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Abstract
Plant endophytic microorganisms, which can enhance plant growth and resistance to biotic and abiotic stresses, are untapped 
resources with large potential applications for crop production. However, the endophytic community is influenced by mul-
tiple factors, such as host genetics, the environment, and other microbes. Thus, it is important to characterize well-adapted 
endophytes from native crops. We isolated 43 endophytic bacteria from sugarcane cultivar Yunzhe-99-91. All these 43 
isolates were examined in vitro for nitrogenase activity and the ability to dissolve phosphorus and produce siderophore. One 
of these strains, B9, identified as Bacillus subtilis and showed maximum plant growth promotion, was selected for detailed 
studies. B9 promoted the production of organic acids such as propionic acid, acetic acid, malic acid and citric acid, and 
the production of phytohormones, including indole-3-acetic acid, cytokinin, 6-benzyladenine, and zeatin. Moreover, B9 
significantly promoted the growth of sugarcane plantlets and increased the content of nitrogen, phosphorus, and potassium 
in the seedlings by 29.26%, 50.78%, and 15.49%, respectively. The photosynthetic rate, root development, and chlorophyll 
content were also improved with varying degrees compared to the non-inoculated control. The cotyledon and hypocotyl of 
sugarcane gems germinated faster when co-cultured with the B9 strain compared with control group. Colonization assay 
showed that B9 was mainly colonized in the roots, followed by the stems and leaves. In conclusion, the positive interaction 
between endophytic strain B9 and sugarcane may provide long-lasting benefits and a direction for developing and utilizing 
B9 as a biofertilizer for sugarcane cultivation to decrease fertilizer application.
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Introduction

Plants can be observed as a complex micro-ecological sys-
tem (Santoyo et al. 2015), and a variety of microorganisms 
co-exist with plants to form a nutrient-rich and competitive 
dynamic equilibrium system (Rahman et al. 2017). This 
system includes peripheral microorganisms that can infect 
the plants in vitro and “endophytes,” which can penetrate 
the plant tissues and systemically colonize (Schulz et al. 
2006). Endophytic bacteria reside in healthy plant tissues, 
mainly in the vascular system of plant cells, cell gaps or 
xylem, and phloem, without causing obvious symptoms 
of infection (Ryan et al. 2010). Plants constitute vast and 
diverse niches for endophytic organisms. Compared with 
the microorganisms in other niches, such as the rhizosphere 
and phyllosphere, the specific niche insulates these endo-
phytes from the adverse conditions of ultraviolet and stern 
climate, thereby allowing endophytes to stably synthesize 
and secrete metabolites, such as phytohormones and growth-
regulating enzymes, which directly promote the plant growth 
and development at various stages of the plant life cycle 

through different mechanisms (Hallmann et al. 1999; Li 
and Wei 2020; Taghavi et al. 2009). Endophytes produce 
numerous bioactive compounds, which are widely used in 
agriculture and industry manufacturing of antibiotics and 
insecticides (Compant et al. 2005; Waller 2005). In addition, 
endophytic bacteria have the potential to remove the soil 
pollutants through enhanced bioremediation and may play 
a role in improving soil fertility (Sheng et al. 2008). Studies 
have revealed that most of the beneficial endophytic bacteria 
isolated from healthy plant roots have similar growth-pro-
moting functions as plant growth-promoting rhizobacteria 
(PGPR) (Vessey 2003; Khalid et al. 2010; Lodewyckx et al. 
2002; Lery et al. 2010).

Plant growth-promoting endophytes (PGPE) promote 
plant growth directly and indirectly. Direct mechanisms 
involve atmospheric nitrogen fixation (Reinhold et al. 1987; 
Boddey et al. 2003), phosphorus (P) and potassium (K) solu-
bilization, making these readily available for plant growth 
(Egamberdiyeva 2007), siderophores production that can 
solubilize and sequester iron from the soil and protecting 
the plants from various diseases and production of several 
plant growth-regulating compounds, including plant hor-
mones, profoundly influence the growth and differentiation 
of plant cells, tissues, and organs; the active metabolism-
related enzymes in plants can promote the metabolism and 
improve the plant photosynthetic efficiency (Patten and 
Glick 1996). Indirect action refers to the inhibition or miti-
gation of the adverse effects of some plant diseases on the 
growth, development, and yield of plants, i.e., production of 
antibiotics, extracellular polymeric substances (EPS) such 
as polysaccharides, which activate the stress resistance of 
plants and to establish a harmonious symbiotic relationship 
with plants (Lodewyckx et al. 2002). In endophyte–plant 
mutualisms, several studies show that PGPE brings sig-
nificant advantages to the plants, which have been widely 
studied for increasing agricultural productivity. Among the 
various plant growth-promoting bacteria (PGPB), Pseu-
domonas spp., Burkholderia, Azospirillum, and Bacillus 
have been extensively studied in several crops (John et al. 
2017; Rondeau et al. 2019; Silva et al. 2018) including rice 
(Oryza sativa L.), maize (Zea mays L.), tomato (Solanum 
tuberosum L.), and sugarcane (Saccharum officinarum L.) 
(Boddey et al. 2003; Gyaneshwar et al. 2001; Verma et al. 
2001; Olivares et al. 1996; Waweru et al. 2014).

Saccharum officinarum L. is one of the most impor-
tant cash crops in Southern China. Yunnan province is the 
second-largest sugarcane growing area after Guangxi prov-
ince. However, several problems persist in Yunnan, such as 
unreasonable fertilization and excessive or unscientific pro-
portioning of sugarcane (Fan et al. 2018). It is well known 
that sugarcane needs much fertilizer during its growth, and 
the production of one ton of sugarcane requires 1.5–2 kg 
nitrogen (N), 1–1.5 kg phosphorus  (P2O5), and 2–2.5 kg 
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potassium  (K2O) to be absorbed from the soil (Fen 2001). 
Consequently, large quantities of chemical fertilizers are 
applied to agricultural soil. This not only increases the cost 
for farmers but also brings environmental and public risks 
(Iqbal et al. 2020). Determining how to reduce the inputs of 
chemical fertilizer and identifying environmentally friendly 
alternatives to chemical fertilizer are important subjects in 
present scientific research. In Brazil, researchers are inten-
sively working on further reducing the use of N-fertilizer 
application by one-half (< 125,000 t N/year) due to the 
biological nitrogen fixation, for producers to save approxi-
mately US$62.5 M annually (Oliveira et al. 2006). The first 
report on endophytic microorganisms in sugarcane began in 
Brazil in 1961 was published by Döbereiner (1961), which 
first demonstrated the link between the nitrogen-fixing 
bacteria and sugarcane. Afterward, the diversity of sugar-
cane microorganisms was reported one after another, such 
as Azospirillum, Burkholderia, Klebsiella, Enterobacter, 
Erwinia, Gluconacetobacter diazotrophicus, Herbaspiril-
lum rubrisubalbicans, Herbaspirillum seropedicae, and 
Pseudomonas (Mirza et al. 2001; James and Olivares 1998; 
Boddey et al. 1991; Döbereiner 1997). Interestingly, the iso-
lated microbial species and types slightly varied from place 
to place. According to the characteristics that can promote 
plant growth using endophytes, the endophyte communities 
and species were subjected to the regions and hosts (Shy-
manovich and Faeth 2019). Although there are many studies 
on endophytes (Silva et al. 2018; Tejera et al. 2005), few 
studies were conducted in Yunnan province, which is one of 
the major sugarcane production regions in China.

Therefore, this study was aimed to explore the resources 
of endophytic bacteria in Yunnan province. The isolation 
of native functional strains has great significance for the 
development of local agriculture due to the influence of 
the host genotype and environment on endophytic bacteria. 
Thus, the present research provides a systematic understand-
ing and paves the way for further experimental exploration 
on the relationship between sugarcane with its endophytes, 
facilitating the development and utilization of microbial 
resources.

Materials and Methods

Isolation of Endophytic Bacteria

Endophytic bacteria were isolated from 6-month-old sug-
arcane plants (Yunzhe 99-91, YZ99), grown in the Field 
Gene Bank of Yunnan Agricultural University (YNAU), 
Kunming, Yunnan (N25.138726°, E102.758756°). The field 
has been in monoculture for more than ten years, and sug-
arcane grew in a typical subtropical environment. Healthy, 
non-flowering stalks and leaves were randomly collected 

from three independent plants of the same variety. Leaves, 
stems, and roots across these repeats were served as the main 
research material, which was collected for one gram from 
each repeat, respectively. Finally, one gram of these tissues 
of each sample were grinded separately, each seedling was 
treated as a single replicate. The operative procedures were 
as follows: (1) all of the above-mentioned materials were 
rinsed with tap water and gently wiped with a soft brush 
for two minutes to remove the surface impurities and dried 
with a paper towel to remove the water, (2) the above pre-
treated stems, leaves, and roots tissue of 1.0 g were sampled 
and the stems and leaves were surface disinfected with 75% 
alcohol for 1 min and roots for 3 min, then sterilized in 1% 
NaClO solution for 3 min and 6 min, respectively, rinsed 
with sterile water six times to remove the disinfectant, and 
finally, dried using sterile filter paper, and (3) the sterilized 
tissue samples were placed in a sterile mortar that contained 
9 mL of sterile water and uniformly grounded to homog-
enize the tissues. Then, the obtained suspension was serially 
diluted to concentrations of  10–3,  10–4, and  10–5. Next, 100 
uL of the cell suspension described above were cultured on 
Luria–Bertani (LB) agar plate (g/L) (NaCl-10; bacto tryp-
tone-5; yeast extract-5, and agar-20) at 37 °C for 1–2 days, 
and each gradient was set for three replicates. In addition, 
in order to determine the success of the surface steriliza-
tion procedure, 100 μL of water of the last rinsed explants 
was placed on LB agar and incubated at 25 °C for 7 days. 
No colonies appeared in the dish to thoroughly confirm the 
disinfection.

Molecular Identification

All isolates were cultured on LB solid medium at 28 °C 
for 3 days, and consistent morphological appearances were 
grouped as one category. The molecular identification of 
strains was performed. A total of 43 isolates were tested and 
grown overnight in LB medium for 24 h at 30 °C. After incu-
bation, DNA extraction was performed according to Cheng 
and Jiang (2006) procedure. Three housekeeping genes (16S 
rRNA, gyrB, and rpoB) were amplified, respectively. The 
list of all primers was presented in Supplementary Table S1 
(Additional file 1). The polymerase chain reaction (PCR) 
was performed in a thermocycler (Veriti 96-Well Thermal 
Cycler, ABI, USA) as follows: initial denaturation at 94 °C 
for 4 min and 30 s, followed by 30 cycles of denaturation 
at 94 °C for 45 s, annealing at 53 °C for 45 s, extension at 
72 °C for 1 min, and final extension at 72 °C for 10 min. 
PCR products were sequenced by Qingke Company (ABI 
3730xl Sanger). The sequencing results were spliced using 
DNAMAN V6, and the homology was compared with the 
National Center for Biotechnology Information (NCBI) 
database. The NCBI alignment search tool, BlastN, was 
used to identify homologous sequences in GenBank (http:// 
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blast. ncbi. nlm. nih. gov/ Blast. cgi). Sequences that had ≥ 97% 
identity with several species of the same genus were identi-
fied up to the genus level, and homology (≥ 99%) identity 
was performed for single species (Drancourt et al. 2000).

Screening for Plant Growth‑Promoting Traits

Isolates were screened for the plant growth-promoting (PGP) 
traits, such as nitrogen fixation, tricalcium phosphate [TCaP, 
 Ca3  (PO4)2], calcium phytate (Ca-phy), and potassium (K) 
solubilization, and siderophore production. The screening 
was carried out using agar plate assays in Absinthe (Ashby) 
culture medium (g/L)  (KH2PO4-0.2,  MgSO4·7H2O-0.2, 
NaCl-0.2,  CaCO3-5, mannitol-10,  CaSO4·2H2O-0.1, and 
agar-18) for the nitrogen fixation assay (Xi et al. 2005). 
The culture medium of Pikovskaya (PVK) (g/L) (Nautiyal 
1999) (glucose-10,  (NH4)2SO4-0.5, NaCl-0.2, KCl-0.2, 
 FeSO4·7H2O-0.002,  MnSO4·4H2O-0.05,  CaCO3-5, and 
agar-18.0) and the Ca-Phy medium (g/L) (Kumar et al. 
2013) (glucose-15, Calcium phytate-5,  (NH4)2SO4-0.5, 
 MgSO4·7H2O-0.5 ,  KCl-0.5 ,   FeSO4·7H2O-0.01, 
 MnSO4·4H2O-0.1, and agar-18.0) were used for the phos-
phate solubilization assay. The Pérez-Miranda method was 
used to detect the siderophore production (Pérez-Miranda 
et al. 2007). In general, the diameter of the measurable halo 
zone (D)-to-colony diameter (d) ratio was used to evaluate 
the ability of the strains to fix nitrogen, solubilize phospho-
rus, and produce siderophore (Wang et al. 2018). At this 
stage of the screening, there was no attempt to quantify the 
cell numbers, and reactions on the agar plates were visu-
ally scored. All isolated colonies were transferred into the 
medium, as described above, and incubated at 28 °C for 7 
days. For the determination, clear halo zones were observed 
around the bacterial colonies. All assays described above 
were repeated thrice, with three replicates.

Plant Growth‑Promoting Properties of Strain B9

According to the previous isolation and cultivation of bacte-
ria, a functional strain was screened out, which was named 
B9, and this owned the traits of PGP. In order to investi-
gate the biological activity, the quantitative determination 
of nitrogen fixation, potassium solubilization, organic and 
inorganic phosphate solubilization was carried out. The 
nitrogenase activity was assayed using a modified acetylene 
reduction assay (ARA)(Berman-Frank et al. 2001; Hardy 
et al. 1968). For the quantitative determination of phos-
phorus-dissolving capacity, the following mediums were 
used: PVK, the National Botanical Research Institute’s 
Phosphate (NBRIP) growth medium (g/L) (Shymanovich 
and Faeth 2019) (glucose-10,  MgCl2·6H2O-5,  MgSO4.H2O-
0.25, KCI-0.2,  (NH4)2SO4-0.1, and  Ca3(PO4)2-5, pH-7), 
and the Ca-Phy and modified potassium medium (g/L) 

 (NaH2PO4-2,  MgSO4·7H2O-0.2,  FeCl3-0.05-, sucrose-5, 
 CaCO3-0.1, potassium feldspar-1, and agar-18, pH-7). A 
single colony of B9 was picked and incubated in the above 
medium, and the cultures were held in a shaking incuba-
tor at 36 °C, shaking at 160 r/min. The negative control 
(CK) is comprised of the culture filtrate that was not inocu-
lated with the bacteria and incubated under the same condi-
tions as the treatments. After culturing for 1, 3, 5, 7, and 
9 days, the culture medium was centrifuged for five minutes 
(12,000 r/min), and the pH was determined using a cali-
brated Jenway 3510 pH meter. Then, the content of soluble 
phosphorus was determined using the molybdenum blue 
method (Maliha et al. 2004). Furthermore, for estimation 
of the potassium-dissolving capacity, the strain was also 
inoculated in the liquid potassium medium (g/L) (glu-
cose-10,  (NH4)2SO4-0.5, yeast extract-0.5,  MgSO4·H2O-0.3, 
 Na2HPO4-2,  FeSO4·7H2O-0.03,  MnSO4·4H2O-0.03, K-feld-
spar-2, pH-7) for 1, 3, 5, and 7 days and was centrifuged 
for five minutes (12,000 r/min) before detection (Hariprasad 
and Niranjana 2008). Then, the soluble potassium in the 
medium was determined using the flame photometry (4530F 
atomic absorption spectrophotometer (PC control), Shang-
hai, China). The experiments were repeated three times, with 
three replicates per sample.

Identification of Strain B9

Strain B9 was identified on the basis of morphological, phys-
iological, biochemical, and molecular identification (Küpfer 
et al. 2006; Yamamoto and Harayama 1995). The citrate uti-
lization test, amylohydrolysis (starch hydrolysis test), nitrate 
reduction test, indole test, gelatin liquefaction test, hydrogen 
sulfide test, and other physiological and biochemical indexes 
were performed according to the common bacterial system 
identification manual method (Young 1926). The website 
(www. bacte rio. net) was used as an auxiliary tool to find the 
reference strain name, and the orthologous sequences used 
for multiple sequence alignments were downloaded from 
NCBI. Multiple nucleotide sequences were then aligned 
using ClustalW on MEGA 6 (Cummings 2014; Thompson 
et al. 1994). The phylogenetic tree was constructed using the 
maximum likelihood method with Kimura two-parameter 
model; the bootstrap analysis using 1000 replications was 
performed to assess the relative stability of the branches.

Production of Organic Acids (OAs) by B9 Strain

The OAs produced by the B9 strain was determined by 
High-performance liquid chromatography (HPLC). The 
OAs standard products including tartaric acid, succinic acid, 
malic acid, lactic acid, acetic acid, citric acid, and propionic 
acid were purchased from Macklin Biochemical Technology 
Co., Ltd., China and the NBRIP was used for measurements 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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of the organic acids in the test medium. Strain B9 was trans-
ferred in the above medium and incubated in a shaker set 
at 160 r/min and 36 °C, the blank medium was used as the 
control. The determination of organic acid was carried out 
on the 9th day after inoculation of the B9 strain.

Production of Phytohormones by Strain B9

The phytohormones produced by the B9 strain were deter-
mined by High-Performance Liquid Chromatography Mass 
Spectrometry (HPLC–MS). The phytohormone standard 
products including indole-3-acetic acid (IAA), gibberellin 
(GA3), gibberellin (GA4 + 7), Zeatin (ZT), 6-Benzylami-
nopurine (6-BA), 6-furfurylaminopurine (6-KT), and other 
experimental reagents were purchased from Solarbio (Bei-
jing, China). LB and Landy media (l-tryptophan loading 
0.003 mol/L) (Landy et al. 1947; Glickmann and Dessaux 
1995) were used for bacterial growth and the blank medium 
was used as the control. After the strain B9 inoculation at 
37 °C, with shaking at 230 r/min, the samples of the culture 
broth were taken at intervals of 2 days, starting from the 
third to the seventh day. The harvested samples were ana-
lyzed by HPLC–MS, followed by above described protocol 
(Glickmann and Dessaux 1995). The varieties and contents 
of hormones in the LB medium and the content of IAA in 
the Landy medium were determined, respectively. For each 
outcome, the chromatogram of IAA, GA3, GA4 + 7, 6-BA, 
and 6-KT were processed using the software Xcilabur 3.0 
(Thermo), and the chromatogram collection and integration 
of compounds in the determination of OAs were processed 
using the Agilent Chemstation software.

Preparation of Liquid Inoculum

Unless otherwise specified, LB broth was used for bacte-
rial growth and proliferation. 1 mL of the B9 overnight cul-
ture was inoculated with 1000 mL of LB medium, and the 
cells were grown under agitation (160 r/min) at 37 °C for 3 
days. Afterward, these cultures were centrifuged at 12,000 
r/min for 15 min at 4 °C. The pellets were re-suspended in 
500 mL of sterile water and repeated three times to remove 
the residual nutrients of medium and stored in the refrigera-
tor at 4 °C. Before use, the cell concentration of B9 was 
adjusted to  108 CFU/mL.

Effect of Strain B9 on the Growth 
of Micropropagated Sugarcane Plantlets

A pot experiment was used to explore the growth-promoting 
ability of B9 strain on sugarcane. The potted soil consisted of 
nursery soil (alkali-hydrolyzable nitrogen 347.72 ± 3.41 mg/
kg, available phosphorus 5.03 ± 0.43 mg/kg, total potassium 
287.33 ± 2.65 mg/kg). This soil was filled in a growing 

basin (9 × 9 cm culture plastic cup with an average quality 
of 300 ± 20 g/pot).

To exclude the interference of other factors like vertical 
transmission properties of endophytes, the micropropagated 
sugarcane plantlets were developed from the sugarcane cul-
tivar ROC22 and used in this experiment. After the process 
of differentiation, dedifferentiation, and redifferentiation for 
stem apical meristems, the generated plantlets were trans-
ferred to the nursery to obtain the complete plant with three 
leaves to prepare the strain inoculation. Twenty sugarcane 
seedlings (ROC22 cultivar) were transplanted into pots con-
taining soil as mentioned above. Before the bacterial inocu-
lation, the seedlings were watered as required until grown 
under normal conditions, with consistent growth. Bacteria 
treatment was applied to the sugarcane seedlings 10 days, 
20 days, and 30 days after transplantation. During the inoc-
ulation, the inoculums mentioned above were diluted and 
slowly poured into the root of the plant and each pot was 
treated with strain B9 (~  106 CFU/pot). The Nil treatment 
without inoculation (strain B9) served as the control and 
supplied the same amount of sterile water to ensure the con-
sistency of the soil moisture. Pots were watered regularly 
and 15 mL sterile Hoagland dilution (tenfold dilution) was 
applied to each treatment pot at 20 days and 40 days after 
transplantation, to ensure that the essential nutrients for plant 
growth are provided (Hoagland and Arnon 1950). These 
plants were grown in a growth chamber with a 16-h light/8-
h dark cycle and a constant temperature of 35 °C. Agro-
nomic traits were used to measure at the time of phenotypic 
divergences appeared, which included the stem diameter and 
plant height, root length, root projected, photosynthesis, etc. 
Centimeter ruler, vernier caliper were used to measure the 
height, root length, leaf length, and stem; the traits related 
to the roots were measured using the MICROTEK scanner. 
A total of N in the plant was analyzed using the Kjeldahl 
digestion method (Alkali-hydrolyzable); the available P in 
the plant samples was estimated using the molybdovanadate 
method (Bray 1945), and the available K was analyzed using 
an atomic absorption spectrophotometer (AAS6300, Japan).

Effect of Strain B9 on the Growth of Six Sugarcane 
Genotypes

The present study aimed to compare the growth-promoting 
ability of strain B9 on different sugarcane genotypes. The 
six sugarcane varieties including ROC22, Yuetang 93-159 
(YT93), Dianzhe11-728 (DZ11), Liucheng 09-182 (LC09), 
GuiTang11 (GT11), Dianzhe 01-58 (DZ01) were used for 
the treatment by dipping them in the liquid inoculum of B9 
(~  106 CFU/mL). With the same thickness, growth period, 
and position, the sugarcane gems were washed in running 
water to remove the dirt and cut into pieces, with a size of 
approximately 8 cm (younger and vigorous). Each variety 



1725Journal of Plant Growth Regulation (2023) 42:1720–1737 

1 3

was divided into two groups, inoculated with the strain B9 
and no inoculation as control. Each group had no less than 
ten repeats. These gems were placed into the stainless steel 
disc (50 × 35 × 4.8 cm, length, width, and height). The inocu-
lated group was poured with 2 L of B9 inoculum (~106 CFU/
disc), and the non-inoculated group was poured with the 2 
L of sterile water. Both treatments were cultured at a con-
stant temperature chamber at 37 °C under 12-h light and 
12-h darkness. The hypocotyl and cotyledon lengths were 
observed after 6 days.

The Construction of Green Fluorescent 
Protein‑Tagged B9 (B9‑gfp) and Plasmid Stability 
Under the Non‑selective Condition

The B9-gfp was obtained through the conjugal transfer of the 
pHT01-P43GFPmut3a plasmid that carried the gene encod-
ing green fluorescent protein (GFP) into the B9 cytoplasm, 
and this was used instead of its wild type in colonization 
preference test of the present study. To assess the stability 
of the B9-gfp strain without selection, B9-gfp was cultured 
overnight in LB medium (10 µg/mL chloramphenicol), fol-
lowed by the adjustment to a suspension [optical density 
(Hallmann et al. 1999) 600 = 1.0] in LB broth. Subsequently, 
the stability was evaluated through continuous culturing in 
fresh LB broth (0.1% w/w, per five hours) without chloram-
phenicol (Cm) for 60 h at 37 °C under shaking (160 r/min). 
Morphological characterization was performed to compare 
the wild-type B9 and B9-gfp based on growth rate and mor-
phology (sporulation rate and color). The single colony of 
B9-gfp and wild-type B9 was introduced to 100 mL of fresh 
LB broth and cultured under the aforementioned conditions. 
During the inoculation, the number of bacteria of the culture 
was measured every 2 days by the dilution plate method, 
and the number of the fluorescent colony-forming unit were 
counted under the blue laser source (488 nm) photomulti-
plier tube.

In Vitro Colonization Study of B9 in Different 
Sugarcane Tissues

The germinated sterile tissue seedlings of (ROC22) were 
transferred into 5 × 30 cm (diameter × height) sterile glass 
tubes containing 20 mL of 1:10 diluted hoagland nutrient 
solution. Before inoculation, strain B9-gfp was cultured in 
LB medium (10 µg/mL chloramphenicol) for 3 days. The 
bacteria was collected by centrifugation at 10,000 r/min for 
15 min and then re-suspended in sterile distilled water to 
obtain a concentration of approximately  108 CFU/mL. Then, 
the cell suspension was transferred to plastic glass tubes con-
taining B9-gfp at the concentration of  106 CFU/tube, or ster-
ile water as control. The populations of B9-gfp in sugarcane 
tissues were monitored after 10 days of inoculation. The 

fresh samples of the roots and leaves of the plants were col-
lected, and the colonization of B9-gfp bacteria in the tissue 
culture seedlings was observed by Laser Scanning Confocal 
Microscopy (LSCFM) after slicing.

Data Collection and Analysis

The difference between groups was compared by one-way 
analysis of variance (ANOVA) and least significant differ-
ence (LSD) test, where P ≤ 0.05 and P ≤ 0.01 were consid-
ered as significant and extremely significant, respectively. 
The analysis was performed with IBM SPSS 23.0 and 
GraphPad prism 8.0.1.

Results

Isolation and Identification of Endophytic Bacteria 
with Plant Growth Growth‑Promoting Traits

A total of 43 bacterial strains were isolated from the leaves, 
stems, and roots tissues of sugarcane cultivar (Yunzhe 
99-91). Among these, 35 were obtained from the root, 6 
from the stem, and 2 from leaf tissues. From the results, we 
can observe that the distribution of the strains was influenced 
by the ecological niche of the plant and the number of strains 
was greater in the root as compared to stem and leaf tissues. 
Then, all isolates were grouped on basis of the colony shape 
and color and identified by rpoB and gyrB gene sequence 
analysis. As shown in Table 1, the most abundant genera 
were Bacillus, Burkholderia, and Acinetobacter, followed 
by Pseudomonas, Enterobacter, Pantoea, and Paenibacil-
lus. Finally, all isolates were examined in vitro for their PGP 
traits including  N2-fixation, inorganic phosphate solubiliza-
tion, and the mineralization of organic phosphate. After one 
week of incubation on the selected medium, screening of 
all isolates was performed by comparing the presence and 
size of the halo zone formed around the isolates. Follow-
ing an initial screening, one strain named B9, which had 
multiple PGP traits, was selected for the detailed study. The 
actual values were presented in Table S2 (Additional file 2). 

Table 1  Bacterial genera identified from sugarcane cultivar (Yunzhe 
99-91)

Location Genus Num-
ber of 
isolates

YZ root Enterobacter, Bacillus, Acinetobacter, Paeniba-
cillus, Burkholderia, Pseudomonas, Acineto-
bacter

35

YZ stem Pantoea, Burkholderia 6
YZ leaf Bacillus 2
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The formation of the halo zone on the Ashby solid medium 
was used as the parameter for the evaluation of the poten-
tial nitrogen fixation of the B9 strain (Fig. 1a). The pres-
ence of measurable halo zone on PVK (Fig. 1b) and Ca-Phy 
(Fig. 1c) represented the ability of the B9 strain to dissolve 
inorganic and organic phosphorus, respectively. The phos-
phate-solubilizing capacity of the strain was preliminarily 
assessed based on the size of the zone around each colony; it 
was speculated that the dissolved phosphorus content of B9 
to the organic phosphorus source was higher than that of the 
inorganic phosphorus source. Siderophore-producing strains 
were detected by the CAS agar plate by removing  Fe3+ from 
the chromazurol S, as indicated by the color changes, from 
blue to orange. The CAS plate indicated that isolate B9 was 
a potent siderophore-producing bacterium (Fig. 1d).

Identification of Strain B9

Strain B9 was isolated from the root of the sugarcane 
cultivar (Yunzhe 99-19). To identify its genus and spe-
cies, phenotypic identification and housekeeping gene 
sequencing was performed (Tables 2 and 3; Fig. 2). Sin-
gle colony morphology of strain B9 on LB medium shows 
light-orange, undulant round, flat, a bulge in the mid-
dle, a wrinkled surface with irregular edges and size of 
0.5–1.5 cm. Strain was Gram-positive rod-shaped under 
the microscope. Physiological and biochemical iden-
tification revealed that B9 accorded with the Bacillus 
characteristics (Table 2). Further strain was identified 
based on 16S rRNA, rpoB and gyrB sequencing. Results 
showed that strain B9 was 99.8% similar with B. subtilis 
CICC10366 based on 16S rRNA sequencing and 99% and 
98% similar with B. subtilis ATCC21228 on the basis 
of gyrB and rpoB sequencing, respectively. The 16S 
rRNA gene sequence of strain B9 was submitted to the 
GenBank database with accession number MH935511. 
Figure  2 presents the three independent evolutionary 
trees using housekeeping genes (a: gyrB, b: 16S rRNA, 
and c: rpoB). All the molecular phylogenetic analyses 
were inferred by using the Maximum Likelihood method 
based on the Kimura 2-parameter model; the parameters 
were set to default and the bootstrap values were set to 
1000. The percentage of trees in which the associated 
taxa clustered together was shown next to the branches 
(bootstrap values). As shown in Fig. 2a, strains of Pseu-
domonas were used as an outgroup strains, the cluster 
tree in which strains of Bacillus genus participates, i.e., 

Fig. 1  In vitro biological activity of strain B9 for nitrogen fixation, 
phosphate solubilization, and siderophore production. The colony 
morphology of B9 on a Ashby plates, b Pikovskaya, c calcium 

phytate, and d O-CAS. Visible halo zone formation confirms B9 is 
nitrogen-fixing, phosphate-solubilizing and siderophore-producing 
bacteria

Table 2  Physiological and biochemical characteristics of endophytic 
strain B9

 + Indicates positive samples, − Indicates negative samples

Biochemical tests Activity Biochemical tests Activity

Gram stain + Voges-Proskauer test +
KOH reaction − KOH reaction −
Hydrolysis of starch + Hydrolysis of gelatin +
Methyl red test − Utilization of citrate −
Formation of indole + Urease test +
Catalase test + H2S production −
Phospholipase + Glucose +
Sucrose + Mannitol +

Table 3  Identification of strain 
B9 based on 16S rRNA, gyrB, 
and rpoB genes sequences 
fragments in NCBI GenBank 
databases

Strain name Gene Homologous bacteria Matched acces-
sion number

Identity (%)

B9 16S rRNA Bacillus subtilis strain CICC 10366 KM365462.1 99
gyrB Bacillus subtilis strain ATCC 21228 CP020023.1 99
rpoB Bacillus subtilis strain ATCC 21228 CP020023.1 98
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Fig. 2  Phylogenetic tree 
constructed with the MEGA 6 
program and maximum likeli-
hood method based on partial 
16SrRNA nucleotide sequences 
of the B9 strain among the 
ecotypes of B. subtilis. Boot-
strap values of 1,000 replica-
tions are shown at the branch 
points.
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B. amyloliquefaciens, B. siamensis, B. velezensis, and B. 
safensis. Strain B9 and B. subtilis formed a cluster with 
high bootstrap supports value (100%). In Fig. 2b, Pantoea 
agglomerans strains were used as outgroup strains; strains 
of Bacillus genera including Bacillus safensis, B. cereus 
and B. halotolerans were used in clustering tree. Strain 
B9 was also clustered with B. subtilis. In Fig. 2c, the rpoB 
housekeeping gene was used to construct the clustering 
tree. Enterobacter were used as an outgroup, strains of 
Bacillus genus, i.e., B. altitudinis, B. glycinifermentans, 
and B. amyloliquefaciens were used, strain B9 was also 
clustered with B. subtilis with 100% bootstrap value. The 
phylogenetic analyses revealed that the B9 strain formed 
a clade with reference B. subtilis with relatively close 
genetic distance with high support values. According 
to the theory developed in Drancourt, it was proposed 
that this had a 99% and 97% sequence similarity as the 
threshold for defining species and genus identification, 
respectively (Drancourt et al. 2000). Therefore, the B9 
strain was identified as B. subtilis. Meanwhile, the strain 
has been deposited in the Guangdong Provincial Center 
for Microbial Strains, with strain number GDMCC acces-
sion number: GDMCC 1.1665.

Quantitative Estimation of the Biological Activity 
of Strain B9

After the primary agar plate screening, quantitative esti-
mation of nitrogen fixation, phosphorus and potassium 
solubilization detection of the strain B9 were tested. The 
acetylene reduction activity assay (ARA) was used to test 
nitrogen-fixing capability and nitrogenase activity of B9 
was 1,126.93 ± 30.13 nmol/(mL h), indicating the nitro-
gen-fixing ability of strain B9. For the case of the P-solu-
bilization test, the amount of soluble P released by strain 
B9 was measured in the liquid medium, and results showed 
the content of soluble P in the liquid culture filtrate after 
inoculating the B9 bacteria (Fig. 3). In the medium after 
7 days of inoculation, the highest soluble P content was 
290.25 ± 2.65 mg/L in the PVK medium (Fig. 3a) and 
199.6 ± 9.72 mg/L in the NBRIP medium (Fig. 3b) with 
TCaP as the substrate. In the medium with Ca-Phy as the 
substrate, the content of soluble P reached the maximum 
at 9 days post-inoculation, and the amount of dissolved 
P was 1016.53 ± 14.11 mg/L (Fig. 3c). It was observed 
that the ability of B9 to mineralize organic phosphorus 
was stronger than solubilize in organic phosphorus, which 

Fig. 3  Phosphorus (P) and potassium (K)-solubilizing ability of B9 in 
a liquid medium. a Detection of soluble P content in PvK medium 
after inoculation of B9 strain. b Detection of soluble P content in 
NBRIP medium after inoculation of B9 strain. c Detection of soluble 
P content in Ca-Phy medium after inoculation of B9 strain. d Detec-

tion of soluble K content in Ca-Phy medium potassium medium after 
inoculation of B9 strain. Among them, inorganic phosphorus as the 
substrate (a, b), Organic phosphorus as the substrate (c) K-feldspar as 
the substrate (d). An asterisk (**) depicts significant between-group 
difference (P < 0.01)
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was consistent with the above primary screening, i.e., for-
mation of halo zone in the solid agar medium. The pro-
duction of soluble P by B9 strain was significantly higher 
than that of control, which indicates that the strain has a 
certain ability to dissolve phosphorus. In the case of the 
K-solubilizing ability of B9, the highest content of soluble 
K was determined seventh day after inoculation, and the 
amount of soluble K was 5.455 ± 0.135 mg/L (Fig. 3d). 

Identification and Quantification of Organic Acids 
Produced by Strain B9

Interestingly, the pH of PVK, NBRIP two mediums, with 
 Ca3(PO4)2 as the substrate, decreased after the inocula-
tion with B9 and slightly increased after day 7. It was 
noteworthy that when the medium reached the lowest 
pH, the content of soluble phosphorus reached the high-
est level. As the content of soluble phosphorus decreased 
with the subsequent increase in pH, it was assumed that 
the mechanism of dissolved phosphorus correlated to the 
production of OAs and soluble phosphorus was assumed 
to originate from that the surface of  Ca3(PO4)2, which was 
dissolved by OAs. The supernatant of strain B9 was used 
for HPLC analysis. On the ninth day, the exact types of 
OAs of acetic acid (306.51 ± 4.94 μg/μL), propionic acid 
(343.88 ± 19.21 μg/μL), malic acid (14.79 ± 1.02 μg/μL), 
and citric acid (5.07 ± 4.21 μg/μL) were observed in the 
fermentation broth (Table 4).

Identification and Quantification of Phytohormone 
Produced by B9 Bacteria

Plant hormones play an important role in the growth and 
development of plants. In order to assess the ability of 
strain B9 to produce hormones, the phytohormone content 
and composition of B9 culture broth were determined by 
high-performance liquid chromatography/mass spectrometry 
(HPLC/MS). The results were presented in Table 5. Among 
these, the production of IAA was the highest compared to 
other growth hormones, and the content of IAA produced 
by the B9 bacteria increased over time. The content of IAA 
increased by 188.65% from the third to the ninth day. Fur-
thermore, the content of IAA was 66.87 times higher than 
that of ZT and 22.82 times higher than that of 6-BA after 9 
days of inoculation. ZT, a naturally occurring cytokinin in 
plants, can promote lateral bud growth and stimulate cell 
division, callus growth, and seed germination. During the 
9 days, ZT production initially increased and subsequently 
decreased. Then, ZT content continued to increase after 
5 days. However, the total amount was small, which was 
maintained at 1.43 ± 0.20 ng/mL. In the case of the 6-BA, 
the trend of hormone content was the same as that of ZT, 
which reached the highest level after 9 days, with content of 
4.19 ± 0.44 ng/mL (Table 5). At the same time, we measured 
the content of IAA in Landy medium. The content of IAA at 
3, 5, 7, and 9 days of post-inoculation was 1.47, 1.96, 2.17, 
and 2.56 times higher than controls, respectively (Table 6). 
Our data showed that the B9 strain could produce more IAA 
under the premise of l-tryptophan in Landy medium by col-
orimetric assay, which was consistent with a previous study 
showing bacteria can produce more IAA under the premise 
of l-tryptophan in the Landy medium (Shao et al. 2015).

Effect of Strain B9 on Six Different Sugarcane 
Varieties

To test the effect of B9 on the growth of sugarcane, we inoc-
ulated 6 sugarcane genotypes with B9 strain and water as 
control. In the experiment, the ability of growth promotion 

Table 4  Quantity of different organic acids produced by strain B9 in 
the medium

Data are shown as mean ± standard deviation

Strain Acetic acid 
(μg/μL)

Propionic acid 
(μg/μL)

Malic acid 
(μg/μL)

Citric acid 
(μg/μL)

B9 306.51 ± 4.94 343.88 ± 19.21 14.79 ± 1.02 5.07 ± 4.21

Table 5  Content of 3-indoleacetic acid (IAA), gibberellin (GA3), gibberellin (GA4), gibberellins (GA7), zeatin (ZT), 6-benzyladenine (6-BA), 
and 6-furfurylaminopurine (6-KT) in LB nutrient solution

Data are shown as mean ± standard deviation. B9-CK, B9-3d, B9-5d, B9-7d, and B9-9d represent the time in the growth medium (agar-free LB). 
Lowercase letter indicates significant difference (P < 0.05); uppercase letter indicates highly significant difference (P < 0.01)
BLQ below the detection limit

Sample name IAA (ng/mL) GA3 (ng/mL) GA4 (ng/mL) GA7 (ng/mL) ZT (ng/mL) 6-BA (ng/mL) 6-KT ng/mL)

B9-CK 8.28 ± 0.90aA BLQ BLQ BLQ BLQ BLQ BLQ
B9-3d 33.13 ± 1.63bB BLQ BLQ BLQ 1.44 ± 0.08 3.49 ± 0.36ab BLQ
B9-5d 46.93 ± 2.63cC BLQ+ BLQ BLQ 1.33 ± 0.16 3.21 ± 1.61b BLQ
B9-9d 95.63 ± 2.33dD BLQ BLQ BLQ 1.43 ± 0.20 4.19 ± 0.44a BLQ
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of the B9 strain varied with different germplasm, which also 
confirms that the growth-promoting ability of the strain was 
affected by the host genotype. Data showed that the bac-
terial inoculation treatments presented higher hypocotyl 
length than that without bacterial inoculation; the hypoco-
tyl lengths of these four varieties (DZ11, ROC22, YT93, 
GT11) were significantly higher than that of the non-inocu-
lated (P < 0.01), for LC09 variety significant difference was 
observed (P < 0.05), and the variety (DZ01) had no different 
from the control group (Fig. 4j). Second, after inoculated 
with strain B9, the cotyledon length of all varieties (LC09, 
DZ11, ROC22, YT93, GT11, and DZ01) had significantly 
higher than un-inoculated controls (Fig. 4k) (P < 0.01). The 
above results revealed that B9 strain inoculation can pro-
mote the growth of sugarcane. It was worthwhile to note 
that the B9 strain has a significant effect on the growth of 
hypocotyl of sugarcane variety DZ11. While hypocotyl was 
not germinated in the control group, the B9 strain promoted 
the growth of hypocotyl with a length of 3.87 ± 1.68 cm. 
After inoculating the B9 strain, the cotyledon growth of the 
YT93 treatment was increased by 183.50%, when compared 
to the control group, and this was followed by DZ11, which 
increased by 173.33%. There was also a significant increase 
in hypocotyl length and the number after inoculation.

Effect of Strain B9 on the Growth of Sugarcane 
Seedlings

All growth parameters of sugarcane seedlings were observed 
at 55 days post-inoculation of strain B9. Results showed a 
significant increase in all growth parameters of sugarcane 
seedlings inoculated with strain B9 as compared to control 
(Fig. 4g–i). The indexes of seedlings between the treatment 
group and the control group were measured, including leaf 
number, leaf width, plant height, photosynthesis, stem diam-
eter, stem length, and the indicators of the root for the root 
projection area, root area index, root volume, root average 
diameter, and root length. As the data showed (Table 7), the 

B9 inoculation treatment was better than the control in all 
respects. The leaf number, leaf width, and plant height of the 
B9 treatment group were 5.37%, 66.7%, and 68.52% higher 
than those in the control group, respectively. Meanwhile, 
there were significant differences in the photosynthesis rate 
between the treatment and control groups. The net photo-
synthesis rate of an indicator of material productivity per 
unit leaf area was 16.24% higher (15.03 ± 1.32 μmol/m2/s) 
in the treatment group as compared to the control group. 
Hence, this could be inferred to promote the efficiency of 
photosynthesis and increase the accumulation of photosyn-
thetic products after inoculation. The leaf transpiration rate 
(Trmmol) for the treatment group was 1.99 ± 0.25 mmol/
m2/s. This reflects the intensity of the plant transpiration 
rate, which is the physical quantity of the plant water metab-
olism status and water use efficiency. The data showed that 
the treatment group had a high evaporation rate relative to 
the control group, but there was no significant difference 
between these two. The total amount of chlorophyll in the 
treated group (2.95 ± 0.06 mg/g) was 44.61% higher than 
that in the control group. These data showed that the B9 
strain increases the chlorophyll content of plants and con-
tributes to the prior increase in photosynthesis rate. The 
chlorophyll, photosynthetic rate, and transpiration rate of 
the leaves were all determined through the photosynthetic 
level of the plant, and the intensity of the photosynthetic 
capacity was determined by the accumulation of biologi-
cal quality. During the sugarcane production, the length 
and thickness of the stem that determines the yield of the 
treatment group were 18.77 ± 1.76 cm and 3.76 ± 0.11 mm, 
respectively. These were 74.44% and 90.86% significantly 
higher, respectively, when compared to the control group. 
When weighing the above-ground and underground parts 
of the plant, it was revealed that the above-ground and 
underground values were 3.69 ± 0.26 g and 1.31 ± 0.34 g, 
respectively, in the treatment group, respectively, and these 
were 284.38% and 445.83% higher than those in the con-
trol group. The data were collected from the roots using 
MICROTEK Scanmaker, in order to induce B9 to be more 
visible and intuitive for the root growth-promoting changes. 
In the treatment group, the projection area was 25.52 ± 12.35 
 cm2, the root area index and root volume was 80.14 ± 38.79 
 cm2 and 1.17 ± 0.50  cm3, and the scanning root length was 
982.28 ± 588.78 cm. These above data indexes were high 
as 166.67%, 166.78%, 185.36% and 190.64%, when com-
pared to the control (Fig. 4h–i). In order to verify whether 
inoculation can promote the nutrient uptake by seedlings, 
the contents of total N, P and K in sugarcane seedlings was 
measured, and it was clarified that the contents of N, P and K 
after the B9 treatment were significantly higher when com-
pared to the controls (P < 0.01). These increased by 29.26%, 
50.78%, and 15.49%, respectively.

Table 6  3-Indoleacetic acid (IAA) content in Landy culture medium

Data are shown as mean ± standard deviation. B9-CK, B9-3d, B9-5d, 
B9-7d, and B9-9d represent the time in the growth medium (agar-free 
LB). The lowercase letter indicates significant difference (P < 0.05); 
uppercase letter indicates highly significant difference (P < 0.01)

Sample name 3-Indoleacetic acid 
concentration (ng/
mL)

B9-CK 371.50 ± 10.15eD

B9-3d 546.00 ± 4.58dC

B9-5d 727.00 ± 14.11cB

B9-7d 804.00 ± 28.51bB

B9-9d 951.00 ± 7.55aA
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Fig. 4  Growth-promoting ability of B9 strain in six different sug-
arcane varieties. We recorded the differences in morphology of the 
sugarcane gems for six different sugarcane cultivar genotypes (the 
left plot is control and the right for B9 strain treatment respectively) 
and the ROC22 variety culture seedlings after B9 strain inocula-
tion. a The morphological appearance of the sugarcane gems for the 
genotypes of sugarcane cultivar YT93. b The morphological appear-
ance of the sugarcane gems for the genotypes of sugarcane cultivar 
DZ11. c The morphological appearance of the sugarcane gems for the 
genotypes of sugarcane cultivar LC09. d The morphological appear-
ance of the sugarcane gems for the genotypes of sugarcane cultivar 
ROC22. e The morphological appearance of the sugarcane gems 

for the genotypes of sugarcane cultivar DZ01. f The morphological 
appearance of the sugarcane gems for the genotypes of sugarcane 
cultivar GT11. g The differences in morphology of sugarcane culture 
seedlings, the plantlet on the left represent the non-inoculation group, 
and the plantlet on the right represents the inoculation group. h The 
root scan results for the inoculation of strain B9 group for sugarcane 
sterile seedlings at 50 days. i The root scan results for the non-inocu-
lation group for sugarcane sterile seedlings at 50 days. j The effects of 
hypocotyl length of B9 inoculation in 6 days on different varieties of 
sugarcane seedlings. k The effects of cotyledon length of B9 inocula-
tion in 6 days on different varieties of sugarcane seedlings. All pic-
tures of the root were performed using a MICROTEK scanner
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In Situ Colonization of GFP‑Tagged B9 on Sugarcane

The growth rates and morphology of the transconjugant cells 
and the wild-type B9 cells in the antibiotic-free LB medium 
were not significantly different, suggesting little growth 
burden from the plasmid to the transconjugant cells. How-
ever, it was found that the number of colonies formed by the 
B9-gfp was lower than that of wild-types (Fig. S1, Addi-
tional file 3). At 10 days after inoculation, the root, stem, 
and leaves samples were assessed using both fluorescence 
and confocal microscopy. Green fluorescent gfp-tagged B9 
cells were found to attach, individually or in groups, to the 
root surfaces predominantly at root maturation zones. The 
roots had the highest number of bacteria, followed by the 
stems and leaves. Cells were visualized under laser confo-
cal microscopy. The viable counts of the test strain in root 
stabilized at approximately  105–107 CFU/g,  103–105 CFU/g 

in the stem, and  103–104 CFU/g in the leaves. It can also be 
observed that the B9 strain has a strong colonization capac-
ity in different tissues of sugarcane (Fig. 5). 

Discussion

Yunnan province is one of the largest sugarcane producing 
regions of China. However, isolation and characterization 
of endophytic bacteria from sugarcane in Yunnan, China 
is very less explored (Muήoz-Rojas and Caballero-Mellado 
2003). Hence, it is required to isolate and identify an effec-
tive endophytic diazotroph from a main agricultural crop 
like sugarcane. In the present study, several endophytic bac-
terial strains were isolated from the Yunnan native sugarcane 
cultivar YZ99-91 and characterized into six different gen-
era. Previously, Wang et al. (2013) isolated 20 endophytic 

Table 7  Effect on plant growth parameters of sugarcane tissue culture seedlings inoculated with strain B9

Data are shown as mean ± standard deviation, letter a, b means there is a significant difference between a value with B9 and a value without B9, 
P < 0.05 and A,B means there is a very significant difference, P < 0.01
*F is an abbreviation of Fresh of sample at standard temperature and pressure

Agronomic trait/index Control B9 Agronomic trait/index Control B9

Leaf number 6.33 ± 0.58 6.67 ± 0.58 Root projected area  (cm2) 9.57 ± 0.21a 25.52 ± 12.35b

Leaf width (cm) 0.54 ± 0.08aA 0.90 ± 0.10bB Root area index  (cm2) 30.04 ± 0.67a 80.14 ± 38.79b

Aerial part F (g)* 0.94 ± 0.19aA 3.69 ± 0.26bB Root volume  (cm3) 0.41 ± 0.004a 1.17 ± 0.50b

Root part F (g) 0.24 ± 0.05aA 1.31 ± 0.34bB Photosynthesis (μmol/m2/s1) 12.93 ± 2.38a 15.03 ± 1.32b

Stem diameter (mm) 1.97 ± 0.17 aA 3.76 ± 0.11 bB Trmmol (mmol/m2/s1) 1.96 ± 0.18 1.99 ± 0.25
Stem length (cm) 10.76 ± 1.70aA 18.77 ± 1.76bB Sweep root length (cm) 337.97 ± 7.00a 982.28 ± 588.78b

Plant height (cm) 60.33 ± 7.37aA 101.67 ± 13.80bB Chlorophyll (mg/g) 2.04 ± 0.02 2.95 ± 0.02
Root length (cm) 15.04 ± 1.33aA 26.94 ± 2.74bB N content in plant  (g/kg) 19.14 ± 0.11aA 24.74 ± 0.14bB

P content in plant  (g/kg) 1.28 ± 1.93aA 1.93 ± 0.08bB K content in plant  (g/kg) 32.09 ± 0.17aA 37.06 ± 0.08bB

Fig. 5  Microscopic images show that the gfp-tagged B9 cells colo-
nized on and in the roots, stems, and leaves of the micropropagated 
ROC22. The bars present the 50  μm. The white arrows denote the 
location of the B9-gfp, and the arrows point to the representative 
aggregated bacteria. a Strain B9 colonization on plant root epider-

mis. b Strain B9 colonization on plant epidermal cells of the stem. c 
Strain B9 colonization in mesophyll and vascular tissues of the leaf. 
All images were taken 10 days after inoculation under a laser confo-
cal microscope
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bacteria from the stem tissues of sugarcane species (Badila) 
planted in Guangzhou Park, and classified into 16 genera. 
In contrast, we observed less genera as compared to earlier 
studies might be due to the less number and difference in 
sugarcane variety and types of endophytes, i.e., obligate or 
facultative, respectively. The facultative strains were able 
to colonize on both the surface and plant interior, and sur-
vived well in soil, when compared to obligate bacteria that 
did not survive well in in vitro condition, but colonized the 
plant interior and aerial parts. Compared with the bacterial 
species identified by molecular sequencing, traditional isola-
tion methods are insufficient to detect these non-separated 
microorganisms, but the tangible isolation also provides a 
material basis for more biological activity research, such as 
the ability of the strain to produce a variety of hormones and 
polysaccharides, which can be determined in vitro. Based 
on the bacterial isolation results presented in this study, the 
number of endophytic bacterial species was higher in the 
roots followed by stems and leaves. Endophytic bacteria that 
promote plant development enter plant tissues in a variety of 
ways; the roots are the most common entry point for endo-
phytic (Passari et al. 2015). Endophytic bacteria enter dif-
ferent plant tissues in several ways. The most common way 
to entry is through the roots, through primary and lateral 
root hair cells, root cracks and wounds, as well as hydrolysis 
of root cells. Other sites include stomata, particularly on 
leaves and young stems, lenticels, and germinating radicles 
(Sørensen and Sessitsch 2006). These results are consistent 
with the previous findings, which displayed roots have very 
rich microbial resources as compared to other plant tissues 
(Araújo et al. 2001; Bai et al. 2002).

In this study, we selected strain B9 because of its high 
nitrogen-fixing and phosphate and potassium-solubilizing 
ability. Then, these characteristics were quantitatively stud-
ied, and the reasons and mechanisms for this series of bio-
logical activities were explored. Currently, the main method 
for the initial screening of functional strains depends on the 
production of transparent circle, which is used to determine 
the biological activity of the strains by comparing the ratio 
of the clear circle produced by each bacterium to the diam-
eter of the colony itself, and then to quantify the indica-
tors of interest after screening the functional strains with 
excellent performance. This method has been used for the 
screening of nitrogen-fixing and phosphate and potassium-
solubilizing strains. In this study, the transparent circles pro-
duced by strain B9 on Ashby medium indicated its nitrogen-
fixing ability. As well as, nitrogenase activity of B9 was 
1126.93 ± 30.13 nmol/mL h (565.47 ± 15.04 nmol/gh) by 
ARA method, which was relatively higher compared to the 
results of Wang et al. (2020) and Zhang (2016). To avoid 
the screening omissions caused by inappropriate culture 
medium as much as possible during the screening process, 
three selection culture mediums are commonly used for 

screening phosphate-releasing microorganisms and selected 
for the detection of phosphorus-releasing characteristics of 
the strain. In this study, strain B9, a gram-positive bacte-
ria did not obvious to dissolve phosphorus plate compared 
to the other bacteria, but in the quantitative determination 
of soluble phosphorus content in liquid culture, the phos-
phate-solubilizing ability of strain B9 was stronger than 
our hypothesis. The results are consistent with the results 
of Nautiyal’s study, i.e., a single clear circle ratio cannot 
truly reflect the amount of soluble phosphorus released by 
the strains in the phosphate-solubilizing medium. Neverthe-
less, the plate screening method is still used as the preferred 
method for the initial screening test of functional strains due 
to its simplicity and speed (Nautiyal 1999). Currently, the 
main mechanisms involved in the phosphorolysis process by 
phosphate-solubilizing strains are the sink theory (Drancourt 
et al. 2000), the organic acid (OA) theory (Glickmann and 
Dessaux 1995), the exopolysaccharide theory, and the acidi-
fication theory caused by  H+ exocytosis (Illmer and Schinner 
1995). Among them, the OA secretion theory is generally 
recognized as one of the most important mechanisms by 
which phosphate-solubilizing strains exert phosphate-solu-
bilizing activity: the strain first synthesizes low-molecular-
weight organic acids; then the organic acids are secreted 
extracellularly, causing acidification of its cells and their sur-
roundings through the chelation effect that leads a decrease 
to the concentration of surrounding metal ions or causes 
a decrease in the pH of the substrate; finally,  H+ replaces 
various metal elements or  Ca2+, leading to the release of 
phosphorus. At the same time, organic acids secreted by 
the strains also play an important role in the function of 
potassium solubilization. In this study, the organic acids pro-
duced by the strains were detected as propionic acid, ace-
tic acid, malic acid and citric acid. Among them, propionic 
acid accounted for the largest amount of all secreted organic 
acids, but the reason is not yet known and will continue 
to be studied in depth in subsequent experiments. At this 
stage, it can be speculated that the phosphate-solubilizing 
characteristics of the strains are related to its own production 
of large amounts of organic acids. Although the potassium-
solubilizing capacity of strain B9 was found to be weak com-
pared to other rhizospheric potassium-solubilizing strains 
(4.12–13.95 mg/L), in the later stage, total nitrogen, total 
phosphorus, and total potassium of plantlets were deter-
mined. These treated seedlings after B9 strain inoculation 
had higher levels of nitrogen, phosphorus, and potassium 
when compared to the non-bacterial control group. This 
confirms that the B9 strain can help sugarcane seedlings 
to obtain more nitrogen, phosphorus and potassium in the 
growth process.

To explore the growth-promoting characteristics of B9 
strains, the promoting effect of the strains on sugarcane asep-
tic tissue culture seedlings and different sugarcane cultivated 
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varieties gems were studied. According to the experimental 
results, after the inoculation of B9 strain, the phenotypic and 
physiological indexes of the plants were better than those of 
the non-sterile treatment, including more leaves and a larger 
leaf area. This increased photosynthesis products and the 
further increase of the biomass level of sugarcane. In the 
process of sugarcane planting, biomass has always been an 
important parameter index. Increasing the biomass of sug-
arcane can increase the income of sugarcane farmers and 
increase the yield of sucrose. Endophytes can effectively 
promote plant growth, but it still depends on the local envi-
ronment and host genotype, and this is where the novelty 
and implication of our investigation resides (Wei 2016). In 
the study of plant growth-promoting mechanisms by bacte-
ria, the content of plant hormones produced by the strains 
was determined (Velázquez et al. 2008; He et al. 2004). For 
substances that directly promote plant growth, the phytohor-
mones secreted by endophytes affect plants in small amounts 
and are efficient. The phytohormones produced by B9 were 
IAA, ZT, and 6-BA. Hence, the hormones produced were 
non-single, and importantly, auxin accounts for the largest 
proportion of the phytohormone secretions. In comparison 
with the IAA content produced by the rhizosphere growth-
promoting bacteria SQR9, the B9 strain produced a higher 
IAA content (Shao et al. 2015). In addition, the auxin-to-
cytokinins ratios regulate the root and shoot meristem. This 
phenomenon can also explain the promoting effect of B9 
strains on sugarcane hypocotyl elongation and new shoots 
sprouting. IAA, during plant growth, promotes cell differ-
entiation and enhances both the elongation and development 
of lateral roots in plants. Furthermore, this also supports its 
host during stress conditions, such as drought and patho-
genic attacks. In sugarcane production, at the early time of 
seedling emergence, more numbers of hypocotyl and the 
length of the hypocotyl, which are helpful to improve the 
adaptability to the environment, prolong the growth period 
as soon as possible, promote the quality of sugarcane, and 
allows this to be harvested ahead of time. Hence, this has 
great application value to its production. At the same time, 
the healthier seedlings could enhance the stress resistance, 
cost-efficient and increase plant yield. It was also found that 
B9 strains had the largest number of colonization in the root 
system by plate counting. Furthermore, through the colo-
nization assay, it was proven that a series of morphological 
changes in the root growth of plants is due to the existence of 
endophytes. The colonization also reflects the preference of 
the strain, providing a theoretical basis inoculation method 
for the future.

Exploring the entire process of plant growth cannot be 
interpreted from a single level, but involves a complex 
regulatory network. However, it is clear that the absorption 
and utilization of mineral elements are indispensable in the 
process of plant growth (Yu et al. 2020). Compared with 

barren nutrient supply, relatively well-funded NPK content 
is of great significance to crop growth and increased yield 
(Zhang et al. 2019). This also explains why the screening 
of growth-promoting strains is mainly related to whether 
they can have the characteristics of nitrogen fixation, phos-
phorus solubilization, and potassium dissolution. At the 
same time, the organic acids produced by microorganisms 
in the process of their own metabolism are closely related 
to plant nutrient absorption, which leads to the study of 
the growth-promoting mechanism of microorganisms and 
plants; determination of the secretion of organic acids is 
an important work in the study of the growth-promoting 
mechanism of strains, because it mediates better plant 
uptake of mineral nutrients from the soil. In addition, a 
large number of literatures also prove that the exogenous 
plant hormones produced by the strain can promote the 
growth of crops. These growth hormones include auxin 
and gibberellins (Sun et al. 2019). However, although we 
know from the above research that the strain can assist 
sugarcane seedlings to absorb more mineral elements and 
promote their growth, the growth-promoting process is 
more combined with the setting of the thesis topic, focus-
ing on the perspective of exploring the biological activity 
of the strain. The lack of some feedback data within the 
plant is the shortcoming of this study. For example, when 
sugarcane seedlings were inoculated with B9 strain, the 
photosynthetic efficiency was increased, and how these 
more photosynthetic products will be distributed and 
utilized in sugarcane, and which genes and proteins are 
regulated and involved in the process of material transfor-
mation will continue to be reported in follow-up research.

In the present study, the multiple PGP traits of the 
B9 strain provide a direction for further research on the 
plan of increasing yield, reducing the use of fertilizer for 
sugarcane production. The growth-promoting effects and 
functions of sugarcane endophytes were confirmed in the 
field of exploring the interaction between sugarcane and 
microorganisms. The present study also opens new lines 
of investigation, where the strain affects sugarcane growth 
by changing the transcriptional and metabolic levels of 
sugarcane.
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