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Abstract

Agrobacterium rhizogenes induces hairy roots from the infection site, when transferred DNA (T-DNA) in Ri plasmid inserted
and integrated into host plant cell genome. Cucumopine-type A. rhizogenes strain K599 (NCPPB2659) has particularly high
ability to induce hairy root. Here, using next-generation and third generation sequencing technologies, we do novo assembled
the whole genome of K599. The genome is 5,114,385 bp and consists of one circular chromosome of 2,622,758 bp, one linear
chromosome of 2,289,334 bp, and one Ri plasmid (pRi2659) of 202,292 bp. It contains 4716 protein-coding and 70 RNA
genes, including 54 tRNAs, 12 rRNAs, and 4 ncRNAs. The genetic information of K599 exhibits the prediction of prophage
regions and virulent genes, which is critical for DNA transfer to the host plant genome. © 2018 Friends Science Publishers
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Abbreviations: BLAST: Basic local alignment search tool; chv: chromosomal virulence; COG: Clusters of orthologous group;
CRISPR: Clustered regularly interspaced short palindromic repeats; CTAB: Cetyl-trimethylammonium bromide; cus:
cucumopine synthesis; ncRNAs: Non-coding RNAs; NGS: Next-generation sequencing; Ri: Root inducing; rol: root loci; orf:
open reading frame; T-DNA: Transferred DNA, Ti: Tumor inducing; TGS: Third generation sequencing; VFDB: Virulence
factor database; vir: virulence; YEM: Yeast extract mannitol

Introduction

Agrobacterium is a Gram-negative soil bacterium and can
cause pathogenic diseases in plants. There are two types of
Agrobacterium: A, tumefaciens and A. rhizogenes
(Rhizobium rhizogenes). During process of Agrobacterium
infecting host plant, the transferred DNA (T-DNA) in Ti/Ri
plasmid from A. tumefaciens/rhizogenes inserts and
integrates into plant cell nuclei. Consequently, A.
tumefaciens produces tumor while A. rhizogenes induces
hairy root from the infection site (White and Nester, 1980;
Chilton et al., 1982). Based on the infection process of T-
DNA exported from Agrobacterium to the plant cell nucleus
and expressed, Agrobacterium-mediated plant
transformation was developed. At present, Agrobacterium-
mediated transformation is the most widely used approach
in plant genetic engineering and has revolutionized
agriculture as well as basic research in plant molecular
biology (Banta and Montenegro, 2008).

Agrobacterium strain has the ability to induce the
synthesis of specific amino acid and sugar derivatives,
called opines in host plant as its nutrients. According to

opines produced in plants induced by its infection, A.
rhizogenes is classified into four types (agropine,
mannopine, cucumopine and mikimopine) (Combard and
Baucher, 1988; Suzuki et al., 2001). K599, also known
as NCPPB2659, is an archetype of a cucumopine-type A.
rhizogenes strain. Infection by K599 induces hairy roots
in 32 different plant species (Xiang et al., 2016),
especially early recalcitrant leguminous plants and
monocots like corn (Cho et al., 2000; Runo et al., 2012). In
addition, K599 induces hairy roots in soybean with higher
efficiency comparing to other strains (Savka et al., 1990;
Cho et al., 2000), which can be harnessed for soybean
genetic engineering.

Hairy root system induced by A. rhizogenes has been
broadly utilized for basic and applied research (Guillon et
al., 2006; Georgiev et al, 2012). The molecular
mechanisms of processes such as T-DNA transfer,
interaction with host plant proteins, plant defense signaling,
and integration to the plant genome are partially known. For
example, root loci genes (rol genes), virulence genes (vir
genes) in Ri plasmid, and chromosomal virulence genes
(chv genes) of A. rhizogenes are all involved in the hairy
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root inducing processes (Gelvin, 2009; Chandra, 2012). Vir
genes are directly involved in T-DNA cleavage from the Ri
plasmid, T-DNA processing, transferring and integration
into the plant nuclei. Conversely, chv genes are not directly
involved in the T-DNA transfer process. Instead, chv genes
play important roles in signal transduction necessary for
Agrobacterium pathogenicity (Subramoni et al., 2014;
Nester, 2015). Chromosomal genes in Agrobacterium with
pleiotropic  functions also play important roles in
Agrobacterium-mediated plant transformation (Gelvin,
2008). However, whether other genes in Agrobacterium
rhizogenes chromosome are also linked to the invasion
process remains elusive.

In 1987, the T-DNA region of the plasmid in A.
rhizogenes strain K599 was identified and characterized
(Combard et al., 1987). Using electron microscope to
examine heteroduplexes, pRi2659 in K599 is confirmed to
mainly share two homologous sequences of about 2.5 and
1.5 kb in size, respectively, bracketing a largely non-
homologous central part about 5.5 kb long with Ri plasmids
1855 and 8196 (Brevet and Tempé, 1988). In 2001, the
nucleotide sequence of cucumopine synthase encoded on
pRi2659 was determined (Suzuki et al., 2001).
Subsequently, the sequences of rol genes, orf3, cus, T-DNA,
and pRi2659 in K599 were reported (Serino et al., 1994;
Mankin et al., 2007; Wang et al., 2016) (GenBank
accession number: Z29365; AJ271050; AB039860;
EF433766; NC_010841; EU186381; CS354244). The draft
genome sequence was also reported in 2016 (Valdes Franco
et al., 2016). However, the whole genome sequence of
K599 has yet to be determined.

Here, we selected A. rhizogenes strain K599 as our
model to sequence and assemble its complete genome. The
genetic information of K599 significantly advances our
understanding of the transformation mechanism of T-DNA
transfer and other crucial processes, and is of great usage to
determine the limits of recalcitrant host species.

Materials and Methods
Growth Conditions and Genomic DNA Preparation

A. rhizogenes strain K599 was cultured on solid and in
liquid YEM medium plus 50 mg/L streptomycin at 28°C.
For isolation of the genomic DNA, 1.5 g fresh bacterial cells
from an overnight suspension culture were used and the
extraction procedure was performed following the cetyl-
trimethylammonium bromide (CTAB) method protocol
(Del Sal et al., 1989). The purity and the concentration of
the extracted DNA were measured with a UV
spectrophotometer (TBS380, Promega, Madison, USA)
while its integrity was evaluated electrophoretically in a
0.8% agarose gel.

Morphological Character and Phylogenetic Analysis

Confocal laser scanning microscope (Leica Microsystems
GmbH, Wetzlar, Germany) was employed for imaging of
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K599. Phylogenetic analysis is based on 16S rDNA gene
alignments and was conducted in MEGA7.0 (Kumar et al.,
2016) with bootstrap value of 500 replicates.

Genome Sequencing and Assembly

A paired-end (2 x 251 bp) library with an insert size of 400
bp using TruSeq DNA PCR-Free Sample Preparation Kit
(MMlumina Inc.) and a standard library with an insert size of
10 Kb using SMRTbell Template Prep Kit 1.0 (Pacific
Biosciences of California, Inc., USA) were constructed,
respectively. Using the next-generation sequencing (NGS)
and the single molecule sequencing (SMS) (i.e. third
generation sequencing (TGS)) technologies, the whole
genome was sequenced using a combination of Illumina
MiSeq and Pacbio RS Il platforms at Shanghai Personal
Biotechnology Co., Ltd. (China). Paired-end sequence reads
were generated using the lllumina MiSeq. FASTQ sequence
files were obtained using the Illumina Casava pipeline
v1.8.3 (IMlumina versionl.8+). FASTQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc)
was used to assess the quality resulting in 3,036,286 reads.
Adapter- and quality-trimming was performed in Adapter
Removal (version 2) (Lindgreen, 2012) and Quake (version
0.3) (Kelley et al., 2010). In total, 3,077,772 reads and
691,702,734 bp HQ data were obtained. Moreover, the data
collected from the PacBio RSII instrument were processed
and filtered using the SMRT analysis software suite. The
Continuous Long Read data were filtered by Read-length
(>50), Subread-length (>50) and Read quality (>0.75)
resulting in 304,478 reads and 1,144,062,324 bp. Assembly
was completed with the Hierarchical Genome Assembly
Process algorithm implemented in the PacBio SMRT
analysis software (Pacific Biosciences, Menlo Park, CA,
USA). Using Newbler version 2.8 (Roche Co.), data
corrected by Kmer were assembled to get contigs and
scaffolds. Scaffolds were produced with The Hierarchical
Genome Assembly Process (HGAP) from TGS data. The
collinearity of contigs was analyzed by mummer software
(http:/Awww.tigr.org/software/mummer), and the contigs
were reconfirmed to fill gaps. Finally, Pilon software was
used to correct the results, and the complete sequence was
obtained (Table 1).

Data from NGS and TGS were assembled to obtain
the whole genome of 5,114,384 bp in size (GenBank
accession number is NZ_CP019701, NZ_CP019702 and
NZ_CP019703) with 359-fold overall coverage (135x and
224x, respectively) and a GC content of 59.75%, which
includes one circular chromosome of 2,622,758 bp, one
linear chromosome of 2,289,334 bp, and one Ri plasmid
(pRi2659) of 202,292 bp (Table 1 and Table 2).

Genome Annotation

Glimmer 3.0 (Delcher et al., 1999) was used to predict
protein-coding gene in genome, with the criteria of
open reading frame (ORF) length longer than 110 bp,
and the rest parameters default.
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Table 1: Project information

MIGSID  Property Term
MIGS 31  Finishing quality Finished
MIGS-28  Libraries used Paired-end (2x251 bp) Illumina library with inserts 400 bp and PacBio libraries with inserts of 10 Kb, respectively
MIGS 29  Sequencing platforms Illumina Miseq and PacBio sequencer, respectively
MIGS 31.2 Fold coverage 135x and 224x, respectively
MIGS30  Assemblers Newbler (version 2.8) software for NGS sequences and Hierarchical Genome Assembly Process (HGAP) algorithm
implemented in the PacBioSMRT Analysis software for TGS sequences, Last using mummer software and pilon
software for contigs analysis
MIGS 32  Gene calling method Glimmer 3.0 gene prediction
Locus Tag B0909
GenBank ID NZ_CP019701, NZ_CP019702, NZ_CP019703
GenBank Date of Release March 09, 2017
GOLD ID Not available
BIOPROJECT PRINA373797
MIGS 13 Source Material Identifier Not available
Project relevance agricultural

Table 2: Summary of genome: two chromosomes and one plasmid

Label Size (Mb) Topology INSDC identifier RefSeq ID

Chromosome 1 2.622758 Circular PRINA373797 NZ_CP019701
Chromosome 2 2.289334 Linear PRINA373797 NZ_CP019702
Plasmid 0.202292 Circular PRIJNA373797 NZ_CP019703

Table 3: Classification and general features of Agrobacterium rhizogenes strain K599 according to the MIGS
recommendations (Field et al., 2008)

MIGS ID  Property

Term

Evidence code®

Classification

Gram stain
Cell shape
Motility

Sporulation
Temperature range
Optimum temperature

pH range; Optimum
Carbon source

MIGS-6

MIGS-6.3
MIGS-22
MIGS-15
MIGS-14

Habitat

Salinity

Oxygen requirement
Biotic relationship
Pathogenicity

MIGS-4
MIGS-5
MIGS-4.1
MIGS-4.2
MIGS-4.4

Geographic location
Sample collection
Latitude

Longitude

Altitude

Domain Bacteria

Phylum Proteobacteria

Class Alphaproteobacteria

Order Rhizobium

Family Rhizobiaceae

Genus Agrobacterium

Species Agrobacterium rhizogenes
Type strain: K599 (NCPPB2659)
Negative

Rod
Motile

Not reported
25-30°C
28°C

5-9;6.5-7.5
sucrose, mannitol

Soil and rhizosphere of plant
Up to 0.5% NaCl (wiv)
Aerobic or aerotolerant
free-living or commensal
Pathogenic: inducing hairy root

United Kingdom
1974

Not reported
Not reported
Not reported

TAS (Woese et al., 1990)

TAS (Garrity et al., 2005)

TAS (Garrity et al., 2005)

TAS (Euzéby, 2006)

TAS (Skerman et al., 1980)

TAS (Conn, 1942; Sawada et al., 1993; Young et al., 2001)
TAS (Conn, 1942; Sawada et al., 1993; Young et al., 2001)

TAS (Combard et al., 1987; Combard and Baucher, 1988;
http://ncppb.fera.defra.gov.uk/furtherinfo.cfm?ncppb_no=2659)

TAS (Combard et al., 1987; Combard and Baucher, 1988;
http://ncppb.fera.defra.gov.uk/furtherinfo.cfm?ncppb_no=2659)

TAS (Combard et al., 1987; Combard and Baucher, 1988;
http://ncppb.fera.defra.gov.uk/furtherinfo.cfm?ncppb_no=2659)

NAS

IDA

TAS (Combard et al., 1987; Combard and Baucher, 1988;
http://ncppb.fera.defra.gov.uk/furtherinfo.cfm?ncppb_no=2659)

IDA

TAS (Combard et al., 1987; Combard and Baucher, 1988;
http://ncppb.fera.defra.gov.uk/furtherinfo.cfm?ncppb_no=2659; Du et al., 2015)
TAS (http://ncppb.fera.defra.gov.uk/furtherinfo.cfm?ncppb_no=2659)
TDA

TAS (http://ncppb.fera.defra.gov.uk/furtherinfo.cfm?ncppb_no=2659)
TAS(http://ncppb.fera.defra.gov.uk/furtherinfo.cfm?ncppb_no=2659)
TAS (Combard et al., 1987; Combard and Baucher, 1988;
http://ncppb.fera.defra.gov.uk/furtherinfo.cfm?ncppb_no=2659)

TAS (http://ncppb.fera.defra.gov.uk/furtherinfo.cfm?ncppb_no=2659)
TAS (http://ncppb.fera.defra.gov.uk/furtherinfo.cfm?ncppb_no=2659)
NAS

NAS

NAS

# Evidence codes - IDA: Inferred from Direct Assay; TAS: Traceable Author Statement (i.e., a direct report exists in the literature); NAS: Non-traceable
Author Statement (i.e., not directly observed for the living, isolated sample, but based on a generally accepted property for the species, or anecdotal
evidence). These evidence codes are from the Gene Ontology project (Ashburner et al., 2000)

tRNAscan-SE (version 1.3.1) and RNAmmer (version 1.2)
were used to predict tRNA genes (Lowe and Eddy, 1997)
and rRNA genes (Lagesen et al., 2007) in the genome.

Other ncRNAs were predicted using Rfam database (Burge
et al.,, 2013). Signal peptides and transmembrane helices
were predicted using Signal P 4.1 (Petersen et al., 2011) and
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TMHMM (version 2.0c) (Chen et al., 2003), respectively.
Clustered regularly interspaced short palindromic
repeats (CRISPR) and CRISPR-associated sequence
(CAS) proteins constitute a putative prokaryotic RNA-
interference-based immune system (Makarova et al.,
2006; Sorek et al., 2008) protecting against
bacteriophages or plasmids (Mojica et al., 2005; Smits et
al., 2010). Using CRISPR recognition tool (CRT), direct
repeats (DRs) and spacers in genome were predicted.
CRISPRFinder was used for CRISPR identification.

Results
Classification and Features

K599 was isolated from cucumber (Cucumis sativus L.) in
United Kingdom by Catton in 1974
(http://ncppb.fera.defra.gov.uk/furtherinfo.cfm?ncppb_no=2
659). It is a Gram-negative bacterium featuring faint yellow
colonies (Fig. 1A). Cells are rod shaped and are 2 um or so
in length (Fig. 1B). The strain is moderately fast-growing,
forming 1 mm colonies within 1-2 days at 28°C.
Phylogenetic analysis using 16S rDNA genes of other
Agrobacterium strains and related members of the same
family (Microbacteriaceae) and class (Alphaproteobacteria)
is shown in Fig. 2. The general features of the strain are
summarized in Table 3.

K599 infects a wide range of plant hosts to induce
hairy roots (Xiang et al., 2016) (Fig. 3). Hairy roots induced
by K599 can be directly used to study gene functions and
functional genomics (Jian et al., 2009), providing a tool for
understanding  plant-microorganism  and  plant-plant
interactions (Runo et al., 2012), for producing valuable
secondary metabolites or compounds of interest (Tavizi et
al., 2015), and for generating composite transgenic plant
(non-transgenic shoots with transgenic roots) (Collier et al.,
2005) and complete transgenic plants (Zhang et al., 2011).

Genome Properties

The complete genome of K599 is composed of one circular
chromosome (2,622,758 bp), one linear chromosome
(2,289,334 bp), and one circular plasmid (202,292 bp). The
size of its genome is 5,114,384 bp with an average GC
content of 59.75%. Among the 4889 predicted genes, 4716
were identified as protein coding genes. 4716 (96.46%)
were assigned with putative functions and annotated as
hypothetical proteins. 70 RNAs, which include 54 tRNAs, 4
5S rRNAS, 4 16S rRNAS, 4 23S rRNAs and 4 ncRNAs, and
103 pseudogenes were also identified.

The detailed information about K599 genome
properties is summarized in Table 4 and genes assigned to
COG (Galperin et al., 2015) functional categories are listed
in Table 5. Sequences of the genome, predicted genes and
non-encoding RNAs in GenBank format are mapped using
CGView (Stothard and Wishart, 2005) (Fig. 4).
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Fig. 1: Source organism A. rhizogenes strain K599. A: The
morphology of its colony after 36 h growing on YEM solid
medium plus 50 mg/L streptomycin; B: Confocal laser
scanning microscope imaging of K599

Agrobacterium tumefaciens (JX843284)
Rhizobium sp. (JX514418)

Uncultured Agrobacterium sp. (JX679634)
Beijerinckia fluminensis (KX458039)
Beijerinckia fluminensis (NR 116306)
Agrobacterium tumefaciens (EU399911)
Rhizobium sp. (HQ589024)

o
8

Agrobacterium tumefaciens (JN033552)
Rhizobium sp. (JQ514073)
99 | Agrobacterium tumefaciens (JX002661)
Rhizobium sp. (JX436337)
Rhizobium sp. (KF008229)
Agrobacterium tumefaciens (EU399912)
74 Uncultured alpha proteobacterium (FJ517741)
Ahrensia sp. (AJ582087)
Stappia stellulata (AB680962)
P sp. (FR821219)
Ruegeria atlantica (KJ372486)
K599

Fig. 2: The phylogenetic tree showing the relationship of
A. rhizogenes strain K599 with other strains of
Agrobacterium, Ahrensia, Pseudorhodobacter, Ruegeria
and Stappia. GenBank accession numbers are shown in
parenthesis

Insights from the Genome Sequence

Using PHAge Search Tool (PHAST) (zZhou et al., 2011),
5 prophage regions have been identified in the genome,
of which 2 regions are intact (in chromosome 1), 3
regions are incomplete (one in chromosome 1 and two in
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Table 4: Genome statistics

Attribute Value % of Total
Genome size (bp) 5,114,384  100.00
DNA coding (bp) 4,487,487  87.74
DNA G+C (bp) 1,686,886  59.75
DNA scaffolds 3 100
Total genes 4889 100
Protein coding genes 4716 96.46
RNA genes 70 1.43
Pseudo genes 103 211
Genes in internal clusters NA -
Genes with function prediction 4716 96.46
Genes assigned to COGs 2306 47.17
Genes with Pfam domains 2117 433
Genes with signal peptides 427 8.73
Genes with transmembrane helices 1229 25.14
CRISPR repeats 1 0.02

Fig. 3: Hairy roots induced from cucumber infected by A.
rhizogenes strain K599. A: Hairy roots from epicotyls in
vivo; B: Hairy roots from cotyledons in vitro

chromosome 2, respectively). Prophages are essentially
dormant phages that are only replicated through bacterial
DNA replication and cell division. Defective or cryptic
prophages are abundant in many bacterial genomes and they
can carry a number of genes that may be beneficial to the
host. Bacteria containing a prophage are called lysogens
because their prophage is in the lysogenic cycle, in which
the viral (esp. the lytic) genes are not expressed. Upon
damage to the host cell DNA or other physiological cues,
the prophage may be induced to excise itself from the
bacterial genome. Bacterial genomes can contain a
significant proportion (>20%) of functional and non-
functional bacteriophage genes (Casjens, 2003). The
presence of prophage sequences may also allow some
bacteria to acquire antibiotic resistance, to survive in new
environmental niches, to improve adhesion or to become
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Table 5: Number of genes associated with general COG
functional categories

Code Value %age Description

133 495 Translation, ribosomal structure and biogenesis

0.00 RNA processing and modification

6.95 Transcription

3.05 Replication, recombination and repair

0.04 Chromatin structure and dynamics

0.41 Cell cycle control, Cell division, chromosome partitioning
1.04 Defense mechanisms

4.02 Signal transduction mechanisms

4.43  Cell wall/membrane biogenesis

1.75 Cell motility

1.60 Intracellular trafficking and secretion

3.72 Posttranslational modification, protein
chaperones

Energy production and conversion
Carbohydrate transport and metabolism
Amino acid transport and metabolism
Nucleotide transport and metabolism
Coenzyme transport and metabolism

Lipid transport and metabolism

Inorganic ion transport and metabolism
Secondary metabolites biosynthesis, transport and
catabolism

11.75 General function prediction only

240 8.93 Function unknown

684 25.44 Notin COGs

turnover,

3.90
5.02
8.96
2.53
2.38
2.68
5.73
1.93

154
52

316

'OD QOTTTITMOO O0OCZZIA<KOWr X><

The total is based on the total number of protein coding genes in the genome

pathogenic. Because bacterial genome fragments can also be
carried by phage particles, the lytic process is thought to be
an important vehicle for horizontal gene transfer (Casjens,
2003; Coates and Hu, 2011).

We conducted BLAST to VFDB database and set the
minimum blastn percentage identity at 45% and the ratio of
the length of sequence used alignment to its full-length is
not less than 70%. Thirteen virulent genes in two
chromosomes (ten in chromosome 1 and three in
chromosome 2, respectively) were predicted in genome
based on VFDB. Most bacterial virulence factors were
originally thought to be associated with pathogens. We
further identified genes most likely to be involved in
virulence of infection to plant cell. The virulence factor
database (VFDB) is an integrated and comprehensive online
resource for curating virulence factors of bacterial
pathogens (Chen et al., 2012).

Discussion

Combining whole genome shotgun strategy using next-
generation sequencing (NGS) and the third-generation
sequencing (TGS) technologies, we do novo assembled
the complete genome of K599. Using Illumina Miseq
and Pacbio RS Il, we obtained 3,036,286 high-quality
filtered sequence reads of 691,702,734 bp, and 304,478
sequence reads of 1,144,062,324 bp, respectively. The
whole genome size is 5,114,385 bp, which consists one
circular chromosome (2,622,758 bp), one linear
chromosome (2,289,334 bp), and one Ri plasmid (i.e.,
pRi2659) (202,292 bp).
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Fig. 4: Genome maps of A. rhizogenes strain K599. A:
Graphic representation of chromosome 1 (circular); B:
Graphic representation of chromosome 2 (linear); C:
Graphic representation of Ri plasmid pRi2659 (circular).
Circles (from inside to outside): first, scale bar in kilobases;
second, G+C skew (G-C/G+C): values>0 (green), values<0
(purple); third, G+C content: above median G+C content
(outside), less than or equal to the median (inside); fourth
and seventh, predicted coding sequences on the plus and
minus strands, respectively (colors according to COGS);
fifth and sixth, positions of coding sequences

The complete genome sequence has an overall G+C content
of 59.75%. The first version of annotation includes 12
rRNA genes (four 5S rRNAs, four 16S rRNAs and four 23S
rRNAs, respectively), 54 tRNA genes, 4 other ncRNAs and
4716 protein-coding genes. GenBank accession numbers for
the genome sequence of K599 are NZ CP019701
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(chromosome 1), NZ CP019702 (chromosome 2) and
NZ_CP019703 (Ri plasmid of pRi2659).

The size of our complete genome sequences is
162,963 bp shorter than that of the reported draft genome
sequence (Valdes Franco et al., 2016). We speculate that the
draft genome sequence using NGS contains severally
artefactual duplication, including errors in merging some
adjacent plasmid-clone sequences by the assembly program.
By combining the NGS with TGS technologies, we
eliminated these artefacts in our assembly process.

Although the whole genomes of three Agrobacterium
tumefaciens strains were reported
(https://www.ncbi.nlm.nih.gov/genome/genomes/1777?), as
to the best of our knowledge, this is the first report of the
whole genome of Agrobacterium rhizogenes. The accuracy
and completeness of the current genome sequence of K599
may facilitate developing Agrobacterium rhizogenes as
tools for plant transformation.
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