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Genetic Diversity of Picocyanobacteria in Tibetan Lakes: Assessing the
Endemic and Universal Distributions
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The phylogenetic diversity of picocyanobacteria in seven alkaline lakes on the Tibetan Plateau was analyzed using the molecular
marker 16S-23S rRNA internal transcribed spacer sequence. A total of 1,077 environmental sequences retrieved from the seven
lakes were grouped into seven picocyanobacterial clusters, with two clusters newly described here. Each of the lakes was domi-
nated by only one or two clusters, while different lakes could have disparate communities, suggesting low alpha diversity but
high beta diversity of picocyanobacteria in these high-altitude freshwater and saline lakes. Several globally distributed clusters
were found in these Tibetan lakes, such as subalpine cluster I and the Cyanobium gracile cluster. Although other clusters likely
exhibit geographic restriction to the plateau temporally, reflecting endemicity, they can indeed be distributed widely on the pla-
teau. Lakes with similar salinities may have similar genetic populations despite a large geographic distance. Canonical corre-
spondence analysis identified salinity as the only environmental factor that may in part explain the diversity variations among
lakes. Mantel tests suggested that the community similarities among lakes are independent of geographic distance. A portion of
the picocyanobacterial clusters appear to be restricted to a narrow salinity range, while others are likely adapted to a broad
range. A seasonal survey of Lake Namucuo across 3 years did not show season-related variations in diversity, and depth-related
population partitioning was observed along a vertical profile of the lake. Our study emphasizes the high dispersive potential of

picocyanobacteria and suggests that the regional distribution may result from adaptation to specified environments.

icocyanobacteria are globally important primary producers in

freshwater, brackish, and marine ecosystems (1, 2). They are
generally unicellular cyanobacteria smaller than 2 um. The genera
Synechococcus, Prochlorococcus, and Cyanobium are major groups
of picocyanobacteria found in nature (3). Synechococcus spp. are
polyphyletic and highly genetically diverse and are ubiquitous in
inland and marine aquatic environments (4-10). In contrast, Pro-
chlorococcus spp. are obligate marine organisms (11), and Cyano-
bium spp. are mostly found in freshwater and brackish environ-
ments (3).

Synechococcus spp. comprise five major clusters (1 to 5), which
were established through phylogenetic analysis based on the 16S
rRNA gene sequences (3). Cluster 5 primarily comprises the ma-
rine Synechococcus spp., with three known subclusters, 5.1, 5.2 (3),
and 5.3 (12). Prochlorococcus, the cluster 5 Synechococcus, and
Cyanobium form a tightly clustered phylogenetic group (3, 13),
sometimes called the “Syn/Pro clade” (14), the “PS clade” (13), or
“group 6b” (5). However, many nonmarine picocyanobacterial
lineages (clusters) found in freshwater or brackish environments
fell into this group (5, 15-17) (Table 1 shows a summary). A few of
these clusters were widely found in both freshwater lakes and the
brackish Baltic Sea, such as the C. gracile cluster, subalpine cluster
I, subalpine cluster II, group I, and the LBP1 cluster (5, 15, 16, 18,
19), supporting the high dispersive potential of microbes. Some
other studies found several novel picocyanobacterial phylogenetic
clusters in Tibetan lakes (20), Mazurian lakes (21), and Lake Su-
perior (22), which had not been described elsewhere. Later,
Felfoldi and colleagues (23) found that some of these picocyano-
bacterial lineages, such as group M (21) and LS II (22), could be
detected in other aquatic environments, emphasizing their ubiq-
uitous dispersal.
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Picocyanobacteria have been serving as an important model
system for microbial ecology study (2, 24). Prochlorococcus and the
marine Synechococcus have remarkable biogeographies along nu-
trient, temperature, and light gradients, giving rise to ecotypes
confined to specific ecological niches (8, 25, 26). Differing from
the broadly connecting marine ecosystem, inland aquatic ecosys-
tems are island-like in nature, which may constrain the global
dispersal of these microbial taxa (27). However, some have argued
that the geographical isolation in the microbial world could be
limited due to the ubiquitous dispersal potential of the small sin-
gle-cell organisms (28), supporting the “everything is everywhere”
hypothesis (29). Indeed, there have been controversial reports
that emphasized the role of geographic isolation (30, 31) or, alter-
natively, the ubiquitous dispersal (32, 33) in shaping microbial
community composition and biogeography. Thus, it is interesting
to test the distribution boundaries of nonmarine picocyanobacte-
rial lineages within and across inland geographic regions.

The Tibetan Plateau is the world’s highest and largest plateau,
with an average elevation exceeding 4,000 m, representing a rela-
tively isolated region of the world. Lakes are widespread on the
plateau. Two-thirds of them are freshwater lakes, while the re-
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TABLE 1 Picocyanobacterial lineages of Synechococcus and Cyanobium determined through phylogenetic analysis using the 16S-23S rRNA gene ITS

sequence”

Lineage Distribution area or source reported Reference(s)

Cyanobium gracile cluster (group A) Ponds in United States and Europe, stream in United States, marshland in Europe, Bylot 5,15, 17, 19, 21, this
Island tundra pond in Arctic, lakes in Europe and Japan, Baltic Sea, Tibetan lakes study

Subalpine cluster I (group B),
including Tibetan cluster I
Subalpine cluster IT

Lakes in Japan and Europe, Baltic Sea, Tibetan lakes (only for Tibetan cluster I)

Lakes in Europe, Baltic Sea, Long Island Sound, Tibetan lakes

5, 15-21, this study

15, 18, 27, 49, this

study
Bornholm Sea cluster Baltic Sea 15,18
Lake Biwa cluster Lake Biwa (Japan) 15
Group Cz (Group C) Lakes in Japan, Great Mazurian Lakes (Europe) 5,21
LBP1 cluster (Group H) Lake Biwa, Lake Mondsee (Europe), freshwater lakes in United Kingdom, Baltic Sea 16, 19,27
Group I Lake Mondsee, Lake Sagami (Japan), Bylot Island tundra pond in Arctic, Baltic Sea, 16, 18, 19, this study

Tibetan lakes

Group M Lake Okutama (Japan), Green Lake (United States), Great Mazurian Lakes 21,51, 52
Tibetan cluster IT Tibetan lakes 20
Tibetan cluster I1I-V Tibetan lakes 20, this study
Tibetan cluster VI Tibetan lakes This study
Tibetan cluster VII Tibetan lakes This study
Marine subcluster 5.1 Marine environments (estuary, coastal water, and open ocean) 6-8, 10, 53
Marine subcluster 5.2 Marine environments (estuary, coastal water) 9,53, 54
Marine subcluster 5.3 Marine environments (coastal water and open ocean) 9, 54, 55

@ The lineages detected in this study are shown in boldface.

mainder have various saline and alkaline conditions (34). The
abundances of picocyanobacteria in Tibetan lakes are generally
within the range of 10* to 10 cells ml ™" (20), reflecting a signifi-
cant contribution to the primary production in these typically
oligotrophic lakes (chlorophyll a concentration, <0.5 pg liter ',
mostly <0.1 wg liter ") (35). Several picocyanobacterial clusters
were recently found in freshwater and saline lakes on the plateau,
most of which were thought to be endemic lineages (20).

In this study, we investigated the genetic diversity of picocya-
nobacteria in seven Tibetan lakes using the molecular marker of
165-23S rRNA internal transcribed spacer (ITS) sequences. The
picocyanobacterial communities in six of the seven lakes have not
been described before. A seasonal time series study across 3 years
was conducted for one of the lakes, and vertical profiles were in-
vestigated for two lakes. Using previously published environmen-
tal picocyanobacterial sequences in the Tibetan lakes involved
(20), we compared the Tibetan picocyanobacterial communities
among themselves and to those in other regions of the world. By
doing so, we attempted to assess the dispersal potential of pico-
cyanobacterial lineages and to test whether and to what extent
their distributions are affected by geographic distance or other
environmental factors.

MATERIALS AND METHODS

Samples and study area. In order to cover the Tibetan lakes in broad
ranges of both geographic distance and environmental gradient, seven
lakes were selected in this study (Fig. 1 and Table 2). To test the spatial and
temporal variability of the picocyanobacterial community, vertical sam-
ples of water columns for two lakes (Lake Zigetangcuo [ZGTC] and Lake
Namucuo [NMC]) and seasonal samples across 3 years for one lake (Lake
NMC) were included. Each of the other five lakes (Dongcuo [DC],
Dazecuo [DZC], Pengcuo [PE], Anggucuo [AGC], and Pumuyongcuo
[PMYC]) was represented by a single surface water sample. For each sam-
ple, 0.5 to 1 liter of water was filtered through 0.22-pm-pore-size poly-
carbonate filters (Millipore). During the late autumn, winter, and early
spring seasons (i.e., ice season) (Table 2), water samples were collected
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beside the ice or beneath the ice cover. The filters were stored at —80°C till
DNA isolation. Water temperature, pH, dissolved oxygen (DO), and total
dissolved solids (TDS) were measured by using a Hydrolab DS5 Water
Quality Multiprobe (Hach, Loveland, CO, USA). Total prokaryotic cell
abundance was measured by using flow cytometry (Altra II; Beckman
Coulter, Epics, Miami, FL, USA).

DNA isolation, PCR amplification, and sequencing. DNA was iso-
lated from the filter samples by using the phenol-chloroform method.
Briefly, a filter was sheared into pieces and transferred into sucrose-Tris-
EDTA (STE) buffer and then successively treated with lysozyme (final
concentration, 1.0 mg ml~ ') and proteinase K (final concentration, 0.5
mg ml ™) for 1 and 2 h, respectively. Then, the solution was successively
extracted using phenol-chloroform-isoamyl alcohol (25:24:1) and chlo-
roform-isoamyl alcohol (24:1). Finally, nucleic acid was precipitated us-
ing isopropyl alcohol and stored at —80°C.

Picocyanobacterial ITS sequences were amplified using the primer set
Picocyal6S-F (5'-TGGATCACCTCCTAACAGGG-3') and Picocya23S-R
(5'-CCTTCATCGCCTCTGTGTGCC-3') and the PCR program described
in a previous study (36). The PCR products were excised and purified
using the TaKaRa Agarose Gel DNA purification kit (TaKaRa) and cloned
using the TaKaRa pMD19-T Vector Cloning Kit (TaKaRa), following the
manufacturer’s instructions. Fifty clones were sequenced for each sample
on the ABI 3730 genetic analyzer (Applied Biosystems) at the Major Bio-
tech Co., Ltd., Shanghai, China.

Phylogenetic and diversity analyses. The environmental sequences
from a clone library were aligned by using Clustal X2 (37) software. The
resulting alignments were screened to filter the cloning plasmid and 16S
rRNA and 23S rRNA sequences. Then, the pure ITS sequence alignments
were scanned to remove chimeric artifacts. After passing this quality con-
trol process, the remaining sequences in each clone library were aligned,
and the alignment was input to DNADIST (a program in the PHYLIP
software package) (38) to generate a distance matrix. The matrix then was
used to calculate a batch of diversity indexes (such as Chao and Shannon
indexes) and an operational taxonomic unit (OTU) list by using DOTUR
(39).

Distance and maximum-likelihood (ML) optimality criterion meth-
ods were used to construct and evaluate phylogenetic trees comprising
current known clusters based on ITS sequences. Reference sequences of
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FIG1 Locations of the Tibetan lakes. The seven lakes studied here are represented by numbers (1 to 7) in gray circles, and those studied previously (20) are shown
by gray triangles with numbers (8 to 15) next to them. The numbering of lakes is as follows: 1, DC; 2, AGC; 3, DZC; 4, ZGTG; 5, PE; 6, MNC; 7, PMYC; 8, Qinghai;
9, Kuhai; 10, Tusuhai; 11, Zhaling; 12, Shuiku; 13, Eling; 14, Xinxinhai; 15, Yanghu. (Base map from the U.S. Geological Survey.)

picocyanobacterial lineages (listed in Table 1) were downloaded from
GenBank. Representative sequences of our environmental sequences were
picked from each OTU, and the selected sequences were aligned with
reference sequences. Then, the alignment was input to construct the phy-
logenies using PAUP* (40) and PHYML (41). Distance tree construction
and bootstrap tests (heuristic searching based on the Jukes-Cantor model)
were performed using PAUP*. The optimal model for the likelihood
method was estimated using PAUP* and ModelTest (42), and the best
model for our alignment was GTR + I + I' (a general time-reversible
model with a proportion of invariable sites and a gamma-shaped distri-
bution of rates across sites). ML phylogeny and bootstrap tests were ana-
lyzed using PHYML with the model GTR + I + I'. MEGA 6 (43) was used
to visualize, compare, and edit the trees. Cluster-specific trees were built
with MEGA 6 using the neighbor-joining method.

Statistical analyses. Canonical correspondence analysis (CCA) im-
plemented in CANOCO (version 4.5) was performed to estimate the cor-
relation level between picocyanobacterial community compositions and
environmental and biological factors (pH, TDS, temperature, DO, and
prokaryotic abundance). A Monte Carlo permutation test (499 permuta-
tions) was used to determine the significance of these factors for explain-
ing the community similarity pattern. Nonmetric multidimensional scal-
ing (NMDS) and cluster analysis based on Bray-Curtis similarity were
performed to analyze the community similarity among the seasonal and
vertical samples, respectively, from Lake NMC, using PRIMER 5. Because
of the extremely low alpha diversity within a lake and the high beta diver-
sity across lakes, different distance cutoffs were selected to cluster OTUs.
The OTU relative abundance matrices were generated by DOTUR at a
0.05 distance cutoft for the CCA that involved seven lakes and at a 0.01
distance cutoff for the NMDS and cluster analyses that involved seasonal
and vertical samples from Lake NMC. An analysis of similarity (ANOSIM)
test with 999 permutations was used to test the significance of the respec-
tive groupings of the ice season samples and non-ice season samples from
Lake NMC. Mantel tests were performed to determine the relationship
between community similarities and geographic distances or environ-
mental and biological factors. The geographic distance between lakes was
calculated based on their coordinates, and the explanatory variables were
Z-score transformed and then input to calculate the Euclidean distance
matrix.
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Nucleotide sequence accession numbers. The sequences obtained in
this study were deposited in GenBank with accession numbers KM 025424
to KM026500.

RESULTS

Environmental parameters of the Tibetan lakes. The seven lakes
(Fig. 1, no. 1 to 7) we studied are all located in the Tibetan Plateau
at altitudes >4,000 m above sea level (Table 2 and Fig. 1). These
lakes have various sizes from 23 to 1,961 km?. All the surface
waters are alkaline or extremely alkaline, with pHs from 8.8 to
10.3. According to the measured TDS densities, the lakes could be
freshwater (PMYC), oligosaline (NMC and AGC), polysaline (PE,
ZGTC, and DZC), or hypersaline (DC), with TDS ranging from
nearly zero to 38.8 g liter ' (Table 2). Except for Lake NMC, the
lakes were sampled only once, in summer or autumn. Seasonal
samples across 3 years from 2006 to 2009 were collected in Lake
NMC, covering all four seasons. It is notable that in winter and
spring the lake is frozen on the surface, and water samples were
collected from beneath the ice. In addition, vertical samples
throughout a whole water column were collected in Lakes ZGTC
and NMC. For comparison, the locations of eight other Tibetan
lakes where picocyanobacterial communities were investigated
previously (20) are also shown (Fig. 1, no. 8 to 15). Lake NMC (no.
6) was also included in the previous study (20).

Phylogenetic lineages of picocyanobacteria in the Tibetan
lakes. To determine the phylogenetic positions of our picocyano-
bacterial 165-23S rRNA gene ITS sequences, the sequences, to-
gether with those from known clusters (Table 1), were pooled to
construct a phylogenetic tree (Fig. 2). The 1,077 sequences re-
trieved in this study fell into seven clusters, among which two
clusters, Tibetan clusters VI and VII, have not been described
before by using ITS sequences. Consistent with a previous descrip-
tion (20), Tibetan cluster I was affiliated with subalpine cluster I
but still represented an independent subbranch within the cluster
(Fig. 2). Contrary to the polyphyletic relationship among Tibetan
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Prokaryotic
Latitude,  Altitude Area  Sampling Sample Sampling TDS DO abundance No. of
Lake longitude  (m) (km?) date identifier (ID) depth (m) pH (g/liter) Temp (°C) (mg/liter) (10°cells/ml) sequences
DC 32°07'N, 4,396 88 25 August DC 0 8.8 38.8 18.7 4.83 1.62 49
84°44'E 2009
DzC 31°50'N, 4,379 245 8 July 2010 DZzZC 0 9.8 15.8 14.1 10.2 0.06 48
87°28'E
ZGTC 32°03'N, 4,561 191 15 August ZGTC-0m 0 10.1 14.3 14.5 4.13 1.47 45
90°50'E 2009 ZGTC-12 m 12 14.3 14.0 3.9 1.20 47
ZGTC-25 m 25 11.8 2.9 0.13 2.24 48
PE 31°24'N, 4,540 136 8 October PE 0 10.3 8.7 7.8 9.62 1.25 50
90°54'E 2008
AGC 31°11'N, 4,658 23 27 October AGC 0 9.1 1.7 15.1 5.87 1.00 47
85°27'E 2009
NMC  30°45'N, 4,728 1,961 1 October NMC-4 m 4 9.2 1.2 11.7 5.61 0.58 49
90°44'E 2009 NMC-12 m 12 8.8 1.2 11.6 5.62 0.75 46
NMC-20 m 20 8.0 1.4 6.9 6.51 0.51 42
NMC-44 m 44 7.2 1.5 4.5 6.87 0.42 43
NMC-72 m 72 7.5 1.5 3.9 6.54 0.34 44
NMC-92 m 92 7.9 1.5 3.8 6.31 0.20 45
11 November NMC-0611 0 (ice) 0.9 1.5 0.39 48
2006
18 August NMC-0708 0 1.0 12.3 1.36 50
2007
15 December NMC-0712 0 (ice) 0.7 0.5 1.23 46
2007
16 March NMC-0803 0 (ice) 0.7 3.0 0.26 46
2008
15 June 2008  NMC-0806 0 0.8 13.5 0.74 45
15 October NMC-0810 0 0.7 10.5 1.61 46
2008
5 January NMC-0901 0 (ice) 0.6 1.3 1.50 49
2009
15 March NMC-0903 0 (ice) 0.5 0.7 1.13 48
2009
16 April 2009 NMC-0904 0 (ice) 0.4 5.0 1.93 47
PMYC 28°30'N, 5,030 290 8 October PMYC 0 9.2 0.2 7.6 4.64 1.69 49
90°13' E 2008

clusters III, IV, and V when they were first described (20), our
phylogenetic analysis showed that the three clusters formed a
monophyletic group (Fig. 2) separate from the LBP1 cluster.
Therefore, they are referred to as Tibetan cluster III-V in this
study. Four of the seven clusters, Tibetan clusters I, III-V, VI, and
VIL, comprised only sequences from the Tibetan lakes (the unpub-
lished environmental sequence KS5-7 in Tibetan cluster VII was
recovered from the Tibetan Lake Kusai) (Fig. 2). However, differ-
ing from its seemingly locally distributed subbranch Tibetan clus-
ter I, subalpine cluster I can be found in various aquatic environ-
ments and in very distant regions throughout the world (Table 1).
The other three clusters, subalpine cluster II, the C. gracile cluster,
and group I, are also distributed in different continents. For in-
stance, the C. gracile cluster was found widely in Europe, Japan,
the United States, the Baltic Sea, and the Arctic (Table 1).

Low alpha diversity and high beta diversity of the picocyano-
bacterial communities. Four of the seven clusters, Tibetan clus-
ters I (393 total sequences), I1I-V (431 total sequences), and VI
(189 total sequences) and group I (41 total sequences), comprised
many more sequences than the other three clusters, which con-
tained =10 sequences (Fig. 2 and 3A). Remarkably, the picocya-
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nobacterial communities in six of the seven lakes (except Lake
NMC) were monotonically dominated by one of the four major
clusters (Fig. 2). At the extreme, each of the communities in lakes
PMYC, PE, ZGTC, and DZC was comprised of only one picocya-
nobacterial lineage (Fig. 3A). This result indicates the extremely
low alpha diversity of picocyanobacterial communities at the clus-
ter level in each of the Tibetan lakes. The observed OTU abun-
dance, estimated OTU richness (Chao index), and Shannon diver-
sity index of each community also support the low species richness
of this prokaryotic photoautotroph group in these high-altitude
lakes (Table 3).

On the other hand, as the dominant lineages varied among the
lakes, their picocyanobacterial communities appeared as discrete
patterns (Fig. 3A), indicating a high beta diversity across the lakes.
It is interesting that a transition of the picocyanobacterial popu-
lations appears to exist along the salinity gradient from Lakes
PMYC, NMC, and AGC to PE (Fig. 3A). In the freshwater Lake
PMYC, Tibetan cluster III-V was the sole lineage. In the oligosa-
line Lake NMC, Tibetan clusters III-V and I cooccurred, but only
the latter occurred in Lake AGC and Lake PE, which have higher
TDS densities. Moreover, in the two polysaline lakes, ZGTC and
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FIG 2 Phylogenetic analyses of picocyanobacteria. A distance tree is shown. Environmental sequences recovered in this study are shown in red, and other Tibetan
sequences from the previous study (20) or from an unpublished data set in GenBank (clone KS5-7; accession no. KC841418) are shown in blue. The bootstrap
support numbers indicate distance/maximum likelihood. For each cluster detected in this study, only one sequence from each of the lakes was used to build the
phylogenetic trees, and the number in parentheses indicates the number of recovered sequences in each lake.

DZC, only Tibetan cluster VI was detected. The hypersaline Lake
DC was dominated by group I, which can be found in either fresh-
water lakes or brackish environments, such as the Baltic Sea (Table
1). In order to predict possible factors that may explain the com-
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munity composition variations across lakes, a CCA was con-
ducted. Among the five environmental and biological factors
tested (pH, TDS, temperature, DO, and prokaryotic abundance),
only TDS showed a significant correlation with the community

Applied and Environmental Microbiology


http://www.ncbi.nlm.nih.gov/nuccore?term=KC841418
http://aem.asm.org

Diversity of Picocyanobacteria in Tibetan Lakes

A pH: 92 92 91 103 101 98 838
TDS: 0.2 12 17 87 143 158 3838
100% -
80% A
60% - . :
Cyanobium gracile cluster
M Subalpine cluster Il
0, -
40% M Tibetan cluster VII
m Group |
20% 1 m Tibetan cluster VI
M Tibetan cluster |
0% - Tibetan cluster Ill-V
PMYC NMC AGC PE ZGTC DzZC DC
B 25
Tibetan cluster VI
zGTCQ DzC
Tibetan cluster VI
9
@
o
b
o~
) DS
% - >
<C |Tibetan cluster lll-V
PMYC lee%n cluster |
NMC e fpE
Tibetan cluster VII
A DC
Grpup |
-1.5 o
-1.0 3.0

Axis 1 (37.5 %)

FIG 3 (A) Picocyanobacterial population composition in the Tibetan lakes. The TDS density and pH are shown for the surface water of each lake. (B) CCA
diagram showing the correlation between picocyanobacterial community compositions and environmental factors. In order to avoid possible bias, for Lake NMC
and Lake ZGTC, only surface water samples that were collected in non-ice seasons were included in this analysis. Therefore, OTUs of two picocyanobacterial
lineages, the C. gracile cluster and subalpine cluster II, are not shown. Also, note that Tibetan cluster VI contained two OTUs. Among the environmental factors
tested, only TDS significantly explained the species-environment correlation (P < 0.05). Axes 1 and 2 explained 37.5% and 40.3% of the variations in diversity,
respectively. On the diagram, lakes are indicated by circles and OTUs are indicated by triangles, and the affiliation of each OTU is shown.

variations among the seven lakes (Monte Carlo permutation test,
P <0.05) (Fig. 3B). Nevertheless, axis 1, which represents the TDS
gradient here, explained only 37.5% of the variations in diversity,
while axis 2 could explain 40.3%. However, it is not clear what
environmental gradient(s) the second axis represents. We also as-
sessed the correlation between community compositions and en-
vironmental and biological factors using a Mantel test. Although
all five factors individually or together were not significantly cor-
related with the community compositions, TDS still emerged as
the most “related” one among them (i.e., it had the highest r
value, 0.227, and the lowest P value, 0.125) (Table 4).
Microdiversity within dominant picocyanobacterial lin-
eages. Cluster-specific phylogenies were built in order to address
microdiversity for the major lineages, subalpine cluster I (includ-
ing Tibetan cluster I) and Tibetan clusters III-V and VI (Fig. 4).
Subalpine cluster I comprised four major subclusters (Fig. 4A).
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TABLE 3 Parameters showing alpha diversities at different
phylogenetic-distance cutoffs®

OTU richness

No. of OTUs estimator Diversity estimator

observed (Chao index) (Shannon index)
Lake 005 01 02 005 01 02 005 0.1 0.2
AGC 2 2 2 2 2 2 0.10 0.10 0.10
DC 4 4 4 4 4 0.63 0.63 0.63
DZC 2 1 1 2 1 1 069 0 0
PE 1 1 1 1 1 1 0 0 0
PMYC 2 1 1 2 1 1 0.17 0 0
ZGTC" 2 1 1 2 1 1 069 0 0
NMC? 3 3 3 4 3 3 0.63 0.62 0.62

¢ Three phylogenetic-distance cutoffs (0.05, 0.1, and 0.2), representing three different
sequence dissimilarity levels, were selected.

b The values are averages of multiple samples from Lake ZGTC and Lake NMC.
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TABLE 4 Mantel test summary statistics

Lake NMC Lake NMC

Seven lakes seasonal sample  depth profile
Parameter 7 P* r P r P
Geographic distance  0.072  0.326
TDS 0.227 0.125 —0.338 0.969 0.017 0.312
Temp 0.020 0.411 —0.042 0.594 0.161 0.228
pH 0.033  0.400 —0.140  0.665
Sampling depth 0.674 0.035
DO 0.035  0.480 —0.214 0.791
Prokaryotic 0.121 0.707 —0.059 0.631 0.313 0.135

abundance

Combination” 0.223 0.858 —0.153 0.841 0.175 0.197

“ A combination of environmental parameters, including TDS, temperature, pH, DO,
prokaryotic abundance, and sampling depth, if any.

b r reflects the correlation level between the two matrices.

¢ A P value of less than 0.05 represents statistical significance of the correlation (shown
in boldface).

Similar to the above-mentioned result, within this cluster, Tibetan
cluster I was separated from the other three subclusters. Two of
these three subclusters consisted solely of Baltic Sea environmen-
tal sequences (19), and the remaining one contained Synechococ-
cus strains isolated from lakes (15, 21) and environmental se-
quences recovered from the Tibetan Lake Xinxinhai (20) and the
Baltic Sea (19). Remarkably, Tibetan cluster I comprised environ-
mental sequences derived from lakes with a fairly broad salinity
range (TDS densities, 0.6 to 38.8 g/liter). These environmental
sequences were clustered mainly corresponding to salinity, that is,
sequences from lakes with more similar salinities have closer phy-
logenetic positions (Fig. 4B). Specifically, sequences from the low-
er-salinity Lake NMC were tightly grouped together, while those
from Lakes AGC, PE, DC, Qinghai, and Kuhai, with higher TDS
densities, were more closely related (Fig. 4B). In contrast to Ti-
betan cluster I, all the sequences within Tibetan cluster III-V were
derived from low-salinity lakes (TDS densities, 0.6 to 1.2 g/liter)
(Fig. 4C). In this cluster, our sequences from Lakes NMC and
PMYC were generally separated. However, sequences retrieved
from other Tibetan lakes (Tusuhai, Zhaling, and Xinxinhai) at a
considerable geographic distance (Fig. 1) (20) were clustered to-
gether with ours (Fig. 4C). Similarly, ZGTC and DZC sequences
were deeply mixed within Tibetan cluster VI. These microdiver-
sity patterns indicate little distribution restriction for the two lin-
eages (Tibetan clusters I1I-V and VI) caused by geographic dis-
tance on the plateau (Fig. 4D). No obvious vertical pattern was
found along the ZGTC depth profile (Fig. 4D).

Seasonal and vertical variation of picocyanobacterial lin-
eages in Lake NMC. Tibetan cluster III-V and cluster I coexist in
Lake NMC, and overall, they are equally abundant in the lake (Fig.
3A). Despite this, the two cooccurring lineages indeed exhibit
variations in relative abundance among the seasonal samples (Fig.
5A). However, unexpectedly, no clear seasonal pattern was ob-
served between the ice and non-ice seasons throughout a 3-year
time series (Fig. 5A). The NMDS diagram also showed a random
pattern of ice season and non-ice season samples, and the ANOSIM
analysis did not support respective groupings of ice season and
non-ice season samples (r = —0.07; P = 0.66) (Fig. 5C). More-
over, in the Mantel tests, none of the factors (pH, TDS, and pro-
karyotic abundance) showed significant correlation with the sea-
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sonal community variations (Table 4). The vertical pattern of
picocyanobacterial population compositions is more apparent,
with Tibetan cluster III-V dominating the upper layers and cluster
I occupying the deep waters (Fig. 5B). The cluster analysis based
on relative abundances of OTUs (determined at a 0.01 sequence
dissimilarity cutoff) indicated partitioning of the vertical samples,
forming two clusters (4 to 44 m and 72 to 92 m) that correspond to
depth (Fig. 5D). Mantel tests also predicted sampling depth to be
the only factor that significantly correlated with the vertical
community compositions (r = 0.674; P < 0.05) (Table 4).

DISCUSSION

Our phylogenetic analysis based on ITS sequences (Fig. 2) sup-
ports the notion that picocyanobacteria of the Syn/Pro clade over
the world’s continental and marine aquatic environments are
highly diverse (15, 16). It was also shown that nonmarine picocya-
nobacteria comprise more diverse lineages than their marine
counterparts (Fig. 2). However, surprisingly, the picocyanobacte-
rial community in each of the Tibetan lakes was dominated by
only one or two phylogenetic clusters (Fig. 3), irrespective of their
different sizes, salinities, and alkalinities. More samples from ver-
tical depth profiles and/or from seasonal time series could not
increase the alpha diversity in a lake, resulting in a very monotonic
cluster level community structure of a lake. Similar low taxa rich-
ness of picocyanobacterial (20) and the total bacterial (44) com-
munities in Tibetan lakes was also described. These results con-
trast with previous observations of diverse picocyanobacterial
lineages in other lakes at lower elevations, such as Lake Constance
(~400 m above sea level) (17), Lake Mondsee (~500 m) (16),
Lake Superior (~180 m) (22), and the Great Mazurian Lakes
(~110m) (21), or in the brackish Baltic Sea (18, 19). Evidence also
showed that individual water bodies can harbor a diverse range of
picocyanobacteria (27). However, the environmental stresses in
the Tibetan lakes, such as high levels of solar radiation, freezing in
winter, oligotrophic nutrient conditions, and high salt concentra-
tions (34), may strongly limit the alpha diversity of picocyanobac-
teria in each lake. It is likely that, during evolutionary history, only
one or a few picocyanobacterial lineages have adapted to a partic-
ular lake on the plateau, the highest geographic region in the
world.

In contrast to the extremely low alpha diversity, a high level of
beta diversity of picocyanobacteria was observed among the Ti-
betan lakes, which is evidenced by the distinct picocyanobacterial
communities when comparing lakes (Fig. 3A). We tried to dem-
onstrate the possible factors that could explain the community
composition variations among these lakes. We also attempted to
look into the question of whether the picocyanobacteria are ran-
domly dispersed among these high mountain lakes or follow a
certain niche-based distribution, testing the well-known hypoth-
esis that “everything is everywhere, but the environment selects”
(29).

First, the CCA identified TDS as a factor that could in part
explain the variations in picocyanobacterial diversity among these
lakes (Fig. 3B). However, it is very possible that some other un-
known factor(s) could also contribute to the explanation. The
Mantel tests showed little correlation between the picocyanobac-
terial community composition and the geographic distances of
lake pairs (r = 0.072; P = 0.326) (Table 4), suggesting that the
picocyanobacterial taxa may not be randomly dispersed on the
plateau. However, the Mantel tests failed to identify any environ-
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recovered in this study are shown in color, and those from the previous study (20) are shown in black. The numbers accompanying the sequences or lake names
follow the numbering of lakes in Fig. 1. The TDS density of each lake is shown in parentheses.

mental or biological factor that may constrain the distribution of
picocyanobacteria on the plateau. We consider that this may result
from the extremely monotonic community of each lake and the
completely distinct communities across lakes, which lack shared
OTUs as connections to measure the community composition
similarities between lakes. Besides the statistical tests, direct infer-
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ence could suggest a more obvious relationship among commu-
nity composition, geographic distance, and some environmental
factor. On one hand, lakes within the same range of salinity but in
distant locations can have similar genetic populations, such as
Lakes DZC and ZGTC (Fig. 1, no. 3 and 4) or Lakes AGC and PE
(Fig. 1, no. 2 and 5). On the other hand, lakes with very different
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FIG 5 (A) Seasonal variation of picocyanobacterial community compositions in Lake NMC across 3 years. (B) NMDS showing the similarities among seasonal
picocyanobacterial communities of Lake NMC. Late autumn, winter, and spring samples (ice seasons) are indicated by open triangles and summer and early
autumn samples (non-ice seasons) by filled triangles. The numbers accompanying the triangles indicate the sampling years and months, for example, 0806
represents June 2008. The results of the ANOSIM test (r = —0.07; P = 0.66) are shown. (C) Vertical variation of picocyanobacterial community compositions
in Lake NMC along a depth profile of six layers. (D) Clustering of the picocyanobacterial communities along a vertical profile of Lake NMC.

salinities may have disparate picocyanobacterial communities de-
spite their small geographic distances, such as Lakes NMC, PE,
and ZGTC (Fig. 1, no. 4 to 6). Moreover, the community shift
from PMYC and NMC to PE and AGC also reflects a clear salinity
gradient (Fig. 3). It appears that some physicochemical character-
istics of the environment, such as salinity, rather than geographic
distance have a predominant impact on the similarity or dissimi-
larity between picocyanobacterial communities.

Second, several globally widespread picocyanobacterial clus-
ters can also inhabit the Tibetan lakes, including both rare (C.
gracile cluster and subalpine cluster II) and dominant (subalpine
cluster I and group I) clusters. These lineages can dwell in both
freshwater and brackish water (Table 1), suggestive of a ubiqui-
tous dispersal and a broad adaptive radiation (15, 16). Such cos-
mopolitan distribution implies that “everything is everywhere.”
However, several recently or newly found clusters, such as Tibetan
clusters I1I-V, VI, and VII, have plausible geographic restriction to
the plateau. The absence of these lineages in other geographic
regions could result from undersampling (23), and we speculate
that they may also reside in similar environments outside the pla-
teau. Moreover, many picocyanobacterial genotypes were defined
by using other molecular markers, such as the 16S rRNA gene
sequences and phycobiliprotein-encoding genes (cpc and cpe) (5,
16). We also cannot exclude the possibility that these Tibetan clus-
ters have been found elsewhere using other gene markers, since
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direct comparison between phylogenies built using different
markers is not possible without enough cultured strains.
Furthermore, the Tibetan picocyanobacterial clusters dis-
played clear salinity-based partitioning. Tibetan cluster III-V
likely can only stand low TDS, while cluster I can exist in low- to
high-TDS waters but not in freshwater (Lake PMYC). Group I
exhibited a broad salinity adaptation, as picocyanobacteria in the
cluster could thrive in the hypersaline Tibetan Lake DC, as well as
in freshwater lakes (16) and in the brackish Baltic Sea (18, 19).
Tibetan cluster VI may prefer polysaline conditions. Thus, the
Tibetan picocyanobacteria likely comprise both stenohaline and
euryhaline types, which are adapted to a narrow or a broad range
of salt concentrations, respectively (45). At the microdiversity
scale, geographic-location-based partitioning could be found
within Tibetan cluster I (Fig. 4B). However, such differentiation is
more likely a salinity-based partitioning within this broad salinity-
adapted lineage. In contrast, differentiation within Tibetan cluster
III-V or within cluster VI was not observed; instead, sequences in
these clusters from different lakes lacked recognizable phyloge-
netic distance that can discriminate lakes (Fig. 4C and D). This
suggests a lack of geographic coherence for each of the two lin-
eages and further implies their wide distribution on the plateau.
Similarly, salinity was also inferred to be a strong factor con-
trolling picocyanobacterial (20), bacterial (46, 47), and archaeal
(35, 48) communities in the Tibetan lakes. Salt concentration is
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thought to be an essential factor that separates freshwater, marine,
and hypersaline cyanobacteria or that divides stenohaline and eu-
ryhaline cyanobacteria, specific strains or genetic lineages of
which have different growth requirements for Na*, Mg™, and
Ca’" (3, 45, 49). Thus, salinity likely reflects a fundamental niche
for these alkaline Tibetan lakes, and adaptation to different ranges
of salinity may be related to the widespread or restricted distribu-
tion of picocyanobacterial lineages.

We were surprised that no clear seasonal pattern could be in-
ferred when comparing the relative abundances of Tibetan cluster
I and cluster III-V in Lake NMC (Fig. 5A and C). Although Ti-
betan cluster I and cluster III-V picocyanobacteria likely favor
different salinity ranges, comparison of their relative abundances
appeared to result in a random temporal pattern in Lake NMC.
On the other hand, we indeed observed a depth-related pattern in
a vertical profile of the lake (Fig. 5B and D and Table 4). It seems
that Tibetan clusters III-V and I took over the communities in
upper and deep waters, respectively, in this single case. Neverthe-
less, it is unclear why this particular lake allows the coexistence of
two overall equally abundant picocyanobacterial lineages that
have a distant phylogenetic relationship and disparate salinity ad-
aptations, whereas other lakes appear to be dominated by only one
lineage. It will be interesting to further explore the variation and
succession between these two lineages on fine temporal and spatial
scales in Lake NMC.

In summary, our study emphasizes the role of dispersal for
picocyanobacteria and supports the notion that niche barriers
rather than geographic isolation may limit the dispersive potential
of picocyanobacteria among inland aquatic ecosystems. The en-
demicity of some lineages may result from environment specifi-
cation and niche adaptation. Our study provides evidence for the
idea that both dispersal and adaptation contribute to forming the
biogeography of microbes (50) and support the hypothesis that
“everything is everywhere, but the environment selects” (29).
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