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Abstract

The endophytic strain Zong1 isolated from root nodules of the legume Sophora alopecuroides was

characterized by conducting physiological and biochemical tests employing gfp-marking, observing

their plant growth promoting characteristics (PGPC) and detecting plant growth parameters of inocu-

lation assays under greenhouse conditions. Results showed that strain Zong1 had an effective growth

at 28 °C after placed at 4-60 °C for 15 min, had a wide range pH tolerance of 6.0–11.0 and salt toler-

ance up to 5% of NaCl. Zong1 was resistant to the following antibiotics (�g/mL): Phosphonomycin

(100), Penicillin (100) and Ampicillin (100). It could grow in the medium supplemented with

1.2 mmol/L Cu, 0.1% (w/v) methylene blue and 0.1-0.2% (w/v) methyl red, respectively. Zong1 is

closely related to Pseudomonas chlororaphis based on analysis the sequence of 16S rRNA gene. Its

expression of the gfp gene indicated that strain Zong1 may colonize in root or root nodules and veri-

fied by microscopic observation. Furthermore, co-inoculation with Zong1 and SQ1 (Mesorhizobium

sp.) showed significant effects compared to single inoculation for the following PGPC parameters:

siderophore production, phosphate solubilization, organic acid production, IAA production and

antifungal activity in vitro. These results suggest strains P. chlororaphi Zong1 and Mesorhizobium

sp. SQ1 have better synergistic or addictive effect. It was noteworthy that each growth index of

co-inoculated Zong1+SQ1 in growth assays under greenhouse conditions is higher than those of sin-

gle inoculation, and showed a significant difference (p < 0.05) when compared to a negative control.

Therefore, as an endophyte P. chlororaphis Zong1 may play important roles as a potential plant-

growth promoting agent.
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Introduction

Sophora alopecuroides is a wild perennial herb of the

xerophyte species and is widely distributed in northwestern

China. However, most of northwestern China belongs to

arid and semi-arid areas. S. alopecuroides shows excellent

performance in drought and alkaline tolerance as well as

sandstorm resistance due to its well-developed root system.

In addition, S. alopecuroides plays a vital role in environ-

mental protection in northwest of China (Zhao et al., 2010).

It also has promising prospects through its utilization in

pharmaceutics and pesticides, as a source of livestock feed,

and its role as a natural windbreaker and nectar source. As a

traditional Chinese medicine, this plant also is used to treat

fever and diarrhea; some studies even suggest it has the po-

tential to inhibit cancer cells (Song et al., 1999).
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Endophytic bacteria live inside the plant tissues and

do not cause visible damage or morphological changes to

their hosts. In the last few decades, endophytic bacteria

have attracted more and more attention as novel resources

in the biocontrol of plant diseases and in the promotion of

plant growth (Lin et al., 2009). They can benefit the host

plants in a variety of ways, such as producing IAA (indole

acetic acid), fixing nitrogen, dissolve phosphates, produc-

ing siderophores, suppressing phytopathogens by competi-

tion in the invasion sites and by secreting antibiotic

compounds (Ryan et al., 2008), and by helping the symbi-

otic rhizobia to form nodules with unspecific hosts (Liu et

al., 2010).

Endophytes, like Pseudomonas, Agrobacterium, Ba-

cillus, Burkholderia and Enterobacteria, have been iso-

lated from root nodules in various leguminous plants

including alfalfa, clover, soybean pigeon pea, etc (Geetha

et al., 2008) since 1902 (Zakhia et al., 2006; Kan et al.,

2007; Li et al., 2008). Available reports indicated improved

plant yield and health under greenhouse conditions (mea-

sured as an increase in root wet weight and nodulation)

when co-inoculated with nodule endophytes compared to

inoculation with rhizobia alone (Bai et al., 2003). Plant

growth promoting bacteria (PGPB) have been co-ino-

culated with rhizobia which include strains of the following

well-known rhizobacteria: Pseudomonas (Chandra et al.,

2010; Chanway et al., 1989), Bacillus (Geetha et al., 2008),

Azospirillum (Yahalom et al., 1988), and Azotobacter

(Burns et al., 1981). For example, co-inoculation of some

Pseudomonas and Bacillus strains along with effective

Rhizobium spp. is shown to stimulated chickpea growth and

nodulation, stimulate nitrogen fixation (Parmar et al.,

1999), and increase growth and yield compared to single in-

oculation (Geetha et al., 2008). However, up to now, spe-

cial nodule endophytes of S. alopecuroides have not yet

been studied.

In a recent study, we collected and characterized nod-

ule endophytic bacteria from legume plant S. alopecuroides

(Zhao et al., 2010). The aims of this experiment are (i) to

examine the colonization of gfp-tagged endophytic Pseu-

domonas chlororaphis strain Zong1, and (ii) to determine

their plant growth promoting characterization (PGPC) in a

single and combined inoculation test.

Materials and Methods

Isolation of nodule endophytic bacteria and
nodulation verification

Thirty healthy nodules from fifteen S. alopecuroides

plants were collected and carefully washed with sterile dis-

tilled water to remove nodule surface soil particles, surface

sterilized with 95% alcohol for 30 s and with 3% NaClO

(w/v) for 3 min, and finally rinsed 8 times to thoroughly

eliminate NaClO with sterile distilled water. The surface-

sterilized nodules were crushed and streaked on yeast-

extract-mannitol agar (YEMA) plates for the isolation of

endophytic bacteria with the standard methods described

previously (Vincent, 1970). The plates were incubated at

28 °C and single colonies were further purified by repeat-

edly streaking on the same medium and by microscopic ex-

amination. In order to verify surface sterilization, the

surface sterilized nodules were rolled on the Nutrient Agar

(NA) medium and the aliquots of water from final rinse so-

lutions were plated onto NA plates as controls to detect pos-

sible contaminants. Plates without any contaminants were

considered effectively surface sterilized and their corre-

sponding YEMA plates were used for the isolation of endo-

phytes. Nodulation capability was verified for nodule

isolates by inoculating on surface sterilized and pre-ger-

minated seeds.

Construction of gfp-marked P. chlororaphis Zong1
and examination of colonization

Since the plasmid pMP2444 harboring the green fluo-

rescent protein (gfp) gene (Stuurman et al., 2000) was

transformed into E. coli S17-1 as reported (Chen et al.,

2003), the Escherichia coli S17-1 strain was used as the do-

nor in a transformation test, was grown at 37 °C Lysogeny

broth (LB, 10 g NaCl/L) medium supplied with 30 mg/mL

gentamycin (Stuurman et al., 2000). The transformed E.

coli S17-1 resistant to gentamycin was used in electro-

poration with the re-isolated P. chlororaphis strain Zong1,

which has been proven to be sensitive to gentamycin

(30 �g/mL). The donor E. coli S17-1 with pMP2444 was

added to the competent cell of strain Zong1, thawed on ice,

and mixed quickly. The mixture was incubated on ice for

15 min, transferred into a sterile pre-chilled cuvette

(interelectrode gap: 0.2 cm), and placed in a Gene Pulser II

apparatus equipped with a Pulse Controller (BioRad Labo-

ratories, Tokyo, Japan)(Kazunori et al., 2003). The

electroporation unit was set at the following values:

12.5 kV/cm, 25 F and 200 �. Following the pulsing, the

cells were immediately diluted with 1 mL of LB medium,

transferred into a sterilized tube, and incubated at a 30 °C

for 3-4 h. From each tube, 100 �L was plated onto the LB

medium supplied with 30 �g/mL gentamycin, placed at

30 °C for 12 h. Bacterial colonies were exposed to blue

light to check the expression of gfp (Stuurman et al., 2000).

The stability of the plasmid pMP2444 in P. chlororaphis

was analyzed by replica plating of the diluted samples

grown on LB with or without antibiotic for 15 times under

the laboratory conditions tested. A gfp-tagged derivative of

P. chlororaphis Zong1 was grown and stored on TY or

YMA medium containing 30 mg/mL gentamycin.

Seeds of S. alopecuroides were inoculated with

200 �L per seed by pipettor with a mixture of P.

chlororaphis strain Zong1 marked with gfp and

Mesorhizobium sp. SQ1 (1:1 v/v) at a density of about 108

cells/mL for each strain. Plants were grown under green-

house conditions, the change of root surface and hair after
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48 hours of inoculation, and developed well nodules after

three weeks of inoculation could be detected, the existence

of P. chlororaphis Zong1 in the root and nodules was ex-

amined by observing the green fluorescence under a confo-

cal laser scanning microscope using a scanning wavelength

of 488 nm.

Potential plant growth promoting characteristics of
isolates

Examination of siderophore production

Bacterial cultures were multiplied in Lysogeny broth

(LB, 10 g NaCl/L) for 72 h and aliquots of pure bacterial

culture were inoculated in plates containing agar Chrome

Azurol S (CAS) and incubated at 30 °C. Each plate was ob-

served daily for 7 days to detect the appearance of orange

color around the colony (Schwyn and Neilands, 1987). Ex-

periments were performed in triplicate.

Phosphate solubilization

Log phase LB pure bacterial cultures were spot inocu-

lated on Pikovasky’s inorganic and Mongina organic cul-

ture plates, incubated at 30 °C, and observed daily for

7 days for appearance of transparent halos (Katznelson and

Bose, 1959). Experiments were performed in triplicate.

Antifungal activity

Spores of fungal cultures (Fusarium oxysporum,

Magnaporthe grisea, Botrytis cinerea Pers., Valsa mali

Miyabe et Yamada, Alternaria alternata) were grown on

Potato Dextrose Agar (PDA) plates and a small block of

agar with fungal growth was cut using sterile puncher

(Ø = 4 mm) and placed in the centre of a fresh PDA plate.

Tested strains were spot inoculated on the PDA plate’s

edge about 25 mm from the centre, incubated at 30 °C for

7 days and observed for zones of inhibition. Fungal mycelia

cultivated for 7 days without spot inoculation were used as

control (Zhao et al., 2011).

Organic acid production

Bacterial cultures were spot inoculated onto MM9

(Sambrook et al., 2001) agar medium, after incubation for

48 hours at 30 °C, and observed for a drop in pH using

methyl red as an indicator dye which changed from yellow

to pink below pH 5.0. Isolates having the ability to produce

organic acid showed a pink zone around the colony.

IAA production

Indole acetic acid (IAA) production was estimated by

inoculating a bacterial suspension (1 x 108 cfu/mL) in

10 mL (LB) broth containing L-tryptophan (100 �g/mL),

and shaken incubation for 72 h. IAA concentration in the

culture supernatant was estimated using Salkowskis re-

agent (Gordon and Weber, 1951).

Plant inoculation experiment under greenhouse condition

S. alopecuroides seeds were treated with 98%

sulphuric acid for 60 min, and subsequently rinsed 6 times

with sterilized demineralized water (Zhao et al., 2010). The

seeds were then surface sterilized by immersion in absolute

alcohol for 1 min, immersed in 0.1% (w/v) HgCl2 for 2 min

and rinsed 8 times with sterile distilled water. Surfaced ster-

ile seeds were germinated axenically in Petri dishes filled

with moist filter paper at 28 °C for 72 h.

Inoculum of strains was prepared by growing cells in

nutrient broth at 30 °C, 120 rev/min until an exponential

growth phase. Bcateria were then harvested by centrifu-

gation (8000 rev/min for 10 min), washed twice in steril-

ized demineralized water and resuspended in the same

demineralized water to a density of approx.

108-109 cfu/mL.

Germinated seed were soaked in the bacterial suspen-

sion and control seeds were soaked in sterilized water at

30 °C for 3 h. Seeds were transferred to plastic pots filled

with sterilized perlite-vermiculite (1:1) moistened with ni-

trogen-free plant nutrient solution as described by Vincent

et al. (1970). The inoculated seedlings were cultured under

greenhouse condition, that is, programmed for a 14 h/d

photoperiod at a constant temperature of 28 °C during the

day and 20 °C during the night with about 60% relative hu-

midity. All pot experiments were performed in five repeat

with five seedlings per pot, and seedlings with

Mesorhizobium sp. SQ1 alone were used as positive con-

trols (PC); Seedlings without any bacteria were the nega-

tive control (NC); Seedlings with isolate Zong1 and

seedlings co-inoculated with Zong1 and isolate

Mesorhizobium sp. SQ1 (1:1 v/v) were used as the experi-

mental systems. The plants were harvested after six weeks

of inoculation when well developed nodules could be de-

tected, and plant biomass such as dry and fresh weight,

shoot and root length, nodule number per plant were mea-

sured and compared to control plants (NC).

Sequencing and phylogenetic analysis

The total genomic DNA was extracted from culture of

nodule isolate Zong1 with the previous method (Moulin et

al., 2004). The 16S rRNA gene was selectively amplified

from the genomic DNA by PCR with the universal forward

primer P1 (5’-CgggATCCAgAgTTTgATCCTggCTCAg

AACgAACgCT-3’) and reverse primer P6 (5’-Cggg

ATCCTACggCTACCTTgTTACgACTTCACCCC-3’) re-

spectively corresponding to the positions of 8�37 bp and

1479�1506 bp in E. coli 16S rRNA gene (Van et al., 1996).

An aliquot of PCR product of isolate Zong1 was directly se-

quenced by Sangon Biotech (Shanghai) Co., Ltd. using the

same primers mentioned above. The acquired and related

sequences were matched with ClustalX1.81 software, im-

ported into Bioedit 4.8.4 and manually corrected. Phylo-

genetic tree were constructed using the Jukes-Cantor model

and neighbor-joining method (Saitou and Nei, 1987) in
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TREECON package (Van and Y De , 1997), and computa-

tion of the similarity of each strain tested was done with the

DNAMAN application (version 6.0.3.40, lynnon corpora-

tion). The 16S rRNA gene sequences obtained were sub-

mitted to NCBI GenBank (http://www.ncbi.nlm.nih.gov/)

under the accession number HM241942.

Statistical analysis

The parameters of plant growth promoting character-

istics and the parameters of growth and nodulation of S.

alopecuroides were examined with ANOVA analysis using

the SPSS 17.0 package (by the Data Theory Scaling System

Group, Faculty of Social and Behavioral Sciences, Leiden

University, The Netherlands).

Results

Isolation of endophytic bacteria and nodulation test

Twelve nodule bacteria were isolated from S.

alopecuroides root nodules. Nodulation test results showed

that eight nodule isolates could not form root nodules,

which were defined as endophytes. Physiological and bio-

chemical tests were conducted (Table S1), which included

measurements such as temperature, pH values and salt tol-

erance, antibiotic sensitivity, metal susceptibility, and dye

resistance. On the basis of these characteristics, a selected

strain was termed Zong1. Sequencing of 16S rRNA gene

and phylogenetic analysis (Figure 1) indicated that strain

Zong1 is most related to Pseudomonas chlororaphis

(GenBank accession number HM241942).

Construction of gfp-marked P. chlororaphis strain
Zong1 and colonization

Experiment results showed that when cells were

transformed by electroporation with the pMP2444 plasmid,

carrying the gfp gene, and cultured on LB medium supplied

with 30 �g/mL gentamycin, bacterial colonies presented

green color when they were exposed to blue light (255 nm

wave length, portable ultraviolet lamp). Tansformant con-

taining plasmid pMP2444, was chosen for further studies

and compared to the wild-type strain during growth in LB

and minimal medium (data not shown), indicating that the

presence of the plasmid does not interfere in the trans-

formant life cycle. Results suggested that fluorescence was

still observed and the growth rates of strains were identical,

suggesting that insertion of the plasmid did not interfere

with normal cell growth.

By inoculation and examination, results shown in

Figure 2 (A-E) indicated that the process of adsorption, in-

vasion, and colonization accompanied Mesorhizobium sp.

SQ1 in root hairs, root woodiness, and in the root nodule.

Potential plant growth promoting characteristics

All of three treatments Zong1+ SQ1, SQ1 and Zong1

(Table 1) gave a positive CAS assay showing that they all

produced siderophores. Compared with the control, co-

inoculation Zong1+SQ1 showed the strongest capability of

producing siderophores, and Zong1 was second. As for the

ability of phosphate solubilization (organic phosphate and

inorganic phosphate), these strains were same as the case of

produced siderophores, ie, co-inoculation Zong1+SQ1

showed the most significant phosphate solubilization with

3.46(D/d) and 3.68(D/d) for organic phosphate and inor-

ganic phosphate, respectively. However, none of the iso-

lates showed any production of organic acid. Three treat-

ments all showed positive for IAA production, and

co-inoculation with Zong1+SQ1 treatments was the most

significant, measured at 63.07 mg/L. Another, three treat-

ments showed different certain extent antifungal activity to

plant pathogenic fungi, co-inoculation (Zong1+SQ1 treat-

ments) was the most significant inhibition ratios, and

Zong1 was second, while SQ1 has no effect to F.

oxysporum, M. grisea, B. cinere Pers. All inhibition ratios

of three treatments were compared to Control, specific data

were showed in Table 1. As a whole, co-inoculation with

Zong1+SQ1 showed best effects than inoculation alone in

vitro. For example, inhibition ratios show 86.21%, 67.27%,

76.25%, 82.67% for Fusarium oxysporum, Magnaporthe

grisea, Botrytis cinere Pers., Valsa mali Miyabe et

Yamada, Alternaria alternate, respectively. Therefore,

mixed inoculation (P. chlororaphi Zong1 and

Mesorhizobium sp. SQ1) was more effective on PGP traits

than observed when the strains were evaluated alone. But
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Figure 1 - Phylogenetic tree reconstructed with neighbour-Joining

method based on alignment of nucleotide sequences of the 16S rRNA gene

from representative strains (shown in bold) and reference strains. Acces-

sion number of GenBank database is presented in parentheses for each

strain. Bootstrap values greater than 50% were indicated. Scale bar repre-

sents the number of substitutions per site.
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Figure 2 - Visualization of S. alopecuroides rhizosphere colonization by GFP tagged P. chlororaphis Zong1 and Mesorhizobium sp. SQ1. White arrow

indicates root hair adsorbed marked bacteria and root hair become curled (A-B) after inoculation for 48 h. Arrow in C indicates a forming infection thread

after inoculation for 72 h, White arrows point to microcolonies in woodiness (D) and in root nodules (E) after inoculation for three weeks.



the definite mechanism of their interaction needs further

study.

Plant inoculation assay

To further confirm plant growth promoting character-

istics, we performed plant inoculation assays. Results in

Table 2 showed that each growth parameters of inoculated

Zong1 were higher than those of negative control (NC) and

SQ1 (PC) on different degrees. But it is noteworthy that

each growth parameters of co-inoculated Zong1+SQ1 was

higher than those of single inoculation (Zong1, PC, NC)

and showed significant difference (p < 0.05).

Discussion

GFP is a useful biomarker for examining biological

localization because the cell can be studied nondestruc-

tively and without the addition of confounding exogenous

substrates or cofactors (Tombolini et al., 1997). In this

study, we described the construction of new gfp-containing

plasmids for use in P. chlororaphis strain Zong1, experi-

ments have demonstrated gfp-marked cells can be used to

simplify the detection and locate the position of an individ-

ual cell on roots or root nodules of Sophora alopecuroides

with standard epifluorescence microscopes and filter sets

(Figure 2 D, E). Additionally, once GFP is synthesized and

properly folded, no energy source is required for its act, in

contrast to the lux system, which requires ATP for activity

(Stewart et al., 1992). As for the legume host plant S.

alopecuroides, colonization of gfp-marked P. chlororaphis

strain Zong1 in root tissue or root nodules were first de-

tected and reported. Therefore, gfp-marking techniques

will provide valuable information for a wide range of P.

chlororaphis species associated with Sophora.

Among Gram-negative soil bacteria, Pseudomonas is

the most abundant genus in the rhizosphere (Bardas et al.,

2009). Root-associated Pseudomonas spp. strains have

long been known to be beneficial to plants attribute to their

plant-growth promotion effect (PGPE) or their potential as

biological control agents. Since these endophytes may di-

rectly stimulate plant growth by increasing nutrient uptake

and enhancing plant biomass, producing phytohormones

(IAA), siderophores, solublizating phosphorus (Lugten-

berg and Kamilova, 2009), fixing nitrogen (Yan et al.,

2010a) and decreasing heavy metal toxicity (Suranjana and

Manas, 2009). In addition, endophytic Pseudomonas spp.

can also indirectly induce PGPE by controlling phyto-

pathogens or pathogenic fungi using mechanisms such as

producing antibiotic factors (Jousset et al., 2010; Rochat et

al., 2010; Vallet-Gely et al., 2010), enhancing competition

for colonization sites (Wensing et al., 2010), and induction

of systemic resistance (Matilla et al., 2010).

As for PGPC of strain P. chlororaphis Zong1, results

showed that tested parameters (Table 1) present beneficial

actions in vitro, such as the IAA production, siderophores

and phosphorus solubilization. Another, it showed certain
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antifungal activity to plant pathogenic fungi. These indi-

cated that strain Zong1 may stimulate and promote plant

growth. Similar reports prove this viewpoint. Choong-

Minei et al. (Choong-Min et al., 2007) reported that

rhizosphere colonies in tobacco P. chlororaphis O6 can

stimulate growth promotion and induce resistance against

Cucumber mosaic virus, as well as protect cucumber plants

against leaf spotting caused by Corynespora cassicola;

Selin et al. (2010) reported that P. chlororaphis strain

PA23 initially isolated from soybean root tips can protect

canola from the devastating effects of stem rot caused by

the fungus Sclerotinia sclerotiorum (Lib.), and antibiotic

production is the primary mechanism of pathogen inhibi-

tion. It was previously demonstrated that strain P.

chlororaphis MA 342 was a very effective and consistent

biocontrol agent against seed-borne barley net blotch

caused by Drechslera teres (Riccardo et al., 2009).

Comparing with PGPC of alone inoculation (Zong1

or SQ1 or control), we found that effects of co-inoculation

Zong1+SQ1 have more significant than single treatments.

Previous reports have shared this observation. For exam-

ple, non-pathogenic P. putida WCS358 combined with

Fusarium oxysporum Fo47 provided better suppression

ofFusarium flax wilt than either alone, and also showed

better PGPE (Whipps, 2001). Combined P. chlororaphis

30-84 with P. fluorescens Q2-87 provided greater suppres-

sion of take-all of wheat than either alone (Duffy et al.,

1996), combination of P. chlororaphis PCL1391 and P.

fluorescens WCS365 showed biocontrol ability against the

tomato pathogen Fusarium oxysporum f. sp. radicis-

lycopersici (Bardas et al., 2009). These cases all suggested

that PGPE produced by rhizosphere bacteria co-inoculation

indirectly of controls phytopathogens or pathogenic fungi,

which was further supported by our experiment results.

It was noteworthy that each growth parameters of

co-inoculation with Zong1+SQ1 in plant inoculation as-

says was higher than those of single innoculation (Zong1,

PC, NC), and showed significant effects. Interestingly,

PGPC of co-inoculated Zong1+SQ1 coincide with each

growth parameters of co-inoculation in growth assays un-

der greenhouse conditions. Similar reports proved our re-

sults. Jay et al. (2010) reported that combined P. strata with

Rhizobium have shown significantly increased dry matter,

nodulation, grain yield and phosphorus uptake over the

non-inoculated control in legumes. Recent results of stud-

ies with PGPR and Rhizobium/Bradyrhizobium sp. have

shown co-inoculation may increased root and shoot bio-

mass, nodule dry matter, nitrogenase activity, N2-fixation

and grain yield in chickpea and various legumes (Verma et

al., 2010). In this experiment, co-inoculation of combina-

tion P. chlororaphis Zong1 with Mesorhizobium sp. SQ1

performed under greenhouse conditions showed that endo-

phytes P. chlororaphis zong1 play important roles either in

co-inoculation or inoculation alone, and is a potential bio-

logical control agent and plant-growth promoting agent.

The effects brought by co-inoculation P. chlororaphis

Zong1 and other rhizobial genera, both known and un-

known, provide a basis for supporting future research in

this area.
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