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Abstract. Methylsalicylate-grown cells of Pseudomonas sp. 
WR40J cometabolized 3-, 4- and 5-substituted halosali
cylates to the corresponding haloeatechols. Further degra
dation was unproductive due to the presence of high levels 
of ca techol 2,3-dioxygenase. This strain acquired the ability 
to utilize 3-chlorobenzoate following acquisition of genes 
from Pseudomonas sp. B 13 which are necessary for the assi
milation of chlorocatechols. This derivative (WR4011) was 
unable to usc 4- or 5-chlorosalieylates. Derivatives able to 
use these compounds were obtained by plating WR4011 on 
5-chJorosalicylate minimal medium; one such derivative was 
designated WR4016. The acquisition of this property was 
accompanied by concomitant loss of the methylsalicylate 
phenotype. During growth on 4- or 5-chlorosalicylate (he 
typical enzymes of chlorocatechol assimilation wefC detected 
in cell free extracts, whereas catechol 2,3-dioxygenase activ
ity was not induced. Repeated subcultivation ofWR4016 in 
the presence of 3-chlorosalicylate produced variants 
(WR4016-1 ) which grew on all three isomers. 

Key " 'ords : Mineralization - Hybrids - Cblorocateehol 
assimilation - Pseudomonas sp. B 13 

In recent decades large amounts of halogenated aromatics 
have been released into the biosphere as a result of extensive 
industrial and agricuJ tural applications. Although some rep
resentatives of this class of compounds with low toxici ty 
such as chlorobenzoates or chlorophenoxyacetates are 
totally degraded by single organisms (Dorn et al. 1974; 
Evans et al. 1971 a, b; Hartmann et al. 1979) the majority 
of these xenobiotics are incompletely degraded in na tllfal 
communities (Horvath 1972; Morris and Barnsley 1982). 
Others, less susceptible to biological transfonnations (Alex
ander 1975), remain unchanged for long periods of time, 
posing serious environmental and health hazards. In view of 
this problem the evolution of bacterial strains with complete 
catabolic sequences has received special attention for the 
total degradation of recalcitrant chemicals in heavily 
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contaminated areas o r in industrial sewage plants (Leisinger 
et al. 1981). One experimentally simple strategy for the 
enhanced evolution of haloaromatic degrading bacterial 
strains has proved to be successful (Rei neke and Knackmuss 
1979): naturally existing cometabolic activities which con
vert haloaromatics into halocatechols p lus halocatecho ls 
assimilating sequences (Darn and Knackmuss 1978a, b; 
Schmidt and Knackmuss 1980), previously residing in sepa
rate bacteria, were combined in hybrid organisms with novel 
(Latorre et al. 1984) or expanded (Reineke and Knackmuss 
1980; Reincke el al. 1982b; Schwien and Schmidt 1982) 
phenotypes. In this paper we report the transfer of genes 
coding for chlorocatechol dissimilation from Pseudomona.~ 
sp. B 13 into the methylsalicylate degradi ng bacterium Pseu
domonas sp. WR401. Transconjugants with the capability 
to utili1:e 3-, 4- and 5--chlorosalicylate as sole source of 
carbon and energy arc described. 

Materials and methods 

Organisms. Pseudomonas sp. WR401 was enriched by W . 
Reincke (Sergische Universitiit - Gesamthochschule Wup
pertal) from soil samples from the G6ttingen area with 
3-methylsalicylate (3MS), 4-methylsalicylate (4MS) or 
5-methylsalicylate (5MS) as sole source of carbon. Pseu
domonassp. Bl3 (DSM 426) known for its ability to degrade 
3-chlorobcnzoate (3CB) was obtained from the DSM 
(Deutsche Sammluog von Mikroorganismen, Gottingen, 
FRG). Pseudomonas purida mt-2 (ATCC33015) was kindly 
donated by P. A. Williams (Department orBiochemistry and 
Soil Science, University College of North Wales, Bangor, 
England). The nalidixic acid resistant mutant (nal') WR40 I-
1 and the streptomycin resistant mutant (SIr') WR2 were 
obtained from Pseudomonas sp. WR401 and Pseudomonas 
sp. B 13 respectively as described in a previous communica
tion (Reineke et al. 1982b). 

Media and culture conditions. To assure optimal aeration the 
organisms were inoculated into 500, 1,000 or 3,000 mI fluted 
Erlenmeyer flasks containing respectively 50, 100 or 300 ml 
of mineral medium described elsewhere (Darn et al. 1974). 
The medium was supplemented with up to 10 mM of the 
appropriate carbon source from concentrated stoek 
solutions (0.25 M) whieh had been sterilized separately. The 
flasks were incubated at 28°C on a rotatory shaker at 
ISO rpm. Larger cell masses were harvested from 21 
fermentors (Biolafitte, Maison-Lafitte, France) containing 
about 1.5 I mineral salts medium. Air was forced at a rate 



of 1 I per min and the: cultures stirred at 200 rpm at 30"C. 
Growth was monitored photometrically by measuring the 
turbidity at 546 nm. Solid media were prepated by adding 
Ion agar No.2 (Oltoid) 1.5% (wI/vol) to the mineral me· 
dium. The concentration of the carbon source in agar plates 
varied between 2 and 5 mM. 

Conjugalion experimems. Conjugation between Pseudomo
nas B 13 and WR401 was carried out on agar plates (Reineke 
and Knackmuss 1979) or in a chemoSlal as described pre
viously (Hartmann et aL 1979). 

Preparation of cell extracts. Cells were ha rvested after cen· 
lrifugation for 10 min at 10,000 rpm, washed in 50 mM 
phosphate buffer (pH 7.5), centrifuged again and re
suspended in the rollowing buffers ror disruption: phos
phate-acetone buffer (Nozaki 1970) ror catechol-2,3-diolty· 
genase (C230), 2-hydroxy-6-oxohexa·2,4-dienoate hydrolase 
(2-hydroxymuconie semiaJdehyde hydrolase, HMSH) and 
2-hydroxymuconic semialdehyde dehydrogenase (HMSD); 
Tris-hydrochloride buffer (Dorn and Knackmuss 1978a; 
Schmidt et al. 1980) ror catechol- l ,2·dioxygenasc (e 120) 
and cis,cis-muconic acid cycloisomerase:phosphate buffer 
(Schmidt and Knackmuss 1980) ror 4-carboxymethylcne
but-2-en-4-0Iide: hydrolase (dienelaclonc hydrolase). Each 
suspension was supplemented with 3 mg DNAse and dis
rupted in a French press (Aminco, Silver Springs, MD, 
USA) at 80 MPa. The cell debris was removed bycentriruga
tion at 100,000)( g ror 1 h at 4°C and cell extracts were used 
at the same day. The extracts were adjusted to contain 
4-6 mg protein per mi. Protein was detennined by the 
Bradrord procedure (Bradford 1976). 

Enzyme assays. Specific activities in cell extracts are ex
pressed in micromol of substrates converted or products 
formed per min per gram protein at 25"C. Enzyme activities 
were assayed by previously described procedures, using the 
rollowing substrates: 3- or 4-methylcatechol ror catechol-
2,3-dioxygcnase (C230); Nozaki 1970); in order to detect 
a simultaneously induced catechol-! ,2-dioxygenase (C 120), 
catechol-2,3-dioxygenase was inactivated with aeeton 
(Nakazawa and Yokota 1977); 2-bydroxy-6-oxohexa-2,4-
dienoate (2-bydroxymuconic acid semialdehyde) ror 2-hy· 
droxymuconic semialdehyde dehydrogenase (HMSD) and 
2-hydroxy-6-oxohepta-2,4-dienoate ror 2-hydroxyrnuconic 
semialdchyde hydrolase (HM SD); Williams and Murray 
1974); 3-chlorocatecho1 or catechol ror catechol- l ,2-dioxy
genase (e I20; Dom and Knackmuss 1978a); 2-chloro-cis. 
cis-muconic acid for muconate cycloisomerase and trans4-
carboxymethylenebu t-2-en-4-0Iide ror dieneiactone hydro· 
lase activities (Schmidt and Knackmuss 1980). 

AClil>ilies w;rh whole cells. The salicylate hydroxylase, which 
proved to be unstable in cell extract preparations, was 
assayed indirectly by oxygen uptake: using whole cells. The 
rates or oxygen uptake were measured polarographically 
(oxygen electrode type YSI 5350; Yellow Springs, USA). 
Freshly harvested cells were washed and resuspended in 
50 mM phosphate bufTer(pH 7.5) to a protein concen lfation 
or about 1.5 mg per tnL The endogenous respi ra tion was 
registered ror 3 min prior to inititation of the reaction by 
injection small volumes (20-80 ~l) or assay substrates rrom 
concentrated stock solutions. The final substratc concentra
tion in the reaction vessel was 2.5 mM. Uptake rates were 
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determined at 30°C with initial time course rates and cor
rected for endogcnous O2 utilized per minute per gram pro
tein. At 30"C the oxygen concentration was taken to be 
0.26 mM (Sala-Trepat et al. 1972). The protein conccntra· 
tion of whole cells was detennined according to Schmidt et 
al. 1963). 

Analytical methods. The concentrations or 3CB, 5MS and 
5CS in the chemostat were determined by high pressure 
liquid chromatography (HP LC). The apparatus and solvent 
systems used here were the same as described previously 
(Brilon ct al. 1981). 

Chloride ion concentration was dctermined with an ion 
selective combination electrode (model 76/17, Orion Re
search Inc. , Cambridge, MA, USA) which had been 
calibrated wi th standard solutions or KCI (0.1 to 10 mM) in 
distilled water. 

Chemicals. The 2-hydroxy-5-methyl-6-oxohexa-2, 4-dienoa te 
(2-hydroxy-5·methyl-6-oxomuconic semialdchyde) and 
2-hydroxy-6-oxohepta·2,4-dienoate ror HMSD and HMSH 
assays were prepared rrom 4-methylcatechol and 3·methyl
catechol, respectively by using a heat treated cell extract or 
m-toluate-grown cells or Pseudomonas pUlida mt-2 (Williams 
and Murray 1 974). 3CS, 3 MS, 4MS and 5 MS were supplied 
by Bayer AG , Leverkusen FRG. 4CS and 5CS were pur· 
chased rrom Fluka, Buchs, Switzcrland. Chalcchol, 3· and 
4-melhylcatechol, 5-nuorosalicylate (5FS) and 5-bromosali· 
cylate (58S) were obtained rrom EGA·Chemie, Steinheim, 
FRG. Chcmicl.lls of analytical grade were supplieo by 
Merck. Dannstadt, FRG. 3·Chloroca techol was prepared 
as described (Schreiber el al. 1980). 2-Chloro-cis,ci.r-mueonic 
acid and trans4-carboxymethylenebut-2-en-4-0Iide were 
prepared as described (Schmidt et al. 1980). Catechols and 
salicylates were purified by sublimation berore use. 

Results 

Growth on methylsalicylales. Based on standard diagnostic 
keys (Stanier et al. 1966) the ncw isolate WR40 t was 
identified as belonging to genus Pseu(Jomonas. It utilizes 
salicylate, 3-methylsalicylate (3 MS), 4-methylsalicylate 
(4MS) and 5-Olcthylsalicylate (5MS) but rails to grow on 
the isomeric chlorosalicylatcs as sole ca rbon source. Upon 
growth on 3MS, 4MS and 5MS in liquid culture 
Pseudomonas sp. WR40 1 exhibi ts doubling times or 7.3, 
4.1 and 3.4 h respectively. The rates or utilization or these 
substrates as determined by HPLC correlate with the in
crease in turbidity at 546 nm. Duri ng growth on 4 MS and 
5 MS a yellow colour appeared in the medium, characteristic 
or meta ring-fission products or 4-methyicalcchol. The UV
spectra (}.mu at pH 7.5 and pH 12.0=38 1 nm)resemblethlll 
or authentic 2-hydroxy-5-mcthylmuconic semialdehyde 
(J._. or 382 nm) under the same conditions. The peak dis
appeared upon acidifica tion (PH 2.0). Growth on 3MS led 
to aceumulation ora similar compound wi th i..,.,u at 388 nm, 
exactly that of2-hydroxy-6-oxohepta-2,4-dicnoate, which is 
the meta ring.fi ssion product or 3-methylca tcchol. No ortho 
ring-fission enzymes werc detected after inactivation of 
C230 with H10} (Nakazawa and Yokota 1977). Initially 
during growth on salicylate both meta and gentisic acid 
pathway enzymes were induced. After a rew generations the 
degradation or salicylate proceeded almost exclusively via 
gentisic acid. 
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Table I. Relative rates of oxygen uptake at the c)(pense of sub
SlilUtcd salicylates and catcchols by whole cells of Pseudomonas sp. 
WR401 grown with difTerent carbon sources 

Assay substrates 

Salicylate 
3-M ethylsa licylate 
4-MClhyisalicyla Ie 
5-Mclhyisalicyialc 
3-Chlorosalicyla Ie 
4-Chlorosalicyla Ie 
5-Chlorosalicyiate 
5-FluorosaLicyla Ie 
5-Bromosalicylatc 

Catechol 
4-Mcthylcatcchol 
4-Chlorocatocho] 

Relative rates of oxygen uptake" 
after growth with 

4-Mcthyl- S.Methyl-
salicylate salicylate 

100 (24) 100 (24) 
J8 3l 

108 95 
8l 78 
5 6 

J3 13 
11 10 
8 1 

10 11 

100 (101) 100 (98) 
53 55 
51 48 

• The oxygen uptake rales are expressed as percentages of thai for 
salicylate (= 100%). The specific activities, given in micromol O 2 

per min per gram protein, appear in parentheses. Non-induced, 
acetatc grown cells exhihitcd no oxygen consumption (!>; 0.1 IJmol 
Oz/min . g pro tein) for the assayed substra tes 

Oxygen uptake with whole cells. [n contrast to some pre
viously investigated salieylatc hydroxylases (Katagiri et al. 
1965; Whilc-Stevens and Kamin 1972) the enzyme system 
responsible for the conversion of substituted salicylates to 
the corresponding catechols in strain WR40t proved to be 
unstable in cell extracts. However, freshly harvested cells 
grown on 4- or 5MS took up oxygen immediately and 
rapidly with salicylate, 3 MS, 4MS or 5 MS (Table 1). Lower 
turnover rates were measured with the halosalieylates with 
3CS showing the lowest rate of all tested substrates. The 
relative Ol-conswnption rates remained constant regardless 
of which methylsalieylatc had been used as a growth sub
mate. This indicates that with these substrates only one 
and the same non-specific salicylate hydroxylase had been 
induced. Whereas both 4- and 5-mcthylsalicylate were good 
inducers of the salicylate hydroxylase no hydroxylating ac
tivities were detected in cells incubated with chlorosaJicylates 
(data not shown). 

Enzyme activities in cell extracts. Corresponding to the 
yellow coloration observed during the growth experiments 
high levels of C230 were detected in extracts of 
methylsalicylate grown cells of Pseudomonw· sp. WR401 
(Table 2). Interestingly, high activities of this enzyme 
(1,700 U/g of protein) were already present in uninduced 
(acetate-grown) cells. However, the presence of4MS or 5MS 
in the culture medium caused a 2.5 to 3-fold increase of 
C230 levels, as shown by the specific activities with eatechol 
as assay substrate. Moreover, the relative C230-activilies 
with various substituted catechols were constant irrespective 
of the growth substrate, which indicates thaI one and the 
same non-specific C230 is present in acetate-grown cells or 
in cells induced during growth with isomeric methylsali
cylates. In addition to the C230 two other meta pathway 
enzymes were detected in extracts of 5 MS-grown cells 

of strain WR401. As demonstrated by other investi
gators (Bayly et al. 1977; Wigmore and Bayly 1974) the 
concomitant presence of HMSH and HMSD activities in 
cell extracts must result from coordinate induction of meta 
pathway enzymes in this organism. The complete degrada
tion of the ring-ftssion product of 4-methylcatechol, how
ever, requires the presence of the HMSD only and not that 
of the HMSH (Murray et al. 1972) which is induced 
gratuitously. 

Construction oj chlorosalicylate degrading hybrids. Chlorosa
licylate degrading hybrids and intennediate strains, re
prescnting evolutionary steps between the parent strains 
and fully adapted organisms, wcre readily obtained by 
conventional genetic crosses in continuous culture or on 
solid media. For the continuous culture experiment a 
cbemostat was inocculated with 5MS-grown cells of strain 
WR40t and 3eB-grown cells of Pseudomonas sp. B13. The 
mixed culture was continuously fed with 10 mM 5MS and 
10 mM 3CB to allow growth and genetic exchange between 
the parent strains. Once a steady state had been reached the 
culture was stressed with gradually increasing concentra
tions of 5CS (O-.2mM) at D=0.OI8d- ' . Shortly after 
exposure to 5CS a yellow metabolite with a peak absorbance 
at 379 nm appeared in the medium. The product proved 
to be identical with the meta ring-fission product of 
4-chlorocatcchol (data not shown) indicating that 5CS was 
cooxidized. During the first 10 days of exposure to 5CS 
degradation of 3CB was incomplete so that approximately 
5 mM of the latter substrate was detectable in the culture 
fluid. After this period of adaptation the 3CB concentration 
rapidly dropped below t mM. Simultaneously the turbidity 
and the chloride concentration in the culture medium in
creased accompanied by a substancial decrease in the con
centration oftbe mcta ring-fission product. When plated on 
5MS and 3eB aga r plates the majority of the eells could 
grow on these substrates but not on 5CS. After 30 days of 
adaptation the concentration of yellow products decreased 
significantly and the chloride concenlration as well as 
turbidity reached a maximum. From this point on the 
parameters described remained constant and hybrids were 
isolated which could utilize 5CS as sole carbon source. 

In order to detennine the frequencies and the direction 
of the genetic tramfer the conjugation experiment was 
carried out on solid media with marked parental strains. 
Thus, as previously reported (Reincke ct al. 1982 b), mating 
the nai r-mutant of Pseudomonas sp. B 13 with the str'-mutant 
of strain WR4Ql produced, at a frequency of.:s: 10 - 6 , pri
mary hybrid stra i n~ wi th the phenotype JCB +, 3MS+, 
4MS +, 5MS ·., 3CS - , 4CS - and 5CS - . In addition to the 
streptomycin resistance the primary hybrids, designated as 
WR4011 , were able to grow on nicotinic acid (Nic) a prop
erty shared with WR40l but not with Pseudomonas sp. 
B 13. Allhough genetic transfer could have occurred in both 
directions only primary hybrids with the genetic background 
ofWR401 expressed the expanded phenotype. The ability to 
utili7..e chlorosalicylates manifested by the secondary hybrids 
WR4016 was developed after selective plating of WR4011 
on 5CS. These variants appeared at a frequency of .:S: 10 - 6 

and colonies were counted after an incubation period of 
5 weeks. Their phenotypic character indicates that wi th the 
acquisition of this trait WR4016 concomitantly lost the 
ability to utilize methylsalicylates as growth substrates. 
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Table 2. Specific activities of characteristic catabolic enzymes in cell extracts of Pseudomonas sp. WR401 grown with acetate, 4· and 
5-me! hy!salicylalc' 

Enzyme activity 

Call:choI2,3-dioxygcnase 

2-H ydrollymuconic scmiaJdehyde 
dehydrogenase (HMSD) 

2-H ydroxymuconic semialdehyde 
bydrolase (HMSH) 

Assay substrates 

Catechol 
3-Methylcatechol 
4-Mcthylcatceho1 

2-HydroxY-5-mcthyl
muconic semialdehydc O 

2-H ydrox y-6-oxohepta+ 
2,4-dienoate 

Sp. act. (U/g protein) after growth with 

4·Methy]saJicyla Ie 

4400 (100) 
( 73) 
( 52) 

NO' 

NO' 

5- M cthylsalicylalc 

5200 (100) 
( 73) 
( 53) 

220 

390 

Acetate 

t 700 (100) 
( 70) 
( SO) 

8 

12 

• Cells were harvested during exponential growth. Enzyme act ivities were determined as described in the lext. The values in parentheses 
represent relative activities (catechol = 100%). For el(planatious of abbreviations see Materials and methods 
b NO = not dctcrmined 
< 2· H ydroxy-5.methyl-6·oxohexa-2,4·dienoate 

Utilizarion of ch/orosaliq;lares. The abili ty of WR4016 to 
utilize cWorosalicylales as sole carbon source was limited to 
the 4- and 5-substit uted isomers. No growth was observed 
on 3CS. Initially, growth with 4CS or 5CS was ralher slow 
(doubling times : 14 h wi th 4CS and 16 h with 5CS). The 
amount of chloride eliminated corresponded to the amounts 
of substrate consumed. Growth was not inhibited at sub
strate concentrations ~ 5 mmol/1. In order to overcome 
longer lag periods at higher substrate concentrations 
(10 mM 5CS) a higher initial cell density (E54 6 ~ 0.25) was 
required. With 10 mM 5CS the culture reached maximum 
cell density E546 = 1. Freshly harvested cells of WR4016 
grown on either 4CS or 5CS took up oxygen without lag 
with various substit uted salieylates. In contrast to the 
salicylate hydroxylase of the parent strain WR401 (Table I) 
higher relative hydroxylation rates with halogenated 
salieylates were measured with the transconjugant WR4016. 
Concomitantly, lower turnover rates with methylsalicylales 
were registered in this strain (Table 3). Previous in
vestigations have shown that preven tion of meta activities 
is required in order to avoid misrouting of halocatechols 
(Reineke et a!. 1982a). Moreover, fo r the complete metab
olism of chloroarenes the induction of chlorocatechols 
degrading ortho pathway enzymes is necessary. Thus, no 
C230-activities but high activities of enzymes involved in 
chlorocatecho! catabolism via the ortho pathway (ellO, 
muconate cycloisomerase and 4-carboxymeth ylenebut -2-en-
4-0lide hydrolase) were detected in extracts of 4CS and 
5CS grown cells of WR4016 (Table 4). Comparatively, the 
relative ortho ring-fission rates with various substituted 
cateehols were essentially the same as those described for 
the purified enzyme of the donor strain Pseudomonas sp. 
a 13 (Dorn and Knackmuss 1978 a, b). 

In order to detcrmine thc reasons as to why WR 4016 
failed to grow on 3CS we compared the induction pattern 
of acetate-grown cells in the presence of 5CS and 3CS. 
Whereas incubation with 5CS resulted in the synthesis of 
the salicylate hydroxylase, catechol 1,2-dioxygenase and 
4-carboxymethylenebut-2-en-4-olide hydrolase none 0 1" 
these enzymes had been induced by 3CS (data not shown). 
We therefore concluded that 3CS is not utilized because 
this substrate is primarily not an inducer of the salicylate 
hydroxylase. However, repeated subcultivation of WR4016 

Tablc 3. Relative rates of oxygen uptake at the expense of salicylate, 
mcthylsubstitUH.'"<I and halosubstituted salicylates by whole cells of 
strain WR4016 and WR406t -1 

Assay substrate Relative rates of oxygen uptake" 
(strain, growth substrate) 

WR4016 WR4016-1 

4CS 5CS 3CS 4CS 5CS 

Salicylatc 100 (lJ) tOO (12) 100 (2) tOO (1 7) 100 (16) 
J- Met hylsalicyla te 42 44 27 N O b 18 
4-Methylsalicylatc 52 55 41 18 J5 
5.Methylsalicylatc 33 J2 J5 J9 42 
3-Chlorosalieylate 13 13 12 12 11 
4-Chlorosalieylate 62 65 8l 77 80 
5-Chlorosalieylate 60 60 72 75 73 
5-Fluorosalicylatc NO ' 52 " 50 67 
5-Bromosalicylatc 41 57 55 NO' 48 

" The oxygen uptake rates arc cxpressed as percentages of that for 
salicylate ( = 100%). The specific activities, given in micromol 0: 
per min per gram protein, appear in parentheses. Non-induced, 
acetate grown cells exhibited no oxygen consumption ( ::;; 0.1 ).Imol 
Ol/min ·pwtein) for the assayed substrales 
b ND = not delennincd 

in batch culture wi th a mixture of 5 CS/3CS over a period 
of 3 months gave rise to derivatives such as the isolate 
WR40t6-1 which could utilize all three halogenated 
salieylates as sole carbon source. Allhough growth of 
WR4016-t with 3CS was very slow (td = 19 h) the growth 
rates with 4 CS (rd = II h) and 5CS (td = 12 h) were im
proved when compared to those of strain WR40I6. 

Irrespective of which isomeric chloro!i3.licylate was used 
as growth subst rate lhe same salicylate hydroxylase and 
C I20 activities were induced in WR4016-1 and WR4016: 
the relative turnover rates with substituted salicylates 
and catechols were comparable in both organisms (Tables 3 
and 4). 

Obviously the substrate specifici ty of these two oxy· 
gcnases remained unaltered during selection. In contrast, the 
specifi c activities of the salicylate hydroxylase, experienced 
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Table 4. Relative and specific activities of catabolic enzymes in cell extracts of transconjugants WR4016 and WR401 6-1 under difTerent 
growth conditions' 

Enzyme activity Assay substrate Specific ac tivities (strain, growth substrates) 

WR4016 WR40\6-1 

4CS 5CS 3CS 4CS 5CS 

Catechol-1,2-dioxygcnase Catechol 89 (100) 74 (100) 115 (100) 150 (100) 180 (100) 
3-Chlorocatechol (llO) (132) (137) (111 ) (130) 

Cis,cis-mllConic acid 2-Chloro-cis,cis-
cycloisomerasc muconic acid 55 60 30 27 50 

4-Carboxymeth ylene-bul -2 -en- T rans4-carboxymethy-
4-o1ide hydrolase len bUI-2-en-4-olide 400 900 700 650 1200 

Calccho12,3-dioxygenase Catechol SO. I :sO.l SO.\ :s0.1 :s0.1 

2-Hydroxy-muconic 2-H ydro;>;.y-6-o;>o:ohcpta-
scmialdchydc hydrolase 2,4-dienote ND b 162 ND' ND' ND' 

• Cells were harvested during exponential growth. Enzyme activities are given in U/g protein and were determined as described in the te;{t. 
The values in parentheses represent relative activities (catechol = 100%) 
b NO = not detennined 

a substantial increase with respect 10 those measured in 
WR4016. Thus growth of WR40J6-1 on 4CS or 5CS re
sulted in a 25% higher production of salicylate hydroxylase
activity which, compared to WR4016, is reflected in a cor
responding reduction of the doubling times with these sub
strates. WR401 6-1 produced high levels of the salicylate 
hydroxylase when incubated with 3CS whereas lhis enzyme 
was non inducible by this substrate in WR4016. 

In fact, the specific activities in 3CS grown cells of 
WR4016-1 were about 30'-'10 highcr than tbose in 4CS- or 
5CS-grown cells of WR4016-1. Since relative activities of 
the salicylate hydroxylase towards 3CS were not improved 
during the selection process high e;{pression of this enzyme 
is necessary in order to compensate its low relative turnover 
rates with 3CS. 

Discussion 

For total degradation ofchloroaromatics the recombination 
in single organisms of genes encoding chlorocatechol catab
olism with genes coding for naturally occurring chloro
catechol generating enzymes bas proved to be an effective 
model for the construction of hybrid strains harboring 
complete catabolic pathways (Reineke and Knackmuss 
1979). Thus, the transfer of the TOL plasmid fro m Pseudo
monas pulida mt-2 into the 3-chlorobenzoate degrader Pseu
domonas sp. B13 gave rise to 4-chloro and 3,5-dichloro
benzoate utilizing hybrids (Reincke and Knackmuss 1980). 

Whereas in this case Pserldomolla3 sp. B13 acted as the 
recipient of part of the TOL plasmid it has been shown that 
genes coding for chlorocatechol degradation (HAL-genes) 
arc also transmissible (Reineke et al. 1982b). Thus conjuga
tioll between Pseudomonas sp. Bt3 and a phenol util izing 
Alcaligenes strain or an aniline degrader rcsulted in trans
conjugants which could grow an chlorophenols or chloro
anilines (Schwien and Schmidt 1982; Latorre et aI.1 982). 

In this study we expand this model to the construction 
of chlorosalicylate degraders. Pseudomonas sp. WR401 
grown on methylsalicylates readily cooxidized chlorosali
eylates either to 3-chlorocatcehol or to the dead end 

metabolite 2-hydroxy-5-chloro-6-oxohexa-2,4-dienoic acid. 
Conjugation in continuous culture or solid media between 
tbe latter organism and Pseudomonas sp. B 13 gave rise to 
transconj uga nts which could totally degrade and utilize 4CS 
and 5CS as sole so urce of carbon. A closer analysis of 
the processes involved in the acq uisition of this property 
revealed that the first step is the transfer of genes coding 
for ebloroeatechol catabolism from Pseudomonas sp. B 13 
into Pseudomonas sp. WR401 thereby complementing the 
activi ty of the salicylate hydroxylase with a functional 
degradative pathway for halocatcchols (Fig. I). The re
sulting primary hybrids such a1; WR 4011 were able to utilize 
3CB and mcthylsalicylates but could not yet grow with 
chlorosalieylates. A similar observation has been made 
during the evolution of toluate/chlorobenzoate degrading 
hybrids (Reineke et al. 1982) . Correspondingly, the metab
olism of methylsalicylates and 3CB is compa tible in 
WR40 t 1. Whereas the former substrates are utilized via the 
meta pathway enzymes this metabolic route appears 10 be 
unproductive for thc degradation of 3CB (Reineke and 
Knackmuss 1980). The induction of the ortho pathway 
enzymes required fo r the metabolism of 3CB takes place 
only after suicide inactivation of the C230 by the meta 
ring-fission product of3-chlorocatechol (Bartels el al. 1984; 
Reineke et al. 1982b). The metabolism of 4CS and 5CS, 
however, generates 4-chlorocatcchols as the onlymeta bolile, 
which is not a suicidc inactivator of C230 (Reineke el al. 
1982). Thus, although strain WR4011 harbors the necessary 
genetic information fo r total degradation of 4CS and 5CS 
the presencc of high constitutive levels of C230 rapidly 
misroutes 4-chlorocatechol so that tbe ortho palhway 
enzymes are not induced. Incubation of WR401 1 on 5CS 
agar plates produced variants such as WR4016. Upon 
growth of this organism on 4CS or 5 CS all of the enzymes 
necessary for the complete degradation of balosalicylates 
via lhe ortho pathway (salicylate hydroxylase, catechol 
1,2-dioxygcnase, cis,eis-mueonic acid cycJoisomerase and 
4-carboxymethylenebut-2-en-4-0Iide hydrolase. Fig. 1) but 
no C230 activities had been induced. Moreover, the presence 
of another enzymc of the meta pathway in these extracts, 
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Fig. I. Degradation of the three isomericchlorosalicylates by in vivo 
or in vitro constructed Pseudomonas strains 

namely the HSMH , suggests that the Inactivat ion of the 
C230 mllst have involved a mutation in the structural gene 
of this enzyme (Jeeneset al. 1982). Consequently the acquisi
tion of the 4 CS + , 5 CS + phenotype must be accompanied 
by loss of the ability to utilize methylsalicylates as growth 
substrates. T his agrees with previous reports where evidence 
is given that in the absence of C230 activities methylato
ma ties are converted into dead end metabolites of the anho 
pathway (Knackmuss e l aJ. 1976; Latorre ct al. 1984). The 
fact tha t the rela tive activities of the purified catechol 1,2-
dioxygenase of tbe donor strain PS<tudomonas sp. B 13 (Re
ineke and Kn<lckmuss 1980) were essentially the same as 
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those of WR4016 indicates that transfer of the HAL-genes 
into an 'unfamiliar' background has not resulted in any 
substantial modification of this enzyme. 

The relative rates of the salicylate hydroxylase of the 
parent strain WR401 differ from those of the hybrid 
WR4016. It appears that selection with chlorosalicylate 
drastically modified the substrate specificity of the enzyme 
originally functioning in methylsalicylate metabolism in 
favour o f a more effective turnover of halogenated 
salicylates. Similar results were obtai ned by other workers 
during the construction of chloroaniline degraders (Latorre 
et al. 1984). 

In this study we offer another example of the eflective
ness of the in vivo evolution of a new pathway for xenobio
tics by cocullivation of organisms harboring complementary 
catabolic activities. In order to produce a new functional 
hybrid pathway this experimentally rather primitive method 
requires culture conditions for enhanced genes transfer of 
genes plus adaptation i.e. the accum ulation of ralldom ge
netic changes. 

An alternative strategy for the construction of strains 
with novel degradative properties has been carried out re
cently (Lchrbach et at 1984). Thus, thc transformation in 
vitro of cloned genes of a salicylate hydroxylase into 
Pseudomonas sp. 813 produced derivatives of this strain 
with the capabil ity to degrade chlorosalicylates. The ma
nipulation in vi tro has one important advantage over 
conventional genetic crosses: it allows the experimenter to 
precisely select the genes which arc essential for the hybrid 
pathway he intends to construct. By this means theintroduc
tion ofsupcrfluous genetic material coding for unproductive 
or counterproductive enzymes (i.e. C230 in the case of 
chlorocatechol catabolism) was avoided . 

One very important limitation of this method is tha t in 
order to manipulate the desired DNA fragments into a 
hybrid catabolic pathway extensive knowledge of the bio
chemistry and the genetic organisation of existing 
complementary cal.abolic sequences is required. Therefore 
in practice the in vi tro approach fo r the solution of specific 
problems of xenobiotic degradation is restricted 10 those 
cases that prove insoluble by natural genetic exchange and 
adap tation. In an accompaning papcr we demonstrate the 
improvement of strain WR4016 after prolonged subcultiva
tion on chlorosalicylates. 
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