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1.Introduction

Sulfate-reducing bacteria (SRB) are widely distributed in the oil extraction
facilities (Barton and Fauque, 2009). The activities of SRB in the reservoir produce a
quantity of by-product hydrogen sulfide (H2S), which can increase formation pressure,
dissolve carbonate layers, promote the release of crude oil and increase the
permeability of the formation (Gibson, 2010). Moderate concentrations of SRB strains
can also degrade heavy fractions in petroleum and improve the fluidity and recovery
of crude oil (Cord-Ruwisch et al., 1987). However, excessive concentrations of SRB
may cause multiple problems, including metal corrosion, plugging of pumping wells,
contamination of crude oil, and souring of oil reservoirs (Gerard and Stams, 2008;
Javaherdashti, 2011). Furthermore, the product of SRB, HzS, is a toxic gas, which is
harmful to the safety and health of oilfield employees (Myhr et al., 2002). In the oil
and gas industry, the loss caused by SRB is estimated to be hundreds of millions of
dollars annually in the USA (Beech and Sunner, 2007) (excluding costs of lost
revenues and necessary remediation treatments). Due to these economic losses and
threat to human health, SRB needs to be strictly controlled during oil production.

Currently, several methods are used to control of SRB during oil production,
including physical sterilization, chemical sterilization, and bio-competitive exclusion
technology. Physical sterilization equipment is expensive to operate and maintain and
are ineffective for SRB biofilms, failing to achieve the desired effects (Kaur et al.,
2009). Chemical sterilization usually requires the addition of chemical fungicides to
inhibit the reproduction of SRB in the petroleum industry. This is simple and effective,
but long-term use of chemical fungicides may lead to bacterial resistance and
fungicides residues in the environment (Cusack et al., 1988). Additionally, some

chemical fungicides can cause corrosion to pipelines and may also pose a threat to the
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environment (Javaherdashti, 2011).

Bio-competitive exclusion, utilizing the competition and cooperation among
microorganisms, can control SRB economically and is environmentally friendly
(Rongjun et al., 2004; Zhao et al., 2016). Previous studies have reported competition
and cooperation between SRB and other microbes in a variety of environments
(Gerard and Stams, 2008; Gibson, 2010; Kaster et al., 2007). In laboratory simulation
experiments, as sulfate reduction and biomass of SRB increase, methane yield and
biomass of methanogenic bacteria (MGB) gradually decrease, indicating an effective
inhibition of MGB by SRB (Chou et al., 2008). MGB has the advantage of competing
with SRB under a particular condition, namely, when the ratio of electron donor to
sulfate is high or sulfide is formed (Dar et al., 2008). Competitive interactions in
anaerobic environments with a low redox potential are also observed between SRB
and zymophyte bacteria (ZPB), proton-reducing acetogenic bacteria, and
homoacetogens (Gerard and Stams, 2008). Furthermore, SRB and green sulphur
bacteria form a co-culture in the presence of sulfides in a marine coastal environment
(Gibson, 2010). A symbiotic relationship between SRB and sulfur oxidizing bacteria
was found to promote the circulation of sulfur in a littoral salt marsh wetland
ecosystem (Lee et al., 1999).

A large number of functional microorganisms, including MGB, saprophytic
bacteria (SPB), iron bacteria (IB), and ZPB, co-habit and coexist with SRB in oilfield
systems (Wei et al., 2010; Tuccar et al., 2019), and may have beneficial impacts on oil
production, but probably cause detrimental effects of corrosion and blockage of
pipelines (Eduok et al., 2019; Varjani and Gnansounou, 2017). The presence of these
bacterial groups in oilfields may alter SRB activity in different ways (Tuccar et al.,

2019). However, there is little information available about the competition and
3
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cooperation between SRB and other functional microorganisms during oil production.
In addition, temperature, pH, ammonia, oxidation reduction potential, dissolved
oxygen, and total phosphorus are important environmental variables affecting the
activity of microbial organisms, including SRB (Ahmadun et al., 2009), denitrifying
bacteria (DNB) (Kuba et al., 1996), and MGB (Liu and Whitman, 2008). However,
the response of SRB to the environmental variables of an oilfield remain largely
unexplored.

In our study, we continuously monitored the dynamics of SRB, MGB, DNB,
SPB, IB, and ZPB, as well as seventeen environmental variables (including
temperature, pH, nitrogen-containing compounds, oxidation reduction potential,
dissolved oxygen, total phosphorus) of produced water in the oilfield production wells
located in the Shengli oilfield region of China, from 2017 to 2018. We then analysed
the response of SRB to oilfield environmental variables and the synergy or
competitive relationship between SRB and other oilfield functional microorganisms,
to provide insights to our understanding of SRB activities and provide important
information and new strategies for in-situ SRB bio-competitive inhibition during oil
production.

2 Materials and Methods
2.1 Sampling of produced water

Oilfield produced water (PW) was sampled from eight oil producing wells (A -
J) in the Shengli oilfield region, located in Hekou district, Dongying city of Shandong
Province, China. These oil wells are distributed in four areas (Chengdong (A,
118.643°E 38.037°N; B, 118.643°E 38.033°N; H, 118.643°E 38.039°N), Bonan (C,
118.592°E 37.898°N; D, 118.590°E 37.896°N; I, 118.592°E 37.891°N), Da-81 (F,

118.458°E 37.924°N) and Zhan-3 (J, 118.379°E 37.873°N)) of the Shengli oilfield
4
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(Fig. 1). The PW samples were collected in sterilized 500 mL serum bottles sealed
with a rubber cork and an aluminium cap to minimise external microbial
contamination. The samples were immediately transported to the laboratory on ice
under aseptic storage conditions, and then stored at 4°C before analysis.

2.2 Microbiological analyses

Microbial concentrations of SRB and five other functional microorganisms (SPB,
IB, DNB, ZPB, and MGB) were determined by the most-probable-number (MPN)
analysis. Briefly, 1 mL of serial 10-fold diluted samples were inoculated in a sterile
culture medium using disposable sterilized syringes for each MPN analysis. Different
culture media were implemented for the six microorganisms.

Commercial bacterial test bottles (manufactured according to an industrial
standard: examination of bacteria and algae in industrial circulating cooling water
developed by the Standardization Administration of the People’s Republic of China
(GB/T 14643, 2009)) were purchased from China National Petroleum Corporation
and used as the culture medium for SRB, SPB, and IB in this study. The culture
medium for DNB contained 2.0 g/ KNOs, 5.0 g/L Na3Ce¢HsO7¢2H20, 0.5 g/L
KH2PO4, 1.0 g/LL KoHPO4, and 0.2 g/ MgSO4¢7H20, pH was then adjusted to 7.2
and autoclaved at 1.1 atm for 20 min (Gevertz et al., 2000). The culture medium for
ZPB contained 4 g/L peptone, 10.0 g/L glucose, 2.0 g/L NaSOs4, 1.0 g/L
MgS04+7H20, and 50.0 mg/L (NHa4)2Fe(SO4)226H20, pH was adjusted to 7.0 with 5%
NaHCOs3, and then autoclaved at 0.5 atm for 15 min. The culture medium for MGB
was prepared according to the composition described in Table 1. First, a mixture of
KH2PO4(0.75 g/L), Ko2HPO4(1.45 g/L), NH4Cl (0.9 g/L), MgCl2(0.2 g/L), and NaCl
(1 g/L) were prepared and autoclaved at 1.1 atm for 20 min. Membrane-sterilized

trace elements and vitamins and ultraviolet-sterilized yeast extract (0.75 g) and
5
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FeSO4¢7H20 (0.2 g) were then added to the cool sterile mixture. Third, 5% NaHCO3
was used to adjust the pH of the culture mixture to 7.2. Last, Na2S<9H20 (5%) were
added as a reducing agents to create an anaerobic environment for MGB culture and
Resazurin (0.001 g-L') was added as a redox indicator. The inoculated cultures were

incubated at 35°C in an incubator for one week. Microbial content of these

microorganisms was then determined. There were three replicates (n=3) for all
samples.
2.3 Measurement of water quality variables

Seventeen water quality variabilities (temperature (T), pH, dissolved oxygen
(DO), total dissolved solids (TDS), oxidation reduction potential (ORP), conductivity,
biochemical oxygen demand (BODs), ammonia nitrogen (NH4"), nitrite nitrogen
(NO2), nitrate nitrogen (NO3"), total phosphorus (TP), sulfate (SO4%), salinity (Sa),
turbidity, chroma (Ch), mixed liquid suspended solids (MLSS), chemical oxygen
demand (CODcr)) of the PW samples were analysed. Temperature was measured
in-situ using a mercury thermometer, and pH, DO, TDS, ORP, and conductivity were
measured in-situ using a HACH HQ30d spectrophotometer. NH4", NO2", NO3", SO4*,
TP, Sc, Sa, turbidity, Ch, and CODcr were determined using the methods for the
wastewater quality analysis using a HACH DR2800 spectrophotometer (Sapkota et al.,
2018). The HACH HQ30d spectrophotometer was routinely and carefully cleaned
using sterilized ultra-pure water before each measurement. BODs of PW was analysed
based on dissolved oxygen changes across five days using a HACH HQ30d dissolved
oxygen meter (Sapkota et al., 2018). MLSS concentration of the PW was analysed
following a standard analytical method, as described by Martinpascual et al. (2015).

2.4. Statistical analyses
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Statistical analyses were performed by SPSS 16.0 software. A one-way ANOVA
analysis with Tukey’s test was applied to analyse water quality and microbe
differences between the PW samples, with a significance difference of p<0.05 for all
comparisons. Data were expressed as the mean + standard deviation. Species and
concentration of microorganisms in the PW samples were compared based on a
principal coordinate analysis (PCA) to investigate the cooperation and competition
associations among the studied microorganisms, using Canoco5.

3. Results and discussion
3.1 Environmental quality of Produced water

Yearly means of seventeen water quality indices of the oilfield produced water
(PW) samples from the studied oil wells are shown in Table 2. The results showed
that NH4", CODcr, BODs, TP, SO4**, DO, and MLSS concentrations, and T,
Conductivity, Ch and Turbidity differed significantly among different wells. Annual
average oilwell temperature fluctuated between 58.37 and 80.57°C, which is higher
than that of Daqing Oilfield, China (38.7~39.2°C) (Zhang et al., 2020) and a Southern
Algerian oilfield (35~50°C) (Gana et al., 2011). Little difference in temperature was
found for the same oilwell throughout the year. The annual average concentrations of
NH4*, CODcr, BODs, DO, and MLSS concentrations differed significantly, ranging
from 4.52 to 41.06, from 216.85 to 1014.1, from 1.84 to 4.81, from 4.79 to 8.83, and
from 61.78 to 252.04 mg-L™! for PW samples, respectively. The MLSS concentrations
were similar with that in the oilwells (88.5~139.8 mg-L!) of Dagqing Oilfield, China
(Zhang et al., 2020). High TP and SO4*" concentrations were observed in some
oilwells whereas others contained no detectable TP or SO4**. The SO+
concentrations (29.47~87.21 mg-L'') was much higher than that in the oilwells

(3.0~3.4 mg-L") of Daging Oilfield, China (Zhang et al., 2020). The average Ch and
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turbidity of PW samples from the sampled oilwells were 16.06~688.26 and
3.26~57.29, respectively. However, no significant differences were found for NOs,
NO2, pH, Sa, TDS, and ORP in the tested water quality parameters among the
sampled wells. Stable pH (8.18~8.71) was observed for the produced water in this
study, lower than that in the oilwells of Daqing Oilfield, China (10.87) (Zhang et al.,
2020), but the pH was significantly higher than a Southern Algerian oilfield
(6.90~7.00) (Gana et al., 2011).

Our water quality values for NH4", CODcr, TP, and MLSS exceeded the effluent
levels for the petroleum refining industry developed by the Standardization
Administration of the People's Republic of China (GB 31570, 2015) by 2.2~2.7-,
2.1~10.1-, 2.2~4.4- and 1.2~2.5-fold, respectively. COD, TP, SS of the effluent met
the third grade discharge standard, and NH4" and Ch met the first and second grade
discharge standard, respectively, according to the Integrated wastewater discharge
standard developed by the Standardization Administration of the People's Republic of
China (GB 8978, 1996), However, BODs and pH of all the PW samples did not
exceed the Integrated wastewater discharge standard.

Nitrogen-containing compounds of PW samples showed significant monthly
variations (Figs. 2 — 4). The monthly NH4" concentration of PW samples from these
wells varied from 0.37 to 72.73 mg-L'. The NH4" pollution of PW might have been
derived from the oilfield injection water. The concentration of NHs" was the lowest in
December for all sampling wells. The variation of NHa" concentration in oilwell A, B,
H and I (0.37~11.80 mg-L™") was lower than the remaining oilwells (2.77~72.73
mg-L7) (Fig. 2). The monthly average concentration of NO2 and NO3 was lower than
that of NH4", with an average concentration of 0.02 and 1.42 mg-L™'. Except oilwell H,

the NO2™ concentration was always low in January compared to other months. The
8
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NOs" concentration was the lowest, but the NH4" concentration was relatively higher,
in March and April for all wells, probably due to weak nitrification by nitrifying
bacteria and strong denitrification by denitrifying bacteria under the anoxic conditions
of oilwells. Nitrifying bacteria are aerobic bacteria which do not thrive in the
anaerobic environment experienced during oilfield production (Ahmadun et al.,
2009).
3.2 Dynamic changes of the microbial quantity in produced water

The microbial concentration from different sampling wells varied widely across
microbial species. The concentration of SRB and IB was significantly lower than that
of other microorganisms, followed by DNB and MGB. The highest concentration was
observed for SPB and ZPB. The concentration of these microorganisms changed
significantly with sampling time and demonstrated a similar trend over time for the
same microorganisms. For example, the concentration of SRB at each point was
highest in April, while the concentration of DNB was highest in March and May. This
phenomenon indicates that the concentration of these functional microorganisms
changed frequently in the oilfield.
SRB and DNB

Dynamic changes in concentrations of SRB and DNB are shown in Fig. 5 and
Fig. S1. The average concentration of SRB at different sampling points ranged from
2.57 to 126.3 cells-mL"!, among which the SRB concentration at point B was the
lowest, and at Point J was the highest. Except for few months, the concentration of
SRB was always lower than 30 cells'-mL" all year. The peak concentration of SRB
was always much higher at one of these months for all sampling sites. Thus, SRB
reached a maximum concentration in Bonan, Da-81, and Zhan-3 during April,

indicating that SRB may respond to a range of environmental variables in these
9
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months. The concentration of SRB of the Shengli Oilfield in this study was slightly
lower than reported in the Daqing Oilfield (641~897 cells'mL") (Zhang et al., 2020).

The average concentration of DNB varied greatly among different sampling
points, fluctuating from a low concentration of 75.4 cells'mL™! to a high of 21222.4
cells-mL!. The concentration of DNB changed gradually and was maximal in March
for wells A and H of Chengdong, but in May for wells C, D, I, and J of Bonan and
Zhan-3, respectively, similar to SRB, and differing by several orders of magnitude
between adjacent months. These unusual changes indicated that the concentration of
DNB might have been affected by other environmental variables, including NO3™ and
NOz" contents during oilfield production (Rivett et al., 2008). In general, there was
less change for the endogenous nitrogen concentration in the oilfield environment
(Van Hamme et al., 2003). However, the injected water during oilfield production
might bring exogenous nitrogen contamination (Gieg et al., 2011), because the
commonly used injected seawater in Shengli Oilfield has suffered from nitrogen
contamination due to local aquaculture sewage discharge (Penuelas et al., 2013).
MGB and SPB

The changes in concentrations of MGB and SPB are shown in Figs. S2 and S3.
The concentration of MGB and SPB varied greatly among different sampling wells.
The average concentration of MGB ranged between 0.57~42857 cells-mL!. However,
the concentration of SPB was high (10192~84835.5 cells'mL) in most sampling
wells. In comparison, the average concentrations of SPB in wells A, B, and J were
relatively lower. The concentration of MGB was the lowest in well A, but the highest
in the wells D and I (a maximum concentration of 90000 cells-mL™"). Variations in
concentration of MGB and SPB were time-dependent and differed significantly over

time. The peak concentration of MGB occurred in November and January at wells B,
10
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H, and J of Chengdong and Zhan-3 areas, but occurred in December and March at
wells C and D of the Bonan area. Similar phenomena were also found in SPB. The
concentration of SPB exhibited a large increase in December in wells A, B, F and H
of Chengdong and Da-8 areas but was maximal in April in wells C and D of the
Bonan area. These results showed similar trends over time for oil wells of the same
region, which might be due to the similarity of the environmental conditions. Previous
investigations of microbial functional genes has indicated that the concentration of
MGB increased with oil contamination (Yang et al., 2018). For the same oil well, the
peak MGB concentration was much higher than that in the remaining months,
indicating that the oilfield had undergone large changes in this month, resulting in a
significant impact on the concentration of MGB.
IB and ZPB

The changes in concentrations of IB and ZPB are shown in Figs. S4, S5. The
concentration of IB was significantly lower than that of other microorganisms, which
was much lower than previously reported in the Daqing Oilfield (Zhang et al., 2020).
Excluding four sampling wells (A, B, D, and I) with the highest concentrations, the
average concentration of IB was usually below 50 cells-mL™!, significantly lower than
the average concentration of other microorganisms. At sampling wells A, B, D, and 1,
the peak IB concentration was much higher than the concentration during the
remaining months, which might be affected by the changes of environmental variables.
In contrast, the concentration of ZPB was the highest among all microorganisms, and
the average concentration ranged from 83,762 to 366,891 cells-mL"'. The
concentration of ZPB also changed significantly with time, with a low concentration
in January in all sampling wells, possibly resulting from the large change to low

temperatures in this month.
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3.3 Competition and cooperation between the oilfield microorganisms

The utilization of the bio-competitive exclusion technique mainly considers the
use of microorganisms that are metabolically similar to SRB, and then controls SRB
through competitive exclusion between microorganisms. Such an approach is
economical and environmentally friendly (Gieg et al., 2011). The effects of
bio-competitive exclusion technology have been reported in many simulation tests
(Hubert and Voordouw, 2007; Bodtker et al., 2008), including industrial applications.
For example, previous studies have demonstrated that DNB and SRB compete for
available carbon nutrients (Garcia de Lomas et al., 2006; Zhao et al., 2016), which
inhibits SRB growth and prevents the production of H2S. However, there is little
information available about competitive and cooperative interactions between SRB
and other functional microorganisms during oilfield production.

In this study, a PCA analysis was applied to elucidate the competition and
cooperation correlations among oilfield microbial communities, including SRB, DNB,
SPB, MGB, ZPB, and IB (Fig. 6). The PCA results demonstrated that samples from
different sites, but collected in the same months, exhibited a clear aggregation (for
example, samples in April and June were concentrated in the first and second
quadrant, samples in January were focused in the second and third quadrant, while
samples collected in March were clustered in the third quadrant). This phenomenon,
that the microbial concentrations and structure of the PW samples from different
sampling sites were similar in the same sampling month, demonstrated that sampling
time was an important factor affecting the microbial dynamics of these
microorganisms in the Shengli oilfield region. SRB and SPB were the dominant
microbes in April and June (Fig. 6), consistent with the results of the average

concentration of SRB in Fig. 5. However, MGB, ZPB, and DNB were the dominant
12
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microbes in colder months, including November, January, and March. These obtained
results demonstrated that the oilfield environment in April and June is most suitable
for the growth of SRB and SPB. In contrast, the oilfield environment in November,
January, and March, is most suitable for the growth of MGB, ZPB, and DNB.

The PCA results also demonstrated cooperation correlations among the
microorganisms examined. A positive association for SRB with SPB and IB indicated
a cooperation correlation between them, probably because the activity of SPB and 1B
in the oilfield created favourable growing conditions for SRB (Van Hamme et al.,
2003). In an oilfield system, SPB refers to the sum of various aerobic heterotrophic
bacteria which produce a large amount of viscous substances, leading to an increase
of the viscosity and a reduction of oxygen of the PW, and thus creating a local
anaerobic environment suitable for SRB growth. IB forms iron hydroxide precipitates
during metabolism, and its colonies and products can inhibit the formation of a local
anaerobic environment conducive to SRB growth (Barton and Fauque, 2009). Similar
cooperation phenomenon between SRB and IB was also identified in the heap
bioleaching residues (Phyo et al., 2020). A similar cooperation association was found
for ZPB, MGB, and DNB, mainly because of the important role of ZPB. In the
oilfield system, ZPB is widely distributed in the anaerobic zone of the formation and
produces a mass of active products, including organic acids, carbon dioxide, and
hydrogen (Staff, 1998), which are the reaction substrates of MGB and DNB (Ferry,
2010).

A competition correlation was also observed for SRB with other microorganisms.
A significant negative correlation was found for SRB, especially with ZPB, followed
by MGB and DNB in the PCA analysis. The species composition and abundance of

SRB were frequently reported to be significantly changed by the presence of DNB in
13
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oilfield production water (Zhang et al., 2014; Zhao et al., 2016). Previous studies have
reported that MGB and DNB share and compete for electron acceptors (including
acetic acid, propionic acid and butyric acid, and hydrogen) with SRB, which might
result in their competitive correlation (Garcia de Lomas et al., 2006; Gerard and
Stams, 2008). ZPB can produce a series of active products and reaction substrates for
SRB (Barton and Fauque, 2009), which may result in a positive correlation with SRB.
However, there was a strong negative correlation between ZPB and SRB, probably
resulting from the great promotion of MGB and DNB growth facilitated by ZPB.

In an oilfield system, the possibility of sulfate reduction under conditions of
electron donor saturation is not excluded. This is the case when nitrate and nitrite are
consumed in near-well environments, or in the microenvironment within the reservoir
matrix, so that SRB can still be active in the deeper reservoir (Voordouw et al., 2009).
Therefore, to ensure the inhibition of SRB activity, saturated nitrate must be added to
the injection fluids (Engelbrektson et al., 2014), which is not feasible during
petroleum production.

3.4 Microbial Response to the oilfield environmental variables

The correlation coefficients between the functional microorganisms and the
water variables examined were calculated to investigate microbial responses to
oilfield variables (Table 3). The results indicated that these functional microorganisms
mainly responded to water quality indicators, including NOs-, NH4", TP, TDS, T,
ORP, conductivity, and turbidity.

SRB was significantly and negatively correlated with NO3™ and ORP in all the
collected samples, consistent with previous studies under laboratory anaerobic
conditions (Fan et al., 2020; Zhang et al., 2014). However, there were no correlations

with other environmental indicators. In our study, redox potential had a stronger
14
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inhibitory effect on SRB (P<0.01) than NOs™ (P<0.05). SRB is a strict anaerobic
bacterium which cannot survive in an environment with a high oxygen content (Tate,
1985), and high NOs™ content is not beneficial for the growth of SRB (Garcia de
Lomas et al., 2006), consistent with our results.

Correlation results demonstrated that DNB was positively correlated with TP
(P<0.01), which might be primarily affected by the high concentration of denitrifying
phosphorus-removing bacteria (DPB) in the oilfield (Kuba et al., 1996). DPB is one
kind of the DNB which can ingest stored polyphosphate in cells and releases the
phosphorus in the form of soluble phosphate when growth conditions are
unfavourable (Kuba et al., 1996). Limited availability of P was previously reported to
be responsible for the decreased bacterial growth and activities in highly
contaminated oilfield soils (Qian et al., 2014). No significant correlation was observed
between DNB and NOs, which may be due to the complexity of the oilfield
environment, so that the concentration of DNB was greatly influenced by other
environmental variables.

MGB and SPB in all samples were clearly affected by many oilfield
environmental variables. MGB concentrations were significantly and positively
correlated with NH4', TP and TDS (P<0.05), and SPB was significantly and
positively correlated with TDS (P<0.05), T (P<0.05), and turbidity (P<0.001) (Table
3). MGB was mostly influenced by TDS, followed by TP and NH4+". MGB and SPB
are heterotrophic bacteria in oilfields which require and consume a large amount of
nutrients during growth. Previous investigations have shown that TDS content is an
indicator of dissolved ions, organic and inorganic compounds, and turbidity is an
indicator of suspended matters, including organic matter and microorganisms. A high

concentration of these variables indicate that the samples contain a large amount of
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important nutrients required for microbial growth. Total phosphorus and NHa4",
exhibited positive correlations with MGB and SPB, which are essential elements for
their growth (Liu and Whitman, 2008), resulting in the positive relationship of MGB
and SPB with these environmental variables. pH is a sensitive influencer of SRB and
MGB activities in laboratory anaerobic conditions (Gutierrez et al., 2009), whereas no
significant effect was observed in this study, which might be attributed to small
changes in pH of oilfield produced waters among these oilwells.

ZPB in all samples was significantly and negatively correlated with ORP
(P<0.001) and TDS (P<0.01). The anaerobic environment, with lower ORP, is
beneficial for the growth of ZPB in the environment, as reported in many studies
(Wang et al.,, 2012). TDS concentration is an indicator of soluble organic
hydrocarbons, including phenols, benzene, and organic acids, and therein high
concentration of organic acids could substantially inhibit the fermentation of ZPB
(Wang et al., 2012). The negative correlation between ZPB and TDS might be
attributed to the high organic acids content in the oilfield PW samples. Conductivity is
a measure of the concentration of soluble ions in the PW, which are nutrients required
for the growth of ZPB, so that a positively correlation of ZPB with conductivity
(P<0.05) was observed in our study.

A negative correlation was observed for SRB with DNB, MGB, and ZPB,
whereas a positive correlation was found for SRB with SPB and IB. The increased
NOs™ concentrations and ORP directly inhibited SRB growth. A high concentration of
TP and NH4" are suggested to inhibit and control SRB through the promotion of
growth of DNB and MGB. However, low TDS content, turbidity, and temperature and
high conductivity were recommended for the prevention and control of SRB through

the promotion of ZPB growth and inhibition of SPB growth.
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4. Conclusions

(1) Functional microorganisms in oilfield production water (PW), including SRB,
DNB, MGB, SPB, and ZPB, presented strong responses to a wide range of oilfield
environmental conditions. The increase of NO3 concentrations and ORP directly
inhibited SRB growth. High TDS concentrations and ORP, and low conductivity
inhibited the growth of ZPB. However, TP promoted the growth of DNB. An increase
of NH4', TP, and TDS promoted the growth of MGB while higher T, TDS, and
turbidity concentrations promoted the growth of SPB.

(2) The functional microorganisms examined here presented significant
cooperative and competitive relationships with SRB in the oilfield produced water. A
competitive relationship was observed for SRB with DNB, MGB, and ZPB, whereas a
cooperative relationship was found for SRB with SPB and IB.

(3) During oilfield production, DNB exhibited a symbiotic relationship with SPB
and ZPB, while SPB exhibited a competitive inhibition relationship with MGB.

(4) Higher concentrations of TP and NH4' are suggested to facilitate the
prevention and control of SRB through the promotion of the growth of DNB and
MGB. However, low TDS content, turbidity, and temperature, and high conductivity
were recommended for the prevention and control of SRB through the promotion of
ZPB growth and inhibition of SPB growth.

5. Acknowledgments

This study was supported by the National Natural Science Foundation of China
[Grant No. 41472124]; PetroChina Innovation Foundation [Grant No.
2015D-5006-0210, NO. 2016D-5007-0702]; and the Yangtze Talents Fund
[2020-2023].

6. Compliance with Ethical Standards
17



413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

The authors declare that we have no conflicts of interest. The manuscript is
approved by all authors and has not been submitted to more than one journal for
simultaneous consideration. This manuscript has not been previously published. The
submitted work has not received any financial support from any third party, and there
is no financial relationship with any entities. All of the financial organizations
associated with this work have been disclosed. There is no patent, planned, pending or

issued, broadly relevant to the submitted work.

References

Ahmadun, F.R., Pendashteh, A., Abdullah L.C.,2009. Review of technologies for oil
and gas produced water treatment. J. Hazard. Mater. 170, 530-551.
https://doi.org/10.1016/j.jhazmat.2009.05.044.

Barton, L.L., Fauque, G.D., 2009. Biochemistry, physiology and biotechnology of
sulfate-reducing bacteria. Adv. Appl. Microbiol. 68, 41-98. https://doi.org/
10.1016/S0065-2164(09)01202-7.

Bodtker, G., Thorstenson, T., Lillebo, B.L.P., Bente, E.T., Rikke, H.U., Egil, S., Terje,
T., 2008. The effect of long-term nitrate treatment on SRB activity, corrosion rate and
bacterial community composition in offshore water injection systems. J. Ind.
Microbiol. Biot. 35, 1625-1636. https://doi.org/10.1007/s10295-008-0406-x.

Chou, H.H., Huang, J.S., Chen, W.G., Ohara, R., 2008. Competitive reaction kinetics
of sulfate-reducing bacteria and methanogenic bacteria in anaerobic filters.
Bioresource Technol. 99, 8061-8067. https://doi.org/10.1016/j.biortech.2008.03.044.
Cord-Ruwisch, R., Kleinitz, W., Widdel, and F., 1987. Sulfate-reducing Bacteria and
Their Activities in Oil Production. J Petrol Technol. 1, 97-106. https://doi.org/

10.2118/13554-PA.
18



438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

Cusack, F., Lappin-Scott, H.M., Costerton, J.W., 1988. Effects of biocide treatment
and backflow pressure on the permeability of microbially fouled model cores. J. Ind.
Microbiol. 2, 329-335. https://doi.org/ 10.1007/BF01569571.

Dar, S.A., Kleerebezem, R., Stams, A.J.M., Kuenen, J.G., Muyzer, G., 2008.
Competition and coexistence of sulfate-reducing bacteria, acetogens and methanogens
in a lab-scale anaerobic bioreactor as affected by changing substrate to sulfate ratio.
Appl. Microbiol. Biot. 78, 1045-1055. https://doi.org/10.1007/s00253-008-1391-8.
Eduok, U., Ohaeri, E., Szpunar, J., 2019. Accelerated corrosion of pipeline steel in the
presence of Desulfovibrio desulfuricans biofilms due to carbon source deprivation in
CO2 saturated medium. Mat. Sci. Eng. C-Mater. 105, 110095. https://doi.org/
10.1016/j.msec.2019.110095.

Engelbrektson, A., Hubbard, C.G., Tom, L.M., Boussina, A., Jin, Y.T., Wong, H.,
Piceno, Y.M., Carlson, H.K., Conrad, M.E., Anderson, G., Coates, J].D., 2014.
Inhibition of microbial sulfate reduction in a flow-through column system by
(per)chlorate treatment. Front. Microbiol. 5, 315. https://doi.org/10.3389/fmicb.
2014.00315.

Fan, F., Zhang, B., Liu, J., Cai, Q., Lin, W., Chen, B., 2020. Towards sulfide removal
and sulfate reducing bacteria inhibition: Function of biosurfactants produced by
indigenous isolated nitrate reducing bacteria. Chemosphere. 238, 124655-.
https://doi.org/ 10.1016/j.chemosphere.2019.124655.

Ferry, J.G., 2010. Enzymology of one-carbon metabolism in methanogenic pathways.
Fems Microbiol. Rev. 23, 13-38. https://doi.org/10.1016/S0168-6445(98)00029-1.
Gana, M.L., Kebbouche-Gana, S., Touzi, A., Zorgani, M.A., Pauss, A., Lounici, H.,
Mameri, N., 2011. Antagonistic activity of Bacillus sp obtained from an Algerian

oilfield and chemical biocide THPS against sulfate-reducing bacteria consortium
19



463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

inducing corrosion in the oil industry. J. Ind. Microbiol. Biot. 38, 391-404.
https://doi.org/10.1007/s10295-010-0887-2.

Garcia de Lomas, J., Corzo, A., Gonzalez, J.M., 2006. Nitrate promotes biological
oxidation of sulfide in wastewaters: experiment at plant-scale. Biotechnol. Bioeng. 93,
801-811. https://doi.org/10.1002/bit.20768.

Gerard, M., Stams, A.J.M., 2008. The ecology and biotechnology of
sulphate-reducing bacteria. Nat. Rev. Microbiol. 6, 441-454. https://doi.org/
10.1038/nrmicro1892.

Gevertz, D., Telang, A.J., Voordouw, G., Jenneman, G.E., 2000. Isolation and
characterization of strains CVO and FWKO B, two novel nitrate-reducing,
sulfide-oxidizing bacteria isolated from oil field brine. Appl. Environ. Microb. 66,
2491-2501. https://doi.org/10.1128/AEM.66.6.2491-2501.2000.

Gibson, G.R., 2010. Physiology and ecology of the sulphate-reducing bacteria. J.
Appl. Bacteriol. 69, 769-797. https://doi.org/10.1111/j.1365-2672.1990.tb01575 .x.
Gieg, L.M., Jack, T.R., Foght, J.M., 2011. Biological souring and mitigation in oil
reservoirs. Appl. Microbiol. Biot. 92, 263-282. https://doi.org/10.1007/s00253-011
-3542-6.

Gutierrez, O., Park, D., Sharma, K.R., Yuan, Z.Q., 2009. Effects of long-term pH
elevation on the sulfate-reducing and methanogenic activities of anaerobic sewer
biofilms. Water Res. 43, 2549-2557. https://doi.org/10.1016/j.watres.2009.03.008.
Hubert, C., Voordouw, G., 2007. Oil field souring control by nitrate-reducing
sulfurospirillum spp. that outcompete sulfate-reducing bacteria for organic electron
donors. Appl. Environ. Microb. 73, 2644-2652. https://doi.org/10.1128/AEM.

02332-06.

20



487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

Javaherdashti, R., 2011. Impact of sulphate-reducing bacteria on the performance of
engineering materials. Appl. Microbiol. Biot. 91, 1507-1517. https://doi.org/
10.1007/s00253-011-3455-4.

Kaster, K.M., Grigoriyan, A., Jenneman, G., and Voordouw, G., 2007. Effect of
nitrate and nitrite on sulfide production by two thermophilic, sulfate-reducing
enrichments from an oil field in the North Sea. Appl Microbiol Biot. 75, 235-235.
https://doi.org/ 10.1007/s00253-007-0913-0.

Kaur, G., Mandal, A.K., Nihlani, M.C., Lal, B., 2009. Control of sulfidogenic bacteria
in produced water from the Kathloni oilfield in northeast India. Int. Biodeter. Biodegr.
63, 151-155. https://doi.org/10.1016/}.ibiod.2008.07.008.

Kuba, T., Murnleitner, E., van Loosdrecht, M.C., Heijnen, J.J., 1996. A metabolic
model for biological phosphorus removal by denitrifying organisms. Biotechnol.
Bioeng. 52, 685-695. https://doi.org/10.1002/(SICI)1097-0290(19961220)52:6<685::
AID-BIT6>3.3.CO;2-M.

Larry, L.B., Hamilton, W.A., 2007. Sulphate-reducing bacteria, in :Beech, 1. B.,
Sunner, J.A. (Eds.), Sulphate-reducing bacteria and their role in corrosion of ferrous
materials. Cambridge University Press, Baltimore, pp. 459-482.

Lee, R.W., Kraus, D.W., Doeller, J.E., 1999. Oxidation of sulfide by spartina
alterniflora roots. Limnol. Oceanogr. 44, 1155-1159. https://doi.org/10.4319/lo.
1999.44.4.1155.

Liu, Y., Whitman, W.B., 2008. Metabolic, phylogenetic, and ecological diversity of
the methanogenic archaea. Ann. N.Y. Acad. Sci. 1125, 171-189. https://doi.org/
10.1196/annals.1419.019.

Martinpascual, J., Muiiio, M.M., Poyatos, J.M., 2015. Behaviour of the solids

retention time in relation to the operative variables in a hybrid moving bed membrane
21



512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

bioreactor treating urban wastewater. Desalin. Water Treat. 57, 19573-19581.
https://doi.org/10.1080/19443994.2015.1102092.

Mpyhr, S., Lillebe, B.L.P., Sunde, E., Beeder, J., and Torsvik, T., 2002. Inhibition of
microbial H2S production in an oil reservoir model column by nitrate injection. Appl
Microbiol Biot. 58, 400-408. https://doi.org/10.1007/s00253-001-0881-8.

Penuelas, J., Poulter, B., Sardans, J., 2013. Human-induced nitrogen-phosphorus
imbalances alter natural and managed ecosystems across the globe. Nat. Commun. 4,
934 . https://doi.org/10.1038/ncomms3934.

Phyo, A.K,, Jia, Y., Tan, Q.Y., Sun, H.Y., Liu, Y.F., Dong, B.X., Ruan, R., 2020.
Competitive growth of Sulfate-Reducing Bacteria with bioleaching acidophiles for
bioremediation of heap bioleaching residue. Int. J. Env. Res. Pub. He. 17, 2175.
https://doi.org/10.3390/ijerph17082715.

Qiao, J., Zhang, C.D., Luo, S.M., Chen, W., 2014. Bioremediation of highly
contaminated oilfield soil: Bioaugmentation for enhancing aromatic compounds
removal. Front. Environ. Sci. Eng. 8, 293-304. https://doi.org/10.1007/s11783-013
-0561-9.

Rivett, M.O., Buss, S.R., Morgan, P., Smith, J.W.N., Bemment, C.D., 2008. Nitrate
attenuation in groundwater: a review of biogeochemical controlling processes. Water
Res. 42, 4215-4232. https://doi.org/10.1016/j.watres.2008.07.020.

Rongjun, ZuoThomas, K., and Wood., 2004. Inhibiting mild steel corrosion from
sulfate-reducing and iron-oxidizing bacteria using gramicidin-S-producing biofilms.
Appl Microbiol Biot. 65, 747-753. https://doi.org/10.1007/s00253-004-1651-1.
Sapkota, M., Arora, M., Malano, H., 2018. Understanding the impact of hybrid water
supply systems on wastewater and stormwater flows. Resour. Conserv. Recy. 130,

82-94. https://doi.org/10.1016/j.resconrec.2017.11.025.
22



537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

Sharma, M., An, D.S., Liu, T., Pinnock, T., Cheng, F., Voordouw, G., 2017.
Biocide-mediated corrosion of coiled tubing. Plos One 12, e0181934. https://doi.org/
10.1371/journal.pone.0181934.

Staff, J., 1998. Anaerobic biodegradability of oil-based fluid for invert-emulsion
drilling fluids. J. Petrol. Technol. 50, 56-57. https://doi.org/10.2523/39386-MS.
Standardization Administration of the people's Republic of China,1996. Integrated
wastewater discharge standard. GB 8978-1996. Beijing,China.

Standardization Administration of the people's Republic of China, 2009. Examination
of bacteria and algae in industrial circulating cooling water. GB/T 14643.
Beijing,China.

Standardization Administration of the people's Republic of China, 2015. Emission
standard of pollutants for petroleum refining industry. GB 31570-2015. Beijing,
China.

Tate, R.L., 1985. The Sulphate-Reducing Bacteria. Soil Sci. 139, 561-562.
https://doi.org/10.1097/00010694-198506000-00015.

Tuccar, T., Ilhan-Sungur, E., Abbas, B., Muyzer, G., 2019. Coexistence of sulfate
reducers with the other oil bacterial groups in Diyarbakir oil fields. Anaerobe 59,
19-31. https://doi.org/10.1016/j.anaerobe.2019.04.008.

Varjani, S.J., and Gnansounou, E., 2017. Microbial dynamics in petroleum oilfields
and their relationship with physiological properties of petroleum oil reservoirs.
Bioresource  Technol. S0960852417313330.  https://doi.org/10.1016/j.biortech.
2017.08.028.

Van Hamme, J.D., Singh, A., Ward, O.P., 2003. Recent advances in petroleum
microbiology. Microbiol. Mol. Biol. R. 67, 503-549. https://doi.org/10.1128/

MMBR.67.4.503-549.2003.
23



562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

Voordouw, G., Grigoryan, A.A., Lambo, A., Lin, S.P., Park, H.S., Jack, T.R,,
Coombe, D., Clay, B., Zhang, F., Ertmoed, R., Miner, K., Arensdorf, J.J., 2009.
Sulfide remediation by pulsed injection of nitrate into a low temperature Canadian
heavy oil reservoir. Environ. Sci. Technol. 43, 9512-9518. https://doi.org/10.1021
/es902211j.

Wang, A.J., Cao, G.L., Liu, W.Z., 2012. Biohydrogen production from anaerobic
fermentation. Adv. Biochem. Eng. Biot. 128, 143-163. https://doi.org/10.1007
/10 2011 123.

Wei, L., Ma, F., Zhao, G., 2010. Composition and dynamics of sulfate-reducing
bacteria during the waterflooding process in the oil field application. Bioresour.
Technol. 101, 2643-2650. https://doi.org/10.1016/j.biortech.2009.10.068.

Yang, J.J., Li, G.H., Yang, Y.F., Zhang, F., 2018. Microbial functional gene patterns
related to soil green house gas emissions in oil contaminated areas. Sci. Total Environ.
628-629, 94-102. https://doi.org/10.1016/j.scitotenv.2018.02.007.

Zhang, D.W., Chen, Z.X., Ren, L., Meng, X.C., Gu, W.G., 2020. Study on stability of
produced water in ASP flooding based on critical micellar theory. Polym. Bull.
https://doi.org/10.1007/s00289-020-03497-6.

Zhang, Z.H., Liu, G.M., Feng, Y.J., Chen, Z.X., Zhan, P.R., Ren, N.Q., 2014.
Inhibiting sulfate reducing bacteria activity by denitrification in an anaerobic baffled
reactor: influencing factors and mechanism analysis. Desalin. Water Treat. 52,
4414-4153. https://doi.org/10.1080/19443994.2013.803326.

Zhao, F., Zhou, J.D., Ma, F., Shi, R.J., Han, S.Q., Zhang, J., Zhang, Y. Simultaneous
inhibition of sulfate-reducing bacteria, removal of H2S and production of rhamnolipid

by recombinant Pseudomonas stutzeri Rhl: Applications for microbial enhanced oil

24



586 recovery. Bioresour. Technol. 207, 24-30. https://doi.org/10.1016/j.biortech.2016.
587 01.126.

588

25



589

590

591

Trace elements

Yitamins

Ingredient Concentration (g/L) Ingredient Concentration (mg/L)
MgSO4-7H,0 3.0 Biotin 2
MnSO4-2H,0 0.5 Folic acid 2

NaCl 10 Pyridoxine 10
FeSO4-7H,0O 0.1 Thiamine 5
CoCl 0.1 Lactoflavin (B>) 5
H3BO; 0.01 Lipoic acid 5
ZnSOy4 0.1 Para aminobenzoic 5
CuSO4-5H20 0.01
AIK(SO4), 0.01
CaCly 0.1
NaMoO4-2H,O 0.01

Table 1

The composition of trace elements and vitamins in MGB culture medium.
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592

A B C D F H 1 J
NOs'(mg/L) 1.13+£0.62 1.34+0.80 1.45+0.98 1.69+1.22 1.3+0.72 1.31+0.72 1.32+0.74 1.83+1.18
NO; (mg/L) 0.04+0.03 0.03+0.01 0.02+0.01 0.02+0.01 0.01+0.01 0.04+0.02 0.02+0.02 0.03+0.03
NH,"(mg/L) 6.35+£3.19 5.88+3.25 41.06+£21.40 37.76£22.65 33.734£20.50 4.52+2.31 26.27+13.44 7.78+2.06
CODcy(mg/L) 216.86+107.67 614.024+336.44 413.95+111.88 492.9+132 1014.1+208.66 315.1£158.94 426.17+160.78 343.22+227.51
BODs(mg/L) 1.9242.36 1.84+1.98 4.81+2.96 3.234+2.08 4.09+2.37 2.79+2.6 5.71£2.70 2.99+2.20
TP(mg/L) 0.00£0.00 0.00£0.00 2.21+1.51 4.41+1.50 0.04+0.06 0.00£0.01 0.234+0.07 0.00£0.00
SO4*(mg/L) 0.00+0.00 0.00+0.00 0.00+0.00 29.47+30.5 87.21£29.68 0.00+0.00 3.68+9.02 83.86+57.98
pH 8.35+0.3 8.18+0.35 8.69+0.36 8.71+£0.35 8.57+0.28 8.32+0.30 8.69+0.37 8.28+0.37
Sa (%) 0.76+0.05 0.75+0.04 1.01+0.09 1.16+0.08 1.12+0.09 0.75+0.06 1.00+0.03 0.98+0.06
TDS(ppm) 4417.71+£882.82 4511.71£1112.76 5857.67+1195.25 5999.33+1215.02 5902.14+1342.81 4853.73+622.03 5808.22+922.30 5025.22+1168.02
T(C) 59.5443.28 59.144+2.94 60.46+7.51 58.64+2.74 80.57+2.71 60.04+1.30 65.65+2.76 58.37+£2.96
ORP (mv) 104.67£50.40  105.42+43.51 101.92+32.21 103.55+36.85 91.68434.02 103.75£37.24  93.62+44.28 105.61+48.87
Conductivity(ms/cm) 28.09+13.12 27.63+£13.36 37.38423.38 37.65+23.25 36.3+21.45 21.98+11.29 30.95+19.88 34.034+20.78
DO(mg/L) 8.61+£0.60 8.69+0.36 6.57£2.51 6.17+2.53 4.79+£2.05 8.83+0.36 7.36£1.57 7.38+1.91
Ch (PCU) 54.58448.29 688.26+459.56 74.67+41.45 63.214+41.68 134.67+£74.92 235.87+427.70 157.98+87.87 16.06£18.79
Turbidity(NTU) 5.90+3.94 54.63+27.84 5.52+4.76 3.79+£2.60 57.29+132.76 22.51+38.40 10.96+7.39 3.26+3.38
MLSS(mg/L) 70.37£79.77 252.04+371.01 61.78+£71.55 77.83+£73.96 62.40+67.86 96.20+103.33 149.59+180.3 126.53+125.38
593  Table 2.
594  Environmental quality of PW from different sampling points (annual mean + standard deviation).
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595

596
597
598
599
600

601

602

603

604

MGB DNB ZPB SPB 1B SRB
NOs 0.0221 0.0096 0.0087 0.0044 0.0360 0.0817*
NO2- 0.0159 0.0165 0.0323 0.0306 0.0008 0.0018
NH4* 0.0808"1 0.0570 0.0155 0.0053 0.0143 0.0044
CODcr 0.0005 0.0184 0.0274 0.0979 0.0066 0.0279
BODs 0.0575 0.0033 0.0249 0.0006 0.0260 0.0013
TP 0.1029"1 0.1759 1 0.0180 0.0031 0.0013 0.0012
Sc 0.0040 0.0001 0.0573 0.0077 0.0038 0.0054
pH 0.0244 0.0493 0.0674 0.0186 0.0061 0.0336
Sa 0.0644 0.0646 0.0231 0.0548 0.0170 0.0021
TDS 0.147*1 0.0009 0.1280 " 0.0763"1 0.0668 0.0163
T 0.0034 0.0139 0.0019 0.0935*1 0.0125 0.0019
ORP 0.0052 0.0095 0.3602"* 0.0004 0.0002 0.1749 "
Conductivity 0.0684 0.0303 0.0846"" 0.0007 0.0163 0.0703
DO 0.0017 0.0003 0.0111 0.0541 0.0038 0.0014
Ch 0.0149 0.0023 0.0000 0.0000 0.0021 0.0001
Turbidity 0.0132 0.0032 0.0026 0.7321 "1 0.0031 0.0019
MLSS 0.0577 0.0144 0.0444 0.0083 0.0022 0.0227

*Significant at p<0.05.

** Significant at p<0.01.
***Significant at p<0.001.
! Negative correlation.

T Positive correlation.

Table 3

Correlation coefficients between the functional microorganisms and environmental

variables.
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606 B, 118.643°E 38.033°N; H, 118.643°E 38.039°N), Bonan (C, 118.592°E 37.898°N; D,
607  118.590°E 37.896°N; I, 118.592°E 37.891°N;), Da-81 (F, 118.458°E 37.924°N) and
608 Zhan-3 (J, 118.379°E 37.873°N) areas.

609 Fig. 1. Geographical information of sampling oil wells in the Shengli oil field

610 (Shandong, China).
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612  Fig. 2. Monthly ammonia concentration variations in produced water, from November
613 2017 to June 2018.
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616  Fig. 3. Monthly nitrite concentration variations in produced water, from November
617 2017 to June 2018.

618
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620 Fig. 4. Monthly nitrate concentration variations in produced water, from November
621 2017 to June 2018.
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624  Fig. 5. Monthly SRB concentration variations in produced water, from November
625 2017 to June 2018.
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The points Pn indicate the microbial concentration in the sampling oil well of P
collected during month n (n= 1, January; 3, March; 4, April; 5, May; 6, June; 11,
November; 12, December). The data points from all sampling oil wells collected at
the same month are presented with the same colour.

Fig. 6. PCA analysis biplot between oilfield microbial communities (SRB, DNB, SPB,

MGB, ZPB and IB).
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