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Abstract: Desert lake, a unique oasis in desert ecosystems, harbours different bacterial communities. Thus,
it is considered as a hub of bacterial diversity. In this study, bacterial diversity in the sediment of Crescent
Moon Spring, Kumtag Desert, Northwest China was analyzed using high-throughput amplicon
pyrosequencing analysis. The sequences of the most abundant OUTs (Operational Taxonomic Units) in
the sediment of Crescent Moon Spring were compared with the sequences of those most abundant OUTs
of various origins from NCBI GenBank database to detect the origins of bacteria in the sediment of
Crescent Moon Spring. Also, bacterial compositions between sediment of Crescent Moon Spring and
other desert and lake ecosystems (including desert lakes) worldwide were compared using cluster analysis
to determine the possible factors affecting bacterial compositions. In total, 11,855 sequences were
obtained and 30 phyla were identified. At the phylum level, the dominant phylum was Proteobacteria with
a-Proteobacteria being the first dominant class and the second dominant phylum was Planctomycetes. Our
finding that a-Proteobacteria being the first dominant class of Proteobacteria and Planctomycetes being
the second dominant phyla are somewhat contradictory with reports from other desert lake sediments.
This difference could be resulted from water hydration and conductivity, as well as oligotrophic conditions
of Crescent Moon Spring. At the genus level, Rhodobacter, Caldilinea, Planctomyces, and Porphyrobacter were the
dominant genera in the sediment of Crescent Moon Spring. Comparisons on sequences of the most
abundant OUTs (including OTU3615, OTUG6535, and OTUG6646) between sediment of Crescent Moon
Spring and vatious origins from NCBI GenBank database indicate that the origins of bacteria in the
sediment of Crescent Moon Spring are likely from the underground water. Furthermore, cluster analysis
on comparisons of bacteria compositions between sediment of Crescent Moon Spring and other desert
and lake ecosystems (including desert lakes) worldwide shows that at regional scales, bacterial
compositions may be mainly affected by geographical patterns, precipitation amounts, and pH values.
Collectively, our results provide new knowledge on the bacterial diversity in desert lake ecosystems.
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1 Introduction

As a result of human adverse impacts and climate changes, ecosystems in arid and semi-arid
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regions are rapidly losing biodiversity (including plants, animals, and microbes) at taxonomic,
phylogenetic, genetic, and functional levels (Naeem et al., 2012). Undoubtedly, biodiversity is
critically important to maintaining the health and stability of various ecosystems in arid and
semi-arid regions. The desert ecosystem stands out in terms of maintaining its biodiversity
because it is naturally fragile (He et al., 2016). Compared to other ecosystems (e.g., grassland,
farmland, and forest ecosystems) in arid and semi-arid regions, the growth or flourishment of
living organisms in desert ecosystems is seriously impeded by harsh environment conditions
(Azua-Bustos et al., 2012). Even so, a higher microbial diversity was repeatedly reported from
desert ecosystems (Skujins, 1984; Chanal et al., 2006; Orlando et al., 2010; Saul-Tcherkas and
Steinberger, 2011; Zhang et al., 2012; Eldridge et al., 2015; McCann et al., 2016). Desert lake is
definitely considered as a hub of biodiversity in desert ecosystems. Many studies assessed the
growth and diversity of microbes in desert lakes either using culture-dependent method (Hedi et
al., 2009; Rohban et al., 2009) or using culture-independent method (Zeglin et al., 2011; He et al.,
2015). A number of studies have already indicated that desert lakes may harbour different
bacterial and archaeal communities from halotolerant to extremely halophilic organisms (Dong et
al., 2006; Navarro et al., 2009; Bhatt et al., 2016).

This study focuses on Crescent Moon Spring (actually a desert lake) situated at the southern
edge of the Kumtag Desert, the latter (i.e., Kumtag Desert) being located at the south of the Lop
Nor and north of the Altun Mountains (Dong et al., 2010). Crescent Moon Spring owes its name
to the shape (i.e., looks like a crescent moon) and is fed by spring water (Jiao, 2010). Due to
excessive exploitation of groundwater and intensive agricultural activities in the region, the
Crescent Moon Spring has shrunken considerably in recent years (Dong, 2007). Consequently,
bacterial biodiversity loss has inevitably occurred in the Crescent Moon Spring. To protect the
local biodiversity, it is essential to understanding the bacterial composition as well as its
influencing factors in the Crescent Moon Spring (Cai and Cheng, 1990; Gans et al., 2005; Wessén
et al.,, 2011). In this study, bacterial diversity in the sediment of Crescent Moon Spring was
assessed using high-throughput amplicon pyrosequencing analysis. The aims of this study were to:
(1) quantitatively analyze the bacterial diversity in the sediment; (2) qualitatively detect the
origins of bacteria by comparing the sequences of the most abundant OUTs (Operational
Taxonomic Units) in the sediment of Crescent Moon Spring with the sequences of those most
abundant OUTs in various origins from NCBI GenBank database; and (3) qualitatively identify
the environmental factors affecting bacterial compositions by comparing bacterial composition in
the sediment of Crescent Moon Spring with bacterial compositions in the other desert and lake
ecosystems (including desert lakes) worldwide.

2 Materials and methods

2.1 Study area

Crescent Moon Spring (40°05'N, 94°40'E), a desert lake, is a geological wonder approximately 6
km south of Dunhuang City, Gansu Province, Northwest China (Fig. 1a). Currently, the Crescent
Moon Spring is approximately 200 m in length and 50 m in width. The mean annual precipitation
is less than 40 mm while the potential evaporation is greater than 2400 mm (Jiao, 2010).

2.2 Field sampling

In July 2010, five sediment cores were randomly collected, using a hand-operated sediment corer
with 100-mm internal diameter, from five different sites along the lakeshore (Fig. 1b). The upper
10-cm layer of those five sediment cores was mixed, packed in airtight bottles, and then
transported to the laboratory under ice cooling, and frozen at —70°C in refrigerator (Roesch et al.,
2007). During sediment sampling, five water samples were simultaneously collected at the depth
of 0—-50 cm with plastic bottles from those five sites to analyze the pH. The pH was measure by a
pH metre (PT-10, Sartorius, Germany), and the mean pH of Crescent Moon Spring water was
8.24 (+£0.01).
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Fig. 1 Location of the study area (a) and sketch map of the sampling sites (b)

2.3 DNA (deoxyribonucleic acid) extraction, PCR (polymerase chain reaction) and
bar-coded pyrosequencing

In the laboratory, genomic DNA was isolated from at least 1 g of mixed sediment using the
PowerSoil DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA). Integrity of the
extracted DNA was checked on a 1% agarose gel, and the concentration was measured using a
Nanodrop ND-1000 UV-Vis Spectrophotometer (Nano-Drop Technologies, Wilmington, DE). The
eluted DNA was stored at —20°C.

The 16S rRNA (ribosomal RNA) gene fragments of the appropriate size were amplified using
the primers B27F (5’-AGAGTTTGATCCTGGCTCAG-3’, Escherichia coli position 9-27) and
B515R (5’-TTACCGCGGCTGCTGGCAC-3’, E. coli position 533-515) (Watanabe et al., 2009).
Using these primers, the V1-V3 region of the 16S rRNA genes were amplified from bacterial
DNA presented in the sediment DNA samples. Each PCR contained 2.0 puL of 10x buffer, 1.6 pL
of ANTP, 0.8 pL of forward primer B27F, 0.8 pL of reverse primer BS15R, and 0.8 pL of Pfu Taq
DNA polymerase (1.0 U per reaction). Thermal cycling conditions consisted of an initial
denaturation cycle at 94°C for 3 min, followed by 25 cycles of denaturation at 94°C for 30 s,
annealing at 50°C for 30 s, an extension at 72°C for 30 s and a final extension at 72°C for 10 min.

Amplicons were purified using the AxyPrep DNA Gel Extraction Kit (Axygen, CA, USA).
Concentrations of the purified amplicons were quantified using the TBS-380 system, and equal
amounts of all amplicons were mixed in a single tube. Emulsion PCR was performed on the
pooled amplicons as described by Margulies et al. (2005), and sequencing was conducted using a
GS FLX Titanium System (454 Life Sciences, Roche Applied Science, USA).

2.4 Phylogenetic assignment, alignment and clustering of 16S rRNA gene fragments

Sequence reads were filtered using the following criteria: (i) a perfect match to the 16S rRNA
gene primer; (ii) >200 bases in length; and (iii) no undetermined bases. Reads passing all filters
were used to identify phylotypes using Megablast, and the representative sequence from each
phylotype was aligned using the SILVA database (Pruesse et al., 2007). In microbial diversity
studies, various thresholds of sequence similarity among 16S rRNA gene sequences are
commonly used as a proxy for different taxonomic levels. In this study, sequence similarity levels
of 90%, 95%, and 97% were used to assign different phyla, genera, and species, respectively
(Roesch et al., 2007; Oakley et al., 2008). The quality of sequencing reads were assessed
following the criteria described by Sogin et al. (2006) and McKenna et al. (2008).

2.5 Statistical analysis

OTUs (Operational Taxonomic Units), Chaol index and Ace index for richness, Shannon index
for diversity, and Simpson index and Smith-Wilson index for evenness were calculated at
dissimilarity levels of 3%, 5%, and 10% using DOTUR software (Roesch et al., 2007). SPSS
software was used for the cluster analysis.
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3 Results

In total, 11,855 valid sequences were obtained by pyrosequencing (Table 1). Resulting coverages
were 92.57%, 88.10%, and 85.20% at similarity levels of 90%, 95%, and 97%, respectively. The
high coverage values (>85%) indicated that the pyrosequencing results were reliable.

Table 1 Pyrosequencing reads and richness, diversity and evenness estimators for the bacteria in the sediment of
Crescent Moon Spring

Rods R Conas09 010 o Chel Seam soper s
97 85.20 3139 8894 6200 7.15 0.0023 0.0871
11,855 95 88.10 2763 6662 4935 6.96 0.0027 0.1561
90 92.57 2045 3866 3096 6.55 0.0038 0.2554

Note: OTUs, Operational Taxonomic Units.

At the phylum level, a total of 30 phyla were detected (Table 2). Proteobacteria was the first
dominant phylum with relative abundance of 41.54%. Specifically, it could be further classified
into five classes, i.e., a-, B-, y-, 0-, and e-Proteobacteria. The a-Proteobacteria had the highest
relative abundance, reaching up to 29.06%, thus it was the dominant class. The second dominant
phylum was Planctomycetes, with relative abundance of 15.07%. Furthermore, the other
important phyla with relative abundance greater than 1% were Chloroflexi, Bacteroidetes,
Verrucomicrobia, Firmicutes, Cyanobacteria, Acidobacteria, Actinobacteria, OP10, and
Gemmatimonadetes.

At the genus level, a total of 333 genera were identified, with relative abundance accounting
for 48.69% of the total genera. It should be pointed out that genera with relative abundance of
51.31% were not identified (i.e., unclassified genera) and only the dominant genera with relative
abundance of >1% were listed in Table 2. Rhodobacter, Caldilinea, Planctomyces, and
Porphyrobacter were the dominant genera, with relative abundance of >2% for each. Furthermore,
Gemmata, Pirellula, Fusibacter, Hyphomicrobium, Chthoniobacter, and Lewinella were also the
important genera, with relative abundance of 1%—-2% for each.

As shown in Table 1, there were 3139 OTUs at the 97% sequence similarity level. And,
OTU3615, OTU6535, and OTU6646 were the most abundant OTUs, with 305, 194, and 106
sequences, respectively (see Table 3). By comparing the sequences of OTU3615, OTU6535,
OTU6646 in the sediment of Crescent Moon Spring with the sequences of those abundant OUTs
in various origins from NCBI GenBank database (http://www.nvbi.nlm.nih.gov), it can be found
that there were several similar sequences between sediment of Crescent Moon Spring and other
water systems in the world, including freshwater, seawater, lake water, etc. (see Table 3). It
should be added that this comparison could be used to detect the bacterial origins of Crescent
Moon Spring. Comparisons on sequences of OTU3615, OTU6535, and OTU6646 between
sediment of Crescent Moon Spring and various origins from NCBI GenBank database indicate
that the origins of bacteria in the sediment of Crescent Moon Spring are likely from the
underground water.

4 Discussion

Bacterial communities are recognized as the major contributors to soil function (Uroz et al., 2010).
In this study, a total of 30 bacterial phyla were found in the sediment of Crescent Moon Spring,
providing new knowledge on the bacterial diversity in desert lake ecosystems. Proteobacteria,
with relative abundance of 41.54%, was the first dominant phylum in the sediment of Crescent
Moon Spring. Although some studies argued that Proteobacteria could be the most abundant
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Table 2 Relative abundances of bacterial phyla, classes and genera in the sediment of Crescent Moon Spring

Phylum Relative Class Relative Genus Relative
abundance (%) abundance (%) abundance (%)
Proteobacteria 41.54 a-Proteobacteria 29.06 Rhodobacter 2.86
Planctomycetes 15.07 B-Proteobacteria 4.94 Caldilinea 2.81
Chloroflexi 8.93 3-Proteobacteria 3.92 Planctomyces 2.32
Bacteroidetes 8.39 y-Proteobacteria 3.61 Porphyrobacter 2.05
Verrucomicrobia 6.33 g-Proteobacteria 0.01 Gemmata 1.95
Firmicutes 431 Planctomycetacia 11.77 Pirellula 1.76
Cyanobacteria 3.74 Sphingobacteria 7.22 Fusibacter 1.55
Acidobacteria 3.32 Clostridia 4.11 Hyphomicrobium 1.50
Actinobacteria 2.99 Caldilineae 3.94 Chthoniobacter 1.47
OP10 1.37 Verrucomicrobiae 3.87 Lewinella 1.19
Gemmatimonadetes 1.11 Anaerolineae 3.26 Others 29.23
oD1 0.72 Actinobacteria 2.99 Unassigned 51.31
sequences
Nitrospirae 0.38 Chloroplast 2.78
BRC1 0.35 Acidobacteria 2.72
T™M6 0.32 Phycisphaerae 2.63
Chlorobi 0.21 Spartobacteria 1.76
Fusobacteria 0.16 Gemmatimonadetes 1.11
™7 0.13 Others 6.62
WwS3 0.12 Unassigned 3.68
sequences
Spirochaetes 0.10
Lentisphaerae 0.09
Aquificae 0.08
Deinococcus-Thermus 0.06
OP11 0.05
OP3 0.05
Elusimicrobia 0.03
SR1 0.02
Fibrobacteres 0.01
GOUTA4 0.01
SM2F11 0.01

bacterial group in desert ecosystems (Chanal et al., 2006; Zhang et al., 2012), Actinobacteria was
found to be the dominant phylum in some deserts such as Atacama Desert, Negev Desert, and
McMurdo Dry Valleys of Antarctica, etc. (Fierer et al., 2009; Pointing et al., 2009; Orlando et al.,
2010; Saul-Tcherkas and Steinberger, 2011; Neilson et al., 2012; Wang et al., 2012). As shown in
Table 2, Actinobacteria was less abundant in the sediment of Crescent Moon Spring. It should be
particularly pointed out that a-Proteobacteria with relative abundance of 29.06% was the first
dominant class of Proteobacteria in the sediment of Crescent Moon Spring. This result is
contradictory with those from many other desert and lake ecosystems (including desert lakes). For
example, y-Proteobacteria was considered as the first dominant class of Proteobacteria in the
warmer Chihuahuan Desert, New Mexico, USA (Zeglin et al., 2011). Generally, the difference in
the first dominant class of phylum Proteobacteria among different desert and lake ecosystems
(including desert lakes) could be explained by the differences in water hydration and conductivity
(Zeglin et al., 2011).

In the sediment of Crescent Moon Spring, Planctomycetes was the second dominant phylum,
with high relative abundance of 15.07%. This finding is somewhat contradictory with reports
from other desert lake sediments. For example, Planctomycetes was negligible in saline lake
sediments in southern Australia (Abed et al., 2012) and in Tibetan Plateau of China (Xiong et al.,
2012). Under eutrophic conditions (i.e., sufficient nutrient concentrations), the growth of bacteria
with slow-response to nutrient supply is slower than the growth of bacteria with high-response to
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nutrient supply in lake ecosystems due to rapid growth-promoting competition between
individuals, where stronger competitors may exclude others which have overlapping niches,
resulting in low relative abundance of bacteria with slow-response to nutrient supply. Under
oligotrophic conditions (i.e., insufficient nutrient concentrations), however, the environmental
conditions are more favorable to bacteria with low-response to nutrient supply, resulting in high
relative abundance of bacteria with low-response to nutrient supply (Song et al., 2016). It was
recently reported that Planctomycetes could not respond quickly to the nutrient supply in lake
ecosystems, i.e., bacteria with slow-response to nutrient supply (Pollet et al., 2014). The high
relative abundance of Planctomycetes in the sediment of Crescent Moon Spring may be due to the
oligotrophic conditions in this unique desert lake. As mentioned above, the predominance of
a-Proteobacteria in the class of Proteobacteria and the high relative abundance of Planctomycetes
were the main differences between sediment of Crescent Moon Spring and many other desert and
lake ecosystems (including desert lakes) worldwide.

The cluster analysis, based on the relative abundance of bacterial phyla, could provide
additional information for comparing the bacterial compositions between sediment of Crescent
Moon Spring and other desert and lake ecosystems (including desert lakes) worldwide. As shown
in Figure 2, bacterial composition in the sediment of Crescent Moon Spring was similar to
bacterial compositions in the deserts in Linze of China (Wang et al., 2012) and Egypt (Koberl et
al., 2011) and dissimilar to bacterial compositions in the Atacama Desert (Neilson et al., 2012)
and in the desert oasis of Cuatro Cienegas Basin (Lopez-Lozano et al., 2013). The desert in Linze
is geographically close to the Crescent Moon Spring, approximately 500 km away (Wang et al.,
2012), so geographical proximity may explain the observed similarity. The similarity of bacterial
compositions between sediment of Crescent Moon Spring and desert in Egypt may be due to the
similar mean annual precipitation amount, i.e., 40 mm in the Crescent Moon Spring (Jiao, 2010)
and 21-52 mm in the desert of Egypt (Kéberl et al., 2011). However, the mean annual
precipitation amounts in the desert oasis of Cuatro Cienegas Basin and in the Atacama Desert are
significantly different from that in the Crescent Moon Spring. The desert oasis in Cuatro Cienegas
Basin is a representative desert region with high precipitation, reaching up to 1500 mm
(Lopez-Lozano et al., 2013) and Atacama Desert is a representative desert region with low
precipitation, as low as <20 mm (Neilson et al., 2012). Generally, microbial activity in desert
ecosystems is closely related to short-period water availability, which may in turn affect the
overall microbial diversity (Bhatnagar and Bhatnagar, 2005; Shamir and Steinberger, 2007). Thus,
we argue that precipitation is one of the important factors affecting bacterial compositions at
regional scales. Additionally, bacterial composition in the sediment of Crescent Moon Spring was
similar to the bacterial compositions in the sediments of neutral and slightly alkaline lakes in
Tibetan Plateau of China (Xiong et al., 2012; Fig. 2) and the similarity could be explained by the
similar pH values.

Rescaled distance cluster combine

Lake sediments across Tibetan Plateau (pH=6.9)

Lake sediments across Tibetan Plateau (pH=8.0) ?

Desert in Egypt

Desert in Linze, China 4"—’»
Sediment of Crescent Moon Spring

Lake sediments across Tibetan Plateau (pH=9.0)
Lake sediments across Tibetan Plateau (pH=9.5)
Lake sediments across Tibetan Plateau (pH=10.4)
Desert oasis in Cuatro Cienegas Basin, Mexico
Atacama Desert, Chile

Fig. 2 Cluster analysis on bacterial compositions between sediment of Crescent Moon Spring and other desert
and lake ecosystems based on relative phyla abundance

5 Conclusions

In this study, bacterial diversity in the sediment of Crescent Moon Spring, Kumtag Desert of
Northwest China was assessed using high-throughput amplicon pyrosequencing analysis. A total
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of 30 bacterial phyla were identified in the sediment, with Proteobacteria being the first dominant
phyla (a-Proteobacteria being the first dominant class) and Planctomycetes being the second
dominant phyla, providing new knowledge on the bacterial diversity in desert lake ecosystems.
Comparisons of bacteria compositions between sediment of Crescent Moon Spring and other
desert and lake ecosystems (including desert lakes) worldwide show that at regional scales,
bacterial compositions may be mainly affected by geographical patterns, precipitation amounts,
and pH values. Furthermore, we speculate that the origins of bacterial in the sediment of Crescent
Moon Spring are likely from the underground water. Our speculation was based on the
comparison of the sequences between the most abundant OUTs in the sediment of Crescent Moon
Spring and the abundant OUTs in various origins from NCBI GenBank database.
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