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In this study, Taisui TS-2007S, a previously unidentified biological object discovered in 
soil in China, was identified. TS-2007S was shown to contain abundant carbohydrates 
but a scarcity of protein, fat, and minerals. The exopolymers of TS-2007S showed FT-IR 
spectra that were similar to those of xanthan gum (XG) but that were dissimilar to those 
of polyvinyl alcohol (PVA). The NMR spectra of TS-2007S exopolymers in D2O were similar 
to those of PVA but differed from those of xanthan gum. Unlike PVA, TS-2007S exopolymers 
and xanthan gum were not soluble in dimethyl sulfoxide (DMSO). Furthermore, the 
exopolymers contained many monosaccharide components, including fucose, rhamnose, 
mannose, and glucuronic acid in a molar ratio of 87.90:7.49:4.45:0.15. The exopolymers 
also included traces of glucuronic acid, galactose, and xylose. Taken together, these 
results suggest that the exopolymers are microbial extracellular polymeric substances 
(EPSs). The microbial community structure in TS-2007S showed that the predominant 
bacterial, archaeal, and fungal phyla were Proteobacteria, Euryarchaeota, and Ascomycota 
at high relative abundances of 90.77, 97.15, and 87.43%, respectively, different from 
those observed in water and soil environments. Based on these results, we strongly 
propose that TS-2007S should be defined as a microbial mat formed in soil.

Keywords: microbial mats, extracellular polymeric substances, chemical composition, spectra analysis, microbial 
community structure, Taisui

INTRODUCTION

The ancient Chinese book Shan Hai Jing, published over 2000  years ago, and numerous later 
ancient books recorded meat-like objects excavated from the soil, and this type of object was 
named Taisui. In the past 30  years, there have been more than 200 recorded instances of 
Taisuis being unearthed from soil in many places in China (Wang and Wang, 2015). The 
surface texture of Taisui is hard, while the internal texture is soft and fleshy. These objects 
are irregular oblong, pointed cylinder, or flat pillow-like shape, are 30–150  cm in length and 
10–60  cm in width, and are yellow, brown, white, or black in color. Taisuis have been regarded 
as ominous signs, but they have been used since ancient times in China to promote health 
and longevity (Zhao et  al., 2018; Li et  al., 2020). However, the biological characteristics of 
Taisuis have never been fully elucidated; thus, Taisuis are still named “unidentified biological objects.”

To elucidate the biological characteristics of Taisui, Huang and Dong studied the slices of 
a Taisui (unearthed from Zhouzhi, Shaanxi) and observed the presence of a variety of slime 
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molds resided that they subsequently cultured. Thus, they 
considered that Taisui may be  a slime mold complex (Huang 
and Dong, 1993). Zhu et al. (2011) showed that Taisuis (unearthed 
from Fuxin, Shenyang, and Tieling, Liaoning) contain 
polysaccharides, proteins, fats, nucleic acids, and mineral 
elements, but the protein content was much lower than that 
observed in microbial cells. Metagenomic analysis showed that 
Taisuis (unearthed from Qingdao, Shandong; Yili, Xinjiang; 
Sanmenxia, Henan) are rich in bacteria and archaea (Wang 
and Wang, 2017; Han et  al., 2018). Surprisingly, Zhao et  al. 
(2018) and Li et  al. (2020) reported that the Fourier-transform 
infrared (FT-IR) spectroscopy and NMR spectra of Taisuis 
(unearthed from Zhungeer, Inner Mongolia; Beizhen, Liaoning; 
Yinchuan, Ningxia; Huangling, Shaanxi) are consistent with 
those of polyvinyl alcohol (PVA), and they speculated that 
Taisuis may be the construction wastes or PVA of nonbiological 
origin. The microbial community structure of Taisuis is similar 
to that detected in the environment, indicating that the 
microorganisms in the environment are simply embedded in 
PVA. Furthermore, Taisuis have been dated as being 40,000 years 
old by AMS-14C measurement.

Microbial mats are complex microbial communities visible 
to the naked eye that develop from biofilms on soil, rock, or 
aquatic sediment surfaces (Gerdes, 2010; Bolhuis et  al., 2014). 
Microbial mats are ecosystems maintained by a matrix of 
exopolysaccharides that allows the convenient transmission of 
material, energy, and information among microbes and that 
promotes their survival in an extreme environment (Neu, 1994; 
Ruvindy et  al., 2016; Prieto-Barajas et  al., 2018). Microbial 
mats are potentially the oldest biological communities still 
flourishing today. The oldest microbial mats are 3.7 Ga-year-old 
stromatolites found in the Isua supracrustal belt (ISB) in 
Southwest Greenland (Nutman et  al., 2016). Stromatolites are 
laminated structures formed by the deposition of microbial 
mat layers and are the most abundant fossils recognized from 
the Archaean and Proterozoic eras (Marais, 1990; Awramik, 
1991). Ancient stromatolites are highly useful for studying the 
origin of life on early Earth (Baumgartner et  al., 2020). The 
laminations are the result of the altered growth of phototrophs 
with different pigment compositions. Nevertheless, depending 
on environmental fluctuations, nonlaminated microbial mats 
can be  found, for example, micrites, microbial mats formed 
in cavities on marine sediments, show a nonlaminated and 
strongly clotted texture (Esteve et al., 1992; Wood et al., 1993).

Microbial mats can be formed in a wide variety of environments 
in the biosphere, including streams, lakes, soils, and the ocean, 
as well as in extreme environments, including those with high 
or low temperature, solar (UV) irradiation, salinity or alkalinity 
conditions, or desiccation (Severin and Stal, 2010; Prieto-Barajas 
et  al., 2018). The size of microbial mats varies from several 
millimeters to over 10  m in height and width, such as up to 
4-m-high massive microbial mats that form at methane seeps 
in anoxic waters of the northwestern Black Sea shelf (Michaelis 
et  al., 2002). In addition, widespread Archean and Proterozoic 
stromatolites range from millimeters to tens of meters in height 
and extend laterally from small lenses to aggregates hundreds 
of kilometers wide (Bosak et  al., 2013).

Microbial mats are formed based on autotrophic metabolism 
(Stal et  al., 2017). In illuminated environments, most bacterial 
mats are supported by Cyanobacteria that carry out oxygenic 
photosynthesis and atmospheric dinitrogen fixation, with these 
mats being called cyanobacterial mats (Stal, 2001). A few 
phototrophic microbial mats depend on anoxic photosynthesis 
by purple/green photosynthetic sulfur bacteria and are called 
anoxygenic microbial mats (Grant and Gust, 1987; van Gemerden 
et  al., 1989; Castenholz et  al., 1990). In environments where 
sunlight is absent and when reduced solutes or gases are 
available, chemolithoautotrophy mats are formed. Some 
chemolithoautotrophic mats are based on colorless sulfur bacteria 
that oxidize sulfide minerals to synthesize organic carbon, while 
others rely on methanotrophs and sulfate-reducing bacteria to 
oxidize H2S or methane to synthesize organic carbon 
(Konhauser, 2007).

Metagenomic studies using next-generation sequencing (NGS) 
technologies have revealed that abundant microbial diversity 
exists in microbial mats. The dominant microbes in microbial 
mats belong to the domain “Bacteria,” whereas the domain 
“Archaea” is dominant in the most extreme environments 
(Casamayor et  al., 2002). The microbial diversity at higher 
taxonomic levels (phyla, class, and order) show fewer assemblages 
along more extreme environments, while specific bacteria species 
reveal the microdiversity of ecotypes (Melendrez et  al., 2011). 
In addition to the essential bacterial phyla Cyanobacteria, 
Chlorobi (to which green sulfur bacteria belong), and 
Proteobacteria (to which purple and sulfate-reducing bacteria 
belong), Acidobacteria, Actinobacteria, Bacillariophyta, 
Bacteroidetes, Chloroflexi, Euryarchaeota, Firmicutes, 
Planctomycetes, Spirochaetes, and Verrucomicrobia are the most 
abundant phyla in bacterial mats (Guerrero et al., 2002; Prieto-
Barajas et  al., 2018). However, there are exceptions, such as 
with respect to heterotrophs, especially Pseudomonas species, 
being abundant in the microbial mats in a red desiccation 
pond located at the oligotrophic Cuatro Ciénegas Basin 
(Bonilla-Rosso et  al., 2012; Peimbert et  al., 2012).

Microbial mats can provide favorable reserves for biological 
remains and ephemeral biogenic features, including footprints, 
tracks, and other markings, and they play an important role 
in taphonomy (Gall, 2001). Microbial mats display a wide 
variety of metabolic processes and exhibit high proliferation 
in various extreme environments. Therefore, microbial mats 
are potential bioremediation systems and gene resources for 
industrial enzymes, antibiotics, and other biologically active 
substances (Prieto-Barajas et  al., 2018).

In the present study, we  analyzed the chemical composition 
and microbial communities of a Taisui excavated from Sanmenxia, 
central China. Our results strongly suggest that Taisuis should 
be  considered microbial mats.

MATERIALS AND METHODS

Samples and Reagents
Taisui TS-2007S was discovered on the soil surface in Hubin 
district of Sanmenxia city, located on the south bank of the 
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middle Yellow River, in 2007. TS-2007S weighed 20  kg and 
had a pointed cylinder shape and a tough texture with elasticity. 
The surface and internal tissue of TS-2007S was brown. The 
excavated peak of TS-2007S was 10  ×  5  ×  4  cm in length, 
width and height, respectively (Figure  1), and a 2–3  cm 
epidermal section removed. The inner layer was repeatedly 
rinsed with sterile saline and then sliced or collected as debris 
with a thickness of less than 1  mm. The slices or debris 
were added to distilled water at ratio of 1:10 and were dissolved 
in an 85°C water bath. The resulting solution was used for 
chemical composition analysis, or filtered using a 0.22-μm 
filter membrane. The filtrate was designated as exopolymers 
of TS-2007S.

Polyvinyl alcohol (analytically pure, average degree of 
polymerization 1,788 ± 50) and xanthan gum (XG; food grade, 
relative molecular mass over 1,000,000) were provided by Kelong 
Chemical Co., Ltd. (Chengdou, China), and Songguan 
Biotechnology Co., Ltd. (Nanjing, China), respectively.

Chemical Composition Analysis
The protein, fat, ash, and moisture contents of the Taisui 
TS-2007S were determined following the Association of Official 
Analytical Chemists (AOAC) procedures (Association of Official 
Analytical Chemists, 2019). The total nitrogen content was 
determined using a Kjeltec™ 8,400 Auto Sampler System (FOSS, 
Hiller, Denmark) with 6.25 as a conversion factor. The fat 
content was determined by petroleum ether extraction in a 
Soxhlet apparatus. The ash content was determined by 
incineration in a muffle furnace at AOAC 942.05 (ignition 
at 600°C for 2  h). The moisture content was determined by 
weight loss upon drying at 105°C for 9 h. The total carbohydrate 
content was determined using an AA3 Continuous Flow 

Analyzer (Bran+Luebbe, Norderstedt, Germany) as described 
elsewhere (Moorby et  al., 2006).

Fourier Transform Infrared Spectrum 
Analysis
Fourier-transform infrared (FT-IR) spectroscopy of Taisui 
TS-2007S exopolymers, xanthan gum, and PVA was performed 
using the KBr pressed disk technique and a FT-IR spectrometer 
(Nicolet IS10, Thermo Scientific, Waltham, MA, United  States) 
from 400 to 4,000  cm−1 and at a resolution of 4  cm−1. Freeze-
dried powder of TS-2007S exopolymers (2  mg), xanthan gum 
(2  mg), or PVA (2  mg) was grounded with 80  mg KBr in 
an agate mortar for 10 min, after which the disks were pressed. 
Twenty scans were collected and averaged for each sample 
and background to obtain the spectrum.

NMR Analysis
The NMR spectra of Taisui TS-2007S exopolymers, xanthan 
gum, and PVA were recorded on a Bruker AV 400 spectrometer 
at 400.13  MHz for 1H and 100.78  MHz for 13C.

Monosaccharide Composition Analysis
Reversed-phase-high-performance liquid chromatography 
(RP-HPLC) precolumn derivatization with 1-phenyl-3-methyl-
5-pyrazolone (PMP; Dai et  al., 2010) was used to determine 
the monosaccharide composition in Taisui TS-2007S exopolymers. 
In brief, TS-2007S exopolymers were hydrolyzed with 
trifluoroacetic acid, after which the resulting monosaccharides 
were derivatized with PMP, and the monosaccharide-PMP 
derivatives were then tested by HPLC (Agilent 1100, Agilent 
Technologies, Palo Alto, CA, United  States) using an RP-C18 
HPLC column (250 mm length, 4.6 mm i.d., and 5 μm particle 
size; Agilent, CA, United  States).

DNA Extraction and High-Throughput 
Sequencing
DNA was extracted from Taisui TS-2007S using the CTAB 
method (Stewart and Via, 1993). The bacterial V3–V4 region 
of the 16S rRNA gene was amplified using two rounds of 
PCR. The PCR primers used in the first round were 341F 
[CCTACACGACGCTCTTCCGATCTN (barcode) CCTACGGG 
NGGCWGCAG] and 805R [CCTACACGACGCTCTTCCGA 
TCTN (barcode) GYGCASCAGKCGMGAAW], while the PCR 
primers used in the second round were Illumina bridge 
PCR-compatible primers. The archaeal V3–V4 16S rRNA gene 
region was amplified using three rounds of PCR. The PCR 
primers used in the first round were M-340F 
(CCCTAYGGGGYGCASCAG) and GU1ST-1000R (GGCCATG 
CACYWCYTCTC); the PCR primers used in the second round 
were the Illumina MiSeq sequencing platform V3–V4 universal 
primers 349F [CCTACACGACGCTCTTCCGATCTN (barcode) 
GYGCASCAGKCGMGAAW] and 806R (GACTGGAGTTCCTT 
GGCACCCGAGAATTCCAGGACTACVSGGGTATCTAAT); and 
the PCR primers used in the third round were Illumina bridge 
PCR-compatible primers. The fungal ITS1–2 region was amplified 
using two rounds of PCR. The PCR primers used in the first 

FIGURE 1 | A photograph of the Taisui TS-2007S discovered on soil surface 
at Hubin District of Sanmenxia City, located south bank of the middle Yellow 
River in 2007, and a schematic diagram of sampling for studies in this 
research.
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round were ITS1F [CCCTACACGACGCTCTTCCGATCTN 
(barcode) CTTGGTCATTTAGAGGAAGTAA] and ITS2R 
(GTGACTGGAGTTCCTTGGCACCCGAGAATTCCAGCTGCG 
TTCTTCATCGATGC), while those used in the second round 
were Illumina bridge PCR-compatible primers.

High-throughput sequencing of PCR amplicons was conducted 
on an Illumina MiSeq platform by Sangon Biotech Co., Ltd. 
(Shanghai, China). High-quality sequence reads were clustered 
into operational taxonomic units (OTUs) at a 97% similarity 
level. The remaining OTUs were taxonomically classified using 
BLASTn-based searches in the Ribosomal Database Project 
(RDP) and SILVA databases with a similarity threshold of 97% 
using UPARSE (version 7.1), with chimeric sequences identified 
and removed using UCHIME. The metagenomic functional 
composition prediction analysis using bacterial and archaeal 
16S data in the latest Clusters of Orthologous Groups of proteins 
(COG) database was performed using the PICRUSt pipeline 
as described elsewhere (Langille et al., 2013; Zhang et al., 2018).

Data Availability
The raw sequence data reported in the present study have been 
deposited in the Genome Sequence Archive (Wang et al., 2017) 
in the Beijing Institute of Genomics (BIG) Data Center (Partners, 
2020), Chinese Academy of Sciences, under the accession number 
CRA003090 and is publicly accessible at https://bigd.big.ac.cn/gsa.

RESULTS

Chemical Composition of Taisui TS-2007S
The primary component in Taisui TS-2007S was identified as 
carbohydrate, followed by fat. The measured protein content 
in Taisui TS-2007S was low, at only 2% dry weight (Figure  2).

FT-IR Spectroscopy of Taisui TS-2007S 
Exopolymers and Selected Polymers
The FT-IR spectra of TS-2007S exopolymers, xanthan gum, 
and PVA were analyzed from 400 to 4,000 cm−1. The absorption 
peaks at 3,440 cm−1 for all of the three polymers were ascribed 
to O-H stretching vibration in xanthan gum and PVA. However, 
the width of this peak was wider in TS-2007S than in xanthan 
gum and PVA, indicating that the intensity of hydroxyl association 

in TS-2007S was higher than that observed in xanthan gum 
and PVA. The peak at 2,930  cm−1 in xanthan gum and PVA 
was attributed to C-H stretching vibration, and was not observed 
in TS-2007S. Peaks at 1,661 and 1,611  cm−1 in TS-2007S and 
xanthan gum were attributed to C=O asymmetric stretching 
vibration in xanthan gum, which occurred at peaks at 1,762 
and 1,653  cm−1 in PVA. Peaks at 1,454, 1,400, and 1,338  cm−1 
in TS-2007S and xanthan gum were attributed to C-H variable-
angle vibration in xanthan gum, while peaks at 1,443, 1,377, 
and 1,331  cm−1 in PVA were attributed to C-H stretching and 
bending. Peaks at 1164 and 1,078 cm−1 in TS-2007S and xanthan 
gum were the characteristic of C-O-C pyranose ring asymmetric 
vibration in xanthan gum, whereas absorption peaks at 1,144 
and 1,097  cm−1 were ascribed to C-O stretching vibration for 
PVA (Mansur et  al., 2008; Wang et  al., 2010; Korbag and 
Mohamed Saleh, 2016; Kang et  al., 2019; Figure  3).

NMR Analysis of Taisui TS-2007S 
Exopolymers and Selected Polymers
The 1H NMR spectra of TS-2007S exopolymers, xanthan gum, 
and PVA in D2O showed peaks at 3.8–4.0 and 1.4–1.7  ppm 
for HOH and CH2 hydrogens in PVA (Gippert and Brown, 
1984), while the glucuronic acid of hexose or pentose in xanthan 
gum was recorded as peaks at 2.1–2.7  ppm (Faria et  al., 2011; 
Figure  4A). The 13C NMR spectrum of TS-2007S exopolymers 
in D2O was similar to that of PVA but differed from xanthan 
gum (Figure  4B). Unlike PVA, the NMR spectra of TS-2007S 
exopolymers and xanthan gum in dimethyl sulfoxide (DMSO) 
were not determined because TS-2007S exopolymers and xanthan 
gum were not soluble in DMSO.

Monosaccharide Composition of Taisui 
TS-2007S Exopolymers
High-performance liquid chromatography analysis of the 
monosaccharide composition of TS-2007S exopolymers showed 

FIGURE 2 | Analysis result of the chemical composition in Taisui TS-2007S 
on dry weight.

FIGURE 3 | Fourier-transform infrared (FT-IR) spectroscopy of Taisui TS-
2007S exopolymers, xanthan gum, and polyvinyl alcohol (PVA). PVA, polyvinyl 
alcohol; XG, xanthan gum.
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that TS-2007S exopolymers were primarily composed of fucose, 
rhamnose, mannose, and glucuronic acid at a molecular ratio 

of 87.90:7.49:4.45:0.15. TS-2007S exopolymers also contained 
trace amounts of glucuronic acid, galactose, and xylose (Figure 5).

Evaluation of the Microbial Community 
Structure and Its Functional Profiling in 
Taisui TS-2007S
From the metagenomic data of Taisui TS-2007S, 46,676 reads 
were identified as bacterial and were clustered into 1,095 OTUs. 
All bacterial OTUs belonged to 17 phyla, with the dominant 
phyla (relative abundance  >  1%) including Proteobacteria 
(90.77%), Actinobacteria (4.06%), Bacteroidetes (2.01%), and 
Firmicutes (1.89%). The structure and distribution of the bacterial 
community was also analyzed at the genus level. Ten genera 
were identified as dominant genera (relative abundance  >  1%), 
which contributed to 82.3% of the read abundance. Of these 
dominant genera, the predominant genera were Pseudomonas 
(48.32%), Acinetobacter (15.92%), Nevskia (3.09%), and Rhizobium 
(2.66%). Photosynthetic bacteria and sulfate-reducing bacteria 
(autotrophic bacteria) were almost absent (Figure  6).

The metagenomic functional composition of TS-2007S was 
predicted by PICRUSt, in which bacterial genes related to quorum 
sensing, phosphodiesterase, cell motility, adhesion, and 
polysaccharide synthesis/transport contributed to biofilm formation 
(Castiblanco and Sundin, 2016; Rana et  al., 2020), while those 
encoding protein-degrading enzymes (protease and peptidase), 
polysaccharide or oligosaccharide-degrading enzymes (cellulase, 
glucosidase, xylosidase, and glucuronidase), lipid-degrading 
enzymes (esterase and lipase), phosphomonoesterases 
(phosphatase), and oxidoreductases (peroxidase) were involved 
in biofilm degradation (Flemming and Wingender, 2010). The genes 
related to cell motility showed the highest abundance reaching 
up to 2.450% among the genes involved in biofilm formation. 
One quorum sensing gene, four phosphodiesterase genes, three 

FIGURE 5 | High-performance liquid chromatography (HPLC) chromatograms of 1-phenyl-3-methyl-5-pyrazolone (PMP) derivatives of component 
monosaccharides released from Taisui TS-2007S exopolymers. Peaks: 1, Man, mannose; 2, Rha, rhamnose; 3, GA, glucuronic acid; 4, Gal, galactose; 
5, Xyl, xylose; 6, Fuc, fucose.

A

B

FIGURE 4 | NMR spectra of TS-2007S exopolymers, xanthan gum, and PVA 
in D2O. (A) 1H NMR spectra; (B) 13C NMR spectra. PVA, polyvinyl alcohol;  
XG, xanthan gum.
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adhesion genes, and five polysaccharide synthesis/transport genes 
with abundances of >0.01% were identified as being related to 
biofilm formation and were divided into multiple COG functional 
categories, with the total abundances of these groups of genes 
being 0.024, 0.050, 0.123, and 0.178%, respectively. Among the 
genes involved in biofilm degradation, those encoding protease, 
peptidase, phosphatase, and esterase/lipase enzymes were more 
abundant, with 19, 22, 22, and 7 genes detected with total 
abundances of 0.796, 0.857, 0.795, and 0.334%, respectively. Only 
1, 2, 2, 1, and 3 genes encoding cellulase, glucosidase, xylosidase, 
glucuronidase and peroxidase enzymes were detected with total 
abundances of 0.013, 0.076, 0.029, 0.020, and 0.100%, respectively 
(Figure  7, Supplementary Table S1).

A total of 63,185 sequenced reads of the archaeal 16S rRNA 
gene were obtained from Taisui TS-2007S that reads clustered 
into 236 OTUs. Three archaeal genera were identified, including 
Methanobacterium (relative abundance 97.15%), Nitrososphaera 
(relative abundance 2.79%), and Methanothrix (relative abundance 
0.02%), which belong to the phyla Euryarchaeota, 
Thaumarchaeota, and Crenarchaeota, respectively. Additionally, 
0.03% of the reads were unclassified (Figure  6).

The archaeal metagenome-based gene functional abundance 
data of TS-2007S showed that only 0.407% of the genes were 
related to cell motility, and genes involved in quorum sensing, 
phosphodiesterase activity, and adhesion were absent among 
the gene related to biofilm formation. Regarding genes encoding 

FIGURE 6 | Microbial community structure of Taisui TS-2007S. Distribution of microbe in TS-2007S at phylum and genus levels.
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protease, peptidase and phosphatase enzymes involved in biofilm 
degradation, 8, 5, and 12 genes were present at >0.01% in 
abundance and had total abundances of 1.074, 0.447, and 0.887%, 
respectively, whereas cellulase and esterase/lipase-encoding genes 
were each represented by only 1 gene and had an abundance 
of 0.062% (Figure  7, Supplementary Table  S2).

The fungal ITS1–2 region was sequenced to generate 81,285 
reads and was clustered into 1,060 OTUs in Taisui TS-2007S. 
The OTUs comprised nine phyla and 103 genera. The most 
abundant phyla were Ascomycota and Basidiomycota, which 
contributed 87.43 and 2.36% of the read abundance, 
respectively. The dominant genera (relative abundance  >  1%) 
were unclassified_Nectriaceae (18.92%), Cyphellophora 
(10.91%), Cordyceps (10.12%), Anthopsis (9.46%), 
Pseudallescheria (6.82%), Exophiala (5.39%), Talaromyces 
(5.01%), Scedosporium (3.22%), Aspergillus (1.97%), Fusarium 
(1.75%), unclassified_Chaetothyriales (1.51%), Alternaria (1.05%), 
and unclassified_Aspergillaceae (1.01%; Figure  6).

DISCUSSION

Taisuis have been previously proposed to comprise huge slime 
mold and fungi complexes, myxobacteria, or fungi alone (Li 
et  al., 2020). However, Taisuis have extremely low nitrogen and 
protein contents, much lower than those present in living creatures, 
and should not be  considered to be  solely biological in nature 
(Zhao et  al., 2018; Li et  al., 2020). The results of the present 
study also showed that the Taisui TS-2007S protein content is 
much lower than that observed in microorganisms, the crude 
protein content of which is greater than 30% (Matassa et  al., 
2016). Recently, several groups used FT-IR, NMR, gel permeation 
chromatography (GPC), and AMS-14C measurements to examine 
Taisuis and observed that many Taisui samples from different 
locations in China and with different textures and colors were 

PVA of abiotic origin that was over 40,000  years old (Zheng 
and Dong, 2010; Zhao et al., 2018; Li et al., 2020). These results 
raise the question as to whether PVA can be naturally generated.

PVA is an artificial polymer first synthesized in 1924 by 
Hermann and Haehnel by saponifying poly (vinyl ester) with 
sodium hydroxide solution, resulting in a PVA solution. This 
PVA solution was essentially made from polyvinyl acetate, not 
the polymerization of vinyl alcohol, because vinyl alcohol is 
a highly unstable monomer relative to its tautomer acetaldehyde. 
Furthermore, the vinyl ester monomer precursor is poisonous 
to the coordination catalyst, making PVA difficult to obtain 
(Halima, 2016; Huang et al., 2020). Taken together, these factors 
indicate that PVA should not be  naturally formed. However, 
PVA is easily degradable by microorganisms (Solaro et  al., 
2000) and is hard to preserve, unless the synthesis rate exceeds 
the degradation rate. In the present study, we  observed that 
the FT-IR spectra of Taisui TS-2007S exopolymers were distinctly 
different from those of PVA but similar to those of xanthan 
gum. Although TS-2007S exopolymers yielded an NMR spectrum 
similar to that of PVA and different from xanthan gum, neither 
TS-2007S exopolymers nor xanthan gum had the organic solvent 
solubility of PVA. Therefore, Taisui is mostly not PVA of abiotic 
origin that formed tens of thousands of years ago.

The principal component of Taisui TS-2007S is carbohydrates, 
with the protein, fat, and mineral contents that are extremely 
low. The carbohydrates were primarily comprised fucose, 
rhamnose, mannose, and glucuronic acid at a molar ratio 
87.90:7.49:4.45:0.15 and were mostly the extracellular polymeric 
substances (EPS) synthesized by the Taisui builder microorganisms. 
This is the first report of such a high level of fucose-containing 
extracellular polysaccharides, which is similar to the cell wall 
polysaccharides of some brown alga (Marais and Joseleau, 2001; 
Zvyagintseva et al., 2003). Although bacteria, fungi, and microalgae 
all produce fucose-rich extracellular polysaccharides, the 
monosaccharide molar ratio of fucose in bacterial extracellular 
polysaccharides, especially from the many members of the family 
Enterobacteriaceae, is much higher than that of fungi and 
microalgae. These include Clavan, which is produced by Clavibacter 
michiganensis and is composed of D-glucose, D-galactose, L-fucose, 
and pyruvic acid at a molar ratio of 1:1:2:1, and extracellular 
polysaccharide, which is produced by the marine bacterium 
Enterobacter cloacae and is composed of fucose, galactose, glucose, 
and glucuronic acid at a molar ratio of 2:1:1:1 (Roca et  al., 
2015). FucoPol, synthesized by Enterobacter A47, is composed 
of fucose, galactose, glucose, and glucuronic acid at a molar 
ratio of 3.1:2.3:1.9:1.0 (Antunes et al., 2017). Many Pseudomonas 
and Acinetobacter strains secrete fucose-rich exopolysaccharide 
(Ghods et  al., 2015; Cavallero et  al., 2020; Knirel et  al., 2020), 
and Taisui TS-2007S EPS may be  produced by its predominant 
bacterial members Pseudomonas and Acinetobacter. The high-
fucose molar ratio in Taisui TS-2007S EPS may result from 
the metabolism of easily degradable sugars, other than fucose, 
by heterotrophic microorganisms in the microbial mat.

Fucose is a rare sugar, and fucose and fucose-containing 
polysaccharides, fucose-containing oligosaccharides, glycoproteins, 
and glycolipids have a variety of biological activities, particularly 
immunomodulation (Vetvicka and Vetvickova, 2017), antioxidant 

FIGURE 7 | The relative abundance of predictive functional genes of 
bacterial and archaeal community in Taisui TS-2007S. Genes with unknown 
functions and <1% in abundance were not included.
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(Su and Li, 2020), anticoagulant (Springer et  al., 1957), anti-
inflammatory (Pomin, 2015), antiviral (Mandal et  al., 2007), 
antitumor (Oliveira et al., 2017), and anticancer activities (Nunes 
and Coimbra, 2019). Thus, these activities may be the mechanism 
of therapeutic activity for Taisuis described in ancient Chinese 
medical books.

The predominant bacterial phylum in Taisui TS-2007S was 
identified as Proteobacteria (relative abundance 90.77%), with 
the predominant genera including Pseudomonas (48.32%) and 
Acinetobacter (15.92%). The predominant archaeal phylum and 
dominant genus in Taisui TS-2007S were Euryarchaeota and 
Methanobacterium, with a relative abundance of 97.15%. The 
predominant fungal phylum in Taisui TS-2007S was Ascomycota 
(relative abundance 87.43%), and the predominant genera were 
Cyphellophora (10.91%), Cordyceps (10.12%), and Anthopsis 
(9.46%). However, no microbial phyla or genera with such 
high levels of abundance have been observed in water and 
soil (Gilbert et  al., 2009; Carvajal et  al., 2016; Ma et  al., 2020). 
The microbial community structure of Taisui TS-2007S was 
obviously different from that in the surrounding environment. 
Therefore, the microbes that resided in TS-2007S were not 
simply embedded from the environment.

Pseudomonas and Acinetobacter are common bacteria 
inhabiting soil and water (Zhang et  al., 2019a; Wang et  al., 
2020a) and can be  typically form biofilms (Flemming and 
Wingender, 2010; Rana et al., 2020). Importantly, Pseudomonas 
is a metabolically versatile, ubiquitous heterotroph with broad 
catabolic and transport capabilities (Bonilla-Rosso et al., 2012). 
Pseudomonas fluorescens species are aerobes; but some strains 
can use nitrate as an electron acceptor instead of oxygen (Silby 
et  al., 2009). Pseudomonas strains have large genomes, high 
affinity transporters, and broad sensing capabilities that allow 
them to adapt and grow in nutrient-rich environments (Lauro 
et  al., 2009). Nevertheless, some Pseudomonas strains can use 
several carbon sources at very low concentrations (van der 
Kooij et  al., 1982) and can form biofilms under starvation 
conditions to maximize exposure to diluted nutrients (Kroukamp 
et al., 2010). Many Pseudomonas strains secrete carboxylic acids 
to efficiently solubilize mineralized inorganic phosphates (Fankem 
et  al., 2008; Woo et  al., 2010). Thus, Pseudomonas should 
be  capable of generating the EPS and driving the geochemical 
cycle in the Taisui. Photoautotrophic bacteria and chemical 
autotrophic bacteria were not detected in the TS-2007S 
metagenome, possibly due to this Taisui having resided 
underground for a long period of time.

Methanobacterium species are the overwhelmingly dominant 
methanogenic archaea in the active layer of alpine grasslands 
(Wang et  al., 2020b) and are the dominant archaeal genera in 
hot spring microbial mats (Ward et al., 1990). Methanobacterium 
species can produce methane by using H2 and CO2 (Conrad 
and Klose, 2006), providing an organic carbon source for 
methanotrophic bacteria and archaea in the Taisui.

Extracellular polymeric substance plays an important role 
in protecting cells (Zhang et  al., 2019b, 2020) and generates 
the framework of bacterial mats (Krüger et  al., 2008). The 
bacteria and archaea harbored in TS-2007S possessed many 
genes associated with EPS formation, protein-degrading enzyme, 

and phosphomonoesterase, but few genes encoding polysaccharide 
or oligosaccharide-degrading enzyme. Thus, there was a little 
degradation and utilization of the EPS by bacteria and archaea 
residing in TS-2007S. In another study, lower grazing animals 
in water or soil do not harbor L-fucose dehydrogenase and 
therefore cannot utilize fucose-rich polysaccharides (Bakke and 
Kajiyama, 2004). Thus, Taisui EPS may be  conserved.

The microbial community structure of TS-2007S was shown 
to be  composed of heterotrophic microorganisms, and there 
was a little influence of photosynthesis on carbonate mineral 
precipitation. The local freshwater and soil had a low carbonate 
mineral content, and the EPS matrix of TS-2007S probably 
did not bind tightly with calcium, potentially explaining why 
Taisui TS-2007S was not lithified.

In summary, the unidentified biological object Taisui TS-2007S 
that was discovered in soil in China was characterized in the 
present study. Its exopolymers could potentially be  microbial 
EPS, and its microbial community structure differed from that 
in the local water and soil environments. Based on these results, 
we  propose that Taisui TS-2007S should be  considered a 
microbial mat formed in soil that was discovered by accident.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included 
in the article/Supplementary Material), further inquiries can 
be  directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

TS, CW, and LQ designed the research. TS, HL, CZ, and DS 
performed the lab work. TS and HL analyzed and visualized 
the data. TS, CW, and LQ wrote and edited the manuscript. 
All authors contributed to the article and approved the 
submitted version.

FUNDING

This work was funded by the Science and Technology Department of 
Henan Province (grant number: 202102110044), and Hebei Academy 
of Agriculture and Forestry Sciences (grant number: 2019-2-5-3).

ACKNOWLEDGMENTS

We would like to thank Mr. Sun from Sanmenxia, China for 
kindly providing the Taisui sample.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.592034/
full#supplementary-material

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.frontiersin.org/articles/10.3389/fmicb.2020.592034/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2020.592034/full#supplementary-material


Su et al. Novel Microbial Mats Taisui

Frontiers in Microbiology | www.frontiersin.org 9 November 2020 | Volume 11 | Article 592034

 

REFERENCES

Antunes, S., Freitas, F., Sevrin, C., Grandfils, C., and Reis, M. A. (2017). 
Production of FucoPol by Enterobacter A47 using waste tomato paste by-
product as sole carbon source. Bioresour. Technol. 227, 66–73. doi: 10.1016/j.
biortech.2016.12.018

Association of Official Analytical Chemists (2019). Official methods of analysis. 
21th Edn. Washington, DC: AOAC.

Awramik, S. M. (1991). “Archaean and proterozoic stromatolites” in Calcareous 
algae and stromatolites. ed. R. Riding (Heidelberg: Springer-Verlag), 289–304.

Bakke, M., and Kajiyama, N. (2004). Improvement in thermal stability and 
substrate binding of pig kidney D-amino acid oxidase by chemical modification. 
Appl. Biochem. Biotechnol. 112, 123–131. doi: 10.1385/abab:112:3:123

Baumgartner, R. J., Caruso, S., Fiorentini, M. L., Van Kranendonk, M. J., 
Martin, L., Jeon, H., et al. (2020). Sulfidization of 3.48 billion-year-old 
stromatolites of the dresser formation, pilbara craton: constraints from in-
situ sulfur isotope analysis of pyrite. Chem. Geol. 538:119488. doi: 10.1016/j.
chemgeo.2020.119488

Bolhuis, H., Cretoiu, M. S., and Stal, L. J. (2014). Molecular ecology of microbial 
mats. FEMS Microbiol. Ecol. 90, 335–350. doi: 10.1111/1574-6941.12408

Bonilla-Rosso, G., Peimbert, M., Alcaraz, L. D., Hernández, I., Eguiarte, L. E., 
Olmedo-Alvarez, G., et al. (2012). Comparative metagenomics of two microbial 
mats at Cuatro Ciénegas basin II: community structure and composition in 
oligotrophic environments. Astrobiology 12, 659–673. doi: 10.1089/ast.2011.0724

Bosak, T., Knoll, A. H., and Petroff, A. P. (2013). The meaning of stromatolites. 
Annu. Rev. Earth Planet. Sci. 41, 21–44. doi: 10.1146/annurev-earth-042711- 
105327

Carvajal, A. M., Vargas, R. A., and Alfaro, M. (2016). Abundance of denitrifying 
genes and microbial community structure in volcanic soils. J. Soil Sci. Plant 
Nutr. 16, 677–688. doi: 10.4067/S0718-95162016005000049

Casamayor, E. O., Massana, R., Benlloch, S., Øvreås, L., Díez, B., Goddard, V. J., 
et al. (2002). Changes in archaeal, bacterial and eukaryal assemblages along 
a salinity gradient by comparison of genetic fingerprinting methods in a 
multipond solar saltern. Environ. Microbiol. 4, 338–348. doi: 10.1046/j.1462- 
2920.2002.00297.x

Castenholz, R. W., Bauld, J., and Jorgenson, B. B. (1990). Anoxygenic microbial 
mats of hot springs: thermophilic Chlorobium sp. FEMS Microbiol. Lett. 74, 
325–336. doi: 10.1016/0378-1097(90)90685-J

Castiblanco, L. F., and Sundin, G. W. (2016). New insights on molecular 
regulation of biofilm formation in plant-associated bacteria. J. Integr. Plant 
Biol. 58, 362–372. doi: 10.1111/jipb.12428

Cavallero, G. J., Ferreira, M. L., Casabuono, A. C., Ramírez, S. A., Vullo, D. L., 
and Couto, A. S. (2020). Structural characterization and metal biosorptive 
activity of the major polysaccharide produced by Pseudomonas veronii 2E. 
Carbohydr. Polym. 245:116458. doi: 10.1016/j.carbpol.2020.116458

Conrad, R., and Klose, M. (2006). Dynamics of the methanogenic archaeal 
community in anoxic rice soil upon addition of straw. Eur. J. Soil Sci. 57, 
476–484. doi: 10.1111/j.1365-2389.2006.00791.x

Dai, J., Wu, Y., Chen, S. W., Zhu, S., Yin, H. P., Wang, M., et al. (2010). 
Sugar compositional determination of polysaccharides from Dunaliella salina 
by modified RP-HPLC method of precolumn derivatization with 1-phenyl-3-
methyl-5-pyrazolone. Carbohydr. Polym. 82, 629–635. doi: 10.1016/j.
carbpol.2010.05.029

Esteve, I., Martínez-Alonso, M., Mir, J., and Guerrero, R. (1992). Distribution, 
typology and structure of microbial mat communities in Spain: a preliminary 
study. Limnetica 8, 185–195.

Fankem, H., Ngo Nkot, L., Deubel, A., Quinn, J., Merbach, W., Etoa, F. -X., 
et al. (2008). Solubilization of inorganic phosphates and plant growth 
promotion by strains of Pseudomonas fluorescens isolated from acidic soils 
of Cameroon. Afr. J. Microbiol. Res. 2, 171–178.

Faria, S., de Oliveira Petkowicz, C. L., de Morais, S. A. L., Terrones, M. G. H., 
de Resende, M. M., de Franca, F. P., et al. (2011). Characterization of 
xanthan gum produced from sugar cane broth. Carbohydr. Polym. 86, 
469–476. doi: 10.1016/j.carbpol.2011.04.063

Flemming, H. C., and Wingender, J. (2010). The biofilm matrix. Nat. Rev. 
Microbiol. 8, 623–633. doi: 10.1038/nrmicro2415

Gall, J. -C. (2001). “Role of microbial mats” in Palaeobiology 2. eds. D. E. G. Briggs 
and P. R. Crowther (London: Blackwell), 280–284.

Gerdes, G. (2010). “What are microbial mats?” in Microbial mats: Modern and 
ancient microorganisms in stratified systems. eds. J. Seckbach and A. Oren 
(Dordrecht: Springer Science & Business Media), 3–25.

Ghods, S., Sims, I. M., Moradali, M. F., and Rehm, B. H. (2015). Bactericidal 
compounds controlling growth of the plant pathogen Pseudomonas syringae 
pv. Actinidiae, which forms biofilms composed of a novel exopolysaccharide. 
Appl. Environ. Microbiol. 81, 4026–4036. doi: 10.1128/AEM.00194-15

Gilbert, J. A., Field, D., Swift, P., Newbold, L., Oliver, A., Smyth, T., et al. 
(2009). The seasonal structure of microbial communities in the western 
English channel. Environ. Microbiol. 11, 3132–3139. doi: 10.1111/j.1462-2920. 
2009.02017.x

Gippert, G. P., and Brown, L. R. (1984). Absolute configurational assignments 
for the 1 H-NMR spectrum of poly (vinyl alcohol) by use of two-dimensional 
NMR methods. Polym. Bull. 11, 585–592. doi: 10.1007/BF01045342

Grant, J., and Gust, G. (1987). Prediction of coastal sediment stability from 
photopigment context of mats of purple sulphur bacteria. Nature 330, 
244–246. doi: 10.1038/330244a0

Guerrero, R., Piqueras, M., and Berlanga, M. (2002). Microbial mats and the 
search for minimal ecosystems. Int. Microbiol. 5, 177–188. doi: 10.1007/
s10123-002-0094-8

Halima, N. B. (2016). Poly (vinyl alcohol): review of its promising applications 
and insights into biodegradation. RSC Adv. 6, 39823–39832. doi: 10.1039/
C6RA05742J

Han, X., Zhang, X., Feng, H., Yan, Y., Zheng, Y., and Zhao, T. (2018). Bacterial 
diversity of the yellow river Taisui by 16S rRNA gene sequencing. Microbiology 
45, 866–874.

Huang, J., and Dong, Z. (1993). The study on “the Unidentified Biological 
Object” (UBO)—the experimental observation of the unusual huge slime 
molds compound object. J. Northwest. Univ. 23, 445–449.

Huang, J., Jiang, Y., Zhang, Z., Li, S., and Cui, D. (2020). Stereoselective polymerization 
of an aromatic vinyl monomer to access highly syndiotactic poly (vinyl alcohol). 
Macromol. Rapid Commun. 41:e2000038. doi: 10.1002/marc.202000038

Kang, Y., Li, P., Zeng, X., Chen, X., Xie, Y., Zeng, Y., et al. (2019). Biosynthesis, 
structure and antioxidant activities of xanthan gum from Xanthomonas 
campestris with additional furfural. Carbohydr. Polym. 216, 369–375.  
doi: 10.1016/j.carbpol.2019.04.018

Knirel, Y., Shneider, M., Popova, A. V., Kasimova, A. A., Senchenkova, S. N., 
Shashkov, A. S., et al. (2020). Mechanisms of Acinetobacter baumannii capsular 
polysaccharide cleavage by phage depolymerases. Biochemistry 85, 567–574. 
doi: 10.1134/S0006297920050053

Konhauser, K. (2007). “Microbial zonation” in Introduction to geomicrobiology. 
ed. K. Konhauser (Hoboken, NJ: John Wiley & Sons), 235–292.

Korbag, I., and Saleh, S. M. (2016). Studies on the formation of intermolecular 
interactions and structural characterization of polyvinyl alcohol/lignin film. 
Int. J. Environ. Stud. 73, 226–235. doi: 10.1080/00207233.2016.1143700

Kroukamp, O., Dumitrache, R. G., and Wolfaardt, G. M. (2010). Pronounced 
effect of the nature of the inoculum on biofilm development in flow systems. 
Appl. Environ. Microbiol. 76, 6025–6031. doi: 10.1128/AEM.00070-10

Krüger, M., Blumenberg, M., Kasten, S., Wieland, A., Känel, L., Klock, J. H., 
et al. (2008). A novel, multi-layered methanotrophic microbial mat system 
growing on the sediment of the Black Sea. Environ. Microbiol. 10, 1934–1947. 
doi: 10.1111/j.1462-2920.2008.01607.x

Langille, M. G., Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D., 
Reyes, J. A., et al. (2013). Predictive functional profiling of microbial 
communities using 16S rRNA marker gene sequences. Nat. Biotechnol. 31, 
814–821. doi: 10.1038/nbt.2676

Lauro, F. M., McDougald, D., Thomas, T., Williams, T. J., Egan, S., Rice, S., 
et al. (2009). The genomic basis of trophic strategy in marine bacteria. 
Proc. Natl. Acad. Sci. U. S. A. 106, 15527–15533. doi: 10.1073/pnas.0903507106

Li, E., Ren, J., Chen, Q., Zhang, H., Lin, B., Zhang, H., et al. (2020). Uncovering 
the mysterious identity of Taisui—an old Chinese folk legend. Sci. China 
Life Sci. 63. doi: 10.1007/s11427-019-1640-6 [Epub ahead of print]

Ma, Y., Qu, Z. L., Liu, B., Tan, J. J., Asiegbu, F. O., and Sun, H. (2020). 
Bacterial community structure of Pinus thunbergii naturally infected by the 
nematode Bursaphelenchus xylophilus. Microorganisms 8:307. doi: 10.3390/
microorganisms8020307

Mandal, P., Mateu, C. G., Chattopadhyay, K., Pujol, C. A., Damonte, E. B., 
and Ray, B. (2007). Structural features and antiviral activity of sulphated 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1016/j.biortech.2016.12.018
https://doi.org/10.1016/j.biortech.2016.12.018
https://doi.org/10.1385/abab:112:3:123
https://doi.org/10.1016/j.chemgeo.2020.119488
https://doi.org/10.1016/j.chemgeo.2020.119488
https://doi.org/10.1111/1574-6941.12408
https://doi.org/10.1089/ast.2011.0724
https://doi.org/10.1146/annurev-earth-042711-105327
https://doi.org/10.1146/annurev-earth-042711-105327
https://doi.org/10.4067/S0718-95162016005000049
https://doi.org/10.1046/j.1462-2920.2002.00297.x
https://doi.org/10.1046/j.1462-2920.2002.00297.x
https://doi.org/10.1016/0378-1097(90)90685-J
https://doi.org/10.1111/jipb.12428
https://doi.org/10.1016/j.carbpol.2020.116458
https://doi.org/10.1111/j.1365-2389.2006.00791.x
https://doi.org/10.1016/j.carbpol.2010.05.029
https://doi.org/10.1016/j.carbpol.2010.05.029
https://doi.org/10.1016/j.carbpol.2011.04.063
https://doi.org/10.1038/nrmicro2415
https://doi.org/10.1128/AEM.00194-15
https://doi.org/10.1111/j.1462-2920.2009.02017.x
https://doi.org/10.1111/j.1462-2920.2009.02017.x
https://doi.org/10.1007/BF01045342
https://doi.org/10.1038/330244a0
https://doi.org/10.1007/s10123-002-0094-8
https://doi.org/10.1007/s10123-002-0094-8
https://doi.org/10.1039/C6RA05742J
https://doi.org/10.1039/C6RA05742J
https://doi.org/10.1002/marc.202000038
https://doi.org/10.1016/j.carbpol.2019.04.018
https://doi.org/10.1134/S0006297920050053
https://doi.org/10.1080/00207233.2016.1143700
https://doi.org/10.1128/AEM.00070-10
https://doi.org/10.1111/j.1462-2920.2008.01607.x
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1073/pnas.0903507106
https://doi.org/10.1007/s11427-019-1640-6
https://doi.org/10.3390/microorganisms8020307
https://doi.org/10.3390/microorganisms8020307


Su et al. Novel Microbial Mats Taisui

Frontiers in Microbiology | www.frontiersin.org 10 November 2020 | Volume 11 | Article 592034

fucans from the brown seaweed Cystoseira indica. Antivir. Chem. Chemother. 
18, 153–162. doi: 10.1177/095632020701800305

Mansur, H. S., Sadahira, C. M., Souza, A. N., and Mansur, A. A. (2008). FTIR 
spectroscopy characterization of poly (vinyl alcohol) hydrogel with different 
hydrolysis degree and chemically crosslinked with glutaraldehyde. 
Mater. Sci. Eng. C 28, 539–548. doi: 10.1016/j.msec.2007.10.088

Marais, D. (1990). Microbial mats and the early evolution of life. Trends Ecol. 
Evol. 5, 140–144. doi: 10.1016/0169-5347(90)90219-4

Marais, M. F., and Joseleau, J. P. (2001). A fucoidan fraction from Ascophyllum 
nodosum. Carbohydr. Res. 336, 155–159. doi: 10.1016/s0008-6215(01)00257-9

Matassa, S., Boon, N., Pikaar, I., and Verstraete, W. (2016). Microbial protein: 
future sustainable food supply route with low environmental footprint. 
Microb. Biotechnol. 9, 568–575. doi: 10.1111/1751-7915.12369

Melendrez, M. C., Lange, R. K., Cohan, F. M., and Ward, D. M. (2011). 
Influence of molecular resolution on sequence-based discovery of ecological 
diversity among Synechococcus populations in an alkaline siliceous hot spring 
microbial mat. Appl. Environ. Microbiol. 77, 1359–1367. doi: 10.1128/
AEM.02032-10

Michaelis, W., Seifert, R., Nauhaus, K., Treude, T., Thiel, V., Blumenberg, M., 
et al. (2002). Microbial reefs in the black sea fueled by anaerobic oxidation 
of methane. Science 297, 1013–1015. doi: 10.1126/science.1072502

Moorby, J. M., Evans, R. T., Scollan, N. D., MacRae, J. C., and Theodorou, M. K. 
(2006). Increased concentration of water-soluble carbohydrate in perennial 
ryegrass (Lolium perenne L.). Evaluation in dairy cows in early lactation. 
Grass Forage Sci. 61, 52–59. doi: 10.1111/j.1365-2494.2006.00507.x

Neu, T. R. (1994). “Biofilms and microbial mats” in Biostabilization of sediments. 
eds. W. E. Krumbein, D. M. Paterson and L. J. Stal (Oldenburg: Bibliotheks-
Informationssystem BIS), 9–16.

Nunes, C., and Coimbra, M. A. (2019). The potential of fucose-containing 
sulfated polysaccharides as scaffolds for biomedical applications. Curr. Med. 
Chem. 26, 6399–6411. doi: 10.2174/0929867326666181213093718

Nutman, A., Bennett, V., Friend, C., Van Kranendonk, M. J., and Chivas, A. R. 
(2016). Rapid emergence of life shown by discovery of 3,700-million-year-
old microbial structures. Nature 537, 535–538. doi: 10.1038/nature19355

Oliveira, C., Ferreira, A. S., Novoa-Carballal, R., Nunes, C., Pashkuleva, I., 
Neves, N. M., et al. (2017). The key role of sulfation and branching on 
fucoidan antitumor activity. Macromol. Biosci. 17:1600340. doi: 10.1002/
mabi.201600340

Partners, N. G. D. C. (2020). National genomics data center members and 
partners. Database resources of the national genomics data center in 2020. 
Nucleic Acids Res. 48, D24–D33. doi: 10.1093/nar/gkz913

Peimbert, M., Alcaraz, L. D., Bonilla-Rosso, G., Olmedo-Alvarez, G., 
García-Oliva, F., Segovia, L., et al. (2012). Comparative metagenomics of 
two microbial mats at Cuatro Ciénegas basin I: ancient lessons on how to 
cope with an environment under severe nutrient stress. Astrobiology 12, 
648–658. doi: 10.1089/ast.2011.0694

Pomin, V. H. (2015). Sulfated glycans in inflammation. Eur. J. Med. Chem. 92, 
353–369. doi: 10.1016/j.ejmech.2015.01.002

Prieto-Barajas, C. M., Valenciacantero, E., and Santoyo, G. (2018). Microbial 
mat ecosystems: structure types, functional diversity, and biotechnological 
application. Electron. J. Biotechnol. 31, 48–56. doi: 10.1016/j.ejbt.2017.11.001

Rana, K. L., Kour, D., Yadav, A. N., Yadav, N., and Saxena, A. K. (2020). 
“Agriculturally important microbial biofilms: biodiversity, ecological 
significances, and biotechnological applications” in New and future developments 
in microbial biotechnology and bioengineering: Microbial biofilms. eds. 
M. K. Yadav and B. P. Singh (Amsterdam: Elsevier), 221–265.

Roca, C., Alves, V. D., Freitas, F., and Reis, M. A. (2015). Exopolysaccharides 
enriched in rare sugars: bacterial sources, production, and applications. 
Front. Microbiol. 6:288. doi: 10.3389/fmicb.2015.00288

Ruvindy, R.,  White, R. A. III, Neilan, B. A., and Burns, B. P. (2016). Unravelling 
coremicrobial metabolisms in the hypersaline microbialmats of Shark Bay 
using high-throughput metagenomics. ISME J. 10, 183–196. doi: 10.1038/
ismej.2015.87

Severin, I., and Stal, L. J. (2010). “Diazotrophic microbial mats” in Microbial 
mats. eds. J. Seckbach and A. Oren (Netherlands: Springer), 321–339.

Silby, M. W., Cerdeño-Tárraga, A. M., Vernikos, G. S., Giddens, S. R., Jackson, R. W., 
Preston, G. M., et al. (2009). Genomic and genetic analyses of diversity 
and plant interactions of Pseudomonas fluorescens. Genome Biol. 10:R51. 
doi: 10.1186/gb-2009-10-5-r51

Solaro, R., Corti, A., and Chiellini, E. (2000). Biodegradation of poly (vinyl 
alcohol) with different molecular weights and degree of hydrolysis. Polym. 
Adv. Technol. 11, 873–878. doi: 10.1002/1099-1581(200008/12)11:8/12<873::AID-
PAT35>3.0.CO;2-V

Springer, G. F., Wurzel, H. A.,  McNeal, G. M. Jr., Ansell, N. J., and Doughty, M. F. 
(1957). Isolation of anticoagulant fractions from crude fucoidin. Proc. Soc. 
Exp. Biol. Med. 94, 404–409. doi: 10.3181/00379727-94-22960

Stal, L. J. (2001). Coastal microbial mats: the physiology of a small-scale 
ecosystem. S. Afr. J. Bot. 67, 399–410. doi: 10.1016/S0254-6299(15)31156-X

Stal, L. J., Bolhuis, H., and Cretoiu, M. S. (2017). “Phototrophic microbial 
mats” in Modern topics in the phototrophic prokaryotes. ed. P. Hallenbeck 
(Cham: Springer), 295–318.

Stewart, C. N. Jr., and Via, L. E. (1993). A rapid CTAB DNA isolation technique 
useful for RAPD fingerprinting and other PCR applications. Biotechniques 
14, 748–750.

Su, Y., and Li, L. (2020). Structural characterization and antioxidant activity 
of polysaccharide from four auriculariales. Carbohydr. Polym. 229:115407. 
doi: 10.1016/j.carbpol.2019.115407

van der Kooij, D., Oranje, J., and Hijnen, W. (1982). Growth of Pseudomonas 
aeruginosa in tap water in relation to utilization of substrates at concentrations 
of a few micrograms per liter. Appl. Environ. Microbiol. 44, 1086–1095. doi: 
10.1128/AEM.44.5.1086-1095.1982

van Gemerden, H., Tughan, C. S., De Wit, R., and Herbert, R. A. (1989). 
Laminated microbial ecosystems on sheltered beaches in Scapa Flow, Orkney 
Islands. FEMS Microbiol. Ecol. 5, 87–101. doi: 10.1111/j.1574-6968.1989.
tb03661.x

Vetvicka, V., and Vetvickova, J. (2017). Fucoidans stimulate immune reaction 
and suppress cancer growth. Anticancer Res. 37, 6041–6046. doi: 10.21873/
anticanres.12051

Wang, Y., Cui, H., Su, X., Wei, S., Zhu, Y., Lu, Z., et al. (2020b). Diversity 
and distribution of methanogenic community between two typical alpine 
ecosystems on the Qinghai-Tibetan plateau. Curr. Microbiol. 77, 1061–1069. 
doi: 10.1007/s00284-020-01891-x

Wang, F., Guo, E., Song, E., Zhao, P., and Liu, J. (2010). Structure and properties 
of bone-like-nanohydroxyapatite/gelatin/polyvinyl alcohol composites. 
Adv. Biosci. Biotechnol. 1, 185–189. doi: 10.4236/abb.2010.13026

Wang, Y., Song, F., Zhu, J., Zhang, S., Yang, Y., Chen, T., et al. (2017). GSA: 
genome sequence archive. Genom. Proteom. Bioinf. 15, 14–18. doi: 10.1016/j.
gpb.2017.01.001

Wang, C. J., and Wang, S. Q. (2015). A research of the finding and distribution 
law of Taisui in modern China. Agric. Sci. 6, 407–414. doi: 10.4236/
as.2015.64040

Wang, C., and Wang, S. (2017). Study of archaea community structure on 
different forms of Taisui. Biotechnology 27, 276–281. doi: 10.16519/j.
cnki.1004-311x.2017.03.0045

Wang, S., Zhang, B., Li, T., Li, Z., and Fu, J. (2020a). Soil vanadium (V)-
reducing related bacteria drive community response to vanadium pollution 
from a smelting plant over multiple gradients. Environ. Int. 138:105630. 
doi: 10.1016/j.envint.2020.105630

Ward, D. M., Weller, R., and Bateson, M. M. (1990). 16S rRNA sequences 
reveal numerous uncultured microorganisms in a natural community. Nature 
345, 63–65. doi: 10.1038/345063a0

Woo, S. M., Lee, M. K., Hong, I. S., Poonguzhali, S., and Sa, T. M. (2010). 
“Isolation and characterization of phosphate solubilizing bacteria from Chinese 
cabbage” in 19th World Congress of Soil Science, Soil Solutions for a Changing 
World (Brisbane, Australia); August 1–6, 2010; 56–59.

Wood, R., Zhuravlev, A. Y., and Anaaz, C. T. (1993). The ecology of lower 
cambrian buildups from zuune arts, Mongolia: implications for early metazoan 
reef evolution. Sedimentology 40, 829–858. doi: 10.1111/j.1365-3091.1993.
tb01364.x

Zhang, B., Cheng, Y., Shi, J., Xing, X., Zhu, Y., Xu, N., et al. (2019b). Insights 
into interactions between vanadium (V) bio-reduction and pentachlorophenol 
dechlorination in synthetic groundwater. Chem. Eng. J. 375:121965. doi: 
10.1016/j.cej.2019.121965

Zhang, B., Qiu, R., Lu, L., Chen, X., He, C., Lu, J., et al. (2018). Autotrophic 
vanadium (V) bioreduction in groundwater by elemental sulfur and zerovalent 
iron. Environ. Sci. Technol. 52, 7434–7442. doi: 10.1021/acs.est.8b01317

Zhang, B., Wang, S., Diao, M., Fu, J., Xie, M., Shi, J., et al. (2019a). Microbial 
community responses to vanadium distributions in mining geological 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1177/095632020701800305
https://doi.org/10.1016/j.msec.2007.10.088
https://doi.org/10.1016/0169-5347(90)90219-4
https://doi.org/10.1016/s0008-6215(01)00257-9
https://doi.org/10.1111/1751-7915.12369
https://doi.org/10.1128/AEM.02032-10
https://doi.org/10.1128/AEM.02032-10
https://doi.org/10.1126/science.1072502
https://doi.org/10.1111/j.1365-2494.2006.00507.x
https://doi.org/10.2174/0929867326666181213093718
https://doi.org/10.1038/nature19355
https://doi.org/10.1002/mabi.201600340
https://doi.org/10.1002/mabi.201600340
https://doi.org/10.1093/nar/gkz913
https://doi.org/10.1089/ast.2011.0694
https://doi.org/10.1016/j.ejmech.2015.01.002
https://doi.org/10.1016/j.ejbt.2017.11.001
https://doi.org/10.3389/fmicb.2015.00288
https://doi.org/10.1038/ismej.2015.87
https://doi.org/10.1038/ismej.2015.87
https://doi.org/10.1186/gb-2009-10-5-r51
https://doi.org/10.1002/1099-1581(200008/12)11:8/12<873::AID-PAT35>3.0.CO;2-V
https://doi.org/10.1002/1099-1581(200008/12)11:8/12<873::AID-PAT35>3.0.CO;2-V
https://doi.org/10.3181/00379727-94-22960
https://doi.org/10.1016/S0254-6299(15)31156-X
https://doi.org/10.1016/j.carbpol.2019.115407
https://doi.org/10.1128/AEM.44.5.1086-1095.1982
https://doi.org/10.1111/j.1574-6968.1989.tb03661.x
https://doi.org/10.1111/j.1574-6968.1989.tb03661.x
https://doi.org/10.21873/anticanres.12051
https://doi.org/10.21873/anticanres.12051
https://doi.org/10.1007/s00284-020-01891-x
https://doi.org/10.4236/abb.2010.13026
https://doi.org/10.1016/j.gpb.2017.01.001
https://doi.org/10.1016/j.gpb.2017.01.001
https://doi.org/10.4236/as.2015.64040
https://doi.org/10.4236/as.2015.64040
https://doi.org/10.16519/j.cnki.1004-311x.2017.03.0045
https://doi.org/10.16519/j.cnki.1004-311x.2017.03.0045
https://doi.org/10.1016/j.envint.2020.105630
https://doi.org/10.1038/345063a0
https://doi.org/10.1111/j.1365-3091.1993.tb01364.x
https://doi.org/10.1111/j.1365-3091.1993.tb01364.x
https://doi.org/10.1016/j.cej.2019.121965
https://doi.org/10.1021/acs.est.8b01317


Su et al. Novel Microbial Mats Taisui

Frontiers in Microbiology | www.frontiersin.org 11 November 2020 | Volume 11 | Article 592034

environments and bioremediation assessment. J. Geophys. Res. Biogeosci. 124, 
601–615. doi: 10.1029/2018JG004670

Zhang, B., Wang, Z., Shi, J., and Dong, H. (2020). Sulfur-based mixotrophic 
bio-reduction for efficient removal of chromium (VI) in groundwater. Geochim. 
Cosmochim. Acta 268, 296–309. doi: 10.1016/j.gca.2019.10.011

Zhao, Y., Jin, A. D., and Huang, L. (2018). Reflections on the comparison of 
“Taisui” in ancient and modern times. Chin. Sci. Bull. 63, 1199–1204. doi: 
10.1360/N972018-00190

Zheng, K. Y., and Dong, Z. L. (2010). Preliminary Research on the unidentified 
object “Tai Sui”. J. Northwest. Univ. 40, 1012–1016. doi: 10.16152/j.cnki.
xdxbzr.2010.06.013

Zhu, C., Bai, T., Jiang, Q., Zheng, F., Ai, H., Zhu, J., et al. (2011). Biological 
components of “Tai Sui”. J. Microbiol. 31, 1–4.

Zvyagintseva, T. N., Shevchenko, N. M., Chizhov, A. O., Krupnova, T. N., 
Sundukova, E. V., and Isakov, V. V. (2003). Water-soluble polysaccharides 

of some far-eastern brown seaweeds. Distribution, structure, and their 
dependence on the developmental conditions. J. Exp. Mar. Biol. Ecol. 294, 
1–13. doi: 10.1016/S0022-0981(03)00244-2

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Copyright © 2020 Su, Liu, Zhang, Shang, Wang and Qiu. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in other forums is permitted, provided 
the original author(s) and the copyright owner(s) are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with 
these terms.

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1029/2018JG004670
https://doi.org/10.1016/j.gca.2019.10.011
https://doi.org/10.1360/N972018-00190
https://doi.org/10.16152/j.cnki.xdxbzr.2010.06.013
https://doi.org/10.16152/j.cnki.xdxbzr.2010.06.013
https://doi.org/10.1016/S0022-0981(03)00244-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Taisui TS-2007S, a Large Microbial Mat Discovered in Soil in China
	Introduction
	Materials and Methods
	Samples and Reagents
	Chemical Composition Analysis
	Fourier Transform Infrared Spectrum Analysis
	NMR Analysis
	Monosaccharide Composition Analysis
	DNA Extraction and High-Throughput Sequencing
	Data Availability

	Results
	Chemical Composition of Taisui TS-2007S
	FT-IR Spectroscopy of Taisui TS-2007S Exopolymers and Selected Polymers
	NMR Analysis of Taisui TS-2007S Exopolymers and Selected Polymers
	Monosaccharide Composition of Taisui TS-2007S Exopolymers
	Evaluation of the Microbial Community Structure and its Functional Profiling in Taisui TS-2007S

	Discussion
	Data Availability Statement
	Author Contributions

	References

