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Abstract

The gut microbiomes of Antarctic penguins are important for the fitness of the host birds and their chicks. The compositions
of microbial communities in Antarctic penguin guts are strongly associated with the birds’ diet, physiological adaptation and
phylogeny. Whilst seasonal changes in food resources, distribution and population parameters of Antarctic penguins have
been well addressed, little research is available on the stability or variability of penguin stomach microbiomes over time. Here,
we focused on two Pygoscelis penguin species breeding sympatrically in the maritime Antarctic and analysed their stomach
contents to assess whether penguin gut microbiota differed over three austral summer breeding seasons. We used a high-
throughput DNA sequencing approach to study bacterial diversity in stomach regurgitates of Adélie (Pygoscelis adeliae) and
chinstrap (Pygoscelis antarctica) penguins that have a similar foraging regime on Signy Island (South Orkney Islands). Our data
revealed significant differences in bacterial alpha and beta diversity between the study seasons. We also identified bacterial
genera that were significantly associated with specific breeding seasons, diet compositions, chick-rearing stages and sampling
events. This study provides a baseline for establishing future monitoring of penguin gut microbiomes in a rapidly changing
environment.

Impact Statement

This study makes a significant contribution to the field by documenting seasonal variations in the stomach microbiota of two
sympatrically breeding Antarctic penguins on Signy Island (South Orkney Islands). Our data underscore the complexity of
microbial dynamics in a seemingly homogeneous environment and highlight the influence of seasonal changes on penguin
gut microbiomes. Notably, despite similar foraging patterns and environmental conditions, distinct seasonal shifts in bacte-
rial diversity were observed in the stomach regurgitates, suggesting a nuanced interplay between diet, environmental factors
and microbial communities. By drawing parallels with previous research on alpine accentors and emphasizing the impact of
climate-driven alterations in penguin diet and sea ice duration, this study expands the understanding of ecological drivers
shaping stomach microbial community composition. Moreover, the identification of specific bacterial taxa associated with diet
preferences and chick-rearing stages unveils potential biomarkers and ecological indicators for monitoring environmental

[Continued on next page]

Received 20 May 2024; Accepted 09 September 2024; Published 26 September 2024

Author affiliations: 'Department of Applied Sciences, Faculty of Health and Life Sciences, University of Northumbria, Newcastle upon Tyne, UK; ?National
Antarctic Research Center, University of Malaya, Kuala Lumpur, Malaysia; ®Institute of Ocean and Earth Sciences, University of Malaya, Kuala Lumpur,
Malaysia; “British Antarctic Survey, Natural Environmental Research Council, Cambridge, UK; *Department of Zoology, University of Johannesburg,
Auckland Park, South Africa; ®Millennium Institute — Biodiversity of Antarctic and Sub-Antarctic Ecosystems (BASE), Santiago, Chile.
*Correspondence: Wen Chyin Yew, wen.c.yew@northumbria.ac.uk

Keywords: Antarctic krill; diet; microbiome; penguins; sea ice; seasonal variation.

Abbreviations: BAS, British Antarctic Survey; CCAMLR, convention for the conservation of antarctic marine living resources; CEMP, CCAMLR
Ecosystem Monitoring Programme; LDA, linear discriminant analysis; LEfSe, linear discriminant analysis effect size; OTU, operational taxonomic
unit; PERMANOVA, permutational analysis of variance.

The generated sequencing data are available at MG-RAST metagenomics analysis server https://www.mg-rast.org/mgmain.html?mgpage=project&
project=mgp11815 with accession numbers listed in Table S1.

Two supplementary figures and two supplementary tables are available with the online version of this article.

001503 © 2024 The Authors

This is an open-access article distributed under the terms of the Creative Commons Attribution License. This article was made open access via a Publish and Read agreement between
the Microbiology Society and the corresponding author’s institution.

1


http://mic.microbiologyresearch.org/content/journal/micro/
https://www.mg-rast.org/mgmain.html?mgpage=project&project=mgp11815
https://www.mg-rast.org/mgmain.html?mgpage=project&project=mgp11815
https://creativecommons.org/licenses/by/4.0/deed.ast

Yew et al., Microbiology 2024;170:001503

changes. This research provides essential baseline data for future investigations into the adaptive capacity of penguin gut
microbiomes amidst ongoing climate change. It underscores the significance of microbial ecology in polar environments and
the need for continued monitoring to assess the resilience of Antarctic ecosystems.

DATA SUMMARY

The authors confirm that all supporting data, code and protocols have been provided within the article or through supplementary
data files.

INTRODUCTION

In birds (including penguins), the term ‘gut’ refers to portions of the alimentary tract, which begins with the crop/stomach and
ends with the anus/cloaca [1]. The gut microbiome and its variability in Antarctic penguins play a significant role in transforming
food resources into energy and nutrients required for the growth, maintenance of health and reproductive success of the host
birds [2, 3]. The gut microbes can also be transferred to chicks via regurgitation during feeding, in turn benefiting their growth
[4]. The succession of microbes in the guts of Antarctic penguins is influenced by their diets [5], physiological adaptation to the
surrounding environments [6-8] and phylogeny [2, 9]. However, these penguin gut microbiomes were achieved from either cloacal
or guano samples and may not serve as a good representative for the stomach microbiome [10]. Previously, we used penguin
stomach contents to assess their gut microbiota and reported inter-specific variation in the gut microbiota of Adélie (Pygoscelis
adeliae) and chinstrap (Pygoscelis antarctica) penguins that consumed a diet consisting entirely of Antarctic krill (Euphausia
superba) in overlapping breeding and foraging environments at Signy Island [11]. Here, we investigated if the variability in penguin
stomach microbiota persists across different breeding seasons.

Signy Island, as part of the South Orkney Islands archipelago in the maritime Antarctic, has experienced rapid warming of air
temperatures since the 1950s [12]. The island hosts breeding populations of around 18000 pairs of both Adélie and chinstrap
penguins [13, 14]. A long-term monitoring programme of Antarctic penguins at Signy Island has reported a significant decline
in the population sizes of Adélie and chinstrap penguins over the past six decades, potentially influenced by several large-scale
processes driven by changes initiated through global climate forcing, including variation in sea ice conditions, prey recruitment
and over-winter juvenile survival [13-16]. Ongoing climatic changes in this region have caused reductions in thickness and the
extent of seasonal sea ice [17, 18], consequently affecting the life cycle and winter survival of Antarctic krill, which are highly
dependent on the sea ice habitat [19, 20]. Since the main diet of Adélie and chinstrap penguin breeding at Signy Island is Antarctic
krill, changes in their access to this resource have led to alterations in their diets [21, 22] and physiological characteristics [23-25],
affecting their reproductive performance [26]. In this study, we set out to characterize and compare bacterial community compo-
sition in the stomach regurgitates obtained from Adélie and chinstrap penguins on Signy Island across three austral summer
breeding seasons, using a high-throughput DNA sequencing approach.

METHODS
Study site and sample collection

This study was conducted during the guard and créche chick-rearing period of the two penguin species in the breeding seasons
2011/2012,2013/2014 and 2014/2015 on the Gourlay Peninsula (60°43.5860'S, 45°35.0630"W), Signy Island, South Orkney Islands
(Fig. S1, available in the online Supplementary Material). As part of the long-term monitoring programme of the Convention
for the Conservation of Antarctic Marine Living Resources (CCAMLR) Ecosystem Monitoring Programme (CEMP), five or six
healthy adult Pygoscelis penguins that had just returned from the sea were captured on up to ten sampling events each breeding
season to determine their diet composition following CEMP Standard Method A8 [27-29]. The captured birds were marked
with non-hazardous spray ink to ensure that no birds were sampled more than once within a breeding season. The procedures
used are approved by both the British Antarctic Survey (BAS) and CCAMLR ethical committees. Penguin stomach regurgitates
were aseptically obtained from the stomach and collected into sterile 50-ml Falcon tubes, as previously described by Yew et al.
[11]. Samples were then stored and transported at —20°C to BAS under the UK Department for Environment, Food and Rural
Affairs import licence for further DNA extraction. Penguin diet composition was calculated as the relative abundance from the
CCAMLR-CEMP quantitative analysis on prey components in the stomach regurgitates of each captured bird [28, 29].

DNA extraction, V4-16S gene amplification and sequencing

All laboratory work was conducted in an Astec-Microflow class II Biosafety cabinet (Bioquell UK Ltd., UK) using nuclease-free or
sterilized consumables and equipment. Genomic DNA of a total of 54 randomly selected penguin stomach regurgitate samples was
extracted using the DNeasy Blood and Tissue Kit following the manufacturer’s protocol (QIAGEN, Germany). The V4-16S rRNA
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gene fragments were amplified with adapted forward and reverse primers 515F and 806R under the PCR conditions described
by Caporaso et al. [30]. A kit negative control was included in every DNA extraction and V4-16S rRNA gene amplification. The
quality and the quantity of purified amplicons were examined using a NanoDrop 2000c Spectrophotometer (Thermo Scientific,
USA) and Qubit 2.0 Fluorometer (Invitrogen, USA), respectively. In NU-OMICS (Northumbria University, UK), DNA libraries
were generated using the Nextera XT DNA Library Preparation Kit (Illumina, USA) and sequenced using Illumina MiSeq version
2500-cycle pair-end run.

Data processing and bioinformatic analyses

The generated raw sequence data were demultiplexed and subjected to Illumina adapter removal using MiSeq Reporter
Software version 2.5 (Illumina, USA). The quality of the paired-end reads was examined using FastQC version 0.11.5 [31],
merged and trimmed at Phred Score Q30 using Trimmomatic [32]. Chimeric sequences were identified and removed
using USEARCH version 6.1 default parameters [33]. Operational taxonomic unit (OTU) picking was performed using the
QIIME two-step open-reference method [34] and assigned using the Greengenes database [35] with a similarity threshold
of 97% [36].

To reduce sample heterogeneity for microbiota comparisons, low-count OTUs were further filtered using the default parameter
(minimum count, 4; sample prevalence, 20%) and normalized to the minimum library size of samples prior to statistical analyses
and visualization in MicrobiomeAnalyst [37]. Rarefaction curves were constructed to examine sampling coverage. We considered
bacterial genera with a relative abundance of >21% as the dominant community and those bacterial genera that were present
in >50% of the studied samples as the core community.

Microbiota comparisons were performed based on bacterial alpha (i.e. Shannon index) and beta (Bray-Curtis distance matrix)
diversity at the genus classification level rather than the species or OTU level [38]. Non-parametric pairwise tests were used to
statistically analyse both alpha and beta diversity values. Principle coordinate analysis was carried out to visualize the bacterial
divergence patterns between the compared groups. To identify specific bacterial genera that were significantly associated with a
comparison group, biomarker discovery with linear discriminant analysis effect size (LEfSe) was used, with a P-value threshold
of 0.05 and linear discriminant analysis (LDA) score of 2.0.

RESULTS
The core microbiota in Pygoscelis penguin stomach regurgitates across breeding seasons

Between 13375 and 239954 sequence reads were obtained per sample (Table S1). After data filtering and normalization, the
rarefaction curves of all 54 samples approached saturation (Fig. S2), indicating sufficient sample coverage to undertake bacterial
community composition analysis. The results were further supported by the calculation of Good’s coverage [39], showing that
OTU sampling completeness for all samples was >99% (Table S1). The OTU data were assigned to a total of 10 bacterial phyla
and 37 genera.

The dominant and core bacterial phyla present in the stomach regurgitates of both penguin species were Proteobacteria (71%),
followed by Fusobacteria (17%), Firmicutes (7%), Tenericutes (3%) and Bacteroidetes (1%) (Fig. 1a). At the genus level, Fusobac-
terium (17%), Chelonobacter (15%), Clostridium (6%), Psychrobacter (6%) and Mycoplasma (3%) were present in >50% of the
study samples (Fig. 1b). Nevertheless, a distinct seasonal shift in the composition of dominant and core bacterial communities
was observed in the study samples (Fig. 1).

Inter-species comparison of penguin stomach microbiota

We found no significant differences in the bacterial alpha and beta diversity between Adélie and chinstrap penguin
stomach regurgitates (Table S2). Of the three study seasons, bacterial communities in Adélie penguin stomach regur-
gitates collected in the 2011/2012 season were significantly more diverse than those in chinstrap penguins (Figs 2a
and 3a).

Intra-seasonal variation in penguin stomach microbiota

Overall, both Pygoscelis penguins showed no significant differences in bacterial alpha diversity values between the three
samplingeventswithinoracrossthestudyseasons(TableS2). The2013/2014seasonhadawiderrangeofalphadiversityvalues
(difference in Shannon index = 1.56) than those in 2011/2012 (0.93) and 2014/2015 (1.16). However, pairwise permu-
tational analysis of variance (PERMANOVA) showed that bacterial community compositions at the first sampling event
differed significantly from those collected at the subsequent sampling events (Fig. 3b). In addition, a significantly
greater relative abundance of Chelonobacter was observed in the first sampling event for both penguin species than
the other sampling events, whilst Fusobacterium showed a significantly greater abundance in the third sampling event
(Fig. 4a).



Yew et al., Microbiology 2024;170:001503

(a) Adélie Chinstrap Adélie Chinstrap Adélie Chinstrap

1.00+

0.75-

Phylum
B rroteobacteria
3 B Fusobacteria
2
§ B Fimicutes
2 0.50- W Tenericutes
g B Bacteroidetes
3 Actinobacteria
4
B others
0.25-
e e e
29Dec  9Jan  19Jan 28Jan 8Feb 20Feb  30Dec 10Jan 20Jan 23Jan 4Feb 17Feb  29Dec 9Jan 19Jan 22Jan 5Feb  19Feb
2011 2012 2012 2012 2012 2012 2013 2014 2014 2014 2014 2014 2014 2015 2015 2015 2015 2015
b Sampling date (n = 3 per date)

(b) Adélie Chinstrap Adélie Chinstrap Adélie Chinstrap

1.00

075 Genus

B unciassified bacteria
B Fusovacterium
B cheonovacter

W ciostridium

W Psychrobacter

°
@
&

B Mycoplasma
Others

Relative abundance

W Acinetobacter
B Pseudoatteromonas
I omithobacterium

o
N
&

W Pseudomonas

0.00- 88 . -- . > ‘ | ‘I‘l"“|‘ ‘ |‘| |‘.‘|‘| | |

29 Dec 9 Jan 19 Jan 28 Jan 8 Feb 20 Feb 30 De\: 10 Jan 20 Jan 23 Jan 4 Feb 17 Feb 29 Dec 9 Jan 19 Jan 22 Jan 5 Feb 19 Feh
201 2012 2012 2012 2012 2012 2013 2014 2014 2014 2014 2014 2014 2015 2015 2015 2015 2015

Sampling date (n = 3 per date)

Fig. 1. Relative abundances of the frequently encountered bacterial (a) phyla and (b) genera in the stomach regurgitates of Adélie and chinstrap
penguins collected at each sampling event across the three penguin breeding seasons.
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Fig. 2. Comparison of alpha diversity values between (a) Adélie and chinstrap penguins, (b) different breeding seasons of Adélie penguins and
(c) different diet compositions of Adélie penguins.
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Fig. 3. Comparison of beta diversity values between (a) Adélie and chinstrap penguins, (b) different sampling events of both penguin species, (c) different
breeding seasons of Adélie penguins and (d) different chick-rearing stages of chinstrap penguins in the breeding season 2011/2012.

Inter-seasonal variation in penguin stomach microbiota

Adélie (but not chinstrap) penguins showed significant differences in both bacterial alpha and beta diversity values between the
three study seasons (Table S2). The most diverse bacterial communities were observed in samples collected during the 2011/2012
season (average Shannon index = 1.80), followed by 2014/2015 (1.32) and 2013/2014 (1.07) (Fig. 2b). Similarly, the compositions
of Adélie penguin stomach bacterial communities during the 2011/2012 breeding season differed significantly from those in the
subsequent seasons (Fig. 3¢). In addition, we found significantly greater relative abundances of Psychrobacter and Acinetobacter
in 2011/2012 than the other two study seasons, whilst a significantly greater relative abundance of Fusobacterium was observed
in 2013/2014 (Fig. 4b).

Penguin stomach microbiota and association with their chick-rearing stages

We were able to sample Adélie penguins during the guard (n=6) and créche (n=12) stages of the chick-rearing period in the
2011/2012 and 2014/2015 seasons but only those in the créche (1=9) stage in the 2013/2014 season (Table S1). Omitting samples
collected in the 2013/2014 season, no significant differences were found in the alpha and beta diversity values between the guard
and creche stages of the chick-rearing period (Table S2). In chinstrap penguins, both the guard (n=18) and creche (n=9) stages were
sampled in all three seasons. No significant differences in bacterial alpha diversity values were observed between the chick-rearing
stages in all three study seasons (Table S2). However, beta diversity was significantly different between the chick-rearing stages
in the 2011/2012 season but not in the subsequent seasons (Fig. 3d). Overall, we found a significantly greater relative abundance
of Chelonobacter in the guard chick-rearing stage compared with the créche stage (Fig. 4c).

Penguin stomach microbiota and association with diet composition

The percentage (by mass) of Antarctic krill contained in the stomach regurgitates of each penguin sampled is listed in Table S1.
The highest proportion of individuals that consumed 100% krill was found in the 2011/2012 breeding season (94%), followed by
2014/2015 (83%) and 2013/2014 (78%). These data are consistent with the CCAMLR-CEMP complete diet analysis of a total of 182
penguins captured in the same breeding seasons [28, 29], with the proportions of penguins consuming 100% krill being 92%, 90%
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Fig. 4. LEfSe shows bacterial genera that were significantly associated with the different (a) sampling events, (b) breeding seasons, (c) chick-rearing
stages and (d) diet compositions. The genera are ranked in increasing order of LDA scores as shown on the X-axis, whilst the heatmap at the right of
the plot indicates whether the abundance of a genus was higher (towards red) or lower (towards blue).

and 77%, respectively. Of the 27 Adélie penguin stomach regurgitates collected across the three study seasons, 20 (74%) consumed
100% krill in their diet, whilst 7 birds (26%) consumed between 1% and 99% krill in their diet, with the remainder being fish.
Of the 27 studied chinstrap penguins, 26 (96%) consumed 100% Antarctic krill, and only 1 bird (4%) showed a more varied diet
composition. Therefore, we focused on the stomach bacterial community compositions of Adélie penguins and associations with
their diet compositions. Adélie penguins that consumed 100% krill showed significantly higher alpha diversity values than those
with a more varied diet composition (Fig. 2c). However, no significant difference was found in the beta diversity values between
penguins having a different diet composition (Table S2). The genus Psychrobacter was significantly more abundant in birds that
consumed 100% krill, whilst Clostridium was significantly more abundant in birds with a more varied diet composition (Fig. 4d).

DISCUSSION

We provide the first report of seasonal variation in the stomach microbiota of Antarctic penguins. Across three study seasons, we
confirmed significant inter-seasonal variations in both alpha and beta diversity in the stomach bacterial community composi-
tions of Adélie (but not chinstrap) penguins. In an analogous study, Janiga et al. [40] reported inter-seasonal variation in the gut
microbiota of alpine accentors (Prunella collaris) in the Western Carpathian Mountains of Slovakia. They documented that the
prevalence of certain bacteria varied between seasons, suggesting that this could have been caused by changes in the diet prefer-
ences of the study birds and changes in temperature from spring to winter. In Antarctica, inter-annual variation has previously
been reported in penguin diet composition due to the responses of penguins to changes in regional climate and the availability
of krill [21, 22, 41]. Although inconsistent handling personnel or methodology application between sampling seasons could
possibly induce seasonal variation in the stomach microbiota, all samples in this study were collected and processed by the same
well-trained personnel following CEMP Standard Method A8 with aseptic techniques. Therefore, we believe that the variation
in stomach microbiota reported here is unlikely to be due to inconsistency in sample handling and processing.

In the current study, we found that the highest proportion of Pygoscelis penguins consumed only krill in the 2011/2012 breeding
season (94%), followed by 2014/2015 (83%) and 2013/2014 (78%). Similarly, the highest diversity of penguin stomach bacterial
communities was detected in the 2011/2012 season (mean+sg=1.58+0.07), followed by 2014/2015 (1.28+0.07) and 2013/2014
(1.14%0.05). Furthermore, we found that bacterial diversity in the stomach regurgitates of Adélie penguins that consumed only
krill was significantly greater than in those with a more varied diet. The South Orkney Fast-Ice series long-term monitoring of
sea ice concentration [42] indicates that sea ice was present around Signy Island between the austral autumn of the year preceding
each breeding season until the complete fast-ice breakout in the austral spring of the actual breeding seasons of 2011/2012,
2014/2015 and 2013/2014 for durations of 207 days, 155 days and 115 days, respectively. The inter-seasonal variation observed in
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the penguin stomach bacterial community compositions may be associated with the resource availability of Antarctic krill and
the seasonal changes in sea ice duration and concentration. However, further research is required to confirm these potential links.

Although bacterial gene abundance produced by high-throughput sequencing is only semi-quantitative as the approach depends
on both the frequency of sequences and cycle of primer binding, we identified a significant association between bacterial assem-
blages and the sampling events, breeding seasons, diet compositions and chick-rearing stages. The genera Psychrobacter and
Acinetobacter dominated in penguin stomach regurgitates collected in the 2011/2012 season but not in the other two seasons. We
also noted a significantly greater proportion of the genus Psychrobacter in regurgitates from penguins that consumed only krill. As
the stomach regurgitates in this study were obtained from penguins that had just returned from feeding in the sea, these bacteria
may also be from the undigested food itself, i.e. the gut and exoskeleton microbiome of the krill. This finding is consistent with
previous reports of the abundance of Psychrobacter and Acinetobacter in Antarctic krill samples and suggests that these bacteria
may play a role in releasing enzymes for krill degradation [43, 44].

Conversely, we found a significantly greater proportion of Chelonobacter in the first sampling event and in the guard chick-rearing
stage. Chelonobacter was first described from diseased tortoises [45] but has not previously been reported in penguin or other
avian gut samples. As penguins in the guard chick-rearing stage were generally captured in the first sampling event across the
breeding seasons, the significant differences in the abundance of Chelonobacter could be further studied as a potential biomarker
for the specific environment.

In addition to environment-specific bacteria, we also identified dominant and core bacterial genera in both penguin species across
all three study seasons. These included members of Fusobacterium, Clostridium, Psychrobacter and Mycoplasma. The stability
of these bacterial communities in the face of temporal variability in the diet composition, physiological characteristics and host
phylogeny of the penguins may play a crucial role. These bacteria have previously been reported as common inhabitants in the
guts of penguins and may play roles in food digestion and the release of nutrients to the host birds [7, 9, 46]. The improved
health and growth of the host birds would consequently promote their reproductive success [47] and the health of their chicks.
In penguin chicks, the succession of gut microbes begins during egg incubation [48], and it is highly influenced by their diet [5].
The stomach microbes of adult penguins can be transferred to their chicks via regurgitation during feeding, in turn benefiting
their chick growth and health [4].

In summary, this study revealed significant seasonal variation in the stomach bacterial community composition of Pygoscelis
penguins with shared temporal and spatial breeding and foraging ranges on Signy Island. Our findings provide a baseline for the
future monitoring of penguin gut microbiomes in a rapidly changing environment.

Funding information
This study was funded by the Sultan Mizan Antarctic Research Foundation (YPASM) and University of Malaya Research Grant (UMRG: RP007-2012A).
P. Convey and M. Dunn are supported by NERC core funding to the BAS 'Biodiversity, Evolution and Adaptation’ and 'Ecosystems’ teams, respectively.

Acknowledgements
We thank the British Antarctic Survey (BAS) and Northumbria University for providing laboratory resources for this study. We also thank Xinyue Chan
for her assistance in processing the sequencing data.

Conflicts of interest
The authors declare that there are no conflicts of interest.

Ethical statement

All penguin handling procedures as part of the CEMP have been approved by both the British Antarctic Survey (BAS) and CCAMLR ethical committees,
and permission was granted by the British Foreign and Commonwealth office on behalf of Her Majesty’s Principal Secretary of State, under sections
12 and 13 of the Antarctic Act, 1994, 2013.

References 6.
1. Stevens CE, Hume ID. Comparative Physiology of the Vertebrate

Barbosa A, Balagué V, Valera F, Martinez A, Benzal J, et al. Age-
related differences in the gastrointestinal microbiota of chinstrap

Digestive System. Cambridge, England: Cambridge University
Press; 1996.

Dewar ML, Arnould JPY, Dann P, Trathan P, Groscolas R, et al. Inter-
specific variations in the gastrointestinal microbiota in penguins.
Microbiol Open 2013;2:195-204.

Potti J, Moreno J, Yorio P, Briones V, Garcia-Borboroglu P, et al.
Bacteria divert resources from growth for magellanic penguin
chicks. Ecol Lett 2002;5:709-714.

Dewar ML, Arnould JPY, Allnutt TR, Crowley T, Krause L, et al.
Microbiota of little penguins and short-tailed shearwaters during
development. PLoS One 2017;12:e0183117.

Soucek Z, Mushin R. Gastrointestinal bacteria of certain Antarctic
birds and mammals. Appl Microbiol 1970;20:561-566.

penguins (Pygoscelis antarctica). PLoS One 2016;11:¢0153215.

Dewar ML, Arnould JPY, Krause L, Trathan P, Dann P, et al. Influ-
ence of fasting during moult on the faecal microbiota of penguins.
PL0S One 2014;9:€99996.

Lee WY. Avian gut microbiota and behavioral studies. Korean J
Ornithol 2015;22:1-11.

Banks JC, Cary SC, Hogg ID. The phylogeography of Adelie penguin
faecal flora. Environ Microbiol 2009;11:577-588.

Yew WC, Pearce DA, Dunn MJ, Adlard S, Alias SA, et al. Links
between bacteria derived from penguin guts and deposited guano
and the surrounding soil microbiota. Polar Biol 2018;41:269-281.

. Yew WC, Pearce DA, Dunn MJ, Samah AA, Convey P. Bacte-

rial community composition in Adélie (Pygoscelis adeliae) and



Yew et al., Microbiology 2024;170:001503

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

chinstrap (Pygoscelis antarctica) penguin stomach contents from
Signy Island, South Orkney Islands. Polar Biol 2017;40:2517-2530.

Turner J, Colwell SR, Marshall GJ, Lachlan-Cope TA, Carleton AM,
et al. Antarctic climate change during the last 50 years. Int J
Climatol 2005;25:279-294.

Dunn MJ, Jackson JA, Adlard S, Lynnes AS, Briggs DR, et al. Popu-
lation size and decadal trends of three penguin species nesting at
Signy Island, South Orkney Islands. PLoS One 2016;11:€0164025.

Dunn MJ, Adlard S, Taylor AP, Wood AG, Trathan PN, et al.
Un-crewed aerial vehicle population survey of three sympatrically
breeding seabird species at Signy Island, South Orkney Islands.
Polar Biol 2021;44:717-727.

Forcada J, Trathan PN, Reid K, Murphy EJ, Croxall JP. Contrasting
population changes in sympatric penguin species in association
with climate warming. Glob Chang Biol 2006;12:411-423.

Forcada J, Trathan PN. Penguin responses to climate change in the
Southern Ocean. Glob Chang Biol 2009;15:1618-1630.

Curran MAJ, van Ommen TD, Morgan VI, Phillips KL, Palmer AS. Ice
core evidence for Antarctic sea ice decline since the 1950s. Science
2003;302:1203-1206.

Vaughan DG, Marshall GJ, Connolley WM, Parkinson C, Mulvaney R,
etal.Recentrapid regional climate warming on the Antarctic Penin-
sula. Clim Change 2003;60:243-274.

Atkinson A, Siegel V, Pakhomov E, Rothery P. Long-term decline in
krill stock and increase in salps within the Southern Ocean. Nature
2004;432:100-103.

Schmidt K, Atkinson A, Pond DW, Ireland LC. Feeding and over-
wintering of Antarctic krill across its major habitats: the role of
sea ice cover, water depth, and phytoplankton abundance. Limnol
Oceanogr 2014;59:17-36.

Lynnes AS, Reid EK, Croxall JP, Trathan PN. Conflict or co-existence?
foraging distribution and competition for prey between Adélie and
chinstrap penguins. Marine Biol 2002;141:1165-1174.

Lynnes AS, Reid EK, Croxall JP. Diet and reproductive success of
Adélie and chinstrap penguins: linking response of predators to
prey population dynamics. Polar Biol 2004;27:544-554.

Takahashi A, Dunn MJ, Trathan PN, Sato K, Naito Y, et al. Foraging
strategies of chinstrap penguins at Signy Island, Antarctica:
importance of benthic feeding on Antarctic krill. Mar Ecol Prog Ser
2003;250:279-289.

Takahashi A, Sato K, Naito Y, Dunn MJ, Trathan PN, et al. Penguin-
mounted cameras glimpse underwater group behaviour. Proc R
Soc Lond B 2004;271:281-282.

Trivelpiece WZ, Hinke JT, Miller AK, Reiss CS, Trivelpiece SG, et al.
Variability in krill biomass links harvesting and climate warming to
penguin population changes in Antarctica. Proc Natl Acad Sci U S A
2011;108:7625-7628.

Dunn MJ, Silk JRD, Trathan PN. Post-breeding dispersal of Adélie
penguins (Pygoscelis adeliae) nesting at Signy Island, South Orkney
Islands. Polar Biol 2011;34:205-214.

CCAMLR. CEMP Standard Methods. Hobart: CCAMLR; 2003.

Dunn M, Waluda C, Adlard S, Lynnes A, Morley T, et al. Annual
samples and measurements of diet composition of adelie
penguins at signy island, from 1997 to 2020. : NERC EDS UK Polar
Data Centre, v1, 2022.

Dunn M, Waluda C, Adlard S, Lynnes A, Morley T, et al. Annual
samples and measurements of diet composition of adelie
penguins at signy island, from 1997 to 2020. : NERC EDS UK Polar
Data Centree, v1, 2022.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA,
et al. Global patterns of 16S rRNA diversity at a depth of millions of
sequences per sample. Proc Natl Acad Sci US A 2011;108:1-7.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4h,

45,

46.

47.

48.

Andrews S. FastQC: a quality control tool for high throughput
sequence data; 2010. http://www.bioinformatics.babraham.ac.uk/
projects/fastqc

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for
Illumina sequence data. Bioinformatics 2014;30:2114-2120.

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. UCHIME
improves sensitivity and speed of chimera detection. Bioinfor-
matics 2011;27:2194-2200.

Ursell LK, Robbins-Pianka A, Scott N, Gonzalez A, Knights D, et al.
Using QIIME to evaluate the microbial communities within hydro-
carbon environments. In: McGenity TJ (eds). Hydrocarbon and Lipid
Microbiology Protocols. Germany: Springer Berlin Heidelberg; 2016.
pp. 89-113.

McDonald D, Price MN, Goodrich J, Nawrocki EP, DeSantis TZ, et al.
An improved greengenes taxonomy with explicit ranks for ecolog-
ical and evolutionary analyses of bacteria and archaea. ISME J
2012;6:610-618.

Ulrich N, Rosenberger A, Brislawn C, Wright J, Kessler C, et al.
Restructuring of the aquatic bacterial community by hydric
dynamics associated with superstorm sandy. Appl Environ Micro-
biol 2016;82:3525-3536.

Chong J, Liu P, Zhou G, Xia J. Using microbiome analyst for
comprehensive statistical, functional, and meta-analysis of micro-
biome data. Nat Protoc 2020;15:799-821.

Yarza P, Yilmaz P, Pruesse E, Glockner FO, Ludwig W, et al.
Uniting the classification of cultured and uncultured bacteria
and archaea using 16S rRNA gene sequences. Nat Rev Microbiol
2014;12:635-645.

Good IJ. The population frequencies of species and the estimation
of population parameters. Biometrika 1953;40:237-264.

Janiga M, Sedldrova A, Rigg R, Novotnd M. Patterns of preva-
lence among bacterial communities of alpine accentors (Prunella
collaris) in the Tatra Mountains. J Ornithol 2007;148:135-143.

Handley JM, Baylis AMM, Brickle P, Pistorius P. Temporal variation
in the diet of gentoo penguins at the Falkland Islands. Polar Biol
2016;39:283-296.

Murphy EJ, Clarke A, Abram NJ, Turner J. South orkney fast-ice
series. NERC EDS UK Polar Data Centre, v1, 2014.

Ramaiah N. Production of certain hydrolytic enzymes by psychro-
philic bacteria from the Antarctic krill, zooplankton and seawater,
in: Ninth Indian expedition to Antarctica. Sci Rep 1994:107-114.

Wang F, Sheng J, Chen Y, Xu J. Microbial diversity and dominant
bacteria causing spoilage during storage and processing of the
Antarctic krill, Euphausia superba. Polar Biol 2021;44:163-171.

Gregersen RH, Neubauer C, Christensen H, Bojesen AM, Hess M,
etal. Comparative studies on Pasteurella testudinis and P, testudinis-
like bacteria and proposal of Chelonobacter oris gen. nov., sp. nov.
as a new member of the family Pasteurellaceae. Int J Syst Evol
Microbiol 2009;59:1583-1588.

Thouzeau C, Froget G, Monteil H, Le Maho Y, Harf-Monteil C.
Evidence of stress in bacteria associated with long-term preserva-
tion of food in the stomach of incubating king penguins (Apteno-
dytes patagonicus). Polar Biol 2003;26:115-123.

Janczyk P, Halle B, Souffrant WB. Microbial community composi-
tion of the crop and ceca contents of laying hens fed diets supple-
mented with Chlorella vulgaris. Poult Sci 2009;88:2324-2332.

Barnes EM, Impey CS, Cooper DM. Manipulation of the crop
and intestinal flora of the newly hatched chick. Am J Clin Nutr
1980;33:2426-2433.

Edited by: S. Brown and R. Quinn


http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc

	Seasonal variation in the stomach microbiota of two sympatrically breeding ﻿Pygoscelis﻿ penguin species at Signy Island, South Orkney Islands
	Abstract
	Data Summary
	Introduction
	Methods
	Study site and sample collection
	DNA extraction, V4-16S gene amplification and sequencing
	Data processing and bioinformatic analyses

	Results
	The core microbiota in ﻿Pygoscelis﻿ penguin stomach regurgitates across breeding seasons
	Inter-species comparison of penguin stomach microbiota
	Intra-seasonal variation in penguin stomach microbiota
	Inter-seasonal variation in penguin stomach microbiota
	Penguin stomach microbiota and association with their chick-rearing stages
	Penguin stomach microbiota and association with diet composition

	Discussion
	References


