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Abstract: Pasture production is vital in cattle farming as it provides animals with food and nutrients.
Australia, as a significant global beef producer, has been experiencing pasture dieback, a syndrome
of deteriorating grassland that results in the loss of grass and the expansion of weeds. Despite
two decades of research and many remediation attempts, there has yet to be a breakthrough in
understanding the causes or mechanisms involved. Suggested causes of this phenomenon include
soil and plant microbial pathogens, insect infestation, extreme heat stress, radiation, and others.
Plants produce a range of phytomolecules with antifungal, antibacterial, antiviral, growth-promoting,
and immunostimulant effects to protect themselves from a range of environmental stresses. These
products are currently used more in human and veterinary health than in agronomy. In this study, we
applied a phytogenic product containing citric acid, carvacrol, and cinnamaldehyde, to investigate its
ability to alleviate pasture dieback. The phytogenic liquid-based solution was sprayed twice, one
week apart, at 5.4 L per hectare. The soil microbial community was investigated longitudinally to
determine long-term effects, and pasture productivity and plant morphometric improvements were
explored. The phytogenic liquid significantly improved post-drought recovery of alpha diversity and
altered temporal and spatial change in the community. The phytogenic liquid reduced biomarker
genera associated with poor and polluted soils and significantly promoted plant and soil beneficial
bacteria associated with plant rhizosphere and a range of soil benefits. Phytogenic liquid application
produced plant morphology improvements and a consistent enhancement of pasture productivity
extending beyond 18 months post-application. Our data show that phytogenic products used in
the livestock market as an alternative to antibiotics may also have a beneficial role in agriculture,
especially in the light of climate change-related soil maintenance and remediation.

Keywords: pasture dieback; phytogenic liquid; carvacrol; cinnamon; soil microbiota

1. Introduction

Pasture dieback (PDB) is a rapidly spreading natural disaster in Australia. For decades,
the causes of the dieback have not been identified. PDB results in a decline in pastureland,
leading to a drop in the quality and quantity of grazing pasture for livestock and negatively
impacting the Australian economy and the environment. According to a report by the
Australian Bureau of Statistics [1], 129 out of 172 million hectares of Queensland is utilised
for grazing. The dieback poses a serious threat to the productivity and sustainability
of grazing producers. The Department of Agriculture and Fisheries [2] project report
in 2016 reported that 35,000 hectares are affected across 120 properties in Queensland.
However, PDB has worsened during the last five years, in which the affected pasture is
up to 4.4 million hectares [3], spanning from Townsville in Queensland to northern New
South Wales.

The condition was first noted in buffelgrass (Cenchrus ciliaris) in the 1990s and is
now associated with several tropical and subtropical grasses in both imported and native
species. Several direct remediation trials attempting to restore affected soil by re-sowing,
burning, fertilising, and slashing have not succeeded. Current knowledge suggests PDB is
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a multifaceted problem affecting the grass ecosystem, with soil, bacteria, fungi, helminths,
insects, and other communities thrown out of balance. Among the various symptoms,
leaves turning red from the tip towards the ligule are visually the most prominent [4]. The
red colouration of the leaves diverges from bright to dark to bronze, with the oldest leaves
turning red first and progressively affecting younger leaves. The symptoms of red leaves
are more visible on the upper surface than on the lower surface. The roots of the affected
grass grow poorly compared with unaffected plants [4], presenting smaller, thinner, softer,
and darker roots compared with healthy grass, and they break easily. The plants that are
affected by dieback weigh less, have fewer tillers, and have shorter leaves when compared
with unaffected plants. Such effects of PDB could seriously affect pasture-based cattle
production in Australia.

Buffelgrass was introduced into Australia decades ago due to its robust adaptability
to local climate and soil. Some varieties have been introduced for commercial pasture
purposes, with three buffelgrass varieties being the most common: American, Biloela, and
Gayndah [4]. Buffelgrass has been distributed across northern Australia and is found in
southern areas. In central Queensland, PDB was first identified over 25 years ago; however,
it is continuously spreading to other regions across Australia, having crossed the border of
New South Wales in 2019.

Australia is one of the world’s most efficient producers of beef cattle. The high ef-
ficiency of Australian beef cattle production depends on several factors, including the
quality of the grazing land, climate, and the breed of cattle. Australian beef cattle are pri-
marily grass-fed, and the country’s climate and soil conditions are well-suited to growing
grass. The Angus cattle breed is particularly well-suited to the Australian environment.
Australia’s cattle production makes up approximately 2% of the global cattle herd [5] and
exports more than 70% of its cattle [6]. In 2019, Australia was the second-largest beef ex-
porter in the world, with 76% of its beef being exported according to an estimation by Meat
& Livestock Australia [7]. As of June 2019, Australia had 24.7 million cattle, with Queens-
land (the state with the largest cattle industry) accounting for approximately 45.7% of that
total, followed by New South Wales and Victoria [7]. From 2018 to 2019, Australia exported
1.3 million cattle valued at AUD $1.6 billion. Furthermore, beef consumption in Australia
generates a significant economic income, estimated to be approximately AUD $7.8 billion
in 2019 according to Meat & Livestock Australia [7]. The lack of progress in pasture
dieback research and its rapid spread in the last few years is among the highest risks for
the sustainability of the cattle industry in Queensland and Australia.

Plant development is highly dependent on the associated microbial communities. The
soil microbiome consists of all microorganisms living in symbiosis with the plant, including
bacteria, fungi, and viruses. The microbiome plays a crucial role in plant development,
providing essential nutrients, protecting the plant from pathogens or environmental stress,
and influencing plant hormone signalling to improve the plant’s overall health [8]. Plants
can recruit soil microbiomes to assist in controlling the infection induced by soil pathogens.
Plants can choose or reject microbiota from the soil by removing leaves and branches or
distributing root secretions [9,10]. On the other hand, plants often suffer from various
microbial diseases. It has been speculated that pasture dieback may be caused by bacterial,
fungal, and viral pathogens without definite evidence.

Plants fight pathogens by producing a vast range of bioactive products. It was pro-
posed that the sustainability of plant production can be improved through bioactive natural
products [11]. However, despite the projected major benefits [11–13] of phytogen use as
natural biopesticides in plant agriculture, bioactive products are often used more for human
or animal health than plant health [14]. Some of the main reasons are high volatility and
short environmental survival, resulting in the need for higher application rates [12] which
increases the cost compared to chemical pesticides. In addition to rapid degradation, most
studies on their efficacy in plants were completed in vitro and they are still less available
as a plant treatment option [13]. With growing concerns regarding the role of pesticides
and herbicides in global pollution and adverse effects on human health, as well as growing
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demand for natural or organic pest control methods, bioactive plant products are becom-
ing more popular in agronomy, and a range of antifungal, antibacterial, antiviral, and
insecticide products are now available on the market (reviewed in [11]).

In this project, a phytogenic product was applied to treat pasture dieback. Phytogenic
liquid was initially developed as an alternative livestock complementary feed and its for-
mulation overcomes the volatility and persistence issues, making it a promising candidate
for PDB remediation. Carvacrol has potent antimicrobial activity against the common
pathogens of vegetable crops [12] and has a protective role in seed storage [15]. Carvacrol,
a monoterpenoid phenol in many aromatic plants, including thyme and oregano, is used as
a food flavouring, additive, fragrance, and preservative [16]. Carvacrol also has a range of
biological actions, including anti-cancer, neuroprotective, immunopromoting, antibacterial,
antifungal, antiviral, and insecticide effects [17–22]. Carvacrol shows antimicrobial activity
against major plant pathogens, such as Fusarium oxysporum [15], Cladosporium herbarum [23],
and Penicillium spp. [24,25], and was recommended as a potent antifungal agent.

Cinnamaldehyde, an organic compound naturally occurring in the bark of cinna-
mon trees, gives the cinnamon spice its flavour and odour [26]. Studies indicate its anti-
inflammatory, antibacterial, and immune-modulating properties [27–29]. It is highly re-
garded for its antimicrobial and range of medicinal properties (reviewed in [30]). Citric
acid has a remarkable range of benefits in plant and soil health. It alleviates heavy metal
toxicity by increasing plant biomass, photosynthesis, and growth, and is one of the most
commonly used chemicals for phytoremediation. Citric acid also promotes stress tolerance
in plants [31] that spans the range of abiotic stresses, such as acidity, drought, salinity,
temperature, and heavy metal stresses (reviewed in [31]). Citric acid is beneficial for the
soil rhizobia community [32], and due to its growth-promoting effects it is often referred to
as a plant growth hormone [33].

The literature suggests that the components present in phytogenic liquid have the
unique ability to rectify an extraordinary range of possible soil and plant health issues that
likely play a role in pasture dieback onset and persistence. In this study, we present evidence
of the long-term beneficial effects of phytogenic liquid in pasture dieback via modification
of the soil microbial community, improved plant morphometrics, and significantly higher
pasture productivity extending beyond 18 months after initial use.

2. Materials and Methods

This trial was conducted on an organic beef farm near Rockhampton, Queensland,
Australia, with stock grazing the 1400 hectares of clean, pristine floodplains of the Fitzroy
River. The owner has spent 7 years developing the farm as a case study for regenerative
agriculture in the beef industry. The farm has approximately 100 hectares of pasture dieback
affected area, which becomes more severe after drought. As a result, cattle do not graze in
those areas, reducing the pasture carrying capacity.

The experiment consisted of 3 randomised replicates for control (CTR) and 3 for
phytogenic liquid (PHY). The core components in phytogenic liquid are cinnamaldehyde,
carvacrol, and citric acid (source: Activo® Liquid from EW Nutrition GmbH, Visbek,
Germany). Plots were 5 × 5 m blocks separated by a 2 m buffer area between plots to
prevent contamination. Phytogenic liquid solution diluted at a ratio of 0.27 mL/L was
sprayed twice, one week apart, and each 25 m2 plot received 50 L of phytogenic liquid
diluted solution. This is equal to 0.54 mL/m2, resulting in a final application rate of 5.4 L
of phytogenic liquid per hectare during each of the 2 applications, or a total of 10.8 L/ha
of phytogenic liquid used. Control plots received the same amount of water instead of
phytogenic liquid dilution.

Soil core sampling was undertaken using a T-bar at 15cm depth. One sample was
taken from each plot before phytogenic liquid was applied in week 0 and weekly from week
1 to week 6, then fortnightly from week 8 until week 20. All samples were immediately
placed on dry ice and stored at −80 ◦C in freezers for further analysis.
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Two random samples were collected from each plot before phytogenic liquid was applied
and again in week 20 using a 50 cm × 50 cm square quadrat to randomly throw twice per
plot, then everything above the ground was collected within the quadrat. The samples were
kept in paper bags and then dried in the oven at 60 ◦C for 72 h. After 11- and 18-months
post-application, the samples were retaken to confirm long-term impacts. The dried samples
were weighed and then recorded to calculate dry matter using the following formula:

Dry matter(kg/ha) =
Dry weight(g)

Quadrat size(ha)× 1000

In addition to dry matter, plant properties were recorded at week 20 and after
11 months of application (week 48), including the length and width of the longest leaf,
length and width of the youngest leaf, the number of tillers, plant height, the total number
of roots, length of the longest root, root thickness, and seed heads (if applicable). The
measurements were taken for grass and for the most dominant weed, wild sage.

After the 1st trial was completed and the long-term effects of phytogenic liquid
were observed, the opportunity presented itself to repeat the trial on another pasture
dieback site at a different property. The 2nd trial aimed only to confirm the biomass and
plant morphometric improvements, and soil samples for microbial communities were not
collected. This trial was performed using an identical experimental setup and sampling
procedures. The second dieback site presented as a paddock lesion, fast spreading in
all directions, rather than random patches of dieback as was the case at the 1st trial site.
Another difference between the 1st and the 2nd trial was that the 2nd trial had vast areas of
the paddock not yet affected by dieback, which allowed us to sample a healthy control that
was not present in the original trial.

Soil microbial DNA was extracted using a DNA soil kit (DNeasy PowerSoil Pro Kit,
Qiagen, Hilden, Germany) and the quality was assessed by NanoDropTMOneC

(Thermo Fisher, Waltham, MA, USA). The 16S DNA library was prepared by ampli-
fying the V3-V4 hypervariable region of the 16S rRNA gene using dual index primer
pairs (forward primer Pro341F 5′-CCTACGGGNBGCASCAG-3′; reverse primer Pro805R
5′-GACTACNVGGGTATCTAATCC-3′) with an Illumina linker sequence, index, and het-
erogeneity spacer. Agarose gel electrophoresis was used to visualise the PCR product. The
16S amplicon library was pooled and cleaned using an AMPure XP PCR purification kit
(Beckman Coulter, Sydney, NSW, Australia). The sequencing of the library was outsourced
to Azenta Life Sciences (Suzhou, China) and sequenced as a 2 × 300 bp paired end reads
using the Illumina MiSeq system with Illumina-recommended kits and protocols.

All plant data, including biomass and morphometrics, were analysed for significance
using the Mann–Whitney test performed in GraphPad Prizm v9. Prizm was also used to
plot alpha diversity indicators originally calculated using the Phyloseq R package. Distance
matrices (UniFrac and Bray-Curtis) were calculated from the rooted Newick OTU tree,
which was obtained in Quantitative Insights Into Microbial Ecology 2 (QIIME 2). Ecological
data interactions with the microbial community were analysed using Microeco R package.
Permanova+ was used in Primer-e v7 [34] to calculate Simper and PERMANOVA data.

3. Results
3.1. Soil Community Structure

The soil bacterial community of the pasture dieback paddock had a relatively unusual
pasture bacterial community. The most abundant 15 genera, based on rarefied sequence
counts, were Rubrobacter, Solirubrobacterales 67-14, unclassified Gaiellales, Bacillus, Conexibac-
ter, Gaiella, unclassified Xanthobacteraceae, Solirubacter, unclassified Micromonospora, unclassi-
fied Bacillales, Actinobacteriota MB-A2-108, unclassified Solirubacterales, Micromonospora, Can-
didatus Udaeobacter, Planosporamgium (Figure 1). Among them, Rubrobacter and Solirubrobac-
terales 67-14 were dominant genera in both the PHY and CTR groups. Actinobacteriota
dominated both treatment communities, with an average relative abundance of 66.7%
in the PHY group and 69.2% of the total sequence counts in the CTR group, followed
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by Firmicutes and Proteobacteria (Figure S1). Both groups also had a range of less abun-
dant phyla, including Gemmatimonadota, Verrucomicrobiota, Myxococcota, Methylomirabilota,
Entotheonellaeota, Planctomycetota, Nitrospirota, and others, shown in Figure S2.
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3.2. Alpha Diversity

The PHY supplementation did not significantly affect any of the calculated alpha
diversity indexes (Observed Species, Chao1, Shannon, Simpson, Fisher, Ace, Dominance,
and Evenness). However, interesting temporal trends were observed, showing that while
there were no changes in the diversity profile during drought weeks after the rain event,
both richness and diversity were restored faster in PHY-treated plots (Figure 2). This field
trial started during the drought season and only had two significant rain events during
weeks five and seven. There was no more noteworthy rain between weeks 7 and 16 when
the soil sampling stopped.

3.3. Spatial and Temporal Alterations in Beta Diversity

In order to investigate the beta diversity variable significance, we used the Primer-e v7
PERMANOVA function. We set up the PERMANOVA design to account for the longitudi-
nal, temporal nature of the data (weeks) and nested replicate plots (spatial difference) in the
treatment group and investigated the significance and interactions of the main variables:
treatment (CTR vs. PHY), time (weeks), and replicate plots. We analysed the OTU-level
data using weighted and unweighted UniFrac, and phylum- and genus-level data using a
square root transformed abundance-based Bray–Curtis similarity matrix (Table 1).
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Table 1. Multivariate analysis of beta diversity.

Distance Significance of p-Value Significance

Weighted UniFrac

Treatment 0.247 ns

Time 0.001 ***

Plot 0.009 **

Unweighted UniFrac

Treatment 0.241 ns

Time 0.001 ***

Plot 0.012 *

Phylum level
Bray–Curtis

Treatment 0.0273 *

Time 0.002 **

Plot 0.466 ns

Genus level
Bray–Curtis

Treatment 0.384 ns

Time 0.001 ***

Plot 0.001 ***
There was a significant (p = 0.049) interaction between the treatment and time at the genus level, * = p < 0.05;
** = p < 0.01; *** = p < 0.001; ns = not significant.

All four PERMANOVA analyses agree with the high significance of temporal fluc-
tuations in bacterial microbial communities; the plot was also significant at all levels
except phylum. Phytogenic liquid treatment significantly affected the phylum-level taxa,
but its effects on microbiota were fundamentally masked by the power of the temporal
and, to a lower level, spatial differences (between replicate plots). Genus-level data
showed significant interactions between treatment and time variables, indicating that
genus-level alterations due to phytogenic liquid supplementations varied temporarily.
This is in agreement with observed fluctuations of the most influential genera shown
in Figure S3, where similar temporal patterns influenced by drought/rain as in alpha
diversity (Figure 2) were observed.

The taxa (phylum and genus level) were then investigated with the highest contri-
bution to phytogenic liquid-driven community alterations using the SIMPER algorithm
in Primer-e v7 (Table 2). The top phyla contributing to the dissimilarity between the CTR
and phytogenic liquid-treated soil communities were Firmicutes (19.38%), Proteobacteria
(10.14%), and Actinobacteriota (9.59%), cumulatively making up 39.11% of CTR–PHY
group dissimilarity.

The SIMPER analysis is cross-validated using dbRDA plots (Figure 3), where the dbRDA
algorithm selected the same genera as SIMPER as drivers of the CTR–PHY dissimilarity.

3.4. Temporal Correlation

The Microeco R package was used for the temporal correlation analysis. The analysis was
performed separately in CTR and phytogenic liquid-treated groups (Figure 4). The addition of
phytogenic liquid prevented the highly significant depletion of Marmoricola and increased the
abundance of Blstocatellia genus 11-24, which was slightly reduced in CTR. Phytogenic liquid
also strongly suppressed Microvirga which was very slightly positively correlated with time in
CTR. These temporal correlation differences agree with the significance of the treatment–time
PERMANOVA interaction at the genus level discussed above.
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Table 2. Phyla and known genera with the highest contribution to CTR–PHY group dissimilarity.

Phylum Contribution (%)

Firmicutes 19.38

Proteobacteria 10.14

Actinobacteriota 9.59

Verrucomicrobiota 9.32

Acidobacteriota 7.53

Myxococcota 6.44

Chloroflexi 6.42

Gemmatimonadota 5.73

Genus Contribution (%)

Bacillus 7.19

Rubrobacter 4.96

Solirubrobacterales 67-14 3.06

Solirubrobacter 2.74

Acidothermus 2.39

Conexibacter 2.31

Gaiella 2.28

MB-A2-108 2.26

Micromonospora 2.21

Planosporangium 2.11

Candidatus Udaeobacter 1.89

Geodermatophilus 1.77

Jatrophihabitans 1.45

Pseudonocardia 1.25

Chloroflexi TK10 1.22

Chloroflexi JG30-KF-CM45 1.21

Streptomyces 1.07

Pyrinomonadaceae RB41 1

Rhodoplanes 0.93

IMCC26256 0.9

Actinoallomurus 0.81

Actinoplanes 0.81

3.5. Taxa Responding to Phytogenic Liquid Application

LEfSe was used to detect taxa responding to the phytogenic liquid application at the
genus level (Figure 5). Rubrobacter, Jatrophihabitans, Acidothermus, Conexibacter, and Gaiella were
enriched in dieback, while Solirubrobacter, Bacillus, Planosporangium, Conexibacter, Bradyrhiso-
bium, Bryobacter, Geodermatophilus, Streptomyces, Thermomicrobiales, Candidatus Udaeobacter, and
Micromonospora were enriched in soil treated with phytogenic liquid (Figure 5).



Microorganisms 2023, 11, 561 9 of 20

Microorganisms 2023, 11, x FOR PEER REVIEW 9 of 21 
 

 

 
Figure 3. dbRDA plot at a phylum (A) and genus (B) level. Only the top taxa explaining the differ-
ence between the treatments are shown as loading vectors depicting their relative contribution in 
predicting the differences between PHY and CTR. 

3.4. Temporal Correlation 
The Microeco R package was used for the temporal correlation analysis. The analysis 

was performed separately in CTR and phytogenic liquid-treated groups (Figure 4). The 
addition of phytogenic liquid prevented the highly significant depletion of Marmoricola 
and increased the abundance of Blstocatellia genus 11-24, which was slightly reduced in 
CTR. Phytogenic liquid also strongly suppressed Microvirga which was very slightly pos-
itively correlated with time in CTR. These temporal correlation differences agree with the 
significance of the treatment–time PERMANOVA interaction at the genus level discussed 
above. 

Figure 3. dbRDA plot at a phylum (A) and genus (B) level. Only the top taxa explaining the
difference between the treatments are shown as loading vectors depicting their relative contribution
in predicting the differences between PHY and CTR.



Microorganisms 2023, 11, 561 10 of 20

Microorganisms 2023, 11, x FOR PEER REVIEW 10 of 21 
 

 

 
Figure 4. The temporal correlation heatmap. White cells with the x mark represent the genus not 
detected in that group. Green cell colour indicates negative temporal correlation and red cell colour 
indicates positive temporal correlation in each group, as shown in the heatmap correlation bar. * = 
p < 0.05; ** = p < 0.01; *** = p < 0.001 

3.5. Taxa Responding to Phytogenic Liquid Application 
LEfSe was used to detect taxa responding to the phytogenic liquid application at the 

genus level (Figure 5). Rubrobacter, Jatrophihabitans, Acidothermus, Conexibacter, and Gaiella 
were enriched in dieback, while Solirubrobacter, Bacillus, Planosporangium, Conexibacter, 
Bradyrhisobium, Bryobacter, Geodermatophilus, Streptomyces, Thermomicrobiales, Candidatus 
Udaeobacter, and Micromonospora were enriched in soil treated with phytogenic liquid (Fig-
ure 5). 

Figure 4. The temporal correlation heatmap. White cells with the x mark represent the genus not
detected in that group. Green cell colour indicates negative temporal correlation and red cell colour
indicates positive temporal correlation in each group, as shown in the heatmap correlation bar.
* = p < 0.05; ** = p < 0.01; *** = p < 0.001.



Microorganisms 2023, 11, 561 11 of 20

Microorganisms 2023, 11, x FOR PEER REVIEW 11 of 21 
 

 

 
Figure 5. LEfSe plot at the genus level shows significantly altered (p < 0.05) genera with an absolute 
LDA score > 3. 

3.6. Interactions with Minerals 
There were no significant differences in mineral concentrations between CTR and 

PHY plots 12 weeks post-application. On the other hand, there were significant correla-
tions between the concentration of some minerals and taxa abundance, often opposite in 
CTR and PHY-treated plots. The heatmap in Figure 6 shows mineral–genus correlations 
demonstrating the influence of phytogenic liquid on soil taxa–mineral interactions; for 
example, Solirubrobacter and Jatophihabitans are significantly positively correlated with 
electric conductivity (EC) in CTR, while they are marginally negatively correlated with 
EC in the PHY group. Mycobacterium was significantly negatively correlated with Ca in 
PHY and marginally positively correlated in CTR, while Jatophihabitans is highly signifi-
cantly correlated with Ca in CTR and negatively correlated in PHY. Streptomyces, Sphaer-
obacter, and Geodermatophilus are significantly positively correlated with Co in the PHY 
and negatively correlated in CTR plots. Streptomyces correlate significantly positively with 
Cu only in PHY and marginally negatively in CTR. Sphaerobacter is significantly positively 
correlated with Mg in phytogenic liquid and negatively in CTR. Acidibacter was signifi-
cantly positively correlated with Pb in PHY while negatively correlated in CTR. Planospo-
rangium was strongly and significantly positively correlated with S in the PHY and mar-
ginally negatively correlated in the CTR group.  

There are more examples of such opposite genus–mineral correlations, but Halian-
gium and MB-A2-108 have shown double-significant opposite effects. MB-A2-108 was sig-
nificantly negatively correlated with Mo in PHY, but significantly positively correlated 
with Mo in CTR plots. Haliangium was significantly positively correlated with Al in the 
control group and significantly negatively correlated with Al in the PHY group. This in-
dicates that Al strongly stimulates Haliangium growth only in the presence of phytogenic 
liquid, and a similar interpretation can be offered for other interactions.  

Figure 5. LEfSe plot at the genus level shows significantly altered (p < 0.05) genera with an absolute
LDA score > 3.

3.6. Interactions with Minerals

There were no significant differences in mineral concentrations between CTR and
PHY plots 12 weeks post-application. On the other hand, there were significant correla-
tions between the concentration of some minerals and taxa abundance, often opposite in
CTR and PHY-treated plots. The heatmap in Figure 6 shows mineral–genus correlations
demonstrating the influence of phytogenic liquid on soil taxa–mineral interactions; for
example, Solirubrobacter and Jatophihabitans are significantly positively correlated with elec-
tric conductivity (EC) in CTR, while they are marginally negatively correlated with EC
in the PHY group. Mycobacterium was significantly negatively correlated with Ca in PHY
and marginally positively correlated in CTR, while Jatophihabitans is highly significantly
correlated with Ca in CTR and negatively correlated in PHY. Streptomyces, Sphaerobacter, and
Geodermatophilus are significantly positively correlated with Co in the PHY and negatively
correlated in CTR plots. Streptomyces correlate significantly positively with Cu only in
PHY and marginally negatively in CTR. Sphaerobacter is significantly positively correlated
with Mg in phytogenic liquid and negatively in CTR. Acidibacter was significantly pos-
itively correlated with Pb in PHY while negatively correlated in CTR. Planosporangium
was strongly and significantly positively correlated with S in the PHY and marginally
negatively correlated in the CTR group.
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There are more examples of such opposite genus–mineral correlations, but Haliangium
and MB-A2-108 have shown double-significant opposite effects. MB-A2-108 was signifi-
cantly negatively correlated with Mo in PHY, but significantly positively correlated with
Mo in CTR plots. Haliangium was significantly positively correlated with Al in the control
group and significantly negatively correlated with Al in the PHY group. This indicates that
Al strongly stimulates Haliangium growth only in the presence of phytogenic liquid, and a
similar interpretation can be offered for other interactions.

3.7. Plant Morphometrics

The morphometrics information from grass and the dominant weed (wild sage) was
measured at week 20 (Figure 7) and after the summer wet season at 11 months (week 48)
(Figures S4 and S5). At 20 weeks post-application, phytogenic liquid significantly increased
grass height and the number of roots. In the sage plant, phytogenic liquid significantly
increased the total number of roots and decreased the longest root length compared to
the control, resulting in a shorter but more branched sage root system. Phytogenic liquid
marginally decreased the number of branches and seed heads in sage and marginally
increased the length and width of the youngest leaves.



Microorganisms 2023, 11, 561 13 of 20

Microorganisms 2023, 11, x FOR PEER REVIEW 13 of 21 
 

 

 
Figure 7. Plant morphometric measurements at week 20. The asterisk indicates significant change  
* = p < 0.05; ** = p < 0.01. 

Eleven months after the phytogenic liquid application, plant morphometrics were 
collected again. This time the changes in morphology were marginal. In phytogenic liquid 
plots, the grass and the grassroots were slightly shorter, but there were more tillers and 
roots, thicker than the roots of the grass growing in the control (Figure S5). Phytogenic 
liquid insignificantly suppressed dicot growth (Figure S4), including fewer roots and root 
thickness, contrary to week 20. Plants also had fewer branches and seed heads and shorter 
plant heights. 

3.8. Dry Matter 
Prior to PHY application at week zero, CTR and PHY plots had 2800 kg/ha and 2300 

kg/ha of dry matter, respectively. This dry matter was then slashed so that the growth on 

Figure 7. Plant morphometric measurements at week 20. The asterisk indicates significant change
* = p < 0.05; ** = p < 0.01.

Eleven months after the phytogenic liquid application, plant morphometrics were
collected again. This time the changes in morphology were marginal. In phytogenic liquid
plots, the grass and the grassroots were slightly shorter, but there were more tillers and
roots, thicker than the roots of the grass growing in the control (Figure S5). Phytogenic
liquid insignificantly suppressed dicot growth (Figure S4), including fewer roots and root
thickness, contrary to week 20. Plants also had fewer branches and seed heads and shorter
plant heights.
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3.8. Dry Matter

Prior to PHY application at week zero, CTR and PHY plots had 2800 kg/ha and
2300 kg/ha of dry matter, respectively. This dry matter was then slashed so that the growth
on all plots could restart evenly. Phytogenic liquid-treated plots significantly (p = 0.0116)
harvested more biomass 20 weeks post-application compared to the dry matter prior to
application (Figure 8A); this growth was not significant in CTR. After 20 weeks from the
initial application, PHY plots had an average of 1567 kg/ha more dry matter than the CTR.
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In preparation for the wet season, all plots were grazed to the ground and new pasture
harvest was measured after the rains, 11 months after the initial application. Eleven months
post-application, phytogenic liquid increased the average amount of grass by 209 kg/ha
(Figure 8D), produced 1471 kg/ha more litter (Figure 8C), and significantly (p = 0.0495)
inhibited dicotyledon growth with 186 kg/ha fewer weeds (Figure 8B) compared to the
CTR. These changes in the pasture structure resulted in 1494 kg/ha more dry matter
produced in phytogenic liquid plots in the second harvest. Moreover, the phytogenic liquid
application improved the grass/dicot ratio to nearly three times higher than the control
group after 11 months post-application (Figure 8E). The last sampling of dry matter was
undertaken at 18 months post-application (Figure 9), and phytogenic liquid significantly
affected grass (p = 0.0385) with 1360 kg/ha more biomass than in the control, which was
even more significant and abundant than 11 months post-application. This result proved
phytogenic liquid is effective for long-term pasture improvement, extending past one and a
half years (Figure 9A). Meanwhile, it reduced dicots by 329 kg/ha, less than in the control,
and increased litter by 693 kg/ha (Figure 9B,C). These changes resulted in 1724 kg/ha more
biomass produced in phytogenic liquid-treated plots after 18 months of application.
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Taken together, PHY-treated plots produced 1567, 1494, and 1724 kg/ha more total
dry matter in the first, second, and third harvests, respectively, resulting in a total of
4785 kg/ha of the total dry matter gain compared with the untreated control. The cost
of dry matter is complex to estimate as it depends on pasture quality and composition,
but the local large hay bales containing 200–300 kg cost approximately AUD $50–$100 or
moderately estimated as in the range of AUD $250–$500 per tonne, which estimates the
cost of 4.8 tonnes of dry matter gain to be approximately in the range of AUD $1200 to
$2400 per hectare.

The data from the second trial used to confirm the dry matter benefits (Figures S6 and S7)
confirmed an increase in the grass of 1 t/ha, a reduction in dicots of 360 kg/ha, and 155 kg/ha
more litter compared to the CTR, resulting in a total of 795 kg/ha more total dry biomass
and an even more increased grass/weed ratio (Figures S6 and S7). In the first trial, the weeds
were primarily herbaceous plants dominated by wild sage and basil. The weed structure in
the second trial was more diverse and selective reduction in herbal (rather than brassica and
legume-based weeds) was observed, but this was not further explored or quantified.

4. Discussion

Pasture dieback is a systematic ecological problem influenced by multiple factors, with
no clear causes identified more than two decades after it first appeared. The short-term
beneficial effects of some soil supplements, such as sea minerals [35] and a mix of humate
and a common soil heavy metal remediation chemical [36], are promising, and their com-
binations with phytogenic liquid should be further investigated. We presented abundant
evidence suggesting that blends of phytogens present a viable and highly promising option
for the remediation and recovery of damaged and poor soils and plant promotion under
stressful growing conditions.

Both CTR and PHY groups shared the same dominant phylum, Actinobacteriota, a group
of gram-positive bacteria living in most of the common soil and freshwater. They are responsi-
ble for decomposing all forms of organic substances to facilitate the plant’s uptake of nutrients.
Actinobacteriota members play a vital part in the rhizosphere microbial community in organic
matter turnover and carbon cycle and are an essential part of humus formation [37]. Most of
the other phyla in both groups are involved in C, N, and S cycles [38–40].

The microbial richness and diversity did not change significantly after phytogenic
liquid application, but exciting temporal trends were observed, showing that both richness
and diversity were restored faster in phytogenic liquid-treated plots in the weeks after the
rain, reaching significantly higher diversity three weeks after the second rain event during
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week 10 after the application. This indicates that the phytogenic liquid was either still
present in the soil or that it induced long-term beneficial changes in soil microbiota, which
persisted through weeks of drought to provide better recovery after the rain. This dieback
trial started at the peak of the dry season, and it would be interesting to compare these
data with phytogenic liquid application during the wet season. Climate change is affecting
Queensland [41]; the average temperature has increased by 1.5 ◦C compared to 1910 AD.
However, farmers are more affected because the weather is becoming more unpredictable
and extreme without affecting the average temperature [41], with more prolonged and severe
droughts not reflected by the average rainfall. This study was undertaken in a dry sub-
tropical climate with relatively high temperatures for most of the year and highly seasonal
rainfall occurring primarily in the summer. It was reported that prolonged drought could
irreparably damage the bacterial community, which is much more sensitive to heat than the
fungal community [42], which disturbs the microbiome balance in the soil and prevents the
recovery of bacterial networks. Our temporal alpha diversity data suggest that phytogenic
liquid could assist this bacterial recovery under severe environmental conditions.

The LEfSe analysis suggested biomarkers for both phytogenic liquid and the control
group. Genera selected as representative of the control group are prevalent in extreme
climate conditions, such as radiation, high temperature, and drought, and are indicators
of poor soil conditions. Rubrobacter is a thermophilic radiation-resistant genus [43,44]
and Gaiella is also found in extreme environments [45]. Gaiellales and Rubrobacterales
are each represented by a single genus Gaiella and Rubrobacter and contain only a few
species. They can adapt to survive in extreme environments, such as nutrient and energy-
deprived deep South China Sea sediments. Solirubrobacter is a biomarker of poor and
distressed soils [46]. Another genus reduced in phytogenic liquid plots and associated
with control was Acidothermus. The most popular species of this genus is cellulolytic
actinobacterial thermophile Acidothermus cellulolyticus, another indicator of temperature-
stressed soils. Genome assembly for this species [47] investigated thermophilic genomic
traits and hydrolytic enzymes capable of breaking down plant cell walls and degrading
components in fungal cell walls [47]. Thermophilic bacteria and poor soil bacteria are the
prevalent among the taxa reduced by phytogenic liquid application. This indicates the
shift of microbiota from plant health-promoting beneficial rhizobial community members
to those that can survive in extreme conditions and have minor, if any, benefits for plant
growth, could play a role in pasture dieback pathology.

The known genera increased by phytogenic liquid include Solirubrobacter, Bacillus,
Planosporangium, Conexibacter, Bradyrhizobium, Geodermatophilus, Streptomyces, and Mi-
cromonospora (Figure 6). Members of Solirubrobacter are beneficial to plant root endo-
phytes [48], which could explain the morphometric benefits of phytogenic liquid, which
significantly increased the total number of roots in both grass and sage (Figure 8) mea-
sured 20 weeks after application. Bacillus species are members of common soil bacterial
communities, providing stress tolerance to plants as members of plant growth-promoting
rhizobacteria. Bacillus spp. can be used on metal-contaminated soil as part of bioremediat-
ing procedures (reviewed in [49]). However, they may also have negative effects, such as
suppressing other soil-beneficial microbes [49]. Plantosporangium, as the name suggests, are
plant-associated rhizosphere bacteria [50] and Conexibacter are typical soil-dwelling bacte-
ria [51] involved in nitrate reduction [52]. Bradyrhizobium are extremely well-researched,
agriculturally significant soil rhizobial bacteria that can form symbiotic relationships with
legumes and play a role in nitrogen fixation and detoxification. They are also an indicator
of excellent soil health [53–55]. Geodermatophilus are common in grassland soil [56]. They
are associated with the rhizosphere of the medicinal plant Astragalus membranaceus [57]
and are able to survive in petroleum-polluted soil [58]. Streptomyces are highly abundant
bacteria in typical healthy soil that produce two-thirds of clinically used antibiotics, such as
neomycin, streptomycin and chloramphenicol, to name a few. Streptomyces are also a source
of beneficial bioactive chemicals and enzymes and are considered the most biotechnology-
beneficial soil bacteria. Their role in promoting plant growth and use as biofertiliser is
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reviewed by Olanrewaju et al. [59]. Micromonospora are recently discovered soil rhizosphere
bacteria [60,61] highly relevant to forest and mangrove soils, and have been found in the
grass (rice) rhizosphere [62].

To summarise, the taxonomic changes induced by phytogenic liquid include the
reduction in genera implicated in poor and damaged soils, the significant promotion of
plant- and soil-beneficial genera associated with the plant rhizosphere, and a range of other
soil benefits. This is in agreement with measurable improvements in plant morphometrics
and the amount of biomass. Our data also suggest that phytogenic liquid significantly alters
several bacteria–mineral interactions. Altering any mineral–bacteria interactions would
alter mineral–bacterial networks. Based on measured benefits for the plant, these network
alterations could be critical and should be further investigated for the possible use of
phytogenic liquid in the remediation of other contaminated or damaged soils. Considering
that the phytogenic liquid is a blend of phytomolecules produced by plants to control soil
and plant pathogenic microorganisms and insects, the ability of this product to selectively
target plant pathogens and boost plant-beneficial microbiomes is not surprising, as it was
the intended purpose of these plant-produced phytomolecules.

Pasture yield is a direct measurement of pasture health after any treatment. The
phytogenic liquid treatment significantly harvested more biomass than the control, and
these effects were very long-term, extending beyond 18 months post-application. The data
suggest that grass promotion in terms of improved grass dry mass did not show any trends
of reduction but instead became statistically significant 18 months after the application
and after harvests via grazing and regrowth cycles. Phytogenic liquid treatment induced
a shift in the grass–weed ratio, favouring grass production and produced more biomass
under drought pressure. The predominant weeds in the paddocks used were herbs and
a reduction in herbs was observed, but not in legumes and brassicas. This should be
further investigated as it appears that high concentrations of phytogenic herbal bioactive
compounds adversely affect other bioactive phytogen-producing herbal plants. If our
observations are confirmed in controlled experiments, this could potentially be used in
targeted weed control. This is significant because current weed control herbicide solutions
are often toxic and environment-polluting, and usually eradicate all plants or all dicots
indiscriminately. The ability of phytogenic liquid to selectively increase some and reduce
other plants can be very useful in agriculture which is, now more than ever, looking for
natural, non-toxic ways to tailor high-yielding plant agricultural systems.

5. Conclusions

Our study provides the first evidence of the long-term recovery of pasture dieback-
affected paddocks in Australia. The vast range of possible improvements phytomolecules
can provide to pasture dieback, and other damaged, polluted, or poor-quality soils, should
play a much more significant role in future sustainable agriculture where departure from
chemical soil and plant treatments, supplements, pesticides, and fertilisers is identified as
one of the major ecological goals. This resembles the deviation from antibiotics in livestock
feed and the move toward natural phytogenic products. Rising temperature trends and
climate change will challenge the soil microbial community and compromise its critical role
in sustainable plant production. Our data show that phytogenic liquid can improve soil
and plant health, overcoming shortfalls identified in phytogenic products, mainly volatility
and fast evaporation and the need for frequent re-application. In livestock, phytogenic
supplements are provided preventatively, and their benefits are most visible during highly
stressful events, such as disease outbreaks or heat stress. We suggest further research
should focus on the ability of stable phytogen products in agronomy production systems
to better cope with climate change and other environmental stresses.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/microorganisms11030561/s1, Figure S1: Temporal dis-
tribution of phyla; Figure S2: Relative abundance at phylum level; Figure S3: Relative abun-
dance of biomarkers; Figure S4: Morphometric measurements in dicots six months after treatment;
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Figure S5: Morphometric measurements in monocot six months after treatment; Figure S6: Dry matter
differences between healthy, phytogenic liquid-treated, and control plots. Data from the second trial;
Figure S7: Grass/dicots ratio among healthy, phytogenic liquid-treated, and pasture dieback plots.

Author Contributions: Conceptualization, X.R. and D.S.; methodology, X.R., M.M.W. and S.J.Y.;
formal analysis, X.R.; investigation, X.R.; writing—original draft preparation, X.R.; writing—review
and editing, M.M.W., S.J.Y., T.T., Y.S.B. and D.S.; supervision, T.T., Y.S.B. and D.S.; project adminis-
tration, Y.S.B.; funding acquisition, D.S. All authors have read and agreed to the published version
of the manuscript.

Funding: This project was funded by the Fitzroy Basin Association (FBA), which is a natural resource
management organisation protecting regional natural assets in the Fitzroy River Basin region of
Queensland. FBA provided a scholarship for Xipeng Ren.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data associated with this study are deposited in the NCBI database un-
der the accession number PRJNA887675 (https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA8
87675 (accessed on 1 December 2022)).

Acknowledgments: The data were 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 of the Fitzroy Basin Association and numerous local farmers. We also
thank David Tomlinson, Robert Alder (Geo Leak Solutions), Mick and Noela Alexander for their
continual advisory and in-kind help with the project.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Bhatti, A.A.; Haq, S.; Bhat, R.A. Actinomycetes benefaction role in soil and plant health. Microb. Pathog. 2017, 111, 458–467.

[CrossRef]
2. Yajun, W.; Chongchong, G.; Tianjing, C.; Jinshou, L.; Yan, X.; Dafang, F. Adaptability of enhanced bioretention cell for nitrogen

and phosphorus removal under two antibiotics stress. Ecotoxicol. Environ. Saf. 2022, 230, 113114. [CrossRef] [PubMed]
3. Hall, T.J.; Milson, J.; Hall, C. Pasture Recovery, Land Condition and Some Other Observations after the Monsoon Flooding, Chill

Event in North-West Queensland in Jan–Mar 2019. 2020. Available online: https://era.daf.qld.gov.au/id/eprint/7443/ (accessed
on 1 December 2022).

4. Makiela, S.; Harrower, K.M. Overview of the current status of buffel grass dieback. Australas. Plant Dis. Notes 2008, 3, 12.
[CrossRef]

5. Bell, A.W.; Charmley, E.; Hunter, R.A.; Archer, J.A. The Australasian beef industries—Challenges and opportunities in the 21st
century. Anim. Front. 2011, 1, 10–19. [CrossRef]

6. Australia, M.L. Industry Fast Facts. 2020. Available online: https://www.mla.com.au/prices-markets/market-news/2020/2020-
industry-fast-facts-released/ (accessed on 1 December 2022).

7. Australia, M.L. State of the Industry Report. 2020. Available online: https://www.mla.com.au/news-and-events/industry-news/
state-of-the-industry-report-2020-released/ (accessed on 2 September 2020).

8. Andreote, F.D.; e Silva, M.d.C.P. Microbial communities associated with plants: Learning from nature to apply it in agriculture.
Curr. Opin. Microbiol. 2017, 37, 29–34. [CrossRef] [PubMed]

9. Bulgarelli, D.; Schlaeppi, K.; Spaepen, S.; Van Themaat, E.V.L.; Schulze-Lefert, P. Structure and functions of the bacterial microbiota
of plants. Annu. Rev. Plant Biol. 2013, 64, 807–838. [CrossRef]

10. Millard, P.; Singh, B.K. Does grassland vegetation drive soil microbial diversity? Nutr. Cycl. Agroecosyst. 2010, 88, 147–158.
[CrossRef]

11. Gwinn, K.D. Chapter 7—Bioactive Natural Products in Plant Disease Control. In Studies in Natural Products Chemistry; University
of Tennessee: Knoxville, TN, USA, 2018; Volume 56, pp. 229–246.

12. Liu, Q.; Qiao, K.; Zhang, S. Potential of a small molecule carvacrol in management of vegetable diseases. Molecules 2019, 24, 1932.
[CrossRef]

13. Gurjar, M.S.; Ali, S.; Akhtar, M.; Singh, K.S. Efficacy of plant extracts in plant disease management. Agric. Sci. 2012, 3, 19046.
[CrossRef]

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA887675
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA887675
http://doi.org/10.1016/j.micpath.2017.09.036
http://doi.org/10.1016/j.ecoenv.2021.113114
http://www.ncbi.nlm.nih.gov/pubmed/35026675
https://era.daf.qld.gov.au/id/eprint/7443/
http://doi.org/10.1071/DN08006
http://doi.org/10.2527/af.2011-0015
https://www.mla.com.au/prices-markets/market-news/2020/2020-industry-fast-facts-released/
https://www.mla.com.au/prices-markets/market-news/2020/2020-industry-fast-facts-released/
https://www.mla.com.au/news-and-events/industry-news/state-of-the-industry-report-2020-released/
https://www.mla.com.au/news-and-events/industry-news/state-of-the-industry-report-2020-released/
http://doi.org/10.1016/j.mib.2017.03.011
http://www.ncbi.nlm.nih.gov/pubmed/28437663
http://doi.org/10.1146/annurev-arplant-050312-120106
http://doi.org/10.1007/s10705-009-9314-3
http://doi.org/10.3390/molecules24101932
http://doi.org/10.4236/as.2012.33050


Microorganisms 2023, 11, 561 19 of 20

14. Imran, M.; Aslam, M.; Alsagaby, S.A.; Saeed, F.; Ahmad, I.; Afzaal, M.; Arshad, M.U.; Abdelgawad, M.A.; El-Ghorab, A.H.;
Khames, A.; et al. Therapeutic application of carvacrol: A comprehensive review. Food Sci. Nutr. 2022, 10, 3544–3561. [CrossRef]

15. Saghrouchni, H.; El Barnossi, A.; Salamatullah, A.M.; Bourhia, M.; Alzahrani, A.; Alkaltham, M.S.; Alyahya, H.K.; Tahiri, N.E.H.;
Imtara, H.; Var, I. Carvacrol: A promising environmentally friendly agent to fight seeds damping-off diseases induced by fungal
species. Agronomy 2021, 11, 985. [CrossRef]

16. Javed, H.; Meeran, M.F.N.; Jha, N.K.; Ojha, S. Carvacrol, a Plant Metabolite Targeting Viral Protease (M(pro)) and ACE2 in Host
Cells Can Be a Possible Candidate for COVID-19. Front. Plant Sci. 2021, 11, 601335. [CrossRef] [PubMed]

17. Azizi, Z.; Majlessi, N.; Choopani, S.; Naghdi, N. Neuroprotective effects of carvacrol against Alzheimer’s disease and other
neurodegenerative diseases: A review. Avicenna J. Phytomed. 2022, 12, 371–387. [CrossRef]

18. Costa, M.F.; Durco, A.O.; Rabelo, T.K.; Barreto, R.S.S.; Guimaraes, A.G. Effects of Carvacrol, Thymol and essential oils containing
such monoterpenes on wound healing: A systematic review. J. Pharm. Pharmacol. 2019, 71, 141–155. [CrossRef]

19. de Carvalho, F.O.; Silva, E.R.; Gomes, I.A.; Santana, H.S.R.; do Nascimento Santos, D.; de Oliveira Souza, G.P.; de Jesus Silva, D.;
Monteiro, J.C.M.; de Albuquerque Junior, R.L.C.; de Souza Araujo, A.A.; et al. Anti-inflammatory and antioxidant activity of
carvacrol in the respiratory system: A systematic review and meta-analysis. Phytother. Res. 2020, 34, 2214–2229. [CrossRef]

20. Sampaio, L.A.; Pina, L.T.S.; Serafini, M.R.; Tavares, D.D.S.; Guimaraes, A.G. Antitumor Effects of Carvacrol and Thymol: A
Systematic Review. Front. Pharmacol. 2021, 12, 702487. [CrossRef]

21. Silva, E.R.; de Carvalho, F.O.; Teixeira, L.G.B.; Santos, N.G.L.; Felipe, F.A.; Santana, H.S.R.; Shanmugam, S.; Quintans Junior, L.J.;
de Souza Araujo, A.A.; Nunes, P.S. Pharmacological Effects of Carvacrol in In vitro Studies: A Review. Curr. Pharm. Des. 2018, 24,
3454–3465. [CrossRef] [PubMed]

22. Zamanian, M.Y.; Kujawska, M.; Nikbakhtzadeh, M.; Hassanshahi, A.; Ramezanpour, S.; Kamiab, Z.; Bazmandegan, G. Carvacrol
as a Potential Neuroprotective Agent for Neurological Diseases: A Systematic Review Article. CNS Neurol. Disord. Drug Targets
2021, 20, 942–953. [CrossRef]

23. Adams, S.; Kunz, B.; Weidenbörner, M. Mycelial deformations of Cladosporium herbarum due to the application of eugenol or
carvacrol. J. Essent. Oil Res. 1996, 8, 535–540. [CrossRef]

24. Final Report on the Safety Assessment of Sodium p -Chloro- m -Cresol, p -Chloro- m -Cresol, Chlorothymol, Mixed Cresols, m
-Cresol, o -Cresol, p -Cresol, Isopropyl Cresols, Thymol, o -Cymen-5-ol, and Carvacrol1. Int. J. Toxicol. 2006, 25, 29–127. [CrossRef]

25. Abbaszadeh, S.; Sharifzadeh, A.; Shokri, H.; Khosravi, A.R.; Abbaszadeh, A. Antifungal efficacy of thymol, carvacrol, eugenol and
menthol as alternative agents to control the growth of food-relevant fungi. J. Mycol. Med. 2014, 24, e51–e56. [CrossRef] [PubMed]

26. Silva, A.F.; dos Santos, A.R.; Coelho Trevisan, D.A.; Ribeiro, A.B.; Zanetti Campanerut-Sá, P.A.; Kukolj, C.; de Souza, E.M.;
Cardoso, R.F.; Estivalet Svidzinski, T.I.; de Abreu Filho, B.A.; et al. Cinnamaldehyde induces changes in the protein profile of
Salmonella Typhimurium biofilm. Res. Microbiol. 2018, 169, 33–43. [CrossRef]

27. Ka, S.-M.; Chao, L.K.; Lin, J.-C.; Chen, S.-T.; Li, W.-T.; Lin, C.-N.; Cheng, J.-C.; Jheng, H.-L.; Chen, A.; Hua, K.-F. A low toxicity
synthetic cinnamaldehyde derivative ameliorates renal inflammation in mice by inhibiting NLRP3 inflammasome and its related
signaling pathways. Free. Radic. Biol. Med. 2016, 91, 10–24. [CrossRef] [PubMed]

28. Wang, F.; Pu, C.; Zhou, P.; Wang, P.; Liang, D.; Wang, Q.; Hu, Y.; Li, B.; Hao, X. Cinnamaldehyde prevents endothelial dysfunction
induced by high glucose by activating Nrf2. Cell. Physiol. Biochem. 2015, 36, 315–324. [CrossRef] [PubMed]

29. Chao, L.K.; Hua, K.-F.; Hsu, H.-Y.; Cheng, S.-S.; Lin, I.-F.; Chen, C.-J.; Chen, S.-T.; Chang, S.-T. Cinnamaldehyde inhibits pro-
inflammatory cytokines secretion from monocytes/macrophages through suppression of intracellular signaling. Food Chem.
Toxicol. 2008, 46, 220–231. [CrossRef]

30. Doyle, A.A.; Stephens, J.C. A review of cinnamaldehyde and its derivatives as antibacterial agents. Fitoterapia 2019, 139, 104405.
[CrossRef]

31. Tahjib-Ul-Arif, M.; Zahan, M.I.; Karim, M.M.; Imran, S.; Hunter, C.T.; Islam, M.S.; Mia, M.A.; Hannan, M.A.; Rhaman, M.S.;
Hossain, M.A.; et al. Citric Acid-Mediated Abiotic Stress Tolerance in Plants. Int. J. Mol. Sci. 2021, 22, 7235. [CrossRef]

32. Jiao, H.; Xu, W.; Hu, Y.; Tian, R.; Wang, Z. Citric Acid in Rice Root Exudates Enhanced the Colonization and Plant Growth-
Promoting Ability of Bacillus altitudinis LZP02. Microbiol. Spectr. 2022, 10, e0100222. [CrossRef]

33. Mallhi, Z.I.; Rizwan, M.; Mansha, A.; Ali, Q.; Asim, S.; Ali, S.; Hussain, A.; Alrokayan, S.H.; Khan, H.A.; Alam, P.; et al. Citric
Acid Enhances Plant Growth, Photosynthesis, and Phytoextraction of Lead by Alleviating the Oxidative Stress in Castor Beans.
Plants 2019, 8, 525. [CrossRef]

34. Anderson, M.J.; Gorley, R.N.; Clarke, K.R. PERMANOVA+ for PRIMER: Guide to software and statistical methods. In PRIMER-E;
PRIMER-E Ltd.: Plymouth, UK, 2008; p. 218.

35. Whitton, M.M.; Ren, X.; Yu, S.J.; Irving, A.D.; Trotter, T.; Bajagai, Y.S.; Stanley, D. Sea Minerals Reduce Dysbiosis, Improve Pasture
Productivity and Plant Morphometrics in Pasture Dieback Affected Soils. Sustainability 2022, 14, 14873. [CrossRef]

36. Whitton, M.M.; Ren, X.; Yu, S.J.; Trotter, T.; Stanley, D.; Bajagai, Y.S. Remediation of Pasture Dieback Using Plant Growth
Promotant. Agronomy 2022, 12, 3153. [CrossRef]

37. Ranjani, A.; Dhanasekaran, D.; Gopinath, P.M. An Introduction to Actinobacteria; Chapter Actinobacteria—Basics and Biotechnolog-
ical Applications; IntechOpen: London, UK, 2016. [CrossRef]

38. Mhete, M.; Eze, P.N.; Rahube, T.O.; Akinyemi, F.O. Soil properties influence bacterial abundance and diversity under different
land-use regimes in semi-arid environments. Sci. Afr. 2020, 7, e00246. [CrossRef]

http://doi.org/10.1002/fsn3.2994
http://doi.org/10.3390/agronomy11050985
http://doi.org/10.3389/fpls.2020.601335
http://www.ncbi.nlm.nih.gov/pubmed/33664752
http://doi.org/10.22038/AJP.2022.19491
http://doi.org/10.1111/jphp.13054
http://doi.org/10.1002/ptr.6688
http://doi.org/10.3389/fphar.2021.702487
http://doi.org/10.2174/1381612824666181003123400
http://www.ncbi.nlm.nih.gov/pubmed/30280662
http://doi.org/10.2174/1871527320666210506185042
http://doi.org/10.1080/10412905.1996.9700682
http://doi.org/10.1080/10915810600716653
http://doi.org/10.1016/j.mycmed.2014.01.063
http://www.ncbi.nlm.nih.gov/pubmed/24582134
http://doi.org/10.1016/j.resmic.2017.09.007
http://doi.org/10.1016/j.freeradbiomed.2015.12.003
http://www.ncbi.nlm.nih.gov/pubmed/26675345
http://doi.org/10.1159/000374074
http://www.ncbi.nlm.nih.gov/pubmed/25967970
http://doi.org/10.1016/j.fct.2007.07.016
http://doi.org/10.1016/j.fitote.2019.104405
http://doi.org/10.3390/ijms22137235
http://doi.org/10.1128/spectrum.01002-22
http://doi.org/10.3390/plants8110525
http://doi.org/10.3390/su142214873
http://doi.org/10.3390/agronomy12123153
http://doi.org/10.5772/62329
http://doi.org/10.1016/j.sciaf.2019.e00246


Microorganisms 2023, 11, 561 20 of 20

39. Li, W.; Zhang, Y.; Mao, W.; Wang, C.; Yin, S. Functional potential differences between Firmicutes and Proteobacteria in response
to manure amendment in a reclaimed soil. Can. J. Microbiol. 2020, 66, 689–697. [CrossRef] [PubMed]

40. Islam, Z.F.; Cordero, P.R.; Feng, J.; Chen, Y.-J.; Bay, S.K.; Jirapanjawat, T.; Gleadow, R.M.; Carere, C.R.; Stott, M.B.; Chiri, E. Two
Chloroflexi classes independently evolved the ability to persist on atmospheric hydrogen and carbon monoxide. ISME J. 2019, 13,
1801–1813. [CrossRef] [PubMed]

41. Sciences, Q.D.o.E.a. Climate Change in Australia. Available online: https://www.climatechangeinaustralia.gov.au/ (accessed on
1 November 2022).

42. de Vries, F.T.; Griffiths, R.I.; Bailey, M.; Craig, H.; Girlanda, M.; Gweon, H.S.; Hallin, S.; Kaisermann, A.; Keith, A.M.; Kretzschmar, M.; et al.
Soil bacterial networks are less stable under drought than fungal networks. Nat. Commun. 2018, 9, 3033. [CrossRef] [PubMed]

43. Trivedi, K.; Kumar, R.; Vijayanand, K.; Bhojani, G.; Kubavat, D. Structural And Functional Changes In Soil Microbes By Foliar
Drift Spray of Seaweed Extract As Revealed By Metagenomics. Arch. Microbiol. 2021, 204, 72. [CrossRef]

44. Egas, C.; Barroso, C.; Froufe, H.J.C.; Pacheco, J.; Albuquerque, L.; da Costa, M.S. Complete genome sequence of the Radiation-
Resistant bacterium Rubrobacter radiotolerans RSPS-4. Stand. Genomic. Sci. 2014, 9, 1062–1075. [CrossRef]

45. Peng, M.; Jia, H.; Wang, Q. The effect of land use on bacterial communities in saline–alkali soil. Curr. Microbiol. 2017, 74, 325–333.
[CrossRef]

46. Goswami, A.; Adkins-Jablonsky, S.; Barreto Filho, M.M.; Schilling, M.; Dawson, A.; Heiser, S.; O’Connor, A.; Walker, M.; Roberts,
Q.; Morris, J. Heavy metal pollution impacts soil bacterial community structure and antimicrobial resistance at the Birmingham
35th Avenue Superfund Site. bioRxiv 2022. [CrossRef]

47. Barabote, R.D.; Xie, G.; Leu, D.H.; Normand, P.; Necsulea, A.; Daubin, V.; Medigue, C.; Adney, W.S.; Xu, X.C.; Lapidus, A.; et al.
Complete genome of the cellulolytic thermophile Acidothermus cellulolyticus 11B provides insights into its ecophysiological and
evolutionary adaptations. Genome Res. 2009, 19, 1033–1043. [CrossRef]

48. Wei, L.; Ouyang, S.; Wang, Y.; Shen, X.; Zhang, L. Solirubrobacter phytolaccae sp. nov., an endophytic bacterium isolated from
roots of Phytolacca acinosa Roxb. Int. J. Syst. Evol. Microbiol. 2014, 64, 858–862. [CrossRef]

49. Mahapatra, S.; Yadav, R.; Ramakrishna, W. Bacillus subtilis impact on plant growth, soil health and environment: Dr. Jekyll and
Mr. Hyde. J. Appl. Microbiol. 2022, 132, 3543–3562. [CrossRef]

50. Cao, Y.R.; Wang, Q.; Jin, R.X.; Jiang, Y.; Lai, H.X.; He, W.X.; Xu, L.H.; Jiang, C.L. Planosporangium mesophilum sp. nov., isolated
from rhizosphere soil of Bletilla striata. Int. J. Syst. Evol. Microbiol. 2011, 61, 1330–1333. [CrossRef]

51. Seki, T.; Matsumoto, A.; Shimada, R.; Inahashi, Y.; Omura, S.; Takahashi, Y. Conexibacter arvalis sp. nov., isolated from a cultivated
field soil sample. Int. J. Syst. Evol. Microbiol. 2012, 62, 2400–2404. [CrossRef]
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