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Abstract: There are two pygoscelid penguins, the Gentoo (Pygoscelis papua Forster, 1781) and Adélie
(P. adeliae Hombron and Jacquinot, 1841) penguins, breeding sympatrically on Ardley Island, Fildes
Peninsula region, South Shetlands, Antarctica. Whether the two closely related penguin species with
similar dietary habits possess compositional similarity in gut microbiota remains unknown. DNA
barcoding of feces is an emerging approach for gut microbiota analysis of protected animals. In the
present study, the 16S rRNA gene from penguin feces was sequenced using the Illumina MiSeq plat-
form to investigate the gut microbiota of the two pygoscelid penguin species. The fecal community
of Gentoo penguins has higher diversity indices and OTU (operational taxonomic unit) richness
compared to Adélie penguins. Besides unclassified bacteria, sequences fell into 22 major lineages
of the domain Bacteria: Acidobacteria, Actinobacteria, Armatimonadetes, Bacteroidetes, Chlamy-
diae, Chloroflexi, Cloacimonetes, Cyanobacteria, Deinococcus-Thermus, Fibrobacteres, Firmicutes,
Fusobacteria, Gemmatimonadetes, Ignavibacteriae, Planctomycetes, Proteobacteria, Tenericutes,
Verrucomicrobia, and candidate divisions BRC1, SR1, WPS-2, and Saccharibacteria. Among these,
Firmicutes (37.7%), Proteobacteria (23.1%, mainly Gamma- and Betaproteobacteria), Fusobacteria
(14.3%), Bacteroidetes (7.9%), and Actinobacteria (6.6%) were dominant in the fecal microbiota of
the two penguin species. At the same time, significantly higher abundances of Actinobacteria and
Cyanobacteria were detected in Gentoo penguins than in Adélie penguins (p < 0.05). Overall, there
was a clear difference in the composition of gut microbiota between the Adélie and Gentoo penguins.
The results suggested that both the phylogeny of penguin species and the diet could be responsible
for the differences in the gut microbiota of the two pygoscelid penguins breeding in the same area.

Keywords: pygoscelid penguins; fecal microbiota; non-invasive method; Firmicutes; Proteobacteria;
Fusobacteria; Fildes Peninsula region

1. Introduction

As important marine mesopredators and sensitive indicators of Antarctic ecosystem
changes, penguins have become a major focus of long-term biological research in the
Antarctic [1]. The Fildes Peninsula region located west of the Antarctic Peninsula, including
the Fildes Peninsula and neighboring Ardley Island, is part of King George Island in the
South Shetland Islands. This region is also part of the largest ice-free area in the maritime
Antarctic region and is characterized by its comparatively high biodiversity due to higher
mean temperature and precipitation compared to the continental region [2,3]. Ardley
Island is well known for its high diversity of nesting seabirds and extensive plant cover.
There are three congeneric penguin species, the Adélie (Pygoscelis adeliae Hombron and
Jacquinot, 1841), Chinstrap (P. antarctica Forster, 1781), and Gentoo (P. papua Forster, 1781)
penguins breeding sympatrically on the island. However, an increase in the numbers of
Gentoo penguins and a decrease in the Adélie and Chinstrap penguin populations were
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observed on Ardley Island between 1970 and 2010 [3]. At present, breeding Chinstrap
penguins are rarely found on the island.

The gut microbiota influences the health and physiology of vertebrate hosts [4,5]. For
example, the presence of butyrate-producing microbes (e.g., Fusobacteria and Clostridia)
in the gastrointestinal tract of the Little penguin (Eudyptula minor Forster, 1781) and King
penguin (Aptenodytes patagonicus Miller, 1778) influences host adiposity levels prior to
molting [4]. At the same time, previous studies have reported that there are large differences
in bacterial community composition among the congeneric Chinstrap, Adélie and Gentoo
penguins, even though their diets are relatively similar [6,7]. However, information on
the gut microbiota of congeneric pygoscelid penguins breeding in the same area remains
limited. Pygoscelid penguins breeding on Ardley Island provide an ideal opportunity to
compare the gut microbiota between closely related penguin species with similar dietary
habits. We investigated whether there exist clear differences in gut microbiota composition
between the Adélie and Gentoo penguins breeding sympatrically on Ardley Island.

Over the years, advances in molecular techniques have enabled fecal DNA analysis
with a non-invasive sampling strategy to be used for research on the gut microbiota of en-
dangered but rarely encountered animal species, especially when the fieldwork takes place
in wild and uninhabited areas [8]. Researchers have applied DNA-based fecal methods to
investigate the gut microbiota of penguins in Antarctica, including Adélie, Chinstrap, Gen-
too, and King penguins [4,6,7,9–11]. The aim of this research was to investigate the bacterial
communities in the feces of the closely related Adélie and Gentoo penguins breeding on
Ardley Island to characterize the gut microbiota of the two pygoscelid species. Our main
hypothesis was that there should be a difference in gut microbiota composition between
Adélie and Gentoo penguins even with similar dietary habits because being different
species they could have slightly different physiology and immune systems that affect their
microbiome. Fecal DNA analyses were thus conducted in this study by sequencing the 16S
rRNA gene.

2. Materials and Methods
2.1. Sample Collection

Fecal samples were collected on land from adult Gentoo (P. papua; n = 32) and
Adélie (P. adeliae; n = 8) penguins breeding on the northeastern side of Ardley Island
(62◦12′36′′–62◦12′58′′ S, 58◦54′56′′–58◦55′48′′ W; Figure 1), South Shetland Islands, Antarc-
tica in January 2019. All fieldwork was carried out under a permit issued by the Chinese
Arctic and Antarctic Administration and was strictly in accordance with the relevant arti-
cles and clauses of the Antarctic Treaty and the Protocol in Madrid and its Annexes. Fecal
samples were preserved by freezing at −80 ◦C until use in DNA extraction.

2.2. DNA Extraction, Amplification, and Sequencing

DNA was extracted from 200 mg of feces using an E.Z.N.A Mag-Bind Soil DNA Kit
(OMEGA, Norcross, GA, USA) following the manufacturer’s standard protocol. Extracted
DNA was visualized in 1.0% agarose gels stained with 4S Red plus Nucleic Acid Stain
(Sangon, Shanghai, China) to check the integrity of the DNA. The DNA concentration was
determined using a Qubit 3.0 fluorometer (Invitrogen, Carlsbad, CA, USA). Extracted DNA
concentrations were between 0.84 and 120 ng µL−1.

The V4–V5 region of bacterial 16S rRNA genes was amplified using the universal primers
515F-Y (5′-GTGYCAGCMGCCGCGGTAA) and 926R (5′-CCGYCAATTYMTTTRAGTTT) [12]
with a T100 Thermal Cycler (Bio-Rad, Hercules, CA, USA) as described previously [13].
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Antarctica, where sampling was performed in January 2019. Photos were taken by Yin-Xin Zeng.

The PCR products were assessed via electrophoresis in 2% (w/v) agarose gels stained
with 4S Red Plus Nucleic Acid Stain and visualized under UV light, and then purified
with MagicPure Size Selection DNA Beads (Transgen, Beijing, China). The recovered DNA
concentration was accurately determined using a Qubit 3.0 fluorometer prior to analysis
using a MiSeq platform (Illumina, San Diego, CA, USA) at a read length of 2 × 300 bp
for sequencing at Sangon Biotech Co., Ltd. (Shanghai, China). The DNA content of each
sample was 10 ng when mixed equally. Raw sequence data are available from the NCBI
Sequence Read Archive under accession number SRP288016.

2.3. Bioinformatic Analysis

The sequence data were processed to trim the reads with Qphred scores below 20 using
Quantitative Insights Into Microbial Ecology (QIIME; [14]). Adapters were removed using
Cutadapt v1.18. Trimmed paired-end reads were merged with a maximum mismatch rate
of 1 mismatch in 10 bases using Pear v0.9.8. Then, reads were demultiplexed based on
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barcode sequences using an in-house Perl script and assigned to their respective fecal
samples. The quality filtering was performed using Prinseq v0.20.4 to remove barcode
sequences, primer sequences, homopolymers longer than 8 bp, and sequences less than
200 bp showing an ambiguous base “N” or with average base quality scores less than 20.
Chimeric sequences were detected and removed from the dataset using the USEARCH tool
with the UCHIME algorithm [15]. Operational Taxonomic Units (OTUs) were clustered
with a 97% similarity cutoff using USEARCH v11.0.667. The 16S rRNA gene sequences
were classified against the Ribosomal Database Project (RDP) dataset with a confidence
level cutoff of 80% [16]. Sequences flagged as chloroplasts and archaea were excluded from
bacterial community analysis.

Alpha diversity analysis to determine species diversity and richness was performed
via calculation of the ACE, Chao, Shannon, Simpson, Fisher’s alpha, and Coverage indices
as well as through rarefaction analysis. The analyses were conducted using Mothur
v1.43.0 after removing singleton OTUs (OTUs containing only one read) to assess how
well the recovered communities represented the total community. Beta diversity applied
Bray-Curtis distances using the R package phyloseq v1.30.0 and Principal Coordinates
Analyses (PCoA) using the R package vegan 2.5–6 to visually evaluate the overall difference
and similarity of bacterial communities between the two pygoscelid penguin species.
Hierarchical clustering for fecal samples was performed using the hclust function in R,
and the resulting Newick-formatted tree was constructed using the R package ape v5.3. A
permutational multivariate analysis of variance (Permanova) was used to test for group
differences. Differential abundance analysis of fecal microbiota between Adélie and Gentoo
penguin groups was performed via Welch’s t-test in Stamp v2.1.3 using a compositional
analysis approach with standard transformation, and p-values were corrected through
Storey’s false discovery rate (FDR) control. An FDR q < 0.1 was considered statistically
significant. LDA (linear discriminant analysis) effect size (LEfSe) analysis was utilized to
identify bacterial taxa with significantly different abundance between the two penguin
groups based on LEfSe software v1.1.0. The threshold for the logarithmic LDA score was
3.0. For all analyses, p values of 0.05 or less were considered to be statistically significant.
The microbe–microbe correlation was calculated with SparCC v1.0.0 based on the relative
abundance of bacterial OTUs. The correlation and p-value matrices were imported to R and
visualized with the package corrplot v0.84. Only correlations >0.6 that were statistically
significant were included in the correlation analysis.

3. Results
3.1. Sequence Analysis

The 16S rRNA gene sequence was used to compare the bacterial community composi-
tion of Adélie penguin feces with that of Gentoo penguins. A total of 2,009,520 (on average
50,238 ± 12,606.22) clean reads were obtained from 40 fecal samples of the two pygoscelid
penguin species. The average read length was 376 bp. After removing the sequences affili-
ated with archaea and chloroplasts, the total number of clean reads decreased to 1,911,933
(on average 47,798.33 ± 11,422.9; Table 1). Good’s coverage estimate in each sample was
>99%. These results were consistent with rarefaction curve analyses (Figure S1), which
indicated that overall sequencing depth was sufficient to saturate the recovery of bacterial
diversity in fecal samples.

Table 1. Comparison of phylotype coverage, richness, and diversity indices of the 16S rRNA gene library obtained from
sequencing analysis of penguin feces.

Fecal
Sample Average Reads Average OTUs Average

Shannon
Average
Simpson

Average
Fisher’s Alpha Average Ace Average Chao 1 Average

Coverage

Adélie 49733.00 ± 9503.48 266.37 ± 64.66 2.71 ± 0.55 0.16 ± 0.07 37.29 ±10.72 357.52 ± 108.91 336.08 ± 84.78 0.99 ±0
Gentoo 47314.66 ± 11939.60 394.75 ± 128.72 3.15 ± 0.81 0.13 ± 0.11 60.57 ± 23.28 503.06 ± 139.06 505.64 ± 148.39 0.99 ± 0

Total 47798.33 ± 11422.9 369.07 ± 128.94 3.06 ± 0.78 0.13 ± 0.10 55.91 ± 23.24 473.95 ± 144.83 471.73 ± 153.33 0.99 ± 0
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The reads in the 40 fecal samples could be classified into 1038 OTUs (Figure 2A). There
were 541 OTUs shared between the two penguin species, accounting for 98.7% and 52.4%
of the total OTUs in Adélie and Gentoo penguins, respectively. Seven and 490 OTUs were
unique to Adélie and Gentoo penguins, respectively. Overall, the number of OTUs for
16S rRNA gene libraries was higher in Gentoo penguins than in Adélie penguins with a
statistically significant difference (p = 0.0006; Figure 2B). This result was consistent with
Chao 1 indices indicating that Gentoo penguins had higher species richness than Adélie
penguins. The Shannon and Fisher’s alpha diversity indices of 16S rRNA gene libraries
were also higher in Gentoo penguins than in Adélie penguins (Table 1) but showed no
statistically significant difference (p > 0.05). The results indicated that the overall diversity
of gut microbiota was higher in Gentoo penguins than in Adélie penguins.
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Figure 2. Lower phylogenetic diversity in the Adélie group relative to the Gentoo group. (A) Venn diagram showing shared
and unique OTUs at 97% sequence identity of the 16S rRNA gene in the two pygoscelid penguin groups. (B) Student’s t-test
of OTUs showing that the Adélie group was characterized by lower OTU abundance relative to the Gentoo group.

3.2. Bacterial Community Composition in Fecal Micobiota

Besides taxonomically unaffiliated bacteria, 22 bacterial phyla, Acidobacteria, Acti-
nobacteria, Armatimonadetes, Bacteroidetes, BRC1, WPS-2, Candidatus Saccharibacteria,
Chlamydiae, Chloroflexi, Cloacimonetes, Cyanobacteria, Deinococcus-Thermus, Fibrobac-
teres, Firmicutes, Fusobacteria, Gemmatimonadetes, Ignavibacteriae, Planctomycetes, Pro-
teobacteria, SR1, Tenericutes and Verrucomicrobia were detected. Bacterial taxa exhibiting a
relative abundance greater than 1% of the total sequences at various taxonomic levels were
designated as dominant. Firmicutes (37.7% of the total reads), Proteobacteria (23.1%, mainly
Gamma- and Betaproteobacteria), Fusobacteria (14.3%), Bacteroidetes (7.9%), and Acti-
nobacteria (6.6%) were dominant in fecal micobiota of the two penguin species (Figure 3A).
Compared to being rare (0.2%) in Adélie penguins, sequences affiliated with Cyanobacteria
were dominant (6.8%) in Gentoo penguins, revealing a difference in bacterial community
composition between the Adélie and Gentoo penguins (Figure 3B).
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Overall, Bacilli (represented by an unclassified Carnobacteriaceae group and an unclas-
sified Bacillaceae 2 group), Clostridia (represented by an unclassified Clostridiales group
and an unclassified Clostridiales Incertae Sedis XI), and Erysipelotrichia (represented by
the genus Erysipelothrix) within the phylum Firmicutes, Gammaproteobacteria (represented
by the genus Psychrobacter) within the Proteobacteria, and Bacteroidia (represented by an
unclassified Porphyromonadaceae group) within the Bacteroidetes were more abundant in
Adélie penguins (81.2% of the total reads) than in Gentoo penguins (48.3%) at the class level
(Figure S2). In contrast, Alpha- (represented by the family Rhodobacteraceae) and Betapro-
teobacteria (represented by the genus Rhodoferax and an unclassified Comamonadaceae
group) within the Proteobacteria, Fusobacteriia (represented by genera Cetobacterium and
Fusobacterium) within the Fusobacteria, Flavobacteriia (represented by the family Flavobac-
teriaceae) and Sphingobacteriia (represented by an unclassified Chitinophagaceae group)
within the Bacteroidetes, Actinobacteria (represented by unclassified Intrasporangiaceae,
Micrococcineae and Propionibacteriaceae groups) and Cyanobacteria were more abundant
in Gentoo penguins (44.8%) than in Adélie penguins (15.6%).

At the genus level, sequences affiliated with the genus Peptostreptococcus and an un-
classified Lachnospiraceae group within the class Clostridia as well as an unclassified
Xanthomonadaceae group within the Gammaproteobacteria were also much more abun-
dant in Gentoo penguins (10.5% in total) than in Adélie penguins (0.5%). As for sequences
affiliated with the genera Clostridium XI, Clostridium sensu stricto and Tissierella within the
Clostridiales, and Pasteurella within the Gammaproteobacteria, these were abundant in
both pygoscelid penguin groups, together accounting for 22.5% and 19.4% in Adélie and
Gentoo penguins, respectively.

3.3. Differences in Gut Microbiota between Adélie and Gentoo Penguin Groups

PCoA based on Bray-Curtis distances was used to evaluate compositional differences
among bacterial communities. Overall, the bacterial composition was significantly different
between the Adélie and Gentoo penguin groups, as confirmed by the Permanova test
(p = 0.001) (Figure 4A), indicating a significant difference in gut microbiota composition
between Adélie and Gentoo penguins. At the same time, similar bacterial community
compositions were also observed between some Adélie and Gentoo penguin fecal samples.
For example, Adélie penguin fecal sample A-9 showed similar gut microbiota to Gentoo
penguin sample G-11 (Figure 4B).
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and omnivorous avian species [5]. Pygoscelid penguins primarily feed on krill (Euphasia 

Figure 4. Difference and similarity of bacterial communities between the two pygoscelid penguin
groups. (A) Principal coordinates analysis (PCoA) of bacterial community composition in feces at
the OTU level according to Bray-Curtis distance. (B) Hierarchical clustering of bacterial community
composition in feces at the OTU level according to Bray-Curtis distance.

Differential abundance analysis of fecal microbiota between Adélie and Gentoo pen-
guin groups revealed that among the dominant bacterial phyla, Actinobacteria exhibited
a statistically significant difference in relative abundance (Figure 3B). In addition, as de-
scribed above, the relative abundance of Cyanobacteria in the Gentoo group was also
significantly different from that of the Adélie group. Among the dominant bacterial groups
at the genus level, an unclassified Cyanobacteria group and the genus Peptostreptococcus
within the Firmicutes were much more abundant in the Gentoo group (p < 0.01). These
results were consistent with the LEfSe analysis (Figure S2).

4. Discussion

Firmicutes, Bacteroidetes, and Proteobacteria are the most consistently observed bac-
terial phyla across the animal gut microbiota [5]. The composition of the Adélie penguin
fecal microbiota in the present study displayed high proportions of Firmicutes, Proteobac-
teria, Bacteroidetes, and Actinobacteria, similar to the gut microbiota of Adélie penguins
breeding on the Victoria Land coast of the Ross Sea [9] and the Western Shore of Admiralty
Bay at King George Island [11]. However, different from those studies, Fusobacteria was
found to be abundant in both Adélie and Gentoo penguins in this study. A rich community
of Fusobacteria has frequently been observed in the guts of carnivorous and omnivorous
avian species [5]. Pygoscelid penguins primarily feed on krill (Euphasia superba Dana, 1852)
and fish. Besides Fusobacteria, Firmicutes, Proteobacteria, Bacteroidetes, and Actinobac-
teria dominated in Gentoo penguins, in accordance with previous reports [7,10]. At the
same time, in contrast to those studies [7,10], high abundances of Cyanobacteria (6.8%)
and Planctomycetes (1.2%) were observed in Gentoo penguins in this study. It should be
noted that fecal samples in this study were collected at different times due to the difficulties
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associated with Antarctic fieldwork, suggesting that the temporal variability of the gut
microbiota composition and how it varies with diet should be explored in the future.

4.1. Firmicutes and Fusobacteria

Members of the Firmicutes are associated with host adiposity by enhancing energy
extraction and through modulation of genes regulating fat storage [17–19]. In this study, Fir-
micutes was the most abundant phylum in both Adélie and Gentoo penguins. In addition,
Fusobacteria was the third most abundant phylum in Adélie and Gentoo penguins. The
microbiota of both Adélie and Gentoo penguins was dominated by the classes Clostridia
(41.9% and 32.8% of total reads, respectively) and Fusobacteriia (9.8% and 16.8%, respec-
tively), which are potential butyrate producers [20,21]. Butyrate in poultry has been shown
to not only boost the immune system and protect against colonization by pathogenic bacte-
ria but also can influence host adiposity [22]. The fecal samples in this study were collected
in the austral summer (January), the time for rearing of young when the penguins on
Ardley Island begin to molt. Therefore, the high abundance of Clostridia and Fusobacteriia
suggests that the penguins build up large reserves of fat prior to molting.

Bacteria belonging to the family Peptostreptococcaceae within the Clostridia were
dominant in the penguin feces, accounting for 9.4% and 17.3% of the total 16S rRNA
gene sequences in Adélie and Gentoo penguins, respectively. In addition, the family
Erysipelotrichaceae (represented by the genus Erysipelothrix) within the Erysipelotrichia com-
prised 1.6% and 0.4% of the total 16S rRNA gene sequences in Adélie and Gentoo penguins,
respectively. All members of the families Peptostreptococcaceae and Erysipelotrichaceae
are anaerobes with fermentative type metabolism [23,24], suggesting that these bacteria
are presumably of penguin intestinal origin [11]. The family Lachnospiraceae was rare
in the Adélie group (0.1%) but abundant in the Gentoo group (3.2%) (p < 0.02). Relative
abundance of this family in the fecal microbiota of Gentoo and Chinstrap penguins in-
creased significantly from the feeding to molting stage, suggesting that the growth of
Lachnospiraceae could be positively affected by the limitation of food supply [7]. It should
be mentioned here that the analysis of compositional data by traditional methods used in
this study can appear to give satisfactory results. However, these results may be misleading
and unpredictable [25]. Further study should be performed to compare the results based
on standard transformation and ratio transformation.

The genus Clostridium XI within the family Peptostreptococcaceae was abundant
in both pygoscelid penguin groups (9.0% and 10.1% in Adélie and Gentoo penguins,
respectively). It has been suggested that a high intake of carbohydrates, fat, and protein is
associated with increasing amounts of Clostridium XI bacteria in the feces of humans and
mice [26,27]. The genus Clostridium (i.e., Clostridium sensu stricto) represented 6.7% and
5.4% in Adélie and Gentoo penguins, respectively. Dewar et al. [4] documented that the
Clostridia (represented by the genus Clostridium) was dominant in the gastrointestinal tract
of King penguins and could be associated with host adiposity level. In addition, members
of the genus Clostridium have been identified as having the ability to degrade chitin [28],
a main component of Antarctic krill. Clostridium-related sequences are frequently detected
in the stomach microbiota of Adélie and Chinstrap penguins on Signy Island [29], where
penguins feed almost exclusively on Antarctic krill. There was a positive correlation
between the genera Clostridium XI and Clostridium across study samples (SparCC R > 0.75,
p < 0.01; Figure S3). The genus Peptostreptococcus within the same family was much
more abundant (7.5%) in Gentoo penguins than in Adélie penguins (0.3%) (p < 0.01).
This genus was also abundant in the fecal microbiota of Gentoo penguins during the
feeding stage in Barton Peninsula on King George Island [7]. Sequences belonging to
this genus have been detected in the stomach microbiota of Chinstrap penguins but were
absent in Adélie penguins [29]. Members of the Peptostreptococcus can increase colon
dysplasia [30] or have protective effects on colitis [31] in animals. Cellulose and amylose
degrading and amino acid fermenting bacteria such as Clostridium and Peptostreptococcus
are indicator taxa of the fast-growing rainbow trout [32]. Compared to Adélie penguins,
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Gentoo penguins have a larger percentage of fish in their diet [33]. Whether the higher
abundance of Peptostreptococcus in Gentoo than in Adélie penguins indicates a difference
in diet composition between the two pygoscelid penguins requires further research. In
contrast to the positive correlation between the genera Clostridium XI and Peptostreptococcus
in the Gentoo group (SparCC R = 0.61, p < 0.01), a negative correlation between the
two genera (SparCC R = −0.74, p = 0.03) was observed in the Adélie group, suggesting
different physiological functions of these bacteria in the gut environment between the two
pygoscelid penguins.

Although being a minor part of the fecal microbiota of the two pygoscelid penguins,
more Desulfonispora within the family Peptococcaceae 1 were detected in Adélie penguins
(0.82%) than in Gentoo penguins (0.06%) (p = 0.03). Being strictly anaerobic, Desulfonis-
pora specializes in taurine fermentation and synthesizes thiosulfate from sulfite [34]. In
the Adélie group, the Desulfonispora showed negative correlations with genera Fusobac-
terium (class Fusobacteriia), Sutterella (class Betaproteobacteria), and Psychrobacter (class
Gammaproteobacteria) (SparCC R < −0.80, p ≤ 0.02) but exhibited positive correlations
with Firmicutes members (e.g., genera Erysipelothrix and Sporosarcina) and an unclassified
Propionibacteriaceae within the Actinobacteria (SparCC R > 0.72, p ≤ 0.05).

Erysipelothrix spp. have a worldwide distribution and can infect a variety of hosts
including mammals, fish, birds, reptiles, and insects [35]. In contrast to this study showing
abundant Erysipelothrix (1.6%) in the fecal microbiota of Adélie penguins, Erysipelothrix-
related sequences were absent in the stomach microbiota of Adélie penguins but were
detected in Chinstrap penguins [29]. The genus Erysipelothrix has also been detected in
the fecal microbiota of Adélie penguins on the Victoria Land coast [9]. Boerner et al. [36]
reported a case of Erysipelothrix septicemia in the Little penguin. Whether the presence of
the genus Erysipelothrix will affect the health of the two pygoscelid penguins should be con-
sidered in future studies. It has been suggested that butyrate supplementation in penguins
leads to a significant increase in host defense peptide gene expression, enhancing antibacte-
rial properties of monocytes against pathogenic bacteria, and boosting host immunity [4,22].
The genus Erysipelothrix showed positive correlations with an unclassified Clostridiales
Incertae Sedis XI group and some Bacilli members (e.g., Sporosarcina, Carnobacteriaceae,
and Bacillaceae 2) in the two penguin species (SparCC R > 0.71, p ≤ 0.05). Whether there is
a connection between the high abundance of potentially butyrate-producing microbes (e.g.,
Clostridia) and the possible pathogens (e.g., Erysipelothrix) requires further study.

The class Fusobacteriia was dominated by the genera Fusobacterium and Cetobacterium
within the family Fusobacteriaceae. Fusobacterium comprised 6.7% and 10.5%, while Ce-
tobacterium accounted for 3.0% and 6.3% in Adélie and Gentoo penguins, respectively.
Abundant Fusobacterium and Cetobacterium were also found in the fecal microbiota of Gen-
too and Chinstrap penguins in Barton Peninsula on King George Island [7] and in the
stomach microbiota of Adélie and Chinstrap penguins on Signy Island [29]. Members of the
genus Fusobacterium are involved in prey tissue decomposition [37] and bacteriocin produc-
tion [38] in the guts of birds and poultry. Fusobacterium-related sequences were found to be
more abundant in Chinstrap penguin chicks than in adults [6], suggesting that an abundant
population of Fusobacterium appears to be beneficial or at the very least harmless to the host
bird. In both Adélie and Gentoo penguins, a positive correlation was observed between the
Fusobacterium and the possible pathogen Pasteurella (SparCC R > 0.77, p < 0.01). In addition,
Fusobacterium showed a positive correlation with Mycoplasma (SparCC R = 0.79, p < 0.01)
in Gentoo penguins and Psychrobacter (SparCC R = 0.70, p = 0.05) in Adélie penguins, while
it exhibited negative correlations with members of the Clostridiales (SparCC R < −0.74,
p ≤ 0.01) and an unclassified Porphyromonadaceae group (SparCC R = −0.83, p < 0.01)
in Adélie penguins. The genus Cetobacterium has been identified as a component of the
microbiota in freshwater fish [39] and is associated with the production of vitamin B12 in
fish [40]. Michel et al. [41] reported that except for the vampire finch, Cetobacterium was
either absent or extremely rare in Darwin’s finches. The high abundance of the genus
Cetobacterium in the two pygoscelid penguins may be associated with the fish in the diet.
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However, the physiological functions of Fusobacterium and Cetobacterium in the penguin
gut remain unexplored.

4.2. Proteobacteria

Proteobacteria was the second most abundant phylum in Adélie and Gentoo penguins.
Gammaproteobacteria (14.6%) were the most abundant Proteobacteria in penguin feces,
followed by Betaproteobacteria (5.8%). Beta- and Gammaproteobacteria are the most
abundant Proteobacteria in adults of Chinstrap penguin [6], a congeneric species with
Adélie and Gentoo penguins.

AhHigher abundance of Gammaproteobacteria was observed in Adélie penguins
(27.1%) than in Gentoo penguins (14.3%). Belonging to the Moraxellaceae family within
Gammaproteobacteria, Psychrobacter spp. were much more abundant in Adélie penguins
(23.1%) than in Gentoo penguins (9.3%). A high abundance of Psychrobacter has also been
observed in the King penguin microbiota [4]. Being uric acid and triglycerides degraders,
Psychrobacter strains have been found to be an integral part of penguin excrement [11,42].
Species of the genus Psychrobacter have been isolated from poultry and birds [43]. The
type strain Psychrobacter pygoscelis I-STPP5bT was isolated from the trachea of one Gentoo
penguin chick individual [44]. Psychrobacter-related sequences are reported to exist in the
stomach microbiota of Adélie and Chinstrap penguins, though they are not frequently
encountered in the two penguin species [29]. This genus has been shown to have probiotic
properties boosting the immune system and weight gain of Groupers [45]. Psychrobacter
showed a negative correlation with the possible pathogen Erysipelothrix in Adélie penguins
(SparCC R = −0.90, p = 0.01), but had positive correlations with the genera Fusobacterium
within the Fusobacteriia and Tissierella within the Clostridia (SparCC R > 0.70, p ≤ 0.05).
However, this genus exhibited a positive correlation with Pseudomonas (SparCC R = 0.76,
p < 0.01) and had negative correlations with the Bacteroidetes members (e.g., genus Ferrug-
inibacter; SparCC R < −0.70, p < 0.01) in Gentoo penguins. Whether the genus Psychrobacter
plays similar roles in the gut environment of different penguin species requires further analysis.

It should be mentioned that abundant Pasteurella-related sequences were observed
in this study, accounting for 1.6% in both penguin species. Pasteurella bacteria are part of
the natural oral, respiratory, genital, and gastrointestinal microbiota of various wild and
domestic animals (https://microbewiki.kenyon.edu/index.php/Pasteurella, accessed on
20 September 2021). Some Pasteurella species are causative agents of disease, as they are
often detected in sick birds [46]. Attention should be given to the presence of abundant
Pasteurella in penguins. As mentioned above, Pasteurella showed a positive correlation with
Fusobacterium in both Adélie and Gentoo penguins. Pasteurellaceae decreased significantly
from the feeding to molting stages in the fecal microbiota of both Gentoo and Chinstrap
penguins [7], suggesting a relationship between this bacterial group and the food supply
for penguins.

In contrast to Gammaproteobacteria, more abundant Betaproteobacteria were de-
tected in Gentoo penguins (6.9%) than in Adélie penguins (1.6%) (p < 0.01). Including the
genus Rhodoferax, the family Comamonadaceae accounted for 5.0% and 1.2% in Gentoo
and Adélie penguins, respectively. In contrast to this study, Dewar et al. [10] reported
that Comamonadaceae was not a dominant family in Gentoo or King penguins, although
it was abundant in Little penguins. Carotenoid biosynthesis genes have been reported
in the purple nonsulfur bacterium Rhodoferax antarcticus ANT.BRT [47]. As one of the
carotenoid-synthesizing bacteria families, Comamonadaceae are found in higher abun-
dance in Atlantic salmon individuals with darker flesh color [48]. In addition, dominant
members belonging to Comamonadaceae were also detected in the intestinal bacterial com-
munity of white shrimp [49]. Krill represents the main food for both Adélie and Gentoo
penguins, who also feed on fish [11,33,50]. All fecal samples collected in this study were
colored red, indicating that the feces contained carotenoid-stained chitin from undigested
krill shells [11]. However, whether the abundant Comamonadaceae found in this study are
of penguin gut origin or food origin remains uncertain.

https://microbewiki.kenyon.edu/index.php/Pasteurella
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4.3. Bacteroidetes and Actinobacteria

Bacteroidetes and Actinobacteria were the last two dominant phyla in both Adélie and
Gentoo penguins. Abundant Bacteroidetes and Actinobacteria have been observed in fecal
microbiota of Adélie penguins in the Ross Sea area [9], Gentoo penguins on Bird Island,
and Possession Island [10], and Chinstrap penguins on Deception Island [6]. Krill possess
a chitinous exoskeleton, and they represent the main food item for the three pygoscelid
penguins [6]. The krill diet promotes dominance by chitin degraders in penguin gut
microbiota. Chitin is degraded mainly by Bacteroidetes in aquatic environments and by
Actinobacteria in soil environments [51]. In addition, the high abundance of Bacteroidetes
in penguin gut microbiota can be attributed to their capacity to detoxify fluoride from
krill. Increased Bacteroidetes has been observed in the intestinal microflora of mice after
fluoride treatment [52]. Banks et al. [9] suggest that the high abundance of Actinobacteria
in penguin feces may be associated with the Antarctic soils, where Actinobacteria is usually
one of the dominant phyla [53–55]. In fact, Actinobacteria is one of four major phyla,
including Firmicutes, Proteobacteria, and Bacteroidetes, in the shared core microbiota
of wild bird species [56]. However, in the stomach microbiota of Adélie and Chinstrap
penguins, neither Bacteroidetes nor Actinobacteria were the dominant phyla [29]. Therefore,
abundant Bacteroidetes and Actinobacteria in the fecal microbiota of penguins should be
attributed to their intestinal origin.

An unclassified Porphyromonadaceae group within the Bacteroidetes was found to be
much more abundant in Adélie penguins (6.7%) than in Gentoo penguins (0.6%). In Adélie
penguins, this bacterial group showed positive correlations with genera Erysipelothrix
and Rhodoferax (SparCC R > 0.71, p ≤ 0.04) but negative correlations with Pasteurella,
Psychrobacter, and Fusobacterium (SparCC R < −0.73, p ≤ 0.03). In Gentoo penguins, this
bacterial group showed positive correlations with Firmicutes members (e.g., Clostridium XII
and Erysipelothrix) and an unclassified Propionibacteriaceae group within Actinobacteria
(SparCC R > 0.73, p < 0.01). The family Porphyromonadaceae is dominant in the fecal
microbiota of different penguins including Adélie, Gentoo, King, Macaroni, and Little
penguins [10,11], and has also been observed in low abundance in the stomach microbiota
of Adélie and Chinstrap penguins [29]. Being strict non-spore-forming anaerobes [57],
Porphyromonadaceae are often described as fecal bacteria [58] and can play important
roles in the decomposition of penguin guano [11].

An unclassified Propionibacteriaceae group within the Actinobacteria was abundant
in both Adélie (1.1%) and Gentoo (1.2%) penguins. In addition to the genus Sporosarcina,
this bacterial group showed positive correlations with members of the Firmicutes in the
two penguin groups (SparCC R > 0.70, p ≤ 0.04). However, in contrast to the negative
correlation with the genus Singulisphaera within the Planctomycetes (SparCC R = −0.72,
p < 0.01) in the Gentoo group, this bacterial group showed a negative correlation with the
genus Psychrobacter (SparCC R = −0.82, p = 0.01) in the Adélie group. Abundant Propi-
onibacteriaceae sequences have been observed in the fecal microbiota of Gentoo, Little,
and Macaroni penguins, but were absent in King penguins [10]. This family has also been
detected in Adélie penguin feces [9]. However, Propionibacteriaceae-related sequences
were not detected in the stomach microbiota of Adélie penguins, although the bacteria
were found in low abundance in Chinstrap penguins [29]. Members of the Propionibac-
teriaceae such as Propionibacterium freudenreichii and P. acidipropionici are well known for
their probiotic properties in the food industry [59]. The presence of Propionibacteriaceae
seems to be beneficial to the host penguins. Sequences affiliated with an unclassified
Intrasporangiaceae group and an unclassified Micrococcineae group were also abundant in
Adélie (combined 1.1%) and Gentoo (3.4%) penguins (p < 0.03). In Gentoo penguins, a pos-
itive correlation was observed between the two actinobacterial groups (SparCC R = 0.75,
p < 0.01). In Adélie penguins, the unclassified Micrococcineae group showed a positive
correlation with the genus Clostridium XII (SparCC R = 0.86, p = 0.01) but had a negative
correlation with the genus Tissierella (SparCC R = −0.82, p = 0.01). Grzesiak et al. [11]
reported that Intrasporangiaceae represented 1.08% on average in Adélie penguin guano
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samples. The majority of the family Intrasporangiaceae have been isolated from activated
sludge or soils from different geographic regions, including agricultural fields, permafrost
soil, and marine sediments [60]. Some of the strains are associated with insects [61]. Micro-
coccineae members have also been isolated from insect guts and are considered beneficial
gut inhabitants involved in the maintenance of a healthy microbiota [62]. However, the
physiological functions of the two families in the penguin gut remain unclear.

4.4. Cyanobacteria and Planctomycetes

The Gentoo group (6.8%) harbored many more Cyanobacteria-related sequences than
the Adélie group (0.2%) (Figure 3B). Most of the Cyanobacteria were unclassified. In
contrast to the positive correlation with the genus Clostridium XII (SparCC R > 0.75, p = 0.02)
in the Adélie group, a dominant but unclassified Cyanobacteria group showed positive
correlations with the genera Polaromonas within the Betaproteobacteria, Dokdonella within
the Gammaproteobacteria, and Ferruginibacter and Pedobacter within the Sphingobacteriia
(SparCC R > 0.71, p < 0.01) in the Gentoo group. Cyanobacteria have been detected as
a minor component of fecal bacterial microbiota in Chinstrap penguins [6]. They have
also been observed in the stomach microbiota of Adélie penguins, but not in Chinstrap
penguins [29]. Cyanobacteria detected in the feces could be regarded as originating from
the diet. Small phytoplankton, including dinoflagellates, small diatoms, and cyanobacteria,
are the dominant primary producers in the Antarctic Polar Front region [63]. Krill feed
on phytoplankton (e.g., diatoms) during the day and switch to carnivory (e.g., copepods)
at night [64,65]. Copepods are also the dominant primary consumers of phytoplankton
in Antarctic waters, and as such are an important alternative food for mesopelagic fish,
especially myctophids [66]. Cyanobacteria may supplement the diet of copepods [67],
though they have often been described to be nutritionally inadequate for zooplankton
feeding. Myctophids are a major food source for many higher marine predators, including
penguins, seals, petrels, squid, and large predatory fish in Antarctic waters [66]. Whether
the difference in abundance of Cyanobacteria reflects a difference in diet component,
especially fish, between the Adélie and Gentoo groups requires further study.

Similar to Cyanobacteria, a higher abundance of Planctomycetes represented by the
genus Rhodopirellula was observed in the Gentoo group (1.2%) than in the Adélie group
(0.4%). Members of the genus Rhodopirellula are widespread and have been described in
many marine environments [68]. Planctomycetes have been detected in low abundance
in the fecal bacterial microbiota of Chinstrap penguins [6]. Dewar et al. [10] reported that
this phylum dominated in fecal bacterial microbiota of the Little penguin but was not
abundant in Gentoo, King, or Macaroni penguins. Planctomycetes sequences also have
been found in the stomach microbiota of Adélie penguins [29]. It should be mentioned
that adding vitamin B12 to isolation media can produce favorable results for the isolation
of Planctomycetes [68]. As described above, the genus Cetobacterium, which is associated
with the production of vitamin B12 in fish [40], was dominant in the fecal microbiota of
both Adélie and Gentoo penguins. In addition, providing N-acetylglucosamine as the only
carbon and nitrogen source [69] is also useful for the isolation of Planctomycetes. Chitin, a
polymer of N-acetylglucosamine units with β-1,4-glycosidic linkages, is the second most
abundant organic compound in nature and is present in fungi and in animals including
copepods and krill [70]. Therefore, whether there is a connection between Planctomycetes
and the penguin diet deserves further study.

5. Conclusions

Firmicutes, Proteobacteria, Fusobacteria, Bacteroidetes, and Actinobacteria were found
to dominate the gut microbiota of both Adélie and Gentoo penguins breeding on Antarctic
Ardley Island. However, there was an overall difference in fecal bacterial community
composition between the two penguin species, suggesting that the gut microbiota of the
two pygoscelid penguins with similar dietary habits has a close connection to the pen-
guin species. The Gentoo penguins harbored a higher abundance of Actinobacteria and
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Cyanobacteria relative to Adélie penguins. In addition, at the class level, more Sphingob-
acteriia and Betaproteobacteria were observed in the Gentoo group than in the Adélie
group; at the family level, more Lachnospiraceae was also detected in the Gentoo group.
The genus Peptostreptococcus was significantly abundant in the Gentoo group, while an
unclassified Clostridiales group was significantly abundant in the Adélie group. This result
is in accordance with previous studies, suggesting that the fecal bacteria of penguins are
inherited on evolutionary time scales at the host species level [6,7,9]. At the same time,
the differences in the relative abundance of specific bacteria (e.g., Cyanobacteria) between
the two pygoscelid penguins could be in part due to differences in diet composition. The
results of this study suggest that both the phylogeny of penguin species and diet could be
responsible for the differences in the gut microbiota of two closely related penguins with
similar dietary habits. Further research is required to fully understand the physiological
functions of the same bacterial species colonizing the guts of different penguin species.
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Adélie and Gentoo penguin groups., Figure S3: SparCC correlations between gut microbe-microbe at
the genus level detected in Adélie (A) and Gentoo (B) penguin groups.
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8. Zielińska, S.; Kidawa, D.; Stempniewicz, L.; Łoś, M.; Łoś, J.M. Environmental DNA as a valuable and unique source of information
about ecological networks in Arctic terrestrial ecosystems. Environ. Rev. 2017, 25, 282–291. [CrossRef]

9. Banks, J.C.; Cary, S.C.; Hogg, I.D. The phylogeography of Adelie penguin faecal flora. Environ. Microbiol. 2009, 11, 577–588.
[CrossRef]

10. Dewar, M.L.; Arnould, J.P.; Dann, P.; Trathan, P.; Groscolas, R.; Smith, S. Interspecific variations in the gastrointestinal microbiota
in penguins. MicrobiologyOpen 2013, 2, 195–204. [CrossRef]
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