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Genetic aspects of biodegradation by pseudomonads 

by D. Haas 

Mikrobiologisches Institut, ETH Zi~rich, Weinbergstrasse 38, CH-8092 Ziirich (Switzerland) 

Microorganisms that are isolated on the basis of their 
ability to degrade natural or man-made organic sub- 
strates very often belong to the genus Pseudomonas. 
This may be because the pseudomonads have an 
extraordinary range of catabolic pathways, are easy to 
handle under laboratory conditions and generally 
grow on defined synthetic media. A single species 
such as P. cepacia utilizes more than 100 different 
substrates (out of 146 compounds tested) as the only 
C, N, or S source 22,98. Many recalcitrant chemicals 
(e.g., aromatics, chlorinated aliphatic compounds, 
pesticides) can be degraded by different Pseudomonas 
species or related soil bacteria isolated from nature. It 
is therefore pertinent to discuss the genetic organiza- 
tion of  biodegradation functions in those Pseudomo- 
nas species that have been examined in some detail by 
genetic techniques. In addition, numerous methods 
that are potentially applicable to the study of biodeg- 
radation have been developed for Agrobacterium and 
Rhizobium genetics and some of  these will be men- 
tioned. 
Several reviews have been published describing the 
catabolic potential 22, the degradative plasmids 14,36 
and chromosome maps 48 of Pseudomonas as well as 
the manipulation of soil bacteria by genetic engineer- 
ing techniques 2, 36, 91. 

Microbial communities and cometabolism of organic 
substrates undoubtedly play an important role in 
nature  97. The geneticists, however, tend to shy away 
from such complex systems. They prefer pure cultures 
of  distinct species and well-defined medium condi- 
tions allowing the selection of  particular phenotypes. 
In the case of biodegradation pathways this means 
that a growth substrate should be utilized as the only 
C, N, S or P source. Occasionally, the disappearance 
of a colored substrate or the formation of a colored 
product may be helpful to monitor catabolic func- 
tions. Bacteria should grow on agar plates - some 
strains with interesting biodegradation properties 
refuse to do that - and allow at least one type of 
genetic transfer: conjugation, transduction, or trans- 
formation. 
The genetic analysis of bacteria used to be confined to 
members of the same or closely related species. In 
recent years, however, the scope of genetic research 
has greatly widened due to 3 major developments: 
a) Broad-host-range plasmids have been found that 
can replicate in virtually any gram-negative bac- 
terium and enable the transfer of genetic information 
across the species barriers. 
b) The properties of  transposons and other insertion 
elements may be used to produce insertion mutations 

and deletions, and mutated genes carrying a transpo- 
son insert may subsequently be isolated by recombin- 
ant DNA techniques. 
c) The gene cloning methods are universal in that the 
DNA from practically any organism can be inserted 
into cloning vectors. Several plasmid vectors that can 
be used in Pseudomonas species have been derived 
from broad-host-range plasmids. 

1. Genome organization of Pseudomonas 

The first Pseudomonas species to be studied extensive, 
ly by genetic techniques was P. aeruginosa 48. Some 50 
auxotrophic and about the same number of  catabolic 
markers have been located on the circular chromo- 
some map of strain PAO and a representative selec- 
tion of these is shown in figure 1A. Although the 
picture is far from complete, 2 conclusions can be 
drawn regarding the structural organization of  cata- 
bolic pathways: 
1. Enzymes that belong to the same pathway and may 
constitute a functional unit in the cell are often 
encoded by tightly clustered loci. Examples of  such 
gene clusters are the Entner-Doudoroff  pathway func- 
tions zwf edd and eda (glucose-6-phosphate--+ pyru- 
vate+triosephosphate),  the puuCDEF genes (xan- 
thine ~ glyoxylate), the chuA CDE genes 
(choline --+ glycine), the aguAB loci (agmatine ~ put- 
rescine) or the putative arcABCD operon (argi- 
n i n e + A D P - ~  orn i th ine+ATP)  (table 1). However, 
an entire catabolic pathway is rarely confined to a 
single gene cluster and thus the puuA (adenine deami- 
nase) and puuB (guanine deaminase) loci are not 
linked to puuCDEF; genes involved in putrescine 
degradation are not near aguAB; and oru (ornithine 
utilization) genes are widely separated from arcA BCD 
(fig. 1A). 
2. Catabolic and auxotrophic markers are distributed 
over the entire chromosome; there is no indication of  
'supra-operonic' clustering 1~ even if more catabolic 
than auxotrophic mutations have been mapped in the 
'late' chromosome region (60-90 min, fig. 1A). 
Recently, Dean and Morgan 24 established a circular 
chromosome map of P.putida PPN (fig. lB). The 
overall marker order is quite different from that of 
P. aeruginosa although both species belong to the 
group of  fluorescent pseudomonads 98. The most strik- 
ing features appear to be the limited region to which 
auxotrophic markers are confined and a large cluster 
of  genes with dissimilatory functions (e.g., encoding 
the utilization of benzoate, phenylacetate, mandelate, 
nicotinate) in an area with few auxotrophic markers 
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Figure l. A Chromosome map of P. aeruginosa PAO. It is based on the recent version of B.W. Holloway (in: Genetics and breeding of 
industrial microorganisms, C. Ball, ed., CRC Press, in the press) and contains unpublished data obtained in our laboratory but does not 
show all markers mapped in strain PAO. The zero rain site corresponds to the major origin of chromosome transfer by FP2. A similar, 
albeit less extensive map is available for P. aeruginosa PAT 49. The following genotype symbols have been used: ace, acetate utilization; agu, 
agmatine utilization; ami, amidase; arc, arginine catabolism (arginine-, ornithine); arg, arginine requirement; car, carbamoylphosphate 
synthetase; cat, catechol utilization; chu, choline utilization; cnu, carnosine utilization; cys, cysteine requirement; dcu, dicarboxytic acid 
utilization; eda, Entner-Doudoroff aldolase (former designation: hex); edd, Entner-Doudoroff dehydratase; gpu, guanidino-propionate 
utilization; his, histidine requirement; hmu, histamine utilization; hyu, hydroxyproline utilization; ilv, isoleucine plus valine requirement; 
leu, leucine requirement; lys, lysine requirement; met, methionine requirement; mtu, mannitol utilization; nal, nalidixic acid resistance; 
oru, ornithine utilization; pca, protocatechuate utilization; phe, phenylalanine requirement; pob, p-hydroxybenzoate utilization; pro, 
proline requirement; pru, proline utilization; put, purine requirement; puu, purine utilization; pyc, pyruvate carboxylase; pyr, pyrimidine 
requirement; pyu, pyrimidine utilization; rec, recombination ability; rtf, rifampin resistance; set, serine requirement; str, steptomycin 
resistance; thr, threonine requirement; trp, tryptophan requirement; tyu, tyrosine utilization; zwf gtucose-6-phosphate dehydrogenase. 

(fig. 1B). This cluster of catabolic genes had previously 
been established by transduction l~ and it spans about 
20% of the chromosome. Such clustering is amazing 
and leads to speculations about the evolution of 
catabolic functions in Pseudomonas (see below). The 
functions involved in glucose breakdown via the 
Entner-Doudoroff pathway (glucose ~ pyru- 
vate+ triosephosphate) have been mapped by trans- 
duction in a supra-operonic cluster separate from the 
first catabolic gene cluster mentioned 26, but it is not 
yet known whether these glucose utilization genes are 
located on the linkage map shown in figure 1B 
(A. F. Morgan, personal communication). 

Extrachromosomal elements are abundant in Pseudo- 
monas species. A class of plasmids termed 'degrada- 
tive' plasmids 14 was first discovered in Pseudomonas 86 
and is rapidly growing. Table 2 lists some examples of 
plasmid-encoded catabolic pathways in soil bacteria, 
mostly P.putida. The majority of the degradative 
plasmids are large (>  50 kb, often > 100 kb) and self- 
transmissible by conjugation. Some non-conjugative 
plasmids such as XYL or NIC can be transferred by 
the 'fertility factors' K and T, respectively vs, 101. TOL 5 
and the 2,4-D (2,4-dichlorophenoxyacetate) plasmid 
pJP3 28 have a broad host range; they can be trans- 
ferred to E. coli and other gram-negative bacteria. 
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B Chromosome map of P.putida PPN. Reproduced with kind permission of A.F. Morgan and B.W. Holloway and the Japan Scientific 
Societies Press 49. It should be noted that strain PPN has also been called PRS1, Stanier's strain 90, and A3.12. The arrows designate the 
origins of Hfr donors formed by integration of Rgl-5::Tn50124,49. The genotype symbols are the same as those used for P. aeruginosa 
PAO; in addition, the following designations have been used: benP, benzoate transport; ggu, glucose and gluconate uptake; hut, histidine 
utilization; rndl, mandelate utilization; nic, nicotinate utilization; pac, phenylacetate utilization; pal, phenylalanine utilization; put (instead 
ofpru), proline utilization; vil, valine + isoleucine + leucine requirement. 

Many degradative plasmids studied code for the 
catabolism of aromatic compounds - both naturally 
occurring and xenobiotic ones; the catechol interme- 
diates may be cleaved either at the ortho- or meta- 
position (table 2). Plasmids are involved in herbicide 
(e.g., 2,4-D) or insecticide (e.g., parathion) degrada- 
tion, and pOAD2 enables Flavobacterium sp. KI72 to 
grow on the 6-aminohexanoate cyclic and linear di- 
mers (byproducts of nylon production) as the only C 
and N sources (table 2). It appears that all degrada- 
tive plasmids described thus far carry the genes of 
peripheral pathways; however, there is no apparent 
reason why central pathways involved in carbohy- 
drate or amino acid utilization should not be encoded 
by large and stable plasmids. 
Several compounds can be degraded either by a 
chromosomal or by a plasmid-encoded pathway in 
P.putida, depending on the particular isolate. Naph- 
thalene degradation is specified by the plasmids 

NAH7 and pWW60-1 as well as other plasmidsll, 113. 
In strain PMD-1, however, the conversion of naph- 
thalene to salicylate depends on chromosomal 
genes 115, and the subsequent salicylate degradation is 
under control of plasmid pMWD1115. The mineraliza- 
tion of phenylacetate and nicotinate appears to be 
specified by chromosomal genes in P.putida PPN 
(fig. 1B); in other strains the same compounds can be 
utilized only when the plasmids pWWl7 and NIC-T, 
respectively, are present (table 2). An interesting 
situation arises when P.putida mt-2 carries the TOL 
plasmid pWW0; benzoate can be degraded either via 
the chromosomal ortho-pathway or via the plasmid- 
specified meta-pathway. Cells using the ortho-path- 
way grow faster than those using the meta-pathway. 
Benzoate medium thus selects for clones that have 
either lost the entire TOL plasmid or that have 
undergone a large deletion of the plasmid 4. 
It is not uncommon for degradative pathways to be 
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Table 1. Some catabolic pathways encoded by chromosomal genes in P. aeruginosa 

Growth substrate Principal metabolic product(s) Genetic loci mapped Map location Reference 
(min) 

Acetamide Acetate + NH 3 amiE, R 

Agmatine Putrescine ( ~  succinate) aguA, B 

Arginine Ornithine, ATP arcA, B, C, D 

Benzoate cis, cis-Muconate ( ~  succinate + acetyl-CoA) catA 

Choline Glycine chuA 
chu-9012 ( - chuC?) 
chuD 
chuE 

Dicarboxylic acids (C6~-C9) dcu-9008* 
dcu-9013** 

Glucose (carbohydrates) Pyruvate (via Entner-Doudoroff pathway) zwf-1 
edd-1 
eda-9001 

Guanidinopropionate fl-Alanine + urea gpuA9001 

Histamine Aspartate + formate hmu-9032 
hmu-9027 
hmu-9025 

Hydroxyproline 2-Ketoglutarate hyu (4 loci, formerly 
called hyp ) 

p-Hydroxybenzoate fl-Carboxy-cis, cis-muconate pobA 
pcaA 

Proline Glutamate pru- 377 ( = pruA B ) 

Purines Glyoxylate + urea puuA 
puuB 
puuC, D, E, F 

50 22 

28 a 

17 b 

64 65 

65 

24 

32 65 
6O 

c 

53 

28  d 

28 a 

23 

16 63 

65 
28 

92 e 

27 64 
12 
80 

* Pimelate, azelate utilization negative. ** Adipate, pimelate, suberate, azelate utilization negative, a D. Haas et al., in preparation, b C. Vander 
Wauven et al., in preparation, c R. A. Roehl, P.V. Phibbs, Jr, and T.W. Feary, Abstracts of the 82nd Annual Meeting of the American Society for 
Microbiology, K2, 1982. d 1~{. Matsumoto, personal communication, e L. Soldati et al., in preparation. 

encoded partly by a plasmid and partly by chromo- 
somal genes in a given strain. The conversion of 
octane to octanaldehyde depends on OCT plasmid 
genes but the further oxidation reactions are specified 
by the P.putida or P. aeruginosa chromosome 31. Simi- 
larly, camphor oxidation proceeds to isobutyrate un- 
der the control of the CAM plasmid; the genes for 
isobutyrate utilization are chromosomal in P.putida 86. 
The situation is further complicated by plasmid- 
chromosome interactions. CAM 86, XYL-K 75, and 
NIC-T l~ mobilize the chromosome of P.putida. 
There is evidence that the meta-pathway genes speci- 
fying toluene degradation can transpose from the 
TOL plasmid into other plasmids 52 or into the P.puti- 
da chromosome ~8. These observations imply that 
some catabolic pathways may be able to spread in 
populations of gram-negative bacteria by transposi- 
tion and transfer on promiscuous plasmids in much 
the same way as drug resistance transposons. Further 
support for this idea comes from hybridization 
studies. The NAH7 and SAL plasmids show extensive 
homology and are closely related, but SAL does not 
appear to have arisen from a simple deletion of 
NAH7 removing the information required for the 
conversion of naphthalene to salicylate 45. The SAL, 
TOL and OCT plasmids also show some homology 45 
but they do not all belong to the same incompatibility 

group: OCT is an IncP-2 plasmid whereas SAL, NAH 
and TOL belong to the IncP-9 group 53,1~ Both 
IncP-2 and IncP-9 groups also include R plasmids 53. It 
seems reasonable to assume that both transposition 
and homologous recombination have contributed to 
the evolution of degradative and resistance plas- 
mids 53. 
Although P. aeruginosa possesses a wide range of 
catabolic pathways (table 1) and although some 
degradative plasmids have been successfully trans- 
ferred to P. aeruginosa (e.g., CAM 86, TOL 76 and 
SALI~ natural isolates of this species have not 
been reported to harbor degradative plasmids 53. 
Rather, R plasmids, FP plasmids ('sex factors') and 
plasmids conferring resistance to heavy metal ions are 
frequent in P. aeruginosa 4s,53. This may be a reflection 
of the habitat of this opportunistic pathogen, which 
prefers an aquatic environment (e.g., sediments in 
fresh water) 79 and survives quite poorly in soil, espe- 
cially when the soil is dried 114. By contrast, P.putida 
and other strains carrying degradative plasmids 
(table 2) are considered typical soil organisms 36. Of 
course, there may be a human factor involved because 
researchers isolating P. aeruginosa, say, from hospital 
environments are primarily concerned with the pres- 
ence of resistance plasmids. 
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Table 2. Some catabolic pathways encoded by plasmids in soil bacteria 

1203 

Growth substrate Principal metabolic product(s) Plasmid Original host Reference 

Toluene, m-xylene Pyruvate + acetaldehyde TOL P.putida 36 
p-Xylene Pyruvate + propionaldehyde ( = pWW0) ~ 

(meta -cleavage) b 

Xylene, toluene same as above XYL-K Pseudomonas Pxy 75 
(meta -cleavage) b 

Naphthalene Salicylate ~ pyruvate + acetaldehyde NAH7 c P.putida 113 
(meta-cleavage) b 

Naphthalene Salicylate ~ succinate + acetyl-CoA pWW60-1 c P.putida i 1 
( ortho -cleavage ) b 

Salicylate Pyruvate + acetaldehyde SAL; pMWD1 P.putida 36; 115 
(meta -cleavage) b 

p-Cresol p-Hydroxybenzoate ~, succinate pN D50 P. putida 46 
+ acetyl-CoA 

(ortho-cleavage) b 

Camphor lsobutyrate CAM P.putida 86 

Nicotine, nicotinate Maleamate + fumarate + succinate NIC-T P. convexa 101 

n-Octane (C6 C10 alkane) Alkane aldehyde OCT P.putida 31 

Phenylacetate Not known pWWI7 P.putida 81 

3-Chlorobenzoate Succinate + acetyl-CoA 'pB 13'; pAC25 Pseudomonas sp. B 13; 20; 83 
(ortho -cleavage) b P.putida 

4-Chlorobiphenyl 4-Chlorobenzoate pKFI Acinetobacter sp. P6 38 

2, 4-Dichlorophenoxyacetate, 
4-chloro-2-methylphenoxyacetate Succinate + acetyI-CoA + glyoxylate pJPl ; pJP3 A[ca[igenes paradoxus 28; 34 

2-Fluoroacetate 

2-Chloropropionate 

6-Aminohexanoate cyclic dimer 

Parathion 

(orzho -cleavage) b 

Glycolate 

Lactate 

6-Aminohexanoate 

p-Nitrophenol + diethylthiophosphate 

pUOl Moraxella sp, B 55 

pUU204 Pseudomonas sp. E4 97 

pOAD2 Flavobacterium sp. K172 77 

pCS 1 P. diminuta 95 

a The best studied of many ubiquitous toluene degradative plasmids is pWW0 isolated by P.A. Williams 83. b Cleavage of catechol intermediate. 
c NAH7 and pWW60-1 are examples of several described naphthalene degradative plasmids. 

2. Genetic manipulation of Pseudomonas 

Conjugation 

The classical narrow-host-range sex factors FP2 and 
FP5 have been used extensively for mapping chromo- 
somal genes in P. aeruginosa 48"64"65. FP2 mobilizes the 
chromosome from one major origin (shown in fig. 1A) 
and from some minor ones near proB89; FP5 has a 
similar major origin 64,65. This situation precluded 
demonstration of genetic circularity until new plas- 
mids having Cma (chromosome mobilizing ability) 
were found. A comparable situation existed in P.puti- 
da where XYL-K appears to have one principal origin 
of chromosome transfer 7s. 
The broad-host-range (IncP-1) Cma plasmid R68.45 
has proved particularly useful in the genetic analysis 
of gram-negative bacteria. It was isolated in P. aerugi- 
nosa 41. In this organism, chromosome mobilization by 
R68.45 occurs at about 10 - 4  per donor for any 
marker 41, from many sites and in both orientations 42. 
These properties were important for establishing cir- 
cularity of the PAO chromosome map 89. R68.45- 
mediated conjugation was also used to construct 
circular linkage maps in Rhizobium meliloti 57, R. legu- 
minosarum 6, R. trifolii 66 and Agrobacterium tumefa- 

ciens s~. Furthermore, R68.45 has been shown to pro- 
mote chromosome transfer in E. coli, P.putida, P. gly- 
cinea, P. oxalaticus, P.fluorescens, Rhodopseudomonas 
sphaeroides, Klebsiella pneumoniae, Rhodopseudomo- 
nas capsulata, Rhizobium phaseoli, Paracoccus denitri- 
ficans, Azospirillum brasilense, Erwinia chrysanthemi, 
Erwinia carotovora, Methylophilus methylotrophus, 
Zymomonas mobilis and Caulobacter crescentus 
(reviewed by HollowayS~ 

The ability of R68.45 to mobilize the chromosome or 
plasmids depends on the duplication of IS21, a 2.1-kb 
insertion element present in a single copy on the 
parental IncP-I plasmid R68 109. In R68.45, 2 copies of  
IS21 are joined together as a direct repeat and in this 
configuration transposition of IS21 (i.e., a single 
copy) to other replicons is increased by several orders 
of magnitude over the level of IS2! transposition from 
R68 (Willetts et a l l  ~ and G. Riess, personal commu- 
nication). Chromosome mobilization is thought to 
involve an unstable cointegrate of R68.45 with the 
chromosome 1~ The classical genetic analysis of chro- 
mosome mobilization by R68.45 suggests that IS21 
can transpose into the chromosome with low regional 
specificity and at high frequency 42. 
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R68.45 is unstable, especially after conjugal transfer 
to a new recipient 23,44. In some cases, one copy of the 
IS21 element is lost, presumably by homologous 
recombination (resulting in a plasmid indistinguish- 
able from R68), but often functions adjacent to IS21 
are deleted as well 23,44. In P. aeruginosa, spontaneous 
deletions preferentially remove one IS21 copy, the 
kanamycin resistance gene, primase and some trans- 
fer functions 44. Kanamycin selection thus eliminates 
this class of R68.45 deletion derivatives. There are a 
few reports of  very poor chromosome mobilization by 
R68.45 in certain species of  gram-negative bacteria. 
This may be due to inefficient transposition of IS2t in 
these strains but there is also a possibility of  deletions 
having occurred in R68.45. The structural integrity of  
the plasmid should always be verified by restriction 
enzyme analysis. (There is a unique HpaI restriction 
site in IS21; hence IS21 duplication is immediately 
apparent from a 2. l-kb HpaI fragmentl~ 

In E. coli R68.45 is able to mobilize non-transmissible 
plasmids by cointegrate formation 1~ This ability may 
be quite useful in the analysis of  plasmids that do not 
have selectable phenotypes. The cointegrates can be 
expected to retain the antibiotic resistance markers of 
R68.45 (i.e., resistance to carbenicillin, tetracycline 
and kanamycin) and should also possess the broad 
host range of R68.45. This may permit the study of  
plasmids in a host (e.g., E. coli) in which they normal- 
ly cannot replicate. Since the IS21-dependent cointe- 
grates are resolved by the recA + protein in E. coli 
(G. Riess, personal communication) they arc likely to 
be unstable in recombination-proficient hosts. An 
example of an R68.45-promoted cointegrate has been 
reported for a 270-kb nodulation plasmid in Rhizo- 
bium trifolii 94. This cointegrate is transmissible to 
nodulation-negative, heat-cured R. trifolii strains at 
high frequency 94. The Ti plasmid of Agrobacterium 
tumefaciens forms cointegrates with RP4 (which is 
very similar to R68) whereby direct repeats of IS8 
(very similar to IS21) occur at both junctions of  the 
2 replicons 25. If  R68.45 and RP4 fail to mobilize a 
plasmid, the use of RPI: :Tn50 t  may prove more 
successful 73. 

R68.45 has an additional useful property: it can pick 
up chromosomal genes to form R' plasmids. Insertion 
of chromosomal DNA into R68.45 has been demon- 
strated in P. aeruginosa 47, P.putida 72, Klebsiella pneu- 
moniae 3~ Methylophilus methylotrophus 71 and in Rhi- 
zobium species 58. R's can be selected in 2 ways: An 
R68.45 donor is mated with a recombination-deficient 
recipient of the same species or with a recipient 
belonging to a different species which has little overall 
chromosome homology with the donor species but 
nevertheless allows expression of  donor genes. Thus, 
the recombinants formed in a PAO(R68.45)xPPN 
cross are due to R's carrying PAO chromosomal 
DNA 72. Many R'plasmids, as first isolated, are high- 

ly unstable - even in recombination-deficient hosts - 
but often continued purification under selective pres- 
sure will produce stable derivatives. The maximum 
size of a chromosomal insert is not known but can 
certainly exceed 100 kb. 
The use of R68.45 in biodegradation studies is still 
very limited but evidence has been obtained for 
R68.45-mediated gene transfer in a 2-member micro- 
bial community growing on 2-chlorobutanoate97: 
P.putida PP3 dehalogenates 2-chlorobutanoate to 
2-hydroxybutanoate, a product which is not utilized 
by strain PP3 but serves as a growth substrate for 
HB2001, an unidentified dehalogenase-negative bac- 
terium. A community of P.putida PP3 (R68.45) and 
HB2001 in a chemostat formed recombinants able to 
grow on both 2-chlorobutanoate and 2-hydroxybuta- 
noate 97. 
Hfr donor strains provide a very efficient means to 
analyze chromosomal markers. Such strains have 
been constructed in P.putida by integration of plas- 
mid R91-5::Tn501 into various chromosomal sites 
(fig. lB). R91-5, a P. aeruginosa plasmid, is dere- 
pressed for conjugal transfer and cannot replicate 
autonomously in P.putida. When loaded with trans- 
poson TnS01, the plasmid integrates spontaneously 
into the chromosome at a frequency of 10 -6, yielding 
Hfr donors 24. In P. aeruginosa, temperature-sensitive 
replication mutants of RP143 or R6849 have been 
forced into the chromosome by selection for the 
R plasmid resistance markers at a non-permissive 
temperature (43 ~ Naturally occurring Hfr donors 
have not been found in Pseudomonas but it now 
appears feasible to construct them by one of the 
methods mentioned above. 

Transposon mutagenesis 

In many cases, transposon mutagenesis has clear-cut 
advantages over the traditional chemical mutagenesis 
using ethyl methane sulfonate or N-methyl-N'-nitro- 
N-nitrosoguanidine. First, the mutation created by 
transposon insertion is tagged by a selectable antibiot- 
ic resistance ss. Second, most (but not all) transposon 
insertions into operons result in polar mutations 2t. 
Third, transposons often form spontaneous deletions 
in the vicinity of  their insertion site and in the case of  
the tetracycline-resistance transposon TnlO it is pos- 
sible to find these deletions easily by enrichment for 
tetracycline-sensitive cells 9. And fourth, the mutated 
gene region can be cloned by digesting total DNA 
with a restriction enzyme that does not cut the 
integrated transposon (e.g., EcoRI or SstI in the case 
of TnS) followed by in vitro insertion of the fragment 
into a vector plasmid, with selection for the transpo- 
son-encoded resistance 16,35. The cloned mutated gene 
can then serve as a probe to screen gene libraries for 
the corresponding wildtype allele. This procedure is 
most useful when a cloned gene cannot be recognized 
because its function is unknown or not assayable. 
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The transposons Tnl,  Tn501 and Tn7 have been used 
to mark FP plasmids in P. aeruginosa 33. Transposition 
was accomplished in the following way: Cells harbor- 
ing a transfer-deficient (Tra-) transposon donor plas- 
mid plus an FP plasmid (by definition Tra + and 
Cma +) were mated with rec + recipients and selection 
was made for the resistance conferred by the transpo- 
son 33. (Mobilization of  the Tra -  plasmid by FP could 
be distinguished from transposition of  the transposon 
to FP by checking transconjugants for non-inheri- 
tance of other markers of the Tra -  plasmid.) The 
transposition frequencies observed ranged from 10 -5 
to 10 -8. An analysis of Tn501 and Tn7 insertions into 
the narrow-host-range plasmid R91-5 revealed mod- 
erate regional specificity with some hotspots, but 
clearly many different insertions could be observed 7~ 
Insertions of Tnl  and Tn501 into the PAO chromo- 
some have been obtained 6~176 but these are very rare 
(<  10 -8 when a temperature-sensitive RP1 plasmid is 
used as the donor; unpublished results of  M. Rella 
and D. Haas) and probably non-random. Tn l  and 
Tn501 are thus unsuitable for random transposon 
mutagenesis of chromosomal genes. Tn7 has one 
hotspot of integration in the PAO chromosome 13 and 
is equally unsuitable. However, the chromosomal 
insertions of Tnl ,  Tn501 and Tn7 may be used to 
mutagenize conjugative plasmids that are able to 
replicate in strain PAO. Alternatively, if a plasmid 
(such as TOL) can be maintained in E. coli, chromoso- 
really inserted transposons can be picked up by the 
plasmid in the same way 35. 

The transposon Tn5 (encoding kanamycin-resistance) 
displays a low specificity of  insertion and transposes 
readily into the chromosome of  E. coli 96. Therefore, a 
number of  systems have been tried in order to use 
Tn5 in Pseudomonas. The "suicide' plasmids 
(RP4: : Mu: :Tn5), which work well in Agrobac- 
terium 1~ and Rhizobium 7, have not been found sui- 
table for P. aeruginosa and other Pseudomonas species 
(Sato et al. 92 and our unpublished results). Three 
systems have been applied successfully to different 
Pseudomonas species and at least one of  these 
methods should work in any Pseudomonas strain of  
interest, a) An RP4-ColE1 hybrid plasmid whose 
replication depends on the ColE1 moiety was loaded 
with Tn7. The plasmid is maintained stably in E. coli 
but shows no or abortive replication in phytopatho- 
genic Pseudomonas species 92 and in P.putida 32, 
because ColE1 plasmids cannot be maintained in 
Pseudomonas. A related RK2-ColE1 hybrid plasmid 
(pRKTV14) containing Tn5 has been used to mutage- 
nize a P.putida strain which degrades toluene via cis- 
toluene-dihydrodiol (rather than via benzoate) 32. Evi- 
dence was obtained that the toluene degradation (tod) 
genes are organized in an operon, presumably located 
in the chromosome. Tn5 could also be used to isolate 
amino acid auxotrophs in this strain 32. b) The ColI 

plasmid replicates in E. coli but not in Pseudomonas. 
Derivatives of ColI which are derepressed for conju- 
gal transfer were charged with Tn5 or Tnl0;  they 
were found to be convenient suicide plasmids for 
P.putida and Pseudomonas sp. B13 (F. C. H. Franklin 
and G. Boulnois, personal communication). Both 
chromosomal and plasmid mutations were obtained. 
In P. aeruginosa, the ColI plasmids did not work as 
transposon donors (M. Rella, personal communica- 
tion). 
c) A temperature-sensitive RP1 plasmid was deleted 
for IS21, kanamycin resistance and primase; into this 
vector (pME305) 44 was introduced a Tn5 derivative 
(Tn5-751) carrying an additional resistance marker 
(trimethoprim resistance) on a 3.3 kb BamHI frag- 
ment 85. When an E. coli pME305::Tn5-751 donor 
and a P. aeruginosa recipient were crossed and selec- 
tion was made for kanamycin and trimethoprim resis- 
tance together at 43 ~ (the non-permissive tempera- 
ture), the frequency of Tn5-751 transposition into the 
PAO genome was ca. 10 -6 per donor; the abortive 
transfer of the vector was about 10 2 per donor. 
Amino acid auxotrophs were recovered at 0.5-1% 85. 
Because of the considerable instability of the pME305 
vector in P. aeruginosa even at 30 ~ transposition 
mutagenesis may also be carried out at this tempera- 
ture. Double selection for kanamycin plus trimetho- 
prim resistance is necessary because P. aeruginosa is 
intrinsically resistant to kanamycin and it is thus 
difficult to select for the wildtype Tn585. 

Transduction and transformation 

Generalized transducing phages are available for 
P. aeruginosa and P.putida PpG and PPN; transduc- 
tion has also been used in P.fluorescens and P. acido- 
vorans 48. Transformation of P. aeruginosa and P.puti- 
da with plasmid or phage DNA is possible in cells 
made 'competent'  by CaC12 treatment 36,4s'67. Al- 
though the transformation efficiency in Pseudomonas 
is somewhat lower than that in E. coli, recombinant 
plasmids can usually be introduced into P. aeruginosa 
and P.putida without problems. Transformation of 
these strains by linear chromosomal DNA is ineffi- 
cient. By contrast, P. stutzeri and the related species 
P. mendocina, P. alcaligenes and P. pseudoalcaligenes 
can undergo natural transformation without chemical 
treatment using linear double-stranded chromosomal 
DNA as the substrate 12. 

Cloning 

The IncP-4/IncQ plasmids RSF1010, R300B and 
Rl162, which are very similar or identical, have a 
broad-host-range in gram-negative bacteria, are 
maintained at about 20 copies per chromosome equi- 
valent, mobilizable by conjugative plasmids (e.g., RP1, 
R64drdl 1) and suitable replicons for vector construc- 
tion 1'2'3'36. 5 vector plasmids and 1 cosmid (pMMB34) 
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based on IncQ replicons are listed in table 3. Versa- 
tile, stable vectors are, e.g., pKT231 for P.putida and 
pKT240 for P. aeruginosa (where carbenicillin selec- 
tion works well but kanamycin or streptomycin are 
inadequate for selection). 
The IncP-1 conjugative plasmid RK2 (very closely 
related to the RP4 and R68 plasmids already men- 
tioned) also possesses a broad-host-range but has a 
low copy number (2-8 copies per chromosome equi- 
valent) 2. The mobilizable vector pRK290 (table 3) is 
stable in E. coli and Rhizobium but its stability in 
different Pseudomonas species has not been tested 27. 
Cosmid derivatives of pRK290 are available (table 3) 
and allow cloning of DNA fragments in the size range 
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of 15-31 k b  37'56. These cosmids offer a very efficient 
system for R prime construction in vitro 37,56. The 
primary host for cloning with IncQ or IncP vectors 
will usually be E. coli; the recombinant plasmids are 
then mobilized (or perhaps transformed) into the 
Pseudomonas strain of  interest 2. 
The P. aeruginosa plasmid pVS199 can be transferred 
by mobilization to a number of Pseudomonas species, 
to Agrobacterium tumefaciens and Rhizobium legumi- 
nosarum, but not to E. eoli. A single 3-kb region of the 
30-kb plasmid is essential for maintenance, stability 
and host range (Y. Itoh, unpublished results). By 
contrast, the broad-host-range plasmids mentioned 
above carry essential determinants in more than one 

Table 3. Some cloning vectors for Pseudomonas a 

Vector Replicon(s) Size Cloning sites Selected marker b lnsertional Mobilization Reference 
(kb) inactivation by 

pKT210 RSF1010 11.8 Sstl Cm Sm RP1 or 1, 2 
(IncQ = lncP-4) Hin dill  Cm, Sm - R64drd 11 

Eco RI, Hpa I Cm 

pKT231 RSF1010 13.0 Sstl Km Sm as for pKT210 1, 2 
HindlIl, C/aI, 
Xhol, XmaI Sm Km 
EcoRI, HpaI Sm 

pKT240 RSF1010 12.5 HindlII, ClaI, as for pKT210 M. Bagdasarian, 
Xhol, XmaI Cb Km personal 
BamHi Cb, Km communication 
Sstl Cb, Km Sm (low level) 
EcoRl, HpaI Cb, Km 

pTB107 R300B 10 HindlIl, ClaI, as for pKT210 3, P. Barth, 
(IncQ) 35hoi, XmaI Sm (Su) Km personal 

53tl Km (Su) Sm communication 
EcoRl, HpaI Km (Su) 

pGSS8 R300B 9.5 Sail, BamHI Sm Tc 
Sst I Tc Sm 
EcoRI, Hpal Tc 

pRO1614 c Cryptic PAO plasmid, 6.2 BamHI, Hindlll  Cb Tc 78 
pBR322 

pME290 ~ pVS1 6.8 
(lncP, unclassified) 

pRK290 e RK2 20 
(IncP-l) 

pVK101 pRK290 21.3 SalI Km 
HindIIl, XhoI Tc 
Eeo RI Kin, Tc 

pVK102 (cosmid) pRK290 23 Sall Km 
HindIII, XhoI Tc 

pLAFR1 (cosmid) pRK290 21.6 EcoRI Tc 

pMMB34 f (cosmid) RSF1010 13.8 BamHl Km 

HindItl, XhoI, Cb Km Mob Y. Itoh, 
Xma I personal 
Pst I Km Cb communication 

EcoRI, BgllI Tc - pRK2013 (a 27 
ColE1 replicon 
with RK2 
tra genes) 

Tc pRK2013 56 
Km 

Tc 
Km 

pRK2013 

pRK2013 

as for pKT210 

56 

37 

M. Bagdasarian 
and J. Frey, 
personal 
communication 

a References 1, 2, 3, 36 and 9i provide a more extensive compilation of Pseudomonas vectors. Several RSF1010-pBR322 hybrids have been 
constructed which are unstable in Pseudomonas and can be maintained only by constant selection 39,112. Plasmid pGSS8 (which contains the 
tetracycline resistance region of pBR322) and other hybrids containing only part of pBR322 are stable in at least E. coli, P. aeruginosa, Methylophilus 

3 b methylotrophus and Alcaligenes eutrophus . Abbreviations used for resistance markers: Cm, chloramphenicol; Sin, streptomycin; Kin, kanamycin; 
Cb, carbenicillin; Tc, tetracycline; Su, sulfonamide. ~ pRO1614 has been introduced into P. aeruginosa, P.putida and P.fiuorescens but its stability in 
the two latter strains has not been reported, d pME290 is stable in P.aeruginosa; it cannot replicate in E. coli. ~ The stability of pRK290 in 
Pseudomonas has not been reported, tpMMB34 is more stable than pKT247 (Ref. 1) and does not give polycosmid artifacts (J. Frey and 
M. Bagdasarian, personal communication). 
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region and cannot be reduced to stable replicons as 
small as 3 kb. A series of vector plasmids of conve- 
nient size (6-8 kb) has been derived from the pVS1 
replicon by Y. Itoh and J. Watson. In some vectors the 
original mercury (Hg ~) resistance of pVS1 (specified 
by Tn501) has been retained without the transposition 
functions, whereas in other vectors (e.g., pME290; see 
table 3) carbenicillin resistance has been introduced 
as a selectable marker. The pVSl-derived vectors are 
present in circa 8 copies per chromosome equivalent 
(Y. Itoh, personal communication) and because of 
their natural containment may offer an alternative to 
the IncQ- and IncP-systems. 

P. aeruginosa and P.putida are appropriate hosts for 
in vitro recombinant DNA work 2. In both species 
restriction-deficient mutants 2,5~ are available facilitat- 
ing the introduction of foreign DNA; transformation 
can be accomplished 36,67, and recombination-defi- 
cient recA-like strains have been isolated that allow 
the maintenance of partial diploids 15,17. Recently, the 
recA-like mutation ree-102 has been mapped in 
P. aeruginosa; it is now possible to construct recombi- 
nation-deficient mutants with desired genotypes in 
this bacterium 37a. Moreover, P. aeruginosa PAO can 
be rendered phenotypically restriction-deficient by 
growing it at 43 ~ without aeration 87. Although the 
43 ~ strain PAO still appears to restrict (albeit 
with reduced efficiency) the DNA coming from 
E. coli, the '43 ~ is useful in 2-stage cloning 
experiments in which E. coli is used for primary 
cloning and hybrid plasmids are then mobilized into 
strain PAO. Because of its extensive genetic character- 
ization, P. aeruginosa PAO may be the host of choice 
for many cloning experiments in Pseudomonas. An 
inconvenient aspect of strain PAO is that it harbors 
cryptic plasmids 8~ which usually remain truly cryptic 
(i.e., they are not extracted by the plasmid extraction 
procedures commonly used) but occasionally pop out 
and the chances of this happening are predicted by 
Murphy's Law 8. It should be emphasized, however, 
that the cryptic plasmids have never been observed to 
interfere with cloning experiments. 

Very little is known about the expression of cloned 
DNA from gram-negative bacteria in heterologous 
host systems. In early experiments, the transfer of 
TOL::Tn401 or TOL-RP4 hybrid to E. coli could be 
demonstrated but this host was unable to grow on 
m-toluate as the only carbon and energy source 5,52. 
P. aeruginosa transconjugants carrying TOL can grow 
on m-toluate, albeit more slowly than P.putida 
(TOL+), suggesting that the m-toluate degradative 
functions are expressed in P, aeruginosa but only 
poorly so in E. coli 52'76. Cloning experiments and 
enzyme assays have shown that TOL enzyme levels in 
E. coli are about 1-2% of those in P.putida, calculated 
per TOL gene copy 35. However, when a high copy 
number vector (pKT210) was used for TOL gene 

cloning, the enzyme levels in E. coli were sufficiently 
high to permit growth on m-toluate. Still, the growth 
rate was 10 times lower than that of a comparable 
P.putida strain 35. High TOL gene expression (cate- 
chol-2,3-dioxygenase) in E. coli is observed when 
transcription is under control of a vector promoter. 
These experiments suggest that P.putida promoters 
function less efficiently in E. coli than in their natural 
host 35. 
There may be additional problems associated with the 
expression of foreign genes: if positive regulatory 
elements are needed for optimal gene expression and 
if their expression in E. coli is poor, then the structural 
genes cannot be fully expressed. Moreover, the uptake 
of exotic substrates may be rate-limiting and some 
intermediate products quite toxic in E. coli. For in- 
stance, the NAH7 genes cloned into high copy num- 
ber vectors gave enzyme levels in E. eoli of about 10% 
of those measured in P.putida. In spite of this, E. coli 
cells containing the NAH7 genes required 14 days of 
incubation to form small colonies in the presence of 
naphthalene 93. 
We have cloned arginine catabolic genes (the putative 
arcABCD operon) from P. aeruginosa into broad-host- 
range plasmids (R68.45 and pKT240) and transferred 
the recombinant plasmids into E. coli (A. Mercenier 
and D. Haas, unpublished data). Although at least 
2 arc enzymes, arginine deiminase and catabolic 
ornithine carbamoyltransferase, are expressed in 
E. coli at about 2% of the non-induced level observed 
in P. aeruginosa, the E. eoli transconjugants are unable 
to grow on arginine. 
The cloned amiE gene of strain PAO enables E. coli to 
utilize acetamide as an N source 29. By contrast, 
P. aeruginosa grows very well on acetamide as the 
only nutrient. Another example is the expression of 
cosmid-cloned D-galactose dehydrogenase from 
P.fluorescens 1~ The specific activity of this enzyme in 
E. coli was below detection but when the structural 
gene for the enzyme was cloned into an expression 
vector using the E. coli lac promoter, the specific 
activity could be increased at least 10,000-fold 1~ 
The reverse situation, i.e., the expression of E. coli 
genes in Pseudomonas, is less well documented. The 
E. coli argE and argH biosynthetic genes carried by 
an f' plasmid are expressed well in P.fluorescens 
strain 6.268. The trp operon of E. coli cloned into 
RSF1010 was expressed in P. aeruginosa and P.puti- 
da 91. Although tryptophan synthetase levels were very 
high in P. aeruginosa immediately after RSFlOlO-trp 
plasmid transfer, they dropped after subculturing of 
the transconjugant, apparently because of plasmid 
mutations 9~. 

Much remains to be learned about gene expression in 
heterologous systems involving different pseudomo- 
nads. As quantitative data are scarce it is difficult to 
make predictions. It may be a good idea to remember 
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that 'Pseudomonas" means 'false unity' - physiologi- 
cally very different bacteria have been placed into one 
huge taxonomic family. 

Reversed genetics 

Although efficient methods for conjugation, transpo- 
son mutagenesis, transformation, and gene cloning 
have been worked out for several Pseudomonas spe- 
cies and although, in principle, these methods may be 
applicable to any new Pseudomonas species, their 
adaptation may well be an arduous task. In certain 
cases, the strategy of reversed genetics 1~ has distinct 
advantages. When the gene-function relationships are 
to be studied and if the relevant genetic information is 
carried by a relatively small DNA segment (its max- 
imum size is determined by the amount that can be 
cloned into an appropriate vector in E. coli), the 
methodology of reversed genetics can be applied to a 
wide range of gram-negative bacteria. A straightfor- 
ward method has been elaborated to study the 
T-DNA of the Agrobacterium Ti plasmid 1~ and is 
outlined here (see fig. 2). 
a) A genome fragment from a bacterium of interest 
(e.g., Agrobacterium) is cloned into pBR322, the host 
being E. coli. b) Site-directed mutagenesis m2 of the 
insert is conducted in E. coil c) Efficient mobilization 
of the mutated recombinant plasmid into Agrobac- 
terium is achieved by using 2 helper plasmids (pGJ28, 
a ColD replicon providing mobilization functions for 
pBR322, and R64drdll, an Ia-type plasmid supplying 
transfer functions). Selection for a pBR322-encoded 
antibiotic resistance in Agrobacterium will result in 
the integration, by recombination, of the recombinant 
plasmid into the homologous part of the genome, 
because the ColE1 replicon pBR322 and the helper 
plasmids cannot replicate autonomously in Agrobac- 
terium, d) A second recombination event leads to 
looping out and e) subsequent loss of pBR322 plus the 
target part of the genome. The procedure should be 
applicable to Pseudomonas 1~ since pBR322 cannot 
replicate in this organism. Similar but somewhat more 
laborious experimental strategies have been used to 
investigate mf (nitrogen fixation) genes and nodula- 
tion genes from R. meliloti 59'9~ 

3. Construction of strains with novel catabolic abilities 

The method of mutation and selection has been used 
frequently to endow microorganisms with novel cata- 
bolic abilities 22,74. A well-documented case is the 
utilization of aliphatic amides by P. aeruginosa, stud- 

BamHl Barn HI Barn HI 

.... I L- 

( i)  [[oning of BamHI fragment 
(e.g.) into pBR322, in E.coli 

(ii) 

e 

d 

(iii) 

d 

Si te-speci f ic  mufagenesis in E.coti, 
affect ing b function 

HobiLizaf ion by pGJ 28 * 

R64dr__d 11, sel.ecfion for Eb R 
in i-ecipient, f i r s f  recombinafion 

(iv) Second recombinat ion 

0,' b u c ~ cross -over 

---~.,,,i,~ aR ~ 

Cb " - - - _  

(v) Segregation of [b  S ceU.s 

a' b ~ c d' e' 
. . . . .  4 1 1 | 1 1 1  l l l l l l l l l l l l l l l l h , P  . . . . . . .  mufafion b ~ 

in genome 
of recipienl 

Figure 2. Introduction of  specific mutations into the genome of  a 
non-E, call strain, by a strategy of  reversed genetics. Adapted from 
Van Haute et a l )  ~ The abcde fragment  shown is part of  the 
genome of  interest. For further details, see text. CbR: resistance to 
carbenicillin. 

Cb R recombinant p[asmid lost 



Experientia 39 (1983), Birkhauser Verlag, CH-4010 Basel/Switzerland 

ied by P. Clarke and co-workers 22, By sequential 
mutational changes of substrate and inducer specifici- 
ties, P. aeruginosa mutants were obtained which can 
utilize phenylacetamide (e.g.) as the growth substrate; 
in the wildtype strain this compound is neither a 
substrate for amidase nor an inducer for this enzyme 
and, therefore, the wildtype cannot grow on phenyl- 
acetamide (for review, see Clarke22). Clearly, the 
scope of the mutation-selection approach is limited to 
changes of enzymes, regulatory systems and, perhaps, 
silent genes that already exist in a microorganism. If  
novel pathways or new combinations of pathways are 
to be created then it is often practical to supply the 
new function on a plasmid, which either occurs natu- 
rally or may be constructed in vivo or in vitro. The 
potential of this approach is illustrated by the follow- 
ing examples. 
1. P.putida strain PP1-2 can grow on phenol as the 
carbon and energy source but tolerates only relatively 
low phenol concentrations 111. Phenol is converted to 
catechol, which is degraded via the (chromosomal) 
ortho-pathway. A mutant (PPI-3) defective in the 
first enzyme of this pathway, catechol-l,2-oxygenase, 
cannot grow on phenol or benzoate. When a variant 
of the TOL plasmid (M l - l )  is introduced into strain 
PPI-3, the transconjugants acquire the ability to 
metabolize m-toluate, benzoate, and phenol because 
catechols can now be cleaved by the plasmid-encoded 
meta-pathway enzymes. Interestingly, the PPI-3 
(M 1-1) transconjugants tolerate higher phenol 
concentrations (up to 10 mM) than does the natural 
isolate PPI-2 and phenol can now act as an inducer of 
the meta-pathway 111. 
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2. Floc-forming bacteria behave like immobilized cells 
and may offer advantages in biological continuous 
systems, e.g., in waste-water treatment. The flocform- 
ing Pseudomonas species No. 12 cannot degrade and 
grow on aromatic compounds such as toluene and 
xylene but can do so when the TOL plasmid has been 
introduced by conjugation l~176 
3. Pseudomonas species B13 degrades 3-chloroben- 
zoate via the plasmid pB13-encoded 2~ ortho-cleav- 
age pathway 83 (fig.3). 4-Chlorobenzoate cannot be 
utilized because of the narrow substrate specificity of 
the B13 toluate oxidase and this limitation has not 
been overcome by mutation and selection 83. When the 
non-specific toluate (benzoate) oxidase (the xylD+ 
xylL products) encoded by the TOL plasmid is 
present in strain B13, 4-chlorobenzoate can be 
degraded to 4-chlorocatechol, which is then converted 
to central metabolites via the pB13 ortho-cleavage 
pathway (fig.3). However, a Pseudomonas B13 
(TOL +) transconjugant can only grow on chloroben- 
zoates when part of the TOL meta-cleavage pathway 
is blocked by a mutation in xylE (specifying catechol- 
2,3-dioxygenase) because otherwise the meta pathway 
would produce toxic ('suicidal') products from the 
chlorocatechols (fig.3) 83. Spontaneous mutations in 
xylE are found when 4-chlorobenzoate utilization is 
selected in strain B13 (TOL +) and they involve 
complex structural changes in the TOL plasmid 54. 
4. There are AlcaIigenes and Pseudomonas strains 
which utilize phenol and methylsalicylates, respective- 
ly. Introduction of the pB13 plasmid into these strains 
enables them to utilize chloroaromatics (chlorophenol 
and chlorosalicylates) as their only C sources 84. These 

Figure 3. Degradation of 3-chlorobenzoate and 
4-chlorobenzoate by Pseudomonas sp. B 13 (TOL +). 
Adapted from Reineke et al.83; further particulars 
are described in the text. ~ ,  reactions determined 
by pB13; - '~ ,  reactions determined by TOL. 
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observations have now enabled Lehrbach et al. 
(manuscript in preparation) to construct chloroaro- 
matics-degrading Pseudomonas strains by gene clon- 
ing techniques. The genes for toluate oxidase (xylD 
and xylL) from the TOL plasmid and the gene for 
salicylate hydroxylase (nahG) from the NAH7 plas- 
mid were cloned. When introduced into Pseudomonas 
sp. B13, these broad-substrate-specificity enzymes 
permitted the strain to utilize 4-chlorobenzoate and 
chlorosalicylates, respectively. This directed evolution 
of new pathways requires extensive knowledge of 
degradation pathways and their genetic and regulato- 
ry organization but avoids a lengthy analysis of 
complex genetic changes that may take place during 
adaptation experiments involving transfers, deletions, 
insertions and rearrangements of large degradative 
plasmids. 

4. Prospects and problems 

The manipulation of degradative pathways by genetic 
techniques is still in its infancy. The 4 examples given 
in the preceding section all involve the degradation of 
aromatic compounds. The main reason for this is the 
fact that a great deal is known about the structure- 
function relationships of the TOL and NAH7 plas- 
raids whereas there is much less information available 
on the genetic background of most catabolic path- 
ways, especially those catalyzing the mineralization of 
xenobiotic compounds. Shotgun cloning approaches 
are unlikely to produce strains with useful novel 
degradative properties. As pointed out before, the 
chromosomal genes specifying the enzymes of an 
entire catabolic pathway in Pseudomonas tend to be 
grouped in several and separate clusters, and the same 
holds true for the genetic organization of degradative 
plasmids (studied in detail in the case of TOL 35, 
NAH7113, and OCT31). 
Moreover, several regulatory elements may be needed 
to ensure induction of the whole pathway. Substrate 
uptake can be expected to require specific permeases, 
which may also be under induction control. Because 
of this natural complexity, genetic engineering techni- 
ques will be most useful in those cases in which the 
recruitment of a single function (i.e., one enzyme or 
one group of co-regulated enzymes) suffices to widen 
the range of growth substrates for a particular strain 
or to improve the rate of a degradative process. 
In waste-water systems the salinity may be a factor 
limiting biodegradation. It has been suggested that 
osmotolerance of bacterial strains could be improved 
by cloning the genes of proline biosynthesis because 
bacteria overproducing proline are more tolerant to 
osmotic stress 61. Some of the strains degrading xeno- 
biotic compounds (e.g., dichloromethane or sulfanilic 
acid, T. Leisinger, personal communication) grow 
very slowly by comparison with standard P.putida 
strains. Genetic methods might help to construct 

hybrid strains able to utilize exotic compounds and 
yet possessing a reasonable growth rate. 
Very little is known about the stability of recombinant 
DNA molecules in Pseudomonas. In studies on cloned 
PAO DNA in recombination-deficient and -proficient 
PAO strains we have observed that some recombinant 
plasmids are quite unstable even under selective 
pressure although the cloning vector used (pKT240, 
an RSF1010 replicon; table 3) is very stable in 
P. aeruginosa. However, after a period of adaptation 
stable deletion derivatives of recombinant plasmids 
could be obtained (our unpublished experiments). 
Plasmid instability was also observed in P.putida 
when insertions were made into non-essential regions 
of plasmid R116269. In E. coli the plasmids carrying 
these insertions were stable. Rl162::Tn5 plasmids 
could recover their stability in P.putida by internal 
deletion of Tn5 sequences 69. 

Recombinant plasmids which are stable in small-scale 
cultures under laboratory conditions may nevertheless 
present problems when large-scale cultures and/or  
continuous systems have be used. This point is illus- 
trated by the single-cell protein production using 
Methylophilus methylotrophus. An IncQ recombinant 
plasmid carrying the glutamate dehydrogenase 
(gdh +) gene of E.eoli enables the methylotroph to 
assimilate ammonia with improved efficiency and 
thus the recombinant organism converts more metha- 
nol, the C source, into cellular material ll~ After 
1 week of continuous culture in a 5-1 fermenter more 
than 90% of the cells had lost 3 unselected plasmid 
markers by deletions of the recombinant plasmid 
whereas the selected gdh + gene was retained 82. 

It is impossible to anticipate the stability of en- 
gineered strains in open systems where it may be 
difficult or even prohibitive to maintain some kind of 
selective pressure. The fate of several microbial spe- 
cies of potential use in genetic engineering has been 
studied after their introduction into open systems such 
as sewage and soil 62. It was found that most species 
persisted only when the environment had been steri- 
lized before inoculation 62. Unfortunately, no Pseudo- 
monas strains were included in this study. Would a 
Pseudomonas culture able to degrade a particular 
xenobiotic compound persist in ordinary soil? An 
engineered P. cepacia strain utilizing the herbicide 
2,4,5-trichlorophenoxyacetate (2,4,5-T) as the sole 
C source was able to degrade 2,4,5-T in soil and 
under optimal growth conditions gave 1% survival 
after 2 weeks of incubation in this environment 19. 
However, the soil samples used were incubated in the 
laboratory and field studies have not yet been carried 
out. 
The problem of instability of recombinant plasmids 
might be overcome by the use of transposable ele- 
ments as vectors for foreign DNA. The transposon 
Tn7, e.g., has several internal restriction sites which 



Experientia 39 (1983), BirkhLiuser Verlag, CH-4010 Basel/Switzerland 

can be used for cloning 4~ Because insertion of  foreign 
D N A  at the HindlII sites abolishes Tn7 transposition, 
a helper plasmid supplying transposition functions is 
needed to allow the insertion o f  the recombinant Tn7 
into the host chromosome 4~ After elimination o f  the 
helper plasmid, a Tn7-trpE recombinant transposon 
was found stable in E. coli, M. methylotrophus and 
P. aeruginosa 4~ 

5. Conclusion 

The detoxification and mineralization of  recalcitrant 
compounds in industrial waste with the aid of  
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microorganisms is a central topic of  biodegradation 
studies. There is no doubt that genetic methods can be 
used to improve the degradative abilities o f  microbes 
but it should be realized that the successful applica- 
tion o f  genetics to practical problems o f  biodegrada- 
tion is a long shot. Whether or not engineered strains 
can be used to control environmental pollution 
remains to be seen. At any rate, a rigorous control o f  
toxic products at their source and a cautious use of  
recalcitrant compounds  are the most effective 
methods to avoid further pollution of  the environ- 
ment. 
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