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potential
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Medicinal plants harbor tremendously diverse bacterial endophytes that maintain

plant growth and health. In the present study, a total of 124 culturable bacterial

endophytes were isolated from healthy Aconitum carmichaeliiDebx. plants. These

strains were clustered into 10 genera based on full-length 16S rDNA sequences,

amongwhichBacillus and Pseudomonaswere the dominant genera. In addition,A.

carmichaeliimay capture 10 potential new bacterial species based on multi-locus

sequence analysis of three housekeeping genes (gyrA, rpoB, and atpD). The

majority of these bacterial endophytes exhibited plant growth-promoting ability

through diverse actions including the production of either indole acetic acid

and siderophore or hydrolytic enzymes (glucanase, cellulose, and protease)

and solubilization of phosphate or potassium. A total of 20 strains inhibited

hyphal growth of fungal pathogens Sclerotium rolfsii and Fusarium oxysporum

in vitro on root slices of A. carmichaelii by the dual-culture method, among

which Pseudomonas sp. SWUSTb-19 showed the best antagonistic activity. Field

experiment confirmed that Pseudomonas sp. SWUSTb-19 significantly reduced

the occurrence of southern blight and promoted plant biomass compared with

non-inoculation treatment. The possible mode of actions for Pseudomonas sp.

SWUSTb-19 to antagonize against S. rolfsii involved the production of glucanase,

siderophore, lipopeptides, and antimicrobial volatile compounds. Altogether, this

study revealed that A. carmichaelii harbored diverse plant growth-promoting

bacterial endophytes, and Pseudomonas sp. SWUSTb-19 could be served as a

potential biocontrol agent against southern blight.

KEYWORDS

biological control, endophytic bacteria, genetic diversity, plant growth promotion,

Sclerotium rolfsii

1. Introduction

Plant bacterial endophytes are microorganisms that reside inside plant tissues for their

part or whole life without causing apparent disease symptoms in the host (Wu et al.,

2021). Bacterial endophytes can be found in different organs of almost all plants. Except

for seed-borne endophytes, most endophytic bacteria were employed from soil or air by

host plants (Eljounaidi et al., 2016). Plant endophytic bacterial composition exhibited
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FIGURE 4

Antagonistic activity of SWUSTb-19 against S. rolfsii and F. oxysporum in vitro and on root slices of A. carmichaelii.

not know their exact taxonomic status (Figure 3A). SWUSTb-

123, SWUSTb-122, SWUSTb-60, SWUSTb-72, and SWUSTb-21

clustered separately into the Pseudomonas genus, so we assigned

them as Pseudomonas spp. (Figure 3A). While SWUSTb-84,

SWUSTb-24, SWUSTb-92, SWUSTb-49, SWUSTb-38, SWUSTb-

20, SWUSTb-75, and SWUSTb-87 clustered separately with both

Bacillus and Pseudomonas, their taxonomic status remained

unknown (Figure 3B). SWUSTb-79 and SWUSTb-37 cluster alone

as well (Figure 3C). In this situation, the taxonomic status of

these strains was defined at the genus level, as presented in

Supplementary Table 2.

3.3. Plant growth promoting
characterization of bacterial endophytes
isolated from A. carmichaelii

All 124 strains were tested for their plant growth-promoting

potential in vitro. A total of 99 isolates were able to produce IAA,

among which 25 strains produced relatively higher amount of IAA

(>20 mg/L), and strain Sphingobacterium sp. SWUSTb-7 produced

the highest amount of IAA (65.79 mg/L; Table 2). In total, 50

isolates showed the capacity to produce siderophore. There were 20,

two, and four strains showing the capacity of solubilizing organic

phosphate, inorganic phosphate, and potassium, respectively. In

addition, 51, 34, and 62 strains were able to produce glucanase,

cellulase, and protease, respectively (Table 2).

3.4. Antagonistic activity of endophytic
bacterial isolates against pathogens

In total, 10 out of 124 strains showed significant antagonistic

activities against the hyphal growth of S. rolfsii, which causes

southern blight both in vitro and on root slices of A. carmichaelii.

A total of 20 strains showed strong antagonistic activity against F.

oxysporum, which causes root rot in vitro, among which 16 strains

also displayed strong inhibiting effects on the hyphal growth of

F. oxysporum and on root slices of A. carmichaelii. Pseudomonas

sp. SWUSTb-19 exhibited the strongest inhibiting ability against

both S. rolfsii and F. oxysporum in vitro and on root slices of

A. carmichaelii, among all the strains (Table 3 and Figure 4) and

therefore was used as material for the following experiments.
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FIGURE 5

E�ect of cell-free culture filtrate of SWUSTb-19 on hyphal growth, sclerotia formation, and germination of S. rolfsii. (A) Cell-free culture filtrate of

SWUSTb-19 inhibited hyphal growth and sclerotia formation of S. rolfsii and (B) sclerotia germination.

3.5. E�ect of cell-free culture filtrate of
SWUSTb-19 on hyphal growth, sclerotia
formation, and germination of S. rolfsii

To better explore the antagonistic mechanisms of SWUSTb-

19, the effect of cell-free culture filtrate of SWUSTb-19 on hyphal

growth, sclerotia formation, and germination of S. rolfsii was

evaluated. As shown in Figure 5, no bacterial colony grown on

the PDA plate, supplemented with cell-free culture of SWUSTb-19,

indicating that the filtrating was complete. In the control treatment,

S. rolfsii grew normally and occupied the whole plate after 72 h

of incubation. The hyphae started to form sclerotia at 96 h, and

a total number of 254 mature sclerotia were detected after 192 h

of incubation (Figure 5A). However, cell-free culture filtrate of

SWUSTb-19 completely inhibited the hyphal growth of S. rolfsii,

and therefore, no sclerotia formed (Figure 5A).

Sclerotia of S. rolfsii started to germinate after 48 h incubation

on the PDA plate in the control treatment. However, cell-

free culture filtrate of SWUSTb-19 completely inhibited sclerotia

germination even after 120 h of incubation (Figure 5B).

3.6. E�ect of volatile compounds produced
by SWUSTb-19 on the growth of S. rolfsii

In the two sealed base plates dual culture assay, the interaction

between SWUSTb-19 and S. rolfsii could only occur through the

air in the equipment (Figure 6A). As shown in Figure 6B, S. rolfsii

started to form new hyphae after 24 h of incubation in the control

treatment, and the hyphae occupied the whole plate after 120 h of

incubation. However, hyphal growth of S. rolfsii was postponed

to 48 h post-co-culture with SWUSTb-19 (Figure 6B). Pathogenic

growth was always significantly inhibited by volatile compounds

produced by SWUSTb-19 over control within 96 h (Figure 6C). The

inhibiting rate was 100, 92.04, 56.37, and 39.65% at 24, 48, 72, and

96 h, respectively.

3.7. Amplification of genes involved in
antimicrobial activity

The amplification of bac and bacA genes of SWUSTb-19

was failed by PCR in the current study. However, we succeed

in amplifying fenA and srfAA genes, which are involved in the

synthesis of fengycin and surfactin, respectively. As shown in

Figure 7, PCR amplification of fenA and srfAA genes generated

fragments of 850 and 200 bp, respectively, by gel electrophoresis.

3.8. Biocontrol and plant growth promoting
potential of SWUSTb-19 by field trial

Considering the great antagonistic potential of SWUSTb-19

against S. rolfsii in vitro, the biocontrol efficacy of SWUSTb-19
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FIGURE 6

E�ect of volatile compounds produced by SWUSTb-19 on the growth of S. rolfsii. (A) Schematic diagram showing two sealed base plates dual-culture

assay. (B) Hyphal growth of S. rolfsii co-cultured with SWUSTb-19 in a volatile assay. (C) Diameter of S. rolfsii co-cultured with SWUSTb-19 in a

volatile assay. The * symbol indicated the significant di�erence (p < 0.05) based on one-way analysis of variance with least significant di�erence test.
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FIGURE 7

PCR detection of fenA and srfAA genes from the genomic DNA of

SWUSTb-19.

FIGURE 8

Southern blight disease occurrences of SWUSTb-19 cell

fermentation culture and non-inoculation (CK) treatments by field

experiments. ns indicated not significant; *indicated significant

di�erence (p < 0.05) according to one-way analysis of variance with

least significant di�erence test. dpi, days post inoculation.

on southern blight was verified by field experiments. Fermentation

culture of SWUSTb-19 was applied directly to the wounded parts

of the roots after removing the redundant lateral roots to facilitate

colonization of the strain. The results showed that southern blight

disease occurrences by SWUSTb-19 inoculation treatment were

indistinguishable from non-inoculation (CK) treatment in the first

15 days post-inoculation (dpi). However, the disease occurrence

of SWUSTb-19 treatment was more than two times lower than

that of the CK treatment at 30 dpi. From 45 dpi to 54 dpi,

disease occurrences of SWUSTb-19 inoculation treatment were

significantly reduced compared with CK (Figure 8). The control

efficacy of SWUSTb-19 on southern blight was 78.5% at 45 dpi and

75.0% at 54 dpi, respectively.

After harvesting, the fresh and dry weights of stem, main root,

and lateral root were recorded to evaluate plant growth-promoting

capacity of SWUSTb-19. As shown in Table 4, fresh and dry weights

of stem, main root, and lateral root in the SWUSTb-19 treatment

were significantly higher compared with that in CK. SWUSTb-19

promoted 56.97, 43.53, and 36.40% of fresh weights of stem, main

root, and lateral root, respectively, compared with CK and 52.77,

82.74, and 90.02% of dry weight of stem, main root, and lateral root

of A. carmichaelii, respectively, compared with CK. Taken together,

SWUSTb-19 showed significant biocontrol activity on southern

blight and plant growth-promoting properties of A. carmichaelii

under field condition.

4. Discussion

Medicinal plants harbored a tremendous number of bacterial

endophytes with promising potential for plant growth promotion,

antimicrobial activity, and production of bioactive compounds

(Musa et al., 2020; Rat et al., 2021; Wu et al., 2021). In the current

study, 124 bacterial endophytes were isolated from different tissues

ofA. carmichaelii plants collected from 10 sites in the geo-authentic

area, i.e., Jiangyou, by conventional method, and their diversity and

potential functions were evaluated. To our best knowledge, this is

the first report characterizing culturable endophytic bacteria from

A. carmichaelii, particularly in the geo-authentic area. Consistent

with other studies (Xu et al., 2019; Sharma et al., 2020; Pang

et al., 2022), A. carmichaelii roots captured a higher number

of bacterial endophytes than other organs (Table 1). The genetic

diversity of these culturable endophytic bacteria was investigated

by molecular methods, i.e., 16S rDNA-RFLP analysis followed

by housekeeping gene sequence analysis. 16S rDNA-RFLP can

help efficiently discriminate closed species and has been widely

used in the genetic diversity analysis of prokaryotes (Chen et al.,

2018; Laref and Belkheir, 2022). According to 16S rDNA-RFLP

analysis, 114 endophytic bacteria were clustered into 32 groups,

which showed great genetic diversity. Thirty-three representative

strains were selected for phylogenetic analysis using housekeeping

genes sequences. Specifically, we selected two representative strains,

i.e., SWUSTb-105 and SWUSTb-47 from group 3 for 16S rRNA

gene sequence analysis, to verify the results of 16S rDNA-RFLP

analysis. A phylogenetic tree based on full-length 16S rDNA

sequence showed that SWUSTb-105 and SWUSTb-47 clustered

together with 100% similarity (Figure 2), which validated the

results of 16S rDNA-RFLP analysis. A total of 33 representative

strains were clustered into 10 genera according to phylogenetic

analysis of the 16S rRNA gene. We found that Pseudomonas

and Bacillus were the dominant genera, which was consistent

with other reports (Xu et al., 2019; Pang et al., 2022). In

addition, other genera such as Pantoea, Enterobacter, Klebsiella,

Burkholderia, Xanthomonas, Microbacterium, Agrobacterium, and

Sphingobacterium were also detected. Multi-locus housekeeping

gene sequence analysis (MLSA) was adopted to further explore

the genetic diversity at the species level. MLSA has been proven
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to be an effective phylogenetic tool widely used to support and

clarify the taxonomic status of bacterial species (Glaeser and

Kampfer, 2015; Xu et al., 2015; Chen et al., 2018). Interestingly,

we found that many strains were clustered separately by MLSA

analysis including 17 representative strains which clustered into

10 clusters (Figure 3). This result indicated that A. carmichaelii

perhaps harbored 10 potential new endophytic bacterial species.

Whole genome sequencing of these strains may help confirm this

hypothesis. Taken together, endophytic bacteria of A. carmichaelii

showed great genetic diversity at the genus level, and potential

new bacterial species also contribute to the composition of A.

carmichaelii endophytic microbiome.

A. carmichaelii is a highly nutrient-demanding plant, and

substantial amounts of fertilizers were applied to the soil for its

cultivation. For example, over 150 tons per ha of stable manure

were applied to the soil to prepare beds for sowingmother roots (Yu

et al., 2016). In addition, at least twomore times of fertilization were

required during the growth periods ofA. carmichaelii. However, the

fertilizer utilization rate was quite low for A. carmichaelii plants;

thus, most of the fertilizers resided in the soil, which facilitated

continuous cropping obstacle including acidification of soil and

outbreak of soil-borne diseases (Li et al., 2019b). Therefore, it is

necessary to screen plant growth promotingmicrobial resources for

environmentally friendly biofertilizers. We found that the majority

of the endophytes (99 out of 124) obtained in the current study

were able to produce IAA, a plant hormone that can facilitate root

elongation and eventually provide a greater chance for plants to

obtain nutrients (Borah and Thakur, 2020; Ben Khedher et al.,

2021). A total of 50 strains were able to produce siderophore, the

primary role of which is for iron uptake. Additionally, siderophore

has also been proven to play a pivotal role in phytopathogen control

(Gu et al., 2020). In addition, 20, two, and four strains were able to

solubilize organic phosphate, inorganic phosphate, and potassium,

respectively, which could promote the acquisition of phosphate

and potassium by host plants. These results indicated that most of

the bacterial endophytes of A. carmichaelii showed plant growth-

promoting properties through diverse mode of actions and could

be served as a new resource for biofertilizers.

Another barrier to the sustainable development of A.

carmichaelii is soil-borne diseases (Li et al., 2019b). Screening of

beneficial microorganisms working as biocontrol agents to control

plant diseases has been proven to be a promising environmentally

friendly alternative compared with chemical fungicides. Bacterial

endophytes are among the candidates, as they are able to antagonize

many pathogens. For example, seed-borne endophytic bacterial B.

velezensis exhibited over 90% radial growth inhibition of S. rolfsii

hyphae and significantly reduced disease incidence and severity

of stem rot of peanut by pot experiments (Chen et al., 2020). B.

megaterium OSR3 and P. fluorescence PF-097 showed significant

antagonistic activity against S. rolfsii and can effectively control

southern blight disease as well as increase growth and yield of

Chili (Sharf et al., 2021). Endophytic B. subtilis, B. velezensis,

Leuconostoc mesenteroides, and Lactococcus lactis were capable of

controlling the bacterial wilt of tomato (Dowarah et al., 2021).

Native endophytic P. putida afforded a significant reduction in

common bean rust caused by Uromyces appendiculatus (Abo-

Elyousr et al., 2021). In the current study, 20 out of 124 bacterial

endophytes exhibited good antagonistic activities against S. rolfsii

and F. oxysporum both in vitro and on root slices (Table 3).

These strains also have the capacity to produce either IAA

and siderophore or hydrolytic enzymes. Among the 20 strains,

SWUSTb-19 showed the highest inhibition rate against S. rolfsii

and F. oxysporum (Figure 4). Field experiments demonstrated

that the cell fermentation culture of SWUSTb-19 applied to the

roots of A. carmichaelii, significantly reduced southern blight

occurrences compared with non-inoculation treatment at 45 and 54

dpi (Figure 8). No significant difference was detected for southern

blight disease occurrences in the first 30 dpi between SWUSTb-

19 inoculation and CK treatments. The possible reason was that

southern blight is a root disease where pathogens first infect roots,

leading to root rot followed by wilt of leaves and finally death of

the plant. Therefore, when we perceived symptoms in aboveground

plants, host plants have been infected severely by pathogens. It was

possible that plants inoculated by SWUSTb-19 have already been

infected by pathogens previously. This indicated that SWUSTb-

19 should be inoculated prior to pathogen infection. However,

southern blight occurrences by SWUSTb-19 inoculation treatment

were kept at a stable and low level, while disease occurrences in CK

increased over time (Figure 8). Li et al. (2019b, 2020) demonstrated

that three strains isolated from strawberry soil, i.e., S. pactum

Act12, S. rochei D74, and P. griseofulvum CF3 reduced significantly

southern blight incidences by field experiments in the Shaanxi

area, the control efficacy of which ranged from 16.5 to 31.3%.

In the current study, the control efficacy by SWUSTb-19 against

southern blight ranged from 60.0% (7 and 15 dpi) to 78.5% (45 dpi),

which showed better biocontrol efficacy. According to phylogenetic

analysis, SWUSTb-19 was classified into Pseudomonas genus.

Pseudomonas was one of the dominant plant endophytic bacteria

and widely used as biofertilizers and biocontrol agents (Weller,

2007; Dimkić et al., 2022). Therefore, Pseudomonas sp. SWUSTb-19

represents a promising biocontrol agent for the control of southern

blight in A. carmichaelii.

Cell-free culture filtrate of Pseudomonas sp. SWUSTb-19

significantly inhibited hyphal growth, sclerotia formation, and

germination of S. rolfsii (Figure 5). These results indicated

that Pseudomonas sp. SWUSTb-19 secreted antifungal secondary

metabolites. Hydrolytic enzymes, siderophores, cyclic lipopeptides,

biosurfactins, and volatile organic compounds are among the

main secondary metabolites underlying biocontrol mechanisms

in Pseudomonas strains (Dimkić et al., 2022). We demonstrated

that Pseudomonas sp. SWUSTb-19 was able to produce glucanase,

which was able to hydrolyze glucan, one of the main components

of the cell wall in pathogenic fungi (Jadhav et al., 2017).

Pseudomonas sp. SWUSTb-19 also showed positive activity for

siderophore production in CAS agar medium. Iron is an essential

nutrient element that works as a cofactor for enzymes such as

metalloprotease and regulatory proteins involved in many cellular

processes in all organisms (Di Francesco and Baraldi, 2021).

However, the amount of iron in the soil is not always available

because of the low solubility (Li et al., 2019a). Many bacteria

scavenge iron from the environment through the secretion of

siderophores, with a high affinity for iron (Gu et al., 2020).

Competition of iron by secreting siderophore represents a universal

mechanism for beneficial bacteria to suppress phytopathogens

(Gu et al., 2020). Whether Pseudomonas sp. SWUSTb-19 was

able to compete for iron with pathogenic fungi under low
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TABLE 4 E�ects of SWUSTb-19 cell fermentation culture on A. carmichaelii plant growth by field experiments.

Treatment Stem Main root Lateral root

Fresh weight
(g)

Dry weight
(g)

Fresh weight
(g)

Dry weight
(g)

Fresh weight
(g)

Dry weight
(g)

SWUSTb-19 43.92± 2.05a 9.99± 0.5a 38.97± 2.15a 7.44± 0.68a 88.57± 8.16a 24.36± 2.90a

CK 27.98± 3.25b 6.96± 0.9b 28.57± 2.85b 4.87± 0.64b 48.54± 5.95b 12.82± 1.91b

Data was presented by mean± SE. Different lower-case letters indicated significant difference (p < 0.05) according to student t-test.

FIGURE 9

Summary schematic of endophytic bacteria SWUSTb-19 for the control of southern blight and plant growth promotion on A. carmichaelii.

iron concentration condition and needed further exploration. In

addition, by PCR amplification, fenA and srfAA which are involved

in the synthesis of fengycin and surfactin, respectively, were

successfully amplified from the genomic DNA of Pseudomonas

sp. SWUSTb-19. Fengycin is a cyclic lipopeptide with strong

fungitoxic activity, specifically against filamentous fungi. Fengycin

can interact with the lipid layer and to some extent retain the

potential to alter the cell membrane structure and permeability

of fungi (Ongena and Jacques, 2008). Surfactin is a powerful

biosurfactant with the ability to self-assemble and form micelles
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of various sizes. Bacterial surfactin plays a pivotal role in

swarming motility, biofilm formation, plant tissue colonization,

and competition for nutrients and niches (Dimkić et al., 2022). In

addition, by dual-culture method, we showed that Pseudomonas

sp. SWUSTb-19 can produce volatile compounds that completely

inhibited the hyphal growth of S. rolfsii. Aldehydes, ketones,

alcohols, and sulfur-containing compounds such as methanethiol,

dimethyl, and DMDS with antifungal activities have been detected

in Pseudomonas spp. strains (Hernández-León et al., 2015).

Characterization of the exact antifungal volatile compounds

produced by Pseudomonas sp. SWUSTb-19 by gas chromatography

would be of great help to elucidate the mode of action and

mining useful biocontrol products. Taken together, the production

of glucanase, siderophore, lipopeptides, and volatile compounds

may be the potential mechanisms employed by Pseudomonas sp.

SWUSTb-19 for antagonizing against S. rolfsii and promoting plant

growth (Figure 9).

5. Conclusion

The present study explored genetic diversity, plant growth

promotion, and antifungal activities of endophytic bacteria

isolated from A. carmichaelii. A total of 124 bacterial strains

were isolated from different organs of A. carmichaelii. These

strains belonged to 10 genera including Bacillus, Pseudomonas,

Pantoea, Enterobacter, Klebsiella, Xanthomonas, Agrobacterium,

Microbacterium, Rummeliibacillus, and Sphingobacterium, among

which Bacillus and Pseudomonas were the dominant genera based

on 16S rRNA gene sequence. These endophytic bacteria showed

plant growth-promoting properties including the production

of IAA, hydrolytic enzymes, siderophore, and solubilization of

phosphate and potassium. A total of 20 strains showed antagonistic

activity against either S. rolfsii or F. oxysporum in vitro and on

root slices of A. carmichaelii. Strain Pseudomonas sp. SWUSTb-

19 showed promising biocontrol potential against southern blight

of A. carmichaelii by field experiments. The possible mode of

actions by Pseudomonas sp. SWUSTb-19 for the control of southern

blight involved the production of hydrolytic enzymes, antifungal

lipopeptides, and volatile compounds. Our findings indicated that

A. carmichaelii captured diverse endophytic bacteria with great

plant growth-promoting and antifungal potential.
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