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Abstract

microbiome in the future.

Purpose: Casuarina equisetifolia, a fast-growing, abundant tree species on the southeastern coast of China, plays an
important role in protecting the coastal environment, but the ecological processes that govern microbiome assembly
and within-plant microorganism transmission are poorly known.

Methods: In this paper, we used ITS and 165 amplification techniques to study the diversity of fungal and bacterial
endophytes in critical plant parts of this species: seeds, branchlets, and roots. Additionally, we examined the litter of
this species to understand the process of branchlets from birth to litter.

Result: We uncovered a non-random distribution of endophyte diversity in which branchlets had the greatest and
seeds had the lowest endophytic fungal diversity. In contrast, litter endophytic bacteria had the highest diversity, and
branchlets had the lowest diversity. As for fungi, a large part of the seed microbiome was transmitted to the phyllo-
sphere, while a large part of the bacterial microbiome in the seed was transmitted to the root.

Conclusion: Our study provides comprehensive evidence on diversity, potential sources, and transmission pathways
for non-crop microbiome assembly and has implications for the management and manipulation of the non-crop
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Background

There are many types of endophytes, and they have an
extremely broad distribution, as microorganisms are pre-
sent inside the tissues of almost every plant (Aly et al.
2011). Endophytes may grow in roots, stems, and leaves,
in which they have been interacting and evolving with
each other and form a “holobiont” with the plant (Van-
denkoornhuyse et al. 2015). Harnessing the plant micro-
biome to maximize management and manipulation of
non-crop microbiome is increasingly viewed as a viable
sustainable approach in the future. Therefore, it is neces-
sary for us to understand the ecological processes that
govern microbiome assembly.
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Plant-associated microorganisms are diverse and not
only change plant physiology and metabolism but also
increase tolerance towards biotic and abiotic stresses
(Yao et al. 2019), such as increasing defense responses
to pathogens (Herre et al. 2007; Tian et al. 2014), and
they can also promote plant growth (Santoyo et al. 2016;
Xing 2018), thereby increasing environmental adapt-
ability (Hoveland 1993; Rodriguez et al. 2008). Further-
more, endophytes can produce spores during plant tissue
senescence for reproductive purposes, which are better
able to mutualize with plants (Carroll 1988; Sherwood
and Carroll 1974).

The above studies have showed that plants and their
microbiomes have co-evolved for millions of years, and
most of these interactions are reciprocal, increasing the
fitness of both parties (Foster et al. 2017). However, it is
unclear where plant-associated microorganisms origi-
nate. Some researchers believe that the similarity in
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microbial composition between plants of the same spe-
cies, such as maize, is largely due to selective supplemen-
tation from the surrounding environment and controlled
by the physiology, morphology, and genetic character-
istics of the plant species (Bouffaud et al. 2014; Hassani
et al. 2018; Yeoh et al. 2017), that is, endophytes in dif-
ferent ecological niches in the same plant may enter the
plant from the soil through horizontal transmission.
However, this explanation is just valid when all environ-
ments contain all (or most) microorganisms required for
the assembly of the plant microbiome. Moreover, this
viewpoint overlooks the potential contribution of seed
to plant microbiome assembly. After plant seeds have
germinated, endophytes in the seeds may be vertically
transmitted to the roots, stems, and leaves during plant
growth and development. Thus far, many studies on ver-
tical transmission in plants have focused on the composi-
tion and assembly of seed microbiomes, while few studies
have considered the dynamic processes of establishment
and transmission during plant development. However,
the latter is a critical step in maintaining plant microbi-
ome continuity and also a potential bottleneck for ver-
tical transmission (Hodgson et al. 2014; Shahzad et al.
2018; Wassermann et al. 2019).

At the end of the 1950s, China introduced Casuarina
equisetifolia to Guangdong province for the first time
(Li et al. 2015). C. equisetifolia is currently an important
coastal tree in southeastern China (Liu et al. 2020; Ye
and Yu 1997). The tree C. equisetifolia is a species with
abundant endophytes, and the endophytes promote plant
growth and increase disease and pest resistance (Kang
and Zhong 1999; Zhang et al. 2003), which facilitates
plant capacity for salt and drought resistance, all of which
are important in ecological restoration and resistance to
natural disasters in coastal regions (Lin et al. 2008; Liu
et al. 2013). Our previous studies showed that endo-
phytes were involved in allelopathy, hindering the natural
regeneration of forestland. Hitherto, many studies on C.
equisetifolia endophytes have focused on the traditional
separation, identification, and allelopathy of endophytic
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bacteria and fungi (Huang 2019; Wang 2017; Zhang et al.
2020; Zuo et al. 2020). However, there are very few stud-
ies examining the composition and assembly of endo-
phytes in different ecological niches, potential sources,
and transmission paths. This is an important knowledge
gap because how the host shapes microbiome assemblies
and transmission patterns across the different parts of
the tree remains largely unknown.

In this study, high-throughput sequencing was used
to study the endophytic biome structure and transmis-
sion paths in C. equisetifolia seeds, branchlets, roots, and
litter. The objectives of this study were to (1) determine
what the diversity and composition of the microbial com-
munity are in C. equisetifolia tissues and (2) identify the
relationship among the microbiota in seeds, branchlets,
roots, and litters for further understanding of the physi-
ological and ecological role of endophytes in C. equiseti-
folia. We expected to find a high microbial diversity in C.
equisetifolia. Given differences in structure and niches
that exist between roots and branchlets, we expected to
find spatial compartmentalization of the microbial com-
munity between the two tissues. We also hypothesized
that the majority of seed-associated microbes would be
transient and that only a small fraction of the microbial
taxa would be transmitted to other parts of the plant.

Results
Endophytic diversity in different ecological niches
From the Sobs Index of Abundance in Table 1, it could
be seen that fungal abundance in C. equisetifolia tissues
showed a trend of branchlets > litter > roots > seeds. The
endophytic fungal abundance in branchlets and litter
was 2-3 times that of seeds and roots. From the Shan-
non Index of Diversity (Table 1), the result showed that
there were no significant differences in endophytic fungal
diversity among various C. equisetifolia tissues.
Endophytic bacterial abundance and diversity showed
a trend of litter > roots > seeds > branchlets (Table 1),
and there were significant differences in endophytic bac-
terial abundance and diversity among litter, roots, and

Table 1 Abundance and Diversity Index of endophytes in seeds, branchlets, roots, and litters of Casuarina equisetifolia

Sample Endophytic fungi Endophytic bacteria

Sobs Shannon Sobs Shannon
Seed 8933 £584c 2.18+£0.18a 62.67 949 ¢ 0.51£0.05c
Branchlet 29533+19.81a 318+0.11a 2733 +£636¢C 031+£0.10c
Root 10333+ 2331c¢ 274+£033a 21167 £14.77b 3594+022b
Litter 23333+20.19b 221+043a 48733 £1281a 506 +£003a

Sobs index represents species richness
Shannon index represents species diversity

Different letters indicate significant differences (P < 0.05)
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branchlets. However, there were no significant differ-
ences in endophytic bacterial abundance and diversity
between seeds and branchlets.

Assembly of endophytes in different ecological niches
There were nine fungal phyla, 29 classes, 72 orders,
158 families, 248 genera, and 324 species and 24 bacte-
rial phyla, 50 classes, 132 orders, 232 families, 410 gen-
era, and 647 species in C. equisetifolia seeds, branchlets,
roots, and litter.

As seen in the community bar chart (Fig. 1a), endo-
phytic fungi in C. equisetifolia seeds, branchlets, roots,
and litter mainly consisted of four phyla. The dominant
fungal phyla in seeds, branchlets, and roots were Asco-
mycota, accounting for 98.24%, 67.04%, and 58.43%,
respectively. The dominant fungal phyla in litter were
Basidiomycota, accounting for 69.59%.

The endophytic fungi in seeds, branchlets, roots, and
litter mainly consisted of 36 genera (Fig. 1b). The fun-
gal genus with the highest abundance in seeds was
Phaeophleospora, accounting for 25.34%. This genus
accounted for 4.35% and 0.13% of genera in branch-
lets and litter and was not found in roots. The fungal
genus with the highest abundance in branchlets was
unclassified_p_Ascomycota, accounting for 29.54%. This
genus accounted for 5.93%, 19.18%, and 1.87% of genera
in branchlets, roots, and litter. The genus with the high-
est abundance in roots was Trichaptum, accounting for
27.88%, and this genus was not found in seeds, branch-
lets, and litter. The genus with the highest abundance
in litter was unclassified_o_Agaricales, accounting for
32.20%. The proportion of this genus in branchlets was
0.01%, and it was not found in seeds and roots. The main
endophytic fungal genera common to seeds, branch-
lets, roots, and litter were unclassified_p_Ascomycota
accounting for 5.93%, 29.54%, 19.18%, and 1.87%, respec-
tively, and unclassified_k_Fungi accounting for 1.30%,
16.95%, 9.39%, and 2.97%, respectively.

As seen in Fig. 1c, endophytic bacteria in C. equiseti-
folia seeds, branchlets, roots, and litter mainly consisted
of eight phyla. The dominant bacterial phylum in seeds
and branchlets was Cyanobacteria, accounting for 88.29%
and 92.79%, respectively. This phylum accounted for a
lower ratio in roots and litter. The dominant bacterial
phylum in roots and litter was Proteobacteria, account-
ing for 41.30% and 49.03%, respectively, and this phylum
accounted for a lower ratio in seeds and branchlets.

The endophytic bacteria in C. equisetifolia seeds,
branchlets, roots, and litter mainly consisted of 44 genera
(Fig. 1d). The bacterial genus with the highest abundance
in seeds and branchlets was norank f norank_o_Chlo-
roplast, accounting for 88.29% and 92.79%, respectively.
The bacterial genus with the highest abundance in roots
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was Pseudomonas, accounting for 13.12%. The bacterial
genus with the highest abundance in litter was Sphingo-
monas, accounting for 8.95%.

Endophytic community structure and spatial distribution
in different ecological niches
A principal component analysis (PCoA) of endophytic
fungi in C. equisetifolia tissues showed that the contribu-
tion of the two greatest differential characteristics, PC1
and PC2, was 58.97%. Branchlet and litter endophytic
fungi were extremely close in the PC1 axis. Litter endo-
phytic fungal samples were further away from seeds,
branchlets, and roots in the PC2 axis (Fig. 2a). As seen in
Fig. 2b, the contribution of PC1 and PC2 was 83.92%. The
bacteria in the seed and branchlet were more similar.
Heatmap analysis was carried out on the top 30 micro-
bial genera by abundance. Branchlet and root endophytic
fungal communities were clustered into the same group,
and there were differences compared with seed and litter
endophytic fungal communities (Fig. 3a). However, endo-
phytic bacteria in litter and root were clustered into one
group, while those in seed and branchlet were clustered
into another group (Fig. 3b). These results were consist-
ent with those of PCoA analysis.

Transmission of seed microbiome to different ecological
niches

Venn diagram analysis of OT Us at the genus level in fungi
showed that there were 49 OTUs common in seeds and
branchlets, accounting for 80.33% of seeds. Eight OTUs
were common in seeds and roots, accounting for 13.11%
of roots. There were 78 common OTUs in branchlets and
litter, accounting for 51.66% of branchlets (Fig. 4a and c).
As observed in Fig. 4b and d (bacterial genus level), 17
OTUs were common in seeds and branchlets, account-
ing for 22.97% of seeds. There were 49 OTUs common
in seeds and roots, accounting for 66.22% of roots. There
were 15 OTUs that are common in branchlets and litter,
accounting for 55.56% of branchlets. Figure 4c and d is a
more intuitive reaction to Fig. 4a and b, respectively.

Dynamic transmission of the core microbiome

in aboveground and belowground tissues from different
ecological niches

Microbiomes with a relative abundance of more than
1% were collected from Fig. 1. Five fungal genera and 3
bacterial genera in seeds were transmitted to branchlets,
namely Parateratosphaeria, etc. Two fungal genera and 3
bacterial genera were transmitted to roots: Pseudomonas,
etc. Five fungal genera in branchlets were transmitted to
litter: Phaeophleospora, etc. Interestingly, no transmis-
sion of bacteria between branchlets and litter was found
(Fig. 5).
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Fig. 1 Endophytic fungi (top) and bacteria (bottom) community composition of Casuarina equisetifolia seeds, branchlets, roots, and litter. The
abscissa represents different ecological niches and the ordinate represents the relative abundance of microbial genera
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Discussion

While the diversity of the plant microbiome is increas-
ingly recognized, the assemblages and transmission
pathways of the plant microbiome are poorly known.
In the present study, a scenario survey on the diversity
of fungal and bacterial endophytes in seeds, branch-
lets, roots, and litter demonstrated that branchlets
had the greatest and seeds had the lowest endophytic
fungal diversity. In contrast, litter endophytic bacte-
ria had the highest diversity, and branchlets had the
lowest diversity. Moreover, we identified the potential
sources and transmission pathways of the non-crop
microbiome through multiple machine-leaning meth-
ods. Collectively, these results provide clear evidence
of microbial inheritance in plants, niche differentiation
of the inherited microbiome, and divergent transmis-
sion routes from the seeds to the phyllosphere and
roots. These findings shed new light on the potential
source and transmission pathway of plant-associated
microbes and increase our knowledge of the distribu-
tion of microorganism and dispersal within natural
environments.

Microbiome composition and assembly

This study is to examine endophyte community diver-
sity in C. equisetifolia seeds, branchlets, roots, and
litter, and many types of endophytes were found. We
found that there were differences in endophytes among
tissues of C. equisetifolia. The abundance and diversity
of the endophytic bacteria in branchlet were the lowest
(Table 1). A study on the microbiome in strawberries
and Alsophila spinulosa also obtained similar results
(da Silva et al. 2020; Zang et al. 2020). We inferred the
reasons that might be due to selective pressure from
the host immune system and plant secretions on the
leaves. As a result, only a few bacteria could colonize
branchlets (Guttman et al. 2014; Hacquard et al. 2015;
Kembel et al. 2014).

We further found that the abundance and diversity of
endophytic fungi were lower in litter than in branchlets
(Table 1), and the composition of microorganisms in lit-
ter was different from other ecological niches (Fig. 2).
When the branchlets are detached from plants, becom-
ing litter, some endophytic fungi may change their eco-
logical strategy and survive by saprophytic method, while

(See figure on next page.)

Fig. 3 Heatmap of abundance of endophytic fungi (top) and bacteria (bottom) of C. equisetifolia seeds, branchlets, roots, and litter at genus
taxonomic levels. The abscissa is the sample name, and the ordinate is the species name. The clustering tree above the Heatmap represents the
differences between samples, and the clustering tree on the left of the Heatmap represents the differences between microbes, with clustering into
one group meaning that the differences are small. The variation of the abundance of different species in the sample is displayed through the color
gradient of the color block. The value represented by the color gradient is on the right of the figure
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some endophytic fungi that cannot change their ecologi-
cal strategy may die (Promputtha et al. 2007; Selosse et al.
2008). These results imply that bacteria and fungi have
different tolerance in different ecological niches.

As seen in Table 1, the abundance and diversity of
endophytes in seeds were low, which might be due to the
limited resources in seeds. Several unconfirmed endo-
phyte taxa were found in seeds (Fig. 1), showing that
further studies on seed microorganisms are needed to
discover the potential of new species in this ecological
niche.

Dominant and keystone taxa of microbiomes

Dominant and biomarker taxa are considered potential
keystone taxa, and they have important ecological func-
tions in microbiome assembly and ecosystem function-
ing (Banerjee et al. 2018; Delgado-Baquerizo et al. 2018).
The major endophytic fungi in C. equisetifolia seeds,
branchlets, roots, and litter were Ascomycota and Basidi-
omycota. In addition, the major phylum of endophytic

bacteria in seeds and branchlets was Cyanobacteria,
and Proteobacteria was the most dominant phyla of
endophytic bacteria in roots and litter (Fig. 1). Liu et al.
obtained similar conclusions (Liu et al. 2021). Shahzad
et al. and Guo et al. found that most rice seed endophytic
fungal phyla were Ascomycota and Basidiomycota (Guo
et al. 2020; Shahzad et al. 2017). Ren et al. indicated that
Proteobacteria was highly enriched in Jingbai Pear trees
(Ren et al. 2019).

Although highly diverse microorganisms colonize eco-
logical niches in plant tissues, few taxa occupy dominant
positions. Our study revealed that Pseudomonas was sig-
nificantly enriched in the roots (Fig. 1). This finding was
backed up by previous research (Weller 1988; Weller
2007). Pseudomonas grows in different habitats and usu-
ally is regarded as a plant and seed pathogen, but it can
promote plant growth and some species have inhibitory
effects on soil pathogens (Burr et al. 1978; Kumar and
Dube 1992). Therefore, we speculated that Pseudomonas
might protect C. equisetifolia from soil pathogens
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and stimulate its development though this hypothesis
required direct evidence. Similarly, we found that Bacil-
lus was also significantly enriched in roots (Fig. 1). Some
Bacillus spp., such as Bacillus cereus, have been reported
to be antagonistic to soil-transmitted diseases (Fira et al.
2018). Yaish et al. isolated Bacillus strains from date palm
seedlings and found that they can promote the growth
and development of date palm trees under salinity stress
(Yaish et al. 2015). Our results also revealed that Doth-
ideomycetes were present in the branchlets (Fig. 1),
which were saprophytic fungi associated with nutrient
cycling (Adams et al. 2013). All these findings suggest
that plant tissues may create different ecological niches
for specific microbiomes, and these microbiomes may
recognize signaling molecules and adapt to the environ-
ment unique to each ecological niche (Cordovez et al.
2019; Foster et al. 2017). The determination of these
dominant and keystone taxa can provide essential infor-
mation to control microbiomes.

Potential sources and transmission routes of microbiomes

Although researchers have focused on the diversity of
plant microbiomes and plant-microbe interactions, pre-
vious studies have reported that a large proportion of
microbial taxa are shared between belowground and
aboveground organs in plants (Bai et al. 2015; Wagner

et al. 2016). However, our knowledge of the transmis-
sion routes of microorganisms in different plant tissues
is limited. In this paper, we studied the transmission pro-
cesses of C. equisetifolia endophytes from seeds to litter,
which is an important but overlooked aspect of vertical
transmission.

As seen in Fig. 4c, 80.33% of endophytic fungi were
transferred to branchlets from seeds. This result shows
that the diversity of transmitted fungi in seeds is far
higher than in transient fungi, i.e., seeds may be a store
for branchlets endophytes, further emphasizing the eco-
logical roles of seeds in endophytic microbiome aggre-
gation and sources. (Hardoim et al. 2015; Rahman et al.
2018). These results suggest that vertical transmission
occurs through seeds (Hodgson et al. 2014). Our study
also found that the diversity of the endophytic fungi in
branchlets was the highest (Table 1), many endophyte-
specific fungal genera in branchlets, but the abundance
of these genera was low (Fig. 1). This is not surprise
due to the fact that fungi in the leaves may arise from
horizontal transmission (Bayman et al. 1998; Frohlich
et al. 2000; Kaneko and Kaneko 2004), with rainfall and
wind transmitting spores (da Silva et al. 2020). As dura-
tion increases, the opportunities for spore deposition
increase, i.e., fungi attached to leaf surfaces enter the
leaves through the stomata or cuticle, and leaves are
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infected after germination (Bayman et al. 1998). These
outcomes further show that leaf microorganisms are
affected by the dual effects of the host and external
environment due to the fact that the leaf surface is con-
sidered as an interface between the host and the environ-
ment (Lindow and Brandl 2003; Remus-Emsermann and
Schlechter 2018). In the present study, 13.11% of endo-
phytic fungi were transferred from seeds to roots, while
66.22% of endophytic bacteria were transferred to roots
(Fig. 4c, d), signifying that there are large differences in
the tendency for root migration of fungal and bacterial
genera, and/or that some genera proliferate more rapidly
once they have migrated to the roots. Although endo-
phyte communities in roots and branchlets have the same
source, there are differences. We inferred that the reasons
for these differences included the life history of microor-
ganisms and regulatory factors that limited the migration
of microorganisms to plant roots. Changes were found to
occur in fungal communities from oak trees after falling
to the ground, making these communities more similar to
soil communities (Fort et al. 2019). Our previous studies
showed that the distribution of endophytic fungi in roots
was significantly affected by total phosphorous (Huang
et al. 2020), and high phosphorus content was detrimen-
tal to the growth of endophytic fungal communities (Zuo
et al. 2020), thereby enabling root endophytes to form a
unique subset. We also found that more than half of the
fungi (51.66%) and bacteria (55.56%) were transferred
from branchlets to litter, and 94.34% of endophytic bac-
teria in litter were from unknown sources (Fig. 4c, d),
suggesting that they may be more affected by the exter-
nal environment. These results show that ecological
niches in different spaces have dominant effects on the
assembly of plant microbiomes, providing comprehen-
sive evidence for a theoretical framework of ecological
niches selection. Host plants filter and enrich microbial
taxa with specific functions in different ecological niches
(Miiller et al. 2016), and competition for these resources
by microorganisms drives evolutionary radiation, thereby
differentiating and adapting to different ecological niches
to reduce competition (Foster et al. 2017).

Although the relative abundance of certain taxa was
low, they were only present in branchlets, roots, or
litter (Fig. 1). Examples include norank_f norank_o_
Elsterales, which was only present in branchlets
(0.01%), unclassified_f Ophiocordycipitaceae, which
was only present in roots (1.37%), and norank_f Xan-
thobacteraceae, which was only present in litter
(0.48%). Although it is difficult to explain the specific
causes for this phenomenon, there are several reasona-
ble hypotheses: (1) natural differences exist between C.
equisetifolia individuals, leading to taxon differences in
microbiomes between seeds and various plant tissues;
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(2) some taxa initially below the level of detection are
transmitted to branchlets, roots, and litter, and rapidly
proliferate there; and (3) this is an effect of horizontal
transmission.

In summary, our results provide some theoretical basis
for ecological niches differentiation and transmission
route differentiation of C. equisetifolia seed, branchlet,
root, and litter endophytes. In the following research, we
will focus on the influence of the external environment
on plant microorganisms.

Materials and methods

Sampling site

The Guilinyang Coastal Development Area in Haikou,
Hainan, was selected as the site of the C. equisetifolia for-
est. This region (20°01’02” N, 110°31’20” E) has a tropical
maritime monsoon climate. The annual mean tempera-
ture is 23.8 °C, with abundant heat and a long sunshine
duration. The annual mean precipitation is 1500—-2000
mm, and the mean relative humidity is 85%. There are
distinct wet and dry seasons, of which precipitation is the
highest in May—October. Most of the wind throughout
the year is from the east and northeast, and the annual
mean wind speed is 3.4 m/s. During the typhoon activity
period, typhoons are relatively concentrated and higher
in quantity with diverse routes in April-October (Cai
et al. 2010; Wan et al. 2016).

Sample collection and surface sterilization

In September—October, seeds, branchlets, roots, and lit-
ter were collected in the C. equisetifolia forest (stand
age: 15-20 years) in 2020. For seed, branchlet, and root
sampling, about five individual plants were randomly
selected, and litter with a thickness of 0-5 c¢cm around
the same plants was collected, with five subsamples thor-
oughly mixed as a biological sample (25-50 g for each
sample), and each sample had three biological replicates.
A total of 12 samples were stored in a sterile plastic bag
and placed in a cooler box with ice packs for transport.
The epiphytic microorganisms of samples were removed
according to the previous methods (Bodenhausen et al.
2013; Chen 2021), with some modifications. Briefly,
10-15 g of branchlets and litter as well as 3-5 g roots
(rhizosphere soils were firstly removed by brush care-
fully) tissues were submerged in 0.1 M Potassium phos-
phate buffer (pH 8.0) and subjected to sonication at 40
kHz for 1 min. Considering seeds, 3-5 g were immersed
into 0.1 M Mercury dichloride for 60 s. 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.
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Endophytic DNA extraction, microbial rRNA gene
amplification, and sequencing

Total genomic DNA was extracted from collected sam-
ples following FastDNA® Spin Kit for Soil (MP Biomedi-
cals, U.S) after surface sterilization. ITS1F (5-CTTGGT
CATTTAGAGGAAGTAA-3') and ITS2R (5-GCTGCG
TTCTTCATCGATGC-3') were used for PCR amplifica-
tion, and 338F (5-ACTCCTACGGGAGGCAGCAG-3)
and 806R (5'-GGACTACHVGGGTWTCTAAT-3') were
used for PCR amplification. The PCR reaction mixture
contained 12.5 pL KAPA HiFi HotStart ReadyMix (Kapa
Biosystems, Wilmington, MA, USA), 1.5 puL (10 uM) each
primer, and 10ng template DNA, followed by PCR-grade
water added to a final volume of 25 pL. The PCR ampli-
fication cycling conditions were as follows: initial dena-
turation at 98 °C for 3 min, 30 cycles of denaturing at 95
°C for 30 s, annealing at 50 °C for 30 s, and extension at
72 °C for 30 s, with a final 10 min elongation at 72 °C.
Sequencing was performed on an Illumina Miseq PE300
platform (Majorbio, Shanghai, China).

Data processing and diversity analysis

The overlapping relationship of paired-end (PE) reads
was used to merge reads into a sequence, and quality
control and filtration was carried out based on the raw
sequence. OTU clustering was carried out based on 97%
similarity (Edgar 2013), and chimeras were removed. The
ribosomal database project (RDP) classifier (Wang et al.
2007) (http://rdp.cme.msu.edu/, version 2.2) was used for
species classification and annotation of each sequence.
Statistical analyses were performed based on various
taxonomic levels. Uparse (version 7.1 http://drive5.com/
uparse/) software was used for OTU clustering and bio-
informatics analysis (Chen et al. 2016; Rogers et al. 2016;
Ye et al. 2017); Mothur (version v.1.30.1 http://www.
mothur.org/wiki/Schloss_SOP#Alpha_diversity) was
used for the analysis of the alpha index (Sobs richness
and Shannon diversity), and OTU similarity was assessed
at 97% (Caporaso et al. 2010; Youssef et al. 2009). Com-
munity histogram (bar chart) analysis was carried out
based on R (version 3.3.1), and R was used for PCoA sta-
tistical analysis and graph plotting (Ling et al. 2014). The
vegan package in R was used for Heatmap analysis (Mit-
ter et al. 2017). R was used for the Venn diagram analysis
of all OTUs.

Conclusions

This study provides evidence for the assembly and trans-
mission pathways of C. equisetifolia microbiomes. Our
results showed that branchlets had the greatest and seeds
had the lowest endophytic fungal diversity. In contrast,
litter endophytic bacteria had the highest diversity, and
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branchlets had the lowest diversity. In different ecological
niches, the composition of endophytic fungi in branch-
lets and roots was more similar, and the composition of
endophytic bacteria in seeds and branchlets was more
similar, but they were different in litter from other eco-
logical niches whether endophytic bacteria or fungi. Fur-
ther, we revealed that as for fungi, a large part of the seed
microbiome was transmitted to the phyllosphere, while a
large part of the bacterial microbiome in seed was trans-
mitted to the root. The endophytic fungi that transmit-
ted to the branchlet were related to nutrient cycling, and
endophytic bacteria to the root were involved in inhib-
iting soil-borne microorganisms. These results further
deepen our understanding of microbiomes in different
ecological niches and transmission processes and high-
light the important effect on the vertical transmission
during the assembly of the plant microbiome. From an
ecological perspective, the results of this study have
implications for the distribution, dispersal, persistence,
and function of plant-associated microbes in the natural
environment.

Acknowledgements

We thank Prof. Rodolfo Dirzo from the Department of Biology Stanford Univer-
sity, for the kind advices on data processing and manuscript writing. We thank
Xuan Wang, Rui Huang, Yagian Zhang, and Linzhi Zuo for field trips.

Authors’ contributions

Lei Li conceived the idea and designed the experiment; Qi Lin performed the
experiment, analyzed the data, and wrote the paper; Miaomiao Li, Ying Wang,
and Zhixia Xu performed the experiment. The authors read and approved the
final manuscript.

Funding

This research was funded by the innovation platform for academicians of
Hainan Province (YSPTZX202129) and the Youth Science and Technology
Talents Innovation Program of the Hainan Association for Science and Tech-
nology (QCXM201905).

Availability of data and materials
All data generated or analyzed during this study are included in this article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 21 June 2022 Accepted: 20 July 2022
Published online: 28 July 2022

References
Aly AH, Debbab A, Proksch P (2011) Fungal endophytes: Unique plant inhabit-
ants with great promises. Appl Microbiol Biotechnol 90:1829-1845



Lin et al. Annals of Microbiology (2022) 72:28

Adams RI, Miletto M, Taylor JW, Bruns TD (2013) Dispersal in microbes: Fungi in
indoor air are dominated by outdoor air and show dispersal limitation at
short distances. Isme J 7:1262-1273

Bai 'Y, Muller DB, Srinivas G, Garrido-Oter R, Potthoff E, Rott M, Dombrowski N
et al (2015) Functional overlap of the arabidopsis leaf and root micro-
biota. Nature 528:364-369

Banerjee S, Schlaeppi K, van der Heijden MGA (2018) Keystone taxa as drivers
of microbiome structure and functioning. Nat Rev Microbiol 16:567-576

Bayman P, Angulo-Sandoval P, Baez-Ortiz Z, Lodge D (1998) Distribution and
dispersal of xylaria endophytes in two tree species in puerto rico. Mycol
Res 102:944-948

Bodenhausen N, Horton MW, Bergelson J (2013) Bacterial communities associ-
ated with the leaves and the roots of arabidopsis thaliana. PLoS One
8:256329

Bouffaud ML, Poirier MA, Muller D, Moénne-Loccoz Y (2014) Root microbiome
relates to plant host evolution in maize and other poaceae. Environ
Microbiol 16:2804-2814

Burr T, Schroth M, Suslow T (1978) Increased potato yields by treatment of
seed pieces with specific strains of Pseudomonas fluorescens and P, Putida.
Phytopathology 68:1377-1383

Cai D, Liu S, Tian G, Xu X, Cui D, Zhang J (2010) Analysis of tourism climate
resources in hainan island. Modern Agricultural Technol 18:20-24

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK,
Fierer N et al (2010) Qiime allows analysis of high-throughput community
sequencing data. Nat Methods 7:335-336

Carroll G (1988) Fungal endophytes in stems and leaves - from latent patho-
gen to mutualistic symbiont. Ecology 69:2-9

Chen B, Teh BS, Sun C, Hu S, Lu X, Boland W, Shao Y (2016) Biodiversity and
activity of the gut microbiota across the life history of the insect herbi-
vore spodoptera littoralis. Sci Rep 6:29505

Chen P (2021) Colonization of endophytes in Casuarina equisetifolia and the
transcriptomic and metabolomic analyses based on allelopathy. Hainan
Normal University

CordovezV, Dini-Andreote F, Carrion VJ, Raaijmakers JM (2019) Ecology and
evolution of plant microbiomes. Annu Rev Microbiol 73:69-88

Delgado-Baquerizo M, Oliverio AM, Brewer TE, Benavent-Gonzélez A, Eldridge
DJ, Bardgett RD, Maestre FT et al (2018) A global atlas of the dominant
bacteria found in soil. Science 359:320-325

Edgar RC (2013) Uparse: Highly accurate otu sequences from microbial ampli-
con reads. Nat Methods 10:996-998

Fira D, Dimkic I, Beri¢ T, Lozo J, Stankovi¢ S (2018) Biological control of plant
pathogens by bacillus species. J Biotechnol 285:44-55

Fort T, Pauvert C, Zanne AE, Ovaskainen O, Caignard T, Barret M, Compant
S etal (2019) Maternal effects and environmental filtering shape seed
fungal communities in oak trees. bioRxiv. https://doi.org/10.1101/691121.

Foster KR, Schluter J, Coyte KZ, Rakoff-Nahoum S (2017) The evolution of the
host microbiome as an ecosystem on a leash. Nature 548:43-51

Frohlich J, Hyde K, Petrini O (2000) Endophytic fungi associated with palms.
Mycol Res 104:1202-1212

Guo J,Wang Z, Saman B, Hou F (2020) Diversity of endophytic bacteria and
fungi communities in seeds of eight plant species in alpine meadow.
Pratacultural Sci 37:901-915

Guttman DS, McHardy AC, Schulze-Lefert P (2014) Microbial genome-
enabled insights into plant-microorganism interactions. Nat Rev Genet
15:797-813

Hacquard S, Garrido-Oter R, Gonzélez A, Spaepen S, Ackermann G, Lebeis S,
McHardy AC et al (2015) Microbiota and host nutrition across plant and
animal kingdoms. Cell Host Microbe 17:603-616

Hardoim PR, van Overbeek LS, Berg G, Pirttila AM, Compant S, Campisano A,
Doring M et al (2015) The hidden world within plants: Ecological and
evolutionary considerations for defining functioning of microbial endo-
phytes. Microbiol Mol Biol Rev 79:293-320

Hassani MA, Durén P, Hacquard S (2018) Microbial interactions within the plant
holobiont. Microbiome 6:58

Herre EA, Mejia LC, Kyllo DA, Rojas E, Maynard Z, Butler A, Van Bael SA (2007)
Ecological implications of anti-pathogen effects of tropical fungal endo-
phytes and mycorrhizae. Ecology 88:550-558

Hodgson S, de Cates C, Hodgson J, Morley NJ, Sutton BC, Gange AC (2014)
Vertical transmission of fungal endophytes is widespread in forbs. Ecol
Evol 4:1199-1208

Page 11 of 12

Hoveland S (1993) Importance and economic significance of the acremonium
endophytes to performance of animals and grass plant. Agric Ecosyst
Environ 44:3-12

Huang R (2019) Root endophytic bacteria diversity and allelopathic potential
of their metabolites in Casuarina equisetifolia at different ages. Hainan
Normal University

Huang R, Chen P, Wang X, Li H, Zuo L, Zhang Y, Li L (2020) Structural variability
and niche differentiation of the rhizosphere and endosphere fungal
microbiome of Casuarina equisetifolia at different ages. Braz J Microbiol
51:1873-1884

Kaneko R, Kaneko S (2004) The effect of bagging branches on levels of endo-
phytic fungal infection in japanese beech leaves. Forest Pathol 34:65-78

Kang L, Zhong C (1999) Distribution of nodule in Casuarina equisetifolia planta-
tions in southern china. Soil Environ Sci 8:212-215

Kembel SW, O'Connor TK, Arnold HK, Hubbell SP, Wright SJ, Green JL (2014)
Relationships between phyllosphere bacterial communities and
plant functional traits in a neotropical forest. Proc Natl Acad Sci U S A
111:13715-13720

Kumar B, Dube H (1992) Seed bacterization with a fluorescent Pseudomonas
for enhanced plant growth, yield and disease control. Soil Biol Biochem
24:539-542

LiQ Mo Q WangF, LiY, Xu X, Zou B, Li X et al (2015) Nutrient utilization charac-
teristics of Casuarina equisetifolia plantations of different ages in tropical
coastal south china. Chinese J Appl Environ Biol 21:139-146

Lin W, Ye G, Tan F (2008) Fractal characteristics of soil structure and its effects
in different regeneration patterns of Casuarina equisetifolia shelterbelt on
sand bank. Chin J Eco-Agriculture 16:1352-1357

Lindow SE, Brandl MT (2003) Microbiology of the phyllosphere. Appl Environ
Microbiol 69:1875-1883

Ling Z, Liu X, Jia X, Cheng Y, Luo Y, Yuan L, Wang Y et al (2014) Impacts of
infection with different toxigenic clostridium difficile strains on faecal
microbiota in children. Sci Rep 4:7485

LiuH, Li K, Hong T, Fan H, Lin'Y, Li J, Wu C et al (2020) Root morphological char-
acteristics of wild seedlings under Casuarina equisetifolia forest in changle
coastal fuzhou. J Trop Crops 41:2555-2561

Liu H, Shi D, Chen X, Ma L, Chen A, Zhang L (2013) Advances in studies on
bacterial wilt of Casuarina equisetifolia. Zhejiang Forestry Sci Technol
33:68-73

LiuW, Chen J, Feng J, Xia C, Shao Y, Zhu Y, Liu F et al (2021) Study on the diver-
sity of endophytic fungi in gramineae from yunnan, zhejiang and inner
mongolia. Chin J Fungi 40:502-513

Mitter EK, de Freitas JR, Germida JJ (2017) Bacterial root microbiome of plants
growing in oil sands reclamation covers. Front Microbiol 8:349

Mdller DB, Vogel C, Bai Y, Vorholt JA (2016) The plant microbiota: Systems-level
insights and perspectives. Annu Rev Genet 50:211-234

Promputtha I, Lumyong S, Dhanasekaran V, McKenzie EH, Hyde KD, Jeewon
R (2007) A phylogenetic evaluation of whether endophytes become
saprotrophs at host senescence. Microb Ecol 53:579-590

Rahman SFSA, Singh E, Pieterse CMJ, Schenk PM (2018) Emerging microbial
biocontrol strategies for plant pathogens. Plant Sci 267:102-111

Remus-Emsermann MNP, Schlechter RO (2018) Phyllosphere microbiology:
At the interface between microbial individuals and the plant host. New
Phytol 218:1327-1333

Ren F, Dong W, Yan DH (2019) Endophytic bacterial communities of jingbai
pear trees in north china analyzed with illumina sequencing of 16s rdna.
Arch Microbiol 201:199-208

Rodriguez RJ, Henson J, Van Volkenburgh E, Hoy M, Wright L, Beckwith F, Kim
YO et al (2008) Stress tolerance in plants via habitat-adapted symbiosis.
Isme J 2:404-416

Rogers MB, Firek B, Shi M, Yeh A, Brower-Sinning R, Aveson V, Kohl BL et al
(2016) Disruption of the microbiota across multiple body sites in critically
ill children. Microbiome 4:66

Santoyo G, Moreno-Hagelsieb G, Orozco-Mosqueda Mdel C, Glick BR (2016)
Plant growth-promoting bacterial endophytes. Microbiol Res 183:92-99

Selosse MA, Vohnik M, Chauvet E (2008) Out of the rivers: Are some aquatic
hyphomycetes plant endophytes? New Phytol 178:3-7

Shahzad R, Khan AL, Bilal S, Asaf S, Lee IJ (2018) What is there in seeds? Verti-
cally transmitted endophytic resources for sustainable improvement in
plant growth. Front Plant Sci 9:24

Shahzad R, Wagas M, Khan AL, Al-Hosni K, Kang SM, Seo CW, Lee 1J (2017)
Indoleacetic acid production and plant growth promoting potential of


https://doi.org/10.1101/691121

Lin et al. Annals of Microbiology (2022) 72:28

bacterial endophytes isolated from rice (oryza sativa |.) seeds. Acta Biol
Hung 68:175-186

Sherwood M, Carroll G (1974) Fungal succession on needles and young twigs
of old-growth douglas fir. Mycologia 66:499-506

da Silva LL, Veloso TGR, Manhaes JHC, da Silva CC, de Queiroz MV (2020) The
plant organs and rhizosphere determine the common bean mycobiome.
Braz J Microbiol 51:765-772

Tian'Y, Amand S, Buisson D, Kunz C, Hachette F, Dupont J, Nay B et al (2014)
The fungal leaf endophyte paraconiothyrium variabile specifically
metabolizes the host-plant metabolome for its own benefit. Phytochem-
istry 108:95-101

Vandenkoornhuyse P, Quaiser A, Duhamel M, Le Van A, Dufresne A (2015)
The importance of the microbiome of the plant holobiont. New Phytol
206:1196-1206

Wagner MR, Lundberg DS, Del Rio TG, Tringe SG, Dangl JL, Mitchell-Olds T
(2016) Host genotype and age shape the leaf and root microbiomes of a
wild perennial plant. Nat Commun 7:12151

Wan J, Zhang B, Yang X, Liu J, Chen X, Deng J (2016) Analysis of typhoon disas-
ter characteristics in hainan province. Pearl River 37:45-48

Wang Q, Garrity GM, Tiedje JM, Cole JR (2007) Naive bayesian classifier for rapid
assignment of rrna sequences into the new bacterial taxonomy. Appl
Environ Microbiol 73:5261-5267

Wang X (2017) Diversity and allelopathic potential of endophytic fungi in roots
of Casuarina equisetifolia at different ages. Hainan Normal University

Wassermann B, Cernava T, Muiller H, Berg C, Berg G (2019) Seeds of native
alpine plants host unique microbial communities embedded in cross-
kingdom networks. Microbiome 7:108

Weller DM (1988) Biological control of soilborne plant pathogens in the rhizos-
phere with bacteria. Annu Rev Phytopathol 26:379-407

Weller DM (2007) Pseudomonas biocontrol agents of soilborne pathogens:
Looking back over 30 years. Phytopathology 97:250-256

Xing XK (2018) Endophytic fungi resources of medicinal plants: A treasure
house to be developed urgently. Chinese Journal of Fungi 37:14-21

Yaish MW, Antony |, Glick BR (2015) Isolation and characterization of endo-
phytic plant growth-promoting bacteria from date palm tree (phoenix
dactylifera ) and their potential role in salinity tolerance. Antonie Van
Leeuwenhoek 107:1519-1532

Yao H, Sun X, He C, Maitra P, Li XC, Guo LD (2019) Phyllosphere epiphytic and
endophytic fungal community and network structures differ in a tropical
mangrove ecosystem. Microbiome 7:57

Ye GF, Yu XT (1997) A brief review on silvi culture research of Casuarina equiseti-
folia species. Fujian College of Forest 18:273-277

Ye J, Joseph SD, Ji M, Nielsen S, Mitchell DRG, Donne S, Horvat J et al (2017)
Chemolithotrophic processes in the bacterial communities on the sur-
face of mineral-enriched biochars. Isme J 11:1087-1101

Yeoh YK, Dennis PG, Paungfoo-Lonhienne C, Weber L, Brackin R, Ragan
MA, Schmidt S et al (2017) Evolutionary conservation of a core root
microbiome across plant phyla along a tropical soil chronosequence. Nat
Commun 8:215

Youssef N, Sheik CS, Krumholz LR, Najar FZ, Roe BA, Elshahed MS (2009)
Comparison of species richness estimates obtained using nearly com-
plete fragments and simulated pyrosequencing-generated fragments
in 16s rrna gene-based environmental surveys. Appl Environ Microbiol
75:5227-5236

Zang W, Shen C, Du ZN, Sun X, Sun JQ, Fu JW (2020) Diversity and community
composition of endophytic fungi in relics-alsophila podophylla. Mycosys-
tema 39:731-742

Zhang Y, Chen'Y, Zhong CL, Chen Z, Fang FZ, Cai XW, Yun WB (2003) Effects of
mycorrhizal fungi on the growth of Casuarina equisetifolia clone seed-
lings. Tropical Forestry 31:21-23

Zhang YQ, Huang R, Zuo LZ, Chen P, Li L (2020) Bacterial diversity and allelopa-
thy potential of Casuarina equisetifolia litters at different ages in hainan
island. Chin J Appl Ecol 31:2185-2194

Zuo LZ, Huang R, Zhang YQ, Chen P, Li L (2020) Fungal diversity of Casuarina
equisetifolia litters at different ages in hainan island. Acta Ecological Sinica
40:6086-6095

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 12 of 12

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Spatial differences in Casuarina equisetifolia L. endophyte community structure
	Abstract 
	Purpose: 
	Methods: 
	Result: 
	Conclusion: 

	Background
	Results
	Endophytic diversity in different ecological niches
	Assembly of endophytes in different ecological niches
	Endophytic community structure and spatial distribution in different ecological niches
	Transmission of seed microbiome to different ecological niches
	Dynamic transmission of the core microbiome in aboveground and belowground tissues from different ecological niches

	Discussion
	Microbiome composition and assembly
	Dominant and keystone taxa of microbiomes
	Potential sources and transmission routes of microbiomes

	Materials and methods
	Sampling site
	Sample collection and surface sterilization
	Endophytic DNA extraction, microbial rRNA gene amplification, and sequencing
	Data processing and diversity analysis

	Conclusions
	Acknowledgements
	References


