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Abstract

Endophytes are microbes found within tissues of plants in various types of terrestrial and aquatic ecosystems, including those

habitats with ionizing radiation. Our study investigates the differences in composition of bacterial and fungal endophytes

associated with the halophytic plant Kalidium schrenkianum and the effects of geochemical factors and radiation (at low,

medium, high level and control) on the community structure of endophytic bacteria and fungi. The bacterial class Actinobacteria

and the fungal class Dothideomycetes predominated the endophytic communities of K. schrenkianum. Aboveground parts had

higher fungal diversity while belowground parts had higher bacterial diversity. Soil pH, total nitrogen, and organic matter

showed significant effects on the diversity of root endophytes. Radiation had no significant effect on the abundance of different

bacterial classes. Sordariomycetes predominated the root fungal microbiota under high radiation intensity. Differences in the

endophytic communities between aboveground and belowground parts were more than that between the radiation levels. No

significant differences were found in the aboveground bacterial communities among the radiation levels. Radiation showed

a significant effect on the fungal co-occurrence networks. Negative correlations were found between endophytic bacteria and

fungi in the plant. The genetic diversity of both endophytic bacteria and fungi was higher in radioactive environments. Our

findings suggest that the endophytes associated with aboveground and belowground parts of K. schrenkianum follow different

mechanisms for community assembly and different paradigms in stress response.

1 Introduction

Endophytes are symbiotic microbes that live within a plant and are important components of the plant
microbiome (Porras-Alfaro & Bayman, 2011). These microbes are found distributed in terrestrial and marine
plants and have high phylogenetic diversity and ecological function. Endophytes and their host plants have
coevolved, and both benefit from this mutual symbiosis. Studies have shown that endophytes improves host
plant physiology to adapt to stressed environments; endophytes reprogrammed the host response to pathogen
invasion and increased toxic chemical production to provide protection against herbivores (Arnold et al., 2003;
Gange, Eschen, Wearn, Thawer, & Sutton, 2012; Rodriguez et al., 2008). In the other side, endophytes
live inside plant tissues, which protect them from dehydration, poor nutrition, ultraviolet radiation, and
competition (Saikkonen, Faeth, Helander, & Sullivan, 1998; Yao et al., 2020). The mutual interaction
profoundly shaped community and changed the biodiversity of plant and microbes, however, the related
knowledge remains limited. Therefore, the biology and ecology of endophytic microbiota and their hosts
have gained attention and become important research topics.

Endophytic microbial community structure is influenced by various biotic and abiotic factors, such as host
identity, climate, biological or circumstantial stresses, and geochemical factors (U’Ren, Lutzoni, Miad-
likowska, Laetsch, & Arnold, 2012). Host identity is the major factor that determines endophytic community
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. composition (X. Sun, Ding, Hyde, & Guo, 2012; U’Ren et al., 2012), whereas environmental factors have
a complex influence on the endophytic community. Biotic and abiotic stress alters structure of endophytic
communities. Studies have shown that endophytic population is affected by climate changes such as increased
carbon dioxide emission, global warming, and drought (Compant, Heijden, & Sessitsch, 2010). Rodriguez et
al. (2008) demonstrated habitat-specific, symbiotically-conferred stress tolerance in plants under high-stress
environment. Therefore, research on how endophytic community shift under stressed conditions will shed
light into fundamental issues in how the mutual interaction between plants and endophytes promotes the
adaption of the symbiotic entity

Ionizing radiation is a type of radiation, in the form of electromagnetic waves or particles, with sufficient
energy to ionize an atom or a molecule. Overdosed exposure to ionizing radiation causes harmful effects in
living organisms. Ionizing radiation is generally detected in areas exposed to radioactive minerals, in high
altitude environments, or in aerospace. Nuclear power plants, nuclear weapon tests, nuclear accidents, and
mining produced new radioactive habitats. However, certain plants, animals, and microbes survive under
radioactive environment. Studies have reported the existence of shrubs, rodents, terrestrial algae, and fungi
in Nevada Test Site (NTS) few years after the nuclear tests (Allred & Beck, 1963; Beatley, 1964; Rickard
& Beatley, 1965; Shields & Drouet, 1962; Shields, Durrell, & Sparrow, 1961). Durrell and Shields (1960)
isolated 41 fungal taxa from soil within a mile radius of ground zero sites two years after nuclear tests in
NTS. Thirty-seven culturable fungal species of 19 genera were detected on the walls and other building
structures in the inner parts of the shelter of the damaged fourth unit of the Chernobyl Nuclear Power Plant
(Zhdanova, Zakharchenko, Vember, & Nakonechnaya, 2000). Radiation has also resulted in shifts in the
local microbial communities. For example, soil fungal community structure appeared to shift toward species
that may be more radiation resistant, and melanin-containing fungi ascended to dominate the soil fun-
gal communities with increase in radionuclide pollution (Zhdanova, Zakharchenko, & Haselwandter, 2005).
Lavrinienko, Tukalenko, Mappes, and Watts (2018) correlated the gut microbiomes of bank vole Myodes
glareolus inhabiting Chernobyl zone with the radioactivity level. Wehrden et al. observed physiological and
morphological changes in the organisms of radioactive environments and other negative effects of radiation
on the ecosystem (Wehrden et al., 2012). The biological and ecological traits of ecosystem under radiation
stress is a great concern in policy making on nuclear power utilization and in designing aerospace sustainable
life support system. However, there are no studies on the symbiotic microbes of plants exposed to ionizing
radiation.

Endophytic microbes symbiotically associate with host plants, and the symbiotic entity of inter-kingdom
jointly challenge harsh circumstances. However, the relationship between endophytes and the host plant
under radioactive environment is unknown. High-radiation habitats because of Caesium-137 (137Cs) accu-
mulation from historic nuclear test exist in arid, saline semi-arid desert of northwest China. This paper
investigates the endophytic microbes (fungi and bacteria) in the roots and aerial parts of Amaranthaceae
halophyte Kalidium schrenkianum (Pall.) Moq., a dominant population of local flora. Here, we collected
plant samples and soil samples from sites representing different levels of radiations. We aim to understand
the diversity and community structure of endophytic bacteria and fungi in a radioactive habitat; determine
the main environmental factor (geochemical characteristics of soil and local radiation level) shaping the
endophytic communities; and elucidate the shift in pattern of endophytic microbes with radiation level.

2 Materials and methods

2.1 Study site and sampling

This study was conducted in Hoxud County in the Xinjiang Uyghur Autonomous Region of China
(91°45’42”E, 40deg39’75”N). This region experiences a semi-arid climate with a mean annual temperature
of 12.56 degC and a mean annual precipitation of 591 mm. The sampling sites are located in the watershed
area of seasonal floods from radiation-contaminated region with 137Cs accumulation. The soil had a salt
content above 2% in the surface layer (< 20 cm deep) and a radionuclide level 3-5 fold that of normal soil.
K. schrenkianum was the dominant population of the local habitat. Plant materials and soil samples were
collected from four sites with different environmental radioactivity levels during August and September 2017

2
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. (Table S1). Five plants (15 m apart) were uprooted from each site. Whole plants were placed in large
autoclaved paper envelopes, labelled, transported to laboratory in an icebox, and stored at -80 degC until
further process. Five soil samples were collected with shovels from the surface soil (0-20 cm deep) of each
site. Soil samples from each site were sieved to remove rocks and plant litter, pooled, packed and labelled
in cloth bags, and stored at 4 degC to transport to the laboratory. The geochemical characteristics, such
as pH, electrical conductivity (EC), organic matter (OM), total nitrogen (TN), soluble nitrogen (SN), avail-
able phosphorus (P), available potassium (K), salt (Sal), chloride ion (Cl), sulfate (Sulf), calcium ion (Ca),
magnesium ion (Mg), and sodium ion (Na), were measured in the Institute of Quality Standards & Testing
Technology for Agro-Products, Xinjiang Academy of Agricultural Sciences.

2.2 DNA extraction, PCR, and NGS sequencing

K . schrenkianum plants were divided in to aerial parts and roots to analyze the endophytic microbes, and
altogether 40 samples (5 individual x 4 treatments x 2 tissue types) were used for DNA extraction. Each
plant material (20 g) was surface sterilized with 75% ethanol for 1 min, 3.25% sodium hypochlorite for 3 min,
and 75% ethanol for 30 s (Guo, Hyde, & Liew, 2000). Genomic DNA was extracted following CTAB method
(Guo et al., 2000). One gram of the surface-sterilized plant material was freeze-dried using liquid nitrogen,
homogenized with a mortar and pestle, transferred to a tube with 5 mL 2x cetyltrimethylammonium bromide
(CTAB) extraction buffer (2% (w/v) CTAB, 100 mM Tris-HCl, 1.4 M NaCl, 20 mM EDTA, 1.5% polyvinyl-
pyrolidone (PVP), 0.5% 2-mercaptoethanol; pH 8.0; preheated to 65 degC). The concentration of DNA was
measured using a NanoDrop 1000 Spectrophotometer (Thermo Scientific, Wilmington, USA).

The V5-V7 hypervariable region of the bacterial 16S ribosomal RNA gene was amplified using 799F
(AACMGGATTAGATACCCKG) (Chelius & Triplett, 2001) and 1193R (ACGTCATCCCCACCTTCC)
primers (Bodenhausen, Horton, & Bergelson, 2013). The fungal internal transcribed spacer region 1 (ITS1
region) of ribosomal RNA was amplified using ITS1F (CTTGGTCATTTAGAGGAAGTAA) (Gardes &
Bruns, 1993) and ITS2 (GCTGCGTTCTTCATCGATGC) primers (White, Bruns, Lee, & Taylor, 1990).
All PCR reactions were carried out in 30 µL reactions with 15 µL of Phusion® High-Fidelity PCR Master
Mix (New England Biolabs, Ipswich, MA); 0.2 µM of forward and reverse primers, and about 10 ng template
DNA. Thermal cycling consisted of initial denaturation at 98 for 1 min, 30 cycles of denaturation at 98 for
10 s, annealing at 50 for 30 s, and elongation at 72 for 30 s, followed by a final extension at 72 for 5 min. Mix
same volume of 1× loading buffer (contained SYB green) with PCR products and operate electrophoresis
on 2% agarose gel for detection. Then, PCR products was purified with GeneJETTM Gel Extraction Kit
(Thermo Scientific, Waltham, MA). Sequencing libraries were generated using Ion Plus Fragment Library Kit
48 rxns (Thermo Scientific, Waltham, MA) following manufacturer’s recommendations. The library quality
was assessed on the Qubit@ 2.0 Fluorometer (Thermo Scientific, Waltham, MA). At last, the library was
sequenced on an Ion S5TM XL platform.

2.3 Bioinformatic analysis

Raw reads from bacterial and fungal dataset were demultiplexed and quality filtered using QIIME software
(Version1.7.0). Reads with a quality score <20 and those lacking complete barcode and primers were excluded
from further analysis. Chimeric sequences were removed using USEARCH software. Subsequently, DADA2
workflow (Callahan, Sankaran, Fukuyama, McMurdie, & Holmesa, 2016) was used to remove singletons and
doubletons. Both bacterial and fungal datasets were dereplicated to generate the amplicon sequence variants
(ASVs).

Taxonomy was assigned to bacterial and fungal ASVs using Näıve Bayes approach with minimum 75 boot-
strap calls following DADA2 workflow (Callahan et al., 2016) against SILVA version 132 (Quast et al., 2013)
and UNITE general FASTA release for Fungi version 8.0 (Nilsson et al., 2019), respectively. For bacterial
dataset, those ASVs that were not assigned to bacterial genus, were clustered into different operational
taxonomic units (OTUs) based on 97% similarity with function otuin “kmer” package (Wilkinson, 2018).
One random sequence was selected from each OTU, and assigned based on SILVA references following the
above method. Then the taxonomy assignments of bacterial ASVs and OTUs were combined to an overall
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. bacterial taxon-sample table. All ASVs and OTUs that were assigned to non-bacteria, Cyanobacteria phy-
lum, or Rickettsiales order were removed from the overall taxon-sample table. The ASVs or OTUs in the
overall table were then agglomerated at the bacterial genus level with identical assignments using “phyloseq”
package as described in DADA2 workflow (Callahan et al., 2016). For fungal dataset, those ASVs that were
not assigned to fungal species, were similarly clustered, identified based on UNITE references for eukaryotes
version 8.0 (Nilsson et al., 2019), generated fungal taxon-sample dataset, filtered off non-fungal taxa, and
agglomerated fungal taxa at species level with DADA2 workflow mentioned above. Please see supplementary
file 1 and Fig. S1 for more details and schematic diagram.

The ASV and OTU sequences have been deposited in GenBank of National Center for Biotechnology Infor-
mation under the accession numbers KEBK00000000 (bacterial 16S sequences) and MT351182-MT353643
(fungal ITS1 sequences) and the raw sequences in the Sequence Read Archive of NCBI under BioProject
PRJNA625640 (for bacterial data) and PRJNA613597 (for fungal data).

2.4 Data analysis

Read counts from all samples were of the same order of magnitude (18,834 to 44,787 for bacterial dataset and
9726 to 62,613 for fungal dataset). Singletons, and doubletons were first filtered out from both bacterial and
fungal datasets. To decrease the noise, taxa with the sum of relative abundance less than 0.001 were removed.
This resulted in a core dataset of 693 taxa by 40 samples in bacterial dataset and 364 taxa by 40 samples in
fungal dataset. The raw taxa counts were normalized to abundance using Hellinger transformation.

Statistical analyses were performed using R version 3.6.1 (R Development Core Team, 2016). Graphs were
plotted with R packages “ggplot2” (Wickham, 2016), “grid” (Murrell, 2005), and “gridExtra” (Auguie,
2017). Two-way analysis of variance (two-way ANOVA) was carried out to test the effect of plant tissue
type or radiation level on the richness and diversity of bacterial and fungal microbiota with functionaov in
“stats” package (R Development Core Team, 2016). Type 1 error rates had a Benjamini-Hochberg (FDR)
p value correction performed for ANOVA models with function p.adjust in “stats” package (Benjamini &
Hochberg, 1995; R Development Core Team, 2016; Veach et al., 2019). Significant differences between the
microbial populations were further compared using Tukey’s honestly significant difference (HSD) test with
functionHSD.test in “agricolae” package (Mendiburu, 2019).

The distance matrices of community composition (Hellinger-transformed OTU read data) of endophytic fungi
were constructed by calculating dissimilarities using Bray-Curtis method (Faith, Minchin, & Belbin, 1987).
Non-metric multidimensional scaling (NMDS) was used to visualize the community composition dissimilarity
of endophytic bacteria or fungi among the different plant tissues or radiation levels usingmetaMDS function
in “vegan” package (Oksanen et al., 2016). Analysis of similarities (ANOSIM) was applied to statistically
test the significant differences in microbial composition between plant tissues or among radiation levels.
Permutational multivariate analysis of variance (PerMANOVA) with 999 permutations was implemented
with adonis in “vegan” package to investigate the environmental influence on microbiota composition.

The effect of different environmental factors (explanatory variables) on endophyte abundance or richness (ge-
nus level for bacteria and species level for fungi) was tested using Poisson generalized linear models (GLM)
with stepwise selection by AIC. This analysis was performed using function glm in “stats” package and func-
tion stepAIC in “MASS” package (R Development Core Team, 2016; Veach et al., 2019; Venables & Ripley,
2002). The data distribution was tested with function shapiro.test in “stats” package. All data were calcula-
ted with Poisson distribution and overdispersion in data was tested with function qcc.overdispersion.test in
“qcc” package (Scrucca, 2004). Type 1 error rates were FDR-corrected with the method mentioned above.

Co-occurrence analysis was applied on bacterial and fungal datasets separately and collectively with function
cor.test in “stats” package (R Development Core Team, 2016). The co-occurrence networks were visualized
with “igraph” package (Csardi & Nepusz, 2006). Network characteristics were determined using functions in
“bipartite” package (Dormann, Fründ, Blüthgen, & Gruber, 2009).

Intra-genus genetic diversity of bacteria and fungi from control and three treatment levels were evaluated by
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. computing the pairwise distances of DNA sequences within the groups. Only the ASVs assigned taxonomy
at the genus level for bacteria and fungi were included in the analysis. Pairwise distance was calculated
among all ASVs available in a certain genus from one treatment level using “K80” model withdist.dna in
“ape” package (Paradis & Schliep, 2018). One-way ANOVA was applied to test the difference significance of
intra-genus genetic diversity, as well as all sequence distances regardless of genera, among four treatments.

3 Results

3.1 General description

The Ion platform produced approximately 2,790,479 raw reads for prokaryotes from 40 samples by sequencing
V5-V7 hypervariable region of the bacterial 16S ribosomal RNA gene. After quality control, denoising, and
removal of chimera sequences, 1,235,434 high-quality sequences were obtained. A total of 19,367 ASVs
recovered in the final dataset were subjected to taxonomy assignment; 8788 ASVs were assigned to different
genera. Meanwhile, 10,579 ASVs, which could not be identified at the genus level, were clustered into 2002
OTUs at 97% identity level and were again subjected to taxonomy assignment. The identified ASVs and
OTUs were subsequently combined, and taxa assigned to non-Bacteria, Cyanobacteria, Chloroplast, and
Rickettsiales were removed from the dataset. The bacterial dataset agglomerated at the genus level yielded
a new dataset covering 1927 taxa across 40 samples with singletons and doubletons removed.

Similarly, 3,232,676 raw reads for eukaryotes were obtained from 40 samples by sequencing ITS1 region of
fungal ribosomal RNA. After quality control, denosing, and removal of chimera sequences, 1,704,072 high-
quality sequences and 14,801 ASVs were obtained. Out of this, 1747 ASVs were assigned to different fungal
species. Meanwhile, 13,054 ASVs, which could not be identified at the species level, were clustered into 719
OTUs at 97% identity level and were again subjected to taxonomy assignment. The identified ASVs and
OTUs were subsequently combined, and non-Fungi and plant taxa were removed from the dataset. The
dataset agglomerated at the species level yielded a new dataset covering 843 taxa across 40 samples with
singletons and doubletons removed.

3.2 Shifting taxon composition at high hierarchy

Endophytic fungi showed shifting community composition among treatments at high taxonomical hierarchy.
Class Actinobacteria (mostly Actinomycetales) followed by classes Alphaproteobacteria (mostly Rhizobiales
and Sphingomonadales) and Gammaproteobacteria (mostly Xanthomonadales and Oceanospirillales) domi-
nated the endophytic bacterial communities in aerial tissues, roots, and the whole plant ofK . schrenkianum
(Fig. 1a). No bacterial class showed significant difference in abundance with radiation level.

Dothideomycetes, Sordariomycetes, and unassigned fungi were the most prevalent fungal groups. Dothideo-
mycetes was the most abundant class in the endophytic fungal communities associated with K. schrenkia-
num(Fig. 1b). Dothideomycetes significantly predominated the aerial tissues regardless of the radiation level
while it was the second most abundant fungal class in the roots (Table S2). Order Pleosporales dominated
Dothideomycetes class. Unassigned fungi were the most abundant group in the roots of plants from con-
trol, low, and medium radioactive environments while Sordariomycetes (mostly Hypocreales, Microascales,
Sordariales, and Xylariales) was the predominant fungal class in the roots of plants from high radioactive
environment.

Among the endophytic fungi of K . schrenkianum roots, the abundance of ascomycetous classes Leotio-
mycetes, Sordariomycetes, and unassigned fungi significantly varied among the radiation levels (Table S2).
Meanwhile, among the endophytic fungi from aerial tissues, the abundance of basidiomycetous class Agarico-
mycetes and unassigned fungi significantly varied among the radiation levels. In the whole plant, abundance
of the members of classes Leotiomycetes, Sordariomycetes, and Mortierellomycetes and that of the members
of phyla Aphelidiomycota and Rozellomycota significantly differed among the radiation levels.

3.3 Richness of endophytes

The average taxon richness at species level of endophytic fungi in the whole fungal communities across control

5
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. and three radiation levels was 127.30 ± 29.21. Richness of endophytic fungi in aerial tissues was 150.60 ±
12.90 and in roots was 104 ± 21.01. Two-way ANOVA indicated that tissue origin significantly influenced
the richness of endophytic fungi (p < 0.001). T-test showed that the fungal richness was significantly more
in aerial tissues than in roots (df = 31.543, p < 0.001). In contrast, the bacterial richness was significantly
less in aboveground parts than in belowground parts (df = 30.122, p < 0.001). The richness of endophytic
bacteria across control and three radiation levels was 163.60 ± 27.95 in aerial tissues, while it was 252.90
± 49.15 in roots. Two-way ANOVA showed that both the tissue types (p < 0.001) and its interaction with
radiation level (p = 0.029) significantly affected the richness of endophytic bacteria.

The richness of endophytic bacteria and fungi in aerial tissues was similar among the control and three
radiation levels (Fig. 2). In addition, the richness of endophytic fungi in roots was the same among the
different radiation levels while the richness of endophytic bacteria at low radiation level was significantly
higher than that in control (Fig. 2).

3.4 Community composition among treatments

Current results indicated significant difference in community composition between two tissue types and across
control and treatments. NMDS ordination revealed differences in both bacterial and fungal community
compositions between aerial tissues and roots (Fig. 3a, b). ANOSIM results showed larger differences in
community composition among the groups based on tissue type compared with those based on radiation level
for both bacterial and fungal endophytes. We further investigated the community composition of endophytes
in different tissues ofK . schrenkianum . Bacterial communities in roots and fungal communities in both
aerial tissues and roots showed significant differences in composition among the radiation levels (Fig. 3d-
f). Meanwhile, the bacterial communities in aerial tissues showed no significant differences in composition
among the radiation levels (Fig. 3c). PerMANOVA indicated that the community composition of endophytic
bacteria and fungi was significantly affected by tissue type (F 1, 39 = 12.021, R2 = 0.220,p = 0.001; F 1, 39

= 15.304, R2 = 0.242, p = 0.001), radioactive level (F 3, 39 = 2.022, R2 = 0.111,p = 0.001; xF 3, 39 = 3.143,
R2 = 0.149, p = 0.001), and their interaction (F 3, 39 = 1.534, R2 = 0.084,p = 0.032; F 3, 39 = 2.155, R2 =
0.102, p = 0.002). PerMANOVA subjected to microbial communities in different tissues separately indicated
that the composition was affected by radiation level in case of bacterial communities in roots (F 3, 19 =
2.164, R2 = 0.289, p = 0.002) and fungal communities in aerial tissues (F 3, 19 = 2.189, R2 = 0.291, p =
0.001) and roots (F 3, 19 = 2.885, R2 = 0.351,p = 0.001).

3.5 Correlation network

Correlation network analysis indicated that positive correlation occurred within prokaryotic or eukaryotic
groups in microbiota of aerial parts and roots. In aerial tissues, positive correlation was observed among
endophytic bacterial genera, while negative correlation occurred among fungal genera (Fig. 4a). For exam-
ple, unidentified fungal OTU 673 and OTU 702 showed strong negative correlations to several fungal taxa.
Meanwhile, positive correlation could be also observed between prokaryotic or eukaryotic members. In roots,
bacterial or fungal members in the community were more connected (Fig. 4b). Concatenated negative corre-
lations were observed between prokaryotic and eukaryotic members, which suggested intensive antagonism
between bacteria and fungi in roots. These findings indicate denser inter-kingdom interactions in the roots
rather than in the aerial tissues.

Network analysis of endophytic bacterial communities suggested a minor effect of radiation on the topology
of endophytic bacterial network. The network of endophytic bacterial communities in aerial tissues showed
similar connectance and modularity across control and three radioactive treatments (Table 1). Meanwhile,
the root bacterial communities showed higher connectance in control and similar modularity in control and
radioactive environments. Simultaneously, radiation showed a strong effect on the topology of endophytic
fungal correlation network. Higher modularity and lower connectance were observed in all radiation levels
compared to control regardless of the tissue type (aerial tissues or roots) (Table 1).

3.6 Genetic diversity
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. Pairwise distances calculated based on “K80” model among all ASVs available in a certain genus were used
to evaluate the genetic diversity of microbial population in present study. The results showed that genetic
diversity differed within control and different radiation levels for both bacterial and fungal genera. Significant
differences were observed in the genetic diversity of 51 bacterial genera and 29 fungal genera (Fig. 5; Table S3
for all bacterial and fungal genera proceeded to one-way ANOVA). Intriguingly, the average genetic distance
among more than half of the genera in both bacterial and fungal communities was more in the radioactive
environments than that in control (Fig. 5; Table S3 for bacterial genera and Table S4 for fungal genera).
Meanwhile, the overall genetic diversity at genus level of both bacterial and fungi in whole plant were higher
in the radioactive environments than those in control treatments tested with one-way ANOVA (Table S5).

3.7 Effects of environmental factors on endophyte abundance or richness

GLM was used to assess the effect of different environmental factors on endophyte abundance or richness
at bacterial genus level or fungal species level. The results showed that richness of bacterial genus nega-
tively correlated with pH and TN for the whole plant bacterial communities and positively correlated with
roots (Table 2). The bacterial communities in roots showed the same trend with the whole plant bacterial
communities, that the richness negatively correlated with pH and TN. The richness of fungal taxa for the
whole plant fungal communities negatively correlated with roots. The fungal communities in roots positively
correlated with TN and negatively correlated with OM. There was no significant correlation among bacterial
or fungal diversity in aerial tissues and environmental factors.

The abundance of bacterial genera Cupriavidus andBrevibacterium positively correlated with P and OM
in whole plant bacterial community (Table 3). The abundance of fungal taxaSaitozyma podzolica , Spo-
rormiaceae FOTU 583, AporosporaFOTU 199, fungal genus Saitozyma and Neocamarosporium , and class
Dothideomycetes positively correlated with roots. No fungal group showed significant correlation with abiotic
environmental factors except Acremonium chrysogenum , which negatively correlated with medium radiation
level.

4 Discussion

Studies have reported differences in endophytic communities between root and aerial tissues in various
plants (Ma, Lv, Warren, & Gong, 2013; Su, Guo, & Hyde, 2010). In addition to the difference in biochemical
environments between roots and aerial tissues, distinct environmental propagule pools above ground and
underground, colonizing and coexisting mechanisms with roots and aerial tissues, and inter-tissue transport
limitation contribute to the differences in communities (Fang et al., 2019; Su et al., 2010; X. Sun et al., 2012).
Community composition inK. schrenkianum was different between aerial tissues and roots for both bacteria
and fungi. Interestingly, the diversity of endophytic bacteria in aerial tissues was less than that in roots,
whereas the diversity of endophytic fungi showed an opposite pattern. Microbial species in soil is generally
more than that in air. Therefore, the bacterial communities might have largely assembled by immigrating
from propagules from the environmental source. However, a differential selection by the tissue significantly
shaped the fungal communities in present study. The community composition of endophytic fungi determined
by the host is restricted by the environmental propagule pool. Soil related taxa, including Saitozyma podzolica
and Sporormiaceae F OTU 583, showed significant preference for the root in K. schrenkianum . Researchers
first identified S .podzolica (previously Candida podzolica ) as a soil yeast (Babjeva & Reshetova, 1975; Liu
et al., 2015); Sporormiaceae members are cosmopolitan saprobes (Cannon & Kirk, 2007). These microbes
might be soil inhabitants and be able to colonized K .schrenkianum and switched between endophytism and
saprophytism (Xiang Sun, Guo, & Hyde, 2011). In summary, our research suggested that the assembly of
both bacterial and fungal endophytic microbiota in roots of K. schrenkianum were affected by soil microbial
propagule pools, while roots have stronger selection to fungal colonizer.

In addition to the differences in community composition, our study demonstrates differences between ae-
rial tissues and roots in the responses of endophytic microbiota to environmental factors. The diversity of
endophytic microbiota in roots correlated with soil chemical characteristics while the microbiota in aerial
tissues showed no response to varied environmental factors. We observed increased diversity in endophytes
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. associated with root from control treatment to radioactive environments and not in endophytes associated
with aerial tissues. This finding indicates larger effect of environment factors on root endophytic microbiota.

Soil pH is a major determinant of microbial community structure and assembly (Fan et al., 2018; Lauber,
Hamady, Knight, & Fierer, 2009; Rousk et al., 2010). Lauber et al. (2009) stated that soil pH predicted the
composition of soil bacterial communities, and phylogenetic diversity attained a peak at near neutral pH.
Diversity of endophytic bacteria showed a significant negative correlation with soil pH of our study sites
that ranged from 8.8 to 9.6. This is consistent with the findings of Lauber et al. (2009). Conclusively, the
recruitment of root bacterial microbiota is largely dependent on the diversity of soil species. However, we
found no correlation between pH and fungal diversity. Rousk et al. had suggested that fungi prefer a wider
pH range for optimal growth compared with bacteria Rousk et al. (2010).

In a recent study, Bahram et al. (2018) reported strong antagonism between fungi and bacteria globally. In K.
schrenkianum , we found limited interaction between bacteria and fungi; however, there was bacterial-fungal
competition at the niche level. The co-occurrence correlations are prone to restrict to the intra-kingdom
members of bacteria and fungi. Meanwhile, inter-kingdom members were negatively correlated. In the roots,
bacteria and fungi were less correlated, which indicates less competition in the rhizosphere.

Despite the presence of various chemical factors of soil, radiation was the dominant factor that structured the
endophytic communities. Higher genetic diversity was found in radioactive environments for both bacterial
and fungal communities. However, mutations due to ionizing radiation and its effect on genetic diversity need
to be investigated. Environmental stress resulted in increase in genetic diversity in the community. Nevo
(2001) discovered higher genetic diversity in several tested model organisms under stressful environments
with thermal, chemical, climatic, and biotic stresses. Increase in genetic diversity enhanced probability of
population survival (Lande & Shannon, 1996), and populations with low genetic diversity had reduced fitness
and increased extinction rates (Markert et al., 2010). Therefore, higher genetic diversity acts as an inherent
mechanism of community assembly to maintain the community under moderately stressed environments.

Meanwhile, the current study also revealed increased community diversity in roots at radiation stressed
treatments apart from the increased population genetic diversity. Diversity as an essential descriptive and
metrological feature, could predict the stability, function, and productivity of an ecosystem (Allison & Mar-
tiny, 2008; Delgado-Baquerizo et al., 2020; Tilman, 1996). High species and phylogenetic diversity are related
to high functional diversity and redundancy; however, it is difficult to establish direct correspondence yet,
because studies that convincingly tested the linkage between phylogeny and physiology in microbial commu-
nities are limited (Allison & Martiny, 2008). High diversity of endophytic communities in K. schrenkianum
roots might imply that the radionuclide sediments in soil severely stressed the root niche and consequently
diverse microbes assembled to maintain a stable endophytic microbial communities.

Environmental radiation evoked different responses in bacterial and fungal communities. Vries et al. (2018)
showed that bacterial networks were less stable under drought stress than fungal networks in grassland
mesocosms set in UK. However, in the present study, the community structure of endophytic fungi was
sensitive to radiation more than that of endophytic bacteria. Fungal co-occurrence networks were more
fragmented under radiation-stressed environments; connectance decreased and modularity increased at all
radiation levels. We observed significant differences in the community composition of fungi in both aerial
tissues and roots and of bacteria in roots across all treatments. In addition, the fungal community composition
showed dramatic differences at class level and at species level across treatments.

Current study is the first to investigate the community structure of plant symbiotic microbiota under ra-
dioactive stress. Nevertheless, present study gave additional questions when answering to mechanisms of
community assembly and maintenance under the extreme environments. We did not investigate the correla-
tion between ionizing radiation-induced mutation and increase in genetic diversity and the inherent mecha-
nism that drives community assembly under radiation-stressed environment. Besides, we did not analyse the
OTUs identified as unassigned fungi, which showed extraordinary abundance and dominance in roots. The
OTUs matched (low E-value and identity) the members of phylum Ascomycota (data not shown); however,
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. these fungi are still unknown (since no strain was recovered from the plant). Further studies are necessary
to expand our knowledge to plant-microbe symbiosis under radioactive environments.
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