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Alkaligenes eutrophus strains exhibiting both plasmid-borne heavy metal resistance and haloaromatic-
degrading functions were obtained by intraspecific conjugation. The strains which we constructed expressed
catabolic and resistance markers together. Degradation of various polychlorinated biphenyl isomers and 2,4-D
(2,4-dichlorophenoxyacetic acid) was observed in the presence of 1 mM nickel or 2 mM zinc, provided that the
metal resistance determinant was present in the catabolizing strain. Such strains may be useful for
decontamination of sites that are polluted with both organic compounds and heavy metals.

The use of specialized bacterial strains that are able to
degrade organic pollutants, such as polychlorinated biphe-
nyls (PCBs) and pesticides, is becoming increasingly impor-
tant for decontaminating polluted soils, sludges, and ground-
waters (16). The use of these microorganisms may face
various obstacles, including poor survival and functioning
outside laboratory conditions because of the presence of
toxins or other inhibitory and/or competing compounds,
physical inaccessibility, competition, predation etc. (12).

In the United States, 37% of sites polluted with organic
compounds were found to also contain inorganic pollutants,
such as heavy metals (20). Heavy metals are known to
influence organic matter decomposition by the natural bac-
terial flora and are considered important inhibitors of acti-
vated sludge processes (1, 2, 18, 29, 35). Accordingly,
bioremediation of sites polluted with organic compounds
might be impaired by the presence of heavy metals. Indeed,
we tested the responses to heavy metals of different bacterial
strains selected for their capacity to degrade organic xeno-
biotic compounds (Table 1). The strains were tested on Tris
minimal medium agar plates containing an appropriate car-

bon source and a heavy metal salt at different concentra-
tions. Tris minimal medium is peculiarly convenient for
testing resistance to heavy metals, as described previously
(24). The plates were examined for growth after 1 week of
incubation at 30°C. In most cases, growth of the xenocata-
bolic strains was totally inhibited at low heavy metal con-
centrations (0.1 mM Co2+, less than 0.5 mM CrO42-, 0.2
mM Ni2+, 0.2 mM Cd2+, 0.1 mM merbromine, and 0.5 mM
Zn2+). Thus, the availability of bacteria that are able to
degrade organic pollutants and at the same time are able to
resist contamination with multiple heavy metals is impor-
tant.
Alcaligenes eutrophus is a suitable choice for such con-

structions because strains belonging to the genus Alcali-
genes have been isolated as both multiple-heavy-metal-
resistant (7-9, 22) and chloroaromatic compound-degrading
(3, 10, 14, 30, 31) bacteria. Moreover, these strains have
been isolated as important colonizers of severely polluted
sites and, therefore, seem to be well-adapted to the con-

straints imposed by such environments (8).
A. eutrophus A5 harboring IncPl plasmid pSS50, which is
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involved in biphenyl (BP)-4-chlorobiphenyl degradation
(Bph+/Cbp+) (31), and A. eutrophus JMP134 harboring
IncPl plasmid pJP4, which is involved in 2,4-dichlorophe-
noxyacetic acid (2,4-D) degradation (Tfd+) (10), were mated
with A. eutrophus CH34 or SV661 carrying megaplasmids
conferring multiple resistance to heavy metals (9). The
characteristics of the strains are shown in Table 2. The
heavy metal-resistant strains were kept on selective agar
plates containing Tris minimal medium supplemented with
gluconate as a carbon source and the appropriate heavy
metal, as described previously (24). Strains AS and JMP134
were kept on Tris minimal medium containing BP and 2,4-D,
respectively, as sole sources of carbon and energy. BP
(purchased from Janssen Chimica, Beerse, Belgium) was

supplied on the lid of the petri dish. 2,4-D was added at a

concentration of 5 mM. Plate mating occurred as described
previously (21). The selective agar media contained Tris
medium, BP or 2,4-D (5 mM) as the sole source of carbon
and energy, and 1 mM NiCl2. H20 or 2 mM ZnSO4 7H20.
The large metal-resistant plasmids of strains CH34 and
SV661 are poorly self-transferable (frequency, 10-7 to 10-8
per donor cell) (8, 24) in intraspecific matings. To allow
selection for catabolic strains receiving heavy metal resis-
tance markers, the catabolic strains were mated with a

multiple auxotrophic derivative of A. eutrophus CH34
(strain AE81) (24), and the amino acids required by strain
AE81 were omitted from the selection medium. In matings in
which transfer of catabolic and resistance markers could
occur in either direction, the transconjugants were analyzed
for chromosomal markers to differentiate between donor and
recipient strains.

Strain JMP134 and AS transconjugants which had received
Nic+ or Zin+ markers from strain AE81 were identified, and
strain CH34 and SV661 transconjugants which had received
the catabolic marker from strain JMP134 or AS were also
found. Representative strains from each mating are de-
scribed in Table 3. The plasmid profiles of the transcon-
jugants were examined by using the crude plasmid extraction
method of Kado and Liu (17). As described previously, pJP4
was transferred unchanged into strain CH34 at a high fre-
quency (10-1) (13). Transfer of pMOL28 from strain AE81 to
strain JMP134 happened at a frequency of 6 x 106 and was
enhanced by IncPl catabolic plasmid pJP4, which was

present in the recipient strain (i.e., by retromobilization)
(23). Transconjugant strains contained a very large plasmid

334

Vol. 59, No. 1



NOTES 335

TABLE 1. Maximum tolerated concentrations of heavy metals in minimal medium for various xenobiotic
compound-catabolic strains and A. eutrophus CH34

Xenobiotic compound Maximum tolerated concn (mM) ofl:
Strain catabolic property

(reference)' Qo2+ Zn2 CrO42c Ni2+ Cu2 CCd2+ Hg2+d

A. eutrophus A5 Cbp+ (31) <0.1 1 <0.5 0.2 0.3 0.2 0.5
Alcaligenes sp. strain BR60 Clc+ (14) 1.0 >2 <0.5 1.0 0.5 0.2 >0.5
A. eutrophus JMP134 Tfd+ (10) 0.1 0.5 <0.5 0.1 0.3 0.1 0.3
Pseudomonas putida PaWl Xyl+ (15) <0.1 2.0 <0.5 0.5 0.3 0.1 0.1
P. putida PRS2015 Clc+ (6) 0.1 1.0 <0.5 0.2 0.3 0.2 0.1
P. putida RE204 Ipb+ (11) 0.1 0.2 <0.5 1.0 NDe 0.1 <0.1
P. putida PgG1901 Nah+ (36) <0.1 0.5 <0.5 0.2 <0.1 0.1 <0.1
A. eutrophus CH34 (24) 10 5.0 0.5 2.0 1.0 1.0 >0.5
Arthrobacter sp. strain SK15 Cbp+ (34) <0.1 <0.2 <0.5 0.2 <0.1 <0.1 <0.1
Moraxella sp. strain SK12 Cbp+ (34) <0.1 <0.2 <0.5 0.2 <0.1 <0.1 <0.1
Pseudomonasfluorescens GS15 Cbp+ (34) <0.1 0.2 <0.5 0.2 0.3 0.2 <0.1
Pseudomonas stutzen GS3 Bph+ (34) <0.1 0.2 <0.5 0.2 0.3 0.2 0.1
Alcaligenes denitrificans JB1 Cbp+ (28) 0.1 0.2 <0.5 0.2 <0.1 0.2 <0.1

a Abbreviations: Cbp+, Clc+, Tfd+, Xyl+, Ipb+, Nah+, and Bph+, ability to utilize 4-chlorobiphenyl, 3-chlorobenzoate, 2,4-D, xylene, isopropylbenzene,
naphthalene, and BP as a carbon sources, respectively.

The corresponding MIC may be estimated by multiplying the maximum tolerated concentration by a factor 2 to 2.5. Cultures were grown for 4 days at 30'C
on minimal medium agar containing metal salts.

c All strains except strain CH34 were susceptible to 0.5 mM Cro42-.
d Resistance to mercury (Hg2+) was monitored as resistance to merbromin in Luria-Bertani rich medium (24).
e ND, not determined.

which might have been a pJP4::pMOL28 cointegrated plas-
mid (Fig. 1A, lane 3), and no transfer of Nic+ was observed
when a plasmid-free derivative of strain JMP134 was used as

the recipient strain. Transfer of the Bph+ marker from strain
A5 to strains CH34 and SV661 happened at a rather low
frequency (10-6) considering that pSS50 is an IncPl plasmid
(5) and was accompanied by a 60-kb enlarged version of
51-kb plasmid pSS50 (Fig. 1B, lanes 4, 7, and 8). These
rearrangements will be described elsewhere (34). Transfer of
Nic+ and Zin+ from strain AE81 to strain A5 occurred at a
frequency of 10-7 to 10-8, which was comparable to the
frequency reported previously when a plasmid-free deriva-
tive of strain CH34 was used as the recipient strain (24).

Although plasmid-free strain A5 was not available to check
whether pSS50-mediated retrotransfer was involved in the
transfer of pMOL28 and pMOL30 from strain AE81 to strain
A5, the fact that some transconjugants harbored a slightly
enlarged plasmid pSS50 containing a Tn4378 insertion, as

shown by restriction enzyme digestion (Fig. 1B and C) and
DNA-DNA hybridization (data not shown), which was de-
rived from pMOL28, indicated that pMOL28 can be trans-
ferred to strain AS by means of pSS50.
As observed previously for other Alcaligenes strains (26,

27, 32, 33), all unselected metal determinants of pMOL28
and pMOL30 were also expressed in the A. eutrophus AS
and JMP134 hosts (Table 3). The strain CH34 and SV661

TABLE 2. Bacterial strains and plasmids used for construction of heavy metal-resistant haloaromatic-degrading strains

Plasmid Relevant plasmid Relevant chromosomal Rernc
Strain PDatio Size (kb) marker(s)a marker(s) Reference

A. eutrophus AS pSS50 51 Involved in 4-chlorobiphenyl 31
degradation

Heavy metal-resistant
A. eutrophus strains

CH34 pMOL28 165 Nic+Chr+CobA+ Mer+ 24
(Tn4378)

pMOL30 240 Cad' CobB+ Zin+ Plu+
Cup' Mer+ (Tn4380)

AE81 pMOL28 165 Nic+Chr+CobA+ Mer+ trpESO leu-27 met-81 24
(Tn4378)

pMOL30 240 Zin+ CobB+ Cad' Plu+
Cup' Mer+ (Tn4380)

SV661 pMOL284 165 Nic+ 8
pMOL304 240 Zin+

A. eutrophus strains
JMP134 pJP4 80 Tfd+Clc+Mer+ 10
JMP222 Plasmid-free derivative Smr 10

of JMP134
a Abbreviations: Clc+, Tfd+, Bph+, and Cbp+, ability to utilize 3-chlorobenzoate; 2,4-D, BP, and 4-chlorobiphenyl as carbon sources, respectively; Nic+,

Chr+, Cob', Mer+, Cad', Zin+, Plu+, and Cup', resistance to nickel (1 mM), chromate (0.5 mM), cobalt (10 mM), mercury compounds (0.5 mM), cadmium (0.8
mM), zinc (0.2 mM), lead (0.5 mM, and copper (0.8 mM), respectively; Smr, resistance to streptomycin.
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TABLE 3. Characteristics of representative heavy metal-resistant haloaromatic-degrading A. eutrophus constructions

Selected Heavy metal resistance XenobioticStrain Origin markers' Relevant plasmid(s) phenotypec phenotyp-ea

AE1200 CH34 x JMP134 Tfd+ Nic+ pJP4, pMOL28, pMOL30 Nic+ Chr+ Cob+ Mer+ Tfd+ Clc+
Cad+ Zin+ Plu+

AE300 JMP134 x AE81 Tfd+ Nic+ pJP4::pMOL28 Nic+ Mer+ Tfd+ Clc+
AE707 CH34 x A5 Bph+ Zin+ pSS50Ql, pMOL28, pMOL30b Nic+ Chr+ Cob+ Mer+ Bph+ Cbp+

Cad' Zin+ Plu+ Cup'
AE860 SV661 x A5 Bph+ Zin+ pSS50QC, pMOL284, pMOL304b Zin+ Mer+ Nic+ Bph+ Cbp+
A5.4 A5 x AE81 Bph+ Nic+ pSS50::Tn4378, pMOL28 Nic+ Chr+ Cob' Mer+C Bph+ Cbp+

I Abbreviations: Tfd+, Clc+, Bph+, and Cbp+, ability to degrade 2,4-D, 3-chlorobenzoate, BP, and 4-chlorobiphenyl, respectively. The following
concentrations of heavy metals were tested: Ni2+, 1 mM; CrO42-, 0.5 mM; Co2+, 0.5 mM; Hg2+, 0.5 mM; Cd2+, 0.8 mM; Zn2+ 2 mM; Pb2+, 0.5 mM; and Cl12+,
0.8 mM.

b Strains AE707 and AE860 carry an enlarged plasmid pSS50 (110 kb), designated pSS5Ofl.
c Expression of cobalt resistance is lower than in A. eutrophus CH34 but greater than in parental strain A5.

transconjugants which received the Bph+ phenotype from
strain A5 were also able to grow in the presence of 4-chlo-
robiphenyl (Cbp+).
The influence of heavy metals on the PCB-catabolic activ-

ity of heavy metal-resistant PCB-degrading bacterial strains
A5.4 and AE707 (Table 3) was examined by monitoring the
growth of these organisms in the presence of BP and the
degradation of PCB congeners in resting cell assays in the
absence and in the presence of heavy metals (1 mM Ni and
2 mM Zn). Cells were grown in 20 ml of Tris minimal
medium containing BP as the carbon source without or with
heavy metals (1 mM Ni or 2 mM Zn) in 125-ml Wiame shake
flasks at 30°C, and cell growth was followed by measuring as
optical density at 660 nm with a Spectronic 21 spectropho-

A

tometer (Milton Ray Company/Analis). In the resting cell
assay, the cells were harvested from late exponential growth
on BP by centrifugation, washed twice, and resuspended in
the same mineral medium without and with heavy metals (1
mM Ni or 2 mM Zn) to a final optical density of 0.8. Portions
(2 ml) of the cell suspensions were added to 24-ml screw-cap
vials which were lined with aluminum foil and contained 20
,ug of Aroclor 1242 or 20 ,g of a defined PCB congener
mixture. Aroclor 1242 was added as a concentrated metha-
nol solution, and the PCB mixture was added as a concen-
trated n-hexane solution. The methanol or n-hexane was
allowed to evaporate prior to addition of cells. Then the
cultures were incubated at 30°C on a rotary platform shaker.
As a control, A. eutrophus CH34, which does not contain a

B C

I

-_ - _-1 -
FIG. 1. (A) Plasmid proffles of representative Nic+ Tfd' transconjugants. Lane 1, strain JMP134(pJP4); lane 2, strain AE1200

(pMOL28,pMOL30,pJP4); lane 3, strain AE300(pJP4::pMOL28) (arrowhead); lane 4, strain AE81(pMOL28,pMOL30); lane 5, strain JMP134
(pJP4). (B) Plasmid patterns of representative heavy metal-resistant PCB-degradingA. eutrophus strains. The arrows indicate the positions
of pSS50 and pSS50 derivatives. The arrowheads indicate the positions of plasmids bearing heavy metal resistance markers (pMOL30,
pMOL28, pMOL304, and pMOL284). Lane 1, strain A5(pSS50); lane 2, strain CH34(pMOL30, pMOL28); lane 3, strain A5.4; lane 4, strain
AE707; lane 5, strain A5(pSS50); lane 6, strain SV661(pMOL304, pMOL384); lane 7, strain AE860; lane 8, strain AE707. (C) Lane 1, A
HindIII; lane 2, EcoRI digest of pSS50; lane 3, EcoRI digest of pSS50::Tn4378 of strain A5.4; lane 4, EcoRI digest of plasmid RlCm::Tn4378
(13 kb) (7). Preparations were digested according to the recommendations of the restriction enzyme manufacturer. The arrowheads indicate
the positions of internal fragments of Tn4378.
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TABLE 5. Cometabolization of di- and trichlorobiphenyl isomers
in Aroclor 1242 by A. eutrophus A5 and constructed strains in the

presence and absence of heavy metalsa

% Degradation of:

Incubation Dichloro- Trichloro-
Strain Plasmid(s) medium biphenyl biphenyl

isomers isomers

1 2 3 1 2

A5 pSS50 Tris 92.3 91.5 92.3 28.6 60.3
A5 pSS50 Tris + Zn2+ 0 12.2 16.5 4.8 1.1
A5 pSS50 Tris + Ni2+ 40.0 14.7 17.3 0 0
A5.4 pSS50::Tn4378, Tris + Ni2+ 72.5 100 99.4 88.6 89.8

pMOL28
AE707 pSSD51, pMOL28, Tris + Zn2+ 95 91.3 93.2 56.7 63.9

pMOL30
AE707 pSSD51, pMOL28, Tris + Ni24 50 26.9 31.2 4.8 10.3

pMOL30
CH34 pMOL28,pMOL30 Tris 0 4 0 0 0

a Cultures were incubated for 72 h at 30°C. PCBs with more than three
chlorine substitutions were not degraded. All experiments were done in
duplicate.

BP-degrading pathway, was included in the assay. After a
defined time, the vials were removed and treated with
perchloric acid (final concentration, 0.7%) to stop metabo-
lism. The PCBs were extracted twice with 1 volume of
n-hexane, and the phases were separated by centrifugation
when necessary. The PCB analysis was done with a model
QDM1000 gas chromatograph-mass spectrometer by using a
column containing type WCOT fused silica. [3,3',4,4 1-1 C]
tetrachlorobiphenyl (final concentration, 50 ppm) was added
to the incubation vials prior to extraction and was included
as an internal standard. Pure PCB congeners and Aroclor
1242 were obtained from Ventron, Karlsruhe, Germany.

Strain A5.4 had the same growth rate (doubling time, 4 h)
in the presence and in the absence of 1 mM Ni2+. Strain
AE707 had a doubling time of 2 h in the presence and in the
absence of 2 mM Zn ", but an increase in doubling time (to
4 h) was observed in the presence of 1 mM Ni2+ (data not
shown). Furthermore, strain AS degraded higher chlorinated
PCBs only to a minor extent, degrading only PCBs with up
to three chlorine substitutions (Tables 4 and 5). However, a
slight inhibition of PCB degradation was observed with
strain A5 when heavy metals were present in the medium;
this was also observed for the degradation of PCB isomers in
the presence of Aroclor 1242. On the other hand, the
PCB-degrading activities of Bph+ Nic+ or Bph+ Zin+ strains
A5.4 and AE707 were not impaired in the presence of nickel
or zinc (Tables 4 and 5).
Table 6 shows the responses ofA. eutrophus JMP134 and
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TABLE 6. Growth in the presence of 3 mM 2,4-D in batch
cultures and production of free chloride ions from 2,4-D by
strains JMP134 and AE1200 in the presence and absence
of heavy metals (1 mM Ni and 2 mM Zn) in batch cultures

Medium

Tris + 2,4-D
Tris + 2,4-D + Ni
Tris + 2,4-D + Zn

Strain JMP134(pJP4) Strain AE1200(pJP4,pMOL28, pMOL30)

Optical Cl- concn Optical Cl- concn
density (mM) density (mM)

0.2 3.2 0.18 3.1
0.02 0.0 0.145 2.7
0.02 0.0 0.15 2.5
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Nic+ Zin+ Tfd+ A. eutrophus AE1200 on 2,4-D degradation
in the presence and in the absence of zinc and nickel. Cells
were grown at 30°C in a chloride-free minimal medium which
contained 1 g of (NH4)2SO4 per liter, 0.05 g of MgSO4 7H20
per liter, 0.01 g of FeSO4. 7H20 per liter, 0.294 g of I-
glycerophosphate per liter, 3 mM 2,4-D, and 1 mM NiCl2.
6H20 or 2 mM Zn(S04)2. The 1-glycerophosphate was
added after sterilization. In contrast to parental strain
JMP134, strain AE1200 did grow in the presence of nickel
and zinc, and free chloride ions were released, demonstrat-
ing that 2,4-D was completely degraded. Chloride levels
were assayed by the colorimetric method of Bergmann and
Sanik (4).
The strains which we constructed were able to grow in the

presence of nickel and zinc and exhibited unimpaired bio-
degradation activities. Both of these properties are impor-
tant considering the use of microorganisms for decontami-
nation of environments polluted by organic xenobiotics
compounds and heavy metals. Indeed, growing strains have
been shown to be superior for degradation of a xenobiotic
compound compared with resting cells (19, 25). Accordingly,
supplying nutrients or carbon sources together with the
introduced bacterium can promote biodegradation. Intro-
duction of bacteria that are sensitive to heavy metals but still
retain activity against the organic contaminant in heavy
metal-contaminated environments could lead to decreased
degradation in time and may require subsequent inoculation
of the organisms.
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