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320 Polar Microbiology

14.1 INTRODUCTION

The bioremediation of petroleum hydrocarbon–contaminated soil in polar, remote 

environments presents numerous challenges. In addition to extreme cold tempera-

tures, short periods of above zero temperatures, low water and nutrient content of the 

soils, the distance and the cost of material, and equipment transport limit bioreme-

diation options. Nevertheless, bioremediation remains a feasible alternative to treat 

hydrocarbon-contaminated soils in these regions because more invasive technolo-

gies (such as excavation and off-site treatment, incineration, etc.) are unlikely to be 

cost effective.

A number of studies have demonstrated that microorganisms, in particular bac-

teria, are capable of degrading hydrocarbons at the extreme temperatures typically 

encountered in polar environments (Margesin and Schinner, 1997, 2001; Whyte et 

al., 1997; Whyte et al., 1999; Aislabie et al., 2006). In fact, representatives from all 

the three major domains of life have demonstrated the ability to metabolize hydro-

carbons to various degrees and there are currently in excess of 200 bacterial, algal, 

and fungal genera that are known to use hydrocarbons as carbon and energy sources 

(Prince et al., 2003; Head et al., 2006).

The extent to which microorganisms participate in the biodegradation of hydro-

carbons appears to be a function of the ecosystem and the local environmental con-

ditions (as reviewed by Leahy and Colwell, 1990). Prior exposure of a microbial 

community to anthropogenic and/or natural sources of hydrocarbons is an important 

factor in determining the rate of biodegradation.

In addition to the low temperature, limiting factors for the bioremediation of con-

taminated soils in polar environments are also related to the availability of other 

essential nutrients and the low levels of available water. Soils are often very low in 

organic carbon content, they can be very coarse textured, and also have low water 

holding capacities (Aislabie et al., 2006). Although there is no strict ratio of carbon to 

nitrogen to use when adding nitrogen fertilizers for biostimulation, the physicochem-

ical characteristics of the site must be considered. The most important relationship 

is the mass of nitrogen per mass of soil water, because it is possible to overfertil-

ize in relatively dry environments (Braddock et al., 1997; Walworth et al., 1997). 

It has been known for some time that biostimulation using fertilizers with readily 

available nitrogen and phosphorus have a positive impact on microbial hydrocarbon 

degradation activity in virtually all types of environments (Braddock et al., 1997; 

Macnaughton et al., 1999; Whyte et al., 1999; Margesin and Schinner, 2001; Whyte 

et al., 2001; Röling et al., 2002; Greer et al., 2003; Aislabie et al., 2004; Xu et al., 

2004; Aislabie et al., 2006).

This chapter presents elements of two case studies from hydrocarbon-contam-

inated sites in northern Canada. Contaminated soils from each site were initially 

evaluated in a laboratory scale feasibility study to determine whether biotreatment 

was possible under the conditions normally encountered at the sites. In addition to 

determining the potential to treat contaminated soil using biological processes, this 

laboratory feasibility analysis also provides important data on possible treatment 

scenarios to optimize biodegradation rates. Results are presented from a number of 

culture-dependent and culture-independent microbiological techniques to monitor 
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bioremediation performance during fi eld trials and full-scale treatment to ensure that 

the treatment system is meeting desired objectives.

14.2 CHARACTERIZATION OF THE COLOMAC MINE SITE

Colomac, Northwest Territories, Canada, is the site of a former gold mine that was 

closed in 1996. Over the course of its operational life, a variety of fuel spills and 

leakage incidents occurred around the main fuel storage tank area. As part of the 

decommissioning, the empty fuel tanks were disassembled, and the fuel-contami-

nated soils were excavated and moved into a constructed biopile, that was equipped 

with aeration and irrigation systems, and the soils were fertilized with monoam-

monium phosphate (MAP) while being placed in the biopile. Prior to the removal 

of all the soils, samples were collected from the contaminated storage tank area and 

a feasibility study was conducted to determine if the soils contained hydrocarbon-

degrading bacteria and to identify fertilizer conditions that would enhance degrada-

tion performance.

14.2.1  INDIGENOUS MICROBIAL DEGRADATION POTENTIAL: 
MINERALIZATION ANALYSIS

The degradation potential of the indigenous soil bacterial population was examined 

using mineralization assays, in which, the degradation of a radiolabeled substrate, a 

representative of the hydrocarbon contaminants, is monitored by recovering radio-

labeled carbon dioxide (Greer et al., 2003). These assays are performed on a small 

scale and can be used to evaluate a variety of factors, such as fertilizer type and con-

centration, on degradation. In this study, the degradation potential in unamended soil, 

and the effects of fertilizers at different concentrations were evaluated in the soils 

at 4°C using 14C-hexadecane as a substrate (Figure 14.1). Without fertilizer, there 

was essentially no hexadecane mineralization, but with the addition of 20-20-20 (a 

commercial liquid fertilizer) or MAP, both at a concentration of 500 mg N/kg soil, 

hexadecane was mineralized effectively following a lag period of approximately 

2 weeks. Adding half the initial concentration of MAP resulted in a shortening of 

the lag phase and a higher extent of mineralization, indicating that fertilizer concen-

tration was an important factor in optimizing biodegradation performance.

14.2.2 POLYMERASE CHAIN REACTION ANALYSIS

Total DNA was extracted (Fortin et al., 2004) from the initial contaminated com-

posite soils (A and B) and the noncontaminated control soil (C) and subjected to 

polymerase chain reaction (PCR) analysis using oligonucleotide primers designed 

to detect bacterial genes involved in the biodegradation of alkanes (alkB) and poly-

cyclic aromatic (ndoB) hydrocarbons (Figure 14.2). The alkB gene encodes alkane 

hydroxylase, the initial hydroxylating enzyme in the bacterial degradation path-

way for aliphatic hydrocarbons (van Beilen et al., 1994). The ndoB gene encodes 

naphthalene dioxygenase, the initial hydroxylating gene in the bacterial pathway for 
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polycyclic aromatic hydrocarbons. These two genes are commonly encountered in 

fuel-contaminated soils and are good indicators for the presence of bacteria with 

the genetic capacity to degrade the components of a variety of hydrocarbon fuels. 

Both contaminated soils showed the presence of the expected PCR fragment indicat-

ing that they contained indigenous bacteria possessing genes for alkane and poly-

cyclic aromatic hydrocarbon degradation. The noncontaminated control soil did 

not show the presence of these genes suggesting that they were present at levels 

too low to be detected. As the fertilizer amended noncontaminated control soil did 

demonstrate mineralization after a long lag time (Figure 14.1), this confi rms that 
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FIGURE 14.1 Mineralization of 14C-hexadecane in Colomac soils at 4°C. Mineralization in 

initial composite soils (A and B) and the noncontaminated control soil (NC), without (no addi-

tions) and with amendment with the fertilizers 20-20-20 and MAP at two concentrations.

alkB ndoB
M A CB + – A CB + –

FIGURE 14.2 Agarose gel electrophoresis of the PCR amplifi ed functional genes, alkB and 

ndoB, from total DNA extracts from the initial composite-contaminated soils (A and B) and 

from the noncontaminated control soil (C) from Colomac. The expected positive fragment 

size is indicated by an arrow in the + lane (positive PCR controls, P. putida ATCC 29347 

(alkB) and P. putida ATCC17484 (ndoB)) and the negative PCR control is indicated by − 

(water). The molecular weight marker (100 base pair ladder) is in lane M.
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hydrocarbon degraders were present in the indigenous microbial population in soil 

with no  evidence of hydrocarbon contamination. Although PCR is a rapid, qualita-

tive method for gene detection (sample extraction and analysis can be performed in 

1 day), it does not provide direct evidence of gene expression in the studied systems. 

Another advantage of PCR detection is that the analysis can be performed at various 

levels of stringency to increase or decrease detection specifi city.

14.2.3 DENATURING GRADIENT GEL ELECTROPHORESIS ANALYSIS

Denaturing gradient gel electrophoresis (DGGE), a method to separate PCR-

amplifi ed DNA fragments (Muyzer et al., 1993), is used extensively as a rapid, high-

throughput screening method for assessing the dominant members of a microbial 

community. When used to monitor the same system over time or with different treat-

ments, DGGE analysis can provide extremely useful information on changes in the 

community structure. There are limitations to using DGGE as a method of commu-

nity analysis, including PCR amplifi cation biases, the choice of primers, detection 

sensitivity, and the lack of standardized databases containing the data for compara-

tive analyses. Marzorati et al. (2008) presented a method to normalize DGGE data 

so it can be compared between laboratories and environments. This could be a major 

step forward in the use of screening data (as an alternative to large-scale sequencing) 

to evaluate different environments.

The mineralization study on the Colomac samples was followed more closely by 

examining the microbial population composition under different fertilizer regimens 

using DGGE analysis (Figure 14.3). The microbial population showed considerable 

variation in the presence of the different fertilizers (20-20-20, MAP, or urea). The 

banding patterns were the most similar (88%) for 20-20-20 and MAP, the two fertil-

izers that resulted in the best mineralization activity, and these were signifi cantly 

different from the soil without fertilizer addition. The urea treated soil was the most 

different in terms of banding pattern, and no mineralization was observed in the 

soil using this fertilizer (data not shown). Bands were cut from the DGGE and the 

nucleotide sequences were determined, analyzed, and clustered to determine the 

phylogenetic distribution of bacteria under the different treatment regimens (Figure 

14.4). The soils differed considerably with respect to the relative proportions of 

major bacterial phyla. In the nonamended contaminated soil, Alphaproteobacteria 

70 80

88 20-20-20

Urea

No addition

MAP67.2

61.6

SAB

90 10
0

FIGURE 14.3 DGGE analysis of Colomac soils without (no addition) or following bio-

stimulation with different fertilizers (20-20-20, MAP, urea).
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were dominant (ca. 50%), with roughly equal proportions of Bacteroidetes, 

Firmicutes, Deltaproteobacteria, and Gammaproteobacteria. Following MAP or 

20-20-20 application, the Gammaproteobacteria became dominant, representing ca. 

70% of the total microbial population. This coincided with the best hydrocarbon 

degradation conditions suggesting that the Gammaproteobacteria were key mem-

bers of the hydrocarbon-degrading microbial community. In the urea-amended 

soil, the Alphaproteobacteria remained dominant, but the Betaproteobacteria and 

Actinobacteria also became signifi cant members of the microbial community. The 

increase in numbers of Betaproteobacteria following nutrient amendment has been 

observed in other systems treating hydrocarbon-contaminated soils (Viñas et al., 

2005). These results clearly show the effect of different fertilizer treatments on the 

microbial community structure, and suggest that fertilizer selection could be a sig-

nifi cant factor in assuring optimum biodegradation performance.

14.2.4 QUANTITATIVE-PCR

Quantitative-PCR (Q-PCR) is a powerful technique to determine the relative num-

ber of target gene copies in a sample (Powell et al., 2006), which can be used to 

assess whether the target genes have increased or decreased in number in response 

to a bioremediation treatment. When Q-PCR is combined with reverse transcriptase 

(Q-RT-PCR), the level of expression of the target gene can be determined providing 

direct evidence of the targeted degradation pathway genes. The constructed biopiles 

at the Colomac mine site were examined after approximately 1 year of on-site treat-

ment using Q-PCR.

No additions 20 -20 -20

Urea

Actinobacteria
Bacteriodetes

Unclassified 
(proteobacteria)

Gammaproteobacteria
Deltaproteobacteria
Betaproteobacteria
Alphaproteobacteria
Firmicutes

MAP

FIGURE 14.4 Relative distribution of microbial phyla in Colomac soils following incuba-

tion without (no additions) and with the fertilizers 20-20-20, MAP, or urea.
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Random composite samples were collected from several locations throughout the 

biopile, total microbial community DNA was extracted and analyzed using primers 

designed from several homologues of the alkB gene (Figure 14.5). The alkB (Pp) 

gene is derived from the well-characterized alkane degrader Pseudomonas putida 

ATCC 293487, the alkB (pp5) was derived from a P. putida strain isolated from a 

contaminated site at Eureka, Ellesmere Island in the high Arctic, and the alkB1 (Q15) 

was derived from a Rhodococcus sp. Q15 containing at least four different alk gene 

homologues (Whyte et al., 2002). The results showed that these three genes were 

virtually undetectable in the original composite soils and in the noncontaminated 

control soil. Following 1 year of on-site treatment, there was a small increase in the 

quantity of the alkB (pp5) gene, but a very large increase in the quantity of the alkB1 

(Q15) gene in all samples collected from the biopile. These results indicate that the 

increased biodegradation potential in the biopile soil was largely attributable to alkB 

type genes found in Rhodococcus sp.

The feasibility study for the Colomac mine site demonstrated that the contami-

nated soil did possess indigenous hydrocarbon-degrading bacteria, and that fer-

tilizer amendment was necessary to ensure an adequate supply of other essential 

nutrients (nitrogen, phosphorus) to the system. Of importance in the remediation 

of remote sites, the amount of fertilizer necessary for the optimal stimulation of 
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FIGURE 14.5 Q-PCR for genes involved in alkane (alk genes) degradation in soils from 

the Colomac mine site. Total DNA extracts from the initial-contaminated composite soils 

(A1, B1), from a noncontaminated control soil (NC-1), and from the biopile soils after 12 

months of treatment (South-1B, South-2, North-2, North-3) were examined for the alkB gene 

from the well-characterized alkane-degrading P. putida ATCC 29347 (alkB(Pp)), from a high 

Arctic P. putida isolate (alkB(pp5)), and from the alkB1 gene from Rhodococcus sp. Q15 

(alkB1(Q15)).
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the indigenous hydrocarbon-degrading bacteria was considerably lower than the 

amount that would have been added based on the contamination level in the soil. 

For the practitioner in this fi eld, this means lower costs for fertilizer purchase and 

transportation to the site.

14.3  CHARACTERIZATION OF CANADIAN 
FORCES STATION-ALERT

Canadian Forces Station-Alert (CFS-Alert) is the most northerly, permanently 

inhabited community on the planet. It has been in operation for approximately 60 

years, and during that time, due to the large amounts of fuel that must be stored and 

transported around the site, numerous spill, leakage or pipeline break incidents have 

occurred. As a result, several areas have been constructed on-site to contain and 

remediate fuel-contaminated soils. The on-site treatment included the application of 

fertilizer and yearly mixing of the soil. This section relates to the initial characteriza-

tion of contaminated soil, the determination of its bioremediation potential, and the 

subsequent on-site monitoring after it had been relocated into one of the constructed 

areas. Two composite samples of the initial contaminated soil were examined to 

assess the biotreatability potential, using a number of microbiological and molecular 

analyses. These same analytical procedures were also used to monitor bioremedia-

tion performance using samples collected from the on-site biopiles at different times 

after biotreatment was initiated.

14.3.1 MICROBIOLOGICAL CHARACTERISTICS

The total heterotrophic bacterial population and the hydrocarbon (diesel)-degrading 

bacterial population were determined in the two composite contaminated soils and in 

the noncontaminated soil, as well as in the biopile soil samples collected after 2 and 

15 months of on-site treatment (Table 14.1). The total viable heterotrophic popula-

tion in the initial soil was relatively high for a nutrient-poor soil and the cold-adapted 

population (4°C) was comparable to, or in some cases, higher (i.e., composite B-1) 

than the population size observed at room temperature (22°C). The same trend was 

observed in the hydrocarbon-degrading bacterial population, with comparable popu-

lation sizes determined at 4°C in the contaminated soils. The noncontaminated con-

trol soil typically had lower bacterial populations of both total heterotrophic bacteria 

and hydrocarbon-degrading bacteria. These results indicated that the bacterial popu-

lations were higher and well adapted to the low temperature conditions present in the 

contaminated soils, where the nutrient status (carbon source from the hydrocarbons) 

would be more favorable for growth. This inference also indicated that the soil was 

nutrient defi cient, and the presence of the hydrocarbons partially and temporarily 

alleviated the poor nutrient status.

The total heterotrophic and hydrocarbon-degrading bacterial populations in the 

biopile increased by approximately one order of magnitude after 2 months of on-site 

treatment. After 15 months of on-site treatment, the total heterotrophic bacterial 

population density remained comparably high, but the hydrocarbon-degrading bac-

terial population had decreased by almost an order of magnitude.
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14.3.2  INDIGENOUS MICROBIAL DEGRADATION POTENTIAL: 
MINERALIZATION ANALYSIS

The assays were performed on the untreated soils, on the nutrient amended soils and 

on soil samples collected from the biopiles after 2 and 15 months of treatment. The 

nutrient amendments were designed to improve microbial activity by supplying the 

nutrients that were most likely limiting, nitrogen and phosphorus. The assays were 

conducted at 4°C, the average summer temperature at the site. In the absence of nutri-

ent amendments, the contaminated soil composite (AB) showed a negligible min-

eralization of hexadecane at 22°C (data not shown) and at 4°C (Figure 14.6). When 

the soils were amended with MAP, at 500 mg/kg (high) or 250 mg/kg (low) nitrogen, 

hexadecane mineralization was high (ca. 60%) after 7 weeks incubation. The amend-

ment of the composite soil with 20-20-20 at 250 mg/kg resulted in slightly lower levels 

of mineralization compared to those observed with MAP (Figure 14.6). Urea was not 

TABLE 14.1
Viable Bacterial Population Density in Alert Soils

Sample

CFU/g Wet Soil

Total Heterotrophs 
(YTS)

Hydrocarbon Degraders 
(MSM-Diesel)

22°C 4°C 22°C 4°C

Samples from Initial Soil Samples
A-1 1.52e+7 7.69e+6 1.16e+6 1.14e+6

B-1 2.14e+7 4.18e+7 5.69e+6 1.16e+6

C-1 9.68e+5 9.68e+5 9.69e+3 1.45e+4

Random Samples from Biopile after 2 Months (2005)
Bio1 2.14e+8 1.28e+8 6.61e+7 4.92e+7

Bio2 1.70e+8 1.52e+7 1.18e+7 2.14e+7

Bio3 2.34e+8 1.99e+8 4.92e+7 1.96e+7

Bio4 4.18e+8 3.06e+7 1.18e+7 6.97e+7

Random Samples from Biopile after 15 Months (2006)
Bio1 3.05e+8 1.16e+8 3.06e+6 2.53e+6

Bio2 4.92e+8 1.96e+8 2.14e+6 1.52e+6

Bio3 2.75e+8 1.52e+8 3.06e+6 3.72e+6

Bio4 4.18e+8 1.18e+8 2.32e+6 3.06e+6

Note: Total heterotrophic bacteria were determined on nutrient 

media (YTS) and hydrocarbon degraders were determined on 

mineral salts-diesel medium (MSM-diesel). Samples included 

the initial soil composites (A-1, B-1), a noncontaminated 

control soil (C-1), and random composite soils  collected from 

the biopile during treatment after 2 months (Bio1–Bio4, 

2005) and 15 months of treatment (Bio1–Bio4, 2006).
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effective at stimulating the indigenous activity to any appreciable extent in compari-

son with the other two fertilizers, although weak mineralization was observed after an 

extensive lag phase. The results demonstrated that the initial composite-contaminated 

soil contained cold-adapted aliphatic hydrocarbon-degrading microbial populations, 

but to obtain activity, nutrient amendment was required. The specifi c nutrient amend-

ment used also had a noticeable effect, with urea as a very poor candidate, while both 

20-20-20 and MAP stimulated mineralization to comparable extents.

The soil samples from the biopiles were collected after approximately 2 and 15 

months of on-site treatment and analyzed for indigenous hexadecane mineraliza-

tion activity at 4°C (Figure 14.7). All the biopile samples collected after 2 months 

of treatment showed a rapid rate of hexadecane mineralization, and achieved the 

maximum extent only after 4 weeks of incubation (Figure 14.7A). The control soil 

showed almost no mineralization in the same time frame. After 15 months of on-site 

treatment, the rates of hexadecane mineralization were still very high, but some-

what slower than after 2 months (Figure 14.7B). This was not surprising considering 

that the samples were collected in October when the ambient air temperatures were 

already approximately −20°C on-site. Nevertheless, in both cases, the biopile sam-

ples showed essentially no lag times in hexadecane mineralization, somewhat better 

than the initial soil, which showed a lag time before mineralization began.

14.3.3 LABORATORY MESOCOSMS

Laboratory mesocosms amended and incubated under identical conditions to the 

 mineralization microcosms were analyzed for residual hydrocarbons (C10–C50) after 
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FIGURE 14.6 Mineralization of 14C-hexadecane in Alert soils incubated at 4°C. 

Mineralization in the initial composite soil (AB) with no addition, following amend-

ment with 20-20-20 fertilizer at a low concentration, or MAP or urea at low and high 

concentrations.
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3 months of incubation at either 22°C or 4°C (Table 14.2). The results showed that even 

without amendments, considerable degradation of the hydrocarbons had occurred at 

both incubation temperatures. The most signifi cant decrease was in soil A amended 

with 20-20-20 and incubated at 22°C (>90% decrease). The results demonstrated that 

nutrient amendment signifi cantly increased the degradation of hydrocarbons, espe-

cially at the higher incubation temperature (22°C). A typical GC-FID chromatogram 

showing the results of several composite soil B mesocosms in comparison to weath-

ered diesel and several alkane standards is shown in Figure 14.8. The results show that 

the degradation proceeds more rapidly at the higher incubation temperature.

14.3.4 MONITORING BIOPILE PERFORMANCE

A large biopile was constructed with the contaminated soils in a bermed area on-site 

in July, 2005. The soils were amended with MAP at a concentration equivalent to 
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FIGURE 14.7 Mineralization of 14C-hexadecane in Alert biopile soils incubated at 4°C. 

Four random soil samples were collected on site after 2 months (A) and 15 months (B) of 

on-site treatment. A noncontaminated soil from the site was included as a control, in addition 

to a sterile control.
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500 mg/kg contaminated soil. After approximately 2 months of on-site treatment, 

random composite soil samples were collected for the analysis of residual hydrocar-

bons (Table 14.3) and for indigenous microbial population density (Table 14.1) and 

mineralization activity (Figure 14.7A). As indicated previously, the microbial popu-

lation density (Table 14.1) and the hexadecane mineralization activity (Figure 14.7A) 

increased signifi cantly in biopile soils relative to the starting contaminated soil. In 

addition, chemical analysis demonstrated that the residual hydrocarbon concentra-

tion had been reduced by almost 60% (Table 14.3). A more detailed analysis of the 

hydrocarbon fractions in the biopile soils collected after 12 and 15 months of on-site 

treatment demonstrated that the residual hydrocarbon concentration after 15 months 

of treatment was below the Canadian Council of Ministers of the Environment 

(CCME) criteria for industrial coarse soils, indicating that the soils can now be con-

sidered for release (Table 14.3). The results show that a minimal on-site biostimula-

tion treatment system was suffi cient to treat the on-site contamination within a 2 

year time frame. This data indicates that should future contamination events occur 

on site, it would be possible to treat the contaminated soil within a very reasonable 

time without the need for signifi cant treatment infrastructure.

TABLE 14.2
Total Petroleum Hydrocarbon Concentration 
in Alert Mesocosm Composite Soils (A and B) 
or Noncontaminated Control Soil (C) without 
and with Biostimulation (20-20-20 or MAP 
Fertilizers) and Incubation at 4°C or 22°C 
for 3 Months

Sample

Total Petroleum Hydrocarbons 
(C10–C50) (mg/kg)

Time = 0

After 3 Months 
Incubation At

22°C 4°C

A 3400

A − no additions 1850 2650

A + 20-20-20 275 1400

A + MAP 650 1250

B 3250

B − no additions 800 1150

B + 20-20-20 400 1150

B + MAP 300 950

C <100
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FIGURE 14.8 GC-FID chromatogram of C10–C50 hydrocarbons in Alert composite soil B 

laboratory mesocosms, initially, and following MAP amendment and incubation at either 4°C 

or 22°C for 3 months. Chromatograms showing standard reference alkanes and weathered 

diesel (50%) are presented for comparison.
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14.3.5 CATABOLIC GENE MICROARRAY ANALYSIS

A catabolic gene microarray containing amplicons from more than 100 bacterial 

genes involved in the degradation of hydrocarbon pollutants, chlorinated com-

pounds, heavy metal resistance, and genes from several major nutrient cycles 

(nitrogen, carbon, sulfur) was used to monitor the total microbial communities in 

hydrocarbon-contaminated soil undergoing treatment at CFS-Alert. Microarray 

analysis has been developed and used by several researchers to detect specifi c target 

TABLE 14.3
Total Petroleum Hydrocarbon Analysis in Alert Biopile Soils

Sample

Residual Hydrocarbon Concentration (mg/kg)

Total
C10–C50

Hydrocarbon Fraction

F1 
(C6–C10)

F2 
(C10–C16)

F3 
(C16–C34)

F4 
(C34–C50)

Criteria—

industrial soil

310 760 1700 3300

Random Samples after 2 Months of On-Site Treatment (2005)
Biopile-1 1433

Biopile-2 1333

Biopile-3 1267

Biopile-4 1400

Control (NC) <100

Random Samples after 12 Months On-Site Treatment (2006)
A1 18 680 37 ND

A2 22 1000 46 ND

B1 22 500 26 ND

B2 24 810 36 ND

B3 18 640 47 ND

C1 27 790 38 ND

D1 32 550 29 ND

D2 20 740 36 ND

D3 20 720 41 ND

Random Samples after 15 Months On-Site Treatment (2006)
Biopile-1 13 40 30 ND

Biopile-2 16 400 40 ND

Biopile-3 29 340 50 ND

Biopile-4 16 270 20 ND

Note: Samples initially analyzed using the C10–C50 method (CEAEQ, 1997), and subsequently using 

the F1–F4 method (Turle et al., 2007). Samples included a noncontaminated control soil (control) 

and random composite soils collected from the biopile during treatment after 2 months (biopile-

1–biopile-4, 2005), 12 months (A1–D3), and 15 months of treatment (biopile-1–biopile-4, 2006). 

ND, not detected.
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genes primarily using oligonucleotides derived from those genes (Wu et al., 2001; 

Zhou, 2003; Rhee et al., 2004). Several target genes involved in the degradation of 

aliphatic (alkB) and aromatic (ndoB) hydrocarbons were found to increase signifi -

cantly following biostimulation with the fertilizer MAP (Figure 14.9). When the 

intensities of the hybridization signals relative to the internal controls (16S rRNA 

gene, lambda DNA, and the luxA gene) were analyzed at different times during 

the treatment, substantial increases in the frequencies of specifi c alkB genes, and 

the ndoB gene were observed, coinciding with increased hydrocarbon-degradation 

activity in the soil. In particular, two different alkB genes from Rhodococcus spp. 

were found to be the predominant alkane degradation genes in the fi rst and second 

years of treatment. During the fi rst year, the ndoB gene was detected at an elevated 

frequency, but its level during the second year of treatment was below the detection 

limit. Other well-known alkane-degradation genes from Alcanivorax borkumensis 

(alkB1Ab) and Acinetobacter calcoaceticus (alkM) were not detected in the initial-

contaminated soil, or in the soil under treatment. The catabolic gene microarray 

proved to be sensitive enough to detect changes in the relative frequencies of several 

important target genes over the course of monitoring biodegradation performance 

in the biopiles. With further refi nements to the technique to increase sensitivity 

and to render the method more quantitative, microarray analysis could be a very 

valuable, high-throughput approach for a long-term monitoring of bioremediation 

performance.

14.3.6 BIOPILE MONITORING USING Q-PCR

Q-PCR is a powerful technique to determine the relative number of target gene cop-

ies in a sample, which can be used to assess whether the target genes have increased 

or decreased in response to a bioremediation treatment (Powell et al., 2006). In the 

present study, Q-PCR was used to validate the results observed with the catabolic 

gene microarray on samples collected during the bioremediation of contaminated 

soil at CFS-Alert. The same samples that were examined using the microarray were 

assessed for the presence of several key target genes involved in the degradation of 

aliphatic and aromatic hydrocarbons. The Q-PCR results (Figure 14.10) supported 

the results seen with the catabolic microarray in that the alkane hydroxylase encod-

ing gene from Rhodococcus Q15 (alkB1(Q15)) became a dominant alkane-degrading 

gene in the hydrocarbon-contaminated soil during treatment. This domination was 

observed through more than 1 year of on-site treatment. Another alkane hydroxylase-

encoding gene from an indigenous strain of P. putida (alkB(Pp5)) was a major gene 

in the initial soil and during the fi rst year of treatment, but its numbers decreased 

substantially during the second year of on-site treatment. The best known alkB gene, 

derived from P. putida (ATCC29347) was never detected in this Arctic soil. One of 

the key genes in the biodegradation of polycyclic aromatic hydrocarbons, the ndoB 

gene (nahAc) from Pseudomonas sp. was detected in the starting contaminated soil, 

and throughout the 2 year monitoring program, but it gradually decreased in concen-

tration during the second year of treatment.

Q-PCR was shown to be a very effective technique to assess and moni-

tor the number of target genes in the biopile samples, and to follow any 
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FIGURE 14.9 Catabolic gene microarray analysis of Alert soils. Gene frequencies were 

determined relative to total 16S rRNA genes, corrected for using internal lambda DNA for the 

luxA gene. Target genes involved in aliphatic (alk genes) or polycyclic aromatic (ndoB gene) 

hydrocarbon degradation are shown for total DNA extracted from the initial-contaminated 

composite soils (A1, A2, B1, B2), or noncontaminated control soil (C1, C2) in 2005 (panel A), 

from biopile samples collected in 2005 (Bio1–Bio4), 2 months after treatment started (panel 

B), and from biopile soils collected in 2006, 15 months after treatment started (Bio1–Bio4), in 

addition to contaminated soil from a fresh hydrocarbon spill (NB1, NB2) (panel C).
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change in numbers during bioremediation. This technique was valuable in 

 determining which  treatment had the greatest stimulatory effect on the indig-

enous  hydrocarbon-degrading  microbial population. Importantly, the same trends 

of increased numbers of specifi c alkB genes that were observed using the cata-

bolic gene microarray were observed during Q-PCR analysis. This suggests that 

microarray analysis can be semiquantitative when using appropriate quantitated 

standards, which could be a major advantage when it is desirable to monitor mul-

tiple target genes simultaneously.

14.4 CONCLUSIONS

The feasibility of biotreating hydrocarbon-contaminated soils in the Canadian high 

Arctic was evaluated by initial laboratory analyses of the hydrocarbon degradation 

potential and the activity of the indigenous microbial population and by biostimula-

tion using several readily available fertilizer amendments.

An initial laboratory biotreatability study was performed on excavated fuel 

hydrocarbon-contaminated soils at a former gold mine site in Colomac, Northwest 

Territories, and at CFS-Alert, Nunavut, Canada. The study evaluated the presence 

of hydrocarbon-degrading viable bacterial populations, the genetic potential of the 

indigenous soil bacteria to degrade fuel hydrocarbons, the degradation and miner-

alization activity of soils with and without fertilizer amendments, and the use of 

A1 B1 Bio1 Bio2 Bio3 Bio4 Bio1 Bio2 Bio3 Bio4

G
en

e c
op

ie
s/

ng
 D

N
A

2005 2006

0

2,000

4,000

6,000

8,000

10,000

alkB(Pp)
alkB1(Q15)
ndoB

alkB(Pp5)

FIGURE 14.10 Q-PCR for genes involved in alkane (alk genes) and polycyclic aromatic 

hydrocarbon (ndoB gene) degradation in soils from CFS-Alert. Total DNA extracts from the 

initial-contaminated composite soils (A1, B1), and from the biopile soils after 2 months of 

treatment (Bio1–Bio4, 2005) and from biopile soils after 15 months of treatment (Bio1–Bio4, 

2006) were examined for the alkB gene from a high Arctic P. putida isolate (alkB(Pp5)), 

from the well-characterized alkane-degrading P. putida ATCC 29347 (alkB(Pp)), the alkB1 

gene from Rhodococcus sp. Q15 (alkB1(Q15), and the ndoB gene from P. putida ATCC17484 

(ndoB).
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Q-PCR and a catabolic gene microarray to evaluate the initial indigenous micro-

bial population and to monitor biopile soils during the on-site treatment phase. The 

laboratory results demonstrated good hydrocarbon-degradation activity by the indig-

enous microbial population following nutrient amendment, and this activity was 

sustained at 4°C. Chemical analyses of soils during laboratory or on-site treatment 

confi rmed degradation activity and the positive infl uence of the fertilizer amend-

ments. At CFS-Alert, an on-site biopile treatment system was constructed to treat 

contaminated soils in the fi eld and provided comparable results to those that had 

been observed in the laboratory. These results demonstrated that a simple treatment 

design that includes controlled fertilizer amendment and soil tilling resulted in an 

effective treatment for fuel hydrocarbon-contaminated soil under ambient climatic 

conditions at the Colomac and CFS-Alert sites. The initial laboratory biotreatability 

study was a crucial step because each site presents specifi c conditions and challenges 

that will infl uence the ultimate success of any bioprocess. This approach of minimal 

intervention for the biotreatment of contaminated sites is essential in remote areas 

with extreme climates, and demonstrates the potential for the on-site remediation of 

other Arctic sites.

The contaminated soils from the two study sites contained indigenous hydrocar-

bon-degrading microbial populations that responded positively to fertilizer amend-

ment and were active at 4°C, a temperature that might be achieved in the high Arctic 

during the summer months. In the laboratory studies, hexadecane mineralization 

activity was increased signifi cantly using the fertilizers 20-20-20 and MAP, whereas 

urea had no signifi cant effect on degradation activity. The microbial populations 

in contaminated soils from both sites responded to the fertilizer amendment by 

increasing the population density and relative hexadecane mineralization activity, 

and by increasing the relative numbers of key genes involved in the degradation of 

aliphatic (alk genes) and polycyclic aromatic (ndoB gene) hydrocarbons, determined 

by Q-PCR.

At the CFS-Alert site, an on-site biopile treatment system was set up in a bermed 

area in the spring of 2005, and monitored for microbial activity and residual hydro-

carbon concentrations over a 15 month period. In the fi eld, the microbial popula-

tion density and hydrocarbon-degradation activity increased in a manner that was 

consistent with the results that had been observed in the laboratory feasibility study. 

Monitoring data over the 15 month treatment period demonstrated that the hydrocar-

bon concentration had been reduced to levels that allowed release of the soil based on 

the criteria for an industrial use, coarse grain soil. These results were supported by an 

observed increase in the numbers of key hydrocarbon-degradation genes by Q-PCR 

and by analyzing the genes semiquantitatively using a catabolic gene microarray.

The initial laboratory feasibility study was instrumental in establishing the treat-

ment parameters for the on-site treatment system, which included the best fertil-

izer amendment and the amount necessary to obtain optimum-degradation activity. 

Performance monitoring in the fi eld using culture-dependent and culture-independent 

analyses, including mineralization assays, Q-PCR, and a catabolic gene microarray, 

validated the effi cacy of the designed treatment system and confi rmed the endpoints 

necessary for the release of the treated soil.
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