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Abstract

To study the effects of different regeneration methods on the growth and bacterial commu-

nity diversity of Populus × euramericana cv. ‘74/76’ (poplar 107), we investigated the growth

of poplar 107 trees under three regeneration methods in 2017 and 2020, and sequenced the

16S rDNA V5–V7 regions in stem endophytic, root endophytic, and rhizosphere soil bacteria

present in samples from the three regeneration methods using the Illumina high-throughput

sequencing platform. The growth analysis showed that stump grafting regeneration (ST)

and stump sprouting regeneration (SP) presented similar tree height and diameter at breast

height (DBH), which were significantly lower by planted seedling regeneration (CK). The

high-throughput sequencing results showed that the rhizosphere soil bacteria appeared to

be significantly more diverse and rich than the root and stem endophytic bacteria. Cluster

analysis showed that the similarity of bacterial community structure among the rhizosphere

soil, root, and stem was small. Thus, the three sample types showed significant differences

in bacteria. While comparing the two years, 2020 was significantly more diverse and rich

than 2017. With the increase in stand age, the abundance of Proteobacteria increased and

the abundance of Acidobacteria decreased. Among the three regeneration methods, ST sig-

nificantly increased the diversity of stem endophytic bacteria. Chthoniobacter was enriched

in SP, which promoted the decomposition of organic matter, and more plant growth promot-

ing rhizobacteria (PGPR) were accumulated in the rhizosphere of SP and ST. The composi-

tion of the bacterial community was similar in the three regeneration methods, but the

community composition was different. Regeneration and transformation of poplar planta-

tions can be better carried out by stump grafting and stump sprouting.
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1. Introduction

Populus, which is one of the three fast-growing tree species used for the development of planta-

tions, belongs to the family Salicaceae, and has the characteristics of wide distribution, strong

adaptability, and many varieties [1]. Poplars play an important role in ecological construction;

however, due to natural disasters, degeneration of poplar varieties, and delayed regeneration,

low-efficiency poplar forests are widespread [2]. Therefore, it is important to study effective

regeneration. At present, the main regeneration methods used for poplar are planted seedling

(stem) regeneration, stump sprouting regeneration, and stump grafting regeneration. Planted

seedling regeneration is a conventional afforestation method for fast-growing and high-yield-

ing forests in China. It requires the removal of stumps, leveling of the land, and excavation of

holes for planting, which may damage the ground surface and results in high afforestation

costs [3]. Stump sprouting regeneration is a self-regeneration method in which sprout

branches are generated using the stumps and underground roots remaining after the felling of

the aboveground parts and the main branches are retained and cultivated after budding and

management [4]. This type of regeneration, which retains the original poplar root system, is

simple and fast to implement, results in rapid growth, and has low cost. The stump grafting

regeneration method uses the stump remaining after the tree is felled as the rootstock and a

new poplar scion is used for grafting and regeneration [5]. This technology has been used

widely in the regeneration and transformation of poplar forests because of its low investment

requirement, simple execution, and high survival rate. Stump grafting and stump sprouting

regeneration methods of retaining stumps may have adverse effects on the growth of poplar

trees by root system aging and death over time. In addition, stump sprouting seedlings con-

tinue to grow and develop on the stumps, which may inherit the physiological characteristics

and microbial flora of the stumps, and appear the phenomenon of premature aging. These dif-

ferent regeneration methods differ in whether stumps are retained and used. Therefore, we

compared the differences in growth and microbial diversity between the three regeneration

methods to determine the beneficial or detrimental effects of stump grafting regeneration and

stump sprouting regeneration on the poplar itself and afforested land during the rotation

period. The accumulated research remains very limited. Wu et al. [2] investigated the growth

indices of 9-year-old poplar 107 planted seedlings and stump-grafted seedlings and found that

the growth indices of the stump-grafted stand were significantly higher than the indices of the

planted-seedling stand in the same year. Geng et al. [6] compared the growth of a Robinia
pseudoacacia coptic forest and a first-generation seedling forest and found that the coptic for-

est had higher tree height than the seedling forest in the first 22 years but had lower height

than the seedling forest thereafter. Kammesheidt [7] studied the restoration of tropical moist

forest in Paraguay and found that sprouting regeneration increased community biodiversity.

Lv et al. [8] studied the diversity of rhizosphere bacteria of Cerasus sachalinensis Kom. with

grafting and found that grafting promoted the bacteria.

Endophytic bacteria colonize living plants and can maintain a harmonious coexistence with

healthy plants [9]. Roots are the organ directly connecting plants with soil, and specific niche

changes in microbial communities occur at the interface between roots and soil [10]. As the

region of interaction between plants, soil, and microorganisms [11], the rhizosphere is

involved in material circulation, energy flow, and information transfer among them [12]. In

addition to absorbing water and nutrients, roots are surrounded by complex microbial com-

munities [13], which are directly or indirectly related to the plant achieving mutualism [14,

15]. Many studies have shown that beneficial microorganisms in the rhizosphere make out-

standing contributions to coping with abiotic stress and improve the ability of plants to survive

in the extreme environments caused by various types of abiotic stress, such as drought stress,
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salt stress, and nutrient deficiency [16]. At the same time, plants secrete various compounds

into the environment, including root exudates, which are closely related to the interactions of

the rhizosphere environment [17]. Therefore, research on the diversity of rhizosphere soil

microorganisms and endophytic bacteria can help reveal the adaptability of plants to the envi-

ronment and the relationships between plants and microorganisms. At present, poplar 107 is

the main poplar species used as a short-cycle industrial timber forest in North China. Most of

them grow best and have the fastest speed in 3–4 years, while the rotation period is generally

every 5–7 years. Therefore, we selected the 4-year-old with the most vigorous growth and the

7-year-old that is about to be harvested, compared the effects of three regeneration methods

on the growth of poplar 107. We also compared the diversity of the stem, root endophytic, and

rhizosphere bacterial communities under the different regeneration methods to provide a ref-

erence for the regeneration of poplar and the management of poplar afforestation.

2. Materials and methods

2.1 Overview of study area and construction of experimental forest

The experimental forest was located in the nursery farm of the village of Maojiaying, Bachi-

gang Town, Luannan County, Tangshan City, Hebei Province (39˚12’–39˚39’ N, 118˚12’–118˚

53’ E). The study area is within a warm temperate, semi-humid monsoon, continental climate

zone having the characteristics of dry winter, wet summer, concentrated precipitation, signifi-

cant monsoon, and four distinct seasons. The soil texture is sandy. The experimental forest

was reconstructed on an existing forest of 10-year-old poplar 107. Because about one-third of

the original poplar 107 forest was short of plants or randomly distributed, the stumps pro-

duced from cutting in the spring of 2014 were grafted with poplar 107 for regeneration and

pits were also dug to plant one-year-old poplar 107 seedlings. Because the survival rate of graft-

ing was about 70% in 2014, the main sprouts of the stumps that were grafted unsurvived were

retained, any excess sprouts were removed. Finally, an experimental forest including three

regeneration methods, namely, planted seedling regeneration (CK), stump grafting regenera-

tion (ST), and stump sprouting regeneration (SP), was established. In the year of ST and SP

regeneration, when the new seedlings growed to a height of 30-50cm, the base of the seedlings

was sealed 2–3 times, and the height of the sealed soil was 25-35cm. A completely random

block design with four replicates and 30 plants in each plot was adopted. To promote the rapid

growth of poplar 107, the experimental forest had a row spacing of 2 m × 5 m, with a tree age

of 4 a in 2017 and 7 a in 2020. During the dry and water-deficient season, water was properly

replenished, and the litter produced every year was not removed from the experimental forest,

but returned directly to the soil.

2.2 Sample collection and processing

At the end of each growing season, the height and diameter at breast height (DBH) of the

experimental forest were investigated. Ten trees each of CK, SP, and ST were sampled ran-

domly in four blocks each year.

Microbe samples were collected in August of each year. Poplar 107 trees from the three

regeneration methods were selected randomly from four blocks, each with nine trees. Stem

endophytic samples (E) were collected at the 1.3-m DBH of the target plant. A growth cone

sterilized with alcohol was used to drill wood strips of CK, SP, and ST perpendicular to the

trunk, and sample from each of three trees was placed into a zip-seal bag as a mixed sample. As

three repetitions were used, there were three mixed samples for each regeneration method, for

a total of nine stem samples for the three regeneration methods. The root endophytic samples

(R) and rhizosphere soil samples (S) were obtained from the same plants as the stem samples.
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The specific collection methods were as follows: In the four directions, southeast and north-

west of the target tree, 0.5m away from the trunk, fine roots in the soil 15-25cm from the sur-

face were collected. After shaking the roots and removing the loose soil from them, the

residual soil was collected from the roots with a sterile brush and used as the rhizosphere soil.

The brushed roots from the rhizosphere soil were used as the root samples. These were washed

five times with sterile water, placed in 15 ml of PBS (phosphate buffer saline) solution, treated

with ultrasound at 50–60 Hz for 30 s, and then sterile water-absorbing paper was used to

absorb the water remaining on the root surfaces. Finally, nine root and nine rhizosphere soil

samples of the three regeneration methods were obtained. In total, 27 samples were collected

in both years and stored in the laboratory’s −80˚C freezer until high-throughput sequencing

could be performed. The sample numbers are shown in Table 1.

2.3 DNA extraction and Illumina sequencing

Samples with a mass of 3 g were weighed from each mixed sample for DNA extraction and

sequencing. Guangzhou Gene Denovo Biotechnology Co., Ltd. (China), was entrusted to

implement bacterial-specific primers 799F (5’-AACMGGATTAGA TACCCKG-3’) and

1193R (5’-ACGTCATCCCCACCTTCC-3’) with barcodes for polymerase chain reaction

(PCR) amplification of the bacterial 16S rDNA V5–V7 regions, with sequencing performed on

the Illumina PE250 platform (Illumina, CA, USA). To ensure statistical reliability and biologi-

cal validity of the subsequent analyses of the raw data obtained by sequencing, strict quality

control was carried out through multiple data-processing processes such as reads utilization,

tags splicing, and operational taxonomic units (OTUs) clustering. Then, clustering was per-

formed based on the clean tag, the chimera tags detected in the cluster comparison process

were removed, and the naïve Bayesian assignment algorithm of the RDP Classifier was applied

to the representative sequences. Finally, the species were annotated using the database (confi-

dence threshold set to 0.8–1).

2.4 Statistical analysis

SPSS software was used to perform multivariate analysis of variance (ANOVA) to test the sig-

nificant differences of OTU number and bacterial α-diversity indices among the treatments.

All data were expressed as mean ± standard error. The Shapiro–Wilk test was used to assess

whether the data were normally distributed (P> 0.05). The Kruskal–Wallis rank sum test

model was used to identify whether there were differences in the median species abundances

Table 1. Sample numbers of all samples.

Regeneration methods Stem endophytic (E) Root endophytic (R) Rhizosphere Soil (S)

ST ST-1E ST-1R ST-1S

ST-2E ST-2R ST-2S

ST-3E ST-3R ST-3S

SP SP-1E SP-1R SP-1S

SP-2E SP-2R SP-2S

SP-3E SP-3R SP-3S

CK CK-1E CK-1R CK-1S

CK-2E CK-2R CK-2S

CK-3E CK-3R CK-3S

Note: ST, stump-grafting regeneration; SP, stump-sprouting regeneration; CK, planted seedling regeneration

https://doi.org/10.1371/journal.pone.0273306.t001
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among treatment groups. Origin 2019b and Excel 2010 software were used for illustrations

and tables, respectively.

3. Results

3.1 Comparative analysis of growth under the three regeneration methods

A comparison of the growth under the three regeneration methods (Table 2) showed that

there were no significant differences in tree height and DBH between ST and SP in 2017 or

2020, but both tree height and DBH were significantly higher in ST and SP than in CK. Com-

pared with 2017, tree height in CK was 38.11% higher in 2020 and DBH was 26.62% larger. In

ST, tree height increased by 41.02% and DBH increased by 39.38%. In SP, tree height increased

by 41.64% and DBH increased by 38.28%. Thus, SP had the greatest increase in tree height,

while ST had the largest increase in DBH.

3.2 Operational taxonomic unit (OTU) number and bacterial community

diversity

Analysis of the OTU number (Fig 1) showed that the number of OTUs in root and rhizosphere

soil samples of ST and CK was significantly higher than in stem samples in 2017, but there was

no significant difference among these three sample types for SP. In 2020, the number of OTUs

in rhizosphere soil was significantly higher than in roots and stems.

Comparison among the three regeneration methods showed that the number of OTUs in

SP was higher than in ST or CK in 2017, but the differences among the three regeneration

methods were not significant. In 2020, the number of stem endophytic bacterial OTUs was sig-

nificantly higher in ST than in SP or CK. There were also significant differences in the number

of OTUs between the two years. The results showed that ST increased the number of stem

endophytic bacterial OTUs, while the number of OTUs had little difference between SP and

CK. Among the three sample types, the number of the underground bacterial OTUs was

higher than the number of aboveground bacterial OTUs. With the increase in stand age, the

number of OTUs increased.

The richness and diversity of ecosystem species are typically evaluated using α-diversity

indices. The ACE and Chao1 indices reflect the species diversity of samples, with larger values

indicating higher diversity. Additionally, higher Simpson and Shannon index values reflect

higher species richness and evenness. The analysis of the ACE and Chao1 indices of poplar

107 (Fig 2) showed that there were no significant differences among the three sample types in

2017. In 2020, the rhizosphere soil samples had significantly higher values than the root sam-

ples and the stem samples. In 2017, there were no significant differences between the three

Table 2. Growth indices of poplar 107 under the three regeneration methods in different years.

Years Regeneration methods Height of tree(m) DBH(cm)

2017 CK 7.82±0.41b 10.82±0.39b

ST 8.24±0.29a 11.30±0.56a

SP 8.14±0.27a 11.26±0.46a

2020 CK 10.80±0.39b 13.70±0.58b

ST 11.62±0.74a 15.75±1.04a

SP 11.53±0.58a 15.57±1.48a

Note: The same lowercase letters in each column indicate that the difference did not reach a significant level in the

same year (P> 0.05).

https://doi.org/10.1371/journal.pone.0273306.t002
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regeneration methods. However, in 2020, the ACE index and Chao1 index of stem endophytic

bacteria were significantly higher in ST than in SP or CK. These two indices of root and rhizo-

sphere soil samples were slightly higher in SP and ST than in CK, but the differences were not

significant.

The Simpson index and Shannon index showed no significant differences among CK, SP,

and ST. There were no significant differences in the Simpson index between root and rhizo-

sphere soil, but these values were significantly higher than the value for stem. The Shannon

index value of rhizospheric bacteria was significantly higher than the index values for root and

stem endophytic bacteria. The four indices showed significant differences between the two

years. The results showed that the diversity of stem endophytic bacteria was significantly

higher in ST than in SP or CK and that the rhizosphere bacterial diversity was slightly higher

in SP and ST than in CK. The differences in bacterial richness and evenness among the three

regeneration methods were small. However, different years and sample types had greater

impacts on bacterial diversity, richness, and evenness.

Fig 1. OTU number for the three regeneration methods. Various lowercase letters indicate significant differences between different regeneration methods in

the same year and the same sample type (P< 0.05), different uppercase letters indicate significant differences between different sample types with the same

regeneration method in the same year (P< 0.05), and � indicates significant differences between years (P< 0.05).

https://doi.org/10.1371/journal.pone.0273306.g001
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Cluster analysis of bacterial OTUs based on Bray–Curtis distance (i.e., PCoA) was used to

evaluate the similarity of bacterial community composition. The cumulative variance contri-

bution of the first two principal components extracted in 2017 was 82.66%, which accounted

for 64.84% and 17.82% of the variance of the variables, respectively (Fig 3A). In 2020, the

cumulative variance contribution of the two principal components was 60.69%, which

explained 44.55% and 16.14% of the variance of the variables, respectively (Fig 3B). In the two

years, the same sample types clustered together, and there was an obvious separation among

the three sample types. The long distance among stem samples indicated that the stem endo-

phytic bacterial community had low similarity. There was no obvious clustering among the

three regeneration methods. The results showed that the bacterial community structures in the

three regeneration methods were similar but varied greatly among sample types.

The relative abundances of species at the phylum level are shown in a stacking diagram (Fig

4). In 2017, 14 bacterial phyla, in total, were annotated. In 2020, 27 bacterial phyla were

Fig 2. Bacterial α-diversity indices of the three regeneration methods. (A) ACE index, (B) Chao1 index, (C) simpson index and (D) Shannon index. Various

lowercase letters indicate significant differences between different regeneration methods in the same year and the same sample type (P< 0.05), different

uppercase letters indicate significant differences between different sample types with the same regeneration method in the same year (P< 0.05), and � indicates

significant differences between years (P< 0.05).

https://doi.org/10.1371/journal.pone.0273306.g002
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annotated (only the top 15 species based on relative abundance are shown in the figure). A

comparison of the two years showed that 11 phyla were in common, namely, Proteobacteria,

Firmicutes, Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria, Gemma-

timonadetes, Nitrospirae, Verrucomicrobia, and Armatimonadetes. The unique groups in

2017 were Candidate Division TM7, WD272, and Tenericutes. In 2020, Planctomycetes,

Dependentiae, Elusimicrobia, and Entotheonellaeota were added to the top 15 species by rela-

tive abundance. In 2017, the abundances of Proteobacteria in CK, SP, and ST were 43.47%,

44.96%, and 40.07%, respectively. In 2020, these abundances were 60.75%, 58.16%, and

65.20%, respectively. In 2017, the abundances of Acidobacteria in CK, SP, and ST were 3.78%,

3.54%, and 3.41%; in 2020, they were 3.67%, 2.60%, and 3.20%, respectively.

The dominant phyla of stem endophytic bacteria were Proteobacteria, Firmicutes, and Bac-

teroidetes, which accounted for 92.71% of the total. Proteobacteria and Actinobacteria were

dominant in roots, accounting for 84.59% of the total. The dominant bacteria in rhizosphere

soil were Proteobacteria, Acidobacteria, Actinobacteria, and Firmicutes, accounting for

86.28% of the total. Most bacteria exhibited significant differences between the sample types.

For example, the relative abundance of Proteobacteria was significantly higher in the root sam-

ples than in the stem or rhizosphere soil samples. The abundances of Actinobacteria and Acid-

obacteria were significantly higher in rhizosphere soil than in roots or stems. The abundances

of Firmicutes and Bacteroidetes were significantly higher in stems than in roots or rhizosphere

soil. Comparison of the three regeneration methods showed that the dominant flora were basi-

cally the same in each method. They mainly included Proteobacteria, Bacteroidetes, Firmi-

cutes, Actinobacteria, and Acidobacteria. In 2017, these bacterial taxa accounted for 95.42%,

94.87%, and 94.59% of the flora in CK, ST, and SP, respectively. In 2020, they accounted for

94.72%, 94.69%, and 93.95%, respectively. The relative abundance of the dominant bacterial

taxa decreased with increased stand age.

The bacterial composition and distribution ratio (top 10 in abundance) at the class level is

shown in a Circos diagram (Fig 5). A comparison of the two illustrations shows that 7 among

the top 10 classes were the same in the two years: Alphaproteobacteria, Bacteroidia, Gamma-

proteobacteria, Actinobacteria, Bacilli, Thermoleophilia, and Acidobacteriia. The Tukey HSD

Fig 3. PCoA analysis of the bacterial community based on Bray–Curtis distance. (A) PCoA analysis for 2017 and (B) PCoA analysis for 2020.

https://doi.org/10.1371/journal.pone.0273306.g003
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test was performed on the seven taxa shared in the two years under the three sample types and

the three regeneration methods. The abundances of the seven bacterial taxa showed significant

differences in the sample types (Tukey HSD: P< 0.05) (Fig 6A). Alphaproteobacteria (E:

2.91%, R: 38.97%, S: 26.95%) were significantly enriched in root samples. The abundance of

Gammaproteobacteria (E: 46.59%, R: 43.65%, S: 19.32%) was significantly higher in plant tis-

sues (stems and roots) than in rhizosphere soil. Bacteroidia (E: 26.65%, R: 1.15%, S: 0.54%)

and Bacilli (E: 9.43%, R: 0.64%, S: 3.29%) were enriched in stem samples. Thermoleophilia (E:

0.12%, R: 1.13%, S: 11.37%) and Acidobacteriia (E: 0.06%, R: 1.89%, S: 5.14%) were signifi-

cantly higher in rhizosphere soil samples than in root and stem samples. Among the three

regeneration methods (Fig 6B), the results showed no significant differences in abundance

(P> 0.05) of the seven taxa. These results indicated that the compositions and proportions of

bacteria varied greatly among the two years and three sample types, but that the three regener-

ation methods had little effect on the bacterial community structure.

3.3 Differences in plant growth promoting rhizobacteria (PGPR)

abundances among the three regeneration methods

PGPRs are beneficial rhizosphere bacteria that have a positive effect on plant growth. At pres-

ent, a variety of PGPR strains are used commercially. These include Azospirillum, Bacillus,

Fig 4. Relative abundances of bacterial communities at the phylum level under the three regeneration methods. A and B represent the relative abundances

of bacterial communities in 2017 and 2020, respectively.

https://doi.org/10.1371/journal.pone.0273306.g004
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Burkholderia, Paenibacillus, Pseudomonas, Rhizobium, Serratia, and more [18]. The relative

abundances of the PGPRs in this study were compared among the three regeneration methods

(Fig 7). The abundances of most taxa were higher in SP and ST than in CK. The abundances of

Bacillus and Paenibacillus were significantly higher in SP than in ST or CK. The abundance of

Pseudomonas was significantly higher in ST than in SP or CK. Rhizobium and Burkholderia
showed differences among the three regeneration methods, but these differences were not sig-

nificant. Among these five bacteria, only Burkholderia had its highest abundance in CK. This

indicates that more PGPRs were present in the rhizospheres of SP and ST trees.

3.4 Analysis of the differential bacteria under the three regeneration

methods

LEfSe analysis revealed the differences in bacteria distribution from phylum to genus among

the three regeneration methods. A cladogram is a classification tree that maps differences to a

known hierarchical structure. The length of the histogram represents the impact of different

species (i.e., LDA score), and the influence is displayed when the LDA value exceeds 2. Among

the stem endophytic bacteria samples, there were seven different species, all in ST, belonging

to three orders and four families (Fig 8A). The most influential taxon was Xanthobacteraceae,

which belongs to the α-Proteobacteria. The rest included Microtrichales, Solibacterales, Soli-

bacteraceae_Subgroup_3, Gammaproteobacteria_Incertae_Sedis, Hyphomicrobiaceae, and

Unknown_Family.

In the root samples, 16 different bacteria were identified (Fig 8B). The specific taxa in CK

included Subgroup_13 and WD260 at the order level, Thermoactinomycetaceae at the family

level, and Shimazuella at the genus level. There were 10 indicator taxa in SP: Chthoniobacter-

ales at the order level; four taxa at the family level, namely, Eel_36e1D6, Chthoniobacteraceae,

Rhodocyclaceae, and Promicromonosporaceae; and five at the genus level,

Fig 5. Circos diagram of the composition and distribution ratio of the dominant bacteria under the three regeneration methods. A and B represent the

composition and distribution ratio of dominant bacteria in 2017 and 2020, respectively.

https://doi.org/10.1371/journal.pone.0273306.g005

PLOS ONE Effects of regeneration methods on the growth and bacterial community of Populus

PLOS ONE | https://doi.org/10.1371/journal.pone.0273306 August 26, 2022 10 / 19

https://doi.org/10.1371/journal.pone.0273306.g005
https://doi.org/10.1371/journal.pone.0273306


Promicromonospora, Rhizobacter, Ruminiclostridium_1, Chthoniobacter, and Georgfuchsia.

The different taxa in ST were Phreatobacter and Methylotenera, both at the genus level.

In the rhizosphere soil samples, there were 14 different taxa (Fig 8C). The different taxa in

CK were Actinospica (from family to genus) and Catenulisporales, Acidobacteriaceae_bacter-

ium_KBS_96, and Limnochordaceae (from class to family), which belong to three phyla.

Among these, Actinospica (from family to genus) and Catenulisporales, all belonging to the

Actinobacteria, had the greatest influence. There were five different taxa in SP, namely, Strep-

tosporangiaceae, Thermopolyspora, Phytomonospora, mle1_7, and Clostridium_sensu_s-
tricto_14, which belong to three phyla. ST had two different taxa, vadinHA49 and

Planctomycetacia, both belonging to the Planctomycetes.

4. Discussion

4.1 Effects of the three regeneration methods on the growth of poplar 107

Because poplar is the main fast-growing plantation tree species in China, it is important to

study effective regeneration methods for its rapid and healthy growth. The three different

Fig 6. Differences in bacterial community composition at the class level. (A) Tukey HSD test under the three sample types and (B) Tukey HSD test under

the three regeneration methods.

https://doi.org/10.1371/journal.pone.0273306.g006
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regeneration methods examined in this study had different effects on poplar 107 growth. In a

comparison of the height and DBH of trees in 2017 and 2020, SP and ST produced signifi-

cantly higher values than CK, possibly because the SP and ST methods made use of the nutri-

ents in the stumps of the perennial mother trees to grow rapidly and also because they

accelerate the absorption of water and nutrients by the trees. Stumps have the characteristic of

slow release of nutrients, which can provide steady nutrients for growth of the forest [19]. The

same results have been obtained by previous studies. Li et al. [3] found more rapid growth in

stump grafting than in planted seedling afforestation. Zhang et al. [20] observed the survival

rate and growth of stump sprouting regeneration and planted seedling afforestation of poplar

I-69. The results showed significantly higher tree height and DBH under stump sprouting

regeneration than under planted seedling afforestation. In addition, Shimaila et al. [21] showed

that PGPRs, such as Bacillus and Pseudomonas, can promote plant growth by expressing

1-aminocyclopropane- 1-carboxylate (ACC) deaminase to decompose the ethylene precursor

ACC, thereby reducing potentially harmful levels of ethylene in plant hosts. However, in this

Fig 7. Differences in PGPRs abundance under the three regeneration methods.

https://doi.org/10.1371/journal.pone.0273306.g007
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study, most of the PGPRs were enriched in SP and ST, which may explain the enhanced

growth under SP and ST.

4.2 Bacterial community structure and diversity in the three sample types

Microorganisms play an important role through their symbiosis with plants. The complex

nutritional environment in plants determines the different bacterial communities that become

established in different plant organs [22]. Soil bacteria are the most abundant and widely dis-

tributed microbial group in soil, and they play an important role in biogeochemical cycles

[17]. Plants influence rhizosphere soil microbial communities through leaf litter and root

secretions. In turn, the biological traits of microorganisms affect the host plants and their coex-

isting plants [23]. In this study, we found that the bacterial diversity was significantly higher in

rhizosphere soil samples than in root endophytic bacteria or stem endophytic bacteria samples.

This is consistent with the results of Durand et al. [24] and Knief et al. [25], who also found

that the aboveground bacterial community had lower richness and diversity than the under-

ground community in their study of bacterial community composition of poplar and rice. The

Fig 8. Cladogram (left) and LDA histogram (right) of the three regeneration methods. (A) Stem endophytic differential bacteria, (B) root endophytic

differential bacteria and (C) rhizophere soil differential bacteria.

https://doi.org/10.1371/journal.pone.0273306.g008
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PCoA analysis (Fig 3) showed that the root and rhizosphere soil samples had relatively small

differences in bacterial communities but that the stem endophytic bacterial communities var-

ied greatly, which is consistent with the results of Beckers et al. [26]. This result may be due to

the different properties and abilities of the endophytic bacteria that colonize plants (e.g., the

motility of bacteria, their ability to produce cell wall degrading enzymes) [27, 28] and their

interaction with the innate immune system of host plants [29]. However, the formation of the

rhizosphere bacterial community mediated by carbon deposition (root exudates, etc.) and the

transfer of photosynthates is a consistent and stable process in poplar [26].

Yang et al. [30] found that Bacteroidetes and Firmicutes were more abundant in endophytic

communities in leaves than in roots. Our results aresimilar. The abundances of Bacteroidetes

and Firmicutes were higher in stems than in roots, which might be related to community

niche preference. In addition, we also found that Acidobacteria were significantly enriched in

rhizosphere soil. Alphaproteobacteria was the dominant phylum in roots, and the abundance

of Gammaproteobacteria was significantly higher in plant tissues (stems and roots) than in rhi-

zosphere soil. This result is similar to the results of other studies on poplar [31, 32], Arabidop-

sis [33, 34], and rice [35]. The results showed that the relative abundances of Acidobacteria

and Actinobacteria decreased from rhizosphere soil to roots. The relative abundance of Pro-

teobacteria (mainly Alphaproteobacteria) was high in roots. Additionally, stem and leaf endo-

phytic bacteria were dominated by Proteobacteria, most of which belonged to

Gammaproteobacteria.

4.3 Effects of stand age on bacterial community structure and diversity

We found that the four diversity indices of bacteria increased significantly with increased

stand age. This result is consistent with the results of Liu et al. [36], which showed that with

increased stand age, human disturbance decreased, and the understory vegetation growth and

humus accumulation contributed to the growth of the microbial population. The dominant

taxa of the stand were the same in the two years and mainly included Proteobacteria, Bacteroi-

detes, Firmicutes, Actinobacteria, and Acidobacteria. Compared with 2017, the relative abun-

dance of dominant taxa was lower in 2020. Liang et al. [37] found the same result. This may

occur because a decrease in the abundance of dominant species is conducive to the growth of

non-dominant species, which increases microbial diversity.

Proteobacteria, as the dominant bacteria with the highest abundance in soil, can respond

rapidly to unstable carbon sources and grow rapidly in a carbon-rich environment [38]. With

increased stand age, the abundance of Proteobacteria increased significantly, as also shown by

Carson and Zeglin [39]. It may be that carbon and nitrogen sources in the soil increase with

stand age, causing Proteobacteria to also increase. Acidobacteria is an oligotrophic bacterium,

and its relative abundance tends to be higher when the soil carbon concentration is low [40,

41]. The abundance of Acidobacteria decreased with greater forest age, and the abundance was

lower in SP and ST than in CK. This result may be due to the increased age of the stand leading

to an increase in the amount of litter returned to the soil and also an increase in soil nutrients,

resulting in a decrease in the abundance of Acidobacteria. Studies have shown that the non-

structural substances (leaves, fine roots) in litter have a higher decomposition rate and faster

release rate of nutrients in the early stage [42]. However, it takes years or even decades for C

and N to be released from structurally complex residues such as tree stumps and thick roots

[43]. The reason the abundance of Acidobacteria was lower in ST and SP than in CK may be

that the C and N in the structurally complex residues were released gradually over time, which

increased the nutrient input to the soil and caused nutrient enrichment in the rhizosphere soil

of ST and SP, leading to low abundances of Acidobacteria.
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4.4 Effects of regeneration methods on bacterial community structure and

diversity

Fast-growing and high-yielding poplar forests are generally harvested every 5–7 years, and

effective regeneration methods are one of the important ways to promote rapid and healthy

establishment of poplar forests. Few studies have assessed whether different regeneration

methods affect bacterial diversity. The OTU number and alpha diversity index (Figs 1 and 2)

evaluations in this study showed that there were no significant differences among the three

regeneration methods. This may be because many bacteria do not depend on their symbiotic

hosts and have a high tolerance and flexibility to soil environmental variations, resulting in

their reduced sensitivity [44]. However, ST significantly increased the diversity of stem endo-

phytic bacteria, which may be due to the communication and transmission of bacteria between

the scion and the rootstock caused by grafting, thus increasing the diversity of ST stem endo-

phytic bacteria. Johnston-Monje and Raizada [45] found that green fluorescent protein-labeled

endophytes could be transported from seeds to roots and stems and that endophytes could

also migrate from stems to roots and even the rhizosphere to improve the condition of micro-

organisms. The existence of the mother tree is the basis for the emergence of the sprouting

phenomenon [46]. The sprouting seedlings continue to grow and develop on the stumps, and

there is a balance of nutrients in the underground and aboveground. The root system of the

mother tree can provide a source of nutrients for the initial growth of the sprouting stem in

the early stage [47]. At the same time, the aboveground part receives light to synthesize carbo-

hydrates, but the continued growth and development of the stump need to absorb nutrients,

which may affect the growth of the sprouting stem [48]. Therefore, we used the method of seal-

ing soil to make the stumps rot, so that the seedlings could rebuild the root system. Root rot

promotion is an important measure to promote the decomposition of stumps and improve the

productivity of stand. In this study, we found that Chthoniobacter was significantly enriched in

SP (Fig 8B), Chthoniobacter has the ability to degrade complex organic compounds [49],

which may have played an important role in the process of root decay and decomposition.

Bacillus significantly enriched in SP can enhance nutrients uptake by plants [50]. This suggests

that some microorganisms promote the process of root rot and decomposition, organic matter

production and utilization by new plants.

As a major component of forest residues, stump provides habitat for microorganisms [51].

Garbelotto et al. [52] showed that disease severity tends to be higher in frequently felled and

thinned forests and in older forests. Due to the large and far-reaching root system of old trees,

it is more conducive to extensive secondary transmission, and the secondary roots of stumps

are also more likely to colonize some pathogenic bacteria. In this study, the relative abundance

of Actinobacteria was significantly higher in CK than in SP and ST (Fig 8C). Studies have

found that Actinobacteria are able to resist pathogen infection [53]. This result may have

occurred because some tree pathogens can survive in large dead roots and tree stumps [52],

and the Actinobacteria in ST and SP aided the plants in removing pathogens from their tissues,

resulting in a decrease in their content.

Therefore, while using stump grafting and stump sprouting for regeneration of forest land,

it is also necessary to prevent and control the harm of toxic substances and pathogenic micro-

organisms that may be produced during the decomposition of tree stumps to the growth of the

next generation seedlings. Most root-disease microorganisms can survive for decades in large

tree stumps [54], and when logging is used for long-term regeneration, we need to take effec-

tive forest management measures to understand the biology of pathogenic microorganisms,

limit their establishment and spread, and log tree stumps when necessary to reduce pathogen

damage to minimize the level of infection [55, 56].
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This study also found that specific bacterial species were associated with the three different

regeneration methods (Fig 8). Some studies have revealed that plant genotype is an important

determinant of bacterial community composition [57, 58]. A second factor is the plants’ own

needs to grow. Many different species of plants, and even the same species growing in the

same environment, also have a unique group of bacteria [59–61]. Overall, our study indicated

that the three regeneration methods had little effect on microbial community structure, but

had an impact on bacterial composition; Because our research focused only on 4- and 7-year-

old poplar 107, additional generations of regeneration and longer-term microbial community

monitoring need to be implemented.

5. Conclusion

Investigation of tree growth under the three regeneration methods in two years proved that

stump grafting and stump sprouting regeneration are more conducive to growth of poplar 107

than planted seedling regeneration. Based on bacterial 16S rDNA sequencing, we found that

the number of OTUs and the alpha diversity indices did not differ significantly among the

three regeneration methods. Only the stem endophytic bacterial diversity of ST was higher

than the diversity of CK and SP. The diversity and community composition of the bacteria var-

ied greatly among years and sample types. The sample type and stand age were the main fac-

tors driving changes in the poplar 107 bacterial community, and the three regeneration

methods had little effect on the community. Thus, regeneration and transformation of poplar

plantations can be better carried out by stump grafting and stump sprouting.
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