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In the presence of limited phosphorus (P) in terrestrial ecosystems, exploring how land use change (LUC) affects
phosphatase enzyme activity and microbial communities is important for managing soil P, because microor-
ganisms carry out the majority of P cycling in the soil through producing phosphatase enzymes. In this study, we
explored the impact of LUC on P availability, phosphatase enzyme, the abundance of phosphatase-encoding
genes, and microorganisms. We collected 168 soil samples at soil depths of 0-20 cm and 20-40 cm from
seven sampling sites, each of which represented by four different land uses: artificial forests (AF), farmlands (FL),
natural forests (NF), and shrubland (SL). We analyzed phosphatase-encoding genes and microbes from meta-
genome datasets. Results indicated that P availability substantially increased following NF to FL conversion. In
contrast, phosphatase enzyme activity significantly decreases when NF is converted to different land uses, due to
the decline of soil organic carbon (SOC), moisture content (MC) and total nitrogen (TN). We have also detected
13 P solubilizing and mineralizing genes. The phoD and gcd were the dominant mineralizing and solubilizing
genes, respectively. Farmland had higher gcd gene abundance, while NF had significantly higher phoD gene
abundance. The gcd gene abundance were mainly governed by pH and total P, whereas pH and available P were
the primary factors controlling phoD gene. MC, SOC and TN regulated other genes detected in this study. With
regard to the dominant gcd-harboring phyla, Acidobacteria, Proteobacteria, Bacteroidetes and Gemmatimona-
detes were the dominant, while Proteobacteria, Acidobacteria, Actinobacteria, and Candidatus_Rokubacteria
were the dominant phoD-harboring phyla. The majority of gcd and phoD-harboring microorganisms were pri-
marily controlled by pH, available P and total P. However, some phyla also regulated by MC, SOC, and TN. In
general, our findings suggested that LUC significantly alters phosphatase enzymes and the abundance of
phosphate-encoding genes and microbes. These changes have significant implications for soil P cycling.

1. Introduction
The size and coverage of natural forests has diminished tremen-

dously for the last couple of decades (Bonan, 2008; Heino et al., 2015).
The loss in natural forests primarily attributed to the increased demand

* Corresponding authors.

E-mail addresses: pankw@cib.ac.cn (K. Pan), zhanglin@cib.ac.cn (L. Zhang).

1 Authors with equal contributions.

https://doi.org/10.1016/j.ecolind.2023.110416

for alternative land-use patterns such as urban and agricultural land
expansion and plantation forests (Busch and Ferretti-Gallon, 2017).
Conversion of natural forests to different land uses may alter land cover,
biota, and biogeochemical cycles. Previous studies on the effect of the
loss of natural forests have demonstrated that land-use change has an
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impact on soil physical, chemical and biological properties (McGrath
et al., 2001). Phosphorus (P) has been identified as an important
macronutrient for living organisms, however most of P is found in
insoluble forms, which limits plant and microbial growth (Vitousek
etal., 2010). Changes in land use pattern influence the chemical makeup
of distinct P species in soil and, thus their availability (Condron et al.,
2005). Losses of available P due to land use change (LUC) will reduce the
ecosystem’s productivity. Given the scarcity of P in terrestrial ecosys-
tems (Vitousek et al., 2010), understanding the effect of LUC on avail-
able P has paramount important to establish soil P management
strategies and increase land productivity. In addition, it is crucial to
examine the role of microorganisms in the facilitation of soil P cycle.

Previous studies by (Alori et al., 2017; Richardson and Simpson,
2011) identified that microorganisms can facilitate the bioavailable soil
P and have a substantial role on the soil P cycle. Phosphorus in soils can
occur in a variety of inorganic and organic forms that are difficult for
plants to absorb due to its high reactivity. As a result, the presence of
microbes appears to have a significant impact on the availability of a
more diversified metabolic capacities that increase the bioavailability of
various insoluble P forms in soils (Alori et al., 2017; Richardson and
Simpson, 2011). For example, phosphate solubilizing microorganism
(PSM) is a diverse group of microorganisms distributed among bacteria,
fungi, and archaea, and have the ability to convert recalcitrant P forms
into available P (Chen et al., 2006; Ragot et al., 2017). These organisms
are predominantly solubilizing inorganic P and mineralize organic P.
Organic P mineralization is essential to increasing P availability that is
easily absorbed by plants and microorganisms, because organic P con-
centration in soil accounts large proportion of total P (between 30 and
65%) (Condron et al., 2005). In this regard, regulating the function of
PSM is an effective method to manage soil P deficiency and improve soil
P availability (Sharma et al., 2013). Despite this, LUC may significantly
impact the abundance and composition of soil microorganisms. As
previous studies report, LUC has an impact on soil physical and chemical
properties via changing vegetation composition and other related at-
tributes (Tellen and Yerima, 2018). There are also substantial correla-
tions between soil conditions and various microbes (Hermans et al.,
2017). As a result, land-use change may put significant selection pres-
sure on the soil microbial community, leading to short-term adaptation
of present community members and, over time, a shift in community
composition toward species that are better adapted to the new envi-
ronment. There are several studies on the ecology of soil microorganisms
including role of microbial organisms to the soil biogeochemical cycle
(Merloti et al., 2019; Powlson et al., 2001) and effects of changing land
use and climate on soil microbial communities (Liu et al., 2022; van
Leeuwen et al., 2017). However, there is very scant information on the
influence of LUC on abundance of PSM. Therefore, investigating the
effects of LUC on PSM in soil populations is believed to have a crucial
role for establishing measures to ensure the sustainable productivity of
each land use.

Furthermore, PSMs influence the composition of P forms and are
important drivers of P transformation by producing extracellular phos-
phatase enzymes (Fraser et al., 2015b; Hu et al., 2020). Phosphatase
enzymes are classified into acid phosphatase (ACP) and alkaline phos-
phatase (ALP). Acid phosphatase is mostly produced by microbes and
plant root exudates, while ALP is mainly produced by microbes (Nan-
nipieri et al., 2011). Alkaline phosphatase is an essential enzyme that
hydrolyzes organic P in the soil to release available orthophosphate P for
plant and microbe utilization (Ragot et al., 2015). It is also crucial to
note that there are three genes that encodes ALP homologues (phoD,
phoA and phoX) that have been identified in terrestrial ecosystems
(Fraser et al., 2015b). In terms of abundance, phoD is identified as the
most abundant gene in the soil metagenome and is thought to be an
important ALP-encoding gene (Ragot et al., 2015; Tan et al., 2013). phoD
gene is also used as an important molecular marker to estimate the
abundance and community composition of the microorganisms involved
in organic P mineralization, and the abundance of the gene can be used
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to assess the activity of ALP (Hu et al., 2020, 2018). Similarly, inorganic
P solubilization is another way of increasing available P. Phosphate-
solubilizing microorganisms secrete organic acids (formic acid, glu-
conic acid, malic acid, citric acid, and oxalic acid) to dissolve insoluble
inorganic P (Alori et al., 2017; Richardson and Simpson, 2011). Among
them, gluconic acid is an important phosphoric acid that helps solubilize
insoluble inorganic P (Li et al., 2019). It is controlled by glucose dehy-
drogenase, a major enzyme involved in gluconic acid production and
encoded by gcd microbes (An et al., 2016). The gcd gene was proposed as
a molecular marker for studying the abundance and community
composition of the P-solubilizing microorganisms.

Previous findings revealed that environmental factors (land use type,
climate and pH) and agricultural managements have strong influences
on phosphatase enzyme activities and diversity of phosphatase
harboring microorganisms (Fraser et al., 2015a; Neal et al., 2017; Ragot
etal., 2017). For example, when forest lands are converted to other land
use the soil microclimate and soil properties are altered (Anamulai et al.,
2019). Soil microclimates have such a strong influence on microbial
populations and root growth, which are the most important enzyme
producers in the soil systems, this leads to a change in the soil enzyme
activities. Soil enzymes produced by microbes strongly correlates with
soil properties including pH, moisture content and soil organic matter,
etc. (Blonska et al., 2017). A change in soil organic matter will have a
substantial effect on soil enzymes produced by microbes since it pro-
vides substrates and energy for enzyme-producing microbes (Zhang
et al., 2020). pH in soil is also a determinant factor especially for
phosphatase since it regulates the extent and type of their activities
(Dick et al., 2000). In addition, several studies demonstrated that
changes in pH, SOC, available P and total N as a result of climate change,
soil management and land use have a substantial impact on the diversity
and composition of phosphatase-harboring microorganisms as well as
the genes abundance that express phosphatase in the soil (Fraser et al.,
2015a; Neal et al., 2017; Ragot et al., 2017; Tan et al., 2013). For
instance, Neal et al. (2017) found that land use type (grassland, arable
and bare fallow) has shown a clear difference on the compositions and
diversity of microorganisms which involved in soil P cycling and some
functional genes including phosphatase and phytase genes. However, it
is unclear whether converting natural forest to other land use has sig-
nificant effect on phosphatase-encoding genes and phosphatase
harboring microbes involved in P cycling, especially in highly experi-
enced LUC areas such as Qinghai Tibetan plateau, China. Therefore,
examining the effect of LUC on phosphatase enzyme activity, the
abundance of genes encoding phosphatase enzymes and phosphatase-
harboring microbes is important to generate meaningful information
on the influence of LUC on P cycling.

The Qinghai-Tibetan Plateau (QTP), often referred to as the world
third pole, is the highest plateau on Earth, with an average elevation
around 4000 m above sea level (Hao et al., 2021). The plateau is esti-
mated to cover up to 2.5 million km?, or 25% of all China’s land area
(Hao et al., 2021). The largest elevation gradient in the region increases
habitat heterogeneity while serving as a crucial support for a diverse
range of flora and fauna. The region’s ecosystem is fragile, and it is
especially sensitive to environmental change brought on by climate
changes and human activities (Pan et al., 2017; Wischnewski et al.,
2011). According to Wang et al. (2008) a massive increase in human
activity in the region have had a significant impact on LUC. Deforesta-
tion has taken place in this area over the past 60 years due to logging
(Studley, 1999), which has reduced the function and services of the
natural forest ecosystems (Hu et al., 2008). Moreover, most of the
degraded forest areas have been converted into artificial forest (He et al.,
2017), farmland and shrublands (Wang et al., 2019), which may have a
substantial effect on soil ecosystems. Because LUC have an effect on the
vegetation type and inputs, which in turn modifies the nutrients in the
soil (Wu et al., 2020). Soil microbes also provide a vital link between
soils and plants, which is crucial for maintaining the functioning of the
ecosystems (Chen et al., 2019). On the other hand, it is widely
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recognized that soil properties including moisture content, pH, soil
organic carbon and nitrogen have substantial effect on the diversity and
composition of soil microorganisms. Numerous studies so far have
studied the effects of LUC on soil C and N stock (Justine et al., 2020), P
fractions (Azene et al., 2022), and diversity and community composition
of microorganisms (Luo et al., 2020) in the Tibetan plateau. Nonethe-
less, to the best understanding of researcher of this study, there is no
study that has been conducted on the influence of LUC on the abundance
of phosphatase-encoding genes and phosphatase-harboring microor-
ganisms. A better understanding how changes in land use affect
phosphatase-encoding genes, phosphatase-harboring microbes, and
phosphatase activity will improve future soil P management. With its
distinctive nature of vegetation, altitude and soil, the QTP is a prime
location to study the effects of LUC on P availability, phosphatase
enzyme activity, abundance of phosphatase encoding genes and
microorganisms.

Therefore, the present study aims; to assess the response of soil P
availability and phosphatase enzyme activity to LUC; to quantify the
influence of LUC on the abundance of genes which involved in P
mineralization and solubilization process; to examine the effect of LUC
on the abundance of phosphatase harboring microorganisms; and to
determines the main environmental factors explaining the shifts in PSM
abundance. We hypothesized that 1) Soil P availability and enzyme
activity will decrease as NF is converted to other land uses due to decline
of organic material inputs. 2) Land use change, which is a significant
factor in changing microorganisms, will have an effect on the abundance
of phosphatase encoding genes and phosphatase harboring microor-
ganisms. 3) Soil pH and P content will be a key factor affecting the
abundance of phosphatase encoding genes and phosphatase harboring
microorganisms.

2. Material and methods
2.1. Study site and sampling

The study sites are situated in Songpan county (32° 06'-33° 09’ N

102°47'0"E
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and 102° 38'-104° 15’ E), Sichuan province, Southwest China (Fig. 1).
The area experiences alpine climate with cold winter and hot summer.
The area’s annual average temperature is 2.8 °C. Annual rainfall of the
area is approximately 718 mm, with more than 72% of it falling between
June to August (Shi et al., 2010).

For this study, soil samples were taken at the end of June 2021 from
seven sites; Each site was represented by four adjacent land uses types
including artificial forest (AF), farmland (FL), natural forest (NF) and
shrublands (SL). In each land use, three replicated 20 m x 20 m main
plots were established with five subplots (1 m x 1 m) in the four corners
and the center of the main plot. Soil samples were taken from the center
of the subplots at a depth of 0-20 cm and 20-40 cm using a soil auger.
Soil samples taken from the similar layers at each plot were thoroughly
mixed to make one composite sample for each soil layer. In total, 168
samples were collected from seven sampling sites, four land use types,
three replications and two soil depths. The composited soils samples
were further split into two parts; one of which was used to measure the
soil moisture content, enzyme activities, phosphatase encoding genes
and microorganism. The remaining soil part was air dried, removed the
plant debris, and stones, sieved through 2 mm and then used to deter-
mine the soil physicochemical properties. For this study, data such as
moisture content (MC), pH, total nitrogen (total N), soil organic carbon
(SOQ), and total P were used from our published paper (Azene et al.,
2022).

2.2. Determination of available P

Available P was measured from the soil in a 1:20 ratio with a 0.5 M
NaHCOgs (the solution pH was 8.5) solution and after shaking for 30 min
(Olsen et al., 1954). The concentration of available P was determined
after filtering the solution through filter paper using a blue molybdate
method and a spectrophotometer set to 700 nm (Murphy and Riley,
1962).
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2.3. Analysis of acid and alkaline phosphatase

Acid (ACP) and alkaline phosphatase (ALP) enzymes were measured
using para-nitrophenyl phosphate (pNPP) as a substrate according to
Tabatabai and Bremner (1969) method, which was later improved by
Eivazi and Tabatabai (1977). Briefly, a 0.2 g of moist soil was taken for
each sample and incubated using a modified universal buffer solution
(for acid phosphatase assay at a pH of 6.5 and for alkaline phosphatase
assay at pH 11) with a 0.115 M para-nitrophenyl phosphate (pNPP)
substrate at 37°C for 1 h. Then we stopped the process by adding solu-
tion (0.5 M CaCl, and 0.5 M NaOH) to the flask and spinning it for a few
seconds. We also added deionized water to dilute the sample solutions
and the soil suspension, and it was filtered to eliminate any possible
precipitates. A spectrophotometer was used to measure phosphatase
enzyme activity (at wavelengths of 400 nm). Finally, the activity of acid
and alkaline phosphatase was reported as pg pNP per gram of dry soil
and incubation time (h).

2.4. DNA extraction and metagenomic sequencing

Three replicates of each soil sample were used to extract DNA using
FastDNA® Spin Kit for Soil (MP Biomedicals, USA) following the man-
ufacturer’s instructions. A 1% agarose gel electrophoresis was used to
evaluate isolated DNA quality. For further analysis, all DNA samples
were kept at —20 °C.

About 1 pg of qualified DNA from each soil sample was used for li-
brary building and sequencing on an I[llumina NovaSeq 6000 platform
(Majorbio, Shanghai, China) using the PE150 by metagenomic shotgun
techniques (Mantri et al., 2021).

Low-quality raw reads were clipped, to ensure the quality of data.
The 3’ and 5’ adapter sequences were trimmed using the Fastp software
(v0.20.0) and reads less than 50 bp or containing N were removed
(ambiguous bases). single-end reads, and pair-end reads of excellent
quality were kept. Clean reads were then combined using MEGAHIT
software (v1.1.2) (Li et al., 2016). The ORF of contigs was predicted
using MetaGene software. For each sample, genes with nucleic acids
greater than or equal to 100 bp were chosen and translated into amino
acid sequences to construct a statistical table of the results of gene
prediction. A non-redundant ORF set was constructed using the CD-HIT
software (v4.6.1) based on the parameters (90% coverage and 90%
identity were the default parameters) (Li and Godzik, 2006). The longest
gene in each class used as the model sequence for generating a non-
redundant gene. Finally, SOAPaligner (soap2.21 release, identity 95%)
was used to align each sample’s high-quality reads to its non-redundant
ORFs and then calculated the abundance of genes in each sample.

2.5. Analysis of the abundance of P mineralizing and solubilizing genes
and microbes

The soil microbial organic P-mineralization and inorganic P-solubi-
lization genes were collected from datasets based on earlier studies
(Bergkemper et al., 2016; Fraser et al., 2015b; Puehringer et al., 2008).
Gene names, classifications and functions related to P cycling are listed
in Table S1. DIAMOND was used to allocate predicted gene sequences
from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database
against the NCBI non-redundant protein sequences database in order to
determine the taxonomic assignments of specific genes (Buchfink et al.,
2014). The total relative abundance of dominant species, key pathways,
and functional genes between samples was calculated using the pro-
portion of matched reads per kilobase million in the total effective reads
per kilobase million.

2.6. Data analysis

Statistical analysis was performing using IBM SPSS version 26 (Yang
and Lu, 2022). All data were checked for normality. However, the test
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for normality assumption has failed even after data transformations. As a
result, we used Kruskal-Wallis analyses to assess the effects of LUC on
soil P availability, phosphatase enzyme activities, phosphatase encoding
genes and microorganisms. We have also applied Mann-Whitney U to
test differences in available P and phosphatase enzyme activity between
soil depths. Spearman correlation was performed to see the relation
between phosphatase enzyme activity and soil properties.

To evaluate the relations between soil properties, the abundance of
phosphatase-encoding genes, and phosphatase-harboring microorgan-
isms, we performed redundancy analysis (RDA) using Canoco version
5.0 (the length of the first DCA axis of the data was <1 standard devi-
ation). Finally, GraphPad Prism 9 software and excel were used to create
graphs and significance difference was set at p < 0.05.

3. Result
3.1. Soil phosphorus availability and phosphatase enzyme activities

Soil available P differed significantly among land uses and soil depth
(p < 0.05) (Fig. 2). Available P was significantly increased after con-
version of NF to FL in both soil depths (41.10 mg kg™!, 0-20 cm, and
23.58 mg kg~ !, 20-40 cm) (Fig. 2). Similarly, the top layer (0-20 cm) of
the FL soil had much higher available P than the bottom layer (20-40
cm). However, conversion of NF to AF and SL land had no significant
effect on available P (Fig. 2).

The activity of ACP significantly decreased following land use
changes from NF to FL and from NF to SL soils in both soil depths, while
ALP activity significantly decreased after converting NF to FL soil at
0-20 cm soil depth (Fig. 3, Table S2). The maximum ACP and ALP ac-
tivities were found in the NF soil (1668.80 and 1152.40 ug p-NP g~ ! dry
soil h™! in 0-20 cm, respectively), whereas FL and AF soils had the
lowest ACP and ALP, respectively (Fig. 2, Table S2). Similarly, ACP and
ALP activities decreased significantly with increasing soil depths in AF,
NF and SL soils (p < 0.05), whereas there was no difference in FL soils (p
< 0.05) (Table S2). Generally, FL soils have the lowest amount of ACP
and ALP, while NF soils had the highest amount in the 0-40 cm soil
depths (Table S2). The activity of ACP and ALP enzymes decreased in
these orders due to land use change; NF < AF < SL < FL and FL < AF <
SL < NF, in 0-40 cm, respectively (Table S2).
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Fig. 2. The concentration of available phosphorus in four land use types at
0-20 and 20-40 cm soil depths. Data represents the sample mean values (n =
21). Significant difference among land uses is represented by different lower-
case letters (p < 0.05). Asterisk (*) denote statistically significant difference
between soil depths within the same land use type. Note: AF: artificial forest,
FL: farmland, NF: natural forest, SL: shrubland.
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Fig. 3. The amount of acid (a) and alkaline (b) phosphate at 0-20 and 20-40 cm soil depth in four land uses. Data represent the sample mean values (n = 21).
Significant difference among land uses is represented by different lowercase letters (p < 0.05). Asterisks (*) denote statistically significant difference between soil
depths within the same land use type. Note: AF: artificial forest, FL: farmland, NF: natural forest, SL: shrubland.

3.2. Abundance of genes and microbes involved in P mineralization and
solubilization

The total relative abundance of genes in the sampled soils to P
mineralizing and solubilizing were displayed in Fig. 4. Totally, 13 P
solubilizing and mineralizing genes (gcd, ppa, pqqA, pqqB, pqqC, pqqD,
PqqE, phoA, phoD, phoX, phoN, aphA, and olpA) were detected in the
study area. The results also showed that gcd and ppa genes were signif-
icantly higher relative abundance in FL soil as compared to NF and AF
soil, while phoA, phoD and phoN genes were significantly higher relative
abundance in NF followed by AF soils compared to other land uses (p <

K00117 (gcd)
K01507 (ppa) *kk
K06135 (pqqA)

K06136 (pgqB)

*kk

K06137 (pqqC) | exs = NF
K06138 (pqqD) B AF

m FL
K06139 (pqqE) | sas —

K01077 (phoA)

K01113 (phoD)

* %k
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K07093 (phoX)
K09474 (phoN) & | .

K03788 (aphA)

K01078 (olpA)

T T T 1
0.02 0.04 0.06 0.08

Relative abundance of genes (%)

0.00

Fig. 4. The total relative abundance of P mineralizing and solubilizing
encoding genes in four land uses at 0-20 cm soil depths. Statistically significant
differences in the total relative abundance of genes among land uses are
determined at p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and ns indicates no
significance.

0.05). In addition, pqqB, pqqC, pqqD and pqqE encoding genes were
substantially higher in NF in comparison with FL soil (p < 0.05) (Fig. 4).
The most abundant P solubilizing and mineralizing genes were gcd and
phoD, respectively, while the lowest abundant genes in this study were
PqqA and olpA encoding genes (Fig. 4).

Moreover, the taxonomic distribution of P solubilizing and miner-
alizing harboring microbes at the phylum level are presented in Fig. 5. In
all land uses, we found 20 gcd-harboring phyla, 36 ppa-harboring phyla,
one pqqA-harboring phylum, 13 pggB-harboring phyla, 14 pqqC-
harboring phyla, eight pggD-harboring phyla and nine pqqE -harboring
phyla, 20 phoD-harboring phyla, 14 phoA- harboring phyla, 19 phoX-
phyla, five phoN-harboring phyla, two aphA-harboring phyla and two
olpA-harboring phyla (Table S3). The dominant phyla that harbored the
gcd gene were Acidobacteria and Proteobacteria, accounting for 59.13%
and 27.34%, respectively, while the dominant phoA-harboring phyla
were Proteobacteria 50.55%, Verrucomicrobia (21.42%) and Actino-
bacteria (14.73%). The dominant phoD harboring phyla were Proteo-
bacteria (52.42%), Actinobacteria (22.33%) and Acidobacteria
(10.49%). Similarly, the dominant phoX-harboring phyla were Proteo-
bacteria and Actinobacteria, while for aphA-harboring phyla were
Proteobacteria and Actinobacteria. The dominant pqqB, pqqC, pqqD and
PqqE harboring phylum were Proteobacteria, Actinobacteria, Candida-
tus_Rokubacteria, Verrucomicrobia and Acidobacteria (Fig. 5).

3.3. Effect of land use change on dominant genes (gcd and phoD)
harboring microorganisms

The result indicated that the relative abundance of Acidobacteria
phylum was significantly higher in SL and FL soils, while the relative
abundances of Proteobacteria and Candidatus_Rokubacteria phyla were
significantly higher in the NF and AF soils (p < 0.001) (Fig. 6). More-
over, the relative abundances of microorganisms that harbor gcd genes,
such as Bacteroidetes, Gemmatimonadetes, Verrucomicrobia, Thau-
marchaeota and Planctomycetes phyla were significantly higher in FL
soils (p < 0.01) (Fig. 6a). Similarly, among phoD harboring microbes,
Actinobacteria, Cyanobacteria, Firmicutes and Nitrospirae were signif-
icantly higher relative abundance in FL soils (p < 0.01) (Fig. 6b).

Results also demonstrated that the relative abundance of dominant
gcd-harboring Acidobacteria increased after converting NF (51.75%) to
AF (52.94%), FL (63.91%), and SL (67.91%) soils, while the relative
abundance of Proteobacteria decreased after converting NF (37.53%) to
AF (34.35%), FL (17.91%), and SL (19.55%) soils (Fig. 7) Similarly, the
relative abundance of the dominant phoD harboring Proteobacteria
decreased following conversion of NF to FL, AF and SL, while the rela-
tive abundance of Actinobacteria increased after conversion of NF
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Fig. 5. Taxonomic composition of phosphorus solubilizing and mineralizing functional genes based on the metagenomic datasets in all land uses.

(19.20%) to AF (21.39%), FL (25.00%) and SL (23.70%) (Fig. 7).

3.4. Relation between phosphatase enzymes and microbial genes with soil
properties

The correlation analysis indicated that a substantial positive rela-
tionship was found between soil phosphatase enzymes and MC (r = 0.89
with ACP, r = 0.70 with ALP), SOC (r = 0.70 with ACP r = 0.71 with
ALP), Total N (r = 0.65 with ACP, r = 0.69 with ALP) (p < 0.01)
(Table 1). ACP activity had a negative correlation with pH, available P
and total P (p < 0.01), while ALP had a negative relation with available
P (p < 0.05) (Table 1).

The RDA analysis between P mineralization and solubilization genes,
as well as gcd and phoD-harboring microorganisms with soil properties
are displayed in Fig. 8. The analysis between P mineralization and sol-
ubilization genes with soil properties indicated that 67.25% of total
variations were explained in the two RDA axes (Fig. 8a). The first and
second axes accounted 57.49% and 9.76% of the total variation,
respectively. The gcd and ppa encoding genes had positive relation with
soil pH, total P and available P, but negative relation with MC, SOC, total
N, ACP and ALP. Similarly, phoD gene shows a positive relationship with
soil pH and ALP and a negative correlation with available P. The phoX
gene also had positive relation with pH and total P. Other genes found in
this study have positive correlations with MC, SOC, total N, ACP and ALP
but have negative relation with pH, total P and available P (Fig. 8a).
Moreover, the RDA result between gcd and phoD-harboring microbes
and soil properties showed that the first axis explained 51.88% and
40.59% of variations in the gcd and phoD microbial communities, while
7.95% and 12.47% were explained in the second axis, respectively
(Fig. 8b,c). The effect of selected soil properties on gcd and phoD-
harboring microorganisms were similar. The majority of the PSM com-
munities were strongly positively correlated with pH, available P and
total P. Similarly, other soil properties such as MC, SOC, total N, ACP
and ALP strongly correlated with some of the PSM communities,
including Proteobacteria, Candidatus Rokubacteria, Firmicutes and
Chloroflexi.

4. Discussion

4.1. Response of soil available phosphorus and phosphatase enzyme
activity to land use change

Understanding the effect of land use change on available P could
facilitate sustainable land management and productivity. Land use
change has been demonstrated to have a considerable impact on the
amount of total P and the proportion of its bioavailability (Liu et al.,
2018). For instance, several studies demonstrated that when natural
forests were converted to other land uses, changes in the composition of
the vegetation and organic material inputs resulted in a reduction in the
availability of P (Solomon et al., 2002). Conversely, in this study, con-
version of NF to FL soil significantly increases the availability of P
(Fig. 2), this could be due to the use of chemical fertilizers on farmland
soil (Wang and Zhang, 2019). According to Liu et al. (2018), chemical
fertilizer application in croplands results in additional P accumulating in
these ecosystems, leading to increased available and total P in croplands
compared to other land uses. Similar results have also been reported on
the regional scale, particularly in China and Europe, where the use of
chemical fertilizer in agricultural areas has been higher (Viscarra Rossel
and Bui, 2016; Zhang et al., 2020). The other reason could be the higher
abundance of the gcd and ppa genes in FL soils (Fig. 4), which solubilizes
inorganic P to available P. Therefore, our findings suggested that
applying chemical fertilizers or a higher abundance of gcd or ppa-
encoding genes in specific land use would considerably improve the
amount of available P.

Furthermore, soil enzymes are well known to be a good sign of soil
quality (Karaca et al., 2010); thus, understanding the effect of LUC on
soil enzyme activities is critical to maintaining soil fertility. Earlier
studies have found that changes in land use have a significant impact on
the activity of soil enzymes by altering soil physicochemical and bio-
logical properties (Wang et al., 2012). Similarly, changes in land use
affect the habitat characteristics, which has an effect on the activity of
the soil enzymes and related microorganisms. Among others, acid and
alkaline phosphatases are commonly used enzymes to evaluate the
change of soil qualities (Trasar-Cepeda et al., 2008). Consistence with
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abundance of each phylum among land uses (* p < 0.05; **p < 0.01;

our hypothesis, the activity of phosphatase enzymes decreased following
conversion of NF to AF, FL and SL (Fig. 3). The most likely cause of the
decrease in soil enzyme activities was a reduction in litter inputs, soil
organic matter, and a change in soil microclimates (Raiesi and Beheshti,
2014). The amount of soil organic matter in soil regulate phosphatase
enzyme activity (Margalef et al., 2017). This argument is supported by
the strong positive association between phosphatase enzyme activity
and MC, SOC, and TN (Table 1). This implies that the reduction of MC,

* p < 0.001 and ns indicates no significance.

SOC, and TN content following NF conversion to other land uses may
reduce microbial activity, resulting in a decrease in phosphatase enzyme
secretion. Moreover, converting natural forest to other land use increase
soil disturbance, which reduces the activity of soil enzyme (De Barros
et al., 2020). According to Meena and Rao (2021), the availability of
microbial substrates is limited in disturbed soils, which lowers the ac-
tivity of soil enzymes. This suggested that the limited supply of nutrients
after converting NF to other land uses may stress microbes’ ability to
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Table 1
Correlation between phosphatase enzyme activity and selected soil properties at
0-20 cm soil depth.

Soil property  pH MC SOC Total N Available P Total P
ACP -0.56" 0.89” 0.70" 0.65" -0.38" —0.37""
ALP 0.05 070" 071"  0.69" —0.26% —0.01

Note: SOC: soil organic carbon; MC: moisture content; Total N: Total nitrogen;
Total P: Total Phosphorus; ACP: acid phosphatase; ALP: Alkaline phosphatase.
Asterix’s represents the degree of significance level (* p < 0.05and ** p < 0.01).

produce enzymes compared to NF soils. Another explanation may be P
deficient sites are stimulated by phosphate-harboring microbes to
generate and secrete phosphate enzymes that mineralize organic P into
available P (Bergkemper et al., 2016). Fraser et al. (2015b) also noted
that the production of ALP could be promoted by bacteria in low
available P sites because phosphate deficiency may stimulate the
phosphate starvation regulon, which is made up of numerous genes
involved in AP uptake and delivery. This result is supported by the
positive association between ALP and alkaline phosphate genes (phoA
and phoD) (Fig. 8a) and the negative correlation between phosphate
enzymes and available P (Table 1).

Soil pH is another important factor affecting phosphatase enzyme
activities (Dick et al., 2000). A significant negative correlation between
ACP and pH could reduce the acid phosphatase level in AF, FL and SL
soils because they have slightly higher pH values than NF soil (Azene
et al., 2022). This finding is in agreement with (Dick et al., 2000), who
found that ACP decreases with increasing pH. In this study, the level of
ACP activity was higher than ALP activities in NF and AF soil due to the
acidic nature of the soil studied (Fig. 3a), implying that ACP has more
prevalent than ALP in acidic soil. Our findings also revealed that phos-
phatase enzyme activities decreased with increasing soil depth (Fig. 3).

The decrease in enzyme activity is due the loss of organic matter as soil
depth increases (Venkatesan and Senthurpandian, 2006). For example,
the higher level of phosphatase activity in 0-20 cm could be attributed
to a higher amount of soil nutrients (SOC and TN) and MC, which in-
creases microbe activity to secret enzymes. However, the reduction of
soil nutrients (SOC and TN) in the 20-40 cm soil depth could reduce
microbe activity, resulting in a decrease in phosphatase activity. Over-
all, our result suggested that land use conversion from natural forest to
others decreases the level of phosphatase enzyme activity by altering
MC, SOC and total N in the Qinghai-Tibetan Plateau. In addition, the
level of phosphatase enzyme activity decreases with increasing soil
depth due to changes in MC, SOC and TN.

4.2. Land use change affect soil P solubilizing and mineralizing genes

Exploring the effect of land use change on some specific microbial
functional groups may provide insights into potential influences on the
processes carried out by those groups. Microbial groups involved in P
cycling are particularly interesting due to their importance in ecosystem
maintenance. In this study, we assessed how the abundance of P
mineralizing and solubilizing genes responded to land use change. Our
result indicated that 13 P solubilizing and mineralizing genes were
found in all land uses, and that land uses had a significant effect on all
genes, with the exception of pqqA, phoX, aphA and olpA genes (Fig. 4). In
terms of P-solubilization, the gcd gene was stood out among them the
most dominant gene. This gene is the most prevalent phosphatase sol-
ubilizing gene in terrestrial ecosystems (Liang et al., 2020), and used as a
molecular marker to investigate the abundance and diversity of micro-
organisms involved in inorganic P solubilization process (Bergkemper
et al., 2016; Liang et al., 2020). However, different factors such as soil
properties, land use, and soil management have a substantial impact on
its abundance (Siles et al., 2022; Yang and Lu, 2022). Our finding



B. Azene et al.

Ecological Indicators 153 (2023) 110416

«
0 (=] Verrucomicrobia
o
. ©o .
© Available P o Available P
(=]
< )
3 o
\? =) ppa - Chloroflexi
S N
(1] o~ A f: N Proteobacteria A Gemmatimon Lf.‘sF trmicutes
| S < [=] Bacteroidgtes -
=) o Euryariliugets Nifrospirae
s ' ACP nmaygharotn e .
- Total P No "= Total P
N c. - : [ e VL R COTOTTYCE = ..wmm, S—
- o < MC =70 O erininicrobia Afido!mcteria
= o goed <+ phoN pggD (3] N Ignavibactériae
Q acpl €N Total N RYQCIonTpTeeles
Y o~ ACP a =
< B | o S0C N Actinobacteria
< Unclassified_Bacterie\ Chlorebi
g MC °, ALP
1 Total N PQYE Candidatus_Rokubacteria
o
g pho = Cyanobacteria
v pH ALP  phoA !
phoD ©
@ iy pH
c []
]
a-1.0 0.5 0.0 0.5 1.0 ¢-1.0 0.5 0.0 0.5 1.0
RDA 1 (57.49%) RDA 1 (40.59%)
©
o Available P
g Verrucomicrobia Proteobacteria
Bacteroidetes  GeMgtimegadetes
— N
Xo
e} Planctomycetes Firmi
irmiciutes
NE=: N Acr
~o T
: " | Thaumarchacota /‘_:7 by ,\\\
Total . / - MC
< g ghlomﬂa\' yenobackeria Candid ﬂtu.'_R{J]mb‘aclc'ri(
a-c- Euryarch / .. Nitrospirae Total N SOC
[ Balneolaeotd Candidatus Marinimiciobia
5 Candidatus_Poriba Unclassified Bacteria
Rhodothermaeoig
Eylaryota
© Acidobacteria
= ALP
pH
©
L ' - . +
b-1.0 -0.5 0.0 0.5 1.0

RDA 1 (51.88%)

Fig. 8. RDA plot analysis between the relative abundance of phosphorus solubilizing and mineralizing genes (a), gcd (b) and phoD (C) harboring microbes with
selected soil properties. Note: Available P; available phosphorus; MC, moisture content; SOC, soil organic carbon; Total N, total nitrogen; ACP, acid phosphatase; ALP,

alkaline phosphatase.

revealed that the gcd gene’s relative abundance increased significantly
after the conversion of NF to FL soils (Fig. 4). The higher gcd gene
abundance in the FL soil could be due to the greater amount of soil pH
and total P, which was supported by the strong correlation between gcd
gene abundance and concentration of soil pH and total P (Fig. 8a). Liang
et al. (2020) reported that the gcd gene is more prevalent in P-rich soils.
As a result, the higher P content in FL soil may help in the growth of the
gcd-harboring microbes, which results in an increase in the gcd gene
abundance.

Moreover, previous studies have suggested that inorganic P solubi-
lization is an important process in soil P cycling in inorganic P-con-
taining soils (Bergkemper et al., 2016). In this regard, we can conclude
that the gcd gene contributes more to P availability by solubilizing
inorganic P in P-dominated lands. On the other hand, phoD was the
dominant P mineralizing gene in the study area (Fig. 4), most likely due
to its strong correlation with pH. Soil pH was the key factor controlling
the abundance and composition of phoD-harboring microbes (Hu et al.,
2018; Ragot et al., 2015), which in turn affects the phoD gene abun-
dance. In addition, our result indicated that the NF had significantly

higher relative abundance of phoD gene compared to FL soil, probably
due to the lower concentration of available P, which is confirmed by the
negative correlation between them (Fig. 8a). Several studies have found
that the phoD gene is influenced by the level of P in the soil (Fraser et al.,
2015a; Hu et al., 2018). For example, when P is scarce, microbes can
enhance the expression of particular functional phosphatase genes such
as phoD gene (Vershinina and Znamenskaya, 2002). Similarly, the
abundance of genes encoding phoA, phoN, pqqB, pqqC, pqqD, and pqqE in
NF soils was significantly higher than in FL soils (Fig. 4). The most likely
explanation for this finding is a higher concentration of MC, SOC, and
TN in NF, which is supported by the positive correlation between the
aforementioned genes and soil properties (Fig. 8a). Similar studies also
found that the abundance of P mineralizing and solubilizing genes are
mostly influenced by SOC, MC and total N in terrestrial ecosystems
(Chen et al., 2021; Nahas, 2007; Ragot et al., 2015). In general, our
findings suggested that P solubilizing and mineralizing genes signifi-
cantly influenced by land use change, but the effect is mostly determined
by soil pH and level of P condition.
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4.3. Abundance of gcd and phoD-harboring microorganisms

The gcd and phoD gene are mostly found in soil microorganisms
belonging to the bacterial phyla Acidobacteria, Proteobacteria, Actino-
bacteria, Candidatus_Rokubacteria, Gemmatimonadetes and Verruco-
microbia (Liang et al., 2020; Luo et al., 2017; Tan et al., 2013; Zhao
etal., 2022), which is in agreement with our findings (Fig. 5). As a result,
our findings suggested that changing environmental conditions had no
significant impact on the dominance of the gcd and phoD-harboring
phyla.

Although gcd and phoD-harboring microbes have been studied in
different environmental contexts (Fraser et al., 2015a; Liang et al., 2020;
Ragot et al., 2017; Zhao et al., 2022), it is unclear how changing NF to
other land use may affect these vital microorganisms. In this study, we
hypothesized that land use change will modify the abundance of gcd and
phoD-harbor microbes by altering different soil physicochemical prop-
erties. The results confirmed our hypothesis that the relative abundance
of microorganisms that harboring gecd and phoD was significantly
affected by land use changes (Fig. 6). For example, the total relative
abundance of Acidobacteria phylum considerably increased after con-
version of NF to SL and FL soil (Fig. 6). The main reason for the greater
abundance of Acidobacteria phylum in SL and FL was due to the higher
amount of soil pH, which was confirmed by the strong relationship be-
tween the abundance of Acidobacteria and pH (Fig. 8bc). According to
earlier researches, pH is a key determining factor for the abundance and
composition of gcd and phoD-harboring microorganisms in different
ecosystems (Hu et al., 2018; Ragot et al., 2015). Moreover, the total
relative abundance of Gemmatimonadetes, Bacteroidetes, Verrucomi-
crobia, Planctomycetes and Thaumarchaeota phyla which harbor the
gcd gene was significantly increased following converting NF to FL.

Similarly, Actinobacteria, Cyanobacteria, Firmicutes and Nitrospirae
phyla which harbor phoD gene were significantly increased after the
conversion of NF to FL soil. These could be due to the higher content of
pH, available P, and total P in FL soils. This finding is supported by the
significant correlation between the abundance of the above-mentioned
gcd and phoD-harboring microorganism and pH, available P, and total
P (Fig. 8bc). Several studies conducted in various ecosystems proved
that pH, total P and available P are the key factors to shift the compo-
sition and abundance of gcd and phoD-harboring microbes (Hu et al.,
2018; Ragot et al., 2015). On the other hand, the abundance of Pro-
teobacteria and Candidatus_Rokubacteria phyla considerably decreases
after a LUC from NF to FL soil. The possible reason for the decline of the
abundance of these phyla was due to the decline of SOC, MC and total N.
The result is confirmed by the strong correlation between Proteobacteria
and Candidatus_Rokubacteria phyla and SOC, MC and total N, inferring
that the lowest amount of MC, SOC and TN after conversion of NF to FL
soil could explain this change. In this study, pH, total P and available P
were the key environmental drivers of the abundance of the majority of
gecd- and phoD-harboring microorganisms, whereas some of the domi-
nant phyla such as Proteobacteria and Candidatus_Rokubacteria were
substantially controlled by MC, SOC and TN. Generally, our findings
suggest that pH, MC, available P, SOC, total P and total N are significant
factors for shifting the abundance of phosphatase microbial organisms in
the soil ecosystems.

4.4. The relation between phosphatase activity, gene abundance and soil
properties

The correlation and RDA analysis demonstrated that selected soil
properties had a substantial correlation with phosphatase enzyme ac-
tivities, the abundance of genes and microorganisms (Table 1, Fig. 8).
For example, phosphatase enzyme activities had a positive correlation
with MC, SOC and total N, indicating that high content of MC, SOC and
total N can stimulate the growth of microorganisms, which in turn in-
creases the release of phosphatase enzymes. Moisture content, SOC and
total N have strong association with the phosphatase enzyme activities
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(Dick et al., 1988; Saha et al., 2008; Sardans et al., 2006). On the other
hand, phosphatase enzymes had a negative correlation with available P,
indicating that the level of available P inhibited phosphatase enzyme
production. Many studies concur with our findings, which show that
sites with more available P suppressed the production of phosphate
enzymes (Fraser et al., 2015b, 2015a; Nannipieri et al., 2011; Zhang
et al., 2012).

Similarly, soil pH had a negative correlation with ACP activity,
implying that ACP activity is more prevalent in low pH soil or acidic soil
(Dick et al., 2000; Nannipieri et al., 2011). Moreover, the gcd encoding
gene had a positive association with pH and total P, while it had a
negative correlation with MC, SOC, TN, ALP and ACP (Fig. 8a). This
could be because the gcd gene is a known P solubilizer that thrives under
P-rich soils (Liang et al., 2020). In our study, FL soils had higher gcd gene
abundance due to higher soil pH and P content. As a result, our findings
suggested that soil pH and P level are the primary regulators of gcd gene
abundance. Similarly, abundance of phoD gene had a positive relation
with soil pH, which is the primary factor controlling the phoD gene
abundance in the terrestrial ecosystems (Hu et al., 2018; Ragot et al.,
2015). In addition, inconsistent results were reported in the relation
between abundance of phoD gene and ALP activities. Fraser et al.
(2015b) and Hu et al. (2018) found a positive relation between abun-
dance of phoD gene and ALP activities, while Ragot et al. (2017)
demonstrated no association between abundance of phoD gene and ALP
in various land use soils. In this study, we found that the abundance of
phoD gene had a positive relation with ALP. Similarly, ALP had positive
relation with other alkaline phosphate-encoding genes (phoA). Our
result suggested that both phoD and phoA genes have a substantial role in
ALP activity in this study area.

5. Conclusion

This study showed that LUC has a major impact on P cycling by
altering phosphatase enzyme activity, the abundance of phosphatase
encoding genes and phosphatase-harboring microbes. The study
revealed that available P increased after converting NF to FL soils, due to
the fertilizer application in FL or the higher abundance of the gcd gene,
which solubilizes inorganic P to available P. Moreover, phosphatase
enzyme activity significantly decreases following the conversion of NF
to FL soils, likely due to the decline of MC, SOC and TN. Another
explanation is that the higher amount of available P in FL soils inhibited
the synthesis and secretion of phosphatase enzyme. This result was
supported by the negative correlation between phosphatase enzyme and
available P. Thirteen phosphatase solubilizing and mineralizing genes
were detected in the study area. Among them, gcd and phoD were the
dominant solubilizing and mineralizing genes, respectively. Farmland
soil has a higher gcd gene abundance than NF, while NF soil has a higher
abundance of phoD gene. pH and total P were the key factors for con-
trolling the abundance of gcd, whereas pH and available P were the
primary factors governing phoD genes. Moreover, MC, SOC and TN were
the main factors governing other genes found in this study area. The
majority of gcd-harboring microbes belonged to the phyla of Acid-
obacteria, Proteobacteria, Bacteroidetes and Gemmatimonadetes, while
Proteobacteria, Actinobacteria, Acidobacteria and Candidatus Roku-
bacteria were the dominant phoD-harboring phyla. pH, available P and
total P were the key factors influencing the abundance of the majority of
gecd and phoD-harboring microbes. Similarly, MC, SOC and TN have also
significant roles in the structure of phosphatase solubilizing and
mineralizing genes. In conclusion, this study has improved our under-
standing of how changes in land use affects the availability of P, phos-
phatase enzyme activity, phosphatase-encoding genes, and
phosphatase-harboring microbes.

CRediT authorship contribution statement

Belayneh Azene: Conceptualization, Methodology, Data curation,



B. Azene et al.

Formal analysis, Writing — original draft. Renhuan Zhu: Conceptuali-
zation, Methodology, Data curation, Formal analysis, Writing — review &
editing. Kaiwen Pan: Conceptualization, Methodology, Supervision,
Funding acquisition, Writing — review & editing. Xiaoming Sun:
Writing — review & editing. Yalemzewd Nigussie: Writing — review &
editing. Piotr Grub: Writing — review & editing. Ali Raza: Writing —
review & editing. Awoke Guadie: Writing — review & editing. Xiaogang
Wu: Writing — review & editing. Lin Zhang: Writing — review & editing.

Declaration of Competing Interest

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

Data availability
Data will be made available on request.
Acknowledgments

This study was supported by the National Natural Science Founda-
tion of China (31961133012), the National Science Centre of Poland
(2018/30/Q/NZ9/00378), the Second Tibetan Plateau Scientific Expe-
dition and Research Program (2019QZKK0303) and Yajiang biological
species (plants) investigation and evaluation project.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ecolind.2023.110416.

References

Alori, E.T., Glick, B.R., Babalola, 0.0., 2017. Microbial phosphorus solubilization and its
potential for use in sustainable agriculture. Front. Microbiol. 8, 1-8. https://doi.org/
10.3389/fmicb.2017.00971.

An, R., Moe, L.A., Nojiri, H., 2016. Regulation of pyrroloquinoline quinone-dependent
glucose dehydrogenase activity in the model rhizosphere-dwelling bacterium
Pseudomonas putida KT2440. Appl. Environ. Microbiol. 82 (16), 4955-4964.

Anamulai, S., Sanusi, R., Zubaid, A., Lechner, A.M., Ashton-Butt, A., Azhar, B., 2019.
Land use conversion from peat swamp forest to oil palm agriculture greatly modifies
microclimate and soil conditions. PeerJ 2019, 1-16. https://doi.org/10.7717/
peerj.7656.

Azene, B., Qiu, P., Zhu, R, Pan, K., Sun, X., Nigussie, Y., Yigez, B., Gruba, P., Wy, X.,
Zhang, L., 2022. Response of soil phosphorus fractions to land use change in the
subalpine ecosystems of Southeast margin of Qinghai-Tibet Plateau, Southwest
China. Ecol. Indic. 144, 1-11. https://doi.org/10.1016/j.ecolind.2022.109432.

Bergkemper, F., Scholer, A., Engel, M., Lang, F., Kriiger, J., Schloter, M., Schulz, S., 2016.
Phosphorus depletion in forest soils shapes bacterial communities towards
phosphorus recycling systems. Environ. Microbiol. 18, 1988-2000. https://doi.org/
10.1111/1462-2920.13188.

Bloriska, E., Lasota, J., Zwydak, M., 2017. The relationship between soil properties,
enzyme activity and land use. For. Res. Pap. 78, 39-44. https://doi.org/10.1515/frp-
2017-0004.

Bonan, G.B., 2008. Forests and climate change: forcings, feedbacks, and the climate
benefits of forests. Science (80 -) 320, 1444-1449. https://doi.org/10.1126/
science.1155121.

Buchfink, B., Xie, C., Huson, D.H., 2014. Fast and sensitive protein alignment using
DIAMOND. Nat. Methods 12, 59-60. https://doi.org/10.1038/nmeth.3176.

Busch, J., Ferretti-Gallon, K., 2017. What drives deforestation and what stops it? A meta-
analysis. Rev. Environ. Econ. Policy 11, 3-23. https://doi.org/10.1093/reep/
rew013.

Chen, X., Condron, L.M., Dunfield, K.E., Wakelin, S.A., Chen, L., 2021. Impact of
grassland afforestation with contrasting tree species on soil phosphorus fractions and
alkaline phosphatase gene communities. Soil Biol. Biochem. 159, 108274 https://
doi.org/10.1016/j.s0ilbio.2021.108274.

Chen, Q., Lei, T., Wu, Y., Si, G., Xi, C., Zhang, G., 2019. Comparison of soil organic matter
transformation processes in different alpine ecosystems in the Qinghai-Tibet Plateau.
J. Geophys. Res. Biogeosci. 124 (1), 33-45.

Chen, Y.P., Rekha, P.D., Arun, A.B., Shen, F.T., Lai, W.A., Young, C.C., 2006. Phosphate
solubilizing bacteria from subtropical soil and their tricalcium phosphate
solubilizing abilities. Appl. Soil Ecol. 34, 33-41. https://doi.org/10.1016/j.
apsoil.2005.12.002.

Condron, L.M., Turner, B.L., Cade-Menun, B.J., 2005. Chemistry and dynamics of soil
organic phosphorus, in: Sims, T., Sharpley, A.N. (Eds.), Phosphorus: Agriculture and

11

Ecological Indicators 153 (2023) 110416

the Environment. American Society of Agronomy, Crop Science Society of America,
Soil Science Society of America, 677 S. Segoe Rd., Madison, WI 53711, USA, pp.
87-121. 10.2134/agronmonogr46.c4.

De Barros, J.A., De Medeiros, E.V., Da Costa, D.P., Duda, G.P., De Sousa Lima, J.R., Dos
Santos, U.J., Antonino, A.C.D., Hammecker, C., 2020. Human disturbance affects
enzyme activity, microbial biomass and organic carbon in tropical dry sub-humid
pasture and forest soils. Arch. Agron. Soil Sci. 66, 458-472. https://doi.org/
10.1080/03650340.2019.1622095.

Dick, W.A., Cheng, L., Wang, P., 2000. Soil acid and alkaline phosphatase activity as pH
adjustment indicators. Soil Biol. Biochem. 32 (13), 1915-1919.

Dick, R.P., Rasmussen, P.E., Kerle, E.A., 1988. Influence of long-term residue
management on soil enzyme activities in relation to soil chemical properties of a
wheat-fallow system. Biol. Fertil. Soils 6, 159-164. https://doi.org/10.1007/
BF00257667.

Eivazi, F., Tabatabai, M.A., 1977. Phosphates in soils. Soil Biol. Biochem. Biochem. 9,
167-172.

Fraser, T., Lynch, D.H., Bent, E., Entz, M.H., Kari, E.D., 2015a. Soil bacterial phoD gene
abundance and expression in response toapplied phosphorus and long-term
management. Soil Biol. Biochem. 88, 137-147. https://doi.org/10.1016/].
s0ilbio.2015.04.014.

Fraser, T., Lynch, D.H., Entz, M.H., Dunfiel, K.E., 2015b. Linking alkaline phosphatase
activity with bacterial phoD gene abundance in soil from a long-term management
trial. Geoderma 257-258, 115-122. https://doi.org/10.1016/j.
geoderma.2014.10.016.

Hao, S., Zhu, F., Cui, Y., 2021. Land use and land cover change detection and spatial
distribution on the Tibetan Plateau. Sci. Rep. 11, 7531 https://doi.org/10.1038/
s41598-021-87215-w.

He, R., Yang, K., Li, Z., Schadler, M., Yang, W., Wu, F., Tan, B.o., Zhang, L.i., Xu, Z., Paz-
Ferreiro, J., 2017. Effects of forest conversion on soil microbial communities depend
on soil layer on the eastern Tibetan Plateau of China. PLoS One 12 (10), 1-13.

Heino, M., Kummu, M., Makkonen, M., Mulligan, M., Verburg, P.H., Jalava, M.,
Rasédnen, T.A., Anand, M., 2015. Forest loss in protected areas and intact forest
landscapes: a global analysis. PLoS One 10 (10), 1-21.

Hermans, S.M., Buckley, H.L., Case, B.S., Curran-Cournane, F., Taylor, M., Lear, G., 2017.
Bacteria as emerging indicators of soil condition. Appl. Environ. Microbiol. 83, 1-13.
https://doi.org/10.1128/aem.03039-16.

Hu, H., Liu, W., Cao, M., 2008. Impact of land use and land cover changes on ecosystem
services in Menglun, Xishuangbanna, Southwest China. Environ. Monit. Assess. 146,
147-156. https://doi.org/10.1007/510661-007-0067-7.

Hu, M., Penuelas, J., Sardans, J., Tong, C., Chang, C.T., Cao, W., 2020. Dynamics of
phosphorus speciation and the phoD phosphatase gene community in the
rhizosphere and bulk soil along an estuarine freshwater-oligohaline gradient.
Geoderma 365, 114236. https://doi.org/10.1016/j.geoderma.2020.114236.

Hu, Y., Xia, Y., Sun, Q., Liu, K., Chen, X., Ge, T., Zhu, B., Zhu, Z., Zhang, Z., Su, Y., 2018.
Effects of long-term fertilization on phoD-harboring bacterial community in Karst
soils. Sci. Total Environ. 628-629, 53-63. https://doi.org/10.1016/j.
scitotenv.2018.01.314.

Justine, M.F., Pan, K., Jean de Dieu, N., Karamage, F., Tadesse, Z., Pandey, B., Yang, W.,
Wu, F., Olatunji, O.A., Nepal, N., Uchenna Ochege, F., Tariq, A., Zhang, L., Sun, X.,
2020. Does land use age influence carbon cycling in the Tibetan Plateau? J. Geophys.
Res. Biogeosciences 125 (4), 1-14. https://doi.org/10.1029/2019JG005295.

Karaca, A., Cetin, S.C., Turgay, O.C., Kizilkaya, R., 2010. Soil enzymes as indication of
soil quality. Soil Enzymol. Soil Biol. 22, 119-148. https://doi.org/10.1007/978-3-
642-14225-3_7.

Li, W., Godzik, A., 2006. Cd-hit: a fast program for clustering and comparing large sets of
protein or nucleotide sequences. Bioinformatics 22, 1658-1659. https://doi.org/
10.1093/bioinformatics/btl158.

Li, D., Luo, R, Liu, C.M., Leung, C.M., Ting, H.F., Sadakane, K., Yamashita, H., Lam, T.
W., 2016. MEGAHIT v1.0: a fast and scalable metagenome assembler driven by
advanced methodologies and community practices. Methods 102, 3-11. https://doi.
org/10.1016/j.ymeth.2016.02.020.

Li, Y., Zhang, J., Gong, Z., Xu, W., Mou, Z., 2019. Ged gene diversity of quinoprotein
glucose dehydrogenase in the sediment of sancha lake and its response to the
environment. Int. J. Environ. Res. Public Health 16, 1-18. https://doi.org/10.3390/
ijerph16010001.

Liang, J.-L., Liu, J., Jia, P.u., Yang, T.-T., Zeng, Q.-W., Zhang, S.-C., Liao, B., Shu, W.-S.,
Li, J.-T., 2020. Novel phosphate-solubilizing bacteria enhance soil phosphorus
cycling following ecological restoration of land degraded by mining. ISME J. 14 (6),
1600-1613. https://doi.org/10.1038/541396-020-0632-4.

Liu, J., Cade-Menun, B.J., Yang, J., Hu, Y., Liu, C.W., Tremblay, J., LaForge, K.,
Schellenberg, M., Hamel, C., Bainard, L.D., 2018. Long-term land use affects
phosphorus speciation and the composition of phosphorus cycling genes in
agricultural soils. Front. Microbiol. 9, 1-14. https://doi.org/10.3389/
fmicb.2018.01643.

Liu, S., Sun, Y., Shi, F,, Liu, Y., Wang, F., Dong, S., Li, M., 2022. Composition and
diversity of soil microbial community associated with land use types in the agro-
pastoral area in the upper yellow river basin. Front. Plant Sci. 13, 1-14. https://doi.
org/10.3389/fpls.2022.819661.

Luo, D., Cheng, R.M., Liu, S., Shi, Z.M., Feng, Q.H., 2020. Responses of soil microbial
community composition and enzyme activities to land-use change in the eastern
Tibetan Plateau, China. Forests 11, 1-14. https://doi.org/10.3390/F11050483.

Luo, G., Ling, N., Nannipieri, P., Chen, H., Raza, W., Wang, M., Guo, S., Shen, Q., 2017.
Long-term fertilisation regimes affect the composition of the alkaline
phosphomonoesterase encoding microbial community of a vertisol and its derivative
soil fractions. Biol. Fertil. Soils 53, 375-388. https://doi.org/10.1007/s00374-017-
1183-3.


https://doi.org/10.1016/j.ecolind.2023.110416
https://doi.org/10.1016/j.ecolind.2023.110416
https://doi.org/10.3389/fmicb.2017.00971
https://doi.org/10.3389/fmicb.2017.00971
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0010
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0010
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0010
https://doi.org/10.7717/peerj.7656
https://doi.org/10.7717/peerj.7656
https://doi.org/10.1016/j.ecolind.2022.109432
https://doi.org/10.1111/1462-2920.13188
https://doi.org/10.1111/1462-2920.13188
https://doi.org/10.1515/frp-2017-0004
https://doi.org/10.1515/frp-2017-0004
https://doi.org/10.1126/science.1155121
https://doi.org/10.1126/science.1155121
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1093/reep/rew013
https://doi.org/10.1093/reep/rew013
https://doi.org/10.1016/j.soilbio.2021.108274
https://doi.org/10.1016/j.soilbio.2021.108274
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0055
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0055
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0055
https://doi.org/10.1016/j.apsoil.2005.12.002
https://doi.org/10.1016/j.apsoil.2005.12.002
https://doi.org/10.1080/03650340.2019.1622095
https://doi.org/10.1080/03650340.2019.1622095
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0075
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0075
https://doi.org/10.1007/BF00257667
https://doi.org/10.1007/BF00257667
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0085
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0085
https://doi.org/10.1016/j.soilbio.2015.04.014
https://doi.org/10.1016/j.soilbio.2015.04.014
https://doi.org/10.1016/j.geoderma.2014.10.016
https://doi.org/10.1016/j.geoderma.2014.10.016
https://doi.org/10.1038/s41598-021-87215-w
https://doi.org/10.1038/s41598-021-87215-w
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0105
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0105
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0105
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0110
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0110
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0110
https://doi.org/10.1128/aem.03039-16
https://doi.org/10.1007/s10661-007-0067-7
https://doi.org/10.1016/j.geoderma.2020.114236
https://doi.org/10.1016/j.scitotenv.2018.01.314
https://doi.org/10.1016/j.scitotenv.2018.01.314
https://doi.org/10.1029/2019JG005295
https://doi.org/10.1007/978-3-642-14225-3_7
https://doi.org/10.1007/978-3-642-14225-3_7
https://doi.org/10.1093/bioinformatics/btl158
https://doi.org/10.1093/bioinformatics/btl158
https://doi.org/10.1016/j.ymeth.2016.02.020
https://doi.org/10.1016/j.ymeth.2016.02.020
https://doi.org/10.3390/ijerph16010001
https://doi.org/10.3390/ijerph16010001
https://doi.org/10.1038/s41396-020-0632-4
https://doi.org/10.3389/fmicb.2018.01643
https://doi.org/10.3389/fmicb.2018.01643
https://doi.org/10.3389/fpls.2022.819661
https://doi.org/10.3389/fpls.2022.819661
https://doi.org/10.3390/F11050483
https://doi.org/10.1007/s00374-017-1183-3
https://doi.org/10.1007/s00374-017-1183-3

B. Azene et al.

Mantri, S.S., Negri, T., Sales-Ortells, H., Angelov, A., Peter, S., Neidhardt, H.,
Oelmann, Y., Ziemert, N., Yang, Y.-L., 2021. Metagenomic sequencing of multiple
soil horizons and sites in close vicinity revealed novel secondary metabolite
diversity. mSystems 6 (5), 1-17. https://doi.org/10.1128/msystems.01018-21.

Margalef, O., Sardans, J., Fernandez-Martinez, M., Molowny-Horas, R., Janssens, LA.,
Ciais, P., Goll, D., Richter, A., Obersteiner, M., Asensio, D., Pefiuelas, J., 2017. Global
patterns of phosphatase activity in natural soils. Sci. Rep. 7, 1-13. https://doi.org/
10.1038/541598-017-01418-8.

McGrath, D.A., Smith, C.K., Gholz, H.L., Oliveira, F.D.A., 2001. Effects of land-use
change on soil nutrient dynamics in Amazonia. Ecosystems 4, 625-645. https://doi.
org/10.1007/510021-001-0033-0.

Meena, A., Rao, K.S., 2021. Assessment of soil microbial and enzyme activity in the
rhizosphere zone under different land use/cover of a semiarid region. India. Ecol.
Process. 10, 1-12. https://doi.org/10.1186/s13717-021-00288-3.

Merloti, L.F., Mendes, L.W., Pedrinho, A., de Souza, L.F., Ferrari, B.M., Tsai, S.M., 2019.
Forest-to-agriculture conversion in Amazon drives soil microbial communities and
N-cycle. Soil Biol. Biochem. 137, 107567 https://doi.org/10.1016/].
s0ilbi0.2019.107567.

Murphy, J., Riley, J.P., 1962. A modified single solution method for the determination of
phosphate in natural waters. Anal. Chim. Acta 27, 31-36.

Nabhas, E., 2007. Phosphate solubilizing microorganisms: effect of carbon, nitrogen, and
phosphorus sources. First Int. Meet. Microb. Phosphate Solubiliz. 111-115 https://
doi.org/10.1007/978-1-4020-5765-6_15.

Nannipieri, P., Giagnoni, L., Landi, L., Renella, G., 2011. Role of Phosphatase Enzymes,
in: Soil Phosphorus in Action, in: E. K. Biinemann, A. Oberson, and E.F. (Ed.),
Biological Process in Soil Phosphorus Cycling. Heidelberg:Springer, pp. 215-243.
10.1007/978-3-642-15271-9.

Neal, A.L., Rossmann, M., Brearley, C., Akkari, E., Guyomar, C., Clark, .M., Allen, E.,
Hirsch, P.R., 2017. Land-use influences phosphatase gene microdiversity in soils.
Environ. Microbiol. 19, 2740-2753. https://doi.org/10.1111/1462-2920.13778.

Olsen, S.R., Cole, C.V., Watanabe, F.S., Dean, L.A., 1954. Estimation of Available
Phosphorus in Soils by Extraction With Sodium Bicarbonate. USDA Circular No. 939,
US Government Printing Office, Washington DC.

Pan, T., Zou, X., Liu, Y., Wu, S., He, G., 2017. Contributions of climatic and non-climatic
drivers to grassland variations on the Tibetan Plateau. Ecol. Eng. 108, 307-317.
https://doi.org/10.1016/j.ecoleng.2017.07.039.

Powlson, D.S., Hirsch, P.R., Brookes, P.C., 2001. The role of soil microorganisms in soil
organic matter conservation in the tropics. Nutr. Cycl. Agroecosyst. 61, 41-51.
https://doi.org/10.1023/A:1013338028454.

Puehringer, S., Metlitzky, M., Schwarzenbacher, R., 2008. The pyrroloquinoline quinone
biosynthesis pathway revisited: a structural approach. BMC Biochem. 9, 1-11.
https://doi.org/10.1186,/1471-2091-9-8.

Ragot, S.A., Kertesz, M.A., Biinemann, E.K., Voordouw, G., 2015. phoD alkaline
phosphatase gene diversity in soil. Appl. Environ. Microbiol. 81 (20), 7281-7289.

Ragot, S.A., Kertesz, M.A., Mészaros, E., Frossard, E., Biinemann, E.K., Lueders, T., 2017.
Soil phoD and phoX alkaline phosphatase gene diversity responds to multiple
environmental factors. FEMS Microbiol. Ecol. 93 (1), 1-15.

Raiesi, F., Beheshti, A., 2014. Soil specific enzyme activity shows more clearly soil
responses to paddy rice cultivation than absolute enzyme activity in primary forests
of northwest Iran. Appl. Soil Ecol. 75, 63-70. https://doi.org/10.1016/j.
apsoil.2013.10.012.

Richardson, A.E., Simpson, R.J., 2011. Soil microorganisms mediating phosphorus
availability. Plant Physiol. 156, 989-996. https://doi.org/10.1104/pp.111.175448.

Saha, S., Prakash, V., Kundu, S., Kumar, N., Mina, B.L., 2008. Soil enzymatic activity as
affected by long term application of farm yard manure and mineral fertilizer under a
rainfed soybean-wheat system in N-W Himalaya. Eur. J. Soil Biol. 44, 309-315.
https://doi.org/10.1016/j.ejsobi.2008.02.004.

Sardans, J., Penuelas, J., Estiarte, M., 2006. Warming and drought alter soil phosphatase
activity and soil P availability in a Mediterranean shrubland. Plant Soil 289,
227-238. https://doi.org/10.1007/s11104-006-9131-2.

Sharma, S.B., Sayyed, R.Z., Trivedi, M.H., Gobi, T.A., 2013. Phosphate solubilizing
microbes: sustainable approach for managing phosphorus deficiency in agricultural
soils. SpringerPlus 2, 1-14. https://doi.org/10.1186/2193-1801-2-587.

Shi, F., Chen, H., Wu, Y., Wu, N., 2010. Effects of livestock exclusion on vegetation and
soil properties under two topographic habitats in an alpine meadow on the eastern
Qinghai Tibetan plateau. Polish J. Environ. Stud. 58, 125-133. https://doi.org/
10.1007/512665-015-4509-1.

Siles, J.A., Starke, R., Martinovic, T., Parente Fernandes, M.L., Orgiazzi, A., Bastida, F.,
2022. Distribution of phosphorus cycling genes across land uses and microbial

12

Ecological Indicators 153 (2023) 110416

taxonomic groups based on metagenome and genome mining. Soil Biol. Biochem.
174, 1-8. https://doi.org/10.1016/j.s0ilbio.2022.108826.

Solomon, D., Lehmann, J., Mamo, T., Fritzsche, F., Zech, W., Solomon, D., 2002.
Phosphorus forms and dynamics as influenced by land use changes in the sub-humid
Ethiopian highlands. Geoderma 105, 21-48.

Studley, J., 1999. Forests and environmental degradation in SW China. Int. For. Rev. 1,
260-265.

Tabatabai, M.A., Bremner, J.M., 1969. Use of p-nitrophenyl phosphate for assay of soil
phosphatase activity. Soil Biol. Biochem. 1 (4), 301-307.

Tan, H., Barret, M., Mooij, M.J., Rice, O., Morrissey, J.P., Dobson, A., Griffiths, B.,
O’Gara, F., 2013. Long-term phosphorus fertilisation increased the diversity of the
total bacterial community and the phoD phosphorus mineraliser group in pasture
soils. Biol. Fertil. Soils 49, 661-672. https://doi.org/10.1007/500374-012-0755-5.

Tellen, V.A., Yerima, B.P.K., 2018. Effects of land use change on soil physicochemical
properties in selected areas in the North West region of Cameroon. Environ. Syst.
Res. 7, 1-29. https://doi.org/10.1186,/5s40068-018-0106-0.

Trasar-Cepeda, C., Leirés, M.C., Gil-Sotres, F., 2008. Hydrolytic enzyme activities in
agricultural and forest soils. Some implications for their use as indicators of soil
quality. Soil Biol. Biochem. 40, 2146-2155. https://doi.org/10.1016/j.
s0ilbio.2008.03.015.

van Leeuwen, J.P., Djukic, I., Bloem, J., Lehtinen, T., Hemerik, L., de Ruiter, P.C., Lair, G.
J., 2017. Effects of land use on soil microbial biomass, activity and community
structure at different soil depths in the Danube floodplain. Eur. J. Soil Biol. 79,
14-20. https://doi.org/10.1016/j.ejs0bi.2017.02.001.

Venkatesan, S., Senthurpandian, V.K., 2006. Comparison of enzyme activity with depth
under tea plantations and forested sites in south India. Geoderma 137, 212-216.
https://doi.org/10.1016/j.geoderma.2006.08.011.

Vershinina, O.A., Znamenskaya, L.V., 2002. The Pho regulons of bacteria. Microbiology
71, 497-511. https://doi.org/10.1023/A:1020547616096.

Viscarra Rossel, R.A., Bui, E.N., 2016. A new detailed map of total phosphorus stocks in
Australian soil. Sci. Total Environ. 542, 1040-1049. https://doi.org/10.1016/].
scitotenv.2015.09.119.

Vitousek, P.M., Porder, S., Houlton, B.Z., Chadwick, O.A., 2010. Terrestrial phosphorus
limitation: mechanisms, implications, and nitrogen-phosphorus interactions. Ecol.
Appl. 20, 5-15. https://doi.org/10.1890/08-0127.1.

Wang, C., Gao, Q., Yu, M., 2019. Quantifying trends of land change in Qinghai-Tibet
Plateau during 2001-2015. Remote Sens. 11, 1-21. https://doi.org/10.3390/
rs11202435.

Wang, B., Xue, S., Liu, G.B., Zhang, G.H., Li, G., Ren, Z.P., 2012. Changes in soil nutrient
and enzyme activities under different vegetations in the Loess Plateau area,
Northwest China. Catena 92, 186-195. https://doi.org/10.1016/j.
catena.2011.12.004.

Wang, X., Zhang, Y., 2019. Emergy-based evaluation of changes in agrochemical residues
on the Qinghai-Tibet Plateau, China. Sustainability 11, 5-7. https://doi.org/
10.3390/5u11133652.

Wang, X., Zheng, D., Shen, Y., 2008. Land use change and its driving forces on the
Tibetan Plateau during 1990-2000. Catena 72, 56-66. https://doi.org/10.1016/j.
catena.2007.04.003.

Wischnewski, J., Kramer, A., Kong, Z., Mackay, A.W., Simpson, G.L., Mischke, S.,
Herzschuh, U., 2011. Terrestrial and aquatic responses to climate change and human
impact on the southeastern Tibetan Plateau during the past two centuries. Glob.
Chang. Biol. 17, 3376-3391. https://doi.org/10.1111/j.1365-2486.2011.02474.x.

Wu, J., Wang, H., Li, G., Ma, W., Wu, J., Gong, Y., Xu, G., 2020. Vegetation degradation
impacts soil nutrients and enzyme activities in wet meadow on the Qinghai-Tibet
Plateau. Sci. Rep. 10, 1-17. https://doi.org/10.1038/541598-020-78182-9.

Yang, C,, Lu, S., 2022. Straw and straw biochar differently affect phosphorus availability,
enzyme activity and microbial functional genes in an Ultisol. Sci. Total Environ. 805,
1-9. https://doi.org/10.1016/j.scitotenv.2021.150325.

Zhang, A., Chen, Z., Zhang, G., Chen, L., Wu, Z., 2012. Soil phosphorus composition
determined by 31P NMR spectroscopy and relative phosphatase activities influenced
by land use. Eur. J. Soil Biol. 52, 73-77. https://doi.org/10.1016/j.
ejsobi.2012.07.001.

Zhang, T.Q., Zheng, Z.M., Drury, C.F., Hu, Q.C., Tan, C.S., 2020. Legacy phosphorus after
45 years with consistent cropping systems and fertilization compared to native soils.
Front. Earth Sci. 8, 1-11. https://doi.org/10.3389/feart.2020.00183.

Zhao, X., Zhang, Y., Cui, Z., Peng, L., Cao, C., 2022. Dynamics of phoD- and gcd-
harboring microbial communities across an age sequence of biological soil crusts
under sand-fixation plantation. Front. Microbiol. 13, 1-13. https://doi.org/10.3389/
fmicb.2022.831888.


https://doi.org/10.1128/msystems.01018-21
https://doi.org/10.1038/s41598-017-01418-8
https://doi.org/10.1038/s41598-017-01418-8
https://doi.org/10.1007/s10021-001-0033-0
https://doi.org/10.1007/s10021-001-0033-0
https://doi.org/10.1186/s13717-021-00288-3
https://doi.org/10.1016/j.soilbio.2019.107567
https://doi.org/10.1016/j.soilbio.2019.107567
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0210
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0210
https://doi.org/10.1007/978-1-4020-5765-6_15
https://doi.org/10.1007/978-1-4020-5765-6_15
https://doi.org/10.1111/1462-2920.13778
https://doi.org/10.1016/j.ecoleng.2017.07.039
https://doi.org/10.1023/A:1013338028454
https://doi.org/10.1186/1471-2091-9-8
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0250
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0250
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0255
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0255
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0255
https://doi.org/10.1016/j.apsoil.2013.10.012
https://doi.org/10.1016/j.apsoil.2013.10.012
https://doi.org/10.1104/pp.111.175448
https://doi.org/10.1016/j.ejsobi.2008.02.004
https://doi.org/10.1007/s11104-006-9131-2
https://doi.org/10.1186/2193-1801-2-587
https://doi.org/10.1007/s12665-015-4509-1
https://doi.org/10.1007/s12665-015-4509-1
https://doi.org/10.1016/j.soilbio.2022.108826
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0295
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0295
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0295
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0300
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0300
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0305
http://refhub.elsevier.com/S1470-160X(23)00558-7/h0305
https://doi.org/10.1007/s00374-012-0755-5
https://doi.org/10.1186/s40068-018-0106-0
https://doi.org/10.1016/j.soilbio.2008.03.015
https://doi.org/10.1016/j.soilbio.2008.03.015
https://doi.org/10.1016/j.ejsobi.2017.02.001
https://doi.org/10.1016/j.geoderma.2006.08.011
https://doi.org/10.1023/A:1020547616096
https://doi.org/10.1016/j.scitotenv.2015.09.119
https://doi.org/10.1016/j.scitotenv.2015.09.119
https://doi.org/10.1890/08-0127.1
https://doi.org/10.3390/rs11202435
https://doi.org/10.3390/rs11202435
https://doi.org/10.1016/j.catena.2011.12.004
https://doi.org/10.1016/j.catena.2011.12.004
https://doi.org/10.3390/su11133652
https://doi.org/10.3390/su11133652
https://doi.org/10.1016/j.catena.2007.04.003
https://doi.org/10.1016/j.catena.2007.04.003
https://doi.org/10.1111/j.1365-2486.2011.02474.x
https://doi.org/10.1038/s41598-020-78182-9
https://doi.org/10.1016/j.scitotenv.2021.150325
https://doi.org/10.1016/j.ejsobi.2012.07.001
https://doi.org/10.1016/j.ejsobi.2012.07.001
https://doi.org/10.3389/feart.2020.00183
https://doi.org/10.3389/fmicb.2022.831888
https://doi.org/10.3389/fmicb.2022.831888

	Land use change alters phosphatase enzyme activity and phosphatase-harboring microbial abundance in the subalpine ecosystem ...
	1 Introduction
	2 Material and methods
	2.1 Study site and sampling
	2.2 Determination of available P
	2.3 Analysis of acid and alkaline phosphatase
	2.4 DNA extraction and metagenomic sequencing
	2.5 Analysis of the abundance of P mineralizing and solubilizing genes and microbes
	2.6 Data analysis

	3 Result
	3.1 Soil phosphorus availability and phosphatase enzyme activities
	3.2 Abundance of genes and microbes involved in P mineralization and solubilization
	3.3 Effect of land use change on dominant genes (gcd and phoD) harboring microorganisms
	3.4 Relation between phosphatase enzymes and microbial genes with soil properties

	4 Discussion
	4.1 Response of soil available phosphorus and phosphatase enzyme activity to land use change
	4.2 Land use change affect soil P solubilizing and mineralizing genes
	4.3 Abundance of gcd and phoD-harboring microorganisms
	4.4 The relation between phosphatase activity, gene abundance and soil properties

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


