MPMI Vol. 14, No. 8, 2001, pp. 1006—-1015. Publication no. M-2001-0523-02R. © 2001 The American Phytopathological Society

Introduction of the phzH Gene

of Pseudomonas chlororaphis PCL1391
Extends the Range of Biocontrol Ability

of Phenazine-1-Carboxylic Acid-Producing

Pseudomonas spp. Strains

Thomas F. C. Chin-A-Woeng,' Jane E. Thomas-Oates,? Ben J. J. Lugtenberg,’

and Guido V. Bloemberg'

'Leiden University, Institute of Molecular Plant Sciences, Clusius Laboratory, Wassenaarseweg 64, 2333 AL
Leiden, The Netherlands; and 2Michael Barber Centre for Mass Spectrometry, Department of Chemistry,
University of Science and Technology in Manchester (UMIST), P.O. Box 88, Manchester, M60 1QD, U.K.

Submitted 1 February 2001; Accepted 17 April 2001.

Pseudomonas chlororaphis PCL 1391 controls tomato foot
and root rot caused by Fusarium oxysporum f. sp. radicis-
lycopersici. Its biocontrol activity is mediated by the produc-
tion of phenazine-1-carboxamide (PCN). In contrast, the
take-all biocontrol strains P. fluorescens 2-79 and P. aureo-
faciens 30-84, which produce phenazine-1-carboxylic acid
(PCA), do not control this disease. To determine the role of
the amide group in biocontrol, the PCN biosynthetic genes
of strain PCL 1391 were identified and char acterized. Down-
stream of phzA through phzG, the novel phenazine biosyn-
thetic gene phzH was identified and shown to be required
for the presence of the 1-carboxamide group of PCN be-
cause a phzH mutant of strain PCL 1391 accumulated PCA.
The deduced PhzH protein shows homology with asparagine
synthetases that belong to the class Il glutamine ami-
dotransferases, indicating that the conversion of PCA to
PCN occursvia a transamidase reaction catalyzed by PhzH.
Mutation of phzH caused loss of biocontrol activity, showing
that the 1-carboxamide group of PCN is crucial for control
of tomato foot and root rot. PCN production and biocontrol
activity of the mutant were restored by complementing the
phzH gene in trans. Moreover, transfer of phzH under con-
trol of the tac promoter to the PCA-producing biocontrol
strains P. fluorescens 2-79 and P. aureofaciens 30-84 enabled
these strains to produce PCN instead of PCA and suppress
tomato foot and root rot. Thus, we have shown, for what we
believeisthefirst time, that the introduction of a single gene
can efficiently extend the range of the biocontrol ability of
bacterial strains.

Additional keywords: antibiotic, antifungal metabolite, biopes-
ticide, microbiological control, phytopathogenic fungi.

The biological control of plant pests by application of bio-
logical control agents holds great promise as a safer and envi-
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ronmentally friendlier alternative to the use of chemical pesti-
cides or as an addition to them. Pseudomonads are able to
exhibit inhibitory activity toward phytopathogens and have
been shown to be important candidates for application as bio-
control agents (Weller and Cook 1983). A common mecha-
nism underlying this antagonistic activity is the production of
antifungal compounds produced by these biocontrol agents,
which include the secretion of phenazine-1-carboxylic acid
(PCA) (Thomashow and Weller 1988), 2,4-diacetylphloro-
glucinol (Keel et al. 1992), pyrrolnitrin (Howell and Stipano-
vic 1979), hydrogen cyanide (Voisard et al. 1989), sideropho-
res (Becker and Cook 1988), and hydrolytic enzymes such as
chitinases (Shapira et al. 1989), proteases (Dunlap et al. 1997;
Dunne et al. 1998), cellulase (Chatterjee et al. 1995), and B-
glucanases (Jijakli and Lepoivre 1998; RuizDuenas and Mar-
tinez 1996). In addition, Pseudomonas spp. bacteria can effi-
ciently exploit plant root exudate compounds as nutrient
sources (Lugtenberg et al. 1999); are abundantly present on
many plant root systems, which is indicative of their adaptive
potential (Sands and Rovira 1971); and have a high growth
rate relative to many other soil bacteria.

There is much interest in the development of new biocon-
trol agents to improve the performance and extend the range
of controlled crops and target pathogens. Strategies include
the combination of biocontrol strains in a consortium, with the
objective of improving upon the level of protection achieved
when each strain is used singly (De Boer et al. 1999; Dunne et
al. 1998), or with a generation of genetically modified ver-
sions of the strain with increased or newly introduced metabo-
lite production (Di Pietro et al. 1993; Duffy et al. 1996; Dunne
et al. 1998; Lorito et al. 1994).

The tomato rhizosphere isolate Pseudomonas chlororaphis
PCL1391 exhibits biocontrol activity against Fusarium
oxysporum (Schlechtend.:Fr.) f. sp. radicis-lycopersici (W.R.
Jarvis & Shoemaker), the causal agent of tomato and radish
foot and root rot. Strain PCL1391 produces phenazine-1-
carboxamide (PCN), also known as (oxo)chlororaphin, a
phenazine derivative with antifungal activity against a number
of important plant pathogens, including F. oxysporum f. sp.



radicis-lycopersici, Rhizoctonia solani, Pythium ultimum, and
\erticillium albo-atrum (Chin-A-Woeng et al. 1998).
Phenazine and its derivatives are nitrogen-containing hetero-
cyclic redox agents with broad-spectrum activity against
gram-positive and gram-negative bacteria (Gerber 1984),
fungi, and algae (Toohey et al. 1965), and these compounds
are produced mainly by Pseudomonas and Streptomyces spe-
cies (Ingram and Blackwood 1970). The production of PCN
is limited to and characteristic for P. chlororaphis and some
strains of P. aeruginosa (Turner and Messenger 1986). Al-
though P. chlororaphis PCL1391 also produces a number of
compounds such as chitinase, protease, and hydrogen cya-
nide (Chin-A-Woeng et al. 1998), which have been shown to
be involved in the antifungal activity of other biocontrol

Table 1. Microorganisms and plasmids

strains (O’Sullivan et al. 1991; Shapira et al. 1989; Voisard
et al. 1989), the production of PCN was shown to be the
crucial metabolite for the biocontrol ability of strain
PCL1391 in the tomato—F. oxysporum test system (Chin-A-
Woeng et al. 1998). Furthermore, P. aeruginosa PNA1 pro-
ducing a mixture of PCA and PCN suppressed Fusarium wilt
caused by F. oxysporum f. sp. ciceris and Pythium splen-
dens (Anjaiah et al. 1998). Remarkably, two other biocontrol
strains, P. fluorescens 2-79, which produces PCA, and P.
aureofaciens 30-84, which produces a mixture of PCA and
hydroxyphenazines that are able to suppress the take-all
disease of wheat caused by Gaeumannomyces graminis var.
tritici (Cook et al. 1995; Thomashow and Weller 1988;
Thomashow et al. 1990), did not exhibit biocontrol activity

Strains—plasmids

Relevant characteristics

Reference or source

Bacterial strains

PCL1391 Wild-type Pseudomonas chlororaphis producing phenazine-1-carboxamide isolated ~ Chin-A-Woeng et al. 1998
from Spanish tomato rhizosphere with biocontrol ability of tomato foot and root
rot caused by Fusarium oxysporumf. sp. radicis-lycopersici
2-79 Pseudomonas fluorescens strain whose biocontrol activity in a Gaeumannomyces Thomashow and Weller 1988
graminis var. tritici—-wheat system is partly the result of phenazine-1-carboxylic
acid production
PCL1113 PCL1391 derivative in which a promoterless Tn5luxAB is inserted in the phzF ho- Chin-A-Woeng et al. 1998
molog
PCL1117 PCL1391 derivative in which a promoterless Tn5luxAB is inserted in the phzC ho- Chin-A-Woeng et al. 1998
molog
PCL1119 PCL1391 derivative in which a promoterless Tn5luxAB is inserted in the phzB ho- Chin-A-Woeng et al. 1998
molog
PCL1120 PCL1391 derivative in which a promoterless Tn5luxAB is inserted in the phzH gene  This study
PCL1121 PCL1391, derivative with a nonfunctional phzH gene, mutated by homologous re- This study
combination
PCL1143 PCL1120 harboring pMP6014 This study
PCL1145 PCL1120 harboring pMP6012 This study
PCL1147 P. fluorescens 2-79 harboring pMP6012 This study
PCL1149 Pseudomonas aureofaciens 30-84 harboring pMP6012 This study
DH5o. SupE44 AlacU169 (980 lacZAM15) hsdR17 recAl endAl gyrA96 thi-1 relAl; gen- Boyer and Roulland-Dussoix 1969
eral-purpose Escherichia coli host strain used for the transformation and propaga-
tion of plasmids
Fungi
ZUM2407 F. oxysporumf. sp. radicis-lycopersici, causal agent of tomato foot and root rot IPO-DLO, Wageningen, The Netherlands
Plasmids
pIC20R General-purpose cloning vector CbR Marsh et al. 1984
pBluescript General-purpose cloning vector Cb® Stratagene, La Jolla, CA, U.S.A.
pRL1063a Plasmid harboring promoterless Tn5IuxAB transposon TcR Wolk et al. 1991
pMP5000 pICZ(l){H with the tetracycline cassette from pWTT2081in the multicloning site Tc®, Van der Bij et al. 1996
Cb
pMEG6010 Rhizosphere-stable cloning vector pVS1-based TcR Heeb et al. 2000
pMP6001 pRL1063a-based plasmid recovered from chromosomal DNA of PCL1113 after di- This study
gestion with ECORI, Km®
pMP6002 pRL1063a-based plasmid recovered from chromosomal DNA of PCL1119 after di- This study
gestion with ECORI, Km®
pMP6003 pRL1063a-based plasmid recovered from chromosomal DNA of PCL1117 after di- This study
gestion with Clal, Km®
pMP6004 pRL1063a-based plasmid recovered from chromosomal DNA of PCL1120 after di- This study
gestion with ECORI, Km®
pMP6008 pBluescript containing a 6.0-kb ECORI chromosomal fragment with the terminal part ~ This study
of phzG and the complete phzH gene Cb®
pMP6010 pIC20R with a HindIII 0.3-kb internal polymerase chain reaction fragment of phzH This study
and a tetracycline marker from pMP5000 inserted in the multicloning site with
SphI-Sall, TcR, CbR
pMP6011 pIC20R containing Py,.-phzH, Cb® This study
pMP6012 PMEG010 containing Py,.-phzH, TcR This study
pMP6013 pIC20R containing Py,.-phzH, CbR This study
pMP6014 PMEG010 containing Pj,.-phzH, TcR This study
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in the tomato—F. oxysporum bioassay. The introduction of
the PCA gene cluster under a constitutive P,,. promoter into
a wild-type, nonproducing P. fluorescens strain significantly
improved the ability to reduce damping-off disease of pea
seedlings caused by P. ultimum (Timms-Wilson et al. 2000).
In a previous paper, we showed that the in vitro activity of
PCA toward F. oxysporum f. sp. radicis-lycopersici is re-
stricted to pH values below 5.7, whereas PCN also is active
at neutral pH (Chin-A-Woeng et al. 1998). This indicates
that the carboxamide group may have a large impact on the
performance of biocontrol strains under certain soil and
rhizosphere pH conditions. In this paper, we report the iden-
tification of the PCN biosynthetic genes of strain PCL1391,
with emphasis on phzH, a novel phenazine biosynthetic
gene, which is responsible for the presence of the 1-
carboxamide group. The essential role of the carboxamide
group in biocontrol is shown by the loss of biocontrol of a
phzH mutant of strain PCL1391. Moreover, we show that
transfer of the phzH gene to the PCA-producing strains P.
fluorescens 2-79 and P. aureofaciens 30-84 results in the
production of PCN rather than PCA and in the efficient
suppression of tomato foot and root rot, thereby extending
the biocontrol abilities of these strains.

A

RESULTS

I solation and char acterization
of phenazine biosynthetic mutants.

Screening of a transposon mutant library of PCL1391 (Ta-
ble 1) consisting of 18,000 Tn5lUxAB insertion mutants re-
sulted in selection of PCL1120 that lacked green pigmentation
but retained yellow pigmentation, indicating loss of the ability
to produce PCN. Production of phenazine compounds by this
strain was demonstrated with thin-layer chromatography
(TLC), high-pressure liquid chromatography (HPLC), and
nanoelectro-spray tandem mass spectrometry. Strain PCL1120
accumulated a compound with a Rs value similar to that of
authentic PCA, which was produced in an amount similar to
the amount of PCN produced by the wild-type strain.
Phenazine fractions were collected with HPLC (Fig. 1A) and
analyzed with nanoelectrospray mass spectrometry (Fig. 1B).
A clear M+H* pseudomolecular ion was observed at nvz 225,
corresponding to PCA, whereas a very minor ion at m/z 224,
which would correspond to PCN, was not above background
levels. The identity of the ion at myz 225 arising from PCA
was confirmed when generating a fragment ion spectrum (Fig.
1C) by colliding the ion at nvVz 225 with argon. The fragment
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Fig. 1. Analysis of phenazines produced by wild-type Pseudomonas chlororaphis PCL1391 and a phzH mutant derivative. A, C18 reverse-phase high-
pressure liquid chromatographic separation of toluene extracts from 3-day old culture supernatants of wild-type strain PCL1391 and its phzH mutant
PCL1120. B, Mass spectrum obtained from a toluene extract of culture supernatant of strain PCL1120. C, Fragment ion spectrum of the ion at m/z 225,
which was detected in culture supernatant extracts of PCL1120 (B). Insert: fragmentation scheme for phenazine-1-carboxylic acid. PCN: phenazine-1-

carboxamide; PCA: phenazine-1-carboxylic acid; AU: absorbance units.
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ions at MYz 207 and 179 correspond to the acylium ion and the
phenazine ring, respectively (Fig. 1C) (Chin-A-Woeng et al.
1998). A fragment ion spectrum obtained from Mz 224 (not
shown) was indistinguishable from a background spectrum.

Previously, three mutant strains, PCL1113, PCL1117, and
PCL1119, which are completely unable to produce a
phenazine as judged from HPLC and silica TLC analyses,
were isolated (Chin-A-Woeng et al. 1998). An in vitro screen
was used for antifungal activity in a petri dish assay at pH 7.0
(Geels and Schippers 1983), and strains PCL1113, PCL1117,
and PCL1119 (Table 2) had lost their antagonistic activity
against F. oxysporum f. sp. radicis-lycopersici, V. albo-atrum,
R solani, and P. ultimum. The PCA-producing strain
PCL1120, however, retained its activity, which was compara-
ble to that of the wild type (data not shown). Apart from PCN
production, the four mutants retained the production of hydro-
gen cyanide, chitinase, protease, and lipase and were not im-
paired in colonization (data not shown).

Nucleotide sequence of the complete PCN biosynthetic
operon of P. chlororaphis PCL 1391
and deduced amino acid sequences.

The organization of the complete biosynthetic gene cluster
of P. chlororaphis was determined by nucleotide sequencing
of the flanking regions of the transposon insertions present in
pMP6001, pMP6003, pMP6002, and pMP6004 obtained from
mutants PCL1113, PCL1117, PCL1119, and PCL1120, respec-
tively. Computer analysis revealed that the complete cluster
consists of eight genes, phzA through phzH (GenBank acces-
sion no. AF195615). The nomenclature of the phzA through
phzG genes follows that of the genes for PCA biosynthesis in
P. fluorescens 2-79 (Mavrodi et al. 1998). The mutants
PCL1113, PCL1117, PCL1119, and PCL1120 appeared to
have Tnb transposon insertions in their phzF, phzC, phzB, and
phzH genes, respectively (Fig. 2). A putative terminator se-
quence was identified downstream of the phzH gene. The
orientation of the eight open reading frames (ORFs) and the
absence of intercistronic regions containing promoter or ter-
minator sequences suggest that these genes form a single tran-
scriptional unit (Fig. 2). In addition, phzD and phzE as well as
phzF and phzG overlap each other with four base pairs. The
phzH gene is a novel phz gene that, to date, is unique to P.
chlororaphis PCL1391. The other genes, phzA through phzG,
are 73 to 93% identical with the genes of the PCA biosyn-

Table 2. Secretion of phenazines by Pseudomonas chlororaphis
PCL1391 and derivatives

Strain Mutated gene PCA?2 PCNP
PCL1391 Wild type = +
PCL1113 phzF - -
PCL1117 phzC - -
PCL1119 phzB - -
PCL1120 phzH + -
PCL1121 phzH + -

4 PCA: phenazine-1-carboxylic acid (PCA) secretion determined by
extraction of culture supernatant with toluene, followed by thin-layer
chromatography (TLC) analyses.

b PCN: phenazine-1-carboxamide secretion determined by extraction of
culture supernatant with toluene followed by TLC analyses.

¢ PCA is produced in very minor amounts as compared to production of
PCN after overnight growth in King’s medium B.

thetic operon of P. fluorescens 2-79 (Mavrodi et al. 1998) and
90 to 96% homologous with those of P. aureofaciens 30-84
(Pierson et al. 1995), both of which produce PCA as the main
phenazine derivative (Table 3). In these strains, a terminator
sequence is located downstream of the phzG gene, indicating
that this gene is the last gene of the operon (Mavrodi et al.
1998). The nucleotide sequence also has an overall identity of
70 to 80% to the phenazine biosynthetic clusters in P. aerugi-
nosa PAO1 (nucleotide sequence obtained from GenBank
database, accession no. AF005404) (Stover et al. 2000). These
biosynthetic clusters consist of phzA through phzG genes and
are assumed to direct phenazine production in this strain (Ta-
ble 3). The genes downstream of the phzG genes in strain
PAO1 do not show sequence homology with phzH. The ho-
mology of each ORF and its possible function are summarized
in Table 3. On the basis of similarities with enzymes in the
GenBank sequence database, Pierson et al. designated func-
tions to a number of these gene products in a hypothetical
phenazine biosynthetic pathway (Pierson et al. 1995).

Characterization of the phzH gene.

HPLC and mass spectrometric analyses (Fig. 1) of culture
supernatant extracts of mutant PCL1120 show that the Tn5
insertion in the phzH gene results in a mutant unable to pro-
duce PCN. Instead, the mutant produces the putative precur-
sor PCA in amounts similar to those of PCN produced by
the wild type. A yellow pigment is visible in PCL1120 colo-
nies as a result of the production of PCA (not shown), but
not the green pigment (PCN) observed for the parental strain
(Gerber 1984).

Additionally, a polymerase chain reaction (PCR) fragment
with an internal part of the phzH gene was cloned into
pIC20R, resulting in pMP6010, and used as a suicide vector in
a P. chlororaphis PCL1391 background to obtain an inde-
pendent phzH mutant (PCL1121) by homologous recombina-
tion. All phenotypic traits of the independent mutant PCL1121
were identical to those of the originally isolated phzH mutant
PCL1120 (Table 2). Absence of production of PCN and accu-

PCL1119 PCL1117 PCL1113 PCL1120

——»L 1 > » r > r » P chlororaphis
phzAphzB phzC phzD phzE phzF  phzG phzH

S — > —
phzA phzB phzC phzD phzE phzF  phzG

P, fluorescens

> ——
phzA1phzB1 phzC1 phzD1 phzE1 phzF1 phzG1
phzA2 phzB2 phzC2 phzD2 phzE2 phzF2 phzG2

P. aeruginosa

- Py —»———» P aureofaciens
phzX phzY phzF phzA phzB phzC phzD phzO

L 1 1 1 ) i 1 H 1 J

0 1 2 3 4 5 6 7 8 9 kbp

Fig. 2. Schematic presentation of the phenazine biosynthetic operon of
Pseudomonas chlororaphis PCL1391. Location and direction of the
Tn5luxAB insertions of mutant derivatives, PCL1119, PCL1117,
PCL1113, and PCL1120 are indicated by a flag. The biosynthetic cluster
was deduced from data obtained by nucleotide sequencing of the re-
gions flanking the transposons. For comparison, the phenazine biosyn-
thetic operons of Pseudomonas fluorescens 2-79 (Mavrodi et al. 1998),
Pseudomonas aeruginosa PAO1 (GenBank accession no. AF005404),
and Pseudomonas aureofaciens 30-84 (Pierson et al. 1995) are included.
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mulation of PCA by PCL1121 was confirmed by TLC (data
not shown) and mass spectrometry (data not shown). The
identity of the product formed by PCL1121 was determined
with nanoelectrospray mass spectrometry. The mass spectrum,
again, has a major ion at m/z 225 for PCA and no discernible
ion at m/z 224 for PCN. Collision-induced dissociation (CID)
tandem mass spectra were obtained from m/z 224 and 225.
The spectrum from nm/z 225 (indistinguishable from that ob-
tained from the PCA from strain PCL1120) (Fig. 1C) is diag-
nostic for PCA, whereas the spectrum from m/z 224 (not
shown) was indistinguishable from a background spectrum.

Screening a chromosomal plasmid library of strain
PCL1391 with an internal 0.3-kb PCR fragment of the phzH
gene yielded a 6-kb clone harboring the terminal part of the
phzG gene and the complete phzH gene of strain PCL1391.
The deduced amino acid sequence of the novel PCN biosyn-
thetic phzH gene predicts a protein of 614 amino acids. The
overall protein sequence has the highest similarity to the
products of Bacillus subtilis yucB (36%; accession no.
793940), yisO (36%; accession no. Y09476), asnB (27%; ac-
cession no. AF008220), and asnH (27%; accession no.
P42113) genes. These sequences all share homology with
asparagine synthetases. The nucleotide sequences of these
genes were derived from genome-sequencing projects, and the
exact functions of these genes have not yet been established.
Other homologies include asparagine synthetases of Rattus
norvegicus (27%; accession no. 2207183A), Oryzae sativa
(25%;, accession no. Q43011), Escherichia coli (25%; acces-
sion no. P22106), and Homo sapiens (25%; accession no.
AC005326). Several domains characteristic for class II ami-
dotransferases were identified. The N-terminal domain of
PhzH has a motif that is conserved in class II glutamine ami-
dotransferases (Fig. 3). In addition, the catalytic cysteine
(Cys"), which is characteristic for the class II glutamine ami-
dotransferase domain, is present in PhzH (Massiere and Badet
1998; data not shown). The C-terminal domain of PhzH char-
acteristically harbors motifs for asparagine synthetases (Fig.
3).

Complementation of PCA-accumulating mutants by phzH.

In order to express the single phzH gene for complementa-
tion of the PCA-producing mutants, the lac (Py,.) and tac (P)
promoters were used to express the phzH gene at a constitu-
tive level in Pseudomonas spp. After PCR, the nucleotide
sequences of the obtained fragments were verified and the
P,—phzH and P,—phzH fragments were transferred to the
rhizosphere-stable vector pME6010 (Heeb et al. 2000), result-
ing in pMP6012 and pMP6014, respectively. PCN production
was restored partially in the PCN mutant PCL1120 comple-
mented with plasmids pMP6012 (PCL1145) or pMP6014
(PCL1143), as demonstrated with TLC (Fig. 4, lane 3) and
nanoelectrospray mass spectrometry. The mass spectrum ob-
tained from the product from PCL1145 (P,,—phzH) had a ma-
jor ion at mVz 224 and a less intense ion at m/z 225, corre-
sponding to PCN and PCA, respectively. The identity of the
species that gave rise to the ion at m/z 224 was demonstrated
when recording a fragmentation spectrum of a m/z 224 colli-
sion with argon. Fragment ions at myz 207 (the acylium ion)
and 179 (the phenazine ring), arising by losses of 17 Th for
NH; and 45 Th for the amide moiety, were produced. Simi-
larly, the identity of the ion at m/z 225 was demonstrated
when recording a CID spectrum. The same fragment ions that
were in the ion at m/z 224 were observed, but this time they
were the result of a loss of 18 Th for H,O and 46 Th for the
carboxylic acid moiety, demonstrating that m/z 225 arises
from PCA.

Biocontrol by PCA-producing phzH mutants.

To analyze the role of the carboxamide moiety of PCN in
biocontrol, phzH mutant PCL1120 was tested in a tomato—F.
oxysporum f. sp. radicis-lycopersici biocontrol system. When
no bacteria were applied to the tomato seeds, 74% of the plant
root systems showed root rot after 16 days of growth in soil
infected with F. oxysporum, whereas coating with cells of the
wild-type biocontrol strain PCL1391 reduced disease inci-
dence to 33% (Fig. 5A). Although strain PCL1120
(phzH::Tn5luxAB) was able to inhibit fungal growth in petri

Table 3. Identities of the phz genes of Pseudomonas chlororaphis PCL1391 to those from other Pseudomonas spp.

Homology (% identity) to P. chlororaphis PCL 1391

Gene P. fluorescens 2-79 P. aureofaciens 30-84

P. aeruginosa PAO1

Identity with GenBank enzymes (%)

phzA phzA (90) phzx* (95) phzAl (67)
phzA2 (63)
phzB phzB (73) phzY* (96) phzB1 (78)
phzB2 (78)
phzC phzC (85) phzF (95) phzC1 (74)
phzC2 (74)
phzD phzD (92) phzA (94) phzD1 (79)
phzD2 (79)
phzE phzE (92) phzB (95) phzE1 (76)
phzE2 (76)
phzF phzF (93) phzC (96) phzF1 (76)
phzF2 (76)
phzG phzG (92) phzD (90) phzG1 (71)
phzG2 (71)
phzH Ne¢ Ne¢ N¢
Ne¢ N© phzO Ne¢

No similarity
No similarity

3-deoxy-D-arabinoheptulosonate-7-phosphate synthase from
Streptomyces spp. (40%)"

2,3-dihydro-2,3-dihydroxybenzoate synthase (isochorismatase)
(47%)°

Anthranilate synthase trpE (50%)°

Thymidylate synthase® and LmbX protein of Streptomyces lin-
colnensis (29%)
Pyridoxamine-5’-phosphate oxidase (33%)°

Asparagine synthetases (27%)
Aromatic monooxygenase (35-40%)

2 In this strain phzA and phzB homologs were identified and designated phzX and phzY (Mavrodi et al. 1998).

b Pierson et al. 1995.

¢ N = gene is not present or presence not known in the described Pseudomonas spp. strain.
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dishes to the same extent as the wild type (data not shown), it
appeared to have lost its biocontrol ability in the tomato—F.
oxysporum test system (Fig. 5A). Seed coating with cells of
mutant PCL1120 did not reduce disease significantly (72%
diseased plants). When the phzH-complemented strain
PCL1143 (PCL1120 Py,.-phzH) was applied, however, signifi-
cant restoration of disease control resulted (42% of diseased
plants) (Fig. 5A).

Transfer of phzH to PCA-producing strains and the effect
on biocontroal.

To evaluate the function of PhzH and extend the biocontrol
ability of PCA-producing strains, pMP6012 carrying P.—
phzH was transferred to the PCA-producing wild-type strains
P. fluorescens 2-79 (Thomashow and Weller 1988) and P.
aureofaciens 30-84 (Pierson et al. 1995), resulting in strains
PCL1147 and PCL1149, respectively. Analysis of toluene
extracts of spent culture supernatant of 72-h cultures of these
strains showed that PCL1147 (Fig. 4, lane 5) and PCL1149
(Fig. 4, lane 7) produced PCN instead of PCA (Fig. 4, lanes 4
and 6). The production of PCN was determined quantitatively
with HPLC (results not shown), and PCL1147 and PCL1149
produced approximately twice the amount (0.29 g per liter)
produced by strain PCL1391 (0.15 g per liter), whereas PCA
was below detectable levels.

In the tomato—F. oxysporum bioassay, the PCA-producing
biocontrol strains P. fluorescens 2-79 and P. aureofaciens 30-
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84 do not inhibit tomato foot and root rot (Fig. 5B and C),
whereas the PCN-producing strain PCL1391 reduces disease
formation (Fig. 5A). To investigate whether the amidation of
the carboxylate moiety of PCA changes the biocontrol abili-
ties of strains 2-79 and 30-84, strains PCL1147 and PCL1149
were tested in the tomato—F. oxysporum system. In biocontrol
experiments conducted with strain 2-79, this strain did not
inhibit tomato foot and root rot compared with the control in
which no bacteria were applied onto the seeds (Fig. 5B). In
strain PCL1147, however, the 2-79 derivative producing PCN
reduced the number of diseased plants efficiently in these tests
(Fig. 5B). Likewise, the PCN-producing 30-84 derivative
PCL1149 controlled disease formation, whereas the wild-type
strain 30-84 did not (Fig. 5C).

DISCUSSION

P. chlororaphis PCL1391 produces PCN (Chin-A-Woeng et
al. 1998). In a tomato—F. OXysporum test system, strain
PCL1391 is active, in contrast to PCA-producing strains
(Chin-A-Woeng et al. 1998). These data suggest that the 1-
carboxamide functional group could be of major importance
for the suppression of tomato foot and root rot (Chin-A-
Woeng et al. 1998). The genetic basis for the presence of the
1-carboxamide group was elucidated by the identification of
the PCN biosynthetic operon (Fig. 2). In order to identify the
PCN biosynthetic genes of P. chlororaphis, a number of
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Fig. 3. Identification of class II glutamine amidotransferase and asparagines synthetase motifs in the PhzH protein. Alignment of the deduced protein sequence
of the phzH gene with sequences in the Pfam protein domain database shows a class II glutamine amidotransferase motif in the N-terminal part of the protein
(A). The C-terminal part of PhzH harbors two conserved asparagine synthetase motifs (B and C). For the alignment of the class II glutamine amidotransferase
domain (A), the protein sequences of asparagine synthetase (AsnB), glucosamine-fructose-6-phosphate aminotransferase (GLMS), and amidophosphoribosyl-
transferase (PurF) of Escherichia coli (E. col), glucosamine-fructose-6-phosphate aminotransferase (GFA1) of Saccharomyces cerevisiae (S. cer), and NodM
of Rhizobium leguminosarum bv. viciae (R. leg) were used. For the alignment of the class II glutamine amidotransferase domains the protein sequences of
asparagine synthetases of E. coli, Homo sapiens (H.sap), Lotus japonicus (L. jap), Zea mays (Z. may), and Mycobacterium tuberculosis (M. tub) were used.
Conserved amino acids are boxed. Black and gray boxes represent amino acids that are conserved or fall within the same similarity group.
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Tn5luxAB mutants impaired in phenazine production were
isolated and characterized. The most interesting mutant was
PCL1120, which is impaired in the production of PCN but
does produce PCA, which was shown with nanoelectrospray
tandem mass spectrometry (Fig. 1B and C). This is consistent
with the observed colony pigmentation and data obtained from
HPLC (Fig. 1A) and TLC analyses (Fig. 4). Nucleotide se-
quence analysis of the regions flanking the Tn5 insertion in
PCL1120 shows that the phz biosynthetic operon of strain
PCL1391 possesses an additional and novel phzH gene not
present in other phenazine-producing biocontrol strains (Fig.
2). Recently, the phzO gene, encoding an aromatic monooxy-
genase that is needed for the conversion of PCA to 2-
hydroxylated phenazines, was located following the last gene
of the core phenazine biosynthetic cluster (phzG) in P. aureo-
faciens 30-84 (Delaney et al. 2001).

The similarity of the phzH product to asparagine syntheta-
ses (Massiere and Badet 1998) (Fig. 3), the accumulation of
PCA in phzH mutant PCL1120, and the loss of PCN produc-
tion observed in PCL1120 as the result of the Tn5 insertion
strongly suggests that PhzH functions in the conversion of
PCA to PCN. The mutant phenotype was confirmed by the
construction of phzH mutant PCL1121 by homologous recom-
bination (Fig. 4). Asparagine synthetases belong to the class II
glutamine amidotransferases, and asparagine synthetases spe-
cifically catalyze the transfer of the amido nitrogen of gluta-
mine to aspartate to produce glutamate and asparagine
(Massiere and Badet 1998). Sequence analysis of the phzH

PCN
Ri 0.47

PCA
Rf 0.19

Fig. 4. Silica thin-layer chromatography (TLC) fractionation of culture
supernatants of Pseudomonas chlororaphis PCL1391, mutant deriva-
tives, and complemented mutants. Extracts of 3-day culture supernatants
were made with toluene, and samples were applied directly to TLC
plates after removal of the organic solvent and subsequent dissolution in
acetonitrile. Phenazines were visualized by UV irradiation at 254 nm.
Lane 1: PCLI1391; lane 2: PCLI1120 (phzH::Tn5luxAB); lane 3:
PCL1143 (PCL1120 harboring pMP6014); lane 4: Pseudomonas fluo-
rescens 2-79; lane 5: PCL1147 (P. fluorescens 2-79 harboring
pMP6012); lane 6: Pseudomonas aureofaciens 30-84, lane 7: PCL1149
(P. aureofaciens 30-84 harboring pMP6012), lane 8: phenazine-1-
carboxylic acid (PCA) standard, lane 9: phenazine-1-carboxamide
(PCN) standard.
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gene shows that the most conserved part in the protein se-
quence is the N terminal. The presence of the catalytic domain
in the N terminal and substrate-specificity domain in the C
terminal is characteristic for class II glutamine amidotrans-
ferases (Massiere and Badet 1998). The observed similarities
indicate that this also is the case for PhzH. PCN production in
mutant PCL1120 was restored largely by the phzH gene under
control of tac or lac promoters (strains PCL1143 and
PCL1145, respectively) (Fig. 4). The incomplete complemen-
tation in PCL1120 harboring the phzH gene in trans may be
caused by a weak expression of the promoter in this strain.
Because the production of PCN in the PCA-producing strains
carry the phzH gene appeared to be slightly better with the tac
promoter, we decided to use the strains harboring P,.—phzH
(pMP6012) for biocontrol experiments. The other phz genes,
phzA through phzG, are very similar (70 to 95%) to the
phenazine biosynthetic genes of PCA-producing species (Ta-
ble 3) and appear to be sufficient for the production of PCA
(Fig. 4).

Strain PCL1120 (phzH::Tn5luxAB) produces PCA and nor-
mal amounts of chitinase, protease, and HCN and retains its
good root-colonizing ability. Although strain PCL1120 retains
the same ability to inhibit fungal growth in vitro in petri
dishes as does the wild type, this PCA-producing mutant ap-
peared to lose its biocontrol activity in the tomato—F. Ox-
ysporum test system (Fig. 5A). These results show that the
difference in biocontrol between P. chlororaphis and its PCA-
producing mutant is presumably the result of the inability of
the latter strain to convert the carboxylic moiety of PCA to the
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Fig. 5. Biocontrol of tomato foot and root rot by Pseudomonas spp.
wild-type strains and derivatives. Tomato seeds coated with the indi-
cated bacterial strains were sown in potting soil infected with spores
of Fusarium oxysporum f. sp. radicis-lycopersici. After 16 days of
growth, the plants roots were removed from the soil and the number
of plants with foot and root rot was determined. In each panel, bars
with the same letter are not significantly different at oo = 0.05, accord-
ing to the analysis of variance followed by Fisher’s least significant
difference test. A, Biocontrol by Pseudomonas chlororaphis
PCL1391, phzH mutant PCL1120, and PCL1143 (PCL1120 harboring
pMP6014 with the phzH gene under control of the lac promoter).
Experiments were performed twice, with 96 plants per strain. B, Bio-
control by Pseudomonas fluorescens wild-type strain 2-79 and
PCL1147 (strain 2-79 harboring pMP6012 containing the phzH gene
under control of the tac promoter). The experiment was repeated three
times. C, Biocontrol by Pseudomonas aureofaciens wild-type strain
30-84 and PCL1149 (strain 30-84 harboring pMP6012 containing the
phzH gene under control of the tac promoter). The experiment was
performed twice, with 96 plants per strain.



1-carboxamide group. The difference in action between the
two compounds can be explained by the different behavior of
the compounds at low and neutral pH values (Chin-A-Woeng
et al. 1998). The importance of the phzH gene and the 1-
carboxamide moiety has been confirmed by genetic comple-
mentation of the phzH mutant PCL1120. The introduction of
phzH restored PCN production (Fig. 4) and biocontrol activity
(Fig. 5A). Moreover, PCA-producing strains P. fluorescens 2-
79 and P. aureofaciens 30-84 appeared to produce PCN after
the introduction of the phzH gene. P. fluorescens 2-79 and P.
aureofaciens 30-84 harboring P,—~phzH show efficient bio-
control ability in the tomato—F. oxysporum test system (Fig.
5B and C). In conclusion, our results show that PhzH is re-
sponsible for the amidation of PCA, that the 1-carboxamide
group is crucial for the suppression of foot and root rot by
strain PCL1391, and that the conversion of PCA to PCN can
extend the biocontrol ability of strains. In addition, our studies
show that genetic modification of biocontrol strains can opti-
mize biocontrol ability.

MATERIAL AND METHODS

Bacterial strainsand culture conditions.

The bacterial strains and plasmids used are listed in Table 1.
King’s medium B (King et al. 1954) was used routinely to
culture Pseudomonas spp. strains. E. coli strains were grown
in Luria-Bertani medium (Sambrook et al. 1989). F. ox-
ysporum f. sp. radicislycopersici ZUM2407 (IPO-DLO,
Wageningen, The Netherlands) was stock cultured on potato
dextrose agar (Difco Laboratories, Detroit, MI, U.S.A.) and
grown in Czapek-Dox liquid medium (Difco Laboratories) at
25°C. Media were solidified with 1.8% agar (Difco Laborato-
ries) when necessary. For antibiotic selection, the following
were added, per ml, where applicable: 50 pg of kanamycin,
80 g of tetracycline, and 50 pg of carbenicillin.

DNA modifications.

Digestion with restriction endonucleases, ligation, trans-
formation of E. coli cells with plasmid DNA, and PCR with
Pwo polymerase (Roche Molecular Biochemicals, Basel,
Switzerland) were performed with standard molecular bio-
logical protocols (Sambrook et al. 1989). Plasmid transforma-
tion of Pseudomonas spp. was achieved with electroporation
(1.25 kV per cm, 2.5 pF, 200 Q; Gene Pulser, Bio-Rad Labo-
ratories, Richmond, CA, U.S.A.). Nucleotide sequencing was
performed by Eurogentec (Herstal, Belgium) with AB1377-
based fluorescent sequencing technology. Computer analysis
of protein and nucleotide sequences was carried out with Wis-
consin software package version 10.0 (Genetics Computer
Group, Madison, WI, U.S.A.). The DNA sequence of the en-
tire phenazine biosynthetic operon has been submitted to Gen-
Bank as accession no. AF195615.

I solation and genetic characterization
of phenazine biosynthetic mutants
from a Tn5luxAB mutant library of PCL 1391.

A mutant library of PCL1391 was established with
pRL1063a harboring a Tn5 transposon carrying promoterless
|uXAB reporter genes (Wolk et al. 1991). Transposants were
screened for the loss of green and yellow pigmentation as a
result of the lack of PCN production. Because the transposon

contains an origin of replication that functions in E. coli, DNA
flanking the transposon was recovered from the genome by
excision with ECORI or Clal, followed by recircularization,
transfer to DH5a,, and analysis by nucleotide sequencing. Nu-
cleotide sequencing of the flanking chromosomal regions was
performed with unique primers oMP458 (5'-TACTAGATT-
CAATGCTATCAATGAG-3") and oMP459 (5-AGGAGG-
TCACATGGAATATCAGAT-3") that were directed to the left
and right ends of the Tn5 transposon.

Purification and structural identification
of antifungal factors.

The supernatants of 3-day cultures were extracted with
equal volumes of toluene. The remaining water phase was
acidified to pH 2 with concentrated hydrochloric acid and re-
extracted twice with an equal volume of toluene (Fernandez
and Pizarro 1997). The two organic phases were pooled and
dried by evaporation in vacuo. The dry residue was dissolved
in 100% acetonitrile and fractionated with either silica TLC or
HPLC. Silica TLC plates (Merck, Darmstadt, Germany) were
developed in butanol-acetone (90:10 vol/vol). After develop-
ment, the plates were dried and compounds were visualized
under UV light (254 nm). Authentic PCN and PCA standards
migrated in this system with R¢ values of 0.47 and 0.19, re-
spectively. HPLC was performed with a Hypersil octadecyl
silane column (5 um, 250 x 4.6 mm; Alltech Associates, Deer-
field, IL, U.S.A.) and a linear 20 to 90% (vol/vol) gradient of
acetonitrile in water with a flow rate of 1 ml per min. Samples
were dissolved in 30% acetonitrile prior to injection onto the
HPLC column. UV detection was performed with a RSD 2140
diode array detector (Pharmacia, Uppsala, Sweden), with
wavelength scanning from 190 to 400 nm, and 2.0-ml frac-
tions were collected for mass spectrometry.

PCA and PCN production by wild-type, mutant, and com-
plemented mutant strains was demonstrated with mass spec-
trometry in conjunction with chromatographic methods. The
chemical structures of the compounds produced by wild-type
and mutant strains having the same R; values as PCA and
PCN were determined with nanoelectrospray tandem mass
spectrometry in the positive ion mode. Mass spectra and
fragment ion spectra produced on collision of a selected pre-
cursor ion with argon gas (CID tandem mass spectra) were
recorded with a Micromass hybrid quadrupole time-of-flight
(Q-TOF) tandem mass spectrometer (Wythenshawe, U.K.)
equipped with a ZSpray sample introduction system in a nano-
flow electrospray ion source. The mass spectrometer was op-
erated with a source temperature of 70°C. The cone voltage
was set at 25 V, and the capillary voltage was set at 3,000 V.
Argon was used as the collision gas, and the spectra were
obtained with a collision energy of 20 eV. Spectra were ac-
quired via the TOF analyser and integrated every 2.4 s over
the m/z 50 to 300 range. Data were recorded and processed
with MassLynx software, version 3.1 (Micromass). Mass cali-
bration was performed by multiple ion monitoring of singly
charged sodium and cesium iodide signals. The samples were
dissolved in 0.5 to 1.0 ml of acetonitrile-water (1:1) contain-
ing 0.1% formic acid. Samples were delivered to the ion
source with a fused silica continuous flow sample introduction
system and a syringe pump that delivers sample solution at a
rate of 1 ul per min. Between samples, the capillary was thor-
oughly rinsed with the same solvent as well as undiluted for-
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mic acid, after which the system was reflushed with sample
solvent prior to the injection of the next sample. Blank spectra
(solvent only) were recorded before injection of each new
sample to be certain that no contamination or carryover with
the previous sample had occurred.

I solation of the complete phzH gene and construction
of a phzH mutant.

Oligonucleotide primers oMP500 (5-CCCAAGCTTCGG-
TGGACTTCACTGGC-3’) and oMP501 (5-CCCAAGCTT-
GGCACACGTACCTCAAGGCT-3"), based on the sequences
of the recovered flanking regions of phzH mutant PCL1120,
were used to obtain a 0.3-kb DNA fragment (nucleotide posi-
tions 879 to 1,172 of the phzH gene) by PCR. The primers
contained restriction enzyme sites for HindIIl (underlined),
and the fragment was used to probe a plasmid library of
chromosomal ECORI fragments of PCL1391 in pBluescript
(Stratagene, La Jolla, CA, U.S.A.) to isolate a clone contain-
ing the complete phzH gene.

The same PCR product was cloned into pIC20R with
HindIIl. A tetracycline marker obtained from pMP5000 was
inserted into the multicloning site of pIC20R with Sphl and
Sall. The resulting plasmid, pMP6010, was used as a suicide
vector to obtain an independent phzH mutant of strain
PCL1391 by homologous recombination.

Expression of the phzH gene under control
of thetac and lac promoters.

The tac promoter was cloned in front of the phzH gene of
strain PCL1391 with a 100-mer oligonucleotide primer
oMP467 (5-GGGGAATTCTTGACAATTAATCATCGGCT
CGTATAATGTGTGGAATTGTGAGCGGATAACAATTTTC
ACACAGGAAACAGCTAAATGTGCGGTCTCACAGGAT
GGGTAGACTATACGC-3") and primer oMP466 (5-GGA
ATTCTGGCCGGGCCTGCCGTG-3’). Primer oMP467 con-
tained an ECORI recognition site (underlined), followed by the
tac promoter sequence (Amann et al. 1983). The remainder of
the primer was identical to the sequence of phzH from posi-
tions —4 to +34 (start codon in bold). Primer oMP466 was
directed 35 nucleotides downstream of the phzH ORF. The
1.9-kb fragment obtained with oMP466 and oMP467 was
cloned into pIC20R (resulting in pMP6011) and pME6010
(Heeb et al. 2000) (resulting in pMP6012). The lac promoter
was cloned in front of the phzH gene with oligonucleotide
primer oMP502 (5-GGAATTCTTTACACTTTATGCTTCC-
GGCTCGTATGTTGTGTGGAATTGCTAGCGGATAACAA-
TTTCACACAGGAACCAGACATATGTGCGGTCTCACA-
GGATTGGTAGACTATACGC-3") and oMP466. Primer
oMP502 contained an ECORI recognition site (underlined),
followed by the E. coli lac promoter sequence (Gilbert and
Maxam 1973). The remainder of the primer was identical to
the sequence of phzH from positions —4 to +34. The fragment
obtained with oMP502 and oMP466 was cloned into pIC20R
(resulting in pMP6013) and pMEG6010 (resulting in
pMP6014). To test for possible mutations introduced by the
PCR, the nucleotide sequence of the resulting PCR product
was determined with standard M13 —20 and reverse primers
for sequencing (Sambrook et al. 1989). The resulting con-
structs were transferred to various wild-type and mutant
strains by electroporation.
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Biocontrol experiments.

Tomato—Fusarium oxysporum f. sp. radicis-lycopersici bio-
assays were performed with the experimental setup described
previously (Chin-A-Woeng et al. 1998). Briefly, seeds were
coated with the biocontrol bacteria and sown in pots contain-
ing potting soil infected with spores of F. oxysporum f. sp.
radicis-lycopersici (2.0 x 10 spores per kg). Plants were
grown in a greenhouse at 21°C with 70% relative humidity
and 16 h daylight. At least eight replications containing 12
plants were inoculated with each test strain. After 16 days, the
plant roots were examined for browning and lesions. Data
were analyzed for significance with analysis of variance, fol-
lowed by Fisher’s least significant difference test (o = 0.05),
with SPSS software (Chicago, IL, U.S.A.). All experiments
were performed at least twice.
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