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Rahnella aquatilis HX2, a biocontrol agent for grapevine crown gall caused by Agrobacterium vitis, produces
an antibacterial substance that inhibits the growth of A. vitis in vitro. In this study, we show that MH15 and
MH16, two Tn5-induced mutants of HX2, have lost their abilities to inhibit A. vitis and have reduced biocontrol
activities; they grow in logarithmic phase at a rate similar to that of the wild type and have single Tn5
insertions. They are also impaired in producing pyrroloquinoline quinone (PQQ) or glucose dehydrogenase
(GDH). Complementation of MH15 and MH16 with cosmid clones of CP465 and CP104 from an HX2 DNA
library restored the antibiosis, biocontrol, and PQQ or GDH production phenotypes. A 6.7-kb BamHI fragment
from CP465 that fully restored the MH15-affected phenotypes was cloned and sequenced. Sequence analysis of
the mutated DNA region resulted in the identification of seven open reading frames (ORFs), six of which share
significant homology with PQQ-synthesizing genes in other bacteria, designated pqqA through pqqF. Mean-
while, A 5.5-kb PstI fragment from CP104 fully complemented the MH16 mutant and contained a single ORF
highly similar to that of genes coding for GDHs. An in-frame gdh deletion mutant has the same phenotypes as
the Tn5 mutant of MH16. Complementation of both deletion and Tn5 gdh mutants restored the affected
phenotypes to wild-type levels. Our results suggest that an antibacterial substance plays a role in biocontrol
of A. vitis by HX2.

Crown gall of grapevine (Vitis vinifera), caused by Agrobac-
terium vitis (previously referred to as Agrobacterium tumefa-
ciens biotype 3) (42), is an economically important disease that
can cause extensive damage to grapevine health and quality in
most viticultural regions of the world (6). Systemic survival and
translocation of A. vitis within xylem tissue of both symptom-
atic and asymptomatic vines have been well documented (see
reference 5 and references therein). Recurrent and severe
attacks of the disease are responsible for serious economic
losses in nurseries and vineyards. With no effective chemical
control available, the disease can be managed only by using
certain cultivation techniques, such as covering the flowering
trunks of vines with soil in winter to reduce freeze injury and
using A. vitis-free propagation material (6). However, A. vitis
can persist in decaying grapevine debris in the soil (7) and can
spread to uninfected plants, necessitating the development of
alternative or complementary methods for disease manage-
ment, such as biological control. Biological control of crown

gall diseases has been utilized since Agrobacterium rhizogenes
K84 (previously referred to as Agrobacterium radiobacter K84)
successfully mitigated crown gall disease in many plant species
(47). However, K84 could not prevent the infection of grape-
vines by A. vitis (6). Consequently, several bacterial strains
were identified for suppression of grapevine crown gall, includ-
ing nontumorigenic Agrobacterium strains, such as A. vitis E26
(35), A. vitis F2/5 (8), and A. vitis VAR03-1 (29), and two
Pseudomonas strains (3, 31), as well as two strains of Rahnella
aquatilis (3, 12). Although these bacteria have been shown to
provide some level of control of grapevine crown gall, effective
methods of biological control in fields are not clearly defined.

The gram-negative bacterium R. aquatilis is ubiquitous
and is characterized by its beneficial traits in plant-bacte-
rium interactions, including mineral phosphate solubiliza-
tion (MPS), antimicrobial activity, nitrogen fixation, and
plant disease suppression (9). We have examined the bio-
logical control of grapevine crown gall by nonpathogenic R.
aquatilis HX2, which was isolated from vineyard soils in Bei-
jing, China (12). Wild-type HX2 produces an antibacterial
substance (ABS) that exhibits a broad spectrum of inhibition
activity against bacterial phytopathogens, including Agrobacte-
rium tumefaciens, A. rhizogenes, A. vitis, Pectobacterium caroto-
vorum, Xanthomonas campestris, Xanthomonas oryzae, Pseudo-
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monas syringae, and Clavibacter michiganensis, in vitro (11, 12).
HX2 also significantly suppresses crown gall formation on sun-
flowers (Helianthus annuus L.) and grapes (Vitis vinifera cv.
Muscat Hamburg) in the greenhouse (12). In field trials, 3-year
average grape crown gall tumor inhibition by HX2 is 80.2%
(12). Furthermore, the culture supernatant of HX2 is more
efficient in controlling tumor formation than the cell suspension,
and the crude extract of the bacteria containing ABS exhibited
significant potency in controlling crown gall diseases (12).

Pyrroloquinoline quinone (PQQ), present in a wide variety
of foods and possessing remarkable antioxidant properties (24,
34, 41), has attracted considerable interest. In gram-negative
bacteria, PQQ functions as a noncovalently bound redox co-
factor of several dehydrogenases, including methanol dehydro-
genase, ethanol dehydrogenase and glucose dehydrogenase
(EC 1.1.5.2) (GDH) (encoded by gdh) (18, 39, 49). GDH is one
of the quinoproteins, which are enzymes with an o-quinone
prosthetic group, and it has been found both in soluble frac-
tions and in membrane fractions as membrane-bound GDH
(mGDH) (see reference 39 and references therein). Both
mGDH and soluble-fraction GDH use PQQ as a cofactor and
are associated with the periplasmic oxidation of glucose to
gluconic acid, although they have different substrate specifici-
ties (39). mGDH has been identified in a variety of bacteria,
and its genes have been shown to be highly conserved (see
reference 1 and references therein).

Some information on the biochemical functions of PQQ
following formation of the GDH-PQQ holoenzyme has been
documented for plant-bacterium interactions. There are re-
ports that plant growth-promoting bacteria are able to solubi-
lize inorganic and/or organic phosphates in soil, which is de-
pendent on the GDH-PQQ holoenzyme activity (22, 36). In
addition, transfected PQQ genes enhanced the phenotype of
MPS in two rhizobacterial strains, Burkholderia cepacia IS-16 and
a Pseudomonas sp. strain (43). Moreover, PQQ-linked GDH was
recently shown to be required by Sinorhizobium meliloti for opti-
mal nodulation efficiency and competitiveness on alfalfa roots (4).
Several reports claim that the GDH-PQQ holoenzyme is involved
in antimicrobial substance production in Pseudomonas fluorescens
(17, 28, 46) and in Enterobacter intermedium (22), respectively.
Additionally, it has been reported that PQQ plays a role beyond
that of a cofactor of the PQQ-dependent dehydrogenase. PQQ
promotes growth of both mammals and plants because of its
antioxidant activity (14, 48) and is also found to be a chemotactic
attractant for Escherichia coli (15).

Genes associated with PQQ production have been identified
for various bacteria, including Acinetobacter calcoaceticus (21), E.
intermedium 60-2G (32), Gluconobacter oxydans (26), Klebsiella
pneumoniae (40), Methylobacterium extorquens AM1 (51), P. fluo-
rescens B16 (14), and P. fluorescens CHA0 (46). The pqqABCDEF
genes are conserved in these bacteria, but the accurate biochem-
ical functions of the encoded proteins remain to be determined.

Previous study in this laboratory suggests that the ABS may
contribute to the ability of R. aquatilis HX2 for biocontrol of
crown gall diseases (11, 12). Recent experiments revealed that
the ABS may be a thermostable and alkali-sensitive substance
containing sugar(s) and an unknown 285-nm-absorbing sub-
stance. This substance exhibited a bactericidal effect against A.
vitis both in vitro and in vivo, effects that were attributed
mainly to inhibition of RNA and protein synthesis in A. vitis

cells (11). However, the molecular mechanisms and the micro-
bial determinants involved in biological control and antibacte-
rial activity of strain HX2 are largely unknown. In this article,
both PQQ and GDH produced by R. aquatilis strain HX2 are
suggested to be necessary for biosynthesis of the ABS. We
identified six previously known pqq genes and one gdh gene.
Our data suggest that the ABS produced by R. aquatilis strain
HX2 is involved in the biological control of crown gall diseases.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. R. aquatilis strains were grown
at 28°C on potato dextrose agar (PDA) medium or potato dextrose broth (PDB).
A. vitis strain K308 was cultured at 28°C on yeast extract broth (54) or yeast
extract broth agar. Escherichia coli strains DH5� and S17-1(�-pir) were grown at
37°C on Luria-Bertani (LB) medium. When required, antibiotics were added at
the following concentrations in medium: for growth of Rahnella, 50 �g ml�1

kanamycin and 5 �g ml�1 gentamicin; for E. coli, 50 �g ml�1 kanamycin, 50 �g
ml�1 ampicillin, and 20 �g ml�1 tetracycline. 5-Bromo-4-chloro-3-indolyl-�-D-
galactopyranoside (X-Gal) was added at 40 �g ml�1.

Genetic techniques. Chromosomal DNA from strain HX2 was isolated using
the method of Sambrook et al. (45). Isolation of plasmid DNA from E. coli was
performed by the alkaline lysis method (45). Restriction enzyme digestions were
performed as recommended by the suppliers (Takara, Japan). Gel electrophore-
sis was performed in 0.8% agarose gels. Construction of a genomic library of
strain HX2 was performed as follows: a 20- to 30-kb DNA insert was prepared
by partial digestion of the total genomic DNA with MobI and the fragments
ligated into the BamHI and ScaI sites of pLAFR5. The ligated DNA was
packaged into bacteriophage �, as described by the manufacturer (Promega,
Madison, WI) and then transfected into E. coli DH5�. All other basic molecular
techniques were employed according to standard protocols (45). Pfu DNA poly-
merase (Promega) was used for PCR amplification of inserts for cloning, and Taq
DNA polymerase (TaKaRa) was used for PCR amplification in test reactions
(e.g., colony PCR). Primers are listed in Table 2.

Transposon mutagenesis and screening of ABS-deficient mutants. Tn5 mu-
tagenesis of strain HX2 was accomplished by conjugal mating with E. coli S17-1
(pUTkm1) (25). Briefly, HX2 was grown for 48 h at 28°C on PDA, and S17-1 was
grown on LB medium amended with kanamycin. Growth from two culture plates
of each strain was suspended in 1.0 ml of sterile distilled water (SDW), and
suspensions of the bacteria were combined. Volumes of 500 �l (each) of the
mixed suspension were spread on the surfaces of five MG/L plates (10) (100 �l
per plate) and incubated at 28°C for 8 h. Resulting bacterial growth from the
matings was scraped from the plates, suspended in SDW, and dilution plated on
AB minimal medium (13) containing kanamycin. Transconjugants that grew
within 48 to 60 h were recultured on the same medium and assayed for their ability
to inhibit growth of A. vitis strain K308 in vitro as previously described (12).

To determine whether single Tn5 insertions occurred in the ABS-deficient
mutants, Southern blot hybridizations were conducted using standard Southern
blot methods (45). Total genomic DNA was isolated from HX2 and mutants and
incubated for at least 10 h overnight at 37°C in the presence of KpnI, SalI, or PstI
(which do not cut within the transposon Tn5) under conditions specified by the
manufacturer (TaKaRa). A total of 20 �l from each digestion sample was loaded
onto a 0.8% agarose gel, transferred onto a nylon membrane, and hybridized
with the labeled probe DNA from the pTGN plasmid carrying mini-Tn5gfp-Km
(kanamycin resistance gene) (50). Probe labeling and Southern analysis were
conducted using the DIG High Primer DNA labeling and detection starter kit I
(Roche Applied Science) as per the manufacturer’s instructions.

Characterization of the Tn5-flanking sequences. Genomic DNA of the Tn5
mutant was isolated, digested with KpnI, ligated to plasmid vector pBluescript II
SK(�) according to standard protocols (45), and transformed into E. coli DH5�
competent cells by heat shock. Transformants containing inserts that included
Tn5 were selected on LB plates containing X-Gal, ampicillin, and kanamycin.
The clones were characterized by restriction analysis (KpnI) and sequencing. The
Tn5-flanking sequence was determined on an ABI model 370 DNA sequencer at
Invitrogen Biotechnology Co., Ltd. (Shanghai, China), using primer PI or PO
(Table 2) based on the I-end or O-end terminal region of the Tn5 transposon.
Sequences were analyzed using the DNAMAN DNA analysis software package
(DNAMAN version 5.22; Lynnon Biosoft, Montreal, Canada). Homologous
sequences in the National Center for Biotechnology Information (NCBI) data-
base were identified by BLAST (http://www.ncbi.nlm.nih.gov/BLAST/).
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Complementation of MH15 and MH16 by HX2 cosmid clone. We designed
two primer pairs flanking the Tn5 insertion in MH15 or MH16 that amplify a
402-bp region or an 825-bp region from the HX2 genome. These primer pairs
(P1 and P2, as well as P3 and P4; Table 2) were used to screen the HX2 cosmid

library by using the colony PCR technique. The PCR products from cosmids
CP104 and CP465 were subsequently sequenced to verify the presence of the
MH16 or MH15 sequences of interest. Cosmids CP104 and CP465 were intro-
duced into MH16 and MH15 by triparental mating using the helper strain DH5�,

TABLE 1. Bacterial strains and plasmidsa

Strains/plasmids Characteristics Source or
reference

Strains
Escherichia coli

DH5� F� recA1 endA1 hsdR17 supE44 thi-1 gyrA96 relA1� (argE-lacZYA)169�80lazA�M15 23
S17-1(�-pir) thi pro hsdR hsdM� recA RP4-2 Tc::Mu-Km::Tn7 �-pir 16

Rahnella aquatilis
HX2 Apr, wild type, ABS�, biocontrol This study
MH15 Apr Kmr, HX2 derivative, containing a Tn5 insertion, ABS�, reduced biocontrol This study
MH16 Apr Kmr, HX2 derivative, containing a Tn5 insertion, ABS�, reduced biocontrol This study
HX2�gdh Apr, HX2 derivative with 2.1-kb deletion in gdh gene, ABS�, reduced biocontrol This study
CMH15(p465) Apr Kmr Tcr, MH15 containing cosmid CP465, complemented strain, ABS�, biocontrol This study
CMH15(pqq) Apr Kmr Tcr, MH15 containing plasmid pCH15 with pqq genes, complemented strain, ABS�, biocontrol This study
CMH16(p104) Apr Kmr Tcr, MH16 containing cosmid CP104, complemented strain, ABS�, biocontrol This study
CMH16(gdh) Apr Gmr Kmr Tcr, MH16 containing plasmid pCH16 with gdh gene, complemented strain, ABS�,

biocontrol
This study

CHX2�gdh Apr, Gmr; Tcr, HX2�gdh containing plasmid pCH16 with the gdh gene, complemented strain, ABS�,
biocontrol

This study

Agrobacterium vitis
K308 Pathogen of grapevine crown gall, octopine type Ti plasmid 44

Plasmids
pUTkm1 Apr Kmr, delivery plasmid for Tn5, R6K replicon 25
pGTN Gmr Kmr, pBSL202 carrying 2-kb XbaI-SmaI fragment containing gfp-nptII fusion operon 50
pBluescript II SK� Apr, ColE1 origin, cloning vector Stratagene
pRK415G Gmr Tcr; broad-host-rang cloning vector, IncP1 replicon; polylinker of pUC19 30
pRK600 Cmr, ColE1 oriV; RP4; tra�; RP4 oriT; helper plasmid in triparental matings 19
pLAFR-5 Tcr, oriT cosmid; 30
pHSG299 Kmr, ColE1 origin, cloning vector TaKaRa
CP465 Tcr, pLAFR-5 containing pqq genes, cosmid This study
CP104 Tcr, pLAFR-5 containing gdh gene, cosmid This study
pMH16 Gmr Tcr, pRK415G containing 	9.0-kb PstI fragment with gdh from cosmid CP104 This study
pCH16 Gmr Tcr, pRK415G containing 3.2-kb fragment with gdh from plasmid pMH16 This study
pCH15 Gmr Tcr, pRK415G containing 	8.0-kb BamHI fragment including pqq genes from cosmid CP465 This study
pHSG16L Kmr, pHSG299 containing 1.1-kb upstream flanking sequences of gdh This study
pHSG16R Kmr, pHSG299 containing 1.0-kb downstream flanking sequences of gdh This study
pHSG�gdh Kmr, pHSG299 containing 2.2-kb EcoRI -PstI fragment with a 2.1-kb deletion in gdh This study

a Apr, Cmr, Kmr, Gmr, and Tcr indicate resistance to ampicillin, chloromycetin, kanamycin, gentamicin, and tetracycline, respectively.

TABLE 2. Primers used in this study

Primer DNA sequencea

Primers for cloning Tn5-flanking sequences
PI ...............................................................................................................................................5
-AGATCTGATCAAGAGACAG-3

PO..............................................................................................................................................5
-ACTTGTGTATAAGAGTCAG-3


Primers for amplifying sequences to screen cosmid clones
P1...............................................................................................................................................5
-TGTCCGTATTGCTCGAACCC-3

P2...............................................................................................................................................5
-CAGCACGAAGTTCAGCACC-3

P3...............................................................................................................................................5
-CACGTCGTATCATTCTGCC-3

P4...............................................................................................................................................5
-CTTCATAACGCAGTTT GTGG-3


Primers for amplifying sequences used in in-frame deletion mutagenesis
P16L1(EcoRI)..........................................................................................................................5
-ATGAATTCGTGGAACCTGACATCGC-3

P16L2(BamHI) ........................................................................................................................5
-ATGGATCCAGATACCGCCGACAAG-3

P16R1(BamHI)........................................................................................................................5
-ATGGATCCTACCTGCGTGCATTTGA-3

P16R2(PstI) ..............................................................................................................................5
-TAACTGCAGTCTGACCCTGGAACCTC-3


Primers for amplification of gdh
Gdh-up (PstI)...........................................................................................................................5
-AATCTGCAGCATGGGCTACGCTTCTCTTGA-3

Gdh-down (EcoRI) .................................................................................................................5
-ATGAATTCGATTACGCCCGCATCTTTG-3


a Underlined bases are restriction enzyme cut sites.
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containing the plasmid pRK600 (19). The complemented strains CMH15 (p465)
and CMH16 (p104) were used to conduct complementation assays, including the
gall inhibition assay.

Construction of gdh in-frame deletion mutant strain. Analysis of the DNA
sequence flanking the Tn5 insertion in MH16 revealed that a putative gene may
have been disrupted by the transposon, i.e., a GDH homolog that we designate
gdh. Therefore, an in-frame deletion mutant of the putative gene was generated
as follows. Two fragments flanking the gdh gene were amplified by PCR. A
1,173-bp fragment was created by primers P16L1 and P16L2, which were de-
signed based on the upstream flanking sequences of the gdh open reading frame
(ORF) from HX2 and included the EcoRI and BamHI sites (Table 2); the other,
1,084-bp fragment was created by primers P16R1 and P16R2, designed based on
the downstream flanking sequences of the gdh ORF from HX2 and containing
the BamHI and PstI sites (Table 2). The standard PCR was 5 min at 94°C and
35 cycles of 40 s at 94°C, 40 s at 65°C, 1 min at 72°C, and 10 min at 72°C. After
being digested with appropriate restriction enzymes, the two fragments were
inserted into pHSG299 to create pHSG16L and pHSG16R. The EcoRI-BamHI
fragment from pHSG16L was inserted into pHSG16R, resulting in pHSG�gdh,
from which a 2.2-kb EcoRI-PstI fragment was excised, including a gdh gene with
a 2,100-bp deletion. The suicide plasmid pHSG�gdh was used to introduce the
shortened gdh locus into the chromosome of HX2 by electroporation. The
primers Gdh-up and Gdh-down, containing PstI and EcoRI restriction sites,
respectively (Table 2), were used to confirm a double-crossover event. Mutants
were tested for their abilities to inhibit the growth of K308 in vitro, to provide
biocontrol of grapevine crown gall, and to produce GDH.

Cloning of gdh and complementation. Based on the flanking sequences of the
gdh ORF from HX2, primers Gdh-up and Gdh-down were used to amplify the
gdh gene from HX2 genomic DNA (Table 2). A 3.2-kb PCR product was
amplified, digested with PstI and EcoRI, and ligated to the broad-host-range
vector pRK415G (30) to make the complemented CMH16(gdh). The ligated
DNA was transformed into DH5�-competent cells by heat shock and then
introduced into MH16 by triparental mating, as described above. The positive
colonies were selected on LB plates containing kanamycin, tetracycline, and
X-Gal. The consensus clone in the recombinant plasmid was verified by restric-
tion digestion and sequencing. The complemented MH16 clones were screened
for abilities to inhibit the growth of K308 in vitro, to provide biocontrol of
grapevine crown gall, and to produce GDH.

Bacterial growth assays. Bacterial growth and pH change of the medium were
tested in PDB medium. The bacteria were initially suspended to 1.0 � 108 CFU
ml�1 in SDW and diluted 10-fold in broth. Cultures were incubated on a shaker
at 28°C, and growth was determined by counting bacterial CFU on PDA medium
via serial-dilution plating methods at 2-h intervals over 44 h. The assay was
repeated three times.

Detection of PQQ. PQQ was isolated and assayed as previously described (52)
with slight modifications. Briefly, bacteria were grown at 28°C in 100 ml AB
minimal medium (13) for 48 h, and 1 volume of cell culture was diluted with 9
volumes of methanol. Precipitated material was removed by centrifugation (30
min at 8,000 � g), and the methanol was evaporated. The sample was acidified
with HCl to pH 2.0 and loaded onto the Sep-Pak C18 (Agilent Technologies)
cartridge. The cartridge was washed with 10 ml of methanol, 10 ml of water, and
then 10 ml of 2 mM HCl. PQQ was eluted with 70% methanol. To identify the
PQQ peak, 200 �l of the sample was mixed with 100 �l of 0.2 M Na2B4O7 buffer
and adjusted to pH 8.0 with HCl and 90 �l 0.5% (vol/vol) acetone. Reverse-
phase high-performance liquid chromatography (RP-HPLC) was performed us-
ing a Shimadzu LC-6A HPLC system with a fluorescence detector on Zorbax SB-
C18 columns (4.6 by 250 mm, 5 �m; Agilent Technologies) that were eluted with
27% (vol/vol) methanol–0.4% (vol/vol) H3PO4 at a flow rate of 0.8 ml min�1.
The excitation wavelength of the fluorescence detector was set at 360 nm, and the
light emitted was at 480 nm.

GDH assays. GDH was partly isolated, and its activity was measured according
to the method of Liucija et al. (37). Bacteria were incubated in 100 ml of AB
minimal medium at 28°C for 18 h. Cells were collected by centrifugation (5,000 �
g, 30 min), washed with 0.9% NaCl, and suspended in Tris-HCl buffer (pH 8.0).
The collected cells were disrupted by ultrasound sonication, and the fractions
were acquired by centrifugation (8,000 � g, 30 min) and suspended in 50 mM
potassium phosphate buffer (pH 7.0, containing 1.3% Triton X-100 and 0.5 M
NaCl). A crude enzyme sample of GDH was prepared by stirring the suspension
for 2 h at room temperature and then removing the insoluble material. Activities
were determined by measuring the rate of discoloration of 2,6-dichloroindophe-
nol (DCPIP) at 600 nm in a mixture containing 50 mM potassium phosphate
buffer, pH 7.3, and 20 mM glucose. One activity unit (U) corresponds with the
amount of enzyme converting 1 �mol of glucose or DCPIP per min under the
specified assay conditions. Enzyme units per mg protein are compared.

Greenhouse assays for biocontrol of crown gall. Gall inhibition assays were
performed on grapevine shoots of potted plants (Vitis vinifera cv. Muscat Ham-
burg) according to a previously described method (12). In brief, the suspension
of K308 (ca. 2 � 108 CFU/ml) was mixed with an equal volume of HX2 or its
derivative suspension (ca. 2 � 108 CFU/ml). A 10-�l drop of bacterial mixture
was placed in a 0.8-cm longitudinal incision. The inoculation site was wrapped
with Parafilm. Galls were excised and weighed 42 days after inoculation. SDW
was applied as a negative control, and strain K308 mixed with SDW was applied
as a positive control. The effectiveness index (EI) was calculated by the following
formula: EI (%) � [(C � T)/C] � 100, where C is the average fresh weight of the
crown gall tumor of the positive control group and T is the average weight of the
crown gall tumor of the treated group. The assay was performed with three
repeats of each treatment and 10 inoculation sites for each repeat.

Sequence analysis of cosmids CP104 and CP465. An approximately 6.7-kb
region of clone CP465 that carries pqq and a 5.5-kb fragment of clone CP104 that
carries gdh were sequenced by a strategy used previously in our laboratory (56).
Cosmid DNA was digested with BamHI for CP465 or with PstI for CP104 and
subcloned into the plasmid vector pRK415G. Subclones were selected based on
colony PCR (using the primer pair P1 and P2 or P3 and P4; Table 2) and insert
size and then sequenced. The orders of the 6.7-kb BamHI fragment within
CP465 and the 5.5-kb PstI fragment within CP104 were determined by identify-
ing overlapping sequences. DNA sequence homology searches were performed
using the BLAST algorithm (http://www.ncbi.nlm.nih.gov/BLAST/). An analysis
of DNA and deduced protein sequences was carried out using the DNAMAN
software program. Analysis of putative promoter regions was carried out using
the Neural Network Promoter Prediction tool (http://www.fruitfly.org/seq_tools
/promoter.html).

Statistical analysis. An analysis of variance was performed on the data using
the SAS software program (version 8.2; SAS, Inc., Cary, NC). The mean square
error values were tested with a t test at a 
 value of �0.05.

Nucleotide sequence accession numbers. The nucleotide sequences of CP465
and CP104 have been deposited in GenBank under accession numbers FJ868974
and EF090904, respectively.

RESULTS

Isolation and characterization of ABS-deficient mutants. A
total of 3,640 Tn5-induced kanamycin-resistant mutants of
HX2 were tested for ABS production. Two mutants, MH15
and MH16, which no longer inhibited the growth of A. vitis
K308 on PDA plates (Table 3), and five other mutants exhib-
iting reduced growth inhibition were obtained. The MH15 and
MH16 mutants were further analyzed. Southern blotting indi-
cated that single Tn5 insertions were present in both MH15
and MH16, indicated by a single hybridizing band upon diges-
tion with KpnI, SalI, or PstI (data not shown). There were no
differences in partial physiological and biochemical character-
istics tested between HX2 and MH15 or MH16 according to
previous methods (27). All showed positive reactions for cata-
lase, citrate utilization, Voges-Proskauer, and d-glucose oxida-
tion, and they exhibited negative reaction for oxidase or methyl
red. Colony morphology of the MH15 and MH16 mutants on
PDA plates was clearly different from that of the wild type
(Fig. 1). MH15 and MH16 grew continuously during 44 h of
cultivation in PDB liquid medium, whereas wild-type growth
declined 24 h after inoculation (Fig. 2). However, MH15 and
MH16, compared to the wild type, exhibited reduced biological
control of grapevine crown gall (Table 3; Fig. 3); they had EIs
of 82.1 and 74.4, respectively, whereas HX2 had an EI of 96.3.

Effect of glucose on ABS biosynthesis. When the wild-type
HX2 strain was grown on potato agar (PA) rather than PA
supplemented with 2% glucose (PDA), no bacterial inhibition
activity was observed. Other carbon sources were tested for
their effect on bacterial inhibition. Fructose, mannitol, and
lactose were unable to substitute for glucose in causing HX2 to
produce a high level of antibacterial activity. When the wild

VOL. 75, 2009 ROLE OF GDH-PQQ IN RAHNELLA AQUATILIS 6795



type was grown on PA supplemented with these carbon
sources, weaker bacterial inhibition was observed than on PDA
(data not shown). Additionally, when the wild-type strain was
grown on PA supplemented with gluconate or sucrose, bacte-
rial inhibition was not observed.

pqqE and gdh are associated with ABS production and bio-
control. Tn5-containing clones of MH15 and MH16 were pro-

duced by shotgun cloning. A 0.6-kb Tn5-flanking DNA frag-
ment from MH15 and a 1.7-kb fragment from MH16 were
sequenced by PCR with the P2 primer (Table 2), which was
designed to amplify the I end of the Tn5 sequences. A homol-
ogy search of the GenBank database revealed that the MH15
fragment showed 92.0% identity to a PQQ-biosynthesizing
protein gene, pqqE, from R. aquatilis (33), and the MH16
fragment showed 84.0% identity to a GDH gene from Serratia
marcescens (GenBank accession no. AF441442); therefore, it
was suggested that Tn5 insertions in MH15 and MH16 oc-
curred in pqqE, a homologue of a PQQ-biosynthesizing protein
gene, and gdh, a GDH gene. To verify the accuracy of trans-
poson insertions in the sequence, PCR amplification was per-
formed using primers designed from the sequences flanking
the pqqE or gdh ORF. The size of the PCR product from the
MH15 or MH16 mutant was increased by insertion of a trans-
poson, indicating that the transposon was inserted in the pqqE
or gdh gene of the HX2 genome (data not shown).

Detection of PQQ. Based on the fact that the mutations in a
pqq gene abolished antibiosis activity of wild-type HX2, we
examined whether the strain produces PQQ by analyzing cul-
ture supernatants using RP-HPLC. PQQ was detected as
5-acetonyl-PQQ by comparison with the elution times of syn-

TABLE 3. Inhibition effects of Rahnella aquatilis wild-type strain
HX2 and its mutants and complementary strains on growth of

Agrobacterium vitis strain K308 and tumor formation on
grapevine (Vitis vinifera cv. Muscat

Hamburg) seedlings

Strain Inhibition zone
diam (mm)a EI (%)b

HX2 24.7 b 96.3 a
HX2Bc 22.9 b 95.2 a
MH15 0.00 c 82.1 b
MH16 0.00 c 74.4 b
HX2�gdh 0.00 c 76.8 b
CMH15(p465) 23.6 b 95.7 a
CMH15(pqq) 25.1 b 98.4 a
CMH16(p104) 22.7 b 96.4 a
CMH16(gdh) 24.2 b 96.7 a
CHX2�gdh 25.2 b 95.4 a
MH15 � PQQd 32.8 a 97.3 a

a HX2 and its mutants were spot inoculated onto PDA medium and incubated
at 28°C for 24 h. Production of ABS was assessed by overlaying the plates with
a suspension of A. vitis strain K308 as the indicator, as described by Chen et al.
(12). Data with the same letters in the same column are not significantly different
(P � 0.05).

b EI was calculated by the formula EI (%) � �(C � T)/C� � 100, where C is
the average fresh weight of the crown gall tumor of the positive control group
(strain K308 mixed with SDW) and T is the average weight of the crown gall
tumor of the treated group. Galls were excised and weighed 42 days after
inoculation. Data are the means of three replicates. Data with the same letters in
the same column are not significantly different (P � 0.05).

c HX2 grown in PDA or PDB with additional phosphate-buffered saline (pH
6.8).

d PDA or PDB supplemented with PQQ (0.1 �M).

FIG. 1. Colony morphology of Rahnella aquatilis HX2 and its Tn5
mutant MH15 and complemented mutant CMH15(pqq) on PDA
plate. Colony morphology of the MH16 mutant and the complemented
mutant gave results similar to those observed with the MH15 mutant
(data not shown).

FIG. 2. Growth and changes in the pH of culture filtrates of the
wild type and Tn5 mutant MH15 of Rahnella aquatilis HX2. Cells were
grown in PDB at 28°C. CFU of bacterial cultures were determined by
plating serial dilutions of the culture on LB agar plates. The pH of the
culture filtrate was determined at 4-h intervals. HX2B, HX2 grown in
PDB with additional phosphate-buffered saline (pH 6.8); Medium,
noninoculated PDB medium. The means for three experiments are
presented, and the vertical bars represent the standard errors. Treat-
ment with the MH16 mutant gave results similar to those observed
with the MH15 mutant (data not shown).
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thetic PQQ and 5-acetonyl-PQQ from the RP-HPLC chro-
matograms (Fig. 4). The data revealed that wild-type HX2
produces PQQ in vitro. The MH15 mutant defective in bacte-
rial growth inhibition did not produce PQQ, and the con-
structed plasmid pCH15, which carries all of the pqq genes,
conferred PQQ production in the mutants. The MH16 mutant
was not impaired in PQQ production.

GDH levels. The MH16 mutant grown in minimal glucose
broth had reduced levels of GDH (Table 4). In this mutant,
GDH levels were only about 10% of the levels found in the
wild-type strain. In MH15, GDH levels were not significantly
different from those observed in the wild type. Enzyme activ-

ities were also measured in HX2 and in the MH15 and MH16
mutants grown on PDA to confirm these results under condi-
tions of the ABS biosynthesis. In MH16 mutants, GDH activ-
ities were reduced to levels observed in minimal glucose broth.
HX2 and MH15 had a level of GDH of 0.81 U mg�1 protein
and 0.74 U mg�1 protein, respectively, whereas MH16 had a
level of GDH of 0.07 U mg�1 protein.

Phenotypes generated by mutation of the gdh in-frame de-
letion. The gdh in-frame deletion mutant HX2�gdh was deter-
mined to have the same phenotype as the original Tn5 mutant
of MH16. HX2‚gdh lacked the ability to inhibit growth of A.
vitis K308 on PDA and was impaired in biological control and
production of GDH to the same level as MH16. HX2�gdh did
not show any inhibition zone on PDA plates seeded with strain
K308 (Table 3). Strains of HX2�gdh with an EI of 76.8 showed
reduced biological control activity on grapevines compared to
the wild-type HX2 strain (EI � 93.6) (Table 3). An average of
0.08 U mg�1 protein enzyme activity was detected for both
HX2�gdh and MH16 in GDH assays, but an average of 0.74 U

FIG. 3. Biological control phenotypes of wild-type Rahnella aqua-
tilis HX2 and its Tn5 mutants MH15 and MH16, deletion mutant
HX2�gdh, and complemented mutants CMH15(p465), CMH15(pqq),
CMH16(p104), CMH16(gdh), and CHX2�gdh on grapevine (Vitis
vinifera cv. Muscat Hamburg) shoots. Shoots were inoculated by plac-
ing 10-�l drops of bacterial strains (108 CFU ml�1), alone or in equal-
number mixtures, at sites in which wounds of 1.0-cm longitudinal
incisions were made with a sterile scalpel. Tumors were readily appar-
ent 7 weeks after inoculation. The treatments were SDW alone (a),
Agrobacterium vitis K308 alone (b), HX2 plus K308 (c), MH16 plus
K308 (d), CMH16(p104) plus K308 (e), CMH16(gdh) plus K308 (f),
HX2�gdh plus K308 (g), CHX2�gdh plus K308 (h), MH15 plus K308
(i), CMH15(p465) plus K308 (j),CMH15(pqq) plus K308 (k), and
MH15 plus PQQ (l).

FIG. 4. HPLC detection of PQQ (5-acetonyl-PQQ) synthesized by wild-type Rahnella aquatilis HX2, its Tn5 mutants MH15 and MH16, and
the complemented mutant CMH15(pqq). (a) Synthetic PQQ; (b) HX2; (c) MH15 (pqqE::Tn5); (d) CMH15(pqq); (e) MH16 (gdh::Tn5). Arrows
indicate 5-acetonyl-PQQ.

TABLE 4. GDH activities in crude extracts of Rahnella aquatilis
wild-type strain HX2 and its mutants after growth in

ABM mediuma

Strain Protein content
(mg ml�1)

Activity
(U ml�1)

Activity
(U mg�1 protein)

HX2 15.4 a 11.4 a 0.74 a
MH15 15.1 a 10.8 a 0.72 a
MH16 14.8 a 1.21 b 0.08 b
HX2�gdh 14.4 a 1.42 b 0.10 b
CMH16(p104) 16.7 a 12.8 a 0.76 a
CMH16(gdh) 16.1 a 11.8 a 0.73 a
CHX2�gdh 16.3 a 13.6 a 0.83 a

a Bacterial cells in overnight cultures were collected by centrifugation and
disrupted by ultrasound sonication. The fractions were acquired by centrifuga-
tion and suspended in 50 mM potassium phosphate buffer (pH 7.0; containing
1.3% Triton X-100 and 0.5 M NaCl). Crude enzyme samples were prepared by
stirring the suspension for 2 h at room temperature and then removing the
insoluble material. Activities were determined by measuring the rate of discol-
oration of DCPIP at 600 nm in a mixture containing 50 mM potassium phosphate
buffer (pH 7.3) and 20 mM glucose. One activity unit corresponds to the amount
of enzyme converting 1 �mol of glucose or DCPIP per min under the specified
assay conditions. Each value represents the average of triplicate determinations
of the activities. Data with the same letters in the same column are not signifi-
cantly different (P � 0.05).
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mg�1 protein was detected for wild-type HX2 (Table 4). Col-
ony morphology of the HX2�gdh mutant was identical to that
of MH16 on PDA plates, both of which were clearly different
from wild-type morphology (Fig. 1). Compared to growth in
PDB, HX2�gdh and MH16 both grew continuously during
44 h of cultivation, while that of the wild type declined (Fig. 2).

Complementation of MH15 and MH16. MH15 was first
complemented by transforming it with cosmid CP465 via tri-
parental mating. The abilities of A. vitis K308 to inhibit growth
in vitro and to suppress gall development on grape plants
are fully restored in the complemented MH15 strain of
CMH15(p465). The MH15 mutant did not produce an inhibi-
tion zone on PDA plates seeded with strain K308, whereas
CMH15(p465) exhibited an inhibition zone at about the same
level as HX2, with a diameter of about 25 mm (Table 3).
Similarly, CMH15(p465) showed the same level of biological
control as HX2 on grapevines (Table 3; Fig. 3). Colony mor-
phology of the CMH15(p465) strain was identical to that of the
wild type, HX2, on PDA plates (Fig. 1). As with the growth in
PDB, the MH15 mutants grew continuously during 44 h of
cultivation, while the wild type and CMH15(p465) both de-
clined beginning 24 h after inoculation.

To further verify that pqqE was involved in antibiosis, bio-
logical control, and PQQ production, a 6.7-kb BamHI frag-
ment from cosmid CP465 was subcloned into the expression
vector pRK415G and transferred to the mutant MH15 by
triparental mating. Again, the complemented MH15 strain,
CMH15(pqq), was fully restored in its growth dynamics in
PDB and in its abilities to inhibit growth of A. vitis K308 in
vitro (Table 3), to suppress gall development on grape plants
(Table 3; Fig. 3), and to produce PQQ (Fig. 4).

To confirm that PQQ is involved in ABS production, syn-
thetic PQQ was applied to complement the MH15 mutant.
Concentrations of synthetic PQQ ranging from 0 to 1.0 �M
were used. When the MH15 strain was grown on PDA sup-
plemented with 0.1 �M PQQ, an obvious bacterial inhibi-
tion zone was observed with the same level as that of the
wild type (Table 3).

The MH16 mutant was first complemented with cosmid
CP104. Growth inhibition of A. vitis K308 in vitro, suppression
of gall development on grape plants, production of GDH, and
growth dynamics in PDB were fully restored in the comple-
mented MH16 strain of CMH16(p104). MH16 presented no
inhibition zone on PDA seeded with strain K308, whereas
CMH16(p104) presented an inhibition zone at about the same
level as that of HX2, with a diameter of about 25 mm (Table
3). Similarly, CMH16(p104) exhibited the same level of bio-
control as HX2 on grapevines (Table 3; Fig. 3). Colony mor-
phology of the CMH16(p104) strain was identical to that of the
wild type, HX2, on PDA (Fig. 1). About 0.08 U mg�1 protein

enzyme activity was detected for MH16 in GDH assays, but
about 0.8 U mg�1 protein was detected for CMH16(p104) and
for the wild type, HX2 (Table 4). The growth of CMH16(p104)
in PDB, as well as that of the wild type, declined at 24 h after
inoculation, while MH16 grew continuously (Fig. 2).

To determine that gdh was associated with antibiosis, bio-
logical control, and GDH production, the gene was cloned into
the expression vector pRK415G and transferred to the MH16
and HX2�gdh mutants by triparental mating. The comple-
mented strains, CMH16(gdh) and CHX2�gdh, were both fully
restored in their abilities to inhibit growth of A. vitis K308 on
plates (Table 3), suppress gall development on grape plants
(Table 3; Fig. 3), and produce GDH (Table 4).

Analysis of gdh flanking sequence and pqqE flanking se-
quence. A 5.5-kb gdh-including fragment of CP104 contained
only one ORF, the homologue of the GDH gene (gdh). The
putative gdh sequence encodes a predicted 799-amino-acid
protein with a molecular mass of 86.4 kDa and had the highest
sequence identity to the GDH quinoprotein from Serratia pro-
teamaculans 568 (81.5%; GenBank accession no. ABV42200)
(Fig. 5). The predicted structure of the deduced GDH quino-
protein is highly similar to that of the E. coli quinoprotein
GDH, which consists of five N-terminal transmembrane heli-
ces and a catalytic C-terminal domain facing the periplasm
(55). Regions similar to the tryptophan-docking motifs of the
“propeller fold,” the common structure of PQQ-dependent
dehydrogenases (1), were also found in the deduced GDH
(Fig. 5). As revealed by the X-ray structures of several identi-
fied GDHs, the PQQ molecule is covered by a Trp residue and
a His residue, which correspond to Trp-404 and His-262 in the
structure of E. coli GDH (1). A Trp residue (Trp-408) and a
His residue (His-262) were also found in the corresponding
region of the deduced GDH (Fig. 5). In addition, the deduced
GDH shares the conserved Asp residue (Asp-470) present in
all studied PQQ-dependent dehydrogenases, which is believed
to initiate the catalytic reaction and corresponds to Asp-466 in
E. coli GDH. Furthermore, the deduced GDH shares the con-
served Asp (Asp-358), Asn (Asn-359), and Thr (Thr-428) res-
idues of other GDHs (Asp-353, Asn-354, and Thr-424 in E.
coli; Fig. 5), which likely interact with the Ca2� ion in the active
site (1).

The 6.7-kb fragment of CP465 that includes pqqE contained
seven putative ORFs, and six of these ORFs were similar to
those of other ppq genes (14, 32), i.e., pqqABCDEF (Table 5;
Fig. 6). A putative intact ORF (orfX) with homology to a
membrane dipeptidase was located upstream of the proposed
pqqA gene. The putative 72-bp pqqA gene encoded a peptide
of 23 amino acids, with a molecular mass of 2.8 kDa. The
presence of glutamic acid and tyrosine residues at positions 15
and 19 is similar to sequences of other deduced PqqA proteins.

FIG. 5. Alignment of deduced gdh amino acid sequence with sequences of diverse members of the GDH family. Proteins whose sequences have
similarities with the amino acid sequence deduced from gdh include QGDH_S.pro (81.5%) from Serratia proteamaculans 568 (GenBank accession
number ABV42200), QGDH_E.tas (75.7%) from Erwinia tasmaniensis Et1/99 (accession number YP_001908309), QGDH_K.pne (71.6%) from
Klebsiella pneumoniae 342 (accession number YP_002240396), QGDH_B.xen (71.2%) from Burkholderia xenovorans LB400 (accession number
YP_555448), and QGDH_E.col (70.3%) from Escherichia coli (accession number P15877). Regions of transmembrane helices determined for
GDH (55) and predicted for QGDH-HX2 are underlined. Functionally important residues located in the active sites binding to Ca2� and PQQ
are numbered and denoted with “F,” and the predicted so-called “propeller fold” region is indicated by “�.” The solid arrow indicates the Tn5
insertion site.
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The 912-bp pqqB gene encodes a 303-amino-acid peptide with
a molecular mass of 33.0 kDa. The 768-bp pqqC gene encoded
a predicted 255-amino-acid peptide of approximately 29.5
kDa. The 258-bp pqqD gene encoded a predicted 85-amino-
acid peptide of approximately 9.8 kDa. The 1,191-bp pqqE
gene encodes a predicted 396-amino-acid protein with a mo-
lecular mass of 44.3 kDa. The Tn5 insertion in pqqE occurred
near the conserved Radical_SAM domain toward the 5
 end of

the gene (Fig. 6). The 2,094-bp pqqF gene encoded a predicted
76.0-kDa, 697-amino-acid peptide. Nucleotide sequence anal-
yses suggest that R. aquatilis pqqABCDEF might be regulated
as an operon in which the pqqD and pqqE genes were fused.
The intergenic regions within the putative operon were short
and have a low promoter probability (promoter prediction
score below 0.2), whereas the region upstream of the pqqA
protein gene is likely a promoter (promoter prediction score of

TABLE 5. Comparison of genes in the 6.7-kb region of cosmid CP465 from Rahnella aquatilis HX2 with genes of Enterobacter intermedium
60-2G,a Klebsiella pneumoniae NCTC418,b and Rahnella aquatilis ISL19c

HX2 ORF Size of deduced
product (aa)

Homologue

Gene Putative product Size (aa) Identity (%)

ORF1 345 orfX Dipeptidase-like protein �239d 28.2
orfX Membrane dipeptidase �271e 43.2

ORF2 23 pqqA PqqA involved in pyrroloquinoline biosynthesis 23 86.9
pqqA PqqA involved in pyrroloquinoline biosynthesis 23 86.9

ORF3 303 pqqB PqqB involved in pyrroloquinoline biosynthesis 307 71.8
pqqB PqqB involved in pyrroloquinoline biosynthesis 308 74.2

ORF4 255 pqqC PqqC involved in pyrroloquinoline biosynthesis 251 82.5
pqqC PqqC involved in pyrroloquinoline biosynthesis 251 82.9

ORF5 85 pqqD PqqD involved in pyrroloquinoline biosynthesis 92 58.7
pqqD PqqD involved in pyrroloquinoline biosynthesis 92 60.9
pqqD Coenzyme PQQ synthesis protein D 85 98.8

ORF6 396 pqqE PqqE involved in pyrroloquinoline biosynthesis 374 72.5
pqqE PqqE involved in pyrroloquinoline biosynthesis;

coenzyme PQQ synthesis protein E
380 78.7

pqqE 396 96.2
ORF7 697 pqqF PqqF involved in pyrroloquinoline biosynthesis 693 30.7

pqqF PqqF involved in pyrroloquinoline biosynthesis 761 32.5

a According to sequence under accession number AY216683, except where noted.
b According to sequence under accession number X58778.
c According to sequence under accession number AF007584.
d Incomplete ORF.
e Incomplete ORF.

FIG. 6. Comparison of ORF organization within the 6.7-kb region in CP465 that includes pqqE to corresponding regions in Enterobacter
intermedium 60-2G, Klebsiella pneumoniae NCTC418, Acinetobacter calcoaceticus, Gluconobacter oxydans ATCC 9937, and Pseudomonas fluores-
cens B16. The length of each arrow represents the relative ORF size and indicates the direction of transcription. The solid triangles represent the
Tn5 insertion sites. The same colors represent homologous encoded proteins. The information and sizes of the genes are depicted based on
nucleotide sequence data from GenBank. Genes of the following strains were used: E. intermedium 60-2G (GenBank accession no. AY216683),
K. pneumoniae NCTC418 (accession no. X58778), A. calcoaceticus (accession no. accession no. X06452), G. oxydans ATCC 9937 (accession no.
AJ277117), and P. fluorescens B16 (accession no. AY780887).
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0.85). The deduced amino acid sequences of the R. aquatilis
pqq genes had 30 to 90% identity with those corresponding to
previously identified pqq genes from E. intermedium, K. pneu-
moniae, and R. aquatilis (Table 5). A sequence comparison
revealed that all of the proteins deduced from the CP465
sequence had corresponding homologues in E. intermedium
60-2G (32), K. pneumoniae NCTC418 (40), and P. fluorescens
B16 (14), except for that deduced from the membrane dipep-
tidase-like gene (orfX), which had no homologues in P. fluo-
rescens B16. Sequence comparisons showed that ORFs in
CP465 were homologues of genes located on the circular chro-
mosomes of K. pneumoniae (GenBank accession no.
CP000647). The relative order of pqqA to pqqF was identical
for all four bacterial species, except that pqqF in P. fluorescens
B16 existed in a different location (Fig. 6).

DISCUSSION

Two ABS-deficient mutants of HX2, MH15 and MH16, sup-
pressed crown gall in a greenhouse setting but were inferior to
the parental strain. Our data indicate that the logarithmic
growth rate of the two mutants is similar to that of the wild-
type strain, HX2. Furthermore, a previous study in this labo-
ratory showed that the epiphytic fitness of strain HX2 on the
explant tissues of grapevine was not compromised by the Tn5
insertion. Differences in suppression of crown gall by HX2 and
MH15 or MH16 are therefore likely due to differences in
antibiosis rather than in bacterial growth or attachment to
grapevine tissues. A cloned DNA fragment from the HX2
genome containing either previously identified pqq genes or
the gdh gene fully complemented the affected phenotypes of
corresponding mutant genes. Resultant data implied that PQQ
and GDH, individually or in combination, contributed to ABS
production and biological control by HX2.

Colony morphologies of both the pqq and gdh mutants on
PDA plates were clearly different from those of the wild type
(Fig. 1), a similar situation to that found for pqq mutants of E.
intermedium 60-2G (22). The growth decline of the wild type,
HX2, and the complemented mutants was correlated with a
decrease in the pH of the medium (Fig. 2). These results
indicate that acidification of the medium caused by the wild
type and the complemented mutants might be involved in
antibacterial activity.

In gram-negative bacteria, acidification during growth on
glucose is due to the accumulation of gluconate, resulting from
the oxidation of glucose (53). This suggests that the behavior of
the ABS-deficient mutants could be due to a deficiency in
PQQ-linked GDH, which catalyzes the oxidation of glucose.
The results presented in Table 4 reveal that GDH levels were
significantly reduced in the gdh mutants of MH16 and
HX2�gdh. Interestingly, in the pqq mutant MH15, although
GDH levels were not significantly different from those in the
wild-type strains, PQQ levels were significantly reduced (Fig.
4). Taken together, these data suggest that both GDH and
PQQ, with the formation of the GDH-PQQ holoenzyme,
played a role in acidification during growth on glucose, which
may be essential for bacterial growth inhibition by HX2.

Using Tn5 tagging, six previously known pqq genes and one
gdh gene from the R. aquatilis genome were identified for the
first time. The deduced PqqA, -B, -C, -D, -E, and -F proteins

all revealed extensive sequence similarity to those from other
bacteria described previously (14, 32). Furthermore, our data
lend further support to the notion that the pqqABCDEF genes
are conserved in gram-negative bacteria (14). It was reported
that the pqqF gene appears to be absent in R. aquatilis, since
the nucleotide sequence downstream of pqqE showed no sim-
ilarity to pqqF, and the physical organization of the pqq genes
of R. aquatilis may be similar to that of A. calcoaceticus (33).
However, our data on the nucleotide sequence of the pqq locus
of R. aquatilis HX2 showed that the organization of the R.
aquatilis pqq genes appears to be same as that for E. interme-
dium and K. pneumoniae (Fig. 6). This conclusion can be
strengthened by our sequence data that indicate that these
ORFs are similar (greater than 58% identity) to the pqq genes
of K. pneumoniae and E. intermedium, except for the pqqF
gene. The biochemical functions of the PqqA, -B, -C, and -F
proteins in other PQQ-synthesizing bacteria have been well
documented; however, functions of the deduced encoded pro-
teins in R. aquatilis remain to be determined. Recently the pqq
operon in P. fluorescens B16 was found to contain 11 pqq genes:
pqqA, pqqAB, pqqAC, pqqAD, pqqAE, pqqAF, pqqAH, pqqAI,
pqqAJ, pqqAK, and pqqAM (14). The functions of PqqA, -B, -C,
-D, -E, and -F remain highly conserved to those of other
reported pqq genes. PqqH was suggested to be a transcrip-
tional activator of pqq gene expression, while the functions of
PqqI, -J, -K, and -M remain unknown (14). It is also currently
unknown whether there exist genes similar to pqqH, pqqI, pqqJ,
pqqK, and pqqM in R. aquatilis.

The deduced GDH showed significant identity with mGDH
from a variety of bacteria (Fig. 5) and contained all five con-
served membrane-spanning �-helices in the N-terminal region,
which ensure strong anchorage of the protein in the inner
membrane (55). The remaining C-terminal portion is assumed
to have a catalytic domain including PQQ and Ca2� binding
sites (1). In addition, our data suggest that the cloned GDH
was a functional membrane-bound PQQ-linked GDH.

The results clearly show that gdh disruption in strain HX2 is
partially responsible for its abolished antibacterial phenotype
and impaired biocontrol phenotype. To determine that the
affected phenotypes of HX2 were not due to other, unknown
mutations that may be present in this strain, we constructed a
second gdh mutant, HX2�gdh, via reverse genetics. Since the
phenotype of HX2�gdh is identical to that of MH16, it is
evident that the phenotype is due to the gdh mutations in these
strains. Moreover, analysis of the genome of K. pneumoniae
(GenBank accession no. CP000647), a close relative of R.
aquatilis, indicates that there are no genes downstream of gdh
(gcd; KPN_00132)in the same orientation. Thus, insertions
within the gdh gene would not be expected to have polar effects
on the transcription of downstream genes (http://img.jgi.doe
.gov). These data strongly suggest that GDH is a primary
determinant of the production of the ABS, which is an impor-
tant factor in HX2 biocontrol of A. vitis-induced crown gall of
grapevine.

It has been demonstrated that PQQ, with the formation of
the GDH-PQQ holoenzyme, is significantly involved in the
MPS by bacteria, which is essential for plant growth promotion
by plant growth-promoting bacteria (22, 36, 43). Additionally,
PQQ is suggested to be involved in production of antibiotics by
several bacterial biocontrol agents of plant disease and thereby
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contributes to disease suppression (22, 28, 46) as well as acting
as a growth promotion factor of several plants (14). Bernardelli
et al. (4) observed that PQQ-linked GDH is necessary for
optimal nodulation efficiency and competitiveness on alfalfa
roots for S. meliloti. The present study provides evidence that
both PQQ and GDH are necessary for beneficial functions of
R. aquatilis strain HX2, including the production of antibacte-
rial activity and the biological control of crown gall disease.

Conversion of glucose to gluconolactone and then gluconic
acid by gram-negative bacteria is facilitated by PQQ-depen-
dent periplasmic GDH, which is a constitutive member of the
direct oxidative pathway of glucose catabolism in several or-
ganisms including enteric bacteria (1, 57). The resultant data
suggest that the glucose metabolism related to GDH-PQQ
holoenzyme activity is involved in biosynthesis of the ABS in
HX2 and that gluconolactone and/or its metabolic intermedi-
ates might function as a precursor in the ABS synthesis path-
way or as a sensor for external glucose concentration that
might regulate ABS biosynthesis in HX2. The identity of the
antibacterial substance(s) produced by HX2 and the effect of
glucose on its production require further investigation.

Although a role for antibiosis in biological control was dem-
onstrated in this study, the ABS was not the sole factor in-
volved in suppression of grapevine crown gall by R. aquatilis
HX2. The ABS-deficient mutants were generally less effective
than the wild-type strain, HX2, in suppressing crown gall, but
they significantly reduced the incidence of crown gall in the
greenhouse compared with results for the water-treated con-
trol. Therefore, other mechanisms, such as competitive exclu-
sion and/or competition for nutrients, are also likely to con-
tribute to the suppression of crown gall by HX2, as in the case
of Azospirillum brasilens protecting tomato seedlings from in-
fection by Pseudomonas syringae pv. Tomato (2).
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