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Abstract The diversity and community structures of
actinobacteria in saline sediments collected from Yunnan
and Xinjiang Provinces, China, were investigated with
cultivation and 16S rRNA gene analysis. A total of 163
actinobacterial isolates were obtained, and they were affili-
ated with the order Actinomycetales (distributed into five
suborders: Streptosporangineae, Micrococcineae, Strepto-
mycineae, Pseudonocardineae, and Glycomycineae). A total
of 748 actinobacterial 16S rRNA gene clones were exam-
ined, and they could be classified into Actinomycetales,
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and unclassified actinobacteria. The
Actinomycetales sequences were distributed into nine
suborders: Streptosporangineae, Glycomycineae, Micro-
monosporineae, Pseudonocardineae, Corynebacterineae,
Frankineae, Propionibacterineae, Streptomycineae, and
Micrococcineae. The unclassified actinobacteria contained
three new clusters at the level of subclass or order. Our 16S
rRNA gene phylogenetic data indicated that actinobacterial
communities were very diverse in the investigated saline
sediments (salinity 0.4-11.6%) and some actinobacterial
members may be halotolerant or halophilic. The actino-
bacterial community structures in the saline sediments were
different from those in marine and freshwater environments.
Our data have implications for a better understanding of the
distribution of Actinobacteria in saline environments.

Acidimicrobiales,

Keywords Saline sediments - Salinity - Actinobacteria -
Diversity
Introduction

The Actinobacteria phylum, one of the main phyla
within the Bacteria, contains four classified subclasses:
Rubrobacteridae, Coriobacteridae, Acidimicrobidae, and
Actinobacteridae, and some unclassified Actinobacteria
(Boone et al. 2001; Hugenholtz and Stackebrandt 2004;
Gao and Gupta 2005). Due to their biotechnological
applications, Actinobacteria are drawing increasing atten-
tion from microbiologists (Ward and Bora 2006). Actino-
bacteria are ubiquitous in soils (Cho et al. 2006; Gremion
et al. 2003; Piao et al. 2008; and references therein), marine
environments (Bull et al. 2005; Goodfellow and Haynes
1984; Maldonado et al. 2005; Stach and Bull 2005; Stach
et al. 2003a; Ward and Bora 2006), and freshwater
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ecosystems (Allgaier and Grossart 2006; Glockner et al.
2000; Nielsen et al. 2006; Warnecke et al. 2004, 2005;
Zwart et al. 2002; and references therein). These previous
studies showed that actinobacterial diversity was variable
in different environments. For example, the actinobacterial
community in deep-sea sediments was composed of
members of the suborders Corynebacterineae, Frankineae
and Streptomycineae in the Actinomycetales and some
unclassified marine actinobacterial groups (Stach et al.
2003a). In contrast, freshwater actinobacteria (e.g., reser-
voirs, lakes, and estuaries) could be grouped into four main
clusters: acl (affiliated with Frankineae), acll and aclll
(affiliated with Micrococcineae), and aclV (related to
uncultured marine actinobacterial clones) (Warnecke et al.
2004). Some of these groups (i.e., acl and acll) were
almost exclusively composed of clone sequences retrieved
from freshwaters and clearly separated from soil/marine
actinobacterial lineages (Warnecke et al. 2004).

Actinobacteria also occur in saline and hypersaline
environments. For example, actinobacterial 16S rRNA gene
clone sequences were retrieved in saline and hypersaline
environments (Dong et al. 2006; Humayoun et al. 2003;
Jiang et al. 2006; Mancinelli 2005; Mesbah et al. 2007;
Oren 2002; and references therein), and several novel ac-
tinobacterial members have been successfully characterized
(Cai et al. 2008; Guan et al. 2009; Li et al. 2006, 2008; Syed
et al. 2008; Tang et al. 2008). Despite these findings, rela-
tive to our knowledge of these organisms in other envi-
ronments, little is known about the diversity and community
structure of Actinobacteria in saline environments. Saline
and hypersaline habitats (e.g., lakes, soils, salterns, and salt
rocks) are widespread all over the world (Dong and Yu
2007). The ecological characteristics (i.e., diversity, distri-
bution, and composition) of halophiles in such ecosystems
have been extensively investigated (Jiang et al. 2007;
Mancinelli 2005; Oren 2002; and references therein), but
actinobacteria have never been specifically studied as hal-
ophilic or halotolerant organisms.

The main objective of this research was to study the
actinobacterial diversity and community structure in saline
sediments collected from two distantly separated provinces
in China with culture-dependent and culture-independent
techniques (i.e., actinobacterial 16S rRNA gene phyloge-
netic analysis).

Materials and methods
Site description and sample collection
The sampling sites are located in Yunnan and Xinjiang

Provinces in China (Figs. 1, 2, Electronic supplementary
material). In Yunnan Province, three saline sediment
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samples were obtained from HM2 (25°22.366'N,
101°44.568'E) (an abandoned salt mine), HMIO0
(25°23.567'N, 101°45.105'E) (a natural hypersaline spring),
and M (22°35.069'N, 101°50.034'E) (an abandoned salt
mine). In Xinjiang Province, two saline sediment samples
were collected from XL (37°5.283'N, 81°31.178'E) (Lake
Xiaoerkule) and YT (40°7.581’'N, 77°21.085'E) (Lake
Yutian), Xiaoerkule and Yutian Lakes are, respectively,
located in the northwest and south of Tarim Basin, an inland
dry basin in Xinjiang Province. Saline sediment samples
were collected at 10-30 cm depth at each sampling site and
stored in sterile 50 mL Falcon centrifuge tubes. Samples for
cultivation and molecular analysis were stored in regular ice
and dry ice, respectively. The pH and salinity of the spring
water at HM 10 were measured in the field. In the laboratory,
samples for cultivation were processed as described below;
and those for molecular analysis were stored at —80°C until
further analysis. The pH and salinity were measured with
portable meters after the sediments were dissolved into
distilled water. The concentrations of major cations and
trace elements in the dissolved sediments were measured
according to Yakimov et al. (2002).

Isolation of microorganisms

Five saline sediment samples (HM2, HM10, JM, XL, and
YT) were chosen for cultivation of Actinobacteria. In order
to isolate moderately halophilic and/or halotolerant actino-
bacteria, the sediments (2 g wet weight) were dispersed into
18 mL sterilized NaCl brine (con. 10%, w/v) and incubated
at 37°C for 30 min with shaking at 150 rpm. The resulted
slurry was then serially diluted with sterilized NaCl brine
(con. 10%, w/v). Aliquots (0.2 mL) of each dilution were
spread onto petri dishes using four different media (g L™'):
cellulose—casein multi-salt medium (Tang et al. 2008),
modified ISP media 4 & 5 (Shirling and Gottlieb 1966), and
one home-made medium containing (g L™, w/v): mannitol,
10.0; K,HPOy,, 0.2; MgS0,4-7H,0, 0.2; CaSO4-2H,0, 0.1;
CaCOs, 5.0; KCl, 50.0; and agar, 20.0. All the agar plates
were supplemented with 10% (w/v) NaCl (Shirling and
Gottlieb 1966). In order to suppress the growth of non-
actinobacterial bacteria and fungi, the solidified media were
supplemented with potassium dichromate (15 mg L™"). The
petri dishes were incubated at 37°C for 4-6 weeks. Based
on the size and color, colonies were picked and further
purified on inorganic salts—starch agar supplemented with
10% (w/v) NaCl (Shirling and Gottlieb 1966).

Identification of actinobacterial isolates
The total genomic DNA of isolated microorganisms were

extracted using the method previously described (Cui et al.
2001), and then used as template in the diagnostic PCR
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identification for Actinobacteria. PCR amplification was
performed with actinobacterial 16S rRNA gene-specific
forward primer S-C-Act-0235-a-S-20 (5'-CGC GGC CTA
TCA GCT TGT TG-3') and reverse primer S-C-Act-0878-
a-A-19 (5'-CCG TAC TCC CCA GGC GGG G-3') (Stach
et al. 2003b). PCR reaction was made in a total volume of
50 pL containing PCR buffer (1x) with 7.5 uM MgCl,,
deoxynucleoside triphosphates (200 uM dNTP), 0.5 uM
(each) S-C-Act-0235-a-S-20 and S-C-Act-0878-a-A-19
primers, and DNA template (ca. 80 ng). Amplification was
made using a “Hot-start” protocol, which consisted of an
initial denaturation at 95°C for 4 min, a brief pause (30 s)
for adding Taqg DNA polymerase (1.0 U) and 30 cycles of
denaturation at 95°C for 45 s, annealing at 70°C for 45 s,
and extension at 72°C for 1 min, with a final extension at
72°C for 10 min. The PCR products were examined on
regular agarose gel (conc. 1%).

For sequencing, genomic DNA of the identified actino-
bacterial strains was PCR amplified with 16S rRNA gene-
specific primers A (5'-CAG AGT TTG ATC CTG GCT-3")
and B (5'-AGG AGG TGA TCC AGC CGC A-3"), with the
same conditions as previously described (Cui et al. 2001).
The amplified PCR products were purified using a TaKaRa
DNA fragment purification kit (Ver. 2.0) and sequenced
using an ABI 3100 automated sequencer with primer A at
Shanghai Sangon Biotech, Shanghai, China.

Extraction of community DNA from the saline
sediments

The total community DNA from the saline sediments were
extracted using a method modified from that of Zhou et al.
(1996) and Jackson et al. (1997): about 5 g of each wet-
sediment sample was added to 12 mL of extraction buffer
(0.1 mol L™! Na,HPO,, 0.1 mol L~! EDTA, 0.1 mol L™
Tris base) and 50 pL of lysozyme (10 mg mL™") in 50 mL
sterile centrifuge tubes. The samples were mixed for 2 min
and incubated for 30 min at 37°C. One and a half milliliters
of 20% CTAB and 70 pL of proteinase K (20 mg mL™")
were added and incubated for 30 min at 37°C. After this,
1.5 mL of 10% SDS was added to the tubes and incubated
for 2 h at 65°C with periodical (every 10 min) mixing. The
samples were centrifuged (15 min, 7,500g, room tempera-
ture) and the supernatant was decanted into a new sterile
tube followed by the addition of 12 mL of phenol:chloro-
form:isoamyl alcohol (25:24:1, pH 8.0). The samples were
mixed and centrifuged (15 min, 13,000g, room tempera-
ture), and then the aqueous supernatant was transferred into
a new sterile tube. The above steps were repeated and after
the final step 0.6 volume (final) of cold isopropanol was
added to the supernatant solutions. The samples were mixed,
and the nucleic acids were precipitated by centrifugation
(20 min, 13,000g, room temperature). The precipitate was

washed with ice-cold 70% ethanol and dissolved in 300 pL.
TE buffer. Total DNA (1-2 ng) was further purified with a
UNIQ-10 Column DNA Gel Extraction Kit (Shanghai
Sangon) according to the manufacturer’s instructions.

Clone library construction

Extracted genomic DNA was PCR amplified with the pri-
mer set of S-C-Act-0235-a-S-20 and S-C-Act-0878-a-A-19
using the same conditions as those for the isolates. The
PCR products were purified using the PCR purification kit
(Shanghai Sangon) and ligated into the pMDI18-T Easy
vector system according to the manufacturer’s protocol
(TaKaRa Biotech.). Plasmid DNA was transformed into
Escherichia coli strain DH5« with a standard transforma-
tion protocol (Sambrook and Russell 2001). Transformed
E. coli cells were grown on Luria—Bertani plates containing
100 ug mL™" ampicillin. Around 120-180 colonies per
sample were randomly picked for RFLP analysis. Plasmid
DNA of the selected clones was re-amplified using primers
S-C-Act-0235-a-S-20 and S-C-Act-0878-a-A-19 with the
same conditions as described above. The PCR product of
each clone was digested at 37°C for 3 h with a Hhal and
Haelll mix (TaKaRa, Dalian, China) for RFLP analysis.
The digests were analyzed on 15% polyacrylamide gel
electrophoresis. Each RFLP group was preliminarily
defined as an operational taxonomic unit (OTU).

Phylogenetic analysis of actinobacterial 16S rRNA
gene sequences

Unique RFLP patterns were identified visually and represen-
tatives of each restriction pattern were selected for 16S rRNA
gene sequencing. Clone sequences were determined with an
ABI 3100 automated sequencer using universal primers:
MI3F (5-GTT TTC CCA GTC ACG AC-3') at Shanghai
Sangon Biotech. The raw sequences were assembled and
edited by using Sequencher, version 4.1 (Gene Codes, Ann
Arbor, MI). The potential chimeric sequences were examined
with the CHECK_CHIMERA program (Larsen et al. 1993)
and discarded. Operational taxonomic units (OTUs) were
identified using DOTUR 1.53 (Schloss and Handelsman
2005). The sequences of >99% identity were clustered into
one OTU (Stach et al. 2003a; and references therein). One
sequence was selected from each OTU for phylogenetic
analyses. The selected sequences (for both isolates and clones)
were aligned with ClustalX (Thompson et al. 1994). Phylo-
genetic tree (neighbor-joining, maximum parsimony, maxi-
mum likelihood) was constructed using the MEGA 4 from
dissimilar distances and pairwise comparisons with the
Kimura 2-parameter model (Tamura et al. 2007). Rarefaction
analysis was performed using software available online at
http://www.uga.edu/ ~ strata/software/Software.html.
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The ecological diversity within each community (clone
library) was estimated using SPADE v2.1 (http://chao.
stat.nthu.edu.tw/softwareCE.html). Assessment of the dif-
ference or similarity between a pair of microbial commu-
nities was calculated using ARLEQUIN v3.1 (Excoffier
et al. 2005). The similarity or difference between two
microbial communities was assessed using pairwise F
statistics (Mathur et al. 2007). LIBSHUFF analysis
(Singleton et al. 2001) was performed in the same way as
described by Jiang et al. (2006). Mantel test was carried out
using the R program (Team 2007).

Nucleotide sequence accession numbers

The sequences reported in this study have been deposited
in the GenBank Database (Accession no. EU652923-
EU652931, EU652936-EU652938 and FJ425033-FJ425055
for the obtained actinobacterial isolates; accession
no. EU532492-EU532596, EU417729-EUEU417751 and
FJ214060-FJ214097 for the actinobacterial 16S rRNA
gene clone sequences).

Result
Sediment geochemistry

Combined field and laboratory measurements showed that
the sample HM 10 had the highest salinity (11.6%), and pH
was nearly neutral for all the samples (Table 1, Electronic
supplementary material). The sodium concentrations ran-
ged from 3.88 g kg~' (HM2) to 114.68 g kg~ (HM10).

Phylogenetic analysis of Actinobacteria isolates

A total of 163 (19, 43, 10, 49, and 42 from HM2, HM10,
IM, XL, and YT, respectively) isolates were obtained and
subjected to 16S rRNA gene phylogenetic analysis
(Table 2, Electronic supplementary material). All these
isolates were affiliated with the order Actinomycetales and
distributed into five suborders: Streptosporangineae,
Micrococcineae, Streptomycineae, Pseudonocardineae,
and Glycomycineae (Fig. 1a). Most (90%) isolates belon-
ged to two suborder: Streptosporangineae and Pseudono-
cardineae (Table 2, ESM).

Phylogenetic analysis of environmental actinobacterial
community

A total of 748 actinobacterial 16S rRNA gene clones (157,
146, 151, 123, and 171 from library JM, HM2, HM10, YT,
and XL, respectively) were subjected to RFLP analysis,
and a total of 219 (48, 34, 51, 42, and 44 from JM, HM2,
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HM10, YT, and XL, respectively) clones (RFLP types)
were sequenced. Out of these clone sequences, a total of
164 (34, 25, 40, 26, and 39 for JM, HM2, HM10, YT, and
XL, respectively) OTUs were identified and subjected to
phylogenetic analysis (Table 3, Electronic supplementary
material). All actinobacterial clone sequences retrieved in
this study could be classified into Actinomycetales, Acidi-
microbiales, and unclassified Actinobacteria (Fig. 1b).

In the Actinomycetales, more than a half of clones
(59%, 439 out of 748) belonged to nine suborders:
Streptosporangineae, Glycomycineae, Micromonosporineae,
Pseudonocardineae, Corynebacterineae, Frankineae, Pro-
pionibacterineae, Streptomycineae, and Micrococcineae
(Table 3, ESM; Fig. 1b). About 11% (88 out of 748) of the
actinobacterial clones were affiliated with the Acidimicro-
biales (Table 3, ESM; Fig. 1b). Most clones in the Actin-
omycetales and the Acidimicrobiales were related (identity
94-99%) to cultured actinobacterial members. About 30%
(221 out of 748) of the actinobacterial clones were grouped
into unclassified Actinobacteria, the saline sediment groups
(SSGs), which were clearly separated from all other
Actinobacteria clusters. The SSGs contained sequences
from HM2, HM10, JM, and XL. No sequence from YT was
affiliated with this cluster (Table 3, ESM; Fig. 1b).

Diversity index analysis

Rarefaction curves indicated that the diversity of clone
libraries JM and XL was highest, and that of YT and HM2
was lowest (Fig. 3, ESM). This trend was consistent with
diversity indices of Shannon (Chao and Shen), Shannon
(Jackknife), gene diversity, nucleotide diversity, and 0 ()
determined by SPADE and Arlequin (Table 4, Electronic
supplementary material). The LIBSHUFF results showed
significant difference between YT and other samples, and
between HM2 and HM10/JM (P values <0.05; Table 5,
Electronic supplementary material). Mantel test showed
that OTU richness was not significantly correlated with
salinity (¥ = 0.3495, P = 0.1812).

Discussion

Diversity of actinobacterial 16S rRNA gene clone
sequences

To our knowledge, this research was the first to specifi-
cally study actinobacterial diversity and community
structures in saline sediments. Although rarefaction curves
and calculations of diversity indices of the clone libraries
showed some difference in diversity among the two
groups of samples from Yunnan and Xinjiang Provinces
(thousands of kilometers away from one another), there
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Fig. 1 Neighbor-joining tree
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was no biogeographical grouping among the clone
sequences (Fg, data not shown; Fig. 1; Table 5, ESM),
suggesting that geographic distance was not an important
factor controlling actinobacterial community structures.
This observation was consistent with the ubiquitous nature
of actinobacteria in natural environments (Warnecke et al.
2005).

Our results suggested that actinobacterial communities
in the saline sediments from Yunnan and Xinjiang Prov-
inces of China were more diverse at the level of both orders
and suborders than those in marine and freshwater ecosys-
tems. Previous studies have shown that actinobacterial
communities in marine and freshwater ecosystems were
mainly composed of the Actinomycetales (including four
suborders: Corynebacterineae, Frankineae, Micrococci-

neae, and Streptomycineae) and uncultured marine

—0||1group

actinobacterial groups (Maldonado et al. 2005; Stach et al.
2003b; Warnecke et al. 2004, 2005; and references therein).
All actinobacterial clone sequences retrieved in this study
could be affiliated with the Actinomycetales (but with
different suborders including: Streptosporangineae, Gly-
comycineae, Micromonosporineae, Pseudonocardineae,
Corynebacterineae, Frankineae, Propionibacterineae, Str-
eptomycineae, and Micrococcineae), Acidimicrobiales, and
unclassified Actinobacteria. The Acidimicrobiales was an
important group (12%, 88 out 748) in the investigated saline
sediments (Table 3, ESM; Fig. 1b), but is usually absent in
marine and freshwater ecosystems (Maldonado et al. 2005;
Stach et al. 2003a; Warnecke et al. 2004, 2005; and refer-
ences therein).

Growing in media with a high NaCl concentration
(10%), there is no doubt that the obtained actinobacterial
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Fig. 1 continued
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isolates were halotolerant or halophilic. For example, one in the presence of NaCl [8-12% (w/v)], and can tolerate
isolate (Lake Xiaoerkule XL-YIM 92370 in Fig. la) up to 25% of NaCl in the growth media (Guan et al.
showed no growth in the absence of NaCl, grew optimally ~ 2009).
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Fig. 1 continued
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Fig. 1 continued
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The clusters, termed as SSG-1, SSG-2, and SSG-3 in the
unclassified Actinobacteria (Fig. 1b), remained stable in
different types of tree constructions (neighbor-joining,
maximum parsimony, maximum likelihood). They were
clearly separated from other classified actinobacterial lin-
eages. No clone sequences in these unclassified actino-
bacterial clusters were closely related to any characterized
actinobacterial members, and were only related to a very
limited number of clone sequences in the GenBank data-
base (i.e., AY592096). In the light of the branching posi-
tion in the phylogenetic tree, these unclassified clusters
may represent new subclass(es) or order(s) in the
Actinobacteria.
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Response of actinobacterial community structure
to salinity

There was no significant correlation between the actino-
bacterial diversity (OTU richness) and salinities
(0.4-11.6%) (Tables 3, 4, ESM; Mantel test results: r* =
0.3495, P = 0.1812), which was inconsistent with the
general ecological principles that more extreme environ-
ments decrease diversity (Hacine et al. 2004; and refer-
ences therein). Possible reasons for such inconsistency
could be twofold: i) actinobacteria may tolerate a large
range of salinity, ii) actinobacteria may be attached to
sediment particles. Most, if not all, microorganisms in the
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sediments may be attached to mineral particle surfaces, so
that the measured salinity may not represent the true
salinity of the micro-niches where the actinobacterial
sequences were detected.

However, certain members of the Actinobacteria
responded to salinity change, but this response was not
sufficient to cause any phylogenetic groupings according to
salinity. For example, the order Acidimicrobiales, and sub-
orders Micromonosporineae and Streptosporangineae were
present at low-salinity sediments and absent at high salinities
(Table 3, ESM), suggesting that these organisms were only
halotolerant. In contrast, the suborder Frankineae was only
present in the high-salinity samples (XL and HM10), sug-
gesting that some members of this suborder were halophilic.

Conclusion

Our data showed that the actinobacterial communities in
saline sediments possessed different compositions from
marine and freshwater ecosystems. Actinobacterial com-
munities in the investigated saline sediments were very
diverse, and consisted of Actinomycetales (distributed into
nine suborders: Streptosporangineae, Glycomycineae,
Micromonosporineae, Pseudonocardineae, Corynebacte-
rineae, Frankineae, Propionibacterineae, Streptomycineae
and Micrococcineae), Acidimicrobiales, and unclassified
actinobacteria. The unclassified actinobacteria comprised
some as-yet unknown deep-branching groups, and some
actinobacterial members were halotolerant or halophilic.
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