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1. Introduction

Antarctic soils are among the driest, coldest, and most oligotrophic
terrestrial environments on Earth (Cary et al., 2010). However, ice-
free coastal areas are usually colonized by a wide variety of marine an-
imals. The interaction between the animals and the terrestrial ecosys-
tem allows the formation of soils with high amounts of nutrients
relative to Antarctic soils unaffected by marine animals (Ugolini, 1972).

Marine animals, primarily pinnipeds and birds, transfer significant
amounts of nutrients from the marine to the terrestrial ecosystem
(Bokhorst et al., 2007) through their excreta, eggs, prey, and carcasses
(Nie et al., 2012; Shravage et al., 2007). Depositions from marine verte-
brates strongly influence the soil physicochemical properties (Liguang
et al,, 2004; Myrcha and Tatur, 1991; Schaefer et al., 2008), forming ter-
restrial ecosystems enriched in nutrients (Sun et al., 2002; Zhu et al.,
2012, 2009). The impact of these depositions can be observed over a
few kilometers inland and strongly influence terrestrial biodiversity
(Bokhorst et al., 2019). These soils are described as the largest carbon
and nitrogen reservoirs in Antarctic terrestrial ecosystems (Simas
et al,, 2007). Nitrogen is added to the soils mainly by urine depositions,
enriched in uric acid and urea from seabirds and pinnipeds, respectively,
although uric acid waste is often barely detected in penguins rookery
deposits because it is rapidly degraded to ammonium (Lindeboom,
1984).

Recent studies have reported that marine animals influence edaphic
factors such as pH, organic matter, phosphorus and nitrogen contents,
and the diversity and composition of soil microbial communities in
Antarctic soils (Guo et al., 2018; Kim et al., 2012; Ramirez-Fernandez
et al., 2019; Wang et al., 2015; Yew et al., 2018). For instance, our
team has previously shown that animal-impacted soils in Cape Shirreff
(Livingston Island, Maritime Antarctica) were dominated by bacteria
belonging to the Gammaproteobacteria class, particularly the genus
Rhodanobacter, followed by Bacteroidetes, Actinobacteria, and Chloroflexi
phyla. In contrast, soils without animal influence were dominated by
members of the Acidobacteria and Gemmatimonadetes phyla (Ramirez-
Fernandez et al., 2019). However, these previous 16S rRNA gene-
based surveys result in limited information at the species and sub-
species levels as well as the functional gene content of the sampled mi-
crobial communities (Cole et al., 2010; Yarza et al., 2014).

One of the most relevant impacts of marine animals in Antarctica is
the higher N,O emissions from the soil of their colonies in coastal terres-
trial ecosystems (Bao et al., 2018; Neufeld et al,, 2015; Zhu et al., 2013,
2012, 2009). N0 is an ozone-depleting greenhouse gas, with an effect
~200-300 times higher than CO, (Khalil et al., 2002 ), which can be pro-
duced abiotically as well as by different microbial nitrogen cycling path-
ways: denitrification, nitrification, and dissimilatory nitrate reduction to
ammonium (DNRA) (Butterbach-Bahl et al., 2013). High N,O emissions
have been documented in penguin-, seal- and skua-impacted soils in
Antarctica (Neufeld et al., 2015; Zhu et al., 2013). These emissions are
comparable with environments considered as hotspots of N,O emis-
sions, such as artic cryoturbated peat soil (Repo et al., 2009), farmyards
used by livestock (Misselbrook et al., 2001), and heavily fertilized agri-
cultural systems and tropical forests (Pérez et al., 2001; Xing and Zhu,
1997). However, the genomes encoding these nitrogen cycling genes,
their taxonomy, and their spatial distribution in Antarctic soils remain
elusive.

Despite this apparent relationship between animal presence and in-
creased N,O emissions, few studies have investigated the abundance
and diversity of the microbial pathways involved in N,O emissions
from animal-impacted Antarctic terrestrial ecosystems. For example,
Jung et al. (2011) found that nitrogen addition altered the abundance
of microbial nitrogen cycling genes, significantly increasing the abun-
dance of the nirS and nirK nitrate reductase genes of the denitrification
pathway. Similarly, denitrification rates and the abundance of nirS and
nirK genes were found to be higher in animal-impacted Antarctic soils
than tundra soils (Dai et al., 2020). Furthermore, ammonia-oxidizing
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bacteria predominated over archaea in animal-impacted soils, suggest-
ing a more important role for bacteria in the nitrogen-loss pathways in
Antarctic soils (Wang et al., 2019). Finally, although DNRA is a common
pathway found in soil metagenomes (Nelson et al., 2016; Riitting et al.,
2011), it is still considered one of the least understood nitrogen cycle
processes (Kuypers et al., 2018). To the best of our knowledge, no pre-
vious studies have evaluated the effects of animal presence on the
DNRA gene abundance in Antarctic soils.

Climate change models predict warmer temperatures and higher
weather variability in Antarctica, with increased precipitation and al-
tered freeze-thaw patterns (Hoegh-Guldberg et al.,, 2018). Indeed, the
glacier retreat in the Antarctic Peninsula has accelerated (Konrad
et al., 2018), which is also evident in its adjacent islands. These islands
in the Antarctic Peninsula region are reported as belonging to different
climate zones than the rest of the continent, with higher temperatures
and precipitation levels (Wagner et al., 2018). These characteristics
make the islands to be highly relevant ecosystems to study the impact
of climate change. The increased population sizes of penguins and pin-
nipeds on the islands due to the expansion of ice-free lands on one
hand (Clucas et al., 2016; Siniff et al., 2008; Watanabe et al., 2020),
and the rising of the nutrient available to soil microorganisms through
the freeze-thaw cycles on the other hand (Prieme and Christensen,
2001; Teepe et al., 2001), are expected to stimulate the microbial N,O
emissions.

In this study, we employed shotgun metagenome sequencing to pro-
vide novel insights into the taxonomy and functional gene diversity of
the most abundant and prevalent microbial populations in Antarctic
coastal soils. Moreover, the genomes of the predominant microbial pop-
ulations were recovered as metagenome-assembled genomes (MAGs)
through assembly and binning techniques (Parks et al., 2017; Tyson
et al., 2004), allowing us to link specific gene functions to individual
populations. The specific questions that this study aimed to address
are: what is the relative importance (abundance) of the pathways po-
tentially involved in N,O emissions (denitrification, nitrification, or
DNRA) in animal-impacted soils vs. non-impacted soils; and which are
the specific taxa that carry out these pathways and their distribution
in the sampled sites. To this end, we compared the diversity and distri-
bution of animal-impacted and non-impacted soil microbial communi-
ties from ice-free regions of two islands in the South Shetland
Archipelago in Maritime Antarctica, Livingston Island and King George
Island, with emphasis on microbial populations involved in nitrogen cy-
cling pathways related to N,O emissions.

2. Material and methods
2.1. Sampling sites description and samples collection

Animal-impacted soil samples were collected during the austral
summer of 2016 (52"¢ Antarctic Scientific Expedition coordinated by
the Instituto Antartico Chileno) at two sampling sites: i) King George
Island (KGI), specifically at Fildes Peninsula and Ardley Peninsula, and
ii) Livingston Island (LI), specifically at Cape Shirreff. These areas are
categorized as “Antarctic Special Protected Areas” (ASPA) (ASPA-125,
2009; ASPA-149, 2009; ASPA-150, 2009). KGI is the largest island of
the South Shetland Archipelago, with a surface of 1400 km? and only
5% of ice-free areas. At the southeast of KGI, Fildes Peninsula and Ardley
Peninsula are connected by an isthmus. Ll is the second-largest island of
the South Shetland Archipelago, with a surface of 828 km? and 16% of
ice-free areas, including Cape Shirreff.

During the summer sampling season, at both sampling sites, the
temperature ranged from —1 °Cto 1 °C, and the average precipitation
was 56 mm and 62 mm for KGI and LI, respectively (Kummu et al.,
2018). Soils from Fildes Peninsula and Ardley Peninsula are classified
as turbic cryosols with slightly acidic to neutral pH (Michel et al.,
2014), while those from Cape Shirreff are porous and consist mainly
of volcanic ash and scoria (Smellie et al., 1996).
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In KGI, the pinniped-impacted soil samples were collected from a
Northwest beach from Fildes Peninsula, where we found small to me-
dium colonies of elephant-seals and fur-seals (62°11’00”S 58°59'17"
W). The bird-impacted soil samples were collected in a North beach
from Ardley Peninsula (62°12/34”S 58°56'00”W), which is character-
ized by a high abundance of penguins of different species (Pygoscelis
spp.) and other birds like kelp gulls. In LI, the bird-impacted soil samples
were collected in the North region of Cape Shirreff called Bahamonde
Beach (62°29'51”S 60°43'00"W), specifically in areas occupied by pen-
guin and kelp gull colonies. Meanwhile, closest to Modulo Beach
(62°32717"S 60°41’30"W), the pinniped-impacted samples were col-
lected from areas occupied by colonies of seals and sea-lions. Further,
three soil samples without the visible impact of plants or animals
were collected in both KGI (62°12'41"”S 58°56'22"W) and LI (62°31’
17"S 60°42'59"W) (Fig. 1).

We established three 1 m x 1 m squares as close as possible to the
animal colonies and with no more than 5 m between adjacent squares
for each sampling site. Inside each square, we randomly collected five
soil samples. Although there was a mixture of animals at each sampling
point, the samples were named according to the animal species more
commonly observed in the area. Therefore, bird-impacted soil samples
were called Ld (Larus dominicanus) and Pp (Pygoscelis papua), and
pinniped-impacted soil samples were called Ml (Mirounga leonina)
and Ag (Arctocephalus gazella). All names also included the initials of
the sampling location, KGI (King George Island) and LI (Livingston Is-
land), in addition to the initials of the prevailing animal at the time of
sampling. The soil samples from the M. leonina settlement in King
George Island (MI_KGI) were collected further away from the animal
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colony than the other samples since it was not safe to get closer to the
animals during the sampling. The samples with no visible presence of
plants or animals were designed as Ct (Control) and collected at least
1 km apart from the animal colonies to reduce the likelihood of animal
influence.

Sterile shovels and tubes were used for sampling the top 10 cm of
soil, and the samples were stored in hermetically sealed bags and main-
tained at 4 °C for about two weeks. In the laboratory, the samples were
homogenized, sieved through a 2 mm mesh, and stored at —20 °C until
further analyses. For edaphic measurements, we combined the five
samples from each square; therefore, three biological replicates
(sampling squares) were available from each sample type. For
metagenomics analysis, we combined the three biological replicates
for each sample type, giving a total of 10 sequenced samples. Further,
two technical replicate samples from the same DNA extraction of sam-
ple Pp_LI were independently sequenced for validation purposes and
quality control.

2.2. Edaphic factors

For each soil sample, the following edaphic factors were measured:
pH, water content (WC), organic matter (OM), nitrogen content in am-
monium (N-NHJ ), nitrogen content in nitrate (N-NO3), and bioavail-
able phosphorus content (P-Bray) (Sadzawka et al., 2004). The pH was
determined potentiometrically from 1:10 (w/v) soil in KCl 1 M extracts
using a pH electrode connected to a pH 500 meter (Oakton Instruments,
Vernon Hills, IL, USA). The water content (WC) was determined from the
mass of soil samples before (moist mass, MM) and after (dry mass, DM)
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Fig. 1. Location of the sampling sites at South Shetland Archipelago, Antarctica. Samples were collected at Fildes Peninsula and Ardley Peninsula in King George Island and Cape Shirreff in
Livingston Island. Colored points show sampling sites from where samples of animal-impacted soils and soils without animal influence were taken. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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drying at 65 °C for 24 h according to WC = ((MM-DM)/DM) = 100. The
organic matter content (OM) was determined from the mass of the dry
soil samples calcined at 400 °C for 16 h (calcined mass, CM) multiplied
by a factor of 0.8 according to OM = (((DM-CM)/DM) = 100) = 0.8. The ni-
trogen content in ammonium (N-NHj ) was determined from 1:10 (w/v)
soil in water extracts using a selective ion electrode connected to an lon
510 meter (Oakton Instruments, Vernon Hills, IL, USA). The nitrogen con-
tent in nitrate (N-NO3") was determined by a colorimetric method involv-
ing electrophilic aromatic substitution (nitration) between nitronium and
salicylate (Yang et al., 1988), and measuring its absorbance at 410 nm
using an Epoch microplate reader (BioTek, Winooski, VT, USA). The phos-
phorus was extracted using the Bray 1 method (Bray and Kurtz, 1945)
and quantified by the absorbance at 880 nm of the phospho-antimonyl-
molybdenum blue complex using an Epoch microplate reader (BioTek,
Winooski, VT, USA).

2.3. DNA extraction and shotgun sequencing

DNA was extracted from 0.25 g of soil from each sample using the
PowerSoil™ DNA Isolation kit (previously MoBio, now Qiagen, Hilden,
Germany) according to the manufacturer's instructions. The DNA was
eluted in 50 pl TE buffer (10 mM Tris-HCI [pH 8.0], 1 mM EDTA) and
stored at —20 °C until analysis. The DNA concentration was determined
by the Pico Green dsDNA assay (Invitrogen, Carlsbad, CA, USA) using a
Victor 3 fluorometer (PerkinElmer, Billerica, MA, USA), and the DNA
quality was determined electrophoretically in a 1% (w/v) agarose gel
running for 30 min at 100 V. The library for DNA sequencing was pre-
pared using the TruSeq Nano DNA Kit (Illumina, San Diego, CA, USA) ac-
cording to the manufacturer's instructions. The libraries were run in two
lanes of Illumina HiSeq 2500 with the 2 x 150 bp paired-end format. Se-
quencing was performed by Macrogen Inc. (Seoul, South Korea). The
reads, assemblies, and MAGs obtained from this study were submitted
to the European Nucleotide Archive (ENA) database with the study ac-
cession number PRJEB34461.

2.4. Short reads assembly and analysis

The sequences were trimmed using the scripts of the enveomics col-
lection (Rodriguez-R and Konstantinidis, 2016). Sequences with quality
equal or higher of 20 Phred score for each base position were trimmed
using the SolexaQA software (Cox et al,, 2010). Only trimmed sequences
longer than 50 bp were considered for further analysis. The reads were
assembled using IDBA_UD v1.1.1 and default settings (Peng et al., 2012).
Nonpareil 2.0 (Rodriguez-R and Konstantinidis, 2014a) was used with
default settings to estimate the coverage of the microbial community
achieved by the sequencing effort applied.

The recovery and identification of 16S rRNA gene fragments were
performed using Parallel-META v2.1 (Su et al., 2012). Subsequently,
the sequences were assigned to the SILVA database v1.1.1 (Quast
et al.,, 2013) using the closed-reference picking strategy as imple-
mented by QIIME 1.9.1 (Caporaso et al., 2010) and, subsequently,
the matching reference sequences were clustered in operational tax-
onomic units (OTUs) at a nucleotide identity level > 97% using
UCLUST (Edgar, 2010).

2.5. MAGs recovery and analysis

Contigs longer than 2000 bp were used for genome binning using
MaxBin v2.1.1 (Wu et al., 2014). It is important to mention that no de-
replication and no co-assembly were performed, but each metagenome
was binned on its own. Taxonomic classification and novelty of each
MAG were determined by the genome-aggregate average amino-acid
identity (AAI) analysis against the genomes in the NCBI RefSeq database
using the Microbial Genomes Atlas (MiGA) webserver (Rodriguez-R
et al, 2018a). The p-value of the taxonomic assignment was estimated
from the empirical distribution observed of AAI values among all the
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reference genomes at the same taxonomic level. Taxonomic assignment
using a p < 0.01 as the threshold was used for most analysis.
Completeness, contamination, and overall quality (completeness -
5x contamination) were determined using the “HMM.essential.rb”
script of the enveomics collection. The relative abundance of MAGs
of each sample was estimated as the truncated average sequencing
depth (TAD8O0) according to Rodriguez-R et al. (2020) using the
matching reads from a competitive search using Magic-BLAST
(Boratyn et al., 2019) (95% minimum nucleotide identity and
>100 bp minimum read length for a read match) normalized by ge-
nome equivalents (Nayfach and Pollard, 2015). This approach al-
lows, on one hand, the removal of the top and bottom 10%
positions in terms of sequencing depth to exclude highly conserved
or mobile regions of the genome, and on the other hand, to minimize
the influence of differences in average genome size between samples
by normalizing by genome equivalents. For identification of MAGs
representing the same genomospecies (gsp), we performed Average
Nucleotide Identity (ANI) pairwise comparations between all recov-
ered MAG with the “ani.rb” script of the enveomics collection. MAGs
with >95% ANI and sharing at least 30% of their gene content were
assigned to the same genomospecies (Konstantinidis and Tiedje,
2005).

The recruitment of reads against MAG #52 (see Results section) to
assess intra- and inter-population sequence diversity was performed
as previously described (Konstantinidis and Delong, 2008). Briefly,
short reads from the metagenomes were searched against each MAG
using megablast v2.2.28 (-e-value le~'!, -max_target_seqs 250).
Matches >75% nucleotide identity and >70 bp were retained for the gen-
eration of the recruitment plot. In addition, we examined the relative
abundance of MAG #52 in other available metagenomes from distant
places using the same approach. For this, we used agricultural soil
metagenomes affected by annual nitrogen fertilization in the USA
(Orellana et al., 2014) and ice-free soils with low organic matter from
East Antarctica (Ji et al., 2017).

2.6. Identification of protein-encoding genes and nitrogen cycling pathways

Protein-encoding genes were identified in non-binned contigs lon-
ger than 500 bp or MAG sequences using Prodigal (Hyatt et al., 2010)
with default parameters. The functional annotation of the resulting
amino acid sequences was performed based on a Diamond v0.7.9.58
search (Buchfink et al., 2014), with the Blastx searching option and de-
fault parameters, against the Swiss-Prot database (Uniprot-Consortium,
2015). The output was filtered for the best match only when a bit score
higher than 60 was obtained. The predicted genes were further func-
tionally annotated using the SEED database subsystem categories
(Overbeek et al., 2005).

The identification of genes in the metagenomic reads was per-
formed using the trimmed reads as the query for Blastx, with default
parameters, against a curated in-house database. In particular, the
previously identified and verified reference sequences used in
ROCker models (Orellana et al., 2017) for the bacterial ammonium
monooxygenase (amoA), hydroxylamine oxidoreductase (hao),
nitrate reductase (narG), nitrite reductase (nirK), nitrous oxide
reductase (nosZ), and nitrite reductase (nrfA), along with the gene
for the (3 subunit of the RNA polymerase (rpoB) were used as the
in-house protein databases. The resulting blastx output from the
search of metagenomic reads against the in-house database was fil-
tered using ROCker models (Orellana et al., 2017). The relative abun-
dance of each gene was determined as genome equivalents by
calculating the ratio between normalized target reads (read counts
divided by median protein length) against the number of identified
rpoB reads (read counts divided by median rpoB protein length),
which is typically a single-copy gene in bacterial genomes.
Gene databases and ROCker models used are available through
http://enve-omics.ce.gatech.edu/rocker;.
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2.7. Statistical analyses

Statistically significant differences between the samples in terms of
edaphic factors, diversity indices, and relative abundance of nitrogen
cycle genes measurements were determined by pairwise comparisons
using Dunn's test of multiple comparisons (Dunn, 1964) following a
Kruskal-Wallis test with p-values adjusted with the Benjamini-
Hochberg method in R v3.2.3 (R Core Team, 2019). A raw (not-normal-
ized) counts table was used to perform an internal normalization,
where geometric mean is calculated for each functional subsystem cat-
egory and OTU, to assess the significance of differences in their abun-
dances between animal-impacted samples vs. samples without animal
influence using the DESeq2 package (Love et al., 2014) in R v3.4.2.

The distances among the whole metagenomes (read-level) were cal-
culated using the software MASH (v1.0.2), with default settings (Ondov
etal, 2016). MASH distances were plotted in a non-metric multidimen-
sional scaling (NMDS) ordination plot using the function metaMDS
from the vegan package (Oksanen, 2017) in R v3.4.2. Subsequently,
the function envfit was used to fit the environmental factors (median
values for each type of soil sample) onto the ordination, calculating
the significance of the fitted vectors using 1000 permutations in the
Monte Carlo test (Robinson, 2007). Finally, pairwise comparisons be-
tween MASH distances were made using PERMANOVA analysis with
the function adonis.pair.

3. Results

3.1. Description of the edaphic factors and metagenomes from Antarctic
soils

The large variation (i.e., standard deviation) in values of the mea-
sured edaphic factor among the samples indicated high spatial hetero-
geneity (Table 1). Despite the high variation, we observed significant
higher values (Kruskal-Wallis test, Dunn posthoc test) when comparing
bird-impacted soils with pinniped-impacted soils and soils without an-
imal influence for water content (p = 9.4e—4 and p = 6.6e—04, respec-
tively), organic matter content (p = 3.4e—4 and p = 8.5e—04,
respectively) and phosphorus content (p = 3.9e—3 and p = 6.1e—05,
respectively). Further, nitrogen content as nitrate was higher in bird-
impacted soils than in soils without animal influence (p = 4.5e—3),
and nitrogen content as ammonium was significantly different in the
three types of soil samples (Table 1).

In total, ten metagenomes, representing pooled samples from each
sampling site (i.e., three replicate samples pooled), were obtained in
this study; two technical replicates from Pp_LI sample were also inde-
pendently sequenced for quality control. Metagenomes ranged in size
from 50 to 80 million reads per sample (7.7 to 12.1 Gbp), with an aver-
age read length of ~145 bp after quality trimming. An average of ~8% of
the reads from each metagenomic dataset was recruited by MAGs

Science of the Total Environment 788 (2021) 147693

(Supplementary material Table A1), indicating, as probably expected,
highly diverse microbial communities (see also next section).

We compared microbial communities from soils impacted by differ-
ent types of animals and from different islands, taking into account the
(measured) environmental parameters that could drive microbial com-
munity diversity patterns. In the NMDS analysis, based on MASH dis-
tances of whole communities/metagenomes, animal-impacted soils
were separated from soils without animal influence (except for sample
MI_KGI, data not shown). However, the differences in MASH distances
among microbial communities from soils without animal influence,
pinniped-impacted soils, and bird-impacted soils were not statistically
significant according to PERMANOVA (Supplementary material
Table A2), presumably due to the relatively small number of samples.
Furthermore, the microbial composition variation was not significantly
explained by the measured edaphic variables according to a Monte
Carlo permutation test (Supplementary material Table A3).

3.2. Taxonomic diversity of microorganisms in animal-impacted Antarctic
soils

A total of 284,625 16S rRNA gene sequence fragments were identi-
fied in all metagenomes and clustered into 16,028 OTUs (97% nucleotide
sequence identity threshold) using closed-reference OTU picking (~23%
of these reads remained unassigned to OTUs at the threshold used).
Based on these OTUs, differences in microbial community diversity be-
tween animal-impacted soils and soils without animal influence were
not statistically significant (Supplementary material Table A4). Consis-
tent with these results, no statistically significant differences in whole-
community diversity index (Nd) or coverage by sequencing were ob-
served between the samples based on Nonpareil (Supplementary mate-
rial Table A1). This tool employs the level of redundancy among reads to
estimate the coverage of the microbial community obtained by a
metagenomic dataset and provides an estimate of community diversity
(Rodriguez-R et al., 2018b). Based on Nonpareil curves (Supplementary
material Fig. A1) and coverage values (Supplementary material
Table A1), we obtained an average coverage of 0.33 for soils without an-
imal influence (i.e., at the sequencing effort applied, there is ~30% likeli-
hood that any additional sequence obtained will be redundant with
sequences already observed), and an average coverage of 0.55 in
pinniped-impacted soils and 0.63 in bird-impacted soils. As mentioned
above, these coverage values were not statistically different, presum-
ably due to large sample heterogeneity and a relatively low number of
samples compared but allowed for robust comparisons of features
(e.g., OTUs, genes) among the metagenomic datasets (Rodriguez-R
and Konstantinidis, 2014b).

Regarding the taxonomic composition based on 16S rRNA gene
OTUs, Proteobacteria (~32%), Bacteroidetes (~26%), and Actinobacteria
(~20%) were consistently the phyla with the highest relative abundance
in all soil samples (Fig. 2), but their abundances were not statistically

Table 1
Edaphic factors measurements in soil samples with and without animal impact.
Type of soil sample Sample pH WC OM (%) N-NO3 (ug/g) N-NHZ1 (ug/g) P (ug/g)
Soils w/o animal influence ~ Ct_LI 531+010 a 13.044+1.85 a  2.61+0.52 a 15204237 a 0.00 + 0.00 a 1416 + 2.61 a
Ct_KGI 625+ 0.19 16.09 + 2.43 1.84 4+ 1.00 15.63 4+ 0.70 0.00 + 0.04 0.78 + 3.64
Pinniped-impacted soils Ag_LI 450+ 075 a 978 +285 a 1.68 +0.49 a 108.83 +21.99 ab 0.10+£0.12 b 15529 4 65.48 a
Ag_KGI 444 £ 0.11 22.35 £ 6.57 1.95 + 1.55 21.93 £+ 19.93 0.10 + 0.06 18.13 + 1.42
MI_LI 6.34 £+ 0.20 19.54 + 23.62 3.52 +3.81 46.27 + 20.66 12.59 + 8.53 437.22 4+ 12291
MILKGI 4.80 + 0.26 2439 + 5.40 1.93 4+ 0.60 37.51 £ 57.81 10.07 + 5.19 13.63 + 4.47
Bird-impacted soils Ld_LI 406 4+0.04 a 544141466 b 8.2440.66 b 13832 + 75.69 b 027 £0.12 ¢ 259.00 £ 95.52 b
Ld_KGI  6.46 + 044 49.25 4 2242 13.13 + 0.77 561.67 4+ 140.26 280.54 + 62.12 1830.79 + 169.27
Pp_LI 7.06 + 0.29 42.86 + 3.19 1391 + 545 13.29 + 422.85 231.93 + 113.92 1746.38 + 179.17
Pp_KGI  3.89 + 034 44.93 4 36.02 12.75 £ 7.51 153.08 + 48.63 26.10 & 31.30 585.69 + 136.19

Values represent the median + standard deviation among the replicate soil samples in each series. The number of replicates was 6 for soils without animal influence and 12 for soils with
animal influence. Different letters indicate statistically significant differences in each column, comparing the different types of soil samples (p < 0.05, Kruskal Wallis, Dunn posthoc test with

Benjamini-Hochberg correction).
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Fig. 2. Bar plot of the structure of the microbial communities from the Antarctic soil metagenomes. The relative abundance of the 16S rRNA gene-based OTUs classified at the phylum level
is shown. Each color represents a different phylum (see figure key). The blocks below indicate the type of sample soil: in blue, pinniped-impacted soils; in red, bird-impacted soils; in green,
soil samples without animal influence. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

significantly different among the soil samples. To identify significant dif-
ferences in the abundance of individual OTUs in the different soil types,
we employed DESeq2 (p < 0.05; after Bonferroni correction) (Love et al.,
2014). We found 132 and 29 OTUs to be significantly more abundant in
soils without animal influence than in bird-impacted soils and
pinniped-impacted soils, respectively. Notably, the 29 OTUs found in
the latter comparison were also found in the former comparison
(Supplementary material Table A5). Specifically, we observed OTUs
assigned to families Gaiellaceae and Nitrososphaeraceae to be statistically
significantly more abundant in soils without animal influence than in
pinniped-impacted soils and bird-impacted soils. Additionally, we
found 8 OTUs significantly more abundant in bird-impacted soils than
soils without animal influence (Supplementary material Table A5),
among them OTUs assigned to genera Rhodanobacter, Dokdonella, and
Candidatus Aquiluna.

3.3. Functional diversity in animal-impacted Antarctic soils

Protein-coding genes from assembled contig were classified at the
subsystem level of the hierarchical annotation scheme of SEED to eval-
uate the functional gene diversity of the sampled microbial communi-
ties. On average, 303,335 genes were annotated per assembled
metagenome, representing between 46% and 51% of the total predicted
genes (Supplementary material Table A6). The most abundant broad
categories were cofactors, vitamins, prosthetic groups and pigments,
protein metabolism, and metabolisms for carbohydrates, amino acids,
and derivatives. Using DESeq?2 (Love et al.,, 2014), we found that the
abundance of genes for 223 of the total 1667 (13.3%) subsystem catego-
ries was significantly different (p < 1e—03; after Bonferroni correction)
between animal-impacted soils and soils without animal influence. The
subsystem categories with the most significant differences between
soils without animal influence, pinniped-impacted soils, and bird-
impacted soils, in pairwise comparisons, are shown in Supplementary
material Table A7. From this set, the three subsystem categories most
significantly abundant in soils without animal influence were (i) “A

Gram-positive cluster that relates ribosomal protein L28P to a set of
uncharacterized proteins”, (ii) “ABC transporter oligopeptide (TC 3.
A.1.5.1)" and (iii) “CBSS-350688.3.peg.1509”, which includes a pepti-
dase, a ribosomal protein, components of the riboflavin metabolism
and a polyribonucleotide nucleotidyltransferase. Conversely, the three
categories most significantly abundant in animal-impacted soils (both
pinnipeds and birds) compared to soils without animal influence were
(i) “N-ATPase”, (ii) “Murein hydrolase regulation and cell death”, and
(iii) “Flagellar motility”. In addition, in soils without animal influence,
we found the highest fold changes for categories related to “Ribosome
SSU eukaryotic and archaeal” and “Ribosome LSU eukaryotic and ar-
chaeal” when compared to pinniped-impacted soils (6.15 and 5.91, re-
spectively), and for categories related to “Coenzyme F420” comparing
to bird-impacted soils (2.77 each one). Specifically, for the nitrogen
cycle, we found that reads carrying denitrification genes were 2.12-
fold (p = 2.6e—07) and 1.7-fold (p = 0.011) more abundant in bird-
impacted soils and pinniped-impacted soils than in soils without animal
influence, respectively. Also, reads carrying urea decomposition genes
were 3.10-fold (p = 6.6e—03) more abundant in pinniped-impacted
soils than in bird-impacted soils.

3.4. Recovery of metagenomes-assembled genomes (MAGSs)

From the ten metagenomes, a total of 100 metagenome-assembled
genomes (MAGs) were recovered. The MAGs had average estimated
completeness of 83.9%, contamination of 4.3%, and quality of 63%,
while the fraction of shared proteins used in the AAI calculation was
higher than 40% of the total protein sequences in the genome for almost
all MAG to MAG comparisons (Supplementary material Table A8).
Based on their best AAI match against available (classified) isolate ge-
nomes (Rodriguez-R et al., 2018a), 50 MAGs were classified to phylum
Proteobacteria (26 Beta-, 22 Gamma-, one Alpha-, one Delta-), 22 to
Actinobacteria, 15 to Bacteroidetes, six to Firmicutes, four to
Gemmatimonadetes, and one to Deinococcus-Thermus, one to
Saccharibacteria, and one to Verrucomicrobia. MAGs related to
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Rhodanobacter denitrificans, and Candidatus Tremblaya princeps were
the most frequently detected MAGs across samples, with seven MAGs
representatives each of these two species, followed by Dokdonella
koreensis with six MAGs (Fig. 3).

In concordance with their lower estimated coverage, the
metagenomes Ct_LI, Ct_KGI and MI_KG]I, yielded fewer MAGs (four,
four, and one, respectively) than other animal-impacted metagenomes
(approximately 10 MAGs per sample). The analysis based on AAl values
against the closest related (classified) genome showed that out of the
100 obtained MAGs, two likely represented new families, 18 new gen-
era (of a previously described family), 71 new species, and only nine
were related to previously described species.

3.5. Nitrogen cycling pathways related to N,O emissions in animal-
impacted Antarctic soils

We assessed the relative abundance of nitrogen cycle genes related
to pathways potentially involved in N,O emission based on both unas-
sembled metagenomic short reads and metagenome-assembled ge-
nomes (MAGs). Based on the analysis of the unassembled
metagenomic short reads, we found that denitrification genes (narG,
nirK, and nosZ) were statistically significant (p < 0.05, Kruskal-Wallis
test, Dunn posthoc test) more abundant (relative abundance) than
those of nitrification (amoA and hao) and DNRA (nrfA) pathways (Sup-
plementary material Table A9). In particular, nitrite reductase (nirK)
and nitrous oxide reductase (nosZ) genes were more abundant in
bird-impacted soils than soils without animal influence. On average,
the number of genome equivalents, i.e., the fraction of the total sampled
cells that are expected to carry the gene of interest assuming the gene is
single-copy per genome, was 6.4-fold higher for nirK genes (p =
0.0395) and 9.1-fold higher for nosZ genes (p = 0.0301) in bird-
impacted soils than soils without animal influence (Supplementary ma-
terial Table A10). Besides, we found a significant positive correlation
(r =0.67, p = 0.0342) between the soil nitrate content and the nosZ
gene relative abundance; however, no significant correlations were
found between nitrate content and the abundance of other denitrifica-
tion genes (data not shown).

For DNRA, we found the nifA gene, which encodes a periplasmic ni-
trite reductase, in seven MAGs, all assigned to the Bacteroidetes phylum.
This gene was found in 2/37 of the MAGs obtained from pinniped-
impacted metagenomes and 5/55 from bird-impacted ones. Concerning
nitrification, five MAGs carried genes of this pathway, and only MAG
#38 related to Nitrosospira lacus (69.1% AAI), obtained from bird-
impacted soils, included an ammonia monooxygenase (amoA) gene
(Fig. 3). Finally, regarding denitrification, only three MAGs included all
necessary genes for the complete pathway (i.e., reductions from NO3
to Np); two from pinniped-impacted soils and one from bird-impacted
soils. Specifically, these MAGs were #2, #48, #91 and were related to
Pandoraea thiooxydans (51.4% AAI), Pseudomonas stutzeri (64.95% AAI)
and Oblitimonas alkaliphila (63.17% AAI), respectively. Most MAGs (89/
100) included only some of the denitrification genes and, thus, they
were likely incomplete denitrifiers, although the possibility of gene
missing due to genome incompleteness cannot be excluded in some
cases. For example, the narG gene (coding for nitrate reductase) was
present in 16/37 of the MAGs from pinniped-impacted soils and 27/55
of the MAGs from bird-impacted soils, and was the most abundant ni-
trogen cycle gene, often present in more than one copy in several
MAGs (Fig. 3). More MAGs contained nirS than nirK genes (coding ni-
trite reductase): 5/37 of the MAGs from pinniped-impacted soils and
9/55 of the MAGs from bird-impacted soils carried nirS gene compared
to 0/37 and 3/55 of the MAGs from the same metagenomes carrying
nirk gene. The norB (coding nitric oxide reductase) and nosZ (coding ni-
trous oxide reductase) genes were similarly present in bird-impacted
soils (13/55 and 11/55 of the MAGs, respectively) and pinniped-
impacted soils (8/37 and 7/37 of the MAGs, respectively). Six out of
the total seven of our MAGs identified as close relatives of
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Rhodanobacter included at least one gene involved in denitrification.
Three of them encoded only the nosZ gene among the denitrification
genes (Supplementary material Fig. A2). Notably, no denitrification
genes were detected in MAGs obtained from soils without animal influ-
ence (Fig. 3).

3.6. Geographic distribution of the MAGs

The recovery of MAGs allowed us to evaluate their geographic distri-
bution in our metagenomes and other available metagenomes. To as-
sess the prevalence of each MAG in our samples, a heatmap that
shows MAGs' relative abundance (i.e., TAD80 values derived from
read recruitment plots) in each metagenome was built (Fig. 3). We
also determined the genomospecies, or gsp, that each MAG was assign-
able to, i.e., species that can be differentiated from each other using the
95% ANI genomic-level threshold (Konstantinidis and Tiedje, 2005)
(Supplementary material Table A8). Our results showed that, in general,
most MAGs were detected only in one sample and represented different
gsp, revealing a high overall heterogeneity across samples. Among the
100 MAGs, we found 83 different gsp, with 13 gsp represented by
more than one MAG. Interestingly, for the animal-impacted soils from
different islands, separated by approximately 100 km, we were able to
find the same MAG population (>95% ANI) for several gsp (Supplemen-
tary material Fig. A3). For example, in samples from bird-impacted soils
(Pp_KGI, Pp_LI, Ld_KGI), we recovered MAGs related to Candidatus
Tremblaya princeps (MAG #12 and MAG #97 belonging to the gsp
#12), Arsenicicoccus sp. (MAG #56, MAG #77 and MAG #95 belonging
to the gsp #54), Gottschalkia acidurici (MAG #62 and MAG #71 belong-
ing to the gsp #60), Rhodoferax saidenbachensis (MAG #63, MAG #72
and MAG #87 belonging to the gsp #61) and Phycicoccus dokdonensis
(MAG #58, MAG #70 and MAG #92 belonging to the gsp #56).

Rhodanobacter was one of the most abundant genera in our samples;
approximately 2% of all 16S rRNA gene-carrying reads were grouped in
11 OTUs assigned to this genus. Seven assembled MAGs were related to
Rhodanobacter, and 10% of all reads recruited by obtained MAGs were
related to this genus. Almost all these MAGs represented distinct gsp,
except for MAG #67 and MAG #78 that belong to the same gsp #64.

Assessing the diversity among metagenomic reads mapped on their
respective MAG can reveal the level of sequence diversity (or clonality
level) within each population (Meziti et al., 2019). Typically, reads
with greater than 95% identity represented sequence-discrete popula-
tions in our data, consistent with previous findings from other habitats
(Caro-Quintero and Konstantinidis, 2012; Jain et al., 2018;
Konstantinidis and Delong, 2008; Olm et al., 2020). Reads with less
than 95% identity were relatively rare and, thus, presumably represent
different co-occurring populations or hypervariable regions of the ge-
nome (Caro-Quintero and Konstantinidis, 2012; Konstantinidis and
Delong, 2008).

Specifically, for one of the most dominant genera in our samples, we
observed the following patterns when we used its representative MAG
#52, related to Rhodanobacter denitrificans (69.13% AAI), to perform
read recruitment plots for each metagenome (Supplementary material
Fig. A4). In almost all samples, even coverage across the entire MAG se-
quence was observed, revealing a homogenous sequence-discrete pop-
ulation (nucleotide identity > 95%) and the presence of related co-
occurring population(s) (nucleotide identity < 95%). Livingston Island
samples showed both populations present in similar relative abundance
compared with King George Island samples; the latter samples
(ie., Ag_KGI, MI_KGI, and Ct_KGI) showed a sequence-discrete popula-
tion of relatively low abundance (Supplementary material Fig. A4). On
the other hand, we observed poor read recruitment (sequencing
depth lower than 0.1x) and non-homogenous coverage across the en-
tire MAG #52 when examining metagenomes obtained in other studies
(Jietal, 2017; Orellana et al.,, 2018) (Supplementary material Fig. A5),
indicating the MAG recovered here was locally abundant only.
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4. Discussion

4.1. Edaphic factors and microbial community diversity are more affected
by bird-impacted soils than pinniped-impacted soils and soils without
animal influence

We found that water content, organic matter content, and phospho-
rus content were higher in bird-impacted soils than pinniped-impacted
soils and soils without animal influence, and nitrogen content was
higher in bird-impacted soils than soils without animal influence. Con-
sistently, in our previous study (Ramirez-Fernandez et al., 2019), we
found higher nutrient content in soils impacted by penguins than soils
impacted by Antarctic fur seals and soils without animal influence. Sim-
ilar trends were also reported in previous studies, where penguins pro-
duce higher alterations in soil physicochemical properties than seals
(Ma et al,, 2013; Wang et al., 2015). The great influence of penguins is
most likely related to the fact that their colonies are more crowded
than the pinniped ones. Although it has been described that intense ac-
tivity of penguins in ice-free areas leads to acidic pH in ornithogenic
soils (Simas et al., 2007), we found a wide range of pH, between neutral
to slightly acidic in our penguin- (and other animals) impacted soils.
This range, however, is concordant with values found in soils impacted
by penguins and seals in Antarctica (Ramirez-Fernandez et al., 2019;
Wang et al,, 2015).

Despite the significant differences in these edaphic parameters,
overall microbial community diversity was not statistically significantly
different among soil samples, presumably due to the relatively small
number of datasets obtained. However, several individual OTUs and
functional subsystem categories were significantly different in abun-
dance between animal-impacted soils and soils without animal influ-
ence. The relatively higher amount of nutrients in bird-impacted soils
than soils without animal influence would allow the proliferation of
specific microbial taxa capable of tolerating or using these nutrients,
resulting in overall reduced microbial diversity in these soils. Indeed,
we recover, on average, 63% of the microbial community complexity
from bird-impacted soils, 50% from pinniped-impacted soils, and 32%
from soils without animal influence when we applied similar sequenc-
ing efforts in all samples. In agreement with these results, the diversity
analysis of these OTUs, based on the Shannon or Simpson_1-D indices,
showed that soils without animal influence generally had higher diver-
sity, followed by pinniped- and bird-impacted soils.

Although the measured edaphic variables did not significantly ex-
plain the microbial composition variation, we found that pH and ammo-
nium, nitrate, and phosphorus contents represented the highest loading
values in the ordination based on the distance between metagenomes.
Concordantly, these edaphic factors have been previously reported as
the main drivers of the diversity of soil microbial communities in
animal-impacted soils from Antarctic ecosystems (Ramirez-Fernandez
et al.,, 2019; Siciliano et al., 2014; Wang et al., 2015). Further, it has
been reported that Antarctic marine animals create nutrient gradients
even beyond their colonies (>1000 m), and their presence is associated
with terrestrial biodiversity hotspots (Bokhorst et al., 2019).

4.2, Denitrification genes are highly abundant in Antarctic soils impacted by
marine birds

Multiple microbial pathways lead to N,O emissions, including am-
monia (hydroxylamine) oxidation, heterotrophic denitrification, and
DNRA (dissimilatory nitrate reduction to ammonium) (Hallin et al.,
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2018). Nitrification-related pathways and heterotrophic denitrification
have been established as the most predominant sources of N,O emis-
sions from soils (Hu et al., 2015). In several previous studies, high N,O
emissions in Antarctic soils impacted by animals, especially penguins,
were reported (Zhu et al., 2009, 2013; Neufeld et al., 2015; Wang
etal,, 2019). In our study, we found that denitrification genes had higher
relative abundance than genes related to nitrification and DNRA, and
that nirK and nosZ genes were more significantly abundant in bird-
impacted soils than soils without animal influence. Therefore, assuming
that DNA abundance reflects activity in ecosystems that experience sta-
ble, long-term perturbations such as these Antarctic soils (Orellana
et al.,, 2019), we hypothesize that incomplete microbial denitrification,
rather than nitrification and DNRA, is the primary source of the previ-
ously measured N,O emissions in these Antarctic soils (Zhu et al.,
2009, 2013; Neufeld et al., 2015; Wang et al., 2019). However, somehow
inconsistent with this interpretation, the nosZ gene, responsible for re-
ducing N,O to N, was highly abundant in our animal-impacted
datasets. A possible explanation that could reconcile these findings is
that even though there is a high relative abundance of nosZ genes in
bird-impacted soils, this gene could be not being transcribed or trans-
lated adequately or could be active only under specific conditions,
e.g., warm temperatures are typically required for its activity
(Domeignoz-Horta et al., 2016; Liu et al.,, 2014). Another possibility is
that even though a high amount of metabolically active NosZ enzyme
is produced, the N,O emissions could be higher than N,O consumption
rates, or N,O emissions originate from abiotic processes. Testing these
hypotheses in the future will be necessary for a complete understanding
of these greenhouse gas emissions from these Antarctic soils. The data
(genes and genomes/MAGs) provided here should facilitate such stud-
ies in the future.

In our soils without animal influence, we did not detect any genes
related to nitrogen cycling pathways. Concordantly, Nelson et al.
(2016) found the highest frequencies of nitrogen pathway genes in
nutrient-enriched environments such as tropical forests and human-
dominated (pasture, lawn, and agriculture) soils; in contrast, the lowest
frequencies were observed in cold deserts. Consistently, the low con-
tents of organic matter and nitrogen found in soils without animal influ-
ence presumably explain the non-detection, or detection at low
frequencies, of genes related to denitrification, nitrification, and DNRA
in the metagenomes or MAGs obtained from these soils. Conversely, in
our animal-impacted soils, seven MAGs were found to carry the nirfA
gene involved in DNRA, all belonging to the phylum Bacteroidetes.
DNRA is an under-studied nitrogen cycling process in soils compared
to other major nitrogen transformation pathways. However, in a recent
study, Nelson et al. (2016) found an unexpectedly high frequency of
bacteria with DNRA capabilities in soils. Also, DNRA genes have been de-
tected across a wide range of bacterial clades (Welsh et al., 2014).
Regarding nitrification, only the MAG #38, identified as Nitrosospira
lacus (69.1% AAI), contained the complete nitrification pathway. This
bacterium has been described as a psychrotolerant ammonia-oxidizer
capable of growth over a wide pH range (Urakawa et al., 2015). Even
though a representative of this genus has been isolated from
Antarctica (Palleroni, 1952), no sequences have been reported from
polar regions. Thus, the MAG reported here is the first genome repre-
sentative of this genus from Antarctic soils to the best of our knowledge.
Finally, denitrification is an anaerobic process carried out by diverse
bacterial taxa, which could possess the complete (nitrate to nitrogen
gas) or incomplete (modular) denitrification pathway. However, in-
complete denitrification appears to be more common than the complete

Fig. 3. Heatmaps of the relative abundance of MAGs and nitrogen cycle genes in the Antarctic soil metagenomes. The left panel shows the MAG relative abundance in each sample
calculated as truncated average sequencing depth (TAD80) normalized by genome equivalents. The right panel shows the number of copies of genes involved in denitrification (napA,
narG, nirS nirk, norB, and nosZ), nitrification (amoA, hao, and nrx), and DNRA (nrfA) from MAGs. The left blocks indicate the type of sample from where each MAG was recovered: in
blue, pinniped-impacted soils; in red, bird-impacted soils; in green, soil samples without animal influence. The taxonomic novelty of each MAG is indicated by the corresponding color
(see figure key on top) in the name of the closest relative bacteria found in the NCBI database. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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pathway in available isolate genomes and metagenomes (Graf et al.,
2014; Sanford et al., 2012). Consistently, we found that 89/92 of the
MAGs obtained from animal-impacted soils, representing diverse bacte-
rial phyla, carried an incomplete denitrification pathway; only the re-
maining three MAGs belonging to the class Betaproteobacteria had the
complete denitrification pathway. While some of the former results
may be due to incomplete MAGs (as opposed to real gene absence),
our results collectively suggested that, in bird-impacted soils, denitrifi-
cation is a highly abundant and predominantly modular process carried
out by diverse bacterial species. Therefore, it appears that a diverse mi-
crobial guild is responsible for N,O emissions related to denitrification
in these Antarctic soils.

4.3. Rhodanobacter is the most abundant genus in Antarctic soils impacted
by marine birds

The taxonomic affiliations of the assembled MAGs were, in general,
consistent with the 16S rRNA gene-based taxonomic community com-
position. For instance, phyla Proteobacteria, Actinobacteria, and
Bacteroidetes were highly represented among the MAGs, consistent
with their high relative abundance based on 16S rRNA gene-carrying
metagenomic reads. On the other hand, we found ~23% of the 16S
rRNA gene-carrying read sequences to be taxonomically unassigned,
and our analysis of MAGs showed that 91 of the total MAGs obtained
represented a species not previously taxonomically described based
on isolates, and they all presumably represent yet uncultured bacteria.
These results indicate a high degree of novelty of the microbial commu-
nities in our Antarctic soil samples. Consistently, in a previous re-
analysis of 16S rRNA gene sequences from 37 studies representing
both cultivation-dependent and -independent Antarctic soil surveys
(Lambrechts et al., 2019), 85.6% of bacterial sequences represented yet
uncultured genera. Only three out of the 100 recovered MAGs had
close relatives in the database with a high percentage of similarity
(>80% AAI). Specifically, MAG #1 and MAG #31 (gsp1) were related
to Nitrosospira briensis C128 NZ CP012371" with 92.33% AAI and
92.69% AAI, respectively. This bacterium is an ammonia-oxidizer that
has been isolated from an acid agricultural soil, and its gene inventory
supports a chemolithotrophic metabolism with implications for ecosys-
tem function in soil environments (Rice et al., 2016). Even though we
did not find genes related to the nitrogen cycle in these two Nitrosospira
MAGs, representatives of the Nitrosospira genus have been found to be
related to N,O emissions in soils amended with inorganic nitrogen fer-
tilizers (Lourenco et al., 2018), indicating that the corresponding nitro-
gen pathway genes were missed during genome binning in this case
due to the ~70% completeness (or this gsp is not involved in N,O emis-
sions). Finally, MAG #43 was related to Corynebacterium humireducens
with 89.9% AAL This species was isolated from a microbial fuel cell con-
tinuously fed with artificial wastewater and was described as a novel
halotolerant and alkaliphilic bacterium capable of reducing humic
acids (Wu et al., 2011). Besides, it was reported that Corynebacterium
strains reduce nitrate, nitrite, and nitric oxide to N,O under anaerobic
conditions (Renner and Becker, 1970).

Rhodanobacter was the genus with the highest number of MAGs re-
lated to a (known) genus (65.11% to 77.22% AAI). Specifically,
Rhodanobacter was one of the most abundant genera in our bird-
impacted soils; approximately 2% of all the 16S rRNA gene-carrying
reads were assigned to this genus. Most of the Rhodanobacter MAGs re-
covered from our samples represent distinct gsp and were present in
both King George Island and Livingston Island. Rhodanobacter species
are known for a combination of physiologic traits that allow growth
under (or tolerate) diverse conditions such as circumneutral pH (4-8),
high concentration of organic nutrients, nitrate, NaCl, and heavy metals
(Prakash et al., 2021). Most of these conditions can be found in our Ant-
arctic sampled soils impacted by animals (Ramirez-Fernandez et al.,
2019; Wang et al., 2019), which could stimulate the growth of
Rhodonobacter. In fact, this genus was previously found at a high relative
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abundance in studies of animal-impacted Antarctic soils from the Ross
Sea region (Aislabie et al., 2009), King George Island (Kim et al., 2012),
and Livingston Island (Ramirez-Fernandez et al, 2019). Also,
Rhodanobacter has been found at high abundance in contaminated
soils such as petroleum hydrocarbon-impacted soils in Macquarie Island
from Australian sub-Antarctica (Van Dorst et al., 2016), crude oil-
contaminated soils from the USA (Hamamura et al., 2006), gold mining
contaminated soil from China (Guo et al., 2017), and nuclear legacy
waste in Oak Ridge from the USA (Green et al, 2012). Thus,
Rhodanobacter species appear to be versatile organisms and important
members of soil microbial communities in various naturally or anthro-
pogenically disturbed habitats, including our bird-impacted Antarctic
soils, and could serve as model organisms for future studies of disturbed
ecosystems.

Rhodanobacter may also be an essential clade involved in denitrifica-
tion in acidic soils with high emissions of N,O as the denitrification end-
product (Van Den Heuvel et al., 2010). Analysis of the genomes of six
publicly available Rhodanobacter isolate genomes revealed that all
contained nearly complete denitrification pathways, including two cop-
ies of the nitrite reductase gene nirK (except R. spathiphylli carrying only
a single copy) (Kostka et al., 2012). All denitrifying isolates contain most
of the genes in the dissimilatory denitrification pathway, and non-
denitrifying isolates lack several essential genes involved in nitrate res-
piration, such as nitrate reductase genes (i.e., narG, narH, narJ, and narl).
Lycus et al. (2017) isolated six additional Rhodanobacter strains from
low pH soils and found that three of them were unable to reduce N,O
at neither low nor high pH, yet they did carry the nosZ gene. However,
one of the Rhodanobacter isolates did reduce N,O at low pH. These find-
ings show that Rhodanobacter strains differ in their regulation of denitri-
fication and N,O consumption in low pH soils. Therefore, it is
challenging to infer if Rhodanobacter strains contribute to the reduction
of N»O in our animal-impacted soil samples, and more experimental
work will be needed to test this hypothesis in the future.

5. Conclusions

Collectively, we found that in the Antarctic ice-free areas studied
here, most of the measured edaphic factors, including nitrogen content,
were higher in bird-impacted soils than soils without animal influence.
Consistently, a high relative abundance of denitrification genes (i.e., nirk
and nosZ) and denitrifying bacteria related to the Rhodanobacter genus
were observed in these soils. Sequences and genomes (MAGs) reported
here should facilitate future studies of these soil microbial communities
and their activities by providing, for example, reference sequences for
qPCR or other targeted molecular approaches. Finally, the results re-
ported here advance our understanding of the potential influence of an-
imal presence over soil microbial populations and nitrogen cycling
genes potentially involved in N,O emissions in Antarctic terrestrial
ecosystems.
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