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A gene bank of DNA from plant growth-promoting Pseudomonas sp. strain B10 was constructed using
the broad host-range conjugative cosmid pLAFR1. The recombinant cosmids contained insert DNA
averaging 21.5 kilobase pairs in length. Nonfluorescent mutants of Pseudomonas sp. strain B10 were
obtained by mutagenesis with N-methyl-N'-nitro-N-nitrosoguanidine, ethyl methanesulfonate, or UV light
and were defective in the biosynthesis of its yellow-green, fluorescent siderophore (microbial iron transport
agent) pseudobactin. No yellow-green, fluorescent mutants defective in the production of pseudobactin
were identified. Nonfluorescent mutants were individually complemented by mating the gene bank en
masse and identifying fluorescent transconjugants. Eight recombinant cosmids were sufficient to comple-
ment 154 nonfluorescent mutants. The pattern of complementation suggests that a minimum of 12 genes
arranged in four gene clusters is required for the biosynthesis of pseudobactin. This minimum number of
genes seems reasonable considering the structural complexity of pseudobactin.

Specific rhizosphere-colonizing strains of the Pseudomo-
nas fluorescens-Pseudomonas putida group have recently
been used as seed inoculants on crop plants to promote
growth and increase yields. These yellow-green fluorescent
pseudomonads, generically termed plant growth-promoting
rhizobacteria, rapidly colonize plant roots of a variety of
crops and cause statistically significant yield increases (29).
Plant growth-promoting rhizobacteria exert their plant
growth-promoting activity in part by depriving certain native
microflora of iron(III), thereby reducing microbial root colo-
nization (18). Under iron-limiting conditions, they produce
extracellular siderophores [microbial iron(III) trans-
port agents] (26) which efficiently chelate environmental
iron, making it less available to certain endemic microor-
ganisms, thus inhibiting their growth. In addition, the plant
growth-promoting strain Pseudomonas sp. strain B10 is an
effective biological control agent of Fusarium wilt and take-
all diseases, caused by the soil-borne fungi Fusarium oxy-
sporum f. sp. lini and Gaeumannomyces graminis var.
tritici, respectively (17). Pseudobactin, the yellow-green
fluorescent siderophore of Pseudomonas sp. strain B10,
apparently denies iron(III) to these pathogens, thus inhibit-
ing their growth.
The molecular structure of pseudobactin consists of a

linear hexapeptide, L-lysine-D-threo-3-hydroxyaspartic
acid-L-alanine-D- allo-threonine-L- alanine-D-N8-hydroxyor-
nithine, in which the N8-OH nitrogen of the ornithine is
cyclized with the C-terminal carboxyl group, and the NE-
amino group of the lysine is linked via an amide bond to a
quinoline derivative, which is responsible for the yellow-
green fluorescence of both pseudobactin and Pseudomonas
sp. strain B10 (33). The iron-chelating groups consist of a
hydroxamate group derived from N8-hydroxyornithine, an
a-hydroxy acid from ,-hydroxyaspartic acid, and an o-
dihydroxy aromatic group derived from the quinoline moi-
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ety. The combination of metal-chelating ligands and the
alternating L- and D-amino acids is unusual.
We have begun a study to understand the genetic organi-

zation of the high-affinity pseudobactin-dependent iron(III)
assimilation system of Pseudomonas sp. strain B10. We
describe here the construction of a gene bank of Pseudomo-
nas sp. strain B10 DNA and the subsequent determination of
the number of complementation groups needed for the
biosynthesis of pseudobactin.

MATERIALS AND METHODS

Bacterial strains. Yellow-green, fluorescent Pseudomonas
sp. strain B10 Nalr Rifr, which was isolated as a spontaneous
mutant of Pseudomonas sp. strain B10 resistant to both 100
,ug of nalidixic acid and 100 ,ug of rifampin per ml, was
obtained from J. W. Kloepper. Yellow-green, fluorescent
Pseudomonas sp. strain Wasco 9, which aggressively colo-
nizes sugar beet roots and subsequently inhibits plant growth
(31), was obtained from M. N. Schroth. Escherichia coli
strains were HB101 pro leu thi lacY rpsL endA recA hsdR
hsdM and the A lysogenic strains of Stemnberg et al. (30),
NS428 (X Aamll b2 red3 c1857 Sam7) and NS433 (A Eam4 b2
red3 c1857 Sam7).

Media. E. coli was grown in LB medium or M9 minimal
medium (25) at 37°C, whereas Pseudomonas strains were
cultured in King's medium B (KB) (16) at 30°C. Antibiotics
were used at the following concentrations: 50 ,ug/ml kanamy-
cin sulfate (Kn) and 3 ,ug/ml tetracycline hydrochloride (Tc)
for E. coli HB101 and 35 ,ug/ml rifampin (Rif) and 10 ,ug/ml
tetracycline hydrochloride for Pseudomonas sp. strain B10.
Plasmids. The broad host-range cosmid pLAFR1 (11),

which is a 21.6-kilobase (kb) derivative of pRK290 (8),
contains a single EcoRI restriction enzyme site and confers
resistance to tetracycline; pRK2013, which is the helper
plasmid of pLAFR1, carries the conjugal transfer genes of
RK2 (8) cloned into a ColEl replicon (10) and confers
resistance to kanamycin.

Chemicals. Pseudobactin and ferric pseudobactin were

53



54 MOORES ET AL.

isolated as described previously (33). All chemicals were
reagent grade. The N-methyl-N'-nitro-N-nitrosoguanidine
(NTG), ethyl methanesulfonate (EMS), lysozyme, diethyl
pyrocarbonate, and kanamycin sulfate were purchased from
Sigma Chemical Co., St. Louis, Mo. Pronase, RNase,
rifampin, and tetracycline hydrochloride were obtained
from Calbiochem-Behring Corp., La Jolla, Calif. Restriction
endonucleases and T4 DNA ligase were obtained from
Bethesda Research Laboratories, Rockville, Md., and were
used as specified by the manufacturer. Seakem agarose ME
was obtained from FMC Corp., Rockland, Maine, and
Sarkosyl was from Ciba-Geigy Corp., Summit, N.J.
DNA isolation. Preparative amounts of cosmid DNA were

isolated from E. coli essentially as described by Currier and
Nester (7) with omission of Mg2' and P043- in the precipita-
tion step. Cosmid DNA for clonal analyses was prepared
from E. coli by a cleared-lysate technique with Triton X-100
(15). Rapid isolation of small amounts of cosmid DNA from
Pseudomonas sp. strain B10 was performed by modifica-
tions of the methods of Currier and Nester (7) and Hansen
and Olsen (13). Briefly, after the shearing step, the DNA was
precipitated with isopropanol. The pellet was allowed to
dissolve for 1 h in TE buffer (50 mM Tris [pH 8.0], 20 mM
EDTA) containing 1% sodium dodecyl sulfate. After enough
freshly prepared 3 M NaOH was added to the above solution
to achieve a final pH of 12.3, the resultant solution was
immediately mixed gently for 3 min (at ca. 20 inversions per
min). Enough 2 M Tris (pH 7.0) was added with rapid mixing
to give a final pH of 8.2. A 1/10 volume of 5 M NaCl was
added with rapid mixing. After this, the solution was extract-
ed with phenol, and the DNA was precipitated with isopro-
panol. E. coli HB101 was transformed with this cosmid
DNA.

Total DNA from Pseudomonas sp. strain B10 was ob-
tained from 500 ml of stationary phase cells according to a
modification of the procedure of Clewell and Helinski (4) as
described by Takeda et al. (32).

Size fractionation of Pseudomonas sp. strain B10 DNA. A
partial EcoRI digest of total Pseudomonas sp. strain B10
DNA was size fractionated with a preparative vertical gel
electrophoresis apparatus from Bethesda Research Labora-
tories (model 1100PG) with 0.6% agarose in Tris-acetate (40
mM Tris, 20 mM acetic acid, 2 mM Na2EDTA [pH 8.1])
buffer. Fractions were monitored for DNA size on 0.5%
agarose gels. Those fractions containing DNA in the size
range of 10 to 35 kb were pooled and used for construction of
the gene bank.

Construction of Pseudomonas sp. strain B10 gene bank.
EcoRI-digested pLAFR1 (67 ,ug/ml) was ligated with size-
fractionated Pseudomonas sp. strain B10 DNA (466 ,ug/ml)
with T4 DNA ligase (83 U/ml) (11). The X packaging extracts
were prepared from the A lysogenic strains E. coli NS428 and
NS433 essentially as described (24) with the following modi-
fications. Cultures of strains NS428 and NS433 were used in
the ratio of 1:2. Putrescine was omitted from the CH buffer
(24). The packaging of ligated DNA into X phage heads was
performed in vitro (11). The resulting phage particles con-
taining recombinant DNA molecules were used to infect E.
coli HB101 in LB medium. After expression of tetracycline
resistance proceeded for 1 h at 37°C, cells were spread on
LB agar plates containing-tetracycline.

Isolation of mutants. Pseudomonas sp. strain B10 was
mutagenized with NTG, EMS, or UV light according to
modifications of procedures of Miller (25). About 108 cells
per ml were treated with NTG (2 ,ug/ml) in KB medium for 4
h at 30°C. Mutagenesis with EMS (4%) was performed with 2

x 108 cells per ml in M9 minimal medium containing 2 mM
MgSO4 for 1 h at 30°C. About 108 cells per ml in 0.1 M
MgSO4 were irradiated with UV light to give a survival rate
of 0.1 to 1%. After each of the above treatments, cells were
washed to remove the mutagen, if necessary, and then
subcultured overnight in KB medium.
Nonfluorescent mutants defective in the production of

pseudobactin were obtained as follows. About 150 to 200
cells from each of the above treatments were spread per KB
agar plate. Colonies were scored for nonfluorescence after
incubation overnight first at 30°C and then overnight at room
temperature.
The possibility of detecting yellow-green, fluorescent mu-

tants defective in the biosynthesis of pseudobactin was
explored by the following two methods. Only EMS-treated
cells were screened.
About 50 cells were spread per KB agar plate. After these

plates were incubated overnight first at 30°C and then
overnight at room temperature, they were sprayed with a
suspension of nonfluorescent mutant 177 (106 cells per ml)
(see below) derived from Pseudomonas sp. strain B10 by
treatment with EMS. These plates were incubated at 30°C
overnight. Any yellow-green, fluorescent colonies surround-
ed by clear zones of growth inhibition of mutant 177 were to
be purified by restreaking on KB agar plates.
The above procedure was adapted with the following

modifications. About 30 cells were spread per KB plate.
These plates were sprayed with a suspension of Pseudomo-
nas sp. strain Wasco 9 (106 cells per ml). Yellow-green,
fluorescent colonies of strain B10 which did not exhibit clear
zones of growth inhibition of strain Wasco 9 were first
purified by streaking on KB plates containing rifampin and
then retested.

Plate bioassay for siderophore utilization. A published
procedure (34) was followed with the following modifica-
tions. A single colony of each nonfluorescent mutant defec-
tive in the production of pseudobactin was inoculated onto
KB plates containing 1 mg of ethylenediaminedi-(o-hydroxy-
phenylacetic acid) (EDDA) per ml and seeded with Pseudo-
monas sp. strain B10 (103 cells per ml). Pseudomonas sp.
strain B10 and filter paper disks containing 10 ,uM pseudo-
bactin or 10 ,uM ferric pseudobactin served as positive
controls. Plates were incubated at room temperature and
examined after 24 and 48 h for the presence of halos of single
colonies surrounding the mutants.
Complementation of nonfluorescent biosynthetic mutants.

Twenty-six nonfluorescent mutants of Pseudomonas sp.
strain B10 were individually complemented by mating the
gene bank en masse by using the triparental conjugation
system of Ditta et al. (8). About 4 x 10 cells each of E. coli
HB101 harboring the gene bank and E. coli
HB101(pRK2013) and 2 x 108 cells of each recipient mutant
were mixed, and the suspension was filtered through 0.45-
p.m membrane filters (Millipore Corp., Bedford, Mass.). The
filters were incubated overnight at 30°C on LB agar plates
before the cells were suspended and plated on KB agar
plates containing tetracycline and rifampin. These plates
were incubated for ca. 2 days at 30°C, and the cells were
suspended and pooled. About 100 to 200 cells were then
spread per KB plate containing tetracycline; the plates were
incubated overnight first at 30°C and then overnight at room
temperature. Complemented transconjugants were yellow-
green fluorescent.
Recombinant cosmid DNA was individually isolated from

between one to five complementing clones per mutant as
described above and was used to transform E. coli HB101.
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Triparental conjugations were performed to check the ability
of each recombinant cosmid to complement the mutant from
which it was originally isolated (5). Recombinant cosmids
which did not complement the original mutant were not
studied further.
The 80 recombinant cosmids (see below), which were

obtained from complementation of the original 26 mutants,
were tested for their ability to complement each of the
remaining 156 mutants (see below). Conjugations were per-
formed by mixing with a 49-prong replicator the 80 clones
harbored in E. coli HB101, which were maintained in 7 by 7
ordered arrays on LB plates containing tetracycline (3 ,g/
ml), with lawns of E. coli HB101(pRK2013) and of each
mutant onto LB plates. After these plates were incubated for
2 days at 30°C, transconjugants were obtained by replicating
the cells onto KB plates containing tetracycline and rifam-
pin. After 2 days at 30°C, cells were replicated again onto
KB plates containing tetracycline and scored for fluores-
cence after 1 day at 30°C.

RESULTS
Gene bank of Pseudomonas sp. strain B10 DNA. A gene

bank of Pseudomonas sp. strain B10 total DNA, partially
digested with EcoRI, was constructed using the broad host-
range cosmid pLAFR1 and was maintained in E. coli HB101.
Tetracycline-resistant transductants were obtained at a fre-
quency of 8 x 104/tig of vector DNA. The resultant gene
bank contained more than 15,000 independent clones. Fifty-
five clones were chosen at random for analysis of their
plasmid DNA. Gel electrophoresis of EcoRI digests of these
plasmids showed that all contained insert DNA, which
ranged between 8 and 35 kb and averaged 21.5 kb in length
(data not shown). In all cases, a fragment comigrated with
EcoRI-digested pLAFR1. If the molecular weight of the
Pseudomonas genome is assumed to be about the same as
that of the E. coli genome, i.e., 4,200 kb (2), then only about
880 members of the gene bank are needed to guarantee a 99%
chance that a given sequence of DNA will be represented
(3).

Mutants defective in biosynthesis of pseudobactin. Treat-
ment of yellow-green, fluorescent Pseudomonas sp. strain
B10 with NTG, EMS, or UV light yielded 177 nonfluores-
cent mutants defective in the biosynthesis of yellow-green,
fluorescent pseudobactin. One hundred fifty-seven of these
mutants were stably nonfluorescent and were used in subse-
quent experiments. The reversion frequency of these latter
mutants could not be directly determined but was less than
10-4 (data not shown). Seven of these mutants were derived
from treatment with NTG, 13 from exposure to UV light,
and 137 from treatment with EMS. Although the 157 nonflu-
orescent mutants did not produce pseudobactin, the possibil-
ity that they might produce other molecules which could
function as siderophores for Pseudomonas sp. strain B10
was tested. None of these mutants was able to reverse iron
starvation of Pseudomonas sp. strain B10 induced by the
synthetic ferric complexing agent EDDA, the iron of which
is not utilized by the cells in the plate bioassay. In contrast, a
halo of single colonies was observed surrounding the site of
inoculation of the positive control, Pseudomonas sp. strain
B10, and surrounding the disks of pseudobactin or ferric
pseudobactin. Therefore, the 157 mutants did not produce
siderophores utilizable by Pseudomonas sp. strain BlO.

In addition to nonfluorescent biosynthetic mutants, other
mutants were sought which were still yellow-green fluores-
cent. Two classes of such mutants could be envisioned: the
first class would produce yellow-green, fluorescent deriva-

tives of pseudobactin which still bind iron(III), whereas the
second class would produce fluorescent derivatives which
do not bind iron(III) at all.
The screening procedure for fluorescent mutants of the

first class was based upon the assumption that the outer
membrane receptor protein for ferric pseudobactin is specif-
ic for this molecule and would not recognize altered or
incomplete derivatives. Outer membrane receptor proteins
for the siderophores ferric enterobactin and ferrichrome
appear to be remarkably specific for the stereochemistry of
the ferric siderophore (27, 35). Since pseudobactin and ferric
pseudobactin were able to reverse EDDA-induced iron
starvation of nonfluorescent mutant 177 (data not shown),
this mutant was able to utilize pseudobactin as a siderophore
and hence had a functional iron assimilation system for ferric
pseudobactin, including its outer membrane receptor pro-
tein. Thus, mutant 177 should be susceptible to iron(III)
starvation by fluorescent mutants of the first class because
this indicator strain would not be able to utilize altered
derivatives of pseudobactin to transport iron. About 32,000
yellow-green, fluorescent colonies of EMS-treated Pseudo-
monas sp. strain B10 were screened. None inhibited the
growth of mutant 177.
The screening procedure for fluorescent mutants of the

second class exploited the inability of their fluorescent
products to bind iron(III). Pseudomonas sp. strain B10 or
pseudobactin inhibits the growth of Pseudomonas sp. strain
Wasco 9, presumably by iron deprivation (J. Leong, unpub-
lished data). Since these fluorescent products are presumed
not to bind iron(III), they would not starve Pseudomonas sp.
strain Wasco 9 for iron(III) and hence would not inhibit its
growth. About 19,000 yellow-green, fluorescent colonies of
EMS-treated Pseuidomonas sp. strain B10 were screened.
None failed to inhibit the growth of Pseudomonas sp. strain
Wasco 9.

In summary, no yellow-green, fluorescent mutants were
identified.
Complementation of nonfluorescent mutants. Twenty-six

nonfluorescent mutants of Pselidomonas sp. strain B10,
which were chosen at random, were individually comple-
mented by mating the gene bank en masse by using helper
plasmid pRK2013; tetracycline-resistant and rifampin-resis-
tant transconjugants were selected and screened. Tetracy-
cline-resistant transconjugants typically appeared at fre-
quencies of 2 x 10-5 to 2 x 10-3 per recipient cell.
Complemented transconjugants were yellow-green fluores-
cent and appeared at frequencies of 10-3 to 10-2 per
transconjugant.
Cosmid DNAs from several complemented transconju-

gants from each mutant were isolated and used to transform
E. coli. We confirmed the ability of the recombinant cosmids
to complement the mutant from which each was originally
isolated to eliminate the possibility that fluorescence result-
ed from reversion to wild type. Eighty such E. coli transform-
ants were then used in pairwise conjugations with the entire
collection of nonfluorescent mutants to deduce the overall
pattern of complementation. In this way, eight cosmid
DNAs were identified as being sufficient to complement 154
of the 157 original mutants. Three mutants could not be
complemented by any of the 80 cosmids or by mating the
gene bank en masse. They may contain multiple mutations in
genes required for pseudobactin biosynthesis. Alternatively,
the gene bank may lack DNA carrying the appropriate wild-
type allele.

Table 1 summarizes the complementation data obtained
for the eight cosmids. The mutants could be arranged into
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TABLE 1. Complementation analysis of pseudobactin biosynthetic genes

Complementing No. of mutants Sizes of EcoRI fragments from insert Size of
cosmid complemented' DNA (kb DNA (kb)b

pJLM1 6 8.7, 8.1, 5.3 22.1
pJLM2 4 17.5, 14.0 31.5
pJLM3A 26 13.6, 3.3, 3.0, 2.6 22.5

53
pJLM3B 27 J 13.2, 11.2, 3.3, 2.6 30.3

2
pJLM3C 14 11.2, 8.1, 3.6, 1.4 24.3
pJLM4A 62 13.5, 4.7, 3.7, 2.7, 2.2 26.8

51
pJLM4B 66 13.0, 3.7, 3.3, 3.1, 2.7, 2.2, 1.1, 1.0 30.1

pJLM4C 6 J 10.5, 5.3, 4.1, 2.6, 1.9, 1.5, 1.3, 1.0 28.2
a The numbers to the right of the brackets indicate the number of mutants complemented in common by any two recombinant cosmids.
b These sizes were obtained from agarose gels.

four groups, which probably represent different gene clus-
ters. Recombinant cosmids pJLM1 and pJLM2 complement-
ed all mutants in groups 1 and 2, respectively, whereas three
cosmids each, pJLM3A, pJLM3B, and pJLM3C and
pJLM4A, pJLM4B, and pJLM4C were needed to comple-
ment all of the mutants in groups 3 and 4, respectively. For
the latter two groups, some of the mutants were comple-
mented by two different cosmids. In each such case, the
cosmids appeared to have one or more EcoRI fragments of
identical size (Fig. 1 and Table 1). These common fragments
probably represent regions of overlap between the cosmids
and suggest that the complementing genes for the mutants
are located in the regions of overlap.
For the purposes of this study, a complementation group

containing one or more genes is defined as a set of mutants
which can be complemented by a particular combination of
cosmid clones. Thus, the group of six mutants which could
only be complemented by pJLM1 is a complementation
group. Likewise, the 4 mutants which could only be comple-
mented by pJLM2 and the 23 mutants which could only be
complemented by pJLM3A constitute two more groups. The
three mutants which could be complemented by both
pJLM3A and pJLM3B are yet a fourth group. Figure 2
summarizes the data in Table 1 according to this analysis. As
illustrated, a minimum of 12 genes are thus identified as
being essential for pseudobactin production.

It is conceivable that some of the genes essential for
pseudobactin biosynthesis are also necessary for cellular
growth under iron-sufficient conditions. However, only 12
auxotrophic mutants were found that did not grow on M9
minimal medium plates, and these were randomly distribut-
ed within the 12 complementation groups (data not shown).
These 12 auxotrophs probably have multiple mutations.

DISCUSSION
To date, the genetic organization of only two siderophore-

dependent iron transport systems have been studied in any
detail. These are the high-affinity enterobactin and aerobac-
tin systems of enteric bacteria.

Enterobactin is a cyclic trimer of 2,3-dihydroxy-N-benzo-
yl-L-serine and is produced under iron(III)-limiting condi-
tions (28). Currently, nine genes are known to be involved in
the high-affinity, enterobactin-dependent iron transport sys-
tem of E. coli K-12 (21, 22). These genes are clustered within
26 kb of DNA and are organized into at least six transcrip-
tional units (21, 22). Seven ent genes appear to be involved in

the biosynthesis of enterobactin. Thefep gene codes for the
81,000 dalton outer membrane receptor protein for ferric
enterobactin. Thefes gene product is involved in the release
of iron from ferric enterobactin, but its precise role is unclear
(26).
The siderophore aerobactin is a conjugate of 6-(N-acetyl-

N-hydroxyamino)-2-aminohexanoic acid and citric acid (12).
The aerobactin-dependent iron transport system has recent-
ly been cloned from the ColV-K30 plasmid on a 16.3-kb
fragment (1). This fragment codes for proteins necessary for
the biosynthesis of aerobactin and the 74,000 dalton outer
membrane receptor protein for ferric aerobactin (1, 19), all of
which are coordinately regulated by iron (1).
The structural complexity of pseudobactin necessitates

that multiple genes be involved in its biosynthesis. Since
pseudobactin consists of a short peptide and contains unusu-
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FIG. 1. EcoRl digestion of eight recombinant cosmids require-d
to complement 154 nonfluorescent mutants and EcoRI digestion of
pLAFR1. Fragments were separated by gel electrophoresis through
a 0.5% agarose gel. Fragment sizes (in kb) of Hindlll-digested
bacteriophage X DNA are indicated at the left. The 1.0-kb and 1.1-kb
fragments of pJLM4B, the 1.0-kb fragment of pJLM4C, and the 1.4-
kb fragment of pJLM3C may not be discernible. The 14.8-kb
fragment of pJLM4C is a partial digest.
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FIG. 2. Schematic showing the proposed arrangement of 12
pseudobactin complementation groups among the eight cosmids.
Cosmid DNAs containing the complementation groups are indicated
by horizontal lines; the groups are arbitrarily numbered from 1 to 12
and are delineated by hatch marks. Dashes indicate boundaries of
regions of DNA overlap. For each of the eight recombinant cosmids
shown, the number of mutants used to identify each complementa-
tion group is shown in parentheses. The cosmids are arranged into
four groups, indicated by brackets, which tentatively represent
different gene clusters.

al amino acids, the biosynthesis of the hexapeptide mnoiety is
almost certainly not mediated by ribosomes. Specific en-
zymes including isomerases must be required for the biosyn-
thesis of the unusual amino acids D-threo-3-hydroxyaspartic
acid, D-allo-threonine, and D-NV-hydroxyornithine. For ex-

ample, two enzymes appear to be responsible for the forma-
tion of the hydroxamate bond which is present in several
siderophores; the first enzyme catalyzes the formation of
N8-hydroxyornithine from ornithine, whereas the second
enzyme specifically acylates N&-hydroxyornithine (9). By
analogy with gramicidin S, a cyclic peptide antibiotic pro-

duced by Bacillus brevis (20, 23) and made up of two
identical pentapeptides joined head to tail, as few as two
enzymes may be involved in peptide bond formation of
pseudobactin. Little is known about the biosynthesis of the
yellow-green, fluorescent quinoline derivative.

Utilizing a gene bank of Pseudomonas sp. strain B1O DNA
and 154 nonfluorescent mutants defective in the production
of pseudobactin, we have identified eight different recombi-
nant cosmids carrying pseudobactin biosynthetic genes.

Although the total number of genes involved in the biosyn-
thetic pathway is not yet known, the complementation
pattern suggests that a minimum of 12 genes is needed.
This seems reasonable considering the structural complexity
of pseudobactin. The biosynthesis of pseudobactin is expect-
ed to require more genes than either enterobactin or aero-

bactin, which are simpler molecules.
We can tentatively conclude that at least four gene clus-

ters are involved in the biosynthesis of pseudobactin, corn-
pared with a single cluster involved in the biosynthesis of
either enterobactin or aerobactin. In this regard it should be
noted that genes coding for the biosynthesis of tryptophan,

histidine, and leucine are also clustered in enteric bacteria
but are separate in both Pseudomonas aeruginosa and
Pseudomonas putida (6, 14), even though the biosynthetic
pathways are similar.
The functional genes for biosynthesis of pseudobactin

carried by the eight cosmids described above are being
localized by subcloning and by Tn5 mutagenesis. Ultimately,
it is hoped that these and other genes specifying iron
assimilation from ferric pseudobactin can be extended to
other root-colonizing microorganisms, thereby conferring
upon them plant growth-promoting ability similar to that of
Pseudomonas sp. strain B1O.
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