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Abstract

Aim: Cryoconite, a microbe-mineral aggregate found on glaciers worldwide, is
formed by microbial phototrophs, principally cyanobacteria. Despite their ecological
importance in supraglacial environments, the phylogeographical distributions of
supraglacial cyanobacteria are poorly understood. Here, we investigate the biogeo-
graphical distribution of cyanobacteria on glaciers in the Antarctic, Arctic and Asia.
Location: Glaciers in the Antarctic, Arctic and Asia.

Methods: We analysed contiguous sequences of 16S rRNA genes and 16S-23S
internal transcribed spacer (ITS) regions, determined by a long read strategy and sin-
gle-filament PCR analysis in 38 glacial samples. We analysed cyanobacterial distribu-
tion patterns and genetic differentiation.

Results: The cyanobacterial 16S rRNA gene sequences were grouped into 20 oper-
ational taxonomic units (OTUs), and the six major OTUs that accounted for 88% of
sequences were distributed broadly from polar to Asian glaciers, suggesting that
they are cosmopolitan at the species level. However, analysis of the more variable
ITS region revealed geographical differentiation at the strain level. Nineteen OTUs,
including the six major OTUs, showed considerable genetic differentiation among
geographical regions; at the population level, they are, thus, geographically
restricted. Only one of the phylotype exhibits a population structure which does
not show a relationship with geographical distribution, suggesting that is cosmopoli-
tan, even at the strain level.

Main conclusions: Our 16S rRNA gene analyses suggest a global distribution of
species of cyanobacteria colonizing glacier surfaces; however, the 16S-23S ITS
regions revealed that most of the phylotypes are fundamentally endemic to particu-
lar areas at the population level and indicate limited migration among regions. Our
result suggests that selection pressures among geographical regions are strong driv-

ing forces shaping genetic structure in cyanobacteria.
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1 | INTRODUCTION

Cyanobacteria are prominent photoautotrophs growing in various
extreme environments. Glaciers, which are characterized by low tem-
perature and poor nutrient status, are commonly inhabited by
cyanobacteria capable of surviving in cold environments (Edwards
et al.,, 2014; Langford, Hodson, Banwart, & Boggild, 2010). They are
usually found in cryoconite holes, which are small meltwater ponds
on ablating ice surfaces in which dark-coloured spherical aggregates
(cryoconite granules) form. The presence of cryoconite results in the
accumulation of organic matter; therefore, cryoconite holes sustain
diverse heterotrophic organisms on glaciers. Cyanobacteria are found
on glaciers worldwide in geographically widely separated regions,
such as the Arctic, Antarctic and high-altitude mountains at lower
latitudes (Edwards et al., 2014; Foreman, Sattler, Mikucki, Porazin-
ska, & Priscu, 2007; Takeuchi & Li, 2008). However, it is unclear
how cyanobacteria expand their distribution, whether they can dis-
perse to other glaciers locally or globally. Furthermore, their phylo-
geographical distribution patterns are not known. Understanding the
distribution pattern and dispersal process of cyanobacteria is impor-
tant to interpret recent changes in glacier ecosystems in Arctic and
other regions under the conditions of global warming and potential
de-glaciation (Wientjes, Van de Wal, Reichart, Sluijs, & Oerlemans,
2011).

Several studies based on 16S rRNA gene analysis have concluded
that cryospheric cyanobacteria are cosmopolitan (Harding, Jungblut,
Lovejoy, & Vincent, 2011; Jungblut, Lovejoy, & Vincent, 2010). The
results of a recent study based on 16S rRNA gene sequences sug-
gested that several clades of cold-dwelling cyanobacteria are common
to polar and alpine regions, and showed that 20 clades independently
evolved from the ancestors with high probabilities of being able to
survive in cold environments (Chrismas, Anesio, & Sanchez-Baracaldo,
2015). The global distribution of glacier cyanobacteria implies that
their dispersion and evolution are associated with climate variations,
rather than geographical distance (Pointing et al., 2015). Cryosphere-
specialist cyanobacteria may expand their ranges during cold climatic
periods, but become increasingly fragmented in warmer climates
(Pointing et al., 2015; Vincent, 2000). However, little is known about
the evolutionary history of glacier cyanobacteria, especially microevo-
lutionary processes such as regional differentiation. While conven-
tional 16S rRNA gene analyses have broad utility in resolving
taxonomic affiliations to the genus and species levels (Liguori et al.,
2011), they have limited ability to resolve population-level genetic
structure within species due to the low evolutionary rates of the gene.
The 165-23S internal transcribed spacer (165-23S ITS) region has a
faster evolutionary rate, and therefore, it is more appropriate for
resolving population structure (Dvorak, Hasler, & Poulickova, 2012).
The differential resolution provided by the 165-23S ITS region and
the 16S rRNA gene in genetic analyses may improve our insights in
population genetics and geographical patterns.

In this study, we investigated the biogeographical distribution
patterns of cyanobacteria among glaciers in the Antarctic, Arctic and

Asia, the three largest glacierized regions of the world. Given the

physical distance between each region, we hypothesized that there
would be a corresponding influence of geographical region upon the
cyanobacterial community. Consequently, we hypothesized that the
extent of dispersal among the major regions could be revealed, and
ultimately whether the dispersal limitation is prevalent at species or
strain level. On the basis of the sequences from cyanobacteria col-
lected from glaciers in these regions, we estimated cyanobacterial
population structure on global and regional scales (e.g. Arctic, Asian,
or each glacial scale). The analyses based on genetic markers for
regions with different evolution rates (16S rRNA gene and 165-23S
ITS region) provided evidence for the endemic distribution of major
cyanobacterial phylotypes. Using this experimental strategy, we iden-
tified species (or genera) by inter-species comparison and analysed

population genetic structure by intra-species comparison.

2 | MATERIALS AND METHODS

2.1 | Sample collection

We used cryoconite samples collected from 38 sites on 15 glaciers
in the Arctic, Antarctic and Asian mountains (Figure 1 and Table S1
in Appendix S1). The glaciers sampled in the Arctic include sites from
Greenland, Svalbard and Alaska, those of the Antarctic glaciers
include King George and James Ross islands, and those of the Asian
mountains include Himalayas, Pamir, Tienshan and Qilian mountains.
At each of site, we collected cryoconite in cryoconite holes from five
randomly selected points, which were representative surfaces in
terms of slope, roughness and meltwater, and away from the glacier
margins. Cryoconite samples were collected using a pipette or stain-
less steel scoop which had previously been washed by Milli-Q water
(Millipore, USA) within a clean room and sterilized by UV treatment.
Samples were stored in sterile 5- or 50-ml plastic conical tubes
(Assist, Japan). The samples were frozen on dry ice during trans-
portation to Japan and kept frozen at —80°C before use. PCR ampli-
fication and sequencing were performed no later than 1 year after

collection.

2.2 | 16SrRNA-AITS long read strategy by PCR
amplification and sequencing

Within 1 year of sample collection, genomic DNA was extracted
from supraglacial samples using a FastDNA spin kit for soil (Qbio-
gene, USA) with a Multi-beads shocker at 2,500 rpm for 30 s (Yasui
Kikai, Japan). Between 1 and 2 ml of each sample was centrifuged at
10,000 g for 10 min and the pellets from five replicate samples col-
lected at each site pooled prior to the extraction. All DNA extrac-
tions were conducted in a class 100 clean bench (MHE-130AB3;
Sanyo, Japan), and the subsequent procedures were carried out in
another class 100 clean bench.

While high-throughput sequencing is commonly applied to 16S
rRNA gene amplicon analyses, the read lengths of currently used
sequencing platforms could not provide contiguous 16S-ITS rRNA

sequences from the same template molecules. Since this was a pre-
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FIGURE 1 Map showing locations of snow and ice sampling sites. Cryoconite samples were collected from 38 sites on 15 glaciers in the Arctic,
Antarctic and Asian mountains. Pie charts depict distribution and abundance of cyanobacterial OTUs obtained from each glacier. Six major 16S OTUs
and low-abundance OTUs (grouped into “Other OTUs") are represented in pie charts. Colour points on map represent regions: blue: Antarctica, green:
Greenland, red: Svalbard, grey: Alaska, black: Northern Asia and yellow: Southern Asia [Colour figure can be viewed at wileyonlinelibrary.com]

requisite to perform parallel analyses of broad-scale taxonomic (16S
rRNA gene) or fine-scaled (165-23S ITS) on the same individuals, we
accordingly selected Sanger based sequencing of clone libraries as
the study’s strategy, accepting the limitation of shallower sequencing
depth.

PCR amplification of cyanobacterial 16S rRNA gene to 23S rRNA
ITS regions was performed using high-fidelity PrimeStar polymerase
(Takara, Japan) and primers 27FHT (Isenbarger, Finney, Rios-Velaz-
quez, Handelsman, & Ruvkun, 2008) and 23S30R (Lepéere, Wilmotte,
& Meyer, 2000). To reduce PCR artefacts, the number of PCR cycles
was kept to a minimum. The PCR conditions were as follows: 3 min
of initial denaturation at 94°C, then 12-20 cycles at 98°C for 10 s,
57°C for 15 s and 72°C for 4 min, and a final extension at 72°C for
7 min. To minimize PCR drift, 3-5 independent reactions were con-
ducted. The pooled PCR products were purified using the MinElute
PCR Purification Kit (Qiagen, Hilden, Germany) and cloned using the
pCR4Blunt-TOPO with a Zero Blunt TOPO PCR Cloning Kit for
Sequencing (Life technologies, USA). Escherichia coli HSTO8 Premium
Competent Cells (Takara) were transformed with the cloning vector.
We sequenced approximately 3,000 clones in total. Sequencing was
achieved using Big Dye Terminator 3.1 and an ABI 3130x| automatic
sequencer.

2.3 | Single-filament PCR analysis and microscopy

To directly identify the phylotypes forming cryoconite granules, sin-

gle-filament PCR analysis was conducted. Cryoconite samples

collected from the two glaciers in Asian mountains were used for
dissection, and three taxa with different morphological characteris-
tics were selected according to Takeuchi and Li (2008).

Cryoconite samples collected from the Urumgi Glacier No. 1,
China, and Gregoriev Glacier, Kyrgyzstan, were used for dissection.
The samples were placed on a PPS membrane slide (Leica, Germany)
and allowed to dry. Single cyanobacterial filaments were isolated
using a Laser Microdissection System (model LMD 7000; Leica, Ger-
many). The dissected cyanobacterial filament was directly transferred
to PCR tubes containing a sterilized lysis buffer (10 mm Tris-HCI [pH
8.0], 0.1 mm EDTA, and 0.1% Tween 20 in Milli-Q water). Tubes
containing cyanobacterial filaments were subjected to three consecu-
tive freeze-thaw cycles to lyse the filaments and then incubated at
55°C for 2 h. PCR amplification of the 16S rRNA-ITS region genes
was performed using Ex Tag Hot Start Version (Takara, Japan) and
primers 359F (Nubel, Garcia-Pichel, & Muyzer, 1997) and 23S30R
under the following conditions: 3 min initial denaturation at 94°C;
45 cycles of 94°C for 45 s, 52°C for 45 s and 72°C for 3 min 30 s;
final extension at 72°C for 7 min. Sequencing procedures were the
same as described in the above.

2.4 | Sequencing and phylogenetic analysis

Sequencing data were analysed using MotHur 1.33.3 (Schloss et al.,
2009). Chimeric sequences were identified and removed using chi-
mera.uchime (Edgar, Haas, Clemente, Quince, & Knight, 2011). The

sequences were clustered into operational taxonomic units (OTUs)
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with a criterion of 98% identity of 16S rRNA gene using the furthest
neighbour algorithm. BLASTN searches were performed to identify
the closest sequences in the NCBI-nt database. MoTHUR data were
used to calculate a coverage (the formula [1—n/N], where n is the
number of singletons and N is the total number of sequences).
Operational taxonomic units were initially clustered at the 98%
nucleotide identity level based only on the 16S rRNA gene
sequences (defined as “species”). These 16S rRNA-based OTUs were
then subclustered using ITS sequences with a criterion of 100%
identity. These unique ITS sequences were defined as “strains.” We
searched for tRNA sequences using TRNADB-CE (Abe et al., 2014)
and removed tRNA sequences for subsequent analysis. Representa-
tive sequences of 16S rRNA gene and ITS sequences in each haplo-
type were aligned using the program marrt (Katoh & Toh, 2010),
respectively. These alignments were carefully checked by eye and all
ambiguous sites, and sequences were manually deleted. Maximum
likelihood trees were reconstructed using RAXML v.7.2.8 (Stamatakis,
2006) with the GTR+T" models for 16S and ITS sequences. Weighted
UniFrac analyses were performed to calculate pairwise distances
between cyanobacterial communities, and permutation analysis was
used to test whether they differ significantly (Lozupone & Knight,
2005). Weighted UniFrac analyses were performed in MoTHURr. Simi-
larity of cyanobacterial community structures was calculated using
the Bray-Curtis similarity index implemented in the QIIME v1.9.1
package (Caporaso et al., 2010). Differences among clusters were
statistically tested by analysis of similarity (ANOSIM) with 999 per-

mutations.

2.5 | Haplotype network and population genetic
diversity analysis of ITS regions

Haplotype networks were reconstructed on the basis of the ITS
sequences with the median joining (MJ) method (Bandelt, Forster, &
Rohl, 1999) using NeTwork 4.6.11 (http://www.fluxus-engineering.c
om/sharenet.htm). To estimate genetic diversities within each popu-
lation, nucleotide diversity was calculated using p-distances calcu-
lated in Meca 5 (Tamura et al., 2011). Standard deviations were
calculated using 1,000 bootstrap replicates. To clarify phylogenetic
relationships among populations, the net distances between the pop-
ulations were also calculated based on p-distances. The neighbour
joining (NJ) method was used to reconstruct phylogenetic relation-
ships. Geographical distances between sampling points were calcu-
lated with the Perpendicular Distance Calculator v1.2.2 (American
Museum of Natural History, http://biodiversityinformatics.amnh.org/
open_source/pdc). Mantel tests of geographical distances versus
pairwise raw net genetic distances were performed with past 3.1
(Hammer, Harper, & Ryan, 2001), using 100,000 permutations and
the Pearson’s correlation coefficient.

The presence or absence of geographical structures within each
OTU defined by 16S rRNA gene was investigated by measuring Gst
and Nst using Permut (Pons & Petit, 1996; Burban, Petit, Carcreff, &
Jactel, 1999; https://wwwé.bordeaux-aquitaine.inra.fr/biogeco/Prod
uction-scientifique/Logiciels/Contrib-Permut/Permut), Fst and

analysis of molecular variance (AMOVA) using the ArLeQuIN 3.5 pro-
gram (Excoffier & Lischer, 2010). For the AMOVA analysis, two kinds
of hierarchical structures were adopted. The first specified regions
and subregions as higher and lower hierarchical structures, respec-
tively. Each region (Antarctica, Asia and Arctic) consists of more than
one subregion (Antarctica, Northern Asia, Southern Asia, Alaska,
Greenland and Svalbard). The second hierarchical structure adopted

subregions and glaciers as higher and lower structures.

3 | RESULTS

3.1 | Cyanobacterial phylotypes as inferred from
16S rRNA analysis

The 16S-ITS sequence dataset comprised a total of 2,938 reads with
an average of 78 4+ 32 sequences per glacier sample and an average
sequence length of 1,843 bp. The coverage value per 16S rRNA
gene clone library was 94%-100%. We assume that the sequencing
effort was sufficient to detect most, if not all, cyanobacterial diver-
sity present at each site. Most 16S rRNA genes were affiliated with
Oscillatoriales (87% of the total number of OTUs), Nostocales (9%)
and Chroococcales (3%; Table 1). The most frequently detected gen-
era were Phormidesmis (29%) and Microcoleus (16%) in Oscillatoriales;
unclassified Oscillatoriales accounted for 22% of OTUs. The 16S
rRNA gene sequences were grouped into 20 cyanobacterial OTUs
(Table 1). The phylogenetic composition of the cyanobacterial com-
munities differed significantly among regions (UniFrac p < .001) and
among individual glaciers (ANOSIM: global R = .68, p < .001, n = 38,
number of groups = 15 in 16S rRNA gene, R = .64, p < .001, n = 38,
number of groups = 15 in ITS region).

A heatmap analysis 16S rRNA gene OTUs showed that the phy-
lotype composition was related to the geographical region (Figure 2).
Of the 20 OTUs, 11 were found in multiple regions. These 11 OTUs
accounted for 97% of the sequences in the clone libraries, suggest-
ing that the most abundant phylotypes were present in multiple
regions. Of the 20 OTUs detected, only six OTUs were present at
abundances >5% in the clone libraries (OTU O, 1, 2, 4, 7 and 8;
Table 1). Of these, five were assigned to Oscillatoriales, while one
(OTU2) was assigned to Nostocales. Together, these six most abun-
dant phylotypes represented 45%-100% of each clone library, aver-
aging 88% + 13% of the clones sequenced across the total library.

3.2 | Morphological classification and single-
filament PCR

Clone libraries from cryoconite sampled from Urumgqi Glacier No. 1,
China, and Gregoriev Glacier, Kyrgyzstan, contained 11 of the 20
OTUs (Figure 2). Together, these 11 OTUs accounted for 90% of
the clone library. The cryoconite granules from these two glaciers
contained abundant filamentous cyanobacteria, and at least three
morphotypes could be identified with optical or fluorescence micro-
scopy. The three morphotypes from both glaciers were classified as

Oscillatoriaceae cyanobacterium 1, Oscillatoriaceae cyanobacterium
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TABLE 1 The list of cyanobacterial 16S rRNA gene sequences (OTUO-OTU19) detected on the glacier samples in the Arctic, Antarctic and
Asian mountains

OTU Highest match/accession number % simi- ITS length (bp) (re- Single-fila- % in the
numbers  Highest cultured match/accession number larity Order moved tRNA) ment PCR total
OTUO Uncultured Oscillatoriales cyanobacterium 99 Oscillatoriales 354-356 + 21.9
clone LIO6st1/JF733399
Cyanobacterium enrichment culture clone 99
CAWBG90/KC818279
Alkalinema pantanalense CENA531/KF246497 94
OoTU1 Uncultured cyanobacterium clone H-B07/ 99 Oscillatoriales 358-465 28.9
DQ181687
Phormidesmis priestleyi ANT.L66.1/AY493581 99
OTU2 Uncultured Nostoc sp. clone K_J52/JQ007764 99 Nostocales 324-387 6.7
Nostoc sp. “Nephroma arcticum UK103 99
cyanobiont”/KF359688
OTU3 Uncultured Chamaesiphon sp. clone 5f-17/ 99 Chroococcales 460-494 3.0
JF832304
Chamaesiphon polonicus SAG 32.87/KM019983 98
OoTU4 - Oscillatoriales 420-442 + 16.1
Microcoleus vaginatus SRS1-KK2/EF654078 99
OTUS5 Pseudanabaena sp. lw0831/KF208379 99 Oscillatoriales 380-3%94 + 2.3
Pseudanabaena catenata SAG 254.80/ 98
KM020004
OTUé6 Uncultured bacterium clone Bas-7-20/ 95 Unclassified 446-447 0.8
GQ495376
Cyanobacterium TDX16/KJ599678 80
OoTU7 Uncultured cyanobacterium clone 10.1.11- 100 Oscillatoriales 345-346 6.3
006_lsolat_1/KF029609
Cyanobacterium enrichment culture clone 98
CAWBG81/KC818277
Alkalinema pantanalense CENA531/KF246497 93
oTuU8 Uncultured bacterium clone: MPB1-5/ 99 Oscillatoriales 432-435 + 7.6
AB630387
Leptolyngbya frigida ANT.L53B.2/AY493576 93
OoTU9 Uncultured cyanobacterium clone A206/ 98 Oscillatoriales 337 + 1.9
DQ181671
Geitlerinema sp. Sai004/GU935348 98
OTU10 Uncultured bacterium clone: Qiyi-cya-OTU 5/ 100 Chroococcidiopsidales 334 0.03
AB569630
Aliterella antarctica CENA408/KU291459 96
OTU11 Uncultured cyanobacterium clone RJ094/ 98 Oscillatoriales 390-416 1.2
DQ181682
Leptolyngbya frigida ANT.L52.2/AY493575 95
OTU12 - Oscillatoriales 538-539 0.1
Phormidesmis priestleyi ANT.LPR2.6 1/ 100
AY493585
OTU13 Uncultured bacterium clone TP-Snow-9/ 99 Oscillatoriales 416 0.1
HQ327233
Phormidesmis priestleyi ANT.L52.6/AY493579 99
OoTU14 Uncultured bacterium clone EpiUMA24/ 98 Chroococcales 522 0.1
FJ849205

Chamaesiphon polonicus SAG 32.87/KM019983 97

(Continues)
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TABLE 1 (Continued)

oTU Highest match/accession number % simi- ITS length (bp) (re- Single-fila- % in the
numbers  Highest cultured match/accession number larity Order moved tRNA) ment PCR total
OTU15 - Oscillatoriales 329 0.2
Phormidium murrayii ANT.LPE.2/AY493598 98
OTU16 Uncultured cyanobacterium clone FQSS103/ 99 Nostocales 486-494 2.2
EF522323
Cylindrospermum stagnale PCC 7417/CP003642 94
OoTuU17 Uncultured bacterium clone EpiUMB54/ 98 Chroococcales 475 0.1
FJ849308
Chamaesiphon polonicus SAG 32.87/KM019983 96
OTU18 Uncultured cyanobacterium clone RJ102/ 99 Oscillatoriales 468 0.1
DQ181684
Leptolyngbya antarctica ANT.L67.1/AY493572 99
OTU19 Uncultured bacterium clone: G2CLN39/ 97 Unclassified 522-526 0.1
AB696223
Gloeobacter kilaueensis J51/CP003587 85
Antar| Svalbard Greenland Alaska Southern Asl:a Northern Asia 10
ctica |~ o — o Himalayas mir Tien Shan Mountains Qilian Mts
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FIGURE 2 Geographical distribution of cyanobacteria on glacier samples as determined by 16S rRNA gene analysis. Representative heat
map of clone percentage in samples is shown. Blue and yellow heat map indicate high and low expression, respectively, of each OTU at
sample sites. White, no detectable signal [Colour figure can be viewed at wileyonlinelibrary.com]
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2 and Oscillatoriaceae cyanobacterium 3. Oscillatoriaceae cyanobac-
terium 1 lacked a sheath and its mean cell diameter (+SD) was
1.6 &+ 0.20 pm (Urumgi Glacier No. 1) and 1.3 + 0.19 um (Gregoriev
Glacier). Oscillatoriaceae cyanobacterium 2 had a sheath and its
mean cell diameter (£SD) was 3.1 4+ 0.50 (Urumgi Glacier No. 1) and
3.4 £ 0.73 um (Gregoriev Glacier). Oscillatoriaceae cyanobacterium
3 also had a sheath and its mean cell diameter (+£SD) was 1.5 £ 0
.22 um (Urumgi Glacier No. 1) and 1.4 £ 0.29 um (Gregoriev Gla-
cier) (Figure S1 in Appendix S2).

The 16S-ITS sequences of these three morphotypes were ampli-
fied by single-filament PCR. Five OTUs (Oscillatoriales OTUO, Micro-
coleus OTU4, Pseudanabaena OTUS5, Oscillatoriales OTU8 and
Geitlerinema OTU9; Figure S2 in Appendix S2) were identified with
99.5%-100% similarity to clone library sequences of thel16S rRNA
gene. These five OTUs represented 50% of the sequences in the
clone libraries. Single-filament PCR analyses of the microscopic mor-
photypes showed that the filamentous Oscillatoriales cyanobacteria
were abundant in the Asian glacier samples, consistent with the
clone library analysis.

3.3 | Cyanobacterial analysis based on 165-23S ITS
region

To examine phylogenetic variation on a finer scale, we independently
examined the 165-23S ITS region contiguously sequenced within
the clone libraries. The 165-23S ITS region sequences of nine of the
20 OTUs analysed showed 96%-100% similarity with Antarctic and
glacier cyanobacterial sequences in the NCBI-nt database (>96.0%
similarity; Table S2 in Appendix S2). The nucleotide diversity (©r)
within the ITS varied among OTUs with values ranging from 0.0030
to 0.097 (0.035 + 0.005). The 165-23S ITS intra-OTU nucleotide
diversities were not correlated with the abundance of 16S-defined
OTUs within the clone library; for example, the greatest nucleotide
diversities were in OTU1 (Phormidesmis, 28.9% of clone library),
OTU3 (Chamaesiphon, 3.0% of clone library) and OTU11 (Leptolyng-
bya, 1.2% of clone library) (Figure S3 in Appendix S2). The nucleotide
diversities were higher in Phormidesmis OTU1 and Chamaesiphon
OTU3 than in the other OTUs. Oscillatoriales OTUOQ, the second-
most dominant OoTU, had low diversity
(0.0077 £ 0.0023; see Figure S3 in Appendix S2). Thus, nucleotide
diversities were not related to the dominance of OTUs or to their

nucleotide

phylogenetic relationships.

While the 16S rRNA-based OTUs were often widely distributed,
a geographical network analysis of 165-23S ITS showed that almost
all phylotypes had regional distribution patterns. The haplotype net-
works detected in this study indicated that several geographical
regions shared ancestral haplotypes with endemic haplotypes inde-
pendently derived from them multiple times (Figure 3 and Fig-
ure S4-S8 in Appendix S2). The results of the 165-23S ITS analyses
showed that only Nostoc OTU2 was cosmopolitan with a global dis-
tribution at the strain level; the other OTUs, together accounting for
93% of the library clones, were regionally endemic at the strain

level.
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3.4 | Population genetic analysis

The six major globally distributed 16S rRNA-based OTUs were then
analysed based on their 165-23S ITS sequences. The Nst values
were larger than the Gst values for each OTU (Table 2), indicating
that there was genetic differentiation among geographical regions
for all six OTUs.

Mantel tests showed that genetic distance was correlated with
geographical distance for Oscillatoriales OTUO, 4 and 8 (Table 2).
Almost all Fst values of the Oscillatoriales (OTUO, 1, 4, 7 and 8) were
statistically significant (p < .05). In contrast, differences in Fst values
for Nostoc OTU2 were mostly non-significant among regions, except
for Alaska—Greenland (Table S3 in Appendix S2). In the AMOVA
analysis, most of the variance (>60%) was “within populations” for
the major OTUs (Table 2). The proportion of variance among regions
(Antarctica, Asia, Arctic) and among subregions (Antarctica, Northern
Asia, Southern Asia, Alaska, Greenland and Svalbard) differed among
the OTUs. The proportion of variance among subregions was smaller
than that among glaciers within subregions for OTUO, OTU1 and
OTU2. The proportion of variance among subregions was larger than
the proportion of variance among glaciers for OTU4, OTU7 and
OTuU8.

4 | DISCUSSION

4.1 | Cryoconite cyanobacterial phylotypes on
glaciers

Based on their 16S rRNA sequences, most of the cyanobacteria
detected in this study were affiliated with Oscillatoriales, which have
been previously described from glacier environments (Michaud,
Sabacka, & Priscu, 2012; Segawa & Takeuchi, 2010; Segawa et al.,
2014). Specifically, these cyanobacteria detected in this study
belonged to the genera Phormidesmis and Microcoleus in Oscillatori-
ales, which appear to be both ubiquitous and dominant in glacier
environments and are capable of growing in cold conditions (Stru-
necky, Komarek, Johansen, Lukesova, & Elster, 2013; Taton et al.,
2006; Webster-Brown, Hawes, Jungblut, Wood, & Christenson,
2015). Phormidesmis was the dominant genus, accounting for 29% of
the total sequences (Phormidesmis OTU1, Phormidesmis OTU12 and
Phormidesmis OTU13). In a previous report, an analysis of the origins
of cold-tolerant clades of cyanobacteria indicated that Phormidesmis
is highly likely to be derived from a cold-tolerant ancestor clade
(Chrismas et al., 2015).

The results of this study indicate that Phormidesmis is a promi-
nent cyanobacterial taxon in cryoconite in the Arctic region. How-
ever, since Phormidesmis is not included in the Silva or Greengenes
databases for QIIME, it has not been described in some previous
high-throughput sequencing studies (Cameron et al., 2016; Stibal
et al., 2015). However, a Phormidesmis OTU was found to be domi-
nant in a dataset produced from cryoconite samples collected from
an ice cap in Greenland (based on a manual annotation of 16S ampli-

con semiconductor sequencing data) (Uetake et al., 2016), and
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FIGURE 3 Haplotype networks of 165-23S ITS regions on OTUO
(a), OTU1 (b) and OTU4 (c), the three most abundant OTUs in this
study. Median joining method was used for this analysis. Circles
indicate haplotypes; size of each haplotype is proportional to clone
number of unique sequence. Haplotypes are coloured according to
geographical region of the glacier: blue: Antarctica, green: Greenland,
red: Svalbard, grey: Alaska, black: Northern Asia and yellow:
Southern Asia. Most closely related haplotypes are directly
connected by lines (“links”). + indicates mutation events [Colour
figure can be viewed at wileyonlinelibrary.com]

Phormidesmis also dominated cyanobacterial OTUs in Sanger-
sequenced clone libraries generated from Svalbard cryoconite
(Edwards et al., 2011).

Microcoleus OTU4 has been recorded from soils in cold envi-
ronments (DNA database with similarities >99%, e.g. EF654078
and KF494564); furthermore, Microcoleus was found to be domi-
nant in reverse-transcribed cDNA 16S rRNA profiles from Asian
cryoconites, suggesting it is commonly distributed on glaciers
(Segawa et al., 2014). Therefore, it is likely that Phormidesmis and
Microcoleus are the major groups in the Arctic and Asia, respec-
tively. The existence of sequences in the NCBI-nt database with
similarities >98% suggests that these cyanobacterial taxa are
widely distributed among different habitats such as soil (e.g.
EF654078), fresh water (e.g. DQ181687), and snow and ice envi-
ronments (e.g. HQ595191). According to Jungblut et al. (2010),
the major cyanobacterial 16S rRNA gene phylotypes within the
cryosphere matched those of perennially cold terrestrial ecosys-
tems. The results of the 16S rRNA gene analyses in this study
imply that cyanobacteria on glaciers are unlikely to be specialist
taxa restricted solely to snow and ice. Indeed, most of the
cyanobacterial species detected in cryoconite have also been
found in soil samples (Kastovska, Elster, Stibal, & Santrickova,
2005). Moraine sediments were shown to be a source of cry-
oconite microbes (Segawa et al., 2014). Consistent with this poten-
tial source of cyanobacteria inoculating glaciers, we found that
many of the OTUs detected in this study have also been detected
in soil environments.

A global phylogenetic analysis focusing on the evolution of cold-
environment cyanobacteria showed that several clades of cold-dwell-
ing cyanobacteria are common among cold regions (Chrismas et al.,
2015). Ten OTUs in this study, including four of the major six OTUs
(Phormidesmis OTU1, Nostoc OTU2, Microcoleus OTU4 and Oscillato-
riales OTU8), were grouped into putative ancestral cold-tolerant clus-
ters defined by Chrismas et al. (2015). However, Oscillatoriales
OTUO, the second-most dominant OTU in this study, was not recog-
nized in their study. On the basis of 16s rRNA gene analyses, Chris-
mas et al. (2015) suggested that there are biogeographical links
between the Arctic and Northern Hemisphere alpine regions. Pseu-
danabaena OTU5, which was included in the Northern Hemisphere
cluster described by Chrismas et al. (2015), was detected in glaciers
across a wide geographical range from the Arctic to Asia, but not in

Antarctica.

4.2 | Geographical variations in cryoconite
cyanobacterial communities

Although OTUs were detected across multiple regions, the 16S
rRNA gene analysis suggested that the distribution of cyanobacteria
in various regions had a geographical structure. Based on their
detection rate in geographical regions, 16S phylotypes were catego-
rized as either cosmopolitan (OTUO, 1, 2, 3,4, 5, 7, 8, 11 and 13), an
Arctic type dominant at Greenland, Spitsbergen and Alaska sites
(OTU6 and 16), an Antarctic type (OTU12, 14 and 15), and an Asian
type dominant at northern and southern Asia sites (OTU9, 10, 17,
18 and 19). Six major phylotypes representing 88% of the total clone

library were cosmopolitan taxa.
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Single-filament PCR conducted on microscopic morphotypes
showed that filamentous cyanobacteria were abundant in the Asian
glacier samples, consistent with the clone library analysis. These
results were compatible with our previous findings, since these fila-
mentous cyanobacteria were detected at a high density in cryoconite
granules (Takeuchi, Kohshima, & Seko, 2001). These findings also
indicate that the phylotypes detected using the clone library strategy
correspond to those of cyanobacteria forming cryoconite granules
on the ice surface. However, these categories are based on a limited
number of glaciers investigated in this study, especially in Antarctica.
To confirm these categories, further investigations in different
regions are necessary.

Most of the major 16S rRNA gene phylotypes were detected on
both polar and Asian glaciers. However, the dominant type in the
cyanobacterial community varied among the regions. Phormidesmis
OTU1, Nostoc OTU2 and Oscillatoriales OTU7 were relatively abun-
dant in polar regions; Oscillatoriales OTUO, Microcoleus OTU4 and
Oscillatoriales OTU8 were abundant in Asia; Oscillatoriales OTUO was
dominant in Southern Asia; and Microcoleus OTU4 and Oscillatoriales
OTUS8 were dominant in Northern Asia. Since these dominant phylo-
types appeared to be common within each region, the community
structure may have been determined by the physical or chemical
characteristics of glaciers in these regions. There are a number of
differences in chemical and physical conditions between Asian and
polar glaciers. For example, solar radiation is more intense at Asian
glaciers than at those in polar regions because Asian glaciers are
located at lower latitudes. Such differences in local environmental
conditions may affect cyanobacterial communities, especially since
cyanobacteria are more abundant on Asian glaciers than on polar
glaciers (e.g. Takeuchi & Li, 2008). Although the life cycles and
favourable growth conditions for these dominant cyanobacterial spe-
cies are still unknown, they are the key phylotypes for understanding

the expansion of cryoconite coverage on glaciers.

4.3 | Biogeography and dispersal processes of
cyanobacterial phylotypes

In this study, we addressed the question of whether cyanobacterial
species on glaciers are cosmopolitan or restricted in their distribu-
tion. We analysed genetic markers with different evolution rates to
investigate large- and fine-scale genetic structures. The 165-23S ITS
haplotype networks showed that most OTUs were restricted in their
regional distribution. Several ancestral haplotypes were detected in
multiple regions, while the derived haplotypes showed restricted dis-
tributions (Figure 3). This result indicates that the ranges of most of
the cyanobacterial OTUs were predominantly local, within glacier
regions rather than intercontinental or inter-island.

For all OTUs, the Nst was larger than the Gst (Table 2), indicat-
ing that all the OTUs showed genetic differentiation among the geo-
graphical regions. The Fst values of the most of the Oscillatoriales
(OTUO, 1, 4, 7 and 8) were statistically significant (p < .05). In con-
trast, the Fst values of the Nostoc OTU2 were mostly non-significant
among regions except for Alaska-Greenland (Table S3). Figure 4

illustrates the types of cyanobacterial geographical distributions. The
Fst values suggested that five of the six major OTUs (Oscillatoriales
OTUO, Phormidesmis OTU1, Microcoleus OTU4, Oscillatoriales OTU7
and Oscillatoriales OTUS8) showed restricted distribution at the strain
level. In contrast, Nostoc OTU2 lacked a geographical structure
among subregions and was, therefore, characterized as cosmopolitan.
Oscillatoriales OTUO and Phormidesmis OTU1 showed strong signals
of geographical structure in the Nst—Gst analysis. Microcoleus OTU4,
Oscillatoriales OTU7 and Oscillatoriales OTU8 showed moderate or
weak geographical structures. The Gst and Nst values were almost
equal for Nostoc OTU2, also supporting its lack of geographical
structure among subregions.

To understand the formation of these biogeographical patterns,
it is necessary to distinguish between the migration ability of the
groups and their sensitivity to environmental conditions. The
AMOVA analysis allowed us to compare the variance among subre-
gions (Va) with the variance among the glaciers within subregions
(Vb). The OTUs with high variance among subregions (Va%) (e.g.
OTUS8: 37.1%, OTU4: 16.9%, OTUO: 15.6%) showed a significant
correlation between geographical and genetic distances in the Man-
tel test (Table 2). In contrast, those with lower Va% (OTU2: —1.2%,
OTU1: 6.0%, OTU7: 13.2%) showed little variance among subre-
gions, and no significant correlation between geographical and
genetic distances. If the migration ability is high, geographical struc-
turing will be diluted and the correlation between geographical and
genetic distances will be weaker. Therefore, Va% is a good indicator
of limited geographical migration ability. The Va% of the OTU2 was
negative; a negative value can occur without genetic structure at a
given level, confirming that there was no genetic structure in OTU2
among subregions.

If biogeographical structure has resulted from limited migration
ability, then genetic differentiation will be determined by geographi-
cal distance. If this is the case, then Va% > Vb% would be expected,
since the geographical distances among subregions were larger than
those among glaciers within subregions. However, if the distribution
of cyanobacterial OTUs has been determined mainly by environmen-
tal conditions (e.g. pH, irradiance and nutrients), then Vb% > Va%
would be expected, because such conditions vary among glaciers
within subregions. For this reason, the Vb%/Va% ratio may distin-
guish between differentiation caused by geographical distance and
that resulting from ecological filtering in assembling communities.

The genetic differentiation among glaciers within a subregion
seemed to be related to the adaptabilities of genotypes to various
glacial environments, rather than their migration ability. Five of the
six major phylotypes showed significant genetic differentiation
among glaciers, the only exception being Oscillatoriales OTU7. The
variance among glaciers within subregions was larger than the vari-
ance among subregions for Oscillatoriales OTUO, Phormidesmis OTU1
and Nostoc OTU2. This result suggests that their genetic differentia-
tion was mainly caused by environmental differences among glaciers,
rather than geographical isolation. In terms of geographical structure,
OTUO and OTU2 were the extreme cases in our samples. Oscillatori-
ales OTUO populations were typically geographically restricted,
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whereas Nostoc OTU2 showed a cosmopolitan population structure.
The OTUs showing a large proportion of variance among glaciers
were highly sensitive to environmental factors, and therefore, have
been under strong selective pressure at each site.

Nostoc OTU2 was not detected from Asian glaciers in this study.
However, the 16S rRNA gene of Nostoc OTU2 showed 98%-99%
similarity with Asian lichens, for example, Peltigera degenii in China
(JQO07760) and Peltigera praetextata in Japan (JQ007787) and with
lichen-symbiotic Nostoc in Finland and the USA (KF359688,
KF359683). This 16S rRNA gene phylotype can, therefore, be classi-
fied as cosmopolitan, which is supported by the results of our 16S-
23S ITS haplotype network analysis. Domaschke, Fernandez-Men-
doza, Garcia, Martin, and Printzen (2012) reported the long-distance
dispersal of Cetraria aculeate, the algal partner of this lichen. In this
study, Nostoc OTU2 had almost no geographical structure, as indi-
cated in the Mantel test of the correlation between the geographical
and genetic distances (p-value = .815, R = —.164). The results sug-
gest that this OTU has a high migration rate among regions, weaken-
ing its geographical structure.

The proportion of variance among glaciers within subregions was
smaller than that among subregions for Microcoleus OTU4, Oscillato-
riales OTU7 and Oscillatoriales OTUS8. This result suggests that their
genetic differentiation was mainly caused by geographical isolation
rather than by environmental differences among glaciers.

The geographical structures detected in this study could be cat-
egorized into three groups (Figure 4): the first group had a geo-
graphically restricted but ubiquitous distribution within different
glacial environments (Microcoleus OTU4, Oscillatoriales OTU7, and
Oscillatoriales OTU8). These OTUs probably have lower migration

ability among regions and low sensitivity to the environment. The
second group showed a geographically restricted and specific distri-
bution in different environments (Oscillatoriales OTUO and Phormi-
desmis OTU1). This group may have also low migration ability
among regions (a strong signal of the geographical structure by long
history), but high sensitivity to different environmental conditions.
This group showed the strongest biogeographical structure in the
Gst—Nst analysis, probably because their geographical distribution
has been affected by both geographical distance and environmental
conditions. The geographical distribution of these two types can be
explained by the regional characteristics in glaciers or the change of
glacial extent due to climatic changes from glacial to interglacial
periods. The third group showed a cosmopolitan distribution across
different environments (Nostoc OTU2). This was the only group
with a global distribution, indicating that it readily migrates among
regions.

In conclusion, the results of the 16S rRNA gene analyses suggest
that there is a global distribution of cyanobacterial species colonizing
glacier surfaces. However, the results of the 165-23S ITS analyses,
which identified most of the phylotypes to the strain level, revealed
regional adaptations indicative of dispersal limitation. Only one phy-
lotype showed no genetic structure among the geographical regions,
suggesting that it is cosmopolitan even at the strain level. The geo-
graphical distributions of the OTUs revealed by this rapidly evolving
genetic marker could not be explained by the hypothesis of “Every-
thing is everywhere, but the environment selects” suggested by Baas
Becking (De Wit and Bouvier, 2006). Only the distribution of the
cosmopolitan OTU2 supported this hypothesis. Most of the phylo-
types showed restricted distributions at the strain level, indicating
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that there is limited migration among regions. We detected signifi-
cant levels of genetic differentiation, which may indicate the differ-
ent adaptabilities of genotypes to various glacial environments. This
novel perspective on the restricted distribution of glacier cyanobac-
teria highlights the potential specialization of biodiversity and the

differences in glacier ecosystems within and among regions.

4.4 | Nucleotide sequences

The nucleotide sequences obtained in this study have been depos-
ited in DDBJ/EMBL/GenBank under the accession numbers
LC103274-LC104281.
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