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Shifts in the diversity of root
endophytic microorganisms
across the life cycle of the
ratooning rice Jiafuzhan

Meng Dong, Longqing Shi, Zhenxing Xie, Ling Lian, Junian Zhang,

Zhaowei Jiang* and Chunzhu Wu*

Rice Research Institute, Fujian Academy of Agricultural Sciences, Fuzhou, China

The diversity of root endophytic microorganisms, which is closely related to plant

life activities, is known to vary with the plant growth stage. This study on the

ratooning rice Jiafuzhan explored the diversity of the root endophytic bacteria

and fungi and their dynamics during the plant life cycle. By sequencing the

16S ribosomal ribonucleic acid (16S rRNA) and internal transcribed spacer (ITS)

genes, 12,154 operational taxonomic units (OTUs) and 497 amplicon sequence

variants (ASVs) were obtained, respectively. The root endophytic microorganisms

of rice in the seedling, tillering, jointing, heading, and mature stages of the

first crop and at 13, 25, and 60 days after regeneration (at the heading, full

heading, and mature stages of the second crop, respectively) were analyzed using

diversity and correlation analyses. There were significant di�erences in the α-

diversity and β-diversity of root endophytic bacteria and fungi in the growth stage.

Additionally, linear discriminant analysis (LDA) e�ect size (LEfSe) analysis revealed

biomarker bacteria for each growth stage, but biomarker fungi did not exist in every

stage. Moreover, the correlation analysis showed that the bacterial and fungal

biomarkers interacted with each other. Furthermore, the nitrogen-fixing genus

Bradyrhizobium existed in all growth stages. These findings indicate the pattern

of root endophytic microorganisms of ratooning rice at di�erent growth stages,

and they provide new insights into the high yield of the second crop of ratooning

rice (in light of the abundance of various bacteria and fungi).
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1. Introduction

Root endophytic microorganisms promote plant growth, increase plant resistance to

biotic and abiotic stresses via beneficial interactions with plants (Durán et al., 2018; Carrión

et al., 2019), and facilitate nutrient absorption and utilization by plants (Zhang et al., 2019a).

For example, 29–82% of nitrogen needed for maize growth can be provided by diazotrophic

microbiota on the aerial roots of maize (Van Deynze et al., 2018). For Arabidopsis thaliana,

the influence of phosphate starvation can be reduced by plant immunity by regulating the

root endophytic microbiome (Tang et al., 2022). Moreover, hybrid maize can grow better

with soil microorganisms (Wagner et al., 2021), and soil microbial diversity contributes to

the super high yield of rice in Taoyuan (Yunnan, China). More diverse bacteria and fewer

fungi, as well as nitrogen metabolism functions, may underlie the super high yield of rice

(Zhong et al., 2020). Endophytes may contribute to the antioxidant activity in black rice, and

the microbial community structure changes during the growth of the plant (Singha et al.,

2021).
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The structures of the root endophytic microbiomes of several

plants including Arabidopsis thaliana (Chen et al., 2020a), rice

(Edwards et al., 2015; Zhang et al., 2019a; Hu et al., 2020; Zhong

et al., 2020), maize (Walters et al., 2018; Fadiji et al., 2020a,b),

and sugarcane (Dong et al., 2018) have been analyzed using high-

throughput sequencing. The soil characteristics in different regions

affect microbial diversity (Zhang et al., 2019a; Kunda et al., 2021).

The genotype of plants also has an impact on the diversity of root

endophytic microorganisms, as reported in Arabidopsis thaliana

(Bai et al., 2015), rice (Zhang et al., 2019a; Hu et al., 2020), maize

(Walters et al., 2018), and sugarcane (Dong et al., 2018). The

diversity of root endophytic microorganisms can even change with

plant growth and plant development (Zhang et al., 2018). During

the life cycle of rice, the relative abundance of Deltaproteobacteria

increases, whereas the relative abundance of Betaproteobacteria,

Firmicutes, and Gammaproteobacteria decreases (Zhang et al.,

2018). Among the root endophytic diazotrophs of ratooning rice,

Bradyrhizobium and Azospirillum are dominant genera throughout

the growth and development stages (Dong et al., 2022).

Regenerated rice refers to the second crop of rice obtained from

the tillers after harvesting, which does not necessitate using more

land or resources. This is more beneficial to the environment than

the cultivation of single-crop rice (Firouzi et al., 2018). The tiller

number of ratooning rice depends on the use of chemical fertilizers,

which alter the physicochemical properties of the soil. Biofertilizers

have been applied to a variety of crops as an alternative to some

chemical fertilizers and can be used as bioenhancers to improve

plant growth and nutrient uptake (Rong et al., 2014; Zhang et al.,

2019c). Plant growth-promoting bacteria isolated from the roots

of ratooning rice play a significant role in promoting the growth

of axillary buds in ratooning rice (Xu et al., 2020). However, the

dynamic changes in the root endophytic bacteria and fungi of

ratooning rice during its growth and development have not been

reported in detail.

Jiafuzhan is an indica rice with strong ratooning ability (Cai,

2013). The growth period of the first crop is approximately 123

days; the spikelets differentiate 13 days after the first harvest, full

heading occurs at approximately 25 days, and maturation occurs

at approximately 60 days (Xie et al., 2019). Does the diversity

of the root microbiome in the Full Heading and Mature stages

of ratooning rice during the regenerated season resemble that

of the Full Heading and Mature stages during the first season?

The microbiome structure of ratooning rice still lacks systematic

analysis. In this study, we used Jiafuzhan as the experimental

material and conducted sampling at eight different growth stages.

The changes in the root endophytic bacteria and fungi of the

ratooning rice Jiafuzhan at different growth stages were studied by

amplifying and sequencing the 16S ribosomal ribonucleic acid (16S

rRNA) and internal transcribed spacer (ITS) genes. These results

help to understand the changes in the root endophytic bacterial and

fungal diversity in ratooning rice at different growth stages.

2. Materials and methods

2.1. Plants and cultivation

In mid-March 2019, seeds of the ratooning rice Jiafuzhan

were sown on the farm (119.366E, 26.013N) of the Rice Research

Institute, Fujian Academy of Agricultural Sciences in Fuzhou,

China, and rice seedlings were transplanted by hand after 30 days.

Samples were collected at the seedling, tillering, jointing, heading,

and mature stages of the first crop and at 13, 25, and 60 days after

regeneration (designated Regeneration 13 d, Regeneration 25 d, and

Regeneration 60 d, respectively) at the heading, full heading, and

mature stages of the second crop, respectively. There were three

sample replicates per stage, giving a total of 24 samples. An area

of 12 m2 per replicate and protective rows were set up. The rice

stubble height was kept at 30 cm. Bud-promoting urea fertilizer

(112.5 kg/hm2) was applied 18 days after the full heading of the

first crop, seedling urea fertilizer (75 kg/hm2) was applied 3 days

after harvesting, and panicle urea fertilizer (112.5 kg/hm2) was

applied at the full heading stage of the second crop. The soil was

watered on the same day to maintain a shallow-water layer, given

the excessively dry soil after harvesting.

2.2. Sample collection

For the seedling stage, the roots were obtained 1 week

after transplantation. For the other samples, the roots (10 cm

underground) were obtained at the required growth stage. The

samples were rinsed with running water to remove the surface

soil, placed in a 50-ml tube containing 75% alcohol, underwent

three rounds of shaking (at a frequency of 180 r/min) and

cleaning, washed with sterile water 3–5 times, left in 20 g/L sodium

hypochlorite solution for 10min for disinfection, rinsed again with

sterile water 3–5 times, dried using sterile filter paper, and stored at

−80◦C. The sterilized roots were placed on luria broth (LB) plates

for 24 h to confirm that the disinfection was complete.

2.3. Library construction and sequencing of
16S rRNA and ITS genes

Total genomic DNA was extracted from the root samples

using an OMEGA Soil DNA Kit (M5635-02; Omega BioTek,

Norcross, GA, USA), following the manufacturer’s instructions.

The DNA was, then, stored at −20◦C before analysis. The

quantity and quality of the extracted DNA were measured

using a NanoDrop NC2000 spectrophotometer (Thermo Fisher

Scientific, Waltham, MA, USA) and agarose gel electrophoresis,

respectively. Polymerase chain reaction (PCR) amplification using

primers for 16S rRNA (338F: ACTCCTACGGGAGGCAGCA,

806R: GGACTACHVGGGTWTCTAAT, targeting

the V3-V4 region) (Caporaso et al., 2011) and ITS

(ITS-F: GGAAGTAAAAGTCGTAACAAGG, ITS-R:

GCTGCGTTCTTCATCGATGC) (Zhang et al., 2019b) was

carried out with negative control (no template added). The PCR

involved 5 µl of buffer (5×), 0.25 µl (5 U/µl) of FastPfu DNA

Polymerase (TransGen Biotech), 2 µl (2.5mM) of dNTPs, 1 µl

(10µM) of each of forward and reverse primers, 1 µl of DNA

template, and 14.75 µl of ddH2O. Thermal cycling consisted of

initial denaturation at 98◦C for 5min, followed by 25 cycles of

denaturation at 98◦C for 30 s, annealing at 53◦C for 30 s, and

extension at 72◦C for 45 s, with a final extension of 5min at

72◦C. The amplified products were purified and recovered using
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Vazyme VAHTS DNA Clean Beads (Vazyme, Nanjing, China).

Then, they underwent fluorescence-based quantification using

Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad,

CA, USA) and an FLx800 microplate reader (BioTek). Based on

the quantification results and the sequencing volumes required

for samples at each stage, the samples were mixed in appropriate

proportions. A sequencing library was constructed using a TruSeq

Nano DNA LT Library Prep Kit (Illumina) and quantified using a

Quant-iT PicoGreen dsDNA Assay Kit on a QuantiFluor dsDNA

System (Promega Corporation). Thereafter, amplicons were pooled

in equal amounts, and paired-end 2 × 250 bp sequencing was

performed on an Illumina MiSeq platform with MiSeq Reagent Kit

v3 at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China).

2.4. Bioinformatics analyses

Microbiome bioinformatics analyses were performed using

QIIME2 2019.4 (Bolyen et al., 2018), according to the official

tutorials (https://docs.qiime2.org/2019.4/tutorials/), with slight

modifications. In brief, raw sequence data were demultiplexed

using the demux plugin and underwent primer removal using the

cutadapt plugin (Martin, 2011). Regarding the bacterial sequences,

the sequences were then merged, quality filtered, and dereplicated

using the Vsearch plugin. The unique sequences were then

clustered, chimera removal was conducted (using uchime denovo),

and the non-chimera sequences were reclustered to generate

representative operational taxonomic unit (OTU) sequences and

an OTU table. Non-singleton amplicon sequence variants (ASVs)

were aligned using mafft (Katoh et al., 2002) and used to construct

a phylogeny using fasttree 2 (Price et al., 2009). Regarding the

fungal sequences, the sequences were quality filtered, denoised,

merged, and underwent chimera removal using the DADA2 plugin

(Callahan et al., 2016). Taxonomy was assigned to the ASVs using

the classify-sklearn naïve Bayes taxonomy classifier in the feature-

classifier plugin (Bokulich et al., 2018) against the UNITE 8.0

database (Kõljalg et al., 2013).

The sequencing data were analyzed statistically using R

3.5.1. After the samples were rarefied, α-diversity and β-

diversity analyses were conducted using the diversity plugin.

OTU-level α-diversity indices (Observed species, Simpson index,

Pielou’s evenness, and Good’s coverage) were calculated using

the OTU/ASV tables in QIIME2, and the results were visualized

using boxplots. β-diversity analysis was performed to investigate

the structural variation of microbial communities among samples

using Jaccardmetrics, visualized using principal coordinate analysis

(PCoA), non-metric multidimensional scaling (NMDS), and

unweighted pair-group method with arithmetic mean (UPGMA)

hierarchical clustering (Ramette, 2007). The significance of the

differentiation of microbial communities among groups was

assessed by permutational multivariate analysis of variance

(PERMANOVA) (McArdle and Anderson, 2001), analysis of

similarities (ANOSIM) (Clarke, 1993; Warton et al., 2012),

Adonis (multivariate analysis of variance) (Anderson, 2001), and

PERMDISP (Anderson et al., 2006) using QIIME2.

The numbers of shared and unique endophytic bacterial/fungal

OTUs at the various growth stages were visualized using

Venn diagrams. Linear discriminant analysis (LDA) effect size

(LEfSe) was performed to detect bacterial/fungal biomarkers

for the various growth stages (Segata et al., 2011). Spearman’s

correlation analysis was used to determine the relationships

between the root endophytic bacteria and fungi (p < 0.05

indicated statistical significance) using OmicShare tools, a free

online platform for data analysis (https://www.omicshare.com/

tools).

3. Results

3.1. Sample collection, sequencing,
and analysis

To explore the changes in the root endophytic microbial

communities during the growth of Jiafuzhan ratooning rice in

the field, 24 samples at 8 growth stages were collected from the

farm of the Rice Research Institute in Fuzhou, China. Overall,

2,649,377 high-quality bacterial sequences (mean: 110,391 per

sample; range: 71,974–140,477) and 2,821,669 high-quality

fungal sequences (mean: 117,570 per sample; range: 93,091–

145,412) were obtained (Supplementary Table S1), resulting

in 12,154 OTUs and 497 ASVs. The number of bacterial

OTUs was the lowest at the tillering stage, while the number

of fungal OTUs was the lowest at the jointing and heading

stages (Supplementary Figure S1). Overall, the most dominant

bacterial phyla (across all samples) were Proteobacteria (79.45%),

Actinobacteria (5.81%), Bacteroidetes (5.64%), Acidobacteria

(2.44%), and Spirochaetes (2.23%), while the most dominant

fungal phyla were Ascomycota (84.65%), Basidiomycota

(13.56%), Mortierellomycota (1.01%), Rozellpmycota (0.30%), and

Mucoromycota (0.12%) (Figure 1). The abundance of these phyla

changed among the growth stages (e.g., Proteobacteria peaked in

the tillering stage and was the lowest at Regeneration 13 d, and

Ascomycota peaked at Regeneration 13 d and was the lowest at the

tillering stage).

3.2. Influences of growth stage on
α-diversity

The Simpson index, Pielou’s Evenness, Observed species, and

Good’s coverage were used to compare the diversity, evenness,

number of species, and coverage rate, respectively, of the root

endophytic bacteria and fungi at various growth stages. Regarding

bacteria, Regeneration 60 d had the highest diversity (Simpson

index: 0.985208667) and the largest number of species (Observed

species: 3161.51), while the tillering stage had the lowest diversity

(Simpson index: 0.795443) and the smallest number of species

(Observed species: 1301.8). The α-diversity of root bacteria at

maturity in the rice regeneration season (Regeneration 60 d) was

higher than that in the first season (mature stage), while the α-

diversity of root endophytic fungi was similar in these two stages.

The α-diversity of root endophytic fungi at the different stages

decreased as follows: the heading stage, Regeneration 13 d, jointing

stage, mature stage, tillering stage, Regeneration 60 d, seedling

stage, and Regeneration 25 d (Figure 2).
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FIGURE 1

Di�erences in root endophytic (A) bacteria and (B) fungi at di�erent growth stages of ratooning rice.

FIGURE 2

α-diversity of root (A–C) bacteria and (D–F) fungi at di�erent growth stages of ratooning rice.

3.3. Influences of growth stage on
β-diversity

The β-diversity of the root endophytic bacteria and fungi

was analyzed using weighted and unweighted UniFrac distances.

Regarding the bacteria, the Adonis test based on the weighted

UniFrac distance was significant (R2 = 0.7726, P = 0.001).

PCoA based on the weighted UniFrac distance also showed that

the bacterial diversity varied by the growth stage. Specifically,

there were large differences among the seedling, tillering, and

jointing stages, while the differences among the jointing, heading,

and mature stages were smaller, and Regeneration 13 d and

Regeneration 60 d differed a lot from the other stages (Figure 3A).

The PCoA and the Jaccard distance-based UPGMA cluster analysis

concurred with each other. Specifically, the UPGMA cluster

analysis showed that the jointing, heading, and mature stages
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FIGURE 3

β-diversity of root endophytic bacteria at di�erent growth stages of ratooning rice. (A) PCoA and (B) UPGMA cluster analysis. Seedling stage samples:

S1R1, S1R2, and S1R3; tillering stage samples: S2R1, S2R2, and S2R3; jointing stage samples: S3R1, S3R2, and S3R3; heading stage samples: S4R1,

S4R2, and S4R3; mature stage samples: S5R1, S5R2, and S5R3; Regeneration13d samples: S6R1, S6R2, and S6R3; Regeneration25d samples: S7R1,

S7R2, and S7R3; Regeneration60d samples: S8R1, S8R2, and S8R3.

FIGURE 4

Venn diagrams of the number of endophytic (A) bacterial and (B) fungal OTUs at each growth stage of ratooning rice.

clustered together, as did the regeneration stages, while the tillering

stage did not cluster with any other stages, nor did the seedling stage

(Figure 3B).

Regarding the fungi, the Adonis test was significant (R2

= 0.4656, P = 0.002). However, for the fungi, PCoA and

the UPGMA cluster analysis gave slightly different results.

According to PCoA, Regeneration 13 d was different from

other growth stages, while the tillering, jointing, heading,

and mature stages differed slightly (Supplementary Figure S2A).

According to the UPGMA cluster analysis, the seedling stage,

Regeneration 13 d, and Regeneration 60 d clustered together,

and the tillering, jointing, and heading stages clustered together

(Supplementary Figure S2B).

3.4. Influences of growth stage on root
endophytic bacteria and fungi

The Venn diagram showed that there were 802 core bacterial

OTUs shared by all eight growth stages (Figure 4A). At the phylum

level, Proteobacteria (60.7%) had the highest relative abundance,
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FIGURE 5

Associations among root endophytic bacteria and fungi of ratooning rice. LDA histograms of significant (LDA(log10) >3.5) (A) bacterial and (B) fungal

species. (C) Heatmap of Spearman’s correlations among bacteria and fungi. *, **, and *** denote significance at 0.05, 0.01, and 0.001 levels,

respectively.

followed by Actinobacteria (13.5%) (Supplementary Figure S3A).

At the genus level, Anaeromyxobacter had the highest relative

abundance, followed by Halomonas, Geobacter, Sideroxydans,

and Bradyrhizobium (Supplementary Figure S3B). Regarding the

root endophytic fungi, there were only four core ASVs shared

by all 8 growth stages (Figure 4B), and these belonged to

the genera Alternaria (phylum Ascomycota) and Chaetomium

(phylum Basidiomycota) (Supplementary Figures S3C, D).

To further compare the bacterial composition at each growth

stage, a heatmap of the mean abundance of the bacterial genera

was constructed, which showed that the enriched root endophytic

bacteria varied by the growth stage (Supplementary Figure S4).

The seedling, tillering, and jointing stages were dominated

by four (Pseudomonas, Hydrogenophaga, Flavobacterium, and

Uniginosibacterium), two (Halomonas and Cupriavidus), and

five (Sulfuritalea, Candidatus, Koribacter, Roseimarinus, and

Treponema) genera, respectively. The genera Actinobacteria

bacterium CG2_30_50_142 and Streptomyces predominantly

existed at the heading stage. Geobacter and Bradyrhizobium

accounted for a large proportion at the mature stage. At

Regeneration 13 d, Regeneration 25 d, and Regeneration 60 d,

there were seven (Dechloromonas, Anaerobacterium, Treponema,

Desulfovibrio, Pleomorphomonas, Rhizomicrobium, and Dongia),

two (Leptonema and Ellin6067), and 10 (Novosphingobium,

Afipia, Acidibacter, Dokdonella, Sphingobium, Haliangium,

Ancalomicrobium, Subgroup 10, Thiobacillus, and Devosia)

genera, respectively.

LEfSe analysis was performed to identify bacterial and fungal

groups with significant differences at different growth stages.

Based on an LDA(log10) > 2.0 and P < 0.05, there were 283 and

13 distinct bacterial and fungal groups, respectively, among the

different growth stages (Supplementary Tables S2, S3). Based on

LDA(log10) > 3.5 and P < 0.05, there were 62 and 13 distinct

bacterial and fungal groups, respectively (Figures 5A, B). Based on

LDA(log10)> 4.0 and P< 0.05, there were two bacterial biomarkers

(f_Burkholderiaceae, g_Hydrogenophaga) in the seedling group,

three (g_Halomonas, f_Devosiaceae, and f_Xanthomonadaceae) in

the tillering group, three (g_Anaeromyxobacter, g_Sideroxydans,

and g_Sulfuritalea) in the jointing group, one (o_Myxococcales)

in the heading group, two (g_Geobacter, f_Geobacteraceae)

in the mature group, four (g_Ciceribacter, o_Bacteroidales,

o_Spirochaetales, and c_Spirochaetia) in the Regeneration
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13 d group, one (f_Rhodocyclaceae) in the Regeneration

25 d group, and four (c_Actinobacteria, g_Haliangium,

f_Haliangiaceae, and f_P3OB_42) in the Regeneration 60

d group. Additionally, there were three fungal biomarkers

(g_Cladosporium, f_Cladosporiaceae, and g_Russula) in the

tillering group, one (g_Chaetomium) in the heading group, one

(g_Fusarium) in the mature group, five (o_Trichosporonales,

g_Cutaneotrichosporon, f_Trichosporonaceae, f_Russulaceae,

and o_Russulales) in the Regeneration 25 d group, and three

(p_Ascomycota, c_Sordariomycetes, and o_Sordariales) in the

Regeneration 60 d group. Interestingly, there were no fungi with

LDA(log10) >3.5 in the seedling, jointing, or Regeneration 13

d groups.

A heatmap of the Spearman correlation coefficients was used

to visualize the associations between the bacteria and fungi

identified in the LEfSe analysis (Figure 5C). Only Chaetomium had

a significant negative correlation with Aquabacterium (0.01 < p

< 0.05). Chaetomium was also significantly positively correlated

with WCHB1-32 (p ≤ 0.001), Rhizomicrobium, Treponema, and

Sulfuritalea (0.01 < p < 0.05). Cutaneotrichosporon and Russula

were significantly positively correlated with Leptonema (p≤ 0.001).

Fusarium was significantly positively correlated with Ciceribacter

(0.01 < p < 0.01).

4. Discussion

Endophytic microorganisms in plant roots impact host plant

health by influencing plant growth, development, resistance to

biotic/abiotic stresses, and nutrient absorption and utilization

(Müller et al., 2016; Toju et al., 2018; Mehlferber et al., 2022; Qi

et al., 2022; Shekhawat et al., 2022; Tang et al., 2022). Studies

have been carried out on the root endophytic microorganisms

of rice at different stages (Edwards et al., 2017; Zhang et al.,

2018), but there are few reports on ratooning rice. Our results

revealed that under field conditions, the enriched bacterial

phyla included Actinobacteria, Bacteroidetes, and Acidobacteria

(Figure 1A), which is consistent with the root endophytic bacteria

that were previously found to be enriched in Nipponbare and

IR24 (Hu et al., 2020). The most dominant fungal phyla were

Ascomycota, Basidiomycota, Mortierellomycota, Rozellpmycota,

and Mucoromycota (Figure 1B), and the most dominant genus,

Chaetomium (phylum Ascomycota) (Supplementary Figure S3D),

promotes maize growth by regulating the expression of hormone-

related genes in roots (Li et al., 2022) and produces microbial

nanoparticles that can protect rice against rice blast fungus (Song

et al., 2020).

Our α-diversity analysis revealed that the growth stage

influenced the α-diversity of root endophytic bacteria and fungi

(Figure 2), as indicated in previous studies (Zhang et al., 2018; Hu

et al., 2020). The growth and development of plants are linked

to the root endophytic microorganisms, and research on the root

endophytic microorganisms at different growth stages of single-

crop rice has shown that microorganism diversity is highest at the

heading stage (Edwards et al., 2018; Zhang et al., 2018). In this

study, the fungal diversity was the highest at the heading stage,

followed by Regeneration 13 d and the jointing stage, and it was

the lowest at the seedling stage followed by Regeneration 25 d.

However, the bacterial diversity was the highest at Regeneration

60 d, followed by Regeneration 13 d and the seedling stage, and it

was the lowest at the heading stage followed by the tillering stage

(Figure 2). The difference in bacterial diversity between this study

and previous studies may be caused by the different cultivation

methods between ratooning rice (first crop fertilization) and single-

crop rice (Liu et al., 2019; Chen et al., 2020b), after 18 days of

full heading in the first season and 3 days of harvest of ratooning

rice, bud promoting fertilizer would be applied, irrigation would be

carried out after harvest of the first season to ensure the growth

of ratoon buds, these may also be the main factors affecting the

diversity of endophytic bacteria between the regenerating season

and the first season in ratooning rice.

Our β-diversity analysis of root endophytic bacteria and

fungi showed that there were remarkable differences among

growth stages. Regarding bacteria, the regeneration stages clustered

together, and the seedling stage did not cluster with the other stages.

Furthermore, the root endophytic microorganisms of the first crop

changed over time so that the microorganisms at the end stages of

the first crop greatly differed from the microorganisms at the early

stage (Figure 3; Supplementary Figure S2). Based on the results, the

changes in the root endophytic microorganisms of ratooning rice

after the first harvest in our studymay be due to the rebuilt bacterial

communities in the new roots after the first harvest (Zhang et al.,

2018) and applying fertilizers before and after the first harvest of

regenerated rice (Chen et al., 2022).

Biological nitrogen fixation can provide nitrogen for plants,

and many endophytic nitrogen-fixing bacteria have been found

in rice roots (Ji et al., 2014; Dong et al., 2023). Nitrogen-

fixing Bradyrhizobium can improve the growth and yield of

rice (Padukkage et al., 2021). We found that nitrogen-fixing

bacteria were enriched at various growth stages, such as

Bradyrhizobium and Allorhizobium-Neorhizobium-Pararhizobium-

Rhizobium (Supplementary Figure S4). Bradyrhizobium has also

previously been found to be a dominant genus at all growth stages

of ratooning rice (Dong et al., 2022). However, further research is

needed to validate the contribution of nitrogen-fixing bacteria to

nitrogen absorption in rice.

As rice grows and develops, root endophytic microorganisms

change, which is closely related to the host plant and the

environment (Edwards et al., 2018; Zhang et al., 2018).

Nevertheless, there are few studies on the changes in the

diversity of rice root endophytic fungi. Our results show that both

the relative abundance and diversity were lower for fungi than

bacteria (Figures 1, 4). This was consistent with previous research

showing that the high yield of rice is related to root endophytic

microorganisms; the richer the bacterial population, the lower the

fungal population, which increases the rice yield (Zhong et al.,

2020). The improvement of mycorrhizal characteristics by fungi-

correlated bacteria was first verified in a study of mycorrhiza helper

bacteria (MHB) (Garbaye, 1994). Both the genera Pseudomonas

(phylum Proteobacteria) and Bacillus (phylum Firmicutes) are

known to interact with arbuscular mycorrhizal fungi (Scheublin

et al., 2010; Turrini et al., 2018). In this study, most of the correlated

bacterial and fungal biomarkers (for the various growth stages)

were positively correlated rather than negatively correlated (p <
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0.05). Chaetomium was a fungal biomarker for the heading stage; it

is related to rice blast resistance and is a plant growth-promoting

fungus (PGPF). The bacteria that were positively correlated (p <

0.05) (Figure 5) with Chaetomium (Rhizomicrobium, WCHB1_32,

Treponema, and Sulfuritalea) are plant growth-promoting

bacteria (PGPB) (Tann and Soytong, 2016; Jiao and Soytong,

2018). The presence of numerous bacteria that were positively

correlated with Chaetomium may enhance the disease resistance

of ratooning rice. The yield of regenerated rice depends on

the germination of regenerated axillary buds, and the growth-

promoting strains isolated from the rhizosphere can effectively

promote the growth of regenerated rice axillary buds (Xu et al.,

2020). During the mature stages of the first season, nitrogen-fixing

bacteria become enriched (Supplementary Figure S4), supplying

essential nutrients for the germination of regenerated axillary

buds, which, in turn, influences the overall yield. Previous research

showed that increased bacterial diversity and decreased fungal

diversity increase rice yields (Zhong et al., 2020), and increased

bacterial diversity may also contribute to Jiafuzhan’s high second

crop yield.

In conclusion, this study revealed for the first time the

diversity of endophytic microorganisms in ratooning rice roots.

The bacterial diversity in roots was higher than the fungal diversity,

and both were related to the growth stage. Many bacterial genera

(such as Anaeromyxobacter, Halomonas, and Bradyrhizobium)

dominated in all growth stages. However, how ratooning rice

growth and development stages influence the changes in the root

endophytic bacteria and fungi and whether and how interactions

exist among root endophytic bacteria and fungi remain unknown.

In the future, in-depth research will be carried out on the

interactions between root endophytic bacteria, root endophytic

fungi, and host plants.

Data availability statement

The datasets presented in this study can be found in

online repositories. The names of the repository/repositories

and accession number(s) can be found at: https://www.

ncbi.nlm.nih.gov/, PRJNA87706; https://www.ncbi.nlm.nih.

gov/, PRJNA877777.

Author contributions

MD, ZJ, and CW designed the research. MD, LS, ZX, LL, and

JZ prepared the materials. MD, LL, and JZ analyzed the data. MD

and LS wrote the draft manuscript. All authors contributed to the

article and approved the submitted version.

Acknowledgments

We are grateful for the financial support provided by the

National Natural Science Foundation of China (32202591) and

the Natural Science Foundation of Fujian Province of China

(2020J011353). The authors would like to express their gratitude

to The Charlesworth Group (https://www.cwauthors.com.cn/) for

the expert linguistic services provided.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.

1161263/full#supplementary-material

SUPPLEMENTARY FIGURE S1

OTU taxonomic statistics of root endophytic (A) bacteria and (B) fungi.

Seedling stage samples: S1R1, S1R2, and S1R3; tillering stage samples:

S2R1, S2R2, and S2R3; jointing stage samples: S3R1, S3R2, and S3R3;

heading stage samples: S4R1, S4R2, and S4R3; mature stage samples: S5R1,

S5R2, and S5R3; Regeneration13d samples: S6R1, S6R2, and S6R3;

Regeneration25d samples: S7R1, S7R2, and S7R3; Regeneration60d

samples: S8R1, S8R2, and S8R3.

SUPPLEMENTARY FIGURE S2

β-diversity of root endophytic fungi at di�erent growth stages of ratooning

rice. (A) PCoA and (B) UPGMA cluster analysis. Seedling stage samples:

S1R1, S1R2, and S1R3; tillering stage samples: S2R1, S2R2, and S2R3;

jointing stage samples: S3R1, S3R2, and S3R3; heading stage samples: S4R1,

S4R2, and S4R3; mature stage samples: S5R1, S5R2, and S5R3;

Regeneration13d samples: S6R1, S6R2, and S6R3; Regeneration25d

samples: S7R1, S7R2, and S7R3; Regeneration60d samples: S8R1, S8R2, and

S8R3.

SUPPLEMENTARY FIGURE S3

OTU occurrence frequency of root endophytic bacterial (A) phyla and (B)

genera and fungal (C) phyla and (D) genera at di�erent growth stages of

ratooning rice.

SUPPLEMENTARY FIGURE S4

Heatmap of the mean abundance of the top 50 root endophytic bacteria at

di�erent growth stages of ratooning rice.

SUPPLEMENTARY TABLE S1

Sequencing statistics for di�erent samples. Seedling stage samples: S1R1,

S1R2, and S1R3; tillering stage samples: S2R1, S2R2, and S2R3; jointing

stage samples: S3R1, S3R2, and S3R3; heading stage samples: S4R1, S4R2,

and S4R3; mature stage samples: S5R1, S5R2, and S5R3; Regeneration13d

samples: S6R1, S6R2, and S6R3; Regeneration25d samples: S7R1, S7R2, and

S7R3; Regeneration60d samples: S8R1, S8R2, and S8R3.

SUPPLEMENTARY TABLE S2

Top 50 root endophytic bacteria of ratooning rice (based on mean

abundance).

SUPPLEMENTARY TABLE S3

Top 50 root endophytic fungi of ratooning rice (based on mean abundance).
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