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Abstract

There’re many kinds of extremely halophilic archaea living in salt lakes all over the world and the ecological
environment of lakes can affect their archaeal species. To illustrate the relationships between archaeal species and
salt lake environment, we isolated and cultured 25 extremely halophilic archaeal strains from three salt lakes in
China (Gou Salt Lake, Huama Salt Lake and Yuncheng Salt Lake). According to the 16S rRNA gene sequence
analysis and the construction of Neighbor-Joining phylogenetic trees, the isolates were closely related to each other.
The most dominant archaea was genus halorubrum (88.0%), followed by genus haloarcula (8.0%) and a small
amount of genus halovivax (4.0%). Yuncheng salt lake (YC) had the most abundant number of species. Through the
study of the basic information of the three sampling sites, we considered the species of extremely halophilic archaea
were related to their living natural conditions of brine. Warm weather and high mineralization degree are likely to be
functional components to enrich the species diversity.
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Introduction
Hypersaline salt lakes represent an extreme type of habitat where

halophilic prokaryotes are the dominant forms of life [1]. Salt lakes are
important mineral resources which contain a variety of salts (mainly
NaCl). The formation of salt lake is closely related with natural
conditions. In arid or semi-arid climate, when the evaporation of the
lake is more than its resupply, the salts constantly concentrate and
various elements in water become saturated or supersaturated [2].
Under strong evaporation, water disappears while salts are piling up,
which creates salt lakes.

Extremely halophilic archaea (order Halobacteriales, family
Halobacteriaceae, phylum Euryarchaeota, domain archaea) inhabit
hypersaline regions [3,4]. They could survive extreme conditions such
as high salinity, high temperatures, and neutral to alkaline pH, low
water activity, and extreme gamma radiations [5]. People have proven
that Na+ can maintain cell membrane, cell wall structure and functions
to prevent lysis [6]. Na+ can also support the active transport system of
amino acid and sugar [7]. Halophilic archaea mainly grow in salt lakes,
salt marshes, Dead Sea, the saltern and other environments. They play
an important role in the biogeochemistry of carbon and phosphorus in
salt lake environments [8] and some halophiles have been shown to
degrade organic compounds [9,10] such as pesticides and crude oil
[11] for potential use in bioremediation studies and applications [12].
Moreover, halophiles may also have potential uses as biocontrol agents
against certain pathogenic fungi [13,14]. Salt lakes are interesting
model systems for studies on microbial diversity and ecosystem
functions in extreme environments which are highly desirable due to
their potential applications [15].

In this study, the extremely halophilic archaea were cultured from
three salt lakes of China that were collected: Gou salt lake (GC),
Huama salt lake (HMC) and Yuncheng salt lake (YC) respectively. We
used phylogenetic analysis to research their compositions and the
dominant halophilic archaea. The aim of this study is to find how the
different ecological environment of the salt lakes affects the extremely
halophilic archaeal species.

Methods

Sampling sites
The water samples were collected of the top 10 cm layer from three

Chinese salt lakes in June 2012: Gou salt lake (GC) and Huama salt
lake (HMC) are located in Shanxi province. Yuncheng salt lake (YC) is
located in Shanxi province, China. After being sieved through
microporous membranes of whose pore size is 0.22 μm. The sample
was stored at 4°C before the microbial analysis.

Isolation and purification
In order to select extremely halophilic archaea, we chose high salt

medium. The ingredients are: Yeast extract (Oxoid) 10 g, Peptone 7.5 g,
Trisodium citrate 3 g, NaCl 200 g, KCl 2 g, MgSO4.7H2O 10 g, H2O
1000 ml, agar powder 20 g (solid medium), pH 7.5, 121°C, sterilized 25
min, for using later.

Saltern samples were diluted with dilution gradients of 10-1, 10-2,
10-3, 10-4, 10-5 and 10-6. Then extracted 100 µl diluted liquid to solid
MGM medium plate for a 10 to 15 days spread plate cultivation under
the temperature of 37°C. The cultivated archaea were then streak
cultivated to get a single colony. Archaea from the single colony were
streak cultivated again to obtain purified strains [16,17].
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DNA extraction, PCR and phylogenetic tree construction
DNA were extracted according to the instruction of Bacterial

genomic DNA Extraction Kit by Shanghai Sangon Biological
Engineering Technology & Services Co., Ltd. Sequences of primers
were the consensus primer of Halophilic archaea--H21F/H1540R [18].
Forward primer: 5'-ATTCCGGTTGATCCTGCCGG-3' and reverse
primer: 5'-AGGAGGTGATCCAGCCGCAG-3' were used for
amplifying the archaeal 16S rRNA genes. The template 3 µl, every
primer 1 µl, dNTP 1.5 μl, 10x PCR buffer 5 μl, MgCl2 4 μl, Taq enzyme
0.3 μl, steam sterilization water to 50 µl by using the PCR Gene Amp
9700 (Applied Biosystems, Foster City, CA, USA). The PCR thermal
cycling conditions were as follows: 95°C predenaturation for 5 min,
95°C denaturation for 1 min, 50°C annealing for 1 min, 72°C extension
for 1 min 30 s, 35 cycles at 72°C for 10 min, 4°C for preservation. The
PCR product was purified by UNIQ-10 column DNA gel extraction kit
(Shanghai Sangon Biological Engineering Technology & Services Co.,
Ltd.) and sequenced by Shanghai Sangon Biological Engineering
Technology & Services Co., Ltd.

The 16S rRNA gene sequences were compared with the other strains
from the EzTaxon Server database. ClustalX software was used to
determine the matching alignment of multiple sequences. Phylogenetic
trees were constructed using the Neighbor-Joining method under
MEGA5.0 and appraised by using bootstrap value with 1,000 repeats
[19].

Results

Descriptions of sampling sites
The basic information about three salt lakes was obtained from

‘Chinese Salt Lakes’ writen by Zheng [20] and we listed them in Table
1. It illustrated that HMC, GC and YC are located in Chinese inland
and their climates were dry. What’s more, HMC was an alkaline lake
while YC was acidic lake. HMC and GC had the highest altitude and
the lowest temperature.

Sites pH Annual Average Temperature (℃) Mineralization degree (g/L) Altitude (m) Coordinates

GC 7.3 7 156.77 1303 107°31′25″E, 37°45′30″N

HMC 8 7 108.5 1310 107°30′15″E, 37°41′20″N

YC 5.5 14 236.4 311.77 107°31′-111°03′E, 34°56′15″-35°02′30″N

Table 1: Basic information for the sampling sites.

Also, we listed the selected general physical and chemical properties
of sampling sites according to reference book in Table 2 [20]. The
cationic detection method is atomic absorption, and the anion’s is ion
chromatography. The three study sites showed obvious differences with
regard to the inorganic ions concentrations (Table 2). In general, Na+

was the most abundant cation among the four samples followed by
Mg2+. The most abundant anion of the samples was Cl- except YC. It’s
worth noting that the concentration of SO4

2- was the highest anion in
YC.

Sites Na+

(mg/L)
K+

(mg/L)
Mg2+

(mg/L)
Ca2+

(mg/L)
Cl-
(mg/L)

SO4
2-

(mg/L)

GC 55025 189 3731 434 96309 20

HMC 28740 157 8710 248 69998 13

YC 32671 835 28284 218 53220 119364

Table 2: General physical and chemical properties for the sampling
sites

Diversity of halophilic archaea
We isolated and enriched 25 extremely halophilic archaeal strains

from three samples, 4 of GC, 2 of HMC and 19 of YC respectively.
After amplifying of PCR, there’re 1400 bp-1500 bp lengths of each
sample’s 16S rDNA for phylogenetic analyses. Three phylogenetic trees
were constructed (Figures 1-3) and Methanosarcina lacustera was
chosen as the out-group.

Figure 1: Phylogenetic tree showing the position of GC halophilic
archaeal strains among selected clones or strains belonging to
division Halobacteriaceae. The tree, which was rooted using
Methanosarcina lacustera as the out-group, was generated by the
neighbour-joining method. The number at each branch of
phylogenetic tree represents the bootstrap value (1000 replicates).
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Figure 2: Phylogenetic tree showing the position of HMC halophilic
archaeal strains among selected clones or strains belonging to
division Halobacteriaceae. The tree, which was rooted using
Methanosarcina lacustera as the out-group, was generated by the
neighbour-joining method. The number at each branch of
phylogenetic tree represents the bootstrap value (1000 replicates).

Figure 3: Phylogenetic tree showing the position of YC halophilic
archaeal strains among selected clones or strains belonging to
division Halobacteriaceae. The tree, which was rooted using
Methanosarcina lacustera as the out-group, was generated by the
neighbour-joining method. The number at each branch of
phylogenetic tree represents the bootstrap value (1000 replicates).

There is another phylogenetic tree that compared the species of
three samples (Figure 4). Comparison of the sample sequences with
other halobacterial sequences in the database indicated that they were
most closely related to the other species of the genus Halorubrum.

Figure 4: Phylogenetic tree showing the position of all halophilic
archaeal strains among three samples. The tree was generated by the
neighbour-joining method. The number at each branch of
phylogenetic tree represents the bootstrap value (1000 replicates).

GC-6 was highly homologous to GC-8which belonged to genus
Halorubrum and clustered into one branch. There were two different
strains in HMC but they belonged to different genus. HMC-1 was one
species of genus Halorubrum while HMC-3 was confirmed to
Haloarcula marismortui. YC had the most abundant diversity of
strains, which harbored representatives of all the three genera. Much of
them belonged to genus Halorubrum and they’re scattered throughout
the phylogenetic tree, representing different species. In addition,
YC-14 was same with Halovivax ruber and YC-16 was a species of
genus Haloarcula.

When comparing the three samples together, most of them are
homologous with each other, except for the following four: HMC-3,
YC-14, YC-16 and YC-X1. YC-14 was more homologous to YC-16 by
contrast.

From the perspective of all 25 samples, there were 22 of them
belonged to genus Halorubrum (88.0%), suggesting that it may be the
dominant genus in salt lakes. Moreover, genus Haloarcula (8.0%) and
Halovivax (4.0%) also appeared in our study, but only a few, so they did
not account for the advantage in salt lakes. This study didn’t found any
unknown or novel archaea, but the species diversity in the salt lake is
great and needed to be further investigated and studied.

Discussion
YC had the most abundant strains among the three. Previous studies

have shown that pH correlated with prokaryotic distributions in highly
saline environments [21]. We found that Yuncheng salt lake was an
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acidic lake, but alkaline environments were more suitable for the
survival of halophilic bacteria [22]. The high archaeal diversity in YC
could be due to the fact that some kinds of halorubrum can tolerate the
relative low pH and there have been researches reported that some
halorubrum species can live in pH 5.5-9.5 [23]. The contrary discovery
indicated that there could be no direct correlation between pH and
halophilic archaeal diversity and there were a lot of factors that could
affect the results.

What’s more, mineralization degree, which means the amount of
salts in water, can also have impact on species. It had been proved that
high level of mineralization degree was necessary for the survival of
halobacteria [24]. As the amount of salt increases, the diversity
enriches too. Among the three sample sites, the mineralization degree
of YC was much higher than the others, which may result in their
abundant species.

The locations of Huama salt lake and Gou salt lake are very close.
They have the same climate and natural environment. In this study, we
only collected and cultured 4 strains in GC and 2 in HMC. These four
strains in GC were clustered into one branch, which meant they had
very close genetic relationships. However, the two strains in HMC
belonged to different genus. We didn’t culture many clones in our
media due to the high salt concentration (NaCl 20%). Some studies
considered that optimal salinity for moderately halophilic bacteria
growth was 3%-15% NaCl [25,26]. Also, their diversity was affected by
temperature. The temperature of the two samples was relatively low,
which is not conducive to the growth of microorganisms.

The extreme halophilic archaea of the three salt lakes have been
shown to be phylogenetically distinct, a result which is consistent with
both the natural environmental conditions and the brine
physicochemical properties. It’s clear that the warm weather and high
mineralization degree are likely to be functional components to enrich
the species diversity. In addition, halorubrum was the dominant genus
in salt lakes. Although the temperatures were low at these three sample
sites, archaea grew at 37°C, they are mostly resistant to high
temperatures due to the properties of halophilic archaea and some
extreme halophilic archaea are lightly thermophilic, so we don’t think
this temperature could eliminate some archival species in isolated
samples and that couldn’t reduce diversity of species in samples.
However, other factors that can affect the diversity of halophilic
archaea as well, and the specific mechanism of these factors are needed
to be further investigated and studied.

Conclusion
There are many kinds of extremely halophilic archaea living in salt

lakes all over the world and the ecological environment of lakes can
affect their archaeal species. Through the study of the basic
information of the three sampling sites, we considered the species of
extremely halophilic archaea were related to their living natural
conditions of brine. Warm weather and high mineralization degree are
likely to be functional components to enrich the species diversity. In
addition, Halorubrum was the dominant genus in salt lakes.
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