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Abstract
It is generally accepted that bacterial diversity in a community confers resistance to environmental perturbation. Com-
munities with high bacterial diversity are less likely to be impacted by environmental changes such as warming. As such, 
hydrocarbon-contaminated Antarctic soil that are typically characterised by low bacterial diversity and highly selective 
taxonomic composition are expected to be more sensitive to changes in temperature than uncontaminated Antarctic soil. To 
test this hypothesis, we evaluated the response of bacterial community structure to warming of hydrocarbon-contaminated 
and uncontaminated soil collected from Casey Station, Windmill Island, East Antarctica by using microcosms incubated at 
5, 10 and 15 °C over a period of 12 weeks. Our results showed that shifts occurred in the bacterial community in relation 
to the incubation temperatures in both the hydrocarbon-contaminated and uncontaminated soil, with a stronger response 
observed in the contaminated soil. Taxa referred as comprising hydrocarbon-degrading genera such as Rhodococcus, was the 
most prevalent genus in the contaminated soil after incubation at 15 °C, accounting for approximately 32–50% of the total 
detected genera. However, there were no significant differences in the selected functional genes, potentially suggesting high 
levels of metabolic plasticity in the studied soil bacterial communities. Overall, we showed that hydrocarbon contamination 
in soil might lead to lower bacterial community stability against environmental perturbation such as temperature variation.
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Introduction

Human activities in Antarctica are heavily reliant on petro-
leum hydrocarbon and synthetic oil products for transport, 
aircraft, ships, power generation, and heating. Despite the 
heavy usage, guidelines for proper hydrocarbon disposal 
were only introduced after the implementation of The Pro-
tocol on Environmental Protection to the Antarctic Treaty 
in 1998. Nearly 20 years after the Protocol was signed, the 
regulation of fuel management and contaminants is highly 
dependent on self-regulation by national operators, and their 
interpretation of the protocol (Aislabie et al. 2004; Bennett 
et al. 2015). Due to the weakness in past disposal practice 
and management, and a lack of independent regulation, the 
occurrence of accidental spills and contamination of soils 
and sediments with anthropogenic-related hydrocarbons 
remain common in Antarctica (Filler et al. 2008; Tin et al. 
2009; Fryirs et al. 2015; McWatters et al. 2016).

Light (jet oil) and heavy fuel (diesel) are able to move 
across and into unfrozen soil layers, resulting in the reduc-
tion of soil pH and indirectly affect soil nitrite through 
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microbial activities (Aislabie et al. 2004). Hydrocarbons 
also increase soil surface temperature due to decreasing soil 
albedo, and they increase the local soil carbon pool (Aislabie 
et al. 2004; Saul et al. 2005; Vazquez et al. 2009). Anthropo-
genic hydrocarbons can disrupt soil stoichiometry, causing 
imbalance in C:N:P ratio (Dias et al. 2015). These alterations 
in soil properties can exert a strong selection pressure to the 
bacterial community by preferentially selecting for hetero-
trophic hydrocarbon-degraders such as Pseudomonas, Rho-
dococcus and Sphingomonas (Aislabie et al. 2001; Saul et al. 
2005; Vázquez et al. 2013; Muangchinda et al. 2015). Fur-
thermore, hydrocarbon-contaminated soils were frequently 
found to harbour lower bacterial diversity in comparison 
to the uncontaminated soil, due probably to the selection 
of microorganisms that are able to utilise hydrocarbons as 
well as those affected by hydrocarbon toxicity (Aislabie 
et al. 2004; Saul et al. 2005; Labud et al. 2007; Chong et al. 
2009; Cury et al. 2015).

Over the past two decades, a strong warming trend was 
recorded in the Antarctic Peninsula and West Antarctica 
(Turner et al. 2014; Ludescher et al. 2016), although a recent 
report suggested that the warming at the Antarctic Peninsula 
is slowly attenuated (Turner et al. 2016). Bacterial commu-
nities showed rapid and significant responses in structure, 
activity and diversity to the changes of climate (Yergeau 
et al. 2012). For instance, Rinnan et al. (2009) showed that 
the adaptation of Antarctic soil community to warming is 
highly dependent on external factors such as location and 
presence of vegetation. In an in situ soil warming experi-
ment on the Antarctic Peninsula, soil bacterial communi-
ties exhibited significant shifts and significantly lower func-
tional gene diversity (Yergeau et al. 2012). Separately, under 
a laboratory-based soil microcosm setting, vegetated soil 
incubated at 15 °C showed elevated active bacterial diversity 
(RNA) in comparison to microcosm soils incubated in lower 
temperatures (3–7 °C) after 6 months of incubation (Yergeau 
and Kowalchuk 2008).

Previous reports showed that community changes in 
response to warming were also detectable in Antarctic 
hydrocarbon-contaminated soil (Coulon et al. 2005; Fergu-
son et al. 2008). It was found that warming generally estab-
lished a positive effect to hydrocarbon remediation in Ant-
arctic soil and sediments (Ferguson et al. 2008; McDonald 
and Knox 2014). Interestingly, however, few studies have 
compared community and functional stability between 
hydrocarbon-contaminated and uncontaminated soil during 
warming. Specifically, it is unclear whether the microbial 
community assembly in hydrocarbon-contaminated soil is 
more or is less sensitive to warming than uncontaminated 
soil. We postulate that the reduced diversity and special-
ised population dominated by hydrocarbon-degraders in the 
hydrocarbon-contaminated soil is less resistant to warming 
than the uncontaminated soil. To test our hypothesis, we 

compared the response of bacterial communities from both 
hydrocarbon-contaminated and uncontaminated Antarctic 
soil using microcosms incubated at 5, 10 and 15 °C over a 
period of 12 weeks.

Materials and methods

Description of study site

Soil samples used for the microcosm study were collected in 
the vicinity of Casey Station, Windmill Island, East Antarc-
tica (Fig. 1). Soil around the station is composed of mainly 
coarse and sandy Antarctic mineral soil. The hydrocarbon-
contaminated (HC) site (S66°16′54.305″ E110°31′27.124″) 
is located where an oil spill occurred in 2012 near the Emer-
gency Power House. The soil was excavated to a depth of 
approximately 0.2–1.25 m below ground surface, mixed and 
placed in biopile treatment cells for remediation. The same 
soil used for the biopile construction was collected (~ 5 kg) 
and frozen until the microcosm setup. The initial total 
petroleum hydrocarbon content (TPH) was 2180 ± 118 mg/
kg, (carbon 9–40, dry mass basis) and was generally con-
sidered to be within the medium contamination range 
(401–5000 mg/kg) (van Dorst et al. 2014, 2016). The uncon-
taminated (UC) site (S66°16′54.644″ E110°31′30.374″) is 
located approximately 50 m east of the spill site and has 
negligible amount of TPH. The TPH content of the HC and 
UC soil was supplied by the Australian Antarctic Division.

Soil incubation

The soil samples were homogenised by sieving through a 
2-mm mesh sieve prior to setting up the microcosms. The 
microcosms were set up using sterile falcon tubes (diam-
eter = 3 cm, capacity = 50 mL). The bottom of each tube was 
filled with sterile glass beads up to 2 cm in height to allow 
drainage to avoid waterlogging of the soil. Water usually 
exist only transiently in liquid form in Antarctic soil (Adams 
et al. 2006; Cary et al. 2010). Approximately 20 g of soil 
(HC or UC) was put into each sterile falcon tube. The top of 
the tubes had a headspace of approximately 5 cm and they 
were loosely plugged with sterilised rolled cotton wool to 
trap dust and allow aeration during incubation. The tubes 
of soil were incubated at three different temperatures (5, 10 
and 15). 500 µL sterile distilled water was added to each tube 
every 2 days to prevent dehydration.

Fifteen tubes each of HC and UC soil were incubated 
at each temperature. Therefore, for three temperature treat-
ments, 45 tubes of HC soil and 45 tubes of UC soil were 
incubated. Five tubes each of HC and UC soil were removed 
and analysed at each of the three incubation periods: 4, 8 and 
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12 weeks. Separately, five tubes each of untreated HC and 
UC soil were analysed as control.

Soil chemical analyses

All samples collected were dried at 70 °C until a constant 
weight was obtained (Chong et al. 2012). Soil water content 
was determined based on percentage of water lost from dry-
ing. Dried samples were used for subsequent soil chemical 
analysis. Soil pH was measured in 1:2 (w/v) suspensions 
of dried soil in distilled water while electrical conductivity 
(µS/cm) was measured in 1:5 (w/v) suspensions of dried 
soil in distilled water (Chong et al. 2010). Nitrate and nitrite 
in the soil were extracted by addition of calcium chloride 
and activated charcoal, while phosphate was analysed by 
digestion of the soil with concentrated sulphuric acids and 
hydrogen peroxide. Nitrate, nitrite and phosphate contents 
in the soil (mg/kg) were determined photometrically using 
spectroquant photometer (MERCK, USA) at International 
Medical University, Malaysia.

Bacterial community analyses

Bacterial DNA extraction and Terminal Restriction 
Fragment Length Polymorphism (T‑RFLP) analysis

PowerSoil® DNA Isolation Kit (MoBio Inc., USA) was 
used to extract DNA from the soil samples, according to the 
manufacturer’s instructions. Soil DNA was eluted in 50 μL 
TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). T-RFLP 

was conducted as described in Chong et al. (2012). Briefly, 
template DNA from each soil sample was amplified using 
the bacteria-specific 16S primers, 27F (5′- FAM- GAG​TTT​
GATCMTGG​CTC​AG-3′) and 1492R (5′- HEX-GGY​TAC​
CTT​GTT​ACG​ACT​T-3′), to produce amplicons of ~ 1500 
base pairs (bp). The amplified DNA was then purified with 
MEGAquick-spin™ PCR Product Purification Kit (iNtRON 
Biotechnology, Korea) and digested with Msp-I (Fermen-
tas, USA). Electrophoretic separation of restriction frag-
ments was analysed by FirstBase Laboratories (Selangor, 
Malaysia) using ABI 3100 and ABI 3730 XL DNA analyser 
(Applied Biosystems Inc.) resulting in a unique genotype 
profile for each sample. The profiles were ran along with 
GeneScan™-500HD ROX™ marker (Applied Biosystems, 
USA), which permits determination of terminal restriction 
fragments (T-RF) up to 500 bp in length. These terminal 
fragments were analysed using the web-based programme 
T-Rex (Culman et al. 2009). The fluorescence intensity of 
each peak indicates the relative abundance of a taxon which 
is expressed as either peak height or peak area. Statistical 
determination of the threshold was carried out (Abdo et al. 
2006) to distinguish true peaks from noise in the range of 
50–500 bp. T-RFs that are < 50 or > 500 bp were eliminated 
from all datasets. In addition, to reduce run-to-run variabil-
ity, fingerprints were aligned using T-Align (Smith et al. 
2005). In this method, the smallest T-RF present among all 
replicate profiles was identified and marked. Peaks within 
this range of 0.5 bp were considered identical and binned 
into a single T-RF. The next smallest peak within the same 
range (± 0.5 bp) not falling into the first T-RF, was binned 
into the second T-RF.

Fig. 1   Location of Casey Station, Antarctica. Source: Australian Antarctic Division Data Centre (adapted from: https​://data.aad.gov.au/aadc/
mapca​t/)

https://data.aad.gov.au/aadc/mapcat/
https://data.aad.gov.au/aadc/mapcat/
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Statistical analyses of the T‑RFLP derived 
community patterns

Multivariate data analysis was conducted with PRIMER v6 
with PERMANOVA add-on programme package (Ander-
son 2001; Anderson et al. 2008). Permutational multivariate 
analysis of variance (PERMANOVA) based on Bray–Curtis 
similarity coefficient was performed to test for significant 
difference in bacterial assemblage pattern across treatments. 
Constraint ordination in the form of canonical analysis of 
principal coordinates (CAP) was conducted to visualise the 
distribution of bacterial assemblage pattern by selecting 
axes from the multidimensional data cloud that showed the 
strongest difference between treatments. Distance-based lin-
ear model (DISTLM) routine was also performed to analyse 
and model the correlation between the bacterial assemblages 
and environmental factors. DISTLM was constructed using 
the step-wise selection procedure under adjusted Akaike 
information criterion with a correction for finite sample sizes 
(AICc) selection criterion to enable the fitting of the best 
explanatory environmental variables in the model.

Roche 454 pyrosequencing

The HC and UC microcosms which showed the high-
est diversity (based on T-RFLP analysis) under different 
temperatures and incubation durations were further ana-
lysed using Roche 454 pyrosequencing which was com-
missioned to ScienceVision Sdn. Bhd (Selangor, Malay-
sia). Sequencing was conducted using PCR primer pair 
(5′ GAG​TTT​GATCMTGG​CTC​AG-3′ and 5′WTT​ACC​
GCG​GCT​GCTGG-3′) targeting V3-V4 regions of the 16S 
rRNA gene. A total of 111,902 reads were obtained with 
an average sequence length of ~ 280 bp. The raw data were 
noise-filtered, screened for chimeras and aligned to SILVA 
alignment database, Release 128. The resulting output con-
sisted of 65,972 sequences with an average sequence length 
of ~ 245 bp. Sequences were subsequently clustered into 
operational taxonomic unit (OTU) at 3% evolutionary dis-
tance and different levels of phylogenetic taxonomic unit 
based on SILVA reference taxonomy Release 128 with a 
cut-off of 80% homology. Alpha diversity of the bacterial 
assemblages at OTU level was assessed based on observed 
richness (Sobs) and Inverse Simpson Index (Invsimp-
son), community evenness using Simpson evenness index 
(Simpsoneven) while the sequencing coverage was estimated 
based on Good’s coverage. Analysis of molecular variance 
(AMOVA), as implemented in mothur, was used to deter-
mine if there were statistically significant differences in the 
Sorensen and Hellinger similarity coefficient between HC 
and UC soil samples. Differentially abundant features in 
genus and phylum level were identified based on linear dis-
criminant analysis (LDA) effect size (LEfSe) method. The 

alpha diversity indices including Invsimpson and Simpson-
even, as well as AMOVA and LEFse, were calculated using 
the subsampled data (n = 1565 bp).

Quantitative evaluation of functional genes 
involved in nitrogen and carbon metabolism

Quantitative PCR (qPCR) was conducted to measure the 
abundance of nifH (nitrogen fixation), nirS (denitrifica-
tion), nosZ (denitrification), Chitinase GA (carbon degra-
dation), amo-A (nitrification) and nirK (nitrate reductase) 
genes in the soil samples. Each 10 µl reaction contained 
1 µl of the target DNA extract (10 ng), 5 µl of IQ SYBR 
Green Supermix, 1.25 µl of each primer (10 µm) and 1.5 µl 
of sterile distilled water. Thermal cycling conditions used 
were different for all six primers tested (Online Resource 1). 
Fluorescence signal (520 nm) was detected at the end of the 
elongation phase for each cycle. To evaluate amplification 
specificity, melt curve analysis was performed at the end 
of each PCR run. A melting curve profile was obtained by 
heating the mixture to 95 °C, cooling to 60 °C for each 10 s. 
To quantify unknown concentrations of each target gene, a 
standard curve was generated by the amplification of a ten-
fold dilution series of target gene in the presence of DNA 
extracted from Pseudomonas fluorescens isolates (control). 
The coefficient of correlation (R2) between the cycle thresh-
old value (Ct) and target DNA concentration was between 
0.990 and 0.997 while the PCR efficiency was between 95 
and 98%. Subsequently, the gene copy number was calcu-
lated using the formula: number of copies = (DNA concen-
tration × 6.022 × 1023)/(product length in bp × 1 × 109 × 650) 
(Aghamollaei et al. 2015).

Results

Responses of bacterial community pattern 
to temperature and incubation durations

CAP ordination based on all samples suggested that the 
bacterial community pattern of the temperature-treated UC 
soil was more similar to the untreated UC soil compared 
to the bacterial community pattern of temperature-treated 
HC soil and untreated HC soil (Fig. 2a). Separately, the 
HC soil showed stronger sample dispersion than UC soil 
across treatments (Fig. 2b), with calculated PERMDISP 
average distance to centroid of 39.25 ± 1.08 for HC soil 
and 27.54 ± 1.93 for UC soil (pairwise T = 5.33, P = 0.001). 
Significant separations according to temperatures and incu-
bation durations were detected in both HC and UC soil 
(P < 0.05; Table 1). Among them, greater effects of tem-
perature and incubation duration were observed for bacterial 
composition in HC soil (pseudo-T for temperature = 3.77, 
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pseudo-T for incubation duration = 44.18) compared to 
UC soil (pseudo-T for temperature = 2.96, pseudo-T for 
incubation temperature = 10.86) (Table 1). In addition, the 
influence of incubation duration was found to be stronger 
than temperature on bacterial community composition. For 
instance, clear clustering based on the duration of incuba-
tion was apparent in the CAP ordination plot for both HC 
and UC soil (Fig. 3). A follow-up pairwise PERMANOVA 
(Online Resource 2) comparing the effect of temperature 
across weeks of incubation suggests that no significant com-
munity changes had occurred at Week 4 for both the HC and 
UC soil. However, at Week 8 and Week 12, the HC soil bac-
terial community patterns in the 15 °C microcosms showed 
strong separation compared to the 5 and 10 °C microcosms. 

On the other hand, the UC soil bacterial assemblage from 
the 5 and 15 °C microcosms remained similar in the Week 8 
and Week 12 samples, while both were significantly different 
to the 10 °C microcosms.

Taxonomic distribution based on 454 
pyrosequencing of the 16S rDNA

From the 454 pyrosequencing, 36,281 processed reads were 
obtained from the HC soil, and 42,281 processed reads were 
obtained from the UC soil. The sequencing coverage was 
between 91 and 97%. Based on the calculated α-diversity 
indices, HC soil was generally less diverse than the UC 
soil (Table 2) and the bacterial richness in both soils were 

Fig. 2   CAP ordination based on bacterial community composition 
inferred using TRFLP (UC open symbols, HC closed symbols). a 
Ordination with complete sample set including untreated soil; b ordi-

nation excluding untreated soil. Symbol: (open triangle) Week 4, 
(open inverted triangle) Week 8, (open square) Week 12, blue = 5 °C, 
green = 10 °C, red = 15 °C. (Color figure online)

Table 1   Effect of temperature 
and incubation duration 
inferred using permutational 
multivariate analysis of variance 
(PERMANOVA)

Te temperature, We incubation durations, df degree of freedom, SS Sum of square, MS mean square, 
P(perm) permutated P value, P(MC) Monte Carlo corrected P value)
a Term has one or more empty cells

Source df SS MS Pseudo-F P(perm) Unique perms P(MC)

UC
 Te 2 3503.1 1751.5 2.96 0.002 998 0.006
 We 2 12,867 6433.4 10.86 0.001 999 0.001
 TexWea 4 3824.8 956.19 1.61 0.019 999 0.07
 Res 36 21,327 592.41
 Total 44 41,521

HC
 Te 2 3738.6 1869.3 3.77 0.001 999 0.001
 We 2 43,837 21,919 44.18 0.001 999 0.001
 TexWea 4 6542 1635.5 3.30 0.001 996 0.001
 Res 36 17,862 496.17
 Total 44 71,980
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generally positively correlated with the incubation tempera-
ture. At the highest phylogenetic rank, sixteen phyla were 
identified across the two soils (Fig. 4a), with two phyla spe-
cific only to UC soil and three to HC soil. Overall, both 
soils were dominated by Proteobacteria and Actinobacteria. 
Nevertheless, taxonomic shift in accordance to the incuba-
tion temperature was apparent. For instance, at 5 and 10 °C, 
HC soils were over-represented by Proteobacteria. How-
ever, the proportion of Proteobacteria was reduced and was 
overtaken by Actinobacteria at the highest incubation tem-
perature (15 °C) at all incubation durations. UC soil, on the 
other hand, showed lower proportions of Acidobacteria and 
Bacteroidetes at 5 °C than in 10 and 15 °C.

The distribution pattern was highly variable when the 
comparison was made at genus level (Fig. 4b). In HC soil, 
Rhodococcus was the most prevalent bacterial genus. The 
dominance of Rhodococcus was particularly discernible at 
15 °C, accounting for approximately 32–50% of the total 
detected genera. It is noteworthy that at genus level, the tax-
onomic distribution of bacteria in the HC soil microcosms 
at 15 °C was distinctly different from the untreated HC soil. 
In the UC soil, a high prevalence of unclassified taxa under 
Betaproteobacteria group was detected.

Bacterial community comparison between HC 
and UC soil

Significant differences in phylum-based and genus-based 
bacterial composition were detected based on AMOVA 
(P value < 0.001 for both Sorensen-distance and Hellinger 
distance matrices). A followed-up LEFse suggests that at 
phylum level, Actinobacteria and Saccharibacteria were 

Fig. 3   CAP ordination of bacterial community composition in a 
hydrocarbon-contaminated Antarctic soil; b uncontaminated soil. 
Symbol: (open triangle) Week 4, (open inverted triangle) Week 8, 
(open square) Week 12, blue = 5 °C, green = 10 °C, red = 15 °C. Note 

that when compared with Fig. 2, the separation for each treatment is 
amplified when the ordination was conducted separately for HC and 
UC. (Color figure online)

Table 2   Estimated diversity indices and sample coverage from 16S 
DNA libraries of hydrocarbon-contaminated (HC) and uncontami-
nated (UC) soil microcosms incubated at different temperatures (5, 
10, 15 °C) and for different durations (4, 8 and 12 weeks)

a Indices were calculated by subsampling the number of sequences to 
the lowest count (i.e., 1565)

Group Nseqs Coverage Sobs Invsimpsona Simpsonevena

5HC4 1565 0.94 195 18.41 0.09
5HC8 2145 0.94 236 18.48 0.08
5HC12 3045 0.94 308 21.87 0.09
10HC4 1878 0.94 242 29.87 0.12
10HC8 2555 0.93 338 24.69 0.09
10HC12 3065 0.94 348 25.75 0.10
15HC4 2970 0.96 225 8.62 0.05
15HC8 3307 0.96 251 11.25 0.06
15HC12 4712 0.97 232 5.56 0.04
Untreated 

HC
2583 0.92 365 32.49 0.11

5UC4 3436 0.91 547 29.39 0.08
5UC8 3340 0.91 518 21.07 0.06
5UC12 3878 0.95 341 3.26 0.02
10UC4 4143 0.92 532 0.47 0.01
10UC8 3685 0.93 429 0.19 0.00
10UC12 4433 0.91 678 1.70 0.00
15UC4 3881 0.91 614 1.06 0.00
15UC8 3637 0.91 577 1.29 0.00
15UC12 4612 0.91 696 1.38 0.00
Untreated 

UC
3025 0.91 566 37.51 0.09
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Fig. 4   Percentage of a bacterial phyla b top 30 bacterial genera in hydrocarbon-contaminated soil (HC) and uncontaminated soil (UC) at different treatments (tem-
peratures: 5, 10 and 15 °C; weeks: 4, 8 and 12). Sequences not aligned to any known phyla are labelled as “unclassified”
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enriched in the HC soil while Acidobacteria, Bacteroidetes, 
Chloroflexi, Gemmatimonadetes and members of unclassi-
fied phylum were more abundant in UC soil (LDA > 3.5, 
P < 0.01). In contrast, at genus level, Brevundimonas, Rho-
dococcus, Rhodopseudomonas, Sphingomonas, Novosphin-
gobium, unclassified genus under Sphingomonadaceae, and 
unclassified genus under Gammaproteobacteria were greater 
in HC soil while Methylotenera, Porphyrobacter, Sulfuri-
talea, Thermomonas and unclassified genera under Act-
inobacteria, Comamonadaceae and Oxalobacteraceae were 
higher in UC soil (LDA ≥ 4, P < 0.01).

Soil chemical properties of microcosms 
under different temperatures

Soil chemical parameters were significantly differ-
ent between HC and UC soil (PERMANOVA pseudo-
F = 25.21, PMC = 0.001). For example, nitrate, nitrite, 
phosphate and the electrical conductivity were lower 

in UC soil compared to HC soil (Table 3). Significant 
differences in soil chemical properties in relation to 
temperature were detected in HC soil (PERMANOVA 
pseudo-F = 54.39, PMC = 0.001) but not in UC soil 
(pseudo-F = 2.27, PMC = 0.057). However, significant dif-
ferences in the soil chemical parameters were observed 
for both soil when the data were compared across incu-
bation durations (HC pseudo-F = 54.40, PMC = 0.001; UC 
pseudo-F = 8.18, PMC = 0.001). While the pH of both soils 
was weakly acidic, the pH of the HC soil decreased with 
incubation duration. Greater decrease in pH occurred at 
higher incubation temperatures (Table 3). A similar trend 
was also seen for the nitrate content in HC soil.

Changes in soil chemical properties in relation to bacterial 
assemblage pattern were modelled using DISTLM. There 
were no significant correlations between the six measured 
soil parameters (pH, electrical conductivity, water, nitrate, 
nitrite and phosphate contents) and bacterial community pat-
terns in the HC soil. However, water content significantly 

Table 3   Selected environmental properties (mean ± SD) of a hydrocarbon-contaminated (HC) soil and b uncontaminated (UC) soil incubated at 
three temperatures (5, 10, 15 °C) for three duration periods (4, 8 and 12 weeks) (n = 5 for each tested parameter)

Different superscripts denote Turkey HSD significant at P < 0.05
a Nitrate, nitrite and phosphate were measured in mg kg−1

b Electrical conductivity (µs/cm) was measured in 1:5 (w/v) suspensions of soil in distilled water
c pH was measured in 1:2 (w/v) suspensions of soil in distilled water
d Water expressed as percentage of soil dry mass

Temp. (°C) Incubation 
(weeks)

Nitrite (mg/kg)a Nitrate (mg/kg)a Phosphate (mg/L)a E.C (µS cm−1)b pHc Water (%)d

Hydrocarbon-contaminated soil (HC)
 Untreated 0 0.10 ± 0.01 9.28 ± 0.460 7.82 ± 1.53 41.58 ± 1.10 6.33 ± 0.05 0.11 ± 0.04
 5 4 0.08 ± 0.01b 10.35 ± 0.36a,b,c 8.34 ± 0.52a 70.78 ± 2.61a,b 6.27 ± 0.04b 1.88 ± 0.59a

 10 0.07 ± 0.01b 12.13 ± 3.10a,b 6.35 ± 4.19a 73.18 ± 4.01a,b 6.24 ± 0.06b,c 4.59 ± 0.31b

 15 0.13 ± 0.03b 12.67 ± 1.45a,b 7.62 ± 3.20a 53.80 ± 2.80d 5.97 ± 0.03d 0.14 ± 0.06c

 5 8 0.10 ± 0.02b 13.20 ± 2.16a 8.59 ± 0.95a 67.80 ± 3.59b,c 6.44 ± 0.06a 1.80 ± 0.58a

 10 0.09 ± 0.01b 12.68 ± 1.52a,b 7.23 ± 2.66a 73.00 ± 0.95a,b 6.27 ± 0.02b 4.60 ± 0.32b

 15 0.07 ± 0.01b 10.84 ± 0.74a,b,c 8.36 ± 1.42a 57.04 ± 2.02d 5.97 ± 0.09d 0.10 ± 0.02c

 5 12 0.12 ± 0.04b 7.52 ± 2.06c 8.27 ± 0.92a 64.72 ± 3.40c 6.53 ± 0.04a 2.71 ± 0.19a

 10 0.60 ± 0.16a 9.19 ± 1.08bc 8.43 ± 2.16a 74.72 ± 2.48a 6.32 ± 0.02b 4.12 ± 0.19b

 15 0.12 ± 0.08b 10.06 ± 1.01a,b,c 9.42 ± 1.12a 57.64 ± 1.36d 6.15 ± 0.02c 0.40 ± 0.82c

Uncontaminated soil (UC)
 Untreated 0 0.02 ± 0.001 4.44 ± 1.71 4.99 ± 2.08 44.65 ± 3.42 6.32 ± 0.001 0.11 ± 4.25
 5 4 0.04 ± 0.001a 3.65 ± 0.82a 3.02 ± 3.95a 57.90 ± 23.10a 6.33 ± 0.37a 6.05 ± 4.25a

 10 0.05 ± 0.01a 3.85 ± 1.27a 6.98 ± 6.30a 61.46 ± 21.78a 5.97 ± 0.40a 8.16 ± 3.73a

 15 0.04 ± 0.001a 3.13 ± 1.47a 5.92 ± 7.67a 53.44 ± 2.24a 6.16 ± 0.03a 6.11 ± 2.74a

 5 8 0.05 ± 0.01a 4.49 ± 1.50a 6.72 ± 4.31a 46.60 ± 3.94a 6.12 ± 0.08a 4.80 ± 0.90ab

 10 0.05 ± 0.01a 4.57 ± 1.97a 7.99 ± 3.37a 45.48 ± 9.85a 6.15 ± 0.02a 3.39 ± 3.38a,b

 15 0.05 ± 0.04a 3.40 ± 0.92a 5.65 ± 3.21a 48.56 ± 4.66a 6.14 ± 0.03a 0.21 ± 0.08b

 5 12 0.04 ± 0.01a 5.25 ± 4.27a 6.47 ± 4.09a 49.70 ± 7.98a 6.26 ± 0.09a 0.94 ± 2.66b

 10 0.05 ± 0.01a 5.17 ± 1.91a 6.03 ± 3.27a 68.26 ± 10.77a 6.07 ± 0.04a 4.93 ± 1.26a,b

 15 0.04 ± 0.01a 4.37 ± 0.70a 7.56 ± 1.26a 52.16 ± 3.64a 6.18 ± 0.06a 4.02 ± 1.50a,b
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correlated with the bacterial assemblage pattern in the UC 
soil (R2 = 9.0%, P = 0.003).

Association between the abundance of functional 
genes and bacterial assemblage pattern

The overall functional gene abundance is given in Online 
Resource 3. HC and UC soils showed significant differ-
ences in the abundance of functional genes (PERMANOVA 
pseudo-T = 3.8045, PMC = 0.006). There were no significant 
differences in functional genes in relation to temperature, 
whereas significant effect of incubation duration on the 
functional genes was detected in UC soil (PERMANOVA 
pseudo-T = 2.0755, P = 0.049) although not in HC soil. We 
subsequently modelled the bacterial assemblage pattern of 
the two soils based on functional genes abundance. Among 
the genes tested, chitinase GA, nirK and nosZ showed signif-
icant correlation to the overall bacterial community patterns 
in the HC and UC soil (cumulative R2 = 33.64%, P = 0.022). 
However, when we repeated the modelling separately using 
only HC soil alone, a significant correlation was only estab-
lished between amoA gene and bacterial composition pat-
tern (R2 = 5%, P = 0.018), while no correlation was detected 
between each functional gene and the bacterial community 
in the UC soil when considered alone.

Discussion

In the current study, we evaluated the effect of warming on 
bacterial community in hydrocarbon-contaminated soil and 
uncontaminated soil from Antarctica. The two soils were 
morphologically similar and were collected from closely 
located sites (> 50 m apart) near Casey Station, Windmill 
Island, East Antarctica. Soil microcosms were set up and 
incubated at 5, 10 and 15 °C. The temperatures used are 
within the range of normal surface soil temperature in Ant-
arctica (0 to + 22 °C) (Balks et al. 2002) and comparable to 
similar studies (Ferguson et al. 2008; Yergeau and Kowal-
chuk 2008). In summer, soil temperature in Antarctica may 
be subjected to large fluctuations (Cary et al. 2010). In our 
current study, our soil microcosms were incubated in three 
different temperatures for up to 12 weeks each. This was to 
evaluate the effect of prolonged warming on the soil bacte-
rial community in HC and UC soil.

Distinct bacterial community structure in HC and UC 
soil

Low bacterial richness is a general characteristic of HC Ant-
arctic soil (Saul et al. 2005; Chong et al. 2009; Cury et al. 
2015). Our results support this notion as the HC soil was 
found to harbour lower bacterial richness in comparison to 

the UC soil despite their close proximity and similar envi-
ronmental conditions. The two soils had different bacterial 
compositions. The untreated HC soil had high proportions 
of taxa previously reported as hydrocarbon-degrading, such 
as Rhodococcus, Sphingomonas and Brevundimonas (Saul 
et al. 2005; Aislabie et al. 2006; Adriaenssens et al. 2014; 
van Dorst et al. 2016). In contrast, untreated UC soil had 
higher proportions of proteobacteria genera including Ther-
momonas were detected in the untreated UC soil (Fig. 4). 
The dominance of alkane and aromatic hydrocarbon-degrad-
ers in petroleum-contaminated Antarctic soil is common 
and is related to the selective pressure from the hydrocar-
bon contamination, and occurs at the expense of bacterial 
richness (Powell et al. 2006; Ferguson et al. 2008; Vázquez 
et al. 2013; Yang et al. 2016). Higher Acidobacteria, Bacte-
roidetes, and Gemmatimonadetes were also found in UC soil 
compared to HC soil. The lower representation of Acidobac-
teria in HC soil might be attributed to its preference for a low 
nutrient environment (Fierer et al. 2007; Ward et al. 2009), 
as well as its sensitivity to the hydrocarbon contamination 
(Saul et al. 2005; Vazquez et al. 2017).

Response of bacterial community composition 
to warming

Allison and Martiny (2008) defined resistance as “the degree 
to which microbial composition remains unchanged in the 
face of a disturbance” and resilience as “the rate at which 
microbial composition returns to its original composition 
after being disturbed”. It is hypothesised that communities 
with lower richness have less resistance to environmental 
perturbation (Allison and Martiny 2008; Chong et al. 2015; 
Isbell et al. 2015). In line with this, we showed that the 
bacterial community in HC soil was more sensitive to the 
incubation conditions (temperature and incubation duration) 
than the UC soil. For instance, there was a greater separa-
tion in bacterial community composition in the treated soil 
relative to the untreated soil in the HC than the UC soils 
(Fig. 2a). In addition, higher overall community variation 
was detected in the HC soil while the UC soil remained 
relatively homogenous throughout the experiment (Fig. 2b). 
The HC soil also had stronger response to temperature treat-
ments especially at Week 12 under 15 °C, compared to the 
UC soil (Table 1, Fig. 3a), specifically, a sharp increase in 
Rhodococcus (Gram-positive) (Fig. 4). However, there was 
a decrease in 16S signatures belonging to an unclassified 
genus under Betaproteobacteria (Gram-negative) in UC soil 
at 15 °C (Fig. 4).

Dennis et al. (2013) observed increase in Gram-positive-
to-Gram-negative bacteria ratio in desert soil from Mars 
Oasis, Alexander Island after simple nutrient supplemen-
tation and/or warming under open top chamber (OTC) 
for 10–12 months. However, they did not see the same 
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response in the more northerly and more diverse location 
at Wynn Knolls, Signy Island. While the report by Den-
nis et al. (2013) established that slow community responses 
towards low temperature and nutrient supplement is pos-
sible at locations with low bacterial diversity, our data fur-
ther suggest that significant shifts in bacterial community 
can occur within a short period (e.g., 3 months) for habitats 
under strong selective pressures, such as through warming 
of hydrocarbon-contaminated soil.

In a parallel microcosm study using soil from McMurdo 
Dry Valleys, de Scally et al. (2016) found no significant 
influence of warming to the soil microbial composition and 
extracellular enzymatic activities over an incubation period 
of 40 days. The difference from our study might be due to 
the higher microbial diversity in their soil and relatively 
lower bacterial richness in our soil (H′ = 4.6–5.3 in de Scal-
ley et al. (2016) as opposed to H′ = 2.8–5.1 in our study), as 
well as longer incubation duration used in our experiment. 
It has been shown that some Antarctic soil communities are 
resistant to low magnitudes of warming (< 1 °C) (Bokhorst 
et al. 2007; Yergeau and Kowalchuk 2008). However, Rin-
nan et al. (2009) described significant positive correlation 
between mean soil temperature and minimum temperature 
for bacterial growth, and suggested that “every 1 °C rise in 
soil temperature will increase minimum growth temperature 
for Antarctic bacteria by 0.24–0.38 °C”.

In our current study, under all three incubation tempera-
tures (5, 10 and 15 °C), the bacterial community composi-
tion in HC and UC soil microcosms was highly homogenous 
at Week 4, and compositional changes became apparent at 
Week 8 and Week 12 (Fig. 3, Table S2). In comparison, in 
another study of this group using tropical soil microcosms 
incubated at 25, 30 and 35 °C for durations of 2, 4 and 
8 weeks, a dramatic bacterial community shift was observed 
after 2 weeks of warming, followed by adaptation/stabilisa-
tion at Week 4 (Supramaniam et al. 2016). The difference in 
bacterial community response to warming between tropical 
and Antarctic soil could be due to microbial density, diver-
sity and stronger microbial resilience in tropical soil, while 
the low metabolic rate of cold-adapted bacteria in Antarctic 
soil might explain the delayed response to warming. Previ-
ous open top chamber (OTC) experiments across a latitu-
dinal gradient in Antarctica suggested that Antarctic soil 
bacterial communities continue to change over 3 years under 
experimental warming at 0.5–2 °C (Yergeau et al. 2012).

In this study, the final hydrocarbon concentration in the 
microcosms was not measured because hydrocarbon degra-
dation was not an objective. Therefore, it is unclear whether 
the differences in bacterial community shift influenced the 
level of hydrocarbon degradation in the microcosms. How-
ever, Aislabie et al. (2006) reported that substantial hydro-
carbon degradation was achievable at higher temperatures 
(e.g., 23 °C) compared to lower temperatures such as those 

used here (5–15 °C). Similarly, under microcosm conditions, 
Ferguson et al. (2008) observed little difference in hydrocar-
bon mineralisation between sample incubated at 4 and 10 °C 
but a drastically higher degradation was observed at 42 °C. 
The low water content measured in our samples may further 
impede the degradation of the hydrocarbon. Low water con-
tent (< 5%) is a general characteristics of Antarctic mineral 
soil (Fell et al. 2006; Chong et al. 2009, 2012). However, 
the extremely low water content measured in the untreated 
(control) samples in this study (< 1%) might be due to the 
water loss during the sieving process. Nonetheless, the asso-
ciation of bacterial composition with water content was only 
established in the UC soil but not the HC soil. The differ-
ence may suggest that the impact of hydrocarbon in the soil 
outweighed the influence of the water content in the HC soil.

Responses of functional genes abundance and soil 
parameters to warming

Using soil from King George Island, maritime Antarctica, 
Han et al. (2013) recorded elevated nifH and amoA genes 
in microcosms incubated at 8 °C for 14 days as opposed to 
microcosms incubated at 5 °C. However, we did not find 
any significant difference in functional gene abundance 
with temperature or incubation duration. The non-response 
of C-cycling and N-cycling genes to temperature is consist-
ent with other warming experiments conducted in Antarc-
tica (Yergeau and Kowalchuk 2008; Yergeau et al. 2012; 
de Scally et al. 2016). Using lab-based microcosms, Wertz 
et al. (2007) demonstrated that microbial functional groups 
were resistant to diversity decline. Similarly, using Canadian 
High Arctic soil, Lamb et al. (2011) found that fertilisation 
and temperature treatments did not affect soil nitrogen fixa-
tion gene markers such as nosZ, pmoA and amoA. It is thus 
suggested that ecological function may be more resistant 
and resilient than community structure (Bissett et al. 2011). 
However, this is perhaps more relevant to highly diverse 
soils which support ecosystems with high functional redun-
dancy (Chong et al. 2015). The lack of response of func-
tional genes in relatively simpler ecosystems such as Ant-
arctic soils is less expected especially for HC soil where the 
diversity is further reduced (see Awasthi et al. 2014). One 
possible explanation is the presence of high functional plas-
ticity among the bacterial taxa supporting high functional 
redundancy in the soil (de Scally et al. 2016). By comparing 
hydrocarbon-contaminated and non-contaminated subtidal 
sediments from Polar and subpolar coastal environments, 
Espínola et al. (2018) showed that the metabolic potentials 
of the sediments are remarkably similar despite the distinct 
difference in community structure across sites.

In our study, the difference in bacterial composition and 
richness between HC and UC soil is not reflected in the 
functional gene abundance. For instance, only amoA gene 
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showed correlation to the changes in bacterial community 
pattern in the HC soil while no correlation between func-
tional gene abundance and bacterial community composi-
tion was detected in the UC soil. The lack of significance 
might also reflect that the functional gene number is highly 
heterogeneous across Antarctic soil replicates (Yergeau and 
Kowalchuk 2008).

In conclusion, our data suggest that warming can induce 
significant community shifts in Antarctic soil within 
3 months. The effect of warming was stronger in the hydro-
carbon-contaminated soil which is characterised by lower 
bacterial richness and a more highly specialised commu-
nity than the uncontaminated soil. The bacterial commu-
nity in the UC soil was more resistant to the temperatures 
tested than the HC soil and remained relatively homogenous 
throughout the experiment. It is noteworthy that a relatively 
simple methodology was employed in this study to infer the 
community assemblage pattern (i.e., TRFLP) and taxonomic 
identity (16S 454 pyrosequencing). The whole genome 
sequencing approach used in Espínola et al. (2018) could 
be used to further explore the direct relationship between 
the changes in bacterial community pattern and the over-
all metabolic potential of the sample. Nonetheless, rates of 
natural degradation in Antarctica are low (Bargagli 2008), 
and heating was found to be an effective strategy to increase 
bioremediation of hydrocarbon in Antarctica, especially 
where nutrient limitations are overcome with supplemen-
tal amendments (Ferguson et al. 2008; Delille et al. 2009; 
McDonald and Knox 2014). Our data showed that higher 
temperature (15 °C) selected for hydrocarbon-degraders that 
could potentially improve the hydrocarbon degradation rate. 
However, the effect might occur at the expense of commu-
nity stability. Long term monitoring is therefore warranted 
to understand if the soil community composition is able to 
recover from the community change induced by both hydro-
carbon contamination and warming.
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