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Thesis abstract

The leaching of phosphorus (P) from soils is of major concern worldwide. In agricultural
production systems P leaching represents an inefficient use of a limited resource, as well as
potentially leading to contamination of aquatic systems. Arbuscular mycorrhizal fungi (AMF)
establish a symbiotic with the majority of terrestrial plants. When the fungi form these
associations with plants, they can take up P from the soil and deliver it to the plant. In doing so,
they not only improve plant P nutrition, but can also reduce the risk of soil P loss via leaching.
While effects of arbuscular mycorrhizas (AM) on plant P acquisition are very well understood,

their impacts on soil P leaching are only just starting to be explored.

The aim of the work presented in this thesis was to study the effects of AM on soil P leaching,
with an emphasis on P dynamics in the soil-plant-leachate system. A series of greenhouse and
field experiments were conducted to explore this issue, including: two microcosm studies to
investigate mycorrhizal and soil effects on plant biomass, plant P nutrition, soil P after leaching
events, leachate volume, and the amount and chemical composition of P in leachates (Chapter
2 and 3); a field-based study to investigate mycorrhizal effects on fruit yield, soil moisture, soil
(16S) bacterial community composition, and soil P loss under realistic field conditions (Chapter
4); and a final set of experiments using nuclear magnetic resonance (NMR) spectroscopy, to
investigate the storage of P in the external hyphae of AMF (Chapter 5). All leaching experiments
(field and glasshouse) made use of a mycorrhiza defective tomato mutant and its mycorrhizal
wild-type progenitor, to study AM effects in the field. This approach avoids the potentially
confounding effects of soil sterilisation, which is commonly used to establish non-mycorrhizal

control treatments.

The outcomes of the work presented in this thesis confirm the positive impacts of AM on plant
P uptake, plant biomass and tomato fruit yield and nutrients (Chapters 2, 3, 4 and 5). The
presence of roots, regardless of mycorrhizal colonization, had a significant impact on soil P, total
P and the chemical composition of P in leachate (Chapter 2 and 3). An important finding of this
work was that roots increased the concentration of dissolved organic carbon (DOC) in leachate,
and this increase in DOC concentration coincided with an increase in the concentration of P
leached (Chapter 2 and 3). In the field experiment, AM had no significant effect on soil moisture,
leachate volume or soil (16S) bacterial communities (Chapter 4). Importantly, soil texture
affected mycorrhizal colonization, plant P and the amount of P and DOC leached, highlighting
the need for results to be carefully considered in context (Chapter 3). This may be especially

important in the context of nutrient leaching given the importance of soil texture in water

Vii



movement through soil. While not a major theme of the work presented here, the 3P NMR
spectra identified a polyphosphate (PolyP) peak in mycorrhizal external hyphae, confirming the
importance of PolyP in hyphal P storage (Chapter 5). Taken together, this study provides new

insights into the impacts of the below-ground plant systems and AMF on soil P leaching in soils.
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Chapter 1 - Introduction

This thesis is presented as a series of published (Chapter 2 and 3) and as yet un-submitted
(Chapter 4) journal manuscripts, and a standalone chapter (Chapter 5). Each of these
papers/chapters begins with its own detailed introduction/ literature review. Accordingly, this
introductory chapter contains a short literature review that seeks to provide context for the
project, and to identify major knowledge gaps. This approach has been taken in the interests of
avoiding repetition. This chapter concludes with a statement of aims and an outline of the thesis

structure.



1.1 Literature review

1.1.1 Soil P leaching

Soil nutrient leaching is defined as the downward movement of dissolved nutrients in the soil
profile with percolating water (Lehmann and Schroth 2003). Nutrient loss via leaching from
agricultural ecosystems depletes soil fertility, accelerates soil acidification, and reduces plant
productivity and sustainability (Wardle et al. 2004; Laird et al. 2010). Moreover, leached
nutrients can enter the groundwater and lead to many environmental pollution issues, such as
eutrophication of surface water, algal blooms and a reduction in aquatic biodiversity

(Carstensen et al. 2014).

Nutrients that are readily leached from soil include phosphorus (P), nitrogen (N),
potassium (K) and zinc (Zn) (Adesemoye and Kloepper 2009). Among these nutrients, soil P
leaching has become a major concern because of the global depletion of high-quality mineral P
resources used for chemical fertilizer production (Cordell et al. 2009b; Vance 2001). Soil P loss
is especially problematic as small amounts of P leached from soil to aquatic systems can lead to
eutrophication and biodiversity loss (Sharpley and Rekolainen 1997). In addition, P, the focus of
the work presented in this thesis, is an essential plant macronutrient that in many soils is

deficient (Roberts and Johnston 2015).

Many agricultural soils have a high P absorption capacity (Baker et al. 1975) as P is
relatively immobile in most soils, forming insoluble complexes with calcium and manganese at
high pH; and with aluminum and iron at low pH (Nye and Tinker 1977). As a result, P uptake
from soil can be limited; it is estimated that only 10-30% of P fertilizer applied is taken up by
plants (McLaughlin M J 1991) in the year of application. Therefore, the rates of P fertilizer
applied to soils are often much higher than plant demand, so as to ensure that available P in soil
solution is not limiting to crop production (Frossard et al. 2000). Although P leaching from soils
has long been considered negligible in most settings (Brookes et al. 1997), it occurs in regions
of intensive agriculture with high rates of P application, and is especially important in sandy soils
where there is less opportunity for P to bind to soil particles, and water leaches more readily
(Chen et al. 2006). Phosphorus loss from soils via leaching and surface run off can be substantial,
and losses of up to 30 kg P her hectare annually have been reported in some areas (Herzog et
al. 2008; Sims et al. 1998). Taken together, there is an urgent need to reduce nutrient leaching

in soil systems as well as increase plant nutrient uptake efficiency in order to minimize P fertilizer



inputs, reduce ‘waste’ of P inputs, and avoid potentially harmful impacts of P loss from

agricultural soils.

1.1.2 Arbuscular mycorrhizal fungi

Arbuscular mycorrhizal fungi (AMF) are a widespread group of soil fungi that establish a
symbiotic association with the roots of most plant species (Smith and Smith 2011). When AMF
colonize roots, they form what are referred to as arbuscular mycorrhizas (AM). The formation
of AM can enhance plant nutrient acquisition, reduce plant stress, and enhance plant resistance
to pathogens (van der Heijden et al. 2003; Smith and Read 2008). Thus, AMF have an important
role to play in achieving agricultural sustainability. While AMF are best known for their ability to
take up P and deliver it to plants (Marschner and Dell 1994), they can also take up other
nutrients including Zn (Cavagnaro 2008; Watts-Williams et al. 2017), N (Atul-Nayyar et al. 2009)
and Cu (Clark and Zeto 2008). It is for this reason that AMF have been suggested as having an
important role in potentially reducing soil P loss via leaching see Cavagnaro et al. (2015) for
recent review. In exchange, AMF receive carbon from plants (Lehmann et al. 2014); AMF may
receive up to 20% of recently-fixed carbon from the host plants (Soudzilovskaia et al. 2015;
David et al. 2000). This supply of C to the AMF usually comes at the expense of plant root growth,
which may in turn have consequences on plant root interception of P and water (and other

nutrients) during leaching events.

The symbiosis between roots and AMF has been considered as a plant strategy to
overcome soil P deficiency stress (Réka et al. 2009). The beneficial effects of AM on plant
growth, especially the increase in plant P uptake, are very well-documented. Various
mechanisms for this phenomenon have been reported including exploration of larger soil
volume (Tinker 1978), faster movement of P into mycorrhizal hyphae (Bolan et al. 1987) and
solubilization of soil P (Hetrick 1989). Javot et al. (2007) and Smith and Smith (2011) also
revealed molecular and physiological evidence for the expression of P transporter genes of AMF
and plants affected by the formation of AM. Mycorrhizal plants have also been reported to
increase the uptake of poorly soluble P sources, such as iron and aluminum phosphate and rock
phosphate (Bolan 1991). This may be important in the context of P leaching because AM can
increase P uptake and thus reduce the amount of available soil P that otherwise would be at risk

of being lost.

The uptake of P by AMF is strongly influenced by the spatial distribution of mycorrhizal
hyphae in the soil (Jakobsen et al. 1992). The hyphae of AMF can extend beyond the root surface



by more than 10 cm (Li et al. 1991) and hyphal density per gram of soil is estimated at more
than 10 metres (Jakobsen et al. 1992; Cavagnaro et al. 2005). Moreover, in comparison with
root hairs, fungal hyphae can penetrate smaller soil pores due to their smaller diameter (Allen
2011). As a result, AMF-associated root systems can explore and exploit a greater volume of
soils than non-mycorrhizal root systems (i.e., roots only) and thus enhance P plant uptake, even
beyond the root nutrient depletion zone (Rouphael et al. 2015). This large network of hyphae
may allow AMF to rapidly respond to, and intercept, pulses of nutrients as they move through
the soil profile. Taken together, it is increasingly clear that AM have a role in reducing P leaching

loss in soils.

1.1.3 Arbuscular mycorrhizas and soil P leaching

There is a growing body of evidence that suggests a role for AM in reducing soil nutrient loss via
leaching (Asghari et al. 2005; Corkidi et al. 2011; Bender and van der Heijden 2015; Asghari and
Cavagnaro 2011). A summary of this work, including experimental approach, soil type, plants
and fungi, and major findings, is provided in Table 1. The effects of AM on soil nutrient leaching
are mainly attributed to the capacity of fungal hyphae systems to enhance plant P uptake, even
beyond rhizosphere depletion zones, and thus greater removal of soil available P (Cavagnaro et
al. 2015). There are, however, contrasting results between studies. For example, Verbruggen et
al. (2012) found that the amount of soil P leaching loss was negatively correlated with the
abundance of fungal hyphae and mycorrhizal effects on soil P leaching loss were variable
depending on soil inoculum used. Some studies have also shown that the AM-mediated
reduction in soil P loss via leaching was important only when soil P levels were low (Asghari et
al. 2005; van der Heijden 2010). This is consistent with much previous research demonstrating
that AM formation is reduced when available soil P is relatively high (Gosling et al. 2013; Smith
and Smith 2011). Importantly, a beneficial impact of AM on P leaching is not always reported.
Some previous studies indicated no or little mycorrhizal effect on soil P leaching (K6hl and van
der Heijden 2016) or an increase in P loss with AMF (Bender and van der Heijden 2015).
Moreover, soil P loss via leaching is complex and affected by many soil biological, physical and
chemical properties (Huang et al. 2011). Mycorrhizal effects on soil P leaching have been
reported to be influenced by various factors, including strong soil P fixing capacity (Kéhl and van
der Heijden 2016); the mineralization and mobilization of soil P by soil microbes (Bender and
van der Heijden 2015); different host plants (Corkidi et al. 2011) or colonizing AMF species (Kohl
and van der Heijden 2016). Taken together, while it is apparent that AM can have an impact on

soil P loss via leaching, results among studies are variable. It is in this context that this project



was devised. | will now present a number of research gaps that | have identified, and consider

warrant investigation.



Table 1. Overview of studies investigating mycorrhizal effects on soil P loss via leaching

AMF species Host plants Experimental Soil types P loss response to AMF Explanation References
systems treatments
Glomus Clover Microcosm Sterilized loamy { P leached 2.7 times AM I plant growth Asghari et al.
intraradices greenhouse sand under low P conditions and plant P removal (2005)
No difference where soil
P high
Commercial Morning glory Pots/outdoor in Steam-pasteurized ~ AM had minimal effects  Greater nutrient (Carpio et al.
mycorrhizal summer soil less substrate on pH and EC of leachate  utilization-potential J, 2005)
inoculants risk of nutrient
(Seven AMF leached
species)
Glomus Three grass Microcosm Autoclaved dune { 60% P loss under low AM promote a closed (van der Heijden
intraradices species greenhouse sand nutrient conditions P cycle 2010)
No difference under
nutrients rich conditions
Soil AMF (soil Grass PVC column Autoclaved loam 4 1.4 times P N mycorrhizal root (Asghari and
filtrate) glasshouse soil concentration in leachate  biomass and nutrient Cavagnaro 2011)
uptake
Glomus Sunflower and Nursery container Steam sterilized { orthophosphate in M nutrient uptake (Corkidi et al.
species lemonade berry mixture of saw leachate 2011)
(commercial dust, clay and sand

product)




Glomus Maize soil sand mixture Varied depending on soil P leached negatively (Verbruggen et al.
intraradices inoculum used correlated with AMF 2012)
abundance
Soil AMF Red clover Microcosm Autoclaved soil N 20% unreactive P M plant productivity (Kohl et al. 2014)
greenhouse sand mixture No effects on dissolved
organic P

AMF isolated Grassland Microcosm Sterilized soil sand ~ “reactive P and {, N uptake of P and (Bender et al.
from grassland greenhouse mixture unreactive P leached mineralization of 2014)

soils organic P compounds
Soil AMF Crop rotation Outdoor lysimeter  Sterilized sand-soil I total P loss in Year 1 Enhanced (Bender and van
(maize/grass/ mixture and no effects in Year 2 mineralization and der Heijden 2015)
wheat/clover) mobilization of soil P
by soil microbes
Three AMF Grass and Microcosm; Gamma-sterilized No effects Strong P soil fixing (Kéhl and van der
species legume greenhouse soil sand mixture ability Heijden 2016)
Three AMF Grassland Microcosm; Autoclaved dune J 50% P loss AMF enhanced the soil (Martinez-Garcia
strains greenhouse sand nutrient interception et al. 2017)
ability
Rhizophagus Maize Pot; greenhouse Sterilized arable No effects AM had no impacts on  (Duffkova et al.
irregularis soil soil nutritional regimes 2019)
Soil AMF Rice pairs of Microcosm; Soil sand mixture {4 11% P leaching AMF {, P loss via (Zhang et al.
mycorrhiza- greenhouse runoff and leaching 2020)

defective




mutant and its

progenitor

Soil based AMF  Maize Dual-compartment
system;

greenhouse

Autoclaved soil

{d 21-39% P leaching loss

AMF { interflow P

(He et al. 2021)




1.1.4 Research gaps

Phosphorus is present in the soil in various chemical forms. These P-containing
compounds/pools may differ in their propensity to be leached from the soil, due to differences
in their behavior in the soil environment (Stutter 2015; McDowell et al. 2021). Phosphorus can
be leached from soils in reactive forms which are directly available to plants (dissolved PO43-P),
and unreactive forms that are not (e.g. soluble and particulate organic P compounds,
polyphosphates and particulate inorganic materials) (Pote et al. 2009). Previous work has shown
that these fractions make up a significant part of total soil P lost by leaching (Bender et al. 2014).
Unreactive P compounds can contribute 60% to 88% of total P leached (Ulen 1999; Neumann et
al. 2012). If we are to better understand (and indeed minimize) P loss via leaching, it is important
to study the different P forms and their behavior in the soil environment (Marc 2015). However,
previous research has only focused on the impact of AMF and the quantity of P leached, whereas
less attention has been paid to the chemical composition of the P leached, which is an important
key to exploring this phenomenon in depth. Bender et al. (2014) observed a 31 % and 24 %
reduction in total P and unreactive P in leachate (respectively), when plants formed AM (i.e.
compared to non-AM control treatments). In contrast, an 20 % increase in the leaching of
unreactive P in some mycorrhizal treatments has been reported (Kohl et al. 2014). Because of
the potential contribution of various types of P compounds in the leachate and mycorrhizal
effects on different P compounds may also be varied, it is necessary to identify the composition
of all P leached under the AMF-plant systems to address the question of whether AMF can
reduce overall P soil loss, or only a certain form of P. An understanding of this will be important
to effectively manage the risk of P leaching in the environment. The issue of the chemical nature

of pools of P leached is explored in Chapters 2 and 3.

AMF can improve soil structure (Rillig and Mummey 2006) and soil water retention
(Augé 2004), thereby playing an indirect role in reducing leachate volume. However, the impacts
of AM on leachate volume are not consistently reported in the literature (Asghari and Cavagnaro
2012; van der Heijden 2010). As root and AM effects on leachate volume may contribute to a
reduction in P loss via leaching, this is a matter that requires further study. Arbuscular
mycorrhizas can also improve plant water use efficiency (Bowles et al. 2016) and alter soil
moisture dynamics, which can in turn influence other soil physical, chemical, and biological
properties and processes. While mycorrhizal effects on the leachate volume and nutrient
concentrations in leachates are well documented (van der Heijden 2010; Asghari and Cavagnaro

2011; K6hl and van der Heijden 2016; Corkidi et al. 2011; Bender and van der Heijden 2015;



Bender et al. 2014), their impact on soil moisture dynamics have not been studied in detail.
Therefore, mycorrhizal effects on soil moisture and their association with soil P leaching under

greenhouse and field conditions were included in this study (Chapter 2, 3 and 4).

Soil microbial communities (beyond AMF) play an important role in the cycling of P in
agroecosystems (Dai et al. 2020). Soil microbial communities can the alter soil nutrient
availability and thus nutrient cycling and leaching (Rillig 2004). Soil microorganisms can produce
compounds that stimulate mycelial growth of AMF or enhance mycorrhizal formation (Barea et
al. 2002). AMF can, in turn, alter soil microbial diversity (Rillig et al. 2006a; Marschner et al.
2001) and/or bacterial abundance (Nuccio et al. 2013), and/or specific functional bacterial
groups such as phosphorus-solubilizing bacteria (Kim et al. 1997). Arbuscular mycorrhizal fungi
and phosphate-solubilizing bacteria have been found to interact, thereby increasing soil P
solubilization and plant growth (El Maaloum et al. 2020; Nacoon et al. 2020). Despite this, the
interaction between soil microbes and AMF or their impacts on soil P loss have not, to my
knowledge, been investigated. In recent years, high-throughput NextGen (lllumina) sequencing
has emerged as a powerful metagenomics tool for analyzing soil microbial community structure
(Nkongolo and Narendrula-Kotha 2020). Therefore, the composition of the soil 16S microbial
community, in the presence of mycorrhizal and non-mycorrhizal roots (using a mutant-based

approach-see below) was investigated in a field-based P leaching study (Chapter 4).

A major challenge in AMF study is the establishment of non-mycorrhizal control
treatments (Watts-Williams and Cavagnaro 2015). In most studies, non-mycorrhizal treatments
have been established by sterilizing experimental soils and back-inoculating them with AMF
inoculum (or not for non-mycorrhizal controls) and bacterial filtrates (Asghari and Cavagnaro
2012). The majority of previous experiments on the impact of AMF on soil P leaching have taken
this approach (Bender and van der Heijden 2015; Asghari and Cavagnaro 2011; Corkidi et al.
2011; Kéhl and van der Heijden 2016). Bacterial filtrates are used to equilibrate the soil microbial
community to one that is similar to that of non-sterilized soils; however, the soil microbes still
may require a long time to recover (Asghari and Cavagnaro 2011). The mycorrhiza-defective
tomato mutant rmc, which reduces mycorrhizal colonization, was first described by Barker et al.
(1998b) and has since been widely used in the study of AM in the glasshouse and field (Watts-
Williams and Cavagnaro 2015). A key advantage of using these tomato genotypes is that soils
do not need to be sterilized to eliminate AMF. This makes it possible to investigate the impact
of AMF on P leaching in soils with the wider soil biota intact. This pair of tomato genotypes has
been used under field conditions to study effects of AMF on soil ecology (Cavagnaro et al. 2006),

plant growth and soil carbon dynamics (Bowles et al. 2016), and in greenhouse studies on soil N
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leaching (Bowles et al. 2017a; Asghari and Cavagnaro 2012). However, to my knowledge, this
approach has not been used to evaluate mycorrhizal effects on soil P leaching in the field.
Therefore, these tomato pairs were used both under glasshouse and field conditions to study

effects of AMF on soil P leaching in this study (Chapter 2, 3 and 4).

Soil P immobilized by AM involves P uptake by the external hyphal network of the fungi,
and subsequent translocation and transfer to the host plants (Smith et al. 2008). The external
hyphae of AMF absorb inorganic orthophosphate (Pi) from soil solution, and then the P is
condensed into inorganic polyphosphate (PolyP) for long-distance translocation along the
hyphae (Callow et al. 1978; Solaiman et al. 1999). The process of P acquisition by the hyphae of
AMF is of central importance to AM reducing the available soil P pool that would otherwise be
at risk of being lost. Therefore, understanding how soil P is taken up and stored in mycorrhizal
external hyphae is an important question. Nuclear magnetic resonance (NMR) spectroscopy is
a powerful tool for the study of the nature and molecular characteristics of chemically complex
P species. In this project, 3'P NMR spectroscopy was used to investigate P metabolism in external
mycelium of AMF (Chapter 5). While this work did not develop into a major theme in this project,

some important results were found and so are presented herein.

1.2 Aims and objectives of the project
The project’s main aim is to examine how AM impact on P cycling and leaching in soils by

evaluating P dynamics in the plant, soil and leachate (Figure 1).

*P in root,shoot and fruits * P concentration in soil
e Plant biomass ¢ P soil compostions
(SDW,RDW) «Soil moisture
* Fruit yeild *Soil bacterial community
Plant Soil
AMF Leaching
® PolyP in mycorrhizal *P content in leachate
hyphae ¢ P chemical composition
eTotal P in hyphae in leachate

*DOC in leachate
e Leachate volume

Figure 1. Conceptual diagram of soil P pool to investigate mycorrhizal effects on soil
P leaching in this project.
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The mycorrhizal-defective tomato mutant, rmc and its wild-type progenitor (76R) were used to

establish mycorrhizal treatments in all leaching experiments. This approach enabled

experiments to be undertaken using non-sterilized soils, both in the glasshouse and field.

The specific objectives of the project were to:

Determine the effects of arbuscular mycorrhizas on plant P uptake, plant growth
and plant yield;

Determine the effects of arbuscular mycorrhizas on the amount of P in leachate,
chemical composition of the P in leachate, leachate volume;

Determine the effects of arbuscular mycorrhizas on the amount of P soil, chemical
composition of P soil after a leaching event;

Evaluate the effects of arbuscular mycorrhizas on soil moisture, the soil bacterial
community and their interaction with soil P leaching;

Characterize polyphosphate storage in mycorrhizal external mycelium using 3!P

NMR spectroscopy.

1.3 Overall structure of the thesis

The body of this thesis consists of four experimental data chapters written in manuscript style,

including two glasshouse-based microcosm experiments, a field-based experiment to

investigate AMF effects on soil P cycling and leaching, and a NMR study to examine the

polyphosphate storage in mycorrhizal hyphae (See Figure 2).
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Chapter 2: Effects of plant roots
and arbuscular mycorrhizas on
soil phosphorus leaching.

This study focused on
mycorrhizal effects on plant P,
plant biomass, P composition in
leachate and soil P under two
different P levels.

-AM had a positive impacts on
plant P and plant biomass;
-AM and roots increased
reactive P and DOC leached,;

-The total P and DOC leached
strongly correlated.

N\ J

Figure 2. Thesis body structure

Chapter 3: Root and mycorrhizal
effects on soil nutrient loss are
modulated by soil texture.

This chapter studied mycorrhizal and
root effects on the amount and
composition of soil P at different
depths, P and DOC leached; and soil
moisture for two different soil textures.

-Soil texture affected mycorrhizal
colonization, P plant uptake, P and DOC
leached;

-AM reduced P leached in sandy
subtrate, associated with high DOC
leached.

- J

Chapter 4: Arbuscular
mycorrhizal and field-grown
tomatoes: a study of growth,
phosphorus leaching, soil
moisture and the wider soil
microbial community.

A field-based experiment was
conducted to investigate
mycorrhizal effects on plant
nutrients, plant biomass, P
leached, soil moisture and soil
bacterial community.

-AM increased fruit yield and
nutrient concentrations;

-AM had no significant impact
on P sail, soil moisture or
s0il16S bacterial community

Qnd P leached.

J

Chapter 5: A study on
phosphorus uptake and storage
in external mycelium of
arbuscular mycorrhizal fungi.

A NMR study was conducted to
examine polyphosphate storage
in the external mycorrhizal
mycelium.

-Medicago truncatula
inoculated with Rhizophagus
irregularis in the hyphae-root
compartmented system created
sufficient quantities of external
hyphae for NMR analysis;

-Polyphosphate peaks were
identified in the 3P NMR
spectra.

N\ /
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HIGHLIGHTS GRAPHICAL ABSTRACT

Non-sterile soils with unplanted, or my-
corrhizal or non-mycorrhizal plants
were studied.

Mycorrhizal plants corresponded to the
most leached total and reactive P, and
dissolved organic C.

Leached total P and dissolved organic
carbon were strongly correlated.
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ARTICLE INFO ABSTRACT
Amd_ﬁ‘ history: While the impact of arbuscular mycorrhizal fungi (AMF) on phosphorus (P) uptake is well understood, the mech-
Received 1 November 2019 anism(s) of how these fungi affect P leaching from soil is still unclear. Here we present results of a study in which
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we grew a mycorrhiza-defective tomato (Selanum lycopersicum 1.) genotype (named rmc) and its mycorrhizal
wild-type progenitor (named 76R) in microcosms containing non-sterile soil, to examine the influence of roots
and AMF on P leaching. More P was leached from the planted microcosms as compared to the plant-free controls.

Editor: Patricia Holden Further, although there»was more plant biomass a_nd greater P uptak(_é in the mycprrhizal plant 'Freatments, these
treatments were associated with the most leaching of total P, reactive P, and dissolved organic carbon (DOC).

Keywords: There was a strong correlation between the total P and DOC leached, suggesting that root and fungal exudates

Arbuscular mycorrhizal fungi may have affected P leaching. These findings provide new insights into the impact of roots and AMF on nutrient

Dissolved organic carbon leaching in soils.

Mycorrhiza-defective tomato mutant © 2020 Elsevier B.V. All rights reserved.
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1. Introduction

The availability of phosphorus (P) in many soils is low due to the

propensity for P to bind to soil particles and form precipitates with

"+ Corresponding author. soil cations (White, 2009). As a resul, it is estimated that only 10-30%
E-mail address: cuctran@adelaide.edu.au (CT.K. Tran). of P applied as fertilizer is taken up by plants (McLaughlin, 1991).
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Consequently, agricultural application rates of P can be high (Frossard
et al., 2000; Ozanne et al., 1961). Although P leaching from soils has
long been considered negligible in most situations (Brookes et al.,
1997; Bender and van der Heijden, 2015), it can occur where rates of
P application are high and plant assimilation is low. Since the movement
of P from soil into waterways can lead to eutrophication and biodiver-
sity loss (Sharpley and Rekolainen, 1997), research into ways to miti-
gate soil P loss has been longstanding (Reid et al., 2018).

Arbuscular mycorrhizal fungi (AMF) are a widespread group of soil
fungi that establish a symbiotic association with the roots of 80% of ter-
restrial plant species (Smith and Smith, 2011). AMF can increase plant P
acquisition (Marschner and Dell, 1994; Cavagnaro, 2008), which may
result in a reduced available soil P pool that would otherwise be at
risk of being lost; thus, AMF may reduce soil P leaching (Asghari et al.,
2005; Bender et al., 2015). The reduction in P lost through leaching as-
sociated with AMF is explained mainly by the extension of the fungal
hyphae, efficient P plant uptake, and P immobilization in plant and
fungi biomass (Asghari and Cavagnaro, 2011; Cavagnaro et al., 2015).
However, AMF do not always decrease P leaching, with some previous
studies reporting no effects on P leaching (Verbruggen et al., 2012;
Kohl and van der Heijden, 2016). The effects of AMF on leaching may
depend on various AMF-mediated changes in the chemical composition
of soil leachates, but this topic is not well-studied. This is an important
gap in knowledge, given that the chemical form of P can impact on its
behavior in the environment (Turner et al., 2002). Many types of P com-
pounds can be leached from soil including “reactive” P forms, which are
directly available to plants (primarily dissolved phosphate) and
“unreactive” P forms (soluble and particulate organic P compounds,
polyphosphates and particulate inorganic materials) (Pote et al.,
2009). Leaching of unreactive P can represent 60-90% of total P leached
(Bender etal., 2015; Ulen, 1999; Neumann et al., 2012). In addition, pre-
vious studies showed that AMF can reduce unreactive P in leachates
(Bender and van der Heijden, 2015). Because of the potential contribu-
tion of various types of P compounds in the leachate and the potential
effect of AMF on reducing these P compounds, it is necessary to identify
the composition of all P leaching under AMF-plant systems to ascertain
whether AMF can reduce overall P soil loss or only some P forms.

The impact of AMF on soil nutrient loss via leaching has been mostly
investigated in sterilized soil systems which make use of bacterial filtrates
to establish the non-mycorrhizal treatments (Kéhl and van der Heijden,
2016; Bender et al., 2015; Asghari and Cavagnaro, 2011; Corkidi et al.,
2011; Asghari et al.,, 2005). The aim of bacterial filtrates is to reproduce
soil microbial communities similar to that of non-sterilized soils. How-
ever, the soil microbes may require a long time to recover (Asghari and
Cavagnaro, 2011). Mycorrhiza-defective tomato mutant genotypes have
been developed for research purposes to investigate many aspects of
soil-plant processes mediated by rhizosphere microbial communities
(Watts-Williams and Cavagnaro, 2014). A key advantage of these geno-
types as tools is that they are relatively non-invasive since AMF do not
have to be eliminated from the system (Rillig et al., 2008). So far, this ap-
proach has been used to evaluate the effect of AMF on N leaching (Asghari
and Cavagnaro, 2012; Bowles et al,, 2017) but not yet on P leaching.

The influence of AMF on P leaching in sterilized soil has been well
studied; the same is not true of unsterilized soil. Moreover, most studies
of AMF impacts on soil nutrient loss via leaching have not considered
the nature of the P leached (i.e. total P versus reactive P). Therefore,
the goal of this study was to test the hypotheses that AMF can reduce
the P leached in the non-sterile soil by using mycorrhiza-defective to-
mato mutant genotypes. Specifically, we hypothesized that:

i) Colonization of roots by AMF would increase the mobility of P in the
soil, and thus increase plant P uptake and growth compared to a
non-colonized plant, and

ii) Colonization of roots by AMF would reduce the leachate volume, the
amount of the P leached, and modify the composition of P leached,
compared to a pot containing a non-colonized plant.

2. Materials and methods

Leaching experiments were conducted in a glasshouse at the Univer-
sity of Adelaide's Waite Campus (Adelaide, South Australia, Australia)
from July to August 2018. A mycorrhiza-defective tomato (Solanum
lycopersicum L.) mutant with reduced mycorrhizal colonization (named
rmc hereafter), and its mycorrhizal wild type progenitor (named 76R
hereafter) (Barker et al., 1998) were used to establish mycorrhizal and
non-mycorrhizal control treatments in the non-sterile soil. The experi-
ment was set up with three P levels (see below), the two tomato geno-
types and a plant-free control treatment; there were five replicates per
treatment and a total of 45 microcosms.

2.1. Microcosms, soil and nutrient addition

The microcosms used in this experiment were constructed with PVC
pipe (90 mm diameter x 350 mm height), fitted with a cap on the base
that had a 15 mm diameter drainage hole, to which a PVC drainage out-
let (15 mm diameter x 35 mm long) was fitted to allow easy collection
of leachates (Bowles et al., 2017). Filter paper was placed in the base of
each microcosm to avoid soil loss, above which a 200 g layer of washed
sand was placed to aid drainage. All microcosms were then filled with
2 kg of a soil/sand mixture including 100 g of AMF inoculum per pot,
and amended with P, as follows.

The soil used was collected from the 0-10 cm layer of the University
of Adelaide's Waite Campus Arboretum, South Australia. The soil at this
site is a fine sandy loam, Urrbrae red-brown earth (Alfisol) with total P
concentration of 248 + 4 mg kg ' dry soil and plant-available ( Colwell)
P concentration of 16 = 0.5 mg kg ! dry soil (see below for analytical
methods). The soil was air-dried and sieved to <2 mm, and then
mixed with fine sand in a ratio of 70:30 (soil/sand w/w). This soil/
sand mixture provides a substrate conducive to uniform leaching, and
facilitates ready extraction of roots at the time of harvest (Bowles
et al,, 2017); this mixture is referred to as ‘soil’ hereafter. The field ca-
pacity of the soil was determined using a sintered glass funnel con-
nected to a 1 m water column (¥, = —10 kPa) (Cavagnaro, 2016).
Soil was packed in the glass funnel to the same bulk density as the
field site from which it was collected (1.36 g/cm?), saturated with
water and allowed to drain for 48 h and weighed. The soil was then
dried at 105 °C for 48 h and gravimetric moisture content calculated, fol-
lowing Ngo and Cavagnaro (2018). The gravimetric moisture content at
field capacity was 0.22 g water g ' dry soil. The total and plant-available
(Colwell) P concentrations of the soil were 202 4+ 4 mg kg ! dry soil
and 12 + 0.5 mg kg ' dry soil, respectively.

An AMF inoculum was derived from single-species pot cultures of
Rhizophagus irregularis WFVAM10 (formerly named Glomus intraradices).
The AMF inoculum was a pot culture containing a mixture of dry soil,
spores, external hyphae and root fragments of Trifolium subterraneum L.
(clover) cv. Mt. Barker.

Three P addition treatments were established by mixing K;HPO4.3H,0
dissolved in 50 mL of reverse osmosis (RO) water, thoroughly through the
soil. This method of P addition was found to provide a uniform mixture in
a preliminary experiment (data not shown). The three rates of P applica-
tion were 0, 10 and 20 mg P kg ! soil and gave a final plant-available
(Colwell) P concentration of: 12 £ 0.36, 20 4+ 0.47 and 28 4+ 0.5 mg P
kg ! dry soil analysed immediately after adding fertilizer.

Seeds of the 76R and rmc tomato genotypes were surface sterilized
with a 10% sodium hypochlorite solution, rinsed with RO water, and
then sown into coarse sand for germination. One week later the seed-
lings with fully expanded cotyledons were transplanted into the micro-
cosms (one seedling per microcosm).

Following planting, the microcosms were watered with RO water to
75% of WHC (by weight) to provide sufficient moisture to support plant
growth, but avoiding water being leached from the microcosms during
the plant growth phase of the experiment. Plants were grown in a glass-
house with 14.5/9.5 h light/dark cycle; mean minimum and maximum
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temperatures were 16.8 and 22.5° C, respectively; mean minimum and
maximum humidity were 31.5% and 85.8%, respectively. One week after
planting all plants were supplied with 30 mL of a modified Long-Ashton
nutrient solution without P (Cavagnaro et al., 2001), then 10 mL of the
same solution weekly, thereafter. Three weeks after transplanting,
7 mg P as K;HPO4.3H,0, and 20 mg N as NH,NO; were added (in the ir-
rigation water) to all pots following the appearance of foliar symptoms
of P and N deficiency.

2.2. Harvesting and leachate collection

Six weeks after planting into the microcosms, the shoots of plants
were cut at the soil surface (to eliminate water loss via transpiration),
and immediately after, the columns were flushed slowly with a total
of 700 mL of RO water, equivalent to a rainfall event of 110 mm
(Asghari and Cavagnaro, 2012), in order to leach soil nutrients from
the column. Aliquots of 200 mL of water at a time were added to the sur-
face of the soil. This represents an equivalent addition of 31.4 mm rain-
fall, but due to rapid initial infiltration, the depth of free water on the
surface was always less than this. Subsequent aliquots were added
when there was no free water remaining on the surface and the full
700 mL of water was added within a period of approximately 12 h.
The leachates were collected from the microcosms over a period of
48 h by which time outflow had ceased.

2.3. Leachate analysis

The volume of leachate collected was recorded, and leachate pH, total
P, molybdate-blue reactive P and dissolved organic carbon (DOC), quanti-
fied, as follows. The pH was measured directly on the leachates using a
hand-held electrical conductivity/pH meter (WP-81, TPS Pty Ltd.). Total
P in leachates was measured directly on leachate using inductively
coupled plasma-optical emission spectrometry ICP-OES (Avio 200, Perkin
Elmer). Molybdate-blue reactive P was measured colorimetrically using a
Multiskan Go (Thermo Scientific) plate reader (Murphy and Riley, 1962).
The concentration of DOC in leachates was measured directly using a
Shimadzu total organic carbon and total nitrogen analyser. These data, to-
gether with leachate volumes were used to calculate total amounts of P
(total P and reactive P) and DOC leached. The values of unreactive P
were calculated for each replicate by subtracting the reactive P from
total P. These values were then used to calculate the means and standard
errors, following the method of (Bender et al., 2015)

2.4. Plant biomass and soil analysis

Immediately following the leaching event, all soil was removed from
the soil cores and a representative 100 g sample was taken for determi-
nation of plant-available (Colwell) P and total P as follows. The concen-
tration of total P in soil samples was analysed using an Avio 200 ICP-OES
(Perkin Elmer), following digestion with nitric acid and hydrochloric
acid (Wheal et al.,, 2011). The concentration of plant-available (Colwell)
P in soil samples was determined using a modification of Colwell (1963)
(extraction with 0.5 NaHCOs at a soil:extractant ratio of 1:100 and 16 h
shaking) followed by colorimetric analysis (Murphy and Riley, 1962).

The roots were carefully washed free of the remaining soil with RO
water and fresh weights determined. A subsample (of known weight)
of plant roots was cleared with 10% KOH (w/v) and stained with 5%
ink in vinegar (Vierheilig et al., 1998). Mycorrhizal colonization of the
roots was then determined using the gridline intersect method for at
least 100 intersections (Giovannetti and Mosse, 1980). All remaining
plant material was dried at 60 °C for 48 h, before shoot dry weights
(SDW) and root dry weights (RDW) were determined. Dried shoots
and roots were then ground to a fine powder. The concentration of P
in shoots and roots was analysed using an Avio 200 ICP-OES (Perkin
Elmer), following digestion with nitric acid and hydrogen peroxide
(Wheal et al., 2011).

2.5. Statistical analysis

All data were analysed using GENSTAT (VSN International (2017) for
Windows 18th Edition. VSN International, Hemel Hempstead, UK. Web
page: Genstat.co.uk). Data were checked for the assumption of normal-
ity by the residual plots. Two-way analysis of variance (ANOVA) was
performed with the factors P addition treatments and mycorrhizal
plant/non-mycorrhizal plant (for the plant biomass parameters) or no
plant/mycorrhizal plant/non-mycorrhizal plant (for soil and leachate
parameters). Where there were significant interactions, means were
compared using the Fisher's Protected LSD method (P<0.05). The corre-
lation between total P content and DOC in the leachates was tested by
regression analysis using GENSTAT (simple linear regression).

3. Results
3.1. Mycorrhizal colonization, plant growth and nutrient uptake

Whereas roots of the 76R plants in all treatments were colonized by
AMEF (37 + 3% of root length colonized on average across all treatments)
(Fig. 1a), those of the rmc genotype were not colonized. Colonization of
the 76R plants was impacted by soil P addition with colonization higher
where P was added to the soil.

Mycorrhizal colonization and soil P addition had a significant impact
on plant biomass (Fig. 1b) and P uptake (contents) (Fig. 1c). Specifically,
the root and shoot dry weights, and P content of the mycorrhizal plants
were greater than that of the non-mycorrhizal plants, irrespective of soil
P addition treatment (the only exception was the shoot P content in the
P20 treatments c¢). Additionally, in response to soil P supply, plant bio-
mass and P contents were higher in the P20 treatment (irrespective of
mycorrhizal treatment) than in the PO and P10 treatments. (See
Table 1).

3.2. Leachate volume and nutrient content

After 48 h, all added water had infiltrated the soil surface in all treat-
ments. The volume of leachate collected at the end of the experiment of
the P10 treatment was higher than that of OP and 20P treatment. There
was no significant difference in leachate volume between mycorrhizal
plants and non-mycorrhizal plants but leachate volume was higher in
the absence of a plant (Fig. 2a). Leachate pH (Fig. 2b) ranged 7.0 to
7.4, and was higher when a mycorrhizal plant (and non-mycorrhizal
plant at P20 only) was present compared to no plant present.

The impact of the plant and P addition treatments on P leaching in
this experiment was complex. Data for total P, reactive P, and (by sub-
traction) unreactive P are presented in Fig. 3a. Total P was lowest and
relatively unaffected by P addition treatment in the plant-free treat-
ments, but it increased with increasing P addition in mycorrhizal plant
microcosms. The total P leached from non-mycorrhizal plant micro-
cosms was not different between PO and P10 but increased at P20.
This response was largely driven by reactive P, rather than un-reactive
P in the leachates; reactive P followed the same pattern as total P in
the leachates, whereas unreactive P was relatively constant across all
treatments. As a result, there were contrasting ratios of reactive P to
unreactive P in the leachates (Fig. 3b). This ratio was significant lower
in the plant-free control pots than in plant pots (P<0.001); there was
no significant difference in this ratio between mycorrhizal plants and
non-mycorrhizal plants (Table 2). This ratio was higher for P20 treat-
ments than for the PO and P10 treatments.

Similarly to the total P in the leachates, the DOC content was lowest
and relatively unaffected by P addition treatment in the plant-free treat-
ments, but it increased with increasing P addition in mycorrhizal plant
microcosms. The DOC content of the non-mycorrhizal plant microcosms
was not different between PO and P10 but increased at P20 (Fig. 4a). In-
terestingly, DOC content in leachate was correlated with the total P con-
tent in the leachate (R? = 0.76, P<0.001, n = 45). The correlation was
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Fig. 1. Arbuscular mycorrhizal colonization of 76R roots (a), mean shoot (above x-axis)
and root (below x-axis) dry weight (b), and plant phosphorus (P) content of the rmc
(white bar) and the 76R (grey bar) genotypes of tomato (c), following the application of
P treatments. 76R and rmc are mycorrhizal and mycorrhiza-defective tomato genotypes.
0P, 10P and 20 P are P treatments at 0, 10 and 20 mg P kg ! dry soil. Values are
mean + SE, n = 5. Means followed by the same letter are not significantly different at
the P<0.05 level.

stronger for the reactive P content in the leachate (R? = 0.68, P<0.001,
n = 45) than the unreactive P content (R*> = 0.29, P<0.001, n = 45)
(Fig. 4b).

3.3. Total and plant-available (Colwell) soil P
In general, the amount of total P, including unreactive P and reactive

P remaining in soil after leaching did not differ between mycorrhizal
and non-mycorrhizal treatments (the only exception was the reactive

Table 1

Statistical outcomes of two-way ANOVA for a range of plant physiological variables.
Plant biomass and P plant P Plant treatment Interaction
content treatment (AM/non AM)
SDW <0.001 <0.001 ns
RDW <0.001 0.001 ns
Shoot P content <0.001 0.001 0.045
Root P content <0.001 <0.001 ns

P in the P20 treatments; see Fig. 5). However, there was less total P
and unreactive P in the plant-free controls, in comparison with the
other treatments. Plant-available P comprised only a small portion of
the total P in the soil (7.6% mean across all samples), and was signifi-
cantly higher in P20 than in the P10 and PO treatments.

4. Discussion

To our knowledge, this is the first study to explore the influence of
AMEF on P leaching in a non-sterilized soil system, and the first to exam-
ine P composition and DOC concentration in the leachate. As expected,
the amount of P leached was higher in soils with a higher starting P con-
tent. Intriguingly, however, increased P was leached where plants were
present, and especially so when they were mycorrhizal, regardless of
the greater plant biomass and P uptake in the mycorrhizal plants.
Changes in the ratio of reactive to unreactive P in the leachates and a re-
lationship between P leached and DOC suggest that the impacts of roots
and AMF on P leaching may be more complex than a simple plant/
fungal-mediated reduction in the pool of P available in the soil to be
leached.

In our study, the use of the supplemental inoculation of Rhizophagus
irregularis and the indigenous AMF community resulted an increase in
plant biomass and tissue P concentration. This is consistent with a
meta-analysis of 22 published studies which demonstrated that tissue
P concentrations were generally higher in the 76R genotype than the
rmc genotype in both root and shoot tissue (Watts-Williams and
Cavagnaro, 2015).

By including the plant-free treatments in our study, we revealed the
significant contribution of plant roots in term of leached volume, the
total P and DOC content in the leachates. The leachate volume was
greater from the plant-free treatments than those with plants, this
might derive from effects of water absorption and exudation of plant
roots. Plant root exudates such as mucilage, a polymeric gel, can in-
crease the water holding capacity of soil (Kroener et al., 2016; Mimmo
et al.,,2003) especially in the rhizosphere (Kroener et al., 2014). Further-
more, the use of non-sterilized field soil here likely allowed the native
soil microorganisms to produce compounds which can increase root
cell permeability and thus increase the rate of root exudation (Barea
etal., 2002).

Previous findings on the effect of AMF on P leaching vary across
studies. AMF have been reported to reduce P leaching from soil
(Asghari and Cavagnaro, 2011; van der Heijden, 2010; Bender et al.,
2015), to have no effect on P leaching (Verbruggen et al.,, 2012; Kéhl
and van der Heijden, 2016), to both reduce and have no effect in the
same experiment depending on soil P (Asghari et al., 2005), or to in-
crease P leaching in some treatments (Bender and van der Heijden,
2015; Kohl et al., 2014). However, to our knowledge, our study is the
first to show a significant and consistent increase in P leached with my-
corrhizal plants (P10 and P20 treatments). Our inclusion of plant-free
control treatments, coupled with a genotypic approach to control for
the formation of AMF allow us to determine the effects of roots, both
colonized by AMF and not, on P mobility with the native soil
microbiome intact. Differences in leached total P were dominated by re-
active P. Reactive P in the leachate accounted for 65-75% of total P,
whereas the unreactive accounted for 25-35%. These proportions are
similar to those reported for leachates from four grassland soil types
using a large scale lysimeter in a field site (Turner and Haygarth, 2000).

The greater amount of reactive and total P leached in the presence of
mycorrhizal root systems may be due to impact of AMF and other rhizo-
sphere microorganisms as AMF can directly and indirectly impact soil
microbial communities (Rillig, 2004). The activity of soil bacteria
(Lecomte et al., 2011) and phosphate solubilising bacteria (Smith and
Read, 2008; Toro et al., 1997), and phosphate solubility (Roy-Bolduc,
2011), have been found to be higher in the presence of AMF. Similarly,
under P-deficient conditions, plant roots (Ryan et al., 2001) and soil rhi-
zosphere microorganisms (Darch et al., 2016) can increase soil P by
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releasing organic anions and phosphatases to solubilize minerals and
desorb P from minerals (Schachtman et al., 1998; Raghothama and
Karthikeyan, 2005). Thus, the activities of plant roots and a range of
soil microbes affect P mobility and enhance the probability of P loss
through leaching (van der Heijden, 2010).

Although it is established that AMF can influence soil C cycling
(Rillig, 2004), there is little information about the interaction of AMF
and C leaching from soils. Our study is the first study to reveal the con-
tribution of both plant roots and AMF to DOC leaching. Contrary to ex-
pectations, more P was leached from soils were mycorrhizal plants
were present. This higher P in the leachate was coincident with differ-
ences in the colours of the leachates between treatments, prompting
analysis of the DOC content of the leachates. This analysis revealed a
strong correlation between total P leached and DOC. The increase in
DOC for the plant treatments relative to the plant-free treatment can
be attributed to root exudates. Exudation of organic compounds from
plant roots is often associated with the release of polyvalent cations
(Oades, 1984; Pojasok and Kay, 1990; Amezketa, 1999), which are
known to participate in “bridging” interactions whereby the cations
bind simultaneously to organic matter and phosphate (Xiong and
Mahmood, 2010). Thus, simultaneous increases in the concentration
of both DOC and polyvalent cations may be responsible for enhanced
phosphate solubility and hence leaching. DOC is an important source
of C for microbes (Hogberg and Hogberg, 2002); the greater amount
of DOC leached in the mycorrhizal treatments may be associated with
an increase in rhizosphere microbial activity that can increase

production (GoEdde et al., 1996) and leaching of DOC (Christ and
David, 1996). Alternatively, the presence of the polyvalent cations,
which influence organic decomposition (Andersson et al., 2000), may
have led to simultaneous P and DOC release from organic matter. QOur
study highlights the important potential contribution of AMF and soil
microbial communities on P and DOC leached from soils, but there is a
need for further study on these aspects.

Although the plant-free treatments had the highest leachate volume
here, the total P and DOC leached and the reactive-unreactive P ratio
was lowest and did not change with increased P addition. In contrast,
within the plant treatments, the total P leached increased with P addi-
tion, leading to changes in the reactive-unreactive P ratio in the leach-
ates of the plant treatments. Moreover, within the plant treatments,
the total P and the DOC content in the leachates were higher in the my-
corrhizal plant treatments than the non-mycorrhizal plant treatments
in the P10 and P20 treatments. The P10 and P20 treatments were also
where there was higher root biomass in the mycorrhizal plants than
the non-mycorrhizal plants. It is possible that the greater plant root bio-
mass observed was associated with the greater P and DOC found in the
leachate of the mycorrhizal treatments, indicating a greater contribu-
tion by the roots and AMF to P and DOC leached. The leachate volume
did not differ between AM and non-AM plants, which is consistent
with earlier leaching experiments (Asghari and Cavagnaro, 2012; van
der Heijden, 2010), suggesting that the difference in the mobility of P
and DOC between mycorrhizal plant treatments and non-mycorrhizal
plant treatments did not depend on the amount of water leached but
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Fig. 3. Content of P leached from pots after leaching event. (a) Total dissolved P (white bars), reactive P, i.e. dissolved PO,-P (dotted bars), “unreactive P”, i.e. all P fractions besides dissolved
PO4-P (shaded bars) (b) Ratio of reactive P:unreactive P. 76R and rmc are mycorrhizal and mycorrhiza-defective tomato genotypes. OP, 10P and 20 P are P treatments at 0, 10 and 20 mg P
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possibly on the changes to soil P mobility and DOC in soils due to the as-
sociation with AMF, soil microbial communities and plant roots.

After the leaching event, the plant-available P accounted for a small
portion of the total P in soil, suggesting the addition at the rate of 10 and
20 mg kg ! dry soil might not effectively elevate the plant P availability
in soil. Moreover, the mean total P leached only accounted for 0.75% and
0.44% of P applied to the soil, and the total P contents of the soil
(i.e., applied P + existing soil P), respectively. These findings likely

Table 2
Statistical outcomes of two-way ANOVA for a range of leachate and soil physiological
variables.

Leachate and soil P Plant treatment (AM/non Interaction
treatment AM/no plant)

Leachate volume 0.015 <0.001 ns
pH of leachate ns <0.001 0.028
Leachate total P 0.006 <0.001 0.005
Leachate reactive P 0.004 <0.001 0.027
Leachate unreactive P ns 0.05 ns
Ratio of reactive P:unreactive P 0.04 0.001 ns
DOC content of leachate <0.001 <0.001 0.002
Soil total P <0.001 <0.05 ns
Soil reactive P <0.001 ns 0.001
Soil unreactive P <0.05 <0.001 ns

reflect the relatively high P fixing capacity of the soil used, which was
a loam containing 62.9% clay and silt.

In summary, although AMF can have a positive impact on tomato P
uptake and biomass, their influence on soil P leaching should be care-
fully evaluated as nutrient leaching is a major factor from a soil manage-
ment perspective. In contrast to previous studies, we found an increase
in P loss via leaching where plants formed arbuscular mycorrhizas, and
when plants were present compared to when they were not. The in-
crease in P loss may be associated with greater P mobility from soils,
suggesting soil characteristic changes conferred by the roots of plants
colonized by AMF. Such differences might relate to changes in microbial
communities and plant root exudate chemistry variations between my-
corrhizal and non-mycorrhizal plant roots. As these aspects were not in-
cluded in our study, further work should focus on the changes of these
factors under the mycorrhizal root systems to underline the effect of
AMEF on P soil loss.

Specifically, there was a great capacity for P uptake through
both the root and AMF pathways, thus measures of available soil
P may not be an adequate indicator of fertilizer application require-
ments in the field. This emphasises the potential role of plant roots
for ‘mining’ P from the soil under P limitation conditions. The shift
of reactive and unreactive P composition, and the strong correla-
tion between total P and DOC in the leachates may underline
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Fig. 5. Phosphorus content (mg pot ') in soil samples after the leaching event. (a) Total
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are not significantly different at the P<0.05 level.

these interesting results. By using the mycorrhiza-defective to-
mato as a tool, our study reveals new and counterintuitive findings
that AMF not only enhance P uptake but might be associated with
high P mobility in planted systems. This study also provides a fur-
ther step in understanding the potential mechanism of the influ-
ence of AMF in P leaching, however, it also underscores the need
for more studies to confirm the impacts of AMF and plant roots on
soil biological, chemical and physical properties.
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ARTICLE INFO ABSTRACT

Keywords:

Arbuscular mycorrhizal fungi (AMF)

Soil texture

Phosphorus leaching

Mycorrhiza-defective tomato mutant (rmc)
Dissolved organic carbon (DOC)

Despite their importance, there is a lack of knowledge on the impact of forming arbuscular mycorrhizas (AM) on
soil phosphorus (P) leaching in soils with different textures. Therefore, the objective of this study was to
investigate the impacts of mycorrhizal and non-mycorrhizal roots on P leaching in two non-sterilised soils of
contrasting texture. A mycorrhiza-defective tomato (Solanum lycopersicum L.) genotype (named rmc), and its
wild-type progenitor that is able to form AM (named 76R), were used to investigate the effects of AM on soil P
loss via leaching. Concentrations of reactive and un-reactive P in the leachate and soil were measured and related
to plant growth, plant P uptake, soil water relations and leachate dissolved organic carbon (DOC) concentration.
Soil texture affected mycorrhizal colonization, plant growth and plant P concentration, and influenced the
concentration and chemical composition of P and the concentration of DOC leached. The chemical composition
of P leached and P remaining in soil varied with soil texture, the presence or absence of roots, and their
arbuscular mycorrhizal status. Mycorrhizal plants reduced P lost via leaching in the sandy soil substrate, where
DOC leached was also high. The roots, regardless of mycorrhizal colonization, appeared to have the greatest
impact on increasing P and DOC leached. Taken together, this study provides new insights into the role of AM on
soil P loss via leaching in soils of contrasting texture.

1. Introduction grassland species) (van der Heijden, 2010), and different soil types

(Bender et al., 2014). Experiments on the impacts of AM on soil nutrient

Typically, less than 50% of soil-applied inorganic fertiliser is taken
up by crops (Junguo et al., 2010). Nutrients not taken up by crops are
prone to loss, for example, via leaching and surface run off, erosion or in
gaseous forms (Junguo et al., 2010). When nutrients make their way into
water bodies, water quality can be reduced (Boesch et al., 2001;
Springmann et al., 2018), leading to eutrophication and biodiversity loss
(Sharpley and Rekolainen, 1997).

Arbuscular mycorrhizal fungi (AMF) are a group of near-ubiquitous
soil fungi that can establish a symbiotic association with the roots of an
estimated 80% of terrestrial plant species (Smith and Smith, 2011). The
potential for AM to reduce the risk of phosphorus (P) leaching in soil has
been the subject of growing interest (Cavagnaro et al., 2015; Parihar
etal., 2019). Various aspects of the impact of AM on soil P loss have been
studied, including the importance of AMF species (Kohl and van der
Heijden, 2016), different host plant species (e.g. three different

loss have also been carried out using re-packed soil cores (Asghari and
Cavagnaro, 2012), intact soil cores (Asghari et al., 2005), field lysime-
ters (Bender and van der Heijden, 2015), and nursery containers (Cor-
kidi et al., 2011).

Although AM can reduce soil P loss via leaching, most studies have
focused on analysing the total amount of P in the leachate, rather than
the chemical nature of the P leached and/or remaining in the soil. Some
insights, however, have been gained. For example, Bender et al. (2014)
found that the formation of AM reduced the total amount of P and
unreactive P leached. In contrast, in a previous study, we found an in-
crease in both total and reactive P leached from soil with mycorrhizal
plants, compared to non-mycorrhizal plants (Tran et al., 2020). This
highlights the need for further information on the impacts of roots and
AM on the leaching of P from soil in its various forms. Given the dif-
ferences in the behaviour of P in different forms in the environment

Abbreviations: AM, Arbuscular mycorrhizas; AMF, Arbuscular mycorrhizal fungi; DOC, Dissolved organic carbon; P, Phosphorus; RDW, Root dry weight; rmc,
Mycorrhiza-defective tomato mutant; 76R, Mycorrhizal wild type progenitor tomato; RO, Reverse osmosis; SDW, Shoot dry weight.
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(Toor et al., 2005), it is important to quantify not only the total amount
of P leached, but also its chemical nature (e.g. reactive and unreactive)
both in the leachate and the soil.

Although root and mycorrhizal assimilation of nutrients can help to
reduce the loss of nutrients via leaching, they can also modify the soil
environment in ways that increase the risk of nutrient loss. For example,
root exudates (e.g. low molecular weight organic acids) (Jaitz et al.,
2011) can modify the rhizosphere and stimulate microbial activity
(Nannipieri et al., 2008), thereby affecting N (Brzostek et al., 2013) and
P (Neumann G, 2007) cycling and availability, and thus, their propensity
for loss via leaching. Similarly, carbon-rich root exudates can increase
soil dissolved organic carbon (DOC), which can directly or indirectly
bind with other soil nutrients (Nowack et al., 2008; Houben and Sonnet,
2012). To this end, we recently demonstrated that DOC in leachate was
positively correlated with P leached (Tran et al., 2020).

Soil P loss via leaching is complex and is affected by many edaphic
factors, including chemical, hydrological (soil permeability, soil aggre-
gation) (Maguire and Sims, 2002), and P-sorption properties (Djodjic
et al., 2004). Leaching of P is particularly problematic in sandy soils
where low P sorption capacity and relatively high hydraulic conduc-
tivity (Sims et al., 1998; Nelson et al., 2005) can lead to significant P loss
during rainfall events. Despite this, to our knowledge, very few studies
focused on the effect of AM on P leaching in a sandy soil. Moreover, in
our previous leaching experiment, the mean total P leached only
accounted for 0.75% of P applied to the soil, and 0.44% of the total P
contents of the soil (i.e., applied P + existing soil P) (Tran et al., 2020).
This was likely due to the soil used (a loam containing of 62.9% clay and
silt) having a high P absorption capacity. While previous work has
focused on P leached from the soil, there are relatively few studies of
root and AM effects on the amount and nature of P remaining in the soil.
To further explore this issue, there is a need to investigate impacts of
roots and AM on soil P leaching in soils with contrasting textures.

Here we compared the impact of roots and AM on plant biomass,
plant P uptake, composition of P forms (total P, reactive P and unreac-
tive P leached) and DOC concentration in the leachate and soil P
availability of two soil substrates. Specifically, we hypothesised that:

i. Roots and root colonization by AMF would affect soil moisture
content and P mobilization and thus affect the leachate volume,
the amount and composition of P in leachates and soils;

ii. The presence of plants would increase the P and DOC leached
compared to no-plant treatments, regardless of soil texture; and
iii. A sandy soil substrate with lower clay content and water holding
capacity would have less root colonization by AMF and thus more
P and DOC leached compared to a soil with a higher clay content.

2. Materials and methods
2.1. Microcosm systems

The microcosms used in this leaching experiment were constructed
with PVC pipe (9 cm diameter x 35 cm height), following (Bowles et al.,
2017). These pipes were fitted with a cap on the base that had a 15 mm
diameter drainage hole, to which a PVC drainage outlet (15 mm diam-
eter x 35 mm long) was fitted to allow collection of leachates. The PVC
pipes were cut into three layers (0-10 cm, 10-25 cm and 25-35 cm) and
then were carefully re-sealed using waterproof tape (T-rex 48 mm x 1.5
m ‘ferociously strong tape’, T-rex, USA), with a further layer of duct
tape. This approach made it possible to cut the soil cores into three
layers at the time of harvest (i.e. after leaching, see below). Filter paper
was placed in the base of each microcosm to avoid soil loss, above which
a 200 g layer of washed sand was placed to aid drainage.

The experiment was established with two ratios of sand:soil, two
tomato genotypes (see below) and a plant free treatment; there were five
biological replicates per treatment, giving 30 microcosms in total.

Applied Soil Ecology 167 (2021) 104097

2.2. Soil, inoculum and nutrient addition

The soil used in this experiment was a fine sandy loam (25.71% clay;
37.19% silt; 37.11% sand) (Urrbrae red-brown earth (Alfisol)) collected
from the 0-10 cm layer of the University of Adelaide's Waite Campus
Arboretum, South Australia. The soil was air-dried and sieved to <2 mm
to eliminate any coarse debris, and then mixed with fine sand (0.1-0.25
mm) at two different ratios: 70:30 and 10:90 (soil/sand, w/w); these are
referred to as ‘fine substrate’ and ‘coarse substrate’, respectively, here-
after. The plant-available (Colwell) P of the fine substrate and coarse
substrates were 12 + 0.5 and 5.5 + 0.5 mg P kg ™! dry soil, respectively.
The total P concentration in these substrates was 200 + 4 and 104 + 4
mg P kg~ ! dry soil, respectively. The field capacity of the soil substrates
was determined using a sintered glass funnel connected to a 1 m water
column (¥, = —10 kPa) (Cavagnaro, 2016). Soil was packed in the glass
funnel to the same bulk density as the collected field site (1.36 g/cm®),
saturated with reverse osmosis (RO) water and allowed to drain for 48 h
and then weighed. The soil was then dried at 105 °C for 48 h and soil
gravimetric moisture content calculated. The gravimetric moisture
content at field capacity of the fine and coarse substrates were 0.22 and
0.04 g water ! dry soil, respectively. Two kilograms of substrate was
mixed with 100 g of AMF inoculum, amended with P (see below), then
added to fill each microcosm.

The AMF inoculum used was Rhizophagus irregularis WFVAM10
(formerly named Glomus intraradices). The AMF had been previously
cultured on Trifolium subterraneum L. (clover) cv. Mt. Barker in 1 L pots
containing soil: sand mix (10:90 w/w) for four months. The inoculum
consisted of AMF spores, external hyphae and colonised root fragments
(80-100% colonised by AMF) of the host plant in the dry substrate.

Each microcosm received 40 mg P, which is equivalent to 20 mg kg~
dry soil, using KoHPO4-3H20 dissolved in 50 mL of RO water, mixed
thoroughly through the soil. This addition of P to the soils allowed
sufficient mycorrhizal colonization and plant biomass in a preliminary
experiment (data not shown). The final plant-available (Colwell) P
concentration immediately following P addition was 30 + 0.5 in the fine
substrate and 19 + 0.5 mg P kg ™! dry soil in the coarse substrate.

Non-mycorrhizal control and mycorrhizal plant treatments were
established using a mycorrhiza-defective tomato (Solanum lycopersicum
L.) mutant with reduced mycorrhizal colonization (named rmc here-
after), and its mycorrhizal wild-type progenitor (named 76R hereafter)
(Barker et al., 1998). This approach avoids the need to sterilise soil and
thus ensures a natural soil microbiome is present for both genotypes
(Rillig et al., 2008).

Seeds of the 76R and rmc tomato genotypes were shaken in a 10%
sodium hypochlorite solution for 3 min to surface-sterilise the seeds. The
seeds were then rinsed with RO water, and sown into coarse sand for
germination. The seedlings with fully expanded cotyledons were trans-
planted into the microcosms (one seedling per microcosm) after one
week.

2.3. Growth conditions

Plants were grown in a glasshouse on The University of Adelaide's
Waite Campus (Adelaide, South Australia, Australia) from May to July
2019. Plants received 14.5/9.5-hour day/night cycle with supplemental
lighting. The climate conditions in the glasshouse ranged from
15.6-23.7 °C, and 42.4-68.8% humidity.

The microcosms were watered with RO water to 75% of the water-
holding capacity (by weight) to avoid water being prematurely
leached from the microcosms but still providing sufficient water for
plant growth. Plants were watered three times weekly, and were fertil-
ised with 30 mL of a modified Long-Ashton nutrient solution without P
(Cavagnaro et al., 2001) in the first week and then 10 mL weekly,
thereafter. Also, 20 mg N as NH4NOs solution (in RO water) was added
to all microcosms at 30 days after planting, following the appearance of
foliar symptoms of N deficiency.
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2.4. Harvesting and leaching analysis

All plants were destructively harvested 56 days after planting. In
order to eliminate water loss via transpiration during the leaching event,
the shoots were cut at the soil surface. Aliquots of 200 mL of RO water
were immediately added to the soil surface to initiate the leaching
process. A total of 700 mL of RO water was added to each microcosm,
simulating a rainfall event of 110 mm (Asghari and Cavagnaro, 2012).
After 48 h, there was water remaining on the soil surface of the planted
treatment pots, but leaching through the soil column had ceased.

Total P and molybdate-blue reactive P were measured on leachate
passed through a 0.45 pm filter (unfiltered leachate was quite dark with
particulate material). Total P in leachates was measured using induc-
tively coupled plasma-optical emission spectrometry ICP-OES (Avio
200, Perkin Elmer). Molybdate-blue reactive P was measured colori-
metrically (Murphy and Riley, 1962) using a Multiskan Go (Thermo
Scientific) plate reader. The difference between total P and (molybdate-
blue) reactive P was calculated and is referred to as “un-reactive P”
hereafter, following the terminology of Bender et al. (2014) and Toor
et al. (2005). The concentration of dissolved organic carbon (DOC) in
leachates was measured directly (non-filtered leachate) using a total
organic carbon and total nitrogen analyser (Shimadzu).

2.5. Plant biomass and soil analysis

The soil microcosms were immediately separated into three layers at
the previously cut and re-sealed points (0-10 cm, 10-25 cm and 25-35
cm) after the leaching event; the soil mass of the three layers was
recorded. Approximately 100 g of soil was sampled from each soil layer
for determination of the gravimetric water content, plant-available
(Colwell) P, and total P. A subsample of soil was dried at 105 °C for
24 h to determine the gravimetric water content. The remaining soils for
P pool analysis were dried at 40 °C in the oven for 24 h.

The concentration of plant-available (Colwell) P in soil samples was
determined using colorimetric assay (Murphy and Riley, 1962). The soil
samples were extracted in 0.5 M sodium bicarbonate (NaHCOs3) solution
at a soil:extractant ratio of 1:100 followed by 16 h shaking, according to
a modification of Colwell (1963). The concentration of total P in soil
samples was determined using an Avio 200 ICP-OES (Perkin Elmer),
following heat block digestion with concentrated nitric acid and hy-
drochloric acid (Wheal et al., 2011).

The roots were collected from each soil layer by washing with RO
water, and fresh root mass determined. A subsample (of known weight)
of roots was stored in 70% ethanol and then cleared with 10% potassium
hydroxide (w/v) at room temperature. After seven days, the cleared
roots were rinsed and then stained in 5% ink in vinegar solution at 60 °C
for 10 min (Vierheilig et al., 1998). The root length colonised by AMF
was then determined on the stained root samples using the gridline
intersect method for at least 100 intersections per sample (Giovannetti
and Mosse, 1980). The remaining roots and shoots were dried at 60 °C
for 48 h, before root dry weight (RDW) and shoot dry weight (SDW)
were determined. Dried plant material was ground to a fine powder and
then digested with concentrated nitric acid and hydrogen peroxide using
a heat block (Wheal et al., 2011). The concentration of P in shoots and
roots was determined using ICP-OES (Avio 200, Perkin Elmer).

2.6. Statistical analysis

All statistical analysis was performed using R statistical software,
Version 3.5.1 (R Core Team, 2019). Data were checked for the
assumption of normality by analysing model residuals using a QQ plot
and Shapiro-Wilk test. Two-way analysis of variance (ANOVA) was
performed with Soil substrate treatment and Plant treatment (i.e.
mycorrhizal plant, non-mycorrhizal plant, or no-plant), as factors in the
analysis. Three-way ANOVA was performed on RDW, soil moisture and
soil P with Soil substrate, Plant and Soil depth as factors in the analysis. In
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case of a significant interaction, means were compared using Tukey's
HSD tests (at a < 0.05).

3. Results
3.1. Mycorrhizal colonization, plant growth and nutrient uptake

Whereas roots of the rmc genotype were not colonized by AMF, those
of the 76R plants in all treatments and each of the three soil layers, were
(Fig. 1). Specifically, roots of the 76R plants grown in the coarse sub-
strate, had a higher percent root length colonized in the lower soil layers
than in the surface. In the fine substrate, colonization was generally
(albeit not significantly) lower than that of the coarse substrate, with no
significant difference among soil layers.

The formation of AM had no impact on the plant biomass as there
was no difference between rmc and 76R in terms of SDW or RDW
(Fig. 2a). While there was no difference in the RDW between the two soil
substrates, there was significantly greater SDW in the fine substrate
compared to the coarse substrate (P < 0.001).

There was no difference in RDW between mycorrhizal and non-
mycorrhizal roots between the three soil layers or two soil substrates
(Fig. 2c). The top layer (0-10 cm) had the highest root biomass in both
soil substrates. The roots in the sandier soil mix had greater biomass in
the topsoil (0-10 cm) but lower in the bottom layer (25-35 cm) in
comparison with root biomass in the fine substrate (P < 0.001).

Whereas there was no difference in tissue P content between the rmc
and 76R plants in the two soil substrates, the shoot P and root P content
of plants in the coarse substrate were higher than those of plants in the
fine substrate, irrespective of mycorrhizal status (P < 0.01) (Fig. 2b).

3.2. Leachate volume and nutrient content

After 48 h, while all water added to the no-plant treatments had
completely infiltrated the soil in the microcosms, there was water
remaining on the soil surface of the treatments containing plants. The
mean volume of water remaining on the surface of the microcosms
containing mycorrhizal plants was 188 + 6 mL and 97 + 10 mL in the
fine substrate and coarse substrate, respectively. The mean volume of
water remaining on the surface of the microcosms containing non-
mycorrhizal plants was quite similar with 160 + 14 mL and 150 + 20
mL remaining on the surface of microcosms containing the fine and
coarse substrates, respectively.

In general, leachate volume was similar for the two soil substrates.
There was no significant difference in leachate volume between
mycorrhizal plants and non-mycorrhizal plants, but leachate volume
was significantly lower in the presence of plants for both soil substrates
(Fig. 3). Additionally, whereas there was no difference in the leachate

N
(%]
J

N
o
1

abc

=
(%)
1

=
o
1
(@
Q.

(4]
1
f—t—t

Root length colonization (%)

o

Fine substrate Coarse substrate

00-10cm 10-25cm [E@25-35cm

Fig. 1. Root length colonization of mycorrhizal plants (76R). Values are mean
+ SEM, n = 5. Means followed by the same letters are not significantly different
(Tukey's HSD; o = 0.05).
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ments. Values are mean + SEM, n = 5. Means followed by the same letters are
not significantly different (Tukey's HSD; o = 0.05).

volume of the no-plant treatments between two soil substrates, within
the plant treatments the coarse substrate had a significantly higher
leachate volume than the fine substrate.

Reactive P accounted for a large proportion of P in all the leachate
samples, comprising 80.6 + 1.8% of the P leached in the fine substrate
and 64.1 £ 6.7% of the P leached in the coarse substrate. In the absence
of a plant, P concentration in the leachate for the coarse substrate was
higher in the leachate of the fine substrate (Fig. 4a). In addition, con-
centrations of total P and reactive P in leachates from the plant treat-
ments were higher than those of the no-plant treatment (the only
exception being the reactive P in the 76R plant of the coarse substrate).
Furthermore, the unreactive P concentration in the leachate from the
coarse substrate was higher than that from the fine substrate (P < 0.01)
(Table 1). Specifically, the impact of AM on the concentrations of P
leached was different between two soil substrates; although there was no
difference in the concentrations of leached P pools (total P, unreactive P
and unreactive P) between mycorrhizal and non-mycorrhizal plants
from the fine substrate, concentrations of total P and reactive P in
leachates from the coarse substrate were lower for mycorrhizal than the
non-mycorrhizal treatments.

The leachate DOC concentration of plant-free treatments was lower
than for either the mycorrhizal or non-mycorrhizal treatments, irre-
spective of soil substrate texture (Fig. 4b). The leachate from the coarse
substrate had a higher DOC concentration than that from the fine sub-
strate (P < 0.001) for all treatments. While AM did not influence DOC
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Fig. 4. Phosphorus (a) and dissolved organic carbon (b) concentration of soil
leachate. 76R and rmc are mycorrhizal and mycorrhiza-defective tomato ge-
notypes; “No plant” refers to plant-free treatments. Values are mean + SEM, n
= 5. Means followed by the same letters are not significantly different (Tukey's
HSD; a = 0.05); “abed” for total P and “xy” for reactive P.

concentration in leachates from the fine substrate, it increased the
concentration of DOC in leachates from the coarse substrate (P < 0.001)
(Table 1).

3.3. Soil moisture and soil P

The presence of plants reduced the post-leaching gravimetric water
content of the soils in fine substrate and slightly increased that of coarse
substrate (Fig. 5). The bottom layer (25-35 cm) had the greatest water
content, followed by the 10-25 cm layer at and the 0-10 cm layer.

In general, unreactive soil P accounted for 70-98% of the total soil P.
Total P and unreactive soil P concentration of the fine substrate was
higher than that of coarse substrate (P < 0.001) (Table 2). There was no
significant difference in the total and unreactive soil P concentrations in
term of soil depth and plant treatments (Fig. 6).

Similar to the total soil P concentration, reactive soil P concentration
of the fine substrate was higher than that of the coarse substrate, espe-
cially in the upper two layers (0-10 cm and 10-25 cm) of the fine
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Table 1

Two way ANOVA results for variables measured on plant and leachate. The plant
factor of the plant variables had two levels (mycorrhizal plant and non-
mycorrhizal plant), the plant factor of the leachate variable had three levels
(mycorrhizal plant; non-mycorrhizal plant; and no -plant). “ns” indicates not
significant; “*” indicates significant at P < 0.05; “**” indicates significant at P <
0.01; “***” indicates significant at P < 0.001.

Variable Soil Plant Interaction
substrate (Mycorrhizal plant/non-
mycorrhizal plant/no plant)
SDW e ns ns
RDW (total) ns ns
Shoot P content ns ns
Root P content ns ns
Leachate volume ok o
DOC of leachate i e ns
Leachate total P x K wx
concentration
Leachate reactive P ns ok *
concentration
Leachate unreactive P o ns ns
concentration
Leachate total P i ns ns
content
Leachate reactive P ns * ns
content
Leachate unreactive P o ns ns
content
Depth ***
25 A a
— ab ab_} b ab ab
J S ==
S I I B =i
L 15 A '
B
£ 10 -
E
5
0
No plant rmc 76R No plant rmc 76R
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00-10cm [@10-25cm [—25-35cm

Fig. 5. Gravimetric water content (%) of soils, following soil depth after
leaching event. 76R and rmc are mycorrhizal and mycorrhiza-defective tomato
genotypes; “No plant” refers to plant-free treatments. Values are mean + SEM,
n = 5. Means followed by the same letters are not significantly different
(Tukey's HSD; o = 0.05).

substrate (P < 0.001) (Table 2). While there was no significant differ-
ence in the reactive soil P concentration among three soil layers in the
coarse substrate, the reactive soil P concentrations of the top and middle
layers were higher than those of the bottom layer in the fine substrate.
The presence of roots reduced the reactive soil P concentrations in the
two first layers in comparison with the no-plant treatments. The absence

Table 2

Three way ANOVA results for variables measured on root and soil; “ns” indicates not significant;

0.01; “***” indicates significant at P < 0.001.
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of a plant resulted in greater reactive soil P concentrations for the plant
treatments (P < 0.001). In contrast, AM did not influence the concen-
trations of total soil P, reactive soil P, or unreactive soil P, after the
leaching event.
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+ SEM, n = 5. Means followed by the same letters are not significantly different
(Tukey's HSD; o = 0.05).

“*» indicates significant at P < 0.05; “**” indicates significant at P <

RDW (at each layer) Soil moisture

Total soil P concentration

Unreactive soil P concentration Reactive soil P concentration

Soil substrate ns i
Plant ns ns
Soil depth sk ek
Soil substrate:plant ns i
Soil substrate:soil depth e ns
Plant:soil depth ns ns
Soil substrate:plant:soil depth ns ns

Kk Fkk dedek
ns ns ok
ns ns wox
ns ns ns
ns ns ok
ns ns ns
ns ns ns

39



C.T.K. Tran et al.

4. Discussion

There was a strong effect of soil texture on plant growth, plant P
concentration, formation of arbuscular mycorrhizas, leachate volume,
leachate P and DOC concentrations, and the amount of P remaining in
the soil after leaching. Whereas the presence of plants reduced leachate
volume, the concentration of P and DOC in the leachates increased.
Taken together, these results highlight the complex interactions be-
tween plants, AM and soil texture that work to modulate soil P loss via
leaching.

The mycorrhizal status of plants had a significant impact on the
amount, and chemical nature (reactive or unreactive), of P leached from
the soil; this is consistent with previous studies (Kohl and van der
Heijden, 2016; Bender et al., 2014; Zhang et al., 2020). Here, however,
the influence of AM differed between soils: whereas the formation of AM
had no impact on P leached from the fine substrate, there was a signif-
icant reduction of total P and reactive P leached from microcosms with
the coarse substrate in which mycorrhizal plants were grown. In previ-
ous studies where AM had no impact on P leaching, this was attributed
to either a strong P-fixing ability of the soil used (Kohl and van der
Heijden, 2016), the absence of a positive mycorrhizal response
(Duffkova et al., 2019), or P leaching being negatively correlated with
the colonization of extraradical mycorrhizal hyphae (Verbruggen et al.,
2012). It is likely that all of these factors contributed to the results re-
ported in the current study. For example, the coarse substrate is ex-
pected to have not only a higher hydraulic conductivity (see below), but
also a lower P-fixing capacity, than the finer soil. Note that the lack of
difference in the growth and P uptake of the mycorrhizal and non-
mycorrhizal plants are consistent with the previous studies discussed
above (Kohl and van der Heijden, 2016; Duffkova et al., 2019).

There is emerging evidence that plants and AM impact on P leaching,
not only in terms of the amount of P leached, but especially the relative
proportions of reactive and unreactive P (Bender et al., 2014; Tran et al.,
2020). In the present study, we found that leaching of reactive and
unreactive P, and plant/mycorrhizal effects on them, also differed with
soil types. Specifically, mycorrhizal plants reduced the total P and
reactive P leached from the coarse substrate but had no impact on P
composition leached from the fine substrate. This suggests that the
leaching of reactive P in a sandy soil substrate may be reduced in the
presence of mycorrhizal colonisation. Importantly, reactive P fractions
are not only a directly available P source for plants but can also comprise
the majority of the leachate P from several soil ecosystems (Turner and
Haygarth, 2000; Heckrath et al., 1995; Toor et al., 2005). These results
also provide new insights into the potential for AM to reduce different
soil P fractions leached.

The reduction of P lost via leaching from the coarse substrate was
due to a reduction in reactive P rather than unreactive P leached. In a
previous study, the reduction of reactive P associated with AM was
hypothesised to be due to the extension of mycorrhizal root systems
compared to non-mycorrhizal roots enhancing P uptake from the soil
(Bender et al., 2014; Jakobsen et al., 1992; Jansa et al., 2005). This
cannot explain the reduction in our study as there was an absence of
greater plant growth or plant P uptake by the mycorrhizal plants.
However, this reduction was associated with an increase in DOC leached
from the mycorrhizal pots, and the presence of AMF has been previously
shown to increase soil microbial biomass carbon (Xiao et al., 2019; Zarea
et al., 2009). Thus, it may be that in the presence of AMF under high P
availability in this substrate, soil microbial activity and microbial P
immobilisation were stimulated; this is, however, speculative and is
worthy of further investigation. Also, the increase in soil microbial ac-
tivities might enhance DOC production and leaching (Brooks et al.,
1999; Christ and David, 1996).

To our knowledge, this is the first microcosm study to determine P
composition of the soil after a leaching event. Unreactive P accounted
for the majority of P in all soils, with the reactive and unreactive P being
lower in the coarse substrate than the fine substrate. While soil
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unreactive P concentration was the same among three soil layers,
reactive P concentration was lower in the bottom layer (25-35 c¢m) of
fine substrate than two first layers. This might be due to a greater water
content in this layer resulting in more reactive P being released into soil
solution (Weaver et al., 1988) and leaching, thus leaving less reactive P
remaining in the soil. This highlights the impact of water movement
through the soil profile and how it may affect the amount of P leached
(Djodjic et al., 2004). The presence of roots resulted in a lower reactive P
concentration in the top layers (coinciding with greater root density),
demonstrating the impact of mycorrhizal and non-mycorrhizal roots on
soil P.

A lower volume was leached from microcosms containing plants,
with substantial amounts of water retained on the soil surface after 48 h.
The presence of roots could lower the infiltration rates and hydraulic
conductivity compared to unplanted soil (Leung et al., 2015) because
roots have the capacity to block water flow channels created by soil pore
spaces (Buczko et al., 2007; Scanlan, 2010). Another possible explana-
tion is that root exudation might contribute to changes in the soil
structure (Grayston et al., 1997; Traoré et al., 2000) and thus soil pore
size, which may reduce soil infiltration rate and hydraulic conductivity.
Although plant treatments had a lower leachate volume, concentration
of DOC and P in leachate of these treatments were consistently higher
than for plant-free treatments for both soil substrates. This can be
explained by the contribution of root exudation (Nowack et al., 2008;
Boddy et al., 2007) and rhizosphere microbial activity (by using non-
sterilised soil substrate) (GoEdde et al., 1996) that would increase soil
DOC. Also, DOC can interact with many soil chemicals, affecting their
fate in soil (Fernandez-Pérez et al., 2005). The presence of the DOC may
decrease P adsorption (Kang et al., 2011) because of the competition of
organic anions with P for sorption sites (Bhatti et al., 1998; [yamuremye
et al.,, 1996) or increase the negative charge on soil surfaces that can
inhibit P adsorption (Barrow, 1989; Jiao et al., 2007). The interaction of
P with DOC has also been reported to increase the mobility of soil P
(Zsolnay and Gorlitz, 1994; Alvarez et al., 2004). Taken together, these
results highlight that root and AM impacts on soil P loss via leaching are
more complex that a simple case of plant/AM P assimilation.

Our use of a mycorrhiza-defective tomato mutant and its mycorrhizal
wild-type progenitor allowed us to investigate mycorrhizal effects on
soil P leaching with the wider soil biota intact (i.e. non-sterilised soil in
all treatments) (Asghari and Cavagnaro, 2012). Although levels of AM
colonization were generally low, they were within the typical range for
field grown tomato plants (Cavagnaro et al., 2006; Bowles et al., 2016).
Interestingly, colonization levels were higher in the roots of plants
grown in the coarse substrate, and especially so in the lower soil layers.
The higher levels of colonization in the lower soil layers (coarse sub-
strate only) corresponded with lower root biomass. In addition, the
greater level of mycorrhizal colonization of roots in the coarse substrate
was associated with greater P acquisition (both in shoot and root) of
plants grown in this substrate, compared to that in fine substrate. The
higher levels of mycorrhizal colonization of roots in the coarse substrate
observed here is in agreement with earlier work showing higher percent
AMF colonization of roots grown in soils with higher sand content
(Zaller et al., 2011; Rodriguez-Echeverria and Freitas, 2006).

In summary, the results of this study show the different effects of AM
on P leaching loss in two soil substrates differing in texture. This study
also highlights the contribution of soil texture effects to mycorrhizal
colonization, plant growth, leachate volume and soil P concentration
and composition of the leachate. The presence of roots had a significant
impact on leachate volume and the amount of nutrient leached. This
finding shows that leaching of P from a plant-soil system is more com-
plex than from a soil alone. The association of P with other soil nutrients
(e.g. DOC), highlights the benefit of the non-sterilised soil approach (i.e.
the mycorrhiza-defective mutant and its mycorrhizal wild-type pro-
genitor) when evaluating soil nutrient loss because of the vital contri-
bution of soil microbial communities on nutrient cycling and leaching. It
should be noted that the present study only included a single simulated
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rainfall event under greenhouse conditions; it will be important to
investigate effects of AM on P and nutrient soil loss under field condi-
tions with natural rainfall or field irrigation. It is also worth noting that
AM impacts on the wider soil microbial community may have an impact
on soil P cycling and DOC, and are also worthy of further investigation.
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Figure S1. Phosphorus content of soil leachate. 76R and rmc are mycorrhizal and
mycorrhiza-defective tomato genotypes; “No plant” refers to plant-free
treatments. Values are mean £+ SEM, n = 5.
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Chapter 4-Arbuscular mycorrhizas and field-grown tomatoes: a study of
growth, phosphorus leaching, soil moisture and the wider soil microbial

community.

This work contained in this chapter has been prepared for submission to Science of the Total

Environment and is presented here in the journal format.
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Abstract

While interest in arbuscular mycorrhizal (AM) fungal effects on soil phosphorus (P) have recently
increased, field experiments on this topic are lacking. Microcosm studies provided valuable
insights, the lack of field studies represents a knowledge gap. Here, we present a field study in
which we grew a mycorrhiza-defective tomato (Solanum lycopersicum L.) genotype
(named rmc) and its mycorrhizal wild-type progenitor (named 76R) with and without additional
fertilizer to examine the impacts of the AM symbiosis on soil P leaching and plant growth and
nutrition. AM effects on fruit biomass and nutrients, soil nutrient availability, soil moisture and
the soil bacterial community were examined. At the time of harvest, the AM tomato plants
without fertilizer had the same fruit yield and fruit nutrients as plants that received fertilizer.
The presence of roots reduced the concentration of available soil P, ammonium and soil
moisture in the top 10 cm soil layer. Arbuscular mycorrhizas did not significantly affect soil
nutrient availability, moisture, 16S bacterial community composition or leaching of P. These
findings suggest an important role for AM fungi for tomato production but not necessarily for
soil physicochemical traits, during the one season that this experiment was conducted. While
longer-term field studies may be required in the future, the present study provides currently

lacking insights into impacts of AM on P leaching in a field soil system, in a single growing season.

Key Words

Arbuscular mycorrhizal fungi (AMF); mycorrhiza-defective tomato mutant; phosphorus loss;

tomato yield; soil moisture; soil bacterial community.
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4.1 Introduction

Phosphorus (P) deficiency in agricultural soils is commonplace. The main causes of P deficiency
in soils are P binding to soil particles and the formation of relatively insoluble precipitates with
cations (White 2009). To overcome soil P deficiency, considerable amounts of P fertilizer are
added to agricultural soils; however, typically only 10-30% of applied P is used by plants in the
season of application (McLaughlin M J 1991; Cordell et al. 2009a). Phosphorus not taken up by
plants is at risk of being lost from the system, for example via leaching, which can in turn lead

to lead to eutrophication of water bodies (Kleinman et al. 2011; Sharpley et al. 2013).

Arbuscular mycorrhizal fungi (AMF) are widespread soil fungi that form associations
with the roots of most (>80%) terrestrial plant species (Smith and Smith 2011). They can extend
their external mycelium well beyond the root surface (Jakobsen et al. 1992), thereby exploring
a larger soil volume than roots alone. The fungi are able to take up immobile nutrients, especially
P, and deliver them to plants (Marschner and Dell 1994; Cavagnaro 2008). In return, the fungi
receive a supply of carbon (C) from the plant (Berta et al. 2000; Nadejda et al. 2015). As
arbuscular mycorrhizas (AM) can enhance plant P acquisition, they may also help reduce the risk

of soil P loss via leaching (Parihar et al. 2019).

The potential for AM to reduce soil P leaching has been the subject of growing interest,
with a number of studies having been undertaken to explore the impacts of AM on soil P loss
via leaching (Cavagnaro et al. 2015). Such studies have included a variety of plant species and
systems, including maize crops (Verbruggen et al. 2012), grazed grasslands (Kohl et al. 2014) and
paddy rice (Zhang et al. 2020). A range of experimental approaches have also been employed,
such as re-packed cores (Tran et al. 2020; Asghari and Cavagnaro 2012), nursery containers
(Corkidi et al. 2011) and field lysimeters (Bender and van der Heijden 2015). While important
insights have been gained, glasshouse-based studies have limitations. For example, the volume
of soil in the pots might limit root growth and functioning (Bowles et al. 2016), re-packing of soil
in pots or cores can change soil bulk density and structure, which can alter soil P leaching
dynamics (Liu et al. 2012), and rainfalls simulator may not sufficiently reflect realistic rainfall
events (K6hl and van der Heijden 2016). What is currently lacking are field-based studies that
investigate the impact of AM on soil P leaching under realistic conditions (Bowles et al. 20173;

He et al. 2021).

Conducting field-based studies of AM on soil P leaching presents unique challenges.
Non-mycorrhizal control treatments are typically established by sterilising soil, which eliminates

other soil biota (Watts-Williams and Cavagnaro 2015). One way of overcoming this is the use of
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mycorrhiza-defective mutants and their mycorrhizal wild-type progenitors (Rillig et al. 2008).
The mycorrhiza-defective tomato (Solanum lycopersicum L.) mutant, named rmc, and its
mycorrhizal wild type progenitor, named 76R, (Barker et al. 1998a) have been used as an
effective tool for establishing non-mycorrhizal controls in the field (Bowles et al. 2016;
Cavagnaro et al. 2006) and in the glasshouse (Bowles et al. 2017a; Cavagnaro et al. 2004). The
use of these tomato genotypes makes it possible to investigate the influence of AM on nutrient
leaching under realistic field conditions with the wider soil biota intact. This is important as soil
microbes aside from AMF play an important role in soil P cycling (Paul 2014). While some studies
have investigated such interactions (Rillig et al. 2006b; Marschner et al. 2001; Ames et al. 1984),

none have done so in the context of AMF impacts on soil nutrient loss.

Soil nutrient leaching is strongly dependent on the movement of the soil solution
though the profile (Djodjic et al. 2004). Arbuscular mycorrhizas can improve soil structure (Rillig
and Mummey 2006), soil aggregation and water retention (Cavagnaro et al. 2006; Augé 2004),
which in turn may decrease soil nutrient leaching (Cavagnaro et al. 2015). Soil moisture
dynamics are important in influencing soil physicochemical properties, soil nutrient availability
and the formation of AM and plant mycorrhizal responsiveness (Panhwar et al. 2019; Cavagnaro
2016). Importantly, soil moisture affects the concentration of available nutrients in soil solution
(Cameron et al. 2013) and, thus, the amount of nutrient leached. While the effects of AM on the
final leachate volume and nutrient concentrations in leachates are well documented (van der
Heijden 2010; Asghari and Cavagnaro 2011; K6hl and van der Heijden 2016; Corkidi et al. 2011;
Bender and van der Heijden 2015; Bender et al. 2014), changes in soil moisture down the soil

profile during plant growth have not been studied in detail.

Here we present results of a field study where the mycorrhiza-defective tomato mutant
genotype rmc and its mycorrhizal wild-type progenitor (76R) were grown with and without
added mono-ammonium phosphate (MAP) fertilizer. An un-planted control was also included
in the experiment. The main aim was to study the ecology of AM on soil P leaching under the
field condition. We also looked at the impacts of AM on plant growth indicators, soil moisture
and the diversity of soil bacterial community; and thus; how these changes related to

mycorrhizal effects on soil P loss. Specifically, there were four research questions:

i How do mycorrhizal roots and non-mycorrhizal roots affect soil P leaching loss under

field condition?
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ii. How do plant biomass, yield, and nutrient uptake of a mycorrhiza-defective tomato
mutant plant and its mycorrhizal wild-type progenitor vary with phosphorus fertilizer
application?

iii. How do mycorrhizal roots and non-mycorrhizal roots affect soil moisture and soil
bacterial diversity?

iv.  To what extent do changes in plant growth, soil moisture and soil (16S) bacterial

community composition relate to soil P loss via leaching?

4.2 Materials and methods

4.2.1 Field site and experimental design

The experiment was conducted in a large outdoor enclosure enclosed with bird-proof netting at
Waite Campus, the University of Adelaide, South Australia (-34.966165, 138.633325), from 5
December 2019 to 12 February 2020 (days of transplantation and harvest, respectively). The
mean monthly rainfall from December to February in 2020 was 29.2 mm, mean temperature
was 23.3 °C (maximum) and 13.3 °C (minimum), with a maximum of 45.2 °C and a minimum of
9.4 °C (Australian Government, Bureau of Meteorology, http://www.bom.gov.au, last accessed
May 2021). The rainfall and temperature data was collected from the Beaumont weather station
(approx. 5.5 km from the field site) and the Kent Town station (approx. 6 km from the field site),

respectively.

The soil was fine sandy loam, Urrbrae red-brown earth (Alfisol) with a total P
concentration of 693 + 15 mg kg* dry soil, plant-available (Colwell) P concentration of 158 + 4.5
mg kg dry soil, nitrate concentration of 19 + 3.1 mg kg™ dry soil and ammonium concentration
of 1.5 + 0.1 mg kg? dry soil (see below for analytical methods). The soil was rewetted and

ploughed to eliminate residual weeds prior to transplanting the tomato seedlings.

Non-mycorrhizal control and mycorrhizal plant treatments were established using a
mycorrhiza-defective tomato (Solanum lycopersicum L.) mutant with reduced mycorrhizal
colonization (rmc hereafter), and its mycorrhizal wild-type progenitor (76R hereafter) (Barker et
al. 1998a). Seeds of the 76R and rmc tomato genotypes were shaken in a 10% sodium
hypochlorite solution to surface-sterilise the seeds and then rinsed with reverse osmosis (RO)
water. The seeds were sown in into a coarse/fine sand mixture (3:1 w/w) for germination. After

one week, when green cotyledons had emerged, the seedlings were transferred to one litre pots
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containing BioGro compost (Van Schaik’s BioGro, 270 Wandilo Forest Rd, Wandilo SA) and
grown in a controlled environment glasshouse for four weeks. The plants were moved to a net

house next to the field site one week before transplanting to the field site.

The experiment was implemented as a randomised complete block designina 12 mx 6
m section of the netted outdoor enclosure. The experiment was set up with two soil fertilizer
levels (see below for fertilizer information), the two tomato genotypes (rmc and 76R) and a no-
plant control, giving six different treatments, with a total of 36 plots across six blocks. Each block
was separated by a one-meter buffer and included six beds (0.5 m wide x 0.8 m length). Each
plot was one meter apart and contained three plants. The middle plant was instrumented (with
the anion-exchange resin membranes and the soil moisture access tubes, see below) and
assigned as the experimental plants. The other two plants were two buffer plants. The seedlings
were transplanted in rows (40 cm apart). In total, there were 36 experimental plants and 72

buffer plants.

The resin-P method of Kouno et al. (1995) was used to estimate the soil P lost through
leaching. Anion-exchange resin membrane (#0551642S, VWR International Ltd, England) was
cut into 6 x 2 cm strips. The strips were prepared by shaking in 0.5 M hydrochloric acid for one
hour, followed by two one-hour intervals in 0.5 M sodium bicarbonate (NaHCOs) and washing
with RO water. The strips then were shaken for one hour in freshly prepared 0.5M sodium
bicarbonate (NaHCOs) and washed with RO water. The prepared strips were stored in RO water
until use. As most of the tomato root biomass is concentrated in the top 40 cm of the soil profile
(Machado and Oliveira 2005), the anion-exchange resin membranes were placed at 30 cm soil
depth (below the experimental plants ) to estimate the P leached to this soil layer. A soil core
(30 cm deep; 5 cm diameter) was taken at each site of planting and a resin strip was placed to
the soil hole. The resin was connected by string to the soil surface to facilitate retrieval at

harvest. Soil from the core was used to back-fill the holes.

Soil moisture was measured using a multi-profile soil moisture logger (Odyssey®
Xtreem), inserted via 1 m long PVC access tubes installed so as to leave 8 cm of the tube above
the soil level. These tubes were capped between soil moisture measurements. In total, 36 access
tubes were installed 20 cm from each experimental plant. Soil moisture data was collected

weekly from 15 days after transplanting.

Mono-ammonium phosphate (MAP) (22% P and 13% N) was used as the fertilizer
source; levels of applied P and N were 30 kg ha and 17.6 kg ha?, respectively. In the fertilizer

plots, MAP was banded at 10 cm soil depth, below the plants. This approach was used to reduce
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fertilizer surface run-off losses (Djodjic et al. 2005). An approx. 2 cm layer of soil was placed on
the fertilizer band to avoid direct contact with roots of the transplanted seedlings. Immediately

after applying the fertilizer, seedlings were transplanted into the beds.

A drip irrigation network consisting of a water pressure reducing valve, a timer (Node,
Hunter Industries Incorporated) and “one-litre per hour” drippers was installed. Calibration
indicated each dripper provided 50 mL water per minute at the water pressure used. Irrigation
was scheduled three times a day using the timer; total water applied was approximately 400 mL
plant?® day™ following the recommendation of Harmanto et al. (2005) as crop water requirement

for tomato under drip irrigation.

4.2.2 Plant and soil sampling

Aboveground plant biomass was harvested by cutting the stem at the soil level at 65 days after
transplanting. Fruits (both green and red fruits) and shoots were separated and the fruit fresh
weight (FFW) was determined. Shoot material was dried at 60 °C and shoot dry weight (SDW)
determined. Following dry weight determination, plant material was ground to fine powder.
The concentration of elements in shoots and fruits (Ca, K, Mg, S, Fe, Zn, Cu, Mn, Na, P) were
analysed using an Avio 200 ICP Optical Emission Spectrometer (Perkin Elmer), following
digestion with nitric acid and hydrogen peroxide (Wheal et al. 2011). The shoot and fruit samples
were also analysed for nitrogen concentration (Dumas method; APAL-Australian Precision Ag

Laboratory).

On the day of harvest, a soil core (30 cm deep; 5 cm diameter) was collected 5 cm from
the stem of each experimental plant. The soil was separated into two layers: 0-10 cm and 10-30
cm. An approximately 25 g soil sample from each layer was taken for determination of total P,
plant-available (Cowell P), soil ammonium and nitrate and soil gravimetric water content as
follows. The concentration of total P in soil samples was analysed using an Avio 200 ICP Optical
Emission Spectrometer (Perkin Elmer), following digestion with nitric acid and hydrochloric acid
(Wheal et al. 2011). The concentration of plant-available (Colwell) P in soil samples was
determined using a modification of Colwell (1963) (extraction with 0.5 M NaHCO; at a
soil:extractant ratio of 1:100 and 16 hours shaking) followed by colorimetric analysis (Murphy
and Riley 1962). The soil samples were analysed for ammonium and nitrate on 2 M potassium

chloride extracts (APAL- Australian Precision Ag Laboratory).

Roots were retrieved from soil cores by wet sieving using RO water. Representative

samples of fresh roots (approx. 0.5 g) were fixed in ethanol and then cleared with a 10 %
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potassium hydroxide (w/Vv) solution at room temperature for seven days. Cleared roots were
stained with 5 % ink in vinegar solution at 60 °C for 10 minutes (Vierheilig et al. 1998) before
being de-stained in acidified water for 24 hours. Arbuscular mycorrhizal colonization of the roots
was then determined using the gridline intersect method for at least 100 intersections

(Giovannetti and Mosse 1980).

4.2.3 Phosphorus leaching

The buried resin strips were retrieved from the soil a day after the harvest day and stored in RO
water in about 5 hours. The resin strips were rinsed with RO water to remove adhering soil,
placed in 50 mL tubes and shaken horizontally for 2 hours in 30 mL of 0.1 M NaCl/HCl to elute P
from the resin membrane (Butterly et al. 2011). The resin-extractable P concentration in the

elution solution was measured by colorimetric analysis (Murphy and Riley 1962).

4.2.4 DNA extraction, amplification and sequencing

Genomic DNA (lllumina) sequencing was used to characterise the soil 16S bacterial community.
The aim was to determine differences in soil bacterial communities between the mycorrhizal
and non-mycorrhizal rhizosphere, and whether any changes could be linked to soil P availability,
plant P uptake or P leached. Therefore, the 24 soil samples from plant treatments at 0-10 cm

soil depth were used in the analysis.

Approximately 20 g soil was subsampled from the soil core at 0-10 cm and frozen at -20
°C prior to DNA extraction and lllumina sequencing. DNA extraction, PCR amplification and
sequencing were conducted by the Australian Genome Research Facility (AGRF, Adelaide,
Australia) as described in (Smith et al. 2018). Briefly, PowerSoil DNA Isolation Kits (MoBio
Laboratories, Solana Beach, CA, USA) were used to extract DNA. Bacterial ribosomal RNA was
analysed using forward and reverse primers 341F-806R (V3-V4)-CCTAYGGGRBGCASCAG and
GGACTACNNGGGTATCTAAT, respectively. The PCR amplification conditions were as follows: an
initial denaturation at 95°C for 7 minutes and then 94°C for 30 seconds, 55°C for 45 seconds and

72°C for 60 seconds repeated for 35 cycles with a final extension of 72°C for 7 minutes.

Image analysis was performed using the MiSeq Control Software (MCS) v3.1.0.13 and
Real Time Analysis (RTA) v1.18.54.4. Then the lllumina bcl2fastq 2.20.0.422 pipeline was used
to generate the sequence data (followed AGRF’s services report). The data generated met the
AGRF quality standards and was formatted as FastQ sequence files containing a 300bp paired

end run.
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4.2.5 Bioinformatic analysis

Diversity profiling analysis was performed using Bioconductor packages (version 3.11) of R
statistical software, version 4.0.2 (R Core Team, 2019). The bioinformatic analysis involved
demultiplexing, quality control, OTU clustering, and taxonomic classification. The demultiplexed
raw reads were primer trimmed and quality filtered followed by denoising with DADA2 pipeline
(version 1.16) (Callahan et al. 2016). The sequence read lengths were trimmed (truncated) to
250 bp and 220 bp for forward read and reverse read, respectively. Trimming also occurred on
17 bp and 20 bp of left and right end reads, to remove low quality tails. Taxonomy was assigned
to the amplicon sequences variant (ASVs) using decipher software (Wright 2016) and the
IDTAXA (Murali et al. 2018) taxonomy classifier.

Taxonomic diversity is presented at family level with 12 classifications with equal to
approximately 85 % of total abundance. Principle coordinate analysis (PCoA) plots (Bray-Curtis
dissimilarity) were performed using the plot_ordination function of the phyloseq package (R
statistical software, version 4.0.2). Alpha diversity expressed as Shannon and Simpson diversity,
were estimated and plotted using estimate_richness and plot_richness functions in the phyloseq

R package.

4.2.6 Statistical analysis

All statistical analysis was performed using R statistical software, version 4.0.2 (R Core Team,
2019). Soil, plant and gravimetric soil moisture data were checked for the assumption of
normality by analysing model residuals using a QQ plot and Shapiro-Wilk test. A log
transformation was used if the data did not comply with normal distribution. Two-way analysis
of variance (ANOVA) was performed with Fertilizer treatment and Plant treatment (i.e.
mycorrhizal plant, non-mycorrhizal plant, or no-plant), as factors in the analysis. In case of a
significant interaction, means were compared using Tukey’s HSD tests (at a < 0.05). Differences
in abundance within the most abundant family and alpha diversity treatments were also

analysed using two-way ANOVA.

Targeted Student’s t-tests were conducted in plant genotypes to identity mycorrhizal
effects in each Fertilizer treatment. Any significant differences between the mycorrhizal and

non-mycorrhizal means are denoted on the respective figure.

Soil moisture data measured from the multi-profile moisture logger was visualized using

the ggplot function of the tidyverse package in R software.
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4.3 Results

4.3.1 Mycorrhizal colonization, plant growth and nutrient uptake

While no arbuscular mycorrhizal colonization was recorded in the roots of the mycorrhiza-
defective tomato genotype (rmc), the 76R roots were colonised by AMF. MAP addition had an
antagonistic effect on arbuscular mycorrhizal colonization of the 76R plant roots (20 + 3.6 % and

7.5+ 2.5 % with -MAP and +MAP, respectively) (Figure 3).

40

T-test, p =0.009

1

l

30

Mycorrhizal colonization (%)

101

|=‘r=|

-MAP +MAP

Figure 3. Mycorrhizal colonization of mycorrhizal plants (%). Horizontal lines indicate the median, box
the interquartile range (IQR), whiskers extent to upper adjacent value (largest value=75" percentile +1.5
x IQR) and lower adjacent value (smallest value=25"percentile -1.5xIQR), and dots represent outliers.

MAP application and plant genotype had no significant impact on shoot dry weight or
fresh fruit weight. While MAP addition had no impact on P plant uptake in shoot and fruit, it

significantly increased N shoot concentration (Figure 4).

The unfertilised (-MAP) 76R plants had fresh fruit yield, shoot dry weight, N shoot
concentration and all fruit mineral nutrients (concentration and content) (Table 2 and 3) similar

to that of plants that received MAP.

When targeted t-tests were performed to examine the effects of plant genotypes on
fresh fruit weight for unfertilised plants, fresh fruit weight was significantly greater in the 76R

genotype than rmc (Figure 4D).
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Figure 4. Shoot dry weight (g) (A), P shoot concentration (mg/kg) (B), N shoot concentration (%) (C),
fresh fruit weight (g) (D), P fruit concentration (g plant?) (E) and N fruit concentration (%) (F) of
mycorrhizal plants (76R) and mycorrhiza-defective tomato (rmc) genotypes, following the
application of P treatment. For explanation of box plot refer to Figure 1. The different letters on top
of each box plot indicate significant differences (P < 0.05).
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4.3.2 Plant-available (Colwell) soil P, soil N mineral and resin-extractable P

There was a difference in plant-available (Colwell) soil P concentration at two soil depths (0-10
cm) and (10-30 cm). In the 0-10 cm soil layer, MAP fertilizer application resulted in greater
available soil P concentration in the no-plant control treatments; however, there was no
significant difference between mycorrhizal and non-mycorrhizal plants in terms of available soil
P. The presence of plants reduced the available soil P for fertilised (+ MAP) plants. In the 10-30
cm soil layer, MAP application also increased available soil P, but the presence of plants did not
decrease available soil P at this depth. The ammonium concentration in soil had a similar trend
to the available soil P at both soil depths. The MAP fertilizer application increased the soil nitrate

concentration in both soil layers (Figure 5).

There was no significant difference in resin-extractable P (at 30 cm) among the
treatments. The resin-extractable P values were more variable for the fertilised than the
unfertilised treatments. The amount of resin-extractable P in fertilised treatments was only

slightly higher, but this difference was not significant (P = 0.15) (Figure 6).
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Figure 6. Available extractable P content (ug strip™)
from the anion-exchange resin membranes

4.3.3 Soil moisture

a. Gravimetric soil moisture (0-30 cm)

In general, the gravimetric moisture of soils where MAP fertilizer was added were significantly
lower than where no MAP fertilizer was added. Where MAP was added, plant-free treatments
had a higher soil moisture than plant treatments in both 0-10 cm and 10-30 cm soil layers on
harvest day. Where MAP was not added, there was a similar patterns of soil moisture but this
pattern was less strong. There was no difference in gravimetric soil moisture between

mycorrhizal and non-mycorrhizal plant treatments at either soil depth (Figure 7).
b. Soil moisture patterns (soil moisture probe, 0-100cm)

In general, soil moisture displayed the same pattern with depth among the treatments and was
consistent throughout the experiment (Figure 8). Mean moisture content of soil across the
whole experiment at 20 cm was lowest at 8.04 + 0.18 %, followed by 12.20 £ 0.2 % at 40 cm
and 15.36 % £ 0.14; 16.41 % + 0.13 at 60 cm and 80 cm soil depth, respectively. There were no
significant differences among treatments at the individual depths (See Supplementary Figure S2
for box plots of individual time points and treatments). There was more variation in soil moisture

at the 20 cm and 40 cm soil depths than at depths of 60 cm, 80 cm and 100 cm.
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Figure 7. Gravimetric soil moisture (%) of soil samples collected
on the harvest day at 0-10 cm (A) and 10-30 cm (B) soil depth.

4.3.4 Bacterial (16S) community

Sequencing of 16S amplicons from 24 soil samples yielded 1,423,297 paired-end lllumina MiSeq
reads. Taxonomy was assigned to a total of 3271 ASVs; bacteria accounted for 81.7% of ASVs,
17.1 % were unassigned and Archaea accounted for 1.2 %. The 20 most abundant bacterial ASVs
were dominated by 12 families, which represented 85% of total bacterial taxa. There was no
difference in total baterial abundance composition among the treatments (See Figure 9 for bar

plots of total bacterial abundance and 12 dominant families).

Bacterial community compostion was dominated by Bryobacteraceae, Micrococcaceae,
Sphingomonadaceae, Xanthobacteraceae and Nitrososphaeraceae in all soil samples. These
families accounted for about 60 % of bacterial composition; Bryobacteraceae and
Micrococcaceae dominated, comprising 22.4 + 2.0 % and 15.4 + 3.5 % of total baterial

community compostion, respectively (Figure 9).

No differences in abundance were detected among experimental treatments for the 12
most abundant families using two way ANOVA (with plant genotype and MAP addition as factors
in the analysis). There was also no significant difference in 16S alpha diversity among
treatments, measured as Shannon, Simpson and Chao 1 diversity (Figure 10A). When analysed

with Bray-Curtis distance matrices, there was no clear separation among treatment groups

(Figure 108B).
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Table 2. Nutrient contents of shoot and fruit tissues of rmc and 76R genotypes with and without MAP at
harvest. Values are means * SE, n=6

Nutrient content -MAP +MAP
(g/plant) rmc 76R rmc 76R
Shoot
P 0.44 (0.15) 0.64 (0.18) 0.74 (0.2) 0.70 (0.14)
N 1.82 (0.68) 4.13 (1.22) 4.40(1.21) 4.24(1.37)
Fruits
P 0.13 (0.03) 0.23 (0.02) 0.23 (0.06) 0.22 (0.07)
N 0.79 (0.19) 0.62 (0.10) 0.70(0.22) 1.33(0.32)
K 0.77 (0.20) 1.46 (0.15) 1.50(0.41) 1.50 (0.58)
Ca 0.03 (0.01) 0.06 (0.01) 0.06 (0.02) 0.07 (0.03)
Mg 0.03 (0.01) 0.06 (0.01) 0.07 (0.02) 0.07 (0.03)
S 0.05 (0.01) 0.09 (0.01) 0.09 (0.03) 0.09 (0.04)
Fe 0.0007 (0.0002) 0.0014 (0.0002) 0.0017 (0.0004) 0.0014 (0.0006)
Zn 0.0006 (0.0004) 0.001 (0.0001) 0.001 (0.0003) 0.001 (0.0001)
Cu 0.0003(6.3E-05)) 0.0005 (4.3E-05) 0.0005 (1.3E-04) 0.0005 (1.9E-04)
Mn 0.0003(7.34E-05) 0.0005 (4.38E-05) 0.0005 (0.0001) 0.0005 (0.0002)
Na 0.03 (0.008) 0.06 (0.003) 0.06 (0.015) 0.06 (0.023)

Table 3. Mineral nutrients concentration (mg/kg) of tomato fruits. Values are mean * SE, n=6

Nutrient -MAP +MAP
rmc 76R rmc 76R

K 35919 (1595) 39980 (1166) 41625 (1088) 38120 (1582)
Ca 1290 (80) 1718 (184) 1635 (96) 1786 (133)
Mg 1518 (65) 1728 (97) 1803 (72) 1647 (89)
S 2258 (60) 2442 (96) 2606 (50) 2410 (100)
Fe 30(5.3) 38 (4.3) 51(2.9) 31(12.2)
Zn 30(0.69) 32(0.69) 33(1.4) 32(1.59)
Cu 12 (0.58) 13 (0.47) 13 (0.5) 12 (0.62)
Mn 11 (0.52) 13 (1.04) 13 (0.5) 12 (0.66)
Na 1524 (26.6) 1561 (22.6) 1596 (29.7) 1562 (28.1)
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4.4 Discussion

To our knowledge, this is the first study to investigate the impact of AM ecology on soil P
leaching under realistic field soil condition. The downward movements of P in soil profile were
captured by the anion-exchange resin membrane at 30 cm soil depth. Whereas there was no
significant difference in term of soil P leaching estimating by the amount of resin-extractable P
between the mycorrhizal roots and non-mycorrhizal root systems, mycorrhizal tomato plants
without fertilizer application had the same fruit yield and fruit nutrients as plants receiving MAP
fertilizer. This highlights the potential beneficial ecosystem service of AM on improving tomato
fruit biomass and nutrients and suggests the importance of maintaining AM formation in roots

systems.

4.4.1 Arbuscular mycorrhizas increased tomato fruit yield and nutrients to the same degree

as plants received fertilizer

Whereas the fruit yield of mycorrhizal and non-mycorrhizal plants did not differ in soils with
MAP fertilizer, the yield of mycorrhizal plants was higher than that of non-mycorrhizal plants,
where no MAP was applied. Moreover the yield of the mycorrhizal plants where no MAP was
applied was as high as that of plants where MAP was applied. Interestingly, the greater fruit
biomass of the mycorrhizal tomato plants was not associated with a greater shoot dry weight,
or greater shoot P or N concentration. This highlights the beneficial effects of AM on the harvest
index of mycorrhizal tomato plants, in which the allocation of plant resources to fruits over
vegetative mass was prioritised in the 76R mycorrhizal plants relative to rmc non-mycorrhizal
plants. This is consistent with a meta-analysis of field studies in Pellegrino et al. (2015) states
that AMF can improve harvest index by 25%. Importantly, the fruit mineral nutrient content of
the mycorrhizal plants where MAP was not applied, was similar to that of both genotypes where
MAP was applied. These findings are in agreement with earlier work showing an increase in the
fruit nutrient of mycorrhizal tomato plants (Hart et al. 2014; Cavagnaro et al. 2006). In addition,
a similar yield response was found in another field experiment using the same tomato
genotypes when subjected to droughted and non-droughted conditions (Bowles et al. 2016).
Together these studies suggest that employing management practices that maintain and
enhance the formation of AM in crop roots may reduce the need for external fertilizer inputs,

as well as help buffer against drought stress.

It is well established that increasing levels of plant-available P in soil negatively affects
mycorrhizal colonization of roots (Wheeler et al. 1992; M.H et al. 1994; Gianinazzi et al. 1990).

In the present study, MAP application decreased mycorrhizal colonization of the mycorrhizal

65



wild-type progenitor by more than 60% compared to the control where no MAP was applied;
colonization of 76R roots in the un-fertilised control was 20 % of root length, which is in line
with previous field experiments using the same genotype (Cavagnaro et al. 2006; Bowles et al.
2016). Importantly, the roots of the rmc genotype were not colonised, and so it is possible to
make a valid comparison of AM effects on plant growth, yield and nutrition, soil P leaching, soil

(16S) microbial communities, and soil moisture, as follows.

4.4.2 Arbuscular mycorrhizas had no significant impacts on soil moisture, soil 16S bacterial

community and soil P leaching.

In our study, the presence of roots reduced the gravimetric soil moisture content (in both the
0-10 and 10-30cm soil layers), and this effect was greatest with MAP addition. Fertilizer
application might improve plant water uptake capacity as this can enhance plant biomass and
photosynthesis (Wiedenfeld and Enciso 2008; Drerup et al. 2019; Dong et al. 2011). However,
we did not observe an increase in above-ground biomass with MAP addition, and so the
difference may be associated with a greater root biomass, or greater rates of transpiration. This,
however, is speculative and warrants further investigation. In addition to assessing gravimetric
moisture content at the time of harvest, we also used capacitance probes to monitor root and
mycorrhizal effects on soil moisture at 20 cm increments to a depth of 1 m on a fortnightly basis
over the course of the experiment. Although previous work has shown that AMF can alter soil
moisture due to the activity of the fungal mycelium to increase plant water uptake (Khalvati et
al. 2005) or soil water repellence (Rillig et al. 2010), we found no such mycorrhizal effects on
soil moisture. The clear lack of root, or mycorrhizal effects on soil moisture may be due to the
plants in this study being well-irrigated, in contrast to earlier studies focused on deficit irrigation

(Bowles et al. 2016) or drought stress conditions (Aliasgharzad et al. 2006).

Although previous studies have demonstrated that the formation of AM can alter soil
microbial communities (Xu et al. 2018; Zhang et al. 2019; Gui et al. 2017), we found that neither
mycorrhizal colonization of tomato roots, nor MAP addition, resulted in a change in 16S
(bacterial and archaea) community composition; this conclusion is based on our measures of
‘species’ (OTU) richness, alpha-diversity (Shannon, Simpson and Chao 1 index), and the NMDS
plots. The lack of difference in soil bacterial communities among treatments may be due to the
short experimental time frame (one field season) (Huang et al. 2014). It is also important to note
that DNA-based methods may also detect DNA from recently dead cells (Andreas and Anne
2006; Lemarchand et al. 2004), thereby potentially masking shifts in community composition.

Our findings here are also consistent with an earlier study indicating that arbuscular
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mycorrhizas, irrespective of N and P addition, had no impact on soil ammonia oxidizing bacteria
groups while using the same two tomato genotypes plants (Cavagnaro et al. 2007).
Furthermore, in contrast to other studies where soil microbiomes have been found to shift in
composition with changes in the level of soil nutrient availability (Leff et al. 2015; Mello et al.

2016), no impacts of MAP addition on the soil bacterial community were seen here.

The ion exchange resin technique has been used as an effective tool for assessing
nutrient movement in soils in previous studies (Qian and Schoenau 2002; Pampolino et al. 2000).
In this experiment, based on the amount of extractable P from the anion-exchange resin
membranes, there were also no clear mycorrhizal, nor root (i.e. no plant controls), effects on
soil P leached at 30 cm soil layer. This might be explained by the limitation of root effects on soil
nutrients at different soil layers and slow movement of P in this soil context. In our previous
leaching studies, we found a significant contribution of roots to the amount and composition of
P leached (Tran et al. 2020). However, the presence of plants reduced soil nutrient
concentrations (plant-available P and ammonium) in the 0-10 cm soil layer, but not the 10-30
cm soil layer, where the resin membranes were located. It is likely that the greater root biomass
in the upper soil layer resulted in greater uptake of nutrients from this layer. Given that roots
show a plastic response to soil P supply (Grossman and Rice 2012; Ram et al. 2000) and thus
root distribution (Xia et al. 2013), this is not unexpected. In addition, the MAP was banded at a
depth of 10 cm, so any movement of nutrients was likely downward into the lower soil layer.
Any such downward movement of P was, however, limited, as indicated by only slightly higher
(non-significant) levels of P in the resin strops deployed at a depth of 30 cm in the plots where
MAP was applied. Therefore, the contribution of roots to the amount of soil P throughout soil
profile (i.e at 0-10 cm and 10-30 cm soil layer) and movement of P in soil should be taken into
consideration in future research on the topic of roots and mycorrhizal effects on soil nutrient

loss via leaching.
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4.5 Conclusions

This study provides further field-based evidence of the benefits of forming AM in terms of
tomato yield and nutrition. Colonization of tomato roots by AMF in soils not receiving MAP
resulted in an equivalent fruit yield and nutrient concentrations to plants (mycorrhizal and non-
mycorrhizal) receiving MAP. On the other hand, fertilizer addition suppressed mycorrhizal
colonization and had little impact on plant growth and nutrient uptake. This suggests that
management practices that support AM colonization, such as cover crops and reduced tillage
(Bowles et al. 2017b; Ramos-Zapata et al. 2012; Higo et al. 2013), may help reduce the need for

inputs of fertilizers.

To our knowledge, this is the first field-based study to investigate the impact of AM on
soil P leaching in association soil P availability, soil moisture and the composition of the soil 16S
bacterial community. However, due to the time limitation, this experiment was only conducted
in a short-term period (a tomato crop period). Therefore, there is a need for long-term studies
focusing on AM impacts on P loss under field condition. Moreover, the high-throughput
sequencing methods to study fungal diversity have been currently developed (Taylor et al.
2016). Therefore, the AM effects on soil fungal community should also be included in the future

when studying AM impacts on soil microbial communities.
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Chapter 5-A study on the phosphorus uptake and storage in external

mycelium of arbuscular mycorrhizal fungi

This work contained in this chapter did not develop into a major theme in this project, some

important results were found and so are presented herein.
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Abstract

Despite their importance in plant phosphorus (P) uptake, there is a lack of research on the P
metabolism of the external mycelium of arbuscular mycorrhizal fungi (AMF). Therefore, the
objective of this study was to characterize the P metabolism and storage of inorganic
polyphosphate (PolyP) in AMF hyphae. In this study, Medicago truncatula (Barrel medic) and
Allium ampeloprasum (leek) were inoculated with the AMF Rhizophagus irregularis using a
hyphae-root compartmented growth system. Extraradical hyphae were harvested after eight
weeks. Mycorrhizal colonization increased P acquisition of the host plant species. Mycorrhizal
M. truncatula pots had a higher external hyphal biomass than that of A. ampeloprasum. 3P
nuclear magnetic resonance (NMR) was used to investigate chemical speciation of P in the
mycorrhizal external mycelium. The 3P NMR spectra for the two mycorrhizal hyphae samples
harvested from the leek and medic pots were very similar and PolyP peaks were clearly

identified in these hyphal samples.
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5.1 Introduction

Arbuscular mycorrhizal fungi (AMF) are a widespread group of soil fungi that establish a
symbiotic association with the roots of most terrestrial plant species (Smith and Smith 2011).
The AMF receive a supply of fixed carbon from the host plant (Berta et al. 2000); in return, AMF
facilitate plant nutrient, especially phosphorus (P), acquisition (Bucher 2007; Smith et al. 2004).
The network of mycorrhizal hyphae can extend more than 10 cm beyond the root surface
(Jakobsen et al. 1992), allowing the roots access a larger soil volume and thus enhancing plant
nutrient uptake (Bowles et al. 2016). Up to 90% of plant P can be acquired via AMF pathway

(Cavagnaro et al. 2015).

The P absorbed by the external hyphal network is transferred to the internal hyphae
and then to the host plants across a specialised membrane system (Smith et al. 2008). Following
absorption as inorganic orthophosphate (Pi) from soil solution, AMF convert much of the P to
PolyP, a linear polymer of phosphate linked by high-energy bonds (Moreno and Docampo 2013),
for translocation along the mycelium (Callow et al. 1978; Solaiman et al. 1999). As PolyP plays a
vital role in the transport, accumulation and transfer of P in AMF hyphal systems (Nowaki et al.
2010), various approaches has been used to detect the presence PolyP, including staining
techniques (Kojima et al. 1998), radiotracer techniques (Schweiger et al. 1999), and enzymatic

methods (Ezawa et al. 2004).

Nuclear magnetic resonance (NMR) spectroscopy is an analytical technique that is
based on the analysis of the magnetic properties of the atomic nucleus (Abdi et al. 2014). This
analysis approach is a powerful, nondestructive technique capable of achieving complete
structural and conformational analysis of complex molecules, and quantitative analysis of
complex mixtures (Smith and Blandford 1995). The advantage of this technique is that a wide
range of compounds can be detected in a single experiment (Colquhoun and Lees 1998). For
example, for NMR spectroscopy tuned to P, all the P-containing compounds should be similarly
observable. The use of 3P NMR spectroscopy has been successfully demonstrated for
characterizing PolyP in the external mycelium of AMF (Rasmussen et al. 2000; Viereck et al.
2004). Due to the difficulty in collecting sufficient external hyphae biomass for NMR analysis,
few in vivo 3P NMR study of P metabolism in the mycelium of AMF have been reported.
Moreover, there presently exists a lack of research on the comparison of PolyP storage in the

external mycelium of AMF among different host plants.

In this experiment, Medicago truncatula (named medic hereafter) and Allium

ampeloprasum (named leek hereafter) plants were inoculated with the AMF Rhizophagus
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irregularis using a hyphae-root compartmented growth system. The aim of the present study
was to compare plant growth, P plant uptake and the formation of external mycelium of this
fungus. A 3P NMR spectroscopy study was also included to identify the form in which P was
present in the hyphae. The following plant growth and mycorrhizal development parameters

were measured:

(i) mycorrhizal colonization, plant growth and P plant uptake;
(ii) external mycelium of Rhizophagus irregularis in the hyphal compartment;
(iii) chemical speciation of P in the mycorrhizal external mycelium of Rhizophagus

irregularis using 3P NMR spectroscopy.

5.2 Materials and methods

5.2.1 Experimental design

The experiment was conducted in a glasshouse at the University of Adelaide’s Waite Campus
(Adelaide, South Australia) from October to December 2018. Barrel medic and leek were used
as host plants. There were 10 mycorrhizal plants and 10 non-mycorrhizal plants of each host

plant species, giving a total of 40 plants.

All plants were grown in compartmented pots, following the method of Jasper et al.
(1989), comprising an inner compartment in which roots were constrained and an outer
compartment that only hyphae could access through a nylon mesh barrier that separated the
inner and outer compartments (Figure 11). This system allowed separation and collection of
external mycorrhizal hyphae. The root compartment was 80 mm height x 70 mm width and

was filled with 600 g autoclaved soil:sand mixture (1:9 w/w).

The soil used was collected from the 0-10 cm layer of the University of Adelaide’s Waite
Campus Arboretum, South Australia. Soil was sieved to <2 mm to eliminate any coarse debris,
autoclaved, dried and then mixed with the fine sand. The soil:sand mixture was mixed with 35
g of either a mycorrhizal inoculum or a non-mycorrhizal mock inoculum. The AMF inoculum was
a mixture of dry soil, spores and external hyphae of Rhizophagus irregularis WFVAM10 (formerly
named Glomus intraradices) and root fragment of Trifolium subterraneum L. (clover) cv. Mt
Barket pot cultures. The control (mock) inoculum was a mixture of dry soil and root fragments

that had not been inoculated with AMF.
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The nylon mesh bag was placed in the centre of the hyphae compartment. The hyphae
compartment was a 110 mm height and 120 mm diameter plastic pot, filled with 900 g
autoclaved fine sand (see Figure 1 for more details about the growth system). Supplemental P
was mixed with the sand of the hyphae compartment as CaHPO, powder at the rate of 50 mg P

kg™ sand.

Seeds of medic and leek were sterilised by shaking in 10% sodium hypochlorite, and
then carefully rinsing under reverse osmosis (RO) water. Medic seeds were then plated onto
moist filter paper, sealed, and incubated for three days at 4°C, then another four days at room
temperature. Leek seeds were inoculated for 5 days at 25°C. One medic or five leek seedlings

were sown directly into the root compartments of each pot as leek has a smaller size than medic.

Plants were grown in a controlled environment glasshouse with 14.5/9.5 h light/dark
cycle; mean minimum and maximum temperature were 19.8°C and 26.5°C, respectively; mean
minimum and maximum humidity were 37.3% and 65.2%, respectively. Plants were watered
with RO water to a gravimetric soil moisture content of 10% every day, and once per week were
nutritionally supplemented with 10 mL of a modified Long-Ashton solution that omitted P
(Cavagnaro et al. 2001). Three weeks after transplanting, nitrogen was added at a rate of 40 mg

N per pot as NHsNOs solution to address the appearance of leaf nitrogen deficiency symptoms.
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Figure 11. The hyphae-root compartmented growth system, consisting of the nylon mesh bag (having
plants) and the outer hyphal compartment.

5.2.2 Plant biomass and external mycelium harvest

Eight weeks after transplanting, the shoots of plants were cut at the soil surface. The root
compartment was separated from the hyphae compartment. Roots were collected and washed
from the remaining soil and fresh root weight was determined. Subsamples of roots were
cleared with 10% KOH (w/v) and stained with 5% ink in vinegar (Vierheilig et al. 1998) and root
mycorrhizal colonization was determined using the gridline intersect method for 100
intersections (Giovannetti and Mosse 1980). The shoot and root were dried at 60°C for 48 h and
shoot and root dry weight determined. These plant materials were then ground to a fine
powder. The P concentration of shoots, roots and hyphae were analysed using an Avio 200 ICP-

OES (Perkin Elmer), following digestion with nitric acid and hydrochloric acid (Wheal et al. 2011).

The fine sand from the hyphae compartment was suspended in a one litre of RO water,
and gently stirred by hand. After the sand particles settled, the suspended external mycelium
was carefully collected using forceps. The suspension was then passed through a 38 um sieve
for a second hyphal collection. This procedure was repeated until the upper layer of the sand

suspension was clear. The collected external mycelium was rinsed with RO water to remove any
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remaining sand. The collected hyphae were immediately weighed and observed under the
microscope (Nikon SMZ 745T). The hyphae sample from each pot was placed in 0.5 mL RO water

and kept at 4°C until further analysis.

5.2.3 External mycelium analysis

The external mycelium samples of Rhizophagus irregularis were dried at 40°C and ground using
a small plastic mortar and pestle. The dried and ground hyphae samples were shaken with
0.25M NaOH and 0.05M NaEDTA, following the procedure of (Bowman and Moir 1993) for 16
hours. The crude extract was centrifuged for 10 minutes (1600g), then filtered (Whatman #42)
to remove coarse particles. The filtered NaOH-EDTA extract was frozen in liquid nitrogen and
freeze-dried for analysis by 3P NMR spectroscopy. The freeze dry extract was ground, re-
dissolved in 5 mL of deionized water and centrifuged for 20 minutes (1400g). The pH of the
solution was adjusted to ensure a pH>13 using 10 M NaOH. The supernatant solution (3.5 mL)
was transferred to a 10 mm NMR tube along with 0.3 mL of deuterium oxide (heavy water) and
0.1mL of a 6.0 g/L MDP solution. 3P NMR spectra were acquired using a Varian INOVA 400 MHz
NMR spectrometer (Varian, Palo Alto, CA) at 24°C (3'P frequency of 161.9 MHz).

5.3 Results

5.3.1 Mycorrhizal colonization

Whereas roots of the plants in all non-mycorrhizal treatments were not colonized, the
mycorrhizal colonization in roots of mycorrhizal medics and leeks were quite high, at 54 + 6%

and 80 £ 3%, respectively (expressed as root length colonized on average across all treatments).

84



5.3.2 Plant biomass and nutrient uptake
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Figure 12. Mean of shoot (white bar) and root (grey bar) dry weight biomass of medics and
leeks. Values are mean + SE, n = 10.

After eight-weeks of growth, there were no differences in SDW and RDW between mycorrhizal
and non-mycorrhizal medics, but the mycorrhizal leeks had a significantly higher SDW and RDW
than non-mycorrhizal leeks (Figure 12).

Table 4. P concentration of shoot P concentration of shoot, root and hyphae tissues of medics and leeks.
Values are mean * SE, n=5.

P plant concentration  Leek-AM Leek-non AM Medic-AM  Medic-non AM

(mg keg™)
Shoot 1345+ 94 1293 + 58 2554 + 202 2466 £ 215
Root 1599 + 162 1097 + 45 2579 £ 198 1323+ 75
Hyphae * NA 1474 * NA

* Due to insufficient hyphae biomass, only samples of hyphae of medics was analysed for the P concentration.

Mycorrhizal colonization increased the P concentration of root tissues of both host
plants (Table 4). The P concentration in the external mycelium of the medics was 1474 mg P kg’
! about equal to the P concentration of the mycorrhizal leek roots. Unfortunately, there was
insufficient external hyphal biomass collected from the leek plants to determine the P

concentration (Table 5).
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5.3.3 Hyphae observation and hyphae biomass

Figure 13. External mycelium formed by Rhizophagus irregularis harvested from
the hyphae compartment of mycorrhizal leek (A) and medic (B) plants.
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Table 5. External mycorrhizal hyphae biomass collected from medic and leek mycorrhizal pots

Mycorrhizal hyphae biomass (fresh weight g)

Pot number

Medic Leek

1 0.354 0.167

2 0.196 0.116

3 0.348 0.049

4 0.276 0.102

5 0.287 0.069

6 0.301 0.220

7 0.265 0.100

8 0.03* 0.126

9 0.38 0.112

10 0.107 0.148
Total 2.544 1.209
Average 0.2544 0.1209

*This pot had less hyphae as the roots escaped to the hyphae compartment

The appearance of extraradical mycorrhizal hyphae of Rhizophagus irregularis were
similar for the medic and leek treatments (Figure 13). Spores of Rhizophagus irregularis were
also evident after eight weeks growth. Despite the variation of the hyphae biomass among pots,
the total fresh weight of hyphae collected from mycorrhizal medic pots were higher than that
of mycorrhizal leek pots. The mean hyphae biomass harvested from medic pots was two times

higher than those from leek.

5.3.4 3P NMR analysis

31p NMR spectra for the mycorrhizal hyphae samples collected from leek and medic were very
similar (Figure 14). The strongest signal at 5.5 ppm was identified as orthophosphate; two
signals in the range 4.5-5.0 ppm were assigned as organic monoesters (almost certainly o- and
B-glycerophosphate that come from alkaline hydrolysis of phospholipids in the NaOH-EDTA
extract). There were two unknown peaks at ~1 ppm and ~3 ppm. A large peak at -21 ppm was
assigned to P in the “middle” of PolyP chains, while P at the end of these chains are likely
responsible for weak peaks at approximately -4.5 ppm. A small peak at -5 ppm is likely due to

pyrophosphate.
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Figure 14.3'P NMR spectra of NaOH-EDTA extracts of Rhizophagus irreqularis mycelium of medic and leek

pots.
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5.4 Discussion

In this study, the mycorrhizal colonization of medic and leek plants by Rhizophagus irregularis
were high, reflecting the high propensity of these two host plants species to form AM. The level
of mycorrhizal colonization of medic is consistent with the previous study of Nguyen et al.
(2019), in which the same medic variety, mycorrhizal fungal inoculum, soil mixture and soil P
conditions were used. The impacts of mycorrhizal colonization on plant biomass of medic and
leek were different; while there was no significant difference in plant biomass between
mycorrhizal and non-mycorrhizal medic plants, mycorrhizal colonization resulted in a significant

increase in plant biomass for leeks.

After eight weeks, Rhizophagus irregularis had clearly formed a network of external
mycelium and clusters of spores were observed for both host plants. The formation of these
external hyphal networks likely contributed to the higher P concentration in the mycorrhizal
roots compared to the non-mycorrhizal roots of these plants. The hyphal biomass associated
with mycorrhizal medic roots was two times higher than that of leek, despite there being only
one medic plant per pot compared to the five leek plants per pot. This might be due to a higher

root biomass of medics compared to leeks.

The P concentration in the hyphae was determined to ensure there was sufficient P in
the mycorrhizal hyphae for NMR analysis (Silva Elipe 2003). The P concentration in mycorrhizal
hyphae collected from medic pots was similar to the P concentration of the mycorrhizal leek
roots, indicating the ability of P absorption and storage in the hyphae of this AMF.
Unfortunately, due to the low amounts of hyphal biomass per pot, the P concentration of

hyphae samples could only be carried out on a pooled sample.

Despite the difference in mycorrhizal colonization, plant biomass and P uptake between
leek and medic as host plants, the 3!P NMR spectra for the two mycorrhizal hyphae samples
were very similar. The presence of a large and distinctive peak at -21 ppm is consistent with the
presence of substantial quantities of PolyP in the external mycorrhizal hyphae, as reported in
previous studies of (Viereck et al. 2004; Rasmussen et al. 2000). The 3!P NMR spectra revealed
a clear PolyP peak, however, the quality of peaks was not sufficient to enable qualification of
the main P types present as well as total P in samples. In addition, two small peaks of PolyP and
pyrophosphate were seen at approximately -4.5 ppm and -5 ppm, however, the terminal P peaks

were too small to indicate the presence of PolyP molecules with different chain lengths.
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These results confirm the formation of external mycorrhizal hyphae of Rhizophagus
irregularis using a compartmented growth system with medic and leek as host plants. Medic
can form a sufficient amount of external mycelium, which can be used for further study or
analysis of mycorrhizal hyphae. Despite differences in mycorrhizal effects on plant P uptake and
plant biomass, the presence and the storage of PolyP in the external mycorrhizal hyphal
networks of Rhizophagus irregularis of these two host plants was nearly identical. The presence
of the PolyP, and the P concentration in the mycorrhizal external hyphae, confirm the vital role
of these hyphal systems in plant P uptake. These outcomes are important for further study on

external mycorrhizal hyphae (e.g. hyphal architecture, morphology and nutrient uptake).
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Chapter 6- Conclusions

6.1 General conclusions

The overarching aim of the body of work presented in this thesis was to explore the effects of
arbuscular mycorrhizal fungi (AMF) on soil phosphorus (P) leaching with an emphasis on P pools
in the soil-plant-leachate system. Arbuscular mycorrhizas (AM) had consistently positive
impacts on plant biomass, P uptake and fruit yield and nutrients across the experiments
(Chapter 2, 3, 4 and 5). The evidence of inorganic polyphosphate (polyP) storage in the AMF
external mycelium was identified in Chapter 5. Contrary to my initial hypothesis that AM can
reduce P lost via leaching, an increase of soil P leached was observed in the mycorrhizal plant
treatments in one experiment (Chapter 2). Importantly, the total P and dissolved organic carbon
(DOC) were strongly correlated in this study. These results have implications for the interaction
of AMF, roots and soil microbial communities, and soil P availability and leaching in non-
sterilized soil systems. In Chapter 3, mycorrhizal colonization, plant growth, the chemical
composition of P and the concentration of DOC leached, were different in two non-sterilized
soil/sand mixes of contrasting texture. AM reduced P leaching in the sandier soil substrate, and
this reduction was associated with greater DOC leached. These findings highlight the importance
of soil texture in regulating AM effects on soil nutrient loss. The majority of P lost via leaching
in this soil system was associated with the reactive P pool (Chapter 2 and 3). Mycorrhizal effects
on soil P leaching were also extended to a field-based study (Chapterd). Under field soil
conditions, mycorrhizal tomato plants without fertilizer had the same fruit yield and fruit
nutrient concentrations as plants receiving fertilizer. Mycorrhizal effects on soil moisture, 16S
bacterial community composition, and P loss via leaching were very small after a single cropping
period, suggesting the need for future longer-term studies. Taken together, this work highlights
the importance of AM in terms of plant yields, nutrient cycling and P leaching. This study also
provides new insights into the complex interactions of roots, mycorrhizal roots and soil biota on

nutrient leaching in soils.

6.1.1 Arbuscular mycorrhizas increase plant growth, P plant uptake and fruit biomass
and nutrient concentrations

It is well established that AM have the capacity to increase plant biomass and nutrient uptake
(Smith et al. 2011; Mathur and Vyas 1999). In this study, the mycorrhiza-defective tomato
mutant, (rmc) and its wild-type progenitor (76R) were used to establish +/-AM treatments. The

76R plants experienced an increase in shoot biomass and plant P tissue content (Chapter 2). This
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in an agreement with the meta-analysis of Watts-Williams and Cavagnaro (2014), indicating P
plant tissue in the 76R genotype were generally higher than the rmc genotype. However, the
mycorrhizal effects on these plant parameters were not consistent across all experiments in this
study. There was a lack of mycorrhizal effects on tomato growth and nutrient uptake in the
leaching experiments in Chapter 3 and Chapter 4. This was associated with a lower root length
colonization of 76R plants in these experiments compared to that of Chapter 2. The mean of
root length colonization of 76R plants across all treatment in Chapter 3 and Chapter 4 were 12.8
+ 1.3% and 13.8 £ 2.8%, respectively. These mycorrhizal colonization levels were significantly
lower than that reported in Chapter 2, which were 37.5 + 2.9%. These results agree with a review
of Treseder (2013), who found that plant biomass and nutrient content rose when root length
colonization increased. This finding highlights the importance of maintaining a sufficient level of
mycorrhizal colonization root to enhance the mycorrhizal benefits on plant growth and nutrient

uptake.

As AM can affect fruit metabolism (Zouari et al. 2014) and enhance plant reproductive
growth (Jennifer et al. 2002), this symbiosis has been reported increase fruit yield and nutrient
concentrations (Ziane et al. 2017). In the present study, a significant increase in tomato fruit
yield and nutrient concentration was found for mycorrhizal plants compared to non-mycorrhizal
plants, where additional P was not suppled as a fertiliser (Chapter 4). Of particular note was the
fact that the 76R plants had the same fruit yield and nutrient concentrations, as the plants (be
they mycorrhizal or not), where fertilizers were applied. Importantly, the greater fruit biomass
of mycorrhizal plants was not associated with a higher plant biomass (SDW and RDW). This
finding is consistent with an increase of fruit biomass (Bowles et al. 2016) and fruit nutrient
concentrations (Cavagnaro et al. 2006) of this tomato mycorrhizal genotype under field
conditions. This also highlights the beneficial effects of AM on the harvest index of mycorrhizal
tomato plants, in which the allocation of plant resources to fruits over vegetative biomass, was
likely prioritised in the mycorrhizal plants. Importantly, this positive mycorrhizal effect on fruit
biomass was not observed when the available soil P level was high, and resulted in a reduction
in mycorrhizal colonization of the roots (Chapter 4). This, again, indicates the important role of
mycorrhizal root colonization under low P conditions on improving plant yields. Taken together,
these findings suggest that AMF have a potentially important role to play in improving crop

yields in situations where P fertiliser is not applied.

In the NMR study on the external mycorrhizal hyphae (Chapter 5), Medicago truncatula
(Barrel medic) and Allium ampeloprasum (leek) were used as the host plants and grown in

sterilized soil systems. The use of Rhizophagus irregularis inoculant resulted in a high level of
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root mycorrhizal colonization and the formation of the external mycelium. Formation of AM led
to a higher plant biomass and plant tissue P concentration of mycorrhizal plants compared to
non-mycorrhizal plants. The presence of the polyphosphate peaks in the 3P NMR spectra,
highlights the important role of these fungal mycelium in P plant uptake and storage. Due to
technical difficulties with this work, this avenue of investigation was not explored further, but

the results were included herein for the sake of completeness.

6.1.2 Interaction of AMF, roots and soil microbes on the amount of soil P, P chemical
composition and DOC leached

In this study, “no-plant” control treatments (i.e. plant-free controls) were included in the
leaching experiments. This approach allows the comparisons of P dynamics between soils with
and without roots, be they mycorrhizal or not. Roots can reduce soil P leaching by directly
absorbing P and water, thereby decreasing the amount of P in the soil solution and leachate
volume (Jiang et al. 2018). However, in this work, the plant treatments (mycorrhizal or not), had
lower leachate volume but higher P and DOC concentration, compared to plant-free control
treatments (Chapter 2 and 3). One explanation for this may be that roots might block water flow
channels, leading to lower infiltration rates and hydraulic conductivity of planted-soils compare
to bare soils (Leung et al. 2015). This situation may have been more pronounced given that the
plants were grown in microcosms with a high root length density. Importantly, the influence of
roots on increasing P and DOC leaching was observed in the two glasshouse leaching
experiments (Chapter 2 and 3). Roots release exudates (e.g. organic acids and enzymes) to
solubilize and mineralize mineral and complexed P forms (Roberts et al. 2020). Therefore, roots
might mobilize more P into soil solution and influence soil physical properties, thereby

increasing the amount of P available for leaching.

Nutrient cycling and leaching are complex processes and involve many soil microbes
(bacteria and fungi) (Parihar et al. 2019). By using the tomato mutant genotypes, the effects of
AM on soil P leaching were investigated in non-sterilized soil systems. The presence AMF
together with the wider soil biota, revealed new insights about soil P leaching, especially the
strong correlation between P and DOC leached reported in Chapter 2. Associations between P
and DOC leached have been documented previously. For example, a greater amount of DOC
leached has been recorded in high P soils compared to non-fertilized soils (Scott et al. 2015).
The application of P to soil can stimulate DOC leaching due to the competition between P and
DOC for anion binding sites in soils (Kang et al. 2011; Kalbitz et al. 2000). A significant positive
correlation between P and DOC in soil leachate under excessive manure application has also

been reported (Liu et al. 2019). In this study, the simultaneous P and DOC leached might be
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explained due to the contribution of root exudation and soil microbial activities. Root exudation
is considered as one of the main sources of C inputs into soils (Kalbitz et al. 2000). Moreover,
the presence of AMF also contribute and influence C cycling in soil (Zhang et al. 2019; Rillig
2004). The presence of these low molecular organic acids in soils might decrease soil P
adsorption (Lindegren and Persson 2010), thereby increasing the risk of P leaching. In addition,
DOC is also a major energy source for soil microbial activity (Brailsford et al. 2019; Dong et al.
2012), which can be enhanced with AM (Artursson et al. 2006). The association of roots, AMF
and other soil biota may also enhance the amount of available P in soil solution (Raghothama
and Karthikeyan 2005; Roberts et al. 2020). It is clear that the influence of roots, AMF and soil
microbial community on soil P and DOC leaching are complex and interdependent, indicating a

need for further studies on this topic.

The amount of different P forms in soils and the ability of plants to acquire P, can be
major factors in determining how plants affect leaching of soil P (Roberts et al. 2020). In this
study, roots reduced the available soil P concentrations in the 0-10 cm and 10-25 cm soil layers
in the microcosm experiment (Chapter 3), and (only) in the 0-10 cm layer in the field-based
experiment (Chapter 4). Even though roots play a significant role in regulating soil P cycling and
leaching, their impacts on soil available P are likely significant in surface soil layers where root

density is high.

Understanding the chemical nature of P pools in soils is critical to efforts seeking to
maximize plant P usage and to minimize soil P leaching (Stutter 2015). Phosphorus leached from
soil can be in reactive P (dissolved PO4* -P) or in unreactive forms (soluble and particulate
organic P) (Pote et al. 2009). In this study, the majority of P leached was reactive P (65-75% total
P leached), even though most of the soil P was unreactive P (Chapter 2 and 3). Importantly, a
reduction of reactive P leached with the mycorrhizal plants in a sandy soil substrate was
demonstrated in Chapter 3. This highlights the potential of AM in reducing P leaching in sandy
soil, where P leaching is particularly problematic due to rapid soil water flow and low P

adsorption (Nelson et al. 2005).

6.1.3 Mycorrhizal effects on soil P leaching depends on experimental conditions

Results from studies on AM effects on the loss of P via leaching have been somewhat
inconsistent. While positive effects of AM on reducing P loss via leaching have been documented
(van der Heijden 2010; Asghari and Cavagnaro 2011; Corkidi et al. 2011; Zhang et al. 2020), little
or no effects have also been observed (Kéhl and van der Heijden 2016; Duffkova et al. 2019).

Moreover, mycorrhizal effects on soil P loss can vary within a study e.g. an increase 20%
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unreactive P, but no effects on dissolved organic P was seen in one study (Kohl et al. 2014), and
there was an increase in total P loss in the first year but no effects in second year (Bender and
van der Heijden 2015). In the present study, AM effects on soil P loss were also varied,
depending upon experimental conditions. For example, in Chapter 2, AM consistently increased
P leaching at two levels of P fertiliser application. These increases were attributed to higher P
mobility in soils due to root exudation and soil microbial activities. In Chapter 3, there was a
reduction of P loss in the mycorrhizal treatments in the sandy soil substrate, but no mycorrhizal
effects in the fine soil substrate, even though the same AMF inoculant and host plants were

used. These contrasting findings highlight the need for further work of this nature.

AMF can influence soil microbial diversity (Marschner et al. 2001; Rillig et al. 2006b).
Therefore, a 16S sequencing study was included in the field leaching experiment to investigate
the interaction between AMF, soil bacterial community and P leaching. However, soil bacterial
community composition between mycorrhizal and non-mycorrhizal treatments were not
significantly different. This may be because the duration of the experiment was not sufficient
for detectable shifts in the soil microbiome to occur (Chapter 4). This result warrants further

detailed investigation in a long-term experiment.

AMF can improve soil aggregation (Rillig and Mummey 2006) and soil water holding
capacity (Cavagnaro et al. 2006; Augé 2004). Therefore, AMF may reduce soil nutrient loss by
affecting soil moisture dynamics in the root zone and reducing the leachate volume (Cavagnaro
et al. 2015). However, AM did not significantly affect the leachate volume in two the
experiments in Chapter 2 and Chapter 3. This is in agreement with previous mycorrhizal leaching
experiments (Asghari and Cavagnaro 2012; van der Heijden 2010). This result indicates that the
amount of water leached and soil moisture might not contribute to the differences in the

amount of nutrient leached in this soil system.

6.1.4 Recommended approaches for the field-based study of mycorrhizal effects on P
leaching

To my knowledge, the work presented in Chapter 4 is the first field-based study on mycorrhizal
effects on soil P leaching. This experiment presents some potential approaches to overcome the
field-based study challenges. For example, anion-exchange resin membranes can be used as a
reliable tool to examine the soil P leaching with minimal soil disturbance. Additionally, the
mycorrhiza-defective tomato genotype (rmc) and its mycorrhizal wild-type progenitor (76R),
were used to establish mycorrhizal and non-mycorrhizal treatments without the need to

sterilize soils. Importantly, there were no significant differences in root biomass between these
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tomato genotypes in the leaching experiments (Chapter 2, 3 and 4). This provides for a valid
comparison of AM impacts on soil P loss via leaching without the confounding effects of plant
size asymmetry. Moreover, it is suggested that a plant-free control treatment should also be

included in such studies (as was the case here).

6.2 Future research directions

In undertaking this research, a number of avenues for potential future research have been

identified, as follows:

It is clear that there are complex interactions between AMF, roots and the wider soil
biota. These interactions are likely to have an impact on soil P cycling, and loss via leaching.
Therefore, it is recommended that future research should focus on investigating the precise
mechanisms of how roots (e.g. rhizosphere pH, organic exudation, phosphatase excretion) and
soil microbial community (e.g. phosphate solubilizing bacteria) change between mycorrhizal and

non-mycorrhizal plants, and how these changes influence soil P availability and P leaching.

Due to time limitations, the field-based study on mycorrhizal effects on P leaching was
conducted over a single field season. Given that P moves slowly in soil, and mycorrhizal impacts
on soil physical, chemical and biological properties take time to develop, it is suggested that a
long-term field study be conducted to investigate AM impacts on these factors and soil nutrient
leaching. Moreover, the reaction between soil particles and P may be strong in some soil
systems; this impacts the amount of P leached, and therefore measures of P sorption and

phosphorus buffering index (PBI) could be taken into account in future studies of soil P leaching.

AM might impact soil physical properties, such as soil aggregation and soil porosity,
which in turn may impact leachate volume and the amount of nutrient leached (Chapter 2 and
3). This speculation could be further assessed by using non-destructive imaging technique such
as computed tomography scanning. In addition, there was a strong relationship between DOC
and P leached, and aspects of composition of the DOC leached could be examined in greater
analytical detail e.g. measuring polyvalent cations in the leachate to confirm the linkages
between plant-excreted DOC and these cations, and/or the chemical nature of the leached DOC

(e.g. plant root exudates) (Chapter 2).

The present study used a single soil type (a fine sandy loam), noting the addition of sand
in Chapter 3. It is, therefore, recommended that mycorrhizal effects on nutrient loss should be
examined in soils with differing texture and P binding capacity. Similarly, it would be beneficial

to undertake such experiments with different crops and AMF species.
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