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Bacterial endophytes colonizing internal plant tissues

without harmful effects are regarded as the source of

biocontrol agents, which can mediate disease resistance

and are thought to be effective owing to their stability and

sustainability [6, 11, 12]. We recently screened several leaf-

inhabiting bacterial endophytes from Arabidopsis thaliana

plants [6]. A. thaliana is a good experimental system for

genetic studies, especially of defense signaling pathways,

but little is known about the leaf-inhabiting endophytes.

From the apoplastic fluid extracts of pathogen-infected

Arabidopsis plants, a total of 19 microbes were isolated, and

the antagonistic effects of the isolates against phytopathogens

were investigated with in vitro and in planta assays, in

addition to their internal colonization in planta [6]. Among

19 microbes, here, we report isolation of the previously

unreported endophytic bacterium Rhodococcus sp. KB6. To

demonstrate preferentially endophytic growth of KB6, we

inoculated a KB6 bacterial suspension on 5-day-old

Arabidopsis Col-0 seedlings grown on ½ MS agar plates.

After 7 days, we observed that KB6 grew epiphytically

along root tissues without causing any plant disease

symptoms or growth suppression (Fig. 1A). Then, KB6 was

re-isolated from inoculated leaf tissues, and the isolate had

very low bacterial density (Fig. 1B). These results were

obtained from a gnotobiotic system; therefore, we also

determined whether internal colonization of KB6 can be

Received: November 16, 2015

Revised: January 1, 2016

Accepted: January 10, 2016

First published online

January 15, 2016

*Corresponding author

Phone: +82-42-860-4346;

Fax: +82-42-860-4468;

E-mail: jmpark@kribb.re.kr 

†These authors contributed 

equally to this work.

upplementary data for this 

paper are available on-line only at 

http://jmb.or.kr.

pISSN 1017-7825, eISSN 1738-8872

Copyright© 2016 by

The Korean Society for Microbiology 

and Biotechnology

Rhodococcus species have become increasingly important owing to their ability to degrade a

wide range of toxic chemicals and produce bioactive compounds. Here, we report isolation of

the Rhodococcus sp. KB6, which is a new leaf-inhabiting endophytic bacterium that suppresses

black rot disease in sweet potato leaves. We determined the 7.0 Mb draft genome sequence of

KB6 and have predicted 19 biosynthetic gene clusters for secondary metabolites, including

heterobactins, which are a new class of siderophores. Notably, we showed the first internal

colonization of host plants with Rhodococcus sp. KB6 and discuss its potential as a biocontrol

agent for sustainable agriculture. 
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maintained in soil conditions or in other plants. Fourteen-

day-old tomato plants were treated with 2 ml of KB6

suspension (1.0 × 106 cells) or distilled water (DW), and

cultured in a growth chamber (25°C, 16 h light/8 h dark)

for 27 days. KB6 treatment did not significantly promote

the growth of tomato plants (Fig. S1C), and a relatively

high density of KB6 (detected on LB agar plates at a

concentration of 5 × 103 CFU/g) was detected in isolates of

inoculated tomato plants compared with that detected in

A. thaliana (Fig. S1). The KB6 isolate was evaluated for its

antagonistic activity in vitro toward two phytopathogens,

Fusarium oxysporum pv. conglutinan and Pseudomonas syringae

pv. DC3000 (Pst), but it did not exhibit any strong antagonistic

activity against either pathogen (data not shown). However,

KB6 displayed significant disease suppression activity

against Pst when inoculated on Arabidopsis plants (Fig. 1C).

At this time, we included E. coli DH5α (non-phytopathogen)

to test whether the inhibition effect by KB6 is specific or

not. These combined results suggest that the KB6 strain

could exist as a bacterial endophyte in plants, and the

significant antagonistic effect of KB6 in planta suggests the

leaf-inhabiting KB6 may provide defensive services to their

host through growth competition with pathogens rather

than production of antibiotics that inhibit the growth of

pathogens.

Sweet potato is an important crop that tolerates unfavorable

environmental conditions. However, it is sensitive to black

rot caused by Ceratocystis fimbriata, which is a serious

fungal pathogen of sweet potato [9]. C. fimbriata can infect

leaf, stem, and storage organs. Thus, it has deleterious effects

on plant growth and post-harvest storage [5]. Initially, we

performed the dual-culture antagonistic bioassay to test

the antagonism of KB6 against C. fimbriata (Fig. 2A). KB6

did not show any clear inhibition zone, but it showed

fungal growth suppression activity. To further evaluate the

biocontrol activity of KB6 against C. fimbriata in planta, we

first tested whether KB6 can endophytically colonize sweet

potato. A KB6 cell suspension was prepared by growing

bacteria in LB liquid medium at 28oC with shaking for 16 h.

Six-week-old sweet potato leaves with 3-cm-long petioles

were surface-sterilized using 12% NaOCl for 30 sec to

eliminate non-endophytic microorganisms, and the leaves

were rinsed three times with DW. The sterilized leaves

were immersed in KB6 cell suspension (1.0 × 106 cells) for

1 h in a 5 ml tube. Fig. 2A shows that KB6 colonized sweet

potato leaves at the level of 1.5 × 107 CFU/g, and no

bacterial growth was observed on water-treated control

plants. The identity of the re-isolated colonies from the

leaves was confirmed by random amplified polymorphic

DNA PCR analysis using the p86 primer (TGGACCGGTC)

[6, 7, 10] (Fig. S2).

Fig. 1. Effects of KB6 in planta. 

(A) Two microliters of DW (control) or a KB6 bacterial suspension

(1.0 × 106 cells) was applied to root tips of 5-day-old Arabidopsis Col-0

seedlings. Photographs were taken after 7 days of co-cultivation. (B)

After co-cultivation of Arabidopsis seedlings with KB6 for 7 days,

identical colonies were confirmed from aerial parts. (C) Antibacterial

activity of KB6 in Arabidopsis plants. Pst suspension (2 µl of OD600 = 0.1)

was inoculated on Arabidopsis meristem; distilled water (DW) was

used as a control. The chart shows percent disease incidence of Col-0

plants inoculated with Pst. Disease incidence was calculated at 3 days

post-inoculation. Bars represent the means ± SE from three experiments.

The asterisk indicates statistically significant differences (Tukey’s

HSD test; p < 0.05).
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To determine the biocontrol activity of KB6 against

C. fimbriata in sweet potato plants, leaf petioles of 6-week-

old plants were immersed in a suspension of KB6 (1.0 ×

106 cells) or DW control for 1 h. The leaves were washed

with DW to remove residual bacteria on the petiole surface,

and then inoculated with a suspension of C. fimbriata spores

(1 × 105 spores/ml) for 30 sec. The inoculated leaves were

kept at 26°C under humid conditions. C. fimbriata infection

on control sweet potato leaves induced the formation of

large necrotic areas [5, 9], whereas two independent

experiments indicated that KB6 suppressed the disease

severity (Fig. 2B). Necrotic areas were significantly reduced

in leaves pretreated with KB6 (>50% reduced) compared

with those in DW-treated control leaves. These results

suggest that KB6 could function as a biocontrol agent to

suppress black rot disease in sweet potato.

We initiated a genetic analysis of KB6 by performing

genome sequencing at the National Instrumentation Center

for Environmental Management at Seoul National University

(Seoul, Republic of Korea) using the Illumina HiSeq 2500

platform. Short insert libraries with an average insert size

of approx. 440 bp were constructed using a TruSeq Nano

LT DNA sample preparation ver. 2 kit, and 151-cycle

paired end reads were produced. In all, 8,273,132 reads,

totaling 1.25 giga-basepairs, were produced. De novo

genome assembly was performed using Velvet ver. 1.2.10

Fig. 2. KB6 suppresses black rot disease in sweet potato leaves. 

(A) Inhibition effect of KB6 on C. fimbriata growth. Discs of 1 cm diameter from the fungal lawns were cut and inoculated on potato dextrose agar

plates. A sterilized paper disc with 5 mm diameter, dropped with 30 µl of indicated densities of KB6 and DH5α suspensions and DW, was

inoculated about 2.0–2.5 cm away from the fungal disc. The illustration shows the location of each suspension treatment. Representative

photographs of plates were taken at 3 days after incubation. (B) The ability of KB6 to colonize sweet potato leaves was analyzed by inoculation

and re-isolation experiments. The population density was quantified in KB6-treated sweet potato leaves. A sweet potato cultivar, Sinhwangmi,

was used in this study and obtained from the National Institute of Crop Sciences, Rural Development Administration, Korea. (C) Disease

symptoms were observed 7 days after inoculation with C. fimbriata spores of sweet potato plants pretreated with distilled water (DW) or KB6. The

C. fimbriata was cultured on a PDA agar plate for 7 days at 28°C in darkness and spores were collected prior to infection. The ratio of yellow leaf

area to the whole leaf area was assessed using ImageJ [13]. Bars represent standard error, and the asterisk indicates statistical significance by

ANOVA test; n = 9 for DW and KB6-treated plants; *p < 0.05.
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[18] with the aid of VelvetOptimiser (Kmer = 121), which

resulted in 167 contigs with a 62.47% G+C (total length of

6,999,940 bp, maximum contig length of 942,355 bp, and

N50 of 384,210 bp). Automatic genome annotation conducted

using Prokka identified 6,656 coding sequences and 61

RNAs, 71.0% of which were assigned putative functions

[14]. The Rhodococcus sp. KB6 genome sequence was

deposited at DDBJ/EMBL/NCBI under the accession

number LNAK00000000. Illumina raw sequence files were

also deposited at the NCBI Sequence Read Archive under

the accession number SRR2912160. Average nucleotide

analysis (ANI) using J Species [10] revealed that Rhodococcus

erythropolis strains CCM2595 (95.1%) and PR4 (95.0% ANI)

are closest to KB6. Recently, Creason et al. [4] developed a

molecular phylogenetic tree of Rhodococcus genus based on

the whole genome sequences and defined seven large

groups. Rhodococcus fascians and Rhodococcus equi [15, 16],

which are the only two members of the genus that are

phytopathogenic, belonged to two distinct clades, I or II.

Rhodococcus erythropolis CCM2595 and PR4 belong to clade

III, which consists mostly of isolates named as R. erythropolis,

suggesting that KB6 could be considered a member of

the R. erythropolis species. Analysis with Antibiotics and

Secondary Metabolite Analysis SHell (antiSMASH) [17]

predicted 19 gene clusters encoding potential secondary

metabolism (Fig. S4), including a putative gene cluster for

siderophore heterobactins (Fig. 3). Heterobactins were first

identified from R. erythropolis IGTS8 [2] and their structures

and the heterobactins gene cluster further characterized in

R. erythropolis PR4 [1]. Iron is an essential chemical for

almost all life, including plant pathogens. To determine

whether the production of heterobactins in KB6 is

correlated with its antifungal activity in planta, further

analysis will be performed by using genetic deletion

mutants that cannot produce heterobactins. 

In this study, we showed that KB6 reduced the

symptoms caused by C. fimbriata infection in sweet potato.

However, the mechanism underlying KB6 protection has

yet to be identified. The results of antagonism analyses of

KB6 suggest that the KB6 endophytic bacterium indirectly

conferred plant disease resistance rather than secreted anti-

phytopathogenic compounds. It is known that Rhodococcus

species have antifungal activity against the human pathogens

Candida albicans and Cryptococcus neoformans by producing

rhodopeptins [3]. Rhodopeptins are novel cyclic tetrapeptides

containing a lipophilic beta-amino acid, but, so far, their

biosynthetic gene clusters have not been characterized yet.

Aurachin RE, which is a prenylated quinoline antibiotic

with antibacterial activity against a variety of gram-

positive bacteria, is the only secondary metabolite whose

biosynthetic gene cluster (rau gene cluster) was identified

from R. erythropolis JCM 6824 [8]. However, we could not

identify any gene that has a high homology with the rau

gene cluster in the KB6 genome by nucleotide sequence

analysis. Our results broaden the current knowledge of

Rhodococcus species and provide new incentive for further

genetic and functional characterization of this species.
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