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Abstract 22 

Penguin stomach microbiota and its variability are important as these microbes may 23 

contribute to the fitness of the host birds and their chicks, and influence the microbial 24 

ecosystem of the surrounding soils. However, there is relatively little knowledge in this area, 25 

with the majority of studies focused on their deposited faeces. Here we investigated whether 26 

similar foraging strategies in adjacent colonies of different penguin species lead to similar 27 

temporarily conserved stomach microbiota. To do this, we studied the inter- and intra-specific 28 

variations in bacterial community composition in the stomach contents of sympatrically 29 

breeding Adélie (Pygoscelis adeliae) and Chinstrap (P. antarctica) Penguins, which 30 

consumed a diet of 100 % Antarctic krill (Euphausia superba) under a similar foraging 31 

regime on Signy Island (maritime Antarctic), using a high-throughput DNA sequencing 32 

approach. Our data show that Adélie and Chinstrap Penguins shared 23 - 63 % similarity in 33 

the stomach bacterial community composition, with no significant differences observed in the 34 

α-diversity or the assemblages of frequently-encountered groups of operational taxonomic 35 

units (OTUs). The most frequently encountered OTUs that were shared between the species 36 

represented members of the phyla Fusobacteria, Firmicutes, Tenericutes and Proteobacteria. 37 

OTUs which were unique to individual birds and to single species formed approximately half 38 

of the communities identified, suggesting that stomach microbiota variability can occur in 39 

penguins that forage and breed under similar environmental conditions.  40 
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 44 

Introduction  45 

Based on a range of studies that have focused on poultry and captive birds, avian gut 46 

microbiota are known to benefit their host bird‟s health, growth and ultimately reproductive 47 

success, mainly by degrading and converting consumed food to nutrients thereby providing 48 

energy to the host (Robrish et al. 1991; Chen et al. 2002; Bjerrum et al. 2006; Stanley et al. 49 

2012; Roggenbuck et al. 2014), and by excreting antibiotics against pathogens (Portrait et al. 50 

2000; Van Der Wielen et al. 2000; Chen et al. 2013). Although phylogenetic factors may also 51 

play a role (Grond et al. 2014; Waite and Taylor 2014), the environment has been claimed to 52 

exert a strong influence on avian gut microbiota, with factors such as bird diet and habitat 53 

being important (Lucas and Heeb 2005; Maul et al. 2005; Hammons et al. 2010; Hird et al. 54 

2014; Roggenbuck et al. 2014).  55 

In Antarctic penguins, several gut microbiota studies have sought to increase our 56 

knowledge base, mainly relying on cloacal swabs (Soucek and Mushin 1970; Potti et al. 2002; 57 

Banks et al. 2009; Dewar et al. 2014; Barbosa et al. 2016) and faecal samples collected on the 58 

ground (Zdanowski et al. 2004; Dewar et al. 2013), as these methods allow data collection 59 

without harming the study birds. These studies have identified pathogenic microbes that are 60 

present in the penguin guts using a culture-dependent method (Soucek and Mushin 1970), 61 

and the association of penguin gut microbiota and/or its variability with fasting and moulting 62 

behaviours (Dewar et al. 2014), growth (Potti et al. 2002), age (Barbosa et al. 2016) and 63 

phylogeny (Banks et al. 2009; Dewar et al. 2013) of the host bird using either culture-64 

dependent or molecular approaches. However, avian gut microbiota were found to differ 65 

between different parts of a gastrointestinal tract, and hence cloacal or faecal samples may 66 

not provide a suitable proxy for the study of internal gut microbiota (Gong et al. 2002, 2007; 67 

Wilkinson et al. 2016). To the best of our knowledge, a single study available in the literature 68 

of stomach microbial communities was reported in King Penguins (Aptenodytes patagonicus) 69 

(Thouzeau et al. 2003a), in which these microbes were found to be restricted in growth 70 

during food preservation (Thouzeau et al. 2003a, b).  71 

Like other seabirds, penguins are one of the top marine consumers in Antarctica 72 

(Brooke 2004), and their populations are vulnerable to changes in the marine environment 73 

(Forcada and Trathan 2009; Boersma and Rebstock 2014). Prey-associated and some marine 74 

bacteria may enter the penguin stomachs during foraging and feeding. As penguins are able 75 

to store and temporarily conserve large amounts of food in their stomach for chick feeding, 76 

the growth of bacteria associated with the temporarily conserved-food (e.g. prey-associated 77 

and marine bacteria) in the stomachs might have an immediate impact on the chicks relying 78 

on regurgitate for food. Furthermore, as penguins feed in the sea and breed on the land, 79 

besides their deposited materials being the key contributors of nutrients to the typically 80 

nutrient-poor Antarctic soils and subsequently for the microbial succession in the regional 81 



terrestrial ecosystem (Ugolini 1972; Heine and Speir 1989; Sun et al. 2000, 2004; Ma et al. 82 

2013; Zhu et al. 2015), their stomach microbes could possibly also be input to the 83 

surrounding soil microbial ecosystem through regurgitation or defecation. In order to 84 

examine how the stomach microbiota influences both penguins, chicks and the surrounding 85 

terrestrial ecosystem, it is important first to understand which microbes are present in penguin 86 

stomachs, and the factors that shape these communities.  87 

Signy Island, part of the South Orkney Island archipelago, hosts sympatrically 88 

breeding populations of Adélie (Pygoscelis adeliae) and Chinstrap (P. antarctica) Penguins 89 

with total island populations of 18,333 and 19,530 pairs, respectively (Dunn et al. 2016). 90 

Although Adélie Penguins begin their annual breeding cycle approximately one month earlier 91 

than Chinstrap Penguins on the island, the chick-rearing period of both penguin species 92 

overlap (Lynnes et al. 2002; Black 2016). The two penguin species also forage at sea over 93 

similar temporal and spatial scales (Lynnes et al. 2002; Takahashi et al. 2003), and feed 94 

almost entirely on Antarctic krill (Euphausia superba) (Lynnes et al. 2002, 2004; British 95 

Antarctic Survey unpublished data). Previous studies reported that both Adélie and Chinstrap 96 

Penguins capture prey using pursuit dive strategies (Watanuki et al. 1997; Takahashi et al. 97 

2003) and, on Signy Island, Lynnes et al. (2002) found such pursuit diving taking place 98 

during penguin foraging trips with distances from their breeding colonies at Gourlay 99 

Peninsula of between 3 – 177 km for Adélie Penguins, and 19 – 112 km for Chinstrap 100 

Penguins. This study also showed that although the summer foraging ranges of each penguin 101 

species did overlap, in years of lower prey availability there was inter-species variation in the 102 

entire foraging range utilised.  103 

In this study, we aimed to examine the inter- and intra-specific variations in the 104 

stomach bacterial community composition of two Pygoscelis penguins that breed in a similar 105 

environment. To achieve this, we employed a high-throughput sequencing approach (Illumina 106 

MiSeq) to investigate the bacterial community composition of stomach contents (obtained as 107 

regurgitated ingesta samples) of Adélie and Chinstrap Penguins from Signy Island that 108 

consumed 100 % Antarctic krill. The use of this recent but well-established sequencing 109 

method in generating 16S rDNA short regions (Caporaso et al. 2011) should provide a higher 110 

resolution taxonomic comparison of the bacterial community composition between samples 111 

than is possible with a “shotgun” method (Suenaga 2012). As Adélie and Chinstrap Penguins 112 

shared the same diet composition under a very similar foraging and breeding environment 113 

(Lynnes et al. 2002, 2004; British Antarctic Survey unpublished data), we predicted similar 114 

bacterial community compositions both between these two different species of penguins, and 115 

between individuals of the same species.  116 

 117 

Materials and methods 118 

Study area, sample collection and DNA extraction 119 

Fieldwork was carried out during the 2013/14 chick-rearing period of Adélie 120 

(December - January) and Chinstrap (January - February) Penguins (Lynnes et al. 2004; 121 



British Antarctic Survey unpublished data) at Gourlay Peninsula (60°43.586‟ S, 45°35.063‟ 122 

W) on Signy Island, South Orkney Islands (Fig. 1). Gourlay Peninsula is located at the south-123 

east of Signy Island, and hosts the largest population of Adélie and Chinstrap Penguins on the 124 

island, with breeding colonies ranging in size from 15 to more than 2,000 pairs (Dunn et al. 125 

2016). Although these two penguin species differ in their nest topography preference and 126 

form distinct species-specific rookeries adjacent to one another (White and Conroy 1975; 127 

Waluda et al. 2014), they breed sympatrically at Gourlay Peninsula with overlapping chick-128 

rearing periods (Lynnes et al. 2002; Black 2016) and foraging area (Lynnes et al. 2002; 129 

Takahashi et al. 2003), and feed almost exclusively on Antarctic krill (Lynnes et al. 2002, 130 

2004; British Antarctic Survey unpublished data). 131 

As part of the standard sampling protocol of the long-term monitoring programme of 132 

the Convention for the Conservation of Antarctic Marine Living Resources (CCAMLR) 133 

Ecosystem Monitoring Programme (CEMP) on Signy Island, five or six independent healthy 134 

adult individuals of each penguin species that returned from the sea were captured every five 135 

days (depending on weather and logistic constraints) at the shore close to the colonies 136 

(Lynnes et al. 2004). On the spot, stomach ingesta samples of these captured birds were 137 

collected using the water flushing method (Wilson 1984) following CEMP Standard 138 

Methodology (CCAMLR 2003). As Antarctic penguin‟s body temperature is approximately 139 

38 °C (Thouzeau et al. 2003a), in order to minimise harm to the captured penguins, 140 

temperature of the flushing-water was adjusted by mixing boiled and un-boiled seawater 141 

collected at the sampling shore (where the birds came ashore after foraging in the sea), prior 142 

to flushing the stomach of the penguins. To avoid cross contamination in samples between 143 

captured birds, a fresh bucket of flushing-water was prepared, and all tools that were used for 144 

the penguin stomach flushing were cleaned with 70 % ethanol, before the stomach ingesta 145 

samples of each and every individual bird were sampled. The samples were immediately sub-146 

sampled into 50-mL sterile Falcon tubes, and rapidly returned to the laboratory at the British 147 

Antarctic Survey‟s Signy Island research station (1 - 3 h), where total DNA was extracted 148 

from individual samples using the DNeasy
®

 Blood & Tissue Kit (QIAGEN, Hilden, Germany) 149 

following the manufacturer‟s instructions. In an initial trial study, comparing the 150 

effectiveness of the hexadecyltrimethylammonium bromide (CTAB) method that was 151 

previously used to extract DNA from squid stomach contents (Deagle et al. 2005), and the 152 

QIAGEN kit used for DNA extraction in Antarctic krill samples (Passmore et al. 2006) and 153 

human stomach contents (Bik et al. 2006), the latter achieved better yields and concentration 154 

of DNA extract (data not shown). 155 

16S V4 gene fragment amplification, Illumina MiSeq and filtering of MiSeq datasets 156 

The DNA samples of a total of twelve individual birds captured (Adélie = 6 and 157 

Chinstrap = 6) that consumed 100 % Antarctic krill as their dietary component (British 158 

Antarctic Survey unpublished data) were further studied. The variable region 4 (V4) of the 159 

16S rRNA gene, targeting bacteria and archaea, was amplified using the adapted PCR 160 

primers (F515 and R806) and the polymerase chain reaction (PCR) as described by Caporaso 161 

et al. (2011). DNA quality was checked using a NanoDrop 2000c (Thermo Scientific, 162 

Waltham, Massachusetts, USA) and quantified using a Qubit
®
 2.0 Fluorometer (Invitrogen, 163 



Carlsbad, California, USA). DNA libraries were prepared and performed in the MiSeq 164 

system for paired-end runs following the manufacturer‟s instructions (Illumina, San Diego, 165 

California, USA). The generated raw datasets were demultiplexed and were trimmed for the 166 

presence of Illumina adapter sequences using MiSeq Reporter Software version 2.5 (Illumina, 167 

San Diego, California, USA), and were further trimmed at a Phred Score of Q30 using 168 

Trimmomatic (Bolger et al. 2014). Trimmed data were then deposited into the open source 169 

software Quantitative Insights into Microbial Ecology (QIIME) version 1.9.1 (Caporaso et al. 170 

2010, 2011) for sequence assembly, chimera removal, operational taxonomic unit (OTU) 171 

picking, taxonomic classification and analyses.  172 

Sample coverage, bacterial community composition and statistical analyses 173 

OTU data with taxonomic classification were generated using the Greengenes 174 

database implemented in QIIME, with a minimum sequence identity cut-off was set at 97 % 175 

(Caporaso et al. 2011; McDonald et al. 2012). In order to limit the impact of sequencing 176 

errors, OTUs represented by only one read (singletons) were removed as possible artifacts 177 

(Goodrich et al. 2014), and were not considered further. To ensure the OTU data provide 178 

complete and thorough coverage for subsequent analyses, a rarefaction analysis was 179 

generated using the observed species metrics in QIIME to estimate the sampling effort for 180 

individual samples (Caporaso et al. 2011). In addition, the percentage sample coverage for all 181 

samples was calculated using Good‟s formula (Good 1953). 182 

As Illumina MiSeq is not a quantitative but a semi-quantitative method (Hirsch et al. 183 

2010), our analyses focused on α-diversity (OTU richness and evenness) of samples, bacterial 184 

taxonomic composition (presence/absence data of annotated OTUs), and the assemblage 185 

pattern of frequently-encountered groups of OTUs (OTUs with relative abundance ≥ 1 %), 186 

rather than the absolute abundance of annotated OTUs. The α-diversity of individual samples 187 

was calculated as the Shannon diversity index as this is more sensitive to the richness rather 188 

than the abundance of OTUs (Hughes and Bohannan 2004), while both the bacterial 189 

taxonomic composition and the assemblages of frequently-encountered groups of OTUs were 190 

analysed at three different classification levels (phylum, family and genus).  191 

To examine both the inter- and/or intra-specific variations in stomach bacterial 192 

community composition, sample α-diversity data were checked for normality before an 193 

independent sample T-test (IBM SPSS Windows version 19.0, Armonk, New York, USA) 194 

was used. In addition, the Jaccard index was used on the bacterial presence/absence data 195 

between individual Adélie and Chinstrap Penguins to calculate the percentage of taxonomic 196 

composition similarity, while Spearman rank multiple correlation analysis was conducted to 197 

examine similarity in the assemblage patterns of frequently-encountered groups of OTUs 198 

between individual Adélie and Chinstrap Penguins. 199 

To compare inter- versus intra-specific variation in stomach bacterial community 200 

composition, a principal coordinate analysis (PCoA) with Bray-Curtis distance metric was 201 

performed using QIIME to visualise the similarity/dissimilarity matrix across all stomach 202 

ingesta samples based on normalised OTU data (Caporaso et al. 2011). Further, to test 203 



whether there was a significant difference in the mean values of taxonomic composition 204 

similarity and the assemblages of frequently-encountered groups of OTUs at inter- and intra-205 

specific levels, one-way analysis of variance (ANOVA) with a post-hoc comparison using 206 

Tukey‟s honestly significant difference (HSD) test (IBM SPSS Windows version 19.0, 207 

Armonk, New York, USA) was applied to the Jaccard indices and Spearman rank multiple 208 

correlation coefficients obtained. 209 

Nucleotide sequence accession numbers 210 

All sequences were deposited in an open source metagenomics RAST server (Meyer 211 

et al. 2008) with accession numbers listed in Table 1.  212 

 213 

Results 214 

Sample coverage 215 

 Rarefaction analyses showed similar accumulation curves for all samples (Fig. 2), 216 

suggesting suitable diversity coverage to undertake the intra and inter-specific comparisons. 217 

This was further supported by a preliminary calculation using Good‟s coverage (Table 1), 218 

showing that the sampling completeness averaged 99.5 % (ranging from 99.3 to 99.7 %). A 219 

total of 128 OTUs were identified at the genus classification level, with individual samples 220 

ranging between 18 and 53 OTUs (Table 1). All OTUs identified shared > 97 % similarity in 221 

the Greengenes database available in QIIME, and belonged to a total of 14 phyla and 60 222 

families. No archaea were identified in any samples. The complete list of assigned OTUs, 223 

along with abundance of each OTU in individual bird samples, is provided in the electronic 224 

supplementary material (Online Resource 1). 225 

Bacterial community comparison between Adélie and Chinstrap Penguins 226 

The α-diversity values obtained showed no significant difference (independent sample 227 

T-test, t10 = 1.36, p = 0.205) between Adélie (X ± SE = 2.23 ± 0.17, n = 6) and Chinstrap (X 228 

± SE = 2.62 ± 0.23, n = 6) Penguins, although variable α-diversity values were obtained 229 

across individual bird samples (ranging from 1.51 to 3.02) (Table 1). 230 

Jaccard indices showed that taxonomic composition similarity between these two 231 

penguin species was higher at phylum (X ± SE = 68.64 ± 2.02 %, n = 36), and lower at 232 

family (X ± SE = 35.22 ± 1.39 %, n = 36) and genus (X ± SE = 34.66 ± 1.15 %, n = 36) 233 

classification levels (Online Resource 2). Approximately 33 % of the individuals compared at 234 

phylum level, 50 % at family level, and 61 % at the genus level showed a significant positive 235 

correlation (Spearman rank correlation, rs = 0.683 - 1.000, n = 36, p < 0.05) in the 236 

assemblages of frequently-encountered groups of OTUs between these two penguin species 237 

(Online Resource 2). 238 

Excluding unclassified bacteria, 39 % of the bacterial community members were 239 

found in both penguin species, and 37 % were unique to Adélie Penguins and 24 % to 240 



Chinstrap Penguins. Amongst the overlapping members, only 50 % of phyla, 14 % of 241 

families and 21 % of genera were encountered frequently (relative abundance > 1 %) in both 242 

Adélie and Chinstrap Penguins. The unique members each accounted for < 1 % of relative 243 

abundance, and are thus considered as the „rare‟ group in the samples studied. The 244 

overlapping and unique OTUs at the different classification levels, with the frequently 245 

encountered overlapping OTUs listed in bold, are shown in Table 2.  246 

Bacterial community composition within Adélie Penguins 247 

Excluding unclassified bacteria, a total of 13 phyla, 54 families and 47 genera were 248 

identified from Adélie Penguins. However, only 38 % of annotated phyla, 15 % of families 249 

and 13 % of genera were present in all individual birds sampled. These bacteria included 250 

members of Cetobacterium, Psychrobacter, Chelonobacter, Clostridium (family: 251 

Clostridiaceae), Mycoplasma and Ornithobacterium. However, none of these bacteria were 252 

unique to Adélie Penguins. Frequently encountered OTUs (relative abundance ≥ 1 %) with 253 

their relative abundance in individual bird samples at different classification levels, are 254 

shown in Fig. 3. 255 

Jaccard indices showed that taxonomic composition similarity across individual 256 

Adélie Penguins was greatest at the phylum (X ± SE = 64.11 ± 3.22 %, n = 15), followed by 257 

the family (X ± SE = 33.35 ± 1.63 %, n = 15) and genus (X ± SE = 33.83 ± 1.44 %, n = 15) 258 

classification levels (Online Resource 3). About 27 % of the individuals compared at phylum 259 

level, 53 % at family level, and 60 % at the genus level showed a significant positive 260 

correlation (Spearman rank correlation, rs = 0.606 - 1.000, n = 36, p < 0.05) in the 261 

assemblages of frequently-encountered groups of OTUs between individuals of Adélie 262 

Penguins (Online Resource 3).  263 

Bacterial community composition within Chinstrap Penguins 264 

 Not including unclassified bacteria, a total of 9 phyla, 35 families and 39 genera were 265 

identified from Chinstrap Penguins. Approximately 44 % of annotated phyla, 17 % of 266 

families and 18 % of genera were present in all individual birds sampled. These included 267 

closest matches to Cetobacterium, Chelonobacter, Clostridium (family: Clostridiaceae), 268 

Fusobacterium, Mycoplasma, Psychrobacter and Sutterella, and again none of these were 269 

unique to Chinstrap Penguins. Frequently encountered OTUs (relative abundance ≥ 1 %), 270 

with their relative abundance in individual Chinstrap Penguins at different classification 271 

levels, are shown in Fig. 3. 272 

Jaccard indices showed that taxonomic composition similarity between individual 273 

birds was greatest at the phylum (X ± SE = 70.69 ± 2.78 %, n = 15), followed by family (X ± 274 

SE = 41.73 ± 1.77 %, n = 15) and genus (X ± SE = 41.27 ± 1.16 %, n = 15) levels (Online 275 

Resource 4). Approximately 40 % of the individuals compared at phylum level, 53 % at 276 

family level, and 60 % at the genus level showed a significant positive correlation (Spearman 277 

rank correlation, rs = 0.699 - 1.000, n = 15, p < 0.05) in the assemblages of frequently-278 

encountered groups of OTUs between individuals of Chinstrap Penguins (Online Resource 4). 279 



Inter- versus intra-specific variation 280 

 Excluding unclassified bacteria, penguin species-specific and individual-specific 281 

bacteria were identified at phylum (43 % and 36 %, respectively), family (52 % and 38 %) 282 

and genus classification levels (61 % and 45 %). PCoA (Fig. 4) showed no apparent 283 

differences between bacterial communities in either inter- and/or intra-specific comparisons 284 

in Adélie and Chinstrap Penguins. When Jaccard similarities at different bacterial 285 

classification levels were analysed for data from both penguin species separately and for the 286 

entire dataset from both species, no significant difference (one-way ANOVA, F(2,63) = 287 

1.229, p = 0.299) was observed between inter- and intra-specific level in the bacterial phylum 288 

taxonomic composition. However, significant differences in the composition of the bacterial 289 

families (one-way ANOVA, F(2,63) = 5.299, p = 0.007) and genera (one-way ANOVA, 290 

F(2,63) = 5.650, p = 0.006) were found in inter- and intra-specific comparisons in the two 291 

penguins. At both family and genus classification level, post hoc comparisons with Tukey‟s 292 

HSD indicated that the mean Jaccard similarities between individuals of Chinstrap Penguins 293 

were significantly higher than those of Adélie Penguins (family level X ± SE = 8.39 ± 2.78, p 294 

= 0.010; genus level X ± SE = 7.44 ± 2.55, p = 0.014) or those between the two penguin 295 

species (family level X ± SE = 6.52 ± 2.34, p = 0.019; genus level X ± SE = 6.62 ± 2.15, p = 296 

0.009). In the analysis of Spearman coefficients, inter- and intra-species comparisons showed 297 

no significant difference in the assemblages of frequently-encountered bacterial phyla (one-298 

way ANOVA, F(2,63) = 2.028, p = 0.140), families (one-way ANOVA, F(2,63) = 0.697, p = 299 

0.502) or genera (one-way ANOVA, F(2,63) = 0.121, p = 0.886).  300 

 301 

Discussion  302 

At a 97 % confidence threshold bacterial genus level, Adélie and Chinstrap Penguins 303 

harboured different bacterial community composition in their stomach contents both between 304 

the two penguin species and between individuals of the same species, although no significant 305 

differences were found in the α-diversity values (i.e. OTU richness and evenness) or the 306 

assemblages of frequently-encountered groups of OTUs (relative abundance ≥ 1 %). In 307 

addition, approximately half of the communities identified overall were either species-308 

specific or individual-specific. In this study, sympatrically breeding Adélie and Chinstrap 309 

Penguins are known to have the same diet composition (100 % Antarctic krill), and the food 310 

source is from a similar foraging environment at Signy Island in the maritime Antarctic 311 

(Lynnes et al. 2002, 2004; Takahashi et al. 2003), yet individual still have different stomach 312 

bacterial community compositions both between and within each penguin species. Dietary 313 

component alone, therefore, is unlikely to be the key determinant of the bacterial community 314 

present in the birds‟ stomachs. When considering the foraging environment, both Adélie and 315 

Chinstrap Penguins forage using pursuit diving in the same general geographic area; however 316 

in years of lower prey availability, Adélie Penguins tend to forage farther from the island 317 

compared to Chinstrap Penguins (Lynnes et al. 2002). Furthermore, although the chick-318 

rearing periods of both penguin species overlap, Adelie Penguins begin their breeding cycle 319 

with chicks hatching approximately one-month earlier than Chinstrap Penguins (Lynnes et al. 320 



2002; Black 2016). Such spatial and temporal variations in the foraging area and timing 321 

between the two penguin species (and potentially between individuals of the same species) 322 

could possibly contribute to the differences observed between their stomach bacterial 323 

community compositions. In addition, one alternative hypothesis may be Adélie and 324 

Chinstrap Penguins have different gut structures and digestive tract environments, which 325 

might have the selection for specific microorganisms.        326 

Inter- or intra-specific variation in the faecal microbiota has previously been reported 327 

in other bird species (Grond et al. 2014; Waite and Taylor 2014), including Antarctic 328 

penguins (Banks et al. 2009; Dewar et al. 2013). Grond et al. (2014) found two different 329 

species of migratory shorebirds differed in their faecal bacterial communities although they 330 

shared similar environmental conditions, and suggested that the gut microbiota might be 331 

species-specific. Waite and Taylor (2014) re-analysed previously-studied cloacal and/or 332 

faecal bacterial sequence datasets from a variety of bird species, and suggested that host bird 333 

species played a more significant role in the establishment of gut microbiota in birds, while 334 

the sampling site, diet and captivity status also contributed. In studies of Antarctic penguins, 335 

Dewar et al. (2013) addressed inter-specific variation in the faecal bacterial communities 336 

between King (A. patagonicus), Gentoo (Pygoscelis papua), Macaroni (Eudyptes 337 

chrysolophus), and Little (E. minor) Penguins, although the causes contributing to variation 338 

remained unclear in their study because the species studied were from different breeding 339 

islands. However, Banks et al. (2009) identified host phylogeny as a greater influence than 340 

geographical location in the intra-specific variation in cloacal bacterial communities of 341 

Adélie Penguins, and suggested that bacterial communities can be inherited. In this study, 342 

when comparing inter- versus intra-specific variations observed, variation between 343 

individuals of Chinstrap Penguins (but not Adélie) was significantly higher than those 344 

between the two penguin species. This suggests that each individual penguin has its own 345 

unique community of gut microbiota, and further supports the finding of Banks et al. (2009). 346 

The establishment of avian gut microbiota begins during egg incubation (Barnes et al. 1980), 347 

and only reaches a stable stage in adulthood (Mills et al. 1999; Lu et al. 2003). Besides the 348 

potential spatial and temporal variations in the foraging area between individuals mentioned 349 

earlier, the vertical transmission of bacteria through regurgitation during chick feeding (Kyle 350 

and Kyle 1993) is also likely to contribute to the unique gut microbiota of individual 351 

penguins. 352 

The frequently encountered OTUs present in the stomachs of both penguin species 353 

belonged to the phyla Firmicutes, Fusobacteria, Proteobacteria and Tenericutes, while 354 

Actinobacteria, Bacteroidetes, Verrucomicrobia and the bacterial candidate GN02 were less 355 

frequently encountered. Most of these phyla (in particular the predominant communities) 356 

have also previously been identified in the guts of a variety of bird species (Kohl 2012; Waite 357 

and Taylor 2014) and Antarctic penguins (Zdanowski et al. 2004; Banks et al. 2009; Dewar et 358 

al. 2013, 2014; Barbosa et al. 2016). This further supports the review of Kohl (2012), in 359 

which the bacterial communities at a higher taxonomic level (i.e. phylum) are very similar 360 

between species of birds and mammals. However, bacterial communities analysed at the 361 

genus level showed different results. In comparisons with previously studied penguins that 362 



forage and breed elsewhere in Antarctica, approximately 46 % of the bacterial communities 363 

reported from King Penguin stomachs from Possession Island (Thouzeau et al. 2003a), 37 % 364 

from Adélie Penguin cloacae from the Ross Sea region (Banks et al. 2009), and 63% from 365 

King (Bird Island, South Georgia) and Little (Phillip Island, Australia) Penguins (Dewar et al. 366 

2014) were also present in the samples studied here. These bacteria included Acinetobacter, 367 

Actinomyces, Bacillus, Campylobacter, Cetobacterium, Chryseobacterium, Clostridium 368 

(family: Clostridiaceae), Corynebacterium, Erysipelothrix, Flavobacterium, Helicobacter, 369 

Moraxella, Mycoplasma, Peptostreptococcus, Porphyromonas, Psychrobacter and 370 

Streptococcus, which most probably represent the common inhabitants in Antarctic penguin 371 

guts. When comparing the data of Thouzeau et al. (2003a), differences in the community 372 

composition observed could possibly caused by the differences in penguin species and 373 

location studied, and the analytical approach used. When comparing the data reported by 374 

Banks et al. (2009) and Dewar et al. (2014), besides the former causes mentioned, the 375 

differences in the community composition observed might be due to environmental 376 

differences in the different body parts. This further supports the contention that cloacal or 377 

faecal microbiota are not representative of internal gut microbiota (Gong et al. 2002, 2007; 378 

Wilkinson et al. 2016). In addition, although the data comparison was not between samples 379 

obtained from the same bird, the composition similarity shown between the compared 380 

cloacae/faeces and stomachs suggests that there could possibly be a microbial link between 381 

the stomachs, cloacae and faeces. Previously, Ma et al. (2013) and Zhu et al. (2015) reported 382 

that penguin deposited materials may change the geochemical component in Antarctic soils 383 

for microbial succession. The information obtained here is therefore useful for further study 384 

to understand the transfer and establishment of microbes from penguin internal guts to 385 

deposited materials and subsequently input to the surrounding soil microbial ecosystem. On 386 

the other hand, about 73 % of the bacterial genera found in this study have not been reported 387 

previously in Antarctic penguin guts (Online Resource 1), indicating the presence of many 388 

uncharacterised bacterial groups that might play an important role in the guts of Antarctic 389 

penguins, which also require further studies.    390 

As classical culture studies are well known to isolate only a proportion of bacteria 391 

from natural communities, their role in the inference of function is limited. High-throughput 392 

sequencing studies may therefore provide a greater insight into potential functions in specific 393 

communities. For instance in this study, among the 39 % of the overall diversity that was 394 

shared between Adélie and Chinstrap Penguins, and amongst the bacterial genera that were 395 

present in all individual birds studied, Cetobacterium, Chelonobacter, Clostridium (family: 396 

Clostridiaceae), Fusobacterium and Mycoplasma occurred more frequently, and are thus 397 

more likely to be dominant bacteria in the functioning community in the penguin stomachs. 398 

Excepting Chelonobacter, these bacteria have been reported as common inhabitants in the 399 

guts across a variety of bird species (Bjerrum et al. 2006; Strong et al. 2013; Grond et al. 400 

2014; Roggenbuck et al. 2014; Kreisinger et al. 2015), including Antarctic penguins 401 

(Thouzeau et al. 2003a; Banks et al. 2009; Dewar et al. 2014), however, the majority of their 402 

role in the guts remain unclear. Chelonobacter, a new bacterial genus belonging to the family 403 

Pasteurellaceae, was first discovered from diseased tortoises (Gregersen et al. 2009), and has 404 

been found in human stomachs (Delgado et al. 2013) but so far has not been reported in 405 



penguin or other avian gut samples. As for Clostridium (family: Clostridiaceae), some species 406 

strains have been identified to have ability to degrade chitin (Chen et al. 2002), which is a 407 

main component of crustaceans including Antarctic krill (Clarke 1980; Nicol and Hosie 408 

1993). A variety of species or strains of the genus Fusobacterium have been reported to be 409 

involved in prey tissue decomposition (Roggenbuck et al. 2014), carbohydrate metabolism 410 

(Robrish et al. 1991; Bjerrum et al. 2006) and bacteriocin production (Portrait et al. 2000) in 411 

the guts of birds.  412 

As expected, prey-associated and marine bacteria were also detected in the samples 413 

studied. These bacteria were closely related to members of genera previously identified from 414 

Antarctic krill, including Acinetobacter, Bacillus, Corynebacterium, Moraxella and 415 

Pseudomonas (Kelly et al. 1978), and from Antarctic sea ice and marine samples, including 416 

Brachybacterium, Gelidibacter, Loktanella, Oleispira, Polaribacter, Polaromonas, 417 

Pseudoalteromonas, Psychrobacter and Sphinogomonas (Zdanowski and Donachie 1993; 418 

Irgens et al. 1996; Bowman et al. 1997a, b; Junge et al. 1998; Yakimov et al. 2003; Dickinson 419 

et al. 2016; Luria et al. 2016). As penguins forage in the marine environment, they are likely 420 

to take in these bacteria together with their consumed prey and associated sea water. 421 

Nonetheless, the frequency of encountering these OTUs in our samples was low, with prey-422 

associated bacteria and marine bacteria accounting for 8 % and 16 % respectively, of the 423 

overall diversity, and they may be transient in penguin stomachs. Penguin stomachs are warm 424 

(38 °C), acidic (pH < 4), and contain antimicrobial peptides known as spheniscins, which 425 

function to restrict the growth of microbes in the stomach and thereby aid food preservation 426 

(Thouzeau et al. 2003a, b).   427 

In this study, data were analysed at the bacterial phylum, family and genus 428 

classification levels. When comparing the three classification levels, the data showed that 429 

both inter- and intra-specific variations in the penguin stomach bacterial community 430 

composition became more significant with progression from the phylum to the family or 431 

genus level. This finding is in line with the study of Yarza et al. (2014), who reported that for 432 

bacterial community studies inferred using the 16S rDNA, the taxa recovery is better at a 433 

lower classification level (e.g. family or genus) than a higher classification level (e.g. 434 

phylum). However, most comparative studies have used a higher classification level, which 435 

therefore might not able to report a sufficient resolution of microbiota to serve as baseline 436 

information for future studies.  437 

In summary, through the application of a high-throughput DNA sequencing approach, 438 

this study revealed comparable depth and quality to those previously obtained in either 439 

stomach, cloacal or faecal studies, providing a more extensive dataset of penguin gut 440 

microbiota than previously available. In addition, this study demonstrated diversity in 441 

penguins‟ gut microorganisms, which might explain differential susceptibilities of these 442 

animals to gut pathogens.   443 

 444 

Acknowledgments  445 



This study was funded by the Sultan Mizan Antarctic Research Foundation (YPASM) and the 446 

National Antarctic Research Centre, University of Malaya Research Grant (UMRG: RP007-447 

2012A). Laboratory resources were provided by British Antarctic Survey (BAS) and 448 

Northumbria University. We thank Stacey Adlard for her assistance in the field sampling. We 449 

also thank the editor and the three anonymous reviewers for their constructive comments. 450 

Wen Chyin Yew is a recipient of MyBrain scholarship (MyPhD) funded by the Ministry of 451 

Higher Education Malaysia. Peter Convey and Michael J Dunn are supported by NERC core 452 

funding to the BAS “Biodiversity, Evolution and Adaptation” and “Ecosystems” teams, 453 

respectively. This paper also contributes to the Scientific Committee on Antarctic Research 454 

“State of the Antarctic Ecosystem” research programme (AntEco).  455 

 456 

Compliance with ethical standards  457 

All procedures involving animals followed internationally recognised CCAMLR CEMP 458 

standard methods and were in accordance with the ethical standards of the British Antarctic 459 

Survey. 460 

 461 

Competing interests 462 

The authors declare no competing interests. 463 

 464 

References 465 

Banks JC, Craig S, Cary I, Hogg D (2009) The phylogeography of Adélie Penguin faecal 466 

flora. Environmental Microbiology 11:577-588  467 

Barbosa A, Balagué V, Valera F, Martínez A, Benzal J, Motas M, Diaz JI, Mira A, Pedrós-468 

Alió C (2016) Age-related differences in the gastrointestinal microbiota of Chinstrap 469 

Penguins (Pygoscelis antarctica). PLoS ONE 11:e0153215. doi: 470 

10.1371/journal.pone.0153215  471 

Barnes EM, Impey CS, Cooper DM (1980) Manipulation of the crop and intestinal flora of 472 

the newly hatched chick. The American Journal of Clinical Nutrition 33:2426-2433 473 

Bik EM, Eckburg PB, Gill SR, Nelson KE, Purdom EA, Francois F, Perez-Perez G, Blaser 474 

MJ, Relman DA (2006) Molecular analysis of the bacterial microbiota in the human stomach. 475 

Proceedings of the National Academy of Sciences of the United States of America 103:732-476 

737  477 

Bjerrum J, Engberg RM, Leser TD, Jensen BB, Finster K, Pedersen K (2006) Microbial 478 

community composition of the ileum and cecum of broiler chickens as revealed by molecular 479 

and culture-based techniques. Poultry Science 85:1151-1164 480 



Black CE (2016) A comprehensive review of the phenology of Pygoscelis penguins. Polar 481 

Biology 39:405-432 482 

Boersma PD, Rebstock GA (2014) Climate change increases reproductive failure in 483 

Magellanic Penguins. PLoS ONE 9:e85602. doi: 10.1371/journal.pone.0085602 484 

Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: A flexible trimmer for Illumina 485 

sequence data. Bioinformatics 30:2114-2120 486 

Bowman JP, McCammon SA, Brown MV, Nichols DS, McMeekin TA (1997a) Diversity and 487 

association of psychrophilic bacteria in Antarctic sea ice. Applied and Environmental 488 

Microbiology 63:3068-3078 489 

Bowman JP, McCammon SA, Brown JL, Nichols PD, McMeekin TA (1997b) 490 

Psychroserpens burtonensis gen. nov., sp. nov., and Gelidibacter algens gen. nov., sp. nov., 491 

psychrophilic bacteria isolated from Antarctic lacustrine and sea ice habitats. International 492 

Journal of Systematic Bacteriology 47:670-677 493 

Brooke ML (2004) The food consumption of the world‟s seabirds. Proceedings of the Royal 494 

Society B Biological Sciences 271:246-248 495 

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, Fierer N, 496 

Peña AG, Goodrich JK, Gordon JI, Huttley GA, Kelley ST, Knights D, Koenig JE, Ley RE, 497 

Lozupone CA, McDonald D, Muegge BD, Pirrung M, Reeder J, Sevinsky JR, Turnbaugh PJ, 498 

Walters WA, Widmann J, Yatsunenko T, Zaneveld J, Knight R (2010) QIIME allows 499 

analysis of high-throughput community sequencing data. Nature Methods 7:335-336 500 

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA, Turnbaugh PJ, Fierer 501 

N, Knight R (2011) Global patterns of 16S rRNA diversity at a depth of millions of 502 

sequences per sample. Proceedings of the National Academy of Sciences of the United States 503 

of America 108:4516-4522 504 

CCAMLR (2003) CEMP Standard Methods. CCAMLR, Hobart 505 

Chen HC, Chang CC, Mau WJ, Yen LS (2002) Evaluation of N-acetylchitooligosaccharides 506 

as the main carbon sources for the growth of intestinal bacteria. FEMS Microbiology Letters 507 

209:53-56 508 

Chen CY, Yu C, Chen SW, Chen BJ, Wang HT (2013) Effect of yeast with bacteriocin from 509 

rumen bacteria on growth performance, caecal flora, caecal fermentation and immunity 510 

function of broiler chicks. Journal of Agricultural Science 151:287-297 511 

Clarke A (1980) The biochemical composition of krill, Euphausia Superba Dana, from South 512 

Georgia. Journal of Experimental Marine Biology and Ecology 43:221-236 513 

Deagle BE, Jarman SN, Pemberton D, Gales NJ (2005) Genetic screening for prey in the gut 514 

contents from a giant squid. Journal of Heredity 96:417-423 515 



Delgado S, Cabrera-Rubio R, Mira A, Suárez A, Mayo B (2013) Microbiological survey of 516 

the human gastric ecosystem using culturing and pyrosequencing methods. Microbial 517 

Ecology 65:763-772 518 

Dewar ML, Arnould JPY, Dann P, Trathan P, Groscolas R, Smith S (2013) Interspecific 519 

variations in the gastrointestinal microbiota in penguins. MicrobiologyOpen 2:195-204 520 

Dewar ML, Arnould JP, Krause L, Trathan P, Dann P, Smith SC (2014) Influence of fasting 521 

during moult on the faecal microbiota of penguins. PLoS ONE 9: e99996. doi: 522 

10.1371/journal.pone.0099996 523 

Dickinson I, Goodall-Copestake W, Thorne MAS, Schlitt T, Ávila-Jiménez ML, Pearce DA 524 

(2016) Extremophiles in an Antarctic marine ecosystem. Microorganisms 4:8. doi: 525 

10.3390/microorganisms4010008 526 

Dunn MJ, Jackson JA, Adlard S, Lynnes AS, Briggs DR, Fox D, Waluda CM (2016) 527 

Population size and decadal trends of three penguin species nesting at Signy Island, South 528 

Orkney Islands. PLoS ONE 11:e0164025. doi: 10.1371/journal.pone.0164025 529 

Forcada J, Trathan PN (2009) Penguin responses to climate change in the Southern Ocean. 530 

Global Change Biology 15:1618-1630 531 

Gong J, Forster RJ, Yu H, Chambers JR, Wheatcroft R, Sabour PM, Chen S (2002) 532 

Molecular analysis of bacterial populations in the ileum of broiler chickens and comparison 533 

with bacteria in the cecum. FEMS Microbiology Ecology 41:171-179 534 

Gong J, Si W, Forster RJ, Huang R, Yu H, Yin Y, Yang C, Han Y (2007) 16S rRNA gene-535 

based analysis of mucosa-associated bacterial community and phylogeny in the chicken 536 

gastrointestinal tracts: From crops to ceca. FEMS Microbiology and Ecology 59:147-157 537 

Good IJ (1953) The population frequencies of species and the estimation of population 538 

parameters. Biometrika 40:237-264 539 

Goodrich JK, Di Rienzi SC, Poole AC, Koren O, Walters WA, Caporaso JG, Knight R, Ley 540 

RE (2014) Conducting a microbiome study. Cell 158:250-262 541 

Gregersen RH, Neubauer C, Christensen H, Bojesen AM, Hess M, Bisgaard M (2009) 542 

Comparative studies on [Pasteurella] testudinis and [P.] testudinis-like bacteria and proposal 543 

of Chelonobacter oris gen. nov., sp. nov. as a new member of the family Pasteurellaceae. 544 

International Journal of Systematic and Evolutionary Microbiology 59:1583-1588 545 

Grond K, Ryu H, Baker AJ, Santo Domingo JW, Buehler DM (2014) Gastro-intestinal 546 

microbiota of two migratory shorebird species during spring migration staging in Delaware 547 

Bay, USA. Journal of Ornithology 155:969-977 548 

Hammons S, Oh PL, Martínez I, Clark K, Schlegel VL, Sitorius E, Scheideler SE, Walter J 549 

(2010) A small variation in diet influences the Lactobacillus strain composition in the crop of 550 

broiler chickens. Systematic and Applied Microbiology 33:275-281 551 



Heine JC, Speir TW (1989) Ornithogenic soils of the Cape Bird Adélie Penguin rookeries, 552 

Antarctica. Polar Biology 10:89-99 553 

Hird SM, Carsten BC, Cardiff SW, Dittmann DL, Brumfield RT (2014) Sampling locality is 554 

more detectable than taxonomy or ecology in the gut microbiota of the brood-parasitic 555 

Brown-headed Cowbird (Molothrus ater). PeerJ 2:e321. doi: 10.7717/peerj.321 556 

Hirsch PR, Mauchline TH, Clark IM (2010) Culture-independent molecular techniques for 557 

soil microbial ecology. Soil Biology and Biochemistry 42:878-887 558 

Hughes JB, Bohannan BJM (2004) Application of ecological diversity statistics in microbial 559 

ecology. In: Kowalchuk GA (ed) Molecular microbial ecology manual, 2
nd

 edn. Kluwer 560 

Academic Publishers, Netherlands, pp 1321-1344 561 

Irgens RL, Gosink JJ, Staley JT (1996) Polaromonas vacuolata gen. nov., sp. nov., a 562 

psychrophilic, marine, gas vacuolate bacterium from Antarctica. International Journal of 563 

Systematic and Evolutionary Microbiology 46:822-826 564 

Junge K, Gosink JJ, Hoppe HG, Staley JT (1998) Arthrobacter, Brachybacterium and 565 

Planococcus isolates identified from Antarctic sea ice brine. Description of Planococcus 566 

mcmeekinii, sp. nov. Systematic and Applied Microbiology 21:306-314 567 

Kelly MD, Lukaschewsky S, Anderson CG (1978) Bacterial flora of Antarctic krill (Euphasia 568 

superba) and some of their enzymatic properties. Journal of Food Science 43:1196-1197 569 

Kohl KD (2012) Diversity and function of the avian gut microbiota. Journal of Comparative 570 

Physiology B 182:591-602 571 

Kreisinger J, Čížková D, Kropáčková L, Albrecht T (2015) Cloacal microbiome structure in a 572 

long-distance migratory bird assessed using deep 16sRNA pyrosequencing. PLoS ONE 573 

10:e0137401. doi: 10.1371/journal.pone.0137401 574 

Kyle PD, Kyle GZ (1993) An evaluation of the role of microbial flora in the salivary transfer 575 

technique for hand-rearing Chimney Swifts. Wildlife Rehabilitation 8:65-71 576 

Lu J, Idris U, Harmon B, Hofacre C, Maurer JJ, Lee MD (2003) Diversity and succession of 577 

the intestinal bacterial community of the maturing broiler chicken. Applied and 578 

Environmental Microbiology 69:6816-6824 579 

Lucas FS, Heeb P (2005) Environmental factors shape cloacal bacterial assemblages in Great 580 

Tit Parus major and Blue Tit P. caeruleus nestlings. Journal of Avian Biology 36:510-516 581 

Luria CM, Amaral-Zettler LA, Ducklow HW, Rich JJ (2016) Seasonal succession of free-582 

living bacterial communities in coastal waters of the western Antarctic Peninsula. Frontiers in 583 

Microbiology 7:1731. doi: 10.3389/fmicb.2016.01731 584 



Lynnes AS, Reid EK, Croxall JP, Trathan PN (2002) Conflict or co-existent? Foraging 585 

distribution and competition for prey between Adélie and Chinstrap Penguins. Marine 586 

Biology 141:1165-1174 587 

Lynnes AS, Reid EK, Croxall JP (2004) Diet and reproductive success of Adélie and 588 

Chinstrap Penguins: Linking response of predators to prey population dynamics. Polar 589 

Biology 27:544-554 590 

Ma D, Zhu R, Ding W, Shen C, Chu H, Lin X (2013) Ex-situ enzyme activity and bacterial 591 

community diversity through soil depth profiles in penguin and seal colonies on Vestfold 592 

Hills, East Antarctica. Polar Biology 36:1347-1361 593 

Maul JD, Gandhi JP, Farris JL (2005) Community-level physiological profiles of cloacal 594 

microbes in songbirds (Order: Passeriformes): Variation due to host species, host diet, and 595 

habitat. Microbial Ecology 50:19-28 596 

McDonald D, Price MN, Goodrich J, Nawrocki EP, DeSantis TZ, Probst A, Andersen GL, 597 

Knight R, Hugenholtz P (2012) An improved Greengenes taxonomy with explicit ranks for 598 

ecological and evolutionary analyses of bacteria and archaea. The ISME Journal 6:610-618 599 

Meyer F, Paarmann D, D'Souza M, Olson R, Glass EM, Kubal M, Paczian T, Rodriguez A, 600 

Stevens R, Wilke A, Wilkening J, Edwards RA (2008) The MG-RAST server: A public 601 

resource for the automatic phylogenetic and functional analysis of metagenomes. BMC 602 

Bioinformatics 9:386. doi: 10.1186/1471-2105-9-386 603 

Mills TK, Lombardo MP, Thorpe PA (1999) Microbial colonization of the cloacae of nestling 604 

Three Swallows. The Auk 116:947-956 605 

Nicol S, Hosie GW (1993) Chitin production by krill. Biochemical Systematics and Ecology 606 

21:181-184 607 

Passmore AJ, Jarman SN, Swadling KM, Kawaguchi S, McMinn A, Nicol S (2006) DNA as 608 

a dietary biomarker in Antarctic krill, Euphausia superba. Marine Biotechnology 8:686-696 609 

Portrait V, Cottenceau G, Pons AM (2000) A Fusobacterium mortiferum strain produces a 610 

bacteriocin-like substance(s) inhibiting Salmonella enteritidis. Letters in Applied 611 

Microbiology 31:115-117 612 

Potti J, Moreno J, Yorio P, Briones V, García-Borboroglu P, Villar S, Ballesteros C (2002) 613 

Bacteria divert resources from growth for Magellanic Penguin chicks. Ecology Letters 5:709-614 

714 615 

Robrish SA, Oliver C, Thompson J (1991) Sugar metabolism by Fusobacteria: Regulation of 616 

transport, phosphorylation, and polymer formation by Fusobacterium mortiferum ATCC 617 

25557. Infection and Immunity 59:4547-4554 618 



Roggenbuck M, Schnell IB, Blom N, Bælum J, Bertelsen MF, Pontén TS (2014) The 619 

microbiome of New World vultures. Nature Communications 5:e5498. doi: 620 

10.1038/ncomms6498 621 

Soucek Z, Mushin R (1970) Gastrointestinal bacteria of certain Antarctic birds and mammals. 622 

Applied and Environmental Microbiology 20:561-566 623 

Stanley D, Denman SE, Hughes RJ, Geier MS, Crowley TM, Chen H, Haring VR, Moore RJ 624 

(2012) Intestinal microbiota associated with differential feed conversion efficiency in 625 

chickens. Applied Microbiology and Biotechnology 96:1361-1369 626 

Strong T, Dowd S, Gutierrez AF, Molnar D, Coffman J (2013) Amplicon pyrosequencing 627 

and ion torrent sequencing of wild duck eubacterial microbiome from fecal samples reveals 628 

numerous species linked to human and animal diseases [version 2; referees: 3 approved with 629 

reservations]. F1000Research 2:224. doi: 10.12688/f1000research.2-224.v2 630 

Suenaga H (2012) Targeted metagenomics: A high-resolution metagenomics approach for 631 

specific gene clusters in complex microbial communities. Environmental Microbiology 632 

14:13-22 633 

Sun L, Xie Z, Zhao J (2000) Palaeoecology: A 3,000-year record of penguin populations. 634 

Nature 407:858. doi: 10.1038/35038163 635 

Sun L, Zhu R, Yin X, Liu X, Xie Z, Wang Y (2004) A geochemical method for the 636 

reconstruction of the occupation history of a penguin colony in the maritime Antarctic. Polar 637 

Biology 27:670-678 638 

Takahashi A, Dunn MJ, Trathan PN, Sato K, Naito Y, Croxall JP (2003) Foraging strategies 639 

of Chinstrap penguins at Signy Island, Antarctica: Importance of benthic feeding on Antarctic 640 

krill. Marine Ecology Progress Series 250:279-289 641 

Thouzeau C, Froget G, Monteil H, Le Maho Y, Harf-Monteil C (2003a) Evidence of stress in 642 

bacteria associated with long-term preservation of food in the stomach of incubating King 643 

Penguins (Aptenodytes patagonicus). Polar Biology 26:115-123. doi: 10.1007/s00300-002-644 

0451-2 645 

Thouzeau C, Maho YL,  Froget G, Sabatier l, Bohec CL, Hoffmann JA, Bulet P (2003b) 646 

Spheniscins, Avian β-defensins in preserved stomach contents of the King Penguin, 647 

Aptenodytes patagonicus. The Journal of Biological Chemistry 278:51053-51058 648 

Ugolini FC (1972) Ornithogenic soils of Antarctica. Antarctic Research Series 20:181-193 649 

Van Der Wielen PW, Biesterveld S, Notermans S, Hofstra H, Urlings BA, Van Knapen F 650 

(2000) Role of volatile fatty acids in development of the cecal microflora in broiler chickens 651 

during growth. Applied and Environmental Microbiology 66:2536-2540 652 



Waite DW, Taylor MW (2014) Characterizing the avian gut microbiota: Membership, driving 653 

influences, and potential function. Frontiers in Microbiology 5:223. doi: 654 

10.3389/fmicb.2014.00223 655 

Waluda CM, Dunn MJ, Curtis ML, Fretwell PT (2014) Assessing penguin colony size and 656 

distribution using digital mapping and satellite remote sensing. Polar Biology 37:1849-1855 657 

Watanuki Y, Kato A, Naito Y, Robertson G, Robinson S (1997) Diving and foraging 658 

behaviour of Adélie Penguins in areas with and without fast sea-ice. Polar Biology 17:296-659 

304 660 

White MG, Conroy JWH (1975) Aspects of competition between pygoscelid penguins at 661 

Signy Island, South Orkney Islands. IBIS 117:371-373. doi: 10.1111/j.1474-662 

919X.1975.tb04224.x 663 

Wilkinson N, Hughes RJ, Aspden WJ, Chapman J, Moore RJ, Stanley D (2016) The 664 

gastrointestinal tract microbiota of the Japanese quail, Coturnix japonica. Applied 665 

Microbiology and Biotechnology 100:4201-4209 666 

Wilson RP (1984) An improved stomach pump for penguins and other seabirds. Journal of 667 

Field Ornithology 55:109-112. Retrieved from http://www.jstor.org/stable/4512864 668 

Yakimov MM, Giuliano L, Gentile G, Crisafi E, Chernikova TN, Abraham W-R, Lünsdorf H, 669 

Timmis KN, Golyshin PN (2003) Oleispira antarctica gen. nov., sp. nov., a novel 670 

hydrocarbonoclastic marine bacterium isolated from Antarctic coastal sea water. International 671 

Journal of Systematic and Evolutionary Microbiology 53:779-785 672 

Yarza P, Yilmaz P, Pruesse E, Glöckner FO, Ludwig W, Schleifer K-H, Whitman WB, 673 

Euzéby J, Amann R, Rosselló-Móra R (2014) Uniting the classification of cultured and 674 

uncultured bacteria and archaea using 16S rRNA gene sequences. Nature Reviews 675 

Microbiology 12:635-645 676 

Zdanowski MK, Donachie SP (1993) Bacteria in the sea-ice zone between Elephant Island 677 

and the South Orkneys during the Polish sea-ice zone expedition, (December 1988 to January 678 

1989). Polar Biology 13:245-254 679 

Zdanowski MK, Weglenski P, Golik P, Sasin JM, Borsuk P, Zmuda MJ, Stankovic A (2004) 680 

Bacterial diversity in Adélie Penguin, Pygoscelis adeliae, guano: Molecular and morpho-681 

physiological approaches. FEMS Microbiology Ecology 50:163-173 682 

Zhu R, Shi Y, Ma D, Wang C, Xu H, Chu H (2015) Bacterial diversity is strongly associated 683 

with historical penguin activity in an Antarctic lake sediment profile. Scientific Reports 684 

5:17231. doi: 10.1038/srep17231 685 



 
Fig. 1 The locations of a South Orkney Islands in the maritime Antarctic, b Signy Island within the South 

Orkney Island archipelago, and c Gourlay Peninsula on Signy Island. Map provided by Laura Gerrish, Mapping 

and Geographic Information Centre, British Antarctic Survey. 



Table 1 Information analysed from MiSeq dataset of individual Adélie (A1 - A6) and Chinstrap (C1 - C6) 

Penguin stomach ingesta samples 

Sample Accession number Krill (%) Good's coverage (%) Number of OTU Shannon index 

A1 4705524.3 100 99.7 28 2.060 

A2 4709469.3 100 99.4 45 1.744 

A3 4705597.3 100 99.6 33 1.805 

A4 4715573.3 100 99.4 53 2.782 

A5 4715572.3 100 99.5 51 2.531 

A6 4705483.3 100 99.6 20 2.460 

C1 4705526.3 100 99.7 24 1.511 

C2 4705618.3 100 99.3 50 2.856 

C3 4705575.3 100 99.6 25 2.551 

C4 4705632.3 100 99.6 28 2.997 

C5 4705639.3 100 99.5 23 3.022 

C6 4705449.3 100 99.6 18 2.805 

 

 

 

 
Fig. 2 Rarefaction curve of individual Adélie (A1 – A6) and Chinstrap (C1 – C6) Penguin stomach ingesta 

samples 

 

 

 

 

 

 

 

 

 



Table 2 Composition of the overlapping and the unique stomach bacterial communities of Adélie (A) and Chinstrap (C) Penguins that were assigned at phylum, family and 

genus classification levels. Frequently encountered groups of OTUs (with an average relative abundance > 1 %) that present in both penguin species were listed in bold  
Phylum Family Genus 

In A only In A and C In C only In A only In A and C In C only In A only In A and C In C only 

Acidobacteria Actinobacteria Gemmatimonadetes Acidobacteriaceae Actinomycetaceae Carnobacteriaceae Alicyclobacillus Acinetobacter Actinobacillus 

Cyanobacteria Bacteroidetes  Aeromonadaceae Alcaligenaceae Gemmatimonadaceae Bacillus Actinomyces Aliivibrio 

FBP Firmicutes  Alicyclobacillaceae Bacteroidaceae Moritellaceae Brachybacterium Aequorivita Caloramator 
Planctomycetes Fusobacteria  Aurantimonadaceae Campylobacteraceae Piscirickettsiaceae Bradyrhizobium Aggregatibacter Carnobacterium 

SR1 GN02  Bacillaceae Cardiobacteriaceae Propionibacteriaceae Brumimicrobium Arcobacter Coprococcus 

 Proteobacteria  Bradyrhizobiaceae Chitinophagaceae Vibrionaceae Campylobacter Bacteroides Erysipelothrix 
 

Tenericutes 

 

Burkholderiaceae Clostridiaceae 

 *Clostridium 

(Lachnospiraceae) Capnocytophaga Gemmatimonas 

 Verrucomicrobia  Cellulomonadaceae Colwelliaceae  Corynebacterium Cetobacterium Loktanella 
   Corynebacteriaceae Comamonadaceae  Finegoldia Chelonobacter Lysobacter 

   Cryomorphaceae Erysipelotrichaceae  Flavobacterium Chryseobacterium Mannheimia 

   
Cytophagaceae Flavobacteriaceae 

 
Haemophilus 

a Clostridium 

(Clostridiaceae) Moritella 

   Dermabacteraceae Fusobacteriaceae  Hymenobacter Dokdonella Peptostreptococcus 

   Enterobacteriaceae Helicobacteraceae  Legionella Fusobacterium Perlucidibaca 
   Isosphaeraceae Lachnospiraceae  Luteolibacter Gelidibacter Psychromonas 

   Legionellaceae Leptotrichiaceae  Moraxella Helicobacter Tenacibaculum 

   Micrococcaceae Moraxellaceae  Oleispira Mycoplasma  
   Mogibacteriaceae Mycoplasmataceae  Paludibacter Ornithobacterium  

   Nocardiaceae Oceanospirillaceae  Pedobacter Polaribacter  

   Oxalobacteraceae Pasteurellaceae  Rhodococcus Polaromonas  
   Pirellulaceae Peptostreptococcaceae  Sediminibacterium Porphyromonas  

   Sphingobacteriaceae Porphyromonadaceae  Sphingomonas Pseudoalteromonas  

   Sphingomonadaceae Pseudoalteromonadaceae  Streptococcus Pseudomonas  
   Streptococcaceae Pseudomonadaceae  Suttonella Psychrobacter  

   Streptomycetaceae Psychromonadaceae   Sutterella  

   Verrucomicrobiaceae Rhodobacteraceae     
    Ruminococcaceae     

    Tissierellaceae     

    Weeksellaceae     
    Xanthomonadaceae     
a 
Clostridium assigned in this study belongs to either the family Clostridiaceae or Lachnospiraceae  
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Fig. 3 Assemblages of frequently encountered stomach bacterial communities (relative abundance > 1 %) of 

individual Adélie (A) and Chinstrap (C) Penguins that were assigned at (a) phylum, (b) family and (c) genus 

classification levels. *Clostridium assigned in this study belongs to either the family Clostridiaceae or 

Lachnospiraceae 
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Fig. 4 Principal coordinate analysis (PCoA) of penguin stomach bacterial communities calculated using Bray-

Curtis distance matrix on normalised OTU assignment data 

 

 

 

 


