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ABSTRACT

Aim: Plant growth-promoting bacteria (PGPB) play crucial roles in supporting plant growth and, therefore, in undisturbed eco-
systems and agricultural systems. We aimed to understand how these microbial communities change under different land use
and environmental conditions. This is an important prerequisite to utilising the positive impact PGPB may have for sustainable
food production.

Location: 537 sites across Aotearoa New Zealand.

Time Period: 2013-2018.

Major Taxa Studied: Plant growth-promoting bacteria (PGPB).

Methods: We surveyed the PGPB in indigenous and exotic plantation forests, sheep and beef grasslands, dairy pastures and
horticulture sites.

Results: PGPB community alpha-diversity increased with land use intensity, and the greatest portion of explainable variation in
alpha-diversity was accounted for by soil nutrients, metal concentrations, and unexplained spatial patterns. Variation in PGPB
community composition, on the other hand, was highest in the forest and horticulture sites and lowest in the grazed pastures.
The variation was best accounted for by shared variation among land use, soil nutrients and soil metal concentrations. The rel-
ative abundance of nitrogen-fixing PGPB taxa decreased with land use intensity, largely driven by a decrease in Rhizobiales. In
contrast, taxa in the order Bacillales, known for phosphate and potassium solubilisation, increased in relative abundance. Key
environmental variables limiting the distributions of specific PGPB taxa included soil pH, several nutrients and the concentra-
tions of cadmium and zinc.

Main Conclusions: Overall, we showed that PGPB show distinct patterns in response to land use and soil environmental var-
iables, and these results contribute towards an understanding of the interplay between how we use our soil, their physicochem-
ical properties and the function of the microbial communities within them. This increased understanding of the distribution of
PGPB is crucial for advancing our ability to optimise and take advantage of the benefits these bacteria bring to both natural and
agricultural land.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1 | Introduction

Plant growth-promoting bacteria (PGPB) are either free-living
soil microbes or associated with the plant rhizosphere and
help promote plant growth, confer resistance to biotic stresses
such as pathogens or increase tolerance to abiotic stresses
such as drought (Ramakrishna et al. 2019). To enhance plant
growth, PGPB that improve the access of plants to key nu-
trients are crucial. For example, the importance of nitrogen-
fixing bacteria has long been appreciated, especially given the
importance of nitrogen as a mineral nutrient for plant growth
(Isobe and Ohte 2014). Likewise, phosphorous and potassium
are key plant nutrients which support plant growth and devel-
opment, but large proportions of these minerals in the soil are
insoluble and, therefore, inaccessible to plants; phosphorous
and potassium solubilising PGPB are therefore crucial to de-
liver these macronutrients to plants (Billah et al. 2019; Ahmad
et al. 2016). Given they are fundamental to sustaining and im-
proving plant growth, PGPB are vital for supporting agricul-
tural industries and natural ecosystems (Lacava et al. 2022;
Zeng et al. 2022). Understanding what impacts their diversity,
abundance and composition could unlock mechanisms that
ensure these key microorganisms are utilised to realise opti-
mal outputs and enhance crop production.

There is plenty of evidence of the benefits of PGPB for plant
growth. Inoculating maize and sorghum with PGPB increases
growth and nitrogen use efficiencies; the outcomes may de-
pend on whether or not nitrogen fertiliser is also applied,
but a positive impact may be observed regardless (Aquino
et al. 2021). Likewise, lima beans inoculated with a PGPB
Bacillus species showed better growth responses, even when
compared to plant growth following nitrogen additions (Lima
et al. 2016). Potassium solubilising bacteria isolated from ce-
real crops have been demonstrated to positively impact shoot
length, plant biomass and the concentrations of carotenoids
and sugars in plant biomass (Kaur et al. 2021). The amount
of fertiliser needed can be reduced by adding PGPB consor-
tia without affecting crop yield and indirect enhancement of
nitrogen uptake by plants is observed when inoculating with
PGPB not known to be capable of fixing nitrogen (Adesemoye
et al. 2009). Likewise, in natural ecosystems, PGPB are likely
to have vital roles in protecting and enhancing plant growth
and their largely untapped microbial diversity could also serve
as areservoir for PGPB discovery (Lacava et al. 2022). Indeed,
Lisboa et al. (2021) found that almost half of the strains as-
sociated with a tropical vascular plant were able to perform
nutrient solubilisation and pathogen antagonisation potential
was high too. However, while the impact of PGPB on plant
growth has been well studied, less is known about the wider
distributions PGPB communities present in soil and how their
abundance, diversity and composition change under differing
environmental conditions.

The composition of soil bacterial communities is shaped by
a plethora of different factors; spatial, climatic and soil en-
vironmental variables all interact to determine what bacte-
rial communities look like at different locations (Hermans
et al. 2017; Yang et al. 2021, 2022; Karimi et al. 2018). Large-
scale studies offer the ability to determine how natural or
human-induced changes such as climate warming, carbon

dioxide increases, changes in precipitation, fertilisation rates
and land use changes impact microbial communities. Such
studies have been responsible for highlighting that bacterial
richness and turnover rates correlate with variation in soil
variables (Terrat et al. 2017; Ranjard et al. 2013) and reveal-
ing how factors that vary only on a larger scale, such as land
use, soil texture, soil nutrients and climate impact bacterial
communities (Karimi et al. 2018; Terrat et al. 2017; Griffiths
et al. 2011). A meta-analysis examining how microbial com-
munities respond to large-scale changes driven by human ac-
tivity revealed distinctions between rare and common taxa,
with the former being more sensitive (Zhou et al. 2020). Given
that different subsets of the microbial community clearly re-
spond differently to anthropogenic-driven changes, more can
be learned about groups of taxa by focussing specifically on
them in large-scale studies.

Understanding the distribution of PGPB is crucial to allow us
to take full advantage of the benefits these microorganisms can
provide to help ensure food security in the future. Comparing
the diversity and composition of these communities in large-
scale studies and different land uses will provide novel insights
into how soil environments, spatial variation and land use inten-
sity impact the distribution of PGPB. Therefore, we conducted
a large-scale investigation of key PGPB taxa in the soils of five
different land use types to determine (1) how the alpha-diversity
of PGPB differs between land use types and soil environmental
variables, (2) what factors shape the composition of PGPB com-
munities and (3) what factors limit the distribution of individual
PGPB taxa.

2 | Methods
2.1 | Sampling and DNA Processing

Soil samples were collected and processed as described pre-
viously (Hermans et al. 2017; Hermans, Buckley, Case,
et al. 2020). Briefly, the samples were collected between 2013
and 2018 from ten regions across Aotearoa New Zealand, cov-
ering approximately 196,000km? of land (Figure 1). While
samples were collected over a five-year period, previous anal-
yses have shown that there is very minimal impact of time on
the bacterial communities at these sites (Hermans, Buckley,
Curran-Cournane, et al. 2020). A total of 537 sites were
sampled and classified as belonging to one of five land uses,
following national guidelines (Hill and Sparling 2009): indig-
enous forest (n=51), exotic plantation forest (predominantly
Pinus radiata plantation; n=>58), sheep and beef pastures
(n=149), dairy pastures (n=153) or horticulture (n =126; in-
cluding arable). Soil samples (0-10cm depth) were collected
every 10m along a 50-m transect at each site for microbial
analyses, every 2m for soil chemical analyses and every 15m
for soil physical analyses. The starting point of each transect
was selected haphazardly, before the transect was established
in a straight-line direction that would best capture the vari-
ation in the environment (e.g., running perpendicular to a
slope, fence line or other topographic features, while avoiding
areas such as water troughs, gates or passageways that would
not be representative). Microbial samples were processed in-
dividually, soil chemical samples were combined into a single
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FIGURE 1 | The distribution of the sites across Aotearoa New
Zealand. Sites were classified as belonging to one of four land uses:
Indigenous forest, exotic plantation forest, sheep and beef pastures,
dairy pastures or horticulture.

sample, and soil physical samples were measured individually
and averaged to obtain one value per site.

Sample analysis for chemical and physical indicators was con-
ducted by IANZ accredited laboratories using the methodology
outlined in the National Environmental Monitoring Standards
for Soil Quality and Trace elements (National Environmental
Monitoring Standard 2022). Briefly, after samples were dried
and sieved upon arrival in the lab, total C and N were deter-
mined by Dumas dry combustion of soil samples on an industry-
accepted elemental analyser. Anaerobic mineralisable nitrogen
(AMN) was measured by the change in the extractable ammo-
nium-N after anaerobic incubation. Soil pH was determined
by glass electrode from a suspension of soil and distilled water.
Olsen P was measured following extraction of soil in sodium
bicarbonate. For heavy metals, soil samples were digested in
hydrochloric and nitric acid before total recoverable concentra-
tions were determined in the digest by ICP-MS or a similarly
accurate instrument. Finally, bulk density was measured on a
weight basis to a volume equivalent and air-filled macroporosity
(soil pores >30um in diameter) was measured on tension tables
at —10.

Molecular microbial analysis was conducted as described pre-
viously (Hermans et al. 2017). Briefly, for each replicate at each
site, DNA was extracted from the samples using the DNeasy
PowerSoil-htp DNA extraction kit (Qiagen, previously MoBio) as
per the manufacturer's instructions with minor modifications.
The V3-V4 region of the bacterial 16S rRNA gene was then am-
plified from each DNA extract using the 341F and 785R primer
pair (Klindworth et al. 2013) before normalised PCR products
were barcoded (Nextera XT dual indices, Illumina Inc., USA),

pooled and sequenced. Sequencing was done on an Illumina
MiSeq instrument using V3 chemistry to generate 2Xx300bp
reads; multiple sequencing runs were performed, each with
~384 samples. Full sampling, sample processing, DNA ex-
traction and amplicon preparation methods are detailed in the
previously published studies (Hermans et al. 2017; Hermans,
Buckley, Case, et al. 2020). Sequence data was deposited in the
NCBI Sequence Read Archive (SRA) repository under accession
numbers PRINA323375 and PRINA578562.

2.2 | Bioinformatic and Statistical Analyses

All bioinformatic and statistical analyses were performed in R
version 4.2.2 (R Core Team 2022). DADA2 (Callahan et al. 2016)
was used for quality filtering, denoising and amplicon sequence
variant (ASV) inference from the DNA sequence data, as well as
chimaera removal and taxonomic assignment. Specifically, the
first 25bp, which included the primers, were trimmed off the
reads and then reads were truncated to 280bp (forward reads)
or 260bp (reverse reads). Reads with more than two expected
errors were discarded, and reads were truncated at the first in-
stance where the quality score was equal to or less than two.
After applying the DADAZ2 core algorithm to call ASVs, forward
and reverse reads were merged. Chimeric ASVs were removed
before taxonomic assignment against the Silva v 138.1 taxo-
nomic reference database (Quast et al. 2013). ASVs that were
not classified as bacterial, mitochondrial, or chloroplast were
removed. Replicate samples per site (n =5) were merged for each
site; sites for which not all five replicates were available, either
due to insufficient PCR product or low sequence reads, were ex-
cluded from the analysis. Further, samples with less than 10,000
reads after combining replicates were also excluded, after which
singletons (ASVs that only occurred once across the entire data-
set) were removed. We then used cumulative sum scaling (CSS),
implemented using the metagenomeSeq package (Paulson
et al. 2013). From this ASV table, we filtered out all ASVs
which were classified as taxa previously described as plant-
growth-promoters in the literature and grouped them by their
functional category (Table S1) (Orozco-Mosqueda et al. 2021).
Ultimately, 537 sites were used in the analyses as they met the
replicate number and sequencing depth threshold and had a
complete set of environmental data available (Table S2). These
sites comprised 51 indigenous sites, 58 exotic plantation forest
sites, 149 sheep and beef pastures, 153 dairy pastures and 126
horticulture sites. For most analyses, the PGPB ASV table was
used; however, the ASV table with all bacterial ASVs (including
PGPB) was used in a subset of analyses to provide comparisons
between the patterns in the PGPB and total bacterial commu-
nities. For downstream analyses, we ranked the five land uses
from lowest to highest intensity, based on the degree of human
input associated with each land use (e.g., the amount of fertiliser
use, pesticide and herbicide use and soil disturbance) as well as
the soil chemistry results (Figure S1).

Shannon's diversity for each PGPB community at each site was
calculated using the ‘diversity’ function from the vegan pack-
age (Oksanen et al. 2017). The ‘stat_compare_means’ function
from the ggpubr package was used to perform the Kruskal-
Wallis test on Shannon's diversity scores for the different land
use categories; Dunn's test for multiple comparisons with
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Bonferroni corrections was performed using the dunn test pack-
age (Dinno 2017) and function of the same name. Shannon's
diversity scores were also used as the response variable in vari-
ance partitioning analyses, performed as previously described
(Lear et al. 2013). Response variables were grouped into ‘land
use’, ‘soil nutrients’, ‘soil metals’ and ‘space’ for variance parti-
tioning (Table S2). Variance partitioning was also performed on
Shannon's diversity scores for the total bacterial communities at
each site compared with the PGPB subset. Variance partitioning
was repeated on subsets of sites containing all the samples from
within each land use separately.

Pairwise differences in the PGPB community composition
among different sites were visualised using nonmetric multi-
dimensional scaling (nMDS) of the Bray-Curtis dissimilarity
matrix and performed using the ‘metaMDS’ function in the
vegan package. Permutational multivariate analysis of variance
(PERMANOVA) was conducted using the ‘adonis’ command
from vegan, ‘betadisper’ from the same package was used to as-
sess the homogeneity of groups dispersions. The variance parti-
tioning described above was then used to explain the variation
in two response variables: (i) the Bray-Curtis pairwise dissimi-
larity matrix and (ii) the mean pairwise Bray-Curtis dissimilar-
ity of each site to all other sites. We also visualised all pairwise
Bray-Curtis dissimilarity scores between sites from the same
land use and evaluated the statistical significance using
Kruskal-Wallis and Dunn's test, as described above. Finally, to
visualise the compositional differences as relative abundances
of taxa across the different land uses, the average abundance of
all PGPB ASVs were calculated per land use, and the order-level
assignments of these ASVs was plotted. Additionally, we plotted
the functional categories of these ASVs (Table S1).

To confirm that the unequal sampling depth per land use (in-
digenous forest=51, exotic plantation forest=58, sheep and
beef pastures=149, dairy pastures=153 and horticulture 126)
was not skewing our results, we randomly subsampled our sites
to include exactly 51 sites per land use and repeated the alpha-
diversity and beta-diversity analyses on this subset.

The specificity package (Darcy et al. 2022) was used to assess
which environmental variables (Table S2) were impacting the
PGPB ASVs' distributions across the sites. Briefly, this package
applies Rao's Quadratic Entropy (Rao 1982, 2010) to calculate
the specificity of ASVs to many different environmental vari-
ables. Only ASVs which occurred in at least 10% of sites were
included in the analyses. A statistically significant specificity
score indicates that an individual ASV's occurrence range across
a given environmental gradient was smaller than expected by
chance. The analysis was performed on all the sites together, as
well as for all sites from each land use separately. After identi-
fying all ASVs with a significant specificity score for each envi-
ronmental variable, we determined the functional category of
that ASV based on the taxonomic assignment to a certain PGPB
genus (Table S1).

3 | Results

We sampled soil bacterial communities at 537 sites across
Aotearoa New Zealand (Figure 1). Sites were classified as

belonging to one of five land use types: indigenous forest
(n=51), exotic plantation forest (predominantly Pinus radiata
plantation; n = 58), sheep and beef pastures (n =149), dairy pas-
tures (n=153) or horticulture (n=126). Based on the degree of
human intervention and management practices, these land uses
represent increasing land use intensity from low to high inten-
sity (indigenous forests <exotic plantation forests <sheep and
beef pastures<dairy pastures<horticulture), and each land
use was characterised by a unique soil physicochemical profile
(Figure S1).

Across the normalised dataset were 3046 ASVs classified within
plant growth-promoting bacterial (PGPB) genera (~2% of total
ASVs; Table S1). On average, these ASVs comprised ~8% of the
total bacterial community, with horticulture sites having the
lowest average abundance and exotic plantation forests and
dairy sites having the highest (Figure S2, Table S3).

3.1 | PGPB Diversity Increases With Land Use
Intensity

Soil PGPB community diversity, measured using Shannon's
diversity index, increased as land use became more intensive
(Figure 2A), and this pattern remained when accounting for
differences in sample size across the land uses (Figure S3a).
Indigenous forests, exotic plantation forests, and sheep and beef
farms contained PGPB communities with significantly lower di-
versity than dairy and horticulture sites (Dunn’s test p <0.01 for
all pairwise comparisons). Further, horticulture sites contained
significantly more diverse communities than dairy sites (Dunn's
test p<0.01).

Only a small portion of the variation in PGPB alpha-diversity
across all land uses could be explained by the available metadata
(Figure 2B). The largest amount of variation was explained by the
variable groups ‘metals’ (4%), ‘nutrients’ (3%), ‘space’ (2%) and a
combination of ‘land use type’ and ‘nutrients’ (2%). The amount
of variation in PGPB community diversity explained by nutri-
ents was much higher than for the overall bacterial community
diversity, where land use and ‘space’ explained more variation
in diversity than for the PGPB community subset (Figure 2B).
Differences exist in the amount of variation explained by each
variable, or combination of variables, when looking at the alpha-
diversity of sites within each land use (Figure S4). ‘Nutrients’
explained the largest portion of variation in alpha-diversity for
indigenous forest sites (20%), while ‘space’ explained the larg-
est portion of variation in alpha-diversity for horticulture (8%),
dairy (9%) and sheep and beef (16%) sites. In exotic forest sites,
‘metals’ explained the largest portion of variation in alpha-
diversity (14%).

3.2 | PGPB Community Composition Differs
Across Different Land Uses

The composition of soil PGPB communities was significantly
different across the five land uses (Figure 3A, PERMANOVA
p<0.001, R>=0.19) and this pattern remained when ac-
counting for differences in sample size across the land uses
(Figure S3b, PERMANOVA p<0.001, R?=0.22). However,
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A Kruskal-Wallis, p = 4.2e-14
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FIGURE 2 | Patterns in alpha diversity for PGPB ASVs across the different land uses and sites. (A) The diversity (Shannon's diversity index) of
PGPB communities across the five land uses sampled. Land uses are ordered from least to most intensive. Boxes represent the interquartile range
(IQR, 25%-75% of the data). Median values are indicated by the bar within each box, and whiskers show the values within 1.5 times the IQR; all
other values are outliers and are shown as points. Kruskal-Wallis test was used to assess the significance of the differences; results from Dunn's test
for pairwise comparisons are provided in Table S4. (B) The results of partial regression analysis show the proportion of variation in PGPB diversity
(Shannon's diversity index) attributed to each group of explanatory variables or combination of groups. A /’ in the legend indicates shared variation

between different variables. Venn diagram visually illustrates the overlaps between variable groups and the corresponding colour on the bar chart.

Individual explanatory variables included in each group are described in Table S2.

some or all of this difference could be attributed to differences
in the homogeneity of dispersion, which also varied signifi-
cantly between land uses (p <0.001). Indeed, overall, the dis-
similarity of PGPB communities within each land use varied
significantly (Figure 3C; Dunn's test p <0.001 for all pairwise
comparisons) and this pattern remained when accounting for
differences in sample size across the land uses (Figure S3c).
Within land use, variation was lowest for the sheep, beef and
dairy sites and highest for the horticulture sites (Figure 3C).
Overall, the variation in beta-diversity was largely attributed
to the interactions between variable groups ‘land use’, ‘nutri-
ents’ and ‘metals’ (15%), and ‘land use’ and ‘nutrients’ (9%)
as well as the individual effects of variable groups ‘land use’
(8%) and nutrients (6%) (Figure 3B). Similar patterns were ob-
served for the entire soil bacterial communities (Figure 3B).
Within each land use, ‘nutrients’ explained the greatest por-
tion of variation in beta-diversity for indigenous (12%) and
exotic (12%) forests, dairy (9%) and horticulture (8%) sites
(Figure S4). Variation in beta-diversity among the sheep and
beef sites was most explained by ‘space’ (9%) (Figure S4).

When considering each site's average pairwise dissimilarity,
which is a measure of the degree to which the bacterial commu-
nity at a site is an outlier (higher) or modal (lower) compared to
the average composition of all sites, the amount explained by the

shared variable groups ‘land use’, ‘nutrients’ and ‘metals’ was
much smaller for the PGPB communities (10%) compared to that
for the entire bacterial communities (19%; Figure 3B).

3.3 | Taxonomic Differences Across Land Uses

The proportion of PGPB classified as Bacillales and
Flavobacteriales increased with land use intensity, while
Rhizobiales and Corynebacteriales decreased with increasing
land use intensity (Figure 4A). This pattern remains largely
consistent when considering the abundance of PGPB relative
to the entire bacterial community (Figure S5). Given the roles
these taxa are known to play in positively impacting plant
growth (Table S1), these taxonomic differences translate into
a reduction in the abundance of nitrogen-fixing PGPB when
we compare indigenous forests and low-intensity exotic plan-
tation forestry land uses to more intensive land uses, where
more taxa contribute to phosphate and potassium solubilisation
(Figure 4B). Burkholderiales, which are considered potassium
solubilisers in a plant growth context, made up 10%-15% of the
PGPB communities in the forest land uses (indigenous forest
and exotic plantation forestry) but had a much lower abundance
(<2%) in the other land uses. Conversely, Micrococcales and
Flavobacteriales were scarce in the forest land uses (<0.6% and

50f 12

85U8017 SUOWILLOD 3A 18810 3dfedl|dde 8y} Aq peusenob a1e ss (e O ‘8sn JO SNl 1o} AriqiT8uluQ AB|IAA UO (SUONIPUCD-PUR-SLLIBYWOD™AB | 1M AlRIq U1 UO//:SdNY) SUORIPUOD PUe SWiB | 8L 88S *[5202/20/2] uo Ariqiauliuo A8|IM ‘YieeH JO A1siuliN Aq 26002 GeB/TTTT OT/10p/woo A8 |1mAkeiq1Buluo//sdny woly pepeojumod ‘2 ‘SZ0Z ‘8EZ8997T



A © Indigenous @ Dairy B average dissimilarityl |dissimilarity matrix
Land use © Exotic ©  Horticulture
o Sheepand
Beef 0.6 1
Variable
B w
. nutrients
- metals
B 041 B space
=] LU/nutrients
8— nutrients/metals
g.:) [ LU/metals
9 . LU/space
MDS1 *@' - nutrients/space
o) . metals/space
C 1.004Kruskal-Wallis, p < 2.2e-16 < . LU/nutrients/space
> i X 021 I Lumutrients/metals
& - B nutrients/metals/space
% LU/metals/space
{;-:: . B a
E 0.50 - - Nutrients ~ Metals
0 .25 0.0 Space
° [}
Indigénous Ethic Shesse?nd Da;iry Hortic'ulture All A'SVS PG|PB All AlSVS PG'PB
Land use ASV group

FIGURE3 | Patternsin beta diversity for PGPB ASVs across the different land uses and sites. (A) Relative compositional differences (Bray-Curtis
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Bray-Curtis dissimilarity matrix. Results are shown for both the PGPB community subset and the entire bacterial community. Venn diagram insert
shows the overlapped groups represented by each colour, as described in the figure legend. (C) Summary of the pairwise dissimilarity scores for all
sites from the same land use type. Land uses are ordered from least to most intensive. Boxes represent the interquartile range (IQR, 25%-75% of the
data). Median values are indicated by the bar within each box, and whiskers show the values within 1.5 times the IQR; all other values are outliers
and are shown as points. Kruskal-Wallis test was used to assess the significance of the differences; Dunn's test confirmed that all pairwise compar-

isons were significantly different (p <0.001).

<1.5%, respectively) but made up 3%-5% and 6%-11%, respec-
tively, in the other land uses.

3.4 | Environmental Variables Restricting
the Distribution of PGPB

We used specificity analyses (Darcy et al. 2022) to determine
which variables most strongly influenced PGPB's environmental
distributions across the sites. This test will highlight all ASVs with
a distribution across the sites which occurred across a smaller
environmental gradient than expected by chance; the range oc-
cupied by each ASV will vary, and some may be limited to lower
values, while others are limited to intermediate or higher val-
ues. Overall, the occurrence of PGPB ASVs was limited by pH,
the C:N and Olsen P concentration, as indicated by those ASVs
occupying a narrower range of these variables than expected by
chance (Figure 5A). A smaller number of ASVs showed specific-
ity to a specific total nitrogen or macroporosity range. Finally, out

of the five heavy metals we measured, only cadmium and zinc
concentrations limited the distribution of PGPB (Figure 5A). At
the land-use level, only a small number of variables influenced
the distribution of a small number of PGPB ASVs (Figure S6). For
indigenous forests, the occurrence of PGPB ASVs was limited by
pH and C:N; in exotic forests it was C:N and zinc; in sheep and
beef sites it was only C:N (Figure S6). For dairy sites, microporos-
ity, chromium and zinc limited the distribution of PGPB, and in
horticulture sites it was pH, total nitrogen and cadmium. For all
variables that limited the distribution of PGPB ASVs across all
the sites, those classified as phosphate-solubilising PGPB were
the most common (Figure 5B). The ‘other’ category of PGPB was
highly represented among ASVs limited by zinc concentrations. At
the same time, only a few ASVs classified as potassium solubilising
PGPB were limited by any of the measured variables (Figure 5B).
Around 35% of all the ASVs that showed specificity to a measured
environmental variable were limited by at least one soil nutrient
variable and heavy metal; roughly the same number were limited
only by one or more soil nutrient variables (Figure 5C).
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4 | Discussion

Using a national dataset of over 500 sites across various land
uses, we show the relationship between land use, environmen-
tal variables and the diversity and composition of plant growth-
promoting bacteria (PGPB). The alpha-diversity of PGPB
communities increased as land use intensity increased, from
indigenous undisturbed sites to managed forest, pastures and
horticultural sites. Low- and high-intensity land uses had higher
beta-diversity than moderate-intensity pasture sites, and soil en-
vironmental variables largely drove these patterns. Soil pH, key
nutrients and specific heavy metals were identified as limiting
the distribution of PGPB ASVs and, therefore, shaping the PGPB
communities across the sampled sites. Overall, there were key
differences between the patterns in PGPB communities and
the entire bacterial community, highlighting the importance

of investigating biogeographic patterns of functionally import-
ant taxa.

Land use and management practices change the soil environ-
ment; the pH, nutrient content, soil physical structure and
presence of contaminants or heavy metals are all variables
that can be directly and indirectly altered by anthropogenic
activity (During 1984; Drewry et al. 2004, 2015; Constancias
et al. 2013). The degree of human intervention, and therefore
the overall impact and changes caused in the soil environment,
varies by land use and management practices. The land uses
included here vary from no or very low inputs (indigenous and
exotic plantation forests) to moderate or high inputs (grazed
pastures and horticulture). We consider horticulture to be the
most intensive land use due to the greater inputs, in terms of
fertiliser use, pesticide application and soil disturbance for
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(B) The functional group category for each PGPB ASV with a significant specificity score for each environmental variable and (C) the number of

shared and unique ASVs with a significant specificity score for the nutrient (pH, TN, OlsenP, C:N and microporosity [MP]) and metals (Cadmium

and Zinc) variables.

example through cultivation, associated with this land use
(Jwaideh et al. 2022; Wainwright et al. 2014; Lillywhite 2014).
The PGPB communities in our dataset showed increased
alpha-diversity with increasing land use intensity; however,
the beta-diversity within each land use did not follow this
pattern. Instead, the moderate intensity pasture soils showed
lower beta-diversity. This suggests that while this land use se-
lects for a more diverse PGPB community, it also selects for a
more consistent PGPB consortium. The horticultural sites, on
the other hand, also selected for a more diverse PGPB com-
munity, but the community selected for varied between sites.
Finally, indigenous and exotic plantation forest sites selected
for less diverse PGPB, which were also more different from
site to site. While this makes sense for the indigenous forest
sites, which can vary widely in their plant communities along
the latitudinal gradient we sampled (Leathwick et al. 1996), it
is surprising given the exotic plantation forests were all domi-
nated by the same pine species; however, the understory plant
species will vary among sites (Brockerhoff et al. 2003), which
could explain this pattern.

The observed increase in PGPB diversity with increasing land
use intensity corresponds to a decrease in plant diversity,
from heterogeneous forests to lower diversity grasslands or
monospecific cropping systems. This contradicts the increase
in overall bacterial diversity observed with increasing plant
diversity (Wu et al. 2022), suggesting that the PGPB com-
munities might respond differently to lower plant diversity;
however, in our study, plant diversity and land use intensity
are confounded. It has previously been shown that global
change factors driven by human activities, which reduce the
biodiversity of above-ground species, do not negatively affect
microbial biodiversity (Zhou et al. 2020). Similar to what we
observed, land use changes from native ecosystems to pro-
ductive land are associated with increased bacterial alpha-
diversity (Zhou et al. 2020), and globally, pasture systems have
been shown to contain more diverse bacterial communities
than forests (Walters and Martiny 2020). Importantly, we only
observed this trend for the PGPB community, not the entire
microbial community. This highlights the importance of fo-
cusing research efforts on functional subsets of the microbial
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communities, especially those of ecological significance or
those supporting agricultural industries.

As reported in many soil microbial community studies, at
both large (Hermans et al. 2017; Terrat et al. 2017; Griffiths
et al. 2011, 2015; Zhou et al. 2020; Fierer and Jackson 2006) and
small (Rousk et al. 2010; Zhalnina et al. 2015; Kang et al. 2021)
scales, soil pH was identified as a key variable impacting the dis-
tribution of PGPB. Deterministic processes more strongly drive
bacterial community assembly in acidic or alkaline soils, while
communities in neutral soils are dominated by stochastic as-
sembly processes (Tripathi et al. 2018). While most studies have
assessed the full microbial community, nitrogen-fixing prokary-
otic communities specifically have also previously been shown
to correlate with soil pH at a global scale (Sepp et al. 2023).
While soil pH may have a direct impact on bacterial cells, for
example, through its role in membrane-bound proton pumps
and protein stability (Booth 1985; Naz et al. 2022), interactions
between pH and other soil variables, including the effects it has
on the bioavailability of nutrients and heavy metals, may also
explain some of the patterns (Zhalnina et al. 2015; Brady and
Weil 2008). Indeed, it has been shown that the outcome of any
human-induced global change factor on the microbial commu-
nity was related to the impact that the variable had on pH (Zhou
et al. 2020). In our study, pH also differed significantly for all
pairwise comparisons among land uses, except for between in-
digenous and exotic plantation forests. Some of the differences
observed between land uses could be partly due to the impact
of soil pH on the PGPB communities. Statistically, the converse
could be true, whereby some of the impacts we can attribute to
pH might be larger outcomes of the differences among the land
uses. However, soil pH has previously been shown to explain
variation in the composition and diversity of rhizosphere micro-
bial communities, many of which would be considered PGPB
(Fan et al. 2017). Further, the activity of phosphorous solubilis-
ing PGPB is altered by soil pH, with more acidic soils resulting
in higher phosphorous concentrations in maize leaf tissues, in-
dicating increased activity from phosphorous solubilising PGPB
(Inagaki et al. 2015). It is, therefore, most likely that the relation-
ships observed in our study between soil pH and PGPB commu-
nity composition are driven at least partly by soil pH variation
among sites and land uses.

Unsurprisingly, the PGPB communities in this study, many of
which are directly or indirectly involved in making nutrients
available to plants, showed strong relationships with soil nutrient
content. This was true when assessing the PGPB in general, as
well as assessing variation in the beta-diversity of PGPB within
each land use. At global scales, nitrogen-fixing prokaryote di-
versity correlates with soil nitrogen content (Sepp et al. 2023).
The frequency that genes involved in soil nitrogen cycling are
detected in a sample is largely explained by soil carbon and ni-
trogen concentrations (Nelson et al. 2016). We have previously
shown that the abundance of the PGPB genus Bradyrhizobium
decreases with increasing Olsen P (biologically available phos-
phorus) (Hermans et al. 2017). In grasslands across the USA,
UK and South Africa, phosphorous solubilising bacteria reduce
in abundance with nitrogen addition. The soil carbon:phospho-
rous ratio was an important variable for explaining the varia-
tion in the abundance of these bacteria (Widdig et al. 2019). The
relationship between phosphorous-solubilising bacteria and soil

nutrients has also been demonstrated using culture-based meth-
ods targeting these bacteria (Janati et al. 2023). We observed the
amount of variation in composition of PGPB to be explained by
soil nutrients to a similar extent as the complete bacterial com-
munities. This is likely due to the strong general relationship
between soil bacteria and nutrients. For example, previously,
27% of the variability in rhizosphere bacterial communities,
many of which are likely to be PGPB, has been explained by
the soil chemistry alone; the C:N ratio of the soils was particu-
larly important (Ma et al. 2019). Human-driven changes in soil
nutrient content are also known to impact bacterial commu-
nities, with the addition of nitrogen and phosphorus fertilisers
resulting in a consistent shift of bacterial community composi-
tion and functional potential across global grassland sites (Leff
et al. 2015), and bacterial diversity and composition are strongly
driven by the ratio of carbon, nitrogen and phosphorus in the
soil (Delgado-Baquerizo et al. 2017). The relationship between
PGPB, soil nutrients and plant growth is, therefore, likely com-
plex and bidirectional; understanding these relationships is
crucial to harnessing the full potential of PGPB to support crop
growth.

This study took advantage of an existing dataset, which was ex-
tremely valuable due to the spatial scale covered, the number
of samples included and the soil metadata available. However,
the study is not without its limitations. The original study was
not conducted with PGPB in mind, so sampling procedures
were arguably not optimal for investigating these communities.
Importantly, the soil samples consisted of bulk soil, which in-
cluded plant roots and the rhizosphere. It has been shown that
rhizosphere soils contain very different microbial communities
than bulk soil, especially in terms of diversity, which decreases
with distance from the root (Fan et al. 2017). Further, the bacte-
ria living inside the roots, which are impacted by many factors,
including the surrounding soil environment (Gaiero et al. 2013)
could also have been captured by our sampling and DNA ex-
traction protocols. The response of microbial communities in the
rhizosphere and bulk soil to specific management practices such
as tilling is also known to vary (Yang et al. 2013). Since our study
sampled these community types simultaneously, some patterns
may have been missed due to combining these distinct commu-
nities at the sampling stage. However, since the soil surrounding
the rhizosphere can act as an important ‘source’ of rhizosphere
bacteria (Zarraonaindia et al. 2015), it is equally important to
understand how PGPB in this zone respond to land use and
environmental changes; further research to investigate these
communities simultaneously but separately could shed further
important insights. Additionally, we rely solely on literature-
based evidence for the plant-growth promoting properties of the
taxa we included in our research. While this evidence is robust,
and well documented (Orozco-Mosqueda et al. 2021), the re-
search could still benefit from validation through the applica-
tion of ‘omics methods (Singh et al. 2022) to confirm the activity
of the bacteria shows similar patterns to the taxonomic patterns
we observed.

It is increasingly being appreciated that biological data, such
as the composition of microbial communities, might serve as a
much more suitable predictor for soil health metrics than phys-
icochemical properties (Hermans, Buckley, Case, et al. 2020;
Wilhelm et al. 2022). Focussing these efforts on specific
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functional subgroups, such as PGPB, may ensure such moni-
toring efforts are optimal for predicting agriculturally import-
ant outcomes associated with soil health. The work presented
here provides strong evidence that directly or indirectly, PGPB
communities respond to the way we use our land. Exploring
these communities under more specific land management strat-
egies might highlight important ways they can indicate the
health and productive potential of our agricultural soils. Such
research would benefit from an experimental approach, which
would be a more effective way to establish causality (Shaffer
and Johnson 2008). Further, understanding which PGPB are
present in our soils, why they are there, and what they are
doing, builds the foundations for utilising these communities
in the future to improve plant growth and crop yield, especially
under environmental pertubations (Igiehon and Babalola 2018).
Understanding which conditions favour certain PGPB is vital
background knowledge for creating ‘microbial consortia’ that
can be applied to increase crop yield while having other positive
impacts like increasing carbon sequestration. PGPB are likely a
crucial component of increasing carbon sequestration through
increased utilisation of carbon for root growth while maintain-
ing or improving crop yield (Jansson et al. 2021).

Overall, the results here build an understanding of the inter-
play between how we use our soil, the physicochemical prop-
erties of those soils, and the PGPB communities present within
them. While PGPB showed some patterns similar to what has
been observed for microbial communities, such as their rela-
tionship with soil pH, other patterns were unique to this subset
of microbes. Given that the abundance and diversity of PGPB
are crucial for supporting and improving plant growth in pro-
ductive land uses, insights into factors that impact their distri-
bution can help optimise the microbial communities serving
this function.
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