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ABSTRACT
Introduction: The human oral microbiota continues to change phenotype by many factors
(environment, diet, genetics, stress, etc.), throughout life with a major impact on human
physiology, psychology, metabolism and immune system. Amongst one such factor with
unique and extreme environmental conditions is Antarctica. The sea voyage to Antarctica has
many risks than at station for expedition members. In this study, we investigated the
influence of Antarctic sea voyage and stay at the Indian Antarctic station Maitri, on the health
of Indian expedition members by using a metagenomic approach to explore oral biodiversity.
Methods: Saliva samples were collected from 12 expedition members, at 3 different time
points viz. before the start of the ship voyage, after the completion of the voyage and at the
end of the stay at Antarctica. Samples were analyzed for whole genome and 16S rRNA
sequencing.
Result: The oral microbial diversity of the expedition members was significantly changed,
during the days of sailing and after the stay at Antarctica. The oral microbiota comprised
mainly of the phyla Firmicutes (46%, 29% & 36%); Proteobacteria (40%, 48%, & 44%),
Bacteroidetes (10%, 22%, &14%), Fusobacterium and Actinobacteria (5%-1%) and
Unclassified (17%, 25% & 23%), at three time points, respectively. Further, the differential
analysis of microbes across all the phyla revealed 89, 157 and 157 OTUs genera. The altered
microbiota indicated changes in amino acid, lipid and carbohydrate metabolism.
Conclusion: Study suggests that understanding the compositional and functional differences
in the oral microbiota of Antarctic expedition members, can lay the foundation to relate these
differences to their health status. It will further demonstrate the need for providing improved
management during ship voyage and stay in Antarctica.

ARTICLE HISTORY
Received 26 October 2018
Revised 7 January 2019
Accepted 28 January 2019

KEYWORDS
Antarctica; stress; oral
microbiota; saliva;
metagenome; metabolism

Introduction

Antarctica, the fifth largest of the Earth’s seven conti-
nents is the southernmost, coldest, windiest, remotest
and most recently discovered continent having no long
history. Other than the Arctic it is hard to imagine
a more harsh and unforgiving place. Seafaring to the
most hostile and least populated continent on earth
implies numerous environmental challenges for
humans including ocean and Antarctic milieu, such as
high humidity (90–100%), salinity (30–35%), UV radia-
tion, stormy waves, blizzards, extreme low tempera-
tures, isolation, fear, confinement, altered circadian
rhythm and inadequate supply of fresh fruits and vege-
tables. This makes life onboard and in Antarctica
unique, causing significant physiological and psycholo-
gical problems. For expedition members who work
under such challenging situations during the voyage
and stay in Antarctica, conditions manifest into pro-
blems including seasickness, fear, gastritis, loss of appe-
tite and sleep, etc., as compared to land-based workers
[1–3]. Conditions thus required there are not only the

special ships and aircrafts but also psychological balance
of thoughts, which would not be accidental but delib-
erate. No one goes there casually. Over 100 years people
have been visiting there exclusively on the basis of
exploration. ‘It is a continent of extremes and of con-
trasts where there is no middle way’ [4]. It is also called
a ‘natural laboratory’ [5]. With the advances in the
technologies, much attention has been paid to the
health management of expedition members during the
voyage and stay in Antarctica, but yet many areas of
research remain unexplored like how the extreme envir-
onment, stress, fearful journey and diet alter the gut and
oral microbiota of individuals, remains unclear.

Trillions of microbes that exist in the human body
are collectively known as the human microbiome
which has approximately 100-fold more members
than our own genome, and is thus sometimes is
known as the ‘second human genome’ [6,7]. The US
NIH Human Microbiome Project (HMP) (http://
www.hmpdacc.org) has characterized the micro-
biome in five major body sites, some of which pro-
mote health and others contribute to illness [8]. It is
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important to understand the variations within the
microbiota, to explore the impact derived from age,
genetics, stress, fatigue, routine behaviour, dietary
changes, sanitary and living conditions, smoking,
antibiotics and most of all the environment [9–13],
on these complex, commensal and poorly understood
communities. The findings can be extended to under-
stand the interactions between the host and the
microbiota and its impact on human health.

It is known that mucosal surfaces are the main bar-
riers to the environment [14]. The most important, the
oral mucosa, is considered to be one of the effective
hindrances to the outside world and also an immuno-
logical and biochemical organ [15]. As described by
Pennisi the humanmouth is a portal of entry for patho-
gen to the respiratory and gastrointestinal tracts, and it
is very important to understand the constitution and
dynamics of microbial communities reflecting the
entire health status [16]. The Human Oral
MicrobiomeDatabase (HOMD) reveals that oral muco-
sal immunity in coordination with oral commensal
organisms maintain the homeostasis of the oral cavity
(http://www.homd.org), and play a fundamental role
such as metabolism and physiological functions in the
well-being of the host due to severe environmental
factors and diet changes [17]. Physical activities and
the interruption of the normal circadian rhythm can
also influence the oral microbial diversity due to the
fluctuating pattern of the biological clock. Jet lag-
induced dysplasia and diurnal fluctuations could be
causally related to metabolic abnormalities, such as
glucose intolerance and obesity [18]. Abnormality of
the oral microbiota has been reported to be correlated
with many diseases, such as periodontitis, pneumonia,
acute postinfectious glomerulonephritis, septicemia,
rheumatic fever, pre-term birth, cardiac health as well
as cognitive function, because of some pathogens resid-
ing in the throat and saliva [19,20]. In the medical
reports available for the past seven Indian scientific
expeditions to Antarctica, dental conditions were the
commonest diseases (25%), followed by conditions of
the digestive tract such as diarrhea and dyspepsia [21].
The finding of major periodontopathic bacteria in non-
dental sites, especially on the tongue, may argue for
antimicrobial treatment not only for the dental biofilm
but for the entire oral cavity [22]. The human micro-
biome has come to the rescue of many conditions,
which remained untreated with conventional methods.
Monitoring of the oral microbiota could be a useful tool
for early diagnosis of many diseases.

In this study, we investigated the oral commensal
microbes and the functional association between the
oral microbiota and the host health status using
a metagenomics approach, for Antarctica expedition-
aries, who performed a voyage in the Indian ocean
for 25 days and thereafter stayed in Antarctica for
more than 30 days. DNA-based whole genome

sequencing and 16S rRNA phylotyping were com-
bined for identification of major bacterial phyla for
altered microbial diversity and functional analysis for
annotation pertaining to microbial nutrient metabo-
lism for various pathways.

Materials and methods

Ethics statement and volunteer information

All expedition participants understood the nature of
the study and gave their written consent. The Ethics
Committee of the Defence Institute of Physiology and
Allied Sciences, the Defence Research and
Development Organisation, New Delhi, India,
approved all the relevant parameters of the study.
The study protocols were in accordance with the
approved guidelines.

Study design

A total of 25 volunteers participated in the 34th

Indian Scientific Summer Expedition to Antarctica
(ISEA), out of which 12 volunteered to the present
study. The demographic data of all participants were
collected at the beginning of the study (Table 1). The
expedition team stayed in the Indian Antarctic
Station, Maitri (70▫45′E, and 11▫44′S), located in the
Central Dronning Maudland region of east
Antarctica, about 100 km inland from the Princess
Astrid coast. The expedition team was selected on the
basis of interviews and some criteria set by authorities
suitable for the expedition. The participants were
subjected to thorough medical and psychological
examinations to ensure a healthy population, fol-
lowed by an acclimatization and orientation course
at the high-altitude location Auli, Uttarakhand, in the
Indian Himalayas. Participants took the voyage to
Antarctica for 25 days one way, covering a distance
of about 6,816 nautical miles. All the participants
were males aged 22–55 years; neither had any signs
or symptoms indicative of infection during the study
nor did they use any drugs that could significantly
affect the general health.

Sample collection
Passive saliva samples (approximately 2 ml) were
collected between 7 and 9 am, without consumption
of any food or water, prior to sample collection at
three different time points of the entire expedition.
The first one was for baseline data collection, at sea
level off Cape Town (T1) two days prior to the
beginning of the voyage to Antarctica; the second
was on board after completion of 25 days of voyage
(T2) without any sea shore stoppage, and the third
and final collection was at the end of 30 days of stay
(T3) at Maitri. Immediately after the collection,
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samples were frozen at – 22°C without culturing and
finally transferred to a –80°C freezer before
processing.

Sample preparation and DNA extraction

Two ml saliva collected in a Falcon tube was diluted
with 4 ml PBS and centrifuged at 1,800 x g for 5 min.
Genomic DNA was isolated from the pellet using the
QIAamp DNA Mini Kit (Qiagen, Hilden, Germany).
The quantity and quality of isolated DNA were mea-
sured using a Nano Drop ND-1000 spectrophot-
ometer (Thermo Fisher Scientific, Waltham, MA)
and agarose gel electrophoresis, respectively. All the
extracted DNA samples were normalized and then
stored at −20°C until further use.

16S v3-v4 amplification, library preparation and
sequencing

16S rRNA sequencing was conducted on an Illumina
MiSeq platform. To amplify and sequence the V3-V4
hypervariable regions of the 16S rRNA gene, the 341F
and 805R (Table 2) universal primers were used tar-
geting a region of approximately 464 bp encompass-
ing variability [23].

This region provides sample information for classi-
fication and identification of microbial communities
from specimens associated with human microbiome
studies in line with the Human Microbiome Project.
The reverse primer contains a 6-bp error-correcting

barcode unique to each sample. The final amplified
amplicon libraries were purified using AMPure XT
beads (Beckman Coulter Genomics, MA) and the size
and quantity of the amplicon library were assessed on
the Bioanalyser (Agilent technologies, USA) and the
Library Quantification Kit for Illumina (Kapa
Biosciences, MA), respectively. The PhiX Control
library (V3) (Illumina) was combined with the ampli-
con library (expected at 20%). The library was clustered
to a density of approximately 570 K/mm2, and the
libraries were sequenced through 250PE (Paired end)
Illumina MiSeq runs. Sequencing data were available
within approximately 48 h. Image analysis, base calling
and data quality assessment were performed on the
MiSeq instrument.

Genomic DNA pooling with respect to different
time points and WGS shotgun library preparation
and sequencing

To assess the changes at gene and pathway levels,
across different time points during the long voyage,
the genomic DNA samples at a particular time point
were pooled in equimolar concentrations. From this
pooled and purified metagenomic DNA 0.5 μg was
shared and a paired-end library with an insert size of
~300 bp was constructed for each sample. A shotgun
library was then constructed according to a standard
True Seq WGS (whole genome sequencing) protocol
provided by Illumina, Inc. (San Diego, CA).
Quantification was performed using a Qubit

Table 1. Demographic data for the 12 patients participating in the study.

Parameters Values (n = 12)

Age, yrs median (IQR) 32.5 (28.0–37.0)

Weight, kg, median (IQR) 75 (72.5–82)
SBP, mmHg, median (IQR) 120 (110.5–128.5)

DBP, mmHg, median (IQR) 74 (59.7–80.0)
Pulse rate, per min., median (IQR) 64.5 (59.0–75.5)

SpO2, %, median (IQR) 99 (98–99)
Respiratory rate, per min, median (IQR) 17 (14.0–18.75)
Mean Arterial pressure, mmHg, median (IQR) 95.17 (89.33–108.2)

Food Habit, %
Veg: non-veg 16.66: 83.3

Smoking, % 33.33
Alcohol, % 83.33

Sea Sickness, %
T1 –

T2 66.6

T3 75

Abbreviations: yrs – Years; IQR – Interquartile range; Kg – Kilograms; SBP – Systolic blood
pressure; mmHg – Millimeter of mercury (Hg); DBP – Diastolic blood pressure; SpO2 –
Peripheral capillary oxygen saturation; Veg – Vegetarian; non-veg – Non-vegetarian; T1 –
Time point 1; T2 – Time point 2; T3 – Time point 3.

Table 2. Forward and reverse primer sequence of V3-V4 region of 16S rRNA.

V3–V4 Illumina_16S_341F 5′ -TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG
Illumina_16S_805R 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC
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Fluorometer (Invitrogen, Life Technologies, Grand
Island, NY) and a Stratagene Mx3000P Real-time
PCR Cycler (Agilent, Santa Clara, CA) prior to clus-
ter generation in a c-Bot automated sequencing sys-
tem (Illumina, Inc.). Three libraries with different
indices were pooled together and sequenced in one
lane using an Illumina HiSEQ 2500 high-throughput
sequencing instrument with 2 × 75 bp paired-end
(PE) sequencing.

Quality check (QC), operational taxonomy unit
clustering and taxonomy assignment

The 16S analysis was performed using CLC micro-
bial Genomics Module v2.0 (Qiagen, Valencia, CA).
Quality filtering consisted of discarding reads <200
bp and >1,000 bp, excluding homopolymer runs >6
bp and ambiguous bases >6 bp, accepting one bar-
code correction and two primer mismatches.
A value of 25 mer was considered as the minimum
average. Phred quality score allowed in reads in
a sliding window of 50 bp followed by hos
sequences removed (Homosapiens hg 19). Paired
reads were merged using the Optional Merge
Paired Reads tool at default parameters-mismatch:
2, mismatch score: Default 8 (an overlap of 11
bases with one mismatch), gap cost: 2 (an insertion
or deletion in the alignment). For clustering the
merged sequences, all reads were trimmed to the
same length using the fixed length-trimming algo-
rithm and calculated as the mean length of the
merged reads minus one standard deviation for
the combined reads in all samples [24]. Finally,
the operational taxonomic units (OTUs) clustering
tool clustered fixed length trimmed reads to OTUs
at 97% similarity. Chimeras were removed, gener-
ating abundance of the OTUs for all samples
(default abundance 10), with Singleton OTUs
removed for statistical analysis. The analysis tool
used for taxonomy assignment was performed
employing the naïve Bayesian RDP classifier with
a minimum confidence of 0.8 against the Green
genes database resulting in the names of the iden-
tified taxa (assemblies).

16S rRNA functional prediction and WGS
functional metagenome

For 16S rRNA datasets, the Phylogenetic
Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt) software package was
used for predictive functional analysis. Template-
guided multiple sequence alignment (MSA) was per-
formed using PICRUSt (v. 1.0.0) against the multiple
alignment of the Greengenes [25] database (release
13_05) filtered at 97% similarity for bacterial
sequences.

For WGS Metagenome data from pooled Intra-
time point samples, the data were first quality filtered
using FASTQC v0.11, followed by analysis pipeline in
CLC Microbial Genomics Module v2.0 and Metagene
mark Plugin for Annotation. De-novo assembly was
performed at k-mer (k = 21, 41 and 61) in longer
contigs mode with a minimum contigs length of 200
bp. Metagenemark Ab-inito gene prediction algo-
rithm was used for annotating coding sequence
(CDS) regions in the resulting contigs. The identified
CDS were annotated using three databases; the NR-
Protein database, the P-fam domains and the GO
database [26–28] with BLAST Cutoff (10E-5). Using
the functional annotation of these collected BLAST
hits, we applied a majority-rule consensus approach
to determine the function of the query proteins. For
taxonomic annotation, we computed the lowest com-
mon ancestor (LCA) of all species in the collected
BLAST hits to determine its taxonomic origin.

Statistical analysis 16S rRNA and WGS datasets:
alpha and beta diversity (PcoA), differential
abundance and PERMANOVA

The merge abundance table tool was used to merge
all the individual abundance tables of different sam-
ples for differential abundance and Beta diversity
(PcoA) analysis. Differential abundance was esti-
mated using the Generalised Linear Model (GLM)
with Negative Binomial distribution. Significant
abundances between group pairs were identified
using the Wald test (Fold change >2 and p value –
0.05), and the likelihood ratio test across groups
(ANOVA-like) comparison for multi-sample cor-
rected p-values (Bonferroni corrected).

OTUs were aligned using Multiple sequence com-
parison by Log-expectation (MUSCLE), to create
alignment used to reconstruct a Maximum
Likelihood Phylogeny tree against the Greengenes
database (core set aligned sequences v.2010), and
the tree was generated using FastTree [29].
Rarefaction was calculated by sub-sampling the abun-
dances in the different samples at different depths.
Alpha diversity was estimated with measures calculat-
ing richness and diversity. Richness indices, Chao1
estimator [30] and abundance-based coverage estima-
tor (ACE) [31], were calculated to estimate the num-
ber of observed OTUs present in the samples. The
diversity within each individual sample was estimated
using the nonparametric Shannon diversity index
[32], and Simpson’s diversity index (Figure 2(e)).
Multivariate analysis of community structure and
diversity was performed on the datasets using: 1)
Principal Coordinate Analysis (PCoA) [33], and 2)
a permutation test for assessing the significance of the
constraints and permutational multivariate analysis of
variance (PERMANOVA). The differences between
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bacterial communities were investigated using the
Bray–Curtis dissimilarity distance (D-05 Unifrac for
robust trade-offs between rare and abundant
Lineages) [34]. The null hypothesis of no differences
between defined groups (i.e. assuming no constraints,
as for the PCoA) was investigated using the
PERMANOVA approach (p value-0.05) [35], and
applied to the Bray–Curtis dissimilarity distance
(No. of permutation: 99,999).

Correlation between 16S rRNA PICRUSt prediction
and WGS metagenome

Functional categories and their relative abundances at
three different time points were compared using
Wilcoxon test for paired time points (16S rRNA grouped
andWGS pooled time points). WGS reads after shotgun
analysis were annotated to Kyoto Encyclopedia of Genes
and Genomes (KEGG) orthologies (KOs) using v0.98 of
HUMAnN31. PICRUSt generated functional KOs pre-
dictions, using the 16S-basedOTU tables, were compared
to the annotatedWGSmetagenome across all KOs using
Spearman rank correlation. Statistical tests used in the
study were two-sided, and a p value of 0.05 or less was
reported as statistically significant.

Online data availability

All the raw data of WGS and 16S rRNA sequencing
have been submitted to the NCBI sequence read
archive (SRA) repository for the research commu-
nity, bio-project ID PRJNA419274.

Results

The oral microbiota of 12 members (36 saliva sam-
ples) of 34th ISEA, collected at T1, T2 and T3 time
points, were analyzed by performing 16S rRNA and
WGS to illustrate the microbial diversity during 25
days of voyage and 30 days stay in Antarctica.

Sequence data of the oral commensal microbiota
metagenome

We sequenced the V3-V4 regions of 16S rRNA from
36 saliva samples. All of the sequences were classified
into different OTUs at 97% similarity. In total,
4,564,450 sequence reads were obtained from the 36
samples, with an average read length of 153 bp
(Supplementary Data). The read number per sample
ranged from 75,964 to 170,860 averaging 126,790.
The rarefaction curves indicated that the sequencing
coverage was adequate (Supplementary Table 1).
Total taxa present in the 36 samples were 3,065 and
at least two-thirds of the taxa were considered com-
mon. Among the 980, 1,122 and 963 representative
OTUs found at T1, T2 and T3, respectively, 94 and 93
were shared taxa between T1 and T2, and T1 and T3,
respectively (Figure 1(a)), whereas 110 were shared
between T2 and T3. To obtain the phylogenetic clas-
sifications of the metagenomic reads for each sample,
we performed a classification analysis using the
Greengene 13.5 database and fold changes in phyla
at the T1, T2 and T3 time points (Figure 1(b)). The
results were assigned at phylum and genus levels
based on an identity level of 97% similarity. At all
three time points, a total of 47 phyla and 400 genera
were obtained and annotated.

Figure 1. (a) represents the number of texas, Neon Green represents (T1), blue (T2), red (T3), share texas green (T1-T2), purple
(T2-T3) brown (T1-T3) and gray (T1-T2-T3). (b) shows the fold changes in phyla at T1, T2 and T3 time points, dark blue represent
maximum ‘Z’ score and white minimum.
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Oral diversity analysis

The oral microbiota of 12 individuals compared at
T1, T2 and T3 time points, revealed clear distinction
in the microbiota through PCoA (Figure 2(c)). Three
indices (Chao1, Simpson and Shannon index)
employed to estimate the alpha diversity at different
time points, demonstrated an increase in diversity
during the 25 days of voyage and after 30 days of
stay in Antarctica (Figure 2(b)).

The taxonomic analysis at phylus level

The structure of the oral microbial community was ana-
lyzed bymeasuringOTUs by 16S rRNA sequencing, with
known sequences at phylus level more than 1%.
Firmicutes was the most predominant phylum, account-
ing for 46% of the identified taxa at T1. The second
richest phylum was Proteobacteria with 40% presence.
The next detectable phyla were Bacteriodetes 10% and
Fusobacteria and Actinobacteria, 2% each, whereas,
Spirochaetes, Cyanobacteria, TM7, Synergistetes and
GNO2 accounted for less than 1% (Figure 2(a)). After
25 days of voyage to Antarctica i.e. at T2, there was
a significant increase of Proteobacteria, to 48%, 22%
Bacteriodetes and 3% Fusobacteria while Actinobacteria
remained the same, 2% (Figure 2(a)). All other phylawere
reduced after the voyage including the Firmicutes
28.80%. An interesting phenomenon was observed after
staying in Antarctica for 30 days i.e. at T3, the predomi-
nance of microbiota was reversed and increased to 36%
Firmicutes, 5% Fusobacteria and decreased to 44%

Proteobacteria, 14% Bacteroidetes and 1%
Actinobacteria, and others to less than 1%. The phyla
abundance clearly indicated a significant change in the
microbiota (Figure 2(a)).

The taxonomic analysis at genus level

Next, we analyzed the frequency of the most abundant
genera. At the genus level Neisseria was the most abun-
dant genus (17.64%) at T1, followed by Enterococcus
(12.19%), Streptococcus (6.64%), Fusobacterium (5.2%),
Haemophilus (3.9%), Capnocytophaga (3.12%)
Veillonella (3.1%), Lactobacillus (2.26%), Pseudomonas
(2.17%), and others less than 1%, whereas unclassified
genera were 16.82% (Figure 2(d)). Interestingly, after
completion of the voyage at T2, the richest genus was
Enterococcus with a marginal increase to 13.53%, fol-
lowed by Pseudomonas and Lactobacillus, which
increased significantly to 10.49% and 8.33%, respectively,
compared to T1. On the contrary, genera Neisseria
(3.51%), Streptococcus (4.24%), Granucatella (2.86%),
Haemophilus (2.23%), Capnocytophaga (2.27%),
Fusobacterium (1.70%) andVeillonella (1.28%), were sig-
nificantly reduced. Interestingly, the unclassed genera
increased to 25.43% (Figure 2(d)). Following the same
trend at T3 the genera showing further marginal
enhancement were Enterococcus (14.57%), followed by
Pseudomonas (12.83%),Neisseria (5.24%) Fusobacterium
(2.13%), Haemophilus (2.34%) and Veillonella (1.61%)
whereas, genera Streptococcus (4.11%) and Lactobacillus
(7.38%) decreased marginally. The unclassified genera

Figure 2. (a and d) show oral microbial abundance at phyla and genus level at three time points; (b and e) depict alpha
diversities as antilog of Shannon index and (c and f) indicate beta diversity. All the data have p < 0.05.
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fell to (23.17%). Other genera represented less than 1%
(Figure 2(d)), while the different genera after the voyage
and stay in Antarctica, mostly belonged to Enterococcus,
Pseudomonas, Lactobacillus and Streptococcus.

Functional characterization, correlation between
16S rRNA predicted and WGS sequenced
functional profile

Predicted functional potential at different time
points
In addition to the community structure analysis
during the long voyage, we analyzed the functional
component between the time points to determine
the relationship between the microbiota structure
and functions involved in maintaining homeostasis
and adaptation during the course of the voyage and
changing landscapes, by employing a computational
method PICRUSt [36]. This was done to predict
the metagenomic contribution of the observed
microbial community at different time points.
Similar to the OTU profiles observed in our sam-
ples, comparison of the predicted KOs demon-
strated significant clustering at different time
points. The relative abundance of KOs present at
time point T2 and T3 was predominantly increased
compared to that at T1 (Figure 3). Further, STAMP
v2.1.3 generated PCoA of predicted functional

metagenomes showed a sparse distribution in T1
individuals on the left of the PC2 Axis, contrary to
the T2 and T3 cluster on the right side of the PC2
axis (Figure 4).

To encompass the major functional categories
covered by individual KOs, we determined the
overall gene pathways and module abundance
using the HUMAnN (HMP Unified Metabolic
Analysis Network). The results using statistical ana-
lysis of metagenomic profiles (STAMP) v2.1.3 were
analyzed at the second tier functional categories.
Among these categories, the functional abundance
of Replication, Recombination and Repair proteins
(p = 3.47e-4 and p = 2.23e-4), Enzyme families
(p-0017 and p-0.032), Immune system (p-0.021),
Metabolism of cofactor and Vitamins (p-0.027),
General function Prediction (p-0.012), and
Metabolic Diseases (p-0.045, 4.24e-4) were signifi-
cantly increased at T2 and T3 compared to T1,
whereas the membrane transport (p-0031) was sig-
nificantly decreased at T2 and T3 in comparison to
the T1 time point (Figure 5).

Correlation between 16S rRNA predicted
functional profile and WGS gene function profiles

WGS raw data generated on the Illumina NextSeq
500 2 × 75 base read length were 14.3, 16.5 and

Figure 3. KEGG orthologs (KOs) in saliva microbiota in all individuals at different time points.
The heat map shows the relative abundance of significant (p value <0.01) individual KEGG orthologs (Kos) calculated for time points T1, T2 and
T3 samples using PICRUSt. Samples were clustered using the Euclidean distance measure.
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Figure 4. Principal coordinate analysis (PCoA) using STAMP v2.1.3 of predicted functional metagenomes between Time points
T1, T2 and T3.

Figure 5. Metagenomic functional predictions pair-wise comparison between the time points (T1 – T2), (T1 – T3) and (T2 – T3)
for mean relative gene pathway abundance of significantly differentially abundant modules (ANOVA; p < 0.01).
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17.3 million reads at T1, T2 and T3, respectively.
De novo assembly metagenome tool was used for
whole metagenome analysis (beta version) of the
complete linkage clustering (CLC) genomics work-
bench. Microbial genomics Module, generated at
k-mer 21, an N50 contigs of 525 base and a total
number of 304,525 sequences, covering 155 mb of
the total bases. After coding DNA sequence (CDS)
annotation using Metagenemark, the CDS contigs
annotation was performed against the NR-Protein
database (28.3%–87,843), the PFAM domains
(28.98%–89,916) and the GO database (18.13%–
56,264) at a BLAST Cutoff of (10E-5) (Figure 6).
Correlation analyses were performed to evaluate
the relationship between percent abundances of
the second-tier functional gene categories in the
shotgun metagenomic dataset and the percent
abundances of genes inferred from PICRUSt. Site-
specific differences in abundances of functional
assignments were observed using PICRUSt, despite
normalization to 3,52,108 sequence reads, with the
log number of inferred functional assignments ran-
ging from 8.06 to 8.76 per site. These differences in
numbers of assignments are likely due to differ-
ences in copy number among the species identified
at each site. No functional traits among, Cell moti-
lity, Signalling molecules and Interaction,
Xenobiotics biodegradation and metabolism,

Metabolism of Amino Acid and Carbohydrate and
Enzyme families, were positively correlated between
shotgun metagenomic and PICRUSt datasets.
The percent abundances of all second-tier func-
tional traits were not significantly different between
datasets via ANOVA (p ≤ 0.3333). Among traits
that differed by >5% between the methods, Amino
acid metabolism and Translation were higher in the
shotgun metagenomic dataset, while PICRUSt
inferred greater abundance of membrane transport
(Table 3).

Discussion

The present study describes the oral metagenomic
analysis of the participants of 34th ISEA, spending
25 days on a voyage and 30 days in Antarctica with
extreme climatic conditions under which individuals
express a series of physiological and psychological
symptoms that manifest into various health problems
and declined physical performance. For better survi-
val, stability and performance, it is very important to
have diversity in all microbial ecosystems [37]. The
more diversity, the higher resiliency. Alteration in the
external biodiversity is directly proportional to the
human commensal microbiota and its correlation
with other metabolic pathways and immunity of the
body [38,39]. With the advent in technology, the

Figure 6. Representation of the CDS contigs annotation against (a) GO terms identified across T1, T2 & T3; (b) NR-protein; (c) GO
blast and (d) Pfam abundance at various time points.
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metagenome is a tool extensively studied to under-
stand the effect of altered microbiome on physical
conditions, and its impact on human health [40].

The human oral microbiota is under direct attack
by the external environment. Zheng et al. have
reported reduced microbial diversity in the oral cavity
and belly button during long voyages of 120 days,
confirming the influence of exposure to a stressful
voyage environment on the human body [41]. The
Antarctic milieu has multiple stresses including tor-
turous voyage, adverse temperature, inappropriate
nutrition, sleep deprivation, etc., causing severe phy-
siological and psychological stresses [42,43]. To our
knowledge, this is the first study to report the effect
of voyage and stay in Antarctica on the oral micro-
biota of Indian expedition members belonging to
a spectrum of age groups and ethnicity by 16S
rRNA and WGS. As we intended to study a sample
representative of the population the exclusion criteria
included only the most frequently reported condi-
tions that affect the healthy oral microbiome such as
wearing dentures, mouth sprays, pregnancy, reduc-
tion of the salivary flow, etc..

The oral microflora is the second most complex
microbiota of the body, colonizing in the abundance
of approximately 1,000 species (Human Microbiome
Project 2012). In our study, the bacterial abundance
varied with the conditions at different time points.
The most abundant phyla before the start of the
voyage (T1) was Firmicutes (46%) (previously
referred to as the low-G + C Gram-positives, with
genera like Streptococcus, Enterococcus, Lactobacillus,
Veillonella and related ones), followed by
Proteobacteria (40%) with genera Neisseria,
Haemophilus, Pseudomonas, and related ones),
which subsequently increased during the voyage
(T2) and stay in Antarctica (T3). This alteration in
phyla indicated the impact of a stressful environment
on the oral microbiota. Consequently, the predomi-
nant genera at T2, the Pseudomonas and Lactobacillus
followed by Enterococcus, are generally considered as
transient oral bacteria [44,45], related to oral and
respiratory diseases, e.g. caries, endodontic infections
and periodontitis [46–48]. Lactobacilli demonstrate
an antagonistic action against periodonto-pathogens
such as Prevotella intermedia, Porphyromonas

Table 3. List of 1st tier, 2nd tier and 3rd tier pathways with their metagenome and Picrust prediction along with spearman (r)
correlation values and the genus with may be responsible for the alteration in pathway.

1st Tier 2nd Tier 3rd Tier
Metagenome

(%)
picrust
(%)

Spearman
(r) p value Genus

Metabolism Metabolism of
Cofactors and
Vitamins

Biotin metabolism 0.762 1.675 2 0.110 Fusobacterium, Haemophilus,
Neisseria, Pseudomonas

Riboflavin metabolism 0.380 3.885 2 0.068 Fusobacterium, Haemophilus,
Pseudomonas, Streptococcus

Thiamine metabolism 0.604 2.436 2 0.186 Neisseria, Streptococcus

Nicotinate and nicotinamide
metabolism

0.762 3.561 4 0.496 Pseudomonas

Ubiquinone and other
terpenoid-quinone
biosynthesis

0.831 0.089 2 0.456 Neisseria, Pseudomonas

Metabolism of Other
Amino Acids

D-Alanine metabolism 0.005 2.769 6 0.296 Pseudomonas, Streptococcus

Lipid Metabolism Fatty acid biosynthesis 8.707 0.621 6 0.454 Haemophilus, Neisseria,
Pseudomonas, Streptococcus

Fatty acid elongation in
mitochondria

0.292 2.219 0.535 0.187 Pseudomonas

Fatty acid metabolism 0.292 2.982 7.464 0.124 Pseudomonas

Carbohydrate
Metabolism

Galactose metabolism 0.388 13.077 6 0.223 Fusobacterium, Neisseria,
Streptococcus

Glycolysis/Gluconeogenesis 0.388 3.064 6 0.032 Fusobacterium, Haemophilus,
Neisseria, Pseudomonas,
Streptococcus

Pyruvate metabolism 3.586 2.641 6 0.480 Streptococcus

Lipid Metabolism Lipid biosynthesis proteins 0.625 5.301 2 0.062 Haemophilus, Neisseria,
Pseudomonas

Glycan Biosynthesis
and Metabolism

Lipopolysaccharide
biosynthesis

37.164 5.077 2 0.002 Fusobacterium, Haemophilus,
Pseudomonas

Lipopolysaccharide
biosynthesis proteins

0.945 2.110 2 0.001 Fusobacterium, Haemophilus,
Pseudomonas

Peptidoglycan biosynthesis 8.707 2.726 4 0.001 Pseudomonas

Xenobiotics
Biodegradation and
Metabolism

Toluene degradation 4.613 4.744 4 0.002 Pseudomonas

Organismal
Systems

Digestive System Protein digestion and
absorption

4.316 1.360 0 0.019 Haemophilus, Neisseria,
Pseudomonas
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gingivalis etc., inhibiting their growth and resulting in
production of lactic acid lowering the pH of the
environment and release of H2O2 and bacteriocins,
thus maintaining the micro-ecological balance in the
oral cavity [49–51]. A very interesting phenomenon
was observed when the abundance of unclassified
sequences increased both during the voyage as well
as the stay in Antarctica. This provides an opportu-
nity to further explore and understand the Antarctica
environment and its implications on human health
and microbiota.

Expedition participants often had dry mouth,
increased respiratory rate and inadequate fluid intake
because of cold and dry winds. Oral hygiene often
becomes a secondary consideration when people are
tired and exposed to extreme cold/heat which makes
teeth sensitivity a major issue. As a result of this, teeth
may be subjected to trauma while consuming cold and
frozen stuff, e.g., frozen chocolate, a common culprit,
which is part of the expedition diet. Auburn, as noticed
in his personnel, commented on oral hygiene: ‘the
toothbrush remains for most rather an instrument for
use on ceremonial occasions’ [52]. Risk of oral problems
includes physical, biological, environmental, behavioral
and lifestyle-related factors [53], which become an
important issue under a stressful environment. In the
27th ISEA, oral ulcers observed in the early part of the
winter period, though mild in nature, were treated by
using oral anesthetic gels, multivitamin capsules, and
oral hygiene measures. The incidence of oral ulcers was
reduced when dietary modifications (sprouts of chick-
peas, wheat, green gram [mung bean], fenugreek seeds)
and multivitamin supplementation were introduced in
the diet on a regular basis [21].

It appears that oral tissue and the presence of cold
and humidity could be the reasons for the entry of
respiratory pathogens and their arrival in the lower
airway. Fourrier et al. confirmed that bacteria causing
pneumonia were first found in dental plaques [24]. At
the same time, Scannapieco et al. revealed that the
oral microbiota becomes modified by the use of anti-
biotics. It favors oral colonization with respiratory
pathogens [54]. The most abundant genera in the
oral cavity reported are Haemophilus, Streptococcus,
Prevotella, and Veillonella (Human Microbiome
Project 2012). In our study, Pseudomonas was abun-
dant, a ubiquitous microorganism known for its
environmental versatility and predominant opportu-
nistic character. A problem arises when AmpC-(an
enzyme conferring resistance to certain antibiotics)
producing Pseudomonas spp., are isolated from
asymptomatic professionals who disseminate the
pathogen through droplets of saliva. The asympto-
matic Pseudomonas may form a biofilm leading to
lower respiratory tract infection in the cold and
humid weather of Antarctica thus reducing the
immunity. This enhanced abundance of

Pseudomonas spp. in the saliva of participants during
the Antarctica expedition is being reported for the
first time by us. The finding could be a matter of
concern for expedition management. Therefore, it is
very important to establish control strategies and
enlighten people to prevent bacterial dissemination.
However, reporting of the oropharyngeal coloniza-
tion of participants in the Indian expeditions have
been scant so far. It could be because better hygiene
and air circulation management have been
established.

It is recognized that Streptococcus spp. promote
recruitment of dental plaque bacteria through the
production of extracellular glucan and allow co-
aggregation with other germs and start the process
of colonization [55]. It is known that species of
streptococci are also associated with development of
autoimmune diseases like meningitis, rheumatic
fever, rheumatic [56,57]. Thus, the enhanced abun-
dance of streptococci could be a probable reason for
off and on reporting of joint pains by Antarctica
expedition participants.

Evidences show the presence of lactobacilli in
100% of sampled children [58,59]. One factor that
could influence the rate of salivary lactobacilli during
childhood is the carbohydrate intake [60,61]. It is
worthy to note that Antarctica expeditions are pro-
vided with an excessive supply of carbohydrates as
dry fruits, chocolates, rice, etc., and that could be the
possible reason for the increase in abundance of
lactobacilli throughout the expedition. A correlation
has been implicated in dryness of mouth and the
salivary Lactobacillus count [62], which has been
further associated with the symptoms of nervous
breakdown. Therefore, it could be inferred that one
of the probable factors for depression or mood swings
in Antarctica participants could be diet as depressed
subjects tend to eat a lot of sweet products, leading to
enhanced abundance of lactobacilli. Conversely, lac-
tobacilli also play an important role in inhibiting
dental carries, which could be the possible reason
for less reporting of dental carries by the participants
[63,64]. The role of Lactobacillus acidophilus and
casei as probiotics in improving the oral health by
removing other harmful lactobacilli in dental plaque
and saliva has also been reported as a preventive
measure [65]. The dominant source of the salivary
microbiome is most likely bacterial communities on
the mucosal surfaces, especially the tongue dorsum,
considering the similarities among microbiota com-
positions at various oral sites and in saliva. Therefore,
it is reasonable to expect that the relative abundances
of predominant bacteria in saliva are not directly
associated with the quantity of dental plaque or den-
tal health [66–68].

In humans, 24 h daylight does not cause much
problem but long polar nights cause forgetfulness,

JOURNAL OF ORAL MICROBIOLOGY 11



affect thyroid function and sleep pattern. Disturbance
in the circadian clock is a very important indicator of
host inability to prevent opportunistic infections [69].
Edlund et al. have reported production of an
N-actylserotonin-like molecule, an intermediate in
the melatonin production, from the oral bacterial
community [70]. This finding can be very well corre-
lated with the altered oral microbiome of the
Antarctica expedition participants with respect to
their circadian rhythm and psychology in addition
to long light and dark cycles.

Alteration in the metagenome affects the metabo-
lism of both the commensal microbiota as well as the
host microbiota, which eventually influences the
human health leading to various diseases. The genes
over the metagenome encode a large range of meta-
bolites, proteins and carbohydrates, which do not
solely affect the commensal microbiota but also the
metabolism and immunity of the host. Thus, any
alteration in the microflora is a factor of concern
leading to disturbance in the metabolic pathways.

The relationship between the microbiota, voyage
and stay in Antarctica has not been explored yet. The
present study clearly elucidates the effects of the
voyage and Antarctica conditions on the structure
and metabolic conditions of the oral commensal
microbes by sequencing 16S rRNA and WGS. All
the pathways with altered expression in 1, 2 and
3-tiers are significant and positively correlated to
metagenome and picrust with ‘r’score more than 0.
In tier-1 positively correlated pathways to the meta-
genome are related to metabolism (cofactors and
vitamins, amino acids, lipids, carbohydrates, glycol
and its biosynthesis, and xenobiotics and its biode-
gradation), and organismal system (digestive system).
In tier-2 specifically, in carbohydrate metabolism
Galactose, Glycolysis/Gluconeogenesis and pyruvate
were categorically affected, whereas in lipid metabo-
lism, biosynthesis of lipids and fatty acids, their meta-
bolism and elongation in mitochondria were
predominantly affected. Similarly, other affected
pathways like lipopolysaccharide, protein and pepti-
doglycan biosynthesis; in metabolism of amino acids,
D-alanine metabolism have the potential to induce
inflammation. Genes involved in nutrient metabolism
and detoxification were also affected which could be
due to insufficient nutrient intake because of severe
seasickness including nausea, headache, stomach
upset resulting in loss of appetite, restlessness, etc..

It is possible that cycling bacterial communities
of the human microbiota produce the ideal number
of active molecules, hormones, precursors, enzymes
or metabolites for regulation of host metabolism,
energy expenditure or host circadian rhythmicity.
But many times, it happens that the activity
changes may not be in full agreement with phylo-
geny. Some species differentially express pathways

clustered with other genera. It needs an in-depth
analysis to fully understand the phylogenetic relat-
edness between microbe and metabolic analysis. By
using a bio-informative analytic approach based on
the annotation of individual oral bacterial isolates,
we identified unique alteration of the microbiota
over time, which suggests that the oral microbiome
has a dynamic potential involving regulation of
community succession and cell-to-host-to-
bacterium signaling interactions. Incidentally, very
little information exists on the role of the oral
microbiome and the underlying drivers of the dif-
ferential pathways linked to taxonomic units. For
hundreds of years, scorbutus has been reported to
be caused by the commensal microbiome. Thus, the
fact that only a few could be annotated highlights
that this area of microbiome research remains
a black box and needs significant attention to pro-
vide a deeper understanding of key interactions
between the host and its microbiome.

The findings above indicate that exposure to the
voyage and Antarctica environment can reasonably be
assumed to be the factors causing reduced microbial
diversity in the participants. Therefore, necessary steps
for improved management strategies for better health
conditions during expedition involve a well-planned
voyage considering the entire expedition and sailing
preparations with respect to nutrition and period and
route of the expedition. Recommendations for the
entire expedition include adding a protein-rich diet,
intervention of probiotics to the food inventory, dock-
ing as often as possible to allow sailors to have contact
with an environment with higher biodiversity, and thus
enable the individual microbial diversity to be main-
tained at a relatively high level [1]. It is also noteworthy
that a large number of organisms remained unclassified
due to entirely different microbiota of the Antarctica
continent compared to that of the earth’s surface.
Therefore, it is emphasized that an in-depth analysis
of the gut and oral microbiota of participants at the
unique Antarctica is the need of the day.

Conclusions

The microbial communities are bound to impact the
health of the human host, and a better understanding
of their dynamic complexity may contribute to the
next level in medical diagnostic tools for the under-
standing of diseases. In the present study, we
employed both 16S rRNA and WGS to understand
the impact of a long voyage and stay in Antarctica, on
the oral commensal microbiota of participants who
underwent highly intense work, altered diet and cir-
cadian biorhythms in an extremely cold, isolated,
humid and salty environment. Our data illustrated
that the microbial diversity was reduced, several
pathogens appeared and disappeared, altering
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carbohydrate, lipid and amino acid metabolisms.
There was a higher abundance of the genera
Pseudomonas and Lactobacillus, indicative of respira-
tory and oral diseases. Taxa analysis showed a large
number of unclassified bacteria too. The influence of
a long voyage to Antarctica on human health by
examining the commensal microbiota using metage-
nomic approaches has been reported here for the first
time. Future work will focus on the exact factors in
the voyage and stay in Antarctica, that cause changes
in the commensal microbiota on the basis of metage-
nomic analysis carried out more extensively on
a larger sample size.

Acknowledgments

The authors express their sincere thanks to the members of
34th Indian scientific expedition to Antarctica who partici-
pated voluntarily and authorized their saliva samples to be
used for this study. The authors thank the National Centre
for Antarctic and Oceanic Research (NCAOR), India, for
providing the logistics support during the expedition.

Disclosure statement

No potential conflict of interest was reported by the
authors.

References

[1] Elo AL. Health and stress of seafarers. Scand J Work
Environ Health. 1985;11(6):427–432.

[2] Oldenburg M, Harth V, Jensen HJ. Overview and
prospect: food and nutrition of seafarers on mer-
chant ships. Int Marit Health. 2013;64(4):191–194.

[3] Rydstedt LW, Lundh M. An ocean of stress? The
relationship between psychosocial workload and men-
tal strain among engine officers in the Swedish mer-
chant fleet. Int Marit Health. 2010;62(3):168–175.

[4] Pyne SJ. The ice: a journey to Antarctica. Seattle,
Washington: University of Washington Press; 2017
May 1.

[5] Suedfeld P, Antarctica: WK. Natural laboratory and
space analogue for psychological research. Environ
Behav. 2000;32(1):7–17.

[6] Grice EA, Segre JA. The human microbiome:
our second genome. Annu Rev Genomics Hum
Genet. 2012;13:151–170.

[7]. Schlomann B, Wiles T, Guillemin K, et al.
Visualizing the response of a gut bacterial popula-
tion to antibiotic perturbations. APS March Meeting
Abstracts, New Orleans, Louisiana; 2017.

[8] Belizário JE, Napolitano M. Human microbiomes and
their roles in dysbiosis, common diseases, and novel
therapeutic approaches. Front Microbiol. 2015;6
(1050):1–16.

[9] Biedermann L, Zeitz J, Mwinyi J, et al. Smoking cessa-
tion induces profound changes in the composition of
the intestinal microbiota in humans. PloS One. 2013;8
(3):e59260.

[10] Jernberg C, Löfmark S, Edlund C, et al. Long-term
ecological impacts of antibiotic administration on
the human intestinal microbiota. ISME J. 2007;1
(1):56–66.

[11] Jiang H, Ling Z, Zhang Y, et al. Altered fecal
microbiota composition in patients with major
depressive disorder. Brain Behav Immun.
2015;48:186–194.

[12] Rodríguez JM, Murphy K, Stanton C, et al. The com-
position of the gut microbiota throughout life, with an
emphasis on early life. Microb Ecol Health Dis.
2015;26(1):26050: 1–17.

[13] Tyakht AV, Kostryukova ES, Popenko AS, et al.
Human gut microbiota community structures in
urban and rural populations in Russia. Nat
Commun. 2013;4:2469.

[14] Janeway CA Jr, Travers P, Walport M, et al.
Immunobiology: the immune system in health and
disease. 5th ed. New York: Garland Science; 2001.
The front line of host defense.

[15] Rouabhia M. Interactions between host and oral com-
mensal microorganisms are key events in health and
disease status. Can J Infect Dis Med Microbiol.
2002;13(1):47–51.

[16] Pennisi E. A mouthful of microbes: oral biologists
are devouring new data on the composition, activ-
ity, and pathogenic potential of microbes in the
mouth, the gateway to the gut. Science.
2005;307:1899–1902.

[17] Avila M, Ojcius DM, Yilmaz Ö. The oral microbiota:
living with a permanent guest. DNA Cell Biol. 2009;28
(8):405–411.

[18] Thaiss CA, Zeevi D, Levy M, et al. Transkingdom
control of microbiota diurnal oscillations promotes
metabolic homeostasis. Cell. 2014;159(3):514–529.

[19] Noble JM, Scarmeas N, Papapanou PN. Poor oral
health as a chronic, potentially modifiable dementia
risk factor: review of the literature. Curr Neurol
Neurosci Rep. 2013;13(10):384: 1–8.

[20] Scarmeas N, Stern Y. Cognitive reserve and
lifestyle. J Clin Exp Neuropsychol. 2003;25
(5):625–633.

[21] Bhatia A, Pal R. Morbidity pattern of the 27th Indian
scientific expedition to Antarctica. Wilderness
Environ Med. 2012;23(3):231–238.

[22] Pearson A, Chalmers J. Oral hygiene care for adults
with dementia in residential aged care facilities. JBI
Libr Syst Rev. 2004;2(3):1–89.

[23] Frank JA, Reich CI, Sharma S, et al. Critical evaluation
of two primers commonly used for amplification of
bacterial 16S rRNA genes. Appl Environ Microbiol.
2008;74(8):2461–2470.

[24] Fourrier F, Duvivier B, Boutigny H, et al. Colonization
of dental plaque: a source of nosocomial infections in
intensive care unit patients. Crit Care Med. 1998;26
(2):301–308.

[25] DeSantis TZ, Hugenholtz P, Larsen N, et al.
Greengenes, a chimera-checked 16S rRNA gene
database and workbench compatible with ARB.
Appl Environ Microbiol. 2006;72(7):5069–5072.

[26] Fourrier F, Duvivier B, Boutigny H, et al. The Pfam
protein families database. Nucleic Acids Res. 2004;32
(suppl_1):D138–D141.

[27] Deng YY, Li JQ, Wu SF, et al. Integrated nr
database in protein annotation system and its
localization. Comput Eng. 2006;32(5):71–84.

JOURNAL OF ORAL MICROBIOLOGY 13



[28] Gene Ontology Consortium. The Gene Ontology
(GO) database and informatics resource. Nucleic
Acids Res. 2004;32(suppl_1):D258–D261.

[29] Campisano A, Antonielli L, Pancher M, et al.
Bacterial endophytic communities in the grapevine
depend on pest management. PLoS One. 2014;9(11):
e112763.

[30] Chao A. Nonparametric estimation of the number of
classes in a population. Scand J Stat. 1984;11
(4):265–270.

[31] Eckburg PB, Bik EM, Bernstein CN, et al. Diversity of
the human intestinal microbial flora. Science.
2005;308(5728):1635–1648.

[32] Bunge J, Fitzpatrick M. Estimating the number of
species: a review. J Am Stat Assoc. 1993;88
(421):364–373.

[33] Gower JC, Blasius J. Multivariate prediction with non-
linear principal components analysis: theory. Qual
Quantity. 2005;39(4):359–372.

[34] Bray JR, Curtis JT. An ordination of the upland forest
communities of Southern Wisconsin. Ecol Monogr.
1957;27(4):325–349.

[35] Anderson MJ. A new method for non-parametric
multivariate analysis of variance. Aust Eco. 2001;26
(1):32–46.

[36] Langille MG, Zaneveld J, Caporaso JG, et al. Predictive
functional profiling of microbial communities using
16S rRNA marker gene sequences. Nat Biotechnol.
2013;31(9):814–821.

[37] Clarke SF, Murphy EF, O’sullivan O, et al. Exercise
and associated dietary extremes impact on gut
microbial diversity. Gut. 2014;1913–1920. gutjnl-
2013.

[38] Hanski I, von Hertzen L, Fyhrquist N, et al.
Environmental biodiversity, human microbiota, and
allergy are interrelated. Pnas. 2012;109(21):8334–8339.

[39] Shanahan F. Probiotics in perspective. Gastroenterol.
2010;139(6):1808–1812.

[40] Norman JM, Handley SA, Virgin HW. Kingdom-
agnostic metagenomics and the importance of com-
plete characterization of enteric microbial
communities. Gastroenterol. 2014;146(6):1459–1469.

[41] Zheng W, Zhang Z, Liu C, et al. Metagenomic sequen-
cing reveals altered metabolic pathways in the oral
microbiota of sailors during a long sea voyage. Sci
Rep. 2015;5(9131):1–111.

[42] Greenwood DC, Muir KR, Packham CJ, et al.
Coronary heart disease: a review of the role of psy-
chosocial stress and social support. J Publ Health.
1996;18(2):221–231.

[43] Lugg D, Shepanek M. Space analogue studies in
Antarctica. Acta Astronaut. 1999;44(7–12):693–699.

[44] Razavi A, Gmür R, Imfeld T, et al. Recovery of
Enterococcus faecalis from cheese in the oral cavity of
healthy subjects. Oral Microbiol Immunol. 2007;22
(4):248–251.

[45] Zehnder M, Guggenheim B. The mysterious appear-
ance of enterococci in filled root canals.
Int Endodontic J. 2009;42(4):277–287.

[46] Featherstone JD. Prevention and reversal of dental
caries: role of low level fluoride. Community Dent
Oral Epidemiol. 1999;27(1):31–40.

[47] Fouad AF, Zerella J, Barry J, et al. Molecular detection
of Enterococcus species in root canals of
therapy-resistant endodontic infections. Oral Surg
Oral Med Oral Pathol Oral Radiol Endodontol.
2005;99(1):112–118.

[48] Rams TE, Feik D, Young V, et al. Enterococci in
human periodontitis. Oral Microbiol Immunol.
1992;7(4):249–252.

[49]. Andrzejewska E, Szkaradkiewicz AK. Antagonistic
effect of Lactobacillus acidophilus to selected
periodontopathogens. XXVII Congress of the
Polish Society of Microbiologists, Poland; 2012 Sep
5.

[50] Kõll-Klais P, Mändar R, Leibur E, et al. Oral lacto-
bacilli in chronic periodontitis and periodontal
health: species composition and antimicrobial
activity. Oral Microbiol Immunol. 2005;20
(6):354–361.

[51] Strahinic I, Busarcevic M, Pavlica D, et al.
Molecular and biochemical characterizations of
human oral lactobacilli as putative probiotic
candidates. Oral Microbiol Immunol. 2007;22
(2):111–117.

[52] Auburn FM. The white desert. Int Comp Law Q.
1970;19(2):229–256.

[53] Abegg C, Marcenes W, Croucher R, et al. The rela-
tionship between tooth cleaning behaviour and flex-
ibility of working time schedule. J Clin Periodontol.
1999;26(7):448–452.

[54] Scannapieco FA, Ho AW. Potential associations
between chronic respiratory disease and periodontal
disease: analysis of National health and nutrition
examination survey III. J Periodontol. 2001;72
(1):50–56.

[55] Perkins SD, Woeltje KF, Angenent LT. Endotracheal
tube biofilm inoculation of oral flora and subse-
quent colonization of opportunistic pathogens.
Int J Med Microbiol. 2010;300(7):503–511.

[56] Cunningham MW. Pathogenesis of group
A streptococcal infections. Clin Microbiol Rev.
2000;13(3):470–511.

[57] Cunningham MW. Streptococcus and rheumatic fever.
Curr Opin Rheumatol. 2012;24(4):408–416.

[58] Klock B, Krasse B. Microbial and salivary conditions
in 9-to 12-year-old children. Eur J Oral Sci. 1977;85
(1):56–63.

[59] Munoz-Jeldrez J, Martinez D. Lactobacilos de ori-
gen oral, determinacion de especies
y susceptibilidad a ciertos autobioticos. Odontol
Chil. 1980;28:86–88.

[60] Beighton D, Adamson A, Rugg-Gunn A.
Associations between dietary intake, dental caries
experience and salivary bacterial levels in 12-year-
old English schoolchildren. Arch Oral Biol. 1996;41
(3):271–280.

[61] Steckséen-Blicks C. Lactobacilli and Streptococcus
mutans in saliva, diet and caries increment in 8-
and 13-year-old children. Eur J Oral Sci. 1987;95
(1):18–26.

[62] Anttila SS, Knuuttila ML, Sakki TK. Depressive
symptoms favor abundant growth of salivary
lactobacilli. Psychosomatic Med. 1999;61
(4):508–512.

[63] Del Carmen Ahumada M, López ME, Colloca ME,
et al. Lactobacilli isolation from dental plaque and
saliva of a group of patients with caries and char-
acterization of their surface properties. Anaerobe.
2001;7(2):71–77.

[64] Michalek SM, Hirasawa M, Kiyono H, et al. Oral
ecology and virulence of Lactobacillus casei and
Streptococcus mutans in gnotobiotic rats. Infect
Immun. 1981;33(3):690–696.

14 B. BHUSHAN ET AL.



[65] Dassi E, Ballarini A, Covello G, et al. Enhanced micro-
bial diversity in the saliva microbiome induced by
short-term probiotic intake revealed by 16S rRNA
sequencing on the IonTorrent PGM platform.
J Biotechnol. 2014;190:30–39.

[66] Segata N, Haake SK, Mannon P, et al.
Composition of the adult digestive tract bacterial
microbiome based on seven mouth surfaces, ton-
sils, throat and stool samples. Genome Biol.
2012;13(6):R42:1–18.

[67] Yamanaka W, Takeshita T, Shibata Y, et al.
Compositional stability of a salivary bacterial population

against supragingival microbiota shift following period-
ontal therapy. PloS One. 2012;7(8):e42806:1–10.

[68] Zhou Y, Gao H, Mihindukulasuriya KA, et al.
Biogeography of the ecosystems of the healthy
human body. Genome Biol. 2013;14(1):R1:1–18.

[69] Bollinger T, Bollinger A, Oster H, et al. Sleep, immu-
nity, and circadian clocks: a mechanistic model.
Gerontol. 2010;56(6):574–580.

[70] Edlund A, Garg N, Mohimani H, et al. Metabolic
fingerprints from the human oral microbiome reveal
a vast knowledge gap of secreted small peptidic
molecules. mSystems. 2017;2(4):e00058–17:1–16.

JOURNAL OF ORAL MICROBIOLOGY 15


	Abstract
	Introduction
	Materials and methods
	Ethics statement and volunteer information
	Study design
	Sample collection

	Sample preparation and DNA extraction
	16S v3-v4 amplification, library preparation and sequencing
	Genomic DNA pooling with respect to different time points and WGS shotgun library preparation and sequencing
	Quality check (QC), operational taxonomy unit clustering and taxonomy assignment
	16S rRNA functional prediction and WGS functional metagenome
	Statistical analysis 16S rRNA and WGS datasets: alpha and beta diversity (PcoA), differential abundance and PERMANOVA
	Correlation between 16S rRNA PICRUSt prediction and WGS metagenome
	Online data availability

	Results
	Sequence data of the oral commensal microbiota metagenome
	Oral diversity analysis
	The taxonomic analysis at phylus level
	The taxonomic analysis at genus level
	Functional characterization, correlation between 16S rRNA predicted and WGS sequenced functional profile
	Predicted functional potential at different time points

	Correlation between 16S rRNA predicted functional profile and WGS gene function profiles

	Discussion
	Conclusions
	Acknowledgments
	Disclosure statement
	References



