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Ecological niche selection shapes
the assembly and diversity of
microbial communities in
Casuarina equisetifolia L.

Qi Lin, Ying Wang, Miaomiao Li, Zhixia Xu and Lei Li*

Ministry of Education Key Laboratory for Ecology of Tropical Islands, Hainan Normal University,
Haikou, China

The plant microbiome profoundly affects many aspects of host performance;
however, the ecological processes by which plant hosts govern microbiome
assembly, function, and dispersal remain largely unknown. Here, we
investigated the bacterial and fungal communities in multiple compartment
niches (bulk soil, rhizosphere soil, root endosphere, phylloplane, and leaf
endosphere) of Casuarina equisetifolia L. at three developmental stages in
Hainan Province, China. We found that microbiome assemblages along the
soil-plant continuum were shaped by the compartment niches. Bacterial
diversity and richness decreased from the soils to roots to leaves, with the
highest network complexity found in the roots and the lowest found in the
phylloplane. However, fungal diversity gradually increased from the soils to
roots to phyllosphere, whereas fungal richness decreased from the soils to
roots but increased from the roots to phyllosphere; the greatest network
complexity was found in bulk soils and the lowest was found in the roots.
Different biomarker taxa occurred in the different ecological niches. Bacterial
and fungal communities exhibited distinct ecological functions; the former
played important roles in maintaining plant growth and providing nutrients,
whereas the latter predominantly decomposed organic matter. The bacterial
community of C. equisetifolia mostly originated from bulk soil, whereas the
fungal community was mainly derived from rhizosphere soil and air. Leaf
endophytes were positively correlated with organic carbon, and root and soil
microorganisms were positively correlated with total nitrogen, total
phosphorus, and total potassium. Our findings provide empirical evidence for
plant—microbiome interactions and contribute to future research on non-crop
management and the manipulation of non-crop microbiomes.
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Introduction

Microorganisms are ubiquitous in plant tissues such as roots,
stems, leaves, flowers, and fruits (Lindow and Brandl, 2003;
Hacquard et al,, 2015). Plants and their inhabiting microbiome
together constitute a “holobiont,” with the plant microbiome
acting as a secondary genome and a link to host fitness
(Vandenkoornhuyse et al., 2015). Therefore, comprehending
the mechanisms underlying plant microbiome assembly,
function, and dispersal is important for our fundamental
understanding of the development of microbiome-based
strategies required to maximize plant survival and increase
their tolerance to low soil fertility, alkalinity, and salinity.

Assembly of the plant microbiome begins shortly after sowing
and develops with plant growth under the influence of stochastic
(e.g, random dispersal) and deterministic (e.g., selection mediated
by biotic and abiotic factors) processes (Bulgarelli et al, 2013;
Miiller et al, 2016). In addition to vertical transmission (Miiller
et al,, 2016; Abdelfattah et al., 2021), microorganisms from the soil
and air can migrate to and colonize different compartments of
plants (Bulgarelli et al,, 2013; Compant et al, 2021). A study has
highlighted the important contribution of plant developmental
stage to plant microbiome assembly such as the physiological
needs of plants and the composition of plant secretions (Zhang
et al, 2018). However, the mechanisms by which the host and
environment shape microbiome assemblages and symbiotic
patterns across the soil, root endosphere, and phyllosphere
remain largely unknown.

Our understanding of the microbiome assembly mechanism in
plants is still in its infancy, with several key questions yet to be
answered. The root microbiome is also assembled from soil
microorganisms, and based on the composition of microbial
communities in the root endosphere and rhizosphere, this assembly
may be achieved in two steps: (1) recruitment of rhizosphere
microorganisms by plants; (2) entry of microorganisms into the
plant (Bulgarelli et al,, 2013). Furthermore, the phylloplane is an
important interface among plants, microorganisms, and the
environment, and microorganisms from the surrounding
environment can colonize the leaf endosphere (Lindow and Brandl,
2003). Although the aforementioned hypotheses are reasonable, the
microbial composition among the bulk soil, rhizosphere, root
endosphere, phylloplane, and leaf endosphere, as well as the
relationship between the rhizosphere and phyllosphere, remain
unclear. In addition, the roles of microorganisms in different
ecological niches have yet to be clarified.

In the late 1950s, Casuarina equisetifolia L. was first
introduced to China in Guangdong Province (Li et al., 2015),
where it serves as an important shelter tree species on the
southeastern coast of China (Liu et al., 2020). C. equisetifolia is
characterized by wind speed reduction and sand fixation, as
well as salt and alkali tolerance. Moreover, it is of great
importance for the restoration of ecological functions and
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protection against natural disasters in coastal areas, and it
contains abundant endophytic microorganisms that perform
important functions related to saline-alkali tolerance, low soil
fertility tolerance, and allelopathy (Lin et al., 2008). Previous
studies have shown that vertical transmission of endophytes in
C. equisetifolia affects the dispersal of endophytic fungi from
seeds to the leaf endosphere and the transmission of
endophytic bacteria from seeds to the root endosphere (Lin,
unpublished). However, there has been little investigation of
the impact of the soil-plant continuum on the plant
microbiome, such as epiphytes and endophytes.

Here, we use C. equisetifolia as a model system to fill these
key knowledge gaps. Specifically, this study has two objectives:
(1) evaluation of the microbiome assembly at different
developmental stages (young, mature, and aged forests) and in
different compartment niches (bulk soil, rhizosphere soil, root
endosphere, phylloplane, and leaf endosphere) of C.
equisetifolia; (2) identification of the potential sources,
dominant taxa, and ecological functions of plant microbial
communities, as well as the effects of environmental factors on
microorganisms. To achieve these objectives, we use high-
throughput sequencing technology and chemical analysis to
evaluate samples associated with C. equisetifolia at different
developmental stages. The following hypotheses are proposed:
(1) the microbial community migrates from the soil (a reservoir
of microorganisms) to plant roots and then to plant leaves, with
a gradual decrease in microbial diversity; (2) bacteria and fungi
perform distinct functions in different compartment niches.

Materials and methods
Sampling site

C. equisetifolia forests located in the Guilinyang Coastal
Development Zone, Haikou city, Hainan Province, China
(N20°01°02”, E110°31°20”) were selected as the study site. This
site has a tropical marine monsoon climate with mean annual
precipitation of 1,500-2,000 mm and mean relative humidity of
85%. The sampling site has a mean annual temperature of up to
23.8°C and a long sunshine duration (Cai et al., 2010).

Sample collection and treatment

The bulk soil, rhizosphere soil, roots, and leaves were
collected in fall 2020 from three forest plots at different
developmental stages (young stand: 5-8 years, mature stand:
15-20 years, aged stand: over 30 years). For root and leaf
sampling (50 g for each plot), five individual plants were
randomly selected from each plot. Rhizosphere soil that was
attached to the same roots was collected (the depth
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approximately 15 cm), and the soil 0-15 cm away from the roots
was collected as bulk soil. Five subsamples were thoroughly
mixed as a biological sample for each plot. A total of 45 samples
(bulk soils, rhizosphere soils attached to root, roots and leaves)
were placed in sterile plastic bags and transported to the
laboratory in a cool box with ice packs. The samples were then
divided into two parts. One part was subjected to the following
protocol: a sterile brush was used to remove the rhizosphere soil
from the root surface; for collected leaf epiphytes and removed
root epiphytes, we referred to previous methods (Bodenhausen
et al,, 2013), with some modifications. In brief, 10-15 g of leaves
and 3-5 g roots (rhizosphere soils were removed by brush
carefully) tissues were submerged in 0.1 M Potassium
phosphate buffer (pH 8.0) and subjected to sonication at 40
kHz for 1 min. This procedure was repeated 3 times, and then
the buffer was filtered through a 0.22 pm-pore filter. For
endophytic DNA, we used the same leaves and roots after
further sterilization (Ren et al., 2019), with some
modifications. Briefly, we further washed the leaves and roots
mentioned above with sterile water, and treated with 75%
ethanol for 30 s, followed by an immersion in 5% sodium
hypochlorite solution for 5 min,and finally washed with sterile
water for 3 times. Sterilization was checked by plating the last
washing water on Luria-Bertani (LB) used for bacteria and
Potato Dextrose Agar (PDA) used for fungi and incubating at
28°C. We used sterile mortars and pestles with liquid nitrogen to
ground the treated leaf and root tissues. For the other part, soil
(mixture of rhizosphere and bulk soil), root, and leaf samples
were selected, with roots and leaves washed by deionized water,
and all samples were baked at 105°C for 30 min, then at 65-80°C
for 8-12 h until dry. These samples were then ground separately
and sieved to 1 mm for further use.

DNA extraction, microbial rRNA gene
amplification, and sequencing

Total genomic DNA was extracted from the collected samples
using the FastDNA® Spin Kit for Soil (MP Biomedicals, U.S). ITS1F
(CTTGGTCATTTAGAGGAAAGTAA) and ITS2R
(GCTGCGTTCTTCATCGATGC) were used for polymerase
chain reaction (PCR) amplification of fungal 18S rRNA, with
338F (ACTCCTACGGGAGGCAGCAG) and 806R
(GGACTACHVGGGTWTCTAAT) used for PCR amplification
of bacterial 16S rRNA. The PCR reaction mixture contained 12.5 UL
Premix Taq DNA polymerase (Takara, China), 0.5 uL (200 uM) of
each primer and a 10-ng template DNA, followed by PCR-grade
water added to a final volume of 25 pL. The PCR amplification
cycling conditions were as follows: initial denaturation at 94°C for
2 min, 30 cycles of denaturing at 94°C for 30 s, annealing at 55°C for
30 s and extension at 72°C for 45 s, with a final 10 min elongation at
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72°C. Sequencing was performed on an Illumina Miseq PE300
platform (Majorbio, Shanghai, China).

Determination of sample
chemical properties

We refer to previous methods for analyzing the soil
chemistry of leaves, roots and soils (Huang, 2019). The
organic carbon, total nitrogen, total phosphorus, and total
potassium contents were determined by chromic acid
oxidation, Kjeldahl determination of nitrogen, Mo-Sb
colorimetric method, and flame photometry, respectively.

Bioinformatics analysis

We truncated the 300 bp reads at any site receiving an
average quality score below 20; we discarded truncated reads
shorter than 50 bp containing ambiguous characters. We
assembled the resultant sequences according to their
overlapped sequence with a minimum of 10bp; the maximum
mismatch ratio of an overlapping region was 0.2, and we
discarded reads that could not be assembled (Magoc and
Salzberg, 2011; Chen et al, 2018). Then, we clustered the
optimized sequences into operational taxonomic units (OTUs)
using UPARSE 7.1 with 97% sequence similarity level and
selected the most abundant sequence for each OTU as a
representative sequence. (Edgar, 2013). The taxonomy of each
OTU representative sequence was analyzed using RDP Classifier
(v.2.2) against the 16S rRNA (Silva v.138) and ITS (Unite v.8.0)
gene database in QIIME 1 (Caporaso et al., 2010). Overall, we
obtained 2, 385,500 bp sequences, with a total base pair number
0f 989,402,997 bp for bacteria, and 2,313,685 bp sequences, with
a total base pair number of 634,976,872 bp for fungi after
optimization, quality control, and filtration.

Data statistical analysis

Principal coordinate analysis (PCoA) (Calderon et al,, 2017)
and plotting were performed using ADE4 package in R (v.3.3.1).
Alpha diversity indices (Rogers et al., 2016) were calculated using
Mothur (v.1.30.2), and box plots were generated using BASE
package in R (v.3.3.1). Networkx software (Ramayo-Caldas et al,
2016) was used to analyze the co-occurrence network of the
distribution (top 50 species in relative abundance, absolute value
of Spearman correlation coefficient > 0.5, P-value < 0.01).
Community bar plot analysis (Ji et al., 2017) was implemented
PANDAS package in Python (v.2.7) based on the data sheets in the
tax_summary_a folder (relative abundance less than 2% was
merged into “others”). The linear discriminant analysis effect size
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of samples (Guerrero-Preston et al., 2016) was based on different
grouping conditions (Wilcoxon P-value < 0.05, logarithmic LDA
(linear discriminant analysis) score > 2). PICRUSt (Tang et al.,
2018) and FUNGuild (Fungi Functional Guild) (Schmidt et al,
2019) were used for the prediction of bacterial and fungal functions,
respectively. Venn diagram analysis of operational taxonomic units
(OTUs) (Ji etal, 2017) and canonical correlation analysis (Hu et al.,
2017) were performed BASE and VEGAN packages in R
(v.3.3.1), respectively.

The source values were defined according to (Xiong et al.,
2021) with some modifications, where the transmission value is
the number of OTUs shared by the target niche and the potential
source niche/number of OTUs in the potential source niche; the
known source value is the number of OTUs shared by the target

10.3389/fpls.2022.988485

niche and the potential source niche/number of OTUs in the
target niche; and the unknown source value is the number of
unique OTUs in the target niche/number of OTUs in the
target niche.

Results

Microbiome assembly was more affected
by compartment niches than
developmental stages

Our results based on the PCoA ordination of the complete
dataset (f3-diversity) showed that the microbiome assembly could

Niche @ Bulksoil @ Rhizosphere soil ® Root Phylloplane @ Leaf endosphere
Forest stand @ Young A Mature m Aged
A : B . . C s :
: 0.2 H g .
06 n : < A
° : 0 -’-------------E ----------------- 06 H
0.4 . ' H
' 0.4 .
° : 02 : :
0.2 : H ° H
' ' 0.2 :
ot---ur------ FREEEEEEEEEEEI CEEEEEE -04 : °
A = ‘e L SRR RRCEEEEELEE
ol © : N TR
04 02 0 02 04 06 04 02 0 02 04 04 02 0 02 04
P <0.001 R=0.73 P <0.001 R=0.84 P <0.001 R=0.78
D . E
0.2 » - : :
' ] H H A
0 i " : 0.1 : at
= : 0.1 : | :
: H @
g 02 H 1 CA e .. 0
=% : N
04 :
E -0.1 : 0.1 :
0.6 02 : :
L E A 02 ]
04 02 0 02 04 06 02 001 0 01 02 03 02 01 0 o1 o2
P <0.001 R=0.83 P <0001 R=1 P <0.001 R=1
G H
: 0.1 :
02 ' = P 0.04 e
: : 003 :
0.1 H 0.05 H H
e, ; 0.02 :
H H A .
H 0.01 i
e 1 S SR 1
: : oA Cw T
01 A : -0.01 : A
f ° -0.05 H ° °
-0.2 0 02 04 0.6 0 0.1 0.2 0.3 -0.05 0 0.05 0.1 0.15
P=0.99 R=0.23 P=0.89 R=0.14 P=0.77 R=0.17

FIGURE 1

PC1

PCoA ordinations based on selected distance matrices of bacterial communities in each compartment niches from samples (n = 45). (A) all samples;
(B) young forest stand; (C) mature forest stand; (D) aged forest stand; (E) bulk soil; (F) rhizosphere soil; (G) root; (H)phylloplane; (I) leaf endosphere.
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FIGURE 2

PCoA ordinations based on selected distance matrices of fungal communities in each compartment niches from samples (n = 45). (A) all samples; (B)
young forest stand; (C) mature forest stand; (D) aged forest stand; (E) bulk soil; (F) rhizosphere soil; (G) root; (H) phylloplane; (1) leaf endosphere.

be explained by different spatial ecological niches (Figures 1B-D;
Figures 2B-D). Further studies on microbiomes in the same
compartment niches at different developmental stages revealed
that the bacterial and fungal microbiomes in soil were affected by
the developmental stage (Figures 1E, F; 2E-F); however, there were
no significant differences in the bacterial community among the
same plant compartment niches at different developmental stages
(Figures 1G-I). Conversely, the fungal community in roots was not
significantly affected by the developmental stage, whereas the effects
of developmental stage were significant in the phyllosphere
(Figures 2G-I). Moreover, as seen in Figures 1A and 2A, there
were clear and separate clustering among different compartment
niches rather than developmental stages (bacteria: P < 0.001, R =
0.73; fungi: P < 0.001, R = 0.85). Differences in the microbial
community were observed between the phyllosphere and
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rhizosphere. Thus, in the following analysis, we only focused on
the effect of compartment niches on microbiomes.

Microbial diversity and network
complexity in compartment niches

To characterize selection of the microbial community by C.
equisetifolia, we assessed the o-diversity and co-occurrence
patterns of the microbial communities along the soil-plant
continuum. Our results showed that compartment niches had a
strong effect on microbial diversity (Shannon diversity and Chaol
richness) and network complexity (with a higher average degree
representing a greater network complexity) (Figures 3A-D). The
bacterial Shannon diversity and Chaol richness gradually
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FIGURE 3

Compartment niches have a strong effect on microbial diversity and network complexity. (A, C) Bacterial diversity and co-occurrence networks along
the soil—plant continuum based on all samples, respectively. (B, D) Fungal diversity and co-occurrence networks along the soil—plant continuum
based on all samples, respectively. Different letters above the box plots indicate significant differences (P < 0.05). Average degree indicates the degree
of network complexity among the microorganisms in the compartment niches. The size of nodes represents the species abundance. The color of the
line indicates a positive (red) or negative (green) correlation. The thickness of the line indicates the magnitude of the correlation coefficient.

decreased from the soils to roots to phyllosphere (Figure 3A); the
highest network complexity was found in the roots (with an average
degree of 25.28) and the lowest was found in the phylloplane (with
an average degree of 3.30) (Figure 3C). However, the fungal
Shannon diversity gradually increased from the soils to roots to
phyllosphere, and the Chaol richness decreased from the soils to
roots but increased from the roots to phyllosphere (Figure 3B). The
greatest network complexity was found in bulk soils (with an
average degree of 8.18), whereas the lowest was found in the
roots (with an average degree of 1.14) (Figure 3D).

Assembly, keystone taxa, and biological
functions of microbial communities in
compartment niches

A bar chart of the dominant bacterial communities in all

samples (Figure 4) showed that bulk soil was dominated by
Conexibacter (10.99%), rhizosphere soil by Acidothermus
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(14.04%), and the root endosphere by Pseudomonas (12.94%);
Methylocella dominated both the phylloplane (17.46%) and leaf
endosphere (21.49%). Regarding the fungal communities, bulk soil
was dominated by unclassified_f Nectriaceae (64.36%),
rhizosphere soil by unclassified_c_Eurotiomycetes (32.38%), and
the root endosphere by Trichaptum (25.35%); unclassified_p_
Ascomycota dominated both the phylloplane (16.31%) and leaf
endosphere (23.76%). The linear discriminant analysis effect size
identified p_Actinobacteriota in bulk soils, p_Acidobacteriota in
the rhizosphere, ¢_Bacilli in the roots, f Nocardiaceae in the
phylloplane, and p_Proteobacteria in the leaf endosphere as the
most significant bacterial biomarker taxa, and o_Hypocreales in
bulk soils, c_Eurotiomycetes in the rhizosphere, o_Hymenochaetales
in the roots, o_Capnodiales in the phylloplane, and
c_Dothideomycetes in the leaf endosphere as the most significant
fungal keystone taxa (Figure 5). We identified 24 bacterial and 13
fungal functional groups (Figure 6). The functions of bacteria were
mostly related to growth, metabolism, energy, and transport, whereas
the functions of fungi mainly involved organic matter decomposition.
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FIGURE 4

Relative abundances of the most prevalent bacterial (top) and fungal (bottom) genera in different compartment niches.

The saprophytic and pathogenic microbes in the phyllosphere
exhibited substantial abundance and diversity, with the
saprophytes being most abundant in the soil.

Sources of microorganisms in different
ecological niches

A Venn diagram based on bacterial OTUs at the genus level was
constructed to identify the potential sources of obverted microbial
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communities in each compartment niche. It revealed that the bacterial
communities in C. equisetifolia mainly originated from bulk soil and
were sequentially filtered by the plant niches (Figures 7A, B).
However, the fungal communities in C. equisetifolia were mainly
derived from rhizosphere soil and air (Figures 7C, D). Most taxa in the
nearby microbial sources were selected by the root endosphere and
leaf endosphere, with an unknown source value < 25%. The unknown
source value of the fungal community in the phylloplane was higher
(96.61%) than that of the bacterial community in the phylloplane.
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Effects of environmental factors
on microorganisms of different
ecological niches

Asseenin Table 1, the organic carbon content was higher in the
leaf and root than the soil, whereas the nitrogen, phosphorus, and
potassium contents were greatest in the soil. Figure 8 shows that
organic carbon was negatively correlated with total nitrogen, total
phosphorus, and total potassium. Leaf microorganisms were
positively correlated with organic carbon, and root and soil
microorganisms were positively correlated with total nitrogen,
total phosphorus, and total potassium. The relationship between
microorganisms and these chemicals depended mainly on the
compartment niche rather than the developmental stage.

Discussion

While the diversity of plant-associated microbiomes is
increasingly recognized, we still need to further clarify the
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relationship between microbiomes and their host plant. In this
study, we investigated the microbial communities along the
soil-plant continuum of C. equisetifolia at different forest ages.
We found that the structure and diversity of microbial
communities were shaped by compartment niches. Our
results further showed that bacterial diversity and richness
decreased from the soils to roots to leaves, with the highest
network complexity found in the roots and the lowest in the
phylloplane. However, fungal diversity gradually increased
from the soils to roots to phyllosphere, whereas richness
decreased from the soils to roots but increased from the
roots to phyllosphere; the greatest network complexity was
found in bulk soils and the lowest was found in the roots. These
findings provide comprehensive and empirical evidence for
theories regarding non-crop host selection and niche
occupation involved in C. equisetifolia microbiome assembly.
In addition, we identified the dominant taxa, ecological functions,
and the potential sources as well as the effects of environmental
factors on non-crop microbiomes. Our results provide key
information for non-crop microbiome manipulation.
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TABLE 1 Relative contents of total carbon, nitrogen, phosphorus, and potassium in different ecological niches.

P

Relative content (g/kg)

10.3389/fpls.2022.988485

K

Relative content (g/kg)

0.89 + 0.06 d 3.84+0.01d
1.50 + 0.04 d 12,60 + 0.64 d
1.16 £ 0.13d 547 £0.95d
0.64 + 0.02 d 3.12+026d
0.40 + 0.05 d 1.63+020d
0.35+0.10 d 0.96 +0.11 d

498.63 + 3.06 ¢

168.10 + 8.80 ¢

C N

Niche Relative content (g/kg) Relative content (g/kg)
Y Leaf endosphere 162.88 + 6.11 be 2473 +1.75¢
M Leaf endosphere 159.58 £ 2.97 ¢ 25.06 £ 0.70 ¢
A Leaf endosphere 175.63 £ 1.36 a 1791 +29%4 ¢
Y Root 167.84 + 1.03 abc 8.84 + 047 ¢
M Root 162.57 + 3.84 bc 7.01 £0.57 ¢
A Root 171.04 + 2.08 ab 6.96 + 0.23 ¢
Y Soil 3.73 £ 0.06 d 435.65 £ 6.79 a
M Soil 8.19+0.19d 418.32 £ 18.16 a
A Soil 425+027 d 239.91 +13.86 b

156.50 + 4.61 b
140.63 £ 340 a

552.76 + 4.07 b
573.10 £ 0.27 a

The value is the average of each group, and the unit is grams per kilogram. Y, young; M, mature; A, aged.

Different letters indicate significant differences (P < 0.05).
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FIGURE 8

Canonical correlation analysis of bacteria (left) and fungi (right) genera in different niches in the genus stand. Red arrow represents environmental
factors, and the length of the arrow represents the degree of impact of environmental factors on species data. Angle between the arrows of
environmental factors represents positive and negative correlations (acute angle: positive correlation; obtuse angle: negative correlation; right angle: no
correlation). Sample points were projected onto the arrows of quantitative environmental factors, and the distance between the projection points and
the origin represents the relative influence of environmental factors on the distribution of sample communities. C, carbon; N, nitrogen; P, phosphorus;

K, kalium.

Assembly and diversity of microbial
communities in compartment niches

In our study, we found clear and separate clustering among
different compartment niches rather than among developmental
stages (Figures 1A, 2A). Thus, we inferred that the C. equisetifolia
microbiome assemblage was predominantly shaped by the
compartment niches, as suggested by previous studies (Beckers et al,,
2017; Cregger et al., 2018). We also found that the bacterial Shannon
diversity decreased from the soil to roots and then to the leaves, whereas
the fungal diversity showed the opposite trend (Figures 3A, B), which
might be attributed to the external environment, host plant, and
microbial properties (Edwards et al., 2015; Hamonts et al, 2018).
These results suggest significant differences in the assembly of bacteria
and fungi across compartment niches.
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We further found that the lowest Chaol richness, Shannon
diversity, and network complexity of bacteria occurred in the
phyllosphere (Figures 3A, C). A leaf environment with low
bacterial diversity is considered unfavorable for bacterial
colonization because the leaf surface is exposed to rapidly
changing temperature and humidity, as well as the alternating
presence and absence of rainwater, which can reduce the bacterial
diversity (Guttman et al., 2014). Moreover, leaves provide limited
nutrients for bacteria, and you could find less competition. As a
result, most bacteria that migrate to leaves may find themselves in a
nutrient-poor environment that limits their growth and
metabolism (Kembel et al., 2014; Hacquard et al., 2015).
Interestingly, we found that leaves harbored a diverse range of
fungal taxa (Figure 3B), probably because fungi are typically more
tolerant to drought and can proliferate in harsh environments,
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enabling better survival of the fungal community in above-ground
plant tissues (Whipps et al., 2008; Rodriguez et al., 2009). Hainan
Province has a large diurnal temperature range and distinct seasons
with abundant and deficient rainfall, with drought typically
occurring in the season with low rainfall (Cai et al., 2010).
Moreover, C. equisetifolia bears coriaceous scale leaves, and
photosynthesis mainly occurs in needle-like branchlets, which
leads to low water retention. These factors may contribute to the
harsh microenvironment of C. equisetifolia leaves.

We also found that bacterial diversity in the rhizosphere soil
was consistently higher than that in the root endosphere
(Figure 3A). This is not surprising because the root exudates
produced by C. equisetifolia in the rhizosphere (e.g., 2,4-di-tert-
butylphenol, methyl stearate, and arginine) enhance the bacterial
chemoattraction and colonization of the rhizosphere soil and
rhizoplane. These factors lead to the formation of a unique,
highly abundant, and diverse microbial community in the
rhizosphere (Lin, unpublished data). After colonization at the
rhizoplane, soil bacteria compatible with the plant lifestyle will
reach the xylem vessels by active or passive transport through the
endodermis and pericycle. The rhizoplane acts as a selective barrier
responsible for a considerable loss of microbial diversity (Hardoim
etal, 2008). Via a systematic evaluation of the relative contribution
of various niches to the microbial community, our work enhances
the understanding of plant microbiome assembly.

Dominant taxa and biological functions
of microbial communities in
compartment niches

Dominant taxa can be key microbes with important
ecological implications in microbiome assembly and ecosystem
functioning (Banerjee et al, 2018; Delgado-Baquerizo et al.,
2018). Our results indicated that the dominant taxa in the root
endosphere were Pseudomonas (Gammaproteobacteria) and
Bacillus (Bacilli) (Figure 4). Members of Gammaproteobacteria
can colonize the rhizosphere and a wide range of niches, thereby
playing a key role in regulating host fitness, pathogen inhibition,
and plant tolerance (Mendes et al., 2011; Alvarez-Pérez et al.,
2017). We further found that Pseudomonas was more abundant
in the roots than in the soils (Figure 4) because, although found
in the rhizosphere where it greatly promotes plant growth,
Pseudomonas has poor environmental adaptability and low
competitiveness (Berg, 2009). Therefore, we speculated that
Pseudomonas could be more adapted to the root endosphere
than to the soil, which explains their dominance in this
environment. Pseudomonas is also growth-promoting bacteria
capable of nitrogen-fixing and phosphorus dissolution (Berg,
2009). Bacilli are frequently reported as antagonistic bacteria
against soil-borne diseases. Moreover, members of Bacillus are
repeatedly shown to be growth-promotors living in the
rhizosphere and capable of phosphorus solubilization and
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nitrogen-fixing (Gong et al., 2014). Our results indicated that
the nitrogen content was higher than the potassium content in
the roots (Table 1), which might be related to nitrogen-fixing by
Pseudomonas and Bacillus; however, the fact that the
phosphorus content was relatively lower requires further study.

Our results also revealed that Dothideomycetes were present
in the phyllosphere (Figure 4), which agrees with the findings of
(Adams et al,, 2013) and suggests that Dothideomycetes may be
airborne. In addition, many members of Dothideomycetes are
saprophytic fungi associated with litter decomposition and
nutrient cycling (Adams et al., 2013; Hyde et al,, 2013). In the
present study, most fungi were saprophytes enriched in the
leaves (Figure 6), suggesting that the occupation of aged host
plants by saprophytic fungi resulted from reduced immunity and
the increasingly important ecological functions of saprophytic
fungi as decomposers. As a result, we speculated that the
adaptability of C. equisetifolia was improved by the growth
and proliferation of probiotic microorganisms with various
functions and living in different niches, which also supported
the low soil fertility tolerance of this plant.

Together, these results suggest that plants can recruit
microbial taxa with specific functions and adaptability in
various compartment niches (Foster et al., 2017; Cordovez
et al, 2019). Identification of these dominant taxa provides
essential information for the development of strategies to
manipulate the microbial community in C. equisetifolia.

Sources of microbial communities in
different ecological niches

Identifying the potential sources and enrichment processes
of microbial communities in C. equisetifolia is essential for
understanding the interactions among plants, soil, and
microorganisms. Although previous studies have reported that
the above-ground and below-ground compartments of plants
share a large proportion of microbial taxa (Bai et al., 2015), little
is known about enrichment of the microbiome in C. equisetifolia.
Our results showed that the bacterial community in rhizosphere
soil was mainly derived from bulk soil (unknown source values <
17%) and was sequentially filtered by the plant niches
(Figures 7A, B). This was expected because the rhizoplane acts
as a selective barrier. Meanwhile, limited bacterial species can
colonize the root endosphere, such as those that express
chemotaxis-related genes, present the formation of flagella and
pellets, produce cell wall-degrading enzymes, and have complex
interactions with the host plant immune system. Thus, the
diversity of endophytic bacteria was lower than that of soil
bacteria (Hardoim et al., 2008; Bulgarelli et al., 2012).

Moreover, although a small proportion of fungal OTUs were
shared between the phylloplane and rhizosphere soil, more than
96% of fungi were of unknown sources (Figures7C, D).
Therefore, we inferred that phylloplane fungi were mainly
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derived from the surrounding environment, suggesting air, dust,
and rainwater as the primary sources of the phylloplane fungal
community. We also found that leaf endosphere fungi originated
from the phylloplane and soil (Figures 7C, D), and the roots
may serve as an important transition boundary (Hacquard et al.,
2015; Vandenkoornhuyse et al, 2015), allowing rhizosphere
microbes to enter plant tissues and migrate to the above-
ground plant compartments. In the phyllosphere, the
unknown source values of bacteria were lower than those of
fungi (Figure 7), indicating that a greater proportion of bacterial
communities in the above-ground plant tissues was derived from
rhizosphere soil. In addition, the unknown source values of leaf
endophytes were lower than those of leaf epiphytes (Figure 7),
further highlighting the selection of endophytes by hosts. These
findings have identified potential sources and driving forces of
microbial communities in the phyllosphere. Furthermore, they
further confirm the phylloplane and rhizoplane as important
interfaces among hosts, microorganisms, and the environment
(Lindow and Brandl, 2003; Vorholt, 2012; Vacher et al., 2016;
Remus-Emsermann and Schlechter, 2018).

In summary, our research showed that plants can recruit
microbial taxa with specific function and niche adaptability,
which provides a theoretical basis for the analysis of plant niches
and transmission routes of microorganisms. However, the
molecular mechanisms by which hosts regulate plant-
microbiome interactions and microbial community dispersal
are not fully understood; thus, further research is required.

Conclusions

In this study, we provide comprehensive and empirical evidence
for the relative contribution of compartment niches to microbiome
assembly in C. equisetifolia. Our results suggest that microbiome
assemblages along the soil-plant continuum were primarily shaped
by the compartment niches rather than the developmental stage.
Moreover, bacterial diversity and richness decreased from the soils to
roots to leaves, with the highest network complexity found in the
roots and the lowest in the phylloplane. However, fungal diversity
gradually increased from the soils to roots to phyllosphere, whereas
richness decreased from the soils to roots and increased from the
roots to phyllosphere; the greatest network complexity was found in
bulk soils, and the lowest was in the roots. Furthermore, different
biomarker taxa were present in different ecological niches, and
significant differences in ecological function were found between
bacterial and fungal communities, with bacteria playing an important
role in maintaining plant growth and providing nutrients, whereas
fungi played a dominant role in the decomposition of organic matter.
In addition, the bacterial community of C. equisetifolia was mainly
derived from bulk soil, whereas the fungal community primarily
originated from the rhizosphere soil and air, with leaf
microorganisms positively correlated with organic carbon, and
root and soil microorganisms positively correlated with total

Frontiers in Plant Science

12

10.3389/fpls.2022.988485

nitrogen, total phosphorus, and total potassium. These results
suggest strong selective and regulatory effects of plant hosts on the
composition and potential function of plant microbial communities.
The results of this study have implications for future non-crop
management by providing baseline data to inform translational
research into harnessing the plant microbiome.
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