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ABSTRACT To maintain the beneficial effects of microbial inoculants on plants
and soil, repeated inoculation represents a promising option. Until now, the
impacts of one-off inoculation on the native microbiome have been explored, but
it remains unclear how long and to what extent the periodic inoculations would
affect the succession of the resident microbiome in bulk soil. Here, we examined
the dynamic responses of plant growth, soil functions, and the resident bacterial
community in the bulk soil to periodic inoculations of phosphate-solubilizing and
N2-fixing bacteria alone or in combination. Compared to single-strain inoculation,
coinoculation better stimulated plant growth and soil nutrients. However, the
benefits from inoculants did not increase with repeated inoculations and were
not maintained after transplantation to a different site. In response to microbial
inoculants, three patterns of shifts in the bacterial composition were observed:
fold increase, fold decrease, and resilience. The periodic inoculations impacted
the succession course of resident bacterial communities in bulk soil, mainly
driven by changes in soil pH and nitrate, resulting in the development of three
main cluster types throughout the investigation. The single and mixed inoculants
transiently modulated the variation in the resident community in association with
soil pH and the C/N ratio, but finally, the community established and showed re-
silience to subsequent inoculations. Consequently, the necessity of repeated inoc-
ulations should be reconsidered, and while the different microbial inoculants
showed distinct impacts on resident microbiome succession, the communities
ultimately exhibited resilience.

IMPORTANCE Introducing beneficial microbes to the plant-soil system is an envi-
ronmentally friendly approach to improve the crop yield and soil environment.
Numerous studies have attempted to reveal the impacts of inoculation on the
rhizosphere microbiome. However, little is known about the effectiveness of peri-
odic inoculations on soil functioning. In addition, the long-term impact of
repeated inoculations on the native community remains unclear. Here, we track
the succession traits of the resident microbiome in the bulk soil across a growing
season and identify the taxon clusters that respond differently to periodic inocu-
lation. Crucially, we compare the development of the resident community com-
position with and without inoculation, thus providing new insight into the inter-
actions between resident microbes and intruders. Finally, we conclude that initial
inoculation plays a more important role in influencing the whole system, and the
native microbial community exhibits traits of resilience, but no resistance, to the
subsequent inoculations.
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Soil microorganisms are the main drivers of soil ecosystem functioning, including
the mineralization of organic matter, nutrient cycling, and resistance to soilborne

diseases (1–3). However, the native soil microbial community is sensitive to exogenous
disturbances due to anthropogenic activities (fertilization, pesticide application, and
irrigation) and natural climate change (temperature and rainfall) (4, 5). The impacts of
abiotic disturbances, such as chemical fertilization and water stress, on soil microor-
ganisms have been widely reported (6, 7). In addition, soil-resident microbial commun-
ities are frequently subjected to biotic disturbances such as the application of biocon-
trol or beneficial microbial inoculants and naturally occurring microbial disturbances
such as soilborne pathogens (8, 9). These invading microbes, whether beneficial micro-
bial inoculants for promoting plant productivity or harmful pathogens affecting plant
health, can alter microbial community succession, composition, and diversity (10, 11).

The host plants can assemble beneficial microorganisms in the rhizosphere via sig-
nals such as root exudates in response to attack by soilborne pathogens (12). As a
manual and sustainable soil management strategy, microbial inoculants are efficient
and ecofriendly for improving crop productivity and soil properties, with living benefi-
cial microorganisms colonizing the rhizosphere and increasing nutrient availability to
the host plant (13, 14). Several studies have explored the influence of one-off microbial
inoculation on soil nutrients, plant growth, and defense against pathogens (15–17).
However, these beneficial effects are frequently restricted due to many factors, e.g.,
soil nutrient (18) and organic matter (19) contents, seasonal variation (20), and compe-
tition with resident microbiota (21). To achieve sustained benefits on soil properties
and plant growth, periodic applications of microbial inoculants might be helpful.
However, not all invasive microbes can successfully join the resident community; soil
resources and the composition of the native community determine resilience and re-
sistance to intruders (22).

Disturbances are often classified as pulse (short term) or press (continuous or long
term) depending on their duration and influence on the soil properties (23). Although
beneficial microbial inoculants can be effective remediation agents in soil, successive
inoculation may act as a press disturbance that directly or indirectly disrupts the native
soil microbial habitat (11, 24). Press disturbances of soil microbial communities due to
long-term inorganic or organic fertilization have been reported for a wide range of
locations and crop types (25–27), but little information is available on the response of
the soil-resident microbial community to repeated inoculant inputs. Previous studies
(9, 28) suggested that a single microbial invasion may alter the resident community
composition, functioning, as well as nutrient niche breadth and that microbial diversity
determines the outcome of biotic invasions, but the extent and persistence of the
influence of periodic microbial inoculations on shifts in native communities remain
unclear. P. C. Mawarda et al. (29) also indicated that the deliberate release of microbial
inoculants may cause resource competition, synergism, and antagonism effects on the
resident microbiome. Given the growing use of such practices, it is important to under-
stand the underlying mechanisms of the responses of the microbial community under
different inoculant additions in order to evaluate soil quality and resilience (30).

The influences of different microbial inoculants on soil properties under controlled
conditions and the practical effects on plant nutrient uptake under natural conditions
have been thoroughly evaluated (31–33). In this study, we sought to investigate the
dynamics of soil nutrients, plant growth, and the soil-resident bacterial community in
response to successive microbial inoculations over the course of a growing season. We
hypothesized that inoculations would increase soil nutrient availability as well as plant
growth and that these beneficial effects would increase along with repeated applica-
tions. We hypothesized that repeated inoculations would act as press disturbances,
affect the stability of soil-resident microbes, and modulate the composition of the soil-
resident microbiome. These disturbances would lead to different patterns of bacterial
community shifts. Moreover, we hypothesized that different inoculants could be
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associated with disparate impacts on the resident microbiome, host plant growth, and
soil function.

The present experiment was conducted from November 2017 to October 2018 in
pots planted with the native medicinal plant Cyclocarya paliurus (Batal.) Iljinsk (34).
Four plant-beneficial strains were applied alone or in combination four times with an
interval of 45 days. An afforestation experiment was subsequently established in 2019
using the same inoculated seedlings to evaluate the following effects of past microbial
inoculations on plant growth at a different site. The plants and bulk soils were dynami-
cally sampled throughout the study period to (i) investigate the soil functioning and
dynamic growth of plants under different inoculant types and different time points, (ii)
evaluate the shifts in the native microbial community in response to periodic inocula-
tions, (iii) identify the changing patterns of microbial taxa and the differences between
different inoculation types, and (iv) analyze the underlying biotic and abiotic factors
shaping the soil microbial community.

RESULTS
Effects of microbial inoculants on dynamic growth of Cyclocarya paliurus. The

growth indices of C. paliurus were dynamically measured during the inoculation period
(Baima, Nanjing, China) and the transplantation period (Taizhou, China). In Baima, only
MFCB (Bacillus megaterium W17 [M], Pseudomonas fluorescens W12 [F], Azotobacter
chroococcum HKN-5 (C), and Azospirillum brasilense [B]) treatment significantly
increased the seedling height 45 days after the first inoculation, while no significant
improvement of ground diameter was found during this period. After the second inoc-
ulations, we observed improved plant height growth for treatments containing Bacillus
megaterium and Pseudomonas fluorescens, i.e., MF and MFCB (Fig. 1a and d), but no sig-
nificant effects were found in other treatments. In Taizhou, significant increases in plant
height were observed in treatments MF and MFCB, but the differences in ground diameter
between inoculated and noninoculated seedlings were not significant. In terms of relative
growth rates of height (RGRh) and ground diameter (RGRd), inoculations, especially MF,
CB, and MFCB, increased the RGRh and RGRd of C. paliurus in Baima, while a very limited
impact of microbial inoculation was observed during the transplantation period (Fig. 1c
and f). Statistical results by Student’s t test indicated that the differences between each
treatment in Baima and Taizhou were significant (P, 0.05).

Soil biochemical properties. During the inoculation period, soils were collected at
six time points (I-10 [10 days after the first inoculation {inoculation I}], I-30, I-45, II-45,
III-45, and IV-45) to determine soil biochemical properties. According to the two-way
analysis of variance (ANOVA) results (see Fig. S1 in the supplemental material), the fac-
tors time (varied from P, 0.0001 to P=0.0339) and inoculant type (varied from
P, 0.0001 to P=0.0687) played key roles in explaining the variation of biochemical
properties, but their interaction was not significant (P. 0.1) for explaining the varia-
tions in soil pH and the C/N ratio. After the first inoculation, soil available nutrients dif-
fered significantly between inoculated soils and the control during the first 10 to
90 days. However, the impacts of inoculation lessened over the period of 45 to 90 days,
and the only significant differences were increases in available phosphorus (SAP) and
soil alkali-hydrolyzable nitrogen (SAN) contents in treatments of MFCB and CB, respec-
tively. The soil pH was lower in the first 10 days and the last 90 days than with the con-
trol (P, 0.05) (Fig. S1e and f). Inoculation time significantly influenced soil nitrogenase
activity and acid phosphatase activity, but the patterns of change differed. Soil nitroge-
nase activity decreased 45 days after the first inoculation (I-45) and recovered after the
second and third inoculations. In contrast, phosphatase activity showed an increasing
trend over the first 180 days, and a significant dependence of activity on the inocula-
tion time was also observed.

Bacterial diversity based upon 16S rRNA gene sequencing. After subsampling
each of the total of 115 samples to an equal sequencing depth, a total of 10,978 opera-
tional taxonomic units (OTUs) at 97% identity were obtained, with a range of 1,952 to
2,932 OTUs per sample. According to Good’s coverage estimator (with an average of
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97%) (Table S1), nearly complete sampling of bacterial community diversity was
obtained for all treatments. Compared with the OTU numbers at the time before inocu-
lation (2,607) (data not shown), the observed OTUs significantly increased at I-10 and I-
30, but little effect of treatment was observed (Table S2). Inoculation had no effect on
the Shannon and Simpson indices after I-45, whereas the ACE (abundance-based cov-
erage estimators) and Chao1 indices were significantly impacted by inoculation during
the first 45 days. The effects of the different microbial consortia varied in the initial pe-
riod; inoculation with four strains (MFCB) and two N2-fixing bacteria (NFB) (CB)
increased Simpson values at I-10, whereas the ACE index was lower in the treatments
with phosphate-solubilizing bacteria (PSB) (M and MF) than with the noninoculation
treatment (CK) (P, 0.05). According to the overall ANOVA results (Table S3), sampling
day significantly affected bacterial diversity and richness, but no significant effects of
treatments or their interactions on bacterial diversity indices were observed across the
entire study period.

Shifts of resident bacterial community composition under repeated microbial
inoculations. The relative abundances of the top 11 phyla represented ;96% of the
total communities (Fig. S2). Most of the bacterial sequences obtained from our experi-
mental soils belonged to the phyla Proteobacteria (42 to 54%), Bacteroidetes (5 to 10%),
Actinobacteria (5%), and Acidobacteria (5 to 21%); the remainder (16 to 20%) belonged
to the phyla Firmicutes, Chloroflexi, Gemmatimonadetes, Verrucomicrobia, Planctomycetes,
and Armatimonadetes.

The bacterial community composition at the phylum level varied significantly across
the different sampling times (180days), with less pronounced effects of inoculation treat-
ment (Table S4). However, there were significant differences in families between treat-
ments, as shown in Fig. 2 (P, 0.05). In response to periodic inoculations, the temporal vari-
ation of the top 50 families exhibited three distinct patterns with respect to time: resilience
(patterns a and c), antagonism (b), and synergism (d) (Fig. 2). It should be noted that the
significant differences between treatments were mostly found within the first 45days after
the first inoculation (I-10, I-30, and I-45) in pattern a. In this period (0 to 45 days), the

FIG 1 Dynamic growth of C. paliurus height (a) and ground diameter (d) in Baima (inoculation
period), final height (b) and ground diameter (e) of C. paliurus in Taizhou (transplantation period),
and relative growth rates of height (c) and ground diameter (f) in Baima and Taizhou. The sampling
days were I-, II-, III-, and IV-45 (45 days after the first, second, third, and fourth inoculations,
respectively). The treatments were M or C (single application of Bacillus megaterium or Azotobacter
chroococcum, respectively), MF (dual application of B. megaterium and Pseudomonas fluorescens), CB
(dual application of A. chroococcum and Azospirillum brasilense), MFCB (application of all four strains),
and CK (noninoculation).
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relative abundances of families like Pseudomonadaceae and Micrococcaceae in all treat-
ments, Xanthomonadaceae in MF and MFCB, and Rhodanobacteraceae in CB and MFCB sig-
nificantly increased (P, 0.05) compared to the control. The family Chitinophagaceae
decreased in the CB treatment, and Anaerolineaceae significantly decreased in all treat-
ments (P, 0.05). However, after 45days, the bacterial community in pattern a exhibited re-
silience to the following disturbances, and no significant differences were found between
inoculated and noninoculated soils.

Effects of repeated microbial inoculations on overall bacterial community
structure. Principal-coordinate analysis (PCoA) ordination based on Bray-Curtis dissimi-
larities at the OTU level indicated the succession of the soil bacterial community over
the course of the experiment (Fig. 3a). In accordance with the results of community
composition, the community changed significantly in the first 45 days (I-10, I-30, and I-
45) (R2 = 0.24 and P=0.001 by permutational multivariate analysis of variance
[PERAMONA]), but the community dissimilarities within the last three time points
decreased. The pairwise correlations between different time points also indicated that
the whole microbiome stabilized at the last three time points (Fig. S3).

To further examine the differences between inoculated and noninoculated soils over
time, typing analysis was conducted based on the Bray-Curtis dissimilarity in the PCoA

FIG 2 Heat map of the bacterial community at the family level (top 50) under periodic inoculations over time.
Black boxes indicate the statistical significance of differences between treatments at each time point. a, b, and
c show different changing patterns of bacterial taxa across all sampling time points clustered based on
abundance similarities between taxa. The sampling days were 0d (the day before microbial inoculation); I-10, I-
30, and I-45 (10 days, 30 days, and 45days after the first inoculation, respectively); and II-, III-, and IV-45 (45 days
after the second, third, and fourth inoculations, respectively). The treatments were M or C (single application of
Bacillus megaterium or Azotobacter chroococcum, respectively), MF (dual application of B. megaterium and
Pseudomonas fluorescens), CB (dual application of A. chroococcum and Azospirillum brasilense), MFCB
(application of all four strains), and CK (noninoculation).
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plot (Fig. 3b and c). At all seven time points (including the day before inoculation [0d]),
three bacterial cluster types were found in inoculated soil, whereas only two bacterial
cluster types were detected in the control (R2 = 0.40 and P=0.01 by PERAMONA for five
types). Bar plots (Fig. 3b and c) were used to depict the compositions of these cluster
types at each time point, showing that repeated inoculations altered the community
succession compared to noninoculated treatment (Fig. 3b). It took approximately 10 to
30days for the bacterial community in noninoculated soil to change from NonIno_0-10d
(the community cluster in noninoculated samples during the first 10 days) to
NonIno_30-180d (Fig. 3b). The bacterial community in the inoculated soil also completed

FIG 3 Temporal variation of bacterial community structure under different soil managements. (a) Succession of
the resident soil bacterial community as revealed by principal coordinates of Bray-Curtis similarities. (b)
Bacterial community clusters (PCoA plot) and their dominations (bar plot) in the succession of noninoculated
soils across all time points. NonIno_0-10d and NonIno_30-180d indicate two main clusters for noninoculated
samples as derived from community type analysis. (c) Bacterial community clusters and their dominations in
the succession of inoculated soils across all time points. Ino_0-10d, Ino_30-45d, and Ino_90-180d indicate three
main clusters for inoculated samples as derived from community type analysis. (d) Differences in phylum
abundances among the three clusters found in the inoculated soils according to linear discriminant analysis
(LDA) scores. The sampling days were 0d (the day before inoculation); I-10, I-30, and I-45 (10 days, 30 days, and
45 days after the first inoculation, respectively); and II-, III-, and IV-45 (45 days after the second, third, and fourth
inoculations, respectively). The treatments were M or C (single application of Bacillus megaterium or Azotobacter
chroococcum, respectively), MF (dual application of B. megaterium and Pseudomonas fluorescens), CB (dual
application of A. chroococcum and Azospirillum brasilense), MFCB (application of all four strains), and CK
(noninoculation).
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this change from Ino_0-10d (the cluster in the inoculated samples during the first 10
days) to Ino_30-45d, but after the second inoculation, Ino_30-45d was transformed into
Ino_90-180d and remained stable thereafter (Fig. 3c). To illustrate the dynamics of com-
munity composition and compare the differences between different cluster types, we
identified the OTUs in different types and visualized community succession on the phy-
lum level (Fig. S4). The Acidobacteria phylum significantly increased in inoculated sam-
ples but stayed stable in noninoculated soil. On the contrary, the Bacteroidetes phylum
decreased over time in inoculated samples but increased in noninoculated samples.

Linear discriminant analysis (LDA) revealed differences in phylum abundances
among the three cluster types (Ino_0-10d, Ino_30-45d, and Ino_90-180d) found in ino-
culated soil (Fig. 3d). The top 3 markers based on LDA scores were Proteobacteria,
Bacteroidetes, and Lentisphaerae for Ino_0-10d; Cyanobacteria, Chlamydiae, and
Verrucomicrobia for Ino_30-45d; and Acidobacteria, Chloroflexi, and Gemmatimonadetes
for Ino_90-180d. Soil properties (C, N, S, C/N ratio, nitrate, pH, and enzyme activity)
were examined for their abilities to explain the bacterial community variation in inocu-
lated soils (Fig. 4). Among these factors, nitrate and acid phosphatase activities
explained 46.1% and 42.3% of the bacterial community variation along axis 1, respec-
tively, and soil pH explained the most variation along axis 2 (39.1%).

The route of community change is transiently modulated by single or mixed
microbial inoculants. Since the dissimilarities in the bacterial community at II-45, III-
45, and IV-45 were smaller than those in the first 45 days, we selected five time points
in the first 45 days and the last 45 days (Fig. 5) to evaluate the different effects of the
inoculant types on the soil-resident bacterial community. Four cluster types (types 1 to
4) were obtained from these samples across these five time points, and the routes of
community change from type 1 to type 4 differed according to treatments. The route
was type 1-2-4 for inoculation with mixed strains (MF, CB, and MFCB) but type 1-3-4 for
the single-strain treatments (M and C) (Fig. 5). In addition, across all five selected time
points, a single-complex-single cluster pattern was observed (Fig. 5, stacked-column
plot). These patterns suggest that the microbial inoculants modulated different subsets
of the microbial community in soil for a short period, even though all inoculants ulti-
mately resulted in similar clustering patterns.

Soil factors were analyzed to identify potential abiotic parameters affecting the suc-
cession of the resident microbial community over time (Fig. 5). Inorganic N (nitrate and
ammonium) and the activities of nitrogenase and acid phosphatase were the main

FIG 4 Redundancy analysis illustrating the effects of environmental factors on the succession of the
bacterial community and top 10 families across all treatments. The sampling days were 0d (the day
before inoculation); I-10, I-30, and I-45 (10 days, 30 days, and 45days after the first inoculation,
respectively); and II-, III-, and IV-45 (45 days after the second, third, and fourth inoculations,
respectively).
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factors driving the temporal variations of microbial community structure, whereas soil
pH and the C/N ratio, followed by nitrate, were the main factors explaining the differ-
ence between the single- and mixed-inoculant treatments at I-30. To explore the bio-
logical factors underlying the microbial community differences between the single-
and mixed-inoculant treatments, we further compared taxonomic markers from the
order to the family levels at I-30 based on linear discriminant analysis effect size (LEfSe)
(Fig. S5). The top 3 markers in soils inoculated with mixed strains were
Xanthomonadales, Sphingomonadales, and Sphingomonadaceae, whereas
Solibacteraceae, Solibacterales, and Thermoanaerobaculia were the top 3 taxa in single-
strain-inoculated soil.

DISCUSSION
Responses of plant growth and soil functioning to repeated inoculations. Soil-

beneficial microorganisms interact intimately with the roots of the host plant and
affect the ecological adaptability of the plant to its environment. Nonetheless, these
beneficial effects can be weakened by intensive land usage, thereby decreasing the
plant’s capacity to deal with biotic and abiotic stresses (35). Consequently, we
hypothesized that the beneficial effects of microbial inoculants on soil nutrients and
plant growth would increase with repeated applications. However, different from our
hypothesis, we found that periodic inoculations mostly increased soil available
nutrients during the first 10 to 90 days. Although the advantages of treatments with
MFCB and CB appeared to be pronounced at the last two sampling times, the benefits
of inoculation generally decreased over time. This indicates that the effects of micro-
bial inoculants on bulk soil functioning were transient rather than persistent during
the investigation. This is similar to a previous study in which the inoculated strain
caused no major changes in rhizosphere community function (36). It should be noted
that the changes in the bulk soil might be different from those in the rhizosphere soil,
and these changes can also in turn affect the microbial community (37). Nonetheless,
in the present study, PCoA and community type analysis confirmed that the resident
bacterial community in the bulk soil underwent shifts in the first 90 days but showed
resilience to the subsequent inoculations in the last 90 days. This is in accordance with
the observed variation of nitrogenase activity and soil inorganic nitrogen content.

FIG 5 Typing analysis of the temporal variation of bacterial community structure under different
inoculations at I-10, I-30, I-45, and IV-45. Different routes from type 1 to type 4 were identified: type
1-2-4 (for treatments with MF, CB, and MFCB) or type 1-3-4 (for treatments with M and C). The
column diagram indicates a single-complex-single pattern of change in the presence of the four
cluster types at the five sampling time points. The sampling days were 0d (the day before
inoculation); I-10, I-30, and I-45 (10 days, 30 days, and 45 days after the first inoculation, respectively);
and IV-45 (45 days after the fourth inoculation). The treatments were M or C (single application of
Bacillus megaterium or Azotobacter chroococcum, respectively), MF (dual application of B. megaterium
and Pseudomonas fluorescens), CB (dual application of A. chroococcum and Azospirillum brasilense),
and MFCB (application of all four strains).
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Given the resilience and resistance of the resident microbiome (38), we speculate that
this decrease could be due to changes in, or the stability of, the soil microbial commu-
nity. In addition, the decrease in soil nutrient content at the last time points may also
be due to seasonal variation and nutrient uptake by plants. Our previous study con-
firmed that these microbial inoculants enhanced nutrient uptake and stimulated plant
growth and biomass accumulation after whole-inoculation procedures (32).

Even though introduced microbial inoculants sometimes cannot compete effi-
ciently with native microbial communities in soil, they stimulate root growth and mod-
ify plant metabolism at very early stages and might generate lasting effects on the
root system and associated microbial communities (39). In the present study, microbial
inoculations significantly promoted C. paliurus growth and reshaped root morphologi-
cal traits (more fine roots and lateral roots in the inoculated seedlings [data not
shown]) compared to noninoculated seedlings after the inoculation period in Baima.
However, the growth-promoting effect was highly variable across time and inocula
and not maintained when the seedlings were transplanted to Taizhou. The subsequent
growth-promoting effects of microbial inoculants on plants might be compromised
due to the ceased inoculation, thus presenting the importance of continuous microbial
inoculation when transplanting and establishing plantation in a different site. Another
reason could be the change of the soil environment, because plants exhibit less reli-
ance on the soil-beneficial microbes when experiencing a normal/high-level nutrient
environment and thus benefit less from the previous inoculation (40). Even though we
cannot precisely track the establishment of the introduced strains in a different site,
the results proved that the benefits from inoculation could decrease without subse-
quent applications.

Inoculation times and types affect the composition and succession of the
resident bacterial community. Both natural and anthropogenic microbial invasions
frequently start with a dominating microbial population and leave a footprint on the
native soil microbiome, even though the introduced populations may decrease at last
(22, 28). With the increasing demand for biofertilizers in agroecosystems, the question
of whether repeated application of biofertilizer (such as beneficial microbial inoculants)
influences the resident soil community warrants investigation. In addition, with regard
to the introduction of plant-growth-promoting rhizobacteria (PGPR), previous studies
(41, 42) have attempted to evaluate the impacts on the microbial community in the
rhizosphere, while less is focused on the changes of the bulk soil community. To
address these questions, we evaluated to what extent and how long the repeated
applications of inoculants (not native) impacted the dynamics of the resident bacterial
community in the bulk soil. In response to repeated inoculations, three patterns (fold
increase, fold decrease, and resilience) of shifts in bacterial composition were observed;
57% of the significant variation among treatments occurred during the first 45 days.
Changes in soil nutrients were consistent with these shifts. Furthermore, microbial
inoculants may alter the resident community composition by causing resource compe-
tition, synergistic effects, and antagonistic effects (29). In the present study, the relative
abundances of families like Xanthomonadaceae significantly increased in the treat-
ments with PSB, suggesting that the introduction of PSB facilitated specific resident
populations, which is in accordance with a previous study (37). In contrast,
Chitinophagaceae and Rhodanobacteraceae significantly decreased in soil inoculated
with NFB. These declines in the abundances of some taxa after the initial disturbance
due to microbial inoculation may be a result of competition for similar preferred niches
and available resources in the soil (28, 43).

The resident soil bacterial community exhibited a high level of resilience, but not re-
sistance, to the microbial disturbance caused by periodic inoculations. The initial inoc-
ulation disturbed the stability of the resident microbiome, which was as a result more
susceptible to subsequent inoculation disturbances. This is in line with the above dis-
cussion that the effects of such amendments both below- and aboveground are tran-
sient. PCoA, community type analysis, and pairwise correlation analysis confirmed that
the dissimilarity between the communities decreased in the last 90 days. This suggests
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resilience of the resident microbiome upon repeated inoculation disturbances, similar
to other reports of resilience within soil microbial communities (11, 44). Surprisingly, in
the present study, the second inoculation still left a footprint on the resident commu-
nity, resulting in an increase in the number of cluster types in the inoculated soils
(Ino_0-10d, Ino_30-45d, and Ino_90-180d) compared with the control (NonIno_0-10d
and NonIno_30-180d). This finding also confirms the previously proposed hypothesis
that a second disturbance by the same invader could persist longer or even naturalize
into the community (28). It should be mentioned that we did not use specific primers
to track the persistence of inoculated strains in soil; however, 16S rRNA gene sequenc-
ing showed that the introduction of microbial inoculants altered the seasonal succes-
sion of the resident community. The unexpectedly strong impact of soil management
over temporal effects on the resident community is supported by previous observa-
tions in different agricultural systems (5, 45), but this study revealed the relationship
between repeated inoculations and the native microbiome. Although this work pro-
vided detailed information about how the inoculation period and type affect the resi-
dent microbes, future studies should consider setting a unique control that receives
only one dose at first and is sampled at the end of the experiment to further compare
the influences of repeated inoculation to those of one-off inoculation. Furthermore,
both insignificant (46) and significant (47) effects on the native microbial community
structure were observed in the rhizosphere soils after PGPR inoculation. Hence, it
would be interesting for future studies to compare the differences in community suc-
cession in bulk soil and rhizosphere soil.

Underlying factors shaping the resident microbiome during the application of
microbial inoculants. The changes in soil chemical factors due to beneficial microbial
inoculation, such as nitrate and pH, were the dominant factors explaining the succes-
sion of the resident community over time. Kuramae et al. (48) also reported that soil
pH significantly altered the trajectory of microbial secondary succession. Confirming
this result, after the first and the fourth inoculations, the soil pH in inoculated treat-
ments significantly differed from that in noninoculated soil. The PSB possess the ability
to produce organic acid during the decomposition of soil organic matter, which is
associated with the release of P from mineral-bound complexes such as AlPO4 and
FePO4, thus leading to a decrease of the soil pH and changes in the related nutrient
contents (49). On the other hand, NFB are able to increase the contents of ammonium
and consequently improve nitrites with the help of nitrifying bacteria. In the present
study, the contents of inorganic N after the first inoculation were significantly
increased compared to the control. To evaluate the potential impacts of the growth
medium on the changes in soil properties and plant performance, we confirmed that
the addition of bacterial growth medium exhibited no significant impacts on plant
growth, biomass, and nutrient acquisition and showed a very limited influence on soil
available nutrients (32). However, it cannot be ruled out that other factors not assessed
in this study might be driving this seasonal variation.

For the identified taxonomic markers for each cluster in the inoculated soils, the
phyla Proteobacteria and Bacteroidetes generally have copiotrophic strategies with
rapid growth responses to resource availability (50). In this study, these phyla were
enhanced during the first 45 days after inoculation, which is also the period for the
rapid change in soil nutrients. Cyanobacteria are emerging beneficial microorganisms
with the ability to control nitrogen deficiency and sensitivity to fertilization (51, 52),
whereas Chlamydiae and Verrucomicrobia are sensitive to soil moisture and time (sea-
sonal variation) (53, 54). These phyla were significantly more abundant in cluster
Ino_30-45d than in the other cluster types, indicating contributions of both microbial
inoculation and seasonal variation. The presence of Acidobacteria in cluster Ino_90-
180d is likely attributable to the low soil pH at the last sampling time compared with
the control, which seems to favor this bacterial phylum (55). The phyla Chloroflexi and
Gemmatimonadetes are widely known to be enriched in dry-season soil (56, 57).
Overall, the formation of different cluster types is likely attributable to both seasonal
variation and changes in soil biochemical properties caused by periodic inoculations.

Wang et al. Applied and Environmental Microbiology
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Mixed inoculants of different strains have been widely developed and evaluated for
their great potential in enhancing plant growth and soil nutrients (58–60). In this study,
plant growth exhibited a strong preference for the mixed inoculants MFCB, which pre-
sented the highest growth of height and ground diameter during the whole inocula-
tion period. Dual inoculants such as MF also showed significant advantages compared
to the single inoculant M in improving soil enzyme activities at certain time points. It
has been proposed that coinoculation permits synergistic interactions that stimulate
physical or biochemical activities and simultaneously improve microbial viability (60),
thus bringing more interaction with the soil and host plant such as the production of
enzymes and organic acid. On the other hand, coinoculation may leave a different
footprint on the resident microbiome than single inoculation because more ecological
niches would be required for mixed inoculants than when these organisms are used
alone (60–62). In addition, the nature of such differences could also due to the feed-
back of changed soil environments and plant performance. In the present study, differ-
ent inoculants (single/mixed) transiently modulated the variation of the resident com-
munity 30 days after the first inoculation. Soil pH and the C/N ratio were the main
factors underlying this impact, followed by nitrate. Confirming this result, the soil C/N
ratio at I-30 was higher in single inoculants than in mixed inoculants. However, the dif-
ference in pH between the single- and mixed-inoculant treatments was not significant.
Hence, other environmental factors that were not assessed in this study could be driv-
ing these differences. For the biotic factors, bacterial taxa like Solibacteraceae,
Solibacterales, and Thermoanaerobaculia (all belonging to the phylum Acidobacteria)
were identified as markers for the single treatments based on LDA scores. The abun-
dance of the phylum Acidobacteria is closely related to soil pH and resources such as
total nitrogen and nitrate (55, 63, 64), being consistent with the soil factors discussed
above. It should be noted that the succession difference of resident communities
derived from single and mixed inoculants was observed for only a short period; the res-
ident community established and behaved similarly at last.

In conclusion, repeated inoculations did not ideally improve the benefits from micro-
bial inoculants, and the beneficial effects on plant growth were not maintained after
transplantation to a different site. Consequently, the necessity of repeated microbial
inoculations should be reconsidered. The resident bacterial community in bulk soil
exhibited traits of resilience, but not resistance, to repeated inoculation. This study
revealed that the changes in the resident community mostly reflected the initial disturb-
ance of inoculant addition and partially explained the variations in soil nutrients and sub-
sequent plant growth. The responses of bacterial taxa in the soil to microbial inoculants
depended on the inoculant types (PSB or NFB) and taxon clusters. In response to periodi-
cally introduced microbes, resilient changing patterns included the main taxa of the resi-
dent microbiome. Inoculation and noninoculation significantly differed during the suc-
cession of the community and resulted in different cluster types and composition shifts,
thus providing new insight into understanding the interactions between resident
microbes and intruders. Soil pH and nitrate were the main factors explaining the succes-
sion of the resident community, leading to the development of three cluster types over
time. The single and mixed inoculants briefly modulated the variation of the resident
community in association with soil pH and the C/N ratio. However, over time, bacterial
communities established and showed a high level of resilience.

MATERIALS ANDMETHODS
Site description and material preparation. The seedling nursery site was a semiautomatic plant

growth unit located in Baima, Nanjing, China (31°359N, 119°109E), while the afforestation site was
located at the Jiangsu Traditional Chinese Medicine (TCM) Science and Technology Park, Taizhou,
China (32°379N, 119°989E). These sites (115 km apart) are in the typical transition zone from the
north subtropics to the subtropics and have the same soil type (clay loam soil), abundant rainfall
(1,037mm/year) and sunshine (2,146 h/year), and an annual average temperature of approximately
15.4°C. The soil properties of Baima are pH 5.98, total C of 18.9 g·kg21, total N of 1.61 g·kg21, total P
of 0.42 g·kg21, available N of 12.68mg·kg21, and available P of 5.56mg·kg21, whereas in Taizhou,
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the soil properties are pH 7.31, total C of 12.72 g·kg21, total N of 0.88 g·kg21, total P of 0.45 g·kg21,
available N of 88.35mg·kg21, and available P of 32.22mg·kg21.

Four beneficial strains, Bacillus megaterium W17, Pseudomonas fluorescens W12, Azotobacter chroo-
coccum HKN-5, and Azospirillum brasilense CW903, were used alone or in combination in this study. Our
previous study monitored the effects of single and mixed inoculants on soil properties and their survival
dynamics in the soil (31), thus providing a reference for selecting the appropriate microbial inoculants
and inoculation period for this study. According to their survival abilities and effects on soil, we selected
single inoculants (M, inoculation with B. megaterium; C, inoculation with A. chroococcum) and mixed
inoculants (MF, inoculation with both B. megaterium and P. fluorescens; CB, inoculation with both A.
chroococcum and A. brasilense; MFCB, coinoculation with all four strains). These bacteria have been
documented to improve soil nutrient status and do not have antagonistic effects on one another (31).
Each strain was grown in lysogeny broth medium at 28°C with shaking at 180 rpm for 24 to 26 h until an
optical density at 600 nm (OD600) of 0.9 was reached, which corresponded to the log phase. The bacterial
population was examined in a laboratory using the plate count serial dilution method while experiment-
ing on building a standard curve between optical densities and bacterial quantities. The suspensions
were adjusted to a final concentration of 1� 108 CFU ml21 for each strain based on the OD600.

Experimental design and soil sampling. The pot experiment was laid out in a three-block pattern
based on a randomized complete block design with five inoculant types (M, MF, C, CB, and MFCB). The
noninoculated samples served as controls in this study because our previous study indicated that the
single addition of growth medium did not significantly impact plant growth, biomass, and nutrient ac-
quisition compared to noninoculated samples (32). Each treatment consisted of 60 C. paliurus seedlings
that were equally divided into three blocks. The container seedlings were transplanted to the pots on 1
November 2017, and each seedling pot (top diameter, 25 cm; bottom diameter, 20 cm; height, 30 cm)
contained 5 kg soil as the growth medium. Inoculations were conducted four times with an interval of
approximately 45 days (4 April, 19 May, 6 July, and 19 August 2018), with the same dose each time
(5� 109 cells per plant) (Fig. 6). Briefly, we dug a 5-cm-deep circle around the pot (near the edge of the
plant roots) for all seedlings (including CK) to access the lateral root. Next, 50ml of the inoculum was
injected into each circle, which was subsequently covered by soil. After that, all inoculated seedlings,
including pot soils, were transplanted to a different site (Taizhou) in March 2019 with the same experi-
mental design to evaluate the legacy effects of past inoculations on plant growth.

For each treatment in each block, five bulk soil samples (0 to 10 cm) were randomly collected and
equally mixed into one sample, resulting in a total of three samples for each treatment in three blocks.
The sampling method was described previously (31). Briefly, five to eight random vertical holes (diame-
ter, 8mm; depth, 60mm) were implemented with a sampling tube for each pot to lessen the disturb-
ance of sampling on microbes; this provided about 50 g soil for each duplicate of each treatment. The
sampling times were the day before the first inoculation (0d), 10 days after the first inoculation (I-10),
30 days after the first inoculation (I-30), 45 days after the first inoculation (I-45), 45 days after the second
inoculation (II-45), 45 days after the third inoculation (III-45), and 45days after the fourth inoculation (IV-
45) (Fig. 6). The bulk soil samples were split into two parts: one was stored at 4°C prior to the analysis of
biochemical properties, and the other was stored at220°C prior to DNA extraction.

Plant growth measurements. Plant growth was evaluated as seedling height and ground diameter,
which were measured for all healthy seedlings before the first inoculation and 45, 90, 135, 180, 360, and
540 days after the first inoculation (Fig. 6). The mean relative growth rates in height (RGRh) and ground
diameter (RGRd) were also calculated as described previously by Mazarura et al. (65). The equations are
as follows, where hi or ci is the initial growth in height (centimeters) or ground diameter (milliliters), hf or
df is the final height (centimeters) or ground diameter (millimeters), and t2 2 t1 represents the time dif-
ference (d) between the initial and final sampling dates:

RGRh ¼ logehf2logehi
t22t1

(1)

RGRd ¼ logedf2logedi
t22t1

(2)

Soil biochemical properties. Soil biochemical properties included soil pH; the C/N ratio; the con-
tents of soil alkali-hydrolyzable nitrogen (SAN), soil inorganic nitrogen (SIN), and soil available phospho-
rus (SAP); and the activities of phosphatases and nitrogenase. Soil pH was determined by using a pH

FIG 6 Timeline for microbial inoculation, soil sampling, and plant growth measurement. The major
part of the experiment was conducted in 2018 in Nanjing (inoculation period). After that, seedlings
were transplanted to Taizhou in 2019 (transplantation period).
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electrode (IQ 160 pH meter; Spectrum Technologies, Inc., USA) with a soil-to-water ratio of 1:2.5. The
total C and N contents were determined using an elemental analyzer (Vario Max CN; Elementar, Hanau,
Germany). The SAN content was quantified according to the method of Roberts et al. (66). The SIN con-
tent (KCl-extractable NH4

1 and NO3
2) was analyzed by extraction with 2 M KCl in a soil-to-solution ratio

of 1:5 (wt/vol) with shaking for 1 h at 200 rpm, followed by quantification using a continuous-flow ana-
lyzer (Bran1Luebbe AA3). SAP was extracted with a 1:10 (wt/vol) mixture of ammonium fluoride and hy-
drochloric acid and determined using the molybdenum blue method (67). Acid phosphatase activity
was assessed using a method described previously by Tabatabai and Bremner (68). The soil nitrogenase
activity was measured by the acetylene reduction method (69).

DNA extraction and Illumina MiSeq sequencing. Soil total DNA (0.5 g soil) was extracted using the
NucleoSpin soil DNA kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany), according to the manufac-
turer’s protocols. The final DNA concentration and purity were determined by using a NanoDrop 2000 UV-
visible (UV-vis) spectrophotometer (Thermo Scientific, Wilmington, DE, USA), and DNA quality was checked
by 1% agarose gel electrophoresis. The V4 hypervariable regions of the bacterial 16S rRNA gene were ampli-
fied with primers 515F (59-GTGCCAGCMGCCGCGG-39) and 907R (59-CCGTCAATTCMTTTRAGTTT-39) in a ther-
mocycler PCR system (GeneAmp 9700; ABI, USA). PCR was carried out under the following conditions: an ini-
tial denaturation step at 95°C for 5min, followed by 25 cycles of 95°C for 30 s, 56°C for 30 s, and 72°C for 90 s
and a final extension step at 72°C for 7min. PCR amplifications were performed in triplicate in a 20-ml mixture
containing 4ml of 5� FastPfu buffer, 2ml of 2.5mM deoxynucleoside triphosphates (dNTPs), 0.8ml of each
primer (5mM), 0.4ml of FastPfu polymerase, and 10ng of template DNA. The PCR amplicons were purified
using the AxyPrep DNA gel extraction kit (Axygen Biosciences, Union City, CA, USA), triplicate PCR amplifica-
tions for each sample were conducted and pooled as a PCR product, and samples were then sequenced on
an Illumina MiSeq PE300 platform (Illumina, San Diego, CA, USA), according to the standard protocols of
Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China) (70).

To minimize the effects of random sequencing errors, raw fastq files were quality filtered by
Trimmomatic (71) and merged by FLASH (72) with the following criteria: (i) reads were truncated at any
site with an average quality score of,20 over a 50-bp sliding window; (ii) sequences whose overlap was
longer than 10 bp were merged according to their overlap, with no more than a 2-bp mismatch; and (iii)
sequences of each sample were separated according to barcodes (exact match) and primers (allowing a
2-nucleotide mismatch), and low-quality and ambiguous reads (sequences shorter than 150 bp) contain-
ing ambiguous bases were removed. Chimeras were identified and removed with the UCHIME algorithm
(73). Operational taxonomic units (OTUs) were clustered at 97% similarity using UPARSE (v.7.1) and were
declared invalid if fewer than four sequences were detected in one sample. The sampling effort was esti-
mated by Good’s coverage (see Table S1 in the supplemental material). The Silva database (132/16S bac-
teria) was used with a minimum percent identity threshold of 70% for taxonomic assignment.
Singletons were removed prior to further analysis. Mothur (v.1.30.2) was used to calculate bacterial a-di-
versity indices (Shannon, Simpson, Chao, and ACE) to estimate bacterial diversity and richness.

Bioinformatics and statistical analyses. Statistical analyses, including multiple comparisons for
plant growth and soil nutrient variables, were performed using SPSS software (v.20.0; SPSS, Inc., USA).
Two-way analysis of variance (ANOVA) was applied to analyze the effects of different inoculants and dif-
ferent sampling times on the plant height and ground diameter in Baima. One-way ANOVA was applied
to evaluate the effects of different treatments on the plant height and ground diameter in Taizhou.
Student’s t test was used to compare the differences of the same treatment between Baima and
Taizhou. For sequence data, each sample was rarefied to 36,281 sequences before the a-diversity analy-
ses (Table S1), which included Good’s coverage, observed OTU numbers, the ACE and Chao1 richness
indices, and the Shannon and Simpson diversity indices. Analysis of similarity (ANOSIM) and permuta-
tional multivariate analysis of variance (PERMANOVA) were performed to evaluate significant differences
in microbial community composition among the six inoculation treatments. Microbial community type
analysis was conducted to evaluate the dynamic shifts in microbial community structure during the 180-
day investigation (74). Briefly, according to the relative abundance of bacteria at the phylum level, the
Jensen-Shannon distance (JSD) was calculated and clustered by partitioning around medoids (PAM), the
optimal clustering K value was calculated by the Calinski-Harabasz (CH) index, PCoA (principal-coordi-
nate analysis) was performed based on Bray-Curtis distances, and the coordinates were used to visualize
differences in microbial community structure. The Pearson correlation coefficient was calculated by a
cor() function using the microbiome data from each time point and visualized by using the corrplot
package (75), and the significance level was tested by the cor.mtest() function.

Heat maps were generated based on the 50 most abundant taxa at the family level to output the
dynamic shifts of the soil-resident community composition under different inoculants. The taxon clusters
were conducted based on abundance similarities between each group in the vegan package. To explore
the biological factors involved in the differences between the clusters derived from microbial commu-
nity type analysis, we used linear discriminant analysis effect size (LEfSe) to identify taxonomic markers
at the phylum level for three main clusters in inoculated samples, which was performed on the online
platform of Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). We also identified taxonomic
markers from the order to family levels for single inoculants (M and C) and mixed inoculants (MF, CB,
and MFCB) 30 days after the first inoculation. Briefly, based on the normalized relative abundance of
each level, the Kruskal-Wallis (KW) rank sum test was used to detect markers with significantly different
abundances between the assigned taxa, and linear discriminant analysis (LDA) was performed to esti-
mate the effect score of each marker (LDA threshold of 2). It emphasizes statistical significance, biologi-
cal consistency, and effect relevance, allowing researchers to identify differentially abundant features
that are also consistent with biologically meaningful categories (76). High LDA scores reflect significantly
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higher abundances of certain taxa. To investigate the taxon-environment relationship, we performed re-
dundancy analysis (RDA) with the soil bacterial community for all samples, the top 10 families, and envi-
ronmental factors. Environmental factors for each sampling time were selected by variance inflation fac-
tor (VIF) analysis, which was used to judge the collinearity among different factors.

Data availability. Raw sequences were submitted to the NCBI Sequence Read Archive (SRA) under
SRA accession numbers SRR11699948 to SRR11700059, with BioProject accession number PRJNA630558.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.7 MB.
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