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Abstract 
Aims Endophytes could assist the host plant in the 
acquisition of nutrients and tolerance of stresses dur-
ing their long symbiotic life cycle with the host plant. 
Blueberry (Vaccinium spp.) is adapted to acidic soils 
and can inhabit harsh soil conditions. However, the 
dynamic variation of its endosphere microbial com-
munity under long-term cultivation remains unclear.
Methods We collected blueberry root samples of 
four age groups (4a, 8a, 17a, and 33a). The diversity 
and composition of bacterial and fungal communi-
ties in the root endosphere were analyzed, and their 
co-occurrence networks were constructed to explore 
interkingdom interactions and keystone taxa.
Results As the major phylum of the endosphere, 
the relative abundance of Actinobacteria decreased 

with the age of the blueberry, whereas Proteobacteria 
increased. The fungal communities were dominated 
by Sordariomycetes, Eurotiomycetes, and Agarico-
mycetes, and these were not regularly altered with the 
increased blueberry age. The co-occurrence network 
revealed that positive interactions were observed in 
the bacterial and fungal communities and were con-
sistently dominant within both intrakingdom and 
interkingdom networks. Among the interkingdom 
network, keystone taxa were identified for bacteria 
mainly belonging to Proteobacteria and Actinobacte-
ria of bacteria, as well as for fungi of Ascomycota, 
which have potentially beneficial effects on host 
plants.
Conclusions Our study reveals although the diver-
sity and composition varied with blueberry age in the 
root endosphere, their positive interactions of intrak-
ingdom or interkingdom consistently dominate the Responsible Editor: Beatriz Vazquez-de-Aldana.
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network, and it may be such positive beneficial inter-
actions that maintain the health of host plant during 
long-term symbiosis.

Keywords Blueberry · Endosphere · Bacterial 
and fungal community · Co-occurrence networks · 
Interkingdom interactions

Introduction

As the second genome of the plant, the plant root-
associated microbiome provides a variety of critical 
beneficial effects on the growth and development of 
the host plant as well as resistance to the biotic/abi-
otic stresses (Berendsen et al. 2012; Riva et al. 2022). 
These microorganisms profoundly affect plant phe-
notypes, such as shaping root structure, increasing 
aboveground biomass, and activating the immune 
system (Bai et  al. 2022). Plant phenotypes are the 
consequence of holobiont genetic expression of the 
host and its microbiota, where the plant and micro-
organism profiles are firmly intertwined (Matsumoto 
et al. 2021; Ravanbakhsh et al. 2021). The plant endo-
sphere microbiota are the microorganisms that inhabit 
the interior of the plant and spend part or the entire 
life cycle inside the plant (Hardoim et  al. 2015). In 
most terrestrial plants, fungi, bacteria, and to a lesser 
extent archaea are known to colonize the endosphere 
of the root (Vandenkoornhuyse et al. 2015). Distinct 
from external habitats, the root endosphere harbors 
highly specific microbial communities that exhibit 
much lower diversity (Bulgarelli et  al. 2012, 2013). 
The endosphere microbiome is guided by two mutu-
ally unexclusive mechanisms, heritability and inher-
itance, to co-evolve with the host in a long-term 
symbiotic life cycle (Theis et  al. 2016; Delaux and 
Schornack 2021; Wagner 2021). The composition of 
the host-associated microbiome may be conserved 
on evolutionary time scales, implying that it harbors 
phylogenetic signals of phylosymbiosis (Mazel et al. 
2018). Microbes living internal to the host, such as 
root endosphere, have a stronger phylosymbiotic pat-
tern with their host than those living external to the 
host, such as rhizosphere or epiphytic microorgan-
isms (Fraune and Bosch 2007; Brucker and Bor-
denstein 2013; Theis et  al. 2016; Abdelfattah et  al. 
2022). Unraveling the diversity and composition of 
the endosphere microbiome provides an invaluable 

fundamental basis for exploring beneficial microor-
ganisms with the potential to promote plant fitness 
and health.

Interactions or higher-order interactions between 
numerous microorganisms in a natural community 
typically contribute to the strong influence of its endo-
sphere microbiota on the host plant (Michalska-Smith 
et  al. 2021). These interactions comprised mutualis-
tic and antagonistic effects, such as the corporation 
of nitrogen-fixing rhizobia bacteria and arbuscular 
mycorrhizal fungi supplying limiting nutrients to the 
host plant (van der Heijden et  al. 2016). Mutualistic 
fungal and bacterial symbionts highlight the ben-
eficial effects of microorganisms on host plants dur-
ing microbe-plant coevolution, and these microbe-
microbe associations are critical for the growth and 
health of host plants (Martin et  al. 2017). Microbial 
co-occurrence network analysis enables us to visual-
ize the microbial interactions and identify keystone 
taxa in the root endosphere (Barberán et al. 2012; van 
der Heijden et al. 2016; de Vries et al. 2018). It was 
found that bacterial communities play an important 
role in maintaining the balance of the interkingdom 
network of bacteria, fungi and oomycetes by offer-
ing protection to plants from pathogens (Durán et al. 
2018). Fewer modules, edges, connectivity, and key-
stone taxa were observed in microbial networks in 
diseased plants, whereas healthy plants were abun-
dant in beneficial microbial taxa with antimicrobial 
and plant growth-promoting capabilities (Li et  al. 
2023c). In addition, keystone taxa are critical par-
ticipants in plant growth and nutrient utilization, and 
their variation may be relevant to plant growth under 
different long-term tillage practices (Jia et al. 2022). 
Of these, some of the keystone taxa identified through 
the co-occurrence network have been observed to be 
strongly associated with plant secondary metabo-
lites (Li et  al. 2023b). Also, long-term fertilization 
strategies influence the interactions of the root endo-
sphere multi-kingdom communities, which markedly 
reduces the complexity of microbial networks and 
enables the identification of keystone root endophytic 
taxa positively associated with wheat yield via the co-
occurrence network (Ma et al. 2022). Thus, the char-
acterization of microbial cross-border interactions in 
the root endosphere under long-term cultivation can 
be explored through symbiotic networks, which pro-
vide a basis for the utilization of microbial communi-
ties to benefit host plants.
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Blueberry (Vaccinium spp.), as an agricultural 
crop adapted to acidic soils, has been widely culti-
vated worldwide. Its fruit is highly nutritious and 
rich in phenols and anthocyanins (Silva et  al. 2020; 
Pescie et al. 2021). The adaptation to harsh soil con-
ditions may be related to their distinctive microbi-
ome. It has been found that typical fungi can form 
a symbiotic association with blueberry root systems 
known as ericoid mycorrhizal (ERM) (Kariman et al. 
2018; Vohník 2020). These fungi secrete a variety 
of enzymes that decompose complex organic com-
pounds in soil environments with lower soil pH and 
slow transformation of organic matter, assisting the 
host plant in the acquisition of nutrients (Yurgel et al. 
2017; Wei et  al. 2020; Cai et  al. 2021). In addition, 
plants with ERM facilitate mycorrhizal effects and 
increase the enrichment of particulate organic mat-
ter in surface soils, which is significant for enhanc-
ing soil carbon and nitrogen stocks in temperate for-
est ecosystems in the light of global climate change 
(Ward et al. 2023). Our previous studies have shown 
that the endosphere has a higher proportion of posi-
tive bacterial-fungal interkingdom interactions com-
pared to the rhizosphere, which could be a potentially 
critical ecological niche for exploring functional 
microorganisms (Che et  al. 2023). Several studies 
have shown that the microbiome of plants changes 
with age during long-term cultivation, which may 
be intimately related to plant growth, health status, 
and fertilization strategies (Marques et al. 2014; Dai 
et  al. 2018; Huang et al. 2019; He et al. 2022). The 
abundance of bacteria colonized in apoplasts was 
found to be controlled by the age and genotype of the 
host plant, with a higher abundance of the bacterial 
community in the younger stage than in the mature 
stage (Jat et al. 2021). Blueberry is a perennial plant 
whose rhizosphere microbiome changes as the plant 
ages during long-term cultivation (Che et  al. 2022). 
As an important source of assemblage for the rhizo-
sphere microbiome, such changes have the potential 
to affect the rhizosphere microbiome, which is more 
closely related to the host plant. However, there is a 
lack of insight into the symbiotic relationships devel-
oped between root endosphere microbiome and their 
host plants over long periods of cultivation.

In this perspective, our study explores the char-
acteristics of the blueberry root endosphere micro-
bial community diversity and composition among 
different plant ages, along with the bacterial-fungal 

communities interkingdom interactions. We hypoth-
esized that the positive interkingdom interactions 
dominant among the co-occurrence network and ben-
eficial taxa abundant in the root endosphere. Hence, 
our objectives were to (i) determine how blueberry 
root endosphere microbial community diversity and 
composition varied within plant ages, (ii) explore the 
bacterial-fungal communities interkingdom interac-
tion patterns, and (iii) identify the core and keystone 
taxa in the root endosphere of blueberry.

Materials and methods

Study area and sampling

The sampling area was located in Lishui, Nanjing, 
Jiangsu Province (31°60’ N, 119°20’ E). Blueberry 
(Vaccinium ashei Reade) “Brightwell” cultivar of dif-
ferent ages were selected from the four plantations 
established in 1988 (33a), 2004 (17a), 2013 (8a), and 
2017 (4a), respectively.

All blueberry was planted with consistent and reg-
ular practices of management in the field. Three sam-
pling sites were selected randomly in each plantation, 
being 15 × 15  m2 for each site. For the representative 
of the samples, one endosphere multipoint composite 
sample from 12 individual root samples was used for 
subsequent analysis (Che et  al. 2022). The sampled 
plants were in the same growth stage and in good 
growing condition in October 2021. Root samples 
were stored in the ice bags and immediately trans-
ferred to the laboratory. Root samples were cleaned 
with sterile water and then sonicated at 60 Hz for 3 
min to remove the microorganisms from the rhizos-
phere and rhizoplane, flash-frozen with liquid nitro-
gen, and stored in an ultralow temperature refrigera-
tor until analysis (Ren et al. 2020; Che et al. 2023). A 
total of 12 composite root endosphere samples of four 
different ages of blueberry were analyzed.

DNA extraction and illumina sequencing

DNA samples were extracted from 0.5 g of root sam-
ples using FastDNA SPIN Kits (MP Biomedicals, 
Santa Ana, CA, USA) following the manufacturer’s 
instructions.

The V5-V7 region and the ITS1 region of the bac-
terial 16 S rRNA gene and the fungal rRNA gene 
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were amplified, respectively. The Illumina MiSeq 
PE300 platform (Illumina, San Diego, USA) was 
used for sequencing the PCR amplification. Detailed 
descriptions of the DNA extraction and amplification 
methods are available in the Supplementary Informa-
tion. The raw sequences were denoised and classified, 
the operational taxonomic units (OTUs) were clus-
tered using UPARSE (v7.1) with a 97% similarity, 
and chimeric sequences were identified and removed 
using UCHIME. The taxonomy of each sequence 
was based on our previous methods using the SILVA 
(v13.8, http:// www. arb- silva. de) and UNITE (v8.0, 
http:// unite. ut. ee/ index. php) databases for bacteria 
and fungi, respectively (Che et  al. 2022). In total, 
683,513 bacterial and 779,069 fungal sequence reads 
were acquired after quality filtering, with an average 
of 56,959 reads and 64,130 reads, respectively. These 
reads were clustered into 2327 bacterial and 900 fun-
gal OTUs, respectively.

Statistical analysis

Alpha diversity indices (Chao1 and Shannon) were 
assessed by Mothur software (v1.30.2), and beta diver-
sity was assessed by Principal component analysis 
(PCA) using QIIME software (v1.9.1) based on the 
Bray‒Curtis dissimilarity matrix with soil physico-
chemical properties as covariates (Oksanen et al. 2022). 
Significant differences in alpha diversity between age 
groups were evaluated by Student’s t test (Yuan et  al. 
2018). Permutational multivariate analysis of variance 
(PERMANOVA) was conducted to determine differ-
ences in beta diversity of microbial communities in the 
root endosphere among different age groups (Miura 
et al. 2019). The core microbiome was identified as the 
microbial species shared by all four age groups without 
setting cutoffs for relative abundance (Vandenkoorn-
huyse et al. 2015; Guo et al. 2021), and then UpSet dia-
grams were performed to visualize the core microbiome 
using the online tool of the Majorbio Cloud Platform 
(Ren et  al. 2022). Analysis of Composition of Micro-
biomes (ANCOM) were performed using the ANCOM 
2.0 package in R to identify taxa that differed signifi-
cantly between age groups (Annavajhala et  al. 2019; 
Lin and Peddada 2020), and all W-statistic cutoffs from 
ANCOM output (0.7, 0.8, and 0.9) are provided in the 
Supplementary files (Tables  S4 and S5). The bacte-
rial–fungal interkingdom co-occurrence networks were 
constructed using OTUs with relative abundances 

greater than 0.5%. Valid co-occurrence correlations 
between OTUs were determined to be statistically sig-
nificant (SparCC correlation ∣r ∣> 0.7 and p < 0.01) 
(Friedman and Alm 2012; Kurtz et  al. 2015; Mendes 
et al. 2018). The co-occurrence network was conducted 
by “igraph” and “Hmisc” in R (Csardi Gabor and Tamas 
Nepusz 2006; Frank E Harrell Jr 2008) and visualized 
in Gephi software (v0.9.3). Topological characteristics 
describe the complex patterns of interkingdom interac-
tions within bacterial and fungal communities (Bastian 
et al. 2009), in which metrics such as nodes, edges, node 
degree, modularity, closeness centrality, and between-
ness centrality were used in our study. Nodes and edges 
represent taxa with significant correlation and posi-
tive/negative connections, respectively. Node degree 
indicates the connectivity of nodes, and modularity 
was used to reveal the ability of nodes to form highly 
connected communities (Mendes et  al. 2018). In addi-
tion, closeness centrality and betweenness centrality 
can reflect the central importance of nodes in informa-
tion dissemination and their role as bridges between the 
components of the network (Banerjee et al. 2019).

Results

Diversity patterns of root endosphere microbial 
communities

 Chao1 and Shannon indices of the bacterial commu-
nities showed a trend of increasing and then decreas-
ing with the increased age of blueberry trees in the 
root endosphere (Fig. 1A and B).

Among them, the Shannon index of bacterial com-
munities in group 17a was significantly higher than 
those in groups 4a and 8a. A different trend was 
observed in that the Chao1 index of fungal commu-
nities decreased with increasing age of blueberry 
trees, whereas the Shannon index was affected by the 
ages without a clear pattern of dynamic changes with 
age (Fig.  1C and D). Interestingly, the Chao1 index 
for group 33a and the Shannon index for group 17a 
of the fungal communities were significantly lower 
than the other groups. Apparently, the alpha diver-
sity of bacterial and fungal communities in the endo-
sphere showed a different trend. It was observed that 
soil moisture, pH, TP, AK, and  NO3

−-N were sig-
nificantly correlated with bacterial community beta 
diversity, while pH, TP, TK, AK, and  NO3

−-N were 

http://www.arb-silva.de
http://unite.ut.ee/index.php
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significantly correlated with fungal community beta 
diversity (Table S1). In particular, soil pH is strongly 
related to the beta diversity of bacterial and fungal 
communities. Principal component analysis (PCA) 
with soil physicochemical properties as covariates 
showed a clear difference in the taxonomic compo-
sition of bacterial and fungal communities between 
different blueberry age groups (Fig. 1E and F). These 
results indicated differences in the diversity and com-
munity composition of bacterial and fungal commu-
nities within blueberry roots of different ages.

Composition of the endosphere microbial 
communities

Actinobacteria (77.2%, 58.0%, 45.7%, 34.7%) and 
Proteobacteria (18.8%, 30.6%, 43.0%, 55.6%) were 

the dominant phylum in the endosphere of the bacte-
rial community in four age groups (4a, 8a, 17a, 33a). 
The relative abundance of Actinobacteria gradu-
ally decreased while that of Proteobacteria gradually 
increased with age (Fig. 2A). Mycobacterium was the 
dominant genus decreased with age in 4a, 8a, and 17a 
groups, while Ralstonia was the dominant genus in 33a 
(Fig.  2B). For fungal communities, Sordariomycetes 
(43.0%, 48.7%) and Eurotiomycetes (36.9%, 28.5%) 
being the dominant class in groups 4a and 8a. And 
Dothideomycetes (6.7%) and Agaricomycetes (62.6%) 
were the most abundant class in groups 17a and 33a, 
respectively (Fig.  2C). In addition, higher relative 
abundance of ERM fungi Chaetothyriales (36.3%, 
27.7%) was observed in both groups 4a and 8a, and the 
genus of Oidiodendron was more abundant in 8a group 
compared to the other groups (Figs. 2D and S2).

Fig. 1  Alpha diversity (Chao1 and Shannon) of bacteria (A, 
B) and fungi (C, D) in the endosphere of blueberry at differ-
ent ages. Significant differences between the different ages are 
indicated in each figure panel (*p < 0.05, **p < 0.01). Princi-
pal component analysis (PCA) of bacterial (E) and fungal (F) 
communities with soil physicochemical properties as covari-

ates in the endosphere of blueberry in different age groups. 
The 4a, 8a, 17a, and 33a represent the age (years) of the blue-
berry plants, respectively. TP, total phosphorus content; TK, 
total potassium content; AK, available potassium content; 
 NO3

--N, Ammonium nitrogen
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Core endosphere bacteria and fungi taxa of blueberry

We identified 427 OTUs and 40 OTUs in bacterial and 
fungal communities, respectively, as the core endosphere 
microbiome of blueberry (Fig. 3A, B). Mycobacterium 
(OTU2385, 24.69%; OTU2174, 2.90%), Actinospica 
(OTU2789, 6.55%; OTU1536, 6.45%), Bradyrhizobium 
(OTU2685,4.26%; OTU2591, 1.86%), and Acidother-
mus (OTU2347, 3.58%; OTU2144, 3.23%; OTU2616, 
1.74%) were the most abundant genus taxa in the bac-
terial community, with Mycobacterium (OTU2385, 
24.69%) being the highest relative abundance (Fig. 3C; 
Table S2). Among the fungal community, high relative 
abundance was observed for the class Sordariomycetes 
(OTU1878, 34.96%), order Chaetothyriales (OTU1693, 
25.58%), and family Marasmiaceae (OTU1720, 23.58%) 

(Fig. 3D; Table S3). In particular, the fungi of the orders 
Chaetothyriales and Helotiales are both the core endo-
sphere microbiome, of which those belonging to such 
orders may form mutually beneficial symbiotic relation-
ships with the blueberry.

Age-associated endosphere microbiome signature

The distinct taxa among different ages were identified 
by using ANCOM. A total of 21 and 7 distinct bacte-
rial and fungal taxa were identified (W-statistic > 0.9), 
respectively (Table 1). Significantly differentially taxa 
of bacteria primarily belonged to the phylum Pro-
teobacteria and Actinobacteria, while those of fungi 
belonged to the phylum Ascomycota, Rozellomycota, 
and Basidiomycota.

Fig. 2  Taxonomic composition of bacterial (phylum and 
genus level) (A, B) and fungal (class and genus level) (C, D) 
communities in the endosphere of blueberry at different ages. 
“No rank” represents no explicit taxonomic information or 

name at the corresponding level, and “unclassified” represents 
no taxonomic information for the sequence at the correspond-
ing level in the database
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Interkingdom co-occurrence network and keystone 
taxa of endosphere microbiome

We further characterized the bacterial–fungal interk-
ingdom interactions in the co-occurrence network of 
the endosphere microbiome of blueberry (Fig.  4A, D; 
Table  S6). The interkingdom microbial co-occurrence 
network revealed that OTUs of bacteria and fungi were 
mainly clustered in five modules, with a significantly 
higher degree in module 1 compared to the other modules 
(Fig. 4A, B). The bacterial community accounted for 77% 
of module 1, with the most dominant phylum being Pro-
teobacteria and Actinobacteria. Module 1 had the highest 
total number of nodes and was more abundant in bacte-
ria than the other modules, and module 5 had a higher 
number of fungal nodes (Fig.  4C). In the interkingdom 
network, the average degree of bacterial communities 
was much higher than that of fungal communities, with 

average degrees of 4.161 and 3.333, respectively, as well 
as the number of nodes was much higher than that of the 
fungal community (Fig.  4E, F; Table  S6). The positive 
interactions dominated the bacterial–fungal interking-
dom network, with the number of edges of positive and 
negative interactions being 213 and 70, respectively. More 
intense interactions were observed in the intrakingdom 
in the bacterial community, and the positive interactions 
were consistently dominant the both within intrakingdom 
and interkingdom (Fig.  4G). Thus, a greater abundance 
of bacterial nodes with higher degree were observed to 
interact positively within the endosphere of the blueberry. 
Interestingly, all the interactions in the intrakingdom were 
observed to be positive in the fungal community. The key-
stone taxa were identified in the interkingdom network, 
which belong to the phyla Proteobacteria, Actinobacteria, 
and Acidobacteriota of bacteria, and to the phyla Asco-
mycota of fungi (Fig. 5; Table S7).

Fig. 3  Core taxa of blueberry endosphere microbiome. UpSet 
diagram showing specific and shared operational taxonomic 
units (OTUs) of the endosphere bacterial (A) and fungal (B) 

communities of blueberry at different ages. The relative abun-
dance of core taxa of bacterial (C) and fungal (D) taxa in all 
samples of each group
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Discussion

Variation in the endosphere microbial communities 
of blueberry among different age

Endosphere microbiomes dynamically change with 
the growth and development of plants (Xiong et  al. 
2021a). Our results suggested that the Chao1 and 
Shannon indices of the bacterial community fol-
lowed an increasing and then decreasing trend with 
the increasing age of the blueberry, whereas those 

of the fungal community showed a decreasing trend. 
Previous studies on the halophyte plant Suaeda salsa 
indicated that the Shannon index of bacterial com-
munity was significantly higher in the mature ages 
compared to the young ages, which is consistent with 
our findings, with the exception of the Shannon index 
of group 33a (Zhou et al. 2023). However, the study 
of root endosphere bacterial microbiomes of licorice 
(Glycyrrhiza uralensis Fisch.) showed different pat-
terns that the alpha diversity did not clearly differ 
among different years old seedlings of 1-y, 2-y, and 

Table 1  Significantly differentially taxa of the bacterial and fungal communities in the root endosphere of blueberry among different 
age groups using ANCOM 2.0 (W-statistic > 0.9)

OTU ID W_stat. Phylum Class Order Family Genus

Bacteria
  OTU1752 1504 Proteobacteria Gammaproteobacteria Burkholderiales Alcaligenaceae Bordetella
  OTU3045 1480 Proteobacteria Alphaproteobacteria Rhizobiales Xanthobacteraceae Pseudolabrys
  OTU2798 1460 Actinobacteriota Actinobacteria unclassified unclassified unclassified
  OTU3221 1459 Actinobacteriota Actinobacteria Micrococcales Microbacteriaceae Humibacter
  OTU1738 1457 Proteobacteria Alphaproteobacteria Acetobacterales Acetobacteraceae Acidocella
  OTU2795 1451 Proteobacteria Gammaproteobacteria JG36-TzT-191 norank norank
  OTU2581 1445 Acidobacteriota Acidobacteriae Subgroup_2 norank norank
  OTU1577 1443 Proteobacteria Alphaproteobacteria Rhizobiales Xanthobacteraceae Pseudolabrys
  OTU2935 1430 Proteobacteria Gammaproteobacteria Xanthomonadales Rhodanobacteraceae Chujaibacter
  OTU2717 1428 Proteobacteria Alphaproteobacteria Micropepsales Micropepsaceae norank
  OTU2081 1425 Proteobacteria Alphaproteobacteria Acetobacterales Acetobacteraceae unclassified
  OTU1733 1424 Actinobacteriota Actinobacteria Micrococcales Microbacteriaceae Galbitalea
  OTU2789 1421 Actinobacteriota Actinobacteria Catenulisporales Actinospicaceae Actinospica
  OTU2746 1400 Proteobacteria Alphaproteobacteria Acetobacterales Acetobacteraceae Acidocella
  OTU1557 1399 Chloroflexi Ktedonobacteria Ktedonobacterales Ktedonobacteraceae unclassified
  OTU4262 1399 Actinobacteriota Actinobacteria Kineosporiales Kineosporiaceae unclassified
  OTU2379 1393 Proteobacteria Alphaproteobacteria norank norank norank
  OTU1536 1389 Actinobacteriota Actinobacteria Catenulisporales Actinospicaceae Actinospica
  OTU2823 1374 Firmicutes Bacilli Thermoactinomyc-

etales
Thermoactinomyceta-

ceae
Novibacillus

  OTU4496 1360 Proteobacteria Alphaproteobacteria Acetobacterales Acetobacteraceae norank
  OTU2522 1358 Proteobacteria Alphaproteobacteria Rhizobiales Xanthobacteraceae norank

Fungi
  OTU1872 448 unclassified unclassified unclassified unclassified unclassified
  OTU1720 436 Basidiomycota Agaricomycetes Agaricales Marasmiaceae unclassified
  OTU1693 435 Ascomycota Eurotiomycetes Chaetothyriales unclassified unclassified
  OTU1391 426 Rozellomycota Rozellomycotina_cls_

Incertae_sedis
GS11 unclassified unclassified

  OTU4586 417 unclassified unclassified unclassified unclassified unclassified
  OTU1717 416 Ascomycota Leotiomycetes Helotiales unclassified unclassified
  OTU1385 415 Rozellomycota Rozellomycotina_cls_

Incertae_sedis
GS11 unclassified unclassified
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4-y (Liu et  al. 2020). This may be due to the dif-
ferences in the length of years the plants have been 
cultivated, thus long-term or short-term cultivation 
may also have distinct impacts on the diversity of the 
endosphere bacterial community. Among the fungal 
community, groups 4a and 8a showed no significant 
changes in Chao1 and Shannon indices, which is 
consistent with the finding that vine age influences 
fungal community composition without affecting 
richness (Biget et  al. 2021). Microbial communities 
develop under conditions of complex factors over a 
long period of time; for example, endophytic bacte-
ria thrive in spring and summer with seasonal timing 
(Fuchs et al. 2017), in relation to iron and potassium 

content in leaves (Khorsandy et  al. 2016), and are 
correlated with manganese content and pH in roots 
(Lee and Hawkes 2021). We also analyzed correla-
tions between each soil physicochemical property 
and the overall composition of bacterial and fungal 
communities using Mantel test analyses (Table  S8). 
It was found that endosphere bacterial communities 
were predominantly correlated with AK (R2 = 0.554, 
P < 0.001), while fungal communities were largely 
associated with TK (R2 = 0.572, P < 0.001). In addi-
tion, both endosphere bacterial and fungal com-
munities were correlated with soil pH, TP, AP, and 
 NO3

−-N. Thus, the lower richness of the 33a group 
and abundance of the 17a group possibly have been 

Fig. 4  Co-occurrence network analysis of bacterial–fungal 
interkingdom network in the endosphere of blueberry. The net-
works are colored based on the modularity class (A) and bac-
terial–fungal interkingdom network patterns (D). Node degree 
in each modularity class (B), and node degree of the bacteria 
and fungi in the interkingdom network (E). Proportion of the 

bacterial and fungal nodes in each modularity class (C) and the 
interkingdom network (F). The relative abundances of multiple 
correlations between bacterial and fungal taxa in the interking-
dom networks (G). Connections indicated significant (p < 0.01) 
correlations, which were divided into positive (SparCC’s 
r > 0.7; red) or negative (SparCC’s r < -0.7; green) correlations
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affected by complex factors during long-term cultiva-
tion. The rhizosphere microbial community serves as 
a source for the assembly process to the endosphere 
microbial, and its community composition has an 
impact on the endosphere to some extent. Different 
blueberry cultivars showed similar bacterial commu-
nity composition and diverse fungal community com-
position in the rhizosphere (Kawash et  al. 2023). In 
conjunction with our previous findings, the trends in 
the alpha diversity of the endosphere bacterial com-
munity dynamics with age were similar to those of 
the rhizosphere bacterial community, whereas the 
fungal community was quite different (Che et  al. 
2022). This suggests that fungi are more susceptible 
to differentiation under varied habitats and therefore 
may lead to variations in the endosphere. The dif-
ferent patterns of bacterial and fungal communities 
may be due to different driving forces in overcoming 
barriers to entry into the root system in the assembly 
process, with endophytic fungi being largely influ-
enced by biogeography (Hacquard 2016; Zheng and 
Gong 2019). In addition, the fungi evolutionary con-
servation mechanisms may lead to a different extent 
of community alteration associated with the same 
impact factor (Zhang et al. 2022a).

The results of bacterial community composition 
were consistent with previous findings that Actino-
bacteria and Proteobacteria were the major phyla in 
the endosphere (Zhang et al. 2021; Che et al. 2023), 

and our result showed a marked decreasing trend 
in the abundance of Actinobacteria and a marked 
increasing trend in the abundance of Proteobacte-
ria with increasing blueberry ages. Host-associated 
bacterial microbial communities in the endosphere 
of roots, stems, and leaves have been reported to be 
abundant in members belonging to the phylum Pro-
teobacteria, which are distributed among a variety 
of unrelated plant host species (Edwards et al. 2015; 
Hacquard et  al. 2015). These Proteobacteria contain 
a variety of taxa, some of which have the poten-
tial to fix nitrogen in low-nutrient conditions, while 
some promote nutrient uptake and plant growth, such 
as Anaeromyxobacter and Bacillus (Fan et  al. 2019; 
Zhang et  al. 2022b). Their enrichment and deple-
tion are determined by active selection of the host 
plant and/or opportunistic colonization of available 
ecological niches rather than being a passive pro-
cess (Bulgarelli et  al. 2013; Beckers et  al. 2017). In 
comparison with our previous study, it was found 
that the relative abundance of dominant taxa in the 
root endosphere differed from the rhizosphere of the 
same plants (Che et al. 2022), which may be due to 
the host selection effects in diverse microhabitats 
(Xiong et al. 2021b; Li et al. 2022a). Therefore, after 
the endophytes have experienced a long lifetime with 
their hosts, these beneficial taxa may have established 
a more stable and mutually beneficial symbiotic rela-
tionship with the host plants, leading to an increasing 

Fig. 5  Keystone taxa in bacterial–fungal interkingdom 
co-occurrence network of the blueberry in the endosphere. 
The co-occurrence network was colored at the phylum level. 
The 19 nodes with the highest node degree were numbered to 

show taxonomic information. Connections indicated signifi-
cant (p < 0.01) correlations, which were divided into positive 
(SparCC’s r > 0.7; red) or negative (SparCC’s r < -0.7; green) 
correlations
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abundance of these taxa. In addition, it was reported 
that Actinospica belonging to Actinobacteria have the 
potential to suppress plant pathogens (Shi et al. 2017). 
Therefore, decreased abundance of Actinospica may 
be responsible for stabilizing the beneficial relation-
ships, which may result in plants selectively sacrific-
ing a portion of functional microorganisms capable 
of coping with biotic stresses in order to compensate 
for microbial taxa associated with nutrient availability 
(Ren et al. 2020). In our study, the fungal communi-
ties showed high proportions of Sordariomycetes in 
the endosphere (Fig. 2B). The class Sordariomycetes 
is worldwide distributed in predominantly terrestrial 
taxa, which are pathogens and endophytes of plants, 
arthropod and mammals, as well as mycoparasites 
and saprobes involved in decomposition and nutrient 
cycling (Zhang et  al. 2006; Hongsanan et  al. 2017). 
Some species of Sordariomycetes are biocontrol 
agents with significant economic value or produce 
chemical metabolites of importance to agricultural, 
pharmaceutical, or other biotechnology industries 
(Helaly et  al. 2018; Hyde et  al. 2019). Members of 
Sordariomycetes are not only found in our studies, 
but are also frequently isolated from a wide variety 
of plants (Chen et  al. 2023). Meanwhile, Agarico-
mycetes and Eurotiomycetes had higher proportions 
in the endosphere (Fig.  2B). Many of the identified 
ERM fungi primarily belonging to the Eurotiomy-
cetes, Agaricomycetes, and Leotiomycetes, which 
form a symbiotic relationship with blueberry root 
systems to promote nutrient absorption and adapta-
tion to harsh habitats (Bizabani et al. 2016). Here, we 
found the known ERM fungi of the genus Oidioden-
dron abundant in the 8a group, which may provide a 
basis for the construction of synthetic communities.

Interkingdom interactions in bacterial–fungal 
communities

Beneficial interactions between microorganisms can 
have significant effects on the growth and develop-
ment of host plants (Santos and Olivares 2021). Our 
results indicated that positive interactions dominated 
the interkingdom as well as the intrakingdom network 
of bacterial and fungal communities in the root endo-
sphere of blueberry. In particular, there were signifi-
cant positive interactions at 66% of the edges within 
bacterial–fungal interactions (Table  S6). Previous 
studies have shown that the positive interkingdom 

interactions increased along the soil-rhizosphere-root 
continuum, and that these interactions were much 
higher in the root endosphere than in the other root 
compartment niches (Che et  al. 2023). Endophytic 
root microbial communities and host plants are an 
evolutionary homeostatic unit, evolving adaptive 
strategies over time (Bai et  al. 2022). The positive 
interactions between microorganisms at the same 
trophic level can generate facilitation, which is a 
mutually beneficial process rather than resource com-
petition or direct antagonism (Li et al. 2022a). It was 
found that this cooperation between plant-growth-
promoting endophytes could be reinforced to provide 
long-lasting beneficial effects on host plants (Yurgel 
et  al. 2022). Furthermore, such positive interactions 
can have a synergistic effect on the abiotic/biotic 
stresses of host plants. Previous studies demonstrated 
that the arbuscular mycorrhizal fungi can exert syn-
ergistic effects by offering varied nutrients to help 
plants in response to low nutrient stress (van der Hei-
jden et al. 2016). Both bioaugmentation with antago-
nistic microorganisms and inhibition of naturally-
occurring helper microbes can directly or indirect 
suppress pathogens (Li et al. 2019, 2022b), and thus 
there is growing evidence confirming that pathogen 
suppression and subsequent disease development can 
be achieved by manipulating these interactions (Pop-
peliers et  al. 2023). Collectively, the positive bacte-
rial–fungal interkingdom interactions within the root 
endosphere may acts as an essential driver to meet the 
functional requirements of the host plant in maintain-
ing ecosystem homeostasis during their growth and 
development.

Potential ecological functions of dominant microbes 
in the endosphere of blueberry

Both core microbiota and keystone microbial spe-
cies may have potential critical functions associated 
with host plant fitness (Kariman et  al. 2018). Our 
result showed that OTU2385, belonging to the Myco-
bacterium genus, was the most abundant genus taxa 
in the core bacterial community of endosphere, with 
relative abundance being 24.69% (Table  S2). Sev-
eral members of the genus Mycobacterium have been 
found to host plants with significantly lower relative 
abundance in diseased plants than in healthy plants, 
which potentially promotes plant growth (Koskimäki 
et  al. 2010; Hardoim et  al. 2015; Li et  al. 2023c; 
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Taniguchi et al. 2023). Actinospica, which have pre-
viously been identified as biocontrol agents that are 
effective in protecting plants from soil-borne patho-
gens (Shi et  al. 2017), had the highest node degree 
in the co-occurrence network and were identified as 
a keystone taxon (Fig. 5; Table S7). In addition, our 
results revealed that OTU2591 of Bradyrhizobium 
genus was abundant in the endosphere with a rela-
tive abundance of 1.86% (Table  S2), while another 
OTU2685 of Bradyrhizobium genus was identified as 
a keystone taxon (Fig.  5; Table S7). It was reported 
that Bradyrhizobium genus is able to establish sym-
biotic relationships with a wide range of legume 
hosts via the Nod factor mechanisms contributing to 
nitrogen cycling and utilization, whereas a number 
of them have the capacity for plant growth promo-
tion with non-legume plants in endophytic associa-
tions without the Nod factor mechanism (Zhang et al. 
2014; Klepa et  al. 2021, 2022). We identified the 
keystone taxa belonging to the genera Pseudolabrys, 
Acidibacter, and Trichocladium. Strains of these gen-
era have been reported to have the ability to influence 
the soil carbon, nitrogen, and phosphorus cycling 
(Peng et  al. 2022; Wu et  al. 2022), to be associated 
with soil nutrient and iron cycling (Li et  al. 2023a), 
and to contribute to lignocellulose degradation (Uke 
et  al. 2021). Despite the fact that the keystone taxa 
belonging to the genera Chujaibacter, Acidocella, 
and Galbitalea were identified and some studies have 
reported their occurrence and isolated cultures, func-
tional studies related to plants have not been reported 
(Sanguin et  al. 2009; Kim et  al. 2014; Shaffer et  al. 
2022; Ding et al. 2023).

Among the core microbiome of endosphere fungi, 
OTU1878 (Sordariomycetes class), OTU1693 (Chae-
tothyriales order), and OTU1720 (Marasmiaceae fam-
ily) had relatively high abundance, but all were taxo-
nomically unclassified at the genus level (Table S3). 
And the genus Oidiodendron was identified as the 
core microbiome, which has also been reported in 
previous studies to dominate the endosphere among 
various blueberry cultivars (Che et  al. 2023). Previ-
ous studies showed that the fungi of the order Chaeto-
thyriales and genus Oidiodendron comprise identified 
ERM fungi (Morvan et al. 2020), and thus these core 
microbes potentially have crucial functional char-
acteristics for facilitating blueberry fitness in nutri-
ent-deficient habitats (Wei et  al. 2020; Pescie et  al. 
2021). Previous studies have shown that ERM fungi 

have the ability to decompose complex organic com-
pounds, which can facilitate plant nutrient acquisition 
(Kowal et al. 2018; Martino et al. 2018). In addition, 
the identified high relative abundant taxa OTU1878 
(34.96% in the core fungal community) and keystone 
taxa OTU4581 both belonged to the Sordariomycetes 
class (Tables  S3 and S7), which is consistent with 
previous studies indicating that the Sordariomycetes 
are the more abundant fungal taxa adapted to plant-
associated lifestyles in the endosphere (Yurgel et  al. 
2018). Overall, our findings indicate that both the 
core and keystone taxa may have potential benefits in 
promoting plant nutrition or defending against patho-
gens. The plant-related beneficial functions of these 
functional microorganisms can be further explored to 
deepen our understanding of the complex co-evolu-
tionary unit of plants and endophytes.

Conclusions

Our study revealed that the alpha diversity of Chao1 
and Shannon indices were influenced by the age of 
the blueberry trees, as well as the beta diversity of 
the blueberry root endosphere microbiome. These 
community compositions were affected by plant age. 
Within the bacterial community, Actinobacteria and 
Proteobacteria were the major phylum in the endo-
sphere of the bacterial community, with the relative 
abundance of Actinobacteria decreasing with the age 
of blueberry and that of Proteobacteria increasing 
with the age of blueberry. Among fungal communi-
ties, Sordariomycetes, Eurotiomycetes, and Agarico-
mycetes were the most abundant class, with abundant 
ERM fungi of Oidiodendron in group 8a. 427 OTUs 
and 40 OTUs were identified as core endosphere 
microbiome of blueberry in bacterial and fungal 
communities, respectively. 21 and 7 taxa of bacte-
ria and fungi were identified with significant differ-
ences among different age groups, respectively. Posi-
tive interactions predominate in the bacterial–fungal 
interkingdom network and consistently dominate in 
both intrakingdom and interkingdom networks. Sev-
eral keystone taxa were identified in the interkingdom 
network, mainly belonging to the phyla Proteobacte-
ria and Actinobacteria of bacteria, and to the phyla 
Ascomycota of fungi. These identified core and key-
stone taxa may have potentially beneficial functions 
for the host plant. In conclusion, our results show that 
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plant age evidently influences the diversity and com-
position of the microbiome in the root endosphere, 
nevertheless, positive interactions within intraking-
dom or interkingdom consistently dominate the net-
work, and it is likely that such positive and beneficial 
interactions maintain homeostasis as a long-term co-
evolutionary unit.
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