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Abstract

Aims Organic manure (OM) is an effective ame-
lioration measure for acidic soils. Acid (ACP) and
alkaline phosphatases (ALP) encoded by bacterial
phoC and phoD genes, respectively, are responsible
for organic phosphorus (P) mineralization. However,
the short-term influence of OM application on phos-
phatase activity and organic P-mineralizing bacterial
communities of bulk and rhizosphere soils in acidic
soils is less known.

Methods Maize was grown in acidic soil (pH 4.40)
supplied with 0, 1, 5, 10, 20 and 50 g OM kg~ ! dry
soil for six weeks. Maize biomasses and nutrients,
soil physicochemical properties and phosphatase
activities, and P-mineralizing bacterial communities
were observed.
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Results Rhizosphere showed higher ACP and ALP
activities than bulk soils, and the rhizosphere effects
were stronger than OM application. The Shan-
non index of phoC- and phoD-harboring bacteria
responded differently to both rhizosphere effect and
OM application, with a stronger influence from maize
rhizosphere. The rhizosphere effect significantly
affected both phoC- and phoD-harboring bacterial
community structures, but OM application only influ-
enced phoD-harboring bacterial community structure.
Co-occurrence network of the phoD-harboring bac-
teria had higher average degree and more nodes and
edges than phoC-harboring bacteria. PLS-PM results
suggested that the rhizosphere effect exhibited great-
est contribution to soil ACP and ALP activities than
OM treatment.

Conclusion Compared with short-term OM appli-
cation, maize rhizosphere effect showed stronger
influences on soil phosphatase activities and P-min-
eralizing bacterial communities in acidic soils. The
phoD-harboring bacteria showed the more sensitive
response to the rhizosphere effect and OM applica-
tion, while phoC-harboring bacteria was only influ-
enced by rhizosphere effect.

Keywords Acidic soil - Organic manure - phoC -
phoD - Phosphatase - Rhizosphere
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Introduction

Acidic soils (pH<5.5) make up approximately
2.18 million km? in China and are widely distrib-
uted in southern China (Zhao 2002). Phosphorus (P)
deficiency in acidic soils severely limits crop produc-
tion (Kochian et al. 2004). Among the amelioration
measures used with acidic soils, the application of
organic fertilizer, especially animal manure, has been
widely accepted as a sustainable management prac-
tice (Liu et al. 2017). Animal manure has become a
main source of organic material used to amend acidic
soils in China (Yang et al. 2022). Unlike alkaline
substances used for neutralizing the soil pH, animal
manure can not only increase soil pH, but also effec-
tively improve soil nutrients, especially soil P avail-
ability (Pan et al. 2019). Organic P (P,) occupies
a large part of the P storage of animal manure and
can become P source for plants when inputted into
the soil (Wang et al. 2019). Before soil P, is biologi-
cally utilized, it must be mineralized into inorganic
P. Phosphate-solubilising microorganisms (PSM)
are mainly responsible for soil P, mineralization
by producing extracellular enzymes including acid
phosphatase (ACP) and alkaline phosphatase (ALP)
(Wang et al. 2022). It has been well known that the
PSM containing the phoC and phoD genes are in
charge of the production of ACP and ALP, respec-
tively (Wang et al. 2021a). The bacterial phoC and
phoD genes have been frequently used as molecular
biomarkers to evaluate the responses of PSM commu-
nities to fertilization management practices (Luo et al.
2019; Tan et al. 2013).

Phosphatase activity in soils is reported to be
closely correlated with the diversity and composi-
tion of PSM communities (Fraser et al. 2017; Luo
et al. 2019). The effects of animal manure on soil
ACP and ALP activities and P-mineralizing bacte-
rial communities have been investigated (Chen et al.
2019; Luo et al. 2019), and the phoC- and phoD-
harboring bacterial communities have shown various
responses (Luo et al. 2019; Zheng et al. 2021). For
instance, Luo et al. (2019) found that animal manure
application improved phoC gene diversity but exhib-
ited none influence on phoD gene diversity, while Liu
et al. (2021a) observed that animal manure addition
increased phoD gene diversity and ALP activity in an
acidic soil. In the study of Chen et al. (2019), animal
manure addition did not affect phoD gene diversity,
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but decreased ALP activity in a brown earth. The
inconsistencies in the responses of both phoC- and
phoD-harboring bacteria to animal manure may be
due to the differences in ecosystem type (Ragot et al.
2017), microbial taxa (Luo et al. 2019; Zheng et al.
2021), as well as type and amount of manure (Diac-
ono and Montemurro 2010).

Numerous studies mostly focused on the long-
term effects of manure application on phosphatase
activity and P-mineralizing bacterial communities,
over periods such as 27 years (Zheng et al. 2021),
30 years (Luo et al. 2019; Liu et al. 2021a), and 39
years (Wan et al. 2020). In these studies, the research-
ers assumed that changes in soil quality are very slow
and soil microbial community structure takes a long
time to reach stability (Sun et al. 2015). In fact, ani-
mal manure can influence soil microbial activity
and community in a short period of time due to the
rapid change in soil physical and chemical proper-
ties. For example, Urra et al. (2019) found that soils
amended with animal manure showed higher micro-
bial biomass and activity after 8 weeks. The miner-
alization rate of P, in soil with the addition of animal
manure was found to be highest within a few weeks
in an acidic soil (Yang et al. 2011). Therefore, more
attention needs to be paid to the influence of animal
manure on PSM community and activity over short
timescales.

Manure-related factors, especially application
dose, impose a significant impact on soil microbes
(Diacono and Montemurro 2010; Yang et al. 2020).
The dose of organic manure addition is not always
linearly correlated with the improvement of soil
microbial function and plant growth. Sun et al. (2014)
investigated the changes in the microbial function
within loam soil following different applications of
manure doses (5%, 10%, 15%, 20%, and 25%), and
found that soil with 10% manure application showed
the highest biological activity. Even high manure
application doses have been reported to cause nega-
tive effects on crop yield (Yang et al. 2020). There-
fore, the dose of manure must be considered when
applying animal manure to ameliorate acidic soils.
Understanding the changes in soil phosphatase activi-
ties and associated bacterial communities following
different doses of animal manure is essential for sus-
tainable agriculture management strategies and for
the manipulation of the PSM function during practi-
cal amelioration of acidic soils.
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The rhizosphere is a highly complex ecosystem consist-
ing of the narrow zone of nutrient-rich soil that surrounds
and is closely influenced by plant roots (Venturi and Keel
2016). The absorption of plant P mainly occur in the rhizo-
sphere (Hinsinger 2001), in which high soil phosphatase
activity and reduced diversity of rhizosphere micro-
bial community are generally observed (Fan et al. 2017,
Kuzyakov and Blagodatskaya 2015; Liu et al. 2021b). It
is known that plants can secrete ACP into the rhizosphere
under P-deficiency condition (Nannipieri et al. 2011). Fur-
thermore, root exudates from plants can stimulate PSM to
secrete phosphatase due to the input of carbon (C) sources
and other nutrients (Richardson et al. 2009). The rhizos-
phere PSM community is often reported to be distinct from
that in bulk soil (Liu et al. 2021a, b; Mendes et al. 2014).
The intensity of the rhizosphere effect on soil enzyme
activity and microbial community is strongly affected
by fertilization through changing soil characteristics and
plant growth (Liu et al. 2020). Conversely, the thizosphere
effect can also influence the intensity of fertilization on soil
microbes (Ai et al. 2012). Thus, the function and commu-
nity composition of rhizosphere microbes are collectively
affected by the host plant and fertilization regime. Although
the effects of animal manure and plant rhizosphere on soil
phosphatase activity and P-mineralizing bacterial commu-
nities have been separately determined (Chen et al. 2019;
Luo et al. 2019; Mendes et al. 2014), their interaction and
the strength of relative effect have been rarely reported,
especially in acidic soils.

In this study, considering the important role of PSM in
mineralizing soil P,, we conducted a short-term experi-
ment with different animal manure doses in acidic soil and
determined ACP and ALP activities, and P-mineralizing
bacterial communities in both bulk and rhizosphere soils.
Our objectives are (1) to determine the relative strength
of animal manure addition and rhizosphere effect on soil
phosphatase activities and P-mineralizing bacterial popula-
tions in acidic soils; (2) to assess the distinct responses of
the phoC- and phoD-harboring bacteria to animal manure
addition and the rhizosphere effect.

Materials and methods
Experimental setup
The acidic soil used in this study was collected from

surficial soil (0-20 cm) of the Ah horizons (humus
layer) in a pine forest in April 2019 at the Yingtan

Red Soil Ecological Experiment Station (28°14'N,
117°03’E) in Jiangxi Province, China. After roots and
forest litter were removed, the acidic soil was homog-
enized by sieving through a 2-mm mesh. Air-dried
pig manure was used as organic manure in this study.
The basic properties of soil and pig manure were
shown in Table S1.

Maize (Zea mays L.) is a major crop in the acidic
soil regions of China, thus maize was chosen as the
experimental plant in this study. Maize seeds (cv.
Zhengdan 958) were planted in the plastic pots with
dimensions of 175 mm (open top) X 125 mm (flat
bottom) X 135 mm (height). Organic manure (OM)
was applied at different doses of 0 (OMO), 1 (OM1),
5 (OM5), 10 (OM10), 20 (OM20), and 50 (OM50) g
kg~! dry soil, without the addition of any other fer-
tilizer. Maize was cultivated in a greenhouse with
natural lighting condition. During the pot experiment,
the temperature in the greenhouse was in the range of
18-32 °C and a relative humidity of 40-80%.

There are eight replicate pots for each dose treat-
ment. Four pots were planted with maize and four were
non-planted. For each pot, OM and 2.5 kg of soil were
thoroughly mixed and preincubated for 7 days before
sowing. The maize seeds were washed three times with
distilled water after sterilized using 10% hydrogen per-
oxide. Five maize seeds were sown into the soil per pot
and thinned to three plants after emergence. Soil mois-
ture was adjusted with tap water to 60% field capacity,
and maize grew in a natural greenhouse.

Plant and soil sampling

Maize was harvested at jointing stage after six weeks
of sowing. The roots were separated from the soils.
The rhizosphere soil was defined as the soils which
adhered to the roots after gentle shaking. The bulk
soil samples were sampled from the non-plant pots.
The rhizosphere/bulk soil from an individual pot was
mixed into a single sample. Each soil sample was
passed through a 2-mm sieve and then divided into
three portions. One portion was immediately stored at
-20 °C until DNA extraction; the second portion was
stored at 4 °C for the determination of soil ACP and
ALP activities, ammonium nitrogen (NH,*-N) and
nitrate nitrogen (NO;-N); the last portion was air-
dried for the determination of the soil pH, soil organic
matter (SOM), total N (TN), total P (TP), total K
(TK), available P (AP) and available K (AK).
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Determination of plant nutrient, soil properties and
phosphatase activities

Shoots and roots of maize were washed three times
with deionized water and then dried at 85 °C until a
constant weight. The oven-dried shoots were ground
(< 1.0 mm) and digested with H,SO,-H,0, to meas-
ure the nutrient contents (N, P and K). The Kjeldahl
(Lu 1999) and Bray (Bray and Kurtz 1945) methods
were used for the determination of N and P in diges-
tions, respectively, and the K content was measured
by flame photometry (FP640, Shanghai, China).

Soil pH, SOM, TN, TP, TK, NH,*-N, NO,™-N, AP
and AK were determined according to the methods of
our previous study (Zheng et al. 2021).

The activities of ACP and ALP were measured
using Tabatabai method (1994). Briefly, 0.5 g of
fresh soil was incubated with modified universal
buffer of pH 6.5 and pH 11.0, respectively, which
contained 50 mM p-nitrophenyl phosphate (pNPP,
Sigma-Aldrich, USA) at 37 °C for 1 h. The potential
enzyme activities were defined as the amount of ug
of p-nitrophenol (pNP) produced by per gram soil
(dry weight) per 1 h.

High-throughput sequencing and data processing

Each soil DNA was extracted from 0.5 g of fresh bulk
or rthizosphere soil sample using the Fast DNA SPIN
Kit (MP Biomedicals, CA, USA) and then stored at
-20 °C. The universal primers phoc-A-F1 (5'- CGG
CTCCTATCCGTCCGG -3')/phoc-A-R1 (5'- CAA
CATCGCTTTGCCAGTG —3’) (Fraser et al. 2017)
and ALPS-F730 (5'- CAGTGGGACGACCACGAG
GT -3)/ALPS-R1101 (§'- GAGGCCGATCGG
CATGTCG —-3') (Sakurai et al. 2008) were used to
amplify the phoC and phoD genes, respectively. The
PCR thermal cycling process and reaction system
were described in our previous study (Zheng et al.
2021). The 7-bp barcodes were incorporated into the
forward primer to identify and sort the reads from dif-
ferent treatments. Triplicate PCR products of each
DNA sample were pooled as one single sample. PCR
products were quantified and pooled in equimolar
concentrations and then paired-end sequenced using
Illumina HiSeq PE150 for the phoC gene and Illu-
mina Miseq PE250 for the phoD genes (Shanghai Per-
sonal Biotechnology Co., Ltd., China). The sequence
data were submitted to NCBI Sequence Read Archive
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(SRA) with accession number SRP370141 for phoC
gene and SRP370156 for phoD gene.

The pairs of reads obtained were merged using
FLASH (version 1.2.7) software (Magoc and Salz-
berg 2011), and then the Quantitative Insights Into
Microbial Ecology (QIME, version 1.8.0) pipe-
line was employed to process the sequencing reads
(Caporaso et al. 2010). Low-quality sequences were
eliminated if they did meet the following criteria: (i)
the sequences lengths <130 bp for phoC gene and
<150 bp for phoD gene; and (ii) the sequences con-
taining ambiguous nucleotides and not matching the
primer. The chimeric sequences were also removed
using USEARCH (version 5.2.236). Using UCLUST
(Edgar 2010), we clustered the remaining high-qual-
ity sequences at 97% sequence similarity defining the
operational taxonomic units (OTUs). The sequences
were identified using the closest relative from a
BLAST with the GenBank database (http://blast.ncbi.
nlm.nih.gov/blast.cgi) with a cutoff E-value of 107>
OTU compositions were randomly rarefied to 14,248
reads per sample of the phoC and phoD reads for the
downstream analysis.

Network analysis

To allow robustness, core OTUs present in at least 8
samples were considered. The Spearman’s correla-
tion coefficient (r)>0.6 and a P-value<0.05 were
chosen as statistically robust correlation between
OTUs in the network. The P-values were further cor-
rected for multiple comparisons using the method
of Benjamini-Hochberg. The correlations between
OTUs were calculated in R (version 4.0.2) using the
“Hmisc” package (Yang et al. 2022). The network
graphs were visualized, and the network topological
features were calculated using Gephi (version 0.9.2).
The sub-network for each soil sample was extracted
from the original co-occurrence network according to
the study of Xiao et al. (2017).

Statistical analysis

The a-diversities (richness and Shannon index) were
analyzed by QIIME. Significant differences in the
maize biomass, nutrient (N, P and K) contents of the
maize shoots and the relative abundances of domi-
nant phoC- and phoD-harboring bacterial genera in
bulk and rhizosphere soils among treatments were
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processed using SPSS 20.0 (SPSS Inc., Chicago,
IL, USA), based on one-way analysis of variance
(ANOVA) with Duncan’s post-hoc test. Two-way
ANOVA was performed to analyze the effects of OM
application and rhizosphere effect (bulk versus rhizo-
sphere) on soil properties, ACP and ALP activities,
a-diversity indices and network topologies. If the dif-
ferences were significant, one-way ANOVA or ¢-tests
were further carried out to analyze the homogeneity
of the variance. The Spearman correlation analysis
among OM doses, soil properties, the relative abun-
dance of dominant genera, network topologies and
soil ACP and ALP activities were performed using
SPSS 20.0.

The principal coordinate analysis (PCoA) based
on Bray—Curtis distance was used to visualize the
B-diversity of the phoC- and phoD-harboring bacte-
rial communities across all samples. Permutational
multivariate analysis of variance (PERMANOVA)
was performed to evaluate the influences of OM
application and rhizosphere effect on the phoC- and
phoD-harboring bacterial community compositions.
The dissimilarities of the phoC- and phoD-harbor-
ing bacterial community compositions between
each OM application treatment and OMO treatment
were assessed using the ADONIS function. PCoA,
PERMANOVA and ADONIS were implemented
in R (version 4.0.2) using the “vegan” package (Liu
et al. 2021a).

Partial least squares path modeling (PLS-PM) was
conducted using the “plspm” package in R (Sanchez
2013) to reveal the effects of OM application, rhizo-
sphere effect, soil properties, phoC- and phoD-har-
boring bacterial a-diversities and community compo-
sitions as well as network connectivity on ACP and
ALP activities. Bacterial a-diversity was indicated
by the richness and Shannon index, and community

composition was indicated by the first principal coor-
dinate (PCoA1l). The network connectivity was rep-
resented by the clustering coefficient of each sub-net-
work, according to the study of Xiao et al. (2017). All
codes used in this study were shown in the Supple-
mentary Material.

Results

OM application improves maize growth and affects
soil properties and phosphatase activities

Maize biomass (shoot and root) and plant nutrient
contents (N, P and K) improved with increased doses
of OM (Table 1). The shoot and root biomass were
significantly (p <0.05) higher in OMS5, OM10, OM20
and OMS50 than those in OMO and OMI1, but root
biomass between OM20 and OMS50 did not show sig-
nificant difference (Table 1). Compared to OMO, both
OM20 and OMS50 significantly (p <0.05) increased
the N contents of maize shoot, and OM10, OM20 and
OMS50 significantly (p <0.05) increased the P con-
tents of maize shoot (Table 1). Except for OM1, all
OM applications sharply (p<0.05) improved the K
contents of maize shoot relative to OMO (Table 1).
Two-way ANOVA showed that both OM
application and rhizosphere effect significantly
(»<0.05) affected soil pH and the contents of soil
TN, NH,*-N, NO;™-N, TK, SOM, AP and AK
(Table S2). OM20 and OMS50 increased (p <0.05)
soil pH and the contents of soil TN, SOM, AP and
AK, compared with OMO (Table S2). The rhizos-
phere soils had higher (p <0.05) SOM contents than
bulk soils (Table S2). The contents of NH,*-N and
NO;™-N in the rhizosphere soils were lower than

Table 1 Maize root and shoot biomass and total nutrition (N, P and K) contents in maize shoots after six weeks of cultivation with

different manure doses

OMO OM1 OM10 OM20 OM50
Biomass Shoot 0.23+0.05¢ 0.39+0.04e 1.14+0.19d  2.22+0.28¢ 4.85+0.35b 6.84+0.62a
(gpot™) Root 0.15+0.02d 0.32+0.06d 1.04+0.12¢  1.50+0.26b 2.51+0.26a 2.78+0.33a
Total nutrition contents N 1.40+0.27¢ 2.80+0091c 8.56+6.34bc 20.07+7.53bc  32.82+8.20b 123.40+36.97a
of shoot (mg pot™ ") P 0.20+0.03d 0.24+0.03d 0.47+0.05d 2.44+0.29¢ 6.04+0.78b 11.38+0.88a

K 2.60+0.40e 5.57+0.83e

28.18+7.25d  71.67+7.77c

167.93+£15.25b  329.80+26.92a

Values presented are the mean + SD of four pot replicates. Different letters in each row followed by values indicate significant differ-

ence (p <0.05) among treatments
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those in the bulk soils under all treatments, except
for NH,*-N in the OM1 treatment (Table S2).

Both OM application and rhizosphere effect sig-
nificantly (p <0.05) affected soil ACP activities, and
only rhizosphere effect influenced (p<0.05) soil
ALP activities (Fig. 1). Besides, rhizosphere effects
on both ACP and ALP activities were more obvious
than OM application. The rhizosphere soils showed

higher (p <0.05) ACP and ALP activities than bulk
soils under all treatments, except for the ALP activ-
ity in OM10 (Fig. 1). However, compared to OMO, all
treatments of OM application significantly (p <0.05)
decreased rhizosphere ACP activities, while only
OMS50 significantly (p <0.05) reduced rhizosphere
ALP activity (Fig. 1). OMS50 showed lowest rhizos-
phere ACP and ALP activities (Fig. 1). The highest

Fig. 1 Soil ACP (A) and

ALP activities (B) in the A OM: F=4.312, p=0.004 BN Bulk
bulk zlmd r?lzogphe;f s01.l 1 R : F=336.928, p=0.000 Rhizosphere
samples of maize after six ey _
weeks of cultivation with > 200 {OM x R: F=5.047, p =0.001
different manure doses. E — i
Values are presented as = A s %
the mean + SD of four pot g = 160 - é B ok -
replicates. All data were o T‘o" . — BC %% %%
first subjected to two-way v wn ® BC ¢ — -
ANOVA. OM: organic s - 2 . C C
manure addition; R: 2 en 120 & e S
rhizosphere effect. Lower o, Ay ale 2
case and capital letters 8 Z a 'S
indicate differences of ACP = R 80 - a d
and ALP activities in bulk & o0 . a a
. - =2 a
and rhizosphere among — = *
treatments, respectively :E
(p<0.05). Asterisk indi- 40 -
cates significant difference
(* p<0.05 or ** p<0.01)
between bulk and rhizos- 0 -
phere soil samples
OMO OMI OMS OMI10 OM20 OMS50
B 100
OM: F=0.311, p=0.903 ——
o R : F=166.086, p=0.000 Rhizosphere
= OM x R: F=4.815, p=0.002
(= R0 - P
8 = * A AB .
s 2 604 . . AB %
= AB —
o, oo y a2 ¢ B
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S Z 40 .
'E =
(] 03
£ Z b
—_— N
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ACP activity in the bulk soils was observed under the
OM10 treatment, but there was not statistically differ-
ent with OMO (Fig. 1A). In contrast, OM10 showed
highest ALP activity in the bulk soils and signifi-
cantly (p <0.05) higher than OMO (Fig. 1B).

Compositions and diversities of the phoC- and
phoD-harboring bacterial communities differently
respond to rhizosphere effect and OM application

The dominant phoC-harboring genera (average rela-
tive abundance above 1%) contained Cupriavidus,
Klebsiella, Stenotrophomonas and Xanthomonas
(Fig. 2A). The dominant phoD-harboring genera
(average relative abundance above 1%) contained
Collimonas, Pleomorphomonas, Bradyrhizobium,
Streptomyces, Pseudomonas, Gemmatimonas and
Cupriavidus (Fig. 2B). For the phoD-harboring bacte-
ria, OM10, OM20 and OMS50 significantly (p <0.05)
reduced the relative abundances of Collimonas
and Streptomyces in the bulk soils, but improved
(»<0.05) the relative abundance of Pleomorpho-
monas relative to OMO (Table S3). Additionally,
OM20 and OMS50 significantly (p <0.05) increased
the relative abundance of Pseudomonas in the rhizo-
sphere soils, but decreased (p<0.05) the relative
abundance of Collimonas (Table S3). The Spearman
correlation analysis revealed that ALP activity was
positively (p <0.01) related to the relative abundance
of the phoD-harboring genus Collimonas, and nega-
tively (p<0.01) correlated with the relative abun-
dances of Pleomorphomonas, Bradyrhizobium, Strep-
tomyces, Pseudomonas and Cupriavidus (Fig. 2C).
However, ACP activity did not show the correlation
with the dominant phoC-harboring genera (Fig. 2C).
The rhizosphere effect significantly influenced
(»<0.05) the richness and Shannon index of the
phoC-harboring bacteria (Fig. 3A and C). Both OM
application and rhizosphere effect affected (p <0.01)
the richness and Shannon index of the phoD-har-
boring bacteria (Fig. 3B and D). The richness of the
phoC- and phoD-harboring bacteria were higher in
the rhizosphere soils than those in the bulk soils under
the OM20 and OM50 treatments (Fig. 3A and B). In
addition, compared to bulk soils, the rhizosphere soil
showed the higher (p <0.05) richness of phoD-har-
boring bacteria under OM10 treatment (Fig. 3B). The
rhizosphere soils exhibited lower (p <0.01) Shannon
index of the phoD-harboring bacteria than bulk soils

under the OMO, OM1, OMS5 and OM10 treatments
(Fig. 3D).

phoD-harboring bacterial community structure
is more sensitive to rhizosphere effect and OM
application than phoC-harboring bacteria

The PCoA results illustrate the community struc-
tures of the phoC- and phoD-harboring bacteria
(Fig. 4A and B). PERMANOVA results revealed that
both phoC- and phoD-harboring bacterial community
structures were significantly (p <0.01) influenced by
the rhizosphere effect, and the phoD-harboring bac-
terial community structure rather than the phoC-har-
boring bacterial community were affected (p <0.01)
by OM application (Fig. 4C). Moreover, the rhizos-
phere effect showed the higher influence on the phoD-
harboring bacterial community structure (F=47.498,
p=0.001) than the phoC-harboring bacterial com-
munity (F=4.506, p=0.001). ADONIS analysis fur-
ther indicated that compared with OMO, the phoD-
harboring bacterial community structures of OM20
and OM50 were significantly (p <0.05) altered, while
the phoC-harboring bacterial community structure of
each OM application treatment was not significantly
different from OMO (Table S4).

Network topological features of the phoC- and
phoD-harboring bacteria differently respond to
rhizosphere effect and OM application

The co-occurrence networks of phoC- and phoD-har-
boring bacteria were established based on the correla-
tions among OTUs (Fig. 5SA and B). Compared with
the phoD-harboring bacterial network, the phoC-
harboring bacterial network showed the higher aver-
age clustering coefficient, density and modularity, but
lower diameter, average degree, average path length
and the numbers of nodes and edges (Fig. 5C). Both
networks had high percentages of positive correla-
tions of edges (Fig. 5C).

For the phoC-harboring bacterial network, both
rhizosphere effect and OM application signifi-
cantly influenced (p <0.05) the numbers of node
and edge, average path length and clustering coeffi-
cient, and rhizosphere soils showed lower values of
degree than bulk soils (Table 2). The rhizosphere
soils in the treatments of OM application signifi-
cantly (p <0.05) decreased the edge numbers of the
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Fig. 2 The relative abundances of the dominant (average rela-
tive abundance above 1%) phoC-(A) and phoD-(B) harbor-
ing bacterial genera in the bulk and rhizosphere soil samples
of maize after six weeks of cultivation with different organic
manure doses. The correlations between the OM addition, soil

phoC-harboring bacterial network compared with
bulk soils (Table 2). Both rhizosphere effect and
OM application significantly (p <0.05) affected the
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variables, ACP, ALP and phoC- and phoD-harboring dominant
genera were determined by Spearman test (C). * indicates sig-
nificant correlation at 0.05 level; ** indicates significant cor-
relation at 0.01 level

numbers of node and edge, degree and clustering
coefficient of the phoD-harboring bacterial network
(Table 3). Rhizosphere soils under all treatments
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Fig. 3 The richness and Shannon index of the phoC- (A, C)
and phoD-harboring (B, D) bacterial communities in the bulk
and rhizosphere soil samples of maize after six weeks of cul-
tivation with different organic manure doses. Values are pre-
sented as the mean+SD of four pot replicates. All data were
first subjected to two-way ANOVA. OM: organic manure addi-

showed higher edge numbers, degree and cluster-
ing coefficient of the phoD-harboring bacterial net-
work compared to bulk soils, except for the degree
under OMS50 treatment (Table 3).

Rhizosphere effect contributes mostly to the
variations of PSM communities and phosphatase
activities

The Spearman correlation analysis showed that soil TN,
NH,*-N, NO;™N, TK and SOM contents were signifi-
cantly (p<0.05) related to both ACP and ALP activi-
ties, and soil pH was positively (p <0.05) correlated with
ALP activity (Fig. S1). Additionally, ACP activity was
positively (p<0.05) related to positive edge number and
average path length and negatively correlated (»p<0.05)

R : F=103.842, p=0.000

Rhizosphere
OM x R: F=10.183, p=0.000

64 X**
? * %K 3k *%
ab ab .
abc
4 g . C s &
" A
BC B * *

Shannon of phoD-harboring bacteria

OMO OMI

OM5 OMI0 OM20 OMS50

tion; R: rhizosphere effect. Lower case and capital letters indi-
cate differences among treatments in the bulk and rhizosphere
soils, respectively (p<0.05). Asterisk indicates significant
difference (* p<0.05 or ** p<0.01) between bulk and rhizo-
sphere soil samples

with the numbers of total edge and negative edge, degree
and clustering coefficient of the phoC-harboring bacterial
network (Fig. 6). ALP activity was positively (»p<0.05)
related to the numbers of node, total edge and negative
edge, degree and clustering coefficient and negatively
correlated (p<0.05) with the number of positive edges of
the phoD-harboring bacterial network (Fig. 6). Most of
the soil variables measured were positively or negatively
(p<0.05) correlated with the topological features of the
two networks (Fig. 6).

To better understand the relative contributions of
rhizosphere effect and PSM community to the changes
of ACP and ALP activities, we constructed the par-
tial least squares path modelling (PLS-PM) (Fig. 7).
Rhizosphere effects exhibited stronger influences on
both ACP (path coefficient=0.788) and ALP activities
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Fig. 4 The principal coordinate analysis of the phoC-(A) and
phoD-(B) harboring bacterial communities, and permutational
multivariate analysis of variance (PERMANOVA) (C) among
treatments. Circle and triangle dots represent bulk and rhizo-

(path coefficient=1.061) than the o-diversity, commu-
nity composition and network clustering coefficient of
phoC- and phoD-harboring bacterial communities. OM
application positively influenced soil properties which
were indicated by soil pH, TN, TK, SOM, NH,*-N and
NO;™N, and soil properties showed positive effects on
diversities and community structures of both phoC- and
phoD-harboring bacteria. However, soil properties exhib-
ited negative influences on the clustering coefficient
of phoC- and phoD-harboring bacterial network, and
there was stronger effect on phoD-harboring bacterial
network (path coefficient = -0.526). The diversity (path
coefficient=0.021) and composition (path coefficient
-0.007) of the phoC-harboring bacterial community
showed little contribution to ACP activity, while the
clustering coefficient (path coefficient = -0.260) of the
phoC-harboring bacterial network exhibited a negative

@ Springer

sphere soil samples, respectively. Different colors indicated
different treatments. OM: organic manure addition; R: rhizos-
phere effect

effect on ACP activity. The community composition
(path coefficient=0.566) and clustering coefficient (path
coefficient=0.379) of phoD-harboring bacteria had
high positive contributions to ALP activity, while the
diversity (path coefficient = -0.126) showed a negative
contribution.

Discussion

Rhizosphere effect showed the stronger influences
on soil phosphatase activities and P-mineralizing
bacterial communities than short-term manure
application

In acidic soils, the promoting effect of organic manure
application on crop growth is mainly attributable to



Plant Soil (2023) 484:95-113

105

| O
Cupriavidus > Collimonas
[ 4
\ . ® Stenotrophomonas ® Bradyrhizobium
s /8 ’ 5 ® Xanthomonas ) ® Pseudomonas
A @ Klebsiella L@ Streptomyces
> e__@L Shimwellia N Pleomorphomonas
" ‘ /| Unidentified 2 Lysobacter
« P \ ¥ A~ Cupriavidus
) .. » o ; 7 ® Gemmatimonas
phoC © - phoD RN Unidentified
Edge Edge Edge . e .., Average Average Clustering ~ Average
Node (Total) (Positive)  (Negative) Diameter Density Modularity Degree Coefficient Path length
phoC 61 178 152 (85%) 26 (15%) 9 0.097 0.876 5.836 0.719 3.201
phoD 237 1983 1825 (92%) 158 (8%) 10 0.071 0.648 16.734 0.594 3.697

Fig. 5 Co-occurrence networks of the phoC-(A) and phoD-(B) bacterial communities and the network topological features (C). The
red and blue lines represent positive and negative correlations, respectively

the improvements of soil nutrients and pH (Waldrip
et al. 2011). Soil pH is an important factor influ-
encing plant grow and the uptake of plant nutrients
(Tandzi et al. 2018). In this study, OMS5 significantly
increased maize shoot and root biomass, but did not
significantly improve total P and N contents of maize
shoot (Table 1). This suggested that the low dose
of OM application improved maize growth mainly
through increasing soil pH rather than nutrients.
Obviously, maize growth was contributed by both
increased soil pH and nutrients at high dose of OM
addition (> 10 g kg™ ') in this short-term experiment.
Considering the important role of PSM, the long-
term effects of animal manure application on soil
phosphatase activities and associated PSM communi-
ties have received much attention (Liu et al. 2021a;
Luo et al. 2019; Wan et al. 2020), but the rhizosphere
effect in plant-soil systems, especially on phoC-har-
boring bacteria, has not been extensively examined
(Luo et al. 2019; Zheng et al. 2021). In a study with
short-term pot experiment, the diversity, composi-
tion and function of soil PSM communities that are
modulated by the plant rhizosphere are of great sig-
nificance to soil P availability and plant biomass (Guo
et al. 2022). On the basis of results from our pre-
sent short-term experiment, the rhizosphere effect of
maize growing in acidic soil had a stronger influence

on soil ACP and ALP activities, and a-diversities and
compositions of both phoC- and phoD-harboring bac-
terial communities, than animal manure application
(Figs. 1, 2 and 3). Thus, although fertilization affected
the soil phosphatase activities and P-mineralizing
bacterial community, the rhizosphere effect should be
carefully considered in the short-term amended acidic
soil using organic manure.

The strong effect of plant rhizosphere on soil
microbes has been reported (Guo et al. 2022; Wang
et al. 2020a). Plant rhizosphere is a highly heteroge-
neous microenvironment and nutrient-dense region
(Broeckling et al. 2008; Wang et al. 2020b), which
is strongly influenced by the energy and nutrition
derived from root exudates as well as the symbiotic
relationships between plants and microbes (Kuzya-
kov and Blagodatskaya 2015; Wang et al. 2020b).
The rich nutrient source in the rhizosphere supports
a diverse population of PSM (Shrivastava et al. 2010),
and the variations of the rhizosphere PSM community
and function largely depend on the type and amount
of the root exudates (Chaparro et al. 2014). Especially
in acidic soils with P deficiency and aluminum (Al)
toxicity, plants will increase the secretion of organic
acids (Liao et al. 2006; Chen and Liao 2016), which
can be effectively utilized as a C source by soil
microbes (Jones et al. 2003). Additionally, plant roots
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Table 2 Network topological features of phoC-harboring bacterial community in the bulk and rhizosphere soils of maize after 42
days of cultivation with different organic manure doses

Net- Sam- OMO OM1 OM5 OM10 OM20 OM50 Two-way analy-
work pling sis of variance
topol-  site statistic
ogy
Node Bulk 31+ 10bc 28 +6¢ 33 +3abc 41+5a 35+ 3abc 37 +4ab OM:
F=4.33%* R:
F=4.91%,
Rhizos- 36+9b 37+3b 32+4b 38 +6ab 36+ 1b 45+3a OM xR=1.72
phere
Edge Bulk  43+17ab 39+5b 49 +7ab 57+7a 53+ 6ab 53+ 5ab OM:
F=5.80%* R:
F=87.15%*,
(Total) Rhizos- 23 +8bc 23+ 3bc 16 + 6¢ 34+ 5a 33+ 10ab 36+7a OM x R=1.30
phere
Edge Bulk  95.56+5.32a 97.67+4.65a 94.75+628a 93.12+5.66a 9544+3.54a 95.53+5.17a OM: F=0.35,
(Posi-  Rhizos- 95.40+7.02a 98.75+2.50a 100+0a 100 +0a 98.61+2.78a 98.75+146a R:F=6.69,
tive, phere OM x R=0.71
%)
Edge Bulk  4.44+532a 23344652 525+628a 688+5.66a 4.56+3.54a 447+5.17a OM: F=0.35,
(Nega-  Rhizos- 4.60+7.02a 125+250a 0+0a 0+0a 13942782 1.25+1.46a R:F=6.69,
tive, phere OM x R=0.71
%)
Degree Bulk  2.80+0.22a 290+0.72a 3.01+0.52a 2.78+0.33a 3.00+0.32a 2.85+0.34a OM:
Rhizos- 1.27+0.19bc 1.26+0.08bc 0.97+0.33¢c 1.80+0.21a 1.82+0.55a 1.59+021ab F=150.R:
phere F=174.51%%,
OM x R=2.03
Average Bulk  1.37+0.39bc 1.21+0.10c  1.41+027bc 1.83+0.08a 1.62+0.29ab 1.66+0.09ab OM:
path Rhizos- 3.55+0.70a 3.67+0.64a 2.71+1.17a 1.45+032b 1.20+0.10b 1.44+0.30b F=7.26** R:
length phere F=34.67%%,
OM x
R=15.18%*
Cluster- Bulk  0.89+0.04a 0.89+0.05a 0.85+0.09ab 0.70+0.04c 0.78+0.10bc 0.72+0.02c OM:
ing  Rhizos- 0.29+0.08b 0.26+0.07b 0.39+0.10b 0.94+0.04a 091+0.13a 0.89+0.06a  F=22.10"%,
coeffi- phere R:
cient F=75.74%*,
OM x
R =59.00%*

Values presented are the mean + SD of four pot replicates. Different letters in each row followed by values indicate significant differ-
ence (p <0.05) among treatments for the bulk or rhizosphere soil samples. Numbers in bold indicate a significant difference between
the bulk and rhizosphere soil samples. All data were subjected to a two-way ANOVA. * indicates significant correlation at 0.05 level;
** indicates significant correlation at 0.01 level. OM: organic manure addition; R: rhizosphere effect

are able to secrete more ACP into the rhizosphere
under P-deficiency condition (Nannipieri et al. 2011).
Therefore, the rhizosphere effect on soil phosphatase
activities and P-mineralizing bacterial communities
may be more intense in acidic soils (Ren et al. 2020),
even though the amelioration of acidic soil with ani-
mal manure dramatically improves the soil environ-
ment (Urra et al. 2019).

@ Springer

In the soil-plant system, plant roots and soil
microbes simultaneously contribute to the soil phos-
phatase activity, and the interaction of plant-microbes
can further affect microbial-derived phosphatase
activity (Spohn and Kuzyakov 2013). In this study,
compared to PSM, the rhizosphere effect showed
stronger influence and provided a main contribution
to soil phosphatase activities (Figs. 1 and 7). More
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Table 3 Network topological features of phoD-harboring bacterial community in the bulk and rhizosphere soils of maize after 42

days of cultivation with different organic manure doses

Network ~ Sampling OMO OM1 OM5 OM10 OM20 OM50 Two-way analysis
topology  site of variance statistic
Node Bulk 152+41b 141+7b 136 +28b 145+ 13b 170 + 18ab 203+18a OM: F=14.81%*,
R: F=54.02%%,
Rhizos-  168+13b 159+24b 184+ 23b 226+23a 248+ 31a 255+ 16a OM x R =3.00%
phere
Edge Bulk 147 +14d 169 +18d 185445 cd 283 +106¢ 455+70b 987 +91a OM: F=147.01%%,
(Total) ~ Rhizos-  569+73.06d  650+45d 761+ 33c 826+ 43¢ 975+ 118b 1337 +79a R: F=580.87+%,
phere OM X R=291*
Edge Bulk 9331+6.54a  8828+556ab  78.90+17.36b  86.87+8.85ab 9237+ 1.68ab  9545+036a  OM: F=2.65R:
(Positive, Rpizos-  8229+3.07d  84.27+0.89cd  87.02+2.59  86.55+051bc  88.25+0.91b  91.53+0.55a F=197,
%) b OM x R=1.99
phere
Edge Bulk 6.69 +6.54b 11.72+5.56ab  21.10+17.36a  13.13+8.85ab  7.63+1.68ab  4.55+0.36b OM: F=2.65, R:
(Negative, Rpjzos-  17.71+3.07a  1573+£0.89ab  12.98+2.59¢ 1345+0.51bc ~ 11.75+091c  8.47+0.55d F=197,
%) b OM x R=1.99
phere
Degree  Bulk 2.01+0.43d 2.40+0.25d 2.72+0.36d 3.87 +1.26¢ 5.41+1.05b 9.74+0.52a OM: F=44.57%*,
Rhizos-  6.81+0.88b 8.28 +1.24b 836+ 1.03b 7.36+0.52b 7.94+1.22b 10.52+0.56a R: F=244.28*%,
b OM x R=10.71%%
phere
Average  Bulk 2.18+0.07b 2514035  2.60+0.55ab  244+£094ab  3.20+0.83a 3.19+0.15a OM: F=8.18%* R:
path Rhizos-  2.05+0.12¢ 2.24+0.50bc 2.56+0.47b 322+0.12a 3.39+0.13a 3.23+0.04a F=051,
length b OM x R=1.29
phere
Cluster-  Bulk 0.58+0.02a 0.56+0.02a 0.57 +0.03a 0.58 + 0.04a 0.54+0.03ab  0.51+0.01b OM: F=23.03**,
g Rhizos-  0.68+0.01a 0.67+0.01ab  0.65+0.02bc  0.65+0.01abc  0.63+0.02¢ 0.55+0.02d R: F=155.71**,
coefficient phere OM x R=2.88%*%*

Values presented are the mean + SD of four pot replicates. Different letters in each row followed by values indicate significant differ-
ence (p <0.05) among treatments for the bulk or rhizosphere soil samples. Numbers in bold indicate a significant difference between
the bulk and rhizosphere soil samples. All data were subjected to a two-way ANOVA. * indicates significant correlation at 0.05 level;
** indicates significant correlation at 0.01 level. OM: organic manure addition; R: rhizosphere effect

obviously, the variation of ACP activity was mainly
influenced by plant rhizosphere, and the attributes
of the phoC-harboring bacterial community showed
little contribution (Fig. 7). This suggested that the
increased ACP activity in the rhizosphere was mainly
produced by plant roots rather than by phoC-harbor-
ing bacteria in the current experiment. Plant-derived
ACP is an important mechanism for the improve-
ment of mineralization of soil P, and the absorption
of plant P (Nannipieri et al. 2011). Plants in response
to P-deficient conditions can improve the secretion of
ACP to increase soil P availability (Nannipieri et al.
2011). These plant-derived ACP may inhibit ACP
production by phoC-harboring bacteria (Fraser et al.
2017). Besides, low soil pH in acidic soil depressed
soil microbial activity (Cha et al. 2021), which might
limit the function of phoC-harboring bacteria, even
though the rhizosphere environment was improved.
Different from ACP, ALP is mainly secreted by
soil microbes (Fraser et al. 2017), thus PSM-derived
ALP is responsible for increased ALP activity. In

this study, the increased rhizosphere ALP activ-
ity was mainly attributed to the regulation of plant
rhizosphere on phoD-harboring bacteria, reflected
by the community composition and connectivity,
represented by the clustering coefficient of the net-
work (Fig. 7). Similar finding was reported by Luo
et al. (2019). The changes of the relative abundance
of dominant genera are the main reflection of com-
munity composition variation (Iannucci et al. 2021).
Among the dominant phoD-harboring genus, the
Collimonas was the key contributor to ALP activ-
ity as indicated by the positive correlation between
Collimonas and ALP activity (Fig. 2C). The Colli-
monas belongs to the order Burkholderiale which
exhibit high tolerance to low soil pH and Al toxicity
(Leveau et al. 2010), thus they can better adapt to
acidic soil by secreting phosphatases.

The quality of the connections among species was
reflected by the clustering coefficient of the microbial
network (Xiao et al. 2017), and the PSM community
with a highly connected network has been associated
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Fig. 6 Spearman correlations between the OM addition, soil
variables, ACP, ALP and network topological features of the
phoC- and phoD-harboring bacterial communities. * indicates

with greater phosphatase activity (Zheng et al. 2021).
Thus, the combined influences of OM application and
rhizosphere effect should increase the synergic rela-
tionships among the phoD-harboring bacterial spe-
cies, which are conducive to the improvement of ALP
activity. Moreover, root exudates can also enhance
ALP activity through stimulating PSM functional
gene expression at the RNA level (Ragot et al. 2016),
but this process cannot be fully reflected in the com-
munity composition. For instance, Ragot et al. (2016)
found that fertilization up-regulated the expression of
functional gene of phoD-harboring Xanthomonadales
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significant correlation at 0.05 level; ** indicates significant
correlation at 0.01 level

at the RNA level but showed less influence on phoD-
harboring bacterial community at the DNA level.

The strength of rhizosphere effect on soil phos-
phatase activities was highly dependent on the dose
of OM, since the rhizosphere ACP and ALP activi-
ties decreased with increased OM doses (Fig. 1).
Similarly, Ai et al. (2012) found that organic manure
addition reduced the increased degree of phosphatase
activity in the wheat rhizosphere. On the one hand,
the high soil AP contents caused by OM applica-
tion can inhibit soil phosphatase activity, because
soil phosphatase is a functional induced enzyme and
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Fig. 7 Partial least squares path models (PLS-PM) of the driv-
ers of ACP and ALP activities. For ACP activity, soil proper-
ties included soil TN, TK, SOM, NH,*-N, NO;™-N; for ALP
activity, soil properties included soil pH, TN, TK, SOM,
NH,*-N, NO;-N. The a-diversity of phoC-/phoD-bacterial
was indicated by the richness and Shannon index; the com-
munity composition of phoC-/phoD-bacterial is represented

very sensitive to soil AP (Ye et al. 2017). On the
other hand, increased root biomass with increased
OM doses expands the root absorption area for soil
P, which may reduce plant demand for PSM function.
Root enlargement can be another important mecha-
nism that improves the absorption of soil P by plants
(Ramaekers et al. 2010). Thus, plant biomass and
rhizosphere phosphatase activities exhibited opposite
response patterns to OM application in an acidic soil.
This may indicate a balancing mechanism exists for
soil P utilization between plant and soil microbes.

Various responses of the phoC- and phoD-harboring
bacterial communities to rhizosphere effect and
animal manure

In the present study, the attributes of the phoC- and
phoD-harboring bacterial communities, including
diversity (Fig. 3), community structure (Fig. 4) and

Goodness of fit = 0.482

by the first principal coordinates (PCoAl). Each oblong box
represents a latent variable, which was chosen according to the
correlations among these indicators. Path coefficients were cal-
culated after 1000 bootstraps. The red and blue lines represent
positive and negative effects, respectively. The full and dashed
lines indicated the significant correlations (p <0.05) and no
correlations (p > 0.05), respectively

network topological features (Tables 2 and 3), exhib-
ited various responses to both rhizosphere effect and
OM application. Different from phoC-harboring
bacteria, the rhizosphere effect reduced the Shannon
index of phoD-harboring bacteria under low doses
of OM application (OMO, OM1, OM5 and OM10).
The similar result was reported by Liu et al. (2021b).
The decreased Shannon index of the phoD-harboring
bacteria should be attributed to the low evenness val-
ues, as there was no influence on richness (Fig. 3B).
In response to the environmental gradient, the exces-
sive growth of some taxa in the community can
reduce total evenness, finally decreasing the Shannon
index (Hartmann et al. 2015). However, in this study,
high doses of OM application (OM20 and OMS50)
increased the Shannon index and richness of rhizo-
sphere phoD-harboring bacteria as well as the rich-
ness of rhizosphere phoC-harboring bacteria (Fig. 3).
Improved maize growth under high OM application
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may supply more root exudates to phoC- and phoD-
harboring bacteria and increase bacterial diversity in
the rhizosphere (Kuzyakov and Blagodatskaya 2015).

Short-term fertilizer application changed phoC-
and phoD-harboring bacterial community composi-
tions to varying degrees, but exhibited different even
opposite effects on their diversities (Guo et al. 2022).
For example, Guo et al. (2022) found that short-term
application of chemical P fertilizer decreased Shan-
non of phoD-harboring bacteria in rhizosphere soil,
but increased Shannon of rhizosphere phoC-harbor-
ing bacteria. In this study, the influence of both OM
application and rhizosphere effect on the phoD-har-
boring bacterial community structure was stronger
than on the phoC-harboring bacteria (Fig. 4C), which
supported the finding that the response of soil PSM
community to fertilization is taxa-dependent (Zheng
et al. 2021). On the one hand, ACP produced by
plants roots can weaken the response of the phoC-
harboring bacterial community to environmental
change (Fraser et al. 2017). On the other hand, the
phoC- and phoD-harboring bacteria have the different
preferences for soil nutrient (Zheng et al. 2021). The
majority of phoC-harboring bacterial genus belong
to oligotrophs with low nutrient demands (Starke
et al. 2016), and thus they can maintain viability
and stability when exposed to environmental gradi-
ents (Fierer et al. 2007). Contrary to this, the phoD-
harboring bacterial species are relatively sensitive to
environmental factors, because of significant correla-
tions between ALP activity and most soil variables
(Fig. 2C). In the present study, the OM application
and rhizosphere effect changed most of the soil varia-
bles, including soil pH, SOM, AP and TP which were
frequently reported to influence the phoD-harboring
bacterial community structure under manure fertiliza-
tion (Chen et al. 2017; Hu et al. 2018).

Ecological network analysis can visualize the
interactions of microbial communities and reveal the
co-occurrence relationships of species in microhabi-
tats (Mendes et al. 2018). In the current study, the
positive correlations between species dominated both
the phoC- and phoD-harboring bacterial networks
(Tables 2 and 3), implying that mutual cooperation
played an important role in the P-mineralizing bacte-
rial community in manure-amended acidic soils. The
strong cooperation of microbial communities can
contribute to more active microbial function (Faust
and Raes 2012). Nevertheless, there were differences
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between phoC- and phoD-harboring bacterial net-
works. Relative to the phoC-harboring bacteria, the
phoD-harboring bacterial network exhibited higher
average path length but slightly lower modularity,
density and average clustering coefficient (Fig. 5C),
indicating higher competition for resource between
the phoD-harboring bacteria (Mendes et al. 2018).
Resource competition can be enhanced in highly
abundant and more diverse microbial communi-
ties (Mendes et al. 2018). One possible explanation
could be that the increased competition for resources
can promote interactions between different micro-
bial species (Giovannoni et al. 2014), further affect-
ing phoD-harboring bacterial community structure
and increasing ALP activity. This is consistent with
more complex interactions in low-fertility acidic soils
(Wang et al. 2021b). Moreover, the low modularity
of the phoD-harboring bacterial network indicated an
unstable community (Xun et al. 2021) and higher sen-
sitivity of the community to environmental gradients
(Wang et al. 2016). This was identified by stronger
correlations between the OM addition, soil vari-
ables and phoD-harboring dominant genera (Fig. 2C),
which resulted in the variation of community compo-
sition and ALP activity.

Conclusion

Although short-term OM application clearly amended
acidic soil, the rthizosphere effect showed stronger influ-
ences on soil ACP and ALP activities and P-mineraliz-
ing bacterial communities in the present pot experiment.
Notably, the phosphatase activity in the rhizosphere was
negatively correlated with the OM application. Rhizos-
phere ACP activity was mainly derived from plant root
rather than phoC-harboring bacteria, while rhizosphere
ALP activity was attributed to community composition
and species interactions of phoD-harboring bacteria that
were induced by OM application and rhizosphere effect.
Due to the differences between microbial groups, both
phoC- and phoD-harboring bacteria showed different
sensitivity to rhizosphere effect and OM application,
with stronger influences on phoD-harboring bacteria.
Thus, although the short-term organic manure applica-
tion increased crop growth and changed soil PSM com-
munity, the influence of rhizosphere effect on PSM com-
munity and function need more attention in the amended
acidic soils.
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