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Endophytic phosphorus- and potassium-solubilizing bacteria were screened from the root, rhizome, stem,
and leaves of Moso Bamboo, and their diversity was analyzed using their 16S rDNA sequences. Twenty
endophytic phosphorus and potassium-solubilizing bacteria were screened from 82 bamboo plants,
among which the CT-B09-2, WYS-A01-1 and JL-B06 had higher activities in decomposing organophos-
phates. The three species showed a decomposition diameter/colony diameter (D/d) of 5.05, 4.19 and 2.95,
respectively, and a solubilizing activity of 81.77 mg/L, 77.85 mg/L and 63.69 mg/L, respectively. JL-B06,
WYS-A01-1 and CT-B09-2 had higher activities in decomposing inorganic phosphorus, with a decompo-
sition diameter/colony diameter (D/d) of 2.34, 2.12 and 1.82, respectively, and a solubilizing activity of
30.58 mg/L, 38.89 mg/L and 48.35 mg/L, respectively. CT-B21, WYS-A03-1 and JL-B06 had higher
activities in decomposing potassium, with a decomposition diameter/colony diameter (D/d) of 3.37, 4.84
and 4.33, respectively, and a solubilizing activity of 2.81 mg/L, 2.54 mg/L and 2.46 mg/L, respectively.
The 16S rDNA sequence analysis showed that the 20 phosphorus- and potassium-solubilizing bacteria
belong to 14 species from 10 genera, and mainly consist of Alcaligenes spp., Enterobacter spp. and
Bacillus spp. Our results demonstrate the abundant diversity of endophytic phosphorus- and potassium-
solubilizing bacteria in Moso Bamboo.

Keywords: Phyllostachys edulis — endophytic bacteria — phosphorus- and potassium-solubilization — bio-
diversity

INTRODUCTION

Endophytic bacteria can colonize and conduct in plants for a long term but insuscep-
tible to environmental conditions. They have a wide range of biological effects on
plant growth and development, disease resistance, and reaction to adverse environ-
ments [23]. Up to 129 kinds of endophytic bacteria from 54 genera have been iso-
lated from tomato, cotton, cucumber, corn, rice, and other plants, distributed through-
out all plant tissues [2, 4, 16, 28]. As a result, endophytic bacteria have great potential
as natural biological resources.

Phosphorus and potassium are essential nutrients for plant growth, but phosphorus
content is low in most soils and in an insoluble state [12, 24]. Phosphate fertilizers
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can easily form an insoluble state in soil [17, 26], while the majority of soil potassium
also exists in the form of silicate minerals which cannot be absorbed by the plant.
Therefore, full absorption of soil-based phosphorus and potassium by plants has
important practical significance in promoting crop yield and quality, reducing the
environmental impact of fertilizer, and improving the physical and chemical proper-
ties of soil. Soil phosphorus and potassium activation relies on the presence of micro-
organisms, and the solubilization of poorly soluble phosphorus and potassium by
microbial species is gaining more and more attention [29]. Efficient phosphorus and
potassium solubilizing bacterial strains can effectively convert insoluble phosphorus
and potassium in soil into their soluble forms that can be taken up and utilized by
crops [11]. In recent years, a large number of endophytic phosphorus- and potassium-
solubilizing bacterial strains have been identified through screens [6, 27], mainly
from crops and soil [18, 22, 25].

Moso Bamboo is an important forest resource in southern China. Research on
Moso Bamboo has focused on improving yields, optimizing the physical and chemi-
cal properties of the soil, and studying the species diversity [3, 9]. Han et al. have
screened and analyzed phosphorus-solubilizing bacteria from bamboo roots [8], but
there is lack of study on the endophytic phosphorus and potassium-solubilizing bac-
teria in various bamboo tissues. In this study, the root, thizome, stem, and leaves of
bamboo from three different regions of Fujian, China were used to screen for endo-
phytic phosphorus and potassium-solubilizing bacterial strains, and their 16S rDNA
diversity was further analyzed in order to build up a database of phosphorus- and
potassium-solubilizing bacteria, and to provide new evidence for the exploitation of
plant growth-promoting bacteria.

MATERIALS AND METHODS
Strains

A total of 82 endophytic bacteria were isolated from the roots, rhizome, stem, and
leaves of Moso Bamboo in each of the following regions: Wuyi Mountains (Wuyishan
Xingcun Town), Jiangle (Longxi Mountain nature reserve, Jiangle County), and
Changting (Sidu Town, Changting County), of which 29 were isolated from roots, 35
from the rhizome, 13 from the stem, and 5 from leaves.

Cultivation medium and reagents
Endophytic bacteria were cultured in nutrient agar (NA) culture medium containing
3 g beef extract, 5 g peptone, 5 g NaCl, 18 g agar, and 1000 ml water with pH 7.0-7.2.

Organophosphorus plate medium was made as follows: 10 g glucose, 0.5 g
(NH,),S0,, 0.3 g NaCl, 0.3 g KCI, 0.03 g MnSO,, 0.03 g FeSO,, 0.2 g lecithin,
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5.0 g CaCO;, 0.4 g yeast extract, 20 g agar, 1000 mL distilled water, pH 7.0-7.2
(no agar for liquid medium).

Inorganic phosphorus plate medium was made as follows: 10 g glucose, 0.5 g
(NH,),S0,, 0.3 g NaCl, 0.3 g KC1, 0.03 g MnSO,, 0.03 g FeSO,, 0.3 g MgS0O,, 5.0
g CaCO;, 5.0 g Ca3(POy,) 5, 0.4 g yeast extract, 20 g agar, 1000 mL distilled water, pH
7.0-7.2 (no agar for liquid medium).

Potassium bacterial plate medium was made as follows: 10 g sucrose, 0.5 g yeast
extract, 1.0 g (NH,),SO,, 0.5 g MgSO,, 1.0 g CaCO;, 1.0 g potassium feldspar pow-
der, 15 g agar, 1000 mL distilled water, pH 7.0-7.2 (no agar for liquid medium).

An endophytic bacteria DNA extraction kit, primers, markers, reagents of PCR
were purchased from Shenggong Biotechnology Co. Ltd. (Shanghai, China). All
other reagents were analytically pure and made in Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China).

Determination of the effect of phosphorus- and potassium-solubilization
on plate media (pre-screening)

The isolated endophytic bacterial strains were inoculated in prepared organophos-
phate medium, inorganic phosphorus medium, and potassium medium bacterial cul-
ture plates. Four inoculation points were inoculated for each plate with three repeats,
then they were cultured at 28 °C for 5 d. Strains were recorded with respect to their
growth and decomposition halo size. Based on the size of the decomposition halo, we
determined the decomposition diameter/colony diameter (D/d) value of the endo-
phytic phosphorus- and potassium-solubilizing bacteria. The larger the decomposi-
tion halo, the greater the D/d value. The endophytic phosphorus and potassium-solu-
bilizing bacteria strains were stored on NA slant medium.

Determination of the effect of phosphorus- and potassium-solubilization
in flask (re-screening)

The selected phosphorus and potassium-solubilizing bacterial strains were seeded in
NA liquid medium. Then, 5 mL of the bacterial suspension were inoculated in tripli-
cate in 100 mL of liquid organic phosphorus medium, inorganic phosphorus medium,
and potassium medium once the concentration of the bacterial suspension reached 108
CFU/mL. A negative control was also prepared. After culturing at 28 °C at 160 r/min
for 7 d, the strains were centrifuged at 4 °C at 10,000 r/min for 15 min and the super-
natant was collected to determine the soluble phosphorus content and pH using anti-
molybdenum antimony colorimetry. The soluble potassium content was determined
with the flame photometric method [15].
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16S ¥rDNA identification of endophytic bacteria

After 24 hours incubation in liquid NA medium, DNA from the endophytic bacteria
was extracted using the Bacterial Genome Extraction Kit (Shenggong Biotechnology
Co. Ltd., Shanghai, China). The 16S rDNA gene sequences were amplified using
universal primers 27F (5’-AGAGTTTGATCCTGGCTCAG-3’) and 1492R
(5’-GGTTACCTTGTTACGACTT-3’).

PCR products were separated by 1% (w/v) agarose gel electrophoresis and sent to
Poshang Biotechnology Co. Ltd. (Shanghai, China) for sequencing. After determina-
tion of the DNA sequences, homologous sequence retrieval (the homologous
sequences were deposited in NCBI) and analysis were conducted using Blast soft-
ware from NCBI (http:/www.ncbi.nlm.nih.gov/Blast/). The phylogenetic trees were
constructed, and the taxonomic status of the strains were determined

Statistical analysis

Data were analyzed using Excel (Microsoft Corporation). The statistical analysis was
conducted using SPSS18 software (Statistical Product and Service Solutions,
International Business Machines Corporation, Armonk, New York City, USA).

RESULTS

Pre-determination of bacterial phosphorus- and
potassium-solubilizing activities

The phosphorus- and potassium-solubilizing plate test showed that, after placing
cultures on the organic phosphorus, inorganic phosphorus and potassium-solubilizing
bacterial media plates for 5 d, 20 out of 82 endophytic bacterial strains formed
decomposition halos on all three types of media. And the 20 strains including 7 bacte-
rial strains from the root, and accounting for 24.14% of total bamboo root endo-
phytic bacteria (29); 10 bacterial strains from the rhizome, and accounting for 28.57%
of total bamboo rhizome endophytic bacteria (35); Three bacterial strains from the
stem, and accounting for 23.08% of total bamboo stem endophytic bacteria (13).

As shown in Table 1, 20 strains have organophosphorus-solubilizing activity.
Specifically, the organophosphorus D/d value varied between 1.71-5.05, and 7 endo-
phytic bacterial strains (CT-B09-2, WYS-A01-1, WYS-B12, WYS-C01, WYS-C14,
JL-B06, WYS-A03-1) had “++” (strong activity) organophosphorus activity. Fourteen
strains showed activity against inorganic phosphorus, with the inorganic phosphorus
D/d value varied between 1.09-2.34, and 5 endophytic bacterial strains (JL-B06,
CT-B09-2, WYS-A01-1, CT-B17, CT-A17) showed higher than “++” against inor-
ganic phosphorus. Twenty strains had potassium-solubilizing activity with the value
of D/d varied between 2.37-5.84, and 9 endophytic bacterial strains (CT-B17, WY S-
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Pre-screening of efficient phosphg:uzl-eaild potassium-solubilizing bacteria

) Organic I?ecomposition Inorganic Decomposition . I?ecomposition

No. of strain diameter/colony diameter/colony | Potassium | diameter/colony

phosphorus | = i eter (D/d) | PROSPROTUS | i eter (D/d) diameter (D/d)
WYS-A03-1 ++ 2.79+0.26 ++ 1.09+0.01 ++ 4.84+0.47
WYS-A01-1 ++ 4.19+0.24 ++ 1.82+0.33 ++ 4.50+0.34
WYS-C01-1 ++ 2.42+0.35 - - ++ 4.33+0.47
WYS-B12 ++ 3.73+0.53 + 1.24+0.12 ++ 4.81+0.46
WYS-CO01 ++ 3.50+0.38 + 1.51+0.17 + 3.05+0.15
WYS-A02-2 + 1.71+0.25 - - + 3.05+0.54
WYS-Cl14 ++ 3.14+0.81 - - + 3.03+0.38
JL-A03 + 1.95+0.10 - - + 3.58+0.57
JL-D02 + 2.75+0.29 - - ++ 3.00+0.01
CT-A17 + 2.15+0.30 ++ 1.31+0.20 + 4.94+0.13
CT-A03 + 3.29+0.50 + 1.78+0.21 + 4.88+0.14
CT-B17 + 2.63+0.26 ++ 1.90+0.12 ++ 5.84+0.33
CT-B20 + 2.74+0.39 + 2.00+0.34 ++ 4.39+0.80
JL-A04 + 2.60+0.01 + 1.42+0.10 + 4.38+0.14
CT-B04-1 + 3.04+0.67 + 1.60+0.16 + 5.59+0.17
CT-B09-1 + 2.61+0.27 + 1.71+0.12 + 3.82+0.66
CT-B09-2 +++ 5.05+0.41 ++ 2.12+0.08 ++ 3.30+0.36
CT-B21 + 2.14+0.19 - - + 2.37+0.17
JL-B06 ++ 2.95+0.19 ++ 2.34+0.18 ++ 4.33+0.47
CT-B13-1 ++ 2.11+0.14 + 2.19+0.24 + 4.25+0.50

Note: D: diameter of transparent circle; d: colony diameter. — no activity (decomposition circle <10 mm);
+: slight activity (decomposition circle: 10—15 mm); ++: strong activity (decomposition circle: 16-20 mm);
+++: high activity (decomposition circle: >20 mm)

A03-1, WYS-B12, WYS-A01-1, CT-B20, JL-B06, WYS-CO1-1, CT-B09-2, JL-D02)
had potassium-solubilizing activity as high as “++”.

Pre-screening of efficient endophytic phosphorus- and
potassium-solubilizing bacteria

The content of soluble phosphorus in the culture medium measured using anti-molyb-
denum, antimony colorimetry showed that various bacterial strains has distinct
organic phosphorus (lecithin) and inorganic phosphate (tricalcium phosphate)-solubi-
lizing activities. For the 20 endophytic bacteria, 2.52—81.77 mg/L soluble phosphorus
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was released from 0.2 g/L lecithin, and the control (CK, it was the liquid medium
which did not contain any bacteria) of negative control was 1.54 mg/L, the inoculated
were 1.64-53.10 times higher. The strain CT-B09-2 in bamboo rhizome had the high-
est soluble phosphorus content of 81.77 mg/L, while the endophytic bacteria WY'S-
A02-2 in bamboo roots had the lowest soluble phosphorus content of 2.52 mg/L. The
20 endophytic bacteria released 3.50-54.93 mg/L from 5.0 g/L tricalcium phosphate,
and their CK were 10-156.94 times that of the negative control, which was 0.35
mg/L. The strain WYS-B12 in bamboo rhizome had the highest soluble phosphorus
content of 54.93 mg/L, while the endophytic bacteria WYS-A02-2 in bamboo roots
had the lowest soluble phosphorus content of 3.50 mg/L. As shown in Figure 1, the
tested strains had significantly different activities in decomposing lecithin and trical-
cium phosphate.

It can be seen from the pH value of the organic and inorganic phosphorus media
that, compared to CK, most inoculated strains showed a decrease in pH. Specifically,
the organic and inorganic phosphorus media had significantly lower pH with a reduc-
tion of 3.43 and 2.76, respectively. The correlation analysis of inoculated culture
medium pH and soluble phosphorus content suggested a significant negative correla-
tion between them, indicating that the lecithin and tricalcium phosphate solubility of
tested strains was affected by the pH of the culture medium. When the culture
medium becomes more acid, the soluble phosphorus was released by endogenous
bacteria from lecithin and tricalcium phosphate increased, which was consistent with
a previous report by Zhao et al. [30].
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Fig. 1. The effect of endophytic bacteria in solubilizing organic phosphorus (lecithin) and inorganic
phosphate (tricalcium phosphate) in the shaking flask method and on pH changes
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Solubilizing potassium by endophygzbézczteria using the shaking flask method

Strains Potassium Strains Potassium
WYS-A03-1 2.54+0.06 CT-A03 2.11£0.08
WYS-A01-1 2.39+0.06 CT-B17 1.71+0.08
WYS-CO1-1 2.27£0.10 CT-B20 2.29+0.13
WYS-B12 2.37+0.09 JL-A04 2.15+0.13
WYS-CO01 0.89+0.13 CT-B04-1 2.17+0.09
WYS-A02-2 1.09+0.13 CT-B09-1 2.31+0.08
WYS-C14 0.80+0.06 CT-B09-2 2.39+0.12
JL-A03 2.09+0.12 CT-B21 2.81+0.08
JL-D02 2.2740.11 JL-B06 2.46+0.08
CT-A17 2.17+0.09 CT-B13-1 2.13+0.04

98 [ WYS-CO1-1{JX566614)
95[Twys-B12(KC355280)
991 jL-A03(KJ000855)
WYS-A02-2(KC736654)
CT-B09-2(JQ660204)
WYS-A01-1(HM063913)
CT-B21(GU120660)
WYS-A03-1(KF479551)
CT-B20(JNB36756)
100 CT-A17(JN836756)
CT-B04-1(JN836756)
CT-B09-1(JN836756)
CT-B17(JNB36756)
|WYS-C01(KJ944018)
100 | WYS-C14(KJ944018)

85

100

CT-B13-1(KC764981)
JL-B02(KM036089)
CT-AD3(KJ733996)

100
99 JL-A04(KM117160)
100 ' JL-BO6(KM117160)

—
0.02

Fig. 2. Phylogenetic analysis of 16S rDNA sequences of Moso Bamboo endophytic phosphorus and
potassium-solubilizing bacteria
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The results on soluble potassium showed that different strains had distinct activi-
ties in solubilizing mineral potassium (potassium feldspar powder). As shown in
Table 2, the soluble potassium content in the media was increased, in addition to
WYS-CO01, WYS-A02-2 and WYS-C14, indicating that all the endophytic bacteria
were active in solubilizing mineral potassium. CT-B09-1, CT-B21, CT-B17, WYS-
B12, and WYS-CO01-1 had strong potassium-solubilizing activity, and their soluble
potassium content was 2.39-2.81 mg/L. The soluble potassium content found in the
medium was lower than in the CK. This was probably due to the fact that soluble
potassium not only dissolves in media, but can also be accumulated in bacterial cells
for growth and reproduction.

Taken together, the phosphorus- and potassium-solubilizing results using the plate
method and the shake-flask method showed that CT-B09-2, WYS-A01-1 and JL-B06
had strong activities in solubilizing organic and inorganic phosphorus, and CT-B21,
WYS-A03-1, JL-B06, CT-B09-2 and WYS-AO01-1 had strong activities for solubiliz-
ing potassium.

16S rDNA sequence analysis of the endophytic]g}ll)(ipjhorus and potassium-solubilizing bacteria trains
Genus Strains Closest strains (accession no) ‘)/()s/ii(:i(ll;lr?tl;e
CT-A17 Alcaligenes sp. (JN836756) 99
CT-B04-1 Alcaligenes sp. (JN836756) 99
Alcaligenes CT-B09-1 Alcaligenes sp. (JN836756) 99
CT-B17 Alcaligenes sp. (IN836756) 100
CT-B20 Alcaligenes sp. (IN836756) 99
CT-B09-2 Enterobacter sp. (JQ660204) 99
WYS-A02-2 Enterobacter sp. (KC736654) 99
Enterobacter
WYS-B12 Enterobacter sp. (KC355280) 99
WYS-CO01-1 Enterobacter sp. (JX566614) 99
CT-A03 Bacillus sp. (KF788188) 100
Bacillus JL-A04 Bacillus amyloliquefaciens (KM117160) 100
JL-B06 Bacillus amyloliquefaciens (KM117160) 100
Leucobacter CT-B13-1 Leucobacter aridicollis (KC764981) 99
Pseudomonas CT-B21 Pseudomonas sp. (GU120660) 99
Staphylococcus JL-D02 Staphylococcus equorum (KM036089) 100
Leclercia JL-A03 Leclercia sp. (KJO00855) 100
Ochrobactrum WYS-CO01 Ochrobactrum sp. (KJ944018) 100
WYS-C14 Ochrobactrum sp. (KJ944018) 100
Acinetobacter WYS-A01-1 Acinetobacter sp. (HM063913) 99
Burkholderia WYS-A03-1 Burkholderia sp. (KF479551) 100
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After cloning and sequencing, the 16S rDNA sequences of the 20 endophytic bac-
terial strains were analyzed using Blast (http:/www.ncbi.nlm.nih.gov/Blast/) to ana-
lyze the similarity between our sequences and the NCBI database in order to identify
the bacterial strains in our samples. Each 16STDNA query sequence recovered hits
with known taxonomic status with more than 99% similarity as shown in Table 3.

The 20 endophytic phosphorus- and potassium-solubilizing bacterial strains
belong to 14 species from 10 genera (Table 3). The majority of the bacteria were
Alcaligenes spp., Enterobacter spp. and Bacillus spp. representing 25%, 20% and
15% of the total diversity of the isolated colonies, respectively. Among these, there
were 6 species from 4 genera isolated from the Wuyi Mountain samples; three species
from three genera isolated from the Jiangle samples; and five species from five genera
isolated from the Changting samples.

DISCUSSION

In this study, the endophytic phosphorus- and potassium-solubilizing bacteria were
screened from the root, rhizome, stem, and leaves of bamboo, and the diversity was
analyzed using their16S rDNA sequence. The plate and the shaking flask approaches
showed that the 20 phosphorus and potassium-solubilizing bacteria belong to 10 gen-
era and 14 species, and mainly consist of members of Alcaligenes spp., Enterobacter
spp. and Bacillus spp. The 16S rDNA diversity results showed that bamboo has a rich
population of phosphorus and potassium-solubilizing bacteria, providing a resource
for the preparation and application of growth-promoting function of microbial agents.
Currently, there is a total of 89 kinds of phosphorus-solubilizing microorganisms
belonging to 30 genera, in which there are 58 bacterial strains [19], including Bacillus
subtilis, Escherichia spp., Erwinia spp., and Pseudomonas spp. [5, 20, 22]. Potassium-
solubilizing bacteria mainly consist of Plesiomonas spp., Bacillus mucilaginosus and
Bacillus subtilis [1, 7], which are capable not only of dissolving potassium feldspar,
but also glass powder and apatite. The Bacillus spp. isolated within the experiment was
a common bacteria in plants, but also showed the strongest activity in solubilizing
phosphorus. Enterobacter spp. can be isolated from corn, cotton, rice and other plants.
The Alcaligenes spp. are also found in many plants, and they were reported as entero-
bacter and phosphorus-solubilizing bacteria within the plant in separately studies.
Numerous studies showed that phosphorus-solubilizing bacteria secrete organic
phosphorus during phosphorus deficiency, and these bacteria can dissolve insoluble
phosphorus in a low pH environment and chelate Ca2*, Fe3*, and A’ [14]. In this
study, the pH of the culture medium of most strains was decreased, suggesting that
the strains are acid-producing, which is consistent with previous reports. However
Kucey [13] and Illmer and Schinner [10] reported that the correlation between the
phosphorus solubilization and phosphorus-solubilizing bacteria and pH was rela-
tively weak. For certain strains, it conflicted with the observation that the lower the
pH, the higher the degree of solubilization. For example, CT-B09 (pH 3.77) had the
highest phosphorus-solubilizing ability, but the pH was not the lowest value. CT-A17
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(pH 3.77) that had the lowest culture broth pH was not the one with the highest degree
of lecithin decomposition. These results indicate that pH is an important factor, but it
is not the only factor for phosphorus solubilization in bacteria, as well as that the pH
increased in the media of WYS-B12, WYS-A02-2, JL-D02, and CT-B04-1 strains. It
suggests that the microorganisms that do not produce acid may also have phosphorus
solubilizing ability [21]. Some strains showed differences in D/d value, and phospho-
rus and potassium-solubilizing ability, indicating that the two methods are not rele-
vant in measuring phosphorus and potassium-solubilizing capacity, and that different
strains had diverse mechanisms in solubilizing phosphorus and potassium.

Endophytic phosphorus and potassium-solubilizing bacteria are the main plant
growth-promoting bacteria. These beneficial microbes and plants are closely related.
Research on plant growth-promoting endophytic bacteria is important in basic
research and plant microbiology and has important applications in ecological agricul-
ture and sustainable development.
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