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NOTE

Bacterial Diversity in Ornithogenic Soils Compared to Mineral Soils 
on King George Island, Antarctica§

In the Narębski Point area of King George Island of Antarc-
tica, ornithogenic soils form on land under Chinstrap and 
Gentoo Penguin rookeries. The purpose of this study was to 
compare the bacterial community compositions in the gra-
dient of contamination by penguin feces; mineral soil with 
no contamination, and soils with medium or high contami-
nation. The discrimination between mineral soils and orni-
thogenic soils by characterization of physicochemical proper-
ties and bacterial communities was notable. Physicochemical 
analyses of soil properties showed enrichment of carbon 
and nitrogen in ornithogenic soils. Firmicutes were present 
abundantly in active ornithogenic soils, Bacteroidetes and 
Proteobacteria in a formerly active one, and several diverse 
phyla such as Proteobacteria, Actinobacteria, and Acidobac-
teria in mineral soils. Some predominant species belonging 
to the Firmicutes and Gammaproteobacteria may play an im-
portant role for the mineralization of nutrients in ornitho-
genic soils. Results of this study indicate that dominant species 
may play an important role in mineralization of nutrients 
in these ecosystems.

Keywords: 16S rRNA, pyrosequencing, penguin rookeries, 
Narębski Point, Barton Peninsula

Soils existing on ice-free areas of continental Antarctica are 
generally arid of organic matter. On the other hand, the or-

nithogenic soils of the Antarctic coastal areas are enriched 
with a source of nutrients for terrestrial ecosystems surroun-
ding penguin rookeries (Ugolini, 1970). Relatively warmer 
temperature and higher water availability in this habitat may 
enhance an intense cryoturbation, with mixing of bird de-
tritus within the soil. In addition, the mineralization of this 
higher amount of organic matter can be biologically accel-
erated by bacterial growth.
  These nutrient-rich soils include enormous microbial po-
pulations with 2×1010 cells/g by direct microscopic counts 
(Bowman et al., 1996) and their activity is notably increased 
during the summer breeding season (Barrett et al., 2006). 
Many scientists have contributed to the cultivation of bacteria, 
including novel species such as Psychrobacter uratiorans, 
Psychrobacter frigidicola from Vestfold Hills (Bowman et al., 
1996), Arthrobacter gangotriensis and Arthrobacter kergue-
lensis from Kerguelen island (Gupta et al., 2004), Agrobac-
terium radiobacter, Pasteurella sp., Pseudomonas fluorescens, 
and Sphingobacterium multivorum from the Point Thomas 
rookery, Admiralty Bay (Zdanowski et al., 2005).
  After the development of molecular approaches, some stu-
dies on the bacterial diversity in terrestrial ecosystems on 
Antarctica have been reported. Mineral soils from McMurdo 
Dry Valleys accommodated Acidobacteria, Actinobacteria and 
Bacteroidetes (Cary et al., 2010) and those from the Admiralty 
Mountains in northern Victoria Land contained members 
of the Deinococcus-Thermus group and Xanthomonas of the 
Gammaproteobacteria (Niederberger et al., 2008). On the 
other hand, actively penguin-colonized ornithogenic soils 
contained Firmicutes and the Gammaproteobacteria/Psy-
chrobacter at Cape Hallett and Cape Bird, while at formerly 
penguin-colonized sites at Cape Hallett, around the Ross Sea 
region of Antarctica, contained Actinobacteria and Xantho-
monas of the Gammaproteobacteria (Aislabie et al., 2009).
  The Narębski Point area (62°13 S, 58°46 W), Antarctic Spe-
cially Protected Area (ASPA), on the southern coast of the 
Barton peninsula of King George Island of the maritime 
Antarctic region has a large concentration of gentoo (Pygo-
scelis papua, 1,800 pairs) and chinstrap (Pygoscelis antarctica, 
3,000 pairs) penguins. In order to understand bacterial di-
versity in ornithogenic and mineral soils around this area, 
we conducted pyrosequencing based on 16S rRNA genes 
from mineral and ornithogenic soils around the Narębski 
Point.
  Soil samples were taken during the austral summer of 2010/ 
11 from the Narębski Point area of King George Island 
(62°14 S, 058°46 W) (Table 1). The sampling location con-
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sisted of three points, mineral soil and 
formerly- and actively penguin-colon-
ized ornithogenic soil. These points 
were located within 40 m of each other. 
Mineral soils near skua nests were col-
lected at two depths (surface to 5 cm 
depth as the upper layer denoted as MS- 
U and from 5 cm to 10 cm depth as the 
lower layer, MS-L). One formerly pen-
guin-colonized ornithogenic soil (OS-F) 
with relatively high moisture content 
and two highly contaminated ornitho-
genic soils that are actively colonized 
by penguins (OS-A1 and OS-A2) were 
collected. The samples were homogen-
ized and stored at -20°C for later ana-
lysis.
  Soil samples for grain size analysis were 
reacted with H2O2 to remove the or-
ganic matter. The grain size distribution 
of grains larger than 63 mm (sand and 
gravel) was determined by dry sieving, 
and the finer grains (silt and clay) were 
determined by using Micrometrics Se-
digraph 5100. For geochemical analyses 
of C and N, the powdered samples were 
dried in an oven at 105°C to remove 
H2O and then cooled at room temper-
ature in a desiccator. The total carbon 
(TC) and nitrogen (TN) contents were 
analyzed using a FlashEA 1112 elemental 
analyzer by measuring CO2 and NO2 
generated by combustion at 950°C. The 
total inorganic carbon (TIC) content was 
analyzed using a UIC CO2 coulometer 
by measuring the CO2 gas generated by 
the reaction of approximately 50 mg 
powdered bulk samples with 42.5% 
phosphoric acid at 80°C for 10 min. The 
total organic carbon (TOC) content was 
determined by the difference between 
the TC and the TIC content.
  All ornithogenic soils showed signifi-
cantly higher TN, TC, and TOC contents 
than mineral soils (Table 1). Actively 
penguin-colonized ornithogenic soils 
had relatively higher levels of TIC than 
the other three sites. Carbon to nitrogen 
(C/N) ratio ranged from 1.06 to 11.66, 
with significantly larger C/N ratio in 
the formerly penguin colonized orni-
thogenic soil (OS-F). All soils were 
composed mainly of sand-size fraction 
(>50%). The soil type in mineral soils 
was gravelly muddy sand, whereas the 
sample of ornithogenic soils was sandy 
gravel or gravelly sand. Although our 
findings may have a limitation because 
of no replicate soil samples, previous 
studies also found a high concentration 
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Fig. 1. Relative abundance of bacterial communities 
at the phylum level. Other Bacteria contain phyla de-
tected at less than 1%, including Lentisphaera, GN02,
Deinococcus-Thermus, SR1, NKB19, TM6, Fibrobac-
teres, OP11, SM2F11, Fusobacteria, Synergistetes, WS6,
Chlamydiae, Spirochaetes and Tenericutes. Bacteria_uc
means unclassified bacteria.

Fig. 2. Heat map representing the most abundant thirty operational taxonomic units (OTUs) through all samples. Percentages, with the color code grading 
from blue to white in the map, indicate the relative abundances of the highest to the lowest.

of organic carbon in ornithogenic soils (Simas et al., 2007; 
Zhu et al., 2009; Smith et al., 2010).
  Genomic DNA from 0.3 g soil was extracted using an MPBio 
DNA kit (MPBio) according to the manufacturer’s guide-
lines, followed by PCR amplification using barcoded primers 
(Na et al., 2011). The DNA sequencing was performed by 
DNALink Inc. (Korea) using the 454 GS FLX Titanium Se-
quencing System (Roche).

  Pre-treatment of individual pyrosequence reads was per-
formed using PyroTrimmer (http://pyrotrimmer.kobic.re.kr) 
(Oh et al., 2012). All reads from different soil samples were 
separated by unique barcodes. The barcode, linker, and PCR 
primers were removed from both ends of the reads. Then 
the reads over 250 bp were subjected to quality controls. The 
maximum primer mismatch allowed 3 nucleotides, 5 of 
window size and 20 of average quality value cutoff in 3 end 
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Fig. 3. Canonical correlation analysis (CCA) using the bacterial frequencies at the phylum (upper) and OTU (lower) level and the environmental factors 
classified by chemical components (left), composition (middle) and texture parameters (right).

trimming and 25 of average quality value cutoff for full 
length sequence in quality filtering. The qualified sequence 
reads were clustered using the program TBC (Lee et al., 2012) 
97% cutoff values as an OTU. Chimera check was performed 
using UCHIME (Edgar et al., 2011) with the h value set at 
1.0 for the minimum score threshold. Representative OTUs 
were assigned taxonomically using EzTaxon-e database (http: 
//eztaxon-e.ezbiocloud.net) (Kim et al., 2012). Diversity ana-
lysis using Mothur (Schloss et al., 2009) was carried out, af-
ter random subsampling of 2,882 reads fitting into the lowest 
number of sequence reads in order to reduce the bias of vari-
able pyrosequencing library sizes (Gihring et al., 2012). A 
total of 42,169 bacterial sequence reads, 8,706 (MS-U) and 
2,882 (MS-L) from mineral soils and 14,603 (OS-F), 5,324 
(OS-A1) and 10,709 (OS-A2) from ornithogenic soils, were 
recovered with high quality by pyrosequencing 16S rRNA 
genes (Table 2). These were clustered into 2,632 OTUs, 
with the highest number in MS-U (1,220) and the lowest 
number in OS-A1 (233). Comparing the bacterial diversity 
after subsampling, several diversity indices indicated the 
highest diversity in MS-U and the lowest diversity in OS-A2.
  As a result of the bacterial community comparison, phy-
lotypes representing 42 phyla were recovered from soil sam-
ples, and a significant differentiation in phylum levels with 
the gradient of contamination by penguin droplets was shown 
(Fig. 1). At the phylum level, Firmicutes accounted for the 
vast majority of reads with 32.2% of total reads. This phylum 
was prevalent in the actively penguin-colonized ornitho-
genic soils (73.3% in OS-A1 and 83.5% in OS-A2). A similar 
finding, that Firmicutes was the most dominant phylum in 

the actively penguin-colonized soils was reported for sam-
ples taken at Cape Hallett and Cape Bird in Victoria Land 
(Aislabie et al., 2009). Additionally, this phylum is widely 
predominated in the feces or the intestines of birds (Scu-
pham, 2007; Lu et al., 2008). The second most dominant 
phylum was Proteobacteria, which was found in all samples 
with 34.3% in OS-F, 17.2% in MS-U, 16.7% in MS-L, 13.8% 
in OS-A1 and 6.3% in OS-A2. Interestingly, Bacteroidetes 
was abundant in the OS-F sample, making up 32.5% of the 
total reads. Aislabie and collegues (2009) also observed ribo-
types assigned to the Bacteroidetes, but with small propor-
tions.
  Minor numbers of diverse phyla were observed throughout 
all samples, including Actinobacteria (8.3%), Acidobacteria 
(5.7%), Verrucomicrobia (4.5%), Chloroflexi (3.4%), Gem-
matimonadetes (2.2%), Planctomycetes (1.5%), Armatino-
madetes (1.5%), Chlorobi (0.2%), Nitrosospirae (0.2%), Elu-
simicrobia (0.1%), Lentisphaera (0.1%) and Deinococcus- 
Thurmus (0.1%), and phyla with less than 0.1% including 
Spirochaetes, Fibrobacteres, Fusobacteria, Tenericutes, Chla-
mydiae, and Synergistetes, as well-known phyla. In addtion, 
many sequences were assigned as candidate phyla to AD3 
(2.1%), TM7 (1.0%), OD1 (1.0%), CS (0.8%), WS5 (0.1%), 
DQ404828_p, JX172748_p, BRC1, SR1, TM6, GN02, OP11, 
MATCR, OP8, WS6, 4P001694_p, DQ499300_p, FJ516972_p, 
GN04, 4P001887_p and EF688356_p.
  Analyzing with a fine-scale resolution at the OTU level (Fig. 
2 and Supplementary data Fig. S1), certain discrimination 
between mineral soils and ornithogenic soils was found. 
The bacterial communities prevailing in ornithogenic soils 
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depended on the influence of nutrients from the penguin 
excrement. In this study, the genera Thermohalobacter, Tis-
sierella, Carnobacteriaceae, Desulfonispora of Firmicutes and 
the genera Psychrobacter and Pseudomonas of Gammapro-
teobacteria were dominant in actively penguin-colonized 
soils, whereas the genus Ferruginibacter of Bacteroidetes, the 
genera Sulfuritalea and Polaromonas of Betaproteobacteria 
and the genus Rhodanobacter of Gammaproteobacteria do-
minated soil of formerly colonized sites. This suggests that 
these bacterial groups are adapted to environments with a 
high concentration of nutrients. Several studies have dem-
onstrated that Psychrobacter were dominant in uric acid 
degradation, as revealed with isolates (Bowman et al., 1996; 
Zdanowski et al., 2005) and clone libraries (Aislabie et al., 
2009) in ornithogenic soils. It has also been reported that a 
dominant ribotype similar to some species of Firmicutes, 
which can utilize uric acid and purines, was observed to be 
abundant at cape Hallett (Aislabie et al., 2009).
  The effect of abiotic soil properties on the bacterial com-
munity was appraised by canonical correlation analysis (CCA) 
using the software R (www.R-project.org) (González et al., 
2008). We found strong correlations between the bacterial 
community and soil physicochemical properties, in good 
agreement with previous studies (Fig. 3) (Aislabie et al., 2009; 
Smith et al., 2010). Bacterial frequencies at the phylum and 
OTU level correlated with the environmental factors with 
chemical components, composition and texture parameters. 
TN, TIC, CaCO3, sand and kurtosis were linked to the ac-
tively penguin-colonized ornithogenic soils. In contrast, silt, 
clay and skewness were correlated with mineral soils. The 
contribution of OTUs to the separation was not evident; 
rather, a combination of several peaks better explained the 
difference of the samples.
  Taken all together, bacterial communities and physicoche-
mical properties were significantly discriminated between 
ornithogenic soils and mineral soils; however, the bacterial 
function in this habitat is still not clear, even though we have 
information on bacterial communities and physicochemical 
properties. Some studies have demonstrated the notable ef-
fects of global warming potential by greenhouse gas emission 
in this area (Sun et al., 2002; Zhu et al., 2009). These findings 
give a basis for future studies on microbial functions in this 
ecosystem, linking with fine-scale fraction of organic matters 
and gas flux.

  This work was supported by Korea Polar Research Institute 
(Grant PE12030).
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