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Abstract The diversity and community structure of
planktonic Actinobacteria in a freshwater river and five
fresh/saline/hypersaline lakes on the Tibetan Plateau,
China were investigated with a combination of geochemi-
cal and 16S rRNA gene phylogenetic analyses. A total of
387 actinobacterial 16S rRNA gene clones were
sequenced, and they could be classified into Actinobacte-
ridae, Acidimicrobidae, and unclassified Actinobacteria.
The Actinobacteridae sequences were distributed into five
suborders (e.g., Corynebacterineae, Frankineae, Micro-
coccineae, Propionibacterineae, and Streptosporangineae)
and unclassified Actinobacteridae. Some actinobacterial
members (specifically Micrococcineae) were present in a
wide range of salinities (from freshwater to NaCl satura-
tion). Statistical analysis showed that salinity and salinity-
related environmental variables (such as ions and total
nitrogen) significantly (r > 0.5; P < 0.05) influenced the
distribution of planktonic actinobacterial community in the
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Introduction

Actinobacteria, one of the largest taxonomic units within
the domain Bacteria, are ubiquitous in both terrestrial and
aquatic ecosystems (Embley and Stackebrandt 1994).
Culture-dependent and -independent studies showed that
Actinobacteria can tolerate or are adapted to a wide range
of environmental gradients, such as temperature [from cold
(Liu et al. 2009; Mevs et al. 2000) to hot (Mohagheghi
et al. 1986; Song et al. 2009)], pH [from acidic (Mendez
et al. 2008; Mohagheghi et al. 1986) to alkaline (Tiago
et al. 2004)], and salinity [from freshwater (Allgaier and
Grossart 2006; Hahn et al. 2003; Hahn 2009; Holmfeldt
et al. 2009; Newton et al.; 2007; Warnecke et al. 2004;
Zwart et al. 2002) to saline (Dong et al. 2006) and
hypersaline (Jiang et al. 2006; Mancinelli 2005; Stach and
Bull 2005; Wu et al. 2009)]. However, it is still poorly
known how diversity and community structure of plank-
tonic actinobacterial community in lakes respond to these
environmental gradients (e.g., temperature, pH, and
salinity).

As the largest and highest plateau on Earth, the Tibetan
Plateau has thousands of lakes, which possess multiple
environmental gradients such as salinity (from 0.1 to
426.3 g/L) and pH (5.4-10.2) (Zheng 1995). These lakes
represent pristine environments, where perturbations from
human activities are minimal. Therefore, the effect of
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environmental conditions on actinobacterial communities
can be discerned. The objective of this study was to
investigate the response of the planktonic actinobacterial
diversity and community structure to environmental chan-
ges in waters collected from one freshwater river and five
fresh/saline/hypersaline lakes on the Tibetan Plateau with
an integrated approach including geochemical and bacterial
16S rRNA gene phylogenetic analyses.
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Fig. 1 A geographic map showing the locations of Daotang River
and studied saline/hypersaline lakes on the Tibetan Plateau, NW

China

Materials and methods
Description of the study sites

Daotang River and five fresh/saline/hypersaline lakes
(Tanggula South, Qinghai, Gahai, Xiaochaidan, and Chaka
Lakes) on the Tibetan Plateau were selected for this study
(Fig. 1; Table 1). Daotang River, located in the southeast
of Qinghai Lake, is one perennial inflowing river of Erhai
Lake, a daughter lake of Qinghai Lake (Jiang et al. 2009b).
Daotang River is around 40 km long, and its water column
is clear (Wang and Dou 1998). Tanggula South Lake is
located on the southern slope of Tanggula Mountain, and it
is a glacial lake. Qinghai Lake is the largest saline and
alkaline lake on the Tibetan Plateau in NW China (Jiang
et al. 2009b). Qinghai Lake has a well-mixed water column
(Jiang et al. 2008). Gahai Lake is another daughter lake of
Qinghai Lake (Jiang et al. 2009b; Wang and Dou 1998).
Xiaochaidan Lake and Lake Chaka are hypersaline lakes
located near the northeastern edge and in the southern
corner of Qaidam Basin, respectively (Jiang et al. 2006;
Wang and Dou 1998).

Field sampling

Water samples were collected from the surface of the river
and lakes (top 20-50 cm) with a 5-1 Schindler sampler.

Table 1 Geochemical and geographic parameters of the Daotang River and five saline/hypersaline lakes on the Tibetan Plateau

Sample Daotang River Tanggula South Lake Qinghai Lake Gahai Lake Xiaochaidan Lake Chaka Lake
Area (km?) NA 0.10 4340 47.2 71.5 116.1
Sampling location (N/E) 100.74/36.577  91.522/32.405 36.607/100.509  37.006/100.580 37.275/95.280 36.420/99.071
Elevation (m) 3210 4987 3196 3196 3172 3214
Maximum water depth (m) 1.7 NA 27 9.5 0.69 0.25
Sampling water depth (m) 0.5 0.5 0.5 0.5 0.2 0.2
Water temperature (°C) 15.7 10.9 13.5 15.9 21 16.8
Water type Cl-Na S—Na-II Cl-Na SO4—Na Cl-Na Cl-Na
Concentration of major ions (mg LY
K* 6.94 5 151.30 295.39 920 2089.3
Na*t 7.36 315.03 3531.65 9610.95 54691.24 107460.3
Ca*" 21.66 27.58 77.28 77.60 625.22 823.2
Mg>*+ 38.12 50.21 590.86 692.83 2588.66 9740.8
Cl™ 150.34 83.41 4907.48 8246.13 72063.44 187633.2
SO~ 96.59 674.31 2000.41 12513.9 28735.16 17099.8
HCO;™ 149.01 27.12 826.25 419.31 366.08 153.1
CO5>~ 86.61 93.36 414.76 143.91 380.09 0.0
Salinity (g L™") 0.1 1.28 12,5 32 160 325
pH 8.7 9.2 9.3 9.2 9.2 7.4
TN (mg L™ 1.09 1.523 0.94 3.48 4.38 8.31
TP (mg L™ 0.024 0.034 0.0 0.034 0.004 0.0

NA not available
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Bacterioplankton samples (250-500 mL.  water) for
molecular analyses were collected onto 0.2-pm Isopore
filters, which were subsequently stored in liquid nitrogen
until analysis. Untreated water samples (2-3 1) were
transported to the laboratory for immediate geochemical
analysis.

Measurements of physical and chemical parameters

The pH was measured in the field with a portable pH meter
(PT-10, SARTORIUS, Germany). In the laboratory, con-
centrations of the eight major ions, i.e., potassium, sodium,
calcium, magnesium, chloride, sulfate, carbonate, and
bicarbonate, were analyzed by inductively coupled plasma
mass spectrometry. The concentrations of total nitrogen
(TN) and total phosphorus (TP) were determined with
alkaline persulfate digestion followed by colorimetric
analysis (Hosomi and Sudo 1986). The salinity (salt con-
centration) was determined by summing up the concen-
trations of the measured ions in the unit of g L™".

DNA extraction, PCR, and phylogenetic analyses

Genomic DNA was extracted from microbial biomass-
containing filters as described previously (Dong et al. 2006;
Jiang et al. 2006). The actinobacterial 16S rRNA gene from
the extracted DNA samples was amplified using the Ac-
tinobacteria-specific primer set of S-C-Act-0235-a-S-20
(5’-CGC GGC CTA TCA GCT TGT TG-3') and S-C-Act-
0878-a-A-19 (5'-CCG TAC TCC CCA GGC GGG G-3')
(Stach et al. 2003) with the same PCR conditions as those
described previously (Song et al. 2009). Successful PCR
products were purified according to our previously
described procedure (Jiang et al. 2009b). Actinobacterial
16S rRNA gene clone libraries were constructed, and
clones were RFLP-screened according to Song et al.
(2009). Unique RFLP types were identified with a combi-
nation of visual inspection and rarefaction analysis
(http://www.uga.edu/strata/software/Software.html).  The
RFLP screening was stopped when the rarefaction curves
were saturated. Unique clones (one from each RFLP type)
were sequenced with an ABI 3100 automated sequencer
using universal primers: M13F (5-GTT TTC CCA GTC
ACG AC-3') at Shanghai Sangon Biotech. The raw
sequences were trimmed by using Sequencher 4.8. Poten-
tial chimeric sequences were examined with Bellerophon
(http://foo.maths.uq.edu.au/ ~ huber/bellerophon.pl), and if
discovered, they were discarded. Operational taxonomic
units (OTUs) were determined using DOTUR (Schloss and
Handelsman 2005) with a 97% cutoff value. Neighbor-
joining phylogenetic trees were constructed from dissimilar
distance and pairwise comparisons with the Jukes-Cantor
distance model using the MEGA (molecular evolutionary

genetics analysis) program, version 4.1. Bootstrap repli-
cations of 1000 were assessed. The sequences determined
in this study were deposited in the GenBank database under
accession numbers FJ498808-FJ498865.

Statistical analysis

Coverage of the clone libraries was calculated with the
equation C = 1 — n/N, where n is the number of unique
RFLP types and N is the total number of RFLP-screened
clones (Dong et al. 2006; Jiang et al. 2008). The actino-
bacterial gene clone sequences were used to construct
biotic similarity matrices, and environmental variables
(ionic concentrations, salinity, pH, temperature, TN, and
TP) were used to construct environmental similarity
matrices. The Mantel test was performed to reveal any
correlation between these two sets of matrices (biotic vs.
environmental) by using the zt software (http://www.
psb.ugent.be/ ~ erbon/mantel/) according to procedures as
previously described (Jiang et al. 2009a).

Results
Water chemistry of the studied lakes

The salinity was 0.1, 1.3, 12.5, 32, 160, and 325 g L~ for
Daotang River, Tanggula South, Qinghai, Gahai, Xiao-
chaidan, and Chaka Lakes, respectively (Table 1). The
water type of the lakes was Na—Cl except for Tanggula
South and Gahai Lakes (Na-SO,). The pH was from
slightly to moderately alkaline (Table 1). Total nitrogen of
the sampled waters ranged from 1 to 8.3 mg L™' with very
low to undetectable levels of total phosphorus.

Phylogenetic diversity of Actinobacteria

Six clone libraries (DTR, TSL, QL, GHL, XCDL, and LCK
for Daotang River, Tanggula South, Qinghai, Gahai,
Xiaochaidan, and Chaka Lakes, respectively) were con-
structed. A total of 522 (64, 47, 84, 91, 92, and 144 for
DTR, TSL, QL, GHL, XCDL, and LCK, respectively)
actinobacterial 16S rRNA gene clones were RFLP-
screened, and a total of 85 (12, 7, 5, 9, 16, and 36 for DTR,
TSL, QL, GHL, XCDL, and LCK, respectively) OTUs
were identified. Fifty-eight (12, 7, 5, 9, 4, and 21 for DTR,
TSL, QL, GHL, XCDL, and LCK, respectively) of the
retrieved OTUs belonged These
sequences were affiliated with the Actinobacteridae (e.g.,
suborders of Corynebacterineae, Frankineae and Micro-
coccineae, Propionibacterineae, Streptosporangineae, and
unclassified Actinobacteridae), Acidimicrobidae, and
unclassified Actinobacteria (Table 2; Fig. 2a). The major

to Actinobacteria.
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Table 2 Ecological estimates and major group affiliation of clone sequences retrieved from Daotang River and five saline/hypersaline lakes on

the Tibetan Plateau

Community DTR TSL QL GHL XCDL LCK
Library size (no. of clones) 64 47 84 91 92 144
Coverage (%) 98.4 95.7 98.8 96.7 98.9 98.6
No. of observed OTUs 12 (12)* 7 (7)* 5 (5)* 9 (9)* 16 (4)* 36 (21)*

Major group affiliation

No. of clones (relative percentage in each actinobacterial clone library)

Actinobacteria
Actinobacteridae
Corynebacterineae 7 (10.9)
Frankineae
Micrococcineae 52 (81.3)
Propionibacterineae
Streptosporangineae
Unclassified Actinobacteridae 5(7.8)
Acidimicrobidae
Unclassified Actinobacteria
Non-Actinobacteria
o-Proteobacteria
e-Proteobacteria
Gemmatimonadetes
Synergistetes
Uncultured Candidate division OP11
Uncultured Candidate division OD1

Unclassified bacteria

12 (25.5)

35 (74.5)

3(54)P
6 (10.7)°
27 (48.2)°
5 (8.9)°
1(1.8)°

9 (20.0)°

83 (98.8) 91 (100) 36 (80.0)°

1(1.2)
5 (8.9)°
9 (16.1)°

25
38 18
34

* Numbers in the parenthesis indicated the number of clones affiliated with Actinobacteria

® The non-actinobacterial clone sequences were excluded for the calculation of the relative percentage of each major group in the clone libraries

group composition and the relative abundance of each
group varied among the samples (Table 2). The Micro-
coccineae group was the predominant group in all samples
except for TSL. The GHL clone library was the least
diverse and consisted of only one group, Micrococcineae,
whereas the clone library of the hypersaline lake, LCK,
was the most diverse (Table 2).

The other 27 (12 and 15 from XCDL and LCK,
respectively) OTUs retrieved in this study belonged to non-
Actinobacteria and were affiliated with Alpha- and Epsi-
lon-proteobacteria, Gemmatimonadetes, Synergistetes,
uncultured Candidate Division OP11 (Hugenholtz et al.
1998) and ODI1 (Harris et al. 2004), and unclassified bac-
teria (Fig. 2b; Table 2), suggesting that the Actinobacteria-
specific primers may not be inclusive of all actinobacterial
sequences.

Statistical analysis
The number of sequenced clones represented 96.7-98.8%

coverage for each clone library (Table 2). The Mantel test

@ Springer

showed that at the species level (97% OTU), HCO;3;™ ion
concentration was the significant (P < 0.05) variable
influencing actinobacterial community structure, and at the
major group (as defined in Table 2) level, salinity, TN, and
concentration of HCO5;~ and major ions (i.e., K*, Na™,
Ca”, Mg”, Cl—, and SO42+) were significant variables
influencing actinobacterial community structures. In con-
trast, pH, temperature, and TP did not show significant
effect on the actinobacterial community structure.

Discussion

Planktonic actinobacterial community in freshwater
biotopes on the Tibetan Plateau

Several studies have investigated actinobacterial 16S
rRNA genes (a total of ~3000 sequences were examined)
in waters collected from a variety of freshwater habitats
(rivers, reservoirs, and lakes), and they found that plank-
tonic freshwater Actinobacteria could be grouped into



Extremophiles (2010) 14:367-376

371

Fig. 2 Neighbor-joining tree
(partial sequences, ~ 640 bp)
showing the phylogenetic
relationships of 16S rRNA gene
sequences cloned from the
studied samples to closely
related sequences from the
GenBank database. One
representative clone type within
each phylotype is shown, and
the number of clones within
each OTU is shown at the end.
If there is only one clone within
a given phylotype, the number
“1” is omitted. Clone sequences
from this study are coded as
follows for the example of
GHL-50-WB128: bacterial 16S
rRNA gene clone number 128
from the depth of 50 cm in the
water column of Gahai Lake.
W water, B bacteria. Scale bars
indicate the Jukes-Cantor
distances. Bootstrap values of
>50% (for 1000 iterations) are
shown. a The actinobacterial
16S rRNA gene clones; b the
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non-actinobacterial clones

GHL-50-WB128 (FJ948220)
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GHL-50-WB262 (FJ948223) 2

53 [ Hypersaline Lake Tebenquiche bacterial clone (AY862797)
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Marine bacterial clone (AM747379)
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XCDL-20-WB3 (FJ948225) 32
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99 | Microbacteriaceae bacterium KVD-unk-61 (DQ490455)
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| LCK-20-WB174 (FJ948249) 2

INIULIIOIOLITA]

88
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100' picrobacterium lacticum (AB007415)
| Cellulomonas sp. KAR88 (EF451715)

% TSL-50-WB25 (FJ948206) 6

i

100' X CDL-20-WB6 (FJ948226) 3

Uncultured bacterium FukuN101 (AJ289982)

DTR-50-WB32 (FJ948201)
Microbacteriaceae bacterium MWH-VicEl (AJ565413)
Actinobacterium MWH-Bol (AJ507465)
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50 99 LCK-20-WB30 (FJ948236) 2
‘I_,—{ Arthrobacter sp. Antarctic 1IS03 (DQ341415)
0.005 58 Arthrobacter oxydans (AM933499)

several major clusters: acl, acll and aclll, aclV, acSTL,
Microthrix, Soil I, Soil II and Soil III, and Luna-1 and 2
(Allgaier and Grossart 2006; Hahn et al. 2003; Hahn 2009;
Holmfeldt et al. 2009; Newton et al. 2007; Warnecke et al.
2004). Due to lack of cultured representatives of these
freshwater actinobacterial clusters, their physiological
properties and ecological roles are still unknown (Allgaier
and Grossart 2006; Warnecke et al. 2004). In order to

99 LCK-20-WB60 (FJ948243) 4

determine the affiliation relationship between these pro-
posed freshwater actinobacterial groups and the clone
sequences obtained in this study, phylogenetic analysis was
performed on pooled sequences from available habitats
(including the clone sequences retrieved in this study and
those determined previously) (Allgaier and Grossart 2006;
Hahn 2009; Hahn et al. 2003; Holmfeldt et al. 2009;
Warnecke et al. 2004) (Fig. 3). The results showed that
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Fig. 2 continued
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those previously proposed freshwater actinobacterial
groups (Allgaier and Grossart 2006; Hahn et al. 2003;
Warnecke et al. 2004) can cover all of the actinobacterial
16S rRNA gene clone sequences retrieved from TSL
(freshwater biotope) (Fig. 3), but not those from DTR (also
freshwater biotope). For example, the TSL actinobacterial
16S rRNA gene clone sequences were affiliated with acl,
acll, acSTL, and Luna 2. Whereas most clone sequences
(54 out of 64) from DTR were affiliated with acl, acll,
acSTL, and Luna 2, the other sequences in DTR were not
grouped with any previously known freshwater actino-
bacterial groups. This observation suggested that the
Tibetan freshwater aquatic ecosystems could harbor many
unknown actinobacterial groups. This observation was true

@ Springer

Aquifex pyrophilus (M83548)

not only for actinobacterial sequences, but also for bacteria
in general (Dong et al. 2010).

Response of planktonic actinobacterial community
to salinity gradient

Our phylogenetic analysis (Fig. 2a) and major group
affiliation (Table 2) showed that the groups of acl and acll
were dominant in all studied lakes except for the hyper-
saline lake (Lake Chaka), consistent with the previous
studies in freshwater systems (Warnecke et al. 2004, 2005;
Allgaier and Grossart 2006; Hahn 2009). Among the
environmental factors examined, the pH did not appear to
be a significant factor. This lack of significance could be
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Fig. 2 continued

Actinobacteria

2 Nitratifractor salsuginis (AB175500)
ﬁ(—(: Sulfurospirillum sp. NO3A (AY135396) | Epsilonproteobacteria

LCK-20-WBS5 (FJ948263) 8

98~ LCK-20-WB15 (FJ948267) 4
100 LCK-20-WB17 (FJ948268) 4
83 LCK-20-WB20 (FJ948269) 6
99 82— LCK-20-WB128 (FJ948275) 2

N

LCK-20-WB87 (FJ948274) 7
Washington State soda lake clone (EU644827)

{ Peru Margin ODP1230 clone (AB177219)
Peru Margin ODP1230 clone (AB177137)

— Candidate division OP11 clone (AF047563)

————LCK-20-WB72 (FJ948273) 2

99 XCDL-20-WB97 (FJ948261) 5

Arctic permafrost soil clone (EF034678)

99

II(IO UOISIAIp 9jepIpue))

\

attributed to the narrow pH range (7.4-9.3) of the lakes
investigated in this study. In contrast to pH, salinity
(including salinity-related major ions) and TN significantly
affected actinobacterial community structures in the stud-
ied aquatic biotopes (Tables 2, 3). Salinity was positively
correlated with the diversity of the actinobacterial com-
munity (Table 3). This observation appeared to be in
contrary to the general ecological principle that more
extreme environments decrease diversity (Frontier 1985;
Hacine et al. 2004). However, a closer examination
revealed that salinity was positively correlated with TN
(R* = 0.931, figure not shown). High TN content may be a
result of lake evaporation in that evaporation of saline lakes
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would result in high concentration of salts, total organic
carbon (TOC), dissolved organic carbon (DOC), and TN
(Hammer 1986). Therefore, the apparent positive correla-
tion between the actinobacterial diversity and salinity may
actually reflect a positive relationship between the diversity
and TN/TOC contents.

Salinity not only affected the diversity but also com-
munity composition. Our affiliation analysis (Fig. 3)
showed that the acl group was composed of sequences
from freshwater habitats only, and that no sequences
retrieved from saline lakes were affiliated with this group,
as consistent with a previous study (Warnecke et al. 2004).
However, a total of 146 clones retrieved from saline and
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Fig. 3 Neighbor-joining tree (partial sequences, ~ 640 bp) showing
the phylogenetic affiliation of the actinobacterial 16S rRNA gene
sequences cloned from the studied samples with the typical freshwa-
ter actinobacterial clusters reported by Allgaier and Grossart (2006),
Hahn et al. (2003), Hahn (2009), and Warnecke et al. (2004). The
same algorithms as for Fig. 2 are used. Cellulomonas cellasea
(X83804) was used as an outer group. One representative clone type
within each OTU is shown, and the number of clones within each
OTU is shown at the end

hypersaline lakes belonged to the acll group (accounting
for 52.9% of total actinobacterial clone sequences in these
four lakes), suggesting that some members in the acll
group have a wider range of salinity tolerance than previ-
ously thought (Warnecke et al. 2004; Holmfeldt et al.
2009). The aclll group contained sequences from saline

@ Springer

Table 3 Simple Mantel test for similarity between environmental
variables and actinobacterial community in the investigated saline
lakes

OTU level Major group level®

r P value r P value
K* +0.0444 0.3208 +0.7984 0.0083
Na*t +0.0072 0.3472 +0.8077 0.0056
Ca*" +0.0128 0.2819 +0.7416 0.0083
Mg*+ +0.0186 0.3500 +0.7371 0.0083
ClI™ —0.0039 0.6472 +0.7809 0.0083
S0, +0.0486 0.3847 +0.5540 0.0389
HCO;™ +0.4336 0.0167 —0.4440 0.0333
CO5>~ —0.0958 0.4556 —0.0707 0.4694
Salinity +0.0120 0.3417 +0.8081 0.0056
pH —0.0170 0.6417 +0.6371 0.0833
Temperature —0.1518 0.1819 +0.0844 0.3972
N +0.0391 0.3819 +0.8229 0.0083
TP —0.0666 0.4556 —0.1660 0.2333

Non-actinobacterial clones were not included in the Mantel test
analysis

The correlation is significant when the P value is less than 0.05
(italicized)
r the correlation value; + and — positive and negative correlation,
respectively

4 Major groups were defined as shown in Table 2

and hypersaline lakes, broadly consistent with the obser-
vations by Warnecke et al. (2004). It was unexpected to
observe the complete absence of the acIV group in our
studied river and lakes as this group has been commonly
observed in freshwater rivers and lakes, estuaries, and
hypersaline soda lakes (Warnecke et al. 2004; Holmfeldt
et al. 2009). These two previous studies have implied that
the aclV group could tolerate higher salinity than the acl
and acll groups, but lower than aclll. Because of a limited
number of environmental factors examined in this study,
possible reasons for the absence of the acIV group
remained unknown.

The actinobacterial diversity of Lake Chaka retrieved in
this study was apparently higher than that of the same lake
studied previously (Jiang et al. 2006). In this study, the
actinobacterial community was composed of Actinobacte-
ridae (including Corynebacterineae, Frankineae, Micro-
coccineae, Propionibacterineae, and Streptosporangineae),
Acidimicrobidae, and unclassified Actinobacteria. How-
ever, only a few actinobacterial clone sequences were
retrieved in our previous study (Jiang et al. 2006), and they
were grouped into the Micrococcineae of Actinobacteridae.
Such difference could be explained by the primers used for
PCR amplification of the 16S rRNA gene: the general
bacterial primers of Bac27F and U1492R were used in Jiang
et al. (2006), while the Actinobacteria-specific primers of
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S-C-Act-0235-a-S-20 and S-C-Act-0878-a-A-19 were
employed in this study. This observation was consistent
with a previous proposal that some specific bacterial groups
would be under-represented in 16S rRNA clone libraries
generated with general bacterial primers (Cottrell and
Kirchman 2000). Thus, group-specific primers are more
effective than general primers when characterizing diversity
and community composition of specific groups of bacteria.

Non-specificity of the Actinobacteria-specific primers
employed

The primer set (S-C-Act-235-a-S-20 and S-C-Act-878-a-A-
19) employed in this study was originally designed to be
diagnostic for the Actinobacteria 16S rRNA gene based
upon all known actinobacterial strains available in the
GenBank database at the time (Stach et al. 2003). Subse-
quently, this primer set has been proven its efficiency for
characterizing diversity of actinobacterial communities in
freshwater and marine environments (Allgaier and Grossart
2006; Newton et al. 2007; Piao et al. 2008; Warnecke et al.
2004). However, this primer set may produce non-specific
amplification when used for hot spring samples (Song et al.
2009) and hypersaline lakes (this study). In Song et al.
(2009), a large percent of clone sequences (32%) were
grouped with uncultured Candidate Division OP10 which
was first defined in Obsidian Pool (OP), a 75-95°C hot
spring on the northern flank of the Yellowstone National
Park caldera (Hugenholtz et al. 1998). In this study, a total
of 135 clones were grouped with Alpha- and Episilonpro-
teobacteria, Gemmatimonadetes, Synergistetes, uncultured
Candidate Division OP11, uncultured Candidate Division
OD1, and unclassified bacteria (Fig.2b; Table 2),
suggesting that the primer set of S-C-Act-235-a-S-20 and
S-C-Act-878-a-A-19 has limitations when employed in
characterizing actinobacterial community in hot springs
and hypersaline lakes. This observation may not be sur-
prising because the pool of actinobacterial clone sequences
used for developing the primers (Stach et al. 2003) inclu-
ded few members from hot springs and hypersaline lakes.
Therefore, we conclude that with this primer set the
actinobacterial diversity may be underestimated. More
work is required in saline/hypersaline environments to
update the actinobacterial 16S rRNA gene sequence pool in
order to design new Actinobacteria-specific primer sets
covering highly diverse actinobacterial communities.

Conclusion
The actinobacterial communities in the studied freshwater

biotopes on the Tibetan Plateau were predominated by the
acl and acll groups with different compositions than those

from other freshwater ecosystems. A large number of clone
sequences retrieved in this study were not affiliated with
any previously defined freshwater actinobacterial groups.
Salinity was an important environmental parameter shap-
ing the diversity and the community structure of Actino-
bacteria, but certain groups exhibited a higher salinity
range than previously thought.

Acknowledgments This research was supported by China Post-
doctoral Science Foundation (20090450457), the Scientific Research
Foundation for the Returned Overseas Chinese Scholars, State Edu-
cation Ministry, the 111 projects of China (Nos. B07011 and
B08030), 973 Project of China (2006CB701406), and the Research
Funds of the State Key Laboratory of Geological Processes and
Mineral Resources of China University of Geosciences, Beijing
(GPMR2008K08B and GPMR200844).

References

Allgaier M, Grossart HP (2006) Diversity and seasonal dynamics
of Actinobacteria populations in four lakes in northeastern
Germany. Appl Environ Microbiol 72:3489-3497

Cottrell MT, Kirchman DL (2000) Community composition of marine
bacterioplankton determined by 16S rRNA gene clone libraries
and fluorescence in situ hybridization. Appl Environ Microbiol
66:5116-5122

Dong H, Zhang G, Jiang H, Yu B, Leah RC, Courtney RL, Fields MW
(2006) Microbial diversity in sediment of saline Qinghai Lake,
China: linking geochemical controls to microbial ecology.
Microb Ecol 51:65-82

Dong H, Jiang H, Yu B, Li XQ, Zhang CL (2010) Impacts of climate
change and human activities on microbial ecosystems on the
Tibetan Plateau, NW China. GSA Today 20. doi:10.1130/
GSATG1175A.1

Embley TM, Stackebrandt E (1994) The molecular phylogeny and
systematics of the Actinomycetes. Annu Rev Microbiol 48:257-289

Frontier S (1985) Diversity and structure in aquatic ecosystems.
Oceanogr Mar Biol 23:253-312

Hacine H, Rafa F, Chebhouni N, Boutaiba S, Bhatnagar T, Barratti
JC, Ollivier B (2004) Biodiversity of prokaryotic microflora in
El Golea Salt lake, Algerian Sahara. J Arid Environ 58:273-284

Hahn MW (2009) Description of seven candidate species affiliated
with the phylum Actinobacteria, representing planktonic fresh-
water bacteria. Int J Syst Evol Microbiol 59:112-117

Hahn MW, Lunsdorf H, Wu QL, Schauer M, Hofle MG, Boenigk J,
Stadler P (2003) Isolation of novel ultramicrobacteria classified
as actinobacteria from five freshwater habitats in Europe and
Asia. Appl Environ Microbiol 69:1442-1451

Hammer UT (1986) Saline lake ecosystems of the world. Springer,
The Netherlands

Harris JK, Kelley ST, Pace NR (2004) New perspective on uncultured
bacterial phylogenetic division OP11. Appl Environ Microbiol
70:845-849

Holmfeldt K, Dziallas C, Titelman J, Pohlmann K, Grossart H-P,
Riemann L (2009) Diversity and abundance of freshwater
Actinobacteria along environmental gradients in the brackish
northern Baltic Sea. Environ Microbiol 11:2042-2054

Hosomi M, Sudo R (1986) Simultaneous determination of total
nitrogen and total phosphorus in freshwater samples using
persulfate digestion. Int J Environ Stud 27:267-275

Hugenholtz P, Pitulle C, Hershberger KL, Pace NR (1998) Novel
division level bacterial diversity in a Yellowstone hot spring.
J Bacteriol 180:366-376

@ Springer


http://dx.doi.org/10.1130/GSATG1175A.1
http://dx.doi.org/10.1130/GSATG1175A.1

376

Extremophiles (2010) 14:367-376

Jiang H, Dong H, Zhang G, Yu B, Chapman LR, Fields MW (2006)
Microbial diversity in water and sediment of Lake Chaka: an
athalassohaline lake in northwestern China. Appl Environ
Microbiol 72:3832-3845

Jiang H, Dong H, Yu B, Ye Q, Shen J, Rowe H, Zhang C (2008)
Dominance of putative marine benthic archaea in Qinghai Lake,
northwestern China. Environ Microbiol 10:2355-2367

Jiang H, Dong H, Deng S, Yu B, Huang Q, Wu Q (2009a) Response
of archaeal community structure to environmental changes in
lakes on the Tibetan Plateau, northwestern China. Geomicrobiol
J 26:289-297

Jiang H, Dong H, Yu B, Lv G, Deng S, Wu Y, Dai M, Jiao N (2009b)
Abundance and diversity of aerobic anoxygenic phototrophic
bacteria in saline lakes on the Tibetan Plateau. FEMS Microbiol
Ecol 67:268-278

LiuY, Yao T, Jiao N, Kang S, Huang S, Li Q, Wang K, Liu X (2009)
Culturable bacteria in glacial meltwater at 6, 350 m on the East
Rongbuk Glacier, Mount Everest. Extremophiles 13:89-99

Mancinelli RL (2005) Microbial life in brines, evaporites and saline
sediments: the search for life on Mars. In: Tokano T (eds) Water
on Mars and life. Springer, Berlin, pp 277-297

Mendez MO, Neilson JW, Maier RM (2008) Characterization of a
bacterial community in an abandoned semiarid lead-zinc mine
tailing site. Appl Environ Microbiol 74:3899-3907

Mevs U, Stackebrandt E, Schumann P, Gallikowski CA, Hirsch P
(2000) Modestobacter multiseptatus gen. nov., Sp. nov., a
budding actinomycete from soils of the Asgard Range (Tran-
santarctic Mountains). Int J Syst Evol Microbiol 50:337-346

Mohagheghi A, Grohmann K, Himmel M, Leighton L, Updegraff DM
(1986) Isolation and characterization of Acidothermus cellulo-
Iyticus gen. nov., sp.nov., a new genus of thermophilic,
acidophilic, cellulolytic bacteria. Int J Syst Bacteriol 36:435-443

Newton RJ, Jones SE, Helmus MR, McMahon KD (2007) Phyloge-
netic ecology of the freshwater Actinobacteria acl lineage. Appl
Environ Microbiol 73:7169-7176

Piao Z, Yang L, Zhao L, Yin S (2008) Actinobacterial community
structure in soils receiving long-term organic and inorganic
amendments. Appl Environ Microbiol 74:526-530

@ Springer

Schloss PD, Handelsman J (2005) Introducing DOTUR, a computer
program for defining operational taxonomic units and estimating
species richness. Appl Environ Microbiol 71:1501-1506

Song Z, Jiang H, Zhi X, Zhang C, Dong H, Li W (2009)
Actinobacterial diversity in hot springs in Tengchong (China),
Kamchatka (Russia), and Nevada (USA). Geomicrobiol J
26:256-263

Stach JE, Bull AT (2005) Estimating and comparing the diversity of
marine Actinobacteria. Antonie Van Leeuwenhoek 87:1572—
9699

Stach JE, Maldonado LA, Ward AC, Goodfellow M, Bull AT (2003)
New primers for the class Actinobacteria: application to marine
and terrestrial environments. Environ Microbiol 5:828-841

Tiago I, Chung AP, Verissimo A (2004) Bacterial diversity in a
nonsaline alkaline environment: heterotrophic aerobic popula-
tions. Appl Environ Microbiol 70:7378-7387

Wang S-M, Dou H-S (1998) Lakes in China (in Chinese). Science
Press, Beijing

Warnecke F, Amann R, Pernthaler J (2004) Actinobacterial 16S
rRNA genes from freshwater habitats cluster in four distinct
lineages. Environ Microbiol 6:242-253

Warnecke F, Sommaruga R, Sekar R, Hofer JS, Pernthaler J (2005)
Abundances, identity, and growth state of actinobacteria in
mountain lakes of different UV transparency. Appl Environ
Microbiol 71:5551-5559

Wu J, Guan T, Jiang H, Zhi X, Tang S, Dong H, Zhang L, Li W
(2009) Diversity of actinobacterial community in saline sedi-
ments from Yunnan and Xinjiang, China. Extremophiles
13:623-632

Zheng MP (1995) An introduction to saline lakes on the Qinghai-
Tibet Plateau. Kluwer, Dordrecht

Zwart G, Crump BC, Kamst-van Agterveld MP, Hagen F, Han S-K
(2002) Typical freshwater bacteria: an analysis of available 16S
rRNA gene sequences from plankton of lakes and rivers. Aquat
Microb Ecol 128:141-155



	Planktonic actinobacterial diversity along a salinity gradient  of a river and five lakes on the Tibetan Plateau
	Abstract
	Introduction
	Materials and methods
	Description of the study sites
	Field sampling
	Measurements of physical and chemical parameters
	DNA extraction, PCR, and phylogenetic analyses
	Statistical analysis

	Results
	Water chemistry of the studied lakes
	Phylogenetic diversity of Actinobacteria
	Statistical analysis

	Discussion
	Planktonic actinobacterial community in freshwater biotopes on the Tibetan Plateau
	Response of planktonic actinobacterial community  to salinity gradient
	Non-specificity of the Actinobacteria-specific primers employed

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


