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Editorial on the Research Topic

Microbial communities and functions contribute to plant performance
under various stresses

Plant-microbe interactions in natural and agricultural ecosystems have attracted
more attention than ever (Toju et al., 2018; Berg and Cernava, 2022). In fact, these
interactions are important to ecological functions and essentially relevant to the
ecological services that humans rely on Fester et al. (2014). Harnessing the benefits
of the interactions is one of the most considered and sustainable opportunities for
further crop improvements (Bailey-Serres et al., 2019). Nevertheless, additional stresses
due to anthropogenic activities are uncertain driving factors of ecological functions
and services (Crutzen, 2002; Rudgers et al., 2020; Berg and Cernava, 2022). Climate
change, agriculture-related stress, chemical pollution, and ozone depletion are typical
environmental stresses in the Anthropocene (McGill et al., 2015; Dietz, 2017; Cavicchioli
et al,, 2019). These factors profoundly change the mode of plant-microbe interactions
(Berg and Cernava, 2022). A better understanding of the influencing mechanisms
and the ecological consequences are critical to maintaining sustainable natural and
agricultural ecosystems.

Due to the extremely complex processes within the tripartite system
(i.e., plant-microbiome-environment), harnessing repeatable and applicable benefits of
microbes is definitely still in its infancy. Repeatability and deterministic processes could
be observed under well-controlled experimental conditions, such as using a synthetic
community (SynCom) of microbes (Niu et al., 2017; Liu et al.,, 2019; Zhang J. et al,
2021) to identify essential microbial mechanisms in facilitating plant performance,
e.g., regulating suitable levels of phytohormone (Finkel et al., 2020), adjusting root
endodermal permeability for nutrient acquisition (Salas-Gonzilez et al., 2020), and
resisting fungal pathogen by establishing a stable bacterial community (Niu et al,
2017). When it comes to the complex field condition, the coupled deterministic (e.g.,
environmental filters that select species with certain traits) and stochastic processes
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(chance events such as reproduction, death, and migration)
(Zhou and Ning, 2017) and the influence of nonculturable
microbial community (Lebeis, 2015) can often lead to difficulties
in predicting the beneficial effects on plants.

Can plant microbiome really helps plants perform better
in the way we desire, such as less disease and fertilizer
with more yield? The question has been investigated from
one-dimensional to multidimensional aspects: (1) symbiosis—
symbionts of plants such as mycorrhizal fungi and rhizobia
assist in nutrient acquisition and plant growth improvement
(Smith and Read, 2008; Martin et al., 2017); (2) recruitment—
protective microorganisms recruited by plants suppress the
pathogen (Berendsen et al, 2012); (3) plant holobiont (an
assemblage of species) and networking (i.e., microbe-microbe
interactions)—assembly pattern determines plant health and
fitness (Wei et al., 2015; van der Heijden and Hartmann, 2016;
Niu et al., 2017; Finkel et al., 2020; Salas-Gonzdlez et al., 2020;
Zhang L. et al., 2021). In the current Research Topic, Chen J.
et al. further reviewed that harnessing the benefits of microbes is
a promising approach to enhancing wheat performance under
environmental stresses. Under such a backdrop, the present
Research Topic collects studies investigating how microbes
influence plant responses under typical stresses and their
mechanisms, illustrating ongoing researches in this vivid and
attractive field. The present Research Topic is categorized into
sections considering different abiotic and biotic stress.

Agricultural activity-related stress

Agricultural activities such as continuous cropping,
fertilization, grazing, application of pesticides, use of plastic
products (leading to micro and nanoplastic pollution),
breeding, etc., are challenges for sustainable agriculture. The
current Research Topic collects 24 papers that consider, among
others, fertilization, continuous cropping, and grazing.

To improve crop yield, applying nitrogen (N) fertilizer in
soils is an efficient approach. However, N input and overuse
create N emission/leaching problems (Zhang et al., 2011) and
drastically alter soil microbial activities (Chen et al., 2019).
Nitrogen deposition due to air pollution is also an additional
source of N input (Adams et al., 2021). In the current Research
Topic, Gu et al. found that N application indeed changed
bacterial diversity and community structures of sugarcane
cropping systems. Excessive application of N fertilizers had
unexpectedly led to a lower yield. This also echoes Chen J. et al.’s
view that an optimized level of chemical input is needed to keep
useful microbe functioning.

Apart from fertilization, continuous cropping is common in
agriculture. Continuously planting the same or similar cultivars
in the same soils often leads to plant growth inhibition and
serious soil-borne diseases, which is known as continuous
cropping obstacle (CCO) (Shipton, 1977; Xiong et al., 2015).
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The imbalance of soil microbiota with a reduced abundance
of beneficial microbes has been considered one of the major
reasons for CCO (Hiddink et al., 2010). Yuan et al. found that the
rhizosphere of soybean suffered from CCO, showing an unstable
rhizosphere microbial community. Yu J. et al. also found that
CCO of garlic was related to more potential plant pathogens,
fewer plant growth promoters, and compromised microbial
diversity of soils. Chen D. et al. also observed similar alterations
in microbial functions in the tobacco fields. Taken together,
these results show a generalized phenomenon that continuous
cropping brings chemical stress and leads to the instability of
the microbial community. It provides further evidence that a
stable microbial network is critical to maintaining plant fitness
(Wei et al., 2015; van der Heijden and Hartmann, 2016; Niu
et al.,, 2017; Finkel et al., 2020; Salas-Gonzélez et al., 2020;
Zhang L. et al, 2021). But we should note that the CCO is
plant species dependent (Yuan et al.). For instance, Yang et al.
reported that long-term (up to 30 years) alfalfa cultivation in the
field enhanced soil microbial diversity and bacterial networking,
higher than those short-term cultivations of meadows.

Overgrazing could lead to soil degradation, greenhouse gas
emission, water pollution, and loss of biodiversity (Springmann
et al., 2018; Wang et al., 2020). Grazing exclusion by fencing
is one of the simplest and most common practices to restore
degraded grassland. In addition to plant productivity and
diversity, researchers started to look at the effects of grazing
exclusion on soil microbial response. In the current Research
Topic, Wang et al. show that the 4-year grazing exclusion
did not increase the complexity and connectivity of bacterial
co-occurrence patterns indicating a longer term of grazing
exclusion is needed for soil restoration in terms of microbial
activities. The optimal duration of grazing exclusion seems
essential for the restoration depending on the type of ecosystem
(Lietal., 2018; Song et al., 2020).

Biotic stress

Plants can be infected by pathogens (i.e., bacteria,
fungi, viruses, and nematodes) and attacked by herbivore
pests (Atkinson and Urwin, 2012). The bacteria Ralstonia
solanacearum can cause wilt disease in tobacco. Tan et al.
investigated co-existence patterns of fungal communities in
the rhizosphere and endosphere of tobacco infected by R.
solanacearum. They found that the network structure was more
complex under infection than under healthy conditions. The
disease-resisting fungal genera may be suppressed due to the
complex networking. It may let us re-think whether a complex
microbial network is an indicator of a healthy plant holobiont.

The emission of volatile organic compounds (VOCs)
triggered by plant growth-promoting rhizobacteria (PGPR)
can resist herbivores. Herbivores can also induce plant
volatile production. Understanding such chemical-mediated
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plant-insect interactions is important to achieve sustainable
agriculture. Raglin et al. compared six maize genotypes with
or without PGPR and herbivores, and they found that plant
genotype was the main factor driving the levels and composition
of VOC. Inoculation of PGPR did not influence VOC emissions
but improved maize growth. It implies that plant genotypic
variation is the dominant factor controlling the bacteria-
mediated benefits. Although PGPR can improve plant growth, it
is also critical to know how such an “alien” species/community
affects the indigenous soil microbiota. Renoud et al. measured
plant performance and functional groups in soils grown
with maize in the fields and noted that inoculation of
PGPR enhanced maize growth, and the functional groups
were field-dependent.

Drought and flooding

Plant-microbe interactions under drought stress are a
popular research direction due to the widespread problem
of the water crisis (de Vries et al, 2020). It is commonly
reported that symbiotic fungi can alter soil water retention
characteristics due to the production of glomalin (a glue-
like substance) (Rillig and Mummey, 2006). In the current
Research Topic, Cheng et al. review the roles of arbuscular
mycorrhizal (AM) fungi (ancient and widespread symbiotic
fungi of land plants) in helping their plant hosts to resist
drought stress. Cheng et al. discuss the AM fungal diversity and
activity, symbiotic relationship, morphological, physiological,
and molecular mechanisms of AM fungi in assisting plant
drought resistance. An outlook for future research is also
provided. Not only fungi but also bacteria were considered
to resist drought stress. Armanhi et al. study the impact
of a synthetic community (SynCom) on the physiology and
response of maize under drought stress. Results suggest
SynCom inoculation reduced biomass loss and modulated vital
physiological traits, such as lower leaf temperature, reduced
turgor loss, and faster recovery upon rehydration. Gebauer
et al. also determined the effect of water deficit history on
soil microorganisms. They revealed interactive effects of soil
type and water deficit condition. The approach allowed us
to identify key microbial taxa promoting drought adaptation
and improve the understanding of drought effects on plant-
microbe interactions.

Different from the drought that leads to turgor pressure
loss, embolism, and closure of stomata, precipitation and
the subsequent flooding mostly increase the chance of leaf
pathogen infection (Aung et al., 2018) and decrease rhizosphere
oxygen levels hindering aerobic bacteria and mycorrhizal fungi
(Unger et al, 2009). Francioli et al. found that flooding
caused a significant reduction in wheat development and
dramatic shifts in bacterial community composition at each
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plant growth stage, leading to detrimental effects on plant fitness
and performance.

Metal stress

Soil heavy metal pollution is widespread (Shi et al,
2018). Heavy metals accumulated in crops pose significant
ecological and health risks (Zeng et al, 2019; Hu et al,
2020). Cadmium (Cd) species in soils is an essential factor
in determining the risks. In the current Research Topic,
Hao et al. investigated the vertical profiles of Cd in rice
fields and found that soil pH, organic elements, and soil
microbes are important drivers of Cd speciation. To mitigate
Cd accumulation in rice, Kuang et al. applied lime and calcium-
magnesium phosphate (CMP) amendments to paddy soils to
reduce Cd bioavailability. The increased pH and phosphorus
(P) in soils contributed to the decreased bioavailability of
Cd and increased bacterial biodiversity. Also, Yu X. et al
found that using a Cd-immobilizing bacterial agent together
with fermented organic matters in Cd-polluted soils could
reduce plant (Houttuynia cordata) Cd uptake. Such amendments
increased soil bacterial diversity.

Arsenic (As) pollution is also another classic and severe
environmental problem (Huang et al, 2019; Li et al., 2021).
Tron-oxidizing bacteria (FeOB) show the potential to mitigate
As pollution, because FeOB could oxidize Fe(II) and provide As
binding sites, which reduce As bioavailability (Emerson et al.,
2010). In the current Research Topic, Qian et al. investigated
the effect of FeOB inoculation on the As migration and
transformation in paddy soils. They found that inoculation
of Ochrobactrum sp. increased As proportion in the binding
fraction. The reduced As bioavailability in soils led to less As
uptake in rice tissues.

Copper (Cu) is another heavy metal of concern (Tani and
Barrington, 2005a,b; de Vries et al., 2013). The alfalfa-rhizobium
symbiosis can resist Cu stress, but the regulatory mechanism is
unclear. In the current Research Topic, Duan et al. assessed the
effects of rhizobium inoculation on the growth of alfalfa and
soil microbial characteristics under Cu stress. They found that
rhizobium inoculation markedly alleviated Cu-induced growth
inhibition in alfalfa by increasing the chlorophyll content,
height, and biomass, in addition to N and P contents. This
study provides insights into the mechanism of action of the
legume-rhizobium symbiotic system to mitigate Cu stress.

The stress of multiple metals presents a complex influence
on the plant holobiont. Metal stress is commonly the critical
factor inhibiting revegetation of mine tailings (Wong, 2003; Li,
2006). The tailing soil could be seriously poor in nutrients, which
complicates the revegetation process. Liu et al. investigated the
direct planting of Pennisetum giganteum into tailing sand with
the designed bio-matrix pots, which were made by mixing corn
cob powder and stalk powder. The P. giganteum could grow well,
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especially those in the bio-matrix pots, which had more nutrients
and suitable microbial communities. However, in terms of
ecological restoration, the key factors driving the recovery of
ecological functions are not still clear. By integrating the factors
of plant species, soil communities, and abiotic conditions, Zhu
et al. provide a conceptual framework considering the plant-
soil feedbacks (PSFs) (Bever, 1994; Rinella and Reinhart, 2018)
to guide a better understanding of the mechanisms of the
restoration process. Through this framework, we could enhance
our ability to predict and optimize above- and below-ground
communities for better restoring ecosystem functions.

Salinity and habitats or cultivation
type

Soil salinity is one of the most important abiotic factors
limiting plant productivity (Bernstein, 1975; Zhao et al,
2020). Exposure to salts leads to osmotic and ionic stresses.
Salt-tolerant endophytes could assist plants in salt tolerance
through accumulating osmolytes, improving ion homeostasis
and nutrient uptake, and providing phytohormones (Otlewska
et al,, 2020). In the current Research Topic, Szymanska et al.
found that the isolated salt-tolerant endophytes could promote
the growth of all tested plant species, suggesting a universal
ability of endophytes to assist plant salt tolerance.

Since the soil microbial community affects the growth,
quality, and yield of plants, understanding the microbial
ecology of the agroecosystem could provide hints for
sustainable agriculture. Kui et al. characterized the
microbiome of tea plantation soils (448 soil samples from
101 ancient tea plantations). The authors revealed that
the bacterial community was sensitive to environmental
factors while the fungal community was more responsive to
farmer intervention.

Among natural ecosystems, the mangrove ecosystems
habitats
sensitive areas for shoreline ecological functions (Lugo
and Snedaker, 1974). Mai et al. found that different
mangrove species harbor distinct microbial taxa in the

represent unique and essential serving  as

sediments. Specific microbial taxa associated with the
species R. apiculata contributed the highest functional
activities related to carbon metabolism, carbon fixation,
and methane metabolism. It indicates that mangrove-
microbe interaction is species-dependent regarding the
carbon cycle.

Summary and prospects

The Research Topic themed on Microbial communities
and functions contribute to plant performance under various
stresses brings a diverse research collection to this key
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framework. The collection is not only targeting agricultural
production but also involves ecological restoration and
functions. The effects of microbes on plant performance
and their mechanisms are complex, and they mostly seem
site- and species-dependent, and comparability among
studies could be improved. Combined stresses, rather than
single stress, could be more typical in reality. Future studies
shall focus on theories with more fundamental biological
and ecological mechanisms for better generality leading to
possible application.
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In the plant rhizosphere and endosphere, some fungal and bacterial species regularly
co-exist, however, our knowledge about their co-existence patterns is quite limited,
especially during invasion by bacterial wilt pathogens. In this study, the fungal
communities from soil to endophytic compartments were surveyed during an outbreak
of tobacco wilt disease caused by Ralstonia solanacearum. It was found that the
stem endophytic fungal community was significantly altered by pathogen invasion in
terms of community diversity, structure, and composition. The associations among
fungal species in the rhizosphere and endosphere infected by R. solanacearum showed
more complex network structures than those of healthy plants. By integrating the
bacterial dataset, associations between fungi and bacteria were inferred by Inter-Domain
Ecological Network (IDEN) approach. It also revealed that infected samples, including
both the rhizosphere and endosphere, had more complex interdomain networks than
the corresponding healthy samples. Additionally, the bacterial wilt pathogenic Ralstonia
members were identified as the keystone genus within the IDENs of both root and stem
endophytic compartments. Ralstonia members was negatively correlated with the fungal
genera Phoma, Gibberella, and Alternaria in infected roots, as well as Phoma, Gibberella,
and Diaporthe in infected stems. This suggested that those endophytic fungi may play
an important role in resisting the invasion of R. solanacearum.

Keywords: bacterial wilt invasion, soil microbiota, endophytic microbiota, molecular ecological network,
biocontrol fungal resources

INTRODUCTION

Ralstonia solanacearum, the causative agent of soil-borne bacterial wilt disease in plants, is often
found in agricultural land used for tobacco cultivation. Once the pathogen invades the plant
root system, it rapidly spreads to the stem, causing an internal system imbalance of the entire
tobacco plant, accelerating senescence and death (Li et al., 2017; Wei et al., 2018). As important
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members of the plant microecosystem (Nilsson et al.,, 2019),
fungi play a vital role in promoting the material cycle of agro-
ecosystem and affecting plant growth and health (Lilleskov et al.,
2011; Zhang et al., 2021). Therefore, dynamic changes in the
structure and composition of the plant soil fungal community can
indicate the alterations of soil micro-ecological environment (Shi
et al., 2020). Plant endophytic fungi exist within the host plant
and interact closely with other microorganisms to promote plant
growth, resist the invasion of plant pathogens, and improve the
disease resistance of host plant through their own metabolites or
induction of the host’s metabolites (Arnold, 2007; Mousa et al.,
2016; Bastias et al., 2017). However, our knowledge about how
the soil and endophytic fungal communities change under the
invasion of R. solanacearum is quite limited.

With the surge of research on microbial communities in
various ecological environments, the interdomain relationships
between different types of microbial communities has attracted
great attention (Kapitan et al, 2019; Wang et al, 2020).
The association of plant bacterial and fungal communities is
critical to overall microbial community structure and plant
health (Hassani et al., 2018), and intrigues numerous botanists
and microbiologists. Plant microbial communities live and
colonize several zones including the bulk soil, rhizosphere soil,
phyllosphere, and endosphere (Bulgarelli et al., 2013; Kumar
et al,, 2017). They play a vital role in the acquisition of nutrients
by plants, mutual defense, and co-evolution (Martin et al., 2017;
Fitzpatrick et al., 2018). Understanding the relationship between
related microorganisms in natural ecosystems may help us better
explore and learn about the assembly, diversity, and stability
of plant-related communities (Haq et al., 2014; van der Putten,
2017). Recently, researchers have attempted to identify plant-
related microbial communities from bacteria to fungi, as well as
their associations, by means of microbiome annotation database
or molecular-based experimental methods, broadening our basic
knowledge of these types of microbial communities (Jackrel
et al., 2017; Bamisile et al., 2018; Levy et al., 2018). Endophytic
fungi are often considered to be beneficial to their host plants
(Qian et al,, 2019), because they may play various ecological
roles such as promoting plant growth, enhancing the absorption
of nutrient, resistance against various plant pathogens, as well
as tolerance against various biotic and abiotic stresses (Wagqas
et al., 2012; Jia et al., 2016; Terhonen et al., 2016; Ripa et al,,
2019). Current studies on tobacco wilt, a bacterial disease,
mainly focus on the diversity and structural composition of the
tobacco soil microbial community and its correlation with soil
physicochemical properties, as well as the associations between
the pathogen and bacterial species (Jiang et al., 2017; Li et al,,
2017). However, the associations between the closely related
bacterial and fungal communities in various zones of the plant-
soil microecosystem under the invasion of R. solanacearum and
the roles of endophytic fungi remains unclear.

The purposes of the current study are to: (i) Illuminate the
characteristics of fungal communities in the bulk and rhizosphere
soils and the root and stem endophytic compartments of healthy
tobacco plants and those infected by R. solanacearum; (ii) Reveal
the associations among species of fungal communities from
various zones of the plant-soil microecosystem via molecular

ecological network analysis; (iii) Explore the associations between
fungi and bacteria through interdomain ecological network
(IDEN) analysis; (iv) Study the associations between pathogenic
Ralstonia members and fungi through sub-network analysis,
and to explore fungal biocontrol resources that may antagonize
the bacterial wilt pathogen. From the obtained results, we will
provide a new strategy and theoretical support for enriching the
study of tobacco endophytic fungal resources and for exploring
the antagonistic fungal resources targeting R. solanacearum.

MATERIALS AND METHODS

Sample Collection and Processing

The general collecting locations and methods of collecting and
processing for soil and endophytic samples have been described
previously in detail (Hu Q.L. et al, 2020), and will only be
summarized here. Detailed location and other information were
list in Supplementary Table 1. Eighty samples of bulk soil,
rhizosphere soil, roots, and stems for tobacco cultivar Yunyan
87, including healthy and severely infected by R. solanacearum
(grade 5-9 infection) (Chinese Standards, 2008), were collected
from 5 different tobacco field sites located in the Chenzhou
tobacco-growing region of Hunan province of China on June
2016 (mature stage of tobacco). The samples included 10 bulk
soils samples of healthy tobacco (HBS), 10 bulk soil samples of
wilt-infected tobacco (IBS), 10 rhizosphere samples of healthy
tobacco (HRS), 10 rhizosphere samples of wilt-infected tobacco
(IRS), 10 root samples of healthy tobacco (HR), 10 root samples
of wilt-infected tobacco (IR), 10 stem samples of healthy tobacco
(HS), 10 stem samples of wilt-infected tobacco (IS). Bulk soil
samples were collected by shaking soil off tobacco roots. After
shaking off bulk soils, the rhizosphere soils adhering to plant
roots were collected in 50 mL tubes containing PBS (0.1% Tween
80) with a brush. After stirring for 5 min, the resulting suspension
was then poured into a sterile centrifuge tube, this process was
repeated a further two times. The suspensions were mixed and
centrifuged for 5 min at 2,000 x g. The resulting sediment pellets
were collected as the rhizosphere soils, which were stored at -
80°C until DNA extraction. The roots and stems were processed
immediately by washing consecutively with 75% ethanol, 2.5%
sodium hypochlorite, and sterile water. They were then cut into
small pieces and homogenized using a mortar and pestle with
PBS, then transferred into a centrifuge tube for further treatment.
Ultimately, the resulting sediment pellets from soil samples and
resulting cell pellet from endophytic samples were stored in a
freezer at -80°C until DNA extraction.

DNA Extraction and High-Throughput
Sequencing

Total DNA was extracted in duplicate using the FastDNATM
SPIN kit (MP Biomedicals) following the manufacturer’s
instructions. Methods of PCR amplification and high-throughput
sequencing for 16S rRNA genes followed those of Zhang
et al. (2017). The V5-V6 region of 16S rRNA gene
was amplied by the 799F (5-AACMGGATTAGATACC
CKG-3')/1115R (5'-AGGGTTGCGCTCGTTG-3')
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primers, and ITS2 fragment was amplified using Random Matrix Theory Based Molecular

the primer pair 5.8F (5-AACTTTYRRCAAYGGAT Ecology Networks

CWCT-3")/4R  (5-AGCCTCCGCTTATTGATATGCTTAART-

3’) (Taylor et al., 2016). PCR amplification was performed in a 50
iL reaction system including 5 L DNA template, 2.5 U of Taq
DNA Polymerase (TaKaRa), 1 x Taq buffer, 75 wM dNTP and
0.3 wM of each primer. The thermal cycle operations for ITS2
fragment was performed as follows: 94°C for 1 min; following
35 cycles of 94°C for 20 s, 57°C for 25 s, and 68°C for 45 s, with
a final elongation step at 68°C for 10 min, and finally stored at
4°C. The recovered products were qualified and quantified by a
NanoDrop Spectrophotometer (Nano-100, Aosheng Instrument
Co., Ltd.). Subsequently, the purified amplicons were pooled
together and sequenced on Miseq sequencing machine (Illumina)
at Central South University, Changsha, China.

Sequence Processing and Analysis
Preprocessing of raw reads of 16S rRNA genes and ITS2
fragment were submitted to an in-house pipeline' integrated
with various bioinformatics tools (Feng et al., 2017). All reads
were assigned to individual sample according to their barcodes,
allowing for a single mismatch. After trimming off the barcode
and primer sequences, the pair-ended sequences for 16S rRNA
genes were merged and their quality was checked by Flash
program (Kong, 2011). The pair-ended sequences for ITS2
fragment with forward and reverse primers combinations were
trimmed off. Subsequently, the sequences were passed through
the ITSx program to remove the ITS flanking regions and non-
fungal sequences (Bengtsson-Palme et al., 2013). Next, sequences
were clustered into operational taxonomic units (OTUs) using
UPARSE (SRP101823 for 16S rRNA gene sequences, and
SRP123067 for ITS sequences) with a 97% sequence similarity
threshold (Edgar, 2013). Ultimately, an OTU table was created
and the total read counts were resampled before use in
downstream analyses.

Statistical Analysis

The statistical significance of differences between two groups
were tested by Wilcoxon test. Two measurements of alpha-
diversity, Richness and Chaol, were calculated to assess the
diversity of fungal communities. Richness was obtained by
counting the number of species displayed in the OTU table.
The Chaol value was calculated using Mothur software (Chao,
1984; Schloss et al., 2009). Principal coordinate analysis (PCoA)
was used to analyze the B-diversity of fungal communities in
the bulk soil, rhizosphere soil, and root and stem endophytic
compartments for both healthy and infected plants. Dissimilarity
tests for soil and endophytic microbial community structures
between healthy and infected samples were performed by using
PERMANOVA based on Jaccard distance. Differences in soil
and plant endophytic community compositions from healthy
and infected samples were determined using an analysis of
variance (ANOVA).

'http://mem.rcees.ac.cn:8080

To reveal the associations among fungal species in soil and
endophytic fungal communities, from both healthy and infected
samples, we constructed phylogenetic molecular ecological
networks (MEN) via a Random Matrix Theory (RMT)-based
approach (Deng et al,, 2012) in molecular ecological network
analysis pipeline (MENA)? (Deng et al., 2016).

Interdomain Ecological Network

Construction

The topology of ecological networks can represent the assembly
process of microbial communities (Layeghifard et al., 2017),
and the connections between interacting species can be used
to predict ecosystem stability (Thebault and Fontaine, 2010).
Recently, Feng et al. (2019) set up a workflow to construct
IDEN, to find the association between two taxonomic groups
(i.e., aboveground plants and underground bacteria) in ecological
surveys. This method provided technical support for our analysis
of the interdomain microbial associations between fungal and
bacterial communities of soil and endophytes.

To elucidate associations between fungi and bacteria in soil
and endophytic communities, by integrating the bacterial dataset
(NCBI SRA database, accession PRJNA540089), interdomain
ecological networks via SparCC approaches based on the
inter-domain ecological network analysis pipeline’ workflow
(Feng et al., 2019) were constructed. The threshold value for
generating regional IDEN was 0.30, with 0.05 significance, to
filter the non-correlated associations. The obtained adjacent
matrix associated with the bipartite graph consisted of 1 or
0, showing presence/absence of corresponding fungi-bacteria
association. The topological properties (connectance, links per
species, specialization asymmetry, and web asymmetry) were
calculated to explore alterations in associations between fungi
and bacteria in the soil and endophytic communities under the
invasion of R. solanacearum. The SparCC method with default
parameters (Feng et al., 2019) was used for correlation analysis of
specific associations between the pathogen and fugal members.
The constructed networks were visualized using Gephi 0.9.2
software (Bastian et al., 2009). The keystone microorganisms
were identified by the Zi-Pi plot based on the nodes’ roles within
their own network (Deng et al., 2012).

RESULTS

Effects of Wilt Pathogen Invasion on the
Fungal Community Diversity and

Structure of Soil and Tobacco Endophyte
Using high-throughput sequencing, a total of 8, 317 operational
taxonomic units (OTUs) were obtained from 80 samples, 7,
216 OTUs among the soil samples and 2, 786 OTUs among
the endophytic samples. Both observed Chaol (Figure 1A)

Zhttp://iegd.rccc.ou.edu/mena
*http://mem.rcees.ac.cn:8081
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FIGURE 1 | Diversity and structure of fungal communities in the healthy and infected bulk soil, rhizosphere soil, and root and stem endophytic compartments based
on internal transcribed spacer (ITS) sequencing. (A) Richness. (B) Chao 1 index. (C) PCoA plot of fungal communities in healthy and infected plants. Note: blue and
red indicate healthy and infected samples, respectively. HBS: bulk soils samples of healthy tobacco, IBS: bulk soil samples of wilt-infected tobacco, HRS:
rhizosphere samples of healthy tobacco, IRS: rhizosphere samples of wilt-infected tobacco, HR: root samples of healthy tobacco, IR: root samples of wilt-infected
tobacco, HS: stem samples of healthy tobacco, IS: stem samples of wilt-infected tobacco. Wilcoxon test and PERMANOVA were used to examine the statistical
significance of differences for alpha and beta diversity, respectively. Difference was significant at *, 0.05; **, 0.01.

PCoA1(22.0%)

and estimated richness (Figure 1B) demonstrated no significant
difference in fungal community diversity between healthy and
infected tobacco plants regarding the bulk soil, rhizosphere soil,
and root endophytes. However, the fungal richness of infected
stems was significantly higher than that of healthy counterparts
(Wilcoxon test, P < 0.05). As shown in Figure 1C, the endophytic
fungal communities for healthy and infected plants were clearly
separated in the PCoA plot, while the bulk, and rhizosphere soil
communities of healthy and infected plants partially overlapped,
indicating significant differences in fungal community structure
between the healthy and infected endophytic compartments
(PERMANOVA, P < 0.05).

Effects of Wilt Pathogen Invasion on the
Fungal Community Composition of Soil
and Tobacco Endophyte

The composition of tobacco soils and endophytic fungal
communities at the phylum level is shown in Figure 2A (with
relative abundance > 1%). In the soil communities, the most
abundant fungal phyla were Ascomycota, Basidiomycota, and
Zygomycota, followed by Chytridiomycota and Glomeromycota.
In the tobacco endophytic fungal communities, the most
abundant fungal phyla were Ascomycota and Basidiomycota,
followed by Zygomycota, Chytridiomycota, and Glomeromycota.
The composition of tobacco soil and endophytic fungal
communities at the genus level is shown in Figure 2B (with
relative abundance > 1%). In the soil communities, the fungal
genera with higher relative abundance included Mortierella,
Aleuria,  Cyberlindnera,  Cryptococcus,  Plectosphaerella,
Gibberella, Mucor, Debaryomyces, Podospora, Entoloma,
Paraphoma, Rhodotorula, Fusarium, Conocybe, and Guehomyces.
In the tobacco endophytic fungal communities, the fungal
genera with higher relative abundance included Plectosphaerella,
Paraphoma, Gibberella, Rhodotorula, Alternaria, Ceratobasidium,
Nectria,  Davidiella, =~ Haematonectria, — Bionectria,  and
Thanatephorus. The genera whose abundance increased

significantly in the infected soil samples as compared
to healthy soil samples were Gibberella, Cryptococcus,
Mucor, Nectria, Debaryomyces, and Haematonectria, and

the genera that displayed significantly deceased abundance
were Rhodotorula, Ceratobasidium, Cyberlindnera, Podospora,
Conocybe, Monoblepharis, Paraconiothyrium, and Phoma.
The genera whose abundance increased significantly in the
endophytic communities of infected samples compared to
those of healthy samples were Haematonectria, Gibberella,
Ceratobasidium, Nectria, Bionectria, and Didymella, and the
genera with significantly deceased abundance were Cryptococcus,
Didymella, Mortierella, Paraphoma, Davidiealla, Phoma, and
Mucor. In summary, the fungal community compositions and
relative abundance were different between the healthy and
infected soil communities, between the healthy and infected
endophytic communities, and between the soil and endophytic
communities (Supplementary Table 2, P < 0.05).

The Species Associations Among Fungal

Communities

In the network structures of rhizosphere soil, root endophytes,
and stem endophytes, the fungal network structures of the
infected samples showed a higher complexity and more links
than those of healthy samples (Table 1). For example, the
number of network nodes and links of the infected rhizosphere
soil were 187 and 518, respectively, and those of the healthy
rhizosphere soil were 179 and 367, respectively. In addition,
the average clustering coeflicients (avgCCs) of the empirical
networks of all tested samples (0.02-0.67) were higher than
those of the corresponding random networks (0.01-0.228),
suggesting that the eight constructed networks all had typical
small-world network characteristics (Watts and Strogatz, 1998).
The modularity (M) values of all empirical networks (0.534-0.91)
were significantly higher than the M-values of the corresponding
random networks (0.339-0.860), indicating modular topological
features of constructed networks (Newman, 2016). The visualized
networks were constructed to intuitively display the associations
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FIGURE 2 | Comparison of the community compositions of soil and plant endophytic fungi from healthy and infected samples. (A) Comparison of the community
compositions of the healthy and infected bulk soil, rhizosphere soil, and root and stem endophytic compartments with relative abundance > 1% OTUs at the phylum
level. (B) Comparison of the community compositions of the healthy and infected bulk soil, rhizosphere soil, and root and stem endophytic compartments with
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among microorganisms in the fungal communities of healthy and
infected samples, as shown in Figure 3. In general, there were
obvious differences in the network topological structure between
infected and healthy samples from all four of the investigated
microecosystem zones.

IDEN Between Fungal and Bacterial

Communities

The eight constructed networks of fungi-bacteria associations in
healthy and infected samples from the surrounding bulk soil,
rhizosphere soil, and root and stem endophytic compartments
showed some basic bipartite topological structures, e.g., the
modular structure and high web asymmetry of two species
groups (Table 2), and all showed significant topological
differences (Figure 4). According to the topological indices
of the networks (Table 2), the total numbers of network
nodes and links of the infected samples were all higher
than the corresponding healthy samples, indicating more
complex and compact bacterial-fungal associations in the
infected samples. The higher value of web asymmetry for
networks of infected root and stems endophytes showed that
more fungi were involved in the interdomain associations.
Instead of higher positive and negative associations for
soil samples, the IDENs contained large proportions of
negative associations in infected root and stem endophytic
compartments compared to healthy samples, with more fungal
nodes involved (1,298 vs. 266 for roots, and 493 vs. 131 for
stems), suggesting resistance relationships between bacteria and
fungi. Module detection analysis further demonstrated smaller
modularity and fewer modules for IDENs of the endophytic
compartments, implying closer fungi-bacteria associations. In
addition, we found the greatest number of network links
and the highest number of links per species in the IDEN
of infected root endophytic compartment, indicating larger
proportions of bacterial-fungal associations among the infected
root endophytes.

Mining of Keystone Fungal Genus With
Biocontrol Potential Against Bacterial
Wilt Pathogen

The Zi-Pi plots were drawn to exhibit the distribution of network
nodes OTUs based on the modular topology (Figure 5). The
topology of each node (genus) could be measured by its within-
module connectivity (Zi = 2.5) and among-module connectivity
(Pi = 0.62). According to the simplified categorization, all nodes
in the networks were distributed among four subcategories:
Peripherals, Connectors, Module hubs and Network hubs. Nodes
that belonged to the latter three subcategories were considered
to be keystone microbial microorganisms playing a critical role
in the network (Zhou et al, 2011; Jiang et al, 2015) and
were marked in the corresponding networks. Interestingly, the
bacterial wilt pathogenic Ralstonia members were found to be
the keystone genus in the IDENSs of the infected root and stem
endophytic compartments.

To find the fungal genus closely associated with Ralstonia
members, we further analyzed the associations between Ralstonia
members and fungal genus in IDENs for the infected root and
stem endophytic compartments. The results showed that the
fungal genera Phoma, Gibberella, Alternaria, Haematonectria,
Cryptococcus, Podospora, Spodiobolus, Malassezia, Aleuria,
Dioszgia, Davidiealla, and unclassified genera were negatively
correlated with the pathogenic Ralstonia members in the
root endophytic communities (Figure 6), and the fungal genera
Phoma, Gibberella, Diaporthe, Didymella, and unclassified genera
were negatively correlated with Ralstonia members in the stem
endophytic communities (Figure 6). No positive correlations
between fungal genus and the pathogen were found in the root
and stem endophytic communities.

DISCUSSION

The occurrence of plant diseases is closely related to the
microbial diversity in the soil and endophytic compartments

TABLE 1 | Topological features of the soil and endophytic fungal community networks in healthy and infected samples.

Empirical networks

Random networks

Samples Similarity Total Total links R? Average Average path Average Modularity: Average Modularity: Average path

threshold nodes degree distance (GD) clustering (module-no) clustering (module-no) distance (GD)

(avgK) coefficient coefficient
(avgCC) (avgCC)

HBS 0.85 174 232 0.76 2.67 7.42 0.28 0.81 (21) 0.034 £0.01 0.67 +£0.01 522 +£0.16
IBS 0.85 133 368 0.74 5.53 4.14 0.42 0.91 (24) 0.01 +0.02 0.82 + 0.01 6.57 +1.06
HRS 0.85 179 367 0.87 4.10 6.33 0.32 0.67 (15) 0.06 + 0.02 0.52 +0.01 4.08 £0.12
IRS 0.85 187 518 0.80 5.54 4.26 0.29 0.54 (16) 0.11 £ 0.02 0.44 + 0.01 3.58 + 0.08
HR 0.90 27 49 0.79 3.63 1.90 0.50 0.534 (4) 0.228 +£ 0.058 0.339 £ 0.018 2.56 + 0.11
IR 0.90 66 138 0.69 418 2.07 0.67 0.653 (12) 0.188 £0.0278 0.383 £ 0.014 3.04 +£0.12
HS 0.90 30 20 0.99 1.33 1.62 0.02 0.865 (10) 0.01 £0.002 0.860 +£0.016 1.67 +£0.18
IS 0.90 119 200 0.76 3.36 3.48 0.45 0.750 (19) 0.08 £ 0.02 0.522 £ 0.015 3.70 £ 0.11

HBS, bulk soils samples of healthy tobacco, IBS, bulk soil samples of wilt-infected tobacco,; HRS, rhizosphere samples of healthy tobacco; IRS, rhizosphere samples
of wilt-infected tobacco, HR, root samples of healthy tobacco; IR, root samples of wilt-infected tobacco, HS, stem samples of healthy tobacco, IS, stem samples of

wilt-infected tobacco.
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FIGURE 3 | Molecular ecological networks of microorganism associations in the fungal communities of healthy and infected samples. (A) Healthy bulk soil.
(B) Infected bulk soil. (C) Healthy rhizosphere soil. (D) Infected rhizosphere soil. (E) Healthy root endophytic compartment. (F) Infected root endophytic
compartment. (G) Healthy stem endophytic compartment. (H) Infected stem endophytic compartment. Node color represents phylum-level taxonomy. Blue links
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(Shi et al, 2019; Ulloa-Munoz et al., 2020). Our previous
studies have shown that the diversity of endophytic bacterial
communities in the roots and stems of plants with bacterial wilt
infected was significantly higher than that of healthy samples
(Hu Q.L. et al,, 2020). In this study, there was no significant
difference in the diversity of the root endophytic fungal
community between infected and healthy samples. Endophytic
fungal community diversity of the infected stem samples was
significantly higher than that of the healthy samples. This
may be explained by that the bacterial wilt pathogen invasion
success within root endophyte could result in the destruction
of plants defense system. The bacterial wilt pathogen and
fungal members interacted closely in the roots, inducing more
fungal communities to migrate into the stem, and therefore
resulted in an increased diversity of the stem endophytic fungal
community compared to the healthy samples (Tan and Zou, 2001;
Thebault and Fontaine, 2010; Kefi et al., 2012). Moreover, high
diversity and close associations among various microorganism
are beneficial to the stability of microbial communities, thereby
boosting the microbial community’s resistance to pathogen
invasion (McCann, 2000; Wehner et al., 2010; van Elsas et al.,
2012; Mallon et al,, 2015). The increased diversity of fungal
communities in stem endophytes may be a middle-late-stage
immune response of the plant to the bacterial wilt pathogen
invasion.

The invasion of bacterial wilt pathogen may cause changes
in the fungal community composition of the various zones of
the tobacco microecosystem. From the perspective of relative
abundance, fungal composition displayed significant changes
at the genus level between infected and healthy samples in
the bulk soil, rhizosphere soil, and root and stem endophytic
compartments. In the infected bulk soil and rhizosphere soil,
the relative abundances of Rhodotorula, Ceratobasidium,
Cyberlindnera, ~ Podospora, Conocybe, ~ Monoblepharis,
Paraconiothyrium, and Phoma were significantly decreased,

TABLE 2 | Interdomain network topology features of healthy and infected soil and
endophytic microbial communities.

HBS IBS HRS IRS HR IR HS IS

No. of bacteria 157 142 86 185 82 91 32 59

No. of fungi 55 72 78 114 23 96 28 139
Total link 301 532 281 357 385 1,336 137 622
Positive link 88 183 51 17 119 38 6 129
Negative link 213 349 230 240 266 1,298 131 493
Connectance  0.035 0.052 0.042 0.017 0.204 0.153 0.153 0.081
Web -0.481 -0.327 -0.049 -0.237 -0.562 0.027 -0.067 0.376
asymmetry

Links per 142 249 1713 1.194 3.667 7.144 2.283 0.291
species

No. of 13 8 20 26 3 1 2 1
compartments

Specialization 0.16 0.079 0.028 0.095 0.107 0.079 -0.026 -0.131
asymmetry

Modularity 0.593 0.46 0.533 0.787 0.276 0.269 0.423 0.527
No. of modules 23 17 28 36 6 5 4 5

whereas the relative abundances of Gibberella, Cryptococcus,
Mucor, Nectria, Debaryomyces, and Haematonectria were
significantly increased, compared to the corresponding healthy
samples. Such changes in composition might be because the
invasion of bacterial wilt disease made pathogenic Ralstonia
members the dominant species in soil and thus altered the
composition of the soil fungal community. In the infected
endophytic samples, the genera that significantly declined were
Cryptococcus, Didymella, Mortierella, Paraphoma, Davidiealla,
Phoma, and Mucor. Many of the secondary metabolites produced
by these endophytic fungi have been reported to have inhibiting
or antibacterial abilities (Melo et al., 2014; Xia et al., 2015; Li et al.,
2018). These results indicated that the beneficial endophytes
were either actively repelled by the host immune system or
defeated by the more dominant migrating microbial community
(Lundberg et al., 2012; Velasquez et al, 2017). The relative
abundances of Haematonectria, Gibberella, Ceratobasidium,
Nectria, Bionectria, and Didymella were significantly enhanced
in the infected endophytic samples, indicating that they may
benefit during the pathogen invasion process. It is possible they
are opportunists that took advantage of the potential niche
opened by pathogen invasion and entered the plant endophytic
compartment (Lundberg et al., 2012). The compositional changes
of these fungal communities may be caused by changes in root
exudates or complex changes in the plant immune system during
pathogen invasion (Martinoia and Baetz, 2014; dos Santos
et al, 2020), and this promoted the differential recruitment
and/or differential rejection of microorganisms to resist the
invasion of bacterial wilt pathogen in plant roots and stems
(Kwak et al., 2018).

Microbe-microbe associations are essential for the function
of microecosystems in soil and endophytic compartments
(Barberan et al., 2012). Molecular ecological network (MEN)
analysis has been increasingly employed to explore potential
microbial associations in various ecosystems (de Menezes
et al., 2015). However, there are few reports on microbial
associations in the fungal community of plants under invasion
by bacterial wilt pathogen. In this study, we applied network
analysis to quantify and visualize the associations among
microorganisms of the fungal community under the invasion
of R solanacearum. The results showed that the fungal
networks of infected samples had higher complexity and more
links than the healthy samples in the rhizosphere soil and
root and stem endophytic compartments. Furthermore,
the corresponding topological structures demonstrated
significant differences as well. Together this indicated that
the invasion of bacterial wilt pathogen changed the composition
of the soil fungal community and further strengthened
the associations among species in the fungal community.
The highly connected and modularized fungal community
associations were conducive to regulating the stability of
the community (Eisenhauer et al, 2013; Downing et al,
2014; Tardy et al, 2014), thereby controlling the propagation
and colonization of the pathogen. Hence, it is necessary
to study the associations of microorganisms in soil and
endophytic fungal communities for more effective prevention
and control of diseases.
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FIGURE 4 | Interdomain ecological networks of the bacterial-fungal associations of healthy and infected samples. (A) Healthy bulk soil. (B) Infected bulk soil.

(C) Healthy rhizosphere soil. (D) Infected rhizosphere soil. (E) Healthy root endophytic compartment. (F) Infected root endophytic compartment. (G) Healthy stem
endophytic compartment. (H) Infected stem endophytic compartment. Node color indicates phylum-level taxonomy, and the pathogen Ralstonia was labeled at the
genus level. Blue links indicate positive correlations between nodes, and red links indicate negative correlations.
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FIGURE 6 | Entangled webs of fungi-bacteria and fungi-pathogen associations in the microbial communities of the surrounding soil, rhizosphere, and root and stem
endophytic compartments. The healthy plant (left) successfully suppressed invasion of pathogenic Ralstonia. The infected (right) plant was successfully invaded by
the pathogen. The Interdomain ecological networks of the associations between pathogenic bacteria (red) and other fungal species in the root and stem endophytic
compartments of the infected samples. Each node is marked at the genus level. Red links indicate negative correlations.
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Soil is one of the main habitats for bacteria and fungi (Effmert
et al., 2012). Endophytic microorganisms, including fungi and
bacteria, live in the intercellular or intracellular spaces of plant
tissues. The associations between fungi and bacteria are part
of the communication network maintaining the balance of this
microhabitat (Bamisile et al., 2018). We adopted IDENSs to
analyze the association network between fungi and bacteria in
each zone of the plant-soil microecosystem, and found more
complex and tighter fungal-bacterial associations in the infected
samples than the corresponding healthy samples for all tested
zones. In addition, the IDEN of the infected root endophytic
compartment presented the most network links and the highest
number of links per microorganism, suggesting a closer bacterial-
fungal associations in this network. Interestingly, the Zi-Pi plots
demonstrated that the pathogenic Ralstonia members were the
keystone genus in the root and stem endophytic bacterial-fungal
association networks. The reason for these results may be that
with the invasion of the bacterial wilt pathogen, more soil fungi
and bacteria developed a mutually beneficial relationship and
entered the plant root endophytic community together, resulting
in more complex associations among microorganisms (Hu Q.L.
et al., 2020). It may also be that the competition of nutrient
resources or niche space caused more diversified associations
between fungi and bacterial microorganisms (Ghoul and Mitri,
2016). A third possibility is that because the microecological
balance was broken by the pathogen invasion, leading to more
intense antagonistic relationships between fungal, other bacterial

members, and the pathogen (Garcia-Bayona and Comstock,
2018; Hu J. et al., 2020). These phenomena were more prominent
in infected root and stem endophytic compartments.

To further clarify which fungi interacted closely with
the pathogenic Ralstonia members in the endophytic roots
and stems, we built sub-networks centered on the pathogen,
Ralstonia members, and included its associations with fungi. The
results showed that the root endophytic fungal genera Phoma,
Gibberella, Alternaria, Haematonectria, Cryptococcus, Podospora,
Spodiobolus, Malassezia, Aleuria, Dioszgia, and Davidiealla, and
the stem endophytic fungal genera Phoma, Gibberella, Diaporthe,
and Didymella were all negatively correlated with Ralstonia
members. Plant-associated endophytic fungi are rich sources of
novel bioactive and structurally diverse secondary metabolites
and other natural products, which were generally considered to
protect their host plants by blocking or inhibiting the appropriate
pathogenic microorganisms (Rustamova et al., 2020). According
to previous research, the active compound named as barceloneic
acid C isolated and purified from the secondary metabolites of
the endophytic fungus Phoma sp. JS752, isolated from Phragmites
communis Trinius, demonstrated an antibacterial activity against
pathogenic gram-positive bacteria Listeria monocytogenes and
Staphylococcus pseuditermedius, and gram-negative bacteria such
as Escherichia coli and Salmonella typhimurium (Xia et al., 2015).
The purified secondary metabolites [(3S)-3,6,7-trihydroxy-
a-tetralone, Cercosporamide, p-Sitosterol and trichodermin]
of Phoma sp. ZJWCF006, which was screened and isolated
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from the Arisaema erubescens endophytes, showed remarkable
antibacterial activity against four plant fungal pathogens
(Fusarium  oxysporium, Rhizoctonia solani, Colletotrichum
gloeosporioides, and Magnaporthe oryzae) and two plant bacterial
pathogens (Xanthomonas campestris and Xanthomonas oryzae)
(Wang et al, 2012). The secondary metabolity compound
ergosterol peroxide from the endophytic fungus Gibberella
moniliformis JS1055, isolated from a halophyte Vitex rotundifolia
(Kim et al., 2018), exhibited moderate inhibitory activity against
bacteria Staphylococcus aureus and Escherichia coli (Zhu et al.,
2017). The endophytic fungus Alternaria alternata AE1, isolated
from Azadirachta indica A. Juss, could produce highly effective
bioactive metabolites that showed a strong inhibitory effect on
pathogenic bacteria Listeria monocytogenes and Escherichia coli
(Chatterjee et al., 2019). The antibacterial activities of compounds
phomosines A and C produced by endophytic fungus Diaporthe
sp. F2934, isolated from the tropical plant Aegle marmelos,
showed an antibacterial activity against a variety of gram-negative
and gram-positive bacteria, and its inhibitory zone diameter
(IZD) against Staphylococcus aureus was 20% larger than the
standard antibiotic vancomycin (Sousa et al., 2016). It can be
seen that these fungi revealed by our study and their secondary
metabolites have been reported with antibacterial ability or
activity against some bacteria, and they may have potential
resistance to bacterial wilt pathogen invasion.

CONCLUSION

The bacteria wilt pathogen Ralstonia members and the infected
root endophytic fungal genera Phoma, Gibberella, Alternaria,
Haematonectria,  Cryptococcus,  Podospora,  Spodiobolus,
Malassezia, Aleuria, Dioszgia, and Davidiealla, as well as the
infected stem endophytic fungal genera Phoma, Gibberella,
Didymella, and Diaporthe, were negatively correlated, and these
fungi may be potential biocontrol resources in dealing with
tobacco bacterial wilt disease. At present, there are few reports
on the exploration and application of tobacco endophytic fungal
resources. This study will provide potential ideas and theoretical
support for enriching the study of tobacco endophytic fungal
resources and controlling tobacco bacterial wilt disease. Further
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Sugarcane cropping systems receive elevated application of nitrogen (N) fertilizer
for higher production, which may affect production costs and cause environmental
pollution. Therefore, it is critical to elucidate the response of soil microbial to N fertilizer
inputs in sugarcane soil. A field experiment was carried out to investigate the effects of
optimum (N375, 375 kg N/ha) and excessive (N563, 563 kg N/ha) amounts of N fertilizer
on soil bacterial diversity and community structure in a sugarcane cropping system by
MiSeq high-throughput sequencing; 50,007 operational taxonomic units (OTUs) were
obtained by sequencing the 16S rRNA gene amplicons. Results showed that the most
abundant phyla in the sugarcane rhizosphere soil were Proteobacteria, Actinobacteria,
Acidobacteria, and Planctomycetes, whose ensemble mean accounted for 74.29%.
Different amounts of N application indeed change the bacterial diversity and community
structures. Excessive application of N fertilizers significantly decreased the pH and
increased the available N in soils and unexpectedly obtained a lower yield. Excessive
N resulted in a relatively lower bacterial species richness and significantly increased the
relative abundance of phyla Proteobacteria, Acidobacteria, and Bacteroidetes and the
genera Sphingomonas and Gemmatimonas, while optimum N treatment significantly
increased the phylum Actinobacteria and the genera Bacillus and Nitrospira (P < 0.05).
N application shifted the N cycle in nitrification, mainly on the Nitrospira, but showed
no significant effect on the genera related to nitrogen fixation, methane oxidation,
sulfate reduction, and sulfur oxidation (P > 0.05). Overall, the optimum amount of N
application might be conducive to beneficial microorganisms, such as Actinobacteria,
Nitrospira, and Bacillus and, thus, result in a healthier ecosystem and higher sustainable
crop production.
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Nitrogen Alters Sugarcane Rhizosphere Microbe

INTRODUCTION

Sugarcane (Saccharum L. spp.) is an important agroeconomic
sugar crop which is planted in over 20 million hectares worldwide
(Val-Moraes et al., 2016). Sugarcane contributed into more than
90% of the total sugar production and has been considered one
of the most promising crops for generating renewable bioenergy,
which is expected to become the second largest energy source
in the world by 2030 (Li Y. R. et al,, 2016). China is one of the
major sugar-producing countries in the world, producing more
than 10 million tons of sugar annually (Li and Yang, 2015). Due to
continuously increasing consumption, there is a need to increase
sugarcane production to meet the growing demand.

Sugarcane is a fast-growing large biomass crop which requires
large amounts of nutrients and water. Nitrogen (N) is the
essential macronutrient required for sugarcane growth and
development (Yang et al.,, 2013). In order to obtain higher crop
yield, large amounts of N fertilizers were applied to provide
nutrients for growing sugarcane, and N fertilizer application
rate has increased several times in the past decades worldwide
(Robertson and Vitousek, 2009; Zhang et al, 2013; Li and
Yang, 2015). N fertilizer application for sugarcane production
varies largely between countries, ranging from 60 kg/ha in
some regions of Brazil to 755 kg/ha in some parts of China
(Robinson et al., 2011). In China, N fertilization varies from
300 to 800 kg/ha N in sugarcane production, which is 3-
10 times higher than in other countries (Li and Yang, 2015).
However, excessive application of N fertilizer not only causes
waste of resources and higher production cost but also results
in serious environmental pollution and ecological environment
degeneration (Waclawovsky et al., 2010; Belén et al., 2016).
Furthermore, superfluous N fertilizer has adverse effect on sugar
quality and often leads to a substantial decrease of beneficial
microflora related to N mineralization (Singh et al., 2020).

Microbes in the rhizosphere play important roles in nutrient
cycling and acquisition. Soil microorganisms form complicated
microbial communities that regulate the nutrient cycles and
influence soil characteristics, plant growth, and ecosystem
sustainability (Singh et al., 2017). In turn, agronomic practices,
such as fertilization can alter soil physical and chemical properties
and, consequently, soil microbiomes. The effect of N fertilizer
application on soil microbial community composition may be
caused by direct effects of N nutrient or by indirect changes
in soil and plant properties (Klironomos et al., 2011). Many
studies have been undertaken to explore the effects of N fertilizer
on microbes in agriculture ecosystems. Du et al. (2019) found
that application of inorganic N fertilizer resulted in distinctive
changes on N-cycle microorganism. Moreover, applying N
fertilizer influenced soil microbial composition, particularly
fungal community (Guo et al, 2018). A recent meta-analysis
demonstrated that N fertilizers decreased both soil microbial
diversity and the relative abundances of Actinobacteria and
Nitrospirae but did not significantly change the primary fungal
groups (Wang et al., 2018).

During the sugarcane life cycle, the plants and its roots
establish associations with various diversities of microorganisms,
including beneficial, detrimental, or neutral microbes. Several

studies expectedly have been conducted to reveal the microbial
diversity and community in sugarcane rhizosphere soil. Savario
and Hoy (2011) have demonstrated that sugarcane monoculture
can affect the composition of the microbial community
in field soil by evaluating the culturable microorganisms
using community level physiological profiles (CLPP).
A culture-independent approach using the 16S rRNA gene
library sequencing also has been used to assess the bacterial
community in the rhizosphere soil of sugarcane under different
nitrogen fertilization conditions. Pisa et al. (2011) found that
Proteobacteria, Acidobacteria, Bacteroidetes, Firmicutes, and
Actinobacteria were the predominant phyla in the rhizosphere
soil of sugarcane. However, previous studies did not reveal the
microbial community structure very well due to poor sequencing
technologies. Recent studies on microbials in sugarcane soils
mainly focused on plant growth-promoting bacteria, endophytic
bacteria, and fungi or functional bacteria associated with
sugarcane, such as nitrogen-fixing bacteria, aiming at exploring
the massive potential of biofertilizer to replace the chemical N
fertilizer (de Souza et al., 2016; dos Santos et al., 2019; Pereira
et al., 2019; Singh et al., 2020). Yeoh et al. (2016) found that
regulating N fertilizer rates does not improve sugarcane yields
by enriching diazotrophic populations and optimal N fertilizer
crops had higher biomass and higher abundances of nitrification
and denitrification genes. The above studies highlighted that
a deep understanding of how N fertilizer application affects
microbial communities is important for achieving a balance
in maximizing crop yields and minimizing nutrient pollution
associated with N fertilizer application.

Despite the wide plantation and economic importance of
sugarcane, knowledge regarding the microbial diversity and
community of sugarcane rhizosphere soils is limited. Meanwhile,
there still lacks a deep understanding of how N fertilization
regimes affect the sugarcane yields and rhizosphere soil
microbiome. Therefore, in our work, a field experiment was
conducted to evaluate the impacts of different amounts of N
fertilizers on the diversity and community structure in the
sugarcane rhizosphere soil. The main objectives were to (i)
reveal the bacterial diversity and community structure in the
rhizosphere soil of sugarcane and (ii) evaluate the effect of N
application amount on the soil physicochemical characteristics
and crop yields and on the rhizosphere bacterial diversity
and community structure. Moreover, we hypothesized that (iii)
N fertilizer impact on sugarcane yield may be through the
regulation of rhizosphere bacterial community and functions.
The results of our work may provide guidance for the reasonable
fertilization management of sugarcane fields, so as to promote
sustainable development of the sugarcane industry.

MATERIALS AND METHODS

Site Description and Experiment Design

The field trial was located in Mazhang district (21°15'36"N,
110°16’48"E) of Zhanjiang, Guangdong Province, China. The
area has a south subtropical monsoon climate, with an annual
mean precipitation and temperature of 1,800 mm and 23.5°C,
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respectively. Land use was peanut and sweet potato rotation
before and has been transformed to cultivate sugarcane since
2016. The experiments were conducted from 2016 with three
different N fertilization rates in new planted sugarcane for
2 years. The experimental field was divided into plots of 30 m?
(5 m x 6 m), and each treatment was performed in triplicate
with a randomized block design from February to December.
Four treatments were included in this study. The CK treatment
was without fertilizers and the other three annual N fertilization
regimens were applied with urea (46% N) as follows: NO (0 kg
N/ha), N375 (375 kg N/ha), and N'563 (563 kg N/ha); 375 kg N/ha
was the appropriate N fertilizer amount and 563 kg N/ha was the
average N application of farmers after preliminary investigation
and research. Phosphorus (P) and potassium (K) were supplied
with equal amounts of 112.5 and 375 kg/hm? in the form of
calcium superphosphate (12% P,0s5) and potassium chloride
(60% K,0). N, P, and K were applied in three split doses in basal,
tillering stage, and elongation stage at ratios of 5:8:7, 1:1:1, and
1:15:6, respectively. Field management was carried out by local
cultivars and conventional crop practices.

Soil Sampling and Analysis of

Physicochemical Properties

On February 20, 2018, rhizosphere soil samples were obtained by
manually shaking the loosely attached soil from the roots, 1 week
after sugarcane was harvested. The replicated samples were
pooled in polyethylene self-sealing bags and then immediately
transported to the laboratory in a container with enough dry
ice. Each sample was a composite formed by mixing together the
eight subsamples and then divided into two aliquots. One aliquot
was stored at —4°C for subsequent biochemical analyses as soon
as possible within 1 week. Another aliquot was stored at —80°C
for DNA extraction and sequencing,.

Several soil physicochemical properties were determined. Soil
pH was determined with a suspension of soil/water (w/v) ratio at
1:2.5 by a glass electrode pH meter. Soil organic carbon (SOC)
was determined using K,Cr,O; wet oxidation and titration by
FeSO4, and organic matter (OM) was converted from SOC
(Bao, 2000). Alkali-hydrolyzable N (AN) was determined by
alkali hydrolysis diffusion method. Available phosphorus (AP)
measurement was extracted with HCI-NH4F and determined
using the phosphomolybdate blue colorimetric method. Available
potassium (AK) was measured by flame photometry after
ammonium acetate extraction.

Soil DNA Extraction, PCR Amplification,

and lllumina Sequencing
Soil DNA was extracted from 0.50 g sample soil with E.ZZN.A.
stool DNA Kit (Omega Bio-Tek, Norcross, GA, United States)
according to the protocols of the manufacturer. A NanoDrop
2000c UV-Vis spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, United States) was used to check the DNA quality
and quantity. DNA extracts were stored at —20°C until analysis.
The purified DNA was used as a template for amplifying
the V3-V4 region of the 16S rRNA gene with the barcode
primer set 341F (5-CCTACGGGNGGCWGCAG-3")/806R

(5-GGACTACHVGGGTATCTAAT-3). The thermal cycle
conditions were as follows: initial denaturation at 95°C for
2 min, followed by 27 cycles of 98°C for 10 s, 62°C for 30 s,
and 68°C for 30 s, and a final extension at 68°C for 10 min.
PCR amplification was carried out in a total of 50 pl reaction
system containing 100 ng of template DNA, 1.5 pl of 5 uM
forward and reverse primers, 1 Ll KOD DNA polymerase, 5 Ll of
10 x KOD buffer, and 5 pl of 2.5 mM dNTP mixture. Amplicons
were extracted from 2% agarose gels and purified using the
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union
City, CA, United States) and quantified using a QuantiFluor
fluorimeter-ST (Promega, Madison, WI, United States). Purified
amplicons were pooled in equimolar concentrations and paired-
end sequenced (2 x 250) on an Illumina HiSeq platform by
Mumina NovaSeq 6000 according to standard protocols (Chen
etal., 2019). Sequencing of the 16S rRNA gene was performed in
Gene Denovo Biotechnology Co., Ltd. (Guangzhou, China).

Data Processing and Bioinformatics
Approaches

Raw data containing adapters or low-quality reads [containing
more than 10% of unknown nucleotides (N) or less than 80% of
bases with quality (Q-value) > 20] were trimmed, after which
pair-ended reads were merged into one sequence as raw tags
using FLASH (version 1.2.11) with a minimum overlap of 10 bp
and mismatch error rates of 2%. Raw tags were quality-filtered
and processed using the Quantitative Insights into Microbial
Ecology (QIIME) (version 1.9.1) according to the following three
criterions (Caporaso et al.,, 2010). The clean tags were aligned
in the Gold database and reference-based chimera checking
was performed using the UCHIME algorithm to identity and
eliminate putative chimeric sequences. The obtained effective
tags were clustered into operational taxonomic units (OTUs)
of >97% sequence similarity using UPARSE (Edgar, 2013). The
representative sequences classified into organisms by a naive
Bayesian model using the RDP classifier (version 2.2) based
on the SILVA database in the main OTUs were analyzed using
BLAST with the NCBI database to obtain the most similar
published sequences (Gu et al., 2019). Finally, the complete
dataset was deposited into the NCBI Sequence Read Archive
(SRA) database under accession number SRP269446.

Statistical Analysis

A Venn diagram was conducted to compare the OTUs among
the soil samples. The richness and evenness analysis based on
OTU was performed to assess the biodiversity of microbial
communities in different N fertilizer-applied soils. Duncan’s
multiple range test was employed to compare statistically
significantly differences (P < 0.05) of the alpha-diversity indices
and among different treatments. Principal coordinate analysis
(PCoA) and the unweighted pair group method with arithmetic
mean (UPGMA) clustering analysis based on Bray-Curtis were
used to assess similarities and discrepancies of the bacterial
community structure among all treatments. Differences in
functional groups between fertilizer treatments were determined
using one-way analysis of variance (ANOVA). The linear
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discriminant analysis effect size (LEfSe) method was used to
identify the biomarkers of soil bacteria among the treatments
(Segata et al, 2011). Permutational multivariate analysis of
variance (PERMANOVA) was performed using R software
(version 3.6.3) to test the differences in community composition
based on the Bray—Curtis distance.

RESULTS

Soil Physicochemical Characteristics
and Crop Yield

The selected physiochemical characteristics of the soil samples
are presented in Table 1. The yield of sugarcane was 107.75 t/ha
in the N375 treatment, significantly higher than 102.11 t/ha
in the N563 treatment and 96.24 t/ha in the NO treatment
(P <0.05). The N563 treatment has the lowest pH and the highest
organic matter and AN among all the treatments. There were no
significant differences on available P and K between the N375 and
N563 treatment (P > 0.05).

Soil Bacterial Community Diversity
A total of 620,112 reads with an average valid sequence length
of 420 bp and 50,007 OTUs were obtained from the four
treatments (including 12 soil samples) (Table 2). The similarities
and differences among OTUs of the four treatments are shown in
a four-set Venn diagram (Figure 1). The unique OTUs were 833,
583, 874, and 544 for the CK, N0, N375, and N563 treatments,
respectively, and the four treatments shared 1,802 OTUs.

Good’s coverage indices for all samples were above 0.96,
indicating that the sequencing depth was large enough to
capture the complete diversity of each sample. The Shannon

Venn

NO N375

FIGURE 1 | A Venn diagram demonstrating the unique and common bacterial
OTUs among the four treatments. CK, without fertilization; NO, without N
fertilization; N375, application of 375 kg/ha N; N563, application of 563

kg/ha N.

indexes used to describe the community diversity showed no
significant differences among the four treatments (P > 0.05).
However, the indices including observed species, Chaol, and
ACE of the N563 treatment were significantly lower than
the N375 treatment (P < 0.05), indicating that excessive
application of N fertilizer resulted in a relatively lower bacterial
species richness.

TABLE 1 | Physiochemical properties and crop yields in all the treatments.

Treatments pH Organic matter (g/kg) Alkali-hydrolyzable N (mg/kg) Available P (mg/kg) Available K (mg/kg) Yield (t/ha)

CK 4.56 + 0.06 a 1877 £0.25¢ 82.47 £5.90b 47.45 +30.50 b 80.50 + 12.50 b 84.13+3.15d
NO 4.38 + 0.24 ab 14.29 + 0.44 bc 80.53 +4.80b 231.09 + 14.30 a 117.67 £11.10a 96.24 £ 2.06 ¢
N375 4.28 +0.02 b 14.70 £ 0.47 ab 89.02 +1.10b 240.56 + 26.00 a 116.50 &+ 20.10 a 107.75 £ 0.21 a
N563 4.03+0.04c 15.27 £ 0.61a 117.64 £ 4.80 a 251.99 + 19.30 a 127.83 +£9.90 a 102.11 £ 1.29b

Values represent mean =+ standard deviation of triplicate measurements.

Different lowercase letters in the same column indicate significant differences (P < 0.05) among the four treatments.

Yields were the average of 2 years.

CK, without fertilizers; NO, without N fertilization;, N375, application of 375 kg/ha N; N563, application of 563 kg/ha N.

TABLE 2 | Species richness and diversity indices of the four treatments at a 97% identity threshold.

Treatments Total tags OTU numbers Good’s coverage Observed species Shannon index Chao1 ACE

CK 45,375 + 4,389 4,190 + 393 0.963 + 0.003 4,088 + 298 ab 9.7261 £ 0.2646a  5,583.98 £424.41ab  5,558.58 + 451.11 ab
NO 46,772 £ 3,071 3,937 £ 194 0.964 + 0.002 3,808 + 123 ab 9.4248 £ 0.1754a  5,394.90 +£ 184.26 ab  5,308.22 + 276.03 ab
N375 55,304 £ 3,117 4,646 + 413 0.960 + 0.003 4,223 +£299a 90.6986 +£0.2549a  5,932.30 £+ 420.95a 5,974.41 £ 420.58 a
N563 48,859 + 3,547 3,896 + 313 0.967 + 0.004 3,706 + 259 b 9.5714 £0.0979a  5,100.39 £+ 451.63 b 5,070.81 £ 489.81 b

Values represent mean =+ standard deviation of triplicate measurements.

Different lowercase letters in the same column indicate significant differences (P < 0.05) among the four treatments.
CK, without fertilization; NO, without N fertilization; N375, application of 375kg/ha N; N563, application of 563 kg/ha N.
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Soil Bacterial Community Dissimilarity
An UPGMA cluster dendrogram of bacterial communities
was constructed based on the Bray-Curtis distance indices
calculated using OTUs to examine the similarity among different
treatments (Figure 2A). Grouped together indicated that the
HiSeq sequencing technique applied here was robust. Two major
clusters could be classified for these 12 soil samples. Cluster
1 consisted of three samples of the CK treatment and was
significantly different from the other treatments. Cluster 2 could
be grouped into two subclusters. NO and N375 treatments were
clustered into one subcluster and N563 treatments belonged to
another subcluster.

Consistent with the hierarchical cluster tree,
dimensional PCoA plot based on OTU composition also

a two-

showed the variations among the four treatments clearly
(Figure 2B). The PCoAl and PCoA2 explained 45.11% of the
total bacterial community. The samples treated with different
N fertilization regimes separated well, suggesting that different
N applications indeed change the soil bacterial community
structures. PERMANOVA showed the significant differences in
soil bacterial communities among the four treatments (Adonis:
P =0.007 < 0.05).

Soil Bacterial Community Composition

Based on species annotation and statistical analysis, the
sequences were classified into a total of 38 different phyla
(1.42% were unclassified at phylum). There were 10 phyla whose
relative abundances were more than 1%, as shown in Figure 3.
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FIGURE 2 | The (A) unweighted pair group method with arithmetical averages (UPGMA) cluster analysis and (B) principal coordinate analysis of bacterial
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FIGURE 3 | Average relative abundance of the dominant bacteria phyla (relative abundance > 1%) in all treatments. Relative abundances are based on the
proportional frequencies of those DNA sequences that could be classified at the phylum.
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All samples were dominated by the phylum Proteobacteria,
which accounted for 31.23-40.68% of the total sequences,
followed by Actinobacteria (11.03-19.93%), Acidobacteria
(10.67-20.40%), and Planctomycetes (5.82-11.45%);
Chloroflexi, Gemmatimonadetes, Firmicutes, Verrucomicrobia,
Bacteroidetes, and Nitrospirae were abundant (1-10%); and
Chlamydiae, Latescibacteria. Parcubacteria, Saccharibacteria,
Armatimonadetes, Cyanobacteria, Elusimicrobia, TM6, and
GAL15 were rare (<1%) (Supplementary Table 1). Obviously,
there were some changes in the distribution of phylum as a
result of different N application treatments. Compared with CK,
N fertilizer application was combined to increase the relative
abundance of Proteobacteria and Gemmatimonadetes and
to decrease Actinobacteria and Planctomycetes (P < 0.05),
and no statistical changes were found for Chloroflexi,
Verrucomicrobia, and other rare phyla. There was no
significant difference on the phyla except for Elusimicrobia
between the NO and N375 treatment. Compared with the
N375 treatment, the N563 treatment significantly increased
the relative abundances of Proteobacteria, Acidobacteria,
and Bacteroidetes (P < 0.05) and decreased Firmicutes
(Bacilli), Latescibacteria, and Planctomycetes (P < 0.05)
(Supplementary Table 1).

The distribution of each class among the different treatments
is shown in Table 3 and evaluated by Duncan’s multiple
comparison test. The relative abundances of some classes
showed no differences, such as Acidimicrobiia, Blastocatellia,
Ktedonobacteria, and Spartobacteria. We can conclude that
N375 and N563 treatments significantly decreased the relative
abundance of Betaproteobacteria but increased Thermoleophilia
compared with the NO treatment. Moreover, compared with
the N375 treatment, the N563 treatment mainly significantly
increased the relative abundance of Alphaproteobacteria,

Gammaproteobacteria, Acidobacteria, and Sphingobacteriia and
decreased Bacilli.

At the genus level, the reads represented 483 identifiable
genera (59.6% of reads). The relative abundances of the 40 most
relatively abundant bacterial genera in all treatments are listed in
Supplementary Table 2. The results showed that Sphingomonas
and Gemmatimonas were increased in the N563 treatment, while
Bacillus, Nitrospira, and Rhizobium, which are beneficial bacteria,
were more abundant in the N375 treatment. We found that
N application shifts the N cycle in nitrification, mainly on the
Nitrospira (Supplementary Table 3), but shows no significant
effect on the genera related to nitrogen fixation, methane
oxidation, sulfate reduction, and sulfur oxidation (Table 4).

LEfSe analysis showed that significant associations were
found among predominant bacterial taxa in the four treatments
(Figure 4). LEfSe analysis was conducted to explore which taxa
(phylum to genus) were affected by different N applications
(Figure 4). Those with an LDA score >2.0 were selected to
identify bacterial taxa with statistically significant differences
in abundance among treatments. The predominant bacterial
taxa were the genera (the relative abundance > 0.1%)
Terrabacter, Oryzihumus, and Nocardioides in the CK treatment;
Gluconacetobacter in the NO treatment; Paenibacillus in the
N375 treatment; and Candidatus_Koribacter, Haliangium, and
Bryobacter in the N563 treatment.

DISCUSSION

Soil microorganisms are vital in the agroecosystem environment
on account of their important role in cycling mineral compounds,
decomposing organic materials, and soil biochemical processes
(Li J. G. et al,, 2016). In turn, soil microbial biodiversity and
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TABLE 3 | Relative abundances (%) of bacterial classes in all treatments.

Phylum Class CK NO N375 N563
Proteobacteria Betaproteobacteria 10.13+2.29b 2253+ 3.57a 1455 +4.69b 1445+ 234 Db
Alphaproteobacteria 14.3+0.52 a 9.12+£0.32b 10.42 £1.08 b 1481+ 143a
Deltaproteobacteria 423+0.70b 5.64 +0.29 ab 6.70+1.71a 5.98 + 0.87 ab
Gammaproteobacteria 2.53+056b 241 +0.06b 2.83+1.01b 550+ 1.34a
Actinobacteria Thermoleophilia 252+0.32a 1.80+£0.05b 222+022a 2.38+0.04a
Actinobacteria 15.98 £ 3.86 a 10.61 £ 2.62 ab 11.24 £2.38 ab 726 +£1.95b
Acidimicrobiia 0.96 £0.21 a 123+ 0.20a 1.31 £ 054 a 1.11+£020a
Acidobacteria Acidobacteria 4.04 £0.32c 6.87 £2.42b 5.73 £ 0.94 bc 11.256+0.14 a
Solibacteres 1.81£0.18b 228 £0.61ab 2.25 +0.44 ab 298 +0.10a
Blastocatellia 1.30+0.47 a 1.25 £0.08 a 1.66 +£ 0.59 a 1.42 £0.08 a
Holophagae 0.55+0.1b 1.06 £0.18 a 1.26 £0.34 a 124 £0.18 a
Planctomycetes Phycisphaerae 3.78+0.76 a 1.99 £0.07 b 2.25+0.68b 1.91+£019b
Planctomycetacia 6.94+230a 3.29+1.00b 4.09 +£2.41ab 3.41+0.18b
Chloroflexi Ktedonobacteria 3.97 £2.08 a 3.65+1.07a 2.61+1.09a 231+£0.37a
Gemmatimonadetes Gemmatimonadetes 3.54+0.48Db 423 +0.54ab 528+ 0.78a 5,18 +£0.86a
Firmicutes Bacilli 3.74 £0.76 a 4.00+0.22a 531+15a 1.73+0.17Db
Verrucomicrobia Spartobacteria 210+ 1.00a 0.75+0.44 a 1.64+187a 143 £0.53a
Bacteroidetes Sphingobacteriia 1.33 £ 0.283 ab 1.07£0.45b 0.95 £ 0.02 b 167 £020a
Nitrospirae Nitrospira 0.85+0.22b 1.71 £0.87 ab 2183+ 0.59 a 1.16 £ 0.20 ab

Values represent mean =+ standard deviation of triplicate measurements.

Values within the same row followed by different lowercase letters indicated significant differences (P < 0.05) according to Duncan’s multiple comparison tests.
CK, without fertilization; NO, without N fertilization; N375, application of 375 kg/ha N; N563, application of 563 kg/ha N.

TABLE 4 | Relative abundance (%) of the functional genera groups in all treatments.

Function Genera CK NO N375 N563
Nitrogen fixation Bradyrhizobium, Mesorhizobium, 119+ 0.10a 0.99+0.14a 1.16 £ 0.08 a 1.06 £0.10a
Rhizobium, Rhizocola, Rhizorhapis
Nitrification Nitrosospira, Nitrospira 0.41£0.05b 0.44+0.18b 0.78+0.18a 0.49+0.04b
Methane oxidation Methylobacterium, Methylocaldum 0.14 £0.01a 0.04 £0.02b 0.07 £ 0.06 b 0.01 £0.00 b
Sulfate reduction Desulfitibacter, Desulfitobacterium, 0.03 £0.00 a 0.03 +£0.00 a 0.03 +£0.00 a 0.03+0.01a
Desulfobulbus, Desulfosporosinus,
Desulfovibrio, Desulfovirga
Sulfur oxidation Sulfurifustis, Thiobacillus 0.01 £0.00 a 0.03 £0.03 a 0.04 +£0.04 a 0.01 £0.01a

Values represent mean =+ standard deviation of triplicate measurements.

Values within the same row followed by different lowercase letters indicated significant differences (P < 0.05) according to Duncan’s multiple comparison tests.
CK, without fertilization; NO, without N fertilization; N375, application of 375 kg/ha N; N563, application of 563 kg/ha N.

functions are affected by various factors, such as soil nutrients,
pH, and vegetation. In China, a large area of sugarcane fields
was applied with high N fertilization to get higher yields. In our
work, a field experiment was conducted to evaluate the impacts of
different amounts of N fertilizers on the diversity and community
structure in sugarcane soil. Our results showed that higher N
fertilization (N563) conversely decreased sugarcane yield than
in the N375 treatment, indicating that optimum N application
might result in a healthier ecosystem and contribute toward
sustainable crop production.

Soil microbial diversity is considered to be critical to integrity,
function, and long-term sustainability of soil ecosystems
(Kennedy and Smith, 1995). Many studies have shown that
greater biodiversity can improve the ecosystem and the stability
of microbial functions (Chaer et al., 2009). Therefore, it is critical
to maintain and restore the microbial biodiversity in sustainable
agriculture systems. Generally, excessive N fertilization decreased

the diversity of microbes in bulk and rhizosphere soil (Sun
et al, 2019; Wang et al., 2019). In our work, lower ACE, Chaol,
and observed species at high N fertilization (N563) compared
with those in the N375 and NO treatments (Table 2) indicated
that excessive N fertilization decreased the bacterial species
richness, which might result from the selection pressure of high
concentrated AN and alteration of soil pH on the microbes
(Li J. G. et al, 2016). Moreover, some plant physiological
characteristics, such as leaf area index and chlorophyll content,
could be regulated by the N level, which could change root
exudates or signal of the plant and in turn affect the rhizosphere
microbes (Pfenning et al., 2009; Basal and Szabo, 2018).

Soil bacterial diversity and community structures were altered
in response to different N application amendments, which agreed
with previous studies (Zhang et al., 2017). The relative abundance
variation at the phylum level and the LEfSe at each taxonomic
level (from phylum to genus) (Figures 3, 4) were conducted
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to detect microbial population distribution variations among all
the treatments. Firstly, hierarchical cluster analysis of similarity
and PCoA analysis of the bacterial communities (Figure 2)
demonstrated that each treatment formed a unique community
structure. Proteobacteria, Acidobacteria, and Actinobacteria were
the dominant and responding phyla in all treatments, similar
to a previous report in sugarcane soils (Luo et al, 2020).
Different Proteobacteria have various functions in soil. Generally,
Alphaproteobacteria and Gammaproteobacteria were reported to
increase with pH above 4.5 (Rousk et al., 2010), but in our work,
N563 treatment with lower pH resulted in a higher abundance of
these two subgroups which may be due to a low soil pH below 4.5
(Table 3). Therefore, we speculate that there may be some other
factors, such as available N reciprocally affecting these organisms
in soil. Bacteroidetes was associated with decomposition of
recalcitrant carbon compounds, showing positive responses to
N fertilization (Yuan et al., 2016). Our results indicated that
the relative abundances of Proteobacteria and Bacteroidetes
in N563 treatment were significantly higher than those in
N375 treatment (Supplementary Table 1). Similarly, Fierer
et al. (2012) discovered that an improved soil N availability
increased the abundance of copiotrophic bacterial taxa including
Proteobacteria and Bacteroidetes, which was consistent with our
study. Actinobacteria was the second abundant phylum and
the relative abundance of the N563 treatment was significantly
lower than that of the N375 treatment. Chaudhry et al.
(2012) reported that high N input can decrease the relative
abundance of Actinobacteria. Many studies showed that members
of Actinobacteria could produce the most known antibiotics, such
as tetracycline, oxytetracycline, gentamicin, and streptomycin and
can survive in the soil environment, which are considered to be

beneficial in agricultural soils (Polti et al., 2014). Thus, excessive
N fertilizer application is not conducive to Actinobacteria so
as to be harmful to microorganisms in agricultural systems.
Nitrospirae was most abundant in the N375 treatment, which has
been demonstrated to have a positive effect on enhancing the
absorption of trace elements from soil to plants and promoting
plant growth. That might be one of the reasons for the higher
crop yield in the N375 treatment than in the N563 treatment.
A recent study based on meta-analysis indicated that both soil
microbial diversity and the relative abundances of Actinobacteria
and Nitrospirae were reduced by N fertilizer application, which
confirmed our work (Wang et al., 2018).

The application of a large amount of N fertilizers significantly
decreased soil pH. This is well-documented and mainly resulted
from soil processes which can produce protons, such as
nitrification (Geisseler and Scow, 2014). A survey across China
indicated that N fertilization application ranging from 8 to
25 years resulted in a decline of soil pH by 0.45-2.20 (Guo
et al,, 2010). In this work, pH values of the N563 treatment were
significantly lower than those of the N375 treatment resulting
from overuse of N fertilizer (Larssen and Carmichael, 2000; Guo
et al., 2010). Additionally, N fertilization affects soil microbial
community via changing the chemical properties of soil indirectly
(Fierer et al., 2012). We discovered that N fertilizer application
significantly impacted soil pH and available N, which indirectly
affected microbial communities. Acidobacteria, a ubiquitous
and abundant member of the soil bacterial community, have
been suggested to be closely associated with pH (Jones et al.,
2009). In the present study, the highest Acidobacteria abundance
was in the N563 treatment, probably due to the relatively
acidic soil (pH 4.03). Moreover, the responding microbial
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selected by LEfSe analysis further demonstrated that excessive
N fertilization altered the bacterial community, which the genus
Candidatus_Koribacter, belonging to phylum Acidobacteria, was
a responding bacterium in the N563 treatment (Figure 4 and
Supplementary Table 2).

Changes in bacterial communities reflect the corresponding
alterations in functional consequences (Dietrich et al., 2017).
Fierer et al. (2012) found that catabolic capabilities of
bacterial communities shift across the N gradients, which were
significantly correlated with the phylogenetic and metagenomic
responses, indicating possible linkages between the structure
and functioning of soil microbial communities. In our work,
N375 treatment significantly increased the relative abundance
of Nitrospira related to nitrification but showed no significant
effect on the other biogeochemical cycles (Table 4). Moreover,
the beneficial bacteria Bacillus and Paenibacillus were also found
most abundant in the N375 treatment. Bacillus isolated from
rhizospheric soil of sugarcane has N-fixation and biocontrol
property against two sugarcane pathogens (Singh et al., 2020).
Our results suggested that optimum N application not only
reduces cost and waste but also is good for microbials.
Overall, our work indicated that N fertilization may change the
predominant microbial life-history strategies, preferring a more
active microbial community.

CONCLUSION

In this work, we examined the effects of different N application
rates on microbial diversity and community structure by MiSeq
high-throughput sequencing of the 16S rRNA gene. We found
that the overuse of N fertilizers significantly decreased pH and
increased the available N in soils and obtained a lower yield. N
fertilizer application indeed changed the bacterial diversity and
community structures in sugarcane soils. Excessive N application
significantly decreased the bacterial diversity. The optimum
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The continuous planting of soybeans leads to soil acidification, aggravation of soil-borne
diseases, reduction in soil enzyme activity, and accumulation of toxins in the soil.
Microorganisms in the rhizosphere play a very important role in maintaining the sustainability
of the soil ecosystem and plant health. In this study, two soybean genotypes, one bred
for continuous cropping and the other not, were grown in a Mollisol in northeast China
under continuous cropping for 7 and 36 years in comparison with soybean—maize rotation,
and microbial communities in the rhizosphere composition were assessed using high-
throughput sequencing technology. The results showed that short- or long-term continuous
cropping had no significant effect on the rhizosphere soil bacterial alpha diversity. Short-
term continuous planting increased the number of soybean cyst nematode (Heterodera
glycines), while long-term continuous planting reduced these numbers. There were less
soybean cyst nematodes in the rhizosphere of the tolerant genotypes than sensitive
genotypes. In addition, continuous cropping significantly increased the potential beneficial
bacterial populations, such as Pseudoxanthomonas, Nitrospira, and Streptomyces
compared to rotation and short-term continuous cropping, suggesting that long-term
continuous cropping of soybean shifts the microbial community toward a healthy crop
rotation system. Soybean genotypes that are tolerant to soybean might recruit some
microorganisms that enhance the resistance of soybeans to long-term continuous
cropping. Moreover, the network of the two genotypes responded differently to continuous
cropping. The tolerant genotype responded positively to continuous cropping, while for
the sensitive genotype, topology analyses on the instability of microbial community in the
rhizosphere suggested that short periods of continuous planting can have a detrimental
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effect on microbial community stability, although this effect could be alleviated with
increasing periods of continuous planting.

Keywords: continuous cropping, soybean, Mollisol, rhizosphere microorganisms, network

INTRODUCTION

As one of the most important soil resources in China,
Mollisols in the northeast play a crucial role in maintaining
domestic food demand. Soybean [Glycine max (L.) Merrill]
is one of the most important food crops in the world,
providing a large amount of oil and protein for humans
and animals (Chigen et al., 2018; Liu et al., 2020). There
is a large demand for soybeans, especially in China (Liu
et al., 2020). Due to the limited arable land, climatic conditions,
and large proportion of arable land with other crops, soybeans
are often continuously planted in this region (Liu et al.,
2012). On some farms, soybeans have been planted
continuously for 40years or even longer (Liu et al., 2020).
The continuous planting of soybeans leads to soil acidification,
aggravation of soil-borne diseases, reduction in soil enzyme
activity, and accumulation of toxins in the soil (Zhan et al.,
2004; Yan et al., 2012; Pérez-Brandan et al., 2014; Bai et al,,
2015). Several studies have clarified that these changes are
significantly related to biological factors in the soil (Ji et al., 1996;
Dias et al., 2015; Liu et al., 2020).

Rhizosphere microorganisms play a very important role
in maintaining the sustainability of the soil ecosystem and
plant health (Waldrop et al., 2000; Avidano et al., 2005).
Different cropping systems can significantly change the
microbial community structure (Meriles et al., 2009; Zhou
et al,, 2018; Liu et al., 2019). However, these changes depend
on the type of cropping system, soil type, and crop species.
For instance, both Tang et al. (2009) and Zhu et al. (2014)
found that, compared with crop rotation systems, the
abundance of Actinobacteria significantly decreased under
the continuous cropping of soybean. Xu et al. (1995) found
that continuous cropping decreased the abundance of
Penicillium sp., while it increased the abundance of Fusarium
sp. However, another study showed that, compared with
crop rotation, continuous soybean cropping did not change
the microbial community structure (Hu and Wang, 1996).
The inconsistencies between these studies are mainly due
to the differences in soil types, research methods, crop
rotation systems, and years of continuous cropping. At the
same time, the mechanisms associated with continuous
cropping obstacles are complex and need to be explored in
greater depth under different conditions.

Soybean is one of the most sensitive crops to continuous
cropping. Studies have shown that continuous cropping of
soybean for 3years could reduce yield by approximately 30%
(Liu et al, 2020). In addition, compared to crop rotation,
soybean root rot diseases and cyst nematodes in soybean fields
increased significantly in a short-term continuously cropped
system (Cai et al., 2015). However, root rot and cystic nematode
disease in soybean fields might be weakened after long-term

continuous cropping (Song et al., 2017). This might be attributed
to the fact that long-term continuous cropping could increase
the population of beneficial microorganisms, which could help
inhibit the colonization and development of pathogens in the
soil (Wei et al., 2015; Liu et al., 2020). For example, Liu et al.
(2020) found that 13years of long-term continuously cropped
soybean increased beneficial bacteria, such as Bradyrhizobium
sp., Gemmatimonas sp., Mortierella sp., and Paecilomyces sp.
and decreased the pathogenic fungi of Fusarium sp. However,
some researchers also found that long-term continuous of
soybeans may reduce the populations of beneficial
microorganisms such as Trichoderma, Colloids, and Pseudomonas
fluorescens (Pérez-Brandan et al., 2014). Therefore, the change
in the microbial community caused by continuous or rotational
cropping is crucial to reveal the mechanisms underlying obstacles
to continuous soybean cropping. In addition, the inconsistency
of these studies indicates that more research on the soil microbial
community needs to be performed.

The rhizosphere microbial community of crops is also affected
by genotypes (Kaisermann et al, 2017; Lian et al, 2019).
Resistant genotypes can recruit some beneficial microorganisms
to help the host resist various stresses (Lebeis et al., 2015;
Kwak et al., 2018). For example, tomato genotypes that are
resistant to Fusarium wilt can recruit a large number of
Flavobacterium to help alleviate the symptoms of Fusarium
wilt (Kwak et al., 2018). Our previous studies have also shown
that aluminium-resistant soybeans can recruit Tumebacillus and
Burkholderia and alleviate aluminium toxicity (Lian et al., 2019).
Regarding the continuous cropping of soybean, although
microorganisms are known to play a very important role in
alleviating or aggravating continuous cropping obstacles, the
comparison of the microbial community in the rhizosphere
among different genotypes has not been reported. Understanding
the characteristics of the rhizosphere microbial community of
continuous-resistant ~ genotype soybeans can help us
understanding how those resistant genotypes could better adapt
to continuous cropping.

Here, we aimed to characterize the rhizosphere
microorganisms of different soybean genotypes, one bred for
continuous cropping and one not, grown in a Mollisol in
northeast China under continuous cropping for 7 and 36 years
with soybean-maize rotation. Based on the higher adaptability
of continuous cropping-tolerant (CC-T) soybean genotypes
to continuous cropping, we hypothesized that (1) the bacterial
diversity in the rhizosphere of CC-T genotypes would be higher
than that of continuous cropping-sensitive (CC-S) genotypes
and that (2) the response of bacterial community structure
to continuous cropping between CC-T and CC-S soybean
genotypes would be different. CC-T may recruit beneficial
microbial species to alleviate the occurrence of soil-
borne diseases.
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MATERIALS AND METHODS

Soil Source and Plant Materials

To assess the responses of continuous cropping-tolerant and
cropping-sensitive soybean genotypes soil used in this study
was a Mollisol, according to USDA soil taxonomy. Soybeans
used in the experiment included Qinongl and Qinong5, which
were continuous cropping-tolerant (CCT), and Heihe43 and
Henong76, which were continuous cropping-sensitive (CCS).

Experimental Design and Plant and
Rhizosphere Soil Collection

Continuous cropping of two soybean genotypes for 7 and
36years, as well as treatment of soybean-corn rotations for
10years, were selected for this study. The total area of the
experimental field (47°15'N, 123°40’E) was 2 ha, including 1.3 ha
of 36-year continuous cropping and 0.3ha each of 7-year
continuous and rotation cropping (Supplementary Figure S1).
A total of 72 rhizosphere soil samples (six treatmentsx 12
replicates) were collected at the flowering stage of soybean on
July 15, 2020. All rhizosphere soil samples were collected by
gently shaking the plant root to remove loosely attached soil,
and then the soil adhering to the root system was transported
to an aseptic bag. Two grams of rhizosphere soil from each
sample was placed in a sterilized microcentrifuge tube and
stored at —80°C for DNA extraction. The shoots and roots
were separated for biomass measurements. All the soybean
cyst nematodes (Heterodera glycines) and nodules from the
roots were counted after removal from the root system. In
brief, after the soybean cyst nematode growth broke through
the root surface of soybean (35days after seedling), 10 soybean
plants were randomly selected for the soybean cyst nematodes
counting. The yield per square meter was measured after
soybean maturity.

Soil DNA Extraction and Next-Generation
Sequencing

In total, 72 rhizosphere soil samples were used for sequencing.
Soil total DNA was extracted using the Fast DNA SPIN Kit
for Soil (MP Biomedicals, Santa Ana, CA). Primer sequences
of 341F/805R were used to amplify the V4 (V3-V4) hypervariable
regions of the 16S rRNA. The PCR products were purified
and then sequenced using the MiSeq Illumina platform (Illumina,
United States) at Icongene (Wuhan) Gene Technology Co.,
Ltd. (Wuhan, China). All sequences were deposited into the
GenBank short-read archive PRJNA732989.

After sequencing, the raw FASTQ files were processed using
QIIME Pipeline Version 1.19.1. Briefly, all sequence reads were
assigned to each sample based on the barcodes. Sequences with
low quality (length <200bp and average base quality score <20)
were removed before further analysis. The chimera of trimmed
sequences was detected and removed using the UCHIME
algorithm (Edgar et al., 2011). The sequences were phylogenetically
assigned according to their best matches to sequences in the
RDP database using the RDP classifier (Cole et al, 2009).
Operational taxonomic units (OTUs) were classified at 97%

sequence similarity using CD-HIT (Li and Godzik, 2015). Chaol
richness and Shannon’s diversity index were calculated in QIIME.
Constrained principal coordinate analysis (CPCoA) and
significance tests (Adonis test and mantel test) were performed
in program R version 3.5.1 for Windows with the “vegan”
package. Ternary plots were constructed to show the abundance
comparison of OTUs (>5%) for rotation system, and continuous
cropping for 7 and 36years of the two genotypes soybeans,
using the “vcd” package (Friendly and Meyer, 2015). One-way
analysis of variance (ANOVA) was used in GenStat 13 (VSN
International, Hemel Hempstead, United Kingdom) to assess
the relative abundances of different taxonomic levels of bacteria.
Additionally, a Pearson bivariate correlation analysis was
performed to access the correlations between pH, soybean cyst
nematode, yield, and the genera with higher relative abundance.

Core Bacteria and Co-occurrence Network
Analyses

Core bacteria, which contain a list of OTUs observed in
60% of all rhizosphere samples, were obtained by
MicrobiomeAnalyst (Chong et al, 2020). Bacterial
co-occurrence networks were analyzed for each cropping
system. To study the network structure of OTUs with high
abundance, we selected OTUs with more than 0.2% relative
abundance to calculate Spearman’s rank correlation coefficients.
The correlations between OTUs were selected at p<0.05 and
Spearman’s correlation coefficient of more than 0.8 (Mendes
et al.,, 2018). The nodes and edges represent bacterial OTUs
and the correlations between bacterial OTUs, respectively.
Statistical analyses were calculated using the “psych” package
in R and then visualized in Gephi (Jiang et al., 2017). Keystone
species were defined according to high node degree, high
betweenness centrality, and high closeness centrality (Berry
and Widder, 2014; Agler et al., 2016). The NetShift analysis
was performed using the NetShift Software tool' to compare
the networks of different treatments and find the “driver
microbes” between the treatment of soybean-corn rotations
and 7, 36years continuous cropping for the sensitive and
tolerant genotypes, respectively (Kuntal et al., 2019).

RESULTS

Soybean Cyst Nematode Numbers and
Yield

Both cropping systems and soybean genotypes significantly
affected the soybean cyst nematode number and yield (Table 1).
There was a higher cyst nematode number in the sensitive
genotypes than in the tolerant genotypes. In particular, for
the sensitive genotypes, the soybean cyst nematode number
significantly increased in the 7-year continuous cropping field
but markedly decreased in the 36-year continuous cropping
field. However, continuous cropping had no significant effect
on the tolerant genotypes. In addition, the yield increased in

'https://web.rniapps.net/netshift/

Frontiers in Microbiology | www.frontiersin.org

38

September 2021 | Volume 12 | Article 729047


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://web.rniapps.net/netshift/

Yuan et al.

Rhizosphere Bacteria of Continuous Cropping

Yo} ©
[=] o o N
n < N~
| o S
o
5
9
=)
£5
29| 5 B85
o S 99
= o o O
0% I
2
['d
>
]
g ¥
> [te} - ©
N~ o —
2 Q S Q9
S S SIS
v
o
D 0 H N
£E | - QX%
2 0 o o =
2% | @2 <©o
= > o o O
o o v
joNe]
Ke) QO 10
S 8¢
4 - <t
2 o - &
1 H HoH
© ~ ™
© ©
© < ©
[¢)
©
je) O
(\I -
o
N ¢
5 S o«
™ H H o
D @0 O
© @ X
. © ISRt
4 -
2 -
[0}
S
©
o)
g ® T ™M
= ® < —
= - Q ¢
o 1Y o © —
8 H o4
S g =2
5 N 8o
S 2R
Q0
>
°
joNe]
% O Qo
& S 88
4 e
a K o - &
£ H HoH
5 - )
3 o © ©
©
3 T ©
O
e
°
5 Q
= O < QO
9 ) - © o
8 Y o - O
[ ) H H o+
- — 0 o
g o S A
o © (@]
= Yo}
©
e
2 o
4 o ®©
1% o) Qo <
3 8 FA
- = ~ Q
o X o - ™
3 0 & &y
£ S -
5 N~ Q
I [¢0)
T
Q
3 B @
(%]
%) S 2
- 595
o o
w [oRe]
| 2T B
o £ c 3
< 55§28
[ aZ cw

0.686 0.72 0.91 1.99
741

11.82+3.85a

11.85+2.99a
456 +35.3ab

10.6+2.29a 11.56+4.35a 10.41+2.33a
293+17.38d 481+45.95a

10.7+4.29a

Root biomass (g)
Yield (g/m?)

0.683

<0.001™"

<0.001™

351+27.91cd

401+46.82bc

353+35.34cd

CKT: crop rotation-tolerance, CKS: crop rotation-sensitive, 7T: 7 year-continuous cropping-tolerant, 7S: 7 year-continuous cropping-sensitive, 36T: 36 year-continuous cropping-tolerant, 36S: 36 year-continuous cropping-sensitive.

‘p<0.05;

“p<0.001.

"p<0.01; "

the 7-year continuous cropping field but decreased in the
36-year continuous cropping field, with a higher yield for the
tolerant genotypes than the sensitive genotypes (Table 1).

Rhizosphere Soil Bacterial Diversity

Both cropping systems and soybean genotypes had no significant
effect on the alpha diversity of rhizobacterial communities
(one-way ANOVA, p>0.05; Figures 1A,B). Regarding beta
diversity, CPCoA and two-way PERMANOVA revealed that
cropping systems and soybean genotypes interactively affected
the rhizobacterial communities (PERMANOVA, p<0.05;
Figure 2; Supplementary Figure S2; Table 2). In more detail,
rhizobacterial community structures differed between tolerant
and sensitive soybean genotypes irrespective of cropping systems
(Supplementary Figure S3; Table 2).

Specific Microbiomes of Two Soybean
Genotypes in Different Cropping Systems
Proteobacteria, Bacteroidetes, Firmicutes, Acidobacteria,
Actinobacteria, and Verrucomicrobia were the most abundant
bacterial phyla living in the rhizosphere across all treatments,
accounting for 80.57-82.98% of the whole community
(Figure 3; Supplementary Table S1). Analysis of the phylum
abundance with two-way ANOVA (Supplementary Table S1)
showed that 10, 7, and 10 phyla were significantly (p <0.05)
affected by cropping systems. In addition, they were
significantly (p <0.05) affected by cropping systems, soybean
genotypes, and their interaction (Supplementary Table S1).
Moreover, the response to continues cropping between the
two genotypes was different. For instance, the relative
abundances of Acidobacteria were significantly increased in
the 7-year continuous cropping field but decreased relative
abundances of both soybean genotypes in the 36-year
continuous cropping field, and with a higher relative abundance
for the sensitive genotypes than the tolerant genotypes. The
relative abundances of Proteobacteria significantly decreased
and then increased in these cropping systems for the tolerant
genotypes, while it continuously decreased for the sensitive
genotypes. At the genus level, 16, 20, and 22 genera were
significantly (p <0.05) affected by cropping systems, soybean
genotypes, and their interaction, respectively (Table 3).
Among them, some genera in different genotypes respond
differently to continuous cropping. For example, Pseudomonas,
which belong to Proteobacteria, in tolerant genotype
rhizosphere increased and then decreased with continuous
cropping time, while an opposite trend was observed in
the sensitive genotypes. However, there are also some genera
that respond to continuous cropping in a consistent trend
between the two genotypes. For instance, Streptomyces and
Bacillus, which belong to Actinobacteria and Firmicutes,
respectively, decreased in the 7-year continuous cropping
field but increased in the 36-year continuous cropping field,
with higher relative abundances in the sensitive genotypes.
A linear model analysis was used to identify bacterial OTUs
significantly enriched in tolerant and sensitive genotypes of
rhizosphere soil in the crop rotation system, 7-year continuous
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FIGURE 1 | Rhizobacterial community Shannon index (A) and Chao1 richness (B) of different treatments. One-way ANOVA, n=12, p<0.05.

TABLE 2 | Effects of cropping systems and soybean genotypes on the
differentiation of bacterial communities based on PERMANOVA.

Factor F R? p
Cropping systems 4.3253 0.05819 0.001™
Genotype 2.3132 0.03199 0.024"
Cropping systems:

Genotype 4.2608 0.05738 0.002™
36T vs. 36S 1.615 0.06839 0.058
7Tvs. 78 1.9649 0.08199 0.033"
CKT vs. CKS 2.1274 0.08817 0.025"

CKT: crop rotation-tolerance, CKS: crop rotation-sensitive, 7T: 7 year-continuous
cropping-tolerant, 7S: 7 year-continuous cropping-sensitive, 36T: 36 year-continuous
cropping-tolerant, 36S: 36 year-continuous cropping-sensitive.

‘p<0.05; "p<0.01; ""p<0.001.

cropping system and 36-year continuous cropping system.
For the tolerant genotypes, OTUs belonging to Chitinophaga,
Nitrospira, and Saprospirales dominated in the rhizospheres
of the crop rotation system, 7-year continuous cropping
system and 36-year continuous cropping system, respectively
(Figure 4A). For the sensitive genotypes, OTUs belonging
to Phyllobacteriaceae, Comamonadaceae, and Cytophagaceae
dominated in the rhizospheres of the crop rotation system,
7-year continuous cropping system and 36-year continuous
cropping system, respectively (Figure 4B). More detailed
information  is  available in  Supplemental files
(Supplementary Table S2).

Correlations between rhizosphere soil microbiota with higher
relative abundance and pH, soybean cyst nematode, and yield
were  obtained via  Pearsons  correlation  analysis
(Supplementary Figure S4). Soil pH was positively correlated
with Acinetobacter and Bradyrhizobium, while it was negatively

24.2 % of variance; P = 0.0025

0.34
§ - CKT
5 - CKS
8 0.0
~ - 7T
§ - 7S
% —o— 36T
~0.37 368
_0.6.

0.0
CPCOA 1 (41.36%)

FIGURE 2 | Constrained Principal coordinate analysis (CPCoA) based on
Bray-Curtis dissimilarities of 16S rRNA diversity in the rhizosphere.

Renibacterium, Agrobacterium, Bacillus, and Streptomyces.
Moreover, the yield was positively correlated with Sphingobium,
Flavisolibacter, and Opitutus.

Core Microbiome and Co-occurrence
Network

Among the 12,436 OTUs, we found that tolerant and sensitive
genotypes shared almost the same core microorganisms, such
as  OTU3795 (Thermomonas), OTU6911 (norank_
Sphingomonadaceae), OTU8585 (norank_Sphingomonadaceae),
OTU9044 (norank_Erythrobacteraceae), OTU9116 (norank_

correlated with other genera. Cyst nematode was negatively — Methylophilaceae), OTU9219  (Agrobacterium), OTU4334
correlated with Thermomonas, Flavisolibacter, and Opitutus,  (Nitrospira), OTU6274 (norank_Chitinophagaceae), OTU6533
while it was positively correlated with Pseudomonas, (Flavisolibacter), ~OTU10447  (Renibacterium), OTU4280
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FIGURE 3 | Relative abundance of the phylum of different treatments.

(norank_iil-15), OTU4827 (norank_Ellin6075), OTU8697
(norank_RB41), and OTU10068 (norank_iil-15; Figure 5).
Moreover, OTU7122 (Pseudomonas) was the core species specific
to the sensitive genotypes (Figure 5B). The relative abundances
of the total core OTUs of tolerant and sensitive Proteobacteria
were 7.77% and 11.48, respectively (Supplementary Table S3).

Using the combined 16S rRNA data of the two soybean
genotypes grown in different cropping systems, the co-occurrence
network in the rhizosphere showed marked differences between
the treatments (Figure 6; Supplementary Table S4). For the
tolerant genotype, the number of negative correlations and
modularity (M) increased with continuous cropping years,
suggesting that there were more coupling, cooperation, and
exchange events among the dominant bacterial genera. Moreover,
there was no significant change in the average clustering coefficient
(avgCC) or average degree (avgK). For the sensitive genotype,
the modularity (M) increased with continuous cropping years.
However, the number of negative correlations, average clustering
coeflicient (avgCC), and average degree (avgK) increased in the
7-year continuous cropping systems field but decreased in the
36-year continuous cropping systems field. The keystone species
of the bacterial network in the rhizosphere were identified by
calculating node degree, closeness centrality, and betweenness
centrality for all nodes in the network (Supplementary Table S5).
In general, OTU11321 (Luteolibacter), OTU6533 (Flavisolibacter),
OTU1003 (Chitinophagaceae), OTU4362 (norank_RB41), OTU881
(Balneimonas), and OTU3461 (norank_Ellin6075) were identified
as keystone species for the two genotypes grown in the different
cropping systems. Using NetShift analysis, the common
sub-network plot showed the “driver microbes” were OTU2820

(Unclassified Chitinophagaceae), OTU881 (Unclassified 0c28), and
OTU3463 (Unclassified Acidobacteria-6) for the network between
rotations and 7years continuous cropping system, and OTU881
(Unclassified 0c28), OTU3487 (Unclassified Gemm-1), OTU9219
(Agrobacterium), and OTU3461 (Unclassified Ellin6075) for the
network between rotations and 7years continuous cropping
system. For the sensitive soybean genotype, the “drivers microbes”
were OTU2166 (Unclassified Piscirickettsiaceae) and OTU9044
(Unclassified Erythrobacteraceae) for the network between rotations
and 7years continuous cropping system, and OTU4813

(Unclassified Saprospiraceae), OTU3714 (Unclassified
Oxalobacteraceae), OTU4607 (Unclassified ~ Cytophagaceae),
OTU3463  (Unclassified  Acidobacteria-6), and OTU3416

(Unclassified OPB35) for the network between rotations and
7years continuous cropping system (Figure 7).

DISCUSSION

Our initial hypotheses were that soybean with a tolerant genotype
would have higher rhizosphere bacterial diversity than soybean
with a sensitive genotype, and tolerant soybean would recruit
microorganisms that benefited continuous cropping tolerance.
Our results showed that there was no significant difference in
microbial diversity between the two genotypes soybean in all
cropping systems. In addition, our second hypothesis was tested:
tolerant genotypes recruited specific microorganisms that may
help soybean mitigate soil-borne diseases. Short period of
continuous cropping is unfavorable for soybean, but long periods
of continuous cropping will mitigate this unfavorability.
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TABLE 3 | Cropping systems, soybean genotypes, and their interactive effects on the relative abundance of bacteria at genus level.

Read numbers in each genus

ANOVA (p-values)

Phylum Genus CKT CKS T 78 36T 36S Year Genotype Year*Genotype LSD
Bacteroidetes Chryseobacterium 3.29+7.93 0.03+0.03 0.02+0.01 0.03+0.04 0.81+£2.05 0.02+0.02 0.231 0.097 0.118 2.727
Proteobacteria Acinetobacter 3.78+5.14 3.87+6.67 2.24+6.4 6.45+11.2 3.97+5.4 2.13+5.11 0.811 0.619 0.699 5.692
Proteobacteria Pseudomonas 0.8+0.55 7.08+6.62 1+£0.5 0.8+0.43 0.44+0.41 1.5+£1.64 0.003" 0.004™ <0.001™" 2.291
Actinobacteria Arthrobacter 2.45+0.9 2.23+1.71 1.67+0.9 2.32+0.84 0.71+0.39 2.61+2.93 0.345 0.04 0.034" 1.245
Actinobacteria Renibacterium 2.71+1.16 5.38+5.23 2.59+1.37 2.7+1.14 1.93+£1.83 3.48+2.77 0.148 0.028" 0.043" 2.179
Proteobacteria Agrobacterium 1.13+£0.37 2.44+1.54 0.87+0.3 1.15+£0.33 1.22+0.98 1.82+1.34 0.035" 0.003" 0.001™ 0.778
Actinobacteria Aeromicrobium 0.33+0.13 0.26+0.18 0.22+0.06 0.28+0.15 0.78+1.03 0.66+0.35 <0.001™ 0.753 0.012™ 0.3746
Firmicutes Bacillus 0.27+0.15 2.63+2.58 0.18+0.07 0.31+£0.32 0.18+0.12 0.33+£0.38 0.001" 0.006™ <0.001™ 0.876
Actinobacteria Streptomyces 0.35+0.18 215+2.7 0.14+0.06 0.14+0.04 0.34+0.19 0.4+0.2 0.006™ 0.039° <0.001™" 0.905
Proteobacteria Thermomonas 1.05+0.23 0.99+0.59 1.27+0.23 1.07+£0.34 0.75+0.16 1.1£0.41 0.071 0.733 0.026" 0.2884
Proteobacteria Sphingobium 0.04+0.02 0.03+0.03 0.02+0.01 0.01+0.01 0.06+0.05 0.53+1.1 0.074 0.174 0.042" 0.3666
Bacteroidetes Flavisolibacter 1.14+£0.41 0.85+0.41 1.52+0.86 1.03+£0.17 1.31+£0.32 1.2+0.36 0.102 0.011" 0.022" 0.3866
Verrucomicrobia Opitutus 0.59+0.28 0.44+0.1 0.583+0.22 0.49+0.16 0.8+0.49 0.67+0.41 0.017° 0.161 0.062 0.2521
Proteobacteria Bradyrhizobium 0.47+0.24 0.68+0.25 0.31+0.17 0.62+0.51 0.49+0.2 0.4+0.26 0.302 0.045" 0.034" 0.2393
Verrucomicrobia DA101 0.31+0.21 0.45+0.36 0.28+0.19 0.13+0.05 0.51+0.26 0.17+0.09 0.045" 0.05 <0.001™ 0.18
Nitrospirae Nitrospira 0.57+0.36 0.75+0.28 1.23+0.68 0.64+0.34 0.96+0.22 0.62+0.36 0.112 0.017 <0.001™" 0.328
Bacteroidetes Adhaeribacter 0.65+0.29 0.42+0.3 0.76+0.48 0.79+0.32 0.62+0.33 0.7+0.28 0.057 0.633 0.121 0.2773
Proteobacteria Azohydromonas 0.53+0.17 0.57+0.23 0.71+0.25 0.71+0.18 0.69+0.22 0.67+0.41 0.064 0.98 0.351 0.2074
Proteobacteria Polaromonas 0.58+0.37 1.28+0.75 0.38+0.18 0.54+0.29 0.44+0.18 0.57+0.34 <0.001™ 0.004™ <0.001"" 0.3264
Actinobacteria Rubrobacter 0.69+0.26 0.58+0.17 0.73+0.22 0.64+0.23 0.57+0.18 0.4+£0.17 0.005" 0.018" 0.004™ 0.1701
Proteobacteria Steroidobacter 0.57+0.17 0.52+0.12 0.55+0.07 0.62+0.18 0.7+0.15 0.63+0.26 0.065 0.664 0.169 0.1378
Bacteroidetes Flavobacterium 0.29+0.2 0.44+0.6 0.37+0.17 0.56+0.49 0.83+0.89 0.74+0.32 0.014" 0.518 0.078 0.4155
Proteobacteria Balneimonas 0.4+0.1 0.46+0.12 0.45+0.2 0.45+0.08 0.38+0.17 0.34+0.22 0.129 0.834 0.391 0.129
Verrucomicrobia Luteolibacter 0.26+0.12 0.47+0.18 0.26+0.17 0.3+0.09 0.29+0.3 0.47+0.47 0.361 0.025" 0.128 0.2088
Planctomycetes Planctomyces 0.34+0.09 0.22+0.1 0.31+0.06 0.36+0.1 0.36+0.2 0.34+0.15 0.175 0.309 0.071 0.1025
Proteobacteria Pseudoxanthomonas 0.13+0.07 0.09+0.15 0.12+0.09 0.5+0.44 0.64+0.35 0.44+0.3 <0.001" 0.57 <0.001"" 0.2208
Bacteroidetes Niastella 0.26+0.12 0.37+0.14 0.26+0.11 0.24+0.06 0.25+0.11 0.37+0.14 0.137 0.013" 0.009" 0.0944
Bacteroidetes Dyadobacter 0.2+0.08 0.32+0.19 0.24+0.23 0.3+0.16 0.2+0.08 0.42+0.31 0.691 0.005° 0.051 0.1583
Bacteroidetes Pontibacter 0.26+0.11 0.2+0.16 0.26+0.1 0.21+0.07 0.16+0.04 0.31£0.5 0.992 0.839 0.672 0.1837
Proteobacteria Variovorax 0.23+0.11 0.3+£0.16 0.16+0.06 0.19+0.07 0.15+0.05 0.35+0.49 0.364 0.062 0.186 0.1788
Verrucomicrobia Chthoniobacter 0.2+0.11 0.12+0.06 0.19+0.1 0.23+0.1 0.28+0.16 0.28+0.21 0.009™ 0.685 0.031" 0.1072
Armatimonadetes Fimbriimonas 0.21+0.11 0.15+0.08 0.18+0.05 0.17+0.05 0.22+0.1 0.15+0.09 0.957 0.025 0.281 0.06785
Bacteroidetes Pedobacter 0.14+0.15 0.13+0.09 0.15+0.13 0.16+0.11 0.18+0.14 0.27+0.18 0.063 0.357 0.156 0.1117
Bacteroidetes Chitinophaga 0.16+0.16 0.41+0.41 0.05+0.03 0.05+0.02 0.08+0.04 0.25+0.16 <0.001" 0.008" <0.001™" 0.157
Proteobacteria Nitrosovibrio 0.13+0.11 0.15+0.16 0.19+0.1 0.3+0.38 0.08+0.13 0.12+0.11 0.028" 0.246 0.104 0.1569
Bacteroidetes Segetibacter 0.14+0.06 0.11+0.12 0.17+0.16 0.14+0.06 0.23+0.09 0.17+0.09 0.041 0.116 0.095 0.0853
Proteobacteria Afifella 0.14+0.04 0.12+0.06 0.14+0.03 0.12+0.04 0.15+0.06 0.27 +0.51 0.313 0.593 0.536 0.1733
Proteobacteria Aquicella 0.16+0.07 0.11+0.04 0.17+0.07 0.12+0.04 0.14+0.06 0.17+0.1 0.698 0.116 0.113 0.05423
Proteobacteria Pedomicrobium 0.15+0.04 0.13+0.05 0.13+0.04 0.12+0.04 0.16+0.04 0.13+0.05 0.271 0.038" 0.212 0.03692
Actinobacteria Phycicoccus 0.15+0.05 0.28+0.18 0.08+0.02 0.08+0.03 0.09+0.03 0.11+0.06 <0.001™" 0.046° <0.001™ 0.06679
Planctomycetes Gemmata 0.15+0.07 0.12+0.11 0.1+0.05 0.15+0.07 0.17+0.15 0.11£0.07 0.79 0.659 0.368 0.0759
Firmicutes Paenibacillus 0.06+0.03 0.27+0.18 0.06+0.03 0.12+0.11 0.04+0.01 0.14+0.25 0.15 <0.001™" 0.001 0.1105
Actinobacteria Kribbella 0.1+0.05 0.22+0.17 0.04+0.02 0.05+0.03 0.12+0.08 0.12+0.05 <0.001™ 0.082 <0.001" 0.0692
Bacteroidetes Lacibacter 0.1+0.038 0.1+0.08 0.1+0.08 0.1+0.05 0.1+0.05 0.11+0.06 0.959 0.693 0.995 0.0503

CKT: crop rotation-tolerance, CKS: crop rotation-sensitive, 7T: 7 year-continuous cropping-tolerant, 7S: 7 year-continuous cropping-sensitive, 36T: 36 year-continuous cropping-tolerant, 36S: 36 year-continuous cropping-sensitive.

P-values less than 0.05 were indicated in bold letters.

0<0.05; “p<0.01; *p<0.001.
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FIGURE 4 | Ternary plots depicting compartments showing the distributions of community differentiation among different cropping systems of tolerant (A) and
sensitive (B) genotypes. The position of each circle depends on its contribution to the total relative abundance. Colored circles represent OTUs that enriched in
different cropping systems, which the green for the rotation cropping system; red and green for 7- and 36-year continuous cropping systems, respectively. The gray
circles represent the OTUs that are not significantly enriched within a given range.
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Moreover, different genotypes of soybean respond differently
to continuous cropping systems, and microorganisms recruited
by tolerant soybeans might play an important role in mitigating
the adverse effects of continuous cropping.

In the present study, we found that there was no significant
difference in bacterial community diversity among the treatments.
Previous studies have shown that an increase in crop type
could lead to an increase in soil microbial diversity. Liu et al.
(2020) found that rhizosphere bacterial diversity was reduced
with continuous cropping of soybean compared to soybean-
corn rotation cropping systems. In addition, Zhu et al. (2017)
and Liu et al. (2020) found that soil bacterial diversity increased

with increasing years of continuous cropping. However, Li et al.
(2010) found no significant difference in soil microbial diversity
between the soil of continuous soybean and soybean-corn
rotations. This might be attributed to the different soil pH in
these studies, as Liu et al. conducted their research on acidic
soil, while our study was conducted on neutral soil. Changes
in soil pH and other physical and chemical properties were
significantly associated with microbial diversity, and this variation
was related to changes in root secretions, such as organic
acids, phenols, and flavonoids, which were significantly affected
by the cropping systems (Venter et al., 2016; Liu et al., 2020).
For beta diversity, we found that cropping systems and soybean

Frontiers in Microbiology | www.frontiersin.org

43 September 2021 | Volume 12 | Article 729047


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Yuan et al. Rhizosphere Bacteria of Continuous Cropping
oTUsI2 gy 7
OTUS09 OTURS20 me‘sf”mm i Q1U3137QTU43]4 QTUI00 OTU' SZQTUZJ‘JS
oTA3E QTU348T OTws467 QTUsHY . QTU3002 QTURI%
o167 OTUB9  gui0m7 oTys3s OTVITI qgune oTUR2I4
OTw1827 T
OTUHE. OWIT (ygy5130 — OBUI0645 opU393I aruoss TV otuiz ogU9ITY
QIU2166 QTU269 QTU9219 b ot OTeRT 0BU4827  QTU3468
R o920 ogurs  WU6I02 o Ol OWT69 S
QTU674  oTe8214 QIUBA2A OBU1T7S4 oT@12219 oTU9921 GTU7I22 8241 QU6 QTU3TIS
orerse OTOE488 OW9837 ogsiorss oo oryshsy OT@I630 oTgs0n,
QU630 0TU0068 mujmo'ruim Gruas OT@e911 OT@416 OgUs214 OTU4193 or@1e QTUTS1
OTU8491 OTUSGY L OBHIN, L - ¢ OBITS 0P oTu4sI3 OTUGISS QU409 oT@H14 0BUEST QTU7569
0w OTS795 0T824 y7g91 16 oTu@3 e oT@is7
QTUNTSE - eszs OWINTE Qrusss o 81 or@es OTON237 70 TV oT@219 QTUses?
ow36 41 OTU6874 oturoes
P OTUSsy OBIMI6 o OBUSSH  OTUSTAY ontbsr ARG OIS s 0687 oT@isI | OTUBle oW orussss
16 I
QTU4827 orginn GTUGHS QTU37TI4 muxsssmum' ot e oT@s! U'smgwé,m orwmzmy“mo 3 atuz
O1@739
oTwSsy ot OT@8I3 i, oTyélol oTwsn OWTE Ggner 01O ovu12073 Um  orens Caunigs ATUIMT
sl R e e OTy3338 Y Orw”“o‘llumes omw?}”m mlmtz;Tl-u660 Va8 bgic QU674 . Proteobacteria
b oT@346 U, obnN OTWE%01  BUISTS OBI361 GFU482T ok QTS OTE4280
\ 11366 L} L3
cquitats. oot oru@n ¥ . OTBEZH s orus U TR AT Grtusss o omernn,, @ Actinobacteria
oTo11 oTu@er 0 CITHST ORISR0 OTV3468  OgU4193 OB (s otu||)asmmwo'w7m PP OTU9677
QTU9IT2 oT@u1 @044 OTUIOTY GTus032 11405 5 OJU3463 1 1
OWINI6 OT@677 QTUR19 Qrun2 gras oTu12219 i OTOST9 (rg1zos 9 grusisa . Acidobacteria
OBUA 0@ om0 ot ORI si0068 QUsTS0 5
or@ otus OTONTE gl Y g oTers OWINGE  qrusssy @ Bacteroidetes
QTUssI oT@n32 TULITS4
QIugss1 S aruse wuxvmmu'ms (xrusméwéw OTUSXO;) ) . .
or@iis orus2os DA enses 36-Tolerance LI, . Nltrosplrae
CK-Tolerance 7-Tolerance
@ Verrucomicrobia
GTUIZO()Q s P
TU: @u9219
onguar > aruiosss i R i omgin TUSTS gruma Planctomycetes
OTUS750 QTU7569
O@409 OT@06s TU7992 -
e O 0555 s GBS g T OURE ruse TS TMETLOWIS | o @ Gemmatimonadetes
or@ie | @12 QTU4607 — QTUS467 oT@e OT®541
ori@21s QrUH 0BU983T 0BUS241 . ot oT@is
oT@ie OT@H67 QruITH Py } oz 0BU3487 21 14660 OTUR32  OTu3461 . Chl flexi
eSSy o o) QTUSs41 QTUS3 QguUI321 QBusHy - OTUMSD. o a3n. on@s21 on@s? oW orofiexi
QrUI0s7
e ; o QTU104 OBUTSZ QIU3002 OB | OTeeT grumw @UIOTSH b or® | or@is o®is7s oTUf34 ™7
oru@s  oru@o oI otvin oTw100 QTUI0068 oru@2 oT@ses? omwizer B o1gns OTBIR | (1ol WUTET
Ow9sI W 2 oTU3T49 QTUGIY PN owNTse QRIS101 OTU92 3195 OT@s37 08U920 oTuRAl
QrUaI34 or@ 1@ QU0 ome021 QTUIRE  OTWS0630TR516 QTUI016 N6 Firmicutes
on@n [ LR OTy8980 u— . OB o Qruas? or 0BI9  oruses) OB
W48 o,l..m‘“"’“ oS P oy WM ranes QTU40N PIURI%2 OFUS208 QTU30M4  OBUI0256 oTugn
USTSI o R QUSN8  OTWIIG QFU6S33 QaU6I01 <
GTU3416 - offrisns OBUSTS! ourenes | oTuies J— P — ONIO02 gy OS5 U | GBUTI gri gy OBUSIIG Norank
oTysEs W OTi@8s  OBU6533 019921 oTUsH owia2 OgU1578 1 B Ogu1IT9 QTUS102 OWTI% oW
v 0103461 QU624 OU4280 e 5 BU155: T@1754
ot ars e s O8T9 OWETS0 OgUssss  OTUR34 otUI0645 Qs arux:ummb‘ U2 1'mor-
s US346 0811779 @TU2820 0183338 oTgrIss ow6102 0660 = QUOY iiaos :
qruzsis ATU%677 %8 QTU4280 QTUTE? gUTS Y . 05 1 @ OTwB24
OTURoll - QTUI064S o218 oo w3338
v oM o7 oI osuI827 OBUS491 01881 R
orimes orbaier 4T AU oruIse L ¢ oTU269 QUss6 oW gy TP omeam GrUSs?
QTU269  QTU3002 - 005398 0BU2166
(8% va oW139% oW 2! SRS
oruss7 - OTwI32 @UR |/ rusion QTUI2I9 - ogyzzs T NI O L ot
oTUISR Orusss QU877 QTUI0408 OtUsT49 1 OT@8L | orgser
QTU4401 QUL — ows86 oTud29 QTU33S
Ll IéO‘I’U75b9 el OTUKXIO"&KB oTU4 e oT@I630, (’fUIlJ“OTUZGq
CK-Sensitive 7-Sensitive 36-Sensitive o114 N
FIGURE 6 | Network analysis of the rhizosphere bacterial community from different treatments. Nodes represent OTUs coded by phyla and are scaled by the
number of connections (node degree). Connections are plotted at r>0.8 (positive correlation, red) or r<—0.8 (negative correlation, blue) and p<0.05.

genotypes were the main factors that changed the bacterial
communities (Adonis tests, p<0.05). This result is consistent
with the results reported by Zhu et al. (2017) and Lian et al.
(2019), who indicated that there were significant changes in
soil bacterial communities in long-term and short-term
continuous soybean cropping systems and in different
soybean genotypes.

The relative abundance of Proteobacteria was significantly
decreased in the rhizospheric soils of the continuous cropping
system field compared to those of the rotation system, indicating
that those bacteria were decreased with low available nutrients
(Fierer et al., 2007; Li et al.,, 2014). The relative abundances
of Pseudomonas, Streptomyces, and Bacillus decreased in the
7-year continuous cropping field but increased in the 36-year
continuous cropping field, with a higher relative abundance
in the sensitive genotypes. Pseudomonas can improve the
solubilization of fixed soil phosphorus and applied phosphates,
resulting in higher crop yields (Nautiyal, 1999). Moreover, the
metabolites of Pseudomonas could increase amino acid secretion
in alfalfa, maize, and wheat roots (Phillips et al, 2004).
Streptomyces can help plants resist diseases such as wilt and
root rot (Lian et al., 2019; Shi et al., 2020). In addition, some
bacteria, such as Thermomonas, Flavisolibacter, and Opitutus
were negatively associated with nematodes, which suggested
that these bacteria might inhibit the soybean cyst nematode.
Thus, based on the functions of the species mentioned above,
we speculated that the changed relative abundances of these

bacteria might be associated with the antagonistic activity of
these taxa against plant pathogens and the improvement of
soil nutrients.

We used differential OTU abundance analysis in the treatments
and observed a high relative abundance of the OTUs enriched
in continuous cropping systems of the tolerant genotypes that
belonged to Chitinophagaceae, Pseudoxanthomonas, Nitrospira,
and Streptomyces (Figure 4; Table 3). This finding is consistent
with our hypothesis that tolerant genotypes recruited some
microorganisms that play an important role in the resistance
of soybeans to long-term continuous cropping. OTU4434
(Nitrospira), OTU751 (Pseudoxanthomonas), and OTU10218
(Streptomyces) showed higher relative abundances in the
continuous cropping system than in the rotation cropping
system in the present study (Figure 4; Table 3). Many studies
have reported that Nitrospira can promote the nitrogen cycle
and increase the absorption and utilization of nitrogen by
plants (Zeng et al., 2014). Therefore, the higher abundances
of these bacteria may improve soybean tolerance in the
rhizosphere. However, the response of these genera to long-
term continuous cropping warrants further investigation of
their functional significance in response to different long-term
continuous cropping systems.

An association network analysis was performed to gain a more
integrated understanding of the bacterial community composition
and compare the complexities of the networks operating in the
rhizosphere soils of continuous cropping-tolerant and continuous
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CK VS 7 (Sensitive)

cropping for tolerant or sensitive genotype.

CK VS 36 (Sensitive)

FIGURE 7 | A common sub-network view with the “driver” node highlighted. All nodes belonging to the same community have been randomly assigned a similar
color. Gray OTU nodes represent nodes that are present in both cases, but interact directly with the common subnetwork in either the case or control group. The
size of the nodes was proportional to their NESH scores, and a node was colored red if its spacing between the control and study groups increased. Large and red
nodes are particularly important “drivers.” CK VS 7 (36; tolerant or sensitive), network comparison between soybean-corn rotations and 7 (36) years continuous

cropping-sensitive soybean genotypes (Jiang et al, 2017). The
networks of the two genotypes responded differently to continuous
cropping. The modularity and negative correlations in the network
of the tolerant genotype responded positively to continuous cropping,
suggesting that there were more coupling, cooperation, and exchange
events among the dominant bacterial genera (Coyte et al.,, 2015).
For the sensitive genotype, the negative correlations and average
degree (avgK) increased in the 7-year continuous cropping system
field but decreased in the 36-year continuous cropping system
field, suggesting that the instability of the sensitive genotype and
short periods of continuous planting can have a detrimental effect

on microbial community stability, but this effect could be alleviated
with increasing periods of continuous planting. This result was
consistent with a previous study, which found that a long-term
continuous cropping system has similar microbial interactions to
those of a healthy crop rotation system (Liu et al., 2020). Additionally,
the important microbial taxa in the networks which serve as
“drivers” from the rotations to short or long continue cropping
were different between the two soybean genotypes, which indicated
that the response of rhizosphere microbial community under
different soybean genotypes to short- and long-term continuous
cropping was different.
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In summary, short- or long-term continuous cropping had
no significant effect on the rhizosphere soil bacterial alpha
diversity. Short-term continuous planting increased the number
of soybean cyst nematodes, while long-term continuous planting
reduced these numbers, and tolerant genotypes had lower soybean
cyst nematodes than sensitive genotypes. In addition, continuous
cropping significantly increased potentially beneficial bacterial
populations compared to rotation and short-term continuous
cropping, suggesting that long-term continuous cropping of
soybean shifts the microbial community into that of a healthy
crop rotation system. Soybean genotypes that are tolerant might
recruit some microorganisms that play an important role in the
resistance of soybeans to long-term continuous cropping. However,
further experiment with species isolation and verification is
needed to confirm these findings. Moreover, the networks of
the two genotypes responded differently to continuous cropping.
The tolerant genotype responded positively to continuous cropping,
while for the sensitive genotype, topology suggested that the
instability of the sensitive genotype and short periods of continuous
planting can have a detrimental effect, but this effect could
be alleviated with increasing periods of continuous planting.
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There is a special interaction between the environment, soil microorganisms, and tea
plants, which constitute the ecosystem of tea plantations. Influenced by environmental
factors and human management, the changes in soil microbial community affected the
growth, quality, and yield of tea plants. However, little is known about the composition
and structure of soil bacterial and fungal communities in 100-year-old tea plantations
and the mechanisms by which they are affected. In this regard, we characterized the
microbiome of tea plantation soils by considering the bacterial and fungal communities
in 448 soil samples from 101 ancient tea plantations in eight counties of Lincang city,
which is one of the tea domestication centers in the world. 16S and Internal Transcribed
Spacer (ITS) rBNA high-throughput amplicon sequencing techniques were applied in
this study. The results showed that the abundance, diversity, and composition of the
bacterial and fungal communities have different sensitivity with varying pH, altitude, and
latitude. pH and altitude affect soil microbial communities, and bacterial communities
are more sensitive than fungi in terms of abundance and diversity to pH. The highest
a-diversity of bacterial communities is shown in the pH 4.50-5.00 and 2,200-m group,
and fungi peaked in the pH 5.00-5.50 and 900-m group. Because of environmental
and geographical factors, all microbes are similarly changing, and further correlations
showed that the composition and structure of bacterial communities are more sensitive
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than fungal communities, which were affected by latitude and altitude. In conclusion,
the interference of anthropogenic activities plays a more important role in governing
fungal community selection than environmental or geographical factors, whereas for the
bacterial community, it is more selective to environment adaptation than to adaptation

to human activities.

Keywords: Camellia sinensis var. assamica, microbiome, function, ancient tea plantations, 16S and ITS rRNA

INTRODUCTION

Camellia sinensis L. is an evergreen shrub or small tree belonging
to the family Theaceae whose leaves and leaf buds are used to
produce tea. It is one of the important crops in the tropical
and subtropical regions. It is a common source of tea all over
the world and is cultivated widely across 49°N latitude to 33°S
latitude (Sharma and Kumudini, 2018). China is the largest tea-
producing country and has the largest area under tea cultivation
in the world, accounting for 55.83 and 41.32% of the world total,
respectively'-?. Small-leaf tea and large-leaf tea (C. sinensis var.
assamica) are the two main varieties of today’s cultivation®. The
large-leaf tea cultivation has a long-standing history in China.
The Bangwei transition type ancient tea tree that the Yunnan
tea planting ancestors Pu’er people cultivated and domesticated
represents the experienced cultivation strongly. As an important
part of tea industry in China, Pu’er tea (leaf of C. sinensis var.
assamica) is processed as raw materials from Yunnan’s large-
leaved species of sun-dried green tea, which, as a unique tea
in Yunnan province, contains lipid-lowering, antibacterial, and
antiviral abilities (Zhang et al., 2012; Pedan et al., 2018).

The soil microbial community plays a dynamic role in the
growth and vigor of cultivated plant species. The quality of the
soil is determined not only by the physiochemical properties of
the soil but also by its microbial profile. Thus, the diversity and
structure of the microbial communities within the rhizosphere
have a profound impact on the growth and yield of crops. In
turn, the type and duration of the cultivated crop species would
influence the microbial community. Therefore, soil and crop
management are considered the most important factors affecting
soil quality (Dang, 2002). The intensity and duration of tea
planting have a significant impact on the microbial community
structure, biomass, and its function, which is most likely achieved
through soil acidification and fertilizer addition (Han et al,
2007). The nitrogen fertilizer application (NH3) significantly
enhanced the tea yield but resulted in more soil acidification of
the plantation sites (LiS. Y. etal.,, 2016; Yan et al., 2018; Yang et al.,
2018). Tea thrives well in acidic soils, with an optimum pH range
of 4.50-5.50. However, rapid acidification is becoming an issue,
besides other factors (Yan et al., 2020). Recent evidence suggested
that in comparison to the forests, the acidification of the
cultivated tea plantations, receiving more fertilizers, has amplified
during the past two to three decades. However, no significant
change in acidification was experienced in the tea plantations

http://www.fao.org/home/en/
Zhttp://www.stats.gov.cn/english/
3http://www.efloras.org/

receiving organic manure. Thus, only approximately 43.9% of
the tea plantations in China have the optimal pH (4.50-5.50)
(Yan et al., 2020). Acidification altered the chemical dynamics
of the soil as the cation exchange capacity, the exchangeable
Ca, K, and Mg content decreased. The exchangeable AI**
content increased in comparison to the exchangeable H*, which
resulted in increased Al extraction, thereby inhibiting tea plants
from taking essential nutrients such as P, Fe, K, Ca, and Mg.
Furthermore, the biogeochemical cycling of Al in tea leaf litter
would accelerate further potential acidification of tea plantation
soils. Besides inducing the loss of soil fertility, loss of number
of important soil microorganisms, and loss of nitrogen and
phosphorus content, the acidification of the tea plantation sites
also resulted in the accumulation of organics in the roots and
polyphenols plus heavy metals like Pb, Cu, and Cd in the leaves
of tea plants. This would even become more intense with the
increasing age of tea plants (Oh et al., 2006; Fung et al., 2008;
Wang et al., 2010; Alekseeva et al., 2011; Li S. Y. et al., 2016; Li Y.
C. etal,, 2016; Yan et al., 2018; Yang et al., 2018). The prolonged
monoculture of tea plantations leads to the gradual depletion
of soil nutrient content, acidification, and deterioration of soil
along with suppression of growth in tea plants (Wilson et al.,
2004; Yan et al., 2018). This is also true for other annual crops
like cucumbers (Zhou and Wu, 2012), potatoes (Liu et al., 2014),
soybeans (Bai et al., 2015), and perennial crops such as apples
(Mazzola and Manici, 2012), goldthread (Song et al., 2018), and
coffee (Zhao et al., 2018). Taken together, these factors critically
affected the growth, yield, and quality of the tea due to which
the sustainable development of Chinas tea industry has been
constrained, besides economic losses to tea farmers. Therefore,
this problem has attracted the attention of many soil ecologists
and scientists (Zhao et al., 2012; Li Y. C. et al., 2016; Arafat et al.,
2019; Tan et al., 2019).

Due to the large number of microorganisms in tea plantation
soils, the complexity of their role, the variability of the soil itself,
and the imperfection of research methods, relatively fewer studies
are available on the microbial diversity of tea plantation soils. The
development and refinement of molecular biology techniques,
metagenomics, and high-throughput sequencing have greatly
facilitated the study and understanding of the structural profile,
diversity, and interactions of the microbiome. The microbiome
within the rhizosphere of tea plants plays an important role
in enhancing the soil quality, resilience of tea plants, and their
resistance against pathogens (Zhao et al., 2012; Li Y. C. et al,
2016; Raaijmakers and Mazzola, 2016; Arafat et al., 2019; Tan
et al., 2019). However, certain substances in the rhizosphere of
tea plants inhibit microbial activity, with bacteria most sensitive
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than Actinomycetes and fungi (Pandey and Palni, 1996). In
acidic tea plantation soils (pH < 6.0), the growth activity of
soil microbes declines with decreasing pH (Koga et al., 2003),
but it has also been found that tea plantation soil microbes are
generally unaffected by soil pH, and certain research showed
that 40- and 90-year-old tea tree soils contain only half the
number of bacteria and fungi in contrast to 10-year-old tea tree
soils, with bacteria predominating in the microbial community
of the root soil (Wilson et al., 2004). Shannon diversity indices
and richness were significantly lower in 8-, 50-, and 90-year-
old tea plantations than in moorland, but both were significantly
higher than in forest, and relatively high community diversity
was found in 50-year-old tea plantations (Xue et al., 2006).
The order of magnitude of the Shannon Diversity Index for
soil microorganisms in tea plantations with four periods of
different growth years was as follows: 45-year > 25-year > 7-
year > 70-year tea plantations (Zhao et al, 2012). Generally,
the application of compost affects the bacterial populations,
and interestingly, when the compost is used in combination
with nitrogen fertilizer, the soil microbial diversity increases
(Qiu et al,, 2014; Taha et al., 2016). As tea plants get older,
change in composition and structure of the soil microbial
communities occurs, and the species richness decreases, which
in turn leads to a decrease in beneficial microorganisms along
with an increase in soil pathogenic microorganisms (Li Y. C. etal.,
2016; Arafat et al., 2019). The relative abundance of Ascomycota,
Glomeromycota, and Chytridiomycota was reduced, whereas
the relative abundance of Zygomycota and Basidiomycota was
increased in the 2-, 15-, and 30-year-old monoculture history
of replanted tea plantations. Furthermore, the beneficial fungi
like Mortierella alpina and M. elongatula were gradually reduced
along with an increase in pathogenic forms such as Fusarium
oxysporum, F. solani, and Microidium phyllanthi in the soil of
continuously grown tea plantations (Arafat et al., 2019). The
bacterial genetic diversity index of tea plantation soils was lower
than that of wasteland soils. The soils of organic tea plantations
had higher ecosystem versatility, the soil microbial richness
was significantly higher than that of unpolluted tea plantations
and conventional tea plantations, and there were significant
differences in soil bacterial community structure between the
three tea plantations. The analysis of 16S rRNA gene sequences
revealed that the dominant bacterial groups in tea plantation
soils were Gamma and Alpha and Acidobacteria. The more alike
the environmental variables are, the more similar the bacterial
community structure in tea plantation soils is. It was found
that soil organic carbon (SOC), nitrous nitrogen (NO3-N), and
pH were the key soil factors affecting the bacterial community
structure in tea plantation soils (Zhao et al., 2012; Qiu et al., 2014;
LiY. C.etal, 2016; Tan et al., 2019).

Lincang city is named for its proximity to the Lancang River,
located in the southwestern part of Yunnan province, belonging
to the subtropical low-latitude plateau mountain monsoon
climate. It is the main stop on the ancient Tea-Horse Road, as well
as one of the largest and most representative areas of the ancient
tea heritage stock. The vast majority of the current research on tea
soil microbes remained focused only on bacterial diversity (16S)
and less on fungal diversity (ITS), and there has been less research

on altitude drivers. Also, to the best of our knowledge, there are
no data available for large samples and cross-regional studies
of microbial populations in tea tree soils. With the popularity
of high-pass sequencing, 16S and ITS amplicon sequencing
have become important tools for studying the composition
of microbial communities in environmental samples. In this
study, we investigated the soil bacterial and fungal community
dynamics of 101 representative ancient tea plantation sites in
eight districts and counties of Lincang city. This study aimed
to determine the effects of different gradients of pH, altitudes,
and geographic locations on the microbial diversity, structure,
and taxonomic composition of the tea plantations, and to explore
the possible environmental factors that contribute to changes in
soil microbial communities. Moreover, microbial classification
was used to determine the presence of core microbiomes in tea
plantations at different places along with the determination of
their relative abundance and their potential role as hub taxa.

MATERIALS AND METHODS

Sample Collection

A total of 448 soil samples from the rhizobiome of 101 ancient tea
plantation sites were collected from eight different counties and
districts of Lincang city, Yunnan province in October 2019. The
geographic coordinates (latitude and longitude) and elevation of
the sampling sites were determined through GPS (JIEWEISEN,
WS-009). We used real drone visualizations and map surveys
for designing an appropriate sampling strategy. The details of
the sampling locations are presented in Figure 1A. The soil was
taken at a depth of approximately 20 cm from the surface. Stones
and other impurities were removed. Each sample was collected in
triplicate; two in 2-ml sterile tubes and the third in a 50-ml sterile
centrifuge tube. The collected samples were snap-frozen in liquid
nitrogen and carried to the lab.

Determination of Soil pH

The collected soil samples were air-dried and sieved through a
0.20-mm nylon sieve. The soil and water were then mixed in the
ratio of 1:2.5 [4 g of soil and 10 ml of ultrapure water (w/v)] in a
25-ml centrifuge tube. The mixture was vortexed at a maximum
frequency for 10 min, left at room temperature for 30 min,
followed by determination of pH through a pH meter (METTLER
TOLEDO, FiveEasy Plus) using glass electrodes. The reading for
each sample was taken five times, and the average was taken as
the pH value of the samples (Arafat et al., 2019; Yan et al., 2020).

DNA Extraction, Library Preparation, and
Sequencing

Total DNA was extracted from each sample by following
the instructions of the Omega Biotek EZNA® Soil DNA
Kit. The quality and quantity of the isolated DNA were
determined through agarose gel electrophoresis and
Nanodrop Photospectrometer, respectively (Thermo Fisher,
Nanodrop 2000). A final working concentration of 1 ng/pl
was used for downstream analysis. We used the primers
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F341 (5-CCTAYGGGRBGCASCAG-3') and R806 (5'-
GGACTACNNGGGTATCTAAT-3') (Stephen et al., 2017) for
amplifying the V3-V4 region of the 16S rRNA gene. Moreover,
the primers ITS-1F (5-CTTGGTCATTTAGAGGAAGTAA-3')
and ITS-1R (5-GCTGCGTTCTTCATCGATGC-3') (Gardes
and Bruns, 1993) were used to amplify the ITS1 region. All the
primers were barcoded. Amplification of the 16S rRNA and
ITS1 regions were performed through PCR reactions using

Phusion® High-Fidelity PCR Master Mix, New England Biolabs.
Each PCR reaction consisted of Phusion Master Mix (15.0 wl),
primers (1.5 pl), genomic DNA (10.0 pl), and dd H20 (2.0 ).
The thermocycler program consisted of an initial denaturation
temperature of 98°C for 1 min, followed by 30 cycles each with
98°C for 10 s, 50°C for the 30 s, and 72°C for 30 s, followed by
a final 72°C for 5 min. The PCR products were purified with
Qiagen Gel Extraction Kit (Qiagen, Germany).

Frontiers in Microbiology | www.frontiersin.org

October 2021 | Volume 12 | Article 745225


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Kui et al.

Soil Microbiome in Tea Plantations

Then, the sequencing library was generated using TruSeq®
DNA PCR-Free Sample Preparation Kit (Illumina, United States)
following the manufacturer’s recommendations. The index codes
were added to the library. A total of 448 libraries were
generated. The quality of the libraries was assessed through the
Qubit@ 2.0 Fluorimeter (Thermo Fisher Scientific, United States)
and Agilent Bioanalyzer 2100 system (Agilent Technologies,
United States). Subsequently, each library was sequenced on
the Illumina NovaSeq 6000 platform and 250-bp paired-end
reads were generated.

Sequence Data Processing

The paired-end raw reads were grouped based on their barcode
sequences. Then, the paired reads were merged to obtain
amplicon sequences using FLASH (version 1.2.7) (Mago¢ and
Salzberg, 2011). The barcode and primer sequences as well as
the low-quality amplicon sequences were removed using QIIME2
(v2019.10) (Bolyen et al., 2019). We used UCHIME (Quast et al,,
2013) (parameter default) to detect and remove the chimeric
sequences. Thus, clean amplicon data were generated, which were
used for downstream analysis. The quality amplicons were then
clustered into OTUs using Uparse (v10.0.240) (Edgar, 2013),
based on a similarity threshold value of >97%. A representative
sequence of each OTU was selected for further analysis. The
representative sequences were aligned against the SILVA 132
database (for 16S rRNA sequences) and the UNITE database
(for ITS sequences) (Abarenkov et al, 2010) to determine
their taxonomic affiliations. Furthermore, to investigate the
phylogenetic relationships among the OTUs, multiple sequence
alignments were performed using Muscle (v3.8.31) (Edgar, 2004).
QIIME2 (v2019.10) was used to calculate Weighted Unifrac
distances and to construct UPGMA clustering trees.

Statistical Analysis and Data

Visualization

a-diversity represents the diversity within a sample, including
species richness and species evenness measurements. We used
QIIME2 (v2019.10) to calculate the sample Chaol and Shannon
indices to evaluate the complexity and diversity of species within
the sample. The statistical evaluation of differences in a-diversity
between multiple groups was carried out through the Kruskal-
Wallis test with a p-adjusted cutoff value of 0.05, using agricolae
package. B-diversity represents the differences in the microbiome
among the samples. We employed non-metric multidimensional
scaling (NMDS) test, Anosim, and MRPP analysis using the R
vegan package (Philip, 2003; R Core Team, 2020) to calculate -
diversity measurements. We used correlation analysis to identify
associations between taxa and environmental factors, such as pH,
longitude and latitude, and altitude, using the corr.test function
of the psych R package. The correlations were visualized using
the pheatmap R package. Moreover, a redundancy analysis (RDA)
and Mantel test were performed using the R vegan package to
compare the correlations of environmental factors with microbial
community composition and structure.

RESULTS

Geographic, Elevation, and pH Range of

the Samples

Analysis of geographic locations of the 448 samples from 101 tea
plantation sites revealed that they were distributed between 23—
25°N latitude and 98-101°E longitude. Their elevation ranged
from 900 to 2,700 m (Figure 1A). The pH values ranged from
3.90 to 6.30, with an average value of 4.68. We created three
pH gradients; pH < 4.50, pH between 4.50 and 5.50, and
pH > 5.50. Our analysis revealed 39 sites with pH < 4.50, 58
sites with pH between 4.50 and 5.50, and 4 sites with pH > 5.50
(Supplementary Figure S1).

Composition and Structure of Bacterial

and Fungal Communities

After merging of paired-end raw reads, their quality control
analysis, and filtration of chimeric sequences, a total of 84,691
active amplicon sequences were obtained belonging to the 16S
rRNA region. Similarly, a total of 53,228 active sequences were
obtained for the ITS region from 448 soil samples. The sequences
were clustered to 21,293 OTUs of bacteria belonging to 65 phyla,
and 14,978 OTUs of fungi belonging to 17 phyla, at a threshold
of 0.97. The sparse curve of the OTUs gradually flattened out
(Supplementary Figure S2), which indicated that the sequencing
depth covered all the species in the sample.

The taxonomic annotation of OTUs was performed from
phylum to species level (Figure 1). In case of bacteria,
Proteobacteria (30.9%) was the most dominant phylum
followed by Chloroflexi (11.9%), Bacteroidetes (6.4%),
Acidobacteria (6.3%), Actinobacteria (5.2%), and Firmicutes
(4.6%). Approximately 14.2% OTUs remained unclassified
(Figure 1B). Ktedonobacteraceae (4.7%) was the dominant
family followed by unidentified Gammaproteobacteria (3.5%)
and Gemmatimonadaceae (1.9%). Approximately 53.1% OTUs
could not be assigned to any family (Figure 1C). Similarly, in the
case of fungi, Ascomycota (34.7%) was the most frequent phylum
followed by Basidiomycota (16.6%) and Glomeromycota (7.7%).
The unclassified OTUs accounted for up to 36.9% (Figure 1D).
Archaeorhizomycetaceae (4.8%) was the dominant family,
followed by Glomeraceae (3.2%) and Clavariaceae (1.2%), with
60.0% remaining unclassified (Figure 1E).

Community Structure and Diversity in
Response to Variations in pH

We estimated the abundance of bacteria and fungi and analyzed
its relationship with variations in pH. Six pH gradients were used
during the analysis. We observed that there is no significant trend
(ascending or descending) in the relative abundance of bacterial
phyla with pH (Figure 2A). Acidobacteria, Actinobacteria,
and Proteobacteria have relative abundance > 10% at all pH
gradients. Actinobacteria and Acidobacteria showed an opposite
trend at the lower (pH 3.50-4.00) and upper (pH 6.00-6.50)
pH extremes, with the former exhibiting less relative abundance
and the latter showing greater relative abundance. However,
Spearman’s correlation analysis did not show any significant
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relationship of the relative abundance of the bacterial phyla with
variations in pH.

The fungal phyla, however, showed a clear relationship of the
relative abundance with pH (Figure 2B). The relative abundance
of Ascomycota and Basidiomycota showed a progressive decline
with increasing pH. The trend is more explicit and contrasting
in the case of Mortierellomycota, whose abundance increases
toward basic pH. At the genus level, the relative abundance
and composition of genera in bacteria and fungi were similar
in all groups except for the highest pH group. Arthrobacter
and Archaeorhizomyces were the dominant bacterial and fungal
genera in all groups, respectively (Supplementary Figure S3A).
The relative abundance of the genus Hygrocybe was substantial
in all groups, except the group with pH > 6.0. Penicillium and
Russula were important fungal genera in the low pH group (pH
3.5-4.0) whereas the genus Mortierella is important in the high
pH group (pH > 6.0) (Supplementary Figure S3B).

The a-diversity analysis revealed that both the Chaol and
Shannon’s index of the bacterial community were significantly
higher for the pH = 4.50-5.00 and 5.00-5.50 than for the
pH = 3.50-4.00 and 4.00-4.50 (p < 0.05). In contrast, the
Chaol and Shannon’s index of the fungal community did not
differ between the subgroups (Figure 2C). The number of OTUs
was found to be highest for both the bacterial and fungal
communities at pH = 4.50-5.00. The number of OTUs common
to all the groups was observed to be 6,073 and 2,260 for
bacterial and fungal communities, respectively (Supplementary
Figure S4). The p-diversity analysis of microbial communities
at different pH gradients through NMDS could not establish

any distinctions in both bacterial and fungal communities
(Supplementary Figure S5). The Anosim and MRPP test also
did not reveal any clear trend in between-group or within-
group differences. However, the test was statistically significant
for some comparisons, although the correlations were weak
(Supplementary Table S1).

UPGMA clustering revealed that the pH gradients of 4.50-
5.00 and 5.00-5.50 formed one sub-cluster, so their community
profile tends to be highly similar. Other pH gradients segregated
into individual leaves. The gradient 6.00-6.50 was found
most distinct from others, followed by the gradient 3.50-4.00,
suggesting their distinct community structure as compared to
other intermediary gradients (Supplementary Figure S6A). The
results were slightly different in the case of fungi, with an
upper gradient (pH = 6.00-6.50) quite distinct from others.
Furthermore, it was revealed that the pH gradients of 5.00-
5.50 and 5.5-6.00 host similar fungi, whereas the pH gradients
of 3.50-4.00, 4.00-4.50, and 4.50-5.00 have their fungal profile
(Supplementary Figure S6B).

Community Structure and Diversity in

Response to Variations in Elevation

We observed that the overall structural profile of the bacterial
and the fungal communities at 14 different altitudinal zones is
similar, and no explicit trend is seen in the relative abundance
of bacterial phyla along the elevation gradient (Figure 3A).
Acidobacteria and Proteobacteria were the dominant bacterial
phyla in all subgroups and their relative abundance showed
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an increasing trend with increasing altitude. Actinobacteria in
general showed higher abundance toward lower altitude zones.
Similarly, Ascomycota and Basidiomycota were the dominant
fungal phyla in all subgroups. Basidiomycota showed an absolute
dominance (52.4%) at the highest altitude zone (Figure 3B).

The relative abundance of the bacterial genera showed a
marked difference in the low altitude zones as compared to the
high-altitude zones. In general, the relative abundance of the
bacterial genera decreased with increasing altitude. The genus
Arthrobacter showed a remarkable presence in all the altitudinal
zones, and it was most dominant in the 900-m zone along with
the genus Tumebacillus. The genus Massilia dominated in the
1,200-m zone (Supplementary Figure S7A). In contrast to the
bacterial genera, the relative abundance of the fungal genera
did not change with the altitude. It seemed that the genus
Archaeorhizomyces preferred altitude zones > 1,400 m, whereas
the genus Hygrocybe preferably is more abundant in the altitude
zones > 1,500 m. Furthermore, the genus Saitozyma favors
altitudes < 1,800 m, whereas the genus Penicillium dominated
the 1,200-m zone followed by the 900-m zone. Moreover, the
genera Russula and Coprinellus dominated the 2,700-m altitude
zone (Supplementary Figure S7B).

The a-diversity analysis revealed that both the Chaol and
Shannon’s index were highest for the altitudinal zone of 2,200 m
in the case of bacterial communities. However, these diversity
indices were found to be highest in the altitudinal zone of 900 m
for fungal communities (Figure 3C). The bacterial and the fungal
communities had the highest number of OTUs in the 1,400-m
and 1,800-m altitudes, respectively, with a total of 2,869 OTUs

for bacteria and 453 OTUs for fungi (Supplementary Figure S8).
Besides, the p-diversity analysis through the NMDS test revealed
that both bacterial and fungal communities could not be
grouped into distinct clusters based on the altitude variations
(Supplementary Figure S§9). The Anosim test for 16S rRNA
showed that the highest difference in the bacterial community
structure is exhibited between the 900-m and 1300-m altitude
zones (R = 0.6716, p = 0.003) followed by the 900-m and 2,200-
m zones (R = 0.4056, p = 0.003) (Supplementary Table S2).
Similar results were shown by the MRPP test. The Anosim test for
ITS showed that the highest difference in the fungal community
structure is exhibited between altitude zones 1,400 and 2,100 m
(R=0.3586, p=0.001) followed by 1,400 and 2,100 m (R = 0.3315,
p =0.001). Similar results were shown by the MRPP test.

Based on the UPGMA clustering, it was observed that
the bacterial community profile at the altitude zone of
900 m is much more distinct as compared to the other
altitude zones, followed by the 1,200-m zone. The altitude
zones from 1,500 to 2,100 m share a structural similarity in
bacterial communities, whereas the altitude zones of 2,300 and
2,700 m looked similar. This indicated that the community
profile at the upper extreme (2,300 and 2,700 m) and lower
extreme (900 and 1,200 m) altitudinal zones are distinct from
the intermediary zones, which tend to be relatively similar
(Supplementary Figure S10A). Similar results were shown for
the fungal community structure in which the 2,700-m zone
was most distinct from other zones. The altitude zones of
900, 1,200, and 1300 m formed their sub-cluster, so they
tend to be similar, but distinct from others. Likewise, the
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altitude zones from 1,400 to 2,300 m formed a single group
(Supplementary Figure S10B).

Community Structure and Diversity in
Response to Variations in Geographical
Locations

According to the geographical distribution of the sampling sites,
we analyzed ancient tea plantations located in eight counties.
At the phylum classification level, the relative abundance of
soil bacterial and fungal communities in tea plantations in
different regions did not change significantly, but there were
some differences in their relative abundance composition. Based
on the geographic locations, the bacterial community was
dominated by Acidobacteria and Proteobacteria at all sites.
The relative abundance of Acidobacteria was highest in Cang
Yuan (CY) followed by Geng Ma (GM) and Zhen Kang (ZK),
whereas it was least abundant in Lin Xiang (LX) and Shuang
Jiang (S]). Interestingly, LX and SJ host a higher abundance
of Actinobacteria and Chloroflexi in comparison to other
locations (Figure 4A). The fungal community was dominated
by Ascomycota and Basidiomycota, with the former being
most abundant in CY and the latter being most abundant in
ZK (Figure 4B).

At the genus level, the LX and S] were most dominated by
the bacterial genera Arthrobacter, Bacillus, and Kitasatospora.
These two sites showed distinct bacterial community profiles in
comparison to others. The genus Tumebacillus was also more
abundant in these sites. However, the fungal community profile
showed a distinct pattern across all the sites. CY was occupied
mostly by Amphinema and Inocybe. Archaeorhizomyces formed
a substantial proportion of the fungal community in other sites,
with the most dominant in ZK. Hygrocybe was the least frequent
in ZK but formed a substantial part in other sites. Besides,
Mortierella also formed a substantial proportion in all sites except
CY and ZK. Russula appeared to be a trademark genus in YK
and SJ, whereas Penicillium seemed to be a hallmark genus of SJ
(Supplementary Figure S11).

The bacterial a-diversity analysis revealed the highest average
Chaol value for Yun Xian (YX) and the lowest for LX and SJ;
other sites have intermediary values of Chaol. Similar results
were obtained for Shannon’s diversity index. The fungal o-
diversity analysis revealed the highest average Chaol value for
ZK and lowest for CK; others showed intermediary average
Chaol values (Figure 4C). The highest number of OTUs for the
bacterial (4,389) and fungal (1,564) communities were observed
for SJ and LX, respectively (Supplementary Figure S12). The
p-diversity analysis through the non-metric NMDS test did
not cluster the bacterial and fungal communities according
to geographical locations (Supplementary Figure S13). The
Anosim test on bacterial communities revealed that LX was quite
distinct from all other sites. It differed most from Feng Qing
(FQ) (R = 0.5371, p = 0.001) followed by CY (R = 0.5015,
p=0.001), whereas it showed least difference with YX (R = 0.3685,
p = 0.001). The MRPP test also revealed LX distinct from all
other sites. In the case of fungal communities, the Anosim test

revealed CY to be most distinct from all others, followed by LX
(Supplementary Table S3).

In the case of bacteria, based on the UPGMA clustering results,
LX and S§J formed one cluster, whereas a separate cluster was
formed by other locations, with ZK and Yong De (YD) forming
their sub-cluster. This indicated that LX and S] have similar
community structures and are quite distinct from other sites.
In the case of fungi, two main sub-clusters were formed. GM,
LX, and S formed one group, whereas YD and YX formed
another group. Other sites are segregated into their leaves. This
indicated that CY is the most distinct plantation site from others
in terms of the fungal community, followed by ZK. The LX,
and SJ as well as YD and YX are much similar to each other
(Supplementary Figure S14).

Correlation Analysis

Redundancy analysis showed that the first two axes explained
only 17.11 and 33.95% of the variance. From Figure 5A,
it is evident that the environmental factors altitude and
latitude exhibit highly positively correlated bacterial community
profiles, followed by latitude and pH, and altitude and pH. In
contrast, the environmental factors pH and longitude exhibit
negatively correlated community profiles. The variables latitude
and longitude do not correlate. In the case of fungi, the
environmental factors pH and latitude have a highly positively
correlated community profile, followed by latitude and altitude.
In contrast, the environmental factors altitude and longitude
exhibit negatively correlated community profiles. The variables
pH and latitude and do not correlate (Figure 5B). Mantel
test revealed very weak correlations between the variables and
the bacterial and fungal community composition (Table 1).
However, altitude and latitude appeared to be relatively more
effective. Furthermore, Spearman correlation analysis was used
to determine the relationship between the relative abundance
of bacterial and fungal communities and environmental and
geographic factors. We observed that Proteobacteria did not have
any significant correlation with any variable. Furthermore, pH
showed a very weak or no correlation with all the variables.
Longitude, altitude, and latitude showed a significant positive or
negative correlation with all or some phyla (Figure 5C). At the
genus level, the strongest significant correlations were shown by
altitude and latitude (Figure 5E). In the case of fungal phyla and
genera, significant correlations were lacking (Figures 5D,F).

DISCUSSION

In the soil-plant rhizobiome, the most active and decisive soil
microorganisms play an active role in the exchange of matter and
energy, soil formation and development, plant-soil interactions,
etc. (Urbina et al., 2018; Tan et al., 2019). The suitable soil pH
for the growth of tea plants is 4.00-6.50, with the most optimum
being 4.50-5.50. Recent studies have revealed that in China, the
soil is constantly becoming acidic for the tea plantation sites, with
pH as low as < 4.50 at many sites (Guo et al.,, 2010; Yan et al,,
2020). Our analysis also revealed an acidic pH (4.68) of ancient
tea plantations in Lincang city, which is further corroborated
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by Yan et al. (2020). Although not more acidic than the lower
optimal value (4.00), the situation has reached a critical level for
tea plantations in Lincang city, which would lead to a serious
reduction in the growth and survival rate of tea plants, thereby
affecting the yield.

The microbial diversity of the tea plantation sites not only
varies with wastelands and woodlands but also with the age
of different tea plantation sites (Xue et al., 2007, 2008). The
intensity and duration of tea planting have a significant impact
on the microbial community structure, biomass, and its function
(Han et al, 2007). Relatively high community diversity was
observed in 50-year-old tea plantations (Xue et al., 2006). Thus,
tea plantation monoculture, tea plant age, different management
patterns, and land use types have a significant impact on soil
microbial community diversity, composition, and structure. Our
study showed that Acidobacteria and Proteobacteria (Alpha,
Delta, and Gamma) were the dominant bacterial phyla in all
the tea plantation sites, whereas Ascomycota and Basidiomycota
were the dominant fungal phyla (Supplementary Figure S15).
With some minor differences, our findings were corroborated
by several studies (Zhao et al., 2012; Li Y. C. et al., 2016; Arafat
et al, 2019; Tan et al, 2019). Acidobacteria are particularly
abundant in soils with very low resource utilization (Quaiser
et al., 2003; Fierer et al., 2007). Alphaproteobacteria can grow
at very low nutrient levels and can induce nitrogen fixation
with plants. Gammaproteobacteria are associated with large
amounts of available nutrients and control disease inhibitory

activity through non-ribosomal peptide synthase (Mendes et al.,
2011; Li Y. C. et al, 2016). Deltaproteobacteria are an
important contributor to the anaerobic process of the sulfur
cycle. Ascomycota promotes the decay of animal and plant
remains in the soil (Mendes et al., 2011), whereas basidiomycota
forms mycorrhiza with roots of plants. Previous studies have
confirmed the presence of Bacillus within the rhizobiome
of tea plants, with B. subtilis and B. mycoides forming a
major part of the bacterial population, even in unfavorable
times. Bacillus sp. exhibit antagonistic activity against fungal
isolates; they inhibit the growth of fungal mycelium and
cause structural abnormalities in the rhizosphere of tea plants
(Pandey and Palni, 1997; Singh et al., 2007). The abundance
of Bradyrhizobium, Mycobacterium, and Sphingomonas gradually
decreases with the increasing age of tea plantation sites, whereas
the Granulicella shows a reverse trend. Details about their
functions are lacking; however, Bradyrhizobium is essential
in promoting plant growth (Antoun et al, 1998; Li Y.
C. et al, 2016). Our study confirmed the presence of the
genus Bacillus only which occupied a certain percentage of
all sampled sites.

Due to the monoculture of tea plants, enhanced use
of chemical fertilizers (especially nitrogen fertilizers), and
accumulation of organic matter, the soil acidification of tea
plantation sites is deepening. This may lead to a significant
reduction in microbial species within the soil (Wilson et al.,
2004; Abe et al., 2006; Ruan et al., 2007; Li S. Y. et al.,, 2016;
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TABLE 1 | Mantel-test analysis of environmental and geographical factors with
bacterial and fungal community composition.

Environmental Bacterial Fungal
and geographical
factors

R P R P
pH —0.0084 0.6757 —0.0084 0.6840
Lo —0.0013 0.5254 —0.0013 0.5236
La 0.0354 0.0169* 0.0354 0.0166*
Al 0.0406 0.0047* 0.0406 0.0044**
Lo+ La 0.0196 0.1345 0.0196 0.1389
Lo + Al 0.0061 0.3712 0.0061 0.3690
La + Al 0.0441 0.0044** 0.0441 0.0070**
Lo+ La+Al 0.0220 0.1074 0.0220 0.1049
pH + Lo + La + Al 0.0113 0.2685 0.0113 0.2825

Lo, Longitude; La, Latitude; Al, Altitude. *P < 0.05; P < 0.01.

Yan et al,, 2018). Although the forest and tea plantation soils
have similar acidic pH, their microbial community structures are
different, suggesting that the differences are not solely due to
variations in pH (Yao et al., 2000). Koga et al. (2003) showed that
in acidic tea plantation soils, the activity of soil microbes showed
a tendency to rise first and then decrease with increasing pH. The
application of lime can control the acidification of tea plantation
soils. It has a significant effect on the structure and diversity of the
microbial community in the soil, as the diversity increases with
increasing lime concentration (Xue et al., 2010). However, a study
by Wilson et al. (2004) found that soil microorganisms are usually
not affected by soil pH. Our study found that the composition
and structure of soil bacterial and fungal communities exhibited
a mono-peak pattern with pH variation. The relative abundance
of the fungi (pH = 4.00-5.50) was more significantly affected
by pH than that of the bacteria (pH = 4.50-5.50), whereas the
fungal diversity was less correlated with pH than that of the
bacteria. Similar results were obtained during soil pH studies
on tea plant fitness (Ruan et al, 2007; Guo et al, 2010; Yan
et al, 2020). Although the bacterial phyla did not show any
significant trend along the pH gradients; however, Actinobacteria
were found to be less abundant at low pH, whereas Acidobacteria
exhibited higher abundance at higher pH. In contrast, the fungal
phyla Ascomycota and Basidiomycota showed a clear declining
trend with increasing pH, whereas Mortierellomycota exhibited
higher abundance with increasing pH. The a-diversity analysis
revealed that the bacterial community composition is more
diverse at a pH range of 4.50-5.00, whereas the fungal diversity
remained relatively same across different pH gradients. Our
study showed that the pH range of 4.50-5.00 seemed more
optimal, as the number of OTUs was found to be highest in this
range for both bacteria and fungi. Besides, the a-diversity of the
rhizosphere bacterial community was positively correlated with
pH in perennial shrubs Caragana spp., with pH as a significant
factor affecting both the a-diversity and richness (Na et al,
2018). Li Y. C. et al. (2016) found that only Granulicella in
Acidobacteria increased significantly with decreasing pH in tea
plantation soil, whereas the relative abundance of Acidobacteria

was not significantly correlated with soil pH. Further studies
showed that the soil bacterial communities are usually closely
related to soil pH and their relative abundance and diversity
are positively correlated with pH, a pattern that applies to
both the overall bacterial community composition and the
composition of individual bacterial communities. However, for
fungi, the relative abundance is not affected by pH and the
diversity is only weakly correlated with pH, suggesting that tea
plantation ecosystems have some similarities and specificities
compared to others, such as agroecosystems (Jones et al., 2009;
Rousk et al, 2010; LiY.C.etal,2016). Besides, our study
found that Archaeorhizomyces was the dominant fungal genus
in all subgroups and had a higher relative abundance in the
low pH gradient group. Sequence characteristics indicate that
Archaeorhizomyces occupy plant root intervals in deep soils with
low pH and high nutrient transformation, and their relative
abundance is significantly correlated with the fungal plant
pathogen Typhula, the decaying fungus Exophiala, the Suillus
exophytic root family, and Tubeufia and Omphalotus, which
are all involved in the decay process of vegetation (Carrino-
Kyker et al., 2016; Choma et al., 2016; Pinto-Figueroa et al,
2019). When soils become acidic, the soil microorganisms
have to elicit a physiological response to cope with decreasing
pH like synthesis of protective membrane proteins and fatty
acids, production of buffer molecules to maintain internal pH
homeostasis, and pumping of H' ions to maintain electoral
gradient across the membrane. Besides, low pH is associated
with low soil inorganic phosphorous (Pi) due to mobilized
aluminum (Al). Soil microorganisms overcome this low Pi by
acquiring more organic P (Po). Increase in soil pH altered both
bacterial and fungal communities in temperate deciduous forests
(Carrino-Kyker et al., 2016).

Studies on the relationship between microbial community
profile and altitude vary. Some studies establish an inverse
relationship between soil microbial diversity and altitude
(Tian et al., 2017; Li et al., 2018; Nottingham et al., 2018).
Other studies confirm that there is no clear-cut relationship
between them and different microbial groups show different
patterns along the altitude gradients (Fierer et al., 2011). Our
analysis showed an increase in abundance of Acidobacteria and
Proteobacteria across the different altitudinal zones, whereas
Actinobacteria were abundant at lower altitudes. In case of
fungi, Basidiomycota was the most abundant at higher altitudes.
In general, the abundance of bacterial genera increased with
increasing altitude, whereas the fungal genera did not reveal
any recognizable variation. The diversity of the bacterial and
the fungal communities was highest at an altitude of 2,200
and 900 m, respectively. Acidobacteria were found to decrease
monotonically with increasing altitude (Bryant et al, 2008),
whereas a monotonic increase was observed for the bacteria
by Wang et al. (2011). Both the single peak pattern (bacteria)
and the bimodal pattern (archaebacteria) were observed for
the microbial diversity (Singh et al., 2012). The nitrogen-fixing
bacteria also showed diverse relationships with altitude (Wang
et al,, 2019). According to Shen et al. (2015), the composition of
the bacterial communities at high altitudes is most complex and
diverse among all microbes. In the case of fungi, the abundance
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FIGURE 5 | Redundancy analysis of the composition of soil bacterial (A) and fungal (B) communities in tea plantations with environmental and geographical factors.
Spearman’s correlation analysis between phylum/genus of relative abundance and environmental and geographical factors. (C) Bacterial phylum classification level;
(D) fungal phylum classification level; (E) bacterial genus classification level; (F) fungal genus classification level. *p < 0.01.

generally decreases with increasing altitude, but there is no
significant correlation between its uniformity and altitude. Our
study revealed a single peak pattern of bacterial abundance
with increasing altitude and a double peak pattern of bacterial
diversity with increasing altitude. However, a double peak pattern
was observed for both the fungal abundance and fungal diversity
with increasing altitude. These results indicate that the diversity,
community composition, and structure of bacteria and fungi in

tea plantation soil are somewhat different and show different
patterns of altitude distribution. Furthermore, Arthrobacter
showed a higher relative abundance at lower altitudes in
comparison to higher altitudes, whereas Penicillium showed an
absolute predominance at lower altitudes. This is corroborated
by several studies (Widden, 2018; Kumar et al., 2019).

With the aim of evaluating the variation in arbuscular
mycorrhizal fungi (AMF) along an altitudinal gradient in
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rupestrian grasslands in Brazil, Coutinho et al. (2015) found
less similarity of AMF species across different altitudinal zones.
Altitudinal zone with similar soil characteristics showed overlap
in AMF species. The AMF species composition was different at
extreme elevations and similar in intermediate zones, suggesting
that the distribution of the species along different attitudes may
be governed by soil variability (Coutinho et al., 2015). Similarly,
altitude had a significant effect on the composition of the soil
fungal communities associated with Norway spruce (Picea abies),
whereas the age of the tree governs community diversity (Schon
et al., 2018). Besides, altitude significantly impacts the relative
abundances of the dominant phyla and classes of soil fungi
and the interface of altitude and season affects the relative
abundances of Ascomycota and Basidiomycota (Ji et al., 2021).
While evaluating the variations in soil microbial community
diversity and structure along five climate zones (from subtropical
to cold temperate), with an altitude of 1,600-3,200 m across the
eastern slope of Mount Gongga, Yang and Wu (2020) found
that the soil bacterial but not fungal diversity changed across the
vertical climate zones, with highest bacterial diversity occurring
in subtropical and cold temperate zones. The fungal (composed
of Ascomycota, Basidiomycota, and Zygomycota) and bacterial
(composed of Proteobacteria, Acidobacteria, Actinobacteria, and
Bacteroidetes) relative abundance enhanced with increasing
altitude. No significant shifts in abundance or community
composition were detected for archaeal community with altitude
(Siles and Margesin, 2016). Thus, our results of altitudinal impact
on tea-associated soil bacterial and fungal communities may be
indirectly governed by physiochemical properties of the soil,
seasonal effect, age of the tea plants, and interaction between
altitude and climate along an altitudinal gradients.

In general, the relative abundance of both bacterial and fungal
phyla did not change significantly with geographical locations.
Acidobacteria and Proteobacteria were dominant bacterial phyla
and Ascomycota and Basidiomycota were dominant fungal
phyla at all the eight counties. The locations S] and LX were
peculiar for bacterial communities as they contained highest
abundance of Actinobacteria and Chloroflexi, and Arthrobacter,
Bacillus, and Kitasatospora. However, these sites have the
lowest bacterial diversity. For fungi, CY and ZK were most
peculiar with the former showing dominance of Ascomycota,
Amphinema, and Inocybe, and the latter showing dominance
of Basidiomycota and Archaeorhizomyces. ZK also showed the
highest fungal diversity.

The environmental and geographic factors that sustain the
soil microbes in tea plantations are important drivers of the
composition and structure of soil microbial communities.
Previous studies have found that the soil pH at tea plantation
sites is a key factor influencing the bacterial and fungal
community structure besides NO3-N, SOC, TOC SOM, and
AP (Li Y. C. et al, 2016; Arafat et al., 2019; Tan et al,
2019). Zhao et al. (2012) found that based on limited data,
relationships between environmental factors (pH) and tea
plantation soil bacterial communities cannot be derived, and
observed that the more alike the environmental variables are,
the more similar is the bacterial community structure. Based
on our results, we obtained somewhat similar patterns of

bacterial and fungal communities across the environmental
and geographic factors, with only a few phyla and genera
showing a significant variation with these factors. Furthermore,
Mantel test and Spearman correlation analyses revealed
that latitude and altitude were more pronounced for the
composition and structure of the bacterial communities (both
at the phylum classification level and genus classification
level) than those of the fungi, although the correlation was
generally weak. Moreover, the analysis of the relative abundance
and diversity (Supplementary Figure S16) of the bacterial
and fungal communities in tea plantations distributed in
anthropogenic versus inactive areas did not show any difference
(Supplementary Figure S16).

The tea plantation sites have been under the management
and selection of tea farmers for thousands of years. The
composition and structure of the soil microbial community,
and the correlation between its abundance and environmental
and geographical factors have been artificially domesticated.
The interference of anthropogenic activities is the main factor
governing the fungal community selection, whereas for the
bacterial community, it is more selective to the environmental
adaptation, rather than the adaptation to human activities
(Supplementary Figure S16).
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Plant perception and responses to environmental stresses are known to encompass a
complex set of mechanisms in which the microbiome is involved. Knowledge about
plant physiological responses is therefore critical for understanding the contribution
of the microbiome to plant resilience. However, as plant growth is a dynamic
process, a major hurdle is to find appropriate tools to effectively measure temporal
variations of different plant physiological parameters. Here, we used a non-invasive
real-time phenotyping platform in a one-to-one (plant-sensors) set up to investigate
the impact of a synthetic community (SynCom) harboring plant-beneficial bacteria on
the physiology and response of three commercial maize hybrids to drought stress (DS).
SynCom inoculation significantly reduced vyield loss and modulated vital physiological
traits. SynCom-inoculated plants displayed lower leaf temperature, reduced turgor
loss under severe DS and a faster recovery upon rehydration, likely as a result
of sap flow modulation and better water usage. Microbiome profiling revealed that
SynCom bacterial members were able to robustly colonize mature plants and recruit
soil/seed-borne beneficial microbes. The high-resolution temporal data allowed us to
record instant plant responses to daily environmental fluctuations, thus revealing the
impact of the microbiome in modulating maize physiology, resilience to drought, and
crop productivity.

Keywords: SynCom, plant microbiome, plant phenotyping, drought stress, maize, plant growth-promoting, PGP,
synthetic microbial community

INTRODUCTION

Crop plants are continuously challenged by adverse environmental conditions that can severely
impact their productivity. As sessile organisms, plants have evolved genetically encoded
mechanisms to efficiently thrive in adverse circumstances. Breeders have explored the genetic
variability associated with tolerance against drought and heat stresses, which are among the
most limiting factors for crop production (Lesk et al., 2016). However, genetically encoded water
usage traits alone may not be sufficient to make plants better adapt to water restriction and high
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temperature conditions. Microbial communities associated with
plant roots, stems and leaves have also been shown to play
a fundamental role in shaping plant responses to biotic and
abiotic stresses and modulating plant phenotypic plasticity
(Compant et al., 2019; Vannier et al., 2019; Beirinckx et al., 2020;
Chai et al., 2021).

Plants and their associated microbiome have coevolved
over a million years under adverse environmental conditions.
During this process, evolution may have favored plants
recruiting microbial communities that positively affected
their fitness by providing or modulating beneficial functions
related to phytohormone balance, plant adaptation to drought,
nutrition uptake, and disease suppression (Zilber-Rosenberg
and Rosenberg, 2008; Lemanceau et al., 2017; Chaudhry et al,,
2021). This scenario implies that plants cannot be studied as
isolated entities but rather as a unit formed by the plant and
its associated microbiome, the holobiont (Vandenkoornhuyse
et al., 2015). However, with the exception of few cases, such as
nitrogen fixation and phytohormones production (Carvalho
et al,, 2014), there is little knowledge regarding other modes by
which microbes can influence plant phenotypic plasticity.

Investigating how plant-microbe interactions affect plant
responses and physiology requires multidisciplinary approaches
that allow the integration of different types of data from both
the plant and its microbiome (de Souza et al., 2020). The broad
concept of plant phenotyping implies the understanding of plant
physiological, morphological and biochemical status by methods
capable of quantifying relevant plant traits. An increased number
of phenotyping platforms have been designed, reducing both
time and costs by automating plant cultivation and assessment
(Fiorani and Schurr, 2013). However, as plant growth is a
dynamic process, common phenotyping strategies lack the ability
to monitor plant physiological parameters in real time (Halperin
et al,, 2017; Rouphael et al., 2018). In most cases, these platforms
rely on limited frequency of measures or unsynchronized data
points as plants are evaluated individually and during distinct
periods. A comprehensive physiological evaluation demands a
continuous time series to acquire a detailed physiological profile
of each individual plant at the same time points.

We have previously shown that a synthetic community
(SynCom) composed of naturally occurring, highly abundant
bacteria from the sugarcane root and stalk core microbiomes
increased biomass and enhanced root system development of
early-stage maize (Zea mays L.) plants (de Souza et al.,, 2016;
Armanhi et al., 2018). Here, we investigated the impact of this
SynCom on the physiological behavior and yield of mature
maize plants under drought conditions. We developed an
automated and non-invasive real-time phenotyping platform to
evaluate both plant performance and physiological responses in a
one-to-one (plant-sensors) set up throughout the entire plant life
cycle. The continuous monitoring of individual plants produced
high-quality data and images with resolution sufficient to inspect
small variations in plant physiological parameters of biological
relevance. SynCom was found to modulate plant leaf temperature
(Tieqr) and water usage with significant differences among
plant genotypes. The results were discussed in the context of
expanding our comprehension of crop functional trait responses

for the mitigation of environmental stresses toward developing
microbiome technologies for agricultural sustainability.

MATERIALS AND METHODS

Plant Material, Experimental Conditions

and Inoculation

Seeds of the three commercial maize hybrids DKB177 PRO3
(Monsanto, Brazil), SX7341 VIP3 (Syngenta, Brazil), and
P3707VYH (DuPont Pioneer, Brazil) were purchased and stored
at 4°C prior to sowing. These hybrids were chosen because of
their high yield potential and for being locally adopted by farmers
when the experiment was set up. The experiments were installed
in a 90-m? netted greenhouse facility of the School of Agricultural
Engineering at the University of Campinas (22°49'11.94” S
47°3/40.96” W) under natural environmental conditions from
late August to mid-December 2018. The experimental period
was counted as days after sowing (DAS) starting on the day
seeds were sown (0 DAS) to plant harvesting (117 DAS). From
1 to 65 DAS, the photoperiod was extended until 8:00 pm
with halogen bulbs PAR38 100 W (FLC, Brazil) at a density
of 1 bulb m~2. Plants were grown in 18-L pots filled with a
commercial substrate (Biogrow, Brazil) modified to contain a 7:1
sphagnum:perlite mixture (Agrolink, Brazil). Pots were fertilized
with PG MIX 14-16-18 (Yara, Norway) and Osmocote 15-9-12
(ICL Specialty Fertilizers, Summerville, SC, United States) before
planting according to suppliers’ recommendations for maize.
Three seeds were sown per pot, but only the best developed
seedling was kept after 9 DAS. A total of 432 pots were
distributed along the greenhouse in a twin row experimental
design (Supplementary Figure 1) and irrigated once a day (at
8:20 am) with ~430 mL of water by an automated piped system
settled at 72 mL min~—! from 0 to 56 DAS and three times a day
(at 8:20 am, 10:20 am, and 6:20 pm) with the same volume of
water each time from 57 to 117 DAS. Plants were subjected to well
watering (WW) or drought stress (DS) conditions. WW-treated
plants received the full irrigation schedule during all experiments,
unless otherwise mentioned. On cloudy days, irrigation was
reduced to half the volume to avoid overwatering plants. DS-
treated plants received full irrigation until 49 DAS and were
then subjected to a 50% WW regime (50-52 DAS), followed by
25% WW (53-80 DAS). Plants were at the V10-V11 stage when
exposed to DS. Plants under DS were then rehydrated using the
full irrigation regime in the early evening at 80 DAS. Due to
occasional rain that increased air relative humidity (RH) to 100%,
irrigation was suspended from 61 to 65 DAS and reduced to half
from 88 to 108 DAS for all treatments. Plants used for time-lapse
imaging were grown under the same abovementioned conditions
and exposed to severe drought stress (SDS) (complete water
withdrawal from 50 to 84 DAS), with rehydration performed at
84 DAS until full recovery.

In this work, we used a SynCom assembled by mixing
naturally occurring, highly abundant bacterial strains from the
sugarcane root and stalk core microbiomes that were shown to
robustly colonize maize plants (de Souza et al., 2016; Armanhi
et al., 2018). As previously described, the SynCom was prepared
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by individually growing 17 community-based isolates from the
sugarcane Community-Based Culture Collection (CBC) in liquid
culture media to late exponential phase and pooled in equal
concentration based on optical density (OD) (Armanhi et al,
2018). Bacterial pellets were washed and resuspended in 0.1x
Hoagland’s solution to reach the final ODgyy nm of 0.6. Seeds
of the three commercial maize hybrids were soaked in SynCom
solution for 3 h prior to sowing. Uninoculated seeds were soaked
in sterile 0.1 x Hoagland’s solution. After planting, 1 mL of the
SynCom solution was pipetted over each seed in each individual
pot, while uninoculated seeds received the same volume of sterile
0.1x Hoagland’s solution.

The number of emerged seedlings was counted daily in every
pot from 3 to 7 DAS. In mature plants, days to anthesis and
to silking were considered at the first sign of shedding pollen
and extruding silks from the husk, respectively, as observed daily
from 70 to 86 DAS. Statistical analyses of seedling emergence
timing and reproductive stages of plants were performed by
unpaired t-test. The flowering time was registered for plants
with both anthesis and silking, and plants that lacked pollen
shedding (hidden tassel in the whorl or not extruded anthers)
or silk extrusion were considered flowerless. The effect of
SynCom inoculation on the total number of flowering plants was
considered significant when the number of flowering plants was
exceeded by 10% the number of flowerless plants.

Plant Sampling, DNA Extraction and 16S
rRNA Gene Sequencing for Microbial
Profiling

Microbial profiling was performed as previously described
(de Souza et al., 2016; Armanhi et al., 2018), with bacterial
communities associated with plant roots assessed through
16S profiling using roots sampled from 4 plants (biological
replications) per treatment harvested at stages V11-V12
(53 DAS). Plant roots were cleaned of soil excess by hand
shaking, then frozen in liquid nitrogen. Cryopreserved samples
were ground under cryogenic conditions in a stirred bead
mill. DNA of powdered samples was extracted, and V4 16S
regions were amplified. Libraries were sequenced in a MiSeq
sequencing platform using reagent kit v3 in a 2 x 300 run
(Ilumina, San Diego, CA, United States). Bacterial taxonomic
assignment was performed using the software SYNTAX (Edgar,
2016) and the SILVA v123 database (Quast et al, 2013).
Enrichment and depletion of microbial groups were assessed by
comparing the differential relative abundance of each operational
taxonomic unit (OTU) between microbial profiles of inoculated
and uninoculated with a Kruskal-Wallis test with P < 0.05. The
same test was performed to detect robustness of colonization
by comparing the abundance of SynCom OTUs in inoculated
and uninoculated plants using a data analysis pipeline previously
described (Armanhi et al., 2018).

Harvesting and Assessment of Plant

Traits
Apart from plants sampled for microbial profiling, the remaining
10 plants per treatment were harvested at maturity at 117 DAS.

For plant biomass estimation, the aerial parts of individual plants
and ears were dried at 65°C for 7 days. Kernels were manually
removed from the cob, counted and weighed. Yield per plant was
considered the weight of grains per plant. The harvest index (HI),
in %, was considered as follows:

mean grain yield

HI =
mean total aboveground biomass

where both mean grain yield and mean total aboveground
biomass are expressed in grams (Hiitsch and Schubert, 2018).
All collected data from individual inoculated and uninoculated
plants were evaluated for normality by the Shapiro-Wilk test
and for homogeneity of variances by Levene’s test. The statistical
significance of the phenotypic values was determined for all
parameters using a three-way ANOVA with the following factors:
genotype, irrigation regime, inoculation and all their possible
interactions. Mean values were compared when significant
factors or interactions were observed using Tukey’s test. Statistical
analyses were performed using RStudio v4.0.3 (RStudio Team,
2020) and the package “agricolae” (de Mendiburu, 2020).

Monitoring of Environmental Conditions
Environmental conditions were collected by four stations placed
along the greenhouse. Air temperature (°C) and RH (%)
were measured using DHT22 sensors (Adafruit, New York,
NY, United States), while light intensity was captured through
BH1750FVI sensors (Adafruit, New York, NY, United States)
(Supplementary Figures 2A,B). DHT22 was placed on fixed
stations 3 m above the ground, while BH1750FVI was placed on
moving platforms vertically adjusted at the same level as the plant
canopy (Supplementary Figure 2C). Light intensity was collected
in lux and converted to photosynthetically active radiation (PAR)
(wmol m~2 s~1!) using the correction factor of 0.0185x. Data
from environmental sensors were taken by each station every
15 min and stored in a data logger for further analyses. Vapor-
pressure deficit (VPD) (kPa) was determined for each data point
using the Arden-Buck equation (Buck, 1981), as follows:

RH 17.502xT
VPD = {1——) x 0.61121 X exp{ ————
100 240.97+T

where T is the air temperature (°C) and RH is the air relative
humidity (0-100%). In downstream analyses, data points of
all environmental variables were grouped every 30 min, and
average values were calculated considering data from all four
stations. Outliers were removed based on Tukey’s interquartile
range (IQR) method.

Monitoring of Plant Physiological

Parameters

Forty-eight plants were individually equipped with a set of
sensors for Tys, sap flow and soil water content (SWC). Data
were collected for all monitored plants every 5 min and stored
in individual data loggers prepared for each plant. Tj,s was
measured using a 10 K-ohm thermistor placed in the center
of a 2x2-cm squared 1-mm-thick cork. The sensor was placed
onto the abaxial surface of the 8th leaf of plants 15 cm from
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the leaf collar (Supplementary Figures 2D,E). Xylem sap flow
was measured following the heat dissipation method (Granier,
1987) (Supplementary Figure 2F). The water flow upward in
plant stalks was considered sap flow. SWC was measured through
capacitive soil moisture sensors v1.2 (Adafruit, New York, NY,
United States) (Supplementary Figure 2G). Data points from
each individual sensor type were further rounded every 30 min, in
accordance with the environmental data, with averages calculated
and outliers removed from the four biological replicates.

Connectivity, Data Retrieval, Automated
Image Capture and Time-Lapse Movie

Data from all environmental and physiological parameter sensors
were automatically collected by Arduino Uno boards (Arduino,
Italy) gathered in a Raspberry Pi 3 model B+ microcontroller
(Raspberry Pi Foundation, United Kingdom) using custom
scripts written in Python for data communication. Images were
automatically captured by custom scripts run in Raspberry Pi.
High-resolution RGB images were taken using a 20-MP digital
camera Coolpix $3700 (Nikon, Japan) every 10 min during all
experiments. The frequency of image capture was increased to
every 3 min during DS and every 2 min during plant recovery
to maximize the resolution of analysis during these periods. Two
cameras were simultaneously allocated to record images for the
time-lapse movie and the entire experimental setup. A time-
lapse movie was generated using the open-source multimedia
software FFmpeg'.

Data Analysis, Graphs and Figures

All data points collected from sensors were analyzed in a
processing pipeline written in Python v3.7.1 run in Jupyter
notebook v4.4.0 (Kluyver et al, 2016). Data management and
mathematical functions were performed using Pandas v0.23.4
(McKinney and Sheaffer-Jones, 2010), NumPy v1.15.4 (van der
Walt et al., 2011), and SciPy v1.1.0 (Jones et al., 2001) libraries.
Figures 3-5, and Supplementary Figures 6A, 7A-C, 8-10 were
prepared using the Matplotlib v3.0.2 (Hunter, 2007) library.
Figures 2, 6A,B, and Supplementary Figures 4, 5, 11 were drawn
in GraphPad Prism v8.2.0 (GraphPad Software, San Diego, CA,
United States)*. All figures were prepared with the effective use of
colors to help people with low visual acuity or color blindness.

RESULTS

Time-Lapse Imaging Records
Differences in Plant Behavior Induced by
Synthetic Community Inoculation in
Commercial Maize Hybrids Under Severe
Drought

A SynCom assembled with bacterial strains highly abundant in
sugarcane root and stalk core microbiomes was previously shown
to robustly colonize plant organs, improve root architecture and

"http://www.ffmpeg.org

2www.graphpad.com

increase the biomass of young maize plants (Armanhi et al., 2018;
de Souza et al, 2019). Here, we asked whether this SynCom
also elicits drought tolerance in mature maize plants. For this
purpose, we set an experiment to evaluate whether there were
differences between SynCom-inoculated and uninoculated plants
under SDS. Three commercial maize hybrids (DKB177, SX7341,
and P3707VYH) were grown under a regular watering regime
until 50 DAS, from which they were subjected to complete water
withdrawal for 34 days, followed by rehydration. To closely
observe the response of each hybrid, plants were monitored by
high-resolution RGB imaging every 3 min during SDS and every
2 min during rehydration (Supplementary Movie 1).

All plants, inoculated or not, displayed leaf rolling and
unrolling in response to daily temperature and RH changes.
After 26 days of SDS (76 DAS), leaf rolling movements
increased in frequency, and leaves were maintained permanently
rolled inward for SX7341 and P3707VYH (Supplementary
Figures 3A,B). After 28 days of SDS (78 DAS), all hybrids
exhibited strong signals of stress characterized by leaf bending,
a symptom that intensified over the following days (Figure 1A
and Supplementary Figure 3C).

In general, under SDS, the stalks of uninoculated plants
bent before those of inoculated plants. The uninoculated
P3707VYH plants displayed the first bending response, starting
after 30 days of SDS (80 DAS) and being completely bent
at 81 DAS (Figure 1B and Supplementary Figure 3D). The
stalks of the uninoculated DKB177 and SX7341 plants were
completely bent by 83 DAS (Figure 1C and Supplementary
Figures 3E,F). SynCom inoculation delayed stalk bending in
P3707VYH by 1 day (Supplementary Figure 3D). Interestingly,
the inoculated SX7341 plants did not show a clear difference in
the timing of stalk bending when compared with uninoculated
plants, although the effect of SDS was less severe in SynCom-
inoculated plants (Figure 1C and Supplementary Figure 3F).
At later stages of SDS treatment (34 days of SDS; 84 DAS),
all uninoculated plants bent as a response to turgor loss
due to severe water deficit. The inoculated P3707VYH plants
completely bent at 34 days of SDS, while the inoculated SX7341
plants partially bent. Interestingly, the inoculated DKB177 plants
did not bend even at the most severe stage of water deficit
(Supplementary Figure 3G).

After rewatering at 84 DAS, the inoculated SX7341 plants
immediately recovered and straightened out, an effect only
observed 1 day later for their uninoculated counterpart.
Similar behavior was found for the P3707VYH plants, although
inoculated plants were only completely recovered from bending
2 days after rewatering (86 DAS). Nevertheless, uninoculated
SX7341 and P3707VYH plants were unable to completely recover
upon rehydration, as their stalks remained partially bent. The
hybrid DKB177 was the most responsive to inoculation. Despite
the fact that the leaves of both inoculated and uninoculated
DKB177 plants remained greener and unrolled, rehydration
had no effect on recovering the turgor of the uninoculated
plants. In contrast, the inoculated DKB177 plants remained
completely straightened during SDS and recovery (Figure 1D and
Supplementary Figure 3H). The effect of SDS and recovery upon
rehydration can be seen in the time-lapse video recorded from
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FIGURE 1 | A SynCom containing beneficial microbes induces a physiological response against DS in three commercial maize hybrids. (A) Plants kept in SDS for
29 days (79 DAS) had their leaves rolled inward, and older leaves fell for all hybrids, regardless of whether they were inoculated. (B) P3707VYH was the less tolerant
hybrid in the absence of SynCom, completely bent after 31 days of SDS (81 DAS), in contrast to the inoculated hybrid (white arrow). (C) Uninoculated DKB177 and
SX7341 were completely bent (83 DAS), as shown by the white arrows. In the presence of SynCom, plants were maintained in a straight position (DKB177) and
partially or completely bent (SX7341 and P3707VYH, respectively), as shown by the black arrows. (D) Inoculated plants (SX7341 and particularly P3707VYH)
straightened 2 days after rewatering (86 DAS; black arrows), while uninoculated plants were not capable of completely recovering their structure (white arrows).
Detailed results are shown in Supplementary Figure 3 and Supplementary Movie 1. WW, well watering; DS, drought stress; DAS, days after sowing; SDS,

severe drought stress.

60 80

100 115

Uninoculated  Inoculated  Uninoculated  Inoculated  Uninoculated  Inoculated
DKB177 SX7341 P3707VYH

the late stage of water restriction until complete recovery after
rewatering (Supplementary Movie 1).

Synthetic Community Inoculation
Reduces the Yield Loss of Commercial
Maize Hybrids Under Drought Stress

To better understand the mechanisms underlying plant growth
promotion and abiotic stress tolerance induced by SynCom
inoculation, we designed a second experiment to dissect the
physiological parameters, yield components and colonization
patterns of maize hybrids under DS (Supplementary Figure 1).
The plants subjected to DS were well watered until 50 DAS, from
which they were subjected to a reduced irrigation regime until
80 DAS. We intentionally applied DS in early reproductive stages
when plants were most susceptible to drought.

Overall, the germination rate was not affected by SynCom
inoculation, except for DKB177, which showed a slight

reduction in the number of emerged seedlings per pot.
Among all three hybrids, only SX7341 presented uniformity in
seedling emergence whether inoculated or not. Particularly for
P3707VYH, SynCom inoculation delayed seedling emergence
without reducing the total number of emerged seedlings
(Supplementary Figures 4A-C). The anthesis occurred from 70
to 86 DAS. Both anthesis and silking were delayed by DS, with
inoculation having no significant effect on synchrony between
flowering times. Pollen shedding started at 70-76 DAS under
WW and 80-85 DAS under DS conditions, with an average
delay of 9 days regardless of inoculation. DS-treated plants also
delayed silking by 8 days, on average, with silks extruded from
71 to 78 and 81 to 86 DAS for WW- and DS-treated plants,
respectively (Supplementary Figures 4D,E). No significant
differences in anthesis-silking interval (ASI) between inoculated
and uninoculated plants were observed. Although few plants did
not shed pollen or did not extrude silks, these characteristics were
not influenced by SynCom inoculation under WW conditions.
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FIGURE 2 | Synthetic community (SynCom) inoculation reduces the yield loss of commercial maize hybrids under DS. During DS, inoculated DKB177 and
P3707VYH plants displayed higher (A) yield per plant (3.93x and 3.45x, respectively), (B) number of kernels per plant (3.87 x and 3.85x, in that same order) and
(C) number of kernel rows per ear (42 and 59%, respectively) under DS. Additional yield results are shown in Supplementary Figure 5. Values expressed as the
mean + SD. n > 7 plants per treatment. WW, well watering; DS, drought stress; SD, standard deviation. **P < 0.01 and ***P < 0.001.

Drought stress (DS)

Il Uninoculated
™ Inoculated

SX7341 P3707VYH

However, the percentage of plants flowering during DS increased,
for inoculated DKB177 at anthesis, which grew from 59 to 80%,
and at silking, which grew from 61 to 86%. This behavior was also
observed for P3707VYH at silking, which grew from 60 to 75%
when inoculated (Supplementary Figure 4F).

As expected, DS significantly reduced all yield components
and aerial biomass accumulation. Differences in genotypes
and in genotype x inoculum were observed for many yield
components, showing specific and different responses from
hybrids due to SynCom inoculation (Supplementary Table 1).
SynCom inoculation significantly reduced yield loss caused by
DS. Under DS, SynCom-inoculated DKB177 yielded an average
of 38.7 g of seeds per plant compared to 9.8 g per plant for
the uninoculated counterpart (Figure 2A). Similarly, under DS,
the inoculated P3707VYH produced 42.7 g per plant compared
to 12.4 g of seeds per uninoculated plant (Figure 2A). Other
yield components, such as the number of kernels per plant
and the number of rows per ear, were significantly higher
under DS for inoculated DKB177 and P3707VYH plants than
uninoculated plants. In contrast, no significant differences in
yield parameters between inoculated and uninoculated plants

were observed for DS-treated SX7341 (Figures 2B,C). DS-
treated inoculated DKB177 and P3707VYH plants also showed
64 and 54% increases in ear diameter, respectively, compared
with uninoculated plants. A tendency of increase, although
not statistically significant, in ear diameter under DS was also
observed for inoculated SX7341 (Supplementary Figure 5A).
We also observed a significant increase of 35 and 36% in the
ear length of DS-treated inoculated DKB177 and P3707VYH,
respectively (Supplementary Figure 5B). Notably, among WW-
treated plants, there was no significant impact of SynCom
inoculation, except for SX7341, in which SynCom inoculation
led to an 18% reduction in the number of kernel rows per
ear (Figure 2C). Overall, there was no significant difference
in the aerial biomass of mature inoculated and uninoculated
plants regardless of watering regime, although aerial biomass
tended to be higher in WW- and lower in DS-treated inoculated
plants (Supplementary Figure 5C). The HI was higher in
inoculated DKB177 and P3707VYH under both watering
regimes. Particularly under DS, the HI was 4 and 3.2 times higher
for inoculated DKB177 and P3707VYH, respectively, than for
uninoculated plants (Supplementary Table 2).
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background highlights period of DS treatment. Data points were missing from 12 to 25 DAS due to an unexpected disruption of the automated measuring routine.
DAS, days after sowing; RH, air relative humidity; VPD, vapor-pressure deficit; PAR, photosynthetically active radiation; DS, drought stress.
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Daily Changes in Environmental
Parameters Directly Impact Plant
Physiology

A non-invasive real-time phenotyping platform was developed to
investigate parameters affecting the plant physiological response
to DS when inoculated with SynCom. To ensure a complete and
accurate analysis, the platform also enabled close monitoring of
the environmental factors over time. During the experimental
period, the average daily air temperature in the greenhouse
ranged from 16.4 to 34.5°C. Particularly during the DS treatment,
plants faced thermal amplitudes reaching 27.7°C and a maximum
air temperature peak of 45.4°C at 52 DAS. During DS, the
RH reached a minimum of 35% during the day period (6:00
am to 6:00 pm) (Figures 3A,B). Additionally, the VPD was
lower during DS, with daily averages of <0.01-2.6 kPa during
the day period, which intensified the DS impact (Figure 3C).
Concerning light intensity, the maximum peak of PAR of

400.5 pmol m~2 s~! was observed at 53 DAS at 12:00 pm at the
beginning of DS treatment (Figure 3D).

Imaging records of plant behavior throughout the experiment
revealed a constant response of plants to daily environmental
variations. The air temperature, for instance, is directly correlated
with the canopy structure. As air temperature increases, leaf
rolling becomes proportionally more evident, especially on
top leaves, which are generally most affected. At 52 DAS,
for example, when plants were at the V11-V12 stage, this
effect was observed from 8:00 am until 12:00 pm, when the
air temperature increased from 21.4 to 36.2°C. Leaf rolling
reached a maximum at 1:00 pm when the air temperature was
45.4°C (Supplementary Figures 6A-E). As the air temperature
decreased in the afternoon, the leaves started to unroll
(Supplementary Figures 6A,F,G). We next evaluated whether
there was a correlation between air temperature, RH and PAR and
the magnitude of the plant response. To this end, we monitored
three sequential days (47-49 DAS) that displayed distinct air

Frontiers in Microbiology | www.frontiersin.org

October 2021 | Volume 12 | Article 747541


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Armanhi et al.

SynCom Modulates Plant Drought Response

—— Air temperature
——— Tiear DKB177 uninoculated
——— Tieaf DKB177 inoculated

° 103 104 105 106 107 108 109
Days after sowing (DAS)
B 284 C 44
I Inoculated
I Uninoculated

106 DAS
Tieaf DKB177 uninoculated
Tieat DKB177 inoculated
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(B) Tjeqr Of uninoculated plants reaches a peak of 3.23°C higher at 106 DAS (inset from panel A). (C) The difference between Tjg,¢ of inoculated and uninoculated
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analyzed period. Tjeqr, leaf temperature; AT, difference of Tjezf; @au, arbitrary area units; DAS, days after sowing.
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temperature amplitudes, RH and PAR. At 1:45 pm at 47 DAS,
when the air temperature peaked at 45°C, RH was 64% and PAR
was 321.7 pmol m~2 s~1, almost all plants tended to display
more leaves rolled inward than unrolled leaves. On that day,
the amplitude of air temperature reached 26°C (Supplementary
Figures 7A-E). In contrast, the leaf surface area was restored
for the majority of plants at 48 DAS at 2:00 pm, when the
peak air temperature reached 28.6°C, with a smaller thermal
amplitude of 9.6°C. At that moment, the RH was 81.1%, and
the PAR was 147.9 pmol m~2 s~ ! (Supplementary Figures 7A-
C,EG). An intermediate air temperature peak was observed
at 12:30 pm at 49 DAS, reaching 39.4°C in a day when the
amplitude of the air temperature was 21°C. Combined with a
lower RH of 52.1% and reduced PAR of 105.3 wmol m~2 s~ !,
plants had, on average, an intermediate phenotype of leaf rolling
(Supplementary Figures 7A-C,H,I).

Synthetic Community Inoculation
Decreases DKB177 Leaf Temperature

During Maximum Daily Air Temperature

Given that SynCom affected plant and canopy behavior under
DS, we investigated whether the inoculation could modify plant
physiological responses. Plants were monitored throughout the

DS period using a set of sensors to capture Tjey, sap flow, and
SWC every 5 min, composing a robust data series.

We first evaluated the DKB177 hybrid, which exhibited
the most prominent response to SynCom inoculation. The
monitoring results shows that the Ty, of DKB177 was
significantly lower in SynCom-inoculated plants under WW
conditions. For example, during the 103-109 DAS period,
the difference in T, between uninoculated and inoculated
plants (ATjyyf) reached values of up to 3.2°C (Figures 4A,B).
This difference was particularly evident in periods where VPD
exceeded 2 kPa (Supplementary Figure 8A, subpanels i-iv),
when high fluctuation of VPD had a strong effect on plant
temperature control. During 96-115 DAS, for instance, a total
of 763 (79.5%) AT, peaks, out of 960, were found to be
statistically significant. During this period, the integral area
of the ATy, peaks in which uninoculated plants displayed
higher T}, accounted for 564 arbitrary area units (aau) versus
no area of inoculated plants (Figure 4C and Supplementary
Figures 8A,B). We also analyzed the pattern of Ty, of the other
two hybrids (Supplementary Figures 8C,D). During the entire
experiment, WW-treated inoculated P3707VYH also displayed
lower Tje, than uninoculated plants, on average (68 against
195 aau, respectively) (Supplementary Figure 8D). Curiously,
although the average T, of inoculated SX7341, in general,
tended to be higher (313 against 234 aau for inoculated and
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uninoculated, respectively), during days when VPD was >2 kPa,
uninoculated plants displayed higher Tj,f, with peaks of ATj,r
summing to 16, 15, 27, and 171 against 30, 2, 4, and 39 aau for
SynCom-inoculated plants (Supplementary Figures 8A,C).

An interesting response to SynCom was found for the S$X7341
plants. In contrast to that observed for WW-treated DKB177,
in which Ty, differences between inoculated and uninoculated
plants were observed throughout the whole day, major
differences in Ty, for WW-treated inoculated SX7341 plants
were observed at the air temperature peaks, suggesting a delayed
Tieqf increase phenomenon (Supplementary Figures 9A,B). For
example, from 95 to 114 DAS, at the air temperature peaks,
the Tjeqr of uninoculated plants was, in general, higher than
the T of the inoculated plants. The integrated areas of Tyeqr
differences (ATjyy) that were statistically significant summed
to 164 and 46 aau for uninoculated and inoculated plants,
respectively (Supplementary Figure 9B). However, inspections
into subperiods revealed that the majority of peaks when the T,y
of uninoculated plants were higher than the Ty, of inoculated
plants occurred from 9:00 am to 12:00 pm (Supplementary
Figure 9C), while late peaks when the Ty, of inoculated plants
was higher than the T4 of uninoculated plants were mostly
observed from 12:00 pm to 3:00 pm (Supplementary Figure 9D).

At the late stages of DS treatment (22-29 days of DS; 72-
79 DAS), the integrated ATj, areas among inoculated and
uninoculated plants revealed that SynCom increased the Ty
of all hybrids. During an 8-day period immediately before
rehydration, the statistically significant differences in Tjr
summed to 69 against 3 aau for inoculated and uninoculated
DKB177 (Supplementary Figure 10A), 53 aau against no area
for SX7341 (Supplementary Figure 10B) and 48 against 4 aau
for P3707VYH (Supplementary Figure 10C). The analysis of
SWC revealed that plants presented significant differences in
soil moisture when comparing WW and DS conditions for each
hybrid (Supplementary Figures 10D-F).

Synthetic Community Differentially
Modulates Sap Flow at Well Watering

and Drought Stress Conditions

The effect of SynCom inoculation on Ty led us to hypothesize
whether inoculation treatment influenced plant water usage.
We monitored the sap flow of plants 3 days before (late DS
stages) and 3 days after rehydration initiation, periods in which
variations in water usage should be mostly contrasting between
treatments. The analysis of sap flow considered a period between
10:00 am and 4:00 pm, when plant transpiration was maximal
due to the high VPD (Figure 5A). Under WW, inoculated
DKB177 showed a sap flow 1.7-2.2 times higher than that of the
uninoculated plants, consistent with the lower Ty, observed
for these plants. The most pronounced difference was found
at 77 DAS when the sap flow was 2.2 and 5 g HO h™! for
uninoculated and inoculated plants, respectively (Figure 5B).
On the other hand, under DS, inoculated DKB177 displayed
reduced sap flow compared to the uninoculated plants, which
might be related to the fact that these plants did not loss turgor
and did not bend under SDS (Figure 1C and Supplementary
Figures 3E,G). In the first 3 days after rehydration (81-83 DAS),

the sap flow of inoculated DKB177 was 20.7-25.9% lower
(23-4 g H,O h7!) than that of uninoculated plants
(3.1-5.3gH,Oh™!) (Figure 5C). During the 6-day window
of DS/rehydration, SX7341 presented an undefined pattern of
sap flow for inoculated and uninoculated plants under WW
conditions (Figure 5D). The same lack of pattern was observed
under DS and rehydration. At late stages of DS (79 DAS),
inoculated SX7341 plants had a significant increase in sap
flow compared to uninoculated plants (13 versus 9.6 g H,O
h~!, respectively), a pattern that was also observed on the
day immediately after rehydration (81 DAS), with 6.9 versus
4.6 g H;O h™! sap flow for inoculated and uninoculated
plants, respectively (Figure 5E). WW-treated inoculated
P3707VYH consistently decreased the sap flow by 15-39.7%
compared to uninoculated plants. The most pronounced
effect of SynCom inoculation was found at 78 DAS, with a
sap flow of 3.2 against 5.3 g H,O h™! for inoculated and
uninoculated plants, respectively (Figure 5F). Remarkably, a
clear shift was found during the 3 days following rehydration
(81-83 DAS). The inoculated P3707VYH plants increased sap
flow by 2.2-2.6 times compared to the uninoculated plants.
On average, the sap flow of the uninoculated plants was
1.8-2.8 g H,O h™! compared to 4-7.1 g HO h™! of the
inoculated plants (Figure 5G), which is consistent with
the observation that inoculated P3707VYH presented a
faster recovery than the uninoculated plants (Figure 1D and
Supplementary Figure 3H).

Members of Synthetic Community
Robustly Colonize Maize Plants and

Reshape Resident Microbiota

We also asked if the impact of inoculation on plant physiology
were correlated with colonization by SynCom members.
To address this question, we profiled the root microbiome
of inoculated and uninoculated plants through 16S rRNA
amplicon sequencing. Differences in the bacterial community
structure assemblages were first analyzed using principal
coordinates analysis (PCoA) of the Bray-Curtis dissimilarity
matrix. Inoculated and uninoculated plants clustered separately
(ANOSIM; R = 0.135; P = 0.003), indicating that inoculation
modified microbial community assemblage in plant roots. No
significant difference was observed in community composition
between WW- and DS-treated plants (Figure 6A). OTUs
representative of SynCom members accounted for 9.3, 11.8, and
9.9% of inoculated DKB177, SX7341, and P3707VYH under
WW and 11.7, 9, and 9.6% under DS, respectively (Figure 6B).
SynCom-associated OTUs were then individually evaluated for
their relative abundance. In total, 23 OTUs were assigned to
17 SynCom community-based isolates: Agrobacterium sp. E09,
Asticcacaulis sp. F02, Burkholderia sp. A10, Dyella sp. G12, Ensifer
sp. B04, Enterobacter sp. B02, Lysobacter sp. A02, Microbacterium
sp. C05, Pantoea sp. B02/C12, Pedobacter sp. A01, Sphingomonas
sp. D05, Stenotrophomonas sp. E09, Streptomyces sp. GO1,
unknown Bradyrhizobiaceae C05, unknown Xanthomonadaceae
B08, unknown Xanthomonadaceae G08, and Variovorax sp. F04
(Figure 6C). From the assigned OTUs, 14 OTUs were considered
robust colonizers for at least one hybrid at WW, while 16 OTUs
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FIGURE 6 | Members of SynCom robustly colonize different maize hybrids. (A) PCoA of the Bray—-Curtis dissimilarity matrix of inoculated and uninoculated plants.
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abundance of community-based isolates in SynCom in WW- and DS-treated inoculated and uninoculated maize hybrids. OTUs of community-based isolates

identified as robust colonizers are individually highlighted in Supplementary Table 3. Values expressed as the mean + SD. PCoA, principal coordinates analysis;

were found in the same category under DS. Among these, only
two, Agrobacterium sp. E09 and Enterobacter sp. B02, were
exclusively found as robust colonizers in at least one hybrid
in DS-treated plants but not in plants under WW. Overall,
OTUs were classified as non-robust colonizers when considering
all hybrids and treatments. Among robust colonizer groups,
Ensifer sp. B04 was the most efficient colonizer, comprising
0.78—0.86% and 0.72—0.87% of the relative abundance among
the three hybrids in WW- and DS-treated plants, respectively.
Variovorax sp. F04 and Streptomyces sp. GOl colonized all
hybrids at 0.41-0.49% and 0.37—0.49% (under WW) and
0.42—0.46% and 0.31—0.51% (under DS), respectively (Figure 6C
and Supplementary Table 3). Among 17,437 identified OTUs
belonging to resident plant microbiota (apart from those
belonging to SynCom), 632 displayed a significant shift in
inoculated compared to uninoculated plants for both WW-
and DS-treated plants, indicating that members of resident

microbiota were enriched or depleted in SynCom-inoculated
plants (Supplementary Figure 11). Overall, these results indicate
that SynCom members efficiently colonize plant root systems,
displaced naturally occurring microbes and recruit groups that
may help boost the inoculation impact.

DISCUSSION

A Synthetic Community That Mitigates

Drought Stress in Maize

Under water restriction, decreased photosynthesis, stomatal
conductance and CO; assimilation result in reduced yield
(Chaves et al, 2003). To cope with DS, plants activate
several protective mechanisms, including associations with
beneficial microorganisms that help plants survive unfavorable
circumstances. However, exploring the benefits and functions
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of the plant microbiota is still technically challenging given the
diversity and complexity of microbial communities. A promising
approach is the use of SynComs, which are consortia of
microorganisms that mimic, to some extent, the observed
structure of the plant microbiome under natural conditions
(Vorholt et al., 2017). Multiple SynComs have been recently
investigated for playing important roles in terms of mitigation
of different plant stresses, such as protection against pathogens
in maize (Niu et al., 2017), more efficient nitrogen fixation in
rice (Zhang et al., 2019) and enhanced phosphate starvation
responses in Arabidopsis (Castrillo et al., 2017). In this work,
we evaluated the influence of a SynCom composed of microbes
from the sugarcane core microbiome (de Souza et al., 2016, 2019;
Armanhi et al., 2018) in three commercial maize hybrids grown
to maturity under drought.

Abiotic stresses are known to affect an array of physiological
and molecular processes, including stomatal closure, in an
attempt to prevent turgor loss (Mahajan and Tuteja, 2005). In
this work, leaf rolling, a sensitive indicator of water restriction in
maize (Song et al., 2018), was the most premature visual response
of all plants subjected to drought. Under SDS, the uninoculated
plants of the three maize hybrids were severely affected, resulting
in plant bending, a well-known response indicating cell turgor
loss. In contrast, SynCom-inoculated maize hybrids retained
turgor, either partially or permanently. In DKB177, for instance,
SynCom inoculation induced physiological mechanisms that
prevented plant bending even in late stages of SDS. Meanwhile,
a faster recovery after rehydration, a critical process associated
with drought tolerance in maize, was observed for P3707VYH.

The benefit of microbe-inoculated plants subjected to DS
has been reported for plant biomass and yield (Rubin et al,
2017). Here, we show that SynCom inoculation reduced the yield
loss of maize hybrids under DS, indicating that these microbes
play a significant role when plant homeostasis is perturbed, as
in regular conditions plants expressed their maximum genetic
potential. Under stressful conditions, plants are known to recruit
sets of microbes with abilities to mitigate specific detrimental
effects (Naylor et al., 2017; Beirinckx et al., 2020). We observed a
higher yield of inoculated DKB177 and P3707VYH hybrids under
DS, with a tendency toward reduction in aerial biomass and
increased HI. This may be due to the remobilization of assimilates
from straw to the grains through specific hormonal regulation
and enzymatic activities when plants face DS in reproductive
stages, as observed for other crops (Plaut et al.,, 2004), which
is supported by increased HI in inoculated plants. Although
SynCom inoculation did not mitigate DS impact in terms of
flowering time, it reduced the number of plants lacking pollen
shed for DKB177 and silk extrusion for both DKB177 and
P3707VYH, which is consistent with increased yield in inoculated
plants. The higher yield of inoculated plants may indicate carbon
mobilization after fertilization by reducing carbon limitation to
early kernel development (Oury et al., 2016).

Adverse environmental conditions, plant-microbe inter-
actions and the plant genetic background can collectively
contribute to seedling emergence. Upon inoculation, we
observed reduced seedling emergence for DKB177 and more
uneven seedling emergence for both DKB177 and P3707VYH.

Although uneven seedling emergence negatively impacts grain
yield and the HI of maize (Liu et al., 2004), we observed no direct
correlation with plant yield. The reduced number of seedlings
may be explained by the high density of inoculated bacteria
at the beginning of seed germination, given that seedlings
are a vulnerable stage in plant development (Nelson, 2018).
Additionally, at early germination stages, the high density of
microbes may compete for the available nutrients in the soil
(Kozdroj et al., 2004; Zakeel and Safeena, 2019). Since hybrids
were differentially affected by SynCom inoculation, it is more
likely that plant genetic background and plant-SynCom crosstalk
might have been involved.

Synthetic Community Differentially

Impacts Maize Hybrids by Modulating

Leaf Temperature Control and Water
Usage Optimization

An existing hurdle to plant phenotyping relies on the lack
of appropriate instruments capable of non-invasive and real-
time plant behavior assessments. Destructive methods for plant
phenotyping are often used but may not be operationally
desirable, as they require an exponential number of samples.
In addition to manual instruments conventionally employed,
most platforms for plant phenotyping are mainly based on either
sensor-to-plant (De Diego et al.,, 2017) or plant-to-sensor setups
(Fahlgren et al., 2015), in which automated systems harboring
cameras/sensors or plants routinely move along a platform.
However, as plant growth is a dynamic process, the majority of
phenotyping platforms may be restricted to a limited number
of data points and specific timepoints (Halperin et al., 2017;
Rouphael et al., 2018). In this work, the real-time monitoring
of individual plants allowed the establishment of a one-to-one
(plant-sensor) setup and assured that even small variations in
plant physiology along a single day period were detected. Over
time, the environmental and physiological high-resolution data
allowed us to record instant plant responses to small daily
environmental perturbations in detail.

The results presented in this work revealed that SynCom
inoculation directly influenced Ty, under environmental
conditions fluctuations. Under DS, the reduction in transpiration
typically induces higher canopy temperatures as a consequence of
changes in stomatal conductance. The variability in Ty, has been
traditionally applied as an indicator of DS symptoms (Gonzalez-
Dugo et al, 2006). We surprisingly observed that SynCom-
inoculated plants of the DKB177 hybrid displayed decreased T,y
under WW conditions. This physiological behavior would be
advantageous for plants, especially because elevated temperatures
cause a reduction in enzyme activities, such as RuBisCO, and
impact plant growth (Crafts-Brandner and Salvucci, 2002). We
also observed a temporally segmented response of Tear for
the SynCom-inoculated SX7341 hybrid that showed better Tjeqr
control at the beginning of the daily air temperature increase,
suggesting that SynCom may contribute to plant primary
mechanisms associated with a given environmental disturbance.
To our knowledge, this is the first study to describe such plant
physiological attributes induced by microbes.
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Given that plant transpiration is directly affected by stomatal
aperture, sap flow is often used to monitor plant water status.
Particularly under DS, xylem sap transports signaling molecules
from roots to shoots that signal to reduce plant growth and
transpiration (Alvarez et al., 2008). The observation that the
sap flow of inoculated DKB177 under WW was significantly
higher than that in uninoculated plants correlates with the
observed reduced Tj,,r. However, under DS, the opposite effect
is shown, as SynCom inoculation did not reduce Tj.y, which is
correlated with a significant reduction in sap flow, particularly for
DKB177 and P3707VYH plants. Interestingly, the three different
maize hybrids presented distinct physiological behavior during
recovery from DS, whether maintaining reduced sap flow in
stalks (DKB177) or displaying a significant shift in sap flow
and recovery capability upon rehydration (P3707VYH). Despite
not being evaluated, increased root branching is expected for
SynCom-inoculated plants since more developed root systems
as a whole were observed for inoculated early stage maize
plants (Armanhi et al., 2018). The optimization of water usage
and cell turgor maintenance might be associated with osmolyte
production induced by SynCom inoculation, a function that
should be highly dependent on the genetic background of the
three distinct maize hybrids.

In the present study, no significant differences were found
between WW and DS concerning the colonization robustness
of SynCom members of inoculated plants. Nevertheless, we
found that the majority of SynCom members robustly colonized
the roots of inoculated plants, consistent with our previous
results (Armanhi et al, 2018; de Souza et al, 2019). The
SynCom members Agrobacterium sp. E09, Burkholderia sp.
A10, Ensifer sp. B04, Lysobacter sp. A02, Pedobacter sp.
A01, Stenotrophomonas sp. E09, Streptomyces sp. GOl and
Variovorax sp. F04 were most prevalent and may have been
responsible for the beneficial impact on maize hybrids under
DS. Curiously, the SynCom members Enterobacter sp. B02,
Pantoea sp. B02/C12, unknown Xanthomonadaceae B08 and
unknown Xanthomonadaceae G08, previously found to be non-
robust colonizers in early stage maize plants (Armanhi et al,
2018; de Souza et al., 2019), displayed robust colonization in
mature plants, suggesting a functional role at the late stages of
plant development.

Several bacterial traits associated with DS tolerance in
plants have been proposed. For example, the production of
exopolysaccharides (EPS) by EPS-producing bacteria was shown
to increase the leaf relative water content of maize, thus
improving plant fitness under DS (Naseem and Bano, 2014).
Bacterial groups present in the SynCom are enriched in genes
related to EPS production (de Souza et al., 2019). Many other
SynCom-encoded traits related to plant water usage, such as
the production of osmolytes that sustain higher tissue water
potential, may also contribute to plant DS tolerance. Plant
osmolytes are known to increase water influx in cells, thus
playing roles in cell turgor maintenance (Bartels and Sunkar,
2005). We hypothesize that members of the SynCom may also
stimulate plant osmolyte production for their own benefit, as
they are enriched in ABC-type transporters for proline, glycine
betaine, sugars, and amino acids, among other compounds
(de Souza et al., 2019).

The microbial root profiling of the three hybrids revealed
a shift in the soil/seed-borne microbial composition of
SynCom-inoculated plants, suggesting reshaping of the natural
microbiota. Although the view of a functional plant-microbiome
bond is more parsimonious regardless of microbial taxonomic
affiliation, taxonomy still may provide preliminary clues for
the role of beneficial microbes in plant development and
response to environmental perturbations. Microbial groups
in the Proteobacteria phylum, for instance, were enriched in
all inoculated plants of the three hybrids, particularly families
already described as harboring plant beneficial microbes, such as
Bradyrhizobiaceae (Shaharoona et al., 2006), Burkholderiaceae
(Stoyanova et al., 2007), Caulobacteraceae (Pepe et al., 2013),
Comamonadaceae (Belimov et al., 2005), and Phyllobacteriaceae
(Wani et al, 2007). Thus, our findings suggest that SynCom
inoculation recruits and enriches such beneficial microbial
groups naturally found in low abundance in the plant/soil
microbiota. This recruitment may have helped to sustain plant
homeostasis under stressful DS conditions.

CONCLUSION

The beneficial impact of SynCom inoculation on the plant
physiological parameters of commercial maize hybrids subjected
to DS was monitored in real time. Detailed information on
physiological behavior during the developmental process and in
response to DS was made possible by continuous monitoring
using a non-invasive phenotyping platform comprised of
sensors at the individual plant level and high-quality imaging.
Inoculation with SynCom increased drought tolerance and
reduced yield loss. The collected dataset provided significant
evidence that SynCom inoculation modulates plant T, and
optimizes water usage. Colonization profiling revealed that
members of SynCom robustly colonized plant roots and recruited
beneficial soil/seed-borne bacterial members, thus increasing
plant resilience to DS. Our findings suggest that although the
molecular mechanisms of plant-SynCom interactions remain to
be elucidated, a better comprehension of crop functional trait
responses to drought can provide evidence of their potential to
enhance plant performance.
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disturbance, and shifts in microbial community composition, structure and functions
are expected when soil conditions are altered due to flooding events (e.g., anoxia, pH
alteration, changes in nutrient concentration). Here, we established a pot experiment
to determine the effects of flooding stress on the spring wheat-microbiota complex.
Since plant phenology could be an important factor in the response to hydrological
stress, flooding was induced only once and at different plant growth stages (PGSs),
such as tillering, booting and flowering. After each flooding event, we measured in the
control and flooded pots several edaphic and plant properties and characterized the
bacterial community associated to the rhizosphere and roots of wheat plant using a
metabarcoding approach. In our study, flooding caused a significant reduction in plant
development and we observed dramatic shifts in bacterial community composition at
each PGS in which the hydrological stress was induced. However, a more pronounced
disruption in community assembly was always shown in younger plants. Generally,
flooding caused a (i) significant increase of bacterial taxa with anaerobic respiratory
capabilities, such as members of Firmicutes and Desulfobacterota, (i) a significant
reduction in Actinobacteria and Proteobacteria, (i) depletion of several putative plant-
beneficial taxa, and (iv) increases of the abundance of potential detrimental bacteria.
These significant differences in community composition between flooded and control
samples were correlated with changes in soil conditions and plant properties caused
by the hydrological stress, with pH and total N as the soil, and S, Na, Mn, and Ca
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concentrations as the root properties most influencing microbial assemblage in the
wheat mircobiota under flooding stress. Collectively, our findings demonstrated the role
of flooding on restructuring the spring wheat microbiota, and highlighted the detrimental
effect of this hydrological stress on plant fitness and performance.

Keywords: plant-microbe interactions, flooding, metabarcoding, bacteria, spring wheat, plant traits

INTRODUCTION

Climate change has increased the frequency and magnitude of
extreme weather events such as drought, floods, heat waves
and wildfires (Cox et al., 2002; Cook et al., 2018; Di Virgilio
et al., 2019). These extreme weather events significantly impact
on plants and soil biota and, in turn, they affect global
biogeochemical cycling and ecosystem services, such as crop
plant productivity in farming systems (Schroter et al., 2005;
Vanbergen, 2013). It has been predicted that an increased
number of incidences of extreme precipitation events will be
a result of global warming, which will lead to an increased
flooding frequency (Bevacqua et al., 2019; Konapala et al,
2020). Crop fitness and productivity are negatively impacted by
water inundation (Bailey-Serres et al., 2012). Under flooding
stress, crop yield can be highly reduced (Rhine et al., 2010;
Morton et al, 2015; Ding et al., 2020) and even short-
term events of few days can significantly affect wheat growth
(Malik et al, 2002). Wheat yield losses due to flooding
might range from 10 to over 50% (Jincai et al., 2001; Kaur
et al, 2020; Tian et al., 2021), which however, depends on
waterlogging duration, wheat genotype, growth stage, soil type
and agricultural management.

Changes in belowground environments following flooding
events are no less important than those that occur aboveground.
Plant-associated microbiota plays a key role in fostering
the host plant fitness (Turner et al., 2013; Compant et al,
2019), and it is well established that its composition is
influenced by many host-associated and environmental
factors (Francioli et al., 2016; Eisenhauer and Powell, 2017;
Leff et al, 2018; Lewin et al, 2021). Recent research has
demonstrated that alteration in soil moisture have significant
effects on soil and root-associated microorganisms (Naylor
and Coleman-Derr, 2018; Xu et al, 2018; Francioli et al,
2020). Many features of bacterial community, such as
biomass, composition, structure and community assembly
processes are sensitive to the hydrological regime in soil
(Argiroff et al, 2017; Gschwend et al, 2020; Shen et al,
2021). Flooding results in changes of the osmotic activity
and promotes oxygen depletion, fostering anoxia and
anaerobes able to thrive under such conditions (Schimel
et al., 2007). Microbial traits associated with resistance and
resilience to hydrological stress may include endospore
formation, production of osmoprotectants and specific cell
wall structures, as well as different energy metabolisms
(e.g., anaerobic and facultative respiration, fermenation,
microaerophily; Unger et al, 2009; Bardgett and Caruso,
2020). Such physiological traits might be associated with

specific taxa or bacterial clades such as the Gram-positive
phylum Firmicutes and its endospore-forming members,
e.g., Bacillus and Clostridium. These traits tend to be
conserved at different phylogenetic levels (Martiny et al,
2015). Nonetheless, the response of the soil microbiota on
flooding and waterlogging associated with typical crop plant
hosts are largely unexplored.

Moreover, indirect effects of hydrological regimes on
the plant-associated microbiota can be mediated through
plant and soil physicochemical factors. Anoxia resulting
from flooding can profoundly influence plant growth and,
thus, indirectly altering soil bacterial microbiota through
changes in the quality and quantity of rhizodeposits including
exudates, competition for nutrients, or other mechanisms
(Henry et al., 2007; Hartman and Tringe, 2019). In addition,
soil undergoes many physiochemical changes in response
to oversaturation by flooding. Several soil physicochemical
variables, such as pH, nutrient concentrations, and redox
status, are tightly linked to water availability, providing
certain possible mechanisms for the association among water
regime, edaphic properties and soil bacterial community
compositions (Pett-Ridge and Firestone, 2005; Wilson et al,
2011; Moche et al., 2015).

Considering that the frequencies and intensity of extreme
precipitation events are predicted to increase over the upcoming
years, it is necessary to understand how these environmental
changes will affect the composition and biodiversity of the
microbiota associated with crop plants in agroecosystems.
Thus, we setup a pot experiment to investigate the effect of
flooding on the wheat plant-microbiota. Using a metabarcoding
approach, we monitored responses of the bacterial community
associated with different wheat compartments (rhizosphere
and root) to flooding stress. Since plant phenology is an
important driver in plant microbiota assembly (Donn et al,
2015; Francioli et al., 2018), and abiotic stress might affect
differentially the plant-microbiota complex depending on the
specific plant growth stage (PGS) in which it occur (Na
et al, 2019; Breitkreuz et al, 2020), we imposed flooding
stress only once, either at tillering, booting or flowering.
Moreover, several soil and plant traits were measured through
the whole experiment to correlate edaphic and physiological
plant changes with shifts in bacterial community assemblage.
We hypothesized that (1) soil physio-chemistry and plant
traits will be strongly influenced by flooding, thus correlated
indirectly with shifts in bacterial microbiota structure. (2)
The bacterial microbiota will be differentially affected by the
timing of flooding events, with early microbiota development
being more susceptible to disruption. (3) The general response
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of the bacterial microbiota to flooding will show a plant
phylogenetic signals together with shifts in abundance of
important ecologically taxa.

MATERIALS AND METHODS

Experimental Setup

The response of the wheat microbiota complex to flooding stress
was investigated in a pot experiment that was conducted from
September to December 2019. The experiment was carried out in
a greenhouse at the Leibniz Institute of Plant Genetics and Crop
Plant Research IPK-Gatersleben, Germany. Seeds of Chinese
spring wheat (Triticum aestivum L.) were germinated in sieved
soil (2 mm), which was obtained from the experimental station
in Dedelow (Germany). The soil was a loamy sandy/medium silty
sandy soil (§3/Su3 according to the German texture classification;
Ad-hoc-AG-Boden, 2005) and its physiochemical properties are
reported in Supplementary Table 1.

Seeds were germinated under controlled conditions and
optimal watering. After the third leaf had appeared, i.e., 3 weeks
after sowing, seedlings were individually transferred to 10L-pots
containing 5 kg of the same soil used for germination (one
seedling per pot). Tillering stage was initiated under controlled
conditions of day/night temperature, i.e., 18/16°C, air humidity
70%, light intensity 250-300 pmol/(m?-s) and photoperiod of 16
hlight/8 h darkness. Pots were placed on tables in the greenhouse
in a complete randomize design. Zadoks scale (Zadoks et al.,
1974) was considered to monitor the developmental stage of
the plants and the application of flooding. Flooding stress was
induced only once and for a period of 12 day, at either tillering,
booting or flowering and replicates were destructively sampled
(Supplementary Figure 1). Previous studies on different soil
types have reported that complete oxygen depletion in the top soil
occurs within 2-8 days of flooding (Cannell et al., 1980; Meyer
et al., 1985; Drew, 1992). Since the aim of the experiment was
to investigate the response of the soil-wheat-microbe complex
to a severe hydrological stress, we applied flooding for 12 days
in order to be sure that oxygen was depleted in the flooded
treatment. We established six replicates for each combination
of PGS and water treatment, for a total of 36 pots. Control
and flooding treatments were arranged in parallel considering
the water holding capacity (WHC) of the soil used for the
experiment. The WHC of the soil used was determined by a
pre-experiment prior the set-up of the main experiment. Five
individual pots containing the same amount of soil (5 kg) were
weighed, over-watered and left draining overnight. The weight
of the pots was registered next day and considered as WHC.
Control plants were monitored at 50% WHC, which was in
correspondence with the field capacity of the soil. Flooding was
established by keeping water approximately 5 cm above the soil
surface during the 12 days period.

Plant and Soil Sampling

After 12 days under flooding, plants of the control and flooding
treatments were harvested, and tillers and spikes number
documented. The material of interest (soil rhizosphere and

plant tissues) used for further analysis was harvested from
the same plants using the following procedure. Shoots and
roots were separated, and their fresh weight was immediately
measured. Rhizosphere soil, defined as soil which remained
attached to the roots after the plant had been uprooted
and shaken (Katznelson et al., 1948) was collected in sterile
zipbags. Afterward, roots were carefully washed with tap water
removing as much as possible of the remaining soil particles.
Soil and root samples for molecular analysis were immediately
frozen and stored at —80°C. Several macro and micronutrients
concentrations in the roots were measured. Nitrogen (N) and
carbon (C) concentration were analyzed in 1.5 mg ground
powder by a EuroEA3000 (EuroVector SpA, Redavalle, Italy)
using software version Callidus 5.1 (Munoz-Huerta et al., 2013).
For calibration the standard 2,5-Bis(5-tert-butyl-benzoxazol-2-
yl) thiophene with 72.52% carbon and 6.51% nitrogen from
HEKAtech GmbH (Wegberg, Germany) were used. A sector field
high-resolution mass spectrometer (HR)-ICP-MS (Element 2,
Thermo Fisher Scientific, Germany) was employed to measure
P, Mg, S, K Ca, Mn, Zn, and Na concentrations in the root.
The following edaphic properties were measured from the soil
samples. Total organic carbon (TOC) and total nitrogen (TN)
contents were determined in triplicate by dry combustion using
a Vario EL IIT C/H/N analyzer (Elementar, Hanau, Germany).
Since the carbonate concentration of the soils was negligible
(<2%), the total C concentration measured was considered to
represent TOC. Plant available P was extracted from fresh soil
with double lactate (1:50 w/v, pH 3.6, 1.5 h; Riechm, 1943). After
filtration of the suspension (Whatman Schleicher and Schuell 595
1/5 @ 270 mm), the extracted P was quantified colorimetrically
using the molybdenum blue method (Murphy and Riley, 1962).
Mn, Ca, Na, K, Mg, concentration in soil were measured using an
inductively coupled plasma-optical emission spectrometry-ICP-
OES (ICP-iCAP 6300 DUO, Thermo Fisher Scientific, Germany).

DNA Extraction, Amplicon Library
Preparation, and Sequencing

DNA was extracted from the soil and root samples collected using
the DNeasy PowerLyzer PowerSoil Kit (Qiagen). Bacterial DNA
amplification was performed using the primers 799f (Chelius and
Triplett, 2001) and 1193r (Bodenhausen et al., 2013) following the
PCR protocol described previously (Francioli et al., 2021a). The
amplicons were sequenced on an Illumina MiSeq instrument with
2 x 300 base pair kits by LGC genomics GmbH, Berlin, Germany.
Demultiplexing was performed with Illumina bcl2fastq 2.17.1.14
software following clipping of barcode and sequencing adapters.
Primer were removed using Cutadapt v3.0 (Martin, 2011)
following sequence processing using QIIME 2 v2020. Amplicon
sequence variants (ASV; also known as zero-radius operational
taxonomic units; Callahan et al., 2017) were determined from
raw sequence data using the DADA?2 pipeline (Callahan et al,,
2016). Only ASVs that were detected in more than two samples
were included in the data analyses. Alpha diversity metrics were
calculated from the normalized sequence library, which was
rarefied to 20,000 reads per sample. For taxonomic assignment of
the ASVs, the representative sequences were classified using the
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naive Bayesian classifier for Silva 138. Non-bacterial ASVs were
discarded. All sequences have been submitted to the European
Nucleotide Archive (study accession number PRJEB47399).

Statistical Analyses

Univariate Analysis of Variance (ANOVA) followed by Tukey’s
honestly significant difference (HSD) post hoc test was used
to test for differences in soil and plant properties, among
the treatments and PGS. All the variables were tested for
normality using Shapiro-Wilk and Jarque-Bera tests and the
equality of group variances was examined using Levene’s test.
A logl0 transformation was applied to all variables that did
not meet the parametric assumptions. Correlation among the
soil and plant traits were determined using Spearman’s rank
correlation. Environmental variables with a Spearman rank
correlation coefficient p > 0.8 were removed and excluded
from further analysis. Effects of soil-plant compartment, PGS
and watering treatment on the bacterial richness were tested
by univariate PERMANOVA models (Anderson, 2017). Pairwise
differences in bacterial ASV richness between water treatment at
the same PGS and compartment were estimated using ANOVA
followed by a Tukey’s HSD post hoc test. All the phylogenetic
analyses were performed using the package “picante” (Kembel
et al., 2010). First, a phylogenetic distance matrix based on a
maximum-likelihood 16S rRNA tree was generated in QIIME2
with FastTree2 (Price et al., 2010). The phylogenetic distance
matrix was used to calculated (i) standardized effect size of
phylogenetic diversity (ses.PD), (ii) the net relatedness index
(NRI), and (iii) the nearest taxa index (NTI). ses.PD was
calculated by comparing the observed phylogenetic diversity
(PD) value from the mean of the null distribution (999 null
iterations) based on random shuffling of ASV labels across the
phylogenetic tips. Negative ses.PD values and low quantiles
(p < 0.05) indicated that co-occurring species are more closely
related than expected by chance (clustering), whereas positive
values and high quantiles (p > 0.05) indicate that the co-
occurring species are less closely related than expected by
chance (overdispersion) (Webb et al., 2002). NRI was calculated
using the “standardized effect size of pairwise distances in
communities” function (ses.mpd) and the nearest taxa index
(NTI) using the “standardized effect size of mean nearest taxon
distances” function (ses.mntd). NRI is a measure of the mean
relatedness between members of microbial communities, and the
NTI is a measure of the smallest mean phylogenetic distance
between all pairs of n taxa in a community sample. For both NRI
and NTT analyses, the null model was randomized 999 times and
set to “phylogeny.pool,” which randomly draws species from the
phylogeny for its null distribution. NRI and N'TT were calculated
for bacterial microbiota from each soil-plant compartment, PGS
and watering treatment. Positive NRI/NTI values indicate a
microbiota of which taxa are on average more closely related to
one another than they are to members of the randomized (null
model) microbial species pool. To statistically compare ses.PD,
NRI and NTI values for each type of sample (compartment,
PGS, watering treatment), we used one-way ANOVA followed
by a Tukey’s HSD post hoc test. Differences in the bacterial
microbiota structure across plant-soil compartment, PGS and

flooding treatment, we first calculated Bray-Curtis dissimilarities
using square-root transformed relative abundances (Hellinger
transformation; Legendre and Gallagher, 2001). Permutational
multivariate analysis of variances (PERMANOVA) based on
the Bray-Curtis dissimilarity index was performed to analyze
the effect of the above mentioned experimental factors on
the bacterial community structure, using 999 permutations for
each test. Similarities in the bacterial community structure
among the control and flooded treatments at each PGS were
investigated using Analysis of Similarity (ANOSIM) algorithm.
Furthermore, we performed variance partitioning based on
redundancy analysis (RDA) to quantify the contribution of soil
and root properties, PGS and water treatment to the structure
of the bacterial community in each compartment. Following
Blanchet et al. (2008) we first tested the significance of the
global model using all predictors. Variable selection was then
performed using forward selection implemented with function
forward.sel in the R package “packfor” (Dray et al, 2011).
Variance partitioning was conducted using the varpart function
in the “vegan” R package (Oksanen et al, 2018). Then a
model of multivariate analysis of variance was constructed using
distance-based redundancy analysis (db-RDA) based on the
Bray-Curtis distance to determine the environmental variables
that were most influential on the bacterial community structure
within each compartment. Ternary plots were performed using
the package “microbiomeutilities.” Linear discriminant analysis
effect size (LEfSe) (Segata et al., 2011) was applied to identify
biomarker taxa explaining differences between the bacterial
microbiota across PGS in the control treatment, and also between
flooded and control samples at each PGS in both plant-soil
compartments. All the data were analyzed with R version 3.6
(R Core Team, 2014).

RESULTS

We conducted a pot experiment with the model crop plant spring
wheat Triticum aestivum cv. Chinese Spring to assess the impact
of flooding stress on the structure of the bacterial microbiota
associated to the rhizo- and endosphere. As plant phenology has
been implicated in shaping the plant microbiota and abiotic stress
might have a differential impact on the crop microbiota complex
depending on the specific PGS, wheat plants were subjected to
a period of 12 days of flooding either at tillering, booting and
flowering. After such a period, stressed plants were harvested
and removed from the experiment. A variety of soil, plant and
microbiota related traits were measured to reveal the response of
the wheat microbiota complex (Supplementary Figure 1).

Plant Performance and Soil-Plant
Properties in the Different Watering
Treatments and Across Plant Growth
Stages

Flooding had a significant effect on plant growth, as well as on
soil and plant properties. At tillering, we observed a significant
reduction (p < 0.05) only in root biomass (55%), but flooding at
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booting caused shoot and root dry biomass decreases by 25 and
70%, respectively, compared to control plants (Supplementary
Figure 2). No change in above- and belowground biomass was
observed when the flooding stress occurred at flowering. Wheat
plants exposed to flooding stress developed 29% less tillers
and a showed a decrease of 18% in the spike to tiller ratio
(Supplementary Figure 2).

Flooding had a strong influence on edaphic parameters.
In general, a significant increase (p < 0.05) in soil moisture,
pH, Zn, and available P was observed in flooded soil at all
developmental stages (Supplementary Figure 3). Furthermore,
significant increases (p < 0.05) of total soil C and S occurred
at tillering, whereas a significant increase (p < 0.05) of the total
N content occurred at flowering in the flooding treatments. At
root level, flooding caused a significant decrease (p < 0.05) of the
concentration of Mg, S, and Ca during tillering (Supplementary
Figure 4) and booting. We also found a significant increase
(p < 0.05) of the Mn content under flooding, which was two
times higher compared to the control (Supplementary Figure 4).
In the control plants, we observed shifts in soil and root
nutrient concentrations across the different PGS. For example,
a significant increase (p < 0.05) of soil total C, total S and root
S and Na was observed at flowering, while the concentration of
soil total N and root P was significantly higher (p < 0.05) at
tillering and booting.

Bacterial Richness and Biodiversity

A total of 5,318,073 bacterial 16S rRNA gene high quality reads
were recovered from all the samples, which clustered in 6241
bacterial ASVs. Overall, bacterial sequences were affiliated to
31 phyla, 89 classes, 194 orders, 325 families, and 630 genera.
Proteobacteria was the most abundant phylum, comprising
approximately 41% of the reads across all samples (1661 ASVs),
followed by Actinobacteriota (30.5% of reads; 1444 ASVs) and
Firmicutes (10% of reads; 636 ASVs). A small proportion
of members of the Bacteroidota (6.5%, of reads; 496 ASVs),
Chloroflexi (2.3% of reads; 425 ASVs), and Myxococcota (2.1%
of reads; 315 ASV's) was also detected.

We calculated bacterial richness and several phylogenetic
metrics to assess how bacterial alpha-diversity was influenced by
soil-plant compartment, PGS and watering treatment. Analysis
of variance revealed that the soil-plant compartment had the
greatest effect on bacterial richness that significantly (p < 0.05)
decreased from rhizosphere to the root (Supplementary Table 2
and Figure 1A). Watering treatment had a marginal but
significant effect (p < 0.05) on bacterial richness, while PGS
did not. A significant interaction (p < 0.05) between PGS and
watering treatment was detected. This latter result was evident
when looking at each combination of plant-soil compartment and
PGS, since most of the differences in alpha diversity were found
at tillering, with significant lower values in the flooded than in the
control samples, irrespective of compartment (Figure 1A).

Phylogenetic relatedness among the bacterial communities
within our samples was evaluated based on the standardized
effect size of phylogenetic diversity (ses.PD). Overall, the
bacterial communities were relatively phylogenetic clustered, but
significantly lower (p < 0.05) values in phylogenetic similarity

A rhizosphere rhizosphere rhizosphere
tillering booting flowering
2 T . .
1500 s
. b = =5 %
1000- ==
0
3 500-
c
S
= root root root
o
g tillering booting flowering
2
Qo
© 1500-
1000+
% b
— o
500- = —
Control Floddlng Control Floddlng Control Floddmg
B rhizosphere rhizosphere rhizosphere
tillering booting flowering
5 .
-2.5 R
. [ ] s 1 L,
-5.0- T . ‘
-7.5-
-10.0-
L\D, root root root
w
o tillering booting flowering
-2.5- b
-5:04 3 E
75 /=3
-10.0- ¢ .
FH == =5
Control F\oo‘dlng Control Floo'dmg Control Floddlng
FIGURE 1 | Box plots of the observed richness (A) and standardize effect size
of phylogenetic diversity (ses.PD) (B) of the bacterial communities in the
samples studied. Different letters indicate significant differences between
water treatments within the same PGS based on Tukey’s HSD test p < 0.05.

were always found at tillering compared to later PGS (Figure 1B).
Remarkably, the bacterial communities associated with flooded
samples were characterized at tillering by the lowest effect size of
phylogenetic diversity. On the contrary, at booting and flowering
we observed no significant differences in phylogenetic diversity
regardless of watering treatments and PGS. We also calculated
NRI and NTTI parameters, which measure both alternative aspects
of community phylogenetic clustering vs. overdispersion. These
results confirmed the findings obtained by the ses.PD analysis
(Supplementary Figure 5).

Effect of Compartment, Flooding, and
PGS on Bacterial g-Diversity

Factors that were responsible in shaping the microbiota
structure between samples were firstly explored by beta-diversity
employing a principal coordinate analysis with Bray-Curtis
dissimilarities (Figure 2). Altogether, the two axes accounted for
55.4% of the variance, with the first coordinate (47.1%) primarily
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discriminating the samples by compartments, while along the
second coordinate (9.8%) a separation by PGS, which was
more pronounced in the root samples, was observed. Principal
coordinate analysis based on weighted UniFrac distance, which
accounts for phylogenetic relationships among microbial taxa,
confirmed the discrimination between compartments along
the first coordinate, but it also displayed along the second
axis a clear separation between the bacterial communities of
the flooded and control samples (Supplementary Figure 6).
This latter result suggested that flooding stress induced a
phylogenetic compositional response in the bacterial assemblage
dynamics at each PGS it was induced. PERMANOVA analysis
on the full bacterial ASV dataset confirmed that rhizosphere
and roots were characterized by distinct bacterial microbiota
(Table 1). The large differences in community structure between
the two soil-plant compartments were primarily due to the
different composition of their specific microbiota, as more than
half of the ASVs that were solely found in the rhizosphere,
whereas most of the root-associated bacterial ASVs were also
detected in the rhizosphere (Supplementary Figure 7). The root
microbiota was dominated by Proteobacteria, Patescibacteria,
Myxococcota, and Bacteroidota, while the rhizosphere was
significantly enriched (p < 0.05) in Actinobacteria, Chloroflexi,
Desulfobacteriota, Acidobacteria, and Verrucomicrobiota
(Figure 2B and Supplementary Figure 7). Interestingly,
bacterial members of the latter two phyla were completely
depleted in root samples, further indicating a strong niche
compartmentalization effect promoted by the plant host
(Figure 2B and Supplementary Figure 7).

Within each compartment, substantial and significant effects
of flooding and plant phenology on the bacterial microbiota
structure were found. In the rhizosphere, PERMANOVA analysis
revealed that flooding explained 11.4% of variance, PGS 20.5%
and the interaction of these two terms accounted for an additional

TABLE 1 | The relative importance of soil-plant compartment, plant growth stage
(PGS) and watering treatment (WT) for the total bacterial community structure
associated to the samples investigated in this study as revealed by PERMANOVA.

Parameter df Pseudo-F R? P—value
Compartment 1 106.279 0.4638 0.001
PGS 2 11.534 0.1016 0.001
WT 1 12.611 0.0690 0.001
Compartment * PGS 2 4.263 0.0375 0.002
Compartment * WT 1 4.365 0.0192 0.007
PGS * WT 2 4.283 0.0377 0.003
Compartment * PGS * WT 2 105.279 0.4638 0.001

9.8% of variation (Table 2). However, a higher influence of
the experimental treatments on the bacterial microbiota was
found in the root compartment, as flooding explained 16.8%
of variance, PGS 30% and the interactions of these two factors
captured a further 14.5%, for a total of 61% of variation (Table 2).
Principal coordinates analysis on the bacterial microbiota of the
rhizosphere and roots confirmed these results, distinguishing the
samples associated with a particular PGS along the first axis, while
the flooded samples where clearly separated from the control
by the second axis (Figures 3A,B). ANOSIM provided further
evidence that the bacterial microbiota of the flooded wheat plants
were significantly different (p < 0.05) compared to the control at
each PGS (Supplementary Tables 3, 4).

Variance partitioning was conducted to quantify the
contribution of edaphic and root properties, and their
interactions with watering treatment and PGS on the structure
of the bacterial microbiota. In both compartments, these four
experimental factors captured together a large proportion of the
variance, accounting for 35 and 54%, in the rhizosphere and root,
respectively (Figures 3C,D). In general, the pure effect of these
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TABLE 2 | The relative importance of plant growth stage (PGS) and watering treatment (WT) for the total bacterial community structure associated to rhizosphere and
root compartments in the samples investigated in this study as revealed by PERMANOVA.

Rhizosphere Root

Parameter df Pseudo-F R2 P—value df Pseudo-F R2 P—value
PGS 2 5.2378 0.2041 0.001 2 11.7182 0.3010 0.001
WT 1 5.8123 0.1132 0.001 1 13.1147 0.1684 0.001
PGS *WT 2 2.5079 0.0977 0.001 2 5.6546 0.1452 0.001
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FIGURE 3 | Principal coordinates analysis (PCoA) of the bacterial communities detected in the rhizosphere (A) and in the root (B) compartment. Variation partitioning
analysis, illustrating the effects soil parameters, root traits, watering treatment and plant growth stage (PGS) in the community for the rhizosphere (C) and root (D)
compartment. Each ellipse represents the portion of variation accounted by each factor. Shared variance is represented by the intersecting portions of the ellipses.
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variables on the bacterial community structure was marginal,
since most of the variance explained by them was shared,
indicating an interactive effect of PGS and watering treatment
on the root and soil properties, which in turn significantly
affected the bacterial microbiota assemblage. A significant effect
(p < 0.05) of various soil and root properties on the microbiota
was further revealed by partial db-RDA. Soil pH and total N,
together with root S content were significant factors affecting
the bacterial microbiota structures in both compartments
(Supplementary Table 5). In addition, the root microbiota
was also significantly correlated with root K, Na, Mn, and Ca
concentrations (Supplementary Table 5).

We compared structural dissimilarities of the bacterial
microbiota between flooding and control treatments at each PGS
to resolve at which PGS the application of flooding had the largest
effect. In the rhizosphere, the largest impact of flooding stress

on the bacterial microbiota structure was observed in the earliest
(tillering) and latest stage (flowering) of the plant growth. While
in the roots, the greatest impact of flooding was found at tillering,
followed by booting and flowering (Figure 4). It is noteworthy
to mention, that dissimilarities between flooding and control
samples were always lower in the soil than in the root. This
observation confirms that the influence of flooding was more
pronounced on the root-associated bacterial microbiota.

Dynamics of the Bacterial Microbiota
Over Plant Growth Stages

To better understand the effect of watering treatment in the
rhizosphere and root microbiota, we sought to explore the
temporal dynamics of the bacterial communities under control
condition. B-diversity changes in response to PGS were revealed
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in both compartments, with the bacterial communities at booting
and flowering stages always being more similar among each other
than with the one at tillering (Figures 4, 5 and Supplementary
Figure 8). However, higher microbiota dissimilarities between
early (tillering) and late PGS (booting, flowering) were found
in the root compartment than in the rhizosphere (Figures 4, 5
and Supplementary Tables 3, 4). This indicated a stronger plant
phenological effect on the endospheric and rhizoplan bacteria.
This result was also reflected by variance partitioning analysis,
that revealed that the pure and interactive effects captured by
PGS and root traits were relatively higher in roots than in the
rhizosphere (Supplementary Figure 9), suggesting that changes
of root traits over time were highly determinant for the root
microbiota assembly.

We found that the observed differences in bacterial microbiota
over PGS were primarily due to shifts in the abundance of
taxa shared across all three PGS. Indeed, PGS-exclusive ASVs
accounted for a marginal proportion of sequences (ranging

from 1.2 to 5.7%), while more than half of the ASVs
detected were found in all PGS and accounted for more
than three quarters of the total sequences detected in the
control treatment (Supplementary Figure 10). Many shared
ASVs were affiliated with several representative genera (>1%
abundance), most of which showed abundance shifts across PGS
(Supplementary Figure 10).

Dominant bacterial phylotypes as indicative biomarkers
at each PGS were identified by linear discriminant analysis
(LDA) effect size (LEfSe) (Supplementary Figure 11). In the
rhizosphere, members affiliated with the phyla Chloroflexi,
Acidobacteria, Gemmatimonadota, and Myxococcota were
significant more abundant (p < 0.05) at tillering than in
other PGS. On the other hand, bacterial taxa within phyla
Proteobacteria, Actinobacteria, and Patescibacteria were found
significantly more abundant (p < 0.05) at flowering, while
booting stage showed a significant higher proportion (p < 0.05)
of Firmicutes. LEfSe analysis identified Gaiella, Streptomycetes,
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FIGURE 5 | Ternary plot of the ASVs distribution across plant growth stages in the rhizosphere (A) and in the roots (B) of the control plants.

Mpycobacterium, MB-A2_108 at tillering, Bacillus and Penibacillus
(both belonging to the class Bacilli) and Nitrospira at booting,
and Sphingomonas, Massilia, Mesorhizobium, and Arthrobacter
at flowering as biomarker genera. In the roots, contrarily to
the rhizosphere, Actinobacteria, Firmicutes, Fibrobacterota, and
Myxococcota phyla were found as biomarker at tillering stage,
Proteobacteria at booting, while Bacteroidota and Patescibacteria
were enriched at flowering (Supplementary Figure 10). Indeed,
the roots of young plants were mainly enriched in several genera
affiliated with Actinobacteriota, i.e., Streptomyces, Kribbella and
Lechevalieria. The most discriminant biomarker taxa at booting
were the Proteobacteria families Devosiaceae, Rhizobiaceae,
Pseudomonadaceae, and Caulobacteraceae, whereas at flowering
they were represented by species of the genus Flavobacterium
(Bacteroidota phylum) and the family Saccharimonadaceae
(phylum Patescibacteria).

Compositional Phylogenetic Shifts
Characterized the Response of the
Bacterial Communities to Flooding
Stress

We next investigated the composition and changes in relative
abundance patterns of bacterial groups in response to this
hydrological stress. The evident differences observed in
bacterial beta-diversity between the flooded and control
treatments were mainly reflected by substantial shifts in
composition of the bacterial microbiota. For example, almost
the half of the sequences that were detected in the flooded
roots at tillering were not detected in the control treatment.
These ASVs were mainly affiliated with the anaerobic or
facultative anaerobic bacteria of the genera Dechloromonas,
Enterobacter, Geobacter (Supplementary Figures 12, 13).
Large proportions of unique ASVs were also only detected
in flooding treatments in the roots at booting (38%) and
flowering (20%) stages, which belonged mainly to the families
Clostridia, Oxalobacteraceae, and Lachnospiraceae. These

findings clearly demonstrated that flooding stress caused a
greater disruption to early (tillering) compared to late (booting,
flowering) bacterial microbiota, with a significant enrichment
(p < 0.05) in facultative and strict anaerobes primarily of the
class Clostridia (Firmicutes), and the phyla Desulfobacterota
and Proteobacteria. LEfSe analysis further corroborated these
observations, identifying in the root compartment almost twice
of bacterial biomarker taxa at tillering than in the other PGS
(Figure 6). More importantly, biomarker analysis evidenced
that these compositional shifts of the bacterial microbiota due
to flooding stress were highly phylogenetically clustered. Indeed,
an enrichment of Firmicutes and Desulfobacterota together
with a parallel depletion of Actinobacteriota and Proteobacteria,
were observed in all the flooded samples. At the genus level,
a significant increase (p < 0.05) in Geobacter and Clostridium
abundances, with a parallel decrease of Streptomyces and
Sphinghomonas were found.

Compartment-wise depletion and enrichment patterns at
particular PGS were also recorded as a response to flooding.
For instance, a significant decrease (p < 0.05) in the
bacterial phyla Myxococcota at tillering, Bacteroidota at booting,
Deinococcota at flowering, and Patescibacteria (especially the
genus Saccharimonadia) in both late PGS was found in the
flooded roots (Figure 6). On the contrary, a significant increase
(p < 0.05) of Gammaproteobacteria occurred in all these
samples. In particular, ASVs affiliated to Burkholderiales, such
as (i) the endophytic non-nodulating diazotroph Azoarcus,
and (ii) taxa with denitrifying and phosphorous accumulation
capabilities of the genera Dechloromonas and Candidatus
Accumulibacter decreased at tillering stage under flooding.
In the rhizosphere, a general depletion of Rhizobiales, i..,
Rhizobiaceae and Xanthobacteracee, occurred due to flooding
(Supplementary Figure 14). In addition, members of Cloroflexi,
Verrucomicrobiota and Acidobacteriota where significantly
depleted (p < 0.05) at tillering and booting, while an enrichment
of Bacteroidota ASVs was detected in both tillering and
flowering under flooding.
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DISCUSSION

The plant microbiota is one of the key determinant for plant
health and productivity (Turner et al., 2013; Finkel et al., 2017;
Compant et al, 2019). Therefore, it is pivotal to unravel the
factors influencing its composition and functionality in response
to climate change-associated extreme weather events that likely
will occur more frequently in the near future (Castro et al,
2010; De Vries and Shade, 2013). Herein, we provide an in-depth

characterization of the effects flooding stress on the spring wheat
microbiota complex.

Flooding Causes a Joint and Substantial
Change in Plant Phenotype and Root
Microbiota

In our study, flooding reduced spring wheat performance as
revealed by above- and belowground biomass changes, and
significantly decreased the number of tillers and spike to tiller
ratio, which can negatively affect the final plant productivity
(Malik et al., 2002). Our findings are in accordance with previous
studies since flooding have been reported to affect negatively
plant performance, reducing root and shoot growth (Ghobadi
et al., 2017), number of tillers and leaves (Arduini et al., 2016),
photosynthesis (Jincai et al., 2001; Wu et al,, 2015), kernel weight
(Wu et al,, 2015), and wheat yield (Pampana et al., 2016; Ding
et al., 2020).

The wheat-microbiota was also strongly affected by
hydrological stress, since the flooded and control bacterial
communities where mainly composed by distinct taxa.
These significant differences in community composition
were correlated with changes in soil conditions and plant
properties caused by flooding. Specifically, we identified pH
and total N as the soil, and, S, Na, Mn, and Ca concentrations
as the root properties most influencing microbial assemblage
in the wheat microbiota under flooding stress (Supplementary
Table 5). Beside O, depletion, flooding strongly altered the
soil physicochemical boundary conditions. It increased soil
pH, C, and N, and influenced the concentration of several
root macro- and micro-nutrients. Changes in soil pH is often
reported as a consequence of waterlogging (Sun et al., 2007;
Hemati Matin and Jalali, 2017) and it has been recognized as
a main factor influencing the structure of bacterial microbiota
across a wide range of soils and ecosystems (Fierer and Jackson,
2006; Lauber et al., 2009; Bardelli et al., 2017). Plant traits,
such as root architecture and nutrient concentration are also
commonly described as important drivers in structuring the
root microbiota (Fitzpatrick et al., 2018; Schops et al.,, 2018;
Francioli et al., 2020), and their alterations might have important
consequences in microbiota assembly (Leff et al., 2018; Pervaiz
etal., 2020). Overall, these findings validated our first hypothesis,
highlighting the fundamental influence of flooding on plant and
soil properties, which in turn are firmly correlated with bacterial
community assembly.

Our study further revealed that the changing root properties
over the various PGS were important determinants for the
assembly root-associated bacterial microbiota in both flooded
and non-flooded wheat plants confirming previous observations
that plant host phenological state plays a pivotal role in
microbiota composition and structure (Bulgarelli et al., 2013;
Wang et al., 2016; Francioli et al., 2018). In addition, a more
severe impact of flooding on the bacterial microbiota occurred
in the roots than in the rhizosphere suggesting that the root-
associated community is under at a larger degree under host
control. We found that the root microbiota showed a higher
phylogenetically relatedness than the rhizospheric one, further
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highlighting the selective pressure exerted by plant host. It is
noteworthy to mention that the two soil-plant compartments
were characterized by distinct bacterial microbiota, with the root
microbiota being a subset of the rhizospheric one. Collectively,
these results proved that (i) niche compartmentalization plays
a pivotal role in shaping microbiota in the soil-wheat system
(Cordero et al., 2020; Tkacz et al., 2020; Kawasaki et al., 2021),
and (ii) the root microbiota is highly controlled by host-factors
that change over plant development (Lakshmanan, 2015; Lareen
et al., 2016; Francioli et al., 2021b).

The Wheat Microbiota Complex Is Less
Resilient at Early Growth Stages to
Flooding

Flooding stress caused dramatic shifts in microbiota composition
and structure at each PGS in which it was induced, but it has the
greatest impact on the bacterial community assembly at tillering
stage. Phylogenetic analysis further showed that the bacterial
microbiota in all the flooded samples associated with young
plants were characterized by the lowest phylogenetic clustering
similarities among the other bacterial community investigated in
this study. These findings acknowledged our second hypothesis,
as they proved that flooding caused a greater disruption to early
compared with late PGS bacterial microbiota. Likewise, Xu et al.
(2018) found that the juvenile sorghum root microbiota was
more affected by drought stress compared to the one associated
with late stages of plant development. In summary, all these
observations suggest that the microbiota of early growth stages is
still in a dynamic process of establishment, in which community
assembly is less resilient to external physico-chemical stresses,
while during the adult plant phase it is relatively more stable
due to prior establishment of a more stable community likely
with an higher and tighter degree of interactions (Angel et al.,
2016; Edwards et al., 2018). The higher degree of compositional
stability of bacterial communities in older wheat plants was also
mirrored by the high phylogenetic community relatedness found
in both flooding and control treatments at booting and flowering.
Considering that flooding significantly affected the bacterial
microbiota structure at all PGS, but no substantial differences
were found in the phylogenetic alpha diversity metrics among
flooded and control samples in older plants, we can deduce
a general phylogenetic response of the bacterial microbiota to
flooding stress in our wheat microbiota complex investigated,
which was further confirmed by phylogenetic beta-diversity
analysis using weighted UniFrac metric.

Flooding Caused Shifts in the
Phylogenetic Composition of the
Bacterial Microbiota

The pattern of compositional shifts that flooding stirs a strong
phylogenetic signal, with entire phyla responding roughly in
unison, confirmed our third hypothesis. The main features
of this pattern were (i) a significant increase of bacterial
taxa with anaerobic respiratory capabilities, i.e., within phyla
Firmicutes and Desulfobacterota, (ii) a significant reduction in
Actinobacteria and the Proteobacteria, (iii) depletion of several

putative plant-beneficial bacterial taxa by flooding stress, and
(iv) increases of the abundance of potential detrimental taxa.
Flooding promoted an enrichment of the genera Geobacter
and Clostridium, that represent strictly anaerobic bacteria that
are frequently isolated in waterlogged soils (Gschwend et al.,
2020). Recent research showed that several Clostridium species
might cause soft rot disease in several vegetable crops and
their abundance significantly increased with heavy rainfall and
flooding (da Silva et al., 2019). On the other hand, a dramatic
reduction of the abundance of Streptomyces and Spinghomonas
occurred in all flooding samples, which have been described as
beneficial for wheat growth. Members of these two genera, are
able to solubilize inorganic phosphorus, to form siderophores
and affect phytohormones production and might be involved
in biocontrol activity (Correa-Galeote et al., 2018; Kavamura
et al., 2021). Specific compartment-wise patterns in enrichment
or depletion of plant-health relevant bacteria in response to
flooding were also detected. Bacteria affiliated to the genus
Saccharimonadia, that recently was reported with putative
beneficial features such as improving nitrogen uptake efficiency
and promoting nutrient conversion, were mainly depleted in
flooded roots (Herrmann et al., 2019; Dong et al., 2021). A similar
trend was observed in the rhizosphere for families Rhizobiaceae
and Xanthobacteraceae comprising multiple subgroups that
might enhance and hinder plant development (Sadowsky and
Graham, 1998; Oren, 2014). We also found that plant phenology
was a significant and relevant factor shaping the bacterial
community structure and differential responses to flooding
were observed when such stress was induced at different
PGS. Members of different Massilia species are considered
as putatively plant-beneficial and frequently associated with
wheat (Chimwamurombe et al., 2016). They produce proteases,
sidephores and the auxin indole-3-acetic acid. Massilia ASVs
were significantly more abundant in the control roots of young
plants, but they were not detected in those of the flooded ones.
Likewise, the flooded wheat roots at booting stage revealed a
significant reduction of Flavobacterium ASVs, which are known
for plant growth promoting traits. Bacteria of this genus have the
capabilities to solubilize phosphate, use of 1-amino cyclopropan-
1-carboxylate as sole nitrogen source and production of auxin,
siderophores, salicylic acid, antifungal chitinases and hydrogen
cyanide (Soltani et al., 2010; Verma et al., 2015; Gontia-Mishra
et al,, 2017). In summary, these findings demonstrated that
flooding significantly altered negatively the assemblage dynamics
of the root microbiota, with a significant depletion of putatively
beneficial bacterial taxa associated with the root and rhizosphere
of spring wheat plant.

It is important to note that the work undertaken here was
limited to one soil type studied under very controlled greenhouse
conditions. Further work should therefore investigate a greater
range of soil types and flood scenarios, especially under realistic
field conditions. Moreover, additional work is needed to fill
the knowledge gaps in (i) how root exudation changes when
crop species are faced with flooded growth conditions, (ii)
how these exudates shape microbial community diversity and
composition belowground, and (iii) the consequences for plant
growth and functioning.
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CONCLUSION

This study illustrated the detrimental effect of flooding
stress on the spring wheat-microbiota complex. Our findings
demonstrated that such hydrological stress significantly
reduced plant growth and fitness, together with dramatic
changes in bacterial community assembly. Indeed, flooding
significantly restructured spring wheat-microbiota composition
and functionality, especially, in early plant development. In
particular, flooding promoted an increase in the abundance
of potential detrimental taxa, with a parallel reduction of
putative plant-beneficial bacterial groups. These compositional
shifts were primarily associated with profound alterations of
edaphic and root properties, such as oxygen depletion, soil
pH variation and changes in the concentration of several
macro- and micro-nutrients in the rhizosphere and root
compartment. Furthermore, our results revealed the pivotal
role of plant phenology on the assemblage dynamics of the
wheat root microbiota, since a differential response to flooding
was also observed across the three PGSs. This emphasized the
importance of temporal sampling when studying plant-associated
microbiota, as they provide a more complete and robust picture
of community response to environmental threats compared to
the investigation of single time points. It is also noteworthy
to mention that our study was only a beginning to explore
the effect of flooding on wheat-microbiota complex, providing
the baseline for future field experiment. Experiments under
controlled laboratory conditions represent an essential starting
point, but there is an urgent need to confirm insights from
controlled study under realistic field conditions.
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Due to the biomagnifying effect in the food chains, heavy metals will cause serious harm
to the food produced in paddy soil, and then threaten human health. The remediation of
soil heavy metals by the addition of amendments is a common method. However, the
combination of the two amendments has been less studied and its effect is unknown. In
this study, we investigated the effects of different concentrations of a lime and calcium-
magnesium phosphate (CMP) amendments metal availability and paddy soil bacteria
biodiversity. The experiment proves that the addition of 0.5 and 1.0%, amendment
can effectively reduce cadmium (Cd) availability and the cadmium content in rice to
be below 0.2 mg/kg, meeting the national food safety level. The results demonstrate
that increasing pH and phosphorous (P) in soil were two important factors decreasing
available cadmium. Furthermore, biodiversity analysis of the treated soil showed that
the amendment increased biodiversity. Proteobacteria and Chloroflex were the most
abundant bacteria at the phylum level, followed by Acidobacterium and Nitrospirae. The
abundance of Bacterodietes-vadinHA17, Syntrophaceae, and Thiobacillus increased as
phosphorous increased. Cadmium passivation might induce those species.

Keywords: amendment, biodiversity, heavy metals, rice, soil

INTRODUCTION

China’s soil safety faces severe challenges. According to reports, more than 82.8% of the soil has
been contaminated by heavy metals, with the highest proportion consisting of cadmium (Cd)
(7.0%) (Zhao et al., 2015). Cadmium has a strong ability to migrate. Cadmium entering the soil
is easily absorbed by crops and enters the human body through the food chain, endangering
human health (Singh et al., 2021). Due to various reasons, in recent decades the soil in southern
China’s paddy fields has become increasingly acidified (Shi et al., 2020). Soil acidification leads to
cadmium becoming significantly more soluble in the soil, increasing its availability to plants (Zhen
et al,, 2019). Rice, one of China’s most important food sources, has a strong ability to accumulate
cadmium (Mao et al., 2019). Long-term consumption of rice containing high levels of cadmium can
harm the human body, for example, by causing “Itai-itai disease” (Li et al., 2019). Consequently,
it is imperative to find ways to reduce cadmium concentration in paddy field soil, particularly
in southern China.
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Currently there are four main strategies for reducing cadmium
accumulation in rice: (1) decrease cadmium bioavailability in the
soil; (2) reduce cadmium uptake by rice roots; (3) decrease the
cadmium transport ratio in rice transport systems; and (4) Screen
rice varieties with low cadmium accumulation. The selection of
rice varieties is very important; previous studies have found that
the response of rice to amendment and Cd uptake depends largely
on rice varieties (Saengwilai and Meeinkuirt, 2021; Xu et al,
2021) explored the influence of rice varieties on the cadmium
reduction effect of amendment and found that the accumulation
of cadmium varies greatly between different rice varieties.
Therefore, some efficient technologies have been founded based
on these strategies. Treatments with silicone, lime (CaCO3),
and calcium-magnesium phosphate (CMP) fertilizers can reduce
cadmium activity in the soil, thereby preventing cadmium from
moving from the soil to the rice (Li et al., 2018; Rehman et al,,
2019). In a high pH environment, cadmium mainly exists in the
forms of CdAOH™, Cdy(OH)**, and Cd(OH),, which reduces its
bioavailability (Peng et al., 2016). The PO43—, CO3%2~, §2, and
$i04*~ anions can induce low-resolution minerals after reacting
with Cd?*. Other amendment properties such as clay with high
adsorption capacity or manure with strong complex ability on
the Cd?>* were considered as an additional supplement (Sun
et al., 2020). Therefore, many normal efficient amendments for
cadmium-polluted soil include the alkaline substance (high pH)
and some cations (Li et al., 2021; Wang et al., 2021).

The above-mentioned amendments not only reduce the
activity of cadmium but also reduce rice’s absorption of elements
such as iron (Fe), manganese (Mn), zinc (Zn), calcium (Ca),
copper (Cu), and magnesium (Mg). Therefore, the formation
of Fe/Mn oxide film in rice root is reduced, thus reducing the
resistance to cadmium in rice. However, the transport pathway
of cadmium in rice is similar to those of some other nutrients.
For example, a range of micronutrient transporters from the
family of zinc-regulated transporter/iron-regulated transporter-
like proteins (ZIP, such as AtIRT1 and TcZNT1/TcZIP4) and
natural resistance-associated macrophage protein (NRAMP, such
as Nramp5) can also transport cadmium in rice and Arabidopsis
(Siqi et al., 2019; Guha et al., 2020). Therefore, cadmium can be
controlled through the intake of trace elements (Liu et al., 2018).
Yang Y. et al. (2018) reported that low concentrations of lime
can increase cadmium in rice while high concentrations of lime
decrease cadmium. Regrettably, their research did not clearly
explain the relationship between amendment amount, essential
elements content, and cadmium concentration.

Although soil amendments are widely applied to decrease
cadmium content in rice, their effect on the structure of
cadmium-contaminated soil’s biological communities is rarely
reported. Levels of soil metals are highly correlated to bacterial
species. Sulfur-reducing bacteria, iron/manganese-oxidizing
bacteria, organic matter-degradation bacteria, and lactic acid
bacteria can greatly influence cadmium content in the soil
Stroud et al. (2014) reported that manganese bioaccessibility
positively correlated to Acidobacterium abundance, but
negatively correlated to Holophaga abundance in the acidic
sulfate soil. Cadmium was found to be mineralized by
alphaproteobacteria and chloroplast classes in rice crust

soil, making it biologically unavailable (Song et al, 2019).
Paddy soils contaminated with cadmium usually have
low pH and lack phosphorus. Therefore, amending soil
with lime and CMP can greatly change environmental
parameters and alter biological community structure.
However, the relationship of biological composition with
metal bioaccessibility after treatment with an amendment
remains to be investigated further.

Lime and CMP are two typical amendments for cadmium-
polluted soil. In our experiment, an amendment consisting
of both lime and CMP was applied to investigate the effect
of amendment concentration on essential soil elements
and paddy roots. Soil biological community structure after
treatment with different concentrations of amendments
and the relationship between biological species and metal
bioavailability were explored.

MATERIALS AND METHODS

Site, Amendment, and Rice Cultivar

The study began in June 2018 in Chang Feng Village, Liu
Yang City, Hunan Province, China. The main source of
pollution in paddy fields was wastewater from mining areas.
The concentration of cadmium in the soil was 0.3 mg kg™,
a level considered mildly polluted. The basic physical-chemical
properties are shown in Table 1.

This study used CMP + lime (Fat Baby No.7, FB7) configured
in this laboratory as an amendment. Table 2 shows the detailed
components of FB7; all of the materials came from Ma Po
Mountains, Changsha City.

The rice cultivar was Zhongzao 39, cultivated by the China
Rice Research Institute. Its entire growth period was 112 days.

Experimental Design

The field experiment consisted of four different amounts of
FB7 (Table 2). Each concentration treatment was repeated
three times in parallel; the area of each treatment was 20 m?.
Before transplanting rice, FB7 was applied to the soil, mixed
thoroughly, and left alone for a week to reach equilibrium.
A concrete enclosure was constructed to separate each plot and
to avoid mixing irrigation water and fertilizer. The experimental
group and control group were randomly distributed, and rice
cultivation and management were consistent with local practices
for growing rice. The paddy field was flooded and plowed
on July 5, 2018, planted on July 12, 2018, and harvested on
November 5, 2018.

Sampling

Five soil samples were randomly selected from each plot for
mixing. All experimental samples were air-dried naturally in the
laboratory. Biological debris was collected at the ripening stage,
and the plant sample in each plot was a mixture of five random
samples. First, the rice samples were washed with distilled water.
Second, the rice samples were heated at 105°C for 60 min. Finally,
the rice samples were dried at 70°C to a constant weight. All
samples were ground and sieved before the analysis.
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TABLE 1 | Physical-chemical properties of soil in a paddy field.

Total Cd (mg kg™ 1) Av Cd (mg kg~ ) pH

OM (g kg™")

Alkaline-N Olsen-P(g kg™ ) Olsen-K

1.20 £0.03 0.21 +£0.01 6.30 &+ 0.08

45.95 + 2.68

80.50 &+ 4.75 22.44 +1.49 62.25 + 3.41

Sample Analysis

The air-dried soil was sieved (pore dimeter < 0.15 mm) and then
the 0.500 g soil was put into a digestion tube. Plant samples were
soaked overnight in 4.5 mL of concentrated HCl and 1.5 mL
of concentrated HNOs3, and then digested. This mixed sample
was dissolved at 90°C for 1 h and then up to 150°C until the
solution inside boiled, after which the sample was removed and
cooled down. After the sample was cool, 5 mL of concentrated
HClIO4 was added. It was digested again at 190°C for 2 h and
then up to 220°C until about 1 mL of sample was left. The
digested sample was then diluted to 25 mL with distilled water
and filtrated into a plastic bottle. The concentrations of cadmium
in the digested solution were measured with ICP-OES (ICPMA
8300, Perkinelmer).

The total concentration of metal in a plant was measured as
follows. The 1.0 g (dry weight) rice and 0.5 g (dry weight) root
were digested with 15 mL of concentrated HNOj3.The cooled
digested solution was diluted to 25 mL. The concentration of
cadmium, iron, manganese, copper, and zinc in the filtrate was
measured using ICP-OES (ICPMA 8300, Perkinelmer).

The pH value, organic matter, cation exchange capacity,
phosphorous, Olsen-K, Alkaline-N, and Total-N of the soil
were measured according to Yangs method (Yang et al,
2008). The crystal structures of soil samples were recorded
with a diffractometer (TTRIII, Rigaku, Tokyo, Japan), and
the surface structure and morphology of the paddy soils
were characterized by a scanning electron microscope-energy
dispersive spectrometer (SEM-EDS, JEM-1230 HC, JPN).

Bacterial Richness and Diversity

Soil in the rhizosphere area was collected and mixed from five
sites at every plot. Detailed measurements of bacterial species
richness and diversity is in Supplementary Material. Sequencing
data generated from this study has been deposited in the National
Center for Biotechnology Information (NCBI) with the project
accession number PRINA761207.

Statistical Analyses

Statistical analyses consisted of one-way analysis of variance
(ANOVA) using SPSS version 11.5 (SPSS Inc., Chicago, IL). Using
the least significant difference (LSD) method, the difference was
considered to be statistically significant when P < 0.05.

RESULTS AND DISCUSSION

Effects of the Amendment on Soil pH

and Conductivity

The pH in the control check (CK) soil treatment ranged from
6.4 to 6.6 during the three stages (transplantation, heading, and
harvest) (Figure 1A). During the transplantation stage, the soil

pH value increased from 7 to 9 after the addition of FB7. In the
heading and harvest stages, the soil pH was slightly lower than the
transplantation stage, but the overall value was still higher than
that of the CK treatment. As the amount of FB7 increased, the
pH value of paddy soil increased.

The pH value first increased and then decreased with time.
This is because lime can increase the pH of the soil (Bouray
et al., 2021), but this effect diminishes over time until it returns
to its original pH value (Yin et al., 2021). Some groups have also
described reacidification of limed soils in the long term (Wang
et al., 2009; Rosa et al., 2020). These reports are similar to the
results of this experiment—the pH value decreases to a certain
extent during the later stage of rice growth. Specifically, the
lower pH was found in the treatment with 0.2% amendment. In
general, the addition of amendment had a great effect on soil pH.

Soil conductivity (EC) decreased sharply as rice growth
increased (Figure 1B). Conductivity reflected the ion
strength mainly from fertilizer, such as K*, NO;~, and
Ca’". The adsorption and sediment of these ions can decrease
conductivity (Lin et al., 2005). Notably, conductivity in the
treatment with 0.2%0 FB7 was lowest at the harvest stage.
It might correspond to the lowest pH and some special soil
microbiological communities.

Effect of FB7 on Cadmium Concentration

in the Soil-Root-Rice System

The agronomic information related to rice maturity is shown
in Supplementary Table 1. After FB7 was applied, the
effective tiller number per plant, biomass, yield, and seed
setting rate were significantly increased, but there was no
significant effect on 1,000-grain weight. The results showed
that amendment could increase the yield and biomass
of rice by increasing the effective tiller number (Wang
et al, 2020). Moreover, the application of amendment also
increased the content of calcium and phosphorus in the
soil (Supplementary Table 2). It not only improves soil
fertility, but also reduces the concentration of cadmium in
rice roots through the competition between Ca?* and Cd*™
(Wang et al., 2021).

TABLE 2 | Material and concentration about amendments.

Marker Material Amount

CK Blank control

0.2%0  Calcium magnesium phosphate + Lime 315 kg/hm? + 105 kg/hm?
0.5%0  Calcium magnesium phosphate + Lime 787.5 kg/hm? + 337.5 kg/hm?
1.0%0  Calcium magnesium phosphate + Lime 1,575 kg/hm? + 675 kg/hm?

The column of concentration containing 2 concentration values corresponds to the
column of material.
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FIGURE 2 | Available Cd in soil (A), Cd concentration (B) in root and in the rice (C) with different concentration of amendment. Values are means + SD (n = 3).
Different letters above the bars indicate the signifcant differences at p < 0.05.

The available cadmium content of treated soil was lower than
that of untreated soil. (CK) (Figure 2A). The available cadmium
concentration was 0.21 mg/kg, and it was only 17.9% of the
total cadmium concentration. Compared with the CK soil, the
available cadmium concentration decreased by 6.94, 14.33, and
9.74%, after addition of 0.2, 0.5, and 1.0%¢ FB7 amendments,

respectively. The low available cadmium was attributed to two
causes. On the one hand, the solubility of heavy metals decreases
as the pH value increases, thereby improving the adsorption
capacity of soil particles for heavy metals by increasing the net
negative charge of variably charged colloids (Mcbride et al.,
2010). On the other hand, the high precipitate effect of CMP for
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TABLE 3 | The concentration of metals in the root of rice.

Treatments Fe/g kg~! Mn/mg kg~ Zn/mg kg~ Cu/mg kg~ Cd/mg kg~
CK 319.00 £ 8.75a 151.356 £ 8.66 d 89.90 £ 4.68b 7720+ 3.75a 8.95+0.35a
0.2%o 232.75+£9.01d 233.05+7.68c¢c 121,70+ 7.55a 60.55 +2.05b 6.94 +£0.48b
0.5%0 249.20 + 5.94 bc 364.15 £ 5.71 a 97.20+5.65b 37.16 £ 1.98 ¢ 524 +0.24c
1.0%0 244.05 £ 8.35cd 273.50 £ 7.36 b 99.05 +£3.21b 35.15+2.12¢ 4.33+0.18d

Different lowercase letters indicate significant differences in the content of the same substance between different treatments (P < 0.05).
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Cd?* results in low available cadmium. The solubility product
(Ksp) for Cd3(POy), was 2.53 x 10729, which is far lower than
the Ksp for Cd(OH), (6.5 x 10~!%) and the Ksp for CdCO;
(3 x 10712) (Han et al., 2017). Therefore, the available cadmium
concentration increases and then decreases greatly as the FB7
amount increases. The available cadmium concentration was very
low, only 0.04 mg/kg, in the treatment with 0.5%¢ amendment.

Furthermore, similar results were found in the available iron, zinc
concentration (Supplementary Table 3). It was attributed to the
highest pH value among the treatments being in the soil from the
treatment with 0.5%o FB7 at the harvest stage.

Cadmium content in roots gradually decreased as the amount
of FB7 increased (Figure 2B). Cadmium content in roots was
16.68, 11.14, 5.18, and 9.61 mg/kg after addition of 0, 0.2, 0.5,
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TABLE 4 | Statistics of the trimmed sequences and alpha-diversity of the bacterial communities.

Sample Primers Sequence Bases (bp) Mean length (bp) OouT Sobs Shannon Simpon Ace Chao Coverage
CK 338_806R 43,421 18,103,363 416.990 2,989 3,094 6.858 0.0025 4118195  4106.610 0.966
0.2%0 338_806R 51,084 21,310,944 417.153 2,943 3,553 6.995 0.0022 4720.416 4691.613 0.964
0.5%0 338_806R 49,104 20,508,293 417.628 2,851 3,747 7.057 0.0023 5157.998 5035.537 0.957
1.0%0 338_806R 49,343 20,636,836 418.207 2,377 3,709 7.044 0.0022 4962.246 4866.319 0.964
and 1.0%0 FB7, respectively. The total iron, manganese, zinc, o

ircos

copper, and cadmium concentration are revealed in Table 3. The
content of zinc and manganese increased, and the content of
iron, copper, and cadmium decreased. Compared with CK, after
applying the amendment zinc increased by 7.3-31.8 mg/kg while
iron decreased by 69.8-86.25 g/kg and copper was reduced by
16.6-42.05 mg/kg.

Maybe the decrease of metal concentration in the root has
relation to the low available metal concentration in soil and the
competition effect. Usually, low available metal concentration
in the soil induces low concentrations of metals such as iron,
copper, and cadmium in the root. Alternatively, the competition
effect may be attributed to low cadmium concentration in
the root. Cadmium mainly enters the rice root system in
the form of ion. Ca**, Mg?*, Zn?>*, and Cd** are divalent
cations with similar physicochemical properties. Therefore,
plants often absorb and transport these cations by using
the same transport proteins and ion channels, so there is
a competition in these ions (Zhang et al, 2019). The large
amount of calcium and magnesium in FB7 can occupy the
associated ion channels and reduce the root’s cadmium uptake.
As shown in Supplementary Figure 1, the application of
amendment significantly reduces translocation factor (TF) and
bioconcentration factor (BCF).

An interesting trend was found for manganese and zinc,
with these nutrients having lower available concentration in the
soil and higher concentration in the root after FB7 treatment.
Zinc and manganese are common nutrients in rice and their
absorption can be enhanced by the application of calcium-
containing fertilizers (Luo et al., 2020). The other mechanism
might be attributed to the competition effect between zinc and
cadmium. Very low available cadmium concentration induces
high zinc uptake (Cai et al., 2019). Similarly, manganese and
iron demonstrated a competition effect on each other. Therefore,
phosphate fertilizer decreased available iron concentration and
then increased manganese uptake. However, Mao et al. (2019)
reported that phosphate fertilizer would dramatically reduce
the availability of manganese and increase the molar ratio
of iron to manganese in iron plaques on root surfaces. The
difference might be attributed to soil type and the amount of
phosphate fertilizer.

The cadmium content in rice was 0.92, 0.76, 0.08, and
0.11 mg/kg (Figure 2C) after addition of 0, 0.2, 0.5, and
1.0%0 FB7, respectively. The cadmium concentration in rice
after treatment with 0.5 and 1.0%0 FB7 decreased to less
than 0.2 mg/kg, which is the National Food Safety Standard.
Specifically, when the FB7 concentration is 0.5%o, the cadmium
content in rice is the lowest.
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FIGURE 4 | Relationships between samples and phyla are shown in Circos
figures. The CK, C2, C5, and C10 is representative of the sample from soil
processed with 0, 0.2, 0.5, and 1.0%0. amendment, respectively.

Effects of Amendment on Soil

Microstructure

The typical microstructure of the soil from the CK and
1.0%¢ treatment are shown in Figures 3A-H. Soil samples
contained a range of minerals, including quartz, muscovite, and
kaolinite, which was determined by the X-ray diffraction (XRD)
(Supplementary Figure 2). The separated small sheet structure
was attributed to the quartz and the aggregated large composites
corresponded to the kaolinite and muscovite, as shown in
Supplementary Figures 3, 4. There was no obvious variation in
the microstructure of soil minerals after treatment with 1.0%o
FB7. However, the surface of the kaolinite became smoother in
Figure 3G in comparison with that of Figure 3C. Furthermore, a
small amount of phosphorous was found from the surface of the
kaolinite in the CK and its concentration increased to 0.13% after
processing with 1.0%o FB7. Some phosphorous was incorporated
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FIGURE 5 | Canonical correspondence analysis (CCA) of the microbial community, environmental parameters, and samples.

into the surface of the mineral. The smooth surface might be
attributed to the dissolution-precipitation effect of CMP.

Overview of 16S rRNA Sequencing

In order to study the composition of the microbial community
in the paddy soil, we sequenced 16S RNAs. After removing the
low-quality readings and trimming the adapters and barcodes,
there were 192,952 effective sequences with an average length
of 311.85 bp of microbiota generated from the four paddy soil
samples: 43,421, 51,084, 49,104, and 49,343 sequences on average
for the samples collected from soil treated with 0, 0.2, 0.5,
and 1.0%0 FB7 (marked as CK, C2, C5, and C10), respectively.
Coverages of 0.966, 0.964, 0.957, and 0.964 were achieved
(Table 4). The shape of the rarefaction and Shannon-Wiener
curves tended to approach the saturation plateau, showing that
the bacterial abundance of this sample was relatively complete
(data not shown). The sequences were assigned to 11,160
OTUs of bacteria.

Based on the OTUs number, the soil sample from the CK
treatment was found to have the richest value, with an OTUs
number of 2,989, whereas the samples from 0.2, 0.5, and 1.0%o
FB7 displayed considerably lower richness, with OTUs numbers
of 2,943, 2,851, and 2,377. Generally, the Chaol and Ace indices
were used to calculate the OTUs numbers. The experimental
results show that the Ace and Chaol indices of the four
samples were negatively correlated with the OTUs numbers.
Otherwise, the Shannon indices indicated that the 0.5%0 FB7
treatment showed the greatest diversity (7.057) while the sample
of others displayed relatively lower diversity (6.858, 6.995, and
7.044). However, the Simpson index indicated that the CK
treatment showed great diversity (0.0025), and the others had

relatively lower diversity. Ultimately, the 0.5%0 FB7 treatment
was considered to have the highest diversity.

Heavy metals and nutrition are two key parameters affecting
biodiversity (Xie et al.,, 2016). These results indicated that the
application of amendment has obvious effects on soil biological
community structure. The 0.5%0 FB7 treatment had richer
biodiversity than others. This result could be attributed to FB7
optimizing the biological growth environment by increasing
fertility and reducing bioavailability of heavy metal, but also
destroying its environment to decrease the number of biomes
after the addition of too much mineral element.

Karaca et al. (2002) found that when 50 mg/kg of cadmium
was added to contaminated soil (sandy loam), the population
abundance of bacteria and pseudomonas was significantly
increased after also applying sludge and phosphate fertilizer. In
addition, their study found that applying red mud, lime, and
zeolite to acidic soil contaminated with lead, cadmium, and zinc
could effectively improve the number of soil microorganisms.
All of these suggest that the addition of amendment leads to an
increase in biodiversity.

Gong et al. (2021) found that soil with light heavy
metal pollution significantly reduced the diversity of fungi
after a large application of amendment. Therefore, excessive
amendment would decrease biodiversity. Similarly, the addition
of amendment led to the increase and then decrease of
biodiversity in this experiment.

Figure 4 shows the distribution of bacterial phyla in the paddy
soil samples. Proteobacteria was the most abundant phylum in
all the soil, accounting for 31, 30, 28, and 32% of effective
bacterial sequences of the CK, C2, C5, and Cl10 treatments,
respectively. The next most dominant phylum in the CK, C5,
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and C10 treatments was Chloroflex, with a prevalence of ~20%.
However, in the C2 sample, the second most dominant phylum
was Acidobacterium, with a prevalence of 21%. This result might
correspond to the strong acidification effect in the soil with 0.2%o
FB7. Consequently, Proteobacteria and Chloroflex were the most
abundant phyla, followed by Acidobacterium and Nitrospirae.
Proteobacteria can produce exopolysaccharides, and thus
can participate in soil stabilization (Liu et al, 2017). In this
study, heavy metals hardly affected the relative abundance of
Proteobacteria. The relative abundance of Proteobacteria was
only slightly influenced by different levels of heavy metal
bioavailability; the main OTUs shared by all samples belonged
to the Proteobacteria. Some sequences of Proteobacteria, such
as Halomonas and Halovibrio sp., can also assist carbonate
mineral formation (Heijs et al., 2006). Therefore, Proteobacteria
have a high detoxifying effect with regard to contamination by
heavy metals. Other research has suggested that Proteobacteria
offer some resistance to pollution from various heavy metals

(Zhu et al,, 2013), and this can explain the abundance of this
phylum in all samples.

Correlation Between Bacterial
Community, Environmental Parameters,

and Phyla

In this study, eight physical and chemical indexes (pH, EC,
available phosphorus, available iron, manganese, copper, zinc,
and cadmium in soil) were analyzed and the relative contribution
of the bacterial community at the phylum level was evaluated
(Figure 5). The available phosphorous and pH were positive
corresponded to the C5 and Cl10 treatments, which were
treated with high concentration FB7. The EC and available
cadmium were positively related with the CK treatment, and
the available manganese and copper were related to the C2
treatment. The environmental parameters results indicated that
the high pH and phosphorous effectively decreased the available
metal concentration in the soil, such as manganese, copper,
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FIGURE 7 | The multivariate association with linear models between the relative abundance of three microorganisms (A-C) in the genus level and available Cd
concentration in soil with different amendment concentration.

iron, zinc, and cadmium. Environmental parameters regarding
phosphorous contributed positively to Peregrinibacteria, RBG-
1, Ignavibacteriae, Nitrospinae, Firmicutes, and Latescibacteria.
The pH level contributed positively to the Proteobacteria,
Cloacimonetes, and Gemmatimonadetes. The available cadmium
and EC were positively contributed to the GAL15 and WS6.

The detailed correlation between the organism at the genus
level and environmental parameters is shown in Figure 6 and
Supplementary Table 3. A genus-level heatmap split the eight
parameters into three groups at the first level. One was composed
of pH and phosphorous, another was composed of manganese
and copper, and the last was composed of EC, cadmium, iron,
and zinc. The effect of parameters such as pH and phosphorous
on organisms was greatly different from that of EC, cadmium,
iron, and zinc. It is corresponded to the results of the canonical
correspondence analysis (CCA).

Bacterodietes-vadinHA17, Syntrophaceae, and Thiobacillus
were significantly positively correlated (R = 0.80, P < 0.001)
with phosphorous, while Bryobacter and Candidatus-Solibacter
were significantly negatively correlated with phosphorous
(R=-0.70, P < 0.001). The opposite relationship was
present between phosphorous and pH, and cadmium, iron,
zinc, and EC. As a result, Bacterodietes-vadinHA17 and

Syntrophaceae were negatively correlated with cadmium,
iron, zinc, and EC. However, Bryobacter, Candidatus-
Solibacter, and HI6 were positively correlated with these
four parameters. Usually, Thiobacillus thiooxidans can
produce substantial amounts of H™ and then induce low
pH. The treatment with high content FB7 induced the
relatively low bioavailable iron, manganese, and zinc for
paddy soil. The multivariate association with linear models
for three typical microorganisms (Bacterodietes-vadinHA17,
Syntrophaceae, and Thiobacillus) and the available cadmium
concentration in soil is shown in Figure 7. The relationship
coefficients in the linear model were -0.38, -0.22, and
-0.18 for Bacterodietes-vadinHA17, Syntrophaceae, and
Thiobacillus, respectively.

Bacterodietes-vadinHAI7 is a typical organic matter-
degradation bacterium (Yang J. et al., 2018). Baldwin found
the order Bacteroidetes environmental group vadinHA17
in environments undergoing complex carbon degradation,
especially in samples with relatively high amounts of recalcitrant
organic matter (Baldwin et al., 2015). Similarly, Syntrophaceae
usually play an important part in the methanogenic hexadecane
degradation (Lei et al., 2013). Gray et al. (2011) revealed a
significant positive correlation between Syntrophaceae-afhliated
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clones and methane production from a petroleum hydrocarbon-
degrading consortium. However, it has not been reported if the
resulting high concentration P can increase the abundance of
Bacterodietes-vadinHA17 and Syntrophaceae. The present result
may imply that adding a higher concentration of phosphorous
to the soil can induce more organic matter to degrade into more
methane. However, the detailed mechanism on the relationship
needs further investigation.

Thiobacillus thiooxidans reduced soil pH and increased the
uptake of iron, manganese, and zinc in paddy roots and shoots
(Aria et al., 2010). This result may correspond to a lower
pH in the C10 than the C5 treatment. It was reported that
Thiobacillus thiooxidans can be subcultivated in the environment
with a high concentration of cadmium, through the formation
of a cadmium-complex (Sakamoto et al., 1989). Thus, the low
bioavailable cadmium may be attributed to the high abundance
of Thiobacillus in the soil.

Bacteria in the genus Bryobacter and Candidatus-Solibacter
belong to the Acidobacteria phylum, which is correlated with
H™ production in soil. These two bacteria can decrease with
increasing nitrogen fertilizer due to lower soil pH after the
application of more nitrogen fertilizer (Wang et al,, 2017).
However, in our experiment, the addition of a more alkaline
substance such as CMP and lime caused higher pH (>7.2)
long-term in the soil environment and then decreased these
bacteria’s abundance. The growth of Bryobacter occurs at
pH 4.5-7.2 (optimum growth at pH 5.5-6.5) (Kulichevskaya
et al, 2010). Therefore, the presence of an appropriate
growth pH may be the main effect on the abundance of
Acidobacteria. However, Bryobacter and Candidatus-Solibacter
showed a highly positive relationship with available metal ions
such as cadmium, iron, and zinc. These bacteria can cause
low pH and lots of fatty acid, a type of organic matter
with few molecules (Kawai et al.,, 2012). Therefore, the higher
abundance of Bryobacter and Candidatus-Solibacter induces
higher bioavailable metal content.

The bacteria norank-f-Gemmatimonadaceae was significantly
positively correlated to pH and negatively correlated with
manganese and copper. It preferred the high pH environment
and can reduce the bioavailability of manganese and copper. The
bacteria norank-f-Gemmatimonadaceae has a polyphosphate-
accumulating function (Takaichi et al., 2010). Therefore,
low bioavailable manganese and copper might be attributed
to the coprecipitation effect of the phosphate-metal ion
(manganese, copper).

CONCLUSION

Application of 0.5%0 CMP + lime amendment could mitigate
soil acidity, reduce bioavailable cadmium, and decrease cadmium
content in brown rice to the national food safety standard.
Enough calcium, magnesium, manganese, and zinc were supplied
for rice, although this amendment greatly decreased the iron,
copper, and cadmium bioavailable content in soil. There will be
a competition between those cations and cadmium ions, but the
application of a small amount of amendment can promote the

uptake of heavy metals in rice. The amendment can remediate
the ecology of the soil and increase biodiversity. Specifically,
the abundance of Bacterodietes-vadinHA17, Syntrophaceae,
and Thiobacillus was significantly positively correlated with
phosphorous, while Bryobacter and Candidatus-Solibacter were
significantly negatively correlated with phosphorous. These
microorganisms may potentially affect metal bioavailability and
then decrease the cadmium uptake by the rice. Therefore, the
CMP + lime amendment is recommended as a highly effective
amendment for remediating cadmium-polluted acidic paddy
soils in south China.
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Cd speciation ratios and resulted in the accumulation of stabilized Cd speciation via
regulating the predominant bacterial taxa. This study will improve our understanding of
how soil environments regulate Cd speciation distributions in rice ecosystems and help
to seek effective remediation methods of Cd-contaminated paddy fields to reduce the
Cd accumulation in rice.
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INTRODUCTION

Cadmium (Cd), a highly toxic and carcinogenic heavy metal species, has attracted substantial
attention from researchers (Aitio and Tritscher, 2004; Hu et al., 2020). The Cd contamination
of paddy fields causes soil degeneration and cereal quality degradation, raising serious food
supply, and food security concerns (Rafiq et al., 2014; Jiang et al., 2020). Rice (Oryza sativa
L.), as the main food for more than half the global population, readily assimilates Cd via
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root uptake (Khan et al., 2017; Shi et al., 2020). Consumption
of Cd-contaminated rice enhances the dietary exposure to Cd
and threatens human health (Santeramo and Lamonaca, 2021).
Consequently, Cd-contaminated paddy soils are in urgent need
of remediation to reduce the Cd bioaccumulation of crops
and adverse health effects (Huang et al., 2019). This requires
a clear understanding of the biogeochemical behavior of Cd
and Cd speciation change controlled by various soil environments
(Li et al, 2021).

Generally, Cd deposited on soils exists as the complexes
precipitated with soil components, such as carbonate, Fe-Mn
oxides, organic matter, and primary minerals. Cd speciation
can be divided into acid-soluble, reducible, oxidizable, and
residual fractions based on sequential extraction procedures
developed by the European communities bureau of reference
(BCR; Gleyzes et al, 2002). The acid-soluble and reducible
fractions are considered to be bioavailable for plants, but the
oxidizable and residual fractions of Cd are the recalcitrant
chemical forms. The Cd assimilation of crops and remediation
efficiency of Cd pollution not only depend on the total Cd
content in soils, but also more strongly on the distributional
characteristics of Cd speciation, especially on the vertical scale
(Chen et al, 2019). The plow layer is the surface soil region
of crop growth that is characterized by the rich soil nutrients,
loose aggregate structure, and root dense zone. The soil properties
in this layer are constantly affected by the agricultural
management and natural factors. The plow pan is recognized
as the oligotrophic, anoxic, and sparse root soil layer, and is
relatively far from the interference of farming practices. However,
some soil remediation methods and agricultural production
activities like deep tillage, topsoil removal, and soil dilution
can alter the soil properties throughout the soil profile, and
thereby affect the spatial distribution of Cd and Cd accumulation
in plants (Peng et al., 2018). Previous investigations have focused
on the spatial distribution and risk assessment of total Cd in
a variety of habitats (Li and Ji, 2017; Deng et al., 2019), while
Cd speciation differences along the vertical profile and their
driving mechanisms are largely ignored.

The changes in soil environmental conditions are associated
with the complex and diverse Cd speciation distribution. Soil
pH can affect the activity of soil microorganisms and the
synthesis of organic matter, changing the equilibrium point of
Cd precipitation-dissolution. Soil redox potential can be highly
mediated by soil moisture, shaping the sorption/desorption
dynamics of Cd bound to Fe-Mn oxides and sulfides (Li et al.,
2020a). Soil organic ligand concentration plays an important
role in the transformation of different Cd forms in soils (Wu
et al.,, 2018). The Cd speciation can also be transformed through
a biogeochemical process, changing the Cd mobility, toxicity,
and bioavailability. Chemoautotrophic bacteria, fungi, and the
mixture culture of acid-tolerant microorganisms have been used
for the biomobilization of Cd compounds through the direct
and indirect mechanisms (Li et al, 2020b). The biological
methods of Cd bioimmobilization, such as adding microorganism
directly, microbial preparation, and biostimulation, can transform
toxic Cd compounds into low- or non-toxic states. Although
the alterations of soil microbial communities and soil properties

in different soil depths are studied extensively (Miiller et al.,
2016; Anderson et al., 2017; Yu et al., 2021), little has been
done to address the significant question concerning the
association of Cd speciation change with the diverse soil
environments of the plow layer and plow pan soils in
Cd-contaminated paddy fields (Zhang et al., 2021). Likewise,
the underlying mechanisms of Cd speciation distribution
regulated by the composite effects of soil properties and soil
microbes remain unclear and need further study. These results
will provide a comprehensive understanding of Cd speciation
distributions and their driving factors responding to the plow
layer and plow pan soils of paddy field systems, and further
help to remediate Cd-contaminated paddy fields efficiently
(Fonti et al., 2016).

In this study, we analyzed the Cd speciation distribution
characteristics between plow layer and plow pan soils in long-
term Cd-contaminated paddy fields. The aims of this study
were to evaluate the responses of Cd speciation distribution
to soil properties and soil microbes, and finally to reveal the
transformation mechanisms of Cd speciation regulated by the
plow layer and plow pan soil environments.

MATERIALS AND METHODS

Site Description and Sample Collection

The soil sampling site was located in a rice-growing region
with a subtropical monsoon humid climate in Xiangtan County,
Hunan Province, Southeast China (27°77° N’112°88" E;
Supplementary Figure 1A). The mean annual temperature in
this paddy area was 16.7°C-18.3°C, with mean annual
precipitation of 1,300mm. The rice fields were adjacent to a
steel smelter factory and had been contaminated by irrigation
water mixed with Cd-containing industrial wastewater for about
10years. For our study, in rice mature period, a total of 15
sampling points covering an approximate area of 1.5 hectares
were selected randomly (Supplementary Figure 1B) in October
2020. Rice samples of indica rice cultivar (Yuzhenxiang, 15
samples) and paired bulk soil samples (30 samples) including
plow layer soils (0-20cm) and plow pan soils (20-40 cm) were
collected using a T-sampler. Plant residues and rocks in each
soil sample were removed by a 2-mm nylon mesh. These soil
samples were taken back to the laboratory and stored at 4°C
or —20°C for the soil physicochemical measurements or microbial
community analysis, respectively.

Soil Property Analysis

Rice grain and soil samples were air-dried and milled to power
with size of <150um using the multi-purpose disintegrator
(DE-250, Rhodiola Instrument, Zhejiang, China). Rice grain
samples (0.2 g) were digested by an electric heating plate (X]JS20-
42, Laboratory Instrument, Tianjin, China) using the HNO3
and HCIO4 (5:1, vol/vol). Soil samples (0.2g) were digested
with an acid mixture of HNO3, HE, and HCIO4 (10:5:2, vol/
vol). Total Cd contents in rice grain, soil heavy metals, total
P, and total K contents were analyzed by ICP-OES (Optima
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5300DV, PerkinElmer, Shelton, United States). Soil pH and
oxidation reduction potential values (ORP, vs. Ag/AgCl) were
analyzed at a soil-to-water ratio of 1:2.5 (wt/vol) and measured
by a pH meter (BPH-220, Bell Instrument, Dalian, China).
Soil temperature (Tsoil) was measured immediately during the
soil sampling process by a thermometer (TR-6, Shunkeda,
Guangzhou, China). Soil moisture was analyzed after drying
for 24h at 80°C using the fresh soil samples. Organic element
(organic N, organic C, organic H, and organic S) contents
were determined using an Elemental Analyzer (Elementar Vario
EL III, Elementar Analysensysteme, Hanau, Germany).

Cd speciation analysis of soil samples was carried out
according to the sequential extraction procedure as described
previously (Hao et al., 2019). Briefly, (i) the acid-soluble fraction
(F-Aci) of Cd in soil samples (0.5g) was extracted at room
temperature for 16h with 20ml of 0.1 M acetic acid solution
(pH 5.0) with continuous agitation; (ii) the reducible fraction
(F-Red) of Cd in residue from (i) was leached with 20ml of
0.5M NH20H-HCI (pH 1.5) at room temperature for 16h;
(iii) the oxidizable fraction (F-Oxi) of Cd was extracted from
the residue (ii) through adding 10ml of 8.8 M H20O2 and was
heated to 87+2°C for 1h with occasional agitation. A second
10ml aliquot of 8.8 M H202 was then added and the sample
was heated again to 87+2°C for 1h with intermittent agitation.
After cooling, 20ml of 1.0M NH4OAc adjusted to pH 2.0
with HNO3 was added and shaken at room temperature for
16h; and (iv) the residual fraction (F-Res) of Cd in residue
(iil) was digested with a HNO3-HF-HClO4 mixture as described
for the total metal analysis. Between successive extractions,
the supernatant was collected by centrifugation at 3600g for
20min. We used the F-Aci ratio, F-Red ratio, F-Oxi ratio, and
F-Res ratio representing the Cd speciation transformation
percentages toward the acid-soluble fraction, reducible fraction,
oxidizable fraction, and residual fraction of Cd, respectively.
The calculation formula is as follows: Cd speciation ratio
(%)=C1/C2x100, where C1 represents the contents of each
Cd speciation, and C2 represents the total Cd contents of
soil samples.

Microbial Community Analysis

DNA Extraction, PCR Amplification,
High-Throughput Sequencing

Total genomic DNA was extracted from 1.0g of each soil
sample using the E.Z.N.A. Soil DNA kit (Omega Bio-Tek Inc.,
United States) according to the manufacturer’s protocol. DNA
concentration and quality were detected by NanoDrop ND-1000
Spectrophotometer (NanoDrop Technologies) using the ratios
of absorbance at 260/280nm and 260/230nm. Soil microbial
biomass was represented by the amount of microbial DNA in
soils, which was assessed by the percentage of DNA mass
extracted from soils compared to the dried soil weight (Sanaullah
et al., 2016).

Paired primers of 515F (5'-GTGCCAGCMGCCGCGGTAA-3")
and 806R (5-GGACTACHVGGGTWTCTAAT-3’) with unique
barcode sequences were used to amplify the V4 hypervariable
region of 16S rRNA genes. PCR amplification was performed

in 25pl reactions containing 12.5ul 2xTaq PCR Master Mix
(Vazyme, Piscataway, United States), 1ul of template DNA,
1pl (10nm) of each primer, and 9.5 pl of ddH,O water. Thermal
cycling procedures were initial denaturation at 94°C for 5min,
followed by 30cycles of 94°C for 45s, 62°C for 45s, and 72°C
for 30s, with final extension at 72°C for 10 min. PCR products
were purified by 1.2% (wt/vol) agarose gel and recovered using
an EZN.A. TM Gel Extraction Kit (Omega Bio-Tek Inc,
United States). PCR amplicons in each sample were pooled
in equimolar concentrations, and high-throughput sequencing
was performed on the Illumina Miseq platform (Miseq PE250).

Data Processing

Raw 16S rRNA amplicon sequencing data were assigned to
each sample according to the unique barcode sequences using
the Galaxy Illumina sequencing pipeline.! Forward and reverse
primers reads were trimmed with up to 1.5 mismatches allowed.
The Btrim program was used to remove the unqualified sequences
with a threshold of QC>20 over a 5bp window size (Kong,
2011), and then, pair-ended sequences were combined and
quality filtered by Flash (Mago¢ and Salzberg, 2011). Operational
taxonomic units (OTUs) were clustered by UPARSE with a
sequence threshold of 97% similarity (Edgar, 2013). Taxonomic
assignment of 16S representative sequences was performed
based on the ribosomal database project (RDP) classifier with
a minimum of 50% confidence estimates (Wang et al., 2007).
The raw 16S rRNA sequencing data were deposited in the
NCBI Sequence Read Archive database (SRP291811).

Functional Prediction

The phylogenetic investigation of communities by the
reconstruction of unobserved states (PICRTUSt) was used to
predict the abundance of gene families in environmental
communities using the 16S rRNA sequencing data of plow
layer and plow pan soil samples (Langille et al., 2013). The
Kyoto encyclopedia of genes and genomes (KEGG) database
and closed reference OTUs based on the Greengenes reference
taxonomy (Greengenes 13.5) were used to predict the molecular
functions of each soil sample. The 16S copy number was
normalized, and then, molecular functions were predicted and
final data were summarized into KEGG pathways.

Network Construction

Phylogenetic molecular ecological networks (pMENs) were
constructed by sequencing of 16S rRNA gene amplicons based
on random matrix theory (RMT; Deng et al., 2012). The OTUs
detected in at least 12 out of 15 replicates were employed to
ensure correlation reliability for network analysis. The pMENs
of plow layer and plow pan soil samples were constructed
and analyzed on the IEG MENA Pipeline,” and the network
plots were visualized in Cytoscape 3.6.0 software. The network
was split into different modules to represent the modularity
property. Sub-networks of plow layer and plow pan soil samples

'http://zhoulab5.rccc.ou.edu/
*http://ieg2.ou.edu/MENA
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were also built separately using the F-Aci ratio, F-Red ratio,
F-Oxi ratio, and F-Res ratio as microbial factors to analyze
the correlation between the Cd speciation ratio and
relevant OTUs.

Statistical Analysis

In this study, the Shannon index was calculated to measure
the biodiversity of the microbial community in plow layer and
plow pan soils using the resampled 16S OTU subsets (10, 000
sequences per soil sample). A Venn diagram was constructed
using “Venny 2.17° Detrended correspondence analysis (DCA)
was used to present the bacterial community structure
heterogeneity between the two soil layers. Dissimilarity analyses
of MRPP, ANOSIM, and Adonis were conducted to test the
differences in microbial structure in the plow layer and plow
pan soil samples. Redundancy analysis (RDA) and variation
partitioning analysis (VPA) were performed to estimate the
contributions of environmental variables to the bacterial
community using R vegan package. A paired-sample t-test was
employed to identify the differences in the soil physicochemical
properties, relative abundance of dominant microbes and selected
pathways, soil DNA concentrations, and Shannon index between
the two soil layers using IBM SPSS Statistics 21.0 software.
The correlation analysis between Cd accumulation contents of
rice grain, soil parameters, soil microbes, and Cd speciation
ratios was performed using a Pearson correlation test. A partial
least square path model (PLSPM) using the “amap,” “shape,
“diagram,” and “plspm” packages in R was used to show the
effects of soil factors and microbial community structures on
Cd speciation distribution in plow layer and plow pan soils.

RESULTS

Effects of Soil Properties on Cd Speciation
Distribution

Total heavy metal contents showed significant differences between
plow layer and plow pan soil samples (Table 1). The total
Cd, Cr, Cu, Pb, and Zn contents in plow layer soils were
significantly (p<0.01) higher than those in plow pan soils,
which was mainly attributed to the artificial exogenous

*http://bioinfogp.cnb.csic.es/tools/venny/index.html

introduction and adsorption of heavy metals in plow layer
soils. However, only the Cd contents in both plow layer (19.0 mg/
kg) and plow pan (0.4 mg/kg) soils exceeded the Environmental
Quality Standard for Soils of China (EPM, 2018) for Cd (0.3 mg/
kg) in paddy fields. The mean Cd content in rice grain was
2.9+0.8mg/kg, which was 14.5 times higher than the Cd
standard threshold (0.2 mg/kg) of National food safety standards
of China. Moreover, the contents of total Mn, total K, and
soil pH values decreased, while soil moisture, soil temperature,
total P, and organic elements contents (organic N, organic C,
and organic H) increased in plow layer soils. Soil ORP and
organic S contents showed no significant (p>0.05) differences
between these two soil layers.

Similarly, the contents of each Cd species were also significantly
higher (p<0.001) in plow layer soils than in plow pan soils,
but differences in each Cd speciation ratio in the two soil layers
were observed (Figure 1A). The acid-soluble fraction (F-Aci)
and reducible fraction (F-Red) of Cd with high bioavailability
were the dominant fractions of Cd speciation in these two soil
layers, but the F-Aci ratio in plow layer soils (61.1%) was
significantly higher (p<0.05) than in plow pan soils (38.6%).
However, the ratios of the oxidizable fraction (F-Oxi, 11.2%)
and residual fraction (F-Res, 23.5%) in plow pan soils were
significantly (p<0.01) increased compared to those in plow layer
soils (2.9 and 3.7%, respectively). Pearson correlation analysis
showed that the Cd accumulation contents of rice grain positively
correlated with F-Aci ratio and F-Red ratio in plow layer soils
(p<0.05), whereas negatively correlated with F-Res ratio in plow
pan soils (p<0.01; Table 2), which indicated that activated Cd
speciation ratios in soils enhanced the Cd accumulative effect
in rice grain. Total Cd content had a significantly positive
correlation with organic elements (p<0.01) and total K (p<0.05)
in plow layer soils, and a positive correlation with soil moisture,
organic N, and organic H (p<0.05) in plow pan soils (Figure 1B).
For the Cd speciation ratio in the plow layer, soil pH indicated
a significantly (p<0.01) positive correlation with the ratios of
F-Red, F-Oxi, and F-Res, but a negative correlation with the
F-Aci ratio (p<0.01) in the plow pan. Moreover, soil moisture,
total K, organic N, and organic H had a significantly positive
correlation (p<0.01) with the F-Red ratio of plow pan soils.
These results showed that the differences in soil properties,
especially soil pH and organic elements, distinctly impacted the
Cd speciation distribution between the plow layer and plow
pan soils. As a result, more activated Cd species (F-Aci and

TABLE 1 | Physicochemical properties (means + standard deviation, n=15) analysis in the plow layer and plow pan soils.

Item Plow layer Plow pan Item Plow layer Plow pan
Total Cd, mg/kg 19.0+11.1 0.4+0.2 Tsoil,°C 12.7+1.0 11.9+0.4
Total Cr, mg/kg 124.5+21.7 111.8+16.5 ORP, mV 315.9+17.7 311.6+17.9
Total Cu, mg/kg 21.2+25 156.1+£3.3 Total P, mg/kg 557.3+119.5 442.3+89.8
Total Pb, mg/kg 27.8+12.2 17.9+8.9 Total K, g/kg 10.0£0.5 10.7+0.5
Total Zn, mg/kg 182.6+63.0 54.1+6.0 Organic N,% 0.20+0.04 0.07+0.02
Total Mn, mg/kg 304.1£110.9 697.5+595.2 Organic C,% 2.2+0.5 0.6+0.3

pH 6.3+0.4 7.4+0.3 Organic H,% 0.81+0.07 0.67+0.10
Moisture, % 50.0+6.9 24.5+4.8 Organic S,% 0.03+0.01 0.02+0.01

Quantitative values in bold font indicate the significantly higher means in the plow layer or plow pan soils (paired-sample t-test, p<0.05).
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FIGURE 1 | Cd speciation distribution and relationships between the soil variables and Cd speciation ratios in the plow layer and plow pan soils. (A) Distributions of
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TABLE 2 | Pearson correlation between Cd accumulation contents in rice grain
and Cd speciation ratios in the plow layer and plow pan soils.

Plow layer Plow pan
Item
Coefficient P Coefficient P

Total Cd, mg/kg 0.225 0.420 0.381 0.161
F-Aci ratio, % 0.573 0.026%* 0.136 0.630
F-Red ratio,% 0.569 0.027%* 0.171 0.543
F-Oxi ratio, % 0.481 0.070 0.075 0.791
F-Res ratio, % —-0.465 0.081 -0.716 0.003#*

Asterisks indicate the significant correlation *p <0.05; **p <0.01.

F-Red fractions) were present in plow layer soils, while more
stabilized Cd species (F-Oxi and F-Res fractions) were present
in plow pan soils.

Phylogenetic Composition and Soil
Bacterial Communities

Microbial community differences in plow layer and plow pan
soils were detected by 16S rRNA amplicon sequencing. The
soil 16S rRNA sequences were assigned to 35 bacterial phyla.
The top three dominant phyla, accounting for more than 53%
of the relative abundance, were Proteobacteria (plow layer 36.0%
and plow pan 11.6%), Chloroflexi (15.5 and 30.8%, respectively),
and Acidobacteria (13.1 and 10.6%, respectively), which were

significantly different (paired-sample t-test, p<0.05) between
these two soil layers (Figure 2A). The relative abundances of
Verrucomicrobia, ~ Thaumarchaeota,  Crenarchaeota,  and
Planctomycetes in plow layer soils were significantly (p<0.05)
higher than in plow pan soils, but Actinobacteria, Euryarchaeota,
and Firmicutes were significantly (p <0.05) lower. Furthermore,
the DNA concentration in plow layer soils (50.0 ug/g soil) was
much (p<0.001) higher than that in plow pan soils (1.2pg/g
soil; Figure 2B). Meanwhile, there were more unique OTUs
in plow layer soils (1,055, 45.1%) than in plow pan soils (444,
19.0%; Figure 2C), indicating the higher microbial mass in
plow layer soils.

Shannon index was used to distinguish the variations of
a-diversity in plow layer and plow pan soil samples (Figure 3A).
Shannon indexes from plow layer soils were significantly (paired-
sample f-test, p<0.001) increased compared to those of plow
pan soils. Pearson correlation analysis indicated that there were
no significant correlations between the Shannon index and
Cd speciation ratio in plow layer and plow pan soils
(Supplementary Table 1). The f-diversity measurements also
showed significant divergence between these two soil layers.
DCA revealed that the microbial community structure of plow
layer soils tended to be more similar, but observably distinct
from that of plow pan soils (Figure 3B). Dissimilarity tests
using MRPP (p<0.001), ANOSIM (p=0.001), and Adonis
(p=0.001) further confirmed this differentiation of soil bacterial
communities between plow layer and plow pan soils.
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Phylogenetic molecular ecology networks (pMENs) were
constructed to explore the microbial interactions in plow layer
and plow pan soils. The microbial pMEN in plow layer soils
(38 modules, 310 nodes, and 551 links) was larger and more
complex than that in plow pan soils (16 modules, 160 nodes,
and 317 links), indicating that the microbiome in the plow
layer had more species interactions (Figure 3C). The plow
layer group had an average path distance of 8.305, which was
higher than that of the plow pan group (4.089), demonstrating
closer microbial connectivity in plow layer soils
(Supplementary Table 2). The molecular functions of each
soil sample were predicted using PICRUSt as a predictive
exploratory tool. The functional classification and most basic
metabolic pathways of level II orthology groups (KOs in KEGG)
between plow layer and plow pan soil samples were consistent
(Supplementary Figure 2). However, several different pathways
between these two soil layers were still observed (Figure 3D).
The cell metabolic functions from plow layer soil samples
consistently showed higher relative abundances than those of
plow layer soils (paired-sample t-test, p<0.01), including the
protein families: metabolism, amino acid metabolism,
carbohydrate metabolism, and energy metabolism. In addition,
some xenobiotics biodegradation and metabolism pathways also
showed higher abundances in plow layer soils (p<0.01).

Relationship Between Soil Microbes and
Cd Speciation Distribution

There were great differences in microbial communities between
plow layer and plow pan soils (Figures 2, 3), and these

differences obviously affected the Cd speciation distribution
in the two soil layers (Figure 4). Redundancy analysis (RDA)
showed that the microbial community of plow layer soils had
a positive relationship with the F-Aci ratio, F-Red ratio, soil
moisture, and organic elements (Figure 4A). However, the plow
pan soil bacterial community was positively associated with
the F-Oxi ratio, F-Res ratio, soil pH, and total Mn. Variation
partitioning analysis (VPA) was performed to determine the
relative contribution of environmental variables on the bacterial
community (Figure 4B). The soil Partial least square path
modelroperties and Cd speciation ratio could explain 33 and
3% of variation in the soil bacterial communities, respectively.
Their interaction explained 20% of variation, leaving 44% of
the variation unexplained. These results showed that the soil
microbiome might facilitate the Cd speciation transformation
process to F-Aci and F-Red fractions in plow layer soils, and
to F-Oxi and F-Res fractions in plow pan soils. Moreover, the
relative abundance of some heavy metal metabolism-related
molecular functions, such as ABC transporters, sulfur metabolism,
and cysteine metabolism, was higher (p<0.05) in plow layer
soils (Figure 3D), also indicating the roles of soil microbes
in maintaining more activated Cd speciation in plow layer
soils compared to plow pan soils.

Pearson correlation analysis revealed the OTU numbers
associated with the variations of each Cd speciation ratio
between the two soil layers (Figure 4C). There were more
unique OTUs correlated with the F-Aci ratio and F-Red ratio
in plow layer soils (87 and 84, respectively) than plow pan
soils (68 and 68, respectively). In contrast, the number of
unique OTUs correlated with the F-Oxi ratio and F-Res ratio
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in plow pan soils (92 and 102, respectively) was higher than
that in plow layer soils (74 and 69, respectively). Most of the
OTUs associated with the F-Aci ratio and F-Red ratio belonged
to the dominant phylum-level microbes of Proteobacteria and
Acidobacteria in plow layer soils. However, the major OTUs
associated with the F-Oxi ratio and F-Res ratio were the
dominant phyla of Chloroflexi and Actinobacteria in plow pan
soils. The sub-networks of plow layer and plow pan soil bacterial
communities using each Cd speciation ratio as microbial factors
were constructed to detect the interactions between the Cd
speciation ratio and related OTUs (Figure 4D). A more closely
connected sub-network was observed in the plow layer compared
with the plow pan. There were 27 OTU nodes linking to four
Cd speciation ratios (40 links) in plow layer soils, but only
seven OTU nodes linked to F-Aci and F-Oxi ratios (seven
links) in plow pan soils. Meanwhile, there were 31 links (77.5%)
between the OTU nodes and F-Aci and F-Red ratios in plow
layer, while four links (57.1%) associated with the F-Oxi ratio
were found in the plow layer. These results indicated that the
related OT'Us exhibited more cooperation to mediate the activated
Cd speciation transformation (F-Aci and F-Red ratios) in plow
layer soils, and the soil bacteria of plow pan soils were more

inclined to participate in the formation of stabilized Cd speciation
(F-Oxi and F-Res ratios).

Linkages Between Soil Factors, Microbial
Community Structure, and Cd Speciation
Distribution

Partial least square path models (PLSPM) were constructed
to investigate the pathways of the impact of soil environments
on Cd speciation distribution between plow layer and plow
pan soils (Figure 5). The goodness-of-fit of the modeling in
the plow layer and plow pan soils was 0.6103 and 0.6085,
respectively. In plow layer soils, soil pH and organic elements
were identified as the most significant factors (p<0.05) with
directly positive and negative relationships to the F-Oxi and
F-Res ratios, respectively (Figure 5A). In plow pan soils, soil
pH and organic elements had positive associations with microbial
abundance 1 of Acidobacteria and Proteobacteria and microbial
abundance 2 of Actinobacteria and Chloroflexi, which were
positively related to the F-Aci and F-Red ratios, and the F-Oxi
and F-Res ratios, respectively (Figure 5B). The PLSPM results
revealed that the low pH values and high organic element
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contents in plow layer soils limited the formation of the F-Oxi
and F-Res fractions and thus maintained higher F-Aci and
F-Red ratios. In comparison with plow layer soils, the effects
of high soil pH and low organic elements in plow pan soils
significantly (p<0.05) regulated the relative abundance of
dominant phylum-level microbes to mediate the Cd speciation
shifts and thereby decrease the F-Aci and F-Red ratios and
increase the F-Oxi and F-Res ratios in plow pan soils.

DISCUSSION

In this study, we comparatively investigated the Cd speciation
distribution between plow layer and plow pan soils in
Cd-contaminated paddy fields and their responses to environmental
variables and microbial communities. The results demonstrated
that the soil environment of the plow layer maintained higher
ratios of activated Cd speciation, while the plow pan soils mediated
more stabilized Cd speciation formation. The Cd speciation
distribution mechanisms regulated by soil physicochemical properties
and soil microbes in two soil layers were different.

Distinct differentiations of total Cd, Cd speciation, and other
soil physicochemical properties were observed in plow layer
and plow pan soils (Table 1, Figure 1A). The changes in soil
factors caused by farming practices altered the Cd distributions.
Polluted river irrigation, straw turnover, and Cd-bearing fertilizer
application resulted in the increased contents of total Cd, total
P, and organic elements in plow layer soil. Water-retaining
properties and Cd bound to plant residues and oxide minerals
restricted the downward migration of Cd to plow pan soils
(Matos et al., 2001; Dong et al., 2016), which was in accordance
with the findings of significantly higher total Cd contents in
plow layer soils and their positive correlation with organic
elements (p<0.01; Table 1B). Pearson correlation analysis
indicated that soil factors, especially soil pH and organic
elements, significantly affected the Cd speciation distribution
between the two soil layers (Figure 1B; Wang et al, 2020).
The excessive utilization of chemical fertilizers and rice straw
decomposition decreased the soil pH value. A previous study
showed that soil pH reduction significantly increased Cd
bioavailability while reducing the pH from 7 to 6 (Zhang
et al, 2019). In this study, the pH value in plow layer soils
(6.3) was significantly decreased (p<0.05) than in plow pan
soils (7.4). Under low pH conditions, the produced positive
charges could competitively adsorb soil organic substances and
metallic oxides with Cd**. Meanwhile, low pH favored the Cd
release associated with soil organic matters, which increased
the Cd activity although there were higher organic element
contents in plow layer soils (Jia et al., 2021). In addition, soil
pH and organic matter were also important soil variables
regulating the microbial growth and Cd complexation behaviors
in different soil layers, and thereby influenced the microbial
roles in the Cd speciation change (Jacob et al., 2018).

After that, 16S rRNA amplicon sequencing was performed
to evaluate the alterations of soil microbial communities between
plow layer and plow pan soils. The main composition of
bacterial taxa was highly conserved, but differentiation in the

relative abundance of dominated microbes was recorded between
the two soil samples (Figure 2A). The bacterial phyla of
Proteobacteria and  Acidobacteria, and Chloroflexi and
Actinobacteria were dominant in plow layer and plow pan
soils, respectively. Compared with plow pan soil environments,
the sufficient nutrients, energy sources, and oxygen-rich
conditions in plow layer soils supported the increased microbial
mass, Shannon index, and a variety of cellular metabolic
functions, dramatically altering the microbial communities of
the two soil layers (Figures 2, 3). The results of DCA showed
that the phylogenetic f-diversities of the two microbial
communities were distinctly different, although a large amount
of inter-individual variation was found in plow pan soils
compared with plow layer soil samples. Agricultural practices,
such as fertilization, could serve to homogenize the soil micro-
sites. This might explain why we observed more similar microbial
community structures in plow layer soil samples (Liang et al.,
2020). Additionally, distinctive network topologies were also
observed at two soil sites (Figure 3C; Supplementary Table 2).
The higher modularity and avgK value in the plow layer soil
network both indicated that the topsoil bacterial community
was more resistant and less influenced by disturbances, such
as high heavy metals and toxic pollutants, than plow layer
soils based on network theory (Saavedra et al, 2011), which
was consistent with the findings that xenobiotic bioremediation-
related pathways showed higher abundance in plow layer soils.

The shifts in the soil microbial community mediated the Cd
speciation ratio distribution in the two soil layers. VPA showed
that the changes between bacterial community and Cd speciation
ratio were interrelated (Figure 4B). Redundancy analysis demonstrated
that the microbial communities of plow layer and plow pan soils
were positively associated with the transformations of available Cd
speciation (F-Aci and F-Red ratios) and steady Cd speciation (F-Oxi
and F-Res ratios), respectively, suggesting that the microbial
communities in these two soil samples induced disparate Cd
speciation changes (Figure 4A). The molecular function prediction
analysis further verified the roles of the plow layer soil microbiome
in promoting the formation of activated Cd speciation (Figure 3D).
The plow layer soil bacteria with higher percentages of cysteine
metabolism and the ABC transporter system could form
Cd-metallothionein complexes and combined ATP-hydrolysis to
reduce the microbial immobilization of Cd (Duong et al, 1996;
Valls et al, 2000). In addition, the topsoil microbes possessing
rich organic matter and the ability to metabolize sulfur could oxidize
the Cd fractions bonding to humus and sulfide substrate into
soluble Cd fractions, and thereby increase Cd activity in plow
layer soils (Cao et al.,, 2018). Pearson correlation analysis demonstrated
that many more unique OTUs mediated the Cd speciation
transformation of the F-Aci and F-Red fractions, and these OTUs
were mainly the members of Proteobacteria and Acidobacteria in
plow layer soils. In plow pan soils, most of the OTUs participated
in the formation of F-Oxi and F-Res fractions, which were the
dominant phyla of Chloroflexi and Actinobacteria. The phylum
Acidobacteria, with high relative abundance in plow layer soils,
was sensitive to changes in pH and preferred relatively acidic soil
conditions, which coincided with the low plow layer soil pH values
(Mendes et al., 2015). Several members of Acidobacteria are able
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to degrade complex biopolymers (Conradie and Jacobs, 2021),
probably facilitating the transformation of mobile Cd speciation.
Proteobacteria are regarded as the most stress-tolerant microbes in
heavily contaminated soils (Wang et al, 2019). The members
belonging to Proteobacteria exhibited multiple nutrient classifications
and microbial functional diversities. It was reported that multiple
heavy metal oxidase genes encoded by Proteobacteria were involved
in the resistance and transform of heavy metals. The decreasing
tendency of Chloroflexi along the soil depth was consistent with
a previous study (Sagova-Mareckova et al, 2016), which showed
the facultative anaerobic members of Chloroflexi were widely detected
in relatively oxygen poor conditions (Hartmann et al., 2010). They
were associated with the degradation of organic compound pollutants,
producing more functional group-rich metabolites, and transformed
the exchangeable Cd fraction into more stable organic-bound forms.
The phylum Actinobacteria favored low moisture and alkalescent
soil environments, resulting in a higher abundance in plow pan
soils. Soil Actinomycetes could generate abundant secondary
metabolites and reduce Cd bioavailability through complexation,
adsorption, and reduction (Sun et al, 2021).

Although both soil variables and soil microbial communities
had apparent effects on Cd fraction changes, different mechanisms
regulating Cd speciation change between the two soil layers were
observed (Figure 5). The results of PLSPM revealed that in plow
layer soils the effect of soil variables was higher than that of soil
microbial communities, which suggested that soil pH and organic
elements were more important than dominant phyla in mediating
the Cd speciation transformation in the rice growth layer (Zeng
etal, 2011). Anthropogenic management practices seriously altered
the soil environments and further affected the Cd speciation
variations. In plow layer soils, the decrease of soil pH and organic
matter decomposition directly impeded the formation of the F-Oxi
and F-Res fractions, and therefore the F-Aci and F-Red fractions
accumulated gradually. However, soil pH and organic elements
in plow pan soils indirectly influenced Cd speciation ratios through
their adversely direct impact on the abundance of predominant
bacterial taxa. The plow pan soil environment facilitated the
formation of stabilized Cd fractions, which was consistent with
the observations that soils with insufficient oxygen content and
low ORP values could increase the immobilization of Cd (Khaokaew
et al, 2011; Lin et al, 2020).

CONCLUSION

This study investigated the Cd speciation distribution mechanisms
regulated by soil properties and microbial communities between
the plow layer and plow pan soils of Cd-contaminated paddy
fields. The activated Cd speciation ratios were higher in plow
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In this study, 16S high-throughput and metagenomic sequencing analyses were
employed to explore the changes in microbial community and function with the
succession of mangroves (Sonneratia alba, Rhizophora apiculata, and Bruguiera
parviflora) along the Merbok river estuary in Malaysia. The sediments of the
three mangroves harbored their own unique dominant microbial taxa, whereas
R. apiculata exhibited the highest microbial diversity. In general, Gammaproteobacteria,
Actinobacteria, Alphaproteobacteria, Deltaproteobacteria, and Anaerolineae were the
dominant microbial classes, but their abundances varied significantly among the three
mangroves. Principal coordinates and redundancy analyses revealed that the specificity
of the microbial community was highly correlated with mangrove populations and
environmental factors. The results further showed that R. apiculata exhibited the highest
carbon-related metabolism, coinciding with the highest organic carbon and microbial
diversity. In addition, specific microbial taxa, such as Desulfobacterales and Rhizobiales,
contributed the highest functional activities related to carbon metabolism, prokaryote
carbon fixation, and methane metabolism. The present results provide a comprehensive
understanding of the adaptations and functions of microbes in relation to environmental
transition and mangrove succession in intertidal regions. High microbial diversity and
carbon metabolism in R. apiculata might in turn facilitate and maintain the formation of
climax mangroves in the middle region of the Merbok river estuary.

Keywords: mangrove succession, microbial community and function, carbon metabolism, Rhizophora apiculata,
Merbok river estuary

INTRODUCTION

Mangroves represent one of the most productive ecosystems in tropical and subtropical estuaries
and shorelines. They possess biological resources and play important roles in carbon fixation,
erosion mitigation, and water purification (Giri et al., 2011; Brander et al., 2012). They often
occur in marine-terrestrial ecotones with obvious geographical and hydrological heterogeneities,
leading to interesting sequential species zonation along continuous gradients. The adaptation and
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succession of mangroves in intertidal regions are speculated to be
closely related to microbes in the sediments. Unfortunately,
the potential roles of microbes and their functions in
mangrove ecosystems are still poorly understood, although
changes in vegetation during mangrove succession and
how mangrove plants adapt to intertidal environmental
adversities have been well studied (Wang et al, 2019
Cheng et al., 2020).

In recent years, high-throughput sequencing has offered a
comprehensive perspective of microbes (Andreote et al., 2012;
Alzubaidy et al, 2016; Lin et al, 2019). Benthic microbial
community is highly correlated with soil properties (the depth
of soil layer, pH, salinity, and nutrient availability) (Abed
et al, 20155 Zhou et al, 2017; Tong et al, 2019) and
aboveground plants (Bardgett and van der Putten, 2014).
Previous findings also showed that microbial diversity and
function might vary significantly among different mangrove
habitats because of environmental transition and mangrove
succession (Bai et al., 2013). Mangrove coverage also regulates the
structure and composition of microbial community by altering
redox conditions and organic carbon levels in the sediments
(Holguin et al., 2001).

Moreover, microbes in sediments also play important
biogeochemical roles (e.g., C, N, and S cycles), which can facilitate
mangrove survival in intertidal regions (Reis et al., 2017). Owing
to the withering and retention of mangrove branches and
leaves, mangrove sediments contain a large amount of organic
carbon, and most carbon turnover in mangrove ecosystems
is carried out by sediment microbes (Alongi, 1988). Benthic
microbes may also promote the efficiency of biogeochemical
cycles in the sediments, such as C, N, and S cycles (Lin
et al,, 2019). In addition, anaerobic metabolism can further
facilitate the production and consumption of methane and
nitrous oxide (Giani et al., 1996; Reis et al., 2017), which
can contribute to the emission of greenhouse gases from
mangrove wetlands (Rosentreter et al, 2018). However, the
responses of microbes to environmental transition and mangrove
succession have not been well demonstrated. It is essential to
further identify microbial taxa and their metabolic potential in
mangrove ecosystems.

Thus, the present study aimed to (i) identify the changes
in microbial community and diversity among different
mangrove habitats; (ii) explore microbial functions and
metabolic potentials in mangrove ecosystems; and (iii) explore
the potential correlations among environmental factors,
mangrove populations, and benthic microbial communities
and functions. The purpose of this study was to evaluate the
hypothesis that microbial community and function would
respond positively to environmental transitions and might
contribute to mangrove survival and succession in intertidal
regions. Therefore, surface sediments from three mangrove
fields (Sonmeratia alba, Rhizophora apiculata, and Bruguiera
parviflora) were examined using 16S high-throughput and
metagenomic sequencing analyses. The implications of this
study should be useful for guiding future research on the
roles of the microbial community and their functions in
mangrove succession.

MATERIALS AND METHODS
Study Area and Sample Collection

Sediment samples were collected on November 25, 2019, in
a mangrove reserve located in the Merbok river estuary,
Malaysia (Figure 1). In the upper estuary (with lower
salinity), the habitats were mainly occupied by S. alba and
sporadically mixed with Nypa fruticans, whereas the lower
estuary had groves of B. parviflora and sporadic Avicennia
genera. In the middle region of the Merbok river estuary, the
dominant species was R. apiculata. According to tidal transition
and mangrove succession, surface sediments were collected
from three mangrove populations (S. alba, R. apiculata, and
B. parviflora), and five parallel samples were collected from each
mangrove population. The samples were placed in liquid nitrogen
and frozen for nucleic acid extraction. The chemical parameters
of the sediments were determined and described as follows.

Determination of the Chemical

Parameters of Mangrove Sediments

The sediment properties included salinity, pH, total organic
carbon (TOC), total phosphorus (TP), and total nitrogen (TN).
Salinity and pH were measured during sampling in the field.
The samples were dried naturally and sieved (2 mm). TOC, TP,
and TN in the sediments were then analyzed following standard
measurements (Huang et al., 2017).

lllumina Sequencing of 16S rRNA Gene

and Data Analysis

Sediment samples (1 g) were weighed, and total DNA
was extracted using an E.ZN.A® Soil DNA Kit (Omega,
Norcross, GA, United States). In this study, the V3 and
V4 regions of the 16S rRNA gene were sequenced using
338F  (5-ACTCCTACGGGAGGCAGCAG-3') and 806R
(5'-GGACTACHVGGGTWTCTAAT-3') primers. PCR was
performed in a 25 pl reaction containing the following:
5 x FastPfu buffer (4 pl), 2.5 mM of dNTPs (2 pl), 5 U/l of
FastPfu polymerase (0.5 pl), 5.0 uM of primers (1.0 pl each),
and template DNA (10 ng). PCR was performed using the
following conditions: pre-denaturation at 95°C for 3 min; 30
cycles of denaturation at 95°C for 30 s, annealing at 55°C for
30 s, and extension at 72°C for 45 s; and a final extension at
72°C for 10 min. After amplification, the PCR products were
purified and analyzed by paired-end sequencing (2 x 250)
using the Illumina MiSeq platform (Illumina, San Diego, CA,
United States) according to standard protocols. All sequences
were deposited in the National Center for Biotechnology
Information (NCBI) Sequence Read Archive (SRA) Database
under accession number PRINA756333.

For the paired-end reads obtained by MiSeq sequencing,
samples were distinguished according to the barcode information
and then spliced according to overlap sequences using FLASH
(version 1.2.11). After quality control analysis, normalization of
clean data was carried out for operational taxonomic unit (OTU)
clustering analysis and species taxonomy analysis. CD-HIT tool
was used to define tags with sequence similarities >97% as OTU
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FIGURE 1 | Location of sampling sites in Merbok river estuary, Malaysia. Sediment samples were collected from Sonneratia alba (yellow circle), Rhizophora apiculata
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clusters. QIIME software (version 1.9.1) was used to analyze
the alpha diversities of the sequences, based on the Shannon
index and ACE index. A representative sequence (showing the
highest default abundance) in each OTU was selected for species
classification using RDP classifier software (version 2.11) with
the default threshold 0.8. Two-sided Welch’s t-test was used
to analyze the statistical significances of microbial community
structure in different samples. Beta diversity was calculated using
unweighted UniFrac, and principal coordinates analysis (PCoA)
was performed with R software (version 3.3.1). Redundancy
analysis (RDA) was performed using the R software (version
3.3.1) vegan package, and statistical significances of RDA were
judged by performing the PERMUTEST analysis of variance.

Metagenomic Sequencing Analysis
Qualified DNA samples were diluted in fragmentation buffer
and randomly disrupted using a Covaris M220 ultrasonicator
(Covaris, Inc., Woburn, MA, United States). The DNA fragments
obtained after disruption were used for library construction. The
qualified library was sequenced using the Illumina HiSeq 2500
high-throughput sequencing platform with 2 x 150 paired-ends.
This platform was also used for data configuration and image
analysis with HiSeq Control software. Metagenomic data have
been deposited in the NCBI SRA Database (PRINA766709).

Raw sequence data were trimmed with FASTP', and low-
quality reads, lengths of < 50 base pairs, N-rich reads, and
adapter reads were removed. Sequences with different sequencing

Thttps://github.com/OpenGene/fastp

depths were assembled using Megahit software?, and contigs were
obtained using the succinct de Bruijn graph method. MetaGene
(Noguchi et al., 2006) was used to predict open reading frames
(ORFs) in contigs, and a statistical table of gene predictions
was obtained for each sample. The predicted gene sequences of
all samples were clustered by CD-HIT?, and the longest gene
from each cluster was selected as the representative sequence to
construct a non-redundant gene set. With the use of SOAPaligner
(Li et al, 2009), the high-quality reads of each sample were
compared with the non-redundant gene set (95% identity) to
determine the abundance information for genes in corresponding
samples. BLASTP (version 2.2.28) was used to compare the
non-redundant gene set with the NR database (e-value: le™?),
and species-annotation results were obtained based on the
corresponding taxonomy information of the NR database. The
analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG)
was used for functional annotation according to the BLAST
results. Community contributions to functions were determined
using the NR database annotation.

RESULTS

Sediment Physicochemical Parameters
The differences in physicochemical properties among the t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>