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ARTICLE INFO ABSTRACT

Keywords: Pasture dieback is a rapidly expanding decaying pasture syndrome that affects millions of hect-
Desertification ares of agricultural land in Queensland, Australia, making it useless for the cattle industry and
Pasture decimating farmers’ income and welfare. Since the syndrome was first identified in the early
Soil . . . . .
Soil microbiota 1990s, farmers and agronomists have tried various methods for pasture recovery, including
Humate slashing, burning, ploughing and resowing grass, fertilising, destocking, and overstocking. In
Humic most cases, after a minimal initial improvement, the grass reverts to dieback within a few weeks.

Cattle Here, we present an application of potassium humate, a well-known plant growth stimulator, as a
possible long-term recovery option. Humate was applied once at the rate of 12 ml per m?. Humate
application did not alter the alpha or beta diversity of soil bacterial communities, nor did it
change the mineral profile in the soil. However, humate application altered soil micro-
biota-mineral temporal interactions and introduced subtle changes in the microbial community
that could assist pasture recovery. A single humate application increased paddock plant biomass
significantly up to 20 weeks post-application. Eleven months after the single application, the
paddock was grazed to the ground by the cattle just before the rainfall season. After pasture
regrowth, the humate-treated plots significantly improved root morphometric indicators for both
grass and dicots and increased the ratio of grass/weeds by 27.6% compared to the water-treated
control. While this treatment will not resolve the dieback syndrome, our results invite more
research to optimise the use of humate for maximum economic benefit in paddock use under
pasture dieback syndrome conditions.

1. Introduction

Beef is an essential source of nutritional protein for many people around the world, with a global cattle herd size of approximately
one billion heads [1] estimated to provide 45% of the global protein supply for human consumption [2]. The Australian cattle herd was
24.7 million head in 2019, with Queensland cattle accounting for 45% of the Australian herd [3].

Pasture is essential for cattle production as the base of sustainable farming, providing the animal with all the nutritional re-
quirements needed to grow and produce good quality meat, including protein, energy and micronutrients like vitamins and minerals.
Pasture-based cattle production depends significantly on the quality and availability of high nutritional value plants [4] the animal can
consume. A pasture which is diverse in species will deliver a more balanced, suitable quality and abundance of nutrients to the animal
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[5]. Pasture production is highly dependent on soil health and management practices [6].

Pasture dieback (PD) is a decaying pasture syndrome of yet unknown causes affecting grass production across multiple soil types
and landscapes, reducing its carrying capacity and impacting livestock production [7]. Grazing avoidance in these areas was observed
in cattle, however, the effect on animal health is unknown. PD appeared in Queensland around 20 years ago, affecting different
cultivars of buffelgrass (Cenchrus ciliaris) [8]. The most affected buffelgrass cultivar was “American” (USA buffelgrass), while the
Biloela cultivar was considered by many as the most resistant to dieback [8]. Currently, dieback is reported to affect many grass
species, including several Australian natives and introduced species [9]. Farmers report many more species affected, including
Angleton grass (Dichanthium aristatum), couch grass (Cynodon dactylon), Kikuyu grass (Pennisetum clandestinum), Queensland blue
couch grass (Digitaria didactyla), nutgrass (Cyperus rotundus), and even some legumes. This indicates that PD can affect a range of
species [10].

In 2016 the Queensland Government Department of Agriculture and Fisheries (DAF) reported that the dieback affected approxi-
mately 35,000 ha of Queensland pasture. At present, the near-exact affected surface area is unknown, but it was estimated to be in
millions of hectares of pastures in QLD and northern NSW [7]. Dieback often appears as patches at first about 5 m? in diameter [11],
then spreads and merges into larger areas, rapidly affecting the whole paddock and, in some instances, the whole farm.

PD appears first in older leaves, as reddening or yellowing of the tip and spreading to the base of the ligule, before moving to the rest
of the plant. Roots become stunted and underdeveloped. Under microscopic observation, conduction vessels (xylem) appear
obstructed, and lesions on roots were observed with cellular damage [8]. Many studies are being conducted on PD with different
theories about the possible causes. Some of the theories implicate damaged soil microbiota, increased pathogens, eroded soils, reduced
organic matter, poor soil management, introduced species (weeds as well as insects), deforestation, loss of diversity, drought stress and
a combination of factors, including insect infestation with mealybugs [11] or ground pearls [10]. Despite numerous suspected factors,
there are no peer-reviewed publications, conclusive results or enough data to claim causality, and the principal source of PD remains
unknown. Some improvements were recently reported using a single application of sea minerals [12] and a product containing
commercial plant growth stimulant tri-sodium salt of trimercapto-S-triazine (TMT) and potassium humate as active ingredients [13].
Both treatments resulted in various soil microbiome and pasture yield improvements.

One of the priorities of sustainable agriculture is to seek ecologically friendly ways to improve plant productivity and quality [14].
Potassium humate and humate substances are natural organic components of soil humus [15]. They can originate from soil, peat,
plants and coals [16]. Fulvic and humic acids are among the most biologically active and complex organic compounds [17]. They are
known to have many impacts on soil, such as chelating of metals and improving soil’s physical properties [15]. They can improve
nutrient availability and enhance chemical and biological soil processes [18]. They also positively affect plant roots, especially in root
hair initiation and lateral root growth and density which are involved in nutrient uptake [17]. Humic acids help plants cope with stress
conditions like salinity, extreme temperature and pH [18].

All these improvements could be related to the soil microbial community alterations, as studies show that humic acid can increase
plant defence by stimulating plant-associated bacterial communities to protect against pathogens. Humic acids can recruit bacterial
species that can suppress pathogens. Jin et al. [19], found that humic acids can reshape soil microbial profile and function and affect
microbial reproduction. Humic acids stimulate bacterial species from phylum Chlorofiexi, Acidobacteria and Actinobacteria that break
down organic matter, alter available soil minerals and increase plant access to nutrients [19].

The use of humic acids as organic fertilisers has increased lately as its application reduces the need for inorganic fertilisers while
improving soil properties such as drainage, water retention capacity, deactivation of toxic metals [20], aeration, aggregation stability
and facilitation of micronutrient availability [21]. Foliar application of humic acids has a growth-promoting effect attributed to
hormone-like influence. Humic acids accelerate cell division, increase plant cell permeability, activate photosynthesis, improve
nutrient uptake, and decrease the uptake of toxic elements [22].

Humic acids are commonly used for restoring degraded soils, with longer-lasting effects than inorganic compounds. Minimal
concentrations can enhance plant growth and quality and soil nutrients in plant-available form. It is established that the use of humic
acids can increase the availability of Ca, P, K, N, Mg, Mn, Cu and S [17]. Interaction with soil microbial communities can stimulate or
inhibit plant growth, making plants more resistant to stress and increasing yield and nutritional value [23].

Humic acids used as fertiliser often contain 2.8% phosphorus, 10% potassium, 5% nitrogen and micronutrients like copper, zinc,
molybdenum, and cobalt. The importance of K* in photosynthesis increases enzyme activity, boosting the synthesis of carbohydrates,
proteins and fats, enabling the plant to resist pests and diseases [22]. The application of humic acids has a stimulant effect on cytokinin,
gibberellin and auxin substances [18]. The application of high humic acid concentrations showed depressing effects on plant growth,
and therefore it should not exceed a rate of 20 L/ha when applied together with a K seed dressing [24].

In this study, we used potassium humate (Hum) application on the PD-affected soil to investigate its ability for remediation and
possible improvements in soil microbial diversity and community structure.

2. Materials and methods
2.1. Farm description and location

The experiment was conducted on a farm located in Garnant, Queensland. The property is 1500 ha and carries 800 head of Bos
indicus crossbred beef cattle. In 2017 the grass started to die off, and in 2021 the farm had around 100 ha of PD-affected grass. The

paddock used in this trial was 38 ha of brown dermosol soil pastured land. From 2017 to the time of the experiment (June 2021), the
region has experienced severe drought. According to farm records, the pasture species profile before 2017 included: black spear grass
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(Heteropogon contortus), buffelgrass (Cenchrus ciliaris), forest blue grass (Bothriochloa bladhii ssp glabra), Queensland Bluegrass
(Dichanthium sericeum), Green Panic (Megathyrsus maximus), Indian Couch (Bothriochloa pertusa), kangaroo grass (Themeda triandra),
Seca stylo (Stylosanthes scabra), and native legumes and was considered very productive. By 2019 all grass was affected by PD, and
there was no new growth in the affected area. In 2020 the paddock became abundant in phasey bean (Macroptilium lathyroides), a
naturalised legume. Other dicot species seemed to recover, but very little grass was observed. The paddock seemed to be rapidly
transitioning through various species. In 2021 this paddock showed signs of dicot recovery, dominated by common weeds. The species
growing in the PD-affected area were not optimal for cattle nutrition, and they included Indian couch (Bothriochloa pertusa), wild sage
(Salvia verbenaca L), some woody plants such as currant bush (Carissa ovata and Carissa lanceolata) and small annual herbs, with many
areas showing minimal or no plant growth. Cattle only grazed Indian couch and avoided grazing any of the other species, thus reducing
the pasture carrying capacity.

Although we intended to include the plots with the healthy, PD-unaffected soil, in all farms we considered this was not an option
because the whole paddocks were either fully affected, or the patches of grass in the paddock that appeared healthy were in the pre-
clinical stage of the dieback syndrome. Therefore, both control (untreated) and potassium humate (Hum) treated plots were set on the
PD-affected paddock.

3. Methods

The experiment used a randomised complete block design with three replicates for control (Ctr) and potassium humate treated plots
(Hum) each. The area of each experimental plot was 5 m by 5 m, separated by a 2 m buffer area between plots to avoid drift
contamination while spraying. The Hum marketed by Humic Solutions, Australia, was diluted using untreated water at a ratio of 6 ml/
L and applied once at a rate of 2 L of diluted product per square meter using a backpack garden sprayer to simulate farming spraying
equipment. Control plots were sprayed with the same amount of water (2 L water per square meter).

Soil samples were collected with the core soil collection method [25], using a T-bar core sampler at 15 cm depth to include
rhizhosphere soil. Samples were taken from all plots before applying Hum and weekly after the spraying for six weeks, then fortnightly
until week 20; these were used for DNA extraction and microbiota assessment. Samples were kept on ice during transport and stored in
a —80 °C freezer until used for laboratory analysis. Originally, the first sampling of dry matter, soil parameters and plant morphology
were planned for 12 weeks post-application, but plots and, consequently, plant measurements were disturbed due to the damage of
grass by kangaroos. Plots were then recovered, and samples of dry matter were collected at 20 weeks. Plant measurements were
collected again at eleven months (48 weeks after Hum application) after cattle grazing of vegetation to the ground and a high rainfall
event to evaluate long-term effects. This time, separating the plant samples into monocotyledons, dicotyledons, and litter was possible.

Plant samples were taken before spraying Hum, and at week 20 and week 48 of the trial, using a 50 x 50 cm quadrat thrown at
random twice per plot, cutting and collecting all plant material using scissors as close to the ground as possible. Separation of
vegetation into species at weeks 0 and 20 was impossible as PD-affected grass disintegrated on contact. The samples were dried using
an oven at 60 °C for 72 h and then weighed and recorded in a table to compare and calculate dry matter per hectare.

Plant samples for morphological studies were collected at week 20, and week 48 by choosing representative grass and weed (wild
sage) specimens per plot (same species on each plot for both 20-week and 48-week sampling), collecting whole plants with the root
system intact, and keeping them on dry ice until measurements were conducted. Root width was measured using callipers, while plant
height, root length, and size of leaves were measured using a ruler. Seed heads, the number of branches/tillers, and the total number of
roots were also counted.

Soil minerals were assessed by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP — OES). This instrument can
measure over 20 different soil minerals in 4 min [26]. For this experiment, the soil samples analytics were outsourced to the University
of Western Australia’s Earth and Environment Analysis Laboratory (EEAL) located within the School of Agriculture and Environment
to obtain mineral content (including heavy metals). All minerals in the detection range of the methodology were measured, including
total Carbon/Nitrogen, Al, B, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, S, Zn, pH, and Electric Conductivity.

Soil microbiota molecular analysis was done by directly extracting soil DNA using a DNA soil kit (DNeasy PowerSoil Pro Kit) and
following the manufacturer’s recommended protocols. The soil sample was processed to extract a crude lysate, followed by purification
steps to remove compounds like fulvic and humates that contaminate the sample and obstruct subsequent PCR sequencing [27]. After
DNA extraction, the 16S rRNA gene sequencing library was prepared by amplifying the V3-V4 hypervariable region of the 16S rRNA
gene using dual indexing, variable spacer primers; with the forward 338F (5'-ACTCCTACGGGAGGCAGCAG-3') and the reverse primer
806 R (5'-GGACTACHVGGGTWTCTAAT-3'). The sequencing was outsourced to Azenta Life Sciences (China) and performed using a 2
x 300 paired-end sequencing and Illumina MiSeq system using all Illumina recommended kits and protocols.

Data analysis was done using Qiime2 software, with denoising and chimera checking performed by Dada2. The ASV level data was
clustered to an OTU level using 98% similarity. The samples with less than 1000 sequences were removed from the analysis leaving a
total of 57 samples. An OTU level data was normalised using Hellinger transformation and further analysed using a range of R
packages, including phyloseq, vegan and microecco. Primer-e v7 (https://www.primer-e.com/our-software/primer-version-7/) was
used to further explore and present the data. Plant data, including dry matter and plant morphometrics, was analysed and presented
using GraphPad Prism v9 (https://www.graphpad.com/scientific-software/prism/). Raw sequences are publicly available on
Sequence Read Archive (SRA) database under accession number PRJINA887675.
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4. Results
4.1. Overall community structure

The relative abundance at the phylum level presented in Fig. S1 of Supplementary Filel displays a clear dominance of Actino-
bacteriota (corresponding at 61% of sequences), followed by Proteobacteria (10%), Chloroflexi (7%), Firmicutes (6.15%), Acidobacteriota
(6.03%), Gemmatimodota (2.5%), Myxococcotta (2.4%), Verrucomicrobiota (1.7%), and with less than 1% of sequences assigned to
Methylomirabilota, Entotheonellaeota, Planctomycetota, Nitrospirota, RCP2-54 and Bacteroidota. The Archaea from the phyla Crerchaeota
and Thermoplasmatota were also detected (0.10 and 0.004%, respectively). Fig. 1 shows the relative abundance of the top twelve
genera; the most abundant genera were Rubrobacter, Solirubrobacterales 67-14, Un. Gaiellales, Bacillus, Un. Xanthobacteraceae, Con-
exibater, Gaiella, Un. Micromonosporaceae, Bacillales, Solilubrobacter, Actinobacteriota MB-A2-108, Un. Solilubrobacterales.

4.2. Alpha and beta diversity

Alpha diversity indicated by Simpson, Richness, and Pielou’s evenness is shown in Fig. S2 of Supplementary File 1. The alpha
diversity indicators over the 20 weeks show that potassium humate (Hum) did not change the microbial diversity.

In the investigation of the community structure, we used three distance measures: Bray Curtis, Weighted and Unweighted Unifrac
distance. We first inspected the sample-to-sample distance within each group to investigate the uniformity of samples within each
group using Anosim multivariate analysis (Supplementary Fig. S3). Analysis using weighted distances (Bray Curtis and Weighted
Unifrac), that consider the taxa abundance, revealed a significant difference in within-group sample-to-sample distance between the
Ctr (control) and Hum (potassium humate) treated soil. Alternatively, Unweighted Unifrac, which looks only at the presence and
absence of taxa, showed that these differences within each group were not significant. This indicates that the higher sample-to-sample
difference in the Hum group is related to a change in abundance rather than the presence or absence of taxa (Fig. S3).

We used Primer-7e and Primer PERMANOVA plugin to investigate community structure using mixed design Permanova with
“Week” (as numeric) and “Group” (2 levels Ctr and Hum) as crossed fixed effects and “Plot number” as a random effect nested within
“Group” as recommended for the longitudinal sampling of multiple plots for treatment and control (http://updates.primer-e.com/
primer7/manuals/PERMANOVA+_manual.pdf). Using either Bray Curtis, Weighted or Unweighted Unifrac distance, “Week” (time)
was always significantly affecting the microbial community (P < 0.0001; P = 0.0008, P < 0.0001, respectively). “Group” was not
significantly altering microbial community using either distance (P = 0.7048, P = 0.36 and P = 0.7989, respectively). Neither of the
interactions was significant by either distance. This indicated that the microbial community was fluctuating weekly and that these
major weekly fluctuations were not due to the use of the Hum but more likely due to environmental effects that were affecting all plots
at once (rainfall, heat stress etc.). If so, it is likely that these climate-related effects were overpowering any direct influence of Hum
application. However, Hum treated and untreated plots responded to environmental changes very differently (Fig. 2), and the
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Fig. 2. MDS plot of weekly distances for control (Ctr), and potassium humate (Hum) applied once presenting community shifts driven by envi-
ronmental factors (rain event). The major rain events after the prolonged drought occurred in week 5 and week 7, with no further rain after week 8.

differences in microbial communities became apparent after the rain and disappeared after the soil reverted to dry.

To further investigate and visualise these weekly alterations and match them to the environmental conditions, we calculated
distances among centroids for each combination of “Group” and “Week” and observed weekly microbial community shifts for Ctr and
Hum separately using Primer 7e (Fig. 2). The MDS plot shows a minimal distance between Ctr and Hum in weeks 0, 1,2,3,4 and 5. The
Ctr and Hum microbial communities started to diverge from week 6 to week 16, with Ctr returning to the original structure after week
eight and Hum remaining relatively distinct from the original community (Fig. 2).

Table 1

Simper analysis of the mixed effect Permanova design. The 27 genera presented in the table account for 50.29% of the variation

between Ctr and Hum.

Genus

Individual
Contribution (%)

Cumulative Contribution (%)

Gaiellales uncultured
Solirubrobacterales 6714
Bacillus

Rubrobacter
Micromonosporaceae unclassified
Actinobacteriota MB A2 108
Gaiella

Acidothermus
Thermomicrobiales JG30 KF CM45
Chlorofiexi TK10

Gaiellales unclassified
Solirubrobacter

Candidatus udaeobacter
Solirubrobacterales unclassified
Conexibacter

Elsterales uncultured
Micromonospora

Acidimicrobiia IMCC26256
Geodermatophilus

Bacillales unclassified
Gemmatimonadaceae uncultured
Jatrophihabitans
Vicinamibacterales uncultured
Pseudonocardia
Planosporangium

Streptomyces
Xanthobacteraceae unclassified

4.22
3.79
3.56
3.04
2.82
2.59
2.56
2.47
1.86
1.82
1.71
1.55
1.51
1.48
1.42
1.4
1.34
1.33
1.26
1.22
1.19
111
1.09
1
0.99
0.99
0.98

4.22
8
11.56
14.6
17.42
20.01
22.57
25.04
26.91
28.73
30.44
31.98
33.49
34.97
36.39
37.79
39.13
40.45
41.71
42.93
44.12
45.24
46.32
47.32
48.32
49.31
50.29
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4.3. Univariate analysis

The lack of significant community alterations via multivariate Permanova indicates only a lack of major overall community al-
terations. To investigate targeted alterations, we used Simper analysis on mixed-effect Permanova design (Primer-7e, Table 1) to
identify the taxa that are contributing to between-group dissimilarity. Gaiellales is the genus most contributing to the difference be-
tween control (Ctr) and potassium humate (Hum) by 4%, and Solilubrobacterales, Bacillus, Rubrobacter and Micromonosporaceae
cumulatively contribute over 15% to the difference between Ctr and Hum.

LefSe acts as a biomarker discovery tool for all taxonomic levels. Intriguingly, the Hum group is enriched with Firmicutes. In
contrast, the control group is enriched with Actinobacteriota (Fig. 3). Other differential taxa were visualised in Fig. 3, where Rubro-
bacteria in all taxonomic levels behave as a marker for control, as well as Chlorofiexi, Solilubrobacteriales, Actinibacteriota and Acti-
nomycetales. Biomarkers for Hum are Microsporales and Bacilli in all taxa levels, as well as Gailellales, Thermophilia and Firmicutes.

4.3.1. Correlation analysis

The correlation of taxa with time on Hellinger normalised genus-level data was performed separately in control and Hum-treated
plots (Table 2) to observe the possible alterations in the temporal development of the soils treated with Hum. The genera significantly
negatively correlated with time (reducing) in control but not in Hum plots are Marmoricola, Actinoplanes, Asanoa, Blrii41, Dactylo-
sporangium, Ellin6067, Actinomadura, Angustibacter, Cryptosporangium, Dongia, G12-WMSP1, Haliangium, JG30-KF-CM66, Nocardioides,
Reyranella, Saccharopolyspora, Skermanella, Streptomyces, Vicinamibacteraceae and mlel-7. The most significantly negatively correlated
with time in the Hum-treated soil were KD4-96, Pseudonocardia, AD3, Gaiella, JG30-KF-CM45, Anaeromyxobacter, Cohnella, Gemma-
timonas, Gitt-GS-136, Rhizobiales, Rubrobacter and bacteria p 25 and these remained not significantly affected by time in control.

4.3.2. Mineral profile

Soil chemical parameters in both treatments were measured at week 0 and week 12. Fig. S4 of Supplementary File 1 shows no
statistically significant difference in mineral concentration between the treatments, although there were minor changes in the con-
centrations over the time from week 0 to week 12, none of them statistically or biologically significant.

The interactions of minerals and other soil parameters with the microbiota were investigated using microeco R package. To
visualise environmental and biota interactions and find which minerals influence microbial communities, we used distance-based
redundancy analysis (AbRDA) plots generated using Weighted and Unweighted Unifrac distance (Fig. S5 of Supplementary File 1)
and RDA plots at genus and phylum levels (Fig. S6 of Supplementary File 1).

We then analysed correlations between genus and phylum level taxa with the concentration of specific soil chemical parameters.
There was a clear difference in mineral association with taxa between Hum-treated and Ctr plots (Fig. 4). The top 10 phyla are shown in
Fig. S7 of Supplementary File 1. In the samples collected from Hum plots, there were hardly any interactions with measured soil
parameters (only three significant), while on Ctr plots, we observed 14 significant soil minerals/parameters — phylum correlations.
Similarly, at the genus level, the correlated genera are shown in Fig. 4 heatmap, where high differences in taxa mineral correlations
between treatments were even more prominent. This is in agreement with the well-established interaction of humic acids with soil
minerals and nutrient decomposition and bioavailability discussed in the introduction.

Finally, we were able to observe the influence of minerals on alpha diversity indices (Fig. S8 of Supplementary File 1) where the
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Micromonosporales— H Citr
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Fig. 3. LefSe plot at all taxonomic levels.
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Table 2
Correlation with time on Hellinger normalised genus-level data, separately in control and Hum-treated plots. Genera correlated with time only in
control are in blue font, and only in Hum are in orange font. Rho: spearman rank correlation coefficient.

Ctr Hum
Genus rho P-value Significance rho P-value Significance
67-14 —0.63402 7.45E-05 ok —0.44784 0.008963
AD3 0.02461 0.891867 —0.50633 0.002642 i
Actinomadura —0.39761 0.021939 * —0.09155 0.612377
Actinoplanes —0.49775 0.003204 —0.21546 0.228508
Anaeromyxobacter —0.15774 0.380656 —0.34699 0.047885 *
Angustibacter —0.35156 0.044829 * 0.227178 0.20358
Asanoa —0.45562 0.00771 0.016059 0.929319
Blrii41 —0.50664 0.002624 i 0.01732 0.923787
Cohnella 0.066804 0.711847 —0.35268 0.044108 *
Cryptosporangium —0.41453 0.016463 * —0.11181 0.535585
Dactylosporangium —0.48942 0.003845 —0.33673 0.055346
Dongia —0.39744 0.022 * —0.23842 0.181502
Ellin6067 —0.46402 0.006526 i —0.0213 0.906351
G12-WMSP1 —0.39756 0.021957 —0.08515 0.637543
Gaiella —0.33613 0.055807 —0.46007 0.007062 i
Gemmatimonas —0.0495 0.784438 —0.40727 0.018653 *
Gitt-GS-136 —0.10438 0.563192 —0.41691 0.015793
Haliangium —0.38985 0.024914 * —0.17958 0.317306
IMCC26256 —0.45526 0.007763 o —0.37298 0.03253 *
JG30-KF-CM45 —0.29927 0.090665 —0.48421 0.0043
JG30-KF-CM66 —0.34634 0.048331 * —0.059 0.744312
KD4-96 —0.33389 0.057561 —0.58895 0.000311 i
MB-A2-108 —0.47199 0.005551 i —0.54299 0.001094
Marmoricola —0.68787 9.72E-06 0.078682 0.663387
Micromonospora —0.37139 0.033341 * —0.38828 0.025552 *
Nocardioides —0.42238 0.014339 * —0.28932 0.10246
Pseudonocardia —0.10772 0.550723 —0.62892 8.85E-05 ok
Pyxidicoccus —0.36288 0.037935 * —0.36249 0.038158 *
Reyranella —0.40455 0.019535 * —0.30144 0.088231
Rhizobiales —0.06456 0.721137 —0.36249 0.038158
Rubrobacter 0.077491 0.668189 —0.39148 0.024262 *
Saccharopolyspora —0.36561 0.036406 * 0.01614 0.928965
Skermanella —0.40148 0.02057 * NA NA NA
Streptomyces —0.41919 0.015172 —0.24759 0.164773
Vicinamibacteraceae —0.37926 0.029499 * 0.084805 0.638906
bacteria p 25 -0.1677 0.350892 —0.39315 0.023612 *
mlel-7 —0.47416 0.005308 0.13211 0.463636

heatmap was split into two clusters of minerals: K, Pb, N, C, Al, S, EC and Fe reproducibly marginally reducing, and Cr, Mo and P
marginally increasing richness and diversity measures. Although neither of these interactions was significant, Fe displayed clear
negative and Cr positive correlations with the diversity.

4.3.3. Dry matter

All the changes in microbiota are reflected in plants by significantly increased dry matter in the Hum treatment compared to control
at 20 weeks (Fig. 5 A), as well as the dry matter before application. At eleven months after treatment, there was an increase in
monocotyledons (Fig. 5 B, C), a decrease in dicotyledons (Fig. 5 D), and slight change in litter (Fig. 5 E) in potassium humate (Hum)
treated plots; however, not statistically significant.

4.3.4. Plant morphometrics

Plant morphometrics was taken at week 20 (Fig. 6), and after the major rain event at eleven months (week 48) (Fig. 7) for grass and
weed (wild sage) that were representative of the whole plot. Although there were no statistically significant differences between the
control and Hum-treated group, plant height, the number of tillers and the total number of roots of the grass in the Hum group were
increased compared to the control. The sage showed a marginal increment in the number of branches and a number of seed heads in the
Hum group.

Plant morphometrics collected post rainfall, eleven months after a single Hum application (Fig. 7), showed a statistically significant
increase in the total number of roots in the grass, as well as a minor increment in plant height compared to the control. In the sage,
there was a statistically significant increase in younger leaf length as well as the total number of roots. Therefore, even eleven months
post-application Hum improved roots in both grass and sage.
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Fig. 4. Heatmap of significant mineral correlations with soil genera. Only significant correlations are shown on the map.

5. Discussion

Soil microbial communities are responsible for nutrient transformation and release, as well as biodegrading organic material and
pest and disease control, among many other benefits [28]. Our experimental plots contained microbial communities comprised of
numerous soil-dwelling taxa. Inspecting the bacterial phylum level profile in our experimental plots, we encountered some significant
soil bacterial groups. Actinobacteriota dominated the soil bacterial community. The presence of this phylum is essential in soils, as they
have vital ecological functions; they are capable of metabolising organic matter, degrading cellulose, chitin, pectin and hemicellulose;
they can remove contaminants from soil such as pesticides and heavy metals [29-31]. In slightly lower abundance, Acidobacteriota
phylum has very similar functions as organic matter degradation, as well as metabolising inorganic and organic sources of nitrogen.

Proteobacteria abundant in our plots are very common in soil environments where they are involved in many soil functions, such as
C, N and S cycles [32-34]. Chroloflexi phylum was also prominent; these taxa are very diverse, including aerobic chemoheterotrophs,
photoautotrophs and thermophilic organisms, as well as anaerobic species that reduce chlorinated organic compounds. This phylum
also contains species capable of nitrification and oxidising CO; in significant concentrations [35-37]. This is in agreement with the
findings of Jin et al. [19], who also reported that the application of humate promoted Acidobacteriota and Chloroflexi, whose species are
associated with the decomposition and accumulation of complex soil organic matter. Jin et al. [19], also reported reduced microbial
diversity post humate, while in our study, there were no significant diversity alterations.

Firmicutes species possess iron and sulphate reduction abilities and have a critical role in soil disease control [34,35,38]. Two
Archaea phyla were detected. Crerchaeota includes a diverse group of organisms that can be extreme thermophiles, associated with the
N cycle and known autotrophic CO fixators [39-41]. Thermoplasmatota are known for their roles in C and N cycles and are critical in
recycling complex organic carbon [41,42].

The most abundant genus was Rubrobacter, known to be radiation-resistant and heat-loving [43,44]. Solirubrobacterales 67-14 were
commonly found in disturbed and poor soils, agricultural soils, earthworms holes and associated with ant activities [45,46]. Bacillus is
a well-known genus of plant growth-promoting bacteria [47]. Members of the genus Gaiella are well known as plant growth promoters
as well as for having antifungal properties [48]. Xanthobacteraceae are known for N fixation in soil and contains many species that can
reduce sulphur and hydrogen compounds [49], while Conexibater species are known for nitrate reduction [50].

The lack of significant increase in richness and diversity weekly or overall post Hum application indicates no new species intro-
duced or encouraged to expand above the detection threshold with the application of K humate. This also indicates that Hum did not
suppress or remove a significant number of species in the soil, this could be due to temporal fluctuations driven by the rain and drought
periods. Temporal analysis of beta diversity shows rainfall’s strong and variable influence on all plots, indicating subtle microbiota
community changes. The rain effect on the community appears unambiguous and anticipated after drought, yet distancing of the
communities after the rain event suggests a different response of microbial communities to rain in treated and control plots. The high
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Fig. 5. Dry matter control versus Hum treated once. Panel A shows data collected at 20 weeks, and panels B, C and D data collected at eleven
months post single application. Panel B shows 27.6% marginal mean increase in the grass/weed (monocots/dicots) ratio. Panels C-Grass, D- Di-
cotyledons and E— Litter show dry matter measured eleven months after treatment. Statistical significance is indicated with an asterisk (* = P
< 0.05).

significance of the influence of time on microbiota may be driven by changes in the environment that fluctuated enormously (tem-
perature, rainfall, UV radiation etc.) in Queensland over the eleven months of the experiment. Anosim multivariate analysis shows that
Hum increased sample-to-sample distance, which is often a sign of a product with multiple mechanisms and variability of effects.

PD is commonly accepted as not responsive to treatments farmers tried for over a decade. Moreover, the treatments aimed to
improve soil or grass health often showed initial improvement followed by a rapid decline within weeks of initial success [51]. Here we
extended the experiment to eleven months post-application to observe the long-term effects on the grass. Despite the lack of statistical
significance in microbiota structure alterations, there was 27.6% marginal mean increase in grass/weed (monocots/dicots) ratio and a
statistically significant increase in the total number of roots in both grass and sage eleven months post-application. Although not
statistically significant, M/D ratio, or increase of grass at the expense of weeds, was visually observable on the plots.

Primer Simper analysis (taxa contribution to differences between Ctr and Hum), has selected Gaielalles as the genus most
contributing (4.22%) to the difference between Hum and Ctr, while LEfSe analysis identified this genus as a biomarker for Hum
application. These bacteria are found in extreme environments and carbon metabolisers [52,53]. Bacillus contributing to 3.5% vari-
ation and associated with the Hum group are known plant-beneficial bacteria. On the other hand, high Simper contributing genera
associated with Ctr plots included Solirubrobacterales 6714, found in disturbed and poor pasture soils associated with ants [54].
Rubrobacter (3% variation) are tolerant to high radiation and temperature [55]. They were recently reported as the most significantly
increased genus in PD soils by our team [56]. Together, these four genera contribute to 15% of the differences between Hum and Ctr
plots. This is very comparable to the use of sea minerals [12] and tri-sodium salt of trimercapto-S-triazine (TMT) and humate mix
treatments of PD [13], which also provided several improvements in plant morphometrics and pasture yield via altering the same
genera. This reproducibility could indicate that successful remediation of pasture dieback research should focus on soil microbial
community restoration.

Hum treatment affected the abundance of species in the soil in a temporal fashion. Only significantly negatively correlated with
time on Hum-treated plots were bacteria from the genus KD4-96, linked to heavy metals polluted soils [57-59]. These results indicate
that Hum could be helpful in heavy metal polluted soils treatment, which was previously reported by Nong et al. [60], who
demonstrated that Na humate significantly reduces toxic Cd and Pb in contaminated soils. Temporally reduced in Hum plots was also
Pseudonocardia with antibacterial properties and linked to ant presence [61,62]. This reduction of microbiota damaging antibacterial
and insect-promoting effects of Pseudonocardia can indirectly assist PD-affected soils.

Significantly reduced over time in control but not in Hum-treated soils was the genus Marmoricola, also found to be a biomarker of
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Fig. 6. Plant morphometric measurements at week 20. Control (CTR) versus potassium humate treated soil (Hum).

Pb and Zn pollution [63]. Actinoplanes genus is known for phosphate solubilisation [64], Asanoa hydrolysing cellulose bacteria [65],
BIrii 41 genus of denitrifying bacteria with a preference for arable and grassland [66,67]. Dactylosporangium genus has antimicrobial
properties against Gram-Positive bacteria [68]. Ellin 6067 converts ammonia to nitrite, and it is tolerant to Cd pollution [69]. The
above demonstrated temporal decrease of some genera with beneficial functions for the soil and plant growth in control but not in
humic-supplemented soils and may account for some of the dry mass and plant morphometric long-term benefits.

Twenty weeks after a single application of Hum there was a significant increase in dry matter compared with the control. Later post-
rainfall sampling at eleven months post-application indicated an improved grass/weed ratio. Morphometrics demonstrated significant
improvements in root structure in both grass and dicots eleven months post Hum application, which supports further research about
the capacity of humic acids to improve pasture in long-term PD recovery. Optimising the concentration, type, and ratio of different
humic acids mix could make this a viable PD treatment. Large-scale experiments are needed to facilitate the economic analysis that
could justify the cost of humate with viable gains in pasture productivity.
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Fig. 7. Plant morphometric measurements eleven months after treatment. Control versus Hum-treated soil. Statistical significance is indicated with
an asterisk (* = P < 0.05); (** = P < 0.01).

6. Conclusions

While pasture dieback is rapidly and aggressively spreading in Australia, making the pasture useless for cattle farming and affecting
farmers’ welfare and countries’ economy, research in this area is lagging, indicating that the problem is not receiving enough attention.
Here, we presented a controlled attempt at a long-term dieback recovery that showed promising results. However, until the mecha-
nisms and environmental variables, including climate change possibly impelling the expansion of pasture dieback in Queensland and
global agricultural soil desertification, are identified, we will not be able to execute more targeted and refined recovery experiments.
Mechanistic studies are often high in cost and magnitude and require bringing this issue to global attention.



M.M. Whitton et al. Heliyon 9 (2023) e13327

Declarations
Author contribution statement

Maria M. Whitton: Conceived and designed the experiments; Performed the experiments; Analysed and interpreted the data; Wrote
the paper. XiPeng Ren, Sung J. Yu and Andrew Irving: Performed the experiments; Analysed and interpreted the data, Contributed
reagents, materials, analysis tools or data. Tieneke Trotter, Yadav S. Bajagai and Dragana Stanley: Conceived and designed the ex-
periments; Performed the experiments; Analysed and interpreted the data; Contributed reagents, materials, analysis tools or data.

Funding statement

Maria, M. Whitton’s scholarship was supported by Dr David Tomlinson.

Data availability statement

Data associated with this study has been deposited at Sequence Read Archive (SRA) database under the accession number
PRJINAS887675.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

The data was analysed using the Marie Curie High-Performance Computing System at Central Queensland University. We
acknowledge and appreciate Jason Bell’s help in all aspects of High-Performance Computing. We also wish to acknowledge continual
support in our pasture dieback investigations by Fitzroy Basin Association and numerous local farmers. We also thank Dr David
Tomlinson, Robert Alder (Geo Leak Solutions), Mick and Noela Alexander for their continual advisory and in-kind help with the
project.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2023.e13327.

References

[1] A. Terry, S., Strategies to improve the efficiency of beef cattle production, Can. J. Anim. Sci. 101 (1) (2021) 1-19.
[2] A. Mottet, et al., Domestic herbivores and food security: current contribution, trends and challenges for a sustainable development, Animal 12 (s2) (2018)
s188-s198.
[3] MLA, in: M.L. Australia (Ed.), State of the Industry Report- 2020, MLA, North Sydney, 2020.
[4] M. Dineen, et al., Characterization of the nutritive value of perennial ryegrass (Lolium perenne L.) dominated pastures using updated chemical methods with
application for the Cornell Net Carbohydrate and Protein System, Anim. Feed Sci. Technol. 272 (2021), 114752.
[5] M.J.Rivero, M. Lee, J. Cone, The role of pasture in the diet of ruminant livestock, in: Improving Grassland and Pasture Management in Temperature Agriculture,
Burleigh Dodds Science Publishing Limited, 2018.
[6] J.J. Drewry, K.C. Cameron, G.D. Buchan, Pasture yield and soil physical property responses to soil compaction from treading and grazing—a review, Aust. J. Soil
Res. 46 (3) (2008) 237-256.
[7] S. Buck, What Is Pasture Dieback? Queenland Government, 2021.
[8] S. Makiela, K.M. Harrower, Overview of the current status of buffel grass dieback, Australas. Plant Dis. Notes 3 (1) (2008) 12-16.
[9] S. Buck, The re-emergence of dieback in pastures across Queensland, in: Proceedings of the Northern Beef Research Update Conference, 2019.
[10] M.B. Thomson, Hidden Gems: an epidemiological investigation into the association of ground pearls with pasture dieback, in: School Of Agriculture And Food
Sciences (SAFS), University of Queensland, 2019.
[11] QUT/MLA, Mealybugs And Pasture Dieback, QUT and MLA, 2018.
[12] M.M. Whitton, et al., sea minerals reduce dysbiosis, improve pasture productivity and plant morphometrics in pasture dieback affected soils, Sustainability 14
(22) (2022), 14873.
[13] M.M. Whitton, et al., Remediation of pasture dieback using plant growth promotant, Agronomy 12 (12) (2022) 3153.
[14] Z. Ekin, Integrated use of humic acid and plant growth promoting Rhizobacteria to ensure higher potato productivity in sustainable agriculture, Sustainability
11 (12) (2019) 3417.
[15] J. Pope, R. Eichenberg, T. Birthisel, Use of humate dispersible granule technology as a soil amendment in turfgrass and horticultural soils, 1, Appl. Turfgrass Sci.
10 (1) (2013) 1.
[16] D.H. Sary, R.T. Rashad, A comparative study on the impact of compost, humate, and silicate on the nutritional characteristics of calcareous soil cultivated by
soybean, Sarhad J. Agric. 36 (4) (2020) 1227-1235.
[17] K. El-Nagma, The role of humate substances in controlling synergism and antagonism of nutrients uptake by potato plants, Environment, Biodiversity and Soil
Security 4 (2020) (2020) 149-165.

12


https://doi.org/10.1016/j.heliyon.2023.e13327
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref1
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref2
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref2
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref3
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref4
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref4
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref5
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref5
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref6
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref6
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref7
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref8
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref9
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref10
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref10
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref11
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref12
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref12
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref13
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref14
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref14
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref15
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref15
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref16
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref16
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref17
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref17

[18]
[19]

[20]
[21]

[22]
[23]
[24]

[25]
[26]

[27]
[28]
[29]
[30]

[31]
[32]

[33]
[34]

[35]

[36]
[37]

[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]

[50]
[51]

[52]
[53]

[54]
[55]
[56]
[57]
[58]

[59]
[60]

[61]
[62]
[63]

[64]
[65]

. Whitton et al. Heliyon 9 (2023) e13327

S.S. Taha, A.S. Osman, Influence of potassium humate on biochemical and agronomic attributes of bean plants grown on saline soil, J. Hortic. Sci. Biotechnol. 93
(5) (2018) 545-554.

Q. Jin, et al., Effects of potassium fulvic acid and potassium humate on microbial biodiversity in bulk soil and rhizosphere soil of Panax ginseng, Microbiol. Res.
254 (2022), 126914.

G. Lyons, Y. Genc, Commercial humates in agriculture: real substance or smoke and mirrors? Agronomy 6 (4) (2016) 50.

A.A. Rahi, et al., Yield enhancement and better micronutrients uptake in tomato fruit through potassium humate combined with micronutrients mixture,
Agriculture 11 (4) (2021) 357.

S. Abd Elghany, et al., Effect of different irrigation period and potassium humate on some soil properties and carrot productivity under saline soil conditions,
Middle East J. Appl. Sci 9 (4) (2019) 1117-1127.

Y. Moustafa, A. Hammam, S. Haddad, Potassium humate application and cutting immature flowers affect soil properties, microbial activity and jerusalem
artichoke yield components, Journal of Soil Sciences and Agricultural Engineering 9 (1) (2018) 33-41.

A. Ullah, et al., Impact of seed dressing and soil application of potassium humate on cotton plants productivity and fiber quality, Plants 9 (11) (2020) 1444.
R.B. Ferguson, et al., Guidelines for Soil Sampling, NebGuide G1740, University of Nebraska-Lincoln, USA, 2007.

H. Davidson, Methods Of Soil Analysis — A Summary of Some of the Many Methods of Soil Analysis. Monitoring and Analysing the Impact of Industry on the
Environment, 2009. Available from: https://www.aweimagazine.com/article/methods-of-soil-analysis-a-summary-of-some-of-the-many-methods-of-soil-
analysis-265/.

J.D. Van Elsas, F.G.H. Boersma, A review of molecular methods to study the microbiota of soil and the mycosphere, Eur. J. Soil Biol. 47 (2) (2011) 77-87.
M. Bill, et al., Bacterial community dynamics and functional profiling of soils from conventional and organic cropping systems, Appl. Soil Ecol. 157 (2021),
103734.

Y.X. Guo, et al., Succession of the microbial communities and function prediction during short-term peach sawdust-based composting, Bioresour. Technol. 332
(2021), 125079.

A. Woliniska, et al., Actinobacteria structure in autogenic, hydrogenic and lithogenic cultivated and non-cultivated soils: a culture-independent approach,
Agronomy 9 (10) (2019) 598.

M.E. Trujillo, K. Hong, O. Genilloud, The Family Micromonosporaceae, The Prokaryotes: Actinobacteria, 2014, pp. 499-569.

M. Mhete, et al., Soil properties influence bacterial abundance and diversity under different land-use regimes in semi-arid environments, Scientific African 7
(2020), e00246.

A.M. Spain, L.R. Krumholz, M.S. Elshahed, Abundance, composition, diversity and novelty of soil Proteobacteria, ISME J. 3 (8) (2009) 992-1000.

W. Li, et al., Functional potential differences between Firmicutes and Proteobacteria in response to manure amendment in a reclaimed soil, Can. J. Microbiol. 66
(12) (2020) 689-697.

A. Gupta, et al., Low-abundance members of the Firmicutes facilitate bioremediation of soil impacted by highly acidic mine drainage from the Malanjkhand
copper project, India, Front. Microbiol. 9 (2018) 2882.

L. Speirs, et al., The phylogeny, biodiversity, and ecology of the Chloroflexi in activated sludge, Front. Microbiol. 10 (2019) 2015.

Z.F. Islam, et al., Two Chloroflexi classes independently evolved the ability to persist on atmospheric hydrogen and carbon monoxide, ISME J. 13 (7) (2019)
1801-1813.

S.M. Lee, et al., Disruption of Firmicutes and Actinobacteria abundance in tomato rhizosphere causes the incidence of bacterial wilt disease, ISME J. 15 (1)
(2021) 330-347.

M. Hiigler, et al., Autotrophic CO2 fixation pathways in archaea (Crenarchaeota), Arch. Microbiol. 179 (3) (2003) 160-173.

D. Hillel, J.L. Hatfield, Encyclopedia of Soils in the Environment, vol. 3, Elsevier, Amsterdam, 2005.

S. Wan, et al., Shift in archaeal community along a soil profile in coastal wheat-maize rotation fields of different reclamation ages, Land Degrad. Dev. 32 (15)
(2021) 4162-4173.

S. Diamond, et al., Soils and sediments host Thermoplasmata archaea encoding novel copper membrane monooxygenases (CuMMOs), ISME J. 16 (5) (2022)
1348-1362.

C. Egas, et al., Complete genome sequence of the radiation-resistant bacterium Rubrobacter radiotolerans RSPS-4, Standards in Genomic Sciences 9 (3) (2014)
1062-1075.

J.S. Norman, G.M. King, M.L. Friesen, Rubrobacter spartanus sp. nov., a moderately thermophilic oligotrophic bacterium isolated from volcanic soil, Int. J. Syst.
Evol. Microbiol. 67 (9) (2017) 3597-3602.

R.S. Shange, et al., Distinct soil bacterial communities revealed under a diversely managed agroecosystem, PLoS One 7 (7) (2012), e40338.

H.D. Ishak, et al., Microbiomes of ant castes implicate new microbial roles in the fungus-growing ant Trachymyrmex septentrionalis, Sci. Rep. 1 (1) (2011) 1-12.
R. Radhakrishnan, A. Hashem, E.F. Abd_Allah, Bacillus: a biological tool for crop improvement through bio-molecular changes in adverse environments, Front.
Physiol. 8 (2017) 667.

C. Lazcano, et al., The rhizosphere microbiome plays a role in the resistance to soil-borne pathogens and nutrient uptake of strawberry cultivars under field
conditions, Sci. Rep. 11 (1) (2021) 1-17.

A. Oren, The family xanthobacteraceae, in: E. Rosenberg, et al. (Eds.), The Prokaryotes: Alphaproteobacteria and Betaproteobacteria, Springer Berlin
Heidelberg, Berlin, Heidelberg, 2014, pp. 709-726.

T. Seki, et al., Conexibacterarvalis sp. nov., isolated from a cultivated field soil sample, Int. J. Syst. Evol. Microbiol. 62 (Pt_10) (2012) 2400-2404.

S. Buck, N. Brazier, D.J. Reid, Management solutions for pasture dieback: outcomes of field research, in: Proceedings of the 20th Agronomy Australia
Conference, 2022, p. 2022.

M. Peng, H. Jia, Q. Wang, The effect of land use on bacterial communities in saline-alkali soil, Curr. Microbiol. 74 (3) (2017) 325-333.

Y.H. Wang, et al., Elevated CO2 alters the structure of the bacterial community assimilating plant-derived carbon in the rhizosphere of soya bean, Eur. J. Soil Sci.
70 (6) (2019) 1212-1220.

T. Seki, et al., Distribution and isolation of strains belonging to the order Solirubrobacterales, J. Antibiot. 68 (12) (2015) 763-766.

D. Hu, et al., Identification of molecular markers that are specific to the class Thermoleophilia, Front. Microbiol. 10 (2019) 1185.

D. Stanley, Genomics to the rescue of dying grass; pasture dieback remediation. Developing northern Australia, in: Developing Northern Australia,
Rockhampton, 2020.

Y. Wang, et al., Halosulfuron methyl did not have a significant effect on diversity and community of sugarcane rhizosphere microflora, J. Hazard Mater. 399
(2020), 123040.

F. Girardot, et al., Bacterial diversity on an abandoned, industrial wasteland contaminated by polychlorinated biphenyls, dioxins, furans and trace metals, Sci.
Total Environ. 748 (2020), 141242.

M. Golebiewski, et al., 16S rDNA pyrosequencing analysis of bacterial community in heavy metals polluted soils, Microb. Ecol. 67 (3) (2014) 635-647.

X. Nong, et al., Remediation of Cd, Pb and as Co-contaminated paddy soil by applying different amendments, Bull. Environ. Contam. Toxicol. 105 (2) (2020)
283-290.

S.L. Goldstein, J.L. Klassen, Pseudonocardia symbionts of fungus-growing ants and the evolution of defensive secondary metabolism, Front. Microbiol. 11
(2020), 621041.

G.Z. Zhao, et al., Pseudonocardia antimicrobica sp. nov., a novel endophytic actinomycete associated with Artemisia annua L.(sweet wormwood), J. Antibiot. 65
(9) (2012) 469-472.

X. Pan, et al., Effects of soil chemical properties and fractions of Pb, Cd, and Zn on bacterial and fungal communities, Sci. Total Environ. 715 (2020), 136904.
A.A. Bhatti, S. Haq, R.A. Bhat, Actinomycetes benefaction role in soil and plant health, Microb. Pathog. 111 (2017) 458-467.

A.L. Putri, R. Setiawan, Isolation and screening of actinomycetes producing cellulase and xylanase from Mamasa soil, West Sulawesi, in: IOP Conference Series:
Earth and Environmental Science, IOP Publishing, 2019.

13


http://refhub.elsevier.com/S2405-8440(23)00534-0/sref18
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref18
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref19
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref19
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref20
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref21
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref21
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref22
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref22
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref23
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref23
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref24
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref25
https://www.aweimagazine.com/article/methods-of-soil-analysis-a-summary-of-some-of-the-many-methods-of-soil-analysis-265/
https://www.aweimagazine.com/article/methods-of-soil-analysis-a-summary-of-some-of-the-many-methods-of-soil-analysis-265/
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref27
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref28
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref28
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref29
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref29
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref30
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref30
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref31
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref32
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref32
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref33
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref34
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref34
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref35
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref35
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref36
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref37
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref37
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref38
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref38
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref39
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref40
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref41
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref41
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref42
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref42
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref43
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref43
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref44
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref44
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref45
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref46
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref47
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref47
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref48
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref48
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref49
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref49
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref50
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref51
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref51
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref52
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref53
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref53
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref54
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref55
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref56
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref56
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref57
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref57
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref58
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref58
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref59
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref60
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref60
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref61
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref61
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref62
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref62
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref63
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref64
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref65
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref65

M.M.

[66]

[67]
[68]

[69]

Whitton et al. Heliyon 9 (2023) e13327

W. Yajun, et al., Adaptability of enhanced bioretention cell for nitrogen and phosphorus removal under two antibiotics stress, Ecotoxicol. Environ. Saf. 230
(2022), 113114.

F. Gschwend, et al., Site and land-use associations of soil bacteria and fungi define core and indicative taxa, FEMS Microbiol. Ecol. 97 (12) (2021) fiab165.
N. Niemhom, C. Thawai, Screening and identification of rare actinomycetes isolated from soil in pho hin dad waterfall (namtok sam lan national park, saraburi
province) for antimicrobial activities, in: RSU International Research Conference 2020, 2020, pp. 654-664.

Q. Wang, et al., Effects of microplastics and carbon nanotubes on soil geochemical properties and bacterial communities, J. Hazard Mater. 433 (2022), 128826.

14


http://refhub.elsevier.com/S2405-8440(23)00534-0/sref66
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref66
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref67
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref68
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref68
http://refhub.elsevier.com/S2405-8440(23)00534-0/sref69

	Humate application alters microbiota–mineral interactions and assists in pasture dieback recovery
	1 Introduction
	2 Materials and methods
	2.1 Farm description and location

	3 Methods
	4 Results
	4.1 Overall community structure
	4.2 Alpha and beta diversity
	4.3 Univariate analysis
	4.3.1 Correlation analysis
	4.3.2 Mineral profile
	4.3.3 Dry matter
	4.3.4 Plant morphometrics


	5 Discussion
	6 Conclusions
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement

	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


