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          A B S T R A C T                            

Introduction  

Sulphate-reducing bacteria (SRB) are a 
group of bacteria that use sulphate (SO4

-) 
instead of oxygen for respiration(Muyzer & 
Stams, 2008). SRB could utilize a very wide 
spectrum of different low molecular organic 
compounds (e.g. lactate, acetate, 
proprionate, succinate, pyruvate, ethanol, 
sugars, etc.) for growth, with SO4

- being 
reduced to hydrogen sulphide (H2S) (Keith, 
et al., 1982, Parkes, et al., 1989, Muyzer & 

Stams, 2008). SRB are now found to play an 
important role in microbial enhanced oil 
recovery (MEOR) (Suarez-Suarez, et al., 
2011). For example, SRB could diminish oil 
viscosity, replenish the declining pressure of 
reservoir, and change heavy oil to light oil 
through yields of bio-generated acids, gas 
(H2S) and degradation of hydrocarbons 
(Aliphatic and Aromatic). However, SRB 
are also known as strongly harmful bacteria 
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To facilitate the commercial use of SRB in oil recovery application, SRB cells were 
prepared into freeze-dried forms. The efficiency of three cryoprotectants and the 
effects of different storage conditions were tested through both of SO4

- reduction 
and cell viability assays after rehydration in this study.Cells gradually lost their cell 
viability and bioactivity of SO4

- reduction over time after freeze-dried. After 1-3 
months storage, all three cryoprotectants pre-treated freeze-dried cells with 
different storage conditions (either 4ºC or 16ºC, either aerobic or anaerobic) were 
able to reduce SO4

- in bioassay as similar as their fresh and zero-time freeze-dried 
counterparts. However, after 4 and 5-month storage, aerobically 16ºC and 4ºC 
stored freeze-dried cells lost their stabilities in bioassay respectively, probably due 
to their extremely low cell viabilities.Both sucrose and molasses pre-treated freeze-
dried cells could reduce SO4

- stably in bioassay after 6-month anaerobically stored 
at either 16ºC or 4ºC. In contrast, PEG pre-treated counterparts had lost their 
stability in SO4

- reduction bioassay even stored under anaerobic condition. 
Rehydrated cells exhibited a higher SO4

- reduction rate and greater cell viability 
when they were stored at 4ºC under an anaerobic condition. 
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in the productive process of oilfields. They 
might cause serious problems in oilfield 
water systems, including corrosion of iron in 
anaerobic conditions (mainly by H2S) and 
reduction of the injectivity of water injection 
wells by precipitation of amorphous ferrous 
sulphide (FeS) (Cord-Ruwisch, et al., 1987).  
Freeze-dry technology could be used for 
preparation of SRB cells, to overcome 
drawbacksand facilitate commercial use of 
SBR in oil industry (shorten cultivation 
period, facilitate transportation and elongate 
shelf-life). To our knowledge, there is no 
report of freeze-dry technique applied on 
MEOR. However, the efficiency of the 
technique could be significantly affected by 
many factors. These factors include 
cryoprotectants (Jalali, et al., 2012), storage 
conditions (Nanasombat & Niracha, 2007), 
and types of microorganisms (Miyamoto-
Shinohara, et al., 2006), etc.  

In this research, the cell stability of SRB 
was studied within different types of 
cryoprotectants, storage temperatures and 
effects of oxygen during storage. To do this, 
both of cell viability and biochemical 
activity were tested. Cell viability was based 
on petri-dish plate count, while biochemical 
activity was measured by reduction of SO4

- 

(SO4
- S2-)(Sulaiman, et al., 2008).   

Three different cryoprotectants were used 
including polyethylene glycol [PEG], 
sucrose and molasses. PEG is a well-known 
cryoprotectant used in freeze-dried assays 
that has been reported as toxic and can 
reduce cell viability (Kuleshova, et al., 
1999, Gayle, et al., 2006).PEG acted as a 
control in this study. Sugars, such as sucrose 
and trehaloseare relatively non-toxic 
compared to PEG (Kuleshova, et al., 1999, 
Gayle, et al., 2006) and are reported to 
ensure good cell viability (Shin, et al., 
2005).Sugarcane molasses (sugar 48%, 
crude protein 3%, water 25%, others 24%) is 

a byproduct during manufacturing of sugar. 
Molasses was chosen based on its extremely 
low price and is able to use in a large-scale 
of industrial application later on, in contrast 
to the other two.   

Effect ofoxygen (aerobic and anaerobic) 
during storage wasalso tested. It has been 
reported that the oxidation of lipids might 
affect enzymatic activity of membrane 
proteins, thereby reducing cell viability 
during storage (Castro, et al., 1997). 
Furthermore, storage temperatures 
mightplay a role in cell viability. Generally, 
lower storage temperature shows better cell 
viability (Champagne, et al., 1996). Impact 
of two temperatures, 16 C (room 
temperature) and 4 C (refrigerator 
temperature)was evaluated because of that 
they could be easily achieved in industrial 
applications. The shelf-life (viability and 
biochemical activity) of freeze-dried cells 
was then tested at seven different periods (0, 
1, 2, 3, 4, 5, and 6 months).   

Materials and Methods 

Chemicals  

All reagents (media and buffers) used were 
prepared gravimetrically using a Sartorius 
A200S analytical balance, and made up to 
volume with room temperature sterile 
distilled water (dH2O). All chemicals used 
in this paper were reached the analytical 
standard. 

Isolation  

The SRB was isolated from pipe line of 
water injection well in Jilin Oilfield, China. 
The isolation wascarried out in Postgate 
medium C (sPGC)(Postgate, 1984). 
Themedium consists of the following: NaCl 
(0.12M), MgCl2·6H2O(5.9×10-3 M), 
KH2PO4 (3.6×10-3 M), NH4Cl (0.019 M), 
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Na2SO4 (0.032M), CaCl2·2H2O, (2.8×10-4 

M), MgSO4·7H2O (1.2×10-4 

M),FeSO4·7H2O (1.4×10-5 M), trisodium 
citrate (1.1×10-3 M), sodiumlactate (70% 
w/v, 0.077 M), yeast extract (1 g L-1) and 
agar(20 g L-1). The pH was finally adjusted 
to 7.2.  

The plates were incubated at 30 ºC for 14 
days under anaerobicconditions in a 3.5 L 
anaerobic jar (Traditional system; Oxoid 
Company) filled with carbon dioxide and 
hydrogenwhich was produced by using 
anaerogen sachets according to 
theinstructions of the manufacturer. 
Preparation and inoculation ofplates were 
carried out inside an environmental chamber 
whichcontained a mixture of gases 
(Nitrogen 87%, carbon dioxide 10%,and 
hydrogen 3%) in oxygen free 
environment.After incubating for a week, 
severalcolonies of SRB were observed. The 
different bacteria were isolatedand allowed 
to grow on separate plates and were found to 
be of thesame type.  

Microbial culture  

The cell culture was carried out in ATCC 
medium 1249 (Shao, et al., 2012). Cell 
culture was prepared by inoculatinga single 
colony from the agar plate into 80 mL of 
broth in a100mL headspace vial.The 
headspace vial was covered by septa, and 
subsequently sealed with aluminium cap by 
capping clamp. Preparation and inoculation 
were carried out inside an environmental 
chamber which contained a mixture of gases 
(Nitrogen 87%, carbon dioxide 10%,and 
hydrogen 3%) in oxygen free environment. 
Headspace vials were then grown 
anaerobically on an orbitalshaker (150 rpm) 
for 14 days and stored at 4°Cuntil required, 
but no longer than 8 h.  

Cells were harvested by centrifuge 
(Eppendorf5810R centrifuge) at 10,000×g 

for 5 min at room temperatureand then 
washed three times in Tris-HCl bufferAppl 
Microbiol BiotechnolAuthor's personal 
copy(0.1 M Tris-HCl pH7.9, 1 mM EDTA) 
by resuspensionof the pellet and 
centrifuging. The cell concentrationwas 
adjusted to an absorbance (A600 nm) near to 
25, and thecells were stored at 4 °C until 
required, typically less than30 min.  

Freeze-dried cells preparation  

Preparation by using PEG  

100 mL of 2.5 g/L PEG solution was 
preparedusing sterile distilled water (dH2O) 
and boiled for5 min. The PEG solution was 
cooled to room temperatureprior to mixing it 
with 50 mL of cells (with absorbance 
ofA600 nm near to 25). Once mixed, the 
solution was left tostand to ensure that the 
cryoprotective media had sufficienttime 
(approx 10 min) to thoroughly permeate the 
cells of thesuspension. After standing, 1.5 
mL of the mixture wasadded into each well 
of 24-well plates (Coasta3524) andstored 
overnight at 80 °C. The frozen cells were 
thenfreeze-dried for 24 h in a Labconco 
freeze drier.  

Preparation by using 12 % 
sucrose/molasses  

A 500 ml of 50%(weight/volume) 
sucrose/molasses stock solution 
wasprepared using dH2O and was sterilised 
by passing the solutionthrough a 0.22- m 
filter. The sucrose/molasses stock solution 
wasexposed to UV light for 5 min. 25mL of 
50%sucrose/molasses were mixed with 80 
mL ofcells (with absorbance of A600 nm 
near to 25). This solutionwas left to stand to 
ensure that the cryoprotective media 
hadsufficient time (approx 10 min) to 
permeate through the cellsuspension. After 
standing, 1.5 mL of the mixture was 
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addedinto each well of the 24-well plates 
(Coasta 3524) and storedovernight at 80 
°C. The frozen cells were then freeze-
driedfor 24 h in a Labconco freeze drier.  

Storage conditions  

Aerobic condition  

The freeze-dried cells (PEG/sucrose/ 
molasses) were stored in 50 mL glass 
bottles. The bottles were sealed withparafilm 
and packaged into a plastic bag containing 
desiccant,sealed with tape, and placed in two 
separate desiccatorsto exclude moisture, one 
of which was stored at 16 °Cand the other at 
4 °C.  

Anaerobic condition  

The freeze-dried cells (PEG/sucrose 
/molasses) were stored in 100 mL headspace 
vials. The headspace vials were covered by 
septa, and subsequently sealed with 
aluminium cap by capping clamp. The 
headspace vials were then packaged into a 
plastic bag containing desiccant, and placed 
in two separate desiccators to exclude 
moisture. Preparation was carried out inside 
an environmental chamber which contained 
a mixture of gases (Nitrogen 87%, carbon 
dioxide 10%, and hydrogen 3%) in oxygen 
free environment.One of desiccator was 
stored at 16 °C and the other at 4 °C.  

Freeze-dried cells rehydration  

Freeze-dried cells, 0.04 g, were rehydrated 
with400 L 0.05 M PO4/0.1 M KCl buffer in 
a 5mL screw captube, and shook at200 rpm 
and 37 °C for 24 h. Once rehydrated, the 
cells wereadjusted to A600 nm near to 25 
before use.  

Biochemical activity assay  

Phosphate buffer was eliminated by 

centrifuge at 10,000×g for 5 min at room 
temperature (phosphate will form precipitate 
with BaCl2 in later biochemical activity 
assay). Cells were then resuspended to A600 
nm near to 25 by Tris-HCl buffer.   

2 mL of 0.1 M Na2SO4 solution was mixed 
with 1 mL of cells in a 5 mL screwed cap 
tube, and incubated on an orbital shaker 
(150 rpm) for 48 hours at 37 °C. Removed 
cells by centrifugeat 10,000×g for 5 min at 
room temperature, and added 0.1 M of 
BaCl2 solution to supernatant to precipitate 
the remnant SO4

-. The precipitates were then 
dried in an oven at 50 °C for overnight to 
remove moisture. The dry stuffs were 
weightedgravimetrically using a Sartorius 
A200S analytical balance, and the consumed 
SO4

- was subsequently calculated by 
subtraction.   

Cell viability test  

Cell viability was evaluated based on a 
petri-dish plate count.All cells were 
harvested and adjusted to A600 nm near to 
25. 100 mL of cells with appropriate 
dilutionswas spread onto a Postgate medium 
C agar plate. The plates were incubated at 
30 ºC for 14 days under anaerobic 
conditions in a 3.5 L anaerobic jar 
(Traditional system; Oxoid Company) filled 
with carbon dioxide and hydrogen which 
was produced by using anaerogen sachets 
according to the instructions of the 
manufacturer.   

Preparation and inoculation of plates were 
carried out inside an environmental chamber 
which contained a mixture of gases 
(Nitrogen 87%, carbon dioxide 10%, and 
hydrogen 3%) in oxygen free environment. 
The cell viability wascalculated by the 
number of colony forming units(CFU)/mL 
from freeze-dried cells divided by the 
colonyforming units (CFU)/mL of their 
fresh counterparts. 
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Results and Discussion  

Fresh and zero-time freeze-dried cells  

SO4
- consumption assay was used as an 

index to indicate the enzymatic activity of 
SRB cells. Dissimilatory sulphate reductase 
(DSR) encoded by dsrAB gene is able to 
convert SO4

- to S2- through a series of 
biochemical reactions (Scholten, et al., 
2005). Based on this, both fresh cells and 
zero-time (rehydrated immediately after 
freeze-drying) freeze-dried cells were 
conducted as controls. Enzymatic activity of 
fresh cells was used to evaluate the 
efficiency of cryoprotectants during freeze-
drying and subsequent rehydration, while 
their zero-time freeze-dried counterparts 
were used to estimate the effects of different 
storage conditions.    

Reduction of SO4
- by fresh SRB cells was 

about 6.8 mg, which was no significantly 
different between PEG pre-treated freeze-
dried counterparts (Figure 1). However, both 
of sucrose and molasses pre-treated freeze-
dried cells showed a significantly higher 
enzymatic activity in contrast to their fresh 
counterparts. Of the two, sucrose pre-treated 
cells exhibited a higher SO4

- reduction rate 
(Figure 1).   

1-3 months stored freeze-dried cells  

After 1-3 months storage, each type of 
cryoprotectant pre-treated cells with 
different storage conditions (either 4 ºC or 
16 ºC, either aerobic or anaerobic) were able 
to reduce SO4

- in bioassay as similar as their 
fresh counterparts. However, all freeze-dried 
cells gradually lost their bioactivity of SO4

- 

reduction over storage time(Figure 2-4). 
After 3-month storage, all three 
cryoprotectants pre-treated cells showed a 
significantly lower SO4

- reduction rate, in 

contrast to their zero-time rehydrated cells 
(Figure 4).  
In regardless of cryoprotectants, SO4

- 

reduction rate of 4 ºC stored freeze-dried 
cells was higher than their 16 ºC stored 
counterparts at either aerobic or anaerobic 
storage conditions. At the same storage 
conditions (either 4 ºC or 16 ºC, either 
aerobic or anaerobic), both of sucrose and 
molasses pre-treated freeze-dried cells had a 
significantly higher SO4

- consumption rate 
than their PEG pre-treated counterparts 
(Figure 2). At the same storage temperature, 
cells stored underanaerobic condition 
showed a higher SO4

- reduction rate than 
their same cryoprotectant pre-treated 
aerobically stored counterparts (Figure 2-4).   

4-6 months stored freeze-dried cells  

However, after 4-month storage, 16 ºC 
aerobically stored freeze-dried cells had loss 
their stability in bioassay. The amount of 
reduced SO4

- was extremely low, which was 
recognized as a systematic error (Table 1). 
In contrast, 4 ºC aerobically stored freeze-
dried cells responded to SO4

- as similar as 
their 1-3 month freeze-dried counterparts.   

After 5-month storage, 4 ºC aerobically 
stored freeze-dried cells loss their stability in 
SO4

- reduction bioassay. In contrast, 
anaerobically stored freeze-dried cells at 
either 4 ºC or 16 ºC were still able to reduce 
SO4

-in bioassay, as similar as their 1-3 
monthstored counterparts.    

After 6-month anaerobic storage, 
sucrose/molasses pre-treated freeze-dried 
cells still responded to SO4

-, while PEG pre-
treated counterparts had lost their stability in 
SO4

- reduction bioassay (Table 3). At the 
same storage temperature, sucrose pre-
treated freeze-dried cells showed a higher 
SO4

- reduction rate than their molasses 
counterparts. In regardless of 
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cryoprotectants, cells stored at 4 ºC showed 
a higher SO4

- reduction rate than their 16 ºC 
stored counterparts (Table 3).    

Cell viability study  

In order to evaluate the effects of freeze-
drying and subsequent storage, the cell 
viability of freeze-dried SRB was calculated 
using plate counts during0-6 month storage, 
and compared to that of their freshly 
cultured counterparts, (Figure. 5).  

After zero-time rehydration, SRB cells pre-
treated by all three cryoprotectants (sucrose 
94.7% remained, molasses 92.9% remained 
and PEG 88.1% remained) showed a slightly 
decrease in cell viability compared with 
their fresh counterparts (Figure 5A). Of the 
three, both sucrose and molasses pre-treated 
cells showed higher cell viability after 
freeze-drying and subsequent storage. 
However, they lost their viability rapidly as 
stored aerobically after 3-month (Figure 5B-
E). Generally, sucrose and/or molasses pre-
treated freeze-dried cells could be stored 
anaerobically at either 16 ºC or 4 ºC for 
more than six months (Figure 5). In contrast, 
PEG pre-treated counterparts seemed to be 
more susceptible to storage after freeze-
drying. About 80% of their cell viability was 
rapidly lost after first two months storage 
(Figure 5F and G).   

In regardless of cryoprotectants, rehydrated 
cells showed significantly higher cell 
viability as stored anaerobically at either 16 
ºC or 4ºC, compared with their aerobically 
stored counterparts. Freeze-dried cells might 
lose their 90% viability as stored at aerobic 
condition longer than four months (Figure 
5). In addition, 4 ºC stored freeze-dried cells 
exhibited a better cell viability than that of 
their 16 ºC stored counterparts, under either 
aerobic or anaerobic conditions (Figure 5). 
Sucrose pre-treated freeze-dried cells 

showed the best cell viability (more than 
40% cell viability remained after six 
months) as stored anaerobically at 4 ºC, 
compared withall other freeze-dried 
counterparts (Figure 5).    

SRB have been reported to play an 
important role in MEOR by either bio-
degradation (variation in chemical 
composition of crude oils) and/or their bio-
products(diminish oil viscosity and replenish 
thedeclining pressure of reservoirthrough 
yields of bio-generated acids and biogas) 
(Suarez-Suarez, et al., 2011). However, SRB 
are also well known biohazards for 
petroleum industry (Cord-Ruwisch, et al., 
1987). Therefore, the bioactivity of SRB 
used for oil recovery must be under 
appropriate regulation. Furthermore, freshly 
cultured SRB might cause problems in 
commercial application, including long 
cultivation period, unsafety during 
transportation and short in shelf-life. To 
overcome those drawbacks thereby 
facilitating the commercial use of SRB in oil 
recovery application, SRB cells were 
prepared into freeze-dried forms. The 
efficiency of three cryoprotectants and the 
effects of different storage conditions were 
tested through both of SO4

- reduction and 
cell viability assays after rehydration in this 
study.   

By rehydration immediately after freeze-
dried, PEG pre-treated cells did not show a 
significant decrease in SO4

- reduction 
activity compared to fresh counterparts 
(Figure 1). The result indicate that 
cryoprotectant PEG could give an effective 
protection for frozen cells when undergoing 
freeze-dry process(Hubalek, 2003). In 
contrast, both sucrose and molasses pre-
treated cells exhibited a significantly higher 
SO4

- reduction rate, compared to fresh 
counterparts (Figure 1). Undoubtedly, sugars 
such as sucrose could give significantly 



Int.J.Curr.Microbiol.App.Sci (2014) 3(6) 659-670   

665

 
protection for cells from freeze-drying(Choi 
& Gu, 2003). Moreover, sugars are used 
sometimes as nutrients for improving 
cellular enzymatic activity (Pasco, et al., 
2008). In both SO4

- reduction and cell count 
assays, there was no significantly different 
result between sucrose and molasses pre-
treated cells (Figure 1 and 2). This result 
might indicate that molasses could be used 
as a cryoprotectant to protect cells from 
freeze-drying and showed a similar 
protective efficiency as sucrose.   

During subsequent storage, all three types of 
freeze-dried cells (stored under either 
aerobic or anaerobic conditions, at either 16 
ºC or 4 ºC) gradually lost their cell viability 
overtime (Figure 1-3). As the results, 
enzymatic activities of freeze-dried cells 
were lost in statistically significant levels 
after 3-month storage (Figure 4). Freeze-dry 
has been reported todamage cell membrane 
and change activity of enzymes (e.g. 
dehydrogenase) (Castro, et al., 1997, Jalali, 
et al., 2012). This might lead cells to be 
more susceptible to subsequent storage and 
rehydration.Clearly, all freeze-dried cells 
could be used stably in SO4

- reduction 
bioassay as their fresh and zero-time freeze-
dried counterparts before 3-month storage 
(Figure 4).   

After 4 and 5-month storage, aerobically 16 
ºC and 4 ºC stored freeze-dried cells lost 
their stabilities (Table 1 and 2) in bioassay 
respectively, probably due to their extremely 
low cell viabilities (Figure 5). It should be 
noticed that freeze-dried cells pre-treated by 
any of three cryoprotectants lost their cell 
viabilities rapidly as aerobically stored at 4 
ºC between 4 and 5 month (Figure 5). The 
reason is not clear. However, this might be 
caused by contamination of moistures 
during operation. A series of operating steps 
in rehydration of freeze-dried cells for 
subsequent bioassays might increase the risk 

of human errors. There was no significant 
difference in cell viability between sucrose 
and molasses pre-treated cells before 5-
month storage (Figure 5). After 6-month 
storage, both sucrose and molasses pre-
treated cells were still able to reduce SO4

- 

stably in bioassay as stored anaerobically at 
either 16 ºC and 4 ºC (Table 3).  

At the same storage condition, PEG pre-
treated cells exhibited a significantly lower 
SO4

- reduction rate due to the lowest cell 
viability at any tested storage period, in 
contrast to the other two cryoprotectants pre-
treated counterparts. Furthermore, PEG pre-
treated cells loss their cell viability fastest 
among three different types of freeze-dried 
cells. Shelf-life of PEG pre-treated cells 
could not last for 6-month in SO4

-reduction 
bioassay, even if they were stored under 
anaerobic condition (Table 3). PEG leads 
cells to loss their viability due to its toxicity 
(Gayle, et al., 2006). Sugars, such as glucose 
and sucrose are relatively non-toxic 
compared to PEG(Kuleshova, et al., 1999). 
Sugars are able to prevent membrane 
damage and maintain the structure of 
proteins (Benaroudj, et al., 2001).   

It has been reported that freeze-dried cells 
could be stored for significantly long periods 
under strict storage condition (e.g. -70 ºCand 
in vacuum) (Shin, et al., 2005, Miyamoto-
Shinohara, et al., 2006). However, for 
facilitating to apply on oil industry, two 
readily accessible temperature 16 ºC (room 
temperature) and 4 ºC (refrigerator 
temperature) were chosen for this study. In 
regardless of cryoprotectants and oxygen, 
freeze-dried cells stored at 4 ºC had a 
significantly higher SO4

- reduction rate and 
cell viability, compared to their 16 ºC stored 
counterparts. This is similar to the result of a 
previous study. Freeze-dried cells lost their 
cell viability faster at higher storage 
temperature (Champagne, et al., 1996).  
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Table.1 Amount of SO4

- reduced by 4-month stored freeze-dried cells.  

SO4
- reduction (Mean±SE) (mg) 

Aerobic Anaerobic 
Types of freeze-dried cells 

16 ºC 4 ºC 16 ºC 4 ºC 
Sucrose  0. 3±0.2a 4.2±0.4 5.0±0.4 5.9±0.3 

Molasses  0. 7±0.2a 2.9±0.3 3.8±0.3 4.7±0.5 
PEG  0. 6±0.4a 1.7±0.4 2.8±0.2 3.4±0.4 

aThe value is regarded as a systematic error, which represents loss of stability in SO4
- reduction bioassay 

of related freeze-dried cells. 
Table.2 Amount of SO4

- reduced by 5-month stored freeze-dried cells.  

SO4
- reduction (Mean±SE) (mg) 

Aerobic Anaerobic 
Types of freeze-dried cells 

4 ºC 16 ºC 4 ºC 
Sucrose  0.6±0.1a 3.9±0.3 4.6±0.3 
Molasses  0.4±0.1a 3.2±0.2 3.8±0.3 

PEG  0.4±0.2a 2.1±0.3 2.6±0.4 
aThe value is regarded as a systematic error, which represents loss of stability in SO4

- reduction bioassay 
of related freeze-dried cells.  

Table.3 Amount of SO4
- reduced by 6-month anaerobically stored freeze-dried cells.  

SO4
- reduction (Mean±SE) (mg) Types of freeze-dried cells 

16 ºC 4 ºC 
Sucrose  3.2±0.4 3.8±0.3 
Molasses  2.3±0.4 3.2±0.3 

PEG  0.4±0.1a 0.3±0.2a 

aThe value is regarded as a systematic error, which represents loss of stability in SO4
- reduction bioassay 

of related freeze-dried cells.  

Figure.1 SO4
- reduction of fresh cells and their zero-time freeze-dried counterparts. Freeze-dried 

SRB cells were pre-treated with three cryoprotectants. The name of different cryoprotectants is 
given below the corresponding data bar. *: significantly different from fresh cell assay. The 
number of stars (*) indicates the significance level. *: P<0.05; **: P<0.01; ***: P<0.005. The 
significant difference was determined in paired test. n=4, error bars are standard error. 
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Figure.2 Comparison of enzymatic activity of different cryoprotectant pre-treated 1-month 
stored freeze-dried cells. The name of different cryoprotectants is given below the corresponding 
data bar. *: significantly different from zero-time freeze-dried cell assays. The significant 
difference was determined in paired test. n=4, error bars are standard error.  

   

Figure.4 Comparison of enzymatic activity of different cryoprotectant pre-treated 3-month 
stored freeze-dried cells.The name of different cryoprotectants is given below the corresponding 
data bar.*: significantly different from zero-time freeze-dried cell assays.The number of stars (*) 
indicates the significance level. *: P<0.05; **: P<0.01; ***: P<0.005; ****: P<0.001.The 
significant difference was determined in paired test. n=4, error bars are standard error.  
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Figure.5 Cell viability of different freeze-dried SRB cells.Cells were pre-treated with three 
cryoprotectants after storage at six different time periods (0-6 months), at either 16 C or 4 C 
under either aerobic or anaerobic condition. *: significantly different from either fresh 
counterparts (A) or aerobically stored counterparts (B-G).The number of stars (*) indicates the 
significance level. *: P<0.05; **: P<0.01; ***: P<0.005; ****: P<0.001. The significant 
difference was determined in paired test. n=3, error bars are standard error.   
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Shelf-life (in SO4

- reduction bioassay) of 4 
ºC aerobically stored cellsis one more 
month longer than that of their 16 ºC 
stored counterparts (Table1 and 2).  
Oxygen plays a role in causing a loss of 
cell viability during freeze-dried storage 
(Castro, et al., 1997). Furthermore, most 
of SRB are susceptible to oxygen 
(Brioukhanov, et al., 2010). Therefore, 
effect of oxygen during storage was also 
tested in this research. In regardless of 
cryoprotectants and storage temperature, 
freeze-dried cells exhibited longer shelf-
life in bioassay due to their greater cell 
viability when stored in absence of 
oxygen, in contrast to their aerobically 
stored counterparts (Table 2). 
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