing Proteaceae to acquire P very efficiently is the production
of cluster roots — ephemeral non-mycorrhizal root structures composed of hundreds to
thousands of densely-packed hairy lateral rootlets (Shane & Lambers, 2005). Functionally
analogous structures that significantly increase root surface area to effectively mine
poorly-available P are observed in other families co-occurring with Proteaceae in
south-western Australia, e.g., dauciform roots in Cyperaceae, and sand-binding roots in
Haemodoraceae and Anarthriaceae (Lamont, 1974; Shane et al., 2005, 2006, 2011; Lambers et
al., 2006). Carboxylates released in large amounts by these specialised P-acquisition structures
not only mobilise P but also manganese (Mn). Because the uptake of Mn by plants is poorly
regulated (Baxter ef al., 2008), it accumulates in mature leaves, and, thus, it has been proposed
that this can be used as a proxy for the release of carboxylates (Lambers et al., 2015b, 2021).
However, some inconsistencies, i.e. low Mn levels in cluster-root-bearing Hakea species
(Proteaceae), challenge the proposed conceptual model of leaf [Mn] as a proxy for carboxylate
concentration in the rhizosphere. I explored the physiology of carboxylate exudation in Hakea

species in Chapter 2.

In comparison with cluster-rooted species, mycorrhizal species are less efficient at
acquiring P at very low P availability (Treseder & Allen, 2002; Abrahao et al., 2019; Albornoz
et al., 2021), yet significantly contribute to the exceptional diversity in the Southwest
Australian biodiversity hotspot (Zemunik et al., 2015, 2016). Chapter 3 aimed to elucidate the
non-nutritional role of mycorrhizal fungi and the characteristics of the interaction between

mycorrhizal and non-mycorrhizal cluster-rooted species.

Proteaceae function at extremely low leaf P levels and use P very efficiently (Lambers
et al., 2011, 2015a; Lambers, 2022). Sequential P fractionation is an effective method to
investigate P allocation in leaves (Chapin & Kedrowski, 1983; Kedrowski, 1983; Suriyagoda
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et al., 2023). Phosphorus allocation in leaves appears to be a largely species-dependent trait in
south-western Australia (Liu et al., 2023). In Chapter 4, I aimed to elucidate P-allocation
patterns in regard to the high, yet variable photosynthetic P-use efficiency (PPUE) among

Banksia and Hakea species, two iconic genera from the Proteaceae.

An understanding of the factors underpinning biodiversity in south-western Australia
is crucial to ensure sustainable conservation and restoration. This thesis highlights a variety of
complementary strategies, from belowground functioning and interactions to efficient P-use in
leaves, that presumably all contribute to the coexistence and success of native plants in an

extremely P-impoverished environment.

Physiology of carboxylate exudation

Chapter 2 explored the P-acquisition strategies of three Hakea species (Proteaceae) in relation
to their leaf [Mn]. In support of my hypothesis, Hakea species with low leaf [Mn]
(H. incrassata and H. flabellifolia) released similar amounts of carboxylates in rhizosheath but
released cations other than protons (e.g., K, Mg?") at faster rates, than the high leaf-[Mn]
species, H. prostrata. Low leaf [Mn] species also had higher rhizosheath root phosphatase
(both mono- and di-esterase) activity than H. prostrata. These findings both contradict and

support a previously established model (Lambers et al., 2015b, 2021), as detailed below.

The release of ‘alternative counterions’ to H* with carboxylates, e.g., K, Mg**, Na",
does not promote the acidification of the rhizosphere. Some protons exported into the
rhizosphere as the result of the activity of an H™-ATPase that provides the driving force for
carboxylate release are imported back into the cytosol of the roots for the export of these cations
via an antiport system (Fig. 1). Contrary to the physiology solely relying on the activity of the
proton pump, this results in less H" accumulation in the rhizosphere. In turn, the net reduction
of H' in the rhizosphere results in less acidification and may even lead to alkalinisation.
Anecdotic measurements in the nutrient solution of the three Hakea species grown in
hydroponics revealed an increased pH of the solution in which H. incrassata and
H. flabellifolia are grown, but not in that of H. prostrata. As a revision to the model, I propose
that this alternative physiological pathway for the release of carboxylates explains, in part, why
some carboxylate-releasing species do not accumulate Mn in leaves (Fig. 1). I show that low
leaf [Mn] does not necessarily equate to the absence of carboxylates in the rhizosphere, but

might result from an altered physiology to that initially proposed.
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Considering natural reserves of non-renewable phosphate rock are being depleted (Scholz &
Wellmer, 2013), carboxylate release is a desirable trait to understand and enhance P acquisition
in crop species. However, measuring carboxylate concentrations in the rhizosphere or
exudation rates is not feasible in the field, particularly in species-rich habitats where it would
lead to species-specific estimation errors (Pérez-Harguindeguy et al., 2013; Freschet et al.,
2021). Therefore, utilising leaf [Mn] as a proxy constitutes a valuable screening tool, although
care must be taken in the interpretation of the results, as shown in this study. In P-impoverished
environments, particularly for species with specialised P-mining structures like cluster roots,
high leaf [Mn] is a strong indicator of the ability of a species to release carboxylates or being
facilitated by carboxylate-releasing neighbours. However, species with low leaf [Mn] should
receive further physiological assessment before they are defined as non-carboxylate-releasing

species.

<« Fig. 1 Conceptual model of the effects of carboxylate-exudation physiology on the
accumulation of elements in plants. Carboxylates are released via anion channels (Diatloff et
al., 2004). Inorganic phosphorus (Pi), desorbed from soil particles or released through
hydrolysis by phosphatases from organic P (Po), which may also need to be mobilised by
carboxylates, is taken up by a Pi : H' cotransporter (Poirier ef al., 2022). The mechanism of
release of phosphatases from the cytosol into the rhizosphere is not known. Carboxylates are
released down an electrochemical potential gradient generated by an H" gradient through the
activity of a proton pump (Nussaume ef al., 2011). In manganese (Mn)-accumulating species
(top panel), the release of carboxylates is strongly dependent on the activity of the proton pump,
resulting in acidification of the rhizosphere. This increases the availability of metal cations like
Fe?", Zn*" and Mn?"* that are transported into the roots by non-specific Fe*" transporters
(e.g., IRT1 and NRAMP; Bereczky et al., 2003). Moreover, Fe, Mn and Zn cations are chelated
by free carboxylates. In Mn-excluding species (bottom panel), the release of carboxylates is
also driven by the activity of a proton pump. However, some of the H' ions exported are taken
up in a cotransport mechanism leading to a release of ‘alternative cations’, e.g., K*, Mg** and
Na"® via a cation : H" antiporter also dependent on the activity of the proton pump (Sze &
Chanroj, 2018). This mechanism leads to less H" accumulation in the rhizosphere, therefore
contributing to less acidification and potentially alkalinisation of the rhizosphere, and
increasing the availability of K, Mg and Ca that are subsequently taken up by various channels
(Ashley et al., 2006; Gebert et al., 2010; Lambers & Oliveira, 2019). In this strategy, the
availability of Mn, Fe and Zn decreases. This figure was created using BioRender, adapted

from Lambers et al. (2015b) with permission.
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On the young alkaline soils (pH 6 to 8) of the 2-Myr Jurien Bay chronosequence, the
release of carboxylates is an effective strategy to mobilise P (Hayes et al., 2014). On these
alkaline soils, it is likely that carboxylates are accompanied by H' release to enhance
P availability which also enhances Mn availability. Interestingly, not many Proteaceae occur
on these young soils. Along with a few species of Banksia, H. prostrata is found on alkaline
soils, but not H. incrassata and H. flabellifolia. Manganese availability increases with declining
soil pH, down to c. pH 5, below which Mn availability decreases (Lambers & Oliveira, 2019).
On slightly acidic soils (pH 5 to 6), such as those on the oldest dunes of the Jurien Bay
chronosequence where P-mining species are prominent (Zemunik et al., 2015, 2016),
carboxylate release is also the most effective strategy, as P is tightly bound to soil particles. On
even more acidic soils in campos rupestres (Brazil) with soil pH < 5, non-mycorrhizal P-mining
strategies are still prominent, and species accumulate Mn in leaves (Abrahdo et al., 2014;
Oliveira et al.,2015). In such acidic and P-limiting environments, it is likely that species release
counterions other than H" which acidifies less or potentially alkalinises the rhizosphere and
increases P availability. However, the non-mycorrhizal Discocactus placentiformis
(Cactaceae) native to campos rupestres releases carboxylates and acidifies the rhizosphere
(Abrahao et al., 2014). This highlights the complexity of the physiology of carboxylate release
as a species-specific trait and that carboxylate release can also be involved in processes other

than P mobilisation.

The release of alternative counterions may also alleviate the toxicity of certain metal
ions (Ryan et al., 1995, 2001; Kochian et al., 2015). Previous studies have established the
release of carboxylates in response to certain elements. Aluminium stimulates the efflux of
malate associated with an efflux of K* from roots of Al-resistant wheat (Ryan et al., 1995). In
addition to the carboxylates chelating toxic AI** ions, the release of K™ instead of H" may
contribute to acidifying less or even alkalinising the rhizosphere and reduce the availability of
A", Similar responses have been observed in other species with other toxic elements. For
example, Arabidopsis thaliana releases citrate and K in response to copper exposure (Murphy
et al., 1999). A lead-tolerant variety of rice (Oryza sativa) exhibits a faster exudation of oxalate
than a non-tolerant variety (Yang et al., 2000). It is unclear, however, why H. prostrata always
accumulates Mn, even in soils with low pH and, therefore, higher availability of toxic elements.
Hakea flabellifolia was found exclusively on soils with pH < 5, and I highlighted its capacity
to release alternative counterions at faster rates than H. prostrata. Also, H. prostrata occurs on

soils with pH > 5. Hakea flabellifolia appeared less plastic than H. prostrata in its
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carboxylate-release physiology, i.e. its leaf [Mn] was low and highly conserved across a large
number of sites. This low plasticity likely contributes to its restricted distribution and restrains
it from occurring on more alkaline and calcareous sites, unlike H. prostrata. Further research
is warranted to elucidate the plasticity of the physiology of carboxylate release and to what
extent it is involved, beyond acquiring P, in alleviating toxicity of metal ions in extremely

P-impoverished soils.

The elemental analysis of the exudation assay solution of the three Hakea species with
contrasting leaf [Mn] allowed me to measure concentrations of K and Mg, but not the
concentration of H'. Microelectrode ion flux estimation (MIFE) provides a valuable
complementary tool to measure direct ion fluxes from non-cluster-roots and cluster roots
(Shabala et al., 2013). It allows simultaneous measurement of ion fluxes from root tissues,
including that of H", K*, Na®, Mg?*. This tool could be considered for further studies on the

physiology of carboxylate release, for example as a suitable trait for crop improvement.

Accessing organic P is also a strategy in extremely P-impoverished environments
(Zhong et al., 2021; Lambers et al., 2022; Shen et al., 2024). While I highlighted the limitation
of leaf [Mn] as a proxy for carboxylate concentration in the rhizosphere, some of my results
are in accordance with the original model. The higher phosphatase activity in roots of the
low-leaf [Mn] H. incrassata and H. flabellifolia compared with that of H. prostrata indirectly
contributed to their relatively low leaf Mn levels. This P-acquisition strategy does not enhance
soil Mn availability, i.e. neither by acidifying the rhizosphere nor by mobilising soil-bound
Mn, although some soil-bound organic P, e.g., phytate, requires prior mobilisation by
carboxylates (Giles et al, 2017, 2018; Richardson et al, 2022). Therefore,
carboxylate-releasing species with higher exuded phosphatase activity might be able to meet
their P needs by releasing less carboxylates and thus accumulate less Mn in leaves (Zhong et
al., 2021). However, this was not the case in the Hakea species studied that all released
non-significantly different amounts of carboxylates. The increase in species diversity with
declining soil P availability is also accompanied by an increase in nutrient-acquisition diversity
(Zemunik et al., 2015, 2016). By accessing different soil P species, the functional diversity of
P-acquisition strategies contributes to the species coexistence in extremely P-impoverished

environments (Turner, 2008; Raven et al., 2018).
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Microbe-mediated plant interactions

In Chapter 3, I showed that the competitive ability of non-mycorrhizal Banksia menziesii to
acquire P was reduced in the presence of either beneficial or detrimental soil microbes and
mycorrhizal Eucalyptus todtiana. This confirms previous models that both mycorrhizal fungi
and pathogens contribute to maintaining plant diversity in extremely P-impoverished
environments (Fig. 2; Laliberté ef al., 2015; Albornoz et al., 2017; Lambers et al., 2018). In
the mixture only, we observed more complex defence responses in roots of B. menziesii,
i.e. increased levels of phytohormones, and increased concentrations of phenolic compounds
in roots of both species. Eucalyptus todtiana exhibited stronger defence responses in the
monoculture, irrespective of its mycorrhizal status, i.e. colonised or not, emphasising the

positive effect of the facilitation by B. menziesii to mediate pathogen infection.

Banksia menziesii Eucalyptus todtiana
(nonmycorrhizal) (ectomycorrhizal)
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Fig. 2 Conceptual model of the interactions between non-mycorrhizal cluster-rooted Banksia
menziesii (Proteaceae) and ectomycorrhizal Fucalyptus todtiana (Myrtaceae) mediated by soil
microbes. Ectomycorrhizal fungi and oomycete Phytophthora spp. pathogens did not induce
defence responses in roots of B. menziesii grown in a monoculture, likely as a result of the
stronger growth of B. menziesii compared with that in mixture with E. fodtiana. However, both
salicylic (SA) and jasmonic acid (JA)-dependent responses were induced in roots of
B. menziesii in the mixture, in association with competition with E. todtiana for resource
acquisition (i.e. phosphorus (P) uptake) and growth. Conversely, the growth advantage of
E. todtiana from the facilitation in the mixture with B. menziesii suppressed the JA-dependent
response to oomycete pathogens observed in the monoculture. In the mixture, the presence of
E. todtiana induced an SA-dependent effect in roots of B. menziesii in response to the
ectomycorrhizal fungi. Both beneficial and detrimental microbes contributed to increase

phenolic levels in roots of both species in the mixture. Adapted from Gille et al. (2024).
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Facilitation, rather than competition, is prevalent in stressful environments (Callaway, 2007;
Lekberg et al., 2018). In extremely P-impoverished environments such as south-western
Australia, many species rely on positive interactions with their P-mobilising neighbours to
acquire scarce nutrients. In the presence of a P-mobilising facilitator, Hibbertia racemosa
(Dilleniaceae), which does not produce cluster roots, adjusts its biomass-allocation pattern by
decreasing its root to shoot ratio and alters its root system architecture by orienting roots toward
the P-mobilising roots of the facilitator (de Britto Costa et al., 2021). Intermingling between
carboxylate-releasing roots of one species and non-carboxylate-releasing roots of a facilitated
species is the first step of the facilitation (Teste et al., 2020a). Subsequently, non-cluster-rooted
and/or non-mycorrhizal plants can access P mobilised by carboxylates (Lambers & Teste,
2013; Muler et al., 2014; Yu et al., 2023; Staudinger et al., 2024). However, | showed, for the
first time, that the facilitation of the growth and P uptake of E. todtiana by B. menziesii
comprised a competitive component in the interaction (Fig. 2). In the absence of soil microbes,
this competitive component was weaker, further emphasising the trade-off between efficient

P acquisition and defence against pathogens.

There is a wealth of evidence of the benefits of either arbuscular (AM) or
ectomycorrhizal (ECM) fungal colonisation on the nutritional status of the plant host,
particularly P uptake (Smith & Read, 2008; Smith et al., 2011; Ferrol et al., 2019). However,
mycorrhizal symbiosis is not an effective strategy for nutrient acquisition under extremely
P-limiting conditions (Parfit, 1979; Bolan et al., 1984; Abbott et al., 1984; Treseder & Allen,
2002; Albornoz et al., 2021). Mycorrhizal symbiosis provides other benefits to the hosts,
including water uptake, soil aggregation, or disease resistance (Delavaux ef al., 2017; Qin et
al., 2021). Facilitation of the defence against pathogens can take many forms; e.g., ECM fungi
provide a physical barrier to pathogens with their Hartig net and fungal mantle, direct chemical
defence (antimicrobial compounds), or induction of the plant-host defence (Pozo &
Azcon-Aguilar, 2007). Interestingly, ECM fungi induced a phytohormone response in roots of
B. menziesii only in the presence of E. fodtiana. I suggest that ectomycorrhizal fungi contribute
to the priming of the defence responses of the non-mycorrhizal B. menziesii by initiating a
non-host incompatible interaction, or that signals were emitted from the roots of E. todtiana or
its associated microbiome via the mycorrhizal hyphae. This interaction involving putative
signals between mycorrhizal fungi, and mycorrhizal and non-mycorrhizal plants warrants

further investigation.
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The dominance of ECM fungi decreases along ecological gradients like soil nutrient
availability, in contrast with that of AM fungi (Teste ef al., 2020b). Conversely, AM fungal
colonisation increases with plant age (Teste et al., 2020b). In Acacia rostellifera (Fabaceae)
and Melaleuca systena (Myrtaceae), two species endemic to south-western Australia naturally
that occur along a gradient of soil age along the 2-Myr Jurien Bay chronosequence, the root
colonisation by AM fungi decreases while that of ECM fungi increases with increasing soil age
(Zemunik et al., 2015; Albornoz et al., 2016a). Eucalyptus todtiana and B. menziesii are iconic
species in south-western Australia and co-occur on some of the most ancient and
P-impoverished soils (Hopper, 2021; Ritchie et al., 2021). The dominance of ECM fungi in
extremely P-impoverished soils was the rationale behind the choice of inoculum comprising
various ECM fungal species, of which Pisolithus spp. are the most common (Burgess et al.,
1993; Martin et al., 2002), to study the defences of two species with contrasting
nutrient-acquisition strategies. However, AM and ECM symbioses act differently on the
biology of their hosts (Brundrett & Tedersoo, 2020; Tedersoo et al., 2020). Moreover, there is
evidence of a switch between mycorrhizal symbiosis types with plant age (Teste et al., 2020b).
For example, seedlings of Eucalyptus globulus and E. urophylla switch from AM to ECM
fungal colonisation with seedling development between 8 and 16 weeks (Chen et al., 2000). In
addition to the shift in mycorrhizal type that dominates along the Jurien Bay chronosequence
(Albornoz et al., 2016a), the community composition of ECM fungi changes (Albornoz et al.,
2016b). Moreover, some plants, including native species from south-western Australia from
multiple families, have the ability to form dual mycorrhizal symbioses, i.e. they associate with
both AM and ECM fungi simultaneously on different parts of the roots (Albornoz et al., 2016a;
Teste & Laliberté, 2019; Teste et al., 2020b; Frew & Aguilar-Trigueros, 2023). While the
present study provides insights into the non-nutritional benefits of ECM fungi to their hosts,
i.e. defence against oomycete pathogens, further comprehensive studies should investigate the
role of AM fungi and their interaction with ECM fungi in an ecological perspective (Chaudhary
etal.,2022).

Phosphorus allocation and photosynthetic phosphorus-use efficiency

Proteaceae both acquire and use P very efficiently. All species studied in Chapter 4 had a PPUE
near or higher than the global average (Kattge ef al., 2011). Photosynthetic rates and PPUE
were very strongly correlated, while PPUE and leaf [P] were not. This indicates that Proteaceae

in this study used P for photosynthesis very efficiently, but photosynthetic rates did not exceed
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the global average (Kattge ef al., 2011). While all species had very high PPUE, we observed
variation within both genera of Banksia and Hakea. There was a certain degree of convergence
in P-allocation patterns between the two genera, with both allocating more P to small
metabolites and less to lipids to achieve high PPUE. However, correlations between PPUE and
Pi or residual P, likely containing phosphorylated proteins, were not consistent for both genera.
Accordingly, we suggest a trade-off between substrate and enzyme abundance, particularly in

Banksia species.

The analysis of P fractions in leaves has gained substantial interest in recent years, with
various applications in understanding plant species’ functioning (Yan et al., 2021; Suriyagoda
et al., 2023; Tsujii et al., 2023, 2024; Wen et al., 2023; Liu et al., 2023). However, very little
is known about what comprises those P fractions, particularly metabolite P and residual P. The
metabolite P pool presumably contains small water-soluble phosphorylated compounds, while
the residual P fraction contains P-containing molecules that did not partition into the previous
solvents used in the sequential extraction (Chapin & Kedrowski, 1983). It is crucial to elucidate
the nature of those fractions to enhance our understanding of their metabolic involvement,
particularly in photosynthetic performance. What are the most abundant compounds in the
metabolite P fraction? How do they vary among species? It is also essential to discern the
cellular distribution of those compounds. For example, Proteaceae preferentially allocate P to
photosynthetically-active mesophyll cells rather than epidermal cells, contributing to their high
PPUE (Guilherme Pereira et al., 2018; Hayes et al., 2018). Vacuolar Pi is not metabolically
active (Yang et al., 2017), but Pi is withdrawn from this pool into the cytoplasm in response to
P1i starvation (Pratt et al., 2009). To what extent do Proteaceae with low foliar total [P] allocate
Pi, still representing c. 20% of total P, to the vacuolar compartment? To address these
outstanding questions, it is fundamental to combine the P-fractionation method used here with
other techniques such as microscopy (e.g., cryo-SEM; Hayes et al., 2018), -omics approaches,

and 3'P-NMR (Gout et al., 2011).

All species examined had extremely low leaf [P], which also contributed to their high
PPUE. In addition, I observed very high LMA, typical for the high levels of scleromorphy
observed in leaves of Proteaceae (Jordan ef al., 2005). These traits place these species on the
far ‘conservative’ end of the leaf economics spectrum (LES), as previously described (Westoby
& Falster, 2021). Interestingly, P-allocation patterns did not explain the position of the species

along the LES, i.e. there was no correlation between P fractions as a percentage of total P and
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the distribution of the species along the axes opposing the acquisitive and conservative
resource-utilisation strategies. There were strong correlations between the distribution of the
species along these axes and P fractions in absolute concentrations, reflecting the greater
investment of P in a given fraction contributed to higher leaf total [P]. However, how
P-allocation patterns influence the distribution of species from other families co-occurring with
Proteaceae in extremely P-impoverished environments requires further attention. In a
meta-analysis, Suriyagoda et al. (2023) reported a larger variability of P allocation into
P fractions among families than between species in a family. How do species from families,
e.g., Eucalyptus sp. (Myrtaceae) and Acacia sp. (Fabaceae), with less conservative leaf traits
than Proteaceae, i.e. lower LMA, higher leaf [P], allocate P and how does this allocation
contribute to their more variable position along the LES? In addition to complementarity in
P-acquisition strategies, P-allocation patterns contribute to the functional diversity in extremely

P-impoverished megadiverse south-western Australia.

Concluding remarks

I examined aspects of functional diversity among native species in an extremely
P-impoverished environment in south-western Australia. Hakea species displayed contrasting
physiologies of carboxylate exudation resulting in variable leaf Mn accumulation. Leaf [Mn]
is a valuable practical tool to predict carboxylate concentration in the rhizosphere, considering
how challenging it is to assess belowground functioning. However, I highlight the limitations
of this model. In the revised model I propose, leaf [Mn] is a proxy for carboxylate exudation
depending on protons as counterion. Moreover, contrasting physiology of carboxylate
exudation, i.e. the dependence on different counterions, aids in explaining the distribution of
Hakea species along the natural gradient of soil P and pH found along the Jurien Bay
chronosequence. By accessing different forms of P and being restricted to certain soil
conditions, cluster-root physiology contributes to the diversity of Hakea species. These
findings have important implications for the distribution of species relying on carboxylate

exudation for nutrient acquisition.

Cluster-rooted Proteaceae can facilitate P acquisition by their non-cluster-rooted
neighbours. Although I highlight a competitive component in the facilitative interaction
between a non-mycorrhizal Proteaceae and a mycorrhizal Myrtaceae, both species contributed
to their relative success when experiencing pathogen infection. This is another example of the

importance of functional diversity driving species diversity in stressful environments.
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I also observed a diversity in P-allocation patterns among Banksia and Hakea species,
two co-occurring genera. This physiological diversity does not contribute to the functional
diversity as I propose for P-acquisition strategies and plant-plant interactions. However, these
findings highlight the importance of the diversity among P-efficient native plant species in

extremely P-impoverished environments.

Future research is required to further explore the present findings, for example assessing
the physiology of carboxylate exudation in Banksia species that consistently accumulate Mn
in leaves. It is also unclear to what extent different counterions restrain the distribution of
carboxylate-releasing species in relation to toxic metal elements. There are many
nutrient-acquisition strategies in addition to carboxylate release (Lambers et al. 2022).
However, little is known about the interaction between plants with those contrasting
nutrient-acquisition strategies, and how various biotic and abiotic factors influence those
interactions. The P-use efficiency also deserves further attention in species with contrasting
growth habits from genera co-occurring with Proteaceae in these environments. My thesis lays
the groundwork in understanding how functional diversity of below- and aboveground
physiological traits contributes to species diversity and their success in extremely

P-impoverished megadiverse environment in south-western Australia.
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Additional publications during PhD

Verticordia ovalifolia (Myrtaceae)

During my PhD, I co-authored the following publications in peer-reviewed journals.

The frontpages of four selected publications, highly relevant to the work

presented in this thesis, are presented.
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Introduction

Summary

Leaf phosphorus (P) comprises four major fractions: inorganic phosphate (P}), nucleic acids,
phospholipids, P-containing metabolites and a residual fraction. In this review paper, we
investigated whether allocation of P fractions varies among groups of terrestrial vascular plants,
and is indicative of a species’ strategy to use P efficiently. We found that as leaf total P
concentration increases, the P; fraction increases the most, without a plateau, while other
fractions plateau. Variability of the concentrations of leaf P fractions is greatest among families >
species(family) > regions > plant life forms. The percentage of total P allocated to nucleic acid-P
(20-35%) and lipid-P (14-34%) varies less among families/species. High photosynthetic P-use
efficiency is associated with low concentrations of all P fractions, and preferential allocation of P
to metabolite-P and mesophyll cells. Sequential resorption of P from senescing leaves starts with
P;, followed by metabolite-P, and then other organic P fractions. Allocation of P to leaf P fractions
varies with season. Leaf phytate concentrations vary considerably among species, associated
with variation in photosynthesis and defence. Plasticity of P allocation to its fractions is important
for acclimation to low soil P availability, and species-specific P allocation is needed for co-
occurrence with other species.

vacuole as a buffer to regulate [Pj] in the cyroplasm
(Bieleski, 1968; Tachibana, 1987; Lee & Ratcliffe, 1993), or

Phosphorus (P) frequendy limits plant productivity, and its  in other membrane-surrounded structures and organelles

availabilicy in soil determines species distribution in many
terrestrial  ccosystems  (Vencklaas er afl, 2012; Zemunik
et al, 2015). Molecules that contain P are involved in many
metabolic processes (Bieleski, 1973). Based on their chemical
structure, leaf P compounds are broadly divided into four
chemical fractions: inorganic phosphate (P;) and three organic P
(P,) fractions (small metabolites, nucleic acids and phospho-
lipids), as well as a residual fraction of uncharacterised
composition (Bicleski, 1973; Chapin III & Bieleski, 1982;
Veneklaas er al, 2012; Hidaka & Kitayama, 2013). The
metabolically active P; fraction is located in the cytoplasm
within a narrow range of concentrations (Bieleski, 1968;
Mimura er af, 1996), and excess P; is stored in the cell

1122 New Phytologist (2023) 237: 1122-1135
www .newphytologist.com

197

presently poorly characterised (Ryan e af, 2019). Small
metabolites represent low-molecular-weight P-esters, such as
sugar phosphates and nucleotides (e.g. ATP and NAD(P)H).
Inorganic P and small metabolites are sometimes reported
together as the ‘metabolic’ P pool, which is inappropriate as
only a fracrion of the P; is metabolically active (Bieleski, 1968;
Vencklaas e af, 2012). Nudleic acids are the major P, fraction
in leaves, of which up to 85% is RNA and the remainder is
DNA (Bieleski, 1968; Tachibana, 1987; Marzek & Vitou-
sek, 2009). Phospholipids are components of cellular mem-
branes including endoplasmic reticulum, plasmalemma, Golgi
apparatus and tonoplast, as well as membranes of the nucleus,
mitochondria and chloroplasts (Jouhet er af, 2004; Andersson

© 2022 The Authors
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ABSTRACT

South-western Australia is a global biodiversity hotspot and has some of the oldest and most phesphorus (P)-
impoverished soils in the world. Proteaceae is one of the dominant P-efficient plant families there, but it is
unknown how leaf P concentrations and foliar P allocation of Proteaceae and coexisting dominant plant families
vary between seasons and habitats. To investigate this, we selected 18 species from Proteaceae, Myrtaceae and
Fabaceae, six from each family, in two habitats from Alison Baird Reserve (32°1'19"S 15°58'52"E) in Western
Australia, Total leaf P and nitrogen (N) concentrations, leaf mass per area, photosynthetic rate, pre-dawn leaf
water potential and foliar P fractions were determined for each species both at the end of summer (March 2019
and early April 2020) and at the end of winter (September 2019). Soil P availability was also determined for each
site. This is the very first study that focused on seasonal changes of foliar P fractions from different P-impov-
erished environments in three plant families. However, contrary to our expectation, we found little evidence for
convergence of foliar P allocation within family, season or habitat. Each species exhibited a specific species-
dependent pattern of foliar P allocation, and many species showed differences between seasons. Native plants
in south-western Australia converged on a high photosynthetic P-use efficiency, but each species showed its own
unique way associated with that outcome.
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Abstract

Although significant intraspecific variation in photosynthetic phosphorus (P) use efficiency (PPUE) has been shown in
numerous species, we still know little about the biochemical basis for differences in PPUE among genotypes within a
species. Here, we grew two high PPUE and two low PPUE chickpea (Cicer arietinum) genotypes with low P supply in
a glasshouse to compare their photosynthesis-related traits, total foliar P concentration ([P]) and chemical P fractions
(i.e. inorganic P (Pi), metabolite P, lipid P, nucleic acid P, and residual P). Foliar cell-specific nutrient concentrations
including P were characterized using elemental X-ray microanalysis. Genotypes with high PPUE showed lower total
foliar [P] without slower photosynthetic rates. No consistent differences in cellular [P] between the epidermis and
mesophyll cells occurred across the four genotypes. In contrast, high PPUE was associated with lower allocation to
Pi and metabolite P, with PPUE being negatively correlated with the percentage of these two fractions. Furthermore,
a lower allocation to Pi and metabolite P was correlated with a greater allocation to nucleic acid P, but not to lipid P.
Collectively, our results suggest that a different allocation to foliar P fractions, rather than preferential P allocation to
specific leaf tissues, underlies the contrasting PPUE among chickpea genotypes.

Keywords: Leaf elemental distribution, leaf phosphorus fractions, phosphorus allocation, photosynthetic phesphorus use
efficiency, scanning electron microscopy, X-ray microanalysis.
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Abstract provide broad physiological and gene expression pro-

Background and aims Hakea prostrata (Proteaceae)
is a highly phosphorus-use-efficient plant native to
southwest Australia. It maintains a high photosyn-
thetic rate at low leaf phosphorus (P) and exhibits
delayed leaf greening, a convergent adaptation that
increases nutrient-use efficiency. This study aimed to
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files across leaf development, uncovering pathways
leading from young leaves as nutrient sinks to mature
leaves as low-nutrient, energy-transducing sources.
Methods To explore gene expression underlying
delayed greening, we analysed a de novo transcrip-
tome for A. prostrata across five stages of leaf devel-
opment. Photosynthesis and respiration rates, and
foliar pigment, P and nitrogen (N) concentrations
were determined, including the division of P into five
biochemical fractions.

Key results Transcripts encoding functions asso-
ciated with leaf structure generally decreased in
abundance across leaf development, concomitant
with decreases in foliar concentrations of 85% for
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RESUME

(French Abstract)

Facteurs influencant la mégadiversité végétale dans le Sud-Ouest australien,

point chaud de biodiversité extrémement appauvri en phosphore

Le point chaud de biodiversité du Sud-Ouest australien abrite une diversité d'especes végétales
exceptionnelle. Les sols sont extrémement appauvris en nutriments, particuliérement en
phosphore (P). Des adaptations ont évolué chez ces espéces, leur permettant d'acquérir et
d'utiliser efficacement les nutriments peu abondants. La plupart des Protéacées, une famille de
plantes emblématique et écologiquement importante de la région, forment des « racines
cluster ». Ces structures racinaires fascinantes sont non-mycorhiziennes et é¢phémeres, et sont
composées de milliers de racines latérales qui libérent de larges quantités de carboxylates pour
«miner » le P fixé aux particules de sol. Les carboxylates sont des petites molécules
inorganiques chargées négativement et mobilisent le P du sol initialement immobile et
indisponible pour les plantes. Les carboxylates mobilisent également d'autres ¢léments dont le
manganese (Mn). L'absorption du Mn qui s’en suit est peu régulée chez les végétaux, et
I’¢élément s’accumule continuellement dans les feuilles des plantes. Ainsi la concentration en
manganese ([Mn]) dans les feuilles peut étre utilisée comme indicateur de la concentration en
carboxylates dans la rhizosphere, ¢’est-a-dire le sol proche et sous I’influence des racines. Cet
indicateur est précieux car mesurer les concentrations en carboxylates dans la rhizosphere sur
le terrain est un défi méthodologique de taille, malgré leur importance pour le maintien de la
biodiversit¢ dans les environnements extrémement appauvris en nutriments. Les espéces
mycorhiziennes, comme les Myrtacées et la plupart des Fabacées, acquierent quant a elles le P
graice a leurs symbiotes « exploreurs», les champignons mycorhiziens (endo- ou
ectomycorhizes). Les mycorhizes étendent grandement la surface de sol que la racine peut ainsi
explorer. Bien que ces especes mycorhiziennes soient généralement moins efficaces que les
Protéacées non-mycorhiziennes pour acquérir le P dans ces sols ou le P est immobile, elles
coexistent néanmoins ensemble. Cela contribue ainsi a la remarquable diversité des especes

végétales dans les paysages sévérement appauvris en P du Sud-Ouest australien.
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Des adaptations pour pousser sur ces sols trés pauvres en P ont également évolué au
niveau des feuilles. Ces adaptations permettent aux especes poussant dans des environnements
pauvres en P de fonctionner avec de tres faibles concentrations foliaires en P. Par exemple,
pendant le développement des feuilles, les Protéacées remplacent les phospholipides par
d'autres lipides qui ne contiennent pas de P, par exemple des sulfolipides ou galactolipides.
Elles fonctionnent avec de faibles niveaux d'ARN ribosomal (des molécules trés riches en P),
et allouent préférentiellement le P aux cellules photosynthétiquement actives du mésophylle
plutdt qu'aux cellules photosynthétiquement inactives de 1’épiderme. A travers la modulation
de l’allocation de P au sein de ces différents compartiments cellulaires et fractions
biochimiques dans les feuilles, les Protéacées maintiennent des taux de photosynthese élevés.
Ainsi les Protéacées atteignent une trés haute efficacité d'utilisation photosynthétique du P,
c’est-a-dire le ratio d’assimilation de carbone par la photosynthése rapporté a la concentration

en P foliaire.

Dans cette these, j’ai cherché a comprendre les facteurs contribuant a 1’importante
diversité végétale des habitats extrémement appauvris en P dans le Sud-Ouest australien. Pour
cela, j’ai réalisé une série d'é¢tudes sur le fonctionnement physiologique des racines et des
feuilles d’especes de Protéacées, particulierement efficaces dans leur acquisition et utilisation

du P, ainsi que d’espéces coexistantes appartenant aux Myrtacées.

Certaines especes de Hakea (Protéacées) produisent des « racines cluster » et libérent
de larges quantités de carboxylates, mais ont une faible [Mn] foliaire. Cette observation remet
ainsi en question I’hypotheése de I’indicateur mentionné ci-dessus. Dés lors, j’ai cherché dans
une premiere étude a comprendre la relation entre I'accumulation de Mn dans les feuilles et le
relargage de carboxylates chez trois especes de Hakea qui possedent des [Mn] contrastées.
Mon évaluation physiologique a révélé que I'accumulation de Mn est étroitement associée a la
capacité d'une espéce a libérer des protons (H") pour équilibrer les charges négatives des
carboxylates libérés. Les especes avec une forte [Mn] foliaire libéraient plus de protons que les
especes avec une faible [Mn]. Les protons libérés réduisent le pH du sol ce qui augmente la
disponibilité en Mn, et compte-tenu de la faible régulation de 1’assimilation du Mn par les
racines, celui-ci s’accumule dans les feuilles. Au contraire, les especes avec une faible [Mn]
foliaire libéraient moins de protons, mais des quantités plus importantes de potassium et de
magnésium sous forme de cations (K" et Mg®"). La libération de ces cations autres que les

protons ne diminue pas autant le pH du sol, rendant le Mn moins disponible. I1 est possible que
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ces cations augmentent le pH du sol. A travers cette expérience, je propose ainsi un modéle
conceptuel alternatif complet reliant I'exsudation racinaire de carboxylates a I'accumulation de

Mn dans les feuilles d’espéces de Hakea.

J'ai ensuite examiné l'interaction entre Banksia menziesii, une espece
non-mycorhiziennes de Protéacées qui produit des « racines cluster », et Eucalyptus todtiana,
une espece mycorhizienne de Myrtacées, dans une expérience en serre. Comme attendu dans
des environnements ou la croissance est limitée par le P, la facilitation (c’est-a-dire une
interaction positive entre deux individus) pour l'acquisition de P a joué¢ un role clé dans le
succes de ces deux especes aux différentes stratégies d'acquisition des nutriments. Les « racines
cluster » de B. menziesii qui exsudent des grandes quantités de carboxylates pour mobiliser le
P ont amélioré 1'acquisition du P d'E. todtiana. Cependant, ce processus de facilitation était
accompagné d’une forte compétition de la part d’E. todtiana. En effet, la présence d’E. todtiana
a eu un impact négatif sur la croissance de B. menziesii. Les deux especes rivalisaient pour
I’acquisition du P mobilisé et rendu disponible par les « racines cluster » de B. menziesii.
L’ajout d'un champignon mycorhizien formant association avec son hote E. todtiana a
¢galement induit une augmentation des concentrations de phytohormones, des molécules
messageres, dans les racines de B. menziesii confrontées a des pathogenes indigenes du genre
Phytophthora. Mes résultats suggérent que 1’espéce mycorhizienne E. todtiana et ses
mycorhizes associées contribuent a stimuler les réactions de défense de B. menziesii contre les
pathogenes oomycetes du sol. Cette étude met en avant les interactions complexes existantes
entre des especes non-mycorhiziennes, des especes mycorhiziennes et leurs partenaires
fongiques, et les pathogenes oomycétes. Pour la premiére fois, je démontre comment ces
interactions faconnent la coexistence d’espéces qui possedent des stratégies d’acquisition des
nutriments contrastées (« racines cluster» vs. mycorhizes) dans un environnement

extrémement appauvri en P.

J’ai ensuite considéré les schémas d'allocation du P dans les feuilles de cinq especes de
Banksia et cinq especes de Hakea, deux genres riches en espéces de la famille des Protéacées
dans le Sud-Ouest australien. Au sein de chaque genre, I’efficacité d'utilisation
photosynthétique du P (PPUE) était ¢levée en comparaison aux moyennes mondiales mais
variait selon les especes. Dans cette étude, j’ai cherché a comprendre si et comment les schémas
d'allocation du P dans différentes fractions biochimiques expliquent la haute PPUE des especes

¢tudiées. Les especes avec une PPUE plus élevée allouaient plus de P aux petits métabolites
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(molécules impliquées dans le métabolisme, comme la photosynthése ou la respiration) et
moins de P aux lipides (composante structurelle majeure des membranes) que les espéces avec
une PPUE plus basse. Les corrélations entre la PPUE et les concentrations en phosphate
inorganique ou en P résiduel (probablement contenant des protéines phosphorylées) n'étaient
néanmoins pas similaires pour les deux genres, mettant en évidence des différences majeures
entre les especes de Banksia et les especes de Hakea. Pour les espéces de Banksia uniquement,
la PPUE ¢tait positivement et négativement corrélée avec l'allocation de P aux petits
métabolites et a la fraction résiduelle de P, respectivement. En conséquence, je suggere qu'il
existe un compromis entre l'allocation de P aux substrats (petits métabolites utilisés par la
machinerie photosynthétique) et a I'ARN ribosomal (produisant les protéines, c’est-a-dire la

machinerie photosynthétique) pour atteindre une PPUE élevée.

En conclusion, 1’¢tude du fonctionnement physiologique des racines et des feuilles
d’especes trés efficaces pour ’acquisition et I'utilisation du P comme les Protéacées, et
d’espéces qui coexistent, comme les Myrtacées, met en évidence une complémentarité de la
diversité fonctionnelle. Cette diversité fonctionnelle, de I'acquisition du P et des interactions
souterraines a la partition des ressources dans les feuilles, semble étayer la biodiversité
exceptionnelle dans des environnements extrémement appauvris en P, tel que le Sud-Ouest

australien.
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