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Abstract
The haloalkaliphilic genus Thioalkalivibrio, widely used in bio-desulfurization, can oxidize  H2S to  So, which is excreted 
outside cells in the form of biosulfur globules. As by-product of bio-desulfurization, information on biosulfur globules is 
still very scant, which limits its high-value utilization. In this paper, the characteristics of biosulfur globules produced by 
Thioalkalivibrio versutus D301 and the possibility of cultivating sulfur-oxidizing bacteria as a high biological-activity sulfur 
source were studied. The sulfur element in the biosulfur globules existed in the form α-S8, which was similar to chemical 
sulfur. The biosulfur globule was wrapped with an organic layer composed of polysaccharides and proteins. The composition 
of this organic layer could change. In the formation stage of biosulfur globules, the organic layer was dominated by polysac-
charides, and in later stage, proteins became the main component. We speculated that the organic layer was mainly formed 
by the passive adsorption of organic matter secreted by cells. The existence of organic layer endowed biosulfur with better 
bioavailability. Compared with those found using chemical sulfur, the growth rates of Acidithiobacillus thiooxidans ATCC 
 19377T, Thiomicrospira microaerophila BDL05 and Thioalkalibacter halophilus BDH06 using biosulfur increased several 
folds to an order of magnitude, indicating that biosulfur was a good sulfur source for cultivating sulfur-oxidizing bacteria.

Keywords Biological desulfurization · Biosulfur globule · Organic layer · Haloalkaliphilic sulfur-oxidizing bacteria · 
Bioavailability

Introduction

As a toxic and harmful gas,  H2S containing gas must be 
effectively desulfurized before being released or used 
(Sorokin et al. 2008). Biological desulfurization has been 
widely used due to their advantages of low energy consump-
tion, mild conditions, no secondary pollution, and low cost 
(Chen et al. 2021). In particular, the biological desulfuriza-
tion system with high salinity and high alkalinity has the 
advantages of high processing load and high efficiency and 
have become a most common biological desulfurization 
technique (Klok et al. 2012; Hao et al. 2021; Zhou et al. 
2014). In the biological desulfurization process, reduced sul-
fur compounds (such as  HS−,  S2O3

2−) are oxidized under 
the action of sulfur-oxidizing bacteria to generate biosulfur 
 (So) (Janssen et al. 1999; Kiragosyan et al. 2020). Biosulfur 
is the main by-product of biological desulfurization. Due to 
the lack of understanding of the physicochemical properties 
and structural characteristics of biosulfur, no ideal way to 
use it has been proposed to date. In some cases, the sulfur 
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obtained from biological desulfurization is incinerated or 
landfilled, thus becoming a new source of sulfur environ-
mental pollution. Therefore, it is necessary to conduct an 
in-depth study on the characteristics of biosulfur to find an 
ideal way to use this sulfur.

Although it is understood that the biosulfur produced in 
the biological desulfurization process has better hydrophi-
licity and is not easy to cause blockage of pipelines (van 
den Bosch et al. 2007), the detailed reason has not been 
clearly explained. However, fortunately, studies related to 
the biosulfur derived from other sulfur-oxidizing bacteria 
have been conducted (Maki 2013; Steudel 1996). Prange 
et al. studied the speciation of sulfur of metabolically differ-
ent sulfur-accumulating bacteria in situ with X-ray absorp-
tion near edge structure (XANES) spectroscopy at the sulfur 
Kedge. It revealed at least three different forms of sulfur in 
biosulfur globules. Cyclooctasulfur dominates in the sulfur 
globules of Beggiatoa alba and Thiomargarita namibiensis. 
A second type of sulfur globules is present in Acidithioba-
cillus ferrooxidans: here the sulfur occurs as polythionates. 
In contrast, in purple and green sulfur bacteria the sulfur 
mainly consists of sulfur chains (Prange et al. 2002, 1999). 
However, it can be noted that there were different views on 
the speciation of biosulfur. For example, He et al. found that 
Acidithiobacillus ferrooxidans and Acidithiobacillus caldus 
can accumulate extracellular sulfur globules when grown on 
thiosulfate, and the major sulfur speciation of which were  S8 
for A. ferrooxidans and mixture of ring sulfur and polythion-
ate for A. caldus, respectively (He et al. 2010).

Marnocha et al. studied the mineralogy and surface chem-
istry of extracellular biosulfur globules produced by Chlo-
robaculum tepidum. It was found that biosulfur globules 
produced by C. tepidum and abiotic sulfur sols are quite 
similar in terms of mineralogy and material properties, but 
the two are distinguished primarily by the properties of their 
surfaces. C. tepidum’s globules are enveloped by a layer of 
organics, which appears to slow the aging and crystalliza-
tion of amorphous sulfur. (Marnocha et al. 2019, 2016). At 
present, the clearest research on the organic layer of sulfur 
particles is the intracellular sulfur particles from Allochro-
matium vinosum. The sulfur globules in the Allochromatium 
vinosum are enclosed by a protein envelope. This envelope is 
a monolayer of 2–5 nm consisting of three different hydro-
phobic Sgps of 10.5, 10.6 (SgpA and SgpB) and 8.5 kDa 
(SgpC) (Brune 1995; Pattaragulwanit et al. 1998). In bacte-
ria forming extracellular sulfur globules, Sgps do not appear 
to be present (Pattaragulwanit et al. 1998, Dahl et al. 2006).

Cron et al. demonstrated that soluble extracellular com-
pounds produced by Sulfuricurvum kujiense are necessary 
to form and stabilize S(0) minerals outside of the cells. They 
proposed that sulfur-oxidizing bacteria could use soluble 
organics to stabilize stores of bioavailable S(0) outside the 
cells (Cron et al. 2019). This conjecture has been further 

confirmed by a process called ‘‘S(0) organomineralization”. 
Cosmidis et al. found that S(0) minerals are produced and 
stabilized following the oxidation of hydrogen sulfide in the 
presence of numerous types of dissolved organics. In this 
process, dissolved organics, such as monosaccharides and 
amino acids, will form an organic envelope on the surface 
of elemental sulfur particles through self-assembly, which 
helps to keep the elemental sulfur in a stable state (Cosmidis 
et al. 2016, 2019).

The haloalkaliphilic genus Thioalkalivibrio has been 
widely used in biological desulfurization (Muyzer et al. 
2011; Mu et al. 2016, Pokorna et al. 2015). However, there 
has been no relevant report on whether the biosulfur glob-
ules produced by genus Thioalkalivibrio have the above-
mentioned similar structure. In this study, Tav. versutus 
D301 was used as a research object (Mu et al. 2016; Shar-
shar et al. 2019, 2020), and the focus was on an analysis 
of the surface chemical characteristics and bioavailability 
of sulfur globules. We expected to obtain a more in-depth 
understanding of this by-product of industrial desulfuriza-
tion in order to find a reasonable way to use it at commercial 
scale.

Materials and methods

Strains and medium

In this study, four species of bacteria were used, including 
haloalkaliphilic sulfur-oxidizing bacteria (Thioalkalivibrio 
versutus D301, Thiomicrospira microaerophila BDL05, 
and Thioalkalibacter halophilus BDH06) and acidophilic 
sulfur-oxidizing bacteria (Acidithiobacillus thiooxidans 
ATCC  19377 T). Haloalkaliphilic sulfur-oxidizing bacteria 
were cultured in TD medium or FTD medium. The composi-
tion of TD medium is as follows:  Na2S2O3·5H2O 19.92 g/L, 
 NaHCO3 58.8 g/L, NaOH 5 g/L,  NH4Cl 0.268 g/L,  KNO3 
0.505 g/L,  K2HPO4·3H2O 2 g/L,  MgCl2·6H2O 0.1 g/L and a 
trace element solution as described in Pfenning and Lippert 
(Pfennig and Lippert 1966). Compared with TD medium, 
the only difference is that there is no  Na2S2O3 in FTD 
medium. The pH of the medium was 9.5 ± 0.05 at 30 °C 
(Liu et al. 2021). A. thiooxidans was grown at 30 °C in the 
Starkey medium containing the following components: 
 (NH4)2SO4 2.0 g/L,  KH2PO4 3.0 g/L,  MgSO4·7H2O 0.5 g/L, 
 FeSO4·7H2O 0.001 g/L, and  CaCl2·2H2O 0.25 g/L. The pH 
was adjusted to 2.5 with 2 N  H2SO4 (Chen et al. 2013).

Experimental setup and biosulfur collection

The laboratory setup consisted of a counter-current falling 
film gas absorber (15-L) for the removal of  H2S, a bioreactor 
(50-L) for the production of elemental sulfur and a settling 
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tower (10-L) for the separation of biosulfur globules (Fig. 1) 
(Mu et al. 2021). Tav. versutus D301 was firstly inoculated in 
the shake flasks with TD medium and cultured around 30 h 
at 30 °C and 180 rpm. Then, the cultures of 2 L were inocu-
lated into bioreactor filled with FTD medium. The sulfur 
source used in the bioreactor came from the  H2S absorbed. 
The feed gas was composed of 99.0%  N2 (v/v) and 1.0%  H2S 
(v/v) with 99.99 vol.% purity (Beijing Zhaoge Gas Technol-
ogy Co., Ltd.). The dosing rate of feeding gas was regulated 
based on signals from an ORP sensor located in bioreactor. 
The ORP set-point was chosen at -380 mV to suppress sul-
fate formation (Mu et al. 2021; Klok et al. 2012). A digital 
gear pump was used to assure liquid recirculation between 
the settling tower and the gas absorber at a constant flow of 
15 L  h−1. The air compressor continuously provided oxygen 
to the bioreactor. The sulfur particles collected at 36 h and 
84 h after inoculation were used to study the characteris-
tics of the initial formation and aggregation period of sulfur 
particles, respectively. After stopping the supply of  H2S for 
40 h, the sulfur particles in the bioreactor were collected as 
samples in the degradation period. The collected sulfur par-
ticles were treated with ultrasound for 30 s and centrifuged 
at 2000 rpm for 1 min. The obtained sulfur particles were 
washed three times with FTD medium for analysis.

Bioavailability experiments of elemental sulfur

The ability of four strains (Tav. versutus D301, Tms. micro-
aerophila BDL05, Tab. halophilus BDH06, and A. thioox-
idans ATCC  19377 T) to use chemical sulfur or bio-sulfur 
as sulfur source was studied. Chemical sulfur here referred 
to sublimated sulfur, which was purchased from Shanghai 
Aladdin Biochemical Technology Co., Ltd. The biosulfur 

was the Tav. versutus D301 extracellular sulfur globules 
obtained from the above laboratory setup. The bacterial pel-
lets of Tav. versutus D301, Tms. microaerophila BDL05 and 
Tab. halophilus BDH06 were inoculated into 100 ml FTD 
medium added with 1.0 g chemical sulfur or 1.0 g biosulfur, 
respectively. Similarly, A. thiooxidans ATCC  19377 T was 
inoculated into 100 ml Starkey liquid medium with 1.0 g 
chemical sulfur or 1.0 g biological sulfur. All experiments 
were carried out at 30 °C and 180 rpm. After 5 days, 2 ml 
cultures were taken and centrifuged at 1500 rpm for 1 min. 
The supernatants were used to determine the bacterial opti-
cal density with a spectrophotometer at 600 nm.

Morphology analysis of sulfur globules

The biosulfur globules were taken out from the settling 
tower at 84 h. The sulfur globules were fixed overnight at 
4 °C in 2.5% (w/v) glutaraldehyde solution. The samples 
were rinsed three times with 0.1 M phosphate buffer (pH 
7.0) for 15 min each time. The samples were dehydrated 
with gradient concentrations of ethanol for 15 min, and 
then dehydrated with anhydrous ethanol twice for 20 min 
each time. After treated with gradient embedding agent 
and sliced with ultramicrotomy, the samples were observed 
by transmission electron microscope (TEM) JEM-2100F 
(JEOL, Japan) (Kang et al. 2019b). Take a small amount 
of dry biosulfur globules on the aluminum foil. The sulfur 
globules were sprayed with gold nanoparticles and observed 
by cold field emission scanning electron microscope (SEM) 
6700F (JEOL, Japan). The wet sulfur globules samples can 
be directly observed under environmental SEM MLA 250 
(FEI, USA). Particle size distribution of biosulfur globules 
was measured using nanoparticle analyzer DelsaNano C 
(Beckman Coulter, USA) (Rohit and Pal 2013).

X‑ray diffraction (XRD) analysis

Dry chemical sulfur and biosulfur globules were ground into 
powder by a grinding bowl, and X-ray diffraction analysis 
(Empyrean, Panalytical B.V., Netherlands) was then per-
formed through a 300-mesh screen. The scanning angle and 
speed were 10–90 degree and 0.05 degree/s, respectively. In 
addition, elemental analyses of the chemical sulfur particles 
and biosulfur globules were carried out using element ana-
lyzer EA 1108 (Carlo Erba, Italy).

Spectroscopic analysis

Raman spectroscopy was conducted using WITec, a scan-
ning near-field optical microscope that incorporates a con-
focal Raman spectroscopy imaging (MonoVista CRS, S&I, 
Germany). Objective lenses used included a 100 × and 
60 × long working distance. Spectra were collected over 

Fig. 1  Schematic representation of the experimental setup used for 
collection of biosulfur globules
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the range 0 to 3600  cm−1 and averaged using 1 s integra-
tion time. The lateral resolution of the instrument is about 
380 nm, with a focal plane depth of ~ 700 nm.

Infrared spectra were obtained using a NICOLET iS 50 
spectrometers (Thermo Scientific, USA) using an Attenu-
ated Total Reflectance (ATR) attachment. Spectra were col-
lected from 400 to 4000  cm−1 at a 1  cm−1 scan resolution. 
Contributions from atmospheric  CO2 and  H2O were sub-
tracted from spectra using a correction within the Spectrum 
software. Sulfur particles suspended in deionized water was 
centrifuged into a pellet, then dried down onto a slide and 
collected as a powder for analysis on the instrument.

Extraction and characterization of the organic layer 
of the biosulfur globules

The organic layer was extracted from the biosulfur glob-
ules by mixing EDTA solution (150 mL of 68 mM EDTA 
solution) with 2.0 g biosulfur globules on an orbital shaker 
at 200 rpm for 3 h at 4 °C. The EDTA-globules solution 
was then centrifuged at 12000 rpm for 20 min at 4 °C. The 
supernatant, containing the released organic layer was col-
lected and stored prior to analysis at -20 °C (Bourven et al. 
2012). The organic layer sample was hydrolyzed in 2 mol 
trifluoroacetic acid at 100 °C for 4 h. The hydrolysate was 
analyzed by high performance anion exchange chromatog-
raphy (Dionex ics-3000, USA) on PA-1 column.

Confocal laser scanning microscopy

The samples containing biological sulfur particles (1.0 ml) 
were centrifuged and the supernatant was removed. 200 μ 
l of 0.1 M sodium bicarbonate was added to the precipi-
tation and mixed. The supernatant was removed by cen-
trifugation. Then, 200 μ l of 0.85% (w/v) saline solution 
was added to the precipitation and mixed. The fluorescent 
dyes of 0.4 μL fluorescein isothiocyanate isomer (FITC; 
Sigma-Aldrich, Germany) or 1.0 μL tetramethyl rhodamine 

isothiocyanate-labeled lectin concanavalinA (TRITC-ConA; 
Biological life sciences, USA) or 0.6 μL 4,6-diamidino-
2-Phenylindoldihydrochloride (DAPI; Invitrogen, USA) was 
added to the sample and incubated in a dark room for 30 min. 
After incubation, the supernatant was removed after cen-
trifugation, and then washed three times with 0.85% (w/v) 
saline solution. The obtained sample can be used for CLSM 
observation. Microscopic analysis was performed using the 
epifluorescence microscope Zeiss (Carl Zeiss AG, Germany) 
with the appropriate filter blocks. From each sample, at least 
10 digital images were taken using × 100 and × 60, 1.4 NA 
phase-contrast objective lens (Kimani et al. 2016).

Results

Characteristic analysis of biosulfur globules

The shape and particle size of the biosulfur globules col-
lected from the settling out of a biological desulfurization 
system were studied. Due to the ultrasonic dispersion of the 
sample during pretreatment, the biosulfur globules exhibited 
good dispersibility (Fig. 2a). In fact, the biosulfur globules 
could aggregate to form millimeter-sized particles, allowing 
the biosulfur to have a good settling performance. As shown 
from observation by TEM, the biosulfur globules had an 
approximately circular shape, with different sizes, and the 
particle size distribution was over a wide range (0.2–5 μm) 
(Fig. 2b). As the volume of the sulfur globules increased, 
their quantity decreased. It was speculated that the large-
volume sulfur globules were formed by the aggregation of 
small-volume sulfur globules, which could be observed by 
TEM imaging with higher magnification (Fig. 2c). Moreo-
ver, it was found that during the aggregation process, the 
small sulfur globules had obvious morphological changes, 
indicating that the biosulfur globules in the solution were 
very deformable, which was contrary to the chemical sulfur.

Fig. 2  Characteristics of biosulfur globules. a TEM imaging of biosulfur globules (scale bar, 5 μm), b particle size distribution of biosulfur 
globules, c TEM imaging of biosulfur globules (scale bar, 1 μm)
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X-ray diffraction (XRD) and Raman spectroscopy were 
used to analyze the existing form of sulfur in biosulfur 
globules. The XRD pattern matched well with the JCPDS 
database diffraction pattern. The highest peaks of the XRD 
patterns of biosulfur and chemical sulfur both appeared at 
a diffraction angle of 22.94°-23°. The difference between 
the two was that the peak values of biosulfur at all posi-
tions were all slightly lower than those of chemical sulfur 
(Fig. 3a). These results indicated that the sulfur element in 
the biosulfur globules mainly existed in the form α-S8, which 
was consistent with chemical sulfur, but its crystallinity was 
lower (Marnocha et al. 2019). In the Raman spectra, the 
biosulfur globules were characterized by two strong peaks 
at 152  cm−1 and 216  cm−1, corresponding to the bending 
and stretching modes of a folded 8 membered ring, respec-
tively, and the third strong peak at 473  cm−1 corresponding 
to the vibration of an S–S bond (Fig. 3b), indicating that the 
 S8 form was present in biosulfur globules (Marnocha et al. 

2019; Nims et al. 2019), which was consistent with the XRD 
results mentioned above.

Characterization of the organic layer of biosulfur 
globules

Environmental SEM and cold-field emission SEM were 
used to study the surface characteristics of biosulfur glob-
ules. As can be seen from the observations, a layer was 
found on the surface of both wet and dry biosulfur glob-
ules (Fig. 4a, b). The surface of the wet biosulfur globules 
seemed to be covered with a layer, and the surface layer 
formed wrinkles after drying (Fig. 4b). Thin slices of these 
biosulfur globules were next observed. There were clear 
boundaries between the aggregated small sulfur globules 
(Fig. 2c), which should have been caused by the presence 
of the layer. It was also found that sulfur globules of dif-
ferent particle sizes have layer, and it could be inferred that 

Fig. 3  Analysis of sulfur element in biosulfur globules. a XRD pattern, A-chemical sulfur, B-biosulfur globules; b Raman spectrum of biosulfur 
globules

Fig. 4  Characterization of the organic layer of biosulfur globules. a Environmental SEM images, b Cold-field emission SEM images, c FT-IR 
spectra. The yellow line is chemical sulfur and the black line is biosulfur
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the layer of the biosulfur globules was gradually formed 
outside the cell. This was the first time that the layer of 
extracellular sulfur globules produced by haloalkaliphilic 
sulfur-oxidizing bacteria have been observed.

In order to study the composition of the layer of biosul-
fur globules, firstly, the proportions of C, N, S, and H in 
these biosulfur globules and chemical sulfur particles were 
compared. The results indicated that compared to chemical 
sulfur with more than 98% sulfur, the elemental composition 
of biosulfur was more abundant. Among them, the propor-
tions of S, N, C, and H were 82.110%, 3.539%, 12.696%, 
and 0.924%, respectively. The above findings showed that, in 
addition to being composed of sulfur, the biosulfur globules 
also contained a certain amount of organic matter. Fourier 
infrared spectroscopy was used to analyze the chemical 
groups on the surface of these biosulfur globules. The sur-
face of chemical sulfur was covered by few functional groups 
(Fig. 4c). The surface of the biosulfur globules contained a 
large number of functional groups, such as hydroxyl (-OH, 
3471  cm−1, 3421  cm−1, 3275  cm−1), amide I (1616  cm−1, 
1634   cm−1), amide II (1398–1542   cm−1), alkyl groups 
(–CH3 and –CH2, 2921  cm−1, 2853  cm−1, 1457  cm−1), and 
carboxylic groups (COO–, 1398  cm−1), as well as groups 
related to polysaccharides (C–C and C–O, 900–1130  cm−1). 
This finding indicates that proteins and polysaccharides may 
be the main components of the organic layer of these sulfur 
globules.

Subsequently, the composition and changes of the organic 
layer of Tav. versutus D301 extracellular sulfur globules 
were studied with protein, polysaccharide, and nucleic acid 
specific fluorescent probes. Using aggregated biosulfur 
globules as a research object, the samples during the initial 
period, accumulation period, and degradation period of bio-
sulfur globules were taken for staining and observation. The 
results showed that at the initial period of the formation of 

biosulfur globules, the globules showed yellow fluorescence, 
indicating that polysaccharides were dominant in the organic 
layer of these sulfur globules (Fig. 5a). With the aggregation 
of sulfur globules and the increase in particle size, most of 
the small globules aggregated to form large globules of dif-
ferent sizes. Polysaccharides and proteins components cov-
ered the outer layer of the sulfur globules and overlapped, 
causing a certain interference between the two types of fluo-
rescence signals and producing the fluorescence suppression 
phenomenon (Fig. 5b). In the late period of cultivation, a 
large number of sulfur particles were formed by aggregation, 
and there were more biological macromolecules attached to 
the surface, and in particular, the proteins content increased 
(Fig. 5c). In addition, with the accumulation of biosulfur 
globules, the fluorescence intensity became stronger, indi-
cating that the organic layer continued to accumulate with 
the extension of culture time, and the organic layer gradu-
ally became thicker. The combination of DAPI and nucleic 
acid showed a blue color. According to the images, there 
was a very low amount of nucleic acid on the surface of 
these biosulfur globules. We identified the polysaccharide 
components in the organic layer of the sulfur globules and 
found that they were mainly composed of D-( +)-glucuronic 
acid (1.8323 mg/g), D-( +)-glucose (0.0043 mg/g), and D-(-
)-arabinose (0.0016 mg/g), among which glucuronic acid 
was dominant, accounting for 64% of the total sugar content.

Bioavailability of Tav. versutus D301 biosulfur 
globules

With chemical sulfur particles as a control, the utilization 
of Tav. versutus D301 biosulfur globules by four species 
of sulfur-oxidizing bacteria as sulfur sources were stud-
ied. The optical density (OD) value after 96 h of cultiva-
tion showed that all four sulfur-oxidizing bacteria could use 

Fig. 5  Fluorescence staining analysis of the organic layer of biosulfur 
globules in different cultivation stages. Figure 4a, b, and c correspond 
to the initial period, the accumulation period, and the degradation 

period of sulfur particles, respectively. The dye c860 combines with 
polysaccharides, in yellow; FITC reacts with proteins, in green; DAPI 
combines with nucleic acids, in blue. The scale bar is 2 μm
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the biosulfur globules as electron donors to obtain growth 
energy, as shown in Fig. 6a. In comparison, only A. thioox-
idans ATCC  19377T could efficiently use chemical sulfur, 
but the growth rate was only about half of that using bio-
sulfur globules. Haloalkaliphilic sulfur-oxidizing bacteria 
showed a poor capability to use chemical sulfur, especially 
Tms. microaerophila BDL05 and Tab. halophilus BDH06, 
both of which could hardly use chemical sulfur. We observed 
the morphological changes of two sulfur sources during Tav. 
versutus D301 cultivation. After the sulfur element in the 
biosulfur globules were almost completely utilized, only 
the organic layer of the sulfur globule remained, which also 
confirmed the existence of the organic layer of the sulfur 
globules (Fig. 6b). Meanwhile, the chemical sulfur particles 
only showed some shallow pits on the surface. As can be 
seen from the magnified image, bacteria could aggregate 
in the pits, indicating that these pits were formed by bacte-
ria using sulfur (Fig. 6c). Thus, biosulfur globules can be 
used as a sulfur source that is easily used to cultivate sulfur-
oxidizing bacteria.

Discussion

Existing forms of sulfur in biosulfur globules

Although haloalkaliphilic sulfur-oxidizing bacteria have 
been used in biological desulfurization systems and have 
achieved good results, there is still a lack of understanding 
of the extracellular biosulfur globules. This paper carried 
out a study on the characteristics of the extracellular sulfur 
globules produced by Tav. versutus D301. To date, numerous 
forms of sulfur have been found in various sulfur-oxidizing 
bacteria, such as Acidithiobacillus ferrooxidans (He et al. 

2010), Chlorobaculum tepidum (Marnocha et al. 2019), and 
Allochromatium vinosum (Franz et al. 2009). Among them, 
sulfur atoms are easily linked into linear or cyclic molecules, 
including  S8,  Sn

2−, –O3S–Sn–SO3–, and R–Sn–R (Kleinjan 
et al. 2003; George et al. 2008). This study used Raman 
spectroscopy combined with XRD to confirm that the sulfur 
in the biosulfur globule produced by Tav. versutus D301 
existed in the form α-S8, which was similar to chemical sul-
fur. Due to the significantly better bioavailability of these 
biosulfur globules, the crystallinity of the biosulfur globules 
may be lower than that of chemical sulfur, which could be 
confirmed by the changeable shape of the biosulfur globules. 
It has been reported that the crystallinity of biosulfur glob-
ules will continue to change (Hanson et al. 2015, Marnocha 
et al. 2019, Cosmidis et al. 2016). Fresh biosulfur globules 
will gradually age, and the sulfur crystallinity gradually 
increases. After drying or aging, they will be converted into 
crystalline orthorhombic sulfur  (S8).

The organic layer characteristics of biosulfur 
globules

Tav. versutus D301 biosulfur globules will aggregate to form 
millimeter-sized particles, allowing the biosulfur globules to 
have a good settling performance that can be easily separated 
from a desulfurization solution (Sharshar et al. 2020). After 
ultrasonic treatment, it was observed that the individual bio-
sulfur globules of Tav. versutus D301 were an approximately 
circular shape, with different sizes, and micron-sized sulfur 
globules accounted for the majority these. We found that 
large-volume sulfur globules were formed by the aggrega-
tion of small-volume sulfur globules, and from the cross 
section of the sulfur globules, it could be observed that the 
outer layer of the small particles had clear boundaries with 

Fig. 6  Bioavailability analysis 
of biosulfur globules. a The 
growth of Tav. versutus D301, 
Tms. microaerophila BDL05, 
Tab. halophilus BDH06 and 
A. thiooxidans ATCC  19377 T 
using chemical sulfur and 
biosulfur. In each group, the 
light color represents the use 
of chemical sulfur, and the 
dark color represents the use 
of biosulfur. b SEM imaging 
of residues after biosulfur was 
utilized. c, d SEM images of 
the residue after chemical sulfur 
was utilized (scale bar, 1 μm)
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a dark color. Therefore, we speculate that the surface of the 
biosulfur globules were covered with an organic layer. Li 
et al. proposed the “outer membrane vesicles (OMVs) sul-
fur secretion” hypothesis (Li et al. 2020). This hypothesis 
assumes that elemental sulfur is formed in the periplasmic 
space of sulfur-oxidizing bacteria, and the outer membrane 
of the cell wall envelopes elemental sulfur to form vesicles, 
and finally, these vesicles fall off from the cell wall. Based 
on this, it has been inferred that when being secreted from a 
cell, these extracellular biosulfur globules already have the 
structure of an outer membrane.

Using FT-IR analysis, it was found that the surface of 
these biosulfur globules contained functional groups, such as 
carboxyl and amide groups. We speculated that the organic 
layer was composed of organic matter such as proteins or 
polysaccharides. The organic layer of Tav. versutus D301 
sulfur globules were labeled with polysaccharide, protein, 
and nucleic acid specific fluorescent probes. Unlike in the 
literature which has reported that the surface of intracellular 
sulfur particles formed by A. vinosum were covered with 
SgpABC protein (Dahl and Prange 2006), the organic layer 
of Tav. versutus D301 extracellular sulfur globules contained 
large amounts of polysaccharides. In addition, it was found 
that the composition of the organic layer of Tav. versutus 
D301 sulfur globules could change with an extension of the 
cultivation time. In the early stage of sulfur globules forma-
tion, the organic layer was dominated by polysaccharides, 
while in the late stage, protein became the main component 
of sulfur globules. With an extension of the cultivation time, 
the organic matter in the organic layer continued to accumu-
late, which also seems to indicate that the organic layer of 
sulfur particles was mainly formed by the passive adsorption 
of organic matter secreted by cells. This seemed to be simi-
lar to the organomineralization process of elemental sulfur 
discovered by Cosmidis (Cosmidis et al. 2016, 2019).

Bioavailability of biosulfur globules

The difference in the utilizations of Tav. versutus D301 
biosulfur globules and chemical sulfur particles by haloal-
kaliphilic sulfur-oxidizing bacteria and acidophilic sulfur-
oxidizing bacteria was also compared here. The four spe-
cies of sulfur-oxidizing bacteria could efficiently use these 
biosulfur globules, and they did not have any species dif-
ferences in the source of biosulfur globules. Therefore, 
the biosulfur produced by this haloalkaliphilic biological 
desulfurization system was an ideal sulfur source, which 
could be potentially used in the pre-cultivation of sulfur-
oxidizing bacteria to greatly increase the growth rate of 
these strains. For the utilization of chemical sulfur parti-
cles, the four species of sulfur-oxidizing bacteria studied 
all showed poor vitality, especially Tms. microaerophila 
BDL05 and Tab. halophilus BDH06, both of which could 

hardly use chemical sulfur particles. Through observ-
ing the process of Tav. versutus D301 using two sulfur 
sources, we found that the bacteria did not firmly adhere 
to the biosulfur particles during the utilization process. 
As reported in the literature, the process of bacteria using 
biosulfur globules can proceed without contact or with 
only intermittent contact with sulfur globules (Marno-
cha et al. 2016). However, Tav. versutus D301 must first 
adsorb before using the chemical sulfur particles, which 
was demonstrated by the accumulation of cells in the pits 
on the surface. The reason why Tav. versutus D301 was 
slow to use chemical sulfur may be related to its dense 
structure and high crystallinity. In contrast, the formation 
of an organic layer on the surface of the biosulfur globule 
hinders the crystallization process of sulfur particles, and 
endowing these sulfur globules with a hydrophilic surface, 
which improves the bioavailability of these sulfur particles 
(Hanson et al. 2015).

Conclusion

The sulfur element in the biosulfur globules produced by 
Tav. versutus D301 existed in the form α-S8, which was 
similar to chemical sulfur. Micron-sized biosulfur globules 
were formed by the aggregation of smaller globules. The 
biosulfur globule was wrapped with an organic layer com-
posed of polysaccharides and proteins. The composition 
of the organic layer of Tav. versutus D301 sulfur globules 
could change with an extension of the cultivation time. In 
the early stage of the formation of these sulfur globules, 
the organic layer was dominated by polysaccharides, and 
in later stages, protein became the main component of the 
layer of these sulfur globules. With an extension of the 
cultivation time, the organic matter in the layer continued 
to accumulate. It was speculated that the organic layer 
of the sulfur globules was mainly formed by the passive 
adsorption of organic matter secreted by cells. The organic 
layer formed on the surface of these biosulfur globules 
improved the bioavailability of sulfur particles. The bio-
sulfur produced by Tav. versutus D301 was an ideal sulfur 
source, which could be potentially used in the pre-culti-
vation of sulfur-oxidizing bacteria to greatly increase the 
growth rate of these strains.
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