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Abstract

The prevalence of four alkane monooxygenase genotypes (Pseudomonas putida GPol, Pp alkB; Rhodococcus sp. strain Q15, Rh alkBI
and Rh alkB2; and Acinetobacter sp. strain ADP-1, Ac alkM) in hydrocarbon-contaminated and pristine soils from the Arctic and
Antarctica were determined by both culture-independent (PCR hybridization analyses) and culture-dependent (colony hybridization
analyses) molecular methods, using oligonucleotide primers and DNA probes specific for each of the alk genotypes. PCR hybridization of
total soil community DNA detected the rhodococcal alkB genotypes in most of the contaminated (Rh alkBI, 18/20 soils; Rh alkB2, 13/20)
and many pristine soils (Rh alkBI, 9/10 soils; Rh alkB2, 7/10), while Pp alkB was generally detected in the contaminated soils (15/20) but
less often in pristine soils (5/10). Ac alk M was rarely detected in the soils (1/30). The colony hybridization technique was used to determine
the prevalence of each of the alk genes and determine their relative abundance in culturable cold-adapted (5°C) and mesophilic
populations (37°C) from eight of the polar soils. The cold-adapted populations, in general, possessed relatively higher percentages of the
Rh alkB genotypes (Rh alkBl, 1.9% (0.55); Rh alkB2, 2.47% (0.89)), followed by the Pp alkB (1.13% (0.50)), and then the Ac alkM
(0.53% (0.36)). The Rh alkBI genotype was clearly more prevalent in culturable cold-adapted bacteria (1.9% (0.55)) than in culturable
mesophiles (0.41 (0.55)), suggesting that cold-adapted bacteria are the predominant organisms possessing this genotype. Overall, these
results indicated that (i) Acinetobacter spp. are not predominant members of polar alkane degradative microbial communities, (ii)
Pseudomonas spp. may become enriched in polar soils following contamination events, and (iii) Rhodococcus spp. may be the predominant
alkane-degradative bacteria in both pristine and contaminated polar soils. © 2002 Federation of European Microbiological Societies.
Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Biodegradation of many of the components of petro-
leum hydrocarbons by indigenous cold-adapted microbial
populations has been observed at low temperatures in
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both hydrocarbon-contaminated Antarctic soils [1-3] and
Arctic soils [4-9]. Numerous degradative bacteria have
recently been isolated from contaminated polar soils and
characterized [10-15]. They include both Gram-negative
(Pseudomonas, Sphingomonas, Acinetobacter) and Gram-
positive (Arthrobacter, Rhodococcus) genera and are
psychrotrophic rather than psychrophilic. Psychrophilic
and psychrotrophic microorganisms are characterized by
low temperature growth ranges of =0°C to 15-20°C and
=0°C to 30-35°C, respectively, while mesophilic micro-
organisms possess growth temperature ranges of ~ 10°C
to 45-50°C [16]. Phylogenetically related rhodococcal
and pseudomonad strains have been isolated from the
Arctic, Antarctica and from other cold environments [10,
11,13].
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Many of the hydrocarbon contaminants found in polar
soils contain large n-alkane fractions, from C9 to C15, for
example, in the Antarctica [1], while Arctic diesel fuel,
comprised mainly of aliphatics, is a common contaminant
in Canadian Arctic soils. Microorganisms capable of de-
grading alkanes are readily isolated from contaminated
and non-contaminated sites but relatively little is known
about the genetic characteristics of their alkane degrada-
tive systems. Alkane monooxygenases are the key enzymes
found in bacterial alkane degradation pathways and, in
general, they catalyze the initial terminal oxidation of
the alkane substrate to a l-alkanol, usually as part of a
three component alkane hydroxylase complex consisting
of a particulate, integral-membrane alkane monooxyge-
nase, and two soluble proteins, rubredoxin and rubredoxin
reductase. The alkane monooxygenases from only a small
number of Gram-negative bacteria, namely Pseudomonas
(Pp alkB; C5-C12 n-alkanes) [17,18] and Acinetobacter
(Ac alkM; C10-C20 n-alkanes) [19,20], have been genet-
ically characterized in detail. We have recently found and
characterized multiple alkane hydroxylase systems in two
Rhodococcus strains (R. erythropolis NRRL B-16531 and
Rhodococcus sp. strain Q15) isolated from different geo-
graphical locations [21]. Both organisms are alkane degra-
dative psychrotrophs and contain at least four alkane
monooxygenase homologues (Rh alkBl, Rh alkB2, Rh
alkB3 and Rh alkB4). Pseudomonas fluorescens CHAO
clones containing rhodococcal alkB2 were able to miner-
alize and grow on C12-C16 n-alkanes [21]. Rhodococcus
sp. strain Q15 has been extensively examined for its ability
to assimilate and degrade C12-C32 n-alkanes at low tem-
peratures [22,23]. This genus and other closely related ac-
tinomycetes are considered important members of hydro-
carbon-degrading microbial populations in contaminated
soils [24].

Pp alkB and Rh alkB homologues are reported to exist
in many alkane degradative Gram-negative and Gram-
positive bacterial strains, respectively [25-28]. However,
practically no information is presently available describing
the prevalence and geographical distribution of various
alkane monooxygenase genes in soils. Fortunately, the
alk genes seem to be quite divergent in different genera
and especially between the Gram-positive and Gram-neg-
ative microorganisms, indicating that it should be possible
to construct DNA probes and specific oligonucleotide
primers for detecting and monitoring specific alkane
monooxygenase genotypes by molecular methods. In the
present study, the prevalence of various alkane monooxy-
genase genotypes in hydrocarbon-contaminated and pris-
tine soils obtained from the Arctic and Antarctic was de-
termined by both culture-independent (PCR hybridization
analyses of total soil community DNA) and culture-depen-
dent (colony hybridization analyses of viable heterotrophic
populations) molecular methods, using oligonucleotide
primers and DNA probes specific for each of the Pp
alkB, Ac alkM, Rh alkBl and Rh alkB2 genotypes.

2. Materials and methods
2.1. Soil samples

Sixteen contaminated and pristine soil samples were ob-
tained from Antarctica, during the summers of 1998 and
1999, at several sites near the Brazilian Antarctic Station
Commandante Ferraz (lat. 62°05’S, long. 58°23.5'W),
from areas around the diesel fuel storage tanks, and
from other stations and non-contaminated sites distributed
along Admiralty and Maxwell bays, on King George Is-
land, South Shetland islands and the Antarctic Peninsula.
The samples were collected just below the surface to a
depth of approximately 10 cm with sterile spatulas, sealed
in sterile Whirlpak bags, transported on ice to the labora-
tory, and stored at —20°C until they were analyzed. Four-
teen contaminated and pristine soils were collected from
various sites (CFS-Alert, 82°30" N, 62°20 W; Eureka High
Arctic Weather Station, 75°59'N, 85°48'W; Mid-Canada
Line (MCL), 55°15'N, 75°59'W; Cape Hope, 61°10'N,
77°20'W) in the Canadian Arctic and one site in northern
Quebec (Mont Apica, 48°30'N, 72°25'W) between 1998
and 2000. In all cases, pristine soils with similar soil char-
acteristics to the corresponding contaminated soil(s) were
collected from regions ~ 0.2-1 km from the corresponding
contaminated sites. Soils were collected in sterile contain-
ers stored on ice or frozen at —20°C before transport to
Montreal for analysis. Upon arrival in Montreal, subsam-
ples of the soils were immediately taken and stored at
—80°C; these samples were used for the experiments de-
scribed in this paper which occurred in 2000. Total petro-
leum hydrocarbons (TPH) were extracted from the Arctic
soil samples by sonication in hexane and quantified by
GC/MS essentially as described by the Centre d’expertise
en analyse environnementale du Québec [29].

2.2. Design of Pp alkB, Ac alkM, Rh alkBl, and Rh alkB2
PCR primers

For PCR analyses, oligonucleotide primer sets specific
for Pp alkB, Ac alkM and Rh Q15 alkBI and alkB2 were
derived by alignment of the predicted amino acid sequen-
ces corresponding to the alkane monooxygenase genes by
the classic method (GeneWorks, Intelligenetics, Mountain
View, CA, USA) and subsequently using the correspond-
ing DNA sequences (Table 1). For specificity of bacterial
alkane monooxygenases in general, the reverse primers
were chosen from the very highly conserved third histidine
box region within the apparent alkane monooxygenase
signature motif (LQRH(S/A)DHH) [21]. The three highly
conserved histidine boxes of the eight-histidine motif
(Hist-1, Hist-2, and Hist-3) are believed to be part of the
catalytic sites of these enzymes. The forward primers for
Pp alkB, Ac alkM and Rh Q15 alkBI were chosen from
non-homologous regions to ensure specificity for each of
these three genes. The resulting primer sets gave specific
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Table 1

Oligonucleotide sequences of primers and probes and reference strains used in this study

Strain/alk gene Sequence (5’ to 3')

Fragment size (bp)

Reference strains References

P. putida alkB
Pp alkB-F
Pp alkB-R

TGGCCGGCTACTCCGATGATCGGAATCTGG 870
CGCGTGGTGATCCGAGTGCCGCTGAAGGTG

Acinetobacter sp. strain ADP-lalkM
Ac alkM-F CCTGTCTCATTTGGCGCTCGTTCCTACAGG 496
GTGATGATCTGAATGTCGTTGTAACTGG

Rhodococcus sp. strain Q15 alkBl, alkB2

Rh alkBI-F ATCTGGGCGCGTTGGGATTTGAGCG 629
Rh alkBI-R CGCATGGTGATCGCTGTGCCGCTGC
Rh alkB2-F ACTCTGGCGCAGTCGTTTTACGGCC 552
Rh alkB2-R CCCACTGGGCAGGTTGGGCGCACCG

Universal 16S rDNA primers
8-F AGAGTTTGATCCTGGTCCAG 511
S19-R GTATTACCGCGGCTGCTGG

P. putida ATCC 29347 [43] (X65936)*

Acinetobacter calcoaceticus ATCC 33315 [19] (AJ002316)

Rhodococcus sp. strain Q15 [21] (AF388181)

Rhodococcus sp. strain Q15 [21] (AF388182)

Eubacteria domain [34]

2GenBank accession number.

PCR amplification for each of these three genes, using the
reference strains listed in Table 1, as positive controls. The
Rh alkB2 primers were chosen from areas of relatively low
homology between Rh alkB! and Rh alkB2 (data not
shown); nevertheless, some weak cross-amplification did
occur between the primers designed for Rh alkBl and
Rh alkB2.

2.3. Total community DNA extraction and purification

To determine the prevalence of the various alkane
monooxygenase genotypes in hydrocarbon-contaminated
and pristine soils obtained from the Arctic and Antarctica,
total community DNA was extracted from the soils and
screened by PCR using the alkane monooxygenase primer
sets. The total community DNA of 10 g of each soil sam-
ple was extracted using an adapted protocol [30] from
Flemming et al. [31], using a lysis treatment and polyvi-
nylpolypyrrolidone (PVPP) purification step [32] to obtain
high-quality PCR-amplifiable DNA. Prior to lysis treat-
ment, 4.5 ml of distilled water was added to 10 g of soil
sample. A 500-ul aliquot of 250 mM Tris—HCI (pH 8.0)
and 50 mg lysozyme were added, and the samples were
incubated for 30 min at 30°C, followed by 30 min at 37°C
with mixing by inversion every 10 min. Proteinase K was
added to a final concentration of 20 mg ml~! and samples
were incubated for 1 h at 37°C. The lysis treatment was
completed with the addition of 500 pl of 20% SDS, and
incubated for 30 min at 85°C. Samples were centrifuged
(13600 X g) for 10 min at room temperature. Supernatants
were treated with a one-half volume of 7.5 M ammonium
acetate, incubated on ice for 15 min to precipitate proteins
and humic acids, and centrifuged for 5 min at 4°C
(13600X g). The DNA was precipitated with one volume
of isopropanol at —20°C, overnight. Samples were centri-
fuged at 4°C for 20 min (15800 X g). Pellets were washed

with 70% cold ethanol and dried by speed vacuum for
approximately 5 min. Each DNA sample was re-sus-
pended in 200 ul of Tris-=EDTA (pH 8.0) and stored at
—20°C. To obtain a high-quality PCR-amplifiable DNA,
all samples were purified using PVPP spin columns [32].

2.4. Detection of alkane monooxygenases by PCR and
hybridization analyses

PCR was carried out as described by Whyte et al. [14]
for 30 cycles of 1 min of denaturation at 94°C, 1 min of
annealing at 60°C, 1 min of extension at 72°C and a final
extension of 3 min at 72°C, using a Perkin Elmer-Cetus
DNA thermal cycler 480 (Perkin Elmer-Cetus, Mississau-
ga, ON, Canada). ~100 ng of DNA (1-5 ul of extract)
(quantified using DyNA Quant 200, Hoefer) were used as
template for PCR amplification. Amplification products
were analyzed on 1.2% agarose gels followed by ethidium
bromide staining to verify if the amplification was success-
ful as described by Sambrook et al. [33]. To confirm that
DNA had been successfully extracted from the soils and
could be amplified by PCR, universal 16S rDNA eubacte-
rial primers [34] (Table 1) were used as a positive PCR
amplification control. PCR amplification of DNA catabol-
ic genes from total community DNA extracted from soils
was previously empirically optimized for each set of prim-
ers and probes tested. The following reference strains,
which were cultured at room temperature on Trypticase
Soy Agar (TSA) and stored at 4°C, were used as positive
controls: Pseudomonas putida GPol ATCC 29347 (Pp
alkB™) (note: formally designated as Pseudomonas oleo-
vorans [18]); Acinetobacter calcoaceticus ATCC 33304
(Ac alkM); Rhodococcus sp. strain Q15 (Rh alkBI*, Rh
alkB2"). The 496 bp alkM fragment from A. calcoaceticus
ATCC 33304, obtained by PCR from the primers derived
from the Acinetobacter sp. strain ADP-1 sequence, was
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purified, sequenced and found to have 100% DNA se-
quence identity with Ac ADP-1 alkM. To verify amplifi-
cation of the correct PCR fragment, PCR fragments were
transferred from the agarose gels to nylon membranes as
previously described [14] and analyzed by Southern hy-
bridization with DNA probes specific for Pp alkB, Ac
alkM and Q15 alkBl and QIl5 alkB2, using high strin-
gency prehybridization, hybridization, and washing condi-
tions at 65°C. The probes were labeled with the DIG non-
radioactive nucleic acid labeling and detection system, us-
ing the DIG DNA Labeling and Detection kit (Roche
Molecular Biochemicals, Laval, QC, Canada). The rhodo-
coccal probes were not completely specific for each of their
respective rhodococcal alkB genes, as weak cross-hybridi-
zation was observed between the two rhodococcal alkB
probes and the Rh a/kBI and Rh alkB2 PCR amplification
fragments as well as DNA isolated from clones containing
Rh alkBI or Rh alkB2 [21]. The PCR detection limits for
Rh alkBl, Pp alkB and Ac alkM were determined by
spiking an Arctic soil (Alert P) with a range of concen-
trations (10°-10% cfu (g soil)™') of each control strain,
extracting the total community DNA and performing
PCR analyses for each of alkB genotype, using the soil
DNA extraction and PCR amplification protocols used
in this study. The detection limits for Rh alkBI, Pp alkB
and Ac alkM were ~ 10* cells (g soil)™! for visually de-
tecting PCR amplification products. Southern hybridiza-
tion of the PCR amplification products increased the sen-
sitivity by a further ~ 10-100-fold.

2.5. Colony hybridization analyses

Total viable aerobic heterotrophic bacteria (i.e. cultur-
able organisms) in eight representative soil samples (four
Arctic and four Antarctic) were enumerated by the spread
plate method on MSM-YTS medium [35] containing yeast
extract, tryptone and starch (250 mg 17! each) at 5°C and
37°C, to measure the cold-adapted populations (psychro-
philic and psychrotrophic bacteria) and mesophilic popu-
lations, respectively. The percentage of colonies possessing
alkane monooxygenase genotypes was determined by col-
ony hybridization [35]. The colonies from the viable count
plates were transferred onto nylon membranes and exam-
ined by hybridization analysis for hydrocarbon-degrading
bacteria using Pp alkB, Ac alkM and Q15 alkBI and Q15
alkB2 gene probes (prepared as described above), using
high-stringency prehybridization, hybridization and wash-
ing at 65°C, followed by luminography. Two sets of
spread plates were prepared for each incubation temper-
ature: one set of spread plates was lifted and probed first
with Pp alkB, stripped, and then probed with Rh alkBI;
the second set was lifted, probed first with Ac alkM,
stripped, and then probed with Rh alkB2. Non-radioactive
DNA probe labeling and DNA hybridization and strip-
ping were done according to the DIG Application Manual
for Filter Hybridization (Roche Molecular Biochemicals).

In total, ~ 10000 colonies were screened for each alkB
genotype.

3. Results and discussion

The prevalence of the various alkane monooxygenase
genotypes (Pp alkB, Ac alkM, Q15 alkBl and QIS5
alkB2) was determined in hydrocarbon-contaminated and
pristine soils obtained from the Arctic and Antarctic by
culture-independent (PCR hybridization) and culture-de-
pendent (colony hybridization) molecular methods. Both
molecular approaches used in this study were successful in
specifically detecting distinct alkane monooxygenase genes
in the polar soils.

3.1. PCR-based methods to detect alk-genes in soils

PCR amplification of the correct 16S rDNA fragment
was obtained from all soil extracts (data not shown), in-
dicating that soil DNA had been successfully extracted and
inhibition of the PCR reaction had not occurred. PCR
analyses of DNA extracts from polar soils resulted in the
amplification of DNA fragments of a size comparable to
that of the positive controls for the four alkane monoox-
ygenase genes. In most cases, these fragments hybridized,
using high stringency conditions, to the corresponding gene
probe, indicating that the amplified PCR fragments pos-
sessed a high level of sequence identity to the correspond-
ing target catabolic genes studied, as shown for a represen-
tative gel (Fig. 1). Properly sized PCR fragments sometimes
did not hybridize to their respective gene probes, indicating
that distantly related alkane monooxygenase genotypes or
spurious PCR fragments had been amplified. PCR frag-
ments that were not visually detected by ethidium bromide
staining were sometimes detected by subsequent hybridiza-
tion analysis because of the greater sensitivity of the hy-
bridization technique, thus reducing the possibility of false
negatives. The number of target copies in the DNA extract
may have been relatively low or some inhibition of the
PCR reaction may have occurred, resulting in the amplifi-
cation of relatively small amounts of the target gene, only
detectable by hybridization.

The rhodococcal alkBI and alkB2 genotypes were de-
tected by PCR hybridization in most of the contaminated
soils (Table 2) and non-contaminated soils (Table 3) from
both the Arctic and the Antarctic. For example, Rh alkBI
could be detected in 90% of the contaminated polar soils
and 90% of the pristine soils (percentage of soils that gave
a positive or weak hybridization signal from the PCR
amplification products). The rhodococcal alkB2 genotype
was also detected in many of the contaminated (65%) and
pristine soils (60%), although to a lesser extent than Rh
alkBI. The presence of the Rh alkBI and Rh alkB2 geno-
types detected in many of the pristine polar soils indicates
that these types of organisms are present in substantial
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Fig. 1. Detection of Rh a/kB2 by PCR analysis and Southern hybridization in Antarctic soils. A: Agarose gel electrophoresis (1.2%) showing the ex-
pected 552-bp alkB2 fragment obtained by PCR analysis of DNA extracts from Antarctic soils. B: Southern hybridization analysis of al/kB2 PCR frag-
ments shown in A transferred to a nylon membrane and probed with the 552-bp alkB2 gene probe derived from Rhodococcus sp. strain Q15. Lanes: 1,
H,0 (negative control); 2, 1-kb ladder; 3, Rhodococcus sp. strain Q15 (alkB21); 4, Ant-1A; 5, Ant-1B; 6, Ant-2A; 7, Ant-2B; 8, Ant-3A; 9, Ant-3B;
10, Ant-4A; 11, Ant-4B; 12, Ant-5; 13, Ant-Ferl7; 14, Ant-Ferl8; 15, Ant-FLDO02; 16, Ant-FLDO04; 17, Ant-FLD10; 18, Ant-FLDI12; 19, Ant-

FLDOG6.

numbers before hydrocarbon-contamination events occur.
In comparison, Pp alkB was detected in many of the con-
taminated polar soils (75%) but was not detected to the
same extent in pristine polar soils (50%). This was espe-
cially true in Antarctic pristine soils where PCR Pp alkB
fragments could not be visually detected, although weak
hybridization signals were observed from two of the five
soils analyzed. These results suggest that organisms con-
taining these genotypes are enriched following hydrocar-
bon contamination. Ac alkM was not detected by PCR
and hybridization analyses in any of the Antarctic soils
and in only one Arctic soil. In a similar study using the
same methodology, neither Pp alkB nor Ac alkM was

Table 2

detected in Brazilian pristine and contaminated soil sam-
ples while the Rh a/kBl and Rh alkB2 genes were found in
the most of the soils (A.P. Luz and V.H. Pellizari, person-
al communication). In general, there were no clear differ-
ences observed in alk gene prevalence between the Arctic
and the Antarctic.

3.2. Colony hybridization to detect alk genes in soils

The colony hybridization technique was used to detect
the presence of the alk genes and characterize their relative
abundance in culturable cold-adapted (5°C) and mesophil-
ic populations (37°C) from eight of the polar soils. Viable

Screening® for various alkane monooxygenase genes in contaminated Arctic and Antarctic soils

Contaminated soils TPH (mg kg') Pp alkB

Rh alkB1 Rh alkB2 Ac alkM

PCR Probe

PCR Probe PCR Probe PCR Probe

Antarctic

Ant-1A +

Ant-1B +

Ant-2A +

Ant-2B +
+
+
+

+

Ant-4A
Ant-4B
Ant-5

Ant-FLD2 — -
Ant-FLD4 —
Ant-FLDI10 — -
Ant-FLDI12 - -

+ o+ o+ o+

+

Arctic

Alert #1 26900 +
Alert #4 8100 +
Eureka #1 5166 +
Eureka #3 4500 +
Kuujjuaq #2 1400 +
Kuujjuaq #4 2100 -
Mont Apica 56 100 +
MCL 30500 -
Cape Hope #5 17400 +

+ 2 4+ + + o+

+

+ o+ + + o+ + o+
+ o+ + + o+ o+ o+
+ o+ + + o+ o+

+ +
+ +
+ + +

|

I

I

+ +
+ +
+
+ |

+

+ o+ o+
+

|
|+ 4+ + + + o+
+ |
+ € + + |
| |
| |

+ +
+ +
[
[
[
[

2+ indicates positive hybridization; — indicates no hybridization; w indicates weak hybridization.
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Table 3

Screening® for various alkane monooxygenase genes in pristine Arctic and Antarctic soils

Pristine soils TPH (mg kg ') Pp alkB Rh alkBl Rh alkB2 Ac alkM
PCR Probe PCR Probe PCR Probe PCR Probe

Antarctica

Ant-3A - w + + + + - —

Ant-3B - — + + + + - -

Ant-FLD6 - - + + - - - -

Ant-FER17 - - + + + + - -

Ant-FER18 - + + + + w - -

Arctic

Alert — p <100 - w - w + + — -

Eureka — p + + + + - - - -

Kuujjuaq #3 200 - - + - + + - -

MCL - p <100 + + + + — — — -

Cape Hope - p <100 - - - + - + - -

2See Table 2 for explanation of symbols.

plate counts at 5°C and 37°C showed that the cold-
adapted heterotrophic populations were more numerous
(1.6- to ~10°-fold) than the corresponding mesophilic
populations in the polar soils (Table 4). Colony hybridi-
zation with the alkane monooxygenase gene probes indi-
cated that culturable bacteria from all of the polar soils
contained Pp alkB, Rh alkBI, Rh alkB2 and Ac alkM
(except Alert — p) genotypes (Table 4). Direct comparison
of the prevalence of these genotypes within a soil indicated
that most of the cold-adapted populations (6/8 soils) con-

Table 4

tained at least two-fold more of the Rh a/kB/ and/or Rh
alkB2 genotypes than Pp alkB. None of the 5°C popula-
tions contained higher percentages of Pp alkB than Rh
alkBl or Rh alkB2 (Table 4). The percentages of Pp
alkB were sometimes higher in the mesophilic populations
than Rh alkBI1 (four soils) and Rh alkB2 (three soils). The
Ac alkM genotype was found in many of the viable pop-
ulations from the polar soils, especially those originating
from the Antarctic, but was less prevalent than Rh alkBI
and Rh alkB2 and, to a lesser extent, Pp alkB.

Microbial enumeration and colony hybridization analyses for various alkane monooxygenase genes in Arctic and Antarctic soils

Soils Incubation temperature Viable counts Colony hybridization (%)
(§O®) (cfu (g soil)™")
Pp alkB Rh alkBI Rh alkB2 Ac alkM
Antarctic
Ant-1B - ¢ 5 4.6x1072 1.7° (0.35) 2.7 (0.6) 2.7 (1.2) 0.26 (0.1)
37 6.2Xx10° 1.4 (0.59) 0.5 (0.17) 1.2 (0.3) 0
Ant-2A - ¢ 5 1.4x107 1.2 (0.3) 2.0 (0.17) 2.4 (0.25) 0.9 (0.13)
37 9.0 10° 1.3 (0.26) 0.7 (0.18) 0.4 (0.1) 0
Ant-FDLI10 - ¢ 5 2.9%10° 1.8 (1.3) 2.4 (0.19) 4.3 (0.36) 1.2 (0.29)
37 <100 0 0 0 0
Ant-3B - p 5 1.3x107 1.1 (0.30) 1.9 (0.70) 2.7 (0.51) 0.3 (0.24)
37 6.5x 10 3.6 (0.5) 1.7 (0.80) 0.96 (0.29) 0
Arctic
Alert #1 — ¢ 5 8.5x 107 0.2 (0.12) 1.1 (0.14) 1.9 (0.17) 0.58 (0.05)
37 8.3x10° 0.4 (0.14) 0.4 (0.17) 34 (1.2) 1.2 (0.7)
Eureka #3 — ¢ 5 1.6x107 1.5 (0.38) 1.0 (0.26) 0.87 (0.10) 0.37 (0.25)
37 1.5%x10° 1.2 (0.40) 0 2.3 (0.09) 0.26 (0.20)
Alert — p 5 1.1x10° 0.64 (0.20) 2.1 (0.51) 2.6 (0.30) 0
37 1.2x10? 0 0 0 0
Eureka — p 5 7.0x 107 0.96 (0.49) 2.0 (0.16) 2.4 (0.47) 0.62 (0.19)
37 5.3x10° 1.3 (0.52) 0 0.65 (0.20) 1.7 (0.49)

“Values represent the mean cfu (g soil)™! from triplicate YTS plates; the mean variability of the 16 viable plate counts was 16.5% (12%) of the average

triplicate plate count.

bValues represent the mean percentage (S.D. is shown in parentheses) of probe positive cfu from triplicate YTS plates. Values shown in bold represent
soil samples where PCR hybridization failed to detect the corresponding gene (see Tables 2 and 3); c, contaminated; p, pristine.
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Table 5

Global summary of the mean relative percentages of the alk genotypes (% probe positive) for the eight polar soils examined by colony hybridization
Incubation temperature and soils Pp alkB Rh alkBl Rh alkB2 Ac alkM
5°C populations

Contaminated 1.28* (0.58) 1.84 (0.68) 24 (1.1) 0.66 (0.35)
Pristine 0.90 (0.19) 2.00 (0.08) 2.6 (0.12) 0.30 (0.25)
Contaminated+Pristine 1.13 (0.5) 1.90 (0.55) 2.47 (0.89) 0.53 (0.36)
37°C populations

Contaminated 0.86 (0.56) 0.32 (0.28) 1.5 (1.3) 0.29 (0.46)
Pristine 1.6 (1.5) 0.56 (0.80) 0.54 (0.40) 0.57 (0.80)
Contaminated+Pristine 1.15 (1.08) 0.41 (0.55) 1.11 (1.11) 0.40 (0.62)
Both 5°C and 37°C populations

All soils 1.14 (0.84) 1.17 (0.92) 1.80 (1.20) 0.46 (0.51)
All Antarctic soils 1.51 (0.94) 1.49 (0.91) 1.82 (1.34) 0.33 (0.44)
All Arctic soils 0.78 (0.51) 0.83 (0.81) 1.77 (1.07) 0.59 (0.55)
All contaminated soils 1.7 (0.64) 1.1 (0.92) 1.9 (1.3) 0.48 (0.45)
All pristine soils 1.3 (1.0) 1.3 (0.93) 1.6 (1.1) 0.44 (0.61)

4Values represent the mean percentage (S.D. is shown in parentheses) of probe positive cfu from the eight corresponding pristine and contaminated po-

lar soils.

3.3. Comparison of cold-adapted and mesophilic populations

Direct comparison of cold-adapted populations with
mesophilic populations for a specific genotype within a
soil revealed some interesting differences (Table 4). Higher
percentages of Rh alkBI (in seven soils) and, to a lesser
extent, Rh alkB2 (in six soils) were found in cold-adapted
populations than in mesophilic populations. In contrast,
the percentages of Pp alkB in 5°C and 37°C populations
were roughly equal in the four soils examined, greater in
5°C populations from two soils, and greater in 37°C pop-
ulations from two soils. Ac alkM was only detected in the
cold-adapted populations in the Antarctic soils, while two
of four Arctic soils had higher percentages of Ac alkM
within the 37°C populations than within the 5°C popula-
tions. However, in absolute terms, the numbers of cold-
adapted bacteria possessing the four alk genotypes were
always higher (at least two-fold) than the numbers of the
corresponding mesophilic bacteria from the same soil,
with one exception (Ant-2A, Pp alkB) (data not shown).
In two soils (Alert — p, FDL-10), cold-adapted bacteria
were much more abundant than mesophilic bacteria
(four orders of magnitude) and the four alk genotypes
were only detected in the 5°C populations. Overall, these
results suggest that the cold ambient temperatures have
selected for cold-adapted alkane degradative microbial
populations in these soils.

A global comparison of the mean relative percentages of
the alk genotypes from all of the polar soils examined by
colony hybridization is shown in Table 5. As would be
expected in comparisons of different soils, the variability
of the data determined by the S.D. of the means, was quite
high, indicating that the differences between averages were
not statistically significant in most comparisons. Neverthe-
less, the trend discussed above was also present; the Rh
alkB genotypes were generally the most abundant in cold-
adapted populations, followed by Pp alkB and then Ac

alkM. In another culture-independent analysis (DGGE)
of Arctic soils, high G+C Gram-positive organisms were
found to predominate, representing 63.6% of the DGGE
bands sequenced compared to 36.4% identified as Proteo-
bacteria [36]. Relatively high numbers of rhodococci,
which have a superior ability to survive freezing temper-
atures, may be an inherent feature of microbial commun-
ities in polar soils and other cold environments character-
ized by frequent freezing and thawing. For example, an
Arctic Rhodococcus strain was recently shown to predom-
inate in an Arctic soil community following a freeze-thaw
regime [37]. Gram-positive microorganisms, in general,
were better able to survive below freezing temperatures
in hydrocarbon-contaminated Antarctic soils [38]. In this
study, freezing and thawing during sample collection and
processing may also have adversely effected the viability of
Gram-negative bacteria, resulting in lower viable plate
counts than actually existed at the time of sampling. Pp
alkB genes may also be widespread amongst soil pseudo-
monads because they can be located on a plasmid
(P. putida GPol OCT-plasmid) or contained within a class
one transposon (P. putida P1 TnPpu-alkl) [18]. Interest-
ingly, the Rh alkBl genotype was clearly more prevalent
in cold-adapted culturable bacteria than in mesophiles
(Table 5), suggesting that predominantly cold-adapted
bacteria possess this genotype.

3.4. Comparison of PCR hybridization and colony
hybridization for detecting alk genes

Direct comparison of the results obtained using the two
techniques is difficult to interpret as the PCR-based meth-
od detects specific genotypes in total DNA extracts, rep-
resenting theoretically 100% of the microbial population,
whilst the colony hybridization method detects specific ge-
notypes only in culturable bacteria which represent per-
haps ~ 1% of the soil microbial community [39]. On the
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other hand, the primers and probes used for the culture-
independent method were derived from three genera of
readily culturable organisms commonly isolated from hy-
drocarbon-contaminated soils, allowing for some valid
comparisons. One advantage of the culture-based method
is that it allows for some additional characterization of the
composition of specific genotypes within a population, for
example, differences in the relative abundance of specific
genotypes at different growth temperatures, as shown in
this study. Colony-hybridization results generally agreed
with the PCR hybridization results in that both techniques
indicated the general trend that rhodococcal alkB geno-
types were more abundant than Pp alkB genotypes and,
that relatively low numbers of alkM genotypes were
present in the polar soils. The colony-hybridization tech-
nique was more sensitive than PCR hybridization, for ex-
ample, in that it clearly detected alkM genotypes in all
soils, and Pp alkB genotypes in three soils, where PCR
hybridization did not (Table 4). The PCR hybridization
false negatives observed do not appear to be the result of
low target gene copy numbers as colony hybridization
data showed that numbers of alk™ bacteria ranged from
10* to 10° cfu (g soil wet weight)™!, similar to numbers
observed where PCR hybridization was successful, and
within the range of ~10*-10° gene copies (g soil dry
weight)~! thought to be required for successful PCR de-
tection [40] and within the PCR detection limit (~ 10*
cells (g soil)™!) of the protocols used in this study.

The failure to detect Ac alkM by the PCR method could
be attributable to the design of the alkM primers. They
may have been too specific to amplify Acinetobacter alk M
homologues. Comparison of the primer sequences, derived
from ADP-1, with other Acinetobacter alkM sequences
recently reported (EB104 [27]; M1 alkMa and alkMb
[41]) revealed that the reverse primer (79%—85%) and es-
pecially the forward primer (62%-75%) had relatively low
DNA sequence identities to the corresponding target se-
quences in these alkM genes, probably resulting in low
amplification efficiency of the other putative alkM genes
and, consequently, their lack of detection by PCR hybrid-
ization. To check this possibility, five Acinetobacter strains
(ADP-1, EB104, 69-V, NRRLB-2769A, NCIB 8250; [25])
were analyzed by PCR with the Ac alkM primer set; only
the type strain (Ac ADP-1) was alkM PCR positive. In
contrast, colony hybridization does not rely on PCR am-
plification and may be less specific, and thus more sensi-
tive, as the 497-nt Ac alkM gene probe probably had
sufficient homology with the corresponding regions of
EB104 alkM (80%) and alkMa (79%) to hybridize to these
and other related alk M homologues. In a separate study, a
similar Acinetobacter sp. strain ADP-1 alkM probe did
hybridize with A. calcoaceticus EB104 alkM and A. cal-
coaceticus 69-V alkM (68%) by colony hybridization and
colony blotting [27]. The PCR-based method indicated
that Rh alkBI was more prevalent than Rh alkB2 while
colony hybridization results indicated the reverse. This

may also be attributable to the Rh alkB2 primers being
too specific. The Rh al/kB2 PCR reverse primer used did
not originate from the highly conserved Hist-3 motif, un-
like the Rh alkBI-R primer; thus, relatively specific PCR
amplification of Rh alkB2, compared with Rh alkBI, may
have occurred. In comparison, the PCR primers used for
Pp alkB in this study were shown to be the most effective
of four different primer sets (derived from Pp alkB) in
amplifying similar a/kB homologues from a variety of
pseudomonads growing solely on short-chain alkanes
(C10) [26]. Unlike PCR hybridization, colony hybridiza-
tion did not show that Pp a/kB had been enriched for in
the contaminated soils. In our experience, organisms con-
taining Pp alkB and other hydrocarbon-degradative geno-
types (ndoB, naphthalene; xy/E, BTEX) are usually less
common in pristine soils, suggesting that hydrocarbon-
degradative organisms had been selectively enriched for
in contaminated soils, a characteristic commonly observed
at sites previously contaminated with hydrocarbons [42].
The above discrepancies may also be explained by differ-
ential growth of target bacteria under the culture condi-
tions used, perhaps resulting in the selective enrichment
and/or inhibition of specific bacterial populations.

3.5. Concluding remarks

The two molecular methods used in this study success-
fully detected the four alkane monooxygenase genes and
demonstrated the presence of significant indigenous pop-
ulations of culturable cold-adapted hydrocarbon-degrad-
ing bacteria in the contaminated and pristine polar soils.
Both the numbers of cold-adapted microorganisms and
cold-adapted alkane degradative organisms (Pp alkB™,
Rh alkBI*, Rh alkB2*, Ac alkM™) were higher than the
mesophilic populations in the polar soils, emphasizing the
important role that cold-adapted microbial communities
would play in bioremediation of contaminated soil in po-
lar habitats. The results from both methods indicated that
Rhodococcus spp. may be the most abundant alkane deg-
radative bacteria, of the tested genotypes, in contaminated
and pristine Arctic and Antarctic soils. Pseudomonas spp.
may become enriched in polar soils following contamina-
tion events, and Acinetobacter spp. are not predominant
members of the polar alkane degradative microbial com-
munities. Other bacterial populations, containing novel
divergent homologous alkB genes that were not detected
in this study, may also exist in these soils. Although alkane
degradative activity in all of these soils was not measured,
other studies have clearly indicated that alkane minerali-
zation activity readily occurs in two of the Arctic soils
(Alert #1 and Alert #4 [8]; Eureka #1 and #3 [9]) and
Antarctic soils [1] when nutrients were provided. The mo-
lecular methods used here can determine the prevalence
and composition of specific alkane degradative popula-
tions in contaminated soils and thus aid both in assessing
the biotreatability of contaminated soils and in monitoring
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the effects on specific populations during bioremediation
operations. In addition, the ability to determine the alkane
degradative composition of a microbial soil community
should also help develop appropriate bioremediation strat-
egies for a particular site. For example, the presence of
large numbers of alkane degradative rhodococci, known to
produce cell-surface associated biosurfactant(s) with activ-
ity at cold temperatures and to directly adhere to solid
alkanes at low temperatures [23], would eliminate the
need to incorporate a surfactant treatment as part of bio-
remediation strategy for a contaminated polar soil.
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