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� A hybrid soil quality index was devel-
oped to assess soil health.

� Index incorporated soil chemical and
biological properties.

� Aluminium contamination impacted soil
health, ecosystem services, and
microorganisms.

� Acanthamoeba was important in N-recy-
cling to maintain soil health.

� Acanthamoeba converts nitrates to
ammonium via nitrate reduction
enzymes.
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A B S T R A C T

Nitrogen deficiency and contamination by potentially toxic elements (PTEs) adversely impact soil health and
ecosystem services. Existing tools for assessing contaminated soils, necessary for sustainable management, remain
limited. In this study, we introduce an integrated approach using geochemical constituents and biological factors
to construct a comprehensive index to evaluate contaminant impacts on soil health. We collected samples in
triplicate from six plots within an urban allotment with a history of PTE contamination. Selected biological and
chemical characteristics of the samples were quantified to derive impact scores, with a single numerical index
representing overall soil quality for each plot. Multivariate, T-statistics and Pearson Correlation analysis were
used to identify relationships and differences between selected soil parameters between plots. The role of the free-
living amoeba Acanthamoeba in nitrogen recycling was assessed with feeding experiments, enzymatic assays and
bioinformatics analysis. The plot with the highest index value, indicative of good health, exhibited higher pH,
significantly high microbial load, and a high nitrate to ammonium (NO3

�:NH4
þ) ratio of 5.3. This turnover was

associated with Acanthamoeba uptake of exogenous nitrates and secretion of ammonium, through the assimila-
tory/dissimilatory nitrate reduction pathway. In contrast, the lower index plot with the low nitrogen turnover of
0.69, showed elevated aluminium, low pH activity and a significantly reduced microbial load, dominated by
.A.M. Williams).
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aluminium resistant microorganisms. Our findings highlight the importance of a comprehensive soil quality index
by integrating multiple characteristics to assess soil health and contamination. The approach addresses the need
for improved tools to identify the direct impact of contaminants on soil biological activity, supporting more
sustainable land management.
1. Introduction

Soils encompass an intricate and ever-changing ecosystem, inter-
weaving chemical components and microbial biomass that collectively
define soil health. These interactions drive vital processes such as
nutrient cycling, organic matter decomposition, the regulation of proton
activity, soil structure formation, and resilience (Bastida et al., 2021).
Thus, soil health is of paramount importance for sustainable land man-
agement, and enhancing agricultural productivity and high level of
environmental protection. The conservation of natural resources requires
good understanding of approaches to comprehensive evaluation (Leh-
mann et al., 2020).

Existing soil quality indices, including the Soil Management Assess-
ment Framework (Ylagan et al., 2021), Cornell Soil Health test (Idowu
et al., 2009) and variations developed in different geographical regions,
e.g., New Zealand (Lilburne et al., 2004), Australia, (Gonzalez-Quinones
et al., 2011), Europe (Huber et al., 2001) and China (Teng et al., 2014) to
gauge soil health, rely predominantly on physicochemical data collected
on basic chemical components, which may have an inherent bias. They
emphasise static evaluations from total instead of the extractable forms of
the analytes that encapsulate dynamic nature of soil health (Mukherjee
and Lal, 2014; O'Neill et al., 2005). The biological dimension that rec-
ognises the living nature of soil is generally overlooked, rendering these
indices less effective for formulating adaptable land management stra-
tegies (Balaram, 2021). There are however biological indices, based on
activities such as soil respiration and biomass of certain organisms, e.g.,
bacteria, nematodes, arthropods, or earthworms (Trivedi et al., 2017;
Moran et al., 1996), which provide opportunities for the assessment of
wider soil ecosystem function, but these are seldom included in the
suitability evaluation of soil for change of end use. We postulate that
integrating the biological and biochemical parameters into a single index
will provide a holistic understanding of soil health, which is robust
enough to inform the development of effective management strategies
(Mukherjee and Lal, 2014).

In recognition of this need, this study focuses on using the free-living
soil amoebae Acanthamoeba as a surrogate for eukaryote diversity. We
propose that Acanthamoeba's sensitivity to environmental changes (Khan,
2006), its role in nutrient release, recycling, bacterial abundance regu-
lation (Sinclair et al., 1981) and its association with human diseases
(Khan, 2006), make it a suitable model organism for unravelling the
complexity of soil health determination.

A threat to soil health stems from potentially toxic elements (PTEs),
which are chemical elements that, at certain concentrations, can pose
risks to human health and the environment due to their toxic properties.
This threat is particularly pronounced in urban areas where PTEs can
exceed regulatory limits, compromising functional land use and uti-
lisation. Urban spaces, including allotment gardens (public greenspace
created for personal food production), often contain elevated PTEs from
past industrial activities and traditional historic gardening practice,
necessitating vigilant monitoring and remediation for sustainable land
management. In Scotland, 82% of urban spaces contaminated with Pb,
Zn, As, Cu, and/or Cd (Alloway and Ayres, 1993) are designated as
vacant and derelict land (Scotland. Communities Analytical Services),
with 75% of them being allotments (Scotland. Communities Analytical
Services). These elements exhibit toxicity at specific levels, which can
pose hazards to both ecosystems and human well-being through intricate
channels such as the food chain (Liu et al., 2020). Despites remediation
2

efforts, progress in revitalising Scotland's derelict lands remains gradual
with only 6% reduction reported in certain contaminants between 2017
and 2018 (Scotland. Communities Analytical Services). Major challenges
for the remediation of urban topsoil are dealing with the recontamination
risks through potential exposure pathways for human health and pro-
tection of surface and groundwater through leaching.

To purse the development of a dynamic index capable of effectively
monitoring and addressing these challenges, we conducted a study
within an urban allotment previously identified by local authority
assessment and recognised for its diverse physicochemical properties,
cultivated plants, and varied gardening practices of plot owners over
many decades of use (Bechet et al., 2018). The controlled environment of
the allotment garden serves as a pivotal platform for the long-term
monitoring of soil health changes and vulnerability to recontamination.
Notably, urban allotments are consistently enriched with fertilisers
containing elements such as Mg, K, N and P, capable of altering soil pH,
nutrient bioavailability and biomass content, subsequently amplifying
soil biological output (Schoenholtz et al., 2000). The multiple oxidation
states of N control their impact on soil fertility and make them available
for various metabolic pathways within soil ecosystems (Wu et al., 2005;
Pintro et al., 1996). Moreover, the regulation of soil by N-fixing bacteria
has also emerged as a key determinant of soil health. For example, nitrate
(NO3

�) uptake by bacteria and its conversion to nitrites (NO2
�), and

ammonium (NH4
þ) via the assimilatory nitrate reduction pathway,

orchestrated by enzymatic activities of nitrate and nitrite reductases, play
a significant role (Nelson et al., 2016). The NH4

þ dispersed into the
external milieu, influence soil microbial diversity and abundance,
emphasizing the significance of the NO3

�:NH4
þ ratio (Maeda et al.,

2011). The reciprocal ammonification pathway, replenishes soil nitrates,
further highlighting the role for N-fixing bacteria in governing soil vi-
tality (Yao et al., 2013; Maeda et al., 2011; Einsle et al. 1999, 2000;
Bargaz et al., 2018; Wu et al., 2005). This emphasises the opportunity to
integrate a biological component into existing soil health indices.

In summary, the ubiquitous risk posed by PTEs challenges soil health,
especially in urban areas, necessitating vigilant monitoring and often a
need for active remediation. This study uses an urban allotment garden
with diverse characteristics to facilitate the development of a dynamic
index capable of capturing these complexities. This approach, anchored
in both physicochemical and biological parameters, supplemented by the
biomass of Acanthamoeba as a eukaryotic surrogate, demonstrates op-
portunities to be gained from a deeper comprehension of soil health and
contamination. It aligns with the One Health framework that intertwines
soil health, ecosystem dynamics, and human well-being, to foster a ho-
listic approach to soil health evaluation. The findings of this study pro-
vide an opportunity to define and establish more sustainable land
management strategies.

2. Methodology

2.1. Soil sampling

The procedures used in this study followed the guidelines of the
University of the West of Scotland Ethics Committee and was approved
by this Committee (approval number 17-5-16- 001).

An allotment located in the West of Scotland characterised by a
diverse range of environmental pressures and land use patterns were
chosen as the study site (Fig. 1 (Bechet et al., 2018)). Soil samples were



Fig. 1. Schematic representation of plots in the Wellington allotment. The map of Scotland with the study area marked in blue. The region is enlarged to showcase the
allotment and plots represented as black boxes. The six plots surveyed are numbered. Light grey boxes represent residential houses along the road bordering the
allotment. Trees are represented with green stars.
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collected from 6 out of 30 allotment plots, encompassing the varied land
use patterns (Bechet et al., 2018). The plots were designated MP1, MP2,
MP3, MP5, MP6 and MP12. The sampling procedure involved using a
coring device to obtain samples to a depth of 20 cm. Triplicate samples
were collected from three randomly chosen spot, within each plot to
account for spatial variability. Soil samples designated for biological
analysis were stored at 4 �C while samples for physicochemical analysis,
were pooled, dried at 40 �C until a constant weight was achieved and
sieved to <2 mm particle size. The samples were stored at room
temperature.
2.2. Extraction and analytical protocols of geochemical constituents and
minor soil nutrients

Two extraction and analytical procedures were used to assess the
geochemical constituents and minor soil nutrients. For evaluating
extractable contents, the Palintest soil test kit (SKW500, Palintest,
Gateshead, NE11 0NS, UK) was utilised. The pH was measured using a
soil suspension prepared by mixing 2 g of dried soil mixed with 10 mL of
deionised water using a Multiparameter Pocket Sensor. Lime require-
ment estimation (g/m2) involved adding one liming buffer tablet to the
soil suspension prepared as described above. The resultant modified
proton activity obtained from the Multiparameter Pocket Sensor set as
the pH measurement mode was converted to lime requirement using the
lime requirement table for organic soils provided by the manufacturers.
Soil electrical conductivity (EC) was estimated as μS/cm or mS/cm using
soil suspension prepared fromwith 1 g of soil in 10mL of deionised water
and the conductivity mode on the multiparameter pocket sensor was
utilised for this measurement. Total Organic matter (OM) content was
determined using loss-on-ignition. Briefly, 5 g of soil was dried at 105 �C
overnight and then heated in a muffle furnace at 450 �C for 2 h. The OM
was calculated as a percentage based on the weights at of the quotient of
the differences between the weights at 105 �C and 450 �C. Additionally,
total organic carbon (OC) was estimated by multiplying OM with a
conversion of 1.72 (Hoogsteen et al., 2015).

The micro and macro nutrients termed geochemical constituents
(GCCs) were extracted using the Palintest soil kit and aqua regia extraction
protocols coupled with the Thermo Electron iCAP 6000 series ICP-AES.
Additional information can be found in Supporting Information. The re-
covery rate for each GCC was estimated using known quantities of labo-
ratory stock solutions for each nutrient prepared. These nutrients were
3

subjected to the GCC-specific extraction protocol described previously.
The concentrations of the GCCs were determined at different levels
covering a wide range of concentrations within the linear range of the
analytical instruments used for total and extractable nutrients analysis.
The recovery rate for each GCC was calculated using the formula:

Recovery rate (%) ¼ [(Measured concentration of nutrient after extraction) /
(Known concentration of nutrient before extraction)] x 100

The recovery rates for each nutrient were determined on triplicate
samples.
2.3. Cell culture and cell density estimations

Soil suspensions containing bacteria were obtained by the method in
(Ben-David and Davidson, 2014). One-gram (1 g) of soil was mixed with
1 mL of double distilled water, left to settle and 100 μl of the settled
suspension streaked out in Luria Bertani (LB) agar which was incubated
for up to 72h at 25 �C, 37 �C and 55 �C to capture the wide range of
microbial diversity. After incubation, colonies grown on the solid me-
dium was counted and the results expressed as colony forming units per
gram of soil (CFU/g). Al-resistant bacteria were culture in LB agar
impregnated with 10 mM Al and incubated at 37 �C. Individual colonies
were selected and cultured in LB broth with or without Al and at tem-
peratures corresponding to initial culture temperatures and pH defined
by the experimental protocol.

Lab-derived Acanthamoeba castellanii (ATCC50370) were grown in
liquid Peptone-Glucose (PG) medium at 25 �C until reaching confluence
(up to 5 days). For Al cytotoxicity assay, A. castellanii (105) were culture
in PG at pH 3.6, pH 4.6 and pH 8.6 with 10 mM Al serially diluted 11
times and incubated at 25 �C for 96 h. Viability was estimated with the
Alamar blue assay at absorbances of 597 nm and 600 nm (McBride et al.,
2005) and the dose that kills 50% of cells (IC50) was estimated with the
Grafit software. Soil-derived Acanthamoeba species in soil suspension
were isolated from a mixture of 1 g of soil in 1 mL of double distilled
water. The suspensions (100 μL) were placed onto non-nutrient agar
plates containing 1% (v/v) penicillin-streptomycin and incubated for up
to 6 weeks to allow the development of Acanthamoeba cysts colonies
which were monitored daily using microscopy. Acanthamoeba cysts were
transferred to liquid PG medium, and cell density was estimated using a
haemocytometer. Viability of Acanthamoeba was assessed using the
Alamar blue assay (McBride et al., 2005).
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2.4. Estimation of NO3
� and NH4

þ levels in media and Acanthamoeba
species

The concentrations of NO3
� and NH4

þ were determined using pellets
of confluent lab-derived A. castellanii at a concentration of 1 � 104 cells/
mL. The corresponding extracellular soils (designated as spent medium)
were also analysed. These measurements were conducted using three
methods (a) the Palintest soil kit, NO3

� and NH4
þ options described

previously, (b) the Griess reagent within the nitrite/nitrate assay kit
(Sigma Aldrich, UK), and (c) Ammonium assay kit (Sigma Aldrich, UK).
PG medium with no cells was used as a control. All experiments were
carried out following the instructions provided by the manufacturers.
Absorbance values of nitrate and nitrite were converted to micromoles
using a standard curve. Percentage NO3

� and NH4
þ uptake and/or

release were calculated by comparing intracellular data with control
experiments for cells and spent media. Protein concentrations used for
normalization was estimated using Bradford assays (BioRad, UK). All
experiments were carried out in triplicate.

2.5. DNA extraction

Total soil DNA was extracted using the Zymo Research Soil Microbe
DNA MiniPrep kit (Catalog No. D6001) following the manufacturer's
instruction. For bacteria cells were harvested from cultures by centrifu-
gation at 3000�g for 10 min. Genomic DNA was then extracted by lysing
the bacteria using 10% SDS solutions (w/v). For A. castellanii, the same
harvesting method was used, and lysis was achieved using a modified
UNSET buffer containing Urea (8 M), Sodium Chloride (NaCl, 50 mM),
SDS (1%), ethylenediaminetetraacetic acid (EDTA, 10 mM), Tris-HCl (50
mM), pH7.5 (100 μL) (Ertabaklar et al., 2007). After cell lysis, equal
volumes of phenol:chloroform (1:1; 200 μL) added to the lysate. The
precipitated DNA was washed with 100% ethanol (v/v), repeated three
time by centrifugation at 13,000�g for 15 min. The DNA pellets were air
dried and resuspended in double distilled water. The concentration of the
extracted genomic DNA (gDNA) was quantified using the Nanodrop®
Spectrophotometer (Thermo Scientific, NanoDrop®-1000).

2.6. PCR amplification of biological markers in soil microbes

The DF3 region of the 18s rRNA of Acanthamoeba was amplified from
total soil DNA using the GoTaq system (Promega). The Polymerase Chain
Reaction (PCR) reaction was performed in 50 μL with gene specific for-
ward and reverse primers named JDF1 (5’-GGCCCAGATCGTTTAC-
CGTGAA-3’) and JDF2 (5’-TCTCACAAGCTGCTAGGGGA-GTCA-3’). For
amplification of the 16s rRNA of prokaryotes, the primers 27f (5’-
AGAGTTTGATCATGGCTCAG-3’) and the 1429r (5’-TACGGYTACCTT-
GTTAGCACTT-3’) were used. The PCR mix for both were prepared ac-
cording to manufacturer guidelines. They consisted of 10 μL of 1X GoTaq
flexi buffer, 4 μL 1.0–4.0 mM MgCl2, 5 μL dimethyl sulfoxide (DMSO), 1
μL 0.2 mM deoxyribonucleoside triphosphates (dNTPs), 0.5 μL 1.25 U
GoTaq DNA Polymerase, 0.5 μg gDNA samples and 5 μL of JDF1 and JDF2
primers. The PCR cycle was and initial 95 �C for 2 min followed by 35
cycles of denaturation at 95 �C for 1min, annealing at 60 �C for 1min and
extension at 72 �C for 1 min. A final elongation step was performed at 72
�C for 5 min. The amplified products were resolved by agarose gel
electrophoresis cloned into the T-vector and sequenced by Eurofins MWG
using the universal primers, T7 and SP6.

2.7. Using qPCR to estimate Acanthamoeba numbers in soil

DNA extracted from soils diluted with Tris-EDTA (TE) buffer (1 M
Tris-HCl, pH8.0 and 0.5 M EDTA) was used in qPCR reactions conducted
on a StepOnePlus real time PCR system (Applied Bioscience). The 180-bp
DNA segment on Acanthamoeba 18S rDNA quantification was achieved
using the SYBR Green qPCR system (Sigma Aldrich). Each reaction mix
(25 μL) contained 10 μL SYBR Green, 0.25 μL forward primer, JDF1, 0.25
4

μL reverse primer, JDF2, 1 μL DNA, and PCR grade sterile water (Roche
Diagnostics). The thermal program for amplification was set at an initial
denaturation step at 95 �C for 10 min, followed by 50 cycles at 95 �C for
15 s, annealing at 60 �C for 1 min, extension at 72 �C for 1 min and a final
cooling at 72 �C for 5 s. Each qPCR run consisted of test samples, serially
diluted DNA standards prepared from known cell densities of
A. castellanii and no template control. The anti-log cycle threshold (Ct)
value of the DF3 region of the 18srRNA in total genomic DNA of Acan-
thamoeba, amplified by RT-PCR using the JDF1 and JDF2 produce a
standard curve with the linear equation y ¼ 2Eþ09x - 6Eþ07, R2 ¼
0.9981. To determine the DNA concentration in the test samples, Ct
values corresponding to log Acanthamoeba castellani cell density/mL) was
used.
2.8. Molecular identification and classification of genes and gene products
in soil microbe gene content

Bacteria and Acanthamoeba species identification were carried out
using the translated amino acid sequences of the 16srRNA and 18srRNA
as query in BLAST analysis against the non-redundant databases, Gen-
Bank and Amoeba bioinformatics resource (www.amoebadb.org). Genes
of the dissimilatory reduction pathway in A. castellanii gene content were
identified with the same method using orthologues from other taxa as
query as described in (Williams et al., 2012). A cut-off Expectation value
(E-value) of 105 from each BLAST searches and sequence alignments, and
the presence of peculiar motifs consistent with function were used to
validate an identity. For comparative analysis, sequence alignments and
phylogenetic trees of the 16srRNA DNA, 18srRNA DNA fragments from
bacteria and Acanthamoeba spp. respectively as well as the translated
amino acid sequences of genes of the dissimilatory nitrate reduction
pathway with orthologues from other taxa obtained from GenBank
(Kumar et al., 2008) were generated using the Molecular Evolutionary
Genetics Analysis software (MEGA).
2.9. Development of the dynamic Soil quality index

To develop the Soil Quality Index (SQI), biological and chemical
parameters were selected based on scientific rigor, and ability to evaluate
ecological significance and critical aspects of soil health, functionality
and sustainability. A selection of parameters, which are known to impact
soil health, such as the extractable chemical parameters, proton activity,
lime requirement, OM, OC, and extractable nutrients; N, P, K, Mg, Ca,
Mn, Fe, Cu, S, and NH4

þ-, were selected for the SQI. This was based on
their contribution to assessing soil's capacity to retain water, neutralise
acidity, promote nutrients recycling and enhance nutrient availability
while Al for impact on soil contamination. Total K, Mg, Ca, Mn, Fe, Cu,
Zn, Ni, Co, Mo, and Ti were selected for its contribution soil quality, Na
on salinity levels, while As, Cd, Cr, Pb and Al as PTEs that indicated
contamination risks, commonly enriched above local background levels
[31]. For the biological parameters, total bacteria abundance (cfu/mL),
Acanthamoeba abundance (cells/mL), and total soil DNA (μg/mL) were
considered for their role in nutrient cycling, organic matter decomposi-
tion, and overall soil biological activity.

The scoring system was developed on a running scale ranging from
0 to 3, indicative of their impact on soil health, ecosystem functionality,
and biodiversity. The higher score of 3 represented the maximum posi-
tive impact, while progressively lower scores represented reduced impact
through to negative impact at 0 (O'Neill et al., 2005; Mukherjee and Lal,
2014).

To prepare the SQI, the abundances of each parameter were used to
determine their scores. The scores derived for all parameters in each plot
were then summed up to create the unified SQI. Finally, the SQI from
each plot was expressed as a percentage of the maximum possible score
value estimated to be 54 (based on the 18 parameters used).

http://www.amoebadb.org
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2.10. Multivariate statistics

Multivariate statistical analyses were used to assess correlations be-
tween the biological and chemical parameters used as soil health in-
dicators, serving to validate the sensitivity and accuracy of the index
devised. These test were performed using the MetaboAnalyst Software
(https://www.metaboanalyst.ca/(Xia et al., 2009)). Briefly, GCCs and
biomass data were prepared in CSV format, in columns and rows, to
facilitate data pre-processing and normalization. Specific visualization
outputs, including biplots, heatmaps, and principal component analysis
(PCA), were generated to identify multivariate patterns in the data using
the required functional within the software. T statistics was used to test
significance different of each parameter in two plots at the 95% confi-
dence interval.

3. Results

3.1. Extraction protocol for extractable geochemical constituents (GCCs)
from soils

3.1.1. Characteristics of the Wellington Allotment soil based on extractable
GCCs

The recovery rates for extractable GCCs were generally high,
exceeding 90%, with the exception of Mn and Mg, which exhibited lower
recovery rates at 59% and 39%, respectively. Analysis of the soil char-
acteristics across six plots showed a predominantly slightly acidic to
neutral pH range with pH 5.16 (MP5) to pH 6.94 (MP6), displaying
statistical significance across plots (p < 0.05; Table 1). EC values were
Table 1
GCCs estimated from 6 plots of an allotment using two soil extraction and analytical

Parameters MP1 MP2

aPalintest extraction/
Palintest
spectrometry

pH (mV) 5.89 � 0.00 6.25 � 0.13
EC (μS/cm or mS/cm) 33.30 � 1.01 36.43 � 0.55
Modified pH (mV) 6.11 � 0.49 6.37 � 0.7
Lime g/m2 1000.00 � 57.73 1000.00 � 47.73
OC% 9.35 � 0.13 9.35 � 0.15
OM% 16.12 � 0.09 16.12 � 0.10
Mg 52.0 � 1.52 126.0�
K 85.0 � 1.53 115.0 � 2.64
Ca 3000.00 � 205.02 3000.00 � 221.23
Al 4.74 � 0.12 3.03 � 0.23
Mn 13.70 � 0.23 5.40 � 0.12
Fe 33.00 � 0.66 40.00 � 0.54
Cu 39.30 � 0.81 43.90 � 0.83
NO3

� 24.70 � .12 105.00 � 0.23
P 115.70 � 2.12 102.00 � 1.84
S� 0.00 � 0.00 0.00 � 0.00
NH4

þ 7.43 � 0.16 5.43 � 0.19
Cl� 375.00 � 1.00 375.00 � 1.12
Na N/A N/A
CEC cmol/kg 15.64 � 0.12 16.33 � 0.23

aAqua Regia/ICP-AES Mg 50.00 � 0.98 42.00 � 0.82
K 5.93 � 0.24 6.57 � 0.45
Ca 77.47 � 1.00 114.17 � 1.10
Al 184.34 � 1.11 146.64 � 1.23
Mn 6.05 � 0.00 5.64 � 0.62
Fe 238.07 � 1.56 217.73 � 1.38
Cu 1.87 � 0.01 1.37 � 0.02
Na 4.34 � 0.11 18.16 � 0.19
As 0.08 � 0.00 0.07 � 0.00
Cd 0.02 � 0.00 0.02 � 0.00
Co 3.74 � 0.12 3.19 � 0.15
Cr 0.16 � 0.01 0.15 � 0.03
Mo 0.02 � 0.00 0.02 � 0.00
Ni 0.37 � 0.01 0.31 � 0.03
Pb 11.00 � 0.14 10.00 � 0.01
Ti 7.00 � 0.02 66.00 � 0.42
Zn 6.00 � 0.10 7.00 � 0.20
CEC cmol/kg 83.29 � 0.02 101.23 � 0.00

a - CEC ¼ Cation-exchange capacity.
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within the low to normal range, spanning from 10.6 (MP3) to 93.2 μS/cm
(MP5) indicating non-saline to slightly saline conditions and statistical
different across all plots (p < 0.05; Table 1)). The OC content ranged
from 9.35% (MP1 and MP2) to 13.4% (MP6), while CEC ranged from
10.67 cmol/kg (MP5) to 19.91 cmol/kg (MP6; Table 1). Lime require-
ment ranged between 400 g/m2 (MP3 and MP5) to 1500 g/m2 (MP5;
Table 1).

The extractable GCCs, Mg, K, Ca, Mn, Fe, Cu, NO3
�, P, S, Cl and NH4

þ

showed significant variations across the plots (p < 0.05). Ca, remained
relatively constant while Al was notably high in MP5 compared to other
plots (p< 0.05). The estimate for NO3

�:NH4
þratio ranged from of 0.69 in

MP5 and 19.34 in MP2 indicated a high turnover in the latter. Heatmaps
highlighted elevated levels of Al, P, and Mn in MP5 (Fig. 2A, yellow),
while MP6 showed higher levels of Ca, Fe, S, K, Mg, and NH4

þ. (Fig. 2A,
magenta).

Pearson correlation coefficients (R2) between the edaphic factors, pH,
OC, EC, OC, and CEC with extractable GCCs showed that proton activity
positively corelated with Mg, Ca, S, and CEC (R2 ¼ 0.5–0.85) except for
EC, Al, Mn and P (R2 ¼ 0.67–0.74) which displayed negative correlations
(Table S1). EC displayed positive correlations with P, lime content, Al
and Mn (R2 ¼ 0.51–0.97) while showing negative correlations with CEC
and Ca (R2 ¼ 0.57–0.68). OC was positively correlation with K, Fe, S,
NH4

þ, CEC, and Mg (R2 ¼ 0.50–0.96), similarly so was CEC with pH, OC,
Mg, K, Ca (R2 ¼ 0.50–0.97; Table S1). CEC had a negative correlation
with lime content, Al, P, and EC (R2 ¼ 0.52–0.78; Table S1)).

Inter GCCs correlations were observed with Mg positively associated
with K, Fe, S and NH4

þ (R2 ¼ 0.51–0.80) and similarly, K, with Fe, S and
NH4

þ (R2¼ 0.55–0.81; Table S1). Al exhibited positive correlationwith P
methods (aextraction/analytical).

MP3 MP5 MP6 MP12

6.74 � 0.07 5.16 � 0.02 6.94 � 0.04 6.65 � 0.10
10.63 � 0.01 93.20 � 0.23 34.89 � 0.91 9.47 � 0.07
6.85 � 0.10 5.69 � 0.00 6.76 � 0.07 6.63 � 0.07
400.00 � 28.86 1500 � 76.38 400 � 30.23 400 � 28.67
9.61 � 0.13 9.41 � 0.16 13.47 � 0.77 10.61 � 0.56
16.56 � 0.08 16.22 � 0.13 23.22 � 0.16 18.30 � 0.02
117.0 � 1.96 56.0 � 1.65 207.0 � 2.12 80.0 � 1.64
114.3 � 2.31 85.0 � 1.67 280.0 � 5.51 140.7 � 2.45
3000.00 � 196.12 2000.00 � 150.56 3500.00 � 169.96 3250.00 � 217.76
0.00 � 0.00 68.29 � 0.45 0.14 � 0.11 1.06 � 0.12
3.70 � 0.34 13.50 � 0.28 6.50 � 0.34 5.20 � 0.87
45.00 � 0.29 57.00 � 0.54 81.00 � 0.81 47.00 � 0.76
52.60 � 0.27 23.00 � 0.69 25.10 � 0.99 21.40 � 0.23
51.80 � 0.34 32.30 � 0.54 22.10 � 0.98 20.90 � 0.28
70.60 � 1.34 230.20 � 1.38 122.10 � 2.11 51.10 � 2.16
7.14 � 0.12 0.00 � 0.00 14.29 � 0.14 2.86 � 0.01
14.64 � 0.25 6.29 � 0.29 31.86 � 0.25 7.64 � 0.11
375.00 � 0.98 250.00 � 1.45 250.00 � 1.28 375.00 � 1.69
N/A N/A N/A N/A
16.25 � 0.45 10.67 � 0.65 19.91 � 0.45 17.26 � 0.22
48.00 � 1.10 42.00 � 1.56 37.00 � 0.69 7.00 � 0.79
7.23 � 0.23 6.31 � 0.54 9.16 � 0.37 7.09 � 0.76
96.17 � 1.45 62.65 � 0.95 109.81 � 0.99 100.54 � 1.03
182.29 � 0.67 161.17 � 0.87 120.75 � 1.28 128.43 � 1.34
7.08 � 0.03 6.31 � 0.06 5.02 � 0.08 5.13 � 0.01
283.60 � 1.23 243.93 � 1.33 201.11 � 1.45 209.73 � 1.56
1.95 � 0.03 1.34 � 0.05 1.10 � 0.02 1.02 � 0.02
12.91 � 0.13 19.89 � 0.45 18.10 � 0.45 18.22 � 0.33
0.12 � 0.00 0.10 � 0.00 0.06 � 0.00 0.07 � 0.00
0.04 � 0.00 0.02 � 0.00 0.01 � 0.00 0.01 � 0.00
4.34 � 0.13 3.22 � 0.21 2.82 � 0.28 0.01 � 0.00
0.20 � 0.04 0.15 � 0.03 0.14 � 0.06 2.98 � 0.10
0.02 � 0.00 0.02 � 0.00 0.02 � 0.00 5.13 � 0.00
0.42 � 0.01 0.32 � 0.04 0.33 � 0.03 0.018 � 0.01
14.00 � 0.12 13.00 � 0.15 12.00 � 0.15 15.00 � 0.16
7.00 � 0.02 7.00 � 0.06 4.00 � 0.06 11.00 � 0.87
9.00 � 0.31 6.00 � 0.21 7.00 � 0.21 5.00 � 0.33
95.03 � 0.01 76.15 � 0.12 95.57 � 0.03 65.76 � 0.03
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Fig. 2. Multivariate analysis of the GCCs content in 6 plots of an allotment from Palinstest soil extracts. heatmap (A), PCA (B) and (C) biplot analysis of GCCs extracted
from 1g of soil suspension using the Palintest soil extraction protocol analysed with the Soiltest 10 photometer. Key for replicates in each plot: MP1, R1-3; MP2, R4-6;
MP3, R7-9; MP5, R10-12; MP6, R13-15; MP12, R16-18.
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(R2 ¼ 0.82); Mn with P (R2 ¼ 0.55) and S and NH4
þ (R2 ¼ 0.95;

Table S1). Conversely, Ca was negatively correlation with Al (R2 ¼ 0.86)
and P (R2 ¼ 0.63) while P was with Cl (R2 ¼ 0.58). Fe displayed mixed
correlations being positively associated with S (R2 ¼ 0.63) and NH4

þ (R2

¼ 0.69) but negatively with Cl (R2 ¼ 0.71; Table S1).
Principal Component Analysis (PCA) and hierarchical clustered

dendrogram on top of the heatmap of the extractable GCC abundances
revealed four clades where MP2 and MP3 (Fig. 2A and B, turquoise and
green); MP1 and MP12 (Fig. 2A and B, red and blue) formed single
clades. The 95.7% of variance in PC1 in the PCA was primarily driven by
differences in GCCs among the plots (Fig. 2B). The biplot analysis
(Fig. 2C), indicated that P enrichment had the greatest impact on PC2, Cl
on PC1, and K and Mg on both PC1 and PC2.

3.1.2. Total GCCs
The recovery rates from off-the-shelf GCCs estimated from aqua regia,

analysed with ICP-AES exceeded 95 � 1%. The identified total GCCs
included Mg, K, Ca, Al, Mn, Fe, Cu, Na, As, Cd, Co, Cr, Mo, Ni, Pb, Ti, and
Zn. Among these, Mg, Ca, Fe, Ni and Al exhibited statistically significant
variability across plots (p< 0.05). Notably, K and Cr showed significance
in MP6 and MP12 (p< 0.05); Na was low in MP1 as well as Co and Mo in
MP12 (Table 1). Mn, Zn, Cd, As, Cu were constant across all plots, and Cu
in MP12 compared to the other plots (p < 0.05). A visual heatmap rep-
resentation of these findings are presented in Fig. 3A.

Ephaptic factors had limited influence, proton activity was positively
correlated with K and Ca (R2¼ 0.51–0.69) while OC positively associated
with K (R2 ¼ 0.88) and negatively with Al (R2 ¼ 0.54; Table S2). Inter
GCCs correlation analysis revealed the following positive associations:
Mn with Fe, Cu, As, Cd, and Co (R2 ¼ 0.51–0.97); Fe with Cu, As, and Cd
Fig. 3. Multivariate analysis of the GCCs content in 6 plots of an allotment from aqu
from 1g of soil suspension using the aqua regia extraction protocol analysed with the
R1-3; MP2, R4-6; MP3, R7-9; MP5, R10-12; MP6, R13-15; MP12, R16-18.
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(R2 ¼ 0.69–0.90); As with Cd (R2 ¼ 0.79); Cd with Co (R2 ¼ 0.51) and Ni
with Zn (R2 ¼ 0.52; Table S2). Mixed correlation were observed. For
instance, Co was positively corelated with Ni (R2- 0.97) and negatively
with Cr and Mo (R2 ¼ 0.86–0.87); Mg was positively corelated with Cu,
Co, and Ni (R2 ¼ 0.56–0.95) and negatively with Cr and Mo (R2 ¼
0.90–0.91); Al was corelated positively with Mn, Fe, Cu, As, Cd and Co
(R2 ¼ 0.50–0.90) but negatively with Na (R2 ¼ 0.50); Cu was positively
correlated with Cd, Co and Ni (R2 ¼ 0.51–0.90) but negatively with Na
(R2 ¼ 0.54); Cr was positively and negatively corelated with Mo and Ni
(R2 ¼ 0.99–0.99) respectively. Mo was negatively corelated with Ni (R2

¼ 0.91; Table S2).
Hierarchical cluster in the PCA analysis revealed three clusters; MP1,

MP3 MP5 (Fig. 3A and B, red, green, and yellow); MP2 and MP6 (Fig. 3A
and B, light blue and magenta) and MP2 (Fig. 3A and B, blue). Over
61.3% of the variance was attributed to inter-plot element differences in
GCC composition (Fig. 3B). The biplot analysis indicated that PC2 was
influenced by Mg, Fe, Al, and Ni while Ti and Ca contributed to both
components (Fig. 3C).

3.1.3. Comparison of the extraction protocols for total and extractable GCCs
In comparing common GCC abundances in aqua regia (AES) and Palin

soil test kit (PT) extracts namely, K, Mg, Ca, Al, Mn, Fe, Cu), clear trends
emerged. Aqua regia extracts consistently yield lower mean values for K
(7.12 vs 143.82), Mg (39.7 vs 101.9), Cu values (1.59 vs 35.1), Ca (94.9
vs 2812.5) resulting in differences of �136.70, �62.22, �33.47,
�2717.53 respectively. Mn showed a minor difference of �1.44, (aqua
regia extract, 6.11; Palin soil test kit extract, 7.55). Conversely, Al and Fe
displayed significant differences of 143.38 and 172.44, respectively,
indicating higher values in the aqua regia extracts (155.99 and 229.49)
a regia extracts. Heatmap (A), PCA (B) and (C) biplot analysis of GCCs extracted
Thermo Electron iCAP 6000 series ICP-AES. Key for replicates in each plot: MP1,
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compared to Palin soil test kit extracts (12.61 and 57.05). Also, ranges for
K (6.26 to 9.49), Mg (37.3 to 51.0), and Cu (1.38 to 2.28) in the aqua
regia extracts were narrow compared to Palin soil test kit extract (88.3 to
285.0, 59.3 to 210.3, and 22.4 to 54.9, respectively). Strong relationships
were obtained for K, Ca, and Cu (R2 ¼ 0.67–0.93) between these mean
values from both extracts.

Heatmap analysis revealed Cu, K, Mg, Ca as the major sources of
variation in the Palintest soil kit extracts while Al and Fe played this role
for the aqua regia extracts (Fig. 4A). Hierarchical cluster dendrogram on
the heatmap and PCA analysis revealed two distinct clusters for both
extraction protocols and within each were two subclusters namely, MP6-
AES, MP12-AES (Fig. 4A and B, blue, magenta) and MP1-AES, MP3-AES,
MP2-AES, MP5-AES (Fig. 4A and B, green, red, light blue and yellow) for
aqua regia. For the Palintest GCC extracts the sub clusters were composed
of MP1-PT, MP5-PT (Fig. 4A and B, red, and yellow), and MP6-PT, MP12-
PT, MP3-PT, MP3-PT (Fig. 4A and B, magenta, blue, light blue, and green).
3.2. Estimating the soil microbiome population and sensitivity to stressors

Acanthamoeba present in soil suspension were recovered as irregular
patches on the surfaces of the nutrient deficient medium with recovery
Fig. 4. Multivariate analysis of the GCCs content in 6 plots of an allotment using tw
extracted using the Palintest soil (represented as MP1 –MP12-PT) and aqua regia extr
were determined with the Soiltest 10 photometer and the Thermo Electron iCAP 6000
this analysis. Key for replicates in each plot: MP1, R1-3 (AES), R19-R21 (PT); MP2, R4
30 (PT); MP6, R13-15 (AES), R31-R33 (PT); MP12, R16-18 (AES), R34-36 (PT).
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times varying in a density dependent manner (Fig. S1). For instant, col-
onies comprised of predominantly cysts appeared in medium containing
MP6 and MP5 extracts at 5 and 14 days respectively (Table 2). These
duration corelated well with the estimated Acanthamoeba biomass being
9.76 � 1.19 � 109 and 105 � 1.56 � 109 cells/ml respectively (Table 2).
The Acanthamoeba species identified Acanthamoeba spp. are detailed in
Table S4. Acanthamoeba biomass showed strong positive correlations
with OC, Mg, K, Fe, S and NH4

þ (R2 ¼ 0.76–0.91).
To simplify the labour-intensive cell density estimations of Acantha-

moeba via isolation with selective agar, we piloted a molecular
approached for the quantification using Ct values obtained by qPCR with
Acanthamoeba specific primers, against those in a standard curve pro-
duced with known Acanthamoeba cell density. The linear equation (y ¼ 2
� 109x-6x107, R2 ¼ 0.99; Fig. S2) applied to the Ct values, estimated
Acanthamoeba densities to be 9.76 � 109 cells/mL and 105 � 109

Acanthamoeba cells/mL for MP5 and MP6, respectively (Table 2). The
correlation between the culture and molecular approach was R2 ¼ 0.59.
Interestingly, associations identified previously between Acanthamoeba
biomass and extractable GCCs were maintained namely with OC, Mg, K, S
and NH4

þ (R2 ¼ 0.57–0.79) but new associations emerged. For instance,
positive association was observed between Acanthamoeba biomass and
o analytical techniques. PCA (A), biplot (B) and heatmap (C) analysis of GCCs
action protocols (MP1-MP12-AES) on 1g of soil suspension. The GCC abundances
series ICP-AES respectively. Only GCCs common to both protocols were used in
-6 (AES), R2-R24 (PT); MP3, R7-9 (AES), R25-27 (PT); MP5, R10-12 (AES), R28-



Table 2
Microbial biomass load and DNA content, and molecular estimation of Acanthamoeba biomass in 6 plots in an allotment.

Biological Indicators

Prokaryotes biomass estimations Temp, oC MP1 MP2 MP3 MP5 MP6 MP12

Microbial load (cfu/g x 104) 25 1.04 � 1.00 3.03 � 1.00 1.25 � 1.01 0.93 � 1.02 4.25 � 1.25 2.38 � 1.34
37 9.10 � 1.22 2.03 � 1.29 2.79 � 1.12 1.30 � 1.00 4.32 � 1.23 2.55 � 1.24
55 4.20 � 1.00 8.57 � 1.33 1.29 � 1.26 0.67 � 1.65 6.62 � 1.78 0.76 � 0.94

Total no. of microbial load (cfu/g x 104) 14.43 � 1.03 13.62 � 1.25 5.33 � 1.15 2.87 � 1.35 15.20 � 1.50 5.69 � 1.25

Eukaryotes biomass estimation MP1 MP2 MP3 MP5 MP6 MP12

Total Acanthamoeba load (x109 cells) 9.92 � 1.23 9.80 � 1.34 9.78 � 1.56 9.76 � 1.19 105.00 � 1.56 9.98 � 1.00
Colony appearance on non-nutrient agar plates duration 13.00 � 2.00 12.00 � 2.00 6.00 � 2.00 14.00 � 1.00 5.00 � 1.00 7.00 � 2.00

Molecular estimations MP1 MP2 MP3 MP5 MP6 MP12

Total DNA content (μg/mL) 40.75 � 2.98 39.1 � 2.11 51.05 � 3.45 28.6 � 1.56 74.95 � 3.87 59.5 � 2.76
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proton activity, Ca and CEC (R2 ¼ 0.72–0.89) and negatively with lime
requirement (R2-0.77). In the total extracts Acanthamoeba biomass was
only positively associated with K derived from the cell culture method
(R2 ¼ 0.82) and molecular approach (R2 ¼ 0.80). Notably we observed
that Acanthamoeba thrived across a range of pH values, from acidic to
alkaline, but was more abundant in plots with higher proton activity,
particularly in MP6. The impact of pH on Acanthamoeba biomass was
tested with the Alamar blue® cytotoxicity assay with estimated IC50s of
0.0, 0.63 and 1.9 μg/mL at pH 3.6, 4.6 and 8.6 respectively, confirming
pH-sensitivity. Association with bacteria at 25 �C and Acanthamoeba
biomasses was also identified (R2 ¼ 0.6).

Bacteria biomasses were extracted from soil extracts at three tem-
peratures. Assuming that each bacterial colonies obtained in the agar
plates at these temperatures were unique, the total biomass for the 6 plots
ranged from 2.87 � 104 (MP5) to 1.5 � 105 cfu/g (MP6, Table 2). Bac-
teria biomass at 25 �C for extractable GCCs displayed positive associa-
tions with OC, CEC, Mg, and K (R2 ¼ 0.59–0.76) from the extractable
GCCs extracts. This same bacteria populations displayed associations
positively with K, and Ca, (R2 ¼ 0.63–0.66 respectively) and negatively
with Al, Mn, Fe, and As (R2 ¼ 0.50–0.70) in the total GCCs extracts. In
these same extracts, bacteria isolated at 37 �C were associated negatively
with Na (R2¼ 0.80) and at 55 �Cwith negatively with Pb (R2¼ 0.73) and
positively with CEC (R2 ¼ 0.54).

MP5 with the lowest microbial load (2.87 � 104 � 1.35 cfu/g)
showed high Al, and the impact of this PTE was assessed. Bacteria col-
onies were isolated only from MP5 soil suspensions on nutrient agar
plates containing 10 mM Al, after 72 h, confirming the impact of Al on
bacteria biomass. Molecular identification of the bacteria isolated using
differences in the 16srRNA gene sequences revealed Bacillus spp. strains,
Burkholderia spp., and Micrococcus spp. (Table S3).
3.3. Soil quality index estimations

The Soil Quality Index (SQI) was determined using a set of extractable
GCCs, which are considered reliable indicators for estimating soil quality.
These indicators encompassed various factors, including edaphic factors
(proton activity, OC, EC, CEC), nutrient concentrations (such as N, P, and
K), specific elements (e.g., Ca, Mg, and Fe), and microbial populations
(prokaryotic and eukaryotic biomasses).

Each of these indicators was categorized into distinct ranges, and for
each range, an interpretation was provided regarding its impact on soil
quality (Table S5). These interpretations were based on established criteria
previously published (O'Neill et al., 2005; Mukherjee and Lal, 2014). To
assign scores, for the purpose of calculating the SQI, a numerical scale
ranging typically from 0 to 3 was used. A score of 0 indicated a negative to
low impact, while 3 signified the highest positive impact on soil quality.

To compute the SQI for each plot, these scores were applied to the
measured values in that plot. The sum of scores across all indicators for
each plot was then expressed as a percentage of the total achievable
score, resulting in the overall SQI value for that plot. In our study, the
8

calculated SQI, for the different plots ranged from 23 to 37, corre-
sponding to percentages of the total available score ranging from 42.5 to
68.5%. Notably, MP6 exhibited the highest SQI, indicating healthier soil
quality, while MP5 had the lowest SQI, signifying relatively poorer soil
quality (Table S5). These SQI values were positively corelated with pH,
Ca, S, CEC (R2 ¼ 0.50–0.94) and negatively with EC, lime requirement,
Al, P and Acanthamoeba biomass derived with the molecular approach
(R2 ¼ 0.62–0.88).
3.4. Acanthamoeba has a functional assimilatory/dissimilatory nitrate
reduction pathway for N- recycling

The varied NO3-:NH4
þratio of 5.3–0.69 in MP5/6 indicated a high

turnover prompted us to investigate the role of Acanthamoeba in this
process using a combination of approaches (Table 1). Initial in-silico
analysis of the Acanthamoeba gene content did not identify a gene with
significant identity with known NO3

� transporter. Nevertheless, the
reduction of nitrate was observed in complete PG medium containing
6.94 mg/L NO3

�, with an inoculum of 105 Acanthamoeba after 5 days by
44% ([NO3

�] to 3.89 mg/L (Fig. 5) a mechanism of nitrate uptake via an
as-yet-unknown transporter.

Concurrently there was an increase in [NH4
þ] from 0.003 to 0.04 mg/

mL, suggesting its release into the media from an intracellular assimila-
tion pathway for NO3

� to NH4
þ conversion (Fig. 5). Further, in silico

analysis revealed the presence of six NH4
þ transporters in Acanthamoeba

belonging to three families. These included the structurally related
membrane transport proteins (AMT, ACA1_230500; Fig. S7, top clade),
methylammonium/ammonium permeases (MEP; ACA1_362530,
ACA1_362520; Fig. S7, middle clade) and Rhesus (Rh; ACA1_138770,
ACA1_065130, ACA1_098420; Fig. S7, bottom clade). Intracellular levels
of [NO3

�], to [NO2
�] and [NH4

þ] were 0.28 mg/L, 0.029 mg/L and 1.32
mg/L respectively (Fig. 5).

Further, we identified translated amino acids of AcNR, (927 residues,
ACA1_054310) and comparison with characterise orthologues allowed us
to identify its two-domains held together by a hinge region, each with
binding motifs for molybdopterin, cytochrome b5, NAD, and FAD
(Fig. S3). The enzymatic activity of AcNR was 0.79 units/mg/min in
Acanthamoeba lysates (0.5 mg/mL), suggesting the capacity of the protist
to undertake [NO3

�] to [NO2
�] conversion (Fig. 5). Translated amino

acids sequences of AcNIR (186 residues, ACA1_134610), with one
(Fig. S4) as opposed to the two motifs cupredoxin motif reported for all
known orthologues was identified in Acanthamoeba gene content, sug-
gesting the capacity of the protist to undertake to [NO2

�] to [NH4
þ]

conversion and a complete assimilatory/dissimilatory nitrate reduction
pathway in the protist (Fig. 5A).

4. Discussions

The use of two extraction protocols namely the aqua regia and Palin
soil test kit, combined with comprehensive multivariate and correlation



Fig. 5. Nitrogen transformations in Acanthamoeba. (A) The oxidative reaction of the nitrogen assimilatory pathway (black) showing the conversion of nitrates (NO3
�)

to ammonium (NH4
þ) via nitrites (NO2

�) and associated enzymes nitrate reductase (NAS) and nitrite reductase (cNIR). The reverse reductive process, the nitrogen
dissimilatory pathway (red) utilizes the enzymes NAR, NAP, NXR and ccNIR, HAO, ONR, OTR respectively. The varied oxidation numbers of N during these con-
versions are presented. (B) A single Acanthamoeba cell depicted as a circle represents 105 cells/mL Acanthamoeba in PG medium that contained 6.94 mg/L nitrate
(NO3

�) and 0.003 mg/L ammonium (NH4
þ). After incubation for up to 5 days in in vitro culture, the NO3

� and NH4
þ measured form spent medium were 3.98 mg/mg/

L and 0.04 mg/L respectively. Within the Acanthamoeba cell, intracellular NO3
�, NO2

�, and NH4
þ concentrations estimates were 0.28 mg/L, 0.029 mg/L and 1.32 mg/

L respectively. The enzymatic activity of nitrate reductase (AcNR) in Acanthamoeba lysate (0.05 mg) was determined to be 0.79 U/mg/min. NO3
�, NO2

�, and NH4
þ

were determined by the nitrite/nitrate (Sigma Aldrich, UK), and Ammonium (Sigma Aldrich, UK) assay kits. Key: NAS, assimilatory nitrate reductase; NAP, peri-
plasmic nitrate reductase; NXR, Nitrate-oxidoreductase; NAR, respiratory nitrate reductase; cNIR, nitrite reductase; ccNIR, cytochrome c nitrite reductase; ONR,
octahemic nitrite reductase; OTR, octaheme tetrathionate reductase; HAO, octahaem hydroxylamine oxidoreductase.
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analysis at the Wellington Allotment, has enabled us to differentiate the
disparities between extractable and total GCCs content. This investiga-
tion has also shed light on the intricate interactions between these
enriched GCCs and microbiota, with a unique focus on the role of the
eukaryotic organism, Acanthamoeba (Table 1). Our initial insight was
drawn frommean differences of GCC estimations, notably, the aqua regia
extracts exhibited higher estimates for Al and Fe, while the Palin soil test
kit extracts yielded lower estimates for K, Mg, Cu, and Ca. Furthermore,
the Palin soil test kit extracts exhibited wider ranges. This observation
can be attributed to differences in the extraction protocols, elemental
specificity, inherent characteristics of the aqua regia method, and sen-
sitivities or detection limits for specific elements across analytical tech-
niques underscoring the distinction between extractable and total GCCs.

4.1. Significant interconnections were observed among edaphic parameters

Significant interconnections were observed among edaphic parame-
ters, including pH, OC, EC, and CEC, particularly within the Palin soil test
9

kit extracts, although they were less pronounced in aqua regia extracts.
For instance, in the Palin soil test kit extracts, proton activity correlated
positively withMg, Ca, and S, and negatively with Al, Mn, and P (Tables 1
and S1). In contrast, in the aqua regia extracts, positive correlation was
limited to K and Ca (Tables 1 and S2). These observations are influenced
by the choice of extraction protocols (Al-Soghir et al., 2022; Hammam
et al., 2022). Soil properties such as CEC and OC, which are also impacted
by proton activity-GCC interactions, exhibited significant correlations
mirroring proton activity. In contrast, EC exhibited a reverse trend for the
same subset of GCCs, suggesting that the Palin soil test kit extract more
accurately replicates the natural soil environment.

Inter-GCC correlations among the extractable GCCs, such as S and
NH4

þ or K with Fe, S, and NH4
þ, as well as Fe with S and NH4

þ, and Mg
with K, Fe, S, and NH4

þ, provide deeper insights into how these GCCs
interact. This reveals possible mutual, synergistic, or antagonistic re-
lationships that may impact their availability. For example, the negative
association of P with Cl, Ca, and the positive association with Al and Mn
may provide insights into how these GCCs influence P availability
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(Tables 1 and S1) (Nieder et al., 2018). These quantitative correlations
complement the results obtained from multivariate statistics, such as
Principal Component Analysis (PCA), which helped reduce the dimen-
sionality of our complex datasets. This not only enhances our overall
understanding but also boosts our confidence in the results.

Total extracts obtained through the aqua regia extraction method
revealed interactions among PTEs, indicating co-occurrence and similar
geological processes (Nieder et al., 2018). For instance, Cu, Co, Cr, Mo,
Ni, and Zn showed significant interactions, while Fe, Mn, As, and Cd
reflect the prevailing redox state of the soil (Tables 1 and S2) (Nieder
et al., 2018). The documented history of the Wellington allotment with
respect to PTEs, such as Cu, Cd, As, and Ni from anthropogenic sources
associated with various industrial processes, may explain the presence of
these contaminants. Similarly, the interaction of pH with K and Ca may
be linked to their influence on the buffering and ion exchange capacity of
soils, while the association of OC with K and Al may be influenced by
environmental and geochemical factors.

4.2. Soil chemistry influenced soil microbiota

We have also explored the influence of soil chemistry on soil micro-
biota, focusing on the total bacterial population isolated at different
temperatures (25 �C, 37 �C, and 55 �C) and Acanthamoeba as represen-
tatives of prokaryotes and eukaryotes, respectively.

The Acanthamoeba biomass retrieved from all plots exhibited positive
correlations with various factors. These included OC, Mg, K, Fe, S, and
NH4

þ, which aligned with nutrient availability in the Palin soil test kit
extract. In contrast, Acanthamoeba biomass correlated positively with K
alone in the aqua regia extract underscoring the significance of K as an
essential nutrient for Acanthamoeba biomass, along with OC, Mg, Fe, S,
and NH4

þ (Hashim et al., 2015). Notably, these correlations were only
evident when using the Palin soil test kit, reinforcing its utility for
providing biologically relevant data on soil biochemistry using a
cost-effective and field-accessible kit.

Furthermore, we explored an alternative species-specific molecular
approach for estimating Acanthamoeba biomass. This method leveraged
Ct values obtained through qPCR amplification of 18srRNA using total
soil DNA as a template. Remarkably, this molecular approach demon-
strated a significant correlation with our traditional method, and OC, Mg,
K, Fe, S, and NH4

þ. Moreover, the molecular approach revealed novel
correlations with pH, CEC, Ca, and lime requirements, which have bio-
logical relevance. Notably, Acanthamoeba exhibited pH-dependent
behaviour in cytotoxicity assays at pH 3.6, 4.6 and 8.6, and its interac-
tion with lime and Ca may serve to mitigate pH and metal toxicity (Bide
et al., 2021). The application of this molecular approach has become
feasible with compact, ruggedized, battery-powered handheld or
portable qPCR devices like the Biomeme Franklin Real-Time PCR Ther-
mocycler, making it adaptable outside traditional laboratory settings.
Extending this approach to include prokaryotes, including their uncul-
turable counterparts (Amann et al., 1990), and other eukaryotes is now
plausible. Furthermore, the collection of total DNA from environmental
materials, such as soils, is supported by extraction kits (Zymo Research
(ZR) Soil Microbe DNAMiniPrep kit (Catalog No. D6001). This approach
has seen extensive use in environmental DNA (eDNA) research across
aquatic (Nevers et al., 2018) and soil environments (Wutkowska et al.,
2018), where DNA isolation can be challenging but has been conducted
successfully with high accuracy.

4.3. Acanthamoeba and bacteria played roles in NO3
�/NH4

þ recycling
and microbial ecology

A notable observation concerningAcanthamoebawas its potential role
in NO3

�/NH4
þ recycling (Yao et al., 2013; Maeda et al., 2011; Einsle

et al. 1999, 2000). In silico analysis revealed that Acanthamoeba pos-
sesses translated amino acid sequences for genes encoding three families
of NH4

þ transporters: AMT, Rh, and MEP, facilitating NH4
þ uptake and
10
release. Additionally, genes encoding nitrate reductase and nitrite
reductase (designated AcNR and AcNIR) from the assimilator-
y/dissimilatory nitrate reduction pathway were identified, enabling the
enzymatic reduction of NO3

� to NO2
� and subsequently NH4

þ (Burger
and Jackson, 2004). Notably, no gene encoding NO3

� transporter genes
displayed significant homology with orthologs from other taxa in our
BLAST search (Figs. S3–S7). The functionality of this pathway in this
protist was confirmed by a 44% decrease in NO3

� and a 1233% increase
in NH4

þ in the external milieu of Acanthamoeba in vitro cultures, the
presence of intermediates of assimilatory/dissimilatory nitrate reduc-
tion, and enzymatic activity of AcNR in Acanthamoeba lysates (Fig. 5).
This reduction of NO3

� and concurrent increase in NH4
þ suggests the

presence of a species-specific transporter and release of NH4
þ into the

external environment to modulate soil NH4
þ levels respectively (McDo-

nald and Ward, 2016). This replenishment of NH4
þ in the soil is partic-

ularly relevant for plants like Chinese cabbage, lettuce, and spinach
cultivated in this plot, known for their high NH4

þ requirements (Song
et al., 2012). These findings underscore the complexity of nitrogen
cycling in soil ecosystems, previously attributed primarily to prokaryotic
soil microbiota, which also involves eukaryotic soil biota (McCarty and
Bremner, 1992; Burger and Jackson, 2005).

Bacteria biomass isolated at 25 �C had significant correlations with key
soil properties, such as CEC, OC, Mg, Ca, and K within the extractables.
These findings underscore the crucial role of cation retention and nutrient
regulation in microbial ecology (Coonan et al., 2020). Conversely, we
noted negative correlations between bacterial biomass and PTEs like Al,
Mn, Fe, and As. These negative correlations coincided with PTE known to
suppressed microbial communities (Coonan et al., 2020).

While our study did not reveal direct correlations between pH and
bacterial biomass, we did find an intriguing pattern in one location, MP5.
Here, a low pH was associated with reduced microbial biomass and
elevated levels of Al (Tables 1 and 2). Surprisingly, this specific location
harboured microbial species like Bacillus spp., Burkholderia spp., and
Micrococcus spp., which exhibited remarkable adaptation to Al as high as
10 mM (Table S3). This phenomenon highlights the bioremediation po-
tential of the microbiota at this site (Salem et al., 2012). Effective man-
agement strategies, such as lime application (�Alvarez et al., 2005; Bide
et al., 2021), are essential to counteract Al toxicity and pH imbalances.
Ongoing monitoring is critical for developing timely remediation stra-
tegies and preventing long-term adverse effects of PTEs at this site.

The significant correlation observed between Acanthamoeba, and
bacterial biomasses aligns with documented symbiotic and trophic re-
lationships reported between these two taxa, including interactions with
Legionella pneumophila, Mycobacterium avium, Bacillus spp., Escherichia
coli, Chlamydia trachomatis, and Burkholderia spp. (Rayamajhee et al.,
2021). These intricate relationships, combined with the specific re-
quirements of microorganisms and their interactions with GCCs and
metabolic pathways, have motivated us to develop a Soil Quality Index
(SQI) to safeguard soil health.

4.4. Functional-based SQI was influenced by several key parameters

Our soil quality index (SQI) draws inspiration from the work of
(O'Neill et al., 2005; Mukherjee and Lal, 2014), which integrated at least
nine soil quality indicators that revolved around soil functional attributes
related to root development and nutrient storage, identified through a
literature review, supplemented with subjective scoring. In our approach,
we have adopted a similar framework, focusing on soil functional attri-
butes related to microbial biomass and have added a biological
addendum, to make our SQI more function based.

The resulting SQI was influenced by several key parameters including
pH, S, Ca, CEC, and Acanthamoeba biomass. The estimation of Acantha-
moeba biomass utilizes molecular techniques that encompass biomass
production. Interestingly, our SQI exhibits negative correlations with
factors like EC, lime requirements, Al, and P, which mirror the negative
determinants of biomass production, further underscoring the SQI's
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effectiveness in predicting soil quality. It is essential to recognise that a
broader array of parameters has contributed to enhancing the validity of
our estimated SQI while a comparative analysis of three SQI approaches
(O'Neill et al., 2005; Mukherjee and Lal, 2014) indicated that a lower
number of selected indicators exhibited relatively higher correlations with
crop yield, making it the most promising method. Nevertheless, our study
and the inclusion of additional chemical and biological parameters have
contributed to strengthening the validity of SQIs using our approach.

In our comparison between a soil function-based approach and the
principal component analysis (PCA) approach, the soil function-based
method emerged as superior methodology (Lenka et al., 2022). Simi-
larly, when comparing four quantitative approaches namely the PCA,
PCA-percentile, soil function-based and the soil function-based-percentile
methods, it became evident that the soil function-based approach out-
performed PCA in terms of achieving higher correlations between SQI and
rice and wheat yields. Notably, the percentile method displayed stronger
correlations in both PCA and soil function-based methods (Lenka et al.,
2022). Consequently, it was shown that the soil function-based approach,
combined with the percentile method for data transformation, proved to
be the superior method for computing SQI and establishing a relationship
with production function.

5. Conclusions

In summary, our study has explored the intricate relationship be-
tween soil chemistry and microbial communities, particularly Acantha-
moeba, highlighting their pivotal role in sustaining nitrogen recycling
processes within soils but has underscored the urgent need for proactive
measures to control and prevent soil pollution. Overall, our study pro-
vides a good understanding of microbiota interactions in soil, and the
development of an effective SQI for soil quality assessment. The SQI
developed can serve as a good monitoring tool based on fundamental soil
characteristics that facilitates the assessment of soil health and
improvement, and empower land users with the means to directly eval-
uate soil health over time, which aligns with the broader objectives of the
One Health approach, emphasizing the intricate interconnections be-
tween soil fauna, soil chemistry, and human activities. Consequently, our
study highlights the critical role of soil health in the larger context of
environmental well-being, serving as a call to action for more compre-
hensive soil management practices and continued research in this field to
address the challenges posed by soil pollution and ensure a sustainable
soil resource. Future study should employ a large database to verify our
conclusion and improve the soil quality index.
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