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Abstract Bryophytes from submerged habitats are partic-
ularly difficult to identify because developmental plasticity
obscures their characteristic features. A deep-water moss
population of uncertain identity was found isolated at a
depth of 31 m within the perennially ice-covered Lake
Vanda, Wright Valley, Antarctica. Through phylogenetic
analysis of the chloroplast region, ribosomal subunit 4
gene, nuclear ribosomal DNA region, and the internal
transcribed spacer region, the Lake Vanda moss was
identified as the cosmopolitan species  Bryum
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pseudotriquetrum and resolved to a clade containing
exclusively specimens from Antarctica, specifically those
from the neighbouring Taylor Valley and Granite Harbour.
The close genetic similarity of the Lake Vanda population
to other populations of B. pseudotriquetrum in Southern
Victoria Land suggests that colonisation was likely to have
been from local sources, and colonisation likely occurred at
least 80—100 years ago, given the position of mosses in the
deeper of two convection cells in the lake. Light and
scanning electron microscopy of in vitro cultured speci-
mens revealed adaptations to permanent submersion,
including very thin cell walls, which may increase CO,
absorption under water. The production of rhizoidal knots
in contaminated, low-nutrient media, but not in axenic
cultures, might result from interactions between the moss
and organisms in the microbial mat from which it was
isolated. The absence of mosses around the lake margin or
elsewhere in Wright Valley highlights the importance of
freshwater ecosystems as refugia for biodiversity in
Antarctica.

Keywords Antarctica - Lake Vanda - Deep-water
habitats - Meromictic lake - Cyanobacterial mat - Aquatic
moss

Introduction

Antarctica is renowned as being one of the harshest envi-
ronments on Earth, and the continent supports only two
species of native flowering plants. What is often less
widely known is that this seemingly inhospitable and bar-
ren land is occupied by a considerable diversity of bryo-
phytes (mosses and liverworts). Bryophytes are one of the
most common divisions of plants on the Antarctic
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continent, with 111 moss species belonging to 17 families
in 55 genera and 27 liverwort species belonging to 12
families in 19 genera (Bednarek-Ochyra et al. 2000;
Ochyra et al. 2008; Ellis et al. 2014). The remainder of the
Antarctic flora is composed of lichens, another cryptogram
group, but which outnumbers the bryophytes at around
300—400 species (Kappen 2000). Liverworts, which are
more restricted by water regime than mosses and lichens,
are only represented by one species in continental
Antarctica (Bednarek-Ochyra et al. 2000).

Bryophytes are integral to many ecosystems, providing
habitats and food for invertebrates as well as contributing
to the carbon cycling of polar terrestrial ecosystems
through the accumulation and release of organic matter
(Richardson 1981). Bryophytes are mainly restricted to
areas with a regular supply of water, for example soils
wetted by rain or melting snow. They are thus most diverse
within the maritime Antarctic islands and coastal zones of
the Antarctic Peninsula, which are considerably milder and
wetter than the lichen-dominated continent (Ochyra et al.
2008). Within these regions, fellfield areas (scree and
glacial debris rendered unstable by winds and cryoturbic
action) and geothermal sites are the most suitable habitats
for bryophytes. However, there are several moss species
that grow in coastal regions of continental Antarctica, and a
few even withstand the extreme conditions of inland sites
(Ochyra et al. 2008). A few species of mosses are also
known from deep-water habitats (>0.5 m), such as B.
pseudotriquetrum growing at water depths of up to 81 m in
Radok Lake, Amery Oasis, East Antarctica (Wagner and
Seppelt 2006) and Pohlia wilsonii from Schirmacher Oasis
of coastal continental Antarctica (Tewari and Pant 1996).

A population of Bryum also grows in cyanobacteria-
based microbial mats from a depth of 28 m in Lake Vanda,
Wright Valley, Southern Victoria Land (77°32'S,
161°35'E) and represents the southernmost record of a
moss from a perennial liquid deep-water habitat. No other
populations were found in the lakes of the neighbouring
Taylor Valley, nor in the littoral regions of lakes of Taylor
and Wright Valleys (Kaspar et al. 1982).

The initial identification by Kaspar et al. (1982) referred
to the moss as Bryum cf. algens Card., based on morpho-
logical characters obtained by light microscopy only. The
species has since been synonymised by Ochyra (1998) as
the cosmopolitan B. pseudotriquetrum (Hedw.) P. Gaertnn.,
B. Mey. & Scherb. However, to date, this assignment has
not been confirmed using molecular phylogenies. Identi-
fying submerged mosses in particular can be troublesome
due to their plastic morphology. Molecular techniques,
however, are now making it easier to determine the identity
of ambiguous mosses. As well as the record from Radok
lake mentioned above, this particular species is also known
from depths of 36 m in Bangor’s Oasis, East Antarctica
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and from shallower depths of 2-9 m in pools near Syowa
Station, East Ongul Island and pools within Ablation
Valley, Alexander Island, Antarctica (Savich-Lyubitskaya
and Smironova 1959; Light and Heywood 1975; Kanda and
Iwatsuki 1989).

The aim of the present study was to verify the species
assignment of the Bryum populations in Lake Vanda as
Bryum pseudotriquetrum for the first time by way of phy-
logenetic analysis. In addition, possible morphological
adaptations to the aquatic environment were evaluated by
means of in vitro cultivation as well as light and scanning
electron microscopy.

Materials and methods
Study site

Lake Vanda is positioned at 77°31'47”"S 161°34'32"E
(Fig. 1), has an area of 7.8 km? and is covered by layer of
ice between 3.5 and 4 m thick. Around 15% of photosyn-
thetically active radiation (PAR) passes through the 3.5-m
thick ice cover unhindered (Howard-Williams et al. 1998).
The lake occupies a closed basin, with an inflow but no
outflow, hence the level of the lake is set by the balance
between ablation from the ice surface and the inflow of
meltwater. In recent years, the lake has been rising in level
and in 2010 was just over 75 m deep; when the moss was
first discovered in 1980, the lake was 10-m shallower
(Hawes et al. 2013). The lake has an unusual physical
structure with increasing conductivity and temperature
with depth (Castendyk et al. 2016). It is divided into three
main layers, two convection layers from 4- to 24-m depth
(temperature and conductivity 4.5 °C and 960 pS cm™')
and from 28- to 45-m depth (6.5 °C and 1620 pS cm™"),
transitioning below this to a near-continuously increasing
density gradient below 45 m, culminating in a hypersaline
brine at >20 °C in the third and deepest layer (Mikucki
et al. 2010).

The lake floor is covered to at least 50 m with microbial
mats that are composed primarily of cyanobacteria from
the genera Phormidium, Leptolyngbya and Pseudanabaena
(Hawes et al. 2013; Zhang et al. 2015). Growing in asso-
ciation with the microbial mats are moss populations, but
only at depths greater than 28 m in the lower convection
cell. A careful examination of the lake shore and areas in
and around the river flowing into Lake Vanda did not
reveal any mosses.

Sampling

Samples of the microbial mats were collected from a 1 m?
area at a depth of 31 m (corresponding to the middle
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Fig. 1 Location of Lake Vanda in continental Antarctica, and in Taylor Valley, McMurdo Dry Valleys

convection cell of the lake) by a diver in December 2013.
At the time of sampling, that water depth had a temperature
of 6.7 °C with a pH of 8.5 and a conductivity of 1620 uS/
cm. Incident irradiance was measured to be ~ 100 pmol
photons/m?/s with a LI-COR Biosciences LI-192 cosine
corrected underwater quantum detector attached to a LI-
1400 data logger, and water nitrate-N concentration was
30 uyg L™" and dissolved reactive phosphorous (DRP)
concentration was 1 pug L™' (Hawes unpublished data).
Approximately 50 moss gametophytes were dissected from
the microbial mats within 48 h of collection and kept at
approximately 10 °C until return to the Natural History
Museum, London. The moss samples were imaged under
the light microscope and used for initial in vitro cultivation
within 6 weeks of collection.

In vitro cultivation

Moss gametophytes were rinsed in distilled water and
placed directly onto 10% Parker’s nutrient medium (Kle-
kowski 1969) solidified with 1% Phytagel, following the
method by Duckett et al. (2004). After 6 weeks, once the
gametophytes had regenerated and produced extensive
protonemal colonies bearing new shoots, subculturing was
carried out on a variety of media such as 100 and 1%
Parker’s medium, known to stimulate production of pro-
tonemal gemmae and rhizoidal tubers, respectively
(Duckett et al. 2004); BCD medium supplemented with
1 mM CaCl,, 5 mM ammonium tartrate and solidified by
0.8% agarose (Nishiyama et al. 2000), as it promotes faster
regeneration than other growth media for bulking up of
tissue for phylogenetic analyses. A single plate of the moss
was used in subculturing to make 15 replicates on 100%
Parker’s medium, 15 replicates on 1% Parker’s medium
and 35 replicates on BCD medium. Cultures were main-
tained in a growth cabinet at 18 °C with a 14/10 h day/
night regime and a daytime irradiance of 100 mmol pho-
tons m~2 s~'. The ambient CO, was kept at ~440 ppm.
Cultures were assessed visually on a weekly basis for

regeneration and contamination. When axenic fragments
were found in otherwise contaminated cultures, these were
removed and placed onto fresh medium. Voucher speci-
mens of the moss were deposited with the Natural History
Museum, London.

Light and scanning electron microscopy (SEM)

Regenerated tissues (leaves, protonemata and rhizoids) at
various stages of development were mounted in water and
photographed under a Zeiss Axio Microscope (Zeiss,
Germany) equipped with a MRc digital camera. For SEM,
cultures were processed following the protocol of Duckett
and Ligrone (1995). Briefly, tissues were fixed in 3%
glutaraldehyde at room temperature for 24 h. After several
rinses in distilled water, specimens were dehydrated over
24 h in a graded (10-100%) ethanol series; critical-point
dried using CO, as transfusion fluid; sputter coated with
20 nm of palladium-gold; and observed with a FEI Quanta
scanning electron microscope (FEI, Hillsboro, Oregon,
USA) operating at 10 kV.

DNA extraction

DNA was extracted from a single axenic culture of the
Lake Vanda moss using the Hexadecyltrimethyl-ammo-
nium bromide (CTAB) method. In addition, DNA was
extracted from herbarium specimens (Natural History
Museum) of several Bryum species collected from
Antarctica and for which neither nrITS or rps4 sequences
are currently available in GenBank, including: B. arch-
angelicum Bruch & Schimp., B. pseudotriquetrum (Hedw.)
P. Gaertnn., B. Mei. & Scherb, B. argenteum Hedw., B.
pallescens Schwigr, B. orbiculatifolium Cardot & Broth.
and B. dichotomum Hedw. (Table 1).

For DNA extraction, approximately 5 mm? of material
from the Lake Vanda culture and from each of 22
herbarium specimens was ground in an acid-washed mortar
and pestle with approximately the same volume of sterile
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Table 1 Description of herbarium moss specimens sequenced in this study including accession number, location, year of collection, length of
rps4 and nrITS sequences (bp), where the character ‘-’ denotes where sequencing was not successful

Species Acronym Accession number Location Year of collection Rps4 (bp) ITS (bp)
Lake Vanda Bryum, sp. ~ Vanda Bryum BMO001102101 Lake Vanda, Antarctica 2013 696 1112
Bryum archangelicum B4 BM001102062 Tierra del fuego, Argentina 1936 696 -
Bryum archangelicum B7 BMO001147604 West Sussex, UK 2000 - 131
Bryum archangelicum B9 BMO00114 7564 West Sussex, UK 1976 774 1149
Bryum archangelicum B10 BMO001102069 Isle of Mull, UK 1970 791 -
Bryum archangelicum Bl11 BMO001147607 Gosport, UK 2000 698 1228
Bryum archangelicum B12 BM001102066 Bjorko, Sweden 1939 693 -
Bryum archangelicum B13 BMO001102061 Desolation Islands, France 1937 697 -
Bryum argenteum B18 BM001102064 Nuble Province, Chile 2002 693 1110
Bryum argenteum B19 BM001102063 Sea Elephant Bay, Tasmania 1975 687 1054
Bryum dichotomum B22 BMO001102065 Concepcion Province, Chile 2001 691 1080
Bryum orbiculatifolium  B21 BMO000748030 Bio-Bio Province, Chile 2002 851 1085
Bryum pallescens B20 BMO001102068 Tucuman Province, Argentina 2001 689 1120
Bryum pseudotriquetrum B4 BMO001102058 King George Island, Antarctica 1980 698 1154
Bryum pseudotriquetrum  B15 BM001102059 King George Island, Antarctica 1979 820 1089
Bryum pseudotriquetrum  B16 BMO001102067 King George Island, Antarctica 1980 699 1137
Bryum pseudotriquetrum  B17 BM001102060 King George Island, Antarctica 1980 692 1160

sand until a fine powder had been achieved. The powder
was added to a 1.5-ml Eppendorf tube containing 0.5 ml of
CTAB buffer (2% CTAB, 100 mM Tris (pH 8.0), 20 mM
EDTA (pH 8.0), 1.4 M Sodium Chloride, and 1% PVP),
50 pl of 10% Sarkosyl solution in 100 mM Tris (pH 8.0)
and 10 pl of Proteinase K 40 (units/ml). Samples were
vortexed and placed in a 60 °C water bath heated for
30 min. Afterwards, 0.5 ml of SEVAC (Iso Amyl alcohol
(24:1)) was added and mixed by vortexing. The tubes were
centrifuged for 3 min at 13,000 rpm, and the resulting
upper layer was then carefully transferred and the step was
repeated. After adding 400 pl of Isopropanol, samples were
centrifuged for 3 min and the supernatant was discarded.
The extracted DNA was washed by adding 0.5 ml 70%
ethanol and centrifuged for 3 min. The supernatant was
removed, and the final DNA pellet air-dried for 10 min.
The DNA was re-suspended in 30 pl of sterile PCR-water.

Polymerase chain reaction (PCR)

The nucleotide sequence of one chloroplast DNA region,
the ribosomal subunit 4 gene (rps4), and one nuclear
ribosomal DNA region, the nuclear internal transcribed
spacer region (nrITS), were amplified by PCR for each
moss sample. The primers used were RPS4F (5-ATGTCC
CGTTATCGAGGACCT-3') and TRNS (5-TACCGAGG
GTTCGAATC-3'), and AB101F (5'- ACGAATTCATGG
TCCGGTGAAGTGTTCG-3') and ABI102R (5-TAGAAT
TCCCCGGTTCGCTCGCCGTTAC-3"), respectively
(Nadot et al. 1994; Sun et al. 1994). The PCR was
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performed in 25 pl reaction volumes containing 0.5 pl of
Bioline taq polymerase (5 U/ul), 2.5 pul of 10 x buffer,
1.25 pl MgCl (50 mM), 1-2 pl of DNA, 1 pl (10 uM) of
each primer, 0.5 pl of dNTPs (25 mM) and sterile PCR-
water. The thermocycling regime was run for 3040 cycles
and PCR conditions were 94 °C for 30 s, 52 °C (up to
54 °C for ITS primers) for 30 s and 72 °C for 1 min for
both primer sets. Successful amplifications were identified
by gel electrophoresis using 1% of agarose. Samples dis-
playing double bands were excised and purified using a
QIAGEN MinElute Gel Extraction Kit (Qiagen, Valencia,
CA, USA) according to the manufacturer’s instructions.
Sequencing was carried out using the same primers as used
for the amplicon generation by PCR at the Natural History
Museum sequencing facility using Applied Biosystems
3730x]1 DNA analyser (Applied Biosystems, Foster City,
CA).

Sequence alignment and phylogenetic analysis

Phylogenetic analyses were performed for both rps4 and
nrITS. To add to the specimens sequenced in this study,
sequences for other species were sourced from GenBank
(Tables 2 and 3). Species of Bryaceae were chosen based
on works by Cox and Hedderson (2003) and Pedersen et al.
(2006). In total, this material covered seven sections of
Bryum and 11 genera. Sequences were first aligned by the
Opal 2.1.0 algorithm using the Opalescent package and
manually corrected in Mesquite (Wheeler and Kececioglu
2007). Maximum likelihood (ML) and Bayesian Markov
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Table 2 Species included in rps4 GenBank in this study, accession number, location of sampling; ‘~” denotes missing information

Genus Species Accession number Location Publication

Bryum pseudotriquetrum JQ040702 Mac.Robertson Land, Antarctica Skotnicki et al. (2012)
Bryum pseudotriquetrum JQ040701 Mac.Robertson Land, Antarctica Skotnicki et al. (2012)
Bryum pseudotriquetrum AF521689 - Cox and Hedderson (1999)
Bryum radiculosum AY082594 - Cox and Hedderson (2003)
Bryum ruderale AY082593 - Cox and Hedderson (2003)
Bryum russulum AY078328 - Cox and Hedderson (2003)
Bryum stenotrichum AF023787 - Cox and Hedderson (1999)
Bryum uliginosum AF521690 - Cox and Hedderson (2003)
Bryum wrightii AY078330 - Cox and Hedderson (2003)
Funaria hygrometrica AF023776 - Cox and Hedderson (1999)
Leptobryum pyriforme AB842339 - Kato et al. (2013)
Leptostomum inclinans AY907974 - Shaw et al. (2005)
Leptostomum macrocarpum AF023790 - Cox and Hedderson (1999)
Meesia uliginosa AF023803 - Cox and Hedderson (1999)
Pohlia cruda JF277325 - Guerra et al. (2011)
Pohlia longicollis JF277310 - Guerra et al. (2011)
Pohlia nutans JF277319 - Guerra et al. (2011)
Pohlia wahlenbergii JF277307 - Guerra et al. (2011)
Plagiobryum demissum AY078334 - Cox and Hedderson (2003)
Plagiobryum zierii AY907973 - Shaw et al. (2005)
Rhodobryum keniae AY078326 - Cox and Hedderson (2003)
Rhodobryum roseum AY078325 - Cox and Hedderson (2003)
Tayloria lingulata AF023807 - Shaw et al. (2005)

Chain Monte Carlo inference (BI) analytical methods were
implemented for both rps4 and nrITS. For both regions,
jModelTest 2 (Guindon and Gascuel 2003; Darriba et al.
2012) was used via the CIPRES Science Gateway v.3.1
(Miller et al., 2010) to ascertain the best-fitting substitution
model as indicated by the corrected Akaike Information
Criteria (AICc). For both regions, a general time-reversible
model with gamma rates was selected (GTR+G). Funaria
hygrometrica was used as an outgroup in all analyses. The
ML analyses were performed using RAxML-HPC2
(v.8.1.24; Stamatakis, 2014) on XSEDE through the
CIPRES Science Gateway. A rapid bootstrapping analysis
was performed for the maximum number of 1000 boot-
straps (BS). A majority rule consensus tree was calculated
from the bootstraps using Consense (Felsenstein 1993).
The BI analyses were performed using BEAST (v.1.8.2;
Drummond and Rambaut 2007) on XEDE through the
CIPRES Science Gateway. A file containing all the
parameters to be used was created for each gene using
BEAUti (v.1.8.2; Drummond et al. 2012). A lognormal
relaxed clock was used, and the tree model used was a Yule
speciation process. The following parameters for substitu-
tion rate and gamma shape estimated by jModelTest 2 for
ITS were used in the analysis: Ra(AC) = 1.0976,
Rb(AG) = 1.6088, Rc(AT) = 1.1220, Rd(CG) = 1.1772,

Re(CT) = 1.6927, RAGT) = 1, gamma shape = 0.6764.
The following parameters for substitution rate and gamma
shape estimated by jModelTest 2 for rps4 were used in the
analysis: Ra(AC) = 0.962, Rb(AG) = 3.389,
Rc(AT) = 0.243, Rd(CG) = 1.227, Re(CT) = 3.389,
RA(GT) = 1, gamma shape = 0.58. Markov chain Monte
Carlo analyses were run for 50,000,000 generations each,
sampling parameter values every 5000 generations.
Distribution and convergence of the parameter were
checked via TRACER (v1.6). The burn-in (1000 trees) was
discarded and then TreeAnnotator (Drummond and Ram-
baut 2007) was used to find the maximum clade credibility
tree from the posterior distribution of trees using median
ages. The final trees of both ML and BI analyses were
edited using FigTree v1.4.2 (Rambaut 2009). Sequences
are available under the NCBI accession numbers.

Results
Culturing and microscopy
Wild, sterile gametophytes of the Lake Vanda moss

growing within the microbial mats were yellow-green in
colour and etiolated (Fig. 2a). The elongated stems, ca.
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Table 3 Species included in nrITS GenBank sequences in this study, accession number, location of sampling, year of collection; ‘—* denotes

missing information

Genus Species Accession number  Location Publication

Bryum arcticum EU878210 - -

Bryum arcticum FJ796892 - Cox and Hedderson (2003)
Bryum argenteum GU907058 France -

Bryum argenteum GU907062 New Zealand Hills et al. (2010)
Bryum argenteum AY611432 Taylor Valley, South Victoria Land, Antarctica Hills et al. (2010)
Bryum argenteum AY611431 Beaufort Island, Ross Sea, Antarctica Hills et al. (2010)
Bryum argenteum AY611434 Granite Harbour, South Victoria Land, Antarctica Hills et al. (2010)
Bryum argenteum AY611433 Cape Royds, Ross Island, Antarctica —

Bryum argenteum AY611430 Edmonson, North Victoria Land, Point Antarctica -

Bryum argenteum AY611429 Cape Chocolate, South Victoria Land, Antarctica -

Bryum bicolor EU878214 - -

Bryum bornholmense KJ638714 - -

Bryum capillare AJ252136 - -

Bryum EU878223 -

Bryum coronatum EU878212 - -

Bryum Sfunckii FJ796894 - -

Bryum Sfunckii EU878209 - -

Bryum pseudotriquetrum ~ AY611428 Tucker Glacier, North Victoria Land, Antarctica -

Bryum pseudotriquetrum  AY611427 Taylor Valley, Antarctica -

Bryum pseudotriquetrum  AY611426 Granite Harbour, Antarctica -

Bryum pseudotriquetrum  GU907074 Australia -

Bryum pseudotriquetrum  GU907073 Casey, Windmill Islands, Antarctica -

Bryum pseudotriquetrum  DQ381782 UK Holyoak and Hedenas (2006)
Bryum pseudotriquetrum  DQ381781 UK -

Bryum pseudotriquetrum  DQ381779 UK -

Bryum pseudotriquetrum  DQ381774 UK -

Bryum pseudotriquetrum  KC291516 King George Island, Antarctica Zhang et al. (2013)
Bryum pseudotriquetrum  KC291515 King George Island, Antarctica Zhang et al. (2013)
Bryum pseudotriquetrum  JQ040698 Sulzberger Bluff, Mac.Robertson Land, Antarctica  Skotnicki et al. (2012)
Bryum pseudotriquetrum  JQ040697 Waller Hills, Mac.Robertson Land, Antarctica Skotnicki et al. (2012)
Bryum pseudotriquetrum  JQ040696 Clemence Massif, Mac.Robertson Land, Antarctica  Skotnicki et al. (2012)
Bryum pseudotriquetrum  FJ796884 - -

Bryum pseudotriquetrum  EU878220 - -

Bryum radiculosum EU878215 - -

Bryum ruderale KJ638712 - -

Bryum sauteri EU878216 - -

Funaria hygrometrica JN089174 Chile -

Leptobryum wilsonii AB795610 Antarctica -

Meesia uliginosa KC333234 Norway -

Pohlia nutans AF479320 King George Island, Antarctica -

Plagiobryum  zierii EU878219 - -

Bryum pseudotriquetrum  JQ040697 Waller Hills, Mac.Robertson Land, Antarctica Skotnicki et al. (2012)
Bryum pseudotriquetrum  JQ040696 Clemence Massif, Mac.Robertson Land, Antarctica  Skotnicki et al. (2012)
Bryum pseudotriquetrum  FJ796884 - -

Bryum pseudotriquetrum  EU878220 - -

Bryum radiculosum EU878215 - -

Bryum ruderale KJ638712 - -

Bryum sauteri EUS878216 - -
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Table 3 continued

Genus Species Accession number  Location Publication
Funaria hygrometrica JNO089174 Chile -
Leptobryum wilsonii AB795610 Antarctica -
Meesia uliginosa KC333234 Norway -
Pohlia nutans AF479320 King George Island, Antarctica -
Plagiobryum  zierii EU878219 - -

12 mm long, had consistently small leaves (ca. 0.5 mm in
length) evenly arranged along their length with interleaf
distances of up to 0.4 mm, and numerous rhizoidal fila-
ments (Fig. 2b).

The wild gametophytes regenerated in vitro within
6 weeks of culturing and produced extensive protonemal
colonies with young shoots. Subculturing using both
gametophore and protonemal fragments as inocula was
successful on high- and low-nutrient media (Fig. 2c, d). On
high-nutrient media (100% Parker and BCD), regenerating
tissues gave rise to vivid green dense cushions with
numerous shoots and extensive protonemata (chloronemal
and caulonemal filaments) after 3 weeks (Fig. 2c, f).
Leaves were arranged along the stems rather distant below
and more crowded and larger higher up (basal leaves:
0.31-0.33 mm long and 0.1-0.14 mm wide; upper leaves:
0.9-1.2 mm long and 0.35-0.4 mm wide). Overall leaf
morphology was typical of B. pseudotriquetrum; however,
leaves of both wild and cultured specimens had very thin
cell walls with chloroplasts casting ‘shadows’ through the
leaf lamina (ghost plastids) when viewed under the SEM
(Fig. 2g).

Cultures grown on the low-nutrient medium consisted of
smaller, less dense cushions (Fig. 2d). Shoot and leaf mor-
phology were the same as in the high-nutrient cultures;
however, the filamentous system consisted almost entirely of
brown-pigmented, highly branched rhizoids packed with
lipid droplets and with highly papillose cell walls (Fig. 2h, i).

A peculiarity of low-nutrient cultures contaminated with
cyanobacteria and/or fungi was that the rhizoids traced a highly
undulating course on the surface of the medium and their finer
ramifications often became intertwined, forming characteristic
knots. These knots were neither observed in axenic cultures nor
in high-nutrient contaminated cultures (Fig. 2h—j). However,
neither protonemal gemmae nor rhizoidal tubers were seen on
any of the Lake Vanda B. pseudotriquetrum cultures, similar to
northern hemisphere collections.

Phylogenetic analyses
The phylogenetic position of the Lake Vanda moss was

confirmed to be in the genus Bryum by means of ML
phylogenetic analysis of the nrITS and rps4 genes.

Analysis using nrITS generated a phylogenetic tree that
grouped the Vanda Bryum pseudotriquetrum with Antarctic
B. pseudotriquetrum with moderate support (BS > 50;
Fig. 3). This clade was nested within a clade composed of
mainly B. pseudotriquetrum (Antarctic and non-Antarctic
sequences) and B. archangelicum (BS > 50). The remain-
ing Antarctic B. pseudotriquetrum specimens sequenced in
this study were part of this larger clade.

The BI analysis for ITS provided a tree which had much
higher posterior confidence values than the ML analyses
with most clades receiving posterior probabilities (PP)
higher than 0.95 (Fig. 4). In the BI analysis, the Vanda
Bryum was nested inside a cluster containing all the
Antarctic and the one Australian B. pseudotriquetrum
sequences (PP > 0.95). Within this, the Vanda Bryum was
most similar to moss specimens also originating from
Southern Victoria Land, neighbouring Taylor Valley and
Granite Harbour (PP > 0.95). This clade was nested
within a clade, which encompassed the remainder of the B.
pseudotriquetrum sequences and among them, all the B.
archangelicum sequences (PP > 90).

The rps4 ML analysis placed the Vanda Bryum along-
side B. archangelicum; however, this relationship received
very poor support (BS < 50; Online Resource 1). The
sections of Bryum themselves were found to be poly-
phyletic. In general, the relationships within the tree had
low bootstrap values. A BI analysis of rps4 was performed
and on this tree, the Vanda Bryum was placed beside B.
pallescens but was not significantly supported (PP < 0.90;
Online Resource 2) and also confirmed polyphyly in this
Bryum section.

Discussion

This study is the first to confirm, by means of molecular
analyses, previous determinations of the Lake Vanda moss
as B. pseudotriquetrum (Kaspar et al. 1982; Ochyra et al.
2008). Our analyses provide further insights into the phy-
logenetic position of the Lake Vanda population, resolving
it to a clade of B. pseudotriquetrum containing exclusively
specimens from Antarctica, specifically those from the
neighbouring Taylor Valley and Granite Harbour. This
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«Fig. 2 a Wild, sterile gametophytes of the Lake Vanda moss growing
within the microbial mats (scale = 7 mm); b etiolated gametophyte
dissected from microbial mat (scale = 3 mm); ¢ in vitro moss culture
grown on high medium (scale = 3 mm); d in vitro moss culture
grown on low medium showing copious rhizoid production
(scale = 6 mm); e SEM image of regenerated tissues gave rise to
vivid green dense cushions with numerous shoots, extensive protone-
mata and high leaf densities towards the top of the gametophytes
(scale = 2 mm); f protonemata with chloronemal and caulonemal
filaments by light microscopy (scale = 100 pm); g SEM image of
thin cell walls with chloroplasts casting ‘shadows’ through the leaf
lamina (ghost plastids); h light microscopy image of brown-
pigmented, highly branched rhizoids (scale = 50 um); i brown
rhizoids packed with lipid droplets (scale = 20 um); and j SEM
image of fine rhizoids forming a knot (scale = 20 pm)

clade was contained within a larger clade of B. pseu-
dotriquetrum sequences, all but one originating from
Antarctica. Furthermore, our phylogenetic tree shows that
the clade containing all the Antarctic B. pseudotriquetrum
sequences are grouped separately from the clade containing
both B. archangelicum and non-Antarctic B.
pseudotriquetrum.

Bryum pseudotriquetrum is one of the most widespread
mosses in Antarctica. It is found on the South Sandwich,
South Orkney and South Shetland Islands, as well as the
Antarctic Peninsula. On the continent itself, it is present on
the Maud, Enderby, Wilkes and Ross sectors (Ochyra et al.
2008). Although it is usually considered a terrestrial spe-
cies, there are at least twelve separate reports of B. pseu-
dotriquetrum residing in aquatic habitats in Antarctica,
including the particularly deep depths of 34 m in Lake
Progress and 81 m in Radok Lake (Li et al. 2009; Kurba-
tova and Andreev 2015). Conditions in Antarctic lakes are
suboptimal for moss growth; however, they might be far
more hospitable than the surrounding terrain. Indeed,
mosses are not known to grow terrestrially anywhere in
Wright Valley. Kaspar et al. (1982) proposed that the Lake
Vanda B. pseudotriquetrum is unable to grow on the sur-
rounding soil due to high salinity, freeze-thaw cycles,
desiccation and cyclonic winds. Absence of submerged
lake mosses from the vicinity has been reported for other
lakes (Ignatov and Kurbatova 1990) suggesting that the
aquatic form might fill a distinct niche (Gabka et al. 2014).
Thus Lake Vanda might serve as a reservoir of biodiversity
for the region by providing a refuge from the more extreme
conditions on the surface. Lakes in the region have also
acted as local refugia over much longer timescales during
glaciations. Copepods for example are known to have
survived the glaciations in Lake Joyce (Karanovic et al.
2014). The idea of ice-free parts of the continent acting as
refugia during glaciations is now widely accepted (Convey
et al. 2009).

The close genetic similarity of the Lake Vanda popu-
lation to other populations of B. pseudotriquetrum in
Southern Victoria Land suggests that colonisation was
likely to have been from local sources. The closest moss
populations to Wright Valley are unconfirmed reports of
mosses on the Asgard Range, which divides Wright Valley
and Taylor Valley (Kaspar et al. 1982). It is very plausible
that propagules from Taylor Valley and the Asgard Range
travel through Wright Valley, and it is possible that they
might have founded the Lake Vanda population. Wind is a
major mechanism of dispersal in Antarctica for a range of
organisms, including invertebrates, algae, lichens and
mosses (Ellis-Evans and Walton 1990). A study by Skot-
nicki et al. (2001) recorded the dispersal of propagules of
the moss Campylopus pyriformis from Mount Melbourne
to Mount Erebus (a distance of 300 km) where it grows as
protonemata.

Lake Vanda is multi-layered with two convectively
mixed water layers (4-25 m and 2745 m) separated by a
steep density gradient and overlying a continuous density
gradient from 45 m to the lake floor (Castendyk et al.
2016). Using a combination of water balance models and
benthic microbial mat data, Castendyk et al. (2016) showed
that the upper convection cell is a recent phenomenon,
having formed over the last 80-100 years. B. pseudotri-
quetrum in Lake Vanda is restricted to the lower of the two
convection cells. The absence of mixing between the two
convection cells would have prevented movement of pas-
sive propagules from the lower cell to the upper, and only
propagules entering the lake from outside could have
colonised the upper convection cell (Castendyk et al.
2016). The absence of B. pseudotriquetrum from the upper,
more recent cell, therefore suggests that the last successful
colonisation event occurred prior to the formation of the
upper convection cell, which is more than 80-100 years
ago. The lower convecting layer is thought to have formed
approximately 1000 years ago as freshwater began to flow
into the lake after a prolonged period of dry-down and
salinisation (Castendyk et al. 2016). The basal waters of the
lake are hypersaline and dimly lit, and it is currently not
possible to determine whether the lower depth limit of the
moss is set by either irradiance or salinity.

Thus, the distribution of the moss is very much a
product of the particular limnology of Lake Vanda, and if
the lake were to change, the growth conditions of the
moss would undoubtedly do likewise. For example, the
lake has been rising in level for the past 100 years, which
appears to be due to an increase in the number of summer
days above freezing (Hawes et al. 2013). Increased inflow
is causing the upper convection cell to expand, and it is
unknown how the moss will be affected. Implications of
an increased depth could range from extinction due to
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Fig. 3 Maximum Likelihood analysis of Bryum species based on ITS
region sequences (Ln-likelihood = —12,519). The lake Vanda Bryum
is marked in bold. Sequences contributed by the current study are
denoted by an asterisk. Specimens that originate from Antarctica are

reduced light levels, since the moss cannot migrate to the
upper convection cell, to potential expansion if the con-
vection cells ultimately mix. Hence the Lake Vanda moss
population may provide a useful model on how highly
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Bryum pseudotriquetrum AY611426

underlined. An open circle at the base of a node indicates a BS value
of >50 and those with >70 are indicated by a cross. The scale bar
represents 0.2 substitutions per site

plastic mosses respond to environmental change such as
lake level rise.

Turning to morphology, the main features of wild
gametophytes of Bryum pseudotriquetrum from Lake
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Fig. 4 Bayesian Inference analysis of Bryum species based on ITS
region sequences. The lake Vanda Bryum is is marked in bold.
Sequences contributed by the current study are denoted by an asterisk.
Specimens that originate from Antarctica are underlined. An open

Vanda are typical for deep-water mosses. In particular, the
etiolated shoots with very small leaves (Wagner and Sep-
pelt 2006; Ochyra et al. 2008; Li et al. 2009) are in line
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with previous descriptions of sub-aerial Antarctic B.
pseudotriquetrum populations (Seppelt and Green 1998;
Ochyra et al. 2008). Shoot etiolation and small leaves are a
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direct response to the limited light availability of deep-
water habitats. An additional feature of the Lake Vanda B.
pseudotriquetrum, as revealed by SEM, is the extremely
thin leaf cell walls. These are a common plastic adaptation
of aquatic and semi-emergent mosses (Vitt and Glime
1984; Ares et al. 2014), thought to facilitate carbon dioxide
uptake (Mommer and Visser 2005) by submerged leaves.
High levels of carbon dioxide in some water bodies have
been found to play a particularly important role for the
survival of deep-water mosses, countering other factors
that constrain growth (Lovalvo et al. 2010). The chloro-
plast ‘shadows’ seen in SEM have also been noted in the
similarly thin-walled cells of the thalloid liverwort Cy-
athodium growing on a dripping cliff face (Duckett and
Ligrone 1995).

Another possible adaptation to the deep-water habitat of
Lake Vanda is the extensive system of rhizoids with ter-
minal knots produced by the Lake Vanda population when
growing on low-nutrient contaminated medium, i.e. the
in vitro conditions that more closely resemble its natural
growth conditions. Rhizoids are known to show thig-
motropism (Goode et al. 1992), exhibiting nutation until or
when they contact a surface (Duckett 1994; Ares et al.
2014). Production of rhizoids rather than protonemal fila-
ments in response to low-nutrient conditions has been
reported before in other moss species (Duckett and Matc-
ham 1995). However, the knotting behaviour observed
exclusively on contaminated media might reflect develop-
mental changes in response to other organisms in the cul-
tures, including those that associate with Bryum in nature,
i.e. the cyanobacteria forming the microbial mats in which
Bryum grows. There are several reports of developmental
changes and/or nutritional benefits to mosses in variously
loose associations with microorganisms, both in culture
(Spiess et al. 1971; Glime and Knoop 1986; Ares et al.
2014) and in the wild (Berg et al. 2013; Rousk et al. 2013;
see Ares et al. 2014 for a discussion). It may be that the
Bryum population from Lake Vanda, an oligotrophic lake,
might somewhat benefit from its association with the
cyanobacteria-based microbial mat in which the moss
grows—whether through nutrient transfer or acquisition of
nutrients from decomposition of the mats. Possible inter-
actions between the Lake Vanda moss and the organisms
forming the microbial mats certainly deserve further
scrutiny.

The submerged habit of the Lake Vanda Bryum pseu-
dotriquetrum is not unique to Antarctica, nor is it restricted
to this species. Bryum pseudotriquetrum has been recorded
from streams in the UK, Portugal and Canada (Watson
1919; Holmes 1985; Glime and Vitt 1986; Vieira et al.
2005) and from lakes and glaciofluvial springs in Sweden
(Persson 1942; Hoffsten and Malmgqvist 2000). Some other
85 moss species are known to grow in submerged habitats,
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some reaching depths comparable to B. pseudotriquetrum
in Antarctica (Ignatov and Kurbatova 1990). Light and
Smith (1976) found eight species growing at depths
between 1 and 20 m in four lochs in the Scottish High-
lands, and a large study of lakes in South Island, New
Zealand, reported that 25% of the lakes contained deep-
water mosses, including over half of the world’s records for
mosses submerged at depths greater than 50 m and span-
ning 42 taxa in 11 families, including several species of
Bryum (de Winton and Beever 2004).

Conclusion

Molecular analysis of the nrITS and rps4 regions confirmed
the previous identification of the Lake Vanda moss popu-
lation as Bryum pseudotriquetrum and further resolves it to
a subcluster containing exclusively specimens from
neighbouring regions in Antarctica. The close genetic
similarity of the Lake Vanda population to other popula-
tions of B. pseudotriquetrum in Southern Victoria Land
suggests that colonisation was likely to have been from
local sources whilst the position of the moss in the lake
places the last colonisation event at over 100 years ago.
Very thin leaf cell walls in wild and cultured specimens,
together with the production of copious rhizoidal knots on
contaminated media, point to possible adaptations to the
deep-water environment occupied by the Lake Vanda
Bryum where it grows in close associations with
cyanobacteria. How mosses cope with deep-water habitats
and how they might be affected by climatic change
deserves further scrutiny. The recording of B. pseudotri-
quetrum in Lake Vanda, Wright Valley, and its genetic
similarity to other populations in the region, provides fur-
ther support for the importance of freshwater ecosystems as
refugia for biodiversity in Antarctica.
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