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ABSTRACT

The Pseudomonas strains NCIB 9816, Pg, ATCC 17483 and

= * .

- ATCC 17484 were examined for the involvement of plasmids in
the degradatfiion of naphthalene. The role of a- plasmid was

.demonstrated in stfains NCIB 9816 and Pg by conjugation. 'Tt

' was not possible to demonstrate the involvement of plaemihv .

in the degradation of naphgﬁalene in. strains ATCC 17483 and
ATCC 17484 eithet by curing or conjugation. »

A published method was modified to permit the screenin
of wild type strains for the presence of plasmids. Strains
NCTB 9816, Pg ‘and ATCC 17484 contained maltiple plasnida.
It x;gas not, . possible to'demonstrate the presence of any

‘pladmids in ATCC 17483. Tt wad the largest of the pair of

plasmids in NCIB 9816 and Pg (desl}:na*ed NAH2 and ‘NAH3

[
respec*lvely) which defermxnea the'degradation of nap‘nrhalene.
The patterns of restriction enzyme fragments from

digestion with Hind IIT or BAM HI were identical for NAH2

—r =
and NAH3, but were very different from those of NAH, the

plasmid ‘described by Dunn and G\‘;{lealus (1973)’. Nevertheless,
NAH3 hydridized extensively with NAH.

Some aspects of the regulation of the .naphthalene

pathway were investigated..An examination of mutants generated

by exposure to .N-methyl-N'-nitro-N-nitrospguanidine enabled

the identification of salicylaldehyde as the first possible
{

“inducer of the pathway in strain ATCC 17483. The' unusuu

regulatory charaefe:isfics of the meta ' enzymen for fhe

. degradation of catechol in strains NCIB 9816 and Pg were
o 58 8 . : .




< transferred by'canjugatifa‘/n, and-are therefore specified by LIRS
i A}

plasmids NAH2 .and NAH3 respecf_i‘sely. However, differences
in the r qula':"ion of plasmids NAH2 and NAH3 a_n_ﬂ plasmid NAH

may not be as great'as it would first appear.
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INTRODUCTION

The Microbial Degradation of Aromatic Compounds
The early investigations into the degradation of aromatic
compoul:xds by micro—or’&anismq arose out of practigal
considerations 1}. r.he agricultural and petroleum-related
 industries. Many aromafic compounds, such as napHthalene,
phenol or cresol, were used as peancides in agriculture,
and it was a ‘common abservarion fhar after a second applicarmn

Df a compgund, it dieappeared more rapidly than the first

‘(Tattersfiald, 1928). THe potential use of micro-organisms *

%o degrade o1l wastes or to xndicare 0il deposits were among’

the useful apo'lu:arionq Eor the perroleum industry, \*uv Jthe
degradat.ion of cooling oxls and lubrican"s..and of onnd "and
asp‘nalred highways were among the- 1ess desu—able effacts of

the microbial ability to degrade aromanq ‘hydrocarbons

(Zobell, 1946). The subsequent developmenr. of synthetic .

- compound’ with increased effectiveness as pesticides, lubricants
etc. has resulted in the opgosue problem, and currant
concerns are Eocussed on *hg vas+ quanfu—ies nf synrheric
compounds, paerdlarly haloaromatic compounds,_ that are
accumulat—ing in the environment (Dagiei; 1975). Thedegradarivn
capabi}\ities of micro-organisps are now bemg investigated
as’a means to reduce thé concentrations of these c_hemicairs
"in the environment. In addition, the agriculturai, lumbew,
" 4nd ‘papermaking industries create enormous quantities of
Iignocellulosic wa‘sf‘es, and cutrenr research is Eenrred on

\
the pofenn.al of micro- o:ganums to degrade the' lignin in

-+
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‘ these wastes, as it is the lignin which forms the barrier to

- the conversion of thesé wastes to inustrially useful chemicals
(crawford, 1981). .

E Aromatic compounds are found ubiquitously in nature.
Lignins and tannins, aromatic polymers, are synthesized
continually by plants. Polygycli‘c aromatic hydrocarbons are
present. in soils and .sedime};;s around tne world (lBlumer,

1976) and are produced during the formation of petroleum,
7 2 =

Cja as “the result of the pyrolysis of orgariic matter during

% grass and forest fires. The recycling of the carbon ~from

the otherwise inert benzepoid compounds is. carried out
almost exclusively by bacteria and fungi.

Aromat.ic compounds- may be degraded oxidatively by aerobic

micro-rganians, or in the absence of oxygen, by phot.ometabolism,

nitrate respiration or merhanogenicﬁermenfarlan by anaercbm
\

micro-organisms. The anaerobic orocesses have only recently

attracted attention, and their relative importance compared

to the aerobic processes has not been determined (Evans,

1977). With anaerobic environments more available than

aerobic environments, and the increase in tHe concentration.

r of nifrares in the environment arising from the use of
synthetic Eerr.n!.zeu, the conrrlbuflbn hy anaerobic mxcm-
organisms to the recycling of carbon may \be siqn_iflcant‘

* The aerobic processes required for the conversion of aromatic
compounds to intermediates for thp Krebs cycle or the fatty

acid "spiral" are well known, and have been reviewed extensively
o

' g N
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during the past. 15 years (Cerniglia, 198l; Clarke, 10827
Crawford, F981; Dagley, 1971, 1975, 1978; Gibson, 19.71, 1‘9!34).
The ability of micro-organisms to degrade aromatic

compounds is widespread. Samples from cultivated and

uncultivated soils from geveral sites in Britain.and Europe

and soil samples from several ininhabitated islands in the
South Atlantic were found ko contain a wide variety of,
micro-organisms able £0 use aromatic compounds as substrates
\\\,fgr ‘gtowth (Gray and Thornton, 1928). kl_;.houqh pseudomonads
are “the micro-organisms most commonly associated with f..he'
degradation of éfamaqic compounds (Stanier e+ al., 1966)

" bacterfa-which form heat resistant spores and are able to

grow on aromatic compounds are readily isolated from a
variety of locations (Dagley, 1975). These findings are not

. very surpr{aing in viewdof the wldespread ogcurrence of

: benzenoid compounds in thé environment and the fact that it
15 By HHe WlGFObIAL HESEIMNELON GF hASE GONGOUDA ENEE ENE
carbon contained therein is returned to +he biosphere.

Aromatic compounds are first converted to substrates

which can be cleaved by dioxygenases to aliphatic compounds
vhich are “then degraded Eurther 6 intermediates Of ‘the
Krebs cycle. These substrates generally contain at: least
two ‘hydroxyl groups which may be- situated ortho or para *o
each other. A large number of dioxygenases have been described
from many strains of bacteria, mainly pseudomonads (Dagley,

1971,71975; Crawford, 1981). Catechol and protocatechuic
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o
acid may be cleaved by “ortho or meta fission dioxygenases.
Methyl substituted catechols and homoprotocatechuic acid,
are cleaved by meta fission dioxygenases. Gent isare and its

homologues, dxhydnc phenols in which rhe hydroxyl groups

are situated para’ +o each other, and gallate, with three

hydroxyl groups, and its homologues are also substrakes for

dioxygepases. The ortho fission Qiloxy and the |

which follow cleavage of the aromatic ring have narrow

. N
substrate -specificities, The meta fission di\oxyqenases and

gubsequent. pathways have broader specificities and may .

tolerate methyl and.halogen éub{tituents in the aromatic
ring. There is, however, very little cross reaction among
the different pathways, for example prc;r.ocar.echuic acid is
not. cleaved by catechol 2,3 dioxygenase. There are some
exceptions, fof example prokocatechuic 4,5 dioxygenase will
cleave gallate and methoxy gallate, although their respective
dloxygenases. will nok cleave protocatechuic acid.' The
substrates £or ‘r.he‘ many dioxygenases are found -in nature as

products Of the degradation of lignins and tannins, as

. metabolites of benzoic and mandelic acids, -etc. Thus,

3 p
during the evolut.ion of bacteria, a 1arqe number of pathways
have evolved in response to the presence of many dlfferenf

aromatic compounds présent in the environment. .

During the past 40 years, the environment  has been

flodded with large jamounts of synthétic compounds with

structural features not commonly found in nature, hence
% \

(
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thesje compounds are not.-readily degraded. Those synthetic

compounds which have structures that are similar to naturally
occurring compounds might be degraded microbially, or at

least co-metabolized by microbes growing on other compounds.

" Although synthetic compounds, especially halogenat.ed compounds

have been present in the énvironment for a short period of
time in_evolutionary +erms, *He ability to degrade some of
these compounds is appearing in microbial populations (Dagley,
1975; Ghosal et ‘al., 1985). Nevertheléss, concern has been
expresied ‘Vhat the rate of microbial evolution may not be
rapid enough to reduce *he.accumalation of synthekic cnmpo’u;.aa
entering the environment. .

The evolution Of new pafihways h GepaTGenE GpOR MEEANIEN
and selection which results in alterations of the spscieicivio

of enzymes and regulatory elements. These nrocesse§ may be

accalerafed in the laboratory with the use of continuous

cul*ures in chemostats and by genetic mampularm 8. The

of a new degradative pathway by a microbial populption _could
be a rapid process. The door was opened for ".he onst.ruction
uf microbial strains with inchasPd degradat. ivg apubilifieu.

“One .of the earliest aH'empfs was the congtruction, by
Chakrabarty, of a pseudomonnd strain into which werie t.ransferred

a'CAM-OCT, an NAH and a TOL plasmid (cited in Williaps,
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1981). Strains with new degradative capabilities my be
/

constructed by the transfer of a plasmid which specifies the
initial steps in a pathway *o a striin which specifigs the
later steps in a pathway. This approach was first described
by Reineke and Knackmus (1979) who transferred a TOL plasmid

+ which specifies enzymes capable ,of degrading 2- and 4-

chlorobenzoates but not. the corr ing hal hols, o
. strain B13 able +o dagiats Talcdataaler” Tha egradietve
capability of strain®l3 was thus extended to include.2- and
4-chlorobenzoatess The phenotypic expression of the new
dev.-gradati‘ve ability required a mutation in the .TOL ' plasmid
which rendered it unable to grow on p-toluate. The TOL
‘plasmid was also used +o extend the degradative capability .
of pseudomonad strains containing the plasmid pAC25 which codes’
for the degradation of 3-chlorobenzoate (Chatterjee et al.,

1981). Both the TOL and pAC25 plasmids underwent structural

¢ rearrangements to generate new plasmids capable.of degrading

(’.

4-ch1l €T and 3, 5-dichl

Pla‘ami‘d PAC25 showed considerable lhomology withdSAL and
TOL, (Chatterjee et al., 1981; Kellogg et al., 1981) and it
was ~concluded that pAC25 may have evolved in nature by
recombination of fragments from other plasmids such as SAL and
TOL. This ﬂndt;ng suggested the possibility that the evolition
of new plasmids might. be accelera".led in the 1abo:ar.ory' ur‘lder

strong selective conditions (Kellogg et..al., 1981)-_by"a

. technique described as "plur;\id assisted molecular breeding".’

4
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s0il sampl®s from various waste dumping sites and Pseudomonas
putida strains containing SAL, TOL. CAM, pAC21 (coding for
the degradation of 4-chlorcbiphenyl) and pAC25 were ineculated *
into a chemostat. At first, the substrates for, growth were
those of the defined degradat.ive plasmids anda low concentration
of 2,4,5-trichlorophenoxyacetic acid (2,4,5-T). The
concentration o_f 2,4,5 T-was gradually increased and the
concentrations of the other substrates lowered u‘ntil after
six months, 2,4,5-T'was the sole growth subshrate available
to the culture in'the Cchemostat. Strain ACXIOO: Pseudononas

cepacia, able o g ~on 2,4,5-T as the only carbon source

" Vas 1isolatéd from thp mixed culture in'the chemostat (Kilbane

et al., 1982). .'T};e) degradative ability for 2,4,5-T was
unstable, which suggested +he Lnvolvement of a plasmid or

plasmids (Kilbane et al., 1982), however strain AC1100 is

unable o transfer the 2,4,5-T degrading ability Ko other

backeria. (Kilkane et al., 1983). Strain ACL100 contains at

least: two planmids’w‘nicH appear tobe involved in the degradation -
of 2,4,5-T, and there is also evidenée.foz‘chromouoqal

involvement in the degradation of this -ccmnount_i (Ghosal et

al.., 1985). The precise roles ‘of plasmid and chromosomal

genes in<the degradatior of 2,4,5-T have not been detetnined.

The initial. tests of the ability of strain AC1100 to remove

high concen‘tration}z of 2,4,5-T from soil .were very success ful

(Chatterjee et al., 1982; Kilbang et al., 1983).

It is also possible to construct new strains by using -
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gene cloning techniques. The genes for toluate 1,2 dioxygenase

and dihydrodihydroxy beénzoic acid dehydrogenase from the TOL
< ! e

plasmid and the gene for salicylate hydrosylase from the NAH

plasmid have been'cloned and transferred to strain Bl3 to

" . :
construct. strains.capable of utilizing 4-chlorobenzoate,

3,5-dichlorobenzoate, salicylateand chlorosalicylates asgrowth
substrat.es (Lehrbach et al., 1984). s '

lr remains to be seen x.f the dgvelopmem— of strains wifh

tive’ caoabxliﬂes by the ylasnﬁd ass isted molecular
b;eedlng " technique of Chakrabarty ahd co-workers, or .by :
gene cloning techniques will contribute /substantially to the
removal of synthetic compounds accumula*ﬁ\g in the env:.romnenr
Nevertheless an’ undersfandtnq of how micrc-orqanisms nre
able to degrade aromat.ic compounds, and'how genetic information
is exchanded within and between microbial populations can
lead to a wiser development. of policy regarding the introduction

-0f ‘new compounds into the environment. =
_ v
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The Degradation of Naphthdlene by Pseudomonads |
¥ The initial interest in the microbial degradation of

naphthalene arode from its use in agriculture as a pesticide

against. protozoa and wireworms (the larvae of members of the
Z Elateridae and Tipidulae fan‘ilies). 1t had been ohserved

+hat the tox¥city of naphithaléne declined more rapidly
2 | :
could be explained By vaporization of the ‘compound. That.
(I e
the disappearance of naphfhalehe‘was due to microbial action

was demonstrated by Tanprsfxeld (1928). About. r'he same
time, Tausson (1928, cited in Walker and Wilkshire,.1953)

L4

~isolated three strains of bactexia from soil from the Rlack

: ,
Sea 0il fields that were able to degrade naphthalene.  An

identification of the micro~organisms involved inthe deqradation
,of naphrhalene and other aromatic compounds was carried out
T by Gray and Thornton (1928).  abouk 25% of the microbial
strains isolated from various soil samples were pseudomonads.
- The pathway(f?rfrhe deqradarmn of naphrrnxf,ne by
& . pseudomonads is shown in figure 1.

The identification of +the inkermediates if the degradation
of nap‘hfhalene was begun by Strawinski and Stone (1943,
1954) who isolated salicylic acid from cultures of Pseudomonas
* aeruginosa grown on. naphthalene. Investigations by Walker
s, ar‘ld Wiltshire (1953) and Trecapni, ‘Walker and Wiltshire

| (1954) ident-ified naphthalene diol, salicyclic acid_a

catechdl as intermiediates in the degradation of naphthalene

A
in several strains of bacteria. including those which were
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‘ater designated as ATCC 17483, ATCC 17484 and ATCC 17485.

The-complete pathway vas elucidated by Evans and co-
workers (Fernley and Evana, 1958, Davies and Evans, 1964).
If.‘ was demonstrated that 1,2-dihydroxynaphthalene was the
product. formed from the, naphthalene diol, as naphthalene-grown

\ L .
cells readily metabolized l,&tt\!ihydroxynaphthalerl‘e_./%nley

and Evans .proposed’ #hat. dihydroxynaphthalene underwent.’’

oxidative decurboxyla*ion to o- carb) cis-cinnamic acid
which 1+self was. oxidatively decarborylated o o-hydroxy—
cis cxnnamic acid which was rhen converted to salicylare and
then .o oatechol. 'However, Davies and E\{ans (1961) were

unable +o demonstrate that, haphthalene grown cells were able

+to metabolize synthetic samples of o-carboxy-cis-cinnamate,

and the oxygen uptake observed with o-hydroxy-cis-cinnamate

was riot. sufficient:ly high enough to warrant its inclusion as,

! &n intermediate in the pathway. Davies and Evans (1964)

undertook a more detailed inves*iqar_ion of the ring-fission
‘of 1,2~ dihydroxynaph*halene in.order to identify the

I
Ynrsrmedintes; and s enzynes reapons).ble for the reactions.

ZAlydroxybenzal -pyruvate was isola*ed from a reaction mixture:

- in yhich 1,2-dihydrosynaphthalene was, i ed with a dilute

cell €ree extract ‘from naphthalene.grown cells. It was also
demonst.rated that rha-cell free extracts co"nrained'an aldolase
which converr ed 2-hydroxybenzal pyruvafe to ealicyaldehyde and

pyruva!:e. ,s&cy‘laldehyde was thsn converved to salicylare

TBy an NAD*-dependent. dehydrogenase. Walker and Evans (1952)
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had previously reported that salicylate was converted ;.o
caf.echpl: The strains used by Davies and Evajis were found
+to convert. catechol to 2—hydroxymucon{c vacld nsemi ldehyde by
catechol 2,3-dioxygénase. >

The naphtRalene diol _prodiced from naphthalene was
-originally identified as a D-trans-1,2 dihydroxydiol by
Walker and Wiltshire (1953). ‘Thg identification ‘procedurés-

- used_at the time \ansorprson spect.rum and speclfic rotation)

‘%‘would not. have disringuished between the cis and rhe trans

isomer. Subsequenr xnvesrigafions by Jerina et al. (1971)
and Jeffreeqy et al. (1975) demons#rated that the hydroxyl
groups.in the diol were .in the cis conformation, and that
both atoms of oxygen inserted inko naphthalene came from a
single no1€eule of oXygen. Thed actual conformation, bised
on jesults from TN chrqmatc'g.raphy.,\p‘l:okon-n'uclear .maqn.ev,i'c

resqhance spectioscopy, rates of dehydration and reduction

witBlhydrogen, was established as () cis-1(R), 2 (S)-dihydroxy, =

. 1,2-dihydroxynaphthalene (Jerina et'al. 1971)., Theé cis

than the trans isomer of the diol by strain NCIB 9816 (Pg)

(catterall, Murray, and Williams, 1971), and radioactive

‘u—ayspiné experiments, folloved by identification by TLG
identified ‘the cu isomer as an 1nfermediare in this strain.
'rhe cin isomer )a found to be the 1nfermediafe Ln aevaral

sf.rgsihs, including A’I‘Cc 17483, ATCC 17484 and NCIB 9816.

The natute of the oxidation product of the action of

’  isomer of +the diol was metibolized at a much faster rate

—




dlhydroxynaphfhalene oxygenase on 1,2 ?xhydroxvnap‘mhalene
wyfs- investigated by Barnsley (1976) It was observed that
the absorption spectrum of thé' product. was not. cons’istem
with that of-a phenouc compound, but. was congistent with
that ot 2-hydroxychromene-2 carboxyuc acid. This compound

was cons).derekz to be-an arf_}facf by Davies and Evans (1965)

© who reporred that it was nof met.abolized by cell free extracts,

and only slightly by whole ceus. Airhoug‘n é—h‘ﬁroxychmme-

2 carbexyhc acid ie convened to cis-2' —hydroxybenzal

pyruvate “at high pH,.this eonvgzsmn was carried: out by an ',

‘ifiducible enzyme-in several s'triins Sf naphthalene-metabblizing, .

ptseudomonads. NC%B 9816 PG, A'l‘(‘(‘ 17433 chc 17484 and

.PpG7. . This enzyme was desctibed as an’ 1somerase._ A‘latet‘

study by Patel ana varnsley (1980) concerned with the

purxf;ﬁfion of 12 dj.uy iroxynaphthaléne 1..‘1 Xy 2 rated'

that. 3-methyl cafacho! was axmized by 1 2 dihydroxynan},fhalene
KA 2

yg ,to 2 hydroxy

hepradienoate, the structure of.

which is not analogous to 2—hydro’xych’romene-z—carboxylic L

acid. Lt: was proposed fha* the producr was fcrmed as a

result of ring’ f1ssion of 1,2- vdroxynaphfhalene and

underqur cycuzanon before the r&ease of ‘the producf £rom,
rhe edzyme. The results of a ‘seriés of polar mutants generarad

by tahsposon Lnserfion in*o a sttain.deri.ved Etom pPG7 alsn

1ndicafq that 1; 2 dihydro:{ynaphfhalene oxyganase and the

isomerase are. aeparare enzymes (Yen and Gunsnlus. 19827,

‘The role of 2 hydrbxyuhtome-z carboxyllc aeid isomorase is-




. Gibson. (1984). . . B I EE

Salicylafe was identified as an inducer of the naphthalene

=parhway by Shamsuz}man and Barnsley (1974a) in several

analogues,cf .salicylate, 2-=m cate and 2-hydroxybenzy}-

% o alcohol-wera found '- ce nan'h*'halene oxyqenase qrafui*ously

o (Shamsuzzaman and Barnsley. 1974a).  The' eatly enzyme_s of
i~ the aphrhalene pathway 1n NCIB 9816 were found to be co-

'ordmarely induced en bloc by salicylate (Shamsuzzaman“drd

e _ dihydroxynaphthalene oxygenase and catgchol 2;3-dioxygenase
were indeed distinct emmymes. Williams et al. (1974) reported
that dinydroxynaphthalene..oxygenase was not,_induced by

g saliclate in strain Pg, however the assay used hy this’

1974b) . The early enzymes of the naphrhalene;parhway were

W ou % s _found *o be induced by salicylate and 2- &mmahsnzua e in srrains

PpG7~ ATCC 17433 NCIB 9816 and Ps (Barnsley 1975, -1976b)

arartasic compaunds, su‘c}, us. BHBEOL, benzoate, salxcy]afe,.
iy phenanfhrene, anfhracene, as well as" of naphthalene’ (Sranter

= " and Otnston, 1975)“ 'rwo pathways v “been descrlbed for

+the aegradaticn- of catethol, the -ortho or'” g—kehoadlpar_e

EY pa+hway, ana” the meta’ parhway. 5 g v

- o e steps and fhe regulaﬂon of the or*ho pathway fcr

unclear, and has been questiored. by cermgua (1981) ana’

apmhalene metabolizing pseudomonads. Twor struckural

Barnsley, 1974D). Thim study also demonstraced whaw 1,2=

Catechol is an infenmedxafe in the degradation of several :

"group was probably not. the best. (see Shamsuzzaman and Barnsley, ",




at the enol-lactone.
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the degradation of catechol were elucidated over a period of

20 years, predominantly in the laboratories of Evans and co-

workers and Stanier and co-workers, and “have.been reviewed

by 'Bvans et al. :(1951) and by S?anler and ornston (1973).

"The catechol ring is cleaved s the two, hydroxyl grqups

to form cis, cis-muconate. s, cis-Muconate is converted

to (+)'—mucenolaccone, which is converted to_ - keroadxpafe
enol- ucmne by an feomerase. The lactone is split by &
hydrolase. to ‘Gorm 8= kerpadipat‘e‘ B-ketoadipate: succinyl CoA
ransferase trapsfers CoA %o  G-ketoadipate, which: is then
clgaved by'a thisiase to succinate and acetyl Coh. ’ o

The regulation of the f-ketoadipate pathway was examined

in detail by Ornston (1966). Catechol 1,2-dioxygenase is

‘induced by the product of the reaction’ it catalyses, cis,
) —

cis-muconate. .cis, cis-Muconate also induces the muconate-
iactonizinq enzym‘é and mucona-lactone isomerase, which are
co-ordinarely synthasized. 8 -Ketoadipate is produced from
the enol lactone by high basal ‘levels of the ‘hydrolase; and
is the inducer of the hydrolase and the transferase, as well

as of two y of the prok pa y, which converges

The meta-cleavage of . catechol was first reported- by
Dagley and Stopher (1959). Hydroxymuconic acid semialdehyde
was foried from ‘the cl‘eavage of cat'eeho} between carbons 2

and 3 by catechol 2,3-dioxygenase (Dagle§ ef al., 1960).

Hydroxymuconic acid semialdehyde is degr;ded further elhhet
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by hydrolysis (Dagley and Gibson, 1965; Bayley and Dagley, -
1969) or oxidative decarboxylatiorl‘ (Nishizuka et al., 1962;
catterall et al., 1972). Vinyl pyruva‘te and formate are
formed from the hydrolysis of hydroxymuconic acid semialdehyde.

Hydroxymuconic acid semialdehyde is also oxidized to 4-

oxalocr ce by an NAD*-dep it aldehyde dehydrogenase.
An enol-keto change catalysed by a tautomerase (Sala-Trepat
and Evans, 1971) or an isomerase (épqrnins et ai., 1976;: the
issue is apparently unresd}ved. B:?yly and Barbour, 1)’84).
preceeds the decarboxylation to form vinyl pyruvgr:e. vinyl
pyruvate is hydrated to 2-keto-4-hydroxy valerate from which
is @rmed acetaldehyde and pyruvate by the action of an
aldolase (Dagley and Gibson, 1965). Catterall et al. (1971)

depopstrated that jthe .physiologically more important pathway

for the ion of hydrokymuconic acid semialdehyde was
the oxidation to 4-oxalocrotonate by the..NAD*-dependent

. s
dehydrogenase. Pathways which prodice catechol and 4-

methylcatechol p ed by the dehydr s Those which
produce 3-methylcatechol proceed by the hydrolase.

The genes for the degradation of naphthaiene have been
mapped (Yen‘ and Gunsalus, 1982) and cloned (Grund and Gunsalus,
.1983) from strain PpG7.. Thé genes are orga'niz,d. into two
‘operons, one ct{ntaining the genes for the degradation of"
naphthalene to salicylate, and one containing the genes for

the degradation of “salicylates via the metp pathway. The two

operons are separated by a régulatory region. . ‘The ‘gene - *
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product. of the regulatory region is required for the expression
af the two operons. Double transformants were used to
demonst.rate that both operonsg are under posihive‘ control.
The regulatory protein and salicylate are co-indurcers of

both operons.

In some bacterial strains, catechol 'is metabolized by

the ortho pathway, and in others, by the meta pathway.
Several straind, predominantly thogk of Pseudomonas putida
can idegrade catechol by both pathways, and. it appears to be

+he ‘precursor of catechol’which determines which pathway is

used., Several naphthal olizing p ds were
reported to metabolize the catechol produced during the
degradation of naphthalene completely via the metd pathway.

However, measurements for the activity ofscatechol 1,2-

dioxygenase or the presence of intermediates of the ortho

pathway were not. reported (‘Davies and Evans 1964, Evans, et
al., 1965). It was ‘infered by Feist. and Hegeman (1969) that
only the meta pathway was induced by growth with rji’aphr.halene
or-salicylate, and that the ortho pathway enzylr;es were induced

duf}ng growth on benzoate. Some Pseudomonas aeruginosa

. strains able to metabolize arylsulphon_ate)s, were reported to

use the meta .

T, the y ‘or metabolites of
£he ortho pathway were not assayed. -Other strains metabolize%
arylsulphonates by the ortho pathway only, and hydroxymuconic

acld semialdehyde was‘not detected as a metabolite in these

strains (Cain and Farr, 1968, Farr and Cain, 1968). The
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ortho pathway was induced during ‘growth on benzoate in all
strains. The n(eta pathway, but not the ortho pathway is
induced in Pseudomonas putida strain U during growth on
phenol, while only the ortho pathway is induced during

growtH on benzoate. These observations, together with those

_described above led Feist and Hegeman to qonclude that the

meta pathway is induced by the primary substrate, which-is
not: an inducer for the ortho pathwaywhile cis, cis-muconate,
thé product inducve'rv of ca?:echol '1,2-dioxygenase, ‘does not.
induce the meta pathway. T+ was proposed that the cakechol
formed from phenol by phenol hydroxylase was rapidly metabolized
by the high level of catechol 2,3-dioxygenase, and therefore

wasé not. metabolized by the low levels of catechol 1,2

dioxygenase. Catechol was observed to ‘be'a weak inducer, of

the meta pathway (Murray and will1am€, 1974) and it was

propcsed that the )ack of Lnducrxon of .the meta pathway

during grcgh on benzoate was not due to the absence of an

inducer, ‘bupNe to the combination of catechol being a weak

inducer, and that the intracellular concentrations of catechol
never rose to a sufficient level to cause induction. 1In

suppork of this proposal, it was reported by Williams et al.

(1974) that. Pseudomonasi put.ida strain Pg metabolized naphthalene

via the meta pathway, with no induction of the ortho pa'-.hwayf
while salicylate,, benzoate 'and catechol were metabolized
solely by the ortho pathway. ”n rather different. situation

was obaerved in a copy of svrain Pg sent: ko E.A. Barnsley by’
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P.A. wllliams and in NCIB 9816, the accession number osr

strain Pg in the National Collection of Tndustrial Bacteria

in . < 1 2,3 aloxyg was constitutive in
the strains described by Barnsley (1976b), atga low level
for NCIB 9816 and at a high level for Pg. Catechol 2,3
dioxygenase was inducible in the strain described by Williams
et al. (1974). Austen and ‘Dunn (1980) proposed that all
three Lgxf.rains. were: regulatory mutants of a common strain.
Catechol I,Z-déyxygenase and the enzymes of the crthc; pathway
were induced during growth on naphthalene or salicylate in
NCIB 9816 and Pg-as well as in strains PpG7 and ATCC 17484
+o varying extents. The ortho pathway enzymes catechol 1,2-
dioxygenase and mucona\re cycloisomerase were found o be
absent. in sfraxn ATCC 17483+ —The_ meta® enzymes were induced
duru‘grwfh on nap{fhalene or salicylate in those- s"raxns
that. had "inducible catechol 2,3-dioxygena§es, the enzymes
were not induced further in those--strains in which the
enzymes wexe constitutive. It would seem that during growth
on naphthalene or salicy;ate‘aufficient catechol is converted
to cis, cis-muconate to cause the induction of the pathway.
I‘n ‘}iew .of the absence of assay';\'ior the presence of ortho
pathway enzymes and metabolites in the reports of navies and
Evans (1964), Evans et al. (1965) and Cain and Farr (1968)

the mutually eXclusive .occurrence of the ortho and meta,
% ; 2 . SR

_pathways as described for Pseudomonas putida U may not. be as

universal as ccn‘\monly‘ reported in review articles (e.g. Clark, "
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1982, Bayly and Barbour, 1984). At the same time, it should
be noted tha# where the ortho pathway may be indyced in a
strain which contains a full suite of meta enzymes, the
activities of all of the ortho enzymes have not been measured,
and other measures of the flux: through the pathway have not
been made. Tl‘{e-.pc\lint is worth noting, as there is an
accumulation of“coloured compounds in the culture medium
during growth o/f the culture on naphthalene.

The involvement. of pla;n:{ids in the degradation of
naphthalene was firét reported for strain PpG7 by Dunn and
Gunsalus (1973). On the basis of curing and conjugation
experiment:s, it was concluded that. the genes for the degradation
of naphthalene via’the meta pathway were located on a plasmid,

designated as NAH. That a plasmid was indeed involved, was

LY
confirmed by isolation and transformation experiment.s (Johnston

and Gunsalus, 1977). Several other naphthalene-metabolizing
strains have been investigated for the involvement. of plasmids
in the degr;dation of naphf.‘h‘a‘lene. Boronin and- co-workers
have described several ‘plasmids carrying genes for the
degradation of ‘naphthalene. Plasmid’ NPL1 (Boronin et al.,
1976), isolated from Pseudomonas putida strain 12A carries
the genes for the early steps of the naphthalene pathway,

but. not for the degradation of salicylate. Catechol 2,\

dioxygenase is ' not present. in strain.l2A (Starovoitov et

al., 1976), :and the catechol resulting from the action of

salicylate hydroxylase was found to be degraded by the ortho
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.pafhway. *The gene for salicyla'e hydroxylase is apparently
1oc3red on’the chromosome in Hus sfraxnﬂnes for the ~
enzymes that. catalyze the oxidation of naphthalene to salicylate
and the gene for catechol 1,2 dioxygenase are carried on plasmid
pBS2, which was ‘isolated from.Pseudomonas putida strain
BS238 (Boronin .et al. 1977). Plasmid pBS3, isolated from
Pseudomonas fluorescens strain BS243 was.found to be similar
0 NAH, in that the meta pathway is plasmid borne, but pBS3
was .able to repress; the expression of catechol 1,2 dioxygenase
in a cured PpG7 s*ral.n ‘(Boronin et al., 1‘977) Plasmids pNB
140 and pup 160 isolated from strains UBl1-1 and UB2-1
respectively are also similar +o NAH (Dunn ek al. 1980), bu:
have différent inducer specificities. The gehes for -the
degradation of naphthalene'to'salicylate appear to be
chromosomally located in Pseudomonas putida strain PMD-1,
»Q;le the genes for the,deqradac{on_of catechol, End the
genes 'for the:meta-cleavaqe of catechol are locakted on
plasmid pMWD-1 (Zuniga et.al., 1981). ‘It is evident that
the pathway for the degradation of naphthalene may be coded
entirely by a plasmid, or only partially with the rest of
the pathway- being coded by the chromosome. The location of
the genes responsible for enzymes invzi:lvsd in naphthalene

‘degradation varies in different strains of Pseudomonas.
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Purpose of the Study #

This study was carried out from May 1979 to April 1981

and the results were published (Connors and Rarnsley, 1980,

©1982). Prior to this time, the existence of NAH was reported

and the chara‘cﬁ.erization of this plasmid was started in the

laboratory of I.C. Gunsalus. Tn addition sevefal plasmids

involved in the degradation of naphthalene were reported by :°

Boronin and co-workers. A plasmid was reporfed o exist in

strain ATCC 17483 (Heinaru et al,, 1978).'but.no data were

provided *o swpport this report. Plasmid involvement. in thé -

degradation of naphthalene by strain NCIB 9816 was proposed

< L5 ;
- on the basis of the coordinate induction of the early enzymes

in the pathway (Shamsuzzaman and Barnsley, 1974a). The loss
of the ability to Adegrade nabhthalene was associated with
the loss of plasmid in ::rains ATCC 17484, Pg and NCIB 9816

(J3.8. . personal

ication to E.A. Barnsley).
Several studies have been carried out.to examine the
2 »
molecular relationships among a variety of catabolic plasmids

(Heinaru et .al., 1978, Farrell et al., 1978, Bayley et al.,

1979) but with. the exception of the statemint that the'

plasmid in ATCC 17483 was iéentical to NANl (Heinaru et al.,
1978) they were. not..concerned with the molecular relationships
among ‘naphthalené-plaemids. i

It was decided to examine strains NCIB 9816, Pg',.A'l‘CC
17483 and ATCC 17483 which previously had been charué‘:e;ized
biochemically (Barnsley, 1975; 1976b) and several unchatacteri.‘zed
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naphthalene-metabolizing strains for the involvement of

plasmids in the degradation of naphthalene, and to examine
the molecular relationships among the nap?halene plasmids.

Difficulties in obtaining reproducible isolations of

plasmid DNA which were not resolved until the end of .the

£ime'period available:for, this study,

and the presence of
miltiple plasmids in several strains,

teduced the scope of
the study ,to thuse sf:alns from wh1ch plasmids could’ be

rransferred to Paw 330, a cured Pseudomanas putida arv&lla
strain. .
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Origin of the Waphthalene-Metabolizing Strains Used in this
Study, and their Biochemical Characteristics

Strains ATCC 17483 and ATCC 17484 were isolated at
Rothampsted, England by N. Walker (Walker and vwilf,shire,
1953).  The strain designated PpG7 by Gunsalus (see Table
IT) is the strain 111 of Stanier, Palleroni and Doudoroff
(1966). This organism was deposited in the American..Type
Collection as ATCC 17485 and was isolated.by W.R. Sistrom,
presumably ‘at Berkley, California (Treccani et al., 1954).
Neither ATCC 17485 supplied by the American Type Ciilture ~
Collection, nor strain 111 supplied to E.A. Barnsley by M.
Doudorof“f ‘wére able *to grow on ;\aphthalene. Strains NCIE‘
9816 and Pg are putatively identical and are apparently
- Megulatory mutants of the same strain. The strain originally
ekeribed as Pg and deposited in the National Collection of
I'Sdusr.tial Bacteria as NCIR 9816 was isolated by E. Griffiths
at. Bangor, Wales (Evans et al. 1965). . )
Stra‘ins PpG7,.NCIB 9816,‘ PG AT_CC\17483 and ATCC 17484

are most. easily distinguished Ry their catechol aioxygenases.
There is, however, some confusion iy the literature as *o
these characferistics (Feist arnd Hegeman, 1969; Williams et.
al., 1975). The biochemical characteristics of the strains
used in this study are those reported by E.A. aa:ngley} (1975

and 1976b) and are sumnarized |in'Table. I.
¥ ’ >
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Table I. Naphthal
Strain
PpG7

NCIB 9816

‘\
arcd> 17483

ATCC 17484

25 v

rabolizing

{

Characteristics of Catechol Dioxygenases

Both 1,2-dioxy and 2,3-di
are induced during growth on naphthalene
N

Low constitutive level of 2,3-
daid " 1,2-dioxyg induced
duran grcw#"n on naphthalene

'Hig‘h constitutive level of 2,3-

1,2-di induced

-durinq grow*h on nnp‘nﬂ\alene

2,3-Dioxygenase induced during
growth on n lene; 1,2 dioxyg
not. -produced

Low constitutive level of 2,3-

dioxy 1,2-dioxyg induced — -

duzing qrowrh on nap‘hﬁ\alene
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M}\TERIALS AND MBTHODS . s
A. Bacterial Strains
' The strains_used in this study belon'__r.o the genus
Pseudomonas;’ 4nd are listed in Table II. Paeudomonas put-ida
PPG7 was obul\in_ed frg;n- br, I.C. Guf\falusB Pseudomonas: sp
strain Pg was obtained from Dr. P.A. fwffgi_amé. ‘PaW 330 and
PaW 340 were obfained from Dr. C.J. Duggleby, and AC 545 was
obtained from Dr: AQ- Chakrabarty‘. NCIB 9816 was obtained
from the National Collection of Industrial Bacteria, Torry
Research Station, Aberdeen, Scotland, ATCC 17483 and ATCC
17484 were obtained from the American Type Culture Collection,

Rockville, Maryland, U.S.A.

B. Methods of Culture ’
The strains were stored on slants of nutrient broth
(0.3% peptone, 0.15% yeast extract) solidified with 2% agar.

' For daily use, the strains were maintained on petri

*dishes ‘containing mineral salts (9.3 m¥ (NHf); S04,

A\ .
25 mM K HPO4, 25 mM NaH2PO4, 0.4 mM CaClp.H20, 2 mM MgCly.6H30,
2x1074 4 (NHg)3 Mo7034.4H20, 7.2x1073 mM FeS04.7H30,

5.1x103 mM MnCly.4H20, 4.2x10~3 mM CoClp.6H20) plus a

“carbon soutce (succinate at a final concentration'of 7 mM,

salicylate at a final concentration of 3 mM, or naphthalene’

as a solid added directly to.the 1id of the petri dish).

VWhere redquired, amino acids were added at. a final Goncent.rat.ion

_Of 1001g/ml. Mineral salts solution A, containing (NH)z§04;

hEY
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. Table II Phenotypes of Bacterial Strains — continued
3 ¥ )
Strain ,Derivation* Phenotype Plasmid
MC 239, “MC 192 x MC 925 Naht, . | NAH3
M, 250 MC -86_x MC 213 Nah*Met~ NAH:
. Mc' 256 MC 190 % MC 213 NaRtdet.~ N&H2
uC-262 MC 192 x MC 213, Nah*Met™ . °NAH3
ME 281 MC 86 x Paw 330  Nah*Trp~ NAH
“ Mc* 286 ‘MC 250 % PaW 330  -Nah*Trp— NAH
| - o B
MC 274 MC 256 x PaW 330 * Nah*Trpe NAH2
. ‘MC 262 x PaR 330 Nah*Trp~ NAH3

& 268

*Strains deriv

+, recipient..

ed py conjugation are described as donor x -

28

**Reported as Salt, ‘was Naht.
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KipPO4 and NaHyP04 were: prepared at twice the required final
c;ncentration. M;.neral salt solution B was' prepared at 100x
+he reguired concentration. Solutions Aand B were sterilized
in the autoclave at 15 1bs/in? for. 15 minutes. The agar was’
prepared in water at. a concentration of 4% and was sterilized

in the autoclave a* 10 1bs/in2 for 15 minutes.' Solution A

of the mineral salts was added to molten agar in a 1:1
proportiof. Succinate and amino acids were- prepared at 100x
the required .concentration, and were sterilized in the

autoclave at 10 1bs/in? for 15 minutes, except for tryptophan,

which was sterile filtered. Salicylate and benzoatée were
prepared at 100x the required concentration and were sterilized
by filtration through a 0.22 m millipore £ilter.

For liquid cultures the following media were uge
mineral salts plus a carbon source plus amino acid:Kbs
requir;d: L-broth _(1‘0% NaCcl, 0.5% yeast extract, 1.0%
tryptone); and nutrient broth (0.3% peptone, 0.15% yeast
extract). L-broth and nutrient. broth were sterilized in the
aitoclave at 10 1bs/in? for. 15 minutes. The mineral salts

solutions were sterilized in the autoclave at 15 lbs/in2 for

15 minutes. Succinate and salicylate were sterilized as
previously described. Aliquots of lg of” naphthalene were
sterilized in a closed tube in the autoclave at 10 1bs/in2
for 15 minutes. The sterile naphthalene vas: melted and added
directly to flasks containing 250 n;l of mineral salts p%\a

1limiting amount of succinate (0.7 mM final concentratio

14




30
y

The flasks were swirled during the addition to disperse the
naphthalene. Additional succinate +o a final concentration

of '7 mM was .added to cultures growing on succinate in the

presence of .naphthalene.
S s

4
C.  Measurement of Enzymic Activities

cells growing in mid-exponential phase were harvested
by centrifugation (5009 rpm, 15 min, 4% in a. Sorvall Pc-2n
centrifuge) and were washed f.wi‘cai in phosphaf.:a ‘b’uner_(mosn
KHzPO4 plus NaOH +.o pH 7.0). The final pel Yot was resuspanded
in 2-3 nlis of phosphate buffer. A portion of thim suspension
was set aside to be used in assays requiring whole cell
‘suspensi_ons. The remainder of the suspension was sonicated
3 % (Sonifer, Model W185, Heat 'Systemsv-‘ Ultrasonics Inc. Plain
. View, MY.). The micro tip probe and the sample to be
sonicated were cooled in ice water. The cells were disrupred
by.three 30 second pericds of sonication at 50W. Fach
*period was followed ‘by 60.seconds of cooling in ice water of
both the probe  and the sample. The so‘n‘igar,ed cells were
used ‘directly without centzi guqation. %
% s - All enzyme assays were carried out.under conditions
which were “demonstrated to be .linear with ‘respect’ tow.time
and protein concenration. Initial rates v;ere measured and
.were used to -calculate specific activities. *
The concent.ration of protein wasgetermined. by f:he

method of Lowry ek al. (1951). Samples from the suspensions
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of whole cells and sonicated extracts were hea'ed in cen*r;fuqe

tubes with 53 TCA.' The precipitared material was collectea '

by centrifugation and used for the assay. Bov:.ne serum

albumin was used as the standard.

a) Naphthalene oxygenase

Naphthdlene oxygenase was measured ‘by the increase in
the rate of oxygen upt.ake determined polarographically,’

when 15p1 of 10 mM n;phthalene in ethanol was added to 0.1

" ml' of a ‘suspension of whole cells in 1.8 mls of phosphate

buffer at 250C (method reported in Connors and Barnsley,
1980):: The endogenous rate was subtracted from .the final
rate. Although the inciease in oxygen uptake indicates the
presence of naphthalene oxygenase, this measurement. is not

quantitative as subsequent. metaholic steps also Tequire oxygen.

1,2-Dihydroxynaphthalen oxygenase‘w s measured

polarographically at 250C. The-non enzymic_rite of oxidation

of 1,2-dihydroxynaphthalene was d by the Mu of

1541 of 40 mM 1,2-dihydroxynaphthalene in tetrahydrofuran to
e

1.8 mls 'of 0.05M acetate (adjusted to pH 5.5 ®ith NaQH), and

"after 1 minute, sonicated cells were added. The rate in the

. presence of sonicated cells was corrected for fhe non enzymic

rate (Patel and Barnsley, 1980).
1,2 Dihydr&xynaphr.ﬁalepe was prepared from 1,2

naphthoguinone (obtained from.Eastman Kodak Co., RocHester

v
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L s *
N.Y.) by Dr.- T.R. Patel according ko a published method

(Corner and Young, 1954) and was purified by vacuum sublimation.

‘ c) 2'Hydroxybenzal pyruvate dldolase 7 -
2'Hydroxybenzal pyruJQte aldolase was measured by +he
disappeatance of cis-2'hydroxybenzal pyruvate (Barnsley,1976a). ,
! e ‘vesorion: mixkurer containea 0u1n phosphat.e puéfe: oH 7.0
| sufficient for a final volume of 3.0 ml and 60yl of 2.085 mM
cis 2'hydroxybenzal pyruvate. Sonicated cells were used to
_start the reaction. The rate of decrease in absorbance at
296 nm was meadured. An extinction coefficient of 12.8
mM~lem™!, the difference between that of cis 2'hydroxybenzal
pyruvate and the product salicylaldehyde at 296 nm and pH
7.0, was used to calculate the rate of the reaction.
42-Hydroxychromene-2-carboxylic acid and 2‘hydroxybenzal
pxruvate wére prepared by Dr. E.A. Barnsley by a published
"method (Barnsley, 1976a). ' . *

d) Salicylaldehylde dehydrogenase /
salicylaldehyde dehydrogenase was measured by th}//’
2 disappearance of salicylaldehyde (Barnsley, mdl’ft‘cg;ttﬁof
~-the method of Shamsuzzaman an}? Batnsle/y-, 1974). The .reuction
LY mixture contained 0.05M sodtul‘n pyrophosphat.e bufE’e'r (déjushed_
with HC1 +to pH B.9) sufficient. for a final volume of 3.0
mls, 50ul:Gf 9.0 m4 salicylaldehyde in ethanol, 100ul of 42
mM sodium pyruvate, 100ul &f 150 mM NAD* and 35 units of
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lactic dehydrogenase (M4, ammonium sulphate suspension
obtained from Sigma Chemical Co., St. Louis Mo). Using a
trial reaction mixture, thé volume of 0.5M NaOH requi;ed to
bring the pH to 8.9 was determined, and this volume was
added to all reaction mixtures. THis vas needed because the
ammonium sulphate suspensions of la;:tic dehydrogenase are
quite acidic] The reackion was started with the addition-of
sonicated. cells, and the rate of ‘decrease in' absorbance at:
377 nm vas measured. An extinction ::cefficient of 5.52
mi-lem-l, the. difference between that of salicylaldehyde and
the product salicylate at 377 nm and pH 8.9, was used o
caleulate’ e rate.
The function of the excess of pyruvate and lactic
__dehydrogenase is *o maintain the cofactor entirely. in the
form of NAD*. A problem arises with the use of crude ext.racts,
as subsequent reactions interfere with the measuré&ments.

There fore by maintaining the cofactor in-the form of NADY,

the reaction is restricted to the conversion of salicylaldehyde
K

., to saligylate.
. -

e) Salicylate hydroxylase (Salicylat’e, NADH:oxygen

oxidoreductase E.C. 1.14.13.1)

Salicylate hydroxylase was as!a.yed by m_eauuring fhe
amount. §t.CO, released from salicylate (Barnsley, unpublished
method). ' The r‘eacf.ion’ mixture contained 0.05M.phosphate
buffer pH, 7.5 sufficient for a final volume of 3.0 ml,

& N
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720041 of 3.0 M NADH, 100ul of 0.3 mM FAD and 200u1 of a stock
solution of salicylate containing 4.95 ml of 1.51 m sodium
salicylate and 50ul of [14co0H] salicylate (the final specific
activity was 0.095uCi/umol). The compoents of the reaction
mixture'vere added to a 25 ml flask and incubated at 259 in
a shaking water bath for 1-2 minutes, A trap conslsting of
a strip of filter paper and 0.2 ml of NCS tissue solubilizer
(obtained €rom Amersham, Oakville, Ont.) in a centre well,
_inserted into a rubber stobrer (obtained from Mandel, Rockwood

Opt.) was prepared. The reaction was started with the

addition of sonicated cglls, usually 2041 of a 5 fold dilution

for extracts for induced cells. The stopper was immed_iar.ely
. closed and .the reaction mixture was incubated with genf‘.'le
shaking for 5 min. Thé reaction was sfopped by the injection
Of 1 ml of 2.5 M HS04 through the stopper. The shaking was
continued for'l hour. The st.em of the centre well was cuk,
and +he centre well was dropped into a scintillation vial
containing 10 ml of Toluene-PPO (6 mg/ml), and counted in a
scintillation counter (Beckman L§-233). A sampie. of the
stock solution of salicylate was also counted to obtain the

e
npmber of counts per umol of salicylate. The rate was

calculated 'as the fumber of ymols of CO; produced per minjte.

f)‘h Catechol 2,3-dioxygenase (catechol: oxygen 2,3 eoxido
N .

" reductase -[decyclizing] E.C. 1.13.11.2)

* °
Catechol 2, 3-djoxygenase was measured by the accumulation
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6f 2-hydroxymuconic acid semialdehyde in the reaction mixture
(Feist and Hegeman, 1969). .The assay was the same as the
published method ejcept that a phosp'h.;te buffer was used.
The reaction mi‘l.(*.u!'e contained 0.05M phosphate buffer pH 7.6
sufficient for a final volume of 3.0 ml‘and 67yl of 3.0 mM

catechol at 25°C. Sonicated cells were used to start the

reaction. The increase, in absorbance at 375 nm was measured. . .

An ext.inct.ion coefficient. for 2-hyaroxymconic acidgemiardehy'de
\of 33 mM~lem~l at 375 nm was used %o calculate (P.he rate of
the reaction. 7 v

The following method was used ho measure the activity
of catechol 2,3 d).oxygenase in suspensions of whole cells.
A volume Of 0.5 ml of culture was diluted into 2. 0 ml of

phosphate buffer pH 7.6 in a cuvette. The absorbance at 600
-

‘* nm and 375 nm was measured. .This suspension was incubated

for 13 minutes at room temperature with hexade®yltrimethyl-

Lon of hexadecyltrimethyl-

§ —
ammoniumbromide. The final concentrat.

3 o e
ammonium bromide required to maximize the -observed reaction

was on the ation of celis. Fof a suspension

with an absorbance of 0.2 at 600 nm, the final concentration

of hexadeécyltrimethylammonium bromide was 40ug/ml.. The

reaction was started by the addition of 67ul Gf 3.0 m

catechol, and the increase in abé;::xbar{ée at. 375 nm was measured.,

g) Catechol 1,2-dioxygenase (Catechol: oxygen oxido reductase

[decyclizing] E.C. 1.13.11.1)
[
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Catechol 1,2-dioxygenase was measured by the accumulation .~
of cis, cis—muconate in the reaction mixture (Hegeman, 1966)

after catechol 2,3-dioxygenase had been deactivated with a

.minimum of H02 (0.0005% final concentration) (Barnsley,

1976). The reaction mixturé contained 0.05 phosphate buffer
PH 7.0 sufficient for a tinal volume of 3.0 m1, 100 W of 40
mM EDTA (to macnvare the muconate lactonizing enzyme) and
moul f 3.0 m1 darechol a 250C. Scnicared cells were used
0 start the reaction. The ‘increase in absorbance at 260 nm
was measured. An extinction coefficient for cis,cis-muconate
at 260 mn of 16.8 mi-lem-! vas used +o calculate the rate of

: L

3 .

the reaction.

h) 2-Hydroxymuconic acid semialdehvde dehydrogenase
2-Hydroxymuconic acid semialdehyde dehydrogenase was
meaéuzed by the disappearance of Z—hyd.;oxymucnn'ic aciad
semlaldehyde"from the reaction mixture (Sala-Trepat and
Evans, 1971). ) ’
2-Hydroxymuconic acid semi-aldehyde was prepared in the

following way immediately before it was-required.

Sonicatedcells (about Dtl ml) fromaculture of Pseudomonas
P, a strain constitutive for catechol 2,3 dioxygenase were
added +o 50 ml of 0.04 mM catechol in 0.05 M phosphate
buffer pH 7.6. 'ﬂ\p absorbanc; at 375 nm was mcnlrored at.
intervals, When fhe reaction was comp)ered. Lndicul-ed-~by no

further 1ncrease ‘in absorbance, the~ pH of the sclu*ion was

v . . !
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adjusted to 2.5 with HCl. The 2-hydroxymuconic semialdehyde
was extracted into 50 ml Of ether. The ether layer was then '
extracted into 20 ml of 0.05M phosphate buffer pH 7.6.
Residual ether was evaporated.by swirling a flask containing

the product in a water bath at 379%C for a few minutes. A

volume of ‘this solution (usually 50-100ul) was diluted With

0.05 M phosphate buffer pH 7:6' such that a final volume of

,2.9 ml had'an absorbance of 1.0 at 375 nm.

.Sonicated cells were’)added to the solution of 2-
hydroxymaconic: sa'miald'\yde in 0.05M phosphate buffer, pH,
7.6. Sométimes a small, but significant, hydrolase activity

was present, which was measured first. Then 100ul of 10 mM

'NAD* were added to start the dehydrogenase reaction. The rate

due to the hydrolase was subtracted- from the rate resulting
from the addition of NAD -to give the rate due to the
dehydrogenase. An exf.i-ncf_;on coef ficient for 2-hydroxymuconic
acia aemiaidahyde at 375 nm of 33 mM~lem~l was usea to
calculate the rate of the reaction.

D. Curing

The method 'for cufing was modified from a published

®ethod for curing with mitomycin C (Dunn and Gunsalus, 1973;
Rheinwald et al., 1973), as suggest.ed by J.B. Johnsop (personal
communicat. fon o E.A. Barnuley)

A culture was growd to stationary p‘hase overnight. in L-

broth. 'n\, cultyre’ was dilu?ed into fhree sets of tubes to’
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, -
give each set respectively concentrations of 103, 104 and '

105 cells per, ml. To each set of rubes, a range of
concenfrafmns of Curing agent. ‘was added, and the cultures

were l.ncuba}“d with shaking at 259 for 48 hours. “-The best

curing agent and its concentration have to be establyshed

sevarately for each strain used. rom tubes which showedno

" growth after 24 hours, but. grovth after 48 hours, the cultures

which-gave growrh with the mqhesf Concent.ration of curing

agent. were selected for suh:unure on plates of L-broth.

After qrowth, the colonies were replica plated on to selective

media and scored.

Isélation of Amino Acid Auxotrophs

The product.ion of and selection for ;ami/nc acid, auxotrophs
was based on the mefhod of Ornston et al. (1969). The
procedure folléwed in this study is summarized in figure 2.

As the enrichment pr@cess does not ‘result in the isolation

o€ independem— mutant.s, four separate, cultures were used for

each strain. At the beginning of each enrichment cycle the

activity of catechol 2;3' dioxygenase was measured by the'

method for wholé cell suspensions for.all culturesof Pseudomonas

Fg- and PSeudomonas NCIB 981§ to confirm that the individual
cultures as a whole still had the characteristic constitutive
activity of catechol’ 2,3 dioxygenase. Those cultures which

aid not, were discarded.

Following “selection, theramino acid auxotrophic strains

e
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were tested for reversion. Cultures of the auxotrophs were
incubat.ed overnight 5:1 mineral salts cbnqainix“i‘g a limiting
amount. of succinate (0.04%) and a limi.ling amount. of the
’reguirﬁed ;mino acid (20pg/ml). The following morning,
" additional succinate and the required amino acid were added

o final concentrations of 0.2% and 100ug/ml respectively.
7 fine il




Culture . *

harvested in mi§-exponential phase

<

washed fwice and r in ple of i
phosphate buffer, pi 7.0, Agoo diluted serially
= 0 and plated for

: - - - « .. counting

5 ml of 5uspensl.on treated’

with 100ug NG, incubated at

25°C 30 min with shaking

washed twice and Xy sanple of 1

minimal salts (2 ml) Confainlnqv——
succinate and amino acids

incubated for 24 hr at 250C . ~.
with' shaking l

washed twice in mineral salts

resuspended in mineral salts

* containing succinate and

antibiotics (cycloserine, 0.2
mg/ml and ampicillin 12 mg/ml)

incubated for 24 hr at 250¢
with shaking

washed twice in mineral salts

|

resuspended anf plated on
succinate and amino acids

replica plated on succinate

examination of amino acid
auxot.rophs

diluted serially
and plated for
counting =

repea'j’l 3. more times
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When the absorbances at 600 nnl of the cultures had doubled,.

the cultures were centrifuged. The cells were resuspended .

in mineral salts medium to give an abgorbance of 4 at 600

nm, which provided a concentration ‘of cells of the order of

109 bacteria per ml. Vgumes of 0.2 ml were spread on agar.

plates conthining mineral salrs plus Buccinate. The .plates

were incubated at 25°c for six days and then wete scoréd. '

The -amino acxd auxotrophic derivaf;ves of PG and NCIR

9816 were tear,eq for the characf.erisf. c properties cf catechol

2,3-dioxygenake.. * | . #
N . S v R
F. Conjugation . S, ',

Two methods for conjugating plasmid-bearing strains
with plasmid-free ahrairs were used, In one' method, &Bnjugation
was ' ' carried out in 1\1quid culrure according ‘to -published
pr?cedl.“es .(williams and Murray, .1974). 1In the other method,
aqnj_ugation_ was carried obut on agar plates. containing L-
broth (suggested by D. 'Bradley, personal communication to
E.A. Barnsley) - ’ -

a) Method I' o . [
Donor ‘and recipient. cultures were grown overnight-on L-

broth with shaking, at 250C. Thirty minutes prior to the

conjugation exparimen.. 2 sample of donor culture was diluted
ten fold into fresh L-bréth and was incubated with shaking

at 250C, After 30 minutes, 0.5 ml of the donor culture was
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mixed with 0.5.ml of the recipiént culture in the stationaty
phase, and.the miztupe ‘was incubited without shaking at 260¢
for 30 minutes. Sterile 1% ‘saline’ (10 ml) was then added,
and the mixture v{a's cenuifuqé‘d. The pellet wa‘s resuspended
in 1.0 ml of sterile.l% saline, and the suspension was
‘gerially diluted. 'S'ami)les‘ of 0.1 ml from the undiluted
suspenalcn, 10, 102 and 103 fola diluf{ons were spread on
plafes selecnve for the exconjugates. :Samples of 0.1 ml
were spread from the 105, 1v06 and 107 fold ailutioms .on
plates selectiv¥ for recipients and on plates selective for '
donors. < As controls/ samples from the overnigh®t cultures
were centrifuged, ﬁ!nguh sterile 1% saline, and v;ei’e

( spread on plates selective.for -exconjugates.

bY Method 11 . ) G

' Donor and recipient. cultures were grown overnight in L-
broth with shaking at’ 280, ‘Thirry minuvessprios fo, Fhe
conjugation experiment, a sample of the donor culture was
diluted ten fold into fresh L-broth, and was incubated with
shaking at 250C. After 30 minukes, 0.5 ml of khe' donor
culture and 0.5 ml of the recipient culture were mix'ed.on
undried plates of L-broth agar. fThe plateés were incubated
at 250C for, two hours. -Each plate wg;; - — with 10 ml of
a*erile 1% saline, the suspension was ce‘nfrifuqed,.and the
peller was resuspended in 1. 0 ml of srerile ‘1% saline:
Dilutions and plarinq we:e carried out. as deucribed for,

— - N s,
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“Method I.

- G. Isolation of Plasmid DE .

All solutions, plasticware'and glassware required for

the isolation of plasmid DNA were sterile.

a) Method I

The following method is a modification of the method of

i ) ' pivaboin .and Doly (1979). : Lo R
» “ ) one litre of cells growing on L-broth was harvested
when fihe turbidity reached an absorbance of 1.0-1.2. The
" cells were washed in sucrose/Tris buffer (25% sucrose w/v,
10 mM Tris, pH 8.0) to remove, residual growth medium, and
were resuspended in 65 ml of sucrose/Tris buffer. The cells
were ‘lysed by.the addition of 200 ml of freshly prepared
ali;un{ SDS-EDTA (0.2 M NaOH, 1% SDS, 4.4 md EDTA). After
the solution had stood at room temperature for 15 minutes,
113 ml oé acidic sodium acetate (sodium ace;ate/acetic acid,
4. M-with respect to sodium acetate, pH 4.8 when diluted 10
" £01d) were added, and the mixture was left on ice for 75
minutes. The suspensioen was centrifuged at room temperature
at 10,008xg for 20 minutes. An equal volume of cold (-
'20°c) isopropanol waa-mixed with the supernatant, and the
"mixture was stored a‘t‘ =20°C ove:n’ight. The p‘ecipitated .
L DNA was collected by, centrifugutior‘n at 10, OOD.xg rpm in a
Soryvall RC2-B cantrifuge at -LOOC Eor 15 minutes. The

peuef_ was diuolvsd in TES buffer (30 mM Tris. 5 mM EDTA, e
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50 mM NaCi pH 8.0).. The sample was stored at -209C until
required.. ' .

This\method can be sca!:ed down to iso\af_e Plasmid DNA from
samples of 1.5 ml of culture. A

b) Method II o iy

1973 and Mevers et ~

The method of Falkow (Guerry et a
al., 1976) was used as published, except that the reagents

were scaled up -proportionally for volumes of 1 litre of -

culture. This method differed from the above in thak:llysozyme,

EDTA, and SDS were used ro lyse the cells, and a hiqh salt

concentration (1M NaCl final concenrra"lon) was uaed o

precipitate the chromosomal DNA-membrane complex. RNA was

_removed by treatment w1+h RNase and protein was renoved by

textraction with Tris- safurared phenol .

&

H. Purification of Plasmid DNA by Density Gradient

Centrifugation with Caesium Chloride-Ethidium Bromide

crifla preparations of plasmia DN were :parified by
density gradient centriegqan-en @With caesium c‘hlnride-
ethidium bromide (Radloff et al., 196'7).
' the nucleic acid content. of the preparation vas ‘heasured
by diluting 10ul of the preparation into 3.0 ml of phosphate
buffer (pH 8.0) in a 1 em cuvettie and measuring the increase
in absorbance at 260 nm. 'l'he absorbance of thevundiluted
preparation was culculuf_ed, and the volume used: for purification

was such that the product of the volume and the calculated
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absorbance was 144.
The purification steps were carried out under a dull
‘red light, and the DNA was not. exposed ko white light unkil

arer the final dialysis. = ¢ ' N
For.,entrifugation, 6.0 mfof a saturated agueous
solution of caesium chloride, Y.0 ml of an ethidiun bromide
solution (3 mg/ml TES) and *the crude sample diluted o 2.0
ml with,TES were mixed together. The refractive index of
this solution was adjusted to 1.3900 +0.0005 with the'solution
R0f CaCl in TES, as required. The solution was centrifuged
at 40,000 rpm for 40-43 hours at 15°C in a Beckman L3-50
centrifuge with a 50 Ti rotor. Fractions of 0.2 ml each
were cqllected and a 20,1 sample from every second fraction
was electrophoresed in a 0.5% agarose gel (type V agarose,
Sigma Chemical Co.) in Tris-borate-EDTA buffer (89 mM Tris,
2.5 mM disodium EDfA, 89 mM boric acid, pH not adjusted,
approximately 8.0) at a field strength of 5 volts/cm until a

" marker of bromophenol blie had run 10 cm.

The gel was stained with ethidium bromide in water (0.4

“wg/ml) and viewed over a C-61 transilluminator (Ultra Violet

Products Inc., San Gabriel, California).

Those fractiohs from the ;;radient containi;g pl'asmid
DNA were pooled. The ethidium bromide was extracted with
isopropanol equilibrated with saturated NaCl. The preparation
was dialysed against three separate 1 litre lots of Tris-

EDTA buffer (1 mM Tris - 0.1 mM EDTA pH B.0) at 4% in
’ :
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bottles wrapped in aluminium foil to exclude iig};t.

'n:e contents of the dialysis bag were transferred to a
test tube, and the dialysis bag was rinsed with a small
amount. of sterile water. The volume was reduced to appraximately
one tenth of the volume after dialysis by extraction of
water with isobutan'ol. . The preparation was divided into

)

The quantities of plasmid DNA “obtained following .

purification' on a caesium chloride-ethidium brdmide gradient
were +oo small to determine the concentration. The volumes
\uf +He puri%{ea plasmid DNA required “for di;esr.ion with
restriction endonucleases and for nick translation were
determined by electrophoresing small quantities from the

sample and selecting a suitable volume that gave a ‘%learly

visible band in the gel after staining.

Iwnigesf.ion with Restriction Endonucleaseés"’
Bam HI and Hind IIT restriction endonucléases were

obtained from'Bethesda Research Labpratories (Rockville,

Maryland, U.S.A.). s B LI -

Digestion with the restriction endonucleases was carried
out at 379C for seven hours. The medium for Bam HI confained
20 mM Tris-HCl, 100 mM NaCl, 7 mM MgCly, at pH 7.0, *hat for
Hind III contained.20 mM Tris-HC1, 60 mM NaCl, 7 mM MgCly at
pH 7.4. The total volum‘e of th; reaqtio;n mixture waA 50pl.

The buffers were-prepared:from stock solutions at. concenfrat.ions
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10x the final concentration to allow for dilution by the
plasmid DNA and the resrriction endonucleases. The stock
solutions of buffers and the restriction endonuéleasésj were
stored at -200C until requiged. The reaction was carried

" out ir a 1.5 ml capped pl;sti\centrifuge tube. Just prior
to incubation, the tubes were entrifuged -in an ‘Eppendorf

.cenr.riéugg for 1 second ko ensure that all the' reactints
were mixed" and were 1oc‘ate‘d at. the bottom of the tube.
After the period of incubation, the reaction was stopped by

_ heating at 689 for 10 mihutes, 251l of agarose beads were
added, and the sample was stored at -20°C. i

J. Electrophoresis
Volumes of plasmid DNA (20ul) isolated from crude

preparations or from CsCl dengity centrifugation were
electrophoresed in gels of 0.5% agQrosé (type:v, Sigma) in
* Trig-EDTA-borate buffer (89 mM Tris, 2.5 mM,disodium:EDTA,.
89 mM boric’ acid, pH nhot adjusfed, approxima'r.ely‘_é) at a
field sfaren—gth of 5 volts/cm. The. gels were sf.ai.neé in
ethidium bromide solution (0.4 ug/ml of HzO) for 15 minutes‘.

and viewed over an ultraviolet light source. ¢

- Volumes of 371 fromdigestions b’restrictlon andonuclg;‘s

were. e;édtmpﬁ{xeaed An gels of 0.8% agarose containing 0.5
Ng/mL ar.;‘idiun} bromide, in Tris-EDTA-borate buffer at-a field.
strength o.f grvolts/cm. ) '
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K. Southern Blots : .
The BRL-DNA Blot System ‘(Bethesda Research Laboratories,

Rockville, Maryland, U A.) was used to transfer the restriction

_fragments of plasmid—PNA—fromthe gel o a nitrocellulose

filter according to the method of Southern (1975).

The gel was placed in a denaturation bath of NaOH
M)-NaCl (1.5 M). ‘It was fully'Eubmerged and gently agitated
in the bath f(‘:n.' one hour. Aftéer denatufation the gel' was
immersed in a neutralizing bath of NaCl (3.0 M) - Tr‘iia-llcl

(67 m.pw: 7.0).and sigirared”gently" for one hours

Excess buffer Xas-blotted from the gel, the loading
wells were trimmed off, and a wicking sheet was placed over
the gel :so that 3-4 cm extended on each side. The support.
was placed over the wicking paper. Air pockets between the
gel and the wicking paper and between the wickir:g paper’ and

support. were avoided. The apparatus was then inverted.

A nitrocellulose sheet was soaked in distilled Hp0 for

"a few minutes, transferred ko the blokting buffer for one
minute, ‘and then placed over the gel. Air pockets between
the gel and thé nitroceiiulose were avoided. A stack of
blokting pads was placed on ‘top of the nitrocellulose and
the assembly was placed in the buffer tray. The free ends
of the wicking paper were placed .in +he blokting biuffer.
The blotting. buffer was composed of NaCl (3.0 M) - Na citrate
(0.3 M, 'pH 7.0). The time required for the transfer of DNA

was’ about. 20 hours. The gel was examined over a UV light
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source to confirm that the DNA had been transferred.

The nitrocellulose filter was cut with a flamed blade

to' the required size for the hybridization chambers, and .

then soaked in dilute saline citrate (0.3 M NaCl, 0.03 M Na

citrate, pH 7.0) for 10 minutes. After transfer of DNA the

filrer was dried at 379C for 30 minutes and then baked at. -

80°C in vacuo-for two hours, +o bind the DNA to the filter.’

‘
‘L. Nick Translation

Plasmid DNA was labelled with [3HITTP using a nick

translation kit from New England Nuclear (NEK-005). The

method was based on that of Rigby et al. (1977).
The [3H] TTP was lyophilized in a vacuum desiccator for
30-45 minutes. When the solvent. had been removed completely,

the required reagents wére added +o the tube containing the

[3HITTP in the following order: 5ul of nickK translation

buffer, 441 of unlabelled deoxynucleotide triphosphate

‘mixture, up to 7ul of plasmid DNA, and.nick transiation

grade Hz0 such that the total volume of plasmid DNA and Hp0
¥
was 7ul. To start the reaction, 2yl of DNase I were added.

The reaction miXture was allowed to stand at rdom temperature

for 2 min (Hginaru et al., 1978), prior to incubation at 12-

The extent’ of- the labelling was measured at. one hour

‘intsrvuls by the removal of lul volumes of reaction. mixfure.

The aa'mples war:e added to tubes conraining 100u1 of nx:k
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translation stop buffer at 0°C. The DNA was precipitated by
"the addition of 1 ml of cold 5% TCA. To ensure the precipitation
of all the DNA, the tubes were kept at 0°C for 15 minufes-
The DNA was collected on fibre glass filter discs (Whatman
GF/C) with a vacuum filtration apparatus. The filters were
washed twice with ‘2 ml of 5% TCA; twice with 2 ﬁl of 95%
efhannl. and were dried under a heat 1amp for 30" minutes.
The Eilker dluce were placed -in vials containing toluene-
PPO, and were counted in a scintillation counter.

The main nick translation reaction was stopped by the
addition of‘ 10pl of 0.25.M EDTA, pH 7.4 and heating at 68°C
for 10 minutes -to inécti\vate the enzyme (Rigby et al.,
1977), and the prepération was then stored at -200C.

' The unreact.ed triphosphates were removed by passing the

mixture through a column of Sephadex G 50 (fine, 20-80 pore

size, Pharmacia) with a bed volume of 7 ml equilibrated with:

Tris-HC1 (10 mM, pH 8.0) - NaCl (10 mM) - EDTA (2 mM). The

fractions containing the plasmid DNA were detected by counting

1yl volumes from-each fraction. The fractions containing

the labelled DNA were pooled, and stored at -200C.

M. ‘Hybridization

The condiktions for Hybridization were described in,

Heinaru et al. (1978). The experiments were carried out in

" duplicate.

The nitrocellulose filters were pre-incubated for siz
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hours a!;. 65°C in a solution of SSC at a three fold concentration
(ssC is 0.15M NaCl and 0.015 M sodium citrate, pH 7.0)
containing 0.02% w/v each of ficoll, poLyvinylpxralidone and
bovine albumin fraction V (Denhatdt. 1966) .

Samples ' of the rad1oact1ve1y labelled nucleic acld
containing 106 cpm were denatured for five minutes in a
boiling water L;}:h and were ¢ooled rapidly in iced watei.

.. The hybridization ssiutidn con‘tain’e& the single stranded
labelled DNA, 0.02% each of ficoll, polyvinyl, pyrc/l.;.dcne
and bovine albumin fraction V, and 0.2% w/v SDS in SSCP at a'-
f;ur fold concentration (SSCP is 0.12 M .NaCl, 15 mM sodium
citrate, 15 mM KHaPO4, 1 mM EDTA, pH 7:2). The final volume
of this solution was 10 ml. The hybridization was carried”
out in hybridization chambers which measured 4 ¢m x 9.5'cm x
2.5 cm. The nitrocellulose filter was placed in the
hybridization chamber v‘lith the aide_tok which the DNA was
.bound facing upwards. The incubation\ was carried out at
650C for 40 hours. ’ . : '

The filter was washed in SSC butfer at a four fpld
concentration containing 0.058 w/v 'SDS at 650C for two
hours, and then in SSC buffer at a four fold. concentration -
at‘ESQé for 30 minutes. The filter was briefly rxnsed in ,‘

.88C buffer at a two fold ration at room D

gre,
and then was dried at 37°C for one hour.
The filter was dipped in a solution of 20% w/v'PPO in

. toluene, and placed-against X-ray f£ilm (Curix RPI X-Ray .
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film, Agfa - Gavaert, Toronto, pntar\c)v(kanderath, 1970;
Bonner and Laskey, 1974). The film and filter were held
together hetween. two glass plates. The package was wrapped
in aluminium and was stored ar -70°C for a minimum of two
weeks. At the jnd of fwo weeks, one of rhe pair was developed..

If necessagy, the second was left at -70°C for a longer period. .
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RESULTS

A. Quring

The method reporfed in Rheinwald et al. (1973) and Dunn
- . \

v
and Gunsalus (1973) was used +o try to cure thé naphthalene

4 \
metabolizing strains NCIB 9816, Pg, ATCC 17483 and ATCC
17484. PpG7, the strain of Dunn and Gunsalus was used as;a
cont.rol for the curing method. Instead of curing, treatments

the generation of slowly growing

with mitomycin C resulted i

C .
,mitants, with frequencies for PpG7 which ranged from 2-5%,

d upoit. Ehe ration of mitomycin C. The mutants

all showed a partial revexsion to.the wild type. The examinac/s,on\
of a single clone grown on succinate and induced with salicyfate
showed. that the level of naphthalene oxygenase was 54-57% of
thaf) il the wild type.

The method of curing was modified to that described in
the section on methods. Cells in late stationary phase
{nsr.e:d of early stationary phase were usled +o inoculate the

medium containing the curing agent, and a range of bacterial

concentrations was used jnstead of a single concentrati

Mitomycin C and etKidium bromide were used as the curing

agents. The results are showh in Table ITI. -

The éffective concentration of curing agent was particular
to, each 'strain. The percentage of curing was low for NCIB“

9816 when mitomycin C was-used as the curing agent, and Bg

.did not cure at all. Good percentages of curing were obtained

‘
for NCIB 9816 and PG when ethidium bromide was used as the
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Strain Curing agent.
PpG7 Mitomycin C
£ ., Ethidium bromide
NCIB 9816 Mitomycin C
¥ Ethidium bromide
Pg Mitomycin C
Ethidium ‘bromide
) ATCC 17483 Mitomycin C
il Ethidium bromide
ATCC 17484 Mitomycin C
- Ethidium bromide
AC 545 Mitomycin ¢
. Ethidium bromide
N

concentrat.ion
10ug/m1
10ug/ml

3 ug/ml
10ug/ml

1 ug/ml
10ug/ml

0.1ug/ml
. 10ug/ml

3 ug/m1 "
5 ug/ml

10ug/ml
300i1g/m1

Table IIT' Curing of wap{:haxene Metabolizing Pseudomonads

frequency
of curing

12449%
<0.1%
2-3%
3-17%

"<0.4%
- 5-408

<0.43 ¢
<0.23

<0.4%
<0.05%

<0.06%
43

ke



$curing agent., but PpG7 did not cure. Neither ATCC 17483 nor
ATCC 17484 were cured by mitomycin C or ethidium bromide.
chh miromycin C and acridine’ cranqe were ver,a- toxic to ATCC
17483, the concenrru*;ons which peﬂruffed growth. were very
low. A single am.‘gﬁu_;\x o cure these strains wm/ acridine
orange was not ‘successful. Exposure to acridine’orange
merely resulfed in the production of slowly growing mutants.
"‘*emp*s to, cure ATCC 1743‘3 and ATCC A17484 with NG. also
resuned tn"the production of glowly growing matants.

’l‘reaflnenf of A'K'CC 17483 wi*h NG did produce some clones that

-were Nah~, bu" *he enzymes of the naphﬂ\nlene pafhway—-were

£6lina rc be 1nducib1e, although at- 1ower levels than 'in the
wild fypes This situstion Was favestigaved furihis”(sess -
section 61 N

Potentially curéd clories were s;gle'cr.'edyar. randon and
were sf.i—eaked-oum to' single colonies on agar plates plus’
uut:cinare. A sinqle clone from eac‘n strain was tested For
growth—on benzoare, salicylate and naphghalene. A sma11

number of ‘potenfially cured strains either reverted to

‘growth on haphthalene or showed a Sal* phenotype and therefore

were mutants. Ih.af!aiticn *o.colony colour and morphology;
growth on benzoate 1ndicatgd that. the strain 'was probably a
deriva;.ivé. of the’ purenf. str‘ain, and nbf a contaminant..
srm‘\which grew on benzoate (with the \.éxcept.ion. of
A'I‘CC 17483 dariva'ives) and were Nah~Sal~ w\ete selecfed to

be assayed for: the enzymes of the nuphthalene uné mefa
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pathways. The results for the derivatives of PpG7, NGIB
9816 ana g that vere used in lnker experiments ave ahown in
Table IV, but in all straing tested the whole block of
enzymes was deleted: THose st¥ains which reverted, or which
‘were inducible or grew slowly were deem;d %o be' mutants..
Thosé strains which had lost a block of enzyme ackivitiss

. /
were assumed +o have been cured.

B. Mutagenesis and Selection for Amino Acid nuxocmg‘ hs =

+ .+ The viabi.ley of the' cells after freaﬁ'menf wi ‘r\ NG was

about. 5%, for- all strains. Exposu NG can resux ‘in’ fhe-

produc*ion of amino aeid auforophs » but. very low froquencies.

: 'l‘his sifua'lon was,mpzqvad upon by using" an- enrichmenr

proces fnllwxng&he mut.agenesis. As .the enrichment Process

does- not produce 1ndependenf1y qenerafed mufanrs* fout

separa«e mutageneais expenmems were carried ‘outs for" each

se.rain. Due to. the merhod used;

' calculate .the frequencyof mitation. .However, deapife +ne
R . .
enric‘hment procass, amino acld auxorrophic muran*s were " not.

'ptoduced X" very great. numbers-

ive ptcperries of catechiol 2,3 dioxygenases

’l'he cqnsri

in s?raxnu ‘NCIB 9816 and "P¢ appeared o be w-ty senuhlve o

i fhe process of mufaqanesis and enrichmen as  the enzyme

" »Iﬁ became necessary’

'becume inducible 1n son\a of he mu'anru QE f‘hgse arréinu. . -

o moniror r)\e acriviry of carecholv 2 3

dioxygenase in rhese srrains duriqg the nanchment, process.
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Catechol 2,3 dioxyg wag yed by the method for whole
cell suspensions. Of the four separate populations of cells

for each strain, one lost the constitutive property of

catechol 2,3 dioxygenase.®

" Following selection for the amino acid auxotrophs,
]

r‘hose clones which had shown good growth on the uelecriva

* plates were resv-ed for revers-mn. "l'hose st.rains whteh grew

at. rates comparable t+o the wlld +ype s.':ratns, ‘had Lw reversion

rates and showed. the characteristic enzymic activities uf

~catechol 2,3’ dioxygenase, were_ selected fpr use in further -
. .

experiments (Table V). . T

c. con;uganon Exgenmenr ;

A’*smp;_s_.;fere made ‘.o canjuqave naphthalens-metahol uan

‘strains with strains in which r.he enzymes of the naphthalene
pathway were absent.. The results of successful and unsiccessful

.conjugations' are shown in Tables VI and VII respectively. —

Amino .acid auxotrophic derivatives 6f the naphthalene
métabolizing. strains with phenotypes Nah*Leu™ were crossed

with cured derivatives of PpG7, 'NCIB 9816 and-Pg wh—h phenot.ypes

. Nah™ as describéd in method I. Selection was nade for, Nah*

phenofyFes. Strains MC 86, MC 190 and MC 192 were found to.

conjugate with.the cured M‘:rainu with high . frequency. As
the plasmid in pPG7 had been designated as NAH (bunn and
Gunsalus, 1973) the presumptive plasmids in MC 190 and MC
192 wers aesigr;anpd as NAH2 and NAH3 ‘zjespectively.. skrains
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MC 189 and MC 129 failed *o conjugate with the cured strains.’

SStrains PpG7, NCIB 9816, Pg, ATCC 17483, ATCC 17484 and

AC, 545 with phenotypes of Nah' were crossed with Paw 340

with a phenotype of Nah~StrR as described in method I and

selection was made for Nah*strR phenotypes. Only strains
PpG7 and AC545 were able o conjugate with PaW 340, and.the

gtrains NCIB 9816, Pg, ATCC 17483 and ATCC 17484° failed to

" conjugate even when the period of incubation’of the conjugation

mixture was increased o two hours, or when the conjigation

was carried out. as described in method IT. Strain- MC 234, a

" derivative of PpG7 containing NAHZ; was able to coujuq’a’iz"

wi:{h PaW 340 only when method II was used. Strain MC 239, a
derivative of PpG7 containing NAH3 ailed o con‘ju;lar.‘eb\ivith
gy 330. o )
Strains MC 86, MC 190 and MC 192 conjugated with MC
213, a cured derivative of AC 545 with high frequencies.
Exconjugates from these crosses were used as donor strains

for conjugation with.PaW 330. Strain MC 256 containing NAH2

and strain MC 262, containing NAH3, conjugated.readily when'

method I was followed. Strains MC 86 and MC 250, containing.

NAH, conjugated with PaW 330 only when lmethod II was followed.

‘The enzymic ackivities of catechol 1',‘2 dioxygenase -and’

the £irst, two enzymes of the meta cledvage pathway. were

examined in exconjugates containing NAH, NAH2  and NAH3"

(Tablg VIIT). Catéeéhol ‘2,3 -dioxygenase was inducible in

strain MC 281 at a level coriparable.to MC B6. Thus the
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; - Table VII. Attempted Conjugation of Naphthalene-Metabolizing
Pseudomonads with Cured Strains

L Donor strain Recipient strain  Upper limit.of frequency™
% 4 o : ' ®
* MC 189 (17483) [ RELS <1 in 3.0x107 !
% MC 189 MC.119 ¢ < in 3.0x107 :
< MC 189 MC 96 <l in 3.0x107
“ - ]
MC 129 (’174?4) MC‘125 b <1 in 3.exlp7 * w g
‘MC 129 MC 119 <1 in' 3.8x107
W 129 Mc 96 <1 in 3.8x107
' NCIB 9816 Pall 340 <1 in 4.7x108
Pg . PaW 340 <1 in 3.9x108
ATCC 17483 PaW 340 © <l in 4.x107
aTcC 17484 PaW 340 < in 7.6x108
MC 239 (NAH3) Pall 340 <1 in 2.4x108
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characteristic regulatory propertiesgassociated with&NAH2
'and NAH3 were transferred with these plasmids. = The low
constitutive levels of catechol 2,3 dioxydenase and
hydroxymuconic acid semialdehyde . dehydrogenase are similar
im MC 190 and MC 274 and are not induced further during
growth on naphthalene. The high constitutive levels of
catechol 2,3 dioxygenase and hydroxymuconic acid semialdehyde
dehydrogenase dre similar in MC 192 and ¥C 268, and are not:
-induced further during growth'on naphthalene. The chromosomally
located catechol 1,2 dioxygenase was inducible in all strains

tested.

D. The Isolation and Purification of Plasmid DNA

Plasmid DNA was isolated from PpG7, MC 281, NCIB 98167
MC‘ 274, "Pg, MC 268 and ATCC 17484 according to the method
outlined in the section on materials and methods (Figures 3
and 4). Plasmid DNA was not. present. in Paw 330, the background
s:rain for MC 281, MC 274 .and MC 268. PpG7 and MC 28l each
contaihed one plasmid, Strains NCIB 9816 and Pg each contained
two plasmids. [z, was the larger of the two plasmids +hat
was transferred fo MC 274 and MC 268 respectively, and was
“associated With the ability to degrade naphthalene. The
transfer of plasmids NAH, 'NAH2 and NAH3 from their original
" strains into PaW 330 did ot appear to result in a reduction
of molecular weight. These three plasmids were not separ.air.ed

by electrophoresis in agarose gels. Strain ATCC 17484




Figure

3.

Naphthalene plasmids in their ori
after sfer to PaW 330. The lanes contain:

pG7, B, PaW 330; C C 268; D, Gcr E, MC
274; F, NCIB 9816; G, MC 281; H, PpG7.

ts and
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Figure 4. Plasmids in ATCC 17484. Lanes A and C contain
PpG7, lane B contains plasmids from ATCC 17484.




. .6
contained multiple plasmids, the largest plasmid appeared to
be slightly smaller than NAH on the basis of electrophoretic -
oo mobilify. It was not possible to derec'-. any plasmids in

i . afce 17483 by this method, or any orhex & .

The samples of plasmid DNA isplaf.ed from MC ‘281, MC 268
Lo " and MC “274_were contaminated by unidentified pieées Of DNA,

! ~presumably sheared low molecular pieces Of chromosomal DNA,

and RNA. The plasmid DNA was purified by caesium chloride-

.. ethidium bromide den ggadient. tenkrifugation.
. The initdal yiem\}z purified’ plasmid oNA.. based on
the km- enairy of the banda after elec#rophm’esls, were 1aw.

’rhe yield was improvgd by carryinq out. the fractionation of

the gradient. and #he removal of ethidiun’bromide and CsCl in

-~ " the “aarx. 'rhu presinably reduced nicking of £he plasnia
DNA caused by light. Kowe

e D1£ﬂcu1+ie¢\in separating, the, band containing  the

pusmd DNA  from éhe band containing unear and nicked

s ! ciycqla; DNA were resolvet_ﬂ in ways. A per-:.stanc pump

Wwas used to fractionate khe gradient at a slow rate (1 ml
per 4 minutes 25 uconds) some mixing of the rwo ‘bands
still occurred durinq fracfioﬂat’iun. “but. i.r was poasible o

obvain fairly clean fractions*of plasmid DNA. ’I‘he amcunf of
crude. DNA that was” applied to the cscl erhidium bromide was

regtricted, as deﬁ‘cribed ln “the section: On maf*erials .and *

5 " - methods . Wh.en‘ larger. amounts of a crude: preparétign was

“used, the number of fractitns containing plasmid DNA only
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was few, and many fractions containing plasmid DNA were
still contaminated with (linear and njicked circular DNA.
When smaller amounts of a crude preparation were used, an
insufficient amount of purified plasmid DNA was obv.aine‘d.
T+ was not possible *o remove completély the Contaminating
DNA wlfh one density gradient centrifugation. A second
centrifugation removed more of rhe cnnfamlnu"inq material >
but. nor all of it, and the quantity’ of purified plasmid DNA
ohtained was reduced further. As a compromise, only one
density gradient cevn»f.x"ifugaviun vas: UFel kS purify the
plasmid DNA. R
. i o

E. Digestion of Plasmid DNA with Restriction Endonucleases

Pla%mids NAH, NAH2 and NA:H3, isola;,ed from strains MC

281, MC 27'4 and MC 268 respectively, were digested with the
resti‘ictiur‘xl -endonuclease Bam HI and Hind I1T. ° The pattern
of fragments obtained from NAH2 and WAH3 were identical with
bofh restriction endonucleases. The patterns obtained from N ‘,
- NAH differed subs"amially from those obtained from NAHZ and ;
T —‘__NKHB (ngures 5 and 6). Digestion with Hl.nd It produced 11
. ) , fragments from NAH and 20 from NAH2 and NAH3. ot o)\ese
fragments, only rwo appear to be common to all r.'htee struimi.
Diges*:\,on with Bam HI produced 10 ftaqmen"u from NAH and a4 ;=
fragments from NAH2 and NAH3. Of these fraqmenrs.one might. o
be common o all thee plasmids. ’

vy, Assuming nhar the. fitst 1nrenue ‘band rasulrinq from.
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ction pat rns of naphthalene
\ AH2 a NAH3 digested with Bam
lanes contain d A; B, A;
D, NAH3; E, NAH;
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digeauon with Hind TII is two unresolved fragments (Farrell

et al; 1978); the sum of the fragments of NAH is'52x106.

The sum of the fragments resulting from digestion with Hind,

IIT of NAH2 and NAH3 is 77x106.

. R . .
F. Hybridization Experiments
Plasmids NAH and NAH3 weré labelled with tritiated

+thymidine by nick translation, and were denafured to provide

single stranded DNA probes. The restriction fragments from
| -

Bam HI digests of NAH, NAH2 and NAH@ were transferred from
agarose gels to nitrocellulose filters. by means of Southern

blots. The hybridizarions were carried out as described in

Yhe seci—ion on materials and methods.
.

All the fra@ f:c@wz and NAH3 hybridized with

the labelled NAH DNA\(figure 7).’ Simi‘tly, all the fragments’

from NAH hybridized with the labelled NAH3 DNA. As would be

expected, all the fragments from NAH hybridized ‘with the

labelled NAH DNA and all the fragments from NAH2 and NAH3
S L

hybridized with the labelled NAH3 DNA. These latter

hybridizations were included 5 provide an internal cont.rol

of the degree of hybridization, as permitted by the degree

of stringency specified by the method of hybridization.

. s = \
G. Examination of Naphthalene Pathway Mutants of ATCC 17483
| Attempts to cure ATCC 17483 with NG resulted in the

production of strains with a Nah™ pl .ype. This ggest

P




Hybridization of Bam HI restriction fragments
of NAH, NAH2 and NAH3 with NAH labelled with
tritiated thymidine. Lanes A, B and C contain
NAH3, NAH2 and NAH respectively, in the original
gel, lanes D, E, and F show the autofluorograp
of NAH3, NAH2 and NAH respectively.

Figure 7.
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that curing had taken’ place. However, further examination

of ghe Nah~-strains revealed that many of ‘these mutants were
of a Nah'i;al*‘ phenotybé and that enzyme 6f the nap;lthalehe
pa:.nusy could be.induced by 2-aminobenzoate in strains of
the Nah-sal= phenotype. - R ) :
A series of mutants, each mutant having .a_defect at a
different. step in the naphthalene pathway, was generated by
the exposure of a culture of ATCG 17483 %o NG, as previously
described (the enrichment process was omitted).- Mutants of
Nah~sal*, Nah*Sal~ ‘and Nah~Sal~ phenotype were produced at
frequencies of 0.4, lo.é and 0.5% 'reapecuvgu. »

Nah~ mutants were grown on agar plates containing

succinate as a carbon source, and then exposed to naphthalene,

added as a solid to the lid. Clones which produced different.
c’olours on exposure to naphthalene vapour were‘elec«:ed for
further .exuininaf.ion.

The activities of four of the enzymes of the naphthalene

pathway induced by 2-aminobenzoate in 14 type and

selected mukanks are shown in Table IX. Strains MC 3, MC 4

and MC 5 each have a Nah~Sal* phenotype, Wut are blocked at

‘different. steps in the pathway. MC 3 is blocked at naphthalene.

oxygenase, MC 4 'is blocked at 2'-hydroxybenzal pyruvate
aldolase and MC 5 is blockedy at 1;2-diliydroxynaphthalene
oxygenase. Of rhe sPrainn wirh a: Nnh*‘sal‘ phanorypa, strains
MC 7 and MC 9 have low levels of unlicylaldéﬁje dehydrogenase, =

and straind MC 10 and MC 12 may.have a block in salicylate




Table IX - Activities of Enzymes Induced by 2-Aminobenzoate in Mutants of -

ATCC 17483.
e # Specific’Activity* of: 7
g Strain Naphthalene 1,2-Dihydroxy 2'-Hydroxybenzal- Salicyaldehyde .-
s % Oxygenase ‘Naphthalene pyruvate Aldolase Dehydrogenase
o S et ,
ATCC 17483, 100 (0.31) 100 (0.93) 100 (0.25) 100 (1.33)
MC 3 <1 75 69 78
.
MC 4 30 80 1 ® 118
MC' 5 64 ... 3 1 <1
MC 7 70, 97 52 8
"MC 9 53 - 88 64 1
.MC 10 122 . 104 75 106
© MC 12 127 66 68 112
MC 17. 91 % 25 14
MC 18 129 81 66 91

*Ac:)vxnes are‘ngen as percentages of the act)vlty in the wild type.
specxnc activities for the wild type, expressed. as umols/;run per mg protein are

given in p.renthesxs .

The actual
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metabolism. . Of r.hé_ strains with a Nap~Sal~ phenotype, MC. 17
has ioyl levels of 1,2-dihydroxynaphthalene oxygenase and
salicylaldehyde dehydrogenase, and MC |18 appears to have a
Block in salicylate metabolism. ’

ATCC 17483 and the mutants described above were grown

on succinate in the presence of naphthalenes=~The activities

of rmaphthalene oxygenase, 1,2 dihydroxynaphthalene oxygenase,

2'hydroxybenzalpyruvate aldolase and salicylaldehyde

Y
7, MC 9, MC 10, MC 12 and MC 18 were some or all of Fhese

enzymes induced in the presence of haphthaléne.
g

were me a. (Table X). oOnly in strains MC

i
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¢ N H
. Table X Activities of Enzymes Induced in Mutants of ATCC 17483 Grown on Succinate

in the Presence of Naphthalene.
b . »®

specific Activity (umols/min per mg protein) of

Strain Naphthalené 1,2-Dihydroxy 2'Hydroxybenzal- salicyaldehyde
Oxygenase Naphthalene pyruvate Aldolase Dehydrogenase
\ATCC 17483 | 10.29 0.96 0.22 0.89
aTcC 17483 0.005 z 0.009 0.008 - 0.020
(non-induced) % i
MC 3 0.009 <£0.005 - +. 0.005 0.017 &
s a
MC 4 0.006 <0.005 . <0.005 0.108
ME 5 0.025 <0.005 0.007 - 0.005
Me 7 0.35. 0.96 '0.034 1 o.005
C -

MC 9 0.15 0.89 . 0.15 0.012
MC 10 0.36 1.10 0.25 0.73
MC 12 0.42 1.66 0.21 0.90 g
‘MC 17 0.017 <0.005 . 0.013 0.040
MC 18 - 0.40 1.15 - 0.15 0.83
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DISCUSSION

A. Detection of Plasmids in Naphthalene-Metabolizing Strains

A plasmid iav\fsua:lly defined as a genetic element: which
specifies processes which are not essential for g;wth under
normal environmenta’l\ conditions. Thus it Imay be acquired or
lost wikhout lethal effeck to its host (Clowes, 1972).
Unda;-' unusual environmental conditions, the presence of one
oF Wore plasnids way. eonter & eelSStiVE aavantage, Suches
the ability to grow ih the presence of T
the cape of resistance plasmids, or the ability to utilize

unusual substrates for growth, as in the case of catabolic

plasmids. >

Curing .

< e ioks: GF & plasmid is called curing. Occasiocnally,
in the laboratory, a plasmid may be lost When ‘& Etrain”
containing ‘a plasmid has been maintained on a medium which
is' not selective for the plasmid (Williams and Murray,
1974). Spontanebus curlng is usually rare. However,' +he -
Erequency of cu\ring Lan be enhancsd when a sfrain ccntaining-

a plasmid is? grown in ﬂm presence. of cyrch:xlc cheml.cals

, such as mifomycinrg (Dynn and éunaius, 1973), ethidium bromlde,

adridine orange or NG (Novik, 196’9). A high frequency og

curing ‘with no ruversion *o the orlginal pheno*ype may

. proviay the 1ni.H.aL evldence, for the presance qg a plaumm’

in a bucfarial straim.’

o

*
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The resalts of the curing ExPerimen;s were consistent:
with reports of the preisex;ee of ‘plasmids in strains PpG7,
NCIB 9816 and Pg associated with the ability to " degrade
naphthalene. * The 'absénce of curing in strains 5TCC 1748:.1

and ATCC 17484 cannot be used ko rule out the presence of a

plasmid in these two strains. As is apparent from khe:

results, different strains responded to different curing

agents, and to different concentrations pf curing agent. It
has been reported that ATCC 17484 can be cured (J.B. Johnston,
personal communication to E.A. Barnsleyly and experiments
discussed later provided direct evidence for the prasence of
plasmids in ATCC 17484, so it may be that an appropriate

curing agent. was not. identified for ATCC 17483 and ATCC 17484,

. Conj w_'.ion ’ . -

Many plasmids contain the genes which specify a mechanism

for conjugation, a process by which a plasmid is transferred

from one strain to another. Such plasmids are called conjugative

or self‘ transmissible plasmids (Clowes, 1972). The conjugative

) "hranafe.r of a phenotype suspected of being carried on a

¥ plasmid is skrong evidence for the involvement,of a plasmid.

"n?r. all plasmids are self-transmissible, however, and the

absanse ofl conjuga‘tive transﬁer of a pa»rticqlar phe‘noh){pe
does nob. rule out the involvement of a plasmid.

A current model for the mechanism of conjugation invclv_as

the transfer of one strand ‘of the plasmid DNA ffom +the donor
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cell to the recipient cell, through a pgre that is formed in
the cell envelope following cell to cell contact. (willeﬂ's,
1981). The complememary strand is syn*hesxzeiby each
cell. There are three requirements for conjugation (Willetts,
l9§1); the plasmid mist contain an origin of transfer sequence,
the host cell must synthesize a DNA r.ia'nsfer and replication
system that recognizes the origin of transfer sequence, and
the cell must synthesize a system for a stable mating pai{\
formation, These requlTencnts are Godsd Lo Y SELE~
transmissible plasmids, but the latter two can be supplied
in trans to transfer non self-transmissible plasmids.

Pili appear to be involved in the formation of stable
mating pairs. The role of the pili*in this regard has nok
beén fully explained, .but they seem to be involved in bringing
about. cell to cell contact. Pili have been identified from
all' incompatibility groups of plasmids (Brodley, 1981) and

" may be classified on the basis of morphology and environmental
conditions required for corrjugation.

’ Conjugations were attempted fpr two reasons. The first.
wa: to determine .if the ability to degrade naphthalene was
transmissible. The second arose out. of practical considerations,
as at. the outset. of the Wwork, plasmids could only be isolated

reproducibility from hosts PaW, 330 and.Paw 340.

The results of the conjugation experiments demonst.ra
the role of « plasmid in -the. degradation of naphthalene in

strains NCIB 9816 and Pg and that NAH2 and NAH3 were ‘self-
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transmissible. Although strains' ATCC ‘17483 and ATCC 17484
or their amino acid auxotrophic derivatives did not conjugate
with any of the cured strains, the involvemeht of plasmids
can not be ruled out. Tf pldsmids are involved in the
degradation of naphthalene in these sr,:.aihs, the plasmids
may not. be self transmissible, or he strains used as recipients
in the conjugation may not. have been compatilile with strains
ATCC 17483 or ATCC 17484. Another "possibuir,y is that ogly .,
part .of the pathway is plasmid borne, and the selection ,
tgchnique would not. have been able ko select. for such a plasmid.
In order to obtain réproducible isolations Gf plasmids
NAH, NAH2 and NAH3 it was necessary to transfer these plasmids
to strains PaW 330 or PaW 340 (C.J. Duggleby, personal .
aodmnieation +6 A Barnéley). Mrains Paw 330 and Paw
340 are cured Trp~ derivatives of a TOL bearing paeudomonas
putida arvilla) strain. PaW 340 differs from PaW 330 in
Yhat -the strain has s streptomycin resistance marker.
Direct crosses from the wild type strains into PaW 340 were
attempted, but only NAH from BpG7 was transferred. The
absence of conjugat‘icn .by strains NCIB 9816 and Pg was
unexpected as NAH2 and NAH3 are self-transmissible l<p1asmids.
It was reported that the conjugational pili specified
by ‘the plasmids of the same incompatibility group as NAH '(P-.
9) a;‘e rigid, ag':d because of this property, strui{fn co‘nhai.ntn}g
plasmids from this group conjugate with higher frequency on .

' agar plates than in liquid culture (Bradley, 1981). Conjuga_f.,tori g
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experiments’ between the ‘stfains. uhder 1nvesnga+mn and_paw

330 were. carried. Sk o ‘agar pxares. PpG7 did conjugate, o

but . not. with increased frequency, and the other sktrains did .

not. conjugnfe. 513 v{as possiblé.to transfer™NAH2 from sn:ain

MC 234 +o PaW 340 *by this method, but. not NAH3 from strain .
Mc 239, E %
2 As’ strain %C 545 (reported to contain a SAL plasmid,

* 7y :
‘but. which was of a transmissible Nah' phenotype) was able to «

conjugate™With Paw 340, NAH, NAH2 atid NAH3 were transferred
to strain MC 213, a cured derivative of AC 545. Exconjugates
“from these ‘crosses were used as donors in conjugations with

- Paw 330. Thus NAH2 and NAH3 could be transferred to PaW 330

only indirdckly via an intermediate strain. NAH could be
transferred either directly.from an amino acid auxotrophic 2

% . derivative of the wild type, or indirectly through an’'

intermediate strain. Although the genes for the.mechanism
of cenjugution are specified by the plasmid, the host strain __ )
' appeafs influenc; the prm‘:ess of conjugation. ¥ "
ThHe characf.eristic propert.ies of catechol 2,3-dioxygenase

and 2 hydroxymuconic acid semialdehyde dehydrogenase were

: transferred wilh plasmids NAH2 -and NAH3. These proper"_ies
K
i, . therefore are dete_#mined by the plasmid, and not by the' host

strain. . L |
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. - B. . Isolation of Plasmid DNA From Naphthalene-Metabolizing , .
: = - > T N _6\
Strains T i 4

Plasmids exist in’ the bactekial cell ag covatently, e

closed cifcles double %e.randad Dm\ (Clowes, 1972). 1It-is

this cohfiguration that makes the plasmid resistant to -«

denaturation, ‘and techniques for the isolation of plasmid - *

DNA make use of this property. As a result of difficulties
in the isolatjon of large plasmids, several mernuds have

‘' been reported. The methods'have common features: the bucteria\

ted

. cellsare lysed and chromosomal DNA is denatured and precipf
as a chromosomal DNA-membrane compxex, "leaving the pl aamid .

DNA in the supernatant. :The difElcul'tes in the isbl

on ‘'
‘of catavolic Blasmids aphear to be due o the dxfﬁculo\y in
- seéparating large ylésmids from the chromosomal DNA-membrane
complex (Palchaudhuci and Chakrabarty, 1976), and primarily
due to nclehse activity released during cell breakage. .
It was not possible o isolate plasmid DNR_reproducibly
s from the wild type strains by the use of several methods . *
. (Guerry et al. 1973 and Meyers et al., 1976; Birnboim and )
i : o1y, 1979, Hansen and Olgen, 1978). This difficulty was -
circumvented by the transfer of NAH, NAH2 .and NAH3 O,c‘ PaW
| .. 330. The isolation of plasmid HNA from a Paw 136 h‘ackgr’ound 2 iy
was easily acc’ompli.shed by any of the above methods. However,

this method is cnnfdned _o those plasmids and a*ratns-fhaf

‘
are able to’ conjugafe wuh Paw 330.

The method nf Birnbcim nnd Doly (1979) wn modﬂ!ied 'd




’ permit the detection of plasmids in“the wild type strains.

.- . —The modifications ewBlved during several large scale isolations.

£ plasmld DNA and_are described as follows.:-Cultures ih
ate expg“gnnax ojjarly sfafionary s were duuved\;o- I

frzld iato fresh medium and were qrown un"il fhe absorbance 1
& at. 600 nm ;eacnea.x-l.g. 'rhe cells were washed in dmdso- 1
. d&v‘nolar butfer soluuﬁion to remive residval grwth medium;

‘\he Lsc—csmclar buffer was: used “to pervem‘ Dremafure lysis of

“ ke cells. The .tréatiment with lysozyme was omitted as it

. ' © was unnecegsary for ds.. Rapid lysis was effegred - <

Wwith NaOH which wbuld-also Genature nucleases. BSkeps. to

remove, RNA by rrearmenr with RNase (heared a‘jf 100°C for 10

\ minutes prior to use to Lnacfivafe DNasen) and ko remove. /-

profe1n by. extraction with Tris-saturated phenol or |
phenql/chloroform soluh.ons can be incorporafed inro the

method;—and mntauy .were \'oufinely can-ted out. VThe = &

plasmid DNA xsclared by this mekhod was not. pure enough- for'

dxgesfion with restriction endonucleases, and purlficationv .

\ > onacaesiun chloride-ethidiun bromide gradient was necessary.

*._  Plasmid DNA was separated from- RUA and protein on the gtadienf

and 8o these, steps were omitted in ohe initial isolafion

w X
procedure.

— e isclarion of plasmia Dia from %w;mwype strains
demonstta*e_d/thaf PpG7 contained a aingle plasmid, and r'har
NCIB 9816, PG and ATcC 17484 con*uined mul"lple plaemids.

= * Although the mef.hqd permitted the de!‘.ec*_icn af;plgsmidu in
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snveral uncharacterized®strains isolated from soil, in

addirion to the strains described above, n was not. possible

+o defec" ,any. pxasﬁs\ds in ATCC 17483 by any method.

B 32 and: NAHS afe the larger of the two plusmids present: \

in NCIB 9816 and PG Yespecfively, because rheit rransﬁKro

~p1umxd ~free sn—axns is accompanied by *he ability to degrade .

rnaphrhalene. Ir is possxble that- the largesr plasm.d in

'm’cq 174&4 might be responsible for ‘tie degradarion of

naphthalene, \but there is no evxﬁé for this.. On the
basis of elecrr‘ophorefic mobility, the largesr plasmid in

ATCC 17484 appeared +6 “be-smaller than NaH, ir may be that

.
this plasmid lacks genes re\quxx‘ed for the ccnjugarxonal

tranafer of 'the plasmid. ' NAH e wly plasmid in PpG7.

<AS.NAH2 and NAH3.wer, hwe only plasﬁlds to transfer to

PaWw 330, NAH, NAH2 and.NAH3 were isgla?_ed from-the PaW 330

background. The conjugational transfer of these plasmids to
a‘gecond or third strain diq—noi:./appear to resul® in a )
.decreaie in molecular weight, as determined by electrophoretic
mnéilihy\in agarosé gels. (The isolation of NAH and SAL
from aifferent background strains has resulted in the isolat ion
of Plasmids havinq diffetenf molecular weights (Heinaru et

al., 1973: Farrell ef. al., 1973)“ 4
E A

C. The Molecular Relationship Amorg NAH, NAH2 and NAH3

"“Restriction endonuclesses are part of fheVresrricuon

and modificaf ion syuremn used by bacfaria as defence méehanisms

-~
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“against’ the uptald of foreign DNA. (Nathans and Smith, 1975). Pl |

Class IT restriction endonucfeases recognize specific nucleotide
SF I el - - - :
sequences dx, double stranded” DNA and cleave both strands.
B - The number and size of the fragments produced by a particular

g - _endonuclease 1s ‘dependent upon’ the number and distrxbutmn

of the spec1f1c nuclcotide scquence.» in the plasmxd DNA. g

Thompson et al (1974) showed that fragments produqeg} by a
digest w‘u:h restnctmn endonucleases “could be resolved into "

'specxfu; patterns in’ agalrose gels, and’ that this method

could be used to dlstxnguxsh among différent plasmids.
, Duggleby et al. (1977) usod this,'technivquc to look‘at h'e\—— A
molecular relationships among a variety-of TOL plasmids. L=
. Closely related plash;ds can be -expected to retain a similar N
distribution of -the specific sequer;ces for cleavage by t‘l'.m
restgriction endonucleases and thus produce sir;nilar pattcrns.
of restriction fragme‘nts during electrophoresis. '
- © _. The -patterns of restriction ‘tragments from digestions. -
) with Hind IIT and Bam HI were identical for: NAHZ and NAH3.
This res ult confirmed ‘thal NAH2 and NI\H! werc cssentially
the same plasmid and_were regulévtoty mutants. The patterns Y ~°
Y restriction fragnents from NAH wete substantislly differdnt e
from those of NAH2™and NAH3, indicating that the molccular .
¥ relationships between ‘\t\}\e\_two plasmids were_not very cl.ose._
'Alt‘hough NAH, NAH 5 { NARS. were not separatpd by
elect_r«;phoietic mobility in(}gerose gels the molecular

weights ém\ce:mined by the summ}b on of the restriction 7




'Eragments generated by ﬁigestton with Hind IIT are differen -

NAH was found to have a molecular wexght of 52){106 daltcns,

wruch was in close agreement with a’ previously publ"shed‘

molecular welght of 50x106 daltons (Fark‘ell ,et al, 197&)

NAH2 and NAH3 were found to- have a: molecula: wexght of

77x106 daltons. ' This'is somewhat puzzling as Yor, with a

: \
molecular weight of 75x106 da,l<tons 1n stram AC 137 (Chakrabarty

|
]
et al. 1978) and 77:(106 daltons in stralmPseudomonas putida -

arvilla m:-z (buggleby ‘et -al!,- 1977) and SA\\L (no published

noleéuiar weight for SAL in AC 545 but. SAL has been repérted

_to be .larger than NAH [Johnson and Gunsalus, 1977, Farrell

et al. ' 19781 ) » are readily separated from NAH by electrophoret)c
mobility Sﬂ»f‘aqarose gels. A" possible explanat:on of thls

behaviour may be that NAH2 and NAH3 are more tightly supercoued"
, : - 2%

 than. NAH.

/A more direct way .to exémine molecular relationships
frecy N

Va;;\ongAprilasmids..is by the method of\_DNA:DNAIhybrigi;at’ion
between !?;xe‘ DNA from one .plasmid with the restriction
endpnuclease 'E.raqments from anothér‘plasmid. Although the
patterns of restriction fragments were very different Eo:‘
the two plas,mids, .all the Eragments 'from NAHZ and NAH3
hysridized with NAH, and al!"t'he fragmenis from NAH hybridized_
w!th NAH3. NAH and NAHZ/NAHC{ are struchurally more slnular
than a ccmparison of the patterns,of the restriction Eragments

would suggest. It clo\{ld not. be ascertained from this expenment

whether the homology'lay in the structure of the genes that




_ plasmids appears to -bo ektensive,

-the hybrxdizat1on was not expccted,

" induction by naphthalene.

87

specify the enzymes for-the degradation of naphthalene or

other parts of the plasmid or both.” The homology among- the
under the conditions
speclfxed by the méthod of hybriaxzatlon. The‘hybr\l}lization
were carried out according to a publxshed. method’ to sée i§

there was any homology between NAH and. NAH3. Thé éxtent of

and morc stEingenh .

conditions of hybruﬂzation were not used. The' filters

could haye been washed' with lower concentrations of saline-
citrgte in order to promote the dissociation”of duplexés’
formed betycen imperfectly matched fragments. A more rigorous

test of homology {w_oul.d be to carry out hybridization between
. ¢ ' s

the Tatabolic Genes cloned from eadh plasmid. .

I

D.

2 Y i
The Regulation of Naphthalene Metabolism by Pseudomonads
T

The "enzymes ,of the naphthalene pathway are induced - in

‘- cultures growing on succinaté in the presence of 2-aminobenzoate

in PpG7, NCIB 9816, Pg, ATCC 17483 and I\TlCC 17484 (Barnsley,
1975 and 1976b). only in ATCC 17483 ard these enzymes
induced when a'cultute is grown on succinate in’ thg presence
of naphthalene. This éropérty made "it poss’i‘ble to examine a

series of mutants with blocks ar_ different steps in the

-early stage of the naphthalene pathway for tﬁQ effect of/

The mutants were ch@racterized /by
the enzymc activlties induced by 2-aminobenzoate. and then

viere examined for the induction of the enzymes of the naphtha;ené

s




.pathway by -naphthalene. ) 3 L
Although the low activities of some enzymes in MC.3, MC
4, MC 5 and MC 17 could account for the Nah~ phenotype, the
relative actlvities were not conslstent with polar effects
resulting from a single mutation. The Nah*sal= phenotypes
of'MC 7 and MC 9 may have been due to a reduced uptake of
salicyllate rather than a block in salxcylate’ metabolism.
Although the- pyruvate prcduced from 22 hydroxybenzal pyruvate
by the aldolase can suppnrt growth, the low levels of
salmylaldehyde dehydrogenase in these strains v‘ou’ld result

in the accunulation of salicylalfenyde, which is toxic.

'rhe enzymes of .the jnaphthalene pathway were not. induced.

'™MC 5 and- MC 17) wh:\ch were blocked in the steps preceedlng
salicylaldehyde dehydrogenase. only in those mutants which
did not have blocks in the early stage of the naphthalene
pathway (MC.10 and MC'12) or may have had a black in salicylate
metabolism (MC 18) 3r had low activities of salicylaldehyde
dehydrogenase (MC 7 and MC 9) were the enzymes of the naphthalene

pathway ihduced in the presence of naphthalene. These

results can be explalned if induction in-.the preéepce of

—-in the presence of naphthalene in those nutants (MC.3, MC 4,

naphthalen*requires the conversion\of naphthalene to

salicylaldehyde. Thus‘only when the patrptay. is intact as
far as' salicypldehyde is the pathway xnau
\ As s‘aUcylate }i% also an inducer of’' the naphtt}ale.ne

pathway (Barnsley 1975, 1976b) it can not be ruled out that
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salicylate may be reduced to sallcylaldehyd in vivo, or

. that /salicylaldehyde may be non-enzymatxcally oxidized to

salicylate. However, salicylaldehyde and salicylate arc

structurally similar to the gratuitous inducers 2- amiho

benzoate and 2~ hydroxybenzyl alcohol and may both be inducer..

of the pathway. Tt would appear that ‘salic Ladehyde is the .

first possible.‘inducer: of the pathway and that naphthalene

itself or -the’ earlier metabolxtes are not inducers. !

The mutants of NCIB 9816 and Pc.whlch had lost the

constitutive properties of catechol 2,3 dioxygenase were not

examined closely, except to note that the levels of induced

and non-induced catechol 2,3 dioxygerase were very similar

to those of PpG7. This observation supports the proposal of

Austen and Dunn (1980) -that the rcgulation“af‘the naphthalene

pathway in’these two strains, and the strains of Wllliams et. -

al (1975) was essentxally the same as that specified by,NAH

in PpG7, ‘and ‘that in each strain, a mutatmn had altore

control of the pathway. This situation is -in contrdst to
that -in ATCC 17483, in which repea?d a:@-ts totZisolate
dloxygengs\eh‘aw; been

mutants constitutive for catechol 2;

<
unsuccessful (unpublxshed cbservations)
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The ihvolvement of plasmids in the degradation, of*

wag démonstrated ip 'strain NCIB 9816 and Pg by

naphthalen
: conjugation and plasmid‘isolation expex:iments. The
examipation of the naphthalene plasmids'in these two stralns‘
by restnctzon endonuclease dxgestion showed that the two

plasmids are ‘essentially the same pla;mld,, beihg*regulatory

mutants_of each other.: The presence of several:plasmids was

‘démhnstratefl in sﬁréin ATCC'!7434‘,‘.'and it is assumed that
the largeét of these plasmids, similar in,él‘ectrophorgtic.
mobility to NAH, is theé one involved in thé dégradation of
naphthalene. ‘It was not possible to demon¥trate the presence
of any plasmids in strain ATCC 17483.- Firm conclusions .may
be premature, but it would seem that the genes for the.
degradat;on of naphthalene are located on the chromosome in

this straxn. In any case, .ATCC 17483 is very different Erom

the other strains used inthis study, as it alone induces the
S ; » udy : .

enzymes for the degradation of naphthalene in the' presence
of naphthalene while growiné on excess succinate;’and y’also
has the properr_y of giving, with hlgh frequency and withour_
selecticn,‘ different mutants in naphthalens metabolism.

The strgzns containing plasmid NAH and plasmid NAH2 and
NAH3 were o_riginau; i ated Sh‘ separate continents. It
was not surprising then,~tS ob: erve .that the parEegns of
restriction erndonuclease Erag&ggs’ were v,e'xjy different.

" Plasmidsi.NAH2 and NAH3 ar® larger than NAH. Ne‘uart‘heless‘,
. L4 .

B

”

—
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. NAH and NAH2/NAH3 hyLbridize extensivaly with each othor, and

\)Retefore have consi
D . i !
_ eXists among ,t;hg TOL plasmids (Duggleby et 4&l., 1977) .and

derable homology. A simila;/situat&on

"o hamology ‘has been dcjncnstrat.ed among NAH, SAL and TOL (Heinaru
etal. »1978). It\would appear that cer:axn molecular structures

% are geographlcallﬁ ’w1despreﬂad. The parent strain- of, NCIB

: . |
"9816 ‘and Pg degraies enanthrene via dxhydroxynaphthalene

and”the rEmainder o

£ e naphthalene pathway (Evans et al.,

1965) , although thefe- Strains do not grow on phenanthrene
(Barnsley,* unpubhshed obgervations). It may be that genes
: for the degradatior‘\ of phenanthrene to dlhydroxynaphthalehe
are also l‘d‘E’ated on the plasmidw
» ’ T The differences in thé regllatlon of ‘the pathways
Speclfled by NAH IJAHZ and NAH3 may not be as great as would
- fxrst appear. The constltutwe properties’ of catechol 2,3-
dmxy;enase are easxly destroyed 1n NAH2 and NAH3 by treabment
. i with NG, and mutants of NAH. with a constxtutlve catechol 2,3
’ dmxygenase appear (to be readily: 1solated (Austen and Dunn,

|
1980) . [

/ From;'the examination of a series of mutants of strain

/ -, £
- B ATCC 17483, it can 'be ‘poncluded that sdlicylaldehyde is the

f

" | regulation of naphthalen p/at)yoﬁ} ~Ts—unusual compared to
/’ that of other hydlozrarbo’\,s (Clarke and Ornston, 1975) in

. ~ | first pqssible mqucé&qf the .naphthalene pathway. The

that a relatively large number of enzyme cqn\lyzed steps aro

- required to produce |t first inducer.
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“SUMMARY i s

Four strains of naphthalene metabouzmg pseudomonads
were examined for the involvement of plqsmids in fhe de_g:ada,tion :
of naphthalene. The plasmidﬁ NAH‘in the -str:ain PpG7 of I.C.
Gunsalus which h}d been charactertxzed previously i,n his
1aboratory“was used both as a contrcl and for thc purpose of
camparxson. of the strains under: lrvesthatxon, PpG7, NCIB

‘9816, Pg and ‘ATCC_ 174&4 were classlfied as Pseudomonas ::
utida, ATCC 17483 was an unclas‘slfied fluorescent pseudomonad.
These strains had been characterized biochemically in the
}aboratcry of E:A. Barnsley. NCIB 9816 and Pg were putatively
identical and were assumed to be regulatory Skaris of Ehew

same strai

(Barnsley, ]97ﬁb). o
The inifial evidence of the involvement of plasmds in
NCIB 9816 and Pg tame from,curing and conjugation experiments.
The_ ability I:o degrade naphth{ne was lost upon curing, and
subsequent invesugaeij“ showed that the wholgTock of

y from naphthalene’ oxyg .to the lfirst two énzymes -
3

of the meta pathway werd completely deleted. Cured strains

regained* the ability to degrade naphthalene o‘nly after '
conjugation. The plasmids in NCIB 9816 and 2g, aesizjnateé
NAHZ and NAH3 tespectively were shown to be self- transmissible
plasmxds. +The :egulgy.on of' the .meta pathway enzyme§ was
transferred wir,h the plasmids, thus the genes for the ;egulation

of these enzymes are plasmid borne.’, It "ﬁs .not possible to

’

demonstrate the, 1nvolvement of plasmidg in the degradation

—

-

‘ o
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of naphthalene in ATCC 17483 or.ATCC 17484 either by curing
or by conjugation.

Difficulties in obtaining reproducible isolations of

-{_/ plasmid DNA from Ne strains under jnvestigation were

circumvented in two ways. - Plasmids associated with the
degradat}on of naphthalene were transferred .from their host

strain %o ‘a. cured strain- PaW 330; by ccanation cither

directly or-indirectly ~via. a second cured strain. It was

then“‘i)ossible:to//isolate plasmid DNA easily by, several

methods. The' major draw back to this technique isstha® it

is lxmlted to s lf-trangmlssmble plasmids that’ are able to
§

conjugate with/ strain PaW 330. The method of Birnboim™and
'

Doly (1979) was modified, and the resulting method enabléd

the isolation of plasmid DNA from 'thg,‘wine strains.
Strains ,NCIB 9816, Pg and ATCC 17484 contfined’ multiple

plasmid It was not possible to démonstrate the presence.

of any plasmids in strain ATCC 17483. The largest plasmid

in gtrains NCIB 9816 and Pg was the plasmid involved in. the

—deradation of naphthalene, perhaps the largest plasmid in

3 étr’ain ATCC 17484'also determined the degradation of naphthalene.

determined. NAH'appeared tote the only plasmid in strain PpG7.

As strains MC 281, Mc 274 and MC 268 each contained

only one plasmid, NAH, NAH2 and NAH3 were 1solat\!ﬂ £rom

these hosts, respecfively, and were purified by. caeslum

_chloride-ethidium bromide density gradient centrifugation.

The roles of the smaller plasmids in these strains was not -
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- v The-molecular relationships among NAH, NAH2 and NAH3
. were analyéed-by the qémpari‘soq of the p“atterns of fragments

generated by digestion with reéti‘iction .endonucleases, and

2 ' by an in u hybridization of sxngle stranded labelled -

plasmid with restrwtlon>u.ugments bouM to rutror:ellulose
. filters. . S S '_ 1
% z - i ) 5
The patterns of restriction endonuclease fragments of

NAH2 and NAH3 were 1dent1ca\\wh1ch was -not unexpected au

the t}lc ‘plasmids were from putatively identical organisms. :-
: . The patterns of restriction endoniicleases fragments from NAH %
differed considerably from the patterns from NAH2 and N}}i-l].

However, -the re%ricticn endonuclease fragments from NAH2

and NAH3 hybridized extensively with NAH, and the res:uc:ion ',
endénuclease fragments from NAH hybridized extensxvely with i
NAH3, demonsttamng an extensive . structural homolcgy that /- :

was ‘not indicated from the compariscn of the patterns of . A

v restrictxon endonuclease Eragments.

Some observatmns on the reguwtion of the naphthalene

pathway were made. The enzymes of the naphthalene pathway are :

induced in ATC(‘: 17483 while a culture is growing ©n succinate
in the p‘resencé of naphthaléne. - This property, peculiar to
ATCC 17483,. made it possible to identify salxcylaldehyde as
the Eirst possible 1nducer of the pathway, and t demonstrate

s that nap(hthalene 1tse1f or \!erlier: metabolites are not

Gy 1ndugers."’rhe regulation of ‘the naphthalane pathway in PPG7.

. and, NCIB 9815 and Pg is: prcbably similar, as it was Kj’b_le/ T
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©7 &b isolate mutants of NCIB 9816 and Pg with an inducible

catechol 2,3-dioxygenase’:
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