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Abstract The microbial diversity of faecal communities

co-existing with mega fauna is not well understood even

though these faecal communities are critical for health and

development. Additionally, the transfer of microbial taxa

among host animals is little studied. Here, we used 16S

sequences obtained from clone libraries to characterise the

faecal microbiota of Weddell seals breeding in McMurdo

Sound and at White Island, Antarctica. Faecal bacterial

communities were dominated by four phyla; Actinobacte-

ria (20 %), Bacteroidetes (13 %), Firmicutes (23 %), and

Proteobacteria (13 %). We also used automated ribosomal

intergenic spacer analysis to examine the dispersal of

bacteria between populations of Weddell seals breeding at

White Island and in McMurdo Sound. The Weddell seals at

White Island are isolated by the Ross Ice Shelf from the

larger population of Weddell seals breeding in McMurdo

Sound. We found that the faecal bacteria communities of

the seals at White Island had lower diversity and that the

community composition was significantly different com-

pared with the seals in the McMurdo Sound area.

Keywords 16S � ARISA � Clone libraries � Enteric

microbiota � Isolation by distance

Introduction

Microbial ecology drives the earth’s ecology (Curtis et al.

2002), yet the diversity and biogeography of bacterial

communities are often poorly understood. The predominant

paradigm for microbial diversity has been that ‘‘everything

is everywhere’’ and that the environment selects (Cho and

Tiedje 2000). However, studies of bacteria in symbiotic

relationships with eukaryotes and bacteria in soils are

revealing that endemism exists within the microbial world,

bacterial diversification is ongoing (Fulthorpe et al. 1998;

Cho and Tiedje 2000; Funk et al. 2000), and that bacterial

communities are isolated by distance. One major challenge

associated with identifying bacterial diversification is

untangling the effects of isolation from the potentially

confounding effects of environmental selection (Whitaker

2006).

The enteric bacteria of wild animals with their more

constant internal environment offer one potential solution

for disentangling environmental selection from isolation

(for example, Ley et al. 2005, 2006, 2008; Li et al. 2008;

Banks et al. 2009; Turnbaugh et al. 2009; Zhang et al.

2010) and Weddell seals in McMurdo Sound may be an

ideal example for studying the distribution of faecal bac-

teria. The Weddell seal populations in McMurdo Sound

have been monitored for several decades with extensive

tagging of adults and pups each year providing extensive

demographic data (Hastings and Testa 1998). Weddell seal

pups are born on the sea ice from mid-October to

November in approximately 11 colonies located along

perennial cracks in ice resulting from tidal action and

glacial movements (Hastings and Testa 1998). Seal pups in

McMurdo Sound wean after approximately 6 weeks and

disperse to the ice covering the surface of McMurdo Sound

(Stirling 1969). One particularly notable colony of Weddell
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seals breeds on the Ross Ice Shelf (floating glacier) around

White Island. The approximately 24 seals in this colony

have been isolated from the open sea and other seals for at

least 50 years as a consequence of the expansion of the

Ross Ice Shelf. However, a small number of openings in

the ice shelf are maintained by glacial and tidal movements

around White Island allowing the seals access to the sea

directly under the ice (Stirling 1972). Because of the

thickness and extent of the glacial ice away from the island,

there is no possibility of seals swimming to the open sea

approximately 18 km away. In essence, these seals are

‘‘trapped’’ near their breathing holes (Heine 1960). Despite

this restricted existence, the seals at White Island are sig-

nificantly larger than their counterparts in McMurdo

Sound. However, only four to nine pups are born each year

and pup mortality is high (Stirling 1972; Gelatt 2001).

Isolated populations are of considerable interest to par-

asitologists in that the small size of host populations, and

the patchy distribution of parasites, usually means that the

hosts have fewer commensal taxa than their source host

populations (Paterson et al. 1999, 2003). Commensal

populations in small, isolated host populations are also

thought to have a greater risk of extirpation than taxa in

larger populations because of stochastic effects (Paterson

et al. 2003). The combination of a limited distribution of

parasites and higher risk of extinction results in isolated

host populations having a lower diversity of parasites than

larger interconnected host populations (Rozsa 1993;

Clayton et al. 2003). Conversely, larger populations are

thought to have better dispersal power (MacArthur and

Wilson 1967) and to parasitise more host species; for

example, Banks and Paterson (2005) found that multi-host

ectoparasites (chewing lice) were more abundant than host-

specific ectoparasites. Dispersal limitation has also been

shown for bacterial species. For example, analysis of Sal-

monella enterica strains isolated from marine and terres-

trial Galápagos iguanas found that dispersal events were

limited and this limitation gave rise to distinct S. enterica

serovar assemblages at each site (Lankau et al. 2012).

Likewise, Linnenbrink et al. (2013) showed that geo-

graphical distance among mice was the most significant

factor contributing to mouse gut microbial diversity.

The enormous population sizes of microbes, in comparison

with multicellular organisms, are thought to result in a ubiq-

uitous distribution for bacteria (Fenchel 1993) which in turn

reduces the probability of distinct communities developing

(Finlay and Clarke 1999; Linnenbrink et al. 2013). Here, we

used genetic analyses (clone libraries and ARISA) to test

whether faecal bacterial communities follow the same pat-

terns of distribution as those followed by multicellular para-

sites. Specifically, we tested the hypothesis that White Island

seals would have faecal communities that were different to

those in the wider McMurdo Sound. We predicted that if the

distribution of bacteria is restricted by host isolation, the faecal

bacterial communities of seals at White Island would differ

from the communities of seals in McMurdo Sound, and that

the White Island seals would have fewer bacterial taxa than

their conspecifics in McMurdo Sound.

Methods

Adult Weddell seals were restrained using the head bag

technique of Stirling (1966b); pups were restrained by

simply holding them. Faecal samples were collected in

November 2006 from seals at Marble Point (77.42�S

163.80�E), Strand Moraines (77.76�S 164.53�E), Tent

Island (77.69�S 166.37�E) and White Island (78.02�S

167.40�E) (Fig. 1) by inserting sterile rayon swabs (LP

Italiana Spa, Milan, Italy) directly into the anus. Swabs

were frozen immediately in the field in liquid nitrogen and

then stored at -80 �C on return to the laboratory. Genomic

DNA was extracted from the swabs using the Power Soil

kit (Mo Bio, West Carlsbad, California, USA) following

the manufacturer’s instructions. DNA was re-suspended in

50 lL of elution buffer. Negative DNA extractions using

swabs dipped in HPLC grade water were conducted with

each batch of extractions.

Clone library construction and analysis

We amplified a portion of the 16S rRNA gene using the

primers ITSReub (Cardinale et al. 2004) and EubB (Lane

1991) from two adult females and two pups at White

Island, one pup at Marble Point, one pup at Strand Mor-

aines and one adult female at Tent Island (a total of seven

seals). Each reaction consisted of 2.5 lL of 109 buffer

with MgCl2 (15 mmol L-1) and dNTP (8 mmol L-1),

0.625 lL of each primer (10 mmol L-1), 1.5 units of Taq

(Roche), 15.75 lL of water. PCR conditions were 94 �C

for 10 min, 25 cycles of 94 �C for 40 s, 55 �C for 40 s and

72 �C for 3 min, with a final step at 72 �C for 7 min.

Negative controls using HPLC water as a template were

run with each batch of samples.

PCR products were gel-purified using gel extraction kits

(Qiagen) and cloned using TOPO TA (Invitrogen, Carls-

bad) cloning kits. Plasmids were cultured on media con-

taining kanamycin to identify those containing an insert,

and then, the plasmid was extracted using Quickclean II

plasmid miniprep kits (Catalogue number L00420, Gen-

script Piscataway, USA). Plasmid inserts were sequenced

using the primer M13F supplied with the cloning kit on an

Applied Biosystems 3130xl genetic analyzer. Sequences

were checked for chimeras using DECIPHER (Wright et al.

2012). Operational taxonomic units were assigned using

MOTHUR (Schloss et al. 2009) using a minimum of 97 %
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or 99 % sequence similarity to classify clones to a phylo-

type. Clones were assigned to taxonomic groups using the

sequence match function in the Ribosomal Database Pro-

ject (RDP) (Cole et al. 2007; Wang et al. 2007) and

BLASTN searches in GenBank (http://www.ncbi.nlm.nih.

gov/). Sequences from the clones were assembled in Bio-

Edit 7.0.5.3 (Hall 1999) and aligned in ClustalX 2.1

(Thompson et al. 1997). MOTHUR was also used to cal-

culate Shannon indices (H0) (Magurran 1988) to assess

community diversity, and the Chao-1 richness estimate

(Chao 1987) to estimate the richness of the faecal bacterial

community. Shannon diversity indices (H) combine esti-

mates of richness (OTUs in this study) and evenness (rel-

ative abundance of each OTU), and trend towards zero as

communities become dominated by a single OTU.

Automated ribosomal intergenic spacer analysis

(ARISA)

We also used automated ribosomal intergenic spacer ana-

lysis (ARISA) (Fisher and Triplett 1999) to characterise

faecal bacterial communities from 16 seals (two adult

females and two pups from White Island, Marble Point,

Strand Moraines and Tent Island). Polymerase chain

reactions were conducted on the DNA extracted from the

swabs using the primers ITSF and hex-labelled ITSReub

(Cardinale et al. 2004). Each reaction consisted of 5 lL of

109 buffer with MgCl2 (15 mmol L-1) and dNTP

(8 mmol L-1), 0.625 lL of each primer (10 lmol L-1),

1.5 units of Taq (Roche), 10 ng of genomic DNA and

water to make a final reaction volume of 25 lL. Reaction

temperatures and times were those used by Cardinale et al.

(2004). Negative controls using HPLC water as a template

were run with each batch of samples. PCR products were

purified with Quick Clean purification kits (GenScript

Corporation). Amplicon lengths were resolved on a

Megabace 500 series capillary sequencer (Amersham

Pharmacia, Sunnyvale).

Fragment length was assigned to bins of three nucleo-

tides, as replicate analyses of artificial communities sug-

gested that this was the level of precision of ARISA (Wood

et al. 2008), and peaks that were less than three standard

deviations above the baseline ‘noise’ in the output from the

sequencer were removed from the analysis using the soft-

ware T-RFLP Stats (Abdo et al. 2006). Peaks were trans-

formed to presence absence data using the Primer6

software (Plymouth Routines in Multivariate Ecological

Research, Primer-E Ltd, Plymouth, Clarke and Warwick

Marble 
Point

Strand 
Moraines

Tent Island

White 
Island

22.5 km 165oE 168oE

77o 30’ S

78o S

Fig. 1 Locations of Weddell seal colonies from which faecal swabs were taken from individual seals. The grey box on the inset map shows the

location of the study area on the Antarctic continent
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2001). Bray Curtis similarity indices were calculated from

the transformed data using Primer6. Descriptive statistics

and t tests were conducted using Systat 9.01 (SPSS 1998).

Comparisons of the White Island faecal bacterial commu-

nities with the McMurdo Sound communities were carried

out using the ANOSIM (analysis of similarity) test in

Primer 6, Version 6.1.13(Clarke and Warwick 2001), with

a null hypothesis that the communities were not different.

Results

Community composition

We obtained sequences for 274 clones from the seven seal

faecal samples. MOTHUR assigned the sequences to 75

OTUs based on at least 99 % sequence similarity (Genbank

accession numbers KM100368–KM100441) and 48 OTUs

at 97 % sequence similarity. The average similarity

between the 75 OTUs and the sequences in Genbank was

97 % indicating that many of the seal OTUs (Online

Resource 1) have not been previously sequenced. On

average each seal had 13.1 clone OTUs (range 8–19) and

each clone was found in an average of 1.16 seals (range

1–3 seals) Of the 75 OTUs, 57 % were unique to a single

host.

Where the bacteria could be classified to phylum by

RDP, Firmicutes and Actinobacteria made up the largest

proportion of the clone libraries, with Bacteroidetes and

Proteobacteria making up smaller proportions of the com-

munities. These four phyla made up 68 % of the clone

libraries from the seal faecal samples (Fig. 2).

The Shannon diversity index for all seven clone libraries

combined at 99 % sequence similarity was 3.69 (95 %

confidence interval 3.53–3.84). Shannon diversity indices

for individual libraries ranged from 1.19 to 2.74. Chao-1

estimated that there were 175 OTUs (at 99 % similarity,

95 % confidence interval 118–308) for the seven clone

libraries combined. Chao-1 estimates of diversity for clone

libraries obtained from individual seals ranged from 17.3 to

70 OTUs. At 97 % OTU similarity, Chao-1 estimated a

species richness of 98 (95 % confidence interval 65–189).

Mother pup comparisons

The faecal bacterial communities of seal mothers, as

measured by ARISA, did not differ significantly from those

of the pups (ANOSIM, Global R = -0.160, Ptwo tailed =

99.5). Weddell seal mothers had slightly more ARISA

OTUs than the pups (Mean number of ARISA OTUs,

mothers = 23.1, pups = 19.9). However, the difference

Cyanobacteria, 0.3 Acidobacteria, 0.3
Tenericutes, 0.3

Actinobacteria, 19.5

Bacteroidetes, 12.5

Fusobacteria, 3.5Proteobacteria, 
12.9

Firmicutes, 23.0

Unclassified, 27.5

Fig. 2 Relative abundance of bacterial phyla in the clone libraries

obtained from the seal faecal samples, numbers represent per cent of

community
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was not statistically significant (Student’s t test, t = 1.14,

Ptwo tailed = 0.27).

Diversity of White Island seal microbiota communities

compared with McMurdo Sound seal communities

On average each seal had 21.5 ARISA OTUs. Most ARISA

OTUs were identified from a single faecal sample although

one OTU was found from 14 of the 16 faecal samples

(Fig. 3). White Island seals had significantly fewer ARISA

OTUs than McMurdo Sound seals (White Island mean

OTUs = 17.75, McMurdo Sound mean OTUs = 22.75,

two sample t test, t = 2.414, df = 13.6, Ptwo tailed = 0.03,

Fig. 4).

The faecal bacterial communities of White Island Wed-

dell seals were also significantly different from the bacterial

communities of seals in McMurdo Sound (ANOSIM Global

R = 0.431, Ptwo tailed \ 0.01, Fig. 5).

Discussion

Community diversity

Weddell seal faecal microbiota appears to have slightly

higher levels of diversity to that found for other seal spe-

cies. We detected 48 OTUs (at 97 % 16S sequence simi-

larity) in Weddell seal faecal bacterial communities,

slightly more than detected from 16S clone libraries gen-

erated for hooded seals, Cystophora cristata, (28 OTUs),

harbour seals, Phoca vitulina, (12–39 OTUs), and grey

seals, Halichoerus grypus, (20–27 OTUs) based on 97 %

similarity for 16S sequences (Kristiansen 2007; Glad et al.

2010). Chao-1 calculations from the clone libraries esti-

mated the true species richness as 98 OTUs at 97 %

sequence similarity. Our estimate of OTU richness is

higher than the richness estimated for hooded seals (43

OTUs), harbour seals (15 OTUs), and grey seals (22 OTUs)

estimated by Glad et al. (2010) and for grey seals (39

OTUs) estimated by Kristiansen (2007) using Chao 1 but

comparable to Kristiansen’s estimate for harbour seals (97

OTUs).

Shannon diversity indices (a measure of species abun-

dance and evenness of a community) from Weddell seals

were also similar to the indices reported for other seal

species. Shannon diversity indices ranged from 1.91 to 2.74

for individual Weddell seal faecal microbial communities

characterised by cloning. Overall the Shannon index for all

seven communities combined was 3.69 which is slightly

higher than that calculated by Kristiansen (2007) for har-

bour seals (H = 3.25) and markedly higher than that cal-

culated for grey seals (H = 2.91). Glad et al. (2010)

calculated a Shannon diversity index of 2.64 for hooded

seals, 1.76 for harbour seals and 2.59 for grey seals off the

coast of northern Norway.

Community composition

The dominance of the faecal flora by the four bacterial

phyla, Firmicutes, Bacteroidetes, Actinobacteria, and Pro-

teobacteria is similar to the results that Smith et al. (2013)

obtained from Australian fur seals, Arctocephalus pusillus

doriferus, collected north of the Ross Sea. Clone libraries

generated from the faeces of wild southern elephant seals

and leopard seals from western Antarctica also showed that

the communities were dominated by Firmicutes, Bacter-

oidetes, and Proteobacteria but Actinobacteria were a

minor component of the communities of these species

(Nelson 2012). Glad et al. (2010) found that colon bacterial

communities from hooded, harbour, and grey seals were

dominated by Bacteroidetes and Firmicutes; however,

Proteobacteria and Fusobacteria were present only in

hooded seal bacterial communities.

The average distance between each clone obtained from

the Weddell seals and its closest match in GenBank was

97 % suggesting that many of the OTUs had not been

sequenced before. However, this average similarity was

higher than that seen for OTUs identified from clone

libraries obtained with the same primers from faecal sam-

ples obtained from Adelie penguins in the same region

(Banks et al. 2009) possibly because more faecal com-

munities have been characterised for mammals. Opera-

tional taxonomic units more than 97 % similar are

generally considered to be similar to metazoan species

(Hagström et al. 2000) although OTUs that are 99 %

similar for 16S may show considerable phenotypic differ-

ences (Ward 1998).

Specific matches obtained from GenBank for the 16S

bacterial sequences included clone 1603Q1 which was a

100 % match to Enterococcus faecalis that Goyache et al.

Fig. 5 Multidimensional scaling plot of Bray Curtis indices of

similarity from the ARISA data for White Island seal faecal flora

compared with McMurdo Sound seal faecal flora
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(2003) found in 35 % of cloacal samples obtained from

Magellanic penguins, Spheniscus magellanicus from Pen-

insula Valdés, Argentina. However, Banks et al. (2009) did

not find Enterococcus faecalis in cloacal samples collected

from Adelie penguins in McMurdo Sound suggesting that

this bacterium may be less common in McMurdo Sound.

One of the clones was 99 % similar to Arcanobacterium

phocae, a bacterium that Johnson et al. (2003) isolated

from California sea lions (Zalophus californianus), Pacific

harbour seals (Phoca vitulina richardii), northern elephant

seals (Mirounga angustirostris), southern sea otters (En-

hydra lutris nereis), and common dolphin (Delphinus del-

phis). Johnson et al. (2003) suggested that A. phocae is a

significant pathogen of stranded marine mammals. Another

of the clones (1671T) was identical to Streptococcus pho-

cae a bacterium that Skaar et al. (1994) found was asso-

ciated with opportunistic secondary bacterial infections of

harbour and grey seals that were infected by phocine dis-

temper virus, a morbillivirus. Given that we did not

observe any obvious signs of illness in the seals that we

sampled, it is likely that these two bacterial species are a

common inhabitant of the seal gut flora and that numbers

can increase when animals are ill or stressed. One seal

(#1603) produced a clone with 99 % similarity to

Edwardsiella tarda a bacterium that has been isolated from

a range of species around the world including Antarctica.

Leotta et al. (2009) identified the bacterium in Antarctic

sea birds and penguins, and Weddell seals. Although the

bacterium has been associated with diseased fish (Xiao

et al. 2008), E. tarda is considered a common bacterium of

Antarctic wildlife that probably does not cause any clinical

signs of disease (Leotta et al. 2009).

Several of the bacterial clones’ closest matches have

been identified from the gastrointestinal tracts of other seal

species. Escherichia coli is a known inhabitant of the

vertebrate gut (Bergey and Holt 1994). Fusobacterium

varium have been isolated from southern elephant seals

Mirounga leonine and leopard seals Hydrurga leptonyx

(Nelson 2012), Moxarella phenylpyrivuca was renamed

Pyschrobacter phenylpyruvicus by Bowman et al. (1996)

and other Psychrobacter bacteria (e.g., P. lutiphocae) have

been isolated from seals (Yassin and Busse 2009). Ato-

pobacter phocae is a facultatively anaerobic Gram-nega-

tive bacterium originally isolated from the small intestine

of a common seal (Lawson et al. 2000). Streptococcus

marimammalium was isolated from grey and common seals

(Lawson et al. 2005). The links between some of our clone

and Genbank sequences were not as clear. For example,

Lysobacter koreensis (Clone 1613T1) was originally iso-

lated from a ginseng field (Lee et al. 2006). Furthermore,

several of the closest matches in Genbank had less than

97 % similarity suggesting that many of the bacterial

species inhabiting seal faeces have yet to be characterised.

White Island microbial isolation

Two Weddell seals were first recorded at White Island in

1958, shortly after the establishment of McMurdo Station

in 1956 and Scott Base in 1957 (Heine 1960). Gelatt (2001)

estimated from genetic, demographic and glaciological

data that a few seals had colonised the tide cracks around

the northern tip of White Island following a brief break in

the ice shelf between 1947 and 1956. Numbers of seals at

White Island have ranged from nine in 1964 (Stirling 1972)

up to 26 adults in 1994 (Testa and Scotton 1999) and on

average 4.5 pups were born each year from 1990 to 1999

(Gelatt 2001). Movement of tagged seals between White

Island and the open water in Erebus Bay has not been

recorded despite 80 % of seals in Erebus Bay carrying tags

and the tagging of all pups born in Erebus Bay since 1982

(Hadley et al. 2007).

White Island seals had fewer OTUs than McMurdo

Sound seals. This could be because the seals establishing

the colony at White island had only a subset of the faecal

flora that co-exists with the seals in McMurdo Sound.

Alternatively, restricted colonisation of the White Island

seals combined with extirpation of bacterial taxa would

also result in reduced bacterial diversity. In either case, our

results suggest that bacteria are not dispersing freely

between seals in McMurdo Sound and White Island.

The faecal bacterial communities of seals at White Island

were also significantly different from the seals in McMurdo

Sound. Stirling (1966a) speculated that the White Island

seals may have migrated from open water using a series of

cracks in the ice shelf adjacent to the Dailey Islands, Brown

Island, and Black Island as ‘‘stepping stones’’. This stepping

stone hypothesis was supported by our multidimensional

scaling analysis of the faecal communities which found that

the White Island communities most closely resembled the

communities of seals breeding at the Strand Moraines and

two of the Marble Point communities which are the open-

water colonies closest to the start of the ‘‘stepping stones’’.

It could also be that the White Island bacterial com-

munities differ markedly from McMurdo Sound commu-

nities because of dietary differences or differences in

energy intake. Adult and pups at White Island are signifi-

cantly larger with a girth to length ratio 16 % larger than

seals in McMurdo Sound (Stirling 1972). Genetically obese

mice have been shown to have different gut microbial

communities compared with lean mice (Ley et al. 2005;

Turnbaugh et al. 2006; Vijay-Kumar et al. 2010). Obese

humans have a bacterial community that differs from those

of lean humans, and obese people who dieted and lost

weight developed a microbial community that was more

similar to the lean humans (Ley et al. 2006). A comparison

of the diets of White Island and McMurdo Sound Weddell

seals may resolve this alternative hypothesis.
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The Weddell seals at White Island present a unique

opportunity to understand founder effects in symbionts

when host populations are established from small popula-

tions. Studying the prey DNA present in the faeces of these

seals may provide information on dietary differences

between the White Island population and the seals in the

McMurdo Sound colonies. This study will further enhance

our understanding of the roles that environmental and

biogeographical factors play in determining the distribution

and prevalence of gut micro flora.
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