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Abstract: Optimisation of potassium (K) use efficiency in pastures on sandy soil is challenging.
We characterised growth response, root carboxylate exudation and mycorrhizal colonisation in three
perennial pasture grasses: tall fescue (Festuca arundinacea L.), veldt grass (Ehrharta calycina Sm.) and
tall wheatgrass (Thinopyrum ponticum L.) in two glasshouse experiments with: (1) four K rates (0, 40,
80 and 120 mg K kg-1 soil), and (2) four N and K treatments (no N and K (–N–K), 81 mg N kg-1 soil
but no K, 80 mg K kg-1 soil but no N, and N at 81 and K at 80 mg kg-1 soil (+N+K)) in low-K sandy
soil. Veldt grass had the highest shoot dry weight and shoot P content, but the lowest mycorrhizal
colonisation. Potassium fertilisation had no significant impact on exudation of citrate and oxalate.
The K0 plants had significantly lower exudation of acetate and total carboxylates than K40 plants.
The +N+K plants had maximum shoot growth at both harvests (30 and 60 days after sowing (DAS))
and highest N and K shoot contents at 60 DAS. The –N–K plants exuded maximum amounts of
citrate and malate at 30 DAS, but at 60 DAS tall fescue had the highest rhizosphere concentrations of
citrate and malate in the +N+K treatment. At 60 DAS, mycorrhizal colonisation was significantly
lower with than without N and K fertilisation. We concluded that pasture grasses could yield well
even in inherently low-K soil without external K fertilisation and mycorrhizal symbiosis. However,
the +N+K plants had the highest yield and root carboxylate exudation.
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1. Introduction

Potassium (K) regulates various biochemical and physiological processes, including protein
synthesis, energy metabolism and photosynthesis [1]. Most Australian soils had sufficient availability
of K to support plant growth [2]. However, as the cereals and dairy production intensified, K deficiency
became widespread due to removal of K in the silage and agricultural products [2,3]. About 2/3 of
wheat belt soils in southern Australia are now considered low in available K [1].

In south-western Australia, almost 75% of the soils are sandy and have low K availability [4]. In
these soils, K is prone to leaching [5]. Even though K application to pastures is advocated (either as split
and/or at a later stage when plants have developed adequate root systems) [6], optimising K fertiliser
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efficiency continues to be a major problem in sandy soils [7]. Despite this challenge, inorganic K
fertilisation has become inevitable [2] as most sandy soils in Western Australia are now low in K [3].

Understanding the fertiliser K requirement of pasture species is vital as it significantly determines
the productivity and quality of pastures. Apart from its direct effect on the growth of individual species,
K can influence botanical composition [8], with growing pastures of different botanical composition
being an established system used by dairy farmers in south-western Australia. Given the higher
K-use efficiency of grasses compared with legumes, in a mixed pasture sward of subterranean clover
(Trifolium subterraneum L.) and ryegrasses (annual: Lolium rigidum Gaud. and Italian: L. multiflorum
Lam.), K deficiency led to lower seed production in clover and its disappearance from the system [9].
Therefore, attempts were made to define the K fertiliser requirement based on the critical soil test
values. Some of these critical values are (bicarbonate Colwell soil test in mg K kg-1): <50 in wheat [10],
<60 in canola [11] and <100 in clover [6]. In general, sandy soils with <50 mg K kg-1 of bicarbonate
Colwell are considered low in K, thus requiring fertiliser application [3]. However, information on the
K requirements of temperate perennial pasture grasses is limited.

Rhizosphere carboxylate (organic acid anion) exudation is a plant mechanism for mobilising
nutrients, and is particularly important in enhancing the acquisition and availability of immobile
nutrient phosphorus (P) [12–15], with the extensive relevant literature [16–18]. A potential exists for
carboxylates to mobilise K that is often unavailable due to fixation as non-exchangeable K [19,20].
However, the exudates data are mostly non-existent for temperate perennial pasture grasses in spite of
usefulness of having species/varieties with a strong K mobilisation potential via root exudates [21].

The available literature indicated that citrate and oxalate [22] as well as malate [23] are essential
in K dissolution and release. Species/varieties with high K uptake efficiency generally release more
carboxylates than the in-efficient ones [24]. In maize (Zea mays L.), the low K supply was associated
with significantly higher citrate and oxalate exudation compared with the K-sufficient treatments [25].
The increased mobilisation of non-exchangeable K by efficient potato (Solanum tuberosum L.) cultivars
was also attributed to root exudation [26], with the K-mobilising efficiency of carboxylates dependent
on the amount exuded [27,28].

The efficiency of K utilisation by plants is governed by nitrogen (N) availability and vice versa.
Plants capacity to utilise N was restricted by K deficiency [21], and similarly K uptake was enhanced
by N supply [29]. The N and K supply also influenced accumulation of organic acid anions in grass
shoots, with aconitate concentration decreasing with applied N but increasing with applied K in green
panic grass (Panicum maximum var. trichoglume) [30]. In contrast, oxalate concentration in shoots of
green panic grass increased with applied N but declined with applied K [30]. In cocksfoot (Dactylis
glomerata L.) and bromegrass (Bromus inermis L.), N fertilization increased malate and trans-aconitate
concentrations in shoots, and K decreased them [31]. However, such information is not available for
tall fescue and tall wheatgrass.

The main objectives of the current study were to characterise the effect of different K and N rates
on growth parameters and concentrations of a wide range of carboxylates in the rhizosphere of three
temperate perennial pasture grasses in various growth stages. The significance of these three pasture
grass species in Australian farming system was described previously [32]. We also measured arbuscular
mycorrhizal (AM) colonisation because root exudation is positively influenced by colonisation [33].

2. Materials and Methods

2.1. Experimental Design

2.1.1. Experiment 1 (Growth and Rhizosphere Carboxylates at Different K Rates)

Three temperate perennial pasture grasses—tall fescue (Festuca arundinacea L. cv. Prosper),
veldt grass (Ehrharta calycina Sm. cv. Mission) and tall wheatgrass (Thinopyrum ponticum L. cv. Dundas)
were chosen. Previous experiments [32] with these species have shown differences in growth and
rhizosphere carboxylates as influenced by species and phosphorus applications.
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Sandy soil was collected (0–10 cm) from The University of Western Australia Shenton Park Field
Station (31◦94′69′′ S, 115◦79′53′′ E); and it had the following chemical properties: 4.8 pH (CaCl2) [34],
2 mg nitrate N kg-1 [35], 3 mg P kg-1 and 20 mg K kg-1 [36]. The sandy soil with <50 mg K kg-1 soil is
considered to be low in K [3].

Plants were grown in pots (200 mm diameter and 180 mm deep) lined with a polyethylene bag
and containing 5 kg of sieved air-dry soil. Soil was supplemented with essential elements (mg kg-1

soil): N (33.3), P (20.5), S (34), Ca (41), Mg (3.95), Mn (3), Zn (2), Cu (0.5), B (0.1), Co (0.1) and Mo
(0.08). Potassium was applied as potassium chloride (fertiliser used in pastures in south-western
Australia, [6]) at four rates (0 (K0), 40 (K40), 80 (K80) and 120 (K120) mg K kg-1 soil). The K rates and
basal nutrients were applied following our published study [37]. Nitrogen was top-dressed at 33.3 mg
N kg-1 soil 4 weeks after sowing to ensure plant growth was not limited by N supply.

There were eight plants sown per pot, and the moisture content was maintained at 70% field capacity
by frequent weighing and watering. Plants were grown in a temperature-controlled glasshouse at The
University of Western Australia, Perth (31◦58′ S, 115◦49′ E) with the mean day and night temperatures of
~20 and 15 ◦C, respectively. The study used a randomised complete block design with four replications,
and pots were re-randomised within the block periodically to minimise environmental influence.
Plants were harvested 7 weeks after sowing at tillering (Biologische Bundesantalt Bundessortenamt
and Chemische Industrie, BBCH 27 [38].

2.1.2. Experiment 2 (Growth and Rhizosphere Carboxylates under N and K Fertilisation)

Two species, tall fescue and tall wheatgrass, were selected from experiment 1 (based on the highest
and lowest, respectively, rhizosphere concentration of malate, with no difference in citrate exudation)
to assess their growth and root exudation under N and K fertilisation.

The soil used was the same sandy soil as in experiment 1. Air-dried soil (3.5 kg) was placed in pots
(150 mm diameter and 170 mm deep). All pots received the same basal fertilisation as described above,
but without N. There were four treatments: no N and K (–N–K), 81 mg N kg-1 soil but no K (+N–K),
80 mg K kg-1 soil but no N (+K–N), and 81 mg N kg-1 and 80 mg K kg-1 soil (+N+K). Nitrogen was
applied as ammonium nitrate and K as KCl. The N rate was adapted from the published study [39],
and the K rate was selected from experiment 1.

Each pot had five plants. The same experimental design was used, and similar growth conditions
were maintained as in experiment 1. There were two harvests, 30 (BBCH 22) and 60 (BBCH 27) days
after sowing.

2.2. Carboxylate Extraction

In each harvest, the shoots were cut above the soil surface. The protocol for carboxylate extraction
was the same as routinely followed [17,40,41]. Briefly, plants with intact roots were lifted cautiously,
soil loosened and bulk soil removed through gentle shaking. Roots with the attached rhizosphere
soil [42] were then immersed into a 500 mL beaker containing 20 to 90 mL of 0.2 mM CaCl2 depending
on root size. Immersion lasted for about 1 min with frequent shaking to increase the amount of
rhizosphere soil removed. Roots were then taken out, and a subsample of the suspension was filtered
(0.45 µm) into a 1 mL HPLC vial. Each vial was acidified with 20 µL of concentrated orthophosphoric
acid. The filled vials were placed on ice during extraction and stored at −20 ◦C until analysis.

2.3. Plant Nutrient Measurements

The roots were washed in running water to remove the remaining soil particles and were
subsampled for assessment of AM colonisation. The shoots and remaining roots were oven-dried at
65 ◦C for 3 days and weighed.

Dried shoots (about 25 mg) were digested in a mixture of concentrated HNO3 and HClO4,
and nutrient concentrations were determined by Inductively Coupled Plasma Optical Emission
Spectroscopy (Optima 5300 DV; Perkin-Elmer Inc., Waltham, MA, USA) as described elsewhere [37].
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The shoot N concentration was measured by a Vario Macro CNS Analyser (Hanau, Germany) through
dry total combustion and thermal conductivity [42]. Nutrient contents were calculated as the product
of dry masses and the corresponding concentrations.

2.4. Arbuscular Mycorrhizal Colonisation

The sub-sampled roots were cut into about 1 cm long pieces and stained as we described
previously [43]. The roots were then dispersed in a Petri dish, and colonisation percent was assessed
using the gridline intercept method under an optical microscope for at least 200 intersections per
sample [44]. The roots were considered colonised when any of the arbuscular mycorrhizal fungal parts
(hyphae, arbuscules, vesicles or spores) were detected.

2.5. Carboxylate Analysis

The procedure for rhizosphere carboxylates was adapted from [45] with the exception of oxalate
that was determined as described by [46]. The carboxylates were detected by relating the retention
times and absorption spectra of samples with those of working standards (acetic, citric, cis-aconitic,
fumaric, malic, maleic, malonic, and trans-aconitic acids). The total carboxylates represent the sum of
those detected in the rhizosphere soil.

2.6. Statistical Analyses

In both experiments, the effect of main factors (grass species and treatments) and their interaction on
different measured variables were analysed by two-way ANOVA in Genstat 19 (VSN International Ltd.,
Rothamsted, Harpenden, UK), with log-transformation of data where required to ensure homogeneity
of variances. The complete data set was presented when the two-way interaction was significant
at p ≤ 0.05. Otherwise, the significant main effects were presented by pooling the data across the
grass species or treatments. Means are presented with standard errors, separated by Tukey’s honest
significance difference (HSD) when there were significant main effects or interaction.

3. Results

3.1. Plant Growth

The three species differed in experiment 1, with veldt grass producing significantly higher shoot dry
biomass, and tall wheatgrass having significantly greater root biomass than the other two species (Table 1).

Table 1. Shoot and root dry weight (dw), shoot P and K concentrations and contents, and arbuscular
mycorrhizal (AM) colonisation in three temperate pasture grasses as influenced by the significant main
effects of species and K rates in experiment 1. Means ± SE. Means within the columns followed by
different letters differ significantly. Two-way ANOVA showed significant main effects of species and K
rates (p ≤ 0.05), but no significant interaction. The data on individual species were averaged across four
K rates (n = 16), and the data on K rates were averaged across the three species (n = 12). * p < 0.05,
** p < 0.01, *** p < 0.001. ns, not significant.

Shoot Concentration (g kg-1 dw) Shoot Content (mg plant-1)

Species Shoot dw (g
plant-1)

Root dw (g
plant-1) P K P K

AM
Colonisation

(%)

Tall fescue 0.71 ± 0.01 b 0.28 ± 0.01 b 4.30 ± 0.09 a 38.50 ± 0.7 a 3.06 ± 0.1 b 28.22 ± 0.9 a 12.27 ± 0.8 b
Veldt grass 0.78 ± 0.02 a 0.30 ± 0.01 b 4.53 ± 0.09 a 31.17 ± 0.7 b 3.47 ± 0.1 a 24.18 ± 0.9 b 8.85 ± 0.8 c

Tall wheatgrass 0.70 ± 0.02 b 0.35 ± 0.01 a 3.92 ± 0.09 b 37.23 ± 0.7 a 2.74 ± 0.1 b 25.90 ± 0.9 ab 16.70 ± 0.8 a
p value 0.001 *** 0.03 * 0.001 *** 0.001 *** 0.001 *** 0.02 * 0.001 ***

K rates

K0 0.69 ± 0.02 b 0.28 ± 0.01 b 4.31 ± 0.1 ab 12.15 ± 0.8 d 2.96 8.10 ± 1.0 c 18.72 ± 0.9 a
K40 0.73 ± 0.01 b 0.33 ± 0.01 a 4.13 ± 0.1 ab 32.04 ± 0.8 c 2.99 23.10 ± 1.0 b 11.15 ± 0.9 b
K80 0.80 ± 0.02 a 0.33 ± 0.01 a 4.03 ± 0.1 b 45.16 ± 0.8 b 3.30 36.56 ± 1.1 a 10.81 ± 1.0 b

K120 0.71 ± 0.02 b 0.28 ± 0.01 b 4.53 ± 0.1 a 53.19 ± 0.8 a 3.11 36.61 ± 1.0 a 9.75 ± 1.0 b
p value 0.001 *** 0.04 * 0.01 ** 0.001 *** 0.22ns 0.001 *** 0.001 ***

Note—Critical shoot K concentration for tall fescue is 24–28 g kg−1 dry weight [47].
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Different treatments also had a significant effect on shoot and root production. In experiment
1, the K80 treatment produced higher shoot biomass than the other K rates, whereas K40 and K80
treatments produced significantly higher root weight than the K0 and K120 treatments (Table 1).

In experiment 2, shoot dry weight of tall fescue was significantly higher than that of tall wheatgrass
in both growth periods (Figure 1A). The same trend was observed in root production at 60 DAS
(Figure 1B), but there was no difference at 30 DAS (data not shown).
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Figure 1. Dry weights of shoots (A) and roots (B) in experiment 2 (mean ± SE). Means followed
by different letters indicate significant differences for a given growth duration. Two-way ANOVA
showed significant main effects of species (except for root dry weight in 30 DAS) and treatment,
but the interaction was not significant. The data on individual species were averaged across the four
fertilisation treatments (n = 16). DAS, days after sowing.

In experiment 2, plants receiving +N+K had the highest shoot growth in both growth periods
(Figure 2A). Nitrogen application alone (+N–K) stimulated shoot production at both harvests compared
to –N–K and –N+K (Figure 2A). Regarding root growth, plants in the –N+K treatment produced
significantly greater biomass than +N–K at 30 DAS, whereas at 60 DAS the only difference was the
+N+K treatment producing the highest root growth (Figure 2B).
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Figure 2. Dry weights of shoots (A) and roots (B) in two temperate perennial pasture grasses (tall
fescue and tall wheatgrass) in experiment 2 (mean ± SE). Means followed by different letters indicate
significant differences for a given growth duration. Two-way ANOVA showed significant main effects
of treatment and species, but the interaction was not significant. The data on individual treatments
were averaged across the two species (n = 8). DAS, days after sowing.

3.2. Nutrient Accumulation

In experiment 1, pasture species differed in shoot K concentration and content, with tall fescue
having the significantly higher concentration and content than the veldt grass (Table 1). Conversely,
veldt grass had significantly higher shoot P concentration than tall wheatgrass, and shoot P content
than both tall fescue and tall wheatgrass. The K fertilisation rates also had a significant influence on
K concentration with a saturable increase noted with increasing K rates. In addition, higher shoot K
content was observed in the K80 and K120 treatments than at K0 and K40 (Table 1).

In experiment 2, species differed in shoot N and K concentrations at 60 DAS and shoot N and K
contents at both harvests. Tall fescue had higher N and K content than tall wheatgrass in both growth
periods (Table 2). At 60 DAS, tall fescue also had higher N concentration than tall wheatgrass, but the
reverse was recorded for K concentration.
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Table 2. Shoot N, P and K concentrations and contents in two temperate pasture grasses as influenced by the main effects of species and treatments in experiment 2.
Means ± SE. Means within the columns followed by different letters differ significantly. Two-way ANOVA showed significant main effects of species and treatments,
but the interaction was not significant. The data on individual species were averaged across four different treatments (n = 16), and the data on individual treatments
were averaged across the two species (n = 8). ** p < 0.01, *** p < 0.001. DAS, days after sowing; dw, dry weight; ns, not significant.

30 DAS 60 DAS

Shoot Concentration (g kg-1 dw) Shoot Content (mg plant-1) Shoot Concentration (g kg-1 dw) Shoot Content (mg plant-1)

Species N P K N P K N P K N P K

Tall fescue 54.3 5.4 39.8 8.5 ± 0.3 a 0.8 ± 0.04 a 5.9 ± 0.3 a 36.9 ± 0.6 a 3.6 ± 0.4 b 23.3 ± 0.4 b 24.0 ± 0.5 a 2.2 ± 0.1 a 15.9 ± 0.2 a
Tall wheatgrass 57.2 5.3 39.1 6.6 ± 0.4 b 0.6 ± 0.04 b 4.6 ± 0.2 b 28.8 ± 0.5 b 5.0 ± 0.4 a 29.4 ± 0.5 a 19.0 ± 0.5 b 1.8 ± 0.1 b 13.3 ± 0.2 b

p value 0.5 ns 0.9 ns 0.4 ns 0.01 ** 0.001 *** 0.003 ** 0.01 ** 0.01 ** 0..001 *** 0.001 *** 0.002 ** 0.001 ***

Treatment

–N–K 42.2 ± 1.5 b 5.2 25.5 ± 1.0 b 4.1 ± 0.5 b 0.5 ± 0.05 c 2.5 ± 0.3 c 17.4 ± 0.7c 5.6 ± 0.6 a 16.2 ± 0.6c 3.9 ± 0.7 c 1.2 ± 0.1 b 3.7 ± 0.3 c
+N–K 69.9 ± 1.5 a 5.5 23.5 ± 1.0b 9.7 ± 0.5 a 0.8 ± 0.05 ab 3.1 ± 0.3 c 51.8 ± 0.8a 3.7 ± 0.5 ab 6.7 ± 0.7 d 36.5 ± 0.8 b 2.7 ± 0.16 a 4.6 ± 0.3 c
–N+K 44.5 ± 1.7 b 5.2 53.7 ± 1.0 a 4.8 ± 0.6 b 0.5 ± 0.05 bc 5.7 ± 0.3 b 18.3 ± 0.7c 4.6 ± 0.5 ab 38.3 ± 0.6 b 4.3 ± 0.7 c 1.1 ± 0.1 b 9.4 ± 0.3 b

+N+K 66.4 ± 1.5 a 5.6 54.9 ± 1.2 a 11.6 ± 0.5
a 1.0 ± 0.06 a 9.8 ± 0.4 a 43.9 ± 0.8b 3.1 ± 0.6 b 44.0 ± 0.7 a 41.2 ± 0.8 a 2.9 ± 0.1 a 40.6 ± 0.3 a

p value 0.001 *** 0.1 ns 0.001 *** 0.001 *** 0.01 ** 0.001 *** 0.001 *** 0.04 * 0.001 *** 0.001 *** 0.001 *** 0.001 ***
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The shoot N and K accumulation was also governed by the treatment and plant age. At 30 DAS,
the application of only N or K resulted in similar concentration and content as in the +N+K treatment
(except K content), but significantly higher than in the treatments not receiving a respective nutrient
(Table 2). However, at 60 DAS, the +N+K treatment resulted in the highest shoot N content, as well as
shoot K concentration and content (Table 2).

3.3. Rhizosphere Carboxylates

Acetate, citrate, malate, oxalate and trans-aconitate were the major carboxylates exuded with the
exception of acetate and oxalate (and trans-aconitate in case of tall fescue) in experiment 2. In experiment
1, tall fescue released significantly (p ≤ 0.05) more acetate than tall wheatgrass, whereas the reverse
was true for malate exudation (Table 3). Regarding citrate, tall wheatgrass released significantly higher
amount than veldt grass. Veldt grass, on the other hand, had higher total carboxylate concentration
than tall fescue. Some of the exudates were highly species-specific, such as oxalate in veldt grass and
trans-aconitate in tall wheatgrass (Table 3).

Table 3. Rhizosphere carboxylates in three temperate pasture grasses as influenced by the significant
main effects of species and K rates in experiment 1. Means ± SE. Means within the columns followed
by different letters differ significantly. Two-way ANOVA showed significant main effects of species and
K rates (p ≤ 0.05), but the interaction was not significant. The data on individual species were averaged
across four different K rates (n = 16), and the data on K rates were averaged across the three species
(n = 12). * p < 0.05, ** p < 0.01, *** p < 0.001. ns, not significant.

Carboxylate Concentration (µmol g-1 dry root)

Species Acetate Citrate Malate Oxalate Trans-Aconitate Total

Tall fescue 3.41 ± 0.6 a 0.64 ± 0.2 ab 2.15 ± 0.8 b 0.00 ± 0.3 b 0.00 ± 0.1 b 6.20 ± 0.9 b
Veldt grass 1.42 ± 0.6 ab 0.46 ± 0.2 b 4.64 ± 0.8 ab 3.08 ± 0.3 a 0.00 ± 0.1 b 9.60 ± 0.9 a
Tall
wheatgrass 0.00 ± 0.6 b 1.10 ± 0.2 a 5.34 ± 0.9 a 0.00 ± 0.3 b 1.74 ± 0.1 a 8.18 ± 0.9 ab

p value 0.002 ** 0.03 * 0.03 * 0.001 *** 0.001 *** 0.04 *

K rates

K0 0.13 ± 0.6 b 0.48 4.09 ± 1.01 a 1.04 0.50 6.24 ± 1.1 b
K40 2.86 ± 0.6 a 0.81 5.69 ± 1.01 a 0.70 0.72 10.78 ± 1.1 a
K80 0.96 ± 0.6 ab 0.92 4.50 ± 1.01 a 1.11 0.59 8.08 ± 1.1 ab
K120 2.49 ± 0.7 ab 0.69 1.88 ± 1.06 b 1.26 0.50 6.82 ± 1.2 ab
p value 0.02 * 0.39 ns 0.05 * 0.65 ns 0.59 ns 0.05 *

The K rates also had a significant impact on the carboxylate exudations. At K40, exudation of
acetate and malate was significantly higher (p ≤ 0.05) than in the K0 treatment, and also exudation of
malate compared with the K120 treatment (Table 3). The K40 treatment also had significantly higher
total carboxylates than the K0 treatment.

The two species did not differ in root exudations at 30 DAS in experiment 2 except for trans-aconitate,
which was exuded only by tall wheatgrass (Table 4) as also observed in experiment 1 (Table 3). However,
the treatments had a significant impact on the exudation of other carboxylates at 30 DAS. The highest
exudation of individual and total carboxylates was recorded in the –N–K treatment (Table 4). In contrast,
treatments receiving either N (+N–K) or N with K (+N+K) released only some citrate and malate
having the lowest total carboxylates (Table 4). Application of K alone (–N+K) appeared to have
favoured to some extent root exudation at 30 DAS.
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Table 4. Rhizosphere carboxylates in two temperate pasture grasses as influenced by the significant
main effects of species and treatments at 30 DAS in experiment 2. Means ± SE. Means within the
columns followed by different letters differ significantly. Two-way ANOVA showed the significant
main effects of species and treatments (p ≤ 0.05), but the interaction was not significant. The data on
individual species were averaged across four different treatments (n = 16), and the data on individual
treatment were averaged across the two species (n = 8). *** p < 0.001. ns, not significant.

Carboxylate Concentration (µmol g-1 dry root)

Species Citrate Malate Trans-Aconitate Total

Tall fescue 1.48 4.71 0.00 ± 0.4 b 6.19
Tall wheatgrass 1.14 3.67 3.50 ± 0.3 a 8.31
p value 0.15 ns 0.19 ns 0.001 *** 0.09 ns

Treatments

–N–K 3.58 ± 0.2 a 15.53 ± 0.6 a 5.12 ± 0.5 a 24.43 ± 1.3 a
+N–K 0.00 ± 0.2 c 0.00 ± 0.6 b 0.20 ± 0.5 b 0.20 ± 1.3 c
–N+K 1.67 ± 0.3 b 1.25 ± 0.7 b 1.25 ± 0.5 b 4.17 ± 1.4 b
+N+K 0.00 ± 0.2 c 0.00 ± 0.6 b 0.35 ± 0.5 b 0.35 ± 1.3 c
p value 0.001 *** 0.001 *** 0.001 *** 0.001 ***

At the later growth stage (60 DAS), there was the significant interaction between species and
treatments in the individual as well as total carboxylates. In the +N+K treatment, tall fescue released
significantly higher amount of citrate than in any other treatment (also higher than tall wheatgrass at
+N+K) (Figure 3). Malate exudation followed a similar pattern, with tall fescue releasing higher amount
in the +N+K treatment than the other nutrient treatments or all tall wheatgrass treatments. In contrast,
trans-aconitate was confined only to tall wheatgrass, with –N–K plants releasing a significantly higher
amount than in the other treatments (Figure 3). Tall fescue exuded higher total carboxylates in the
+N+K than any other treatments, except for tall wheatgrass receiving –N–K (Figure 3).
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Figure 3. Effect of N and K applications on rhizosphere carboxylate (citrate, malate, trans-aconitate,
total carboxylates) exudation in two temperate perennial pasture grasses (tall fescue and tall wheatgrass),
at 60 DAS in experiment 2 (means ± SE, n = 4). Means denoted by different letters indicate
significant differences. Two-way ANOVA showed significant interaction (p ≤ 0.05) between species
and fertilisation treatment.
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3.4. Arbuscular Mycorrhizal Colonisation

In experiment 1, tall wheatgrass had significantly higher AM colonisation than the other two
species, and the added K treatments had lower colonisation than the control (K0) treatment (Table 1).

In experiment 2, tall wheatgrass had a higher AM colonisation than tall fescue at 30 DAS
(Figure 4A). As observed in experiment 1, plants treated with K only (–N+K) had low AM colonisation
in experiment 2 at 30 DAS, though significantly different from the N only (+N–K) treatment (Figure 4B).
However, at 60 DAS, K supplied plants (with or without N) had significantly lower AM colonisation
than in the –N–K treatment. The AM colonisation was constant in the –N–K treatment during plant
growth, but there was a declining trend in other treatments as plants matured.Agronomy 2020, 10, x FOR PEER REVIEW 10 of 15 
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Figure 4. Arbuscular mycorrhizal (AM) colonisation in (A) two temperate perennial pasture grasses
at 30 DAS, and as influenced by (B) different treatments at 30 DAS and 60 DAS in experiment 2
(mean ± SE). Means followed by different letters indicate significant differences for a given growth
duration. Two-way ANOVA showed the significant main effect of species (except at 60 DAS) and
fertilization treatments in both growth periods, but the interaction was not significant. In (A), the data
of individual species were averaged across four different treatments (n = 16), and in (B) the data of
individual treatments were averaged across two different species (n = 8). DAS, days after sowing.
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4. Discussion

A component in sustainable Australian farming system is the screening of pasture species for
high productivity and wide adaptability [48]. Our studies reported here showed there could be
differences in shoot yield among the temperate pasture grass species. The most productive shoot
growth was by veldt grass in experiment 1 and tall fescue in experiment 2 (without veldt grass).
The better performance of veldt grass when compared with four other pasture grasses (cocksfoot,
phalaris (Phalaris aquatica L.), tall wheatgrass and tall fescue) supplied with the rock mineral fertiliser
and microbial consortium inoculant was also reported in our previous study [32]. Veldt grass is
considered to be hardy, having colonised the unproductive sites in the wheatbelt of Western Australia
and other parts of Australia [49]. Similarly, tall fescue has a wide adaption to a diverse range of soils
and climate, maintaining yield [50].

Across the grass species, highest shoot growth was found in the K80 treatment, and that of roots
in the K40 treatment in experiment 1. However, in absolute terms, the yield differences among the
treatments (even between K0 and K80) were not substantial (Table 1), and might have little practical
relevance. Despite soil being categorised as low K, (Colwell soil test <50 mg K kg-1 soil for cereals [10]
and pasture grass [6]), indicating K fertilizer application, our findings suggested that external K
fertilisation may not always be necessary if soil had a considerable amount of native K. In annual
ryegrass, the yield response to added K was reported in only 6 out of 100 experiments due to pasture
grass roots exploring a large volume of soil and accessing native K effectively [6]. In our study,
relatively high shoot K concentration (even in the K0 treatment) suggested that grasses used native soil
K. Pasture grasses have long and thin roots [51,52], conducive to good K acquisition efficiency [20],
and have relatively high internal K utilisation, even with a low amount of K extracted from soil [2].
Effective K utilisation is important for K efficiency in other Poaceae species too [37].

Even though K application alone had little effect on shoot and root growth, the K impact was
substantial when applied in conjunction with N as evidenced in experiment 2. The combined application
of N and K resulted in a significant increase in shoot production in both harvests compared to other
treatments, including the one receiving N only. Our study recorded increased N and K shoot contents
in the N and K combination (+N+K) treatment. Previous studies have also reported similar positive
N-K interactions. Potassium greatly improved ammonium utilisation and led to yield increase when
combined with ammonium-nitrate fertilisation [53]. Lack of K fertilisation limited N supply to plants,
leading to a decrease in the N concentration in the xylem sap [54]. In maize, high yield was attributed
to increased N absorption as mediated by K [55]. Similarly, K facilitated translocation of nitrogenous
compounds from different plant parts to grains in wheat, resulting in high grain yield [56]. However,
inherent soil nutrient supply, crop species and agronomic practices can potentially confound these
significant N-K interactions [29].

Rhizosphere carboxylate release is often species-dependent because of differential organic anion
preferences in maintaining their ionic balance [30]. Our study reported a significant difference between
species in both experiments in the individual carboxylates, with some being highly species-specific.
Malate and oxalate were the predominant carboxylates in veldt grass, and malate and trans-aconitate
in tall wheatgrass (Table 3). Oxalate is considered to be a prime compound responsible for enhancing
acquisition of nutrients such as P [27], and its occurrence only in veldt grass was coupled with high
shoot P content and yield (Table 1). However, shoot K content was not elevated despite the general
understanding that oxalate also improves K release from soil minerals. This could have been due to the
short-term nature of the experiments reported here because the effect of carboxylates, including oxalate,
was more pronounced in the long-term [22].

Carboxylate exudation changes with the plant developmental stage [33], soil type [13,15],
nutritional status and plant species [12], making comparison among studies difficult. Within these
confounding circumstances, our study noted that K rates had a significant influence only on exudation
of acetate and malate. Smith [30] recorded the highest amounts of citrate and malate in the treatment
without any added K in a green panic grass. Similar elevated exudation of these compounds along
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with aconitate was reported at low K supply in maize [25]. Conversely, our results showed significantly
lower acetate and total carboxylate concentrations in the rhizosphere in the K0 than the K40 treatment
(Table 3). These discrepancies could be due to species difference and aforementioned confounding
factors [12,33]. Carboxylate production is prevented by high shoot P concentration [40,57,58], which was
above the critical value in all the K treatments in the current study (Tables 1 and 2). Investigation on
how the exudation patterns are influenced by K rates under low P supply would be interesting to
assess whether P is the primary determinant, or K itself has a specific role in carboxylate exudation.

Our study suggested that N fertilisation might be more important than K fertilisation regarding the
carboxylates exuded, with an impact likely to be greater in the early growth stage. In the current study,
N application resulted in no citrate and malate release in the early growth stage (30 DAS) irrespective
of K fertilisation (Table 4). In contrast, citrate and malate were exuded in substantial amounts in the
–N–K treatment and to a lesser extent in the –N+K treatment. However, in the later growth stage (60
DAS), these compounds were exuded in the +N treatments, with the highest amounts by tall fescue in
the +N+K treatment (Figure 3). Our observation of citrate and malate as the major exudates in the
later growth stage in experiment 2 closely resembled the data of [40], whereby citrate and malate were
also the dominant rhizosphere carboxylates in other pasture grasses, phalaris and cocksfoot.

In the study presented here, AM colonisation was low (<20%) and similar to the observation
made in the conventional farming system [59]. Our results indicated that grass species would
not be dependent on AM for nutrient acquisition and hence yield production because the highest
yielding species (veldt grass in experiment 1 and tall fescue in experiment 2) tended to have lowest
AM colonisation (Table 1 and Figure 4A). Grasses, in general, are considered poorly dependent or
non-dependent on AM [60] because nutrient uptake was not improved despite AM presence. Instead,
fine roots and root hairs of grasses facilitate access to nutrients [61].

The literature on AM and K interaction is scanty, despite some reports suggesting positive
association [62,63]. Our study indicated that AM colonisation might be decreased by K fertilisation
in accordance with the previous studies [64,65]. However, when N and K were applied together,
the colonisation effect was inconclusive and complex in both growth periods in our study, even though
previous reports suggested N application did not significantly increase AM colonisation [59,66].

The inter-relationship between AM colonisation and rhizosphere carboxylate exudation has
been considered in the past studies. About 52% decrease in carboxylate release was reported in the
AM colonised plants as compared to non-colonised ones [42]. Similarly, in certain Kennedia species,
AM inoculation resulted in up to 50% reduction in carboxylate exudation, likely due to high shoot P in
the inoculated plants [58]. In contrast, our studies found no significant positive relationship between
AM colonisation and total carboxylate exudation in both experiments (r2 = 0.21 in experiment 1 and r2

= 0.10 in experiment 2). Even though the role of P cannot be ruled out completely, the exuded amounts
in our experiments (<20 µmol g-1 dry root) were lower than those reported in Kennedia species [58],
whereby the reduction was more pronounced in the species releasing high quantities (>80 µmol g-1

dry root) of carboxylates.

5. Conclusions

Temperate perennial grass species can grow well in low-K soil, and may not necessarily depend
on external K fertilisation or mycorrhizal symbiosis for nutrient acquisition. Different rates of K
applications did not result in significant changes to carboxylate (citrate, malate and oxalate) exudation,
except for decreased malate at the highest K rate (120 mg kg-1 soil). In the early growth stage, citrate and
malate exudation was higher in the –N–K treatment, and the N application either with or without K
suppressed exudation. However, in the later growth stage, application of both N and K was associated
with the highest exudation of malate and citrate, particularly by tall fescue.

Author Contributions: Conceptualization, S.T. and Z.M.S.; methodology, S.T., Z.M.S. and Z.R.; formal analysis and
software, S.T. and Z.M.S.; validation, Z.R. and K.H.M.S.; writing—original draft preparation, S.T.; writing—review



Agronomy 2020, 10, 1878 13 of 16

and editing, S.T., Z.R., K.H.M.S. and Z.M.S.; supervision, Z.R., K.H.M.S. and Z.M.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: Sangay Tshewang was supported by the Australian Government International Research
Training Program Fee Offset Scholarship and Sir Eric Smart Scholarship for Agricultural Research while conducting
this research. Heritage seeds and Irwin Hunter Seeds, Perth provided the seeds of perennial grasses.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Römheld, V.; Kirkby, E.A. Research on potassium in agriculture: Needs and prospects. Plant Soil 2010, 335,
155–180. [CrossRef]

2. Brennan, R.; Bolland, M. Comparing the potassium requirements of five pasture species. Aust. J. Exp. Agric.
2006, 46, 659–667. [CrossRef]

3. Brennan, R.; Bolland, M.; Bowden, J. Potassium deficiency, and molybdenum deficiency and aluminium
toxicity due to soil acidification, have become problems for cropping sandy soils in south-western Australia.
Aust. J. Exp. Agric. 2004, 44, 1031–1039. [CrossRef]

4. Brennan, R.; Jayasena, K. Increasing applications of potassium fertiliser to barley crops grown on deficient
sandy soils increased grain yields while decreasing some foliar diseases. Aust. J. Agric. Res. 2007, 58, 680–689.
[CrossRef]

5. Bolland, M.; Guthridge, I.; Blincow, G. Response of intensively grazed ryegrass dairy pastures to fertiliser
phosphorus and potassium. Nutr. Cycl. Agroecosyst. 2011, 90, 281–298. [CrossRef]

6. Bolland, M.; Cox, W.; Codling, B. Soil and tissue tests to predict pasture yield responses to applications of
potassium fertiliser in high-rainfall areas of south-western Australia. Aust. J. Exp. Agric. 2002, 42, 149–164.
[CrossRef]

7. Scanlan, C.A.; Huth, N.I.; Bell, R.W. Simulating wheat growth response to potassium availability under field
conditions with sandy soils. I. Model development. Field Crops Res. 2015, 178, 109–124. [CrossRef]

8. Pinkerton, A.; Randall, P.J. A comparison of the potassium requirements during early growth of Lotus
pedunculatus, Medicago murex, M. polymorpha, M. truncatula, Ornithopus compressus, Trifolium balansae,
T. resupinatum, Pennisetum clandestinum, and Phalaris aquatic. Aust. J. Exp. Agric. 1993, 33, 31–39. [CrossRef]

9. Bolland, M.; Guthridge, I. Quantifying pasture dry matter responses to applications of potassium fertiliser for
an intensively grazed, rain-fed dairy pasture in south-western Australia with or without adequate nitrogen
fertiliser. Anim. Prod. Sci. 2009, 49, 121–130. [CrossRef]

10. Wong, M.; Edwards, N.; Barrow, N. Accessibility of subsoil potassium to wheat grown on duplex soils in the
south-west of Western Australia. Soil Res. 2000, 38, 745–751. [CrossRef]

11. Brennan, R.; Bolland, M. Soil and tissue tests to predict the potassium requirements of canola in south-western
Australia. Aust. J. Exp. Agric. 2006, 46, 675–679. [CrossRef]

12. Jones, D.L. Organic acids in the rhizosphere—A critical review. Plant Soil 1998, 205, 25–44. [CrossRef]
13. Jones, D.L.; Darrah, P.R. Role of root derived organic acids in the mobilization of nutrients from the

rhizosphere. Plant Soil 1994, 166, 247–257. [CrossRef]
14. Lambers, H.; Clements, J.C.; Nelson, M.N. How a phosphorus-acquisition strategy based on carboxylate

exudation powers the success and agronomic potential of lupines (Lupinus, Fabaceae). Am. J. Bot. 2013, 100,
263–288. [CrossRef]

15. Veneklaas, E.J.; Stevens, J.; Cawthray, G.R.; Turner, S.; Grigg, A.M.; Lambers, H. Chickpea and white lupin
rhizosphere carboxylates vary with soil properties and enhance phosphorus uptake. Plant Soil 2003, 248,
187–197. [CrossRef]

16. Li, H.; Shen, J.; Zhang, F.; Marschner, P.; Cawthray, G.; Rengel, Z. Phosphorus uptake and rhizosphere
properties of intercropped and monocropped maize, faba bean, and white lupin in acidic soil. Biol. Fertil.
Soils 2010, 46, 79–91. [CrossRef]

17. Pearse, S.J.; Veneklaas, E.J.; Cawthray, G.R.; Bolland, M.D.; Lambers, H. Carboxylate release of wheat,
canola and 11 grain legume species as affected by phosphorus status. Plant Soil 2006, 288, 127–139. [CrossRef]

18. Roelofs, R.; Rengel, Z.; Cawthray, G.; Dixon, K.; Lambers, H. Exudation of carboxylates in Australian
Proteaceae: Chemical composition. Plant Cell Environ. 2001, 24, 891–904. [CrossRef]

http://dx.doi.org/10.1007/s11104-010-0520-1
http://dx.doi.org/10.1071/EA04103
http://dx.doi.org/10.1071/EA03138
http://dx.doi.org/10.1071/AR06286
http://dx.doi.org/10.1007/s10705-011-9429-1
http://dx.doi.org/10.1071/EA01060
http://dx.doi.org/10.1016/j.fcr.2015.03.022
http://dx.doi.org/10.1071/EA9930031
http://dx.doi.org/10.1071/EA08106
http://dx.doi.org/10.1071/SR98117
http://dx.doi.org/10.1071/EA04218
http://dx.doi.org/10.1023/A:1004356007312
http://dx.doi.org/10.1007/BF00008338
http://dx.doi.org/10.3732/ajb.1200474
http://dx.doi.org/10.1023/A:1022367312851
http://dx.doi.org/10.1007/s00374-009-0411-x
http://dx.doi.org/10.1007/s11104-006-9099-y
http://dx.doi.org/10.1046/j.1365-3040.2001.00741.x


Agronomy 2020, 10, 1878 14 of 16

19. Pal, Y.; Gilkes, R.; Wong, M. The forms of potassium and potassium adsorption in some virgin soils from
south-western Australia. Soil Res. 1999, 37, 695–710. [CrossRef]

20. Rengel, Z.; Damon, P.M. Crops and genotypes differ in efficiency of potassium uptake and use. Physiol. Plant.
2008, 133, 624–636. [CrossRef]

21. Zörb, C.; Senbayram, M.; Peiter, E. Potassium in agriculture–status and perspectives. J. Plant Physiol. 2014,
171, 656–669. [CrossRef] [PubMed]

22. Najafi-Ghiri, M.; Niazi, M.; Khodabakhshi, M.; Boostani, H.R.; Owliaie, H.R. Mechanisms of potassium
release from calcareous soils to different salt, organic acid and inorganic acid solutions. Soil Res. 2019, 57,
301–309. [CrossRef]

23. Wang, J.; Zhang, F.; Zhang, X.; Cao, Y. Release of potassium from K-bearing minerals: Effect of plant roots
under P deficiency. Nutr. Cycl. Agroecosyst. 2000, 56, 45–52. [CrossRef]

24. White, P.J. Improving potassium acquisition and utilisation by crop plants. J. Plant Nutr. Soil Sci. 2013, 176,
305–316. [CrossRef]

25. Kraffczyk, I.; Trolldenier, G.; Beringer, H. Soluble root exudates of maize: Influence of potassium supply and
rhizosphere microorganisms. Soil Biol. Biochem. 1984, 16, 315–322. [CrossRef]

26. Trehan, S.; El Dessougi, H.; Claassen, N. Potassium efficiency of 10 potato cultivars as related to their
capability to use nonexchangeable soil potassium by chemical mobilization. Commun. Soil Sci. Plant Anal.
2005, 36, 1809–1822. [CrossRef]

27. Khademi, Z.; Jones, D.; Malakouti, M.; Asadi, F.; Ardebili, M. Organic acid mediated nutrient extraction
efficiency in three calcareous soils. Soil Res. 2009, 47, 213–220. [CrossRef]

28. Wang, H.-Y.; Shen, Q.-H.; Zhou, J.-M.; Wang, J.; Du, C.-W.; Chen, X.-Q. Plants use alternative strategies to
utilize nonexchangeable potassium in minerals. Plant Soil 2011, 343, 209–220. [CrossRef]

29. Zhang, F.; Niu, J.; Zhang, W.; Chen, X.; Li, C.; Yuan, L.; Xie, J. Potassium nutrition of crops under varied
regimes of nitrogen supply. Plant Soil 2010, 335, 21–34. [CrossRef]

30. Smith, F. The effect of potassium and nitrogen on ionic relations and organic acid accumulation in Panicum
maximum var. trichoglume. Plant Soil 1978, 49, 367–379. [CrossRef]

31. Barta, A. Effect of nitrogen and potassium fertilization on organic acids of Bromus inermis L. and Dactylis
glomerata L. Crop Sci. 1973, 13, 113–114. [CrossRef]

32. Tshewang, S.; Rengel, Z.; Siddique, K.H.; Solaiman, Z.M. Growth and nutrient uptake of temperate perennial
pastures are influenced by grass species and fertilisation with a microbial consortium inoculant. J. Plant Nutr.
Soil Sci. 2020, 183, 530–538. [CrossRef]

33. Badri, D.V.; Vivanco, J.M. Regulation and function of root exudates. Plant Cell Environ. 2009, 32, 666–681.
[CrossRef] [PubMed]

34. Rayment, G.E.; Higginson, F.R. Australian Laboratory Handbook of Soil and Water Chemical Methods; Inkata Press
Pty Ltd.: Melbourne, Australia, 1992.

35. Searle, P.L. The Berthelot or indophenol reaction and its use in the analytical chemistry of nitrogen. A review.
Analyst 1984, 109, 549–568. [CrossRef]

36. Colwell, J.D. The estimation of the phosphorus fertilizer requirements of wheat in southern New South
Wales by soil analysis. Aust. J. Exp. Agric. 1963, 3, 190–197. [CrossRef]

37. Damon, P.M.; Rengel, Z. Wheat genotypes differ in potassium efficiency under glasshouse and field conditions.
Aust. J. Agric. Res. 2007, 58, 816–825. [CrossRef]

38. Lancashire, P.D.; Bleiholder, H.; Boom, T.V.D.; Langelüddeke, P.; Stauss, R.; Weber, E.; Witzenberger, A.
A uniform decimal code for growth stages of crops and weeds. Ann. Appl. Biol. 1991, 119, 561–601. [CrossRef]

39. Hill, J.O.; Simpson, R.; Wood, J.; Moore, A.D.; Chapman, D. The phosphorus and nitrogen requirements of
temperate pasture species and their influence on grassland botanical composition. Aust. J. Agric. Res. 2005,
56, 1027–1039. [CrossRef]

40. Kidd, D.R.; Ryan, M.H.; Haling, R.E.; Lambers, H.; Sandral, G.A.; Yang, Z.; Culvenor, R.A.; Cawthray, G.R.;
Stefanski, A.; Simpson, R.J. Rhizosphere carboxylates and morphological root traits in pasture legumes and
grasses. Plant Soil 2016, 402, 77–89. [CrossRef]

41. Pearse, S.J.; Veneklaas, E.J.; Cawthray, G.; Bolland, M.D.; Lambers, H. Carboxylate composition of root
exudates does not relate consistently to a crop species’ ability to use phosphorus from aluminium, iron or
calcium phosphate sources. New Phytol. 2007, 173, 181–190. [CrossRef]

http://dx.doi.org/10.1071/SR98083
http://dx.doi.org/10.1111/j.1399-3054.2008.01079.x
http://dx.doi.org/10.1016/j.jplph.2013.08.008
http://www.ncbi.nlm.nih.gov/pubmed/24140002
http://dx.doi.org/10.1071/SR18301
http://dx.doi.org/10.1023/A:1009894427550
http://dx.doi.org/10.1002/jpln.201200121
http://dx.doi.org/10.1016/0038-0717(84)90025-7
http://dx.doi.org/10.1081/CSS-200062457
http://dx.doi.org/10.1071/SR07179
http://dx.doi.org/10.1007/s11104-011-0726-x
http://dx.doi.org/10.1007/s11104-010-0323-4
http://dx.doi.org/10.1007/BF02149745
http://dx.doi.org/10.2135/cropsci1973.0011183X001300010035x
http://dx.doi.org/10.1002/jpln.202000146
http://dx.doi.org/10.1111/j.1365-3040.2009.01926.x
http://www.ncbi.nlm.nih.gov/pubmed/19143988
http://dx.doi.org/10.1039/an9840900549
http://dx.doi.org/10.1071/EA9630190
http://dx.doi.org/10.1071/AR06402
http://dx.doi.org/10.1111/j.1744-7348.1991.tb04895.x
http://dx.doi.org/10.1071/AR04279
http://dx.doi.org/10.1007/s11104-015-2770-4
http://dx.doi.org/10.1111/j.1469-8137.2006.01897.x


Agronomy 2020, 10, 1878 15 of 16

42. Nazeri, N.K.; Lambers, H.; Tibbett, M.; Ryan, M.H. Moderating mycorrhizas: Arbuscular mycorrhizas modify
rhizosphere chemistry and maintain plant phosphorus status within narrow boundaries. Plant Cell Environ.
2014, 37, 911–921. [CrossRef] [PubMed]

43. Solaiman, Z.M.; Senoo, K.; Kawaguchi, M.; Imaizumi-Anraku, H.; Akao, S.; Tanaka, A.; Obata, H.
Characterization of mycorrhizas formed by Glomus sp. on roots of hypernodulating mutants of Lotus
japonicus. J. Plant Res. 2000, 113, 443–448. [CrossRef]

44. Giovannetti, M.; Mosse, B. An evaluation of techniques for measuring vesicular arbuscular mycorrhizal
infection in roots. New Phytol. 1980, 84, 489–500. [CrossRef]

45. Cawthray, G.R. An improved reversed-phase liquid chromatographic method for the analysis of
low-molecular mass organic acids in plant root exudates. J. Chromatogr. A 2003, 1011, 233–240. [CrossRef]

46. Uloth, M.; You, M.; Cawthray, G.; Barbetti, M. Temperature adaptation in isolates of Sclerotinia sclerotiorum
affects their ability to infect Brassica carinata. Plant Pathol. 2015, 64, 1140–1148. [CrossRef]

47. Kelling, K.A.; Matocha, J.E. Plant analysis as an aid in fertilizing forage crops. In Soil Testing and Plant Analysis,
3rd ed.; Westerman, R.L., Ed.; Soil Science Society of America: Madison, WI, USA, 1990; pp. 603–643.

48. Dear, B.S.; Ewing, M.A. The search for new pasture plants to achieve more sustainable production systems in
southern Australia. Aust. J. Exp. Agric. 2008, 48, 387–396. [CrossRef]

49. Dear, B.S.; Reed, K.F.M.; Craig, A.D. Outcomes of the search for new perennial and salt tolerant pasture
plants for southern Australia. Aust. J. Exp. Agric. 2008, 48, 578–588. [CrossRef]

50. Reed, K.; Nie, Z.; Miller, S.; Hackney, B.; Boschma, S.; Mitchell, M.; Craig, A. Field evaluation of perennial
grasses and herbs in southern Australia. 1. Establishment and herbage production. Aust. J. Exp. Agric. 2008,
48, 409–423. [CrossRef]

51. Evans, P.S. Comparative root morphology of some pasture grasses and clovers. N. Z. J. Agric. Res. 1977, 20,
331–335. [CrossRef]

52. Yang, Z.; Culvenor, R.A.; Haling, R.E.; Stefanski, A.; Ryan, M.H.; Sandral, G.A.; Kidd, D.R.; Lambers, H.;
Simpson, R.J. Variation in root traits associated with nutrient foraging among temperate pasture legumes
and grasses. Grass Forage Sci. 2017, 72, 93–103. [CrossRef]

53. Hagin, J.; Olsen, S.; Shaviv, A. Review of interaction of ammonium-nitrate and potassium nutrition of crops.
J. Plant Nutr. 1990, 13, 1211–1226. [CrossRef]

54. Siebrecht, S.; Tischner, R. Changes in the xylem exudate composition of poplar (Populus tremula x P.
alba)—Dependent on the nitrogen and potassium supply. J. Exp. Bot. 1999, 50, 1797–1806. [CrossRef]

55. Dibb, D.; Welch, L. Corn growth as affected by ammonium vs. nitrate absorbed from soil. Agron. J. 1976, 68,
89–94. [CrossRef]

56. Koch, K.; Mengel, K. Effect of K on N utilization by spring wheat during grain protein formation. Agron. J.
1977, 69, 477–480. [CrossRef]

57. Ryan, P.; Delhaize, E.; Jones, D. Function and mechanism of organic anion exudation from plant roots. Annu.
Rev. Plant Biol. 2001, 52, 527–560. [CrossRef]

58. Ryan, M.H.; Tibbett, M.; Edmonds-Tibbett, T.; Suriyagoda, L.D.B.; Lambers, H.; Cawthray, G.R.; Pang, J.
Carbon trading for phosphorus gain: The balance between rhizosphere carboxylates and arbuscular
mycorrhizal symbiosis in plant phosphorus acquisition. Plant Cell Environ. 2012, 35, 2170–2180. [CrossRef]
[PubMed]

59. Ryan, M.; Ash, J. Effects of phosphorus and nitrogen on growth of pasture plants and VAM fungi in SE
Australian soils with contrasting fertiliser histories (conventional and biodynamic). Agric. Ecosyst. Environ.
1999, 73, 51–62. [CrossRef]

60. Ryan, M.; Small, D.; Ash, J. Phosphorus controls the level of colonisation by arbuscular mycorrhizal fungi in
conventional and biodynamic irrigated dairy pastures. Aust. J. Exp. Agric. 2000, 40, 663–670. [CrossRef]

61. Schweiger, P.; Robson, A.; Barrow, N. Root hair length determines beneficial effect of a Glomus species on
shoot growth of some pasture species. New Phytol. 1995, 131, 247–254. [CrossRef]

62. Veresoglou, S.D.; Shaw, L.J.; Sen, R. Glomus intraradices and Gigaspora margarita arbuscular mycorrhizal
associations differentially affect nitrogen and potassium nutrition of Plantago lanceolata in a low fertility dune
soil. Plant Soil 2011, 340, 481–490. [CrossRef]

63. Zhang, H.; Wei, S.; Hu, W.; Xiao, L.; Tang, M. Arbuscular mycorrhizal fungus Rhizophagus irregularis increased
potassium content and expression of genes encoding potassium channels in Lycium barbarum. Front. Plant
Sci. 2017, 8, 440. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/pce.12207
http://www.ncbi.nlm.nih.gov/pubmed/24112081
http://dx.doi.org/10.1007/PL00013953
http://dx.doi.org/10.1111/j.1469-8137.1980.tb04556.x
http://dx.doi.org/10.1016/S0021-9673(03)01129-4
http://dx.doi.org/10.1111/ppa.12338
http://dx.doi.org/10.1071/EA07105
http://dx.doi.org/10.1071/EA07118
http://dx.doi.org/10.1071/EA07135
http://dx.doi.org/10.1080/00288233.1977.10427343
http://dx.doi.org/10.1111/gfs.12199
http://dx.doi.org/10.1080/01904169009364147
http://dx.doi.org/10.1093/jxb/50.341.1797
http://dx.doi.org/10.2134/agronj1976.00021962006800010024x
http://dx.doi.org/10.2134/agronj1977.00021962006900030036x
http://dx.doi.org/10.1146/annurev.arplant.52.1.527
http://dx.doi.org/10.1111/j.1365-3040.2012.02547.x
http://www.ncbi.nlm.nih.gov/pubmed/22632405
http://dx.doi.org/10.1016/S0167-8809(99)00014-6
http://dx.doi.org/10.1071/EA99005
http://dx.doi.org/10.1111/j.1469-8137.1995.tb05726.x
http://dx.doi.org/10.1007/s11104-010-0619-4
http://dx.doi.org/10.3389/fpls.2017.00440
http://www.ncbi.nlm.nih.gov/pubmed/28424720


Agronomy 2020, 10, 1878 16 of 16

64. El-Mesbahi, M.N.; Azcón, R.; Ruiz-Lozano, J.M.; Aroca, R. Plant potassium content modifies the effects of
arbuscular mycorrhizal symbiosis on root hydraulic properties in maize plants. Mycorrhiza 2012, 22, 555–564.
[CrossRef] [PubMed]

65. Garcia, K.; Zimmermann, S.D. The role of mycorrhizal associations in plant potassium nutrition. Front. Plant
Sci. 2014, 5, 337. [CrossRef] [PubMed]

66. Ryan, M.; Chilvers, G.; Dumaresq, D. Colonisation of wheat by VA-mycorrhizal fungi was found to be higher
on a farm managed in an organic manner than on a conventional neighbour. Plant Soil 1994, 160, 33–40.
[CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00572-012-0433-3
http://www.ncbi.nlm.nih.gov/pubmed/22370879
http://dx.doi.org/10.3389/fpls.2014.00337
http://www.ncbi.nlm.nih.gov/pubmed/25101097
http://dx.doi.org/10.1007/BF00150343
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Design 
	Experiment 1 (Growth and Rhizosphere Carboxylates at Different K Rates) 
	Experiment 2 (Growth and Rhizosphere Carboxylates under N and K Fertilisation) 

	Carboxylate Extraction 
	Plant Nutrient Measurements 
	Arbuscular Mycorrhizal Colonisation 
	Carboxylate Analysis 
	Statistical Analyses 

	Results 
	Plant Growth 
	Nutrient Accumulation 
	Rhizosphere Carboxylates 
	Arbuscular Mycorrhizal Colonisation 

	Discussion 
	Conclusions 
	References

