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A B S T R A C T

In order to understand the subsurface microbial community and how it functions in a water-flooded reservoir,
the whole metagenome of fluids from production and injection wells were sequenced using next-generation
sequencing and then compared. Gene function was annotated by the Kyoto Encyclopedia of Genes and Genomes
(KEGG), evolutionary genealogy of genes: Non-supervised Orthologous Groups (eggNOG) and hydrocarbon
degradation databases. More biomass was detected in fluid from the injection well than in the production well.
As a typical water-flooded reservoir, injection and production communities were dominated by Proteobacteria. In
the production metagenome, more genes involved in denitrification and hydrocarbons utilization pathways,
reflecting the strict anaerobic and oil-rich conditions in reservoirs. The higher abundance of genes responsible
for methyl chemotaxis, aerotaxis and flagella indicate that the community in reservoirs is motivated to access
limited nutrients and electron acceptors. Combined with knowledge of porous flow, these metagenome results
indicate that the microbial communities detected in produced fluids are actually derived from different habitats
in the reservoir, which are established by the chromatographic effect of reservoir flooding. Furthermore, diverse
flow patterns at pore scale could affect in situ proliferation and syntrophy between species, which could con-
siderably shift the microbial composition in produced fluids.

1. Introduction

Crude oil is typically recovered by primary oil recovery, using
natural reservoir pressure, and secondary oil recovery, utilizing water
flooding to maintain reservoir pressure (Rabiei et al., 2013). Tertiary oil
recovery, also known as enhanced oil recovery (EOR), is then under-
taken (Kaster et al., 2012; Le et al., 2015). Of the EORs, microbial EOR
(MEOR) utilizes indigenous and/or exogenous microorganisms and/or
their metabolites to mobilize residual oil (Sarafzadeh et al., 2014;
Zheng et al., 2012; Zhu et al., 2015; Halim et al., 2009, 2015), which
demands an increased understanding of microbial activity in petroleum
reservoirs to improve field applications. Recently, the taxonomical
compositions of microbial communities in a number of reservoirs have
been reported utilizing 16S rRNA gene amplifications and sequencing
(such as Hubert et al., 2012; Nazina et al., 2013; Arora et al., 2014;
Aurepatipan et al., 2017), including high-throughput sequencing (Xiao
et al., 2013; Lewin et al., 2014). The taxonomical results have been
used to infer the subsurface activities of the communities.

However, the studies that directly investigate functional genes in

subsurface petroleum reservoirs by Real-time PCR were generally lim-
ited to a small group concerning several known metabolic pathways,
such as methanogenesis (Head et al., 2003; Gieg et al., 2010; Yang
et al., 2016), hydrocarbon degradation (Head et al., 2003; Aitken et al.,
2004; Gieg et al., 2010), and nitrogen/sulfur redox (Gieg et al., 2010).
To investigate the unknown territories of subsurface microbial beha-
viors, samples need to be directly sequenced without polymerase chain
reaction (PCR) amplification to obtain the whole metagenome. Besides,
studies by Plaire et al. (2017) showed that high-throughput sequencing
(Illumina DNA sequencing platform) is at least equally sensitive than
real-time PCR to detect bacterial DNA and that metagenomics should be
especially useful to search for highly degraded DNA. Therefore, the
whole metagenome method should be effective for analyzing the
complex samples from subsurface environments. With this method,
Kotlar et al. (2011) attempted to reveal original microbial activity by
investigating the fluids from a non-flooded oil reservoir. With the ex-
ception of community composition, the whole metagenome found that
some functional genes assigned to mesophilic species might be of a
thermophilic origin, which innovated the understanding of subsurface
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activities. Clearly, whole-metagenome knowledge would be valuable in
comprehensively understanding the distinct community in deep sub-
surface reservoirs.

With regards to a practical oil recovery process, such as MEOR,
there is one more factor to be considered; the water flooding process,
which carries nutrients into target strata, could profoundly influence
the reservoir community by constant fluid injection (Folarin et al.,
2013). Therefore, the injected fluids should also be included in whole
metagenome investigations to make a comparison between input (the
fluids that were injected in the reservoir) and output (the fluids that
were produced from the reservoir), so that particular microbial char-
acteristics in the subsurface environment can be distinguished. Cur-
rently, this systematic kind of investigation on water-flooded reservoirs
has not been reported.

In the present paper, to obtain a comprehensive understanding of
the microbial activity in a water-flooded petroleum reservoir, both
whole-metagenomes of the production and injection fluids from an oil
reservoir were directly sequenced and analyzed. This paper aims to: (i)
obtain the taxonomical and functional information from the injected
and produced samples, (ii) reveal the characteristics of the subsurface
microbial community by injection-production comparisons, and (iii)
reveal how porous flow influences subsurface microbial activities in an
actual reservoir.

2. Materials and methods

2.1. Sampling sites and sample collection

The petroleum reservoir studied here belongs to the Shengli oil
field, located in the delta of the Yellow River, China (Fig. S1). From
1989, a water-flooding process was initiated in this reservoir. Before
sampling, a series of inter-well tracer tests (Serres-Piole et al., 2012),
including five injection and 11 production wells, have been conducted
to demonstrate injection-production connectivity. According to these
connectivity results, a production well that connected to only one in-
jection well (without detectable tracer from the other four injection
wells) was selected as the sampling production well to establish a
straightforward comparison between injection and production. The
horizontal distance and flooding speed between the selected production
and injection well were 225m and 1.57m/d, respectively (Fig. 1A). The
injection and production rate were 99–107m3/d and 41–44m3/d
(water cut 87%–92%), respectively.

The injected fluids were sampled from the main injection pipeline
before being distributed to individual injection wells, and the produced
fluids were taken directly from the well heads of the production well.
The first 200 L of fluid was discarded before sampling in order to reduce
the influence from the residual fluids in sampling valves and pipes
(Basso et al., 2005). Each sample was collected in a 5-L sterilized barrel,
which had been swept previously with gas nitrogen for 10min, and
sealed after fully filled to prevent possible oxidation. After collection,
the sampling barrels were covered by ice in a plastic foam box and
transported to the laboratory within 2 h. In laboratory, the samples
were preserved at −20 °C until DNA extraction and analysis.

2.2. Analysis of fluids

The reservoir temperature and pressure were measured on-site.
Dissolved oxygen (DO) was determined by JPB-607A portable dissolved
oxygen meter (INESA Scientific Instrument, Shanghai China) on site.
pH was determined using a pH meter combined with an E−201-C pH
electrode (INESA Scientific Instrument, Shanghai, China). Water sali-
nity was determined by the gravimetric method. Major elements (Na+,
K+, Ca2+, Mg2+, Cl−, and SO4

2−) were measured by ion chromato-
graphy. Carbonate and bicarbonate were determined using the pH-po-
tentiometric titration method. Oil viscosity and density were de-
termined by rotatory viscometer (Changji NDJ-1B, Shanghai, China)

and densitometer (Yilian, Shanghai, China), respectively.

2.3. DNA extraction, library construction, and high-throughput sequencing

In the laboratory, the floating oil was removed and the remaining
water phase was mixed with a 1/2 volume of petroleum ether and
extracted for 2 h. The water phase was collected using a sterilized
beaker and immediately filtered with a MediaKap® Plus Hollow Fiber
Media Filter (Spectrum Laboratories, Rancho Dominguez, CA USA).
Filtered water was removed directly. After filtration, the remaining li-
quid in the filter was first sucked through a sterile syringe on an ul-
traclean bench and put into a sterile 1.5mL centrifuge tube, this was
called the released suspension (RS). Then, the filter was back-washed
with a sterile buffer solution to remove retained cells from the filter,
and the back-washed fluid was collected in a sterile 50mL centrifuge
tube, this was called the back-washed suspension (BW). Finally, the
filter cartridge was opened and the filter lamellas were cut into small
pieces using a sterile surgical knife on an ultraclean bench and these
pieces were collected in a sterile 1.5mL centrifuge tube, these were
called the filter pieces (FP). Liquid samples (RS and BW) were cen-
trifuged for 2min at 12 000×g. Subsequently, 90% of the supernatant
was removed. Three types of material now served as a basis for DNA
extraction. DNA was extracted by using the AxyPrep® bacterial genomic
DNA miniprep Kit (Axygen Biosciences, Union City, CA USA).

A paired-end library with an insert size of 350 base pairs for each
sample's metagenome DNA was constructed. DNA library construction
was performed following the manufacturer's instruction (Illumina, San
Diego, CA USA). Illumina Hi-Seq 2000 was used to sequence the

Fig. 1. Relative well locations of the well group (A) and the schematic diagram
of the cyclic production system (water flooding production) (B).
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metagenome DNA.

2.4. Assembly, annotation, and analysis of the metagenomes

First, the low-quality short reads with more than two “N” bases or
adaptor contaminations were filtered. Then, the clean data were as-
sembled by the SOAP (Short Oligonucleotide Analysis Package) de novo
assembler, with parameter K at 35-mer (Li et al., 2009b). Finally, the
high-quality reads were aligned to the initial assembled result using the
SOAP aligner (Li et al., 2009a). We broke the connections at repeat
boundaries, and output the continuous sequences with unambiguous
connections as final contigs. These contigs were used for subsequent
analysis. The operational taxonomic unit (OTU) screening, taxonomic
richness, and diversity analyses were carried out using Mothur v1.36.1
software (Schloss et al., 2009). The injection and production well da-
tasets have been deposited in the NCBI Sequencing Read Archive
(http://www.ncbi.nlm.nih.gov/Traces/sra, SRR 4293331 and SRR
4293332).

Taxonomic annotation was carried out by the Kraken classifier on
the clean reads (Wood and Salzberg, 2014). Meta Gene Annotator was
used to find open reading frames (ORF) from the contigs (Noguchi
et al., 2006). Predicted ORF more than 100 bp in length were anno-
tated. After using BLAST, function annotation was carried out by
aligning the predicted proteins sequences to the KEGG (Kyoto En-
cyclopedia of Genes and Genomes) and eggNOG (evolutionary gen-
ealogy of genes: Non-supervised Orthologous Groups) databases
(Kanehisa et al., 2004; Jensen et al., 2008; Cantarel et al., 2009), with
an e-value less than 1× 10−5 and alignment length more than 30%.
The genes were finally annotated as the function of eggNOGs or KEGG
homologues with the lowest e-value.

2.5. Phylogenetic placement of metagenomic reads associated with
hydrocarbon degradation

To retrieve metagenomic reads associated with hydrocarbon de-
gradation, a reference database, including 12 genes responsible for
degradation of alkane or aromatic hydrocarbons under aerobic or
anaerobic condition (Table S1), was assembled by downloading curated
protein sequences from AromaDeg database (Duarte et al., 2014) or
previously reported studies (Heider et al., 2016; Nie et al., 2014). Re-
ference protein sequences for each gene were aligned by MAFFT with ‘l-
in-si’ option (Yamada et al., 2016). Maximum likelihood phylogenetic
trees were reconstructed from the alignments using RAxML under
PROTGAMMALG model. For each of 12 hydrocarbon-degrading genes,
relevant reads from injection and projection metagenomes were ex-
tracted by searching against reference database using BLASTx program
(Camacho et al., 2009) with e-value threshold set as 0.01. The recruited
metagenomic reads were translated into protein sequences using
FragGeneScan (Rho et al., 2010) before mapping to the corresponding
reference alignment using ‘add fragments’ option in MAFFT. Evolu-
tionary Placement Algorithm (EPA) implemented in software RAxML
(version 8.0, -f v option) was applied to place the metagenomic reads in
the reference phylogenetic tree. The jplace files created by RAxML EPA
were used to visualize the results in iTOL (Letunic and Bork, 2016).

2.6. Quantitation of total cell number and methanogens

The total cell number in samples was measured using a Helber
Bacteria Counting Chamber (Hawksley, Lancing, Sussex UK) instead of
the optical density (OD) method because micro oil-drops in samples can
significantly affect the OD. Because of their important role in subsurface
metabolism, methanogens were quantified using the methyl-CoM re-
ductase gene A (mcrA), which was quantitatively amplified with pri-
mers mlas (5′-GGTGGTGTMGGDTTCACMCARTA-3′) and mcrA-rev
(5′-CGTTCATBGCGTAGTTVGGRTAGT-3′) using a method previously
reported (Steinberg and Regan, 2009).

3. Results

3.1. Characteristics of the reservoir

The reservoir is located in a series of sandstone strata with high
temperature and high permeability (Table 1). According to the data of
the reservoir and the flooding process, the estimated capillary number
for the water flooding stage could be calculated as 1.20×10−6, which
would be a reference for any subsequent EOR pilot to predict recovery
performance (Hakiki et al., 2017). In a water-flooding process, fluids
are constantly cycling through the distinct environments of the sub-
surface and surface (Fig. 1). The characteristics of fluids were listed in
Table 2. Because of geothermal gradient, the temperature of fluid
samples is lower than reservoir temperature. And small amount of
oxygen were introduced in fluid during injection process, while no
oxygen was detected in production fluid. According to the results of
inter-well tracer test provided by oil company (Serres-Piole et al.,
2012), the retention time for fluids from the injection to the production
well is 143 days, which is sufficient to reheat the injected fluid to the
reservoir temperature and to consume any dissolved oxygen (DO).
Therefore, there exists a considerable spatial variation of the fluid
temperature and DO, which simultaneously provide mesophilic habitats
(20–40 °C) with low level oxygen in the surface water pipelines and
treatment facilities and injection wellbore, and thermophilic strictly-
anaerobic habitats (45–63 °C) in the deep reservoir and production
wellbore.

3.2. Biomass quantification and metagenome sequencing

According to microscopic cell counting, the total cell number in

Table 1
Characteristics of the reservoir and crude oil.

Parameters Values

Rock type Fine sandstone
Measured depth (m) 1240–1360
Reservoir Temperature (°C) 63
Porosity (%) 30
Diameter of pore throats (d50, μm) 4.9
Water permeability (× 10−3μm2) 247–556
Original oil saturation (%) 62
Original fluid pressure (MPa) 13.2
Average density of crude oil (g/cm3) 0.987
Average viscosity of crude oil (mPa·s) at 8 s−1 and 60 °C 1885
Average freezing point of crude oil (°C) 7.9
Oil-brine interfacial tension (mN/m) at 60 °C and 6000 rpm 15.17

SARA of crude oil Saturates (%) 18.26
Aromatics (%) 30.24
Resins (%) 26.65
Asphaltenes (%) 12.87

Table 2
The physicochemical characteristics of the sampled fluids.

Injected fluid Produced fluid (water phase)

Temperature (°C) 27 42
Dissolved oxygen (mg/L) 1.2 0
pH 7.4–7.8 7.2–7.5
Total salinity (mg/L) 9885 8516
Cl− (mg/L) 5163 4463
HCO3

− (mg/L) 906 836
Mg2+ (mg/L) 91 75
K+ + Na+ (mg/L) 3441 2969
SO4

2− (mg/L) 154 62
Ca2+ (mg/L) 129 110
Total Nitrogen (mg/L) 15.6 20.5
Total Phosphorus (mg/L) 0.08 0.65
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injection well samples (2.92×107 ± 0.90× 107 cells/mL) was higher
than in production well samples (9.50× 106 ± 3.40×106 cells/mL).
Meanwhile, the mcrA quantification indicated that the number of me-
thanogens in the injection well samples (7.74× 104 ± 6.88×103

copies/mL) was higher than that in production well fluids
(4.75×103 ± 437 copies/mL).

Regarding the metagenome, a total of 12.8 million reads (2.58 Gbp)
were generated from the production well sample with a clean data rate
of 99.98%. A metagenome with a total length of 14.86 million base-
pairs was obtained from the clean data, which formed 4289 contigs of
at least 500 bp in length with a maximum length of 186 358 bp (N50 of
10 289 bp). A total of 17 337 ORFs were predicted. Regarding the in-
jection well sample, a total of 2.43 million reads (609 Mbp) were
generated with a clean data rate of 98.38%. The metagenome with a
total length of 18.76 million base-pairs formed 12 785 contigs (min
length 500 bp, N50 of 1962 bp and max length 132 kbp), in which
27 154 ORFs were predicted. Finally, the rarefaction curves (Fig. S2) of
the injection and production well metagenomes indicate that the cov-
erage of the two samples is satisfactory.

3.3. Taxonomical profiles of the metagenomes

According to the Chao index (Chao et al., 2005), the richness of the
microbial community from injection fluids is significantly higher than
that of the production fluids (Table 3). However, both diversity indices
(Simpson and Shannon index) indicate that the diversity of the pro-
duction sample is higher than the injection sample because the non-
dominant species in the production sample had a higher consistency
(Table 3).

Regarding the dominant species (Fig. 2), the injection fluids ap-
peared more diverse than the production ones. At the phylum level the
bacteria in the injection well was dominated by Proteobacteria (92%),
with other phyla such as Firmicutes (2%), Thermotogae (3%), Sy-
nergistetes (0.7%), Actinobacteria (0.5%), Bacteroidetes (0.1%), and
Deferribacteres (0.1%). While in the production fluids, with the ex-
ception of the dominant phylum Proteobacteria (99.51%), the other
phyla only occupied 0.49%, and included Actinobacteria (0.06%), Fir-
micutes (0.01%), Bacteroidetes (< 0.01%), Thermotogae (< 0.01%),
Deferribacteres (< 0.01%), and Synergistetes (< 0.01%). As the mu-
tual dominant phylum in both metagenomes, Proteobacteria in the in-
jection fluids includes class Gammaproteobacteria (82%), Betaproteo-
bacteria (5%), delta/epsilon subdivisions (3%), and
Alphaproteobacteria (0.7%), while the production fluids was domi-
nated solely by class Gammaproteobacteria (95%). Similarly, the in-
jection well contained more genera, such as Pseudomonas (40%), En-
terobacter (28%), Achromobacter (3%), Serratia (2%), and
Pseudothermotoga (2%), while the production fluids was still solely
dominated by one genus Pseudomonas (91%).

Regarding Archaea, the two samples were both dominated by
phylum Euryarchaeota (99.6% of production and 99.7% of injection
samples), and phylum Crenarchaeota (0.2%) was detected only in the
injection fluids. Furthermore, the injection fluids include more diverse
genus, such as Archaeoglobus (43%), Methanosaeta thermophila (22%),
Methanomethylovorans (6%), Thermococcus (18%), and
Methanothermobacter (6%); while the production well was dominated
by only two of them (Methanosaeta thermophila, 66% and Thermococcus,
30%). All the detected dominant Archaea are thermophilic, among
which 34% and 66% in the injection and production fluids,

respectively, are methanogens (Stetter et al., 1987; Singh-Wissmann
et al., 1998; Wasserfallen et al., 2000; Miroshnichenko et al., 2001).

3.4. Functional profiles of the two metagenomes

According to the KEGG database, 12 135 genes from the injection
sample and 9059 from the production sample were annotated as
functional genes. Meanwhile, 19 287 and 11 728 genes from injection
and production well metagenomes, respectively, were categorized by
the eggNOG database. Since the oil reservoir is an oil-rich environment,
the hydrocarbon degradation genes between reservoir and surface en-
vironments are the most concerned issue. However, the results of KEGG
and eggNOG (Fig. 3) show similar abundance of the ‘Lipid metabolism’
category between injection and production sample. Therefore, genes
corresponding to hydrocarbon degradations were further analyzed
(Fig. 4). As expected, the relative abundance of the total hydrocarbon
degradation genes in production sample (0.11% in all reads) is con-
siderably higher than that in injection sample (0.05% in all reads); the
high percentage in production is mainly contributed by genes encoding
benzoate oxygease and extradiol dioxygenases (EXDO).

Regarding the KEGG categories (Fig. 3a), signal transduction, cell
motility, xenobiotics biodegradation and metabolism, and energy me-
tabolism in the production samples (6.97%, 4.58%, 2.69%, and 7.84%)
are higher than in the injection samples (5.08%, 2.69%, 1.77%, and
7.12%). Similarly, the eggNOG results (Fig. 3b) show that categories of
signal transduction mechanisms and cell motility in the production
sample (7.06%, 2.66%) are over 1.5 times of those in the injection
sample (4.53%, 1.60%), respectively. Other interesting categories, such
as lipid transport and metabolism (production 2.74%, injection 2.54%),
energy production and conversion (production 7.48%, injection
7.21%), and secondary metabolites biosynthesis, transport and cata-
bolism (production 1.90%, injection 1.44%), also showed higher per-
centages in the production metagenome.

Regarding the most distinct categories, “signal transduction” and
“cell motility” included some common contributors (Tables S2 and S3),
such as mcp (K03406, encoding methyl-accepting chemotaxis protein,
1.23% and 0.56% in production and injection samples, respectively),
motA and motB (K02556 and K02557, encoding chemotaxis protein,
0.28% and 0.13%, respectively), and aer (K03776, encoding aerotaxis
receptor, 0.22% and 0.06%, respectively). Additionally, the other
contributors to higher “Cell motility” are the flagella-related genes,
such as flgE (K02390, flagellar hook protein FlgE, 0.11% and 0.032% in
production and injection samples, respectively).

The metagenome from the oil-rich reservoir contains more genes
corresponding to hydrocarbon degradation (0.11%) than injection one
(0.05%). Among them, genes corresponding to “Benzoate” and “EXDO”
categories are the greatest contributors (more than 90%) to the hy-
drocarbon degrading genes in the production metagenome. However,
the “BssA” and “LigB_homoprotocatechuate” categories in the injection
metagenome are respectively higher than ones in production.

As important element cycles in geomicrobiology, genes corre-
sponding to the sulfur and nitrogen cycles were statistically analyzed.
Within the sulfur cycle genes (Fig. 5 a), those involved in assimilatory
sulfate reduction, including CysC, CysH, CysJI, and CysND, occupied the
highest percentage (79% and 84%) in both production and injection
metagenomes, respectively. Between the two metagenomes, almost all
the genes of the Sox (sulfur oxidizing) system, including SoxA, SoxC,
SoxD, SoxX, SoxY, and SoxZ, were higher in production than in injec-
tion.

Regarding nitrogen, the two samples have several genes encoding
enzymes that reduce nitrate or nitrite to ammonium (Fig. 5b), while no
genes encoding ammonium-oxidizing enzymes were detected. Fur-
thermore, there are differences between the two metagenomes. With
the exception of nitrate reductase (nar), the genes of nitrite reductase
(nir), nitric oxide reductase (nor), nitrous oxide reductase (nos) and
nitrogenase (nif) in the production metagenome (4.89%, 5.11%, 2.05%,

Table 3
Diversity and richness of the injection and production fluid metagenome.

Taxa Simpson Shannon Chao Evenness

Injection 1126 0.6164 1.195 1263 0.0029
Production 780 0.3772 1.351 780 0.0057
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and 2.05%) are 1.4–2.5 times of those genes in the injection meta-
genome (2.48%, 2.84%, 0.80%, and 0.98%).

4. Discussion

4.1. Biomass and taxonomy indicate a typical community from a petroleum
reservoir

The production well fluid contains fewer cells than the injection
well fluid, which is consistent with previous reports on biomass in
water-flooded oil fields (Ren et al., 2011; Folarin et al., 2013). Never-
theless, what should be noted is that the biomass in porous strata could
be underestimated if only the produced fluids are taken into account,
because microorganisms generally tend to live in a sessile state, i.e., as
biofilm attached to pores, rather than a planktonic state in fluids
(Krüger et al., 2016).

Proteobacteria are the major taxon, which is similar to other reports
on community taxonomy (Itävaara et al., 2016). Down to the class
level, Gammaproteobacteria dominated both injection and production
well samples; this result is the same as for another oil reservoir that
belongs to the same oil field within the present study site (Ren et al.,
2011). In the other reports, proteobacteria phylum was dominated by
different classes, including Alpha- (Itävaara et al., 2016), Delta/Epsilon-
(Kotlar et al., 2011; Nazina et al., 2013), and also Gamma-proteo-
bacteria (Orphan et al., 2000).

In the cyclic system of water flooding, another typical phenomenon
is the higher percentage of phylum Deferribacteres, possibly utilizing
ferric oxides and acetate, in the injection (0.1%) samples compared

with the production samples (0.0001%). This result is exactly consistent
with previous reports from different water-flooded oil fields, which
suggested that the steel-made facilities were the providers of the iron
element (Wei et al., 2010; Silva et al., 2013).

The methanogens in both metagenomes only occupied a small
percentage (0.11% in injection and 0.003% in production samples),
which is consistent with the results of cell counting and mcrA quanti-
fication. Nevertheless, the methanogens could still considerably impact
the entire microbial activities in the reservoir (Itävaara et al., 2016).
This result is distinct from most reports on deep subsurface commu-
nities, which show that the methanogenic Archaea are a dominant part
of the community (Kotlar et al., 2011; Folarin et al., 2013; Krüger et al.,
2016). Long-term water flooding (27 years) may be a major reason that
subsurface conditions are altered (Folarin et al., 2013), which requires
further discussions on functional genes to give a deeper understanding.

4.2. Functional genes reveal the community strategies of adapting to the
surface and especially the subsurface environment

Functional comparisons between injection and production samples
reveal several distinct characteristics of the reservoir community, such
as the impacts from the strictly anaerobic condition and strata por-
ousness.

First, the anaerobic condition in the reservoirs was discussed at
length in previous literature (Head et al., 2003; Jiménez et al., 2012).
Both injection and production communities were dominated by strict
and facultative anaerobes. The two samples have several different genes
encoding enzymes that reduce nitrate or nitrite to ammonium (Fig. 5),

Fig. 2. Taxonomic distribution of the obtained metagenome sequences. Relative abundances at domain level (A), phylum level of bacteria (B), class level of
Proteobacteria (C), genus level of Gammaproteobacteria (D), genus level of Archea (E).
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while no genes encoding ammonium-oxidizing enzymes were found,
which is consistent with previous reports (Itävaara et al., 2016). These
results indicate that conditions in the water flooding system were
dominantly anaerobic, including the surface facility and subsurface
reservoir. Even though small amount of oxygen may be inevitably in-
troduced into the injection fluids through some leakage points along the

surface facilities, in the reservoir the limited oxygen could be rapidly
and entirely consumed by oil and cells (Song et al., 2015). Compared
with the injection metagenome, the production metagenome contains
both a lower percentage of nitrate reductase genes and a higher per-
centage of genes reducing nitrite, which indicated that more nitrogen
was kept at the lower valence states in the reservoir. As a result, the

Fig. 3. Comparisons between production and injection fluid metagenomes of KEGG (A) and eggNOG (B) functional categories.
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percentage of genes encoding aerotaxis receptor and flagella in the
production metagenome was much higher than in the injection meta-
genome, which provides more chemotaxis ability for the cells to in-
crease opportunities of accessing the limited electron acceptors in the
reservoir. These results suggest that the strictly anaerobic environment
in the reservoir is one of the reasons that shift the subsurface

community.
Second, in operating oil recovery system the oil content in reservoir

should be higher than that in the surface water treatment facility. As
expected, in production sample the copies of the genes corresponding to
hydrocarbon degradation, especially benzoate oxygease and EXDOs, is
considerably higher than that in injection sample. These genes may be
expressed and function in the upstream parts of the reservoir near to
injection well with limited oxygen concentration; and then migrate
through the downstream parts of the reservoir, because they cannot
function under the strictly anaerobic conditions. Regarding the higher
abundance of BssA genes that were affiliated to sufate-reducing bacteria
in injection fluid, the reason might be the higher SO4

2− concentration
(154.5 mg/L) than in production fluid (62mg/L). Meanwhile, high le-
vels of genes that encode flagella and methyl-accepting chemotaxis
proteins, which play an important role in alkane chemotaxis (Wang and
Shao, 2013), indicate that the cells also develop the ability to sponta-
neously access more hydrocarbons. Both metabolism and motility
functions assisted the proliferation of reservoir communities.

4.3. Porous flow may shift the relative abundance of the community in
production fluids

In addition to the environmental differences between the surface
facilities and subsurface reservoir discussed above, in the reservoir it-
self, there exist different habitat conditions, such as the increasing
temperature and decreasing oxygen along the hundred-meter flow path
through the reservoir. The variations of these essential conditions in the
reservoir determined the heterogenetic distribution of microorganisms
from injection to production wells according to their environmental
adaptabilities. Therefore, in the production community, most of me-
sophilic bacteria would live near to the injection well with a lower
temperature and detectable oxygens. Correspondingly, the thermo-
philic and strictly anaerobic Archaea, such as Thermococcus sibiricus
(29%) and Methanosaeta thermophila (66%), would inhabit areas ad-
jacent to the production well with higher temperatures and strict
anaerobic conditions (Singh-Wissmann et al., 1998; Miroshnichenko
et al., 2001).

According to their spatial distribution, the relative abundance of
Archaea was expected to be higher in produced fluids because they
inhabited closer to production well, which could avoid long migrations
and filtration through the reservoir. However, in the production me-
tagenome, the Archaea percentage (0.005%) was significantly lower
than in the injection metagenome (0.3%), which indicated that the
relative abundance could not be simply explained by the chromato-
graphic fractionation effect of porous flow.

As living cells, pore scale proliferation of the in situ community
should account for the abnormal spatial distribution of Archaea. At the
pore scale, the fluid flow rates and directions are drivers in the huge 3-
dimensional pore-network of natural porous strata (Oates et al., 2005;
Thullner, 2010). In the networks of various micro flows, it was reported
that the slow-growing species prefer a weaker flow to reduce the hy-
draulic shear on biofilm, which naturally leads to a reduced access to
substrates and a reduced chance for cells to join the migrating com-
munity in bulk fluid flow (Coyte et al., 2017). Conversely, the fast-
growing species prefer the pores with stronger flow to get more meta-
bolic substrates, and need to frequently detach part of the biofilm to
avoid clogging the pores (Coyte et al., 2017), which further improves
the chance for cells to join the bulk fluids. As a result, the feedback
between biofilm proliferation and porous hydrodynamics enlarged the
biomass gap in produced fluids between fast and slow growth species.
In other words, the relative abundance of Archaea in the production
metagenome, as the slower bacteria, could be reduced by dis-
criminative growth under water flooding.

In addition, cell motility could be the second reason for this phe-
nomenon. As reported by previous experimental study (Jenneman
et al., 1985), in a given porous media the migrating rate of living cells

Fig. 4. Comparison between production and injection fluid metagenomes of
hydrocarbon degradation categories.

Fig. 5. Comparison between production and injection fluid metagenome on
sulfur (A) and nitrogen (B) cycle genes according to the KEGG annotation. The
percentages in the nitrogen cycle (B) before and after the comma refer to the
corresponding relative abundances in production and injection fluids, respec-
tively.
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profoundly depends on the cell motility. According to the laboratory
results, motile cells could penetrate 300m of reservoir (permeability
0.611 μm2) within 227 days, which is 5–6 times faster than the non-
motile cells (1152–1320 days). Under water flooding, these retention
times could be shortened significantly (Song et al., 2015). In the present
study, all the dominant Archaeal species are nonmotile, which also
supports the result of less Archaea in the production fluid.

In summary, both interpretations of the phenomenon, regardless of
growth or migration differences, are related to the porous flow in the
reservoir. Therefore, in regards to studies on the reservoir community
under water flooding, more attention should be paid to the effects of
porous flow in shaping spatial distributions of reservoir microbiota,
including pore and strata scale.

4.4. Possible obstacles between syntrophic cells by reservoir pores

Syntrophy occurs widely in methanogenic ecosystems, such as in oil
reservoir, where anaerobic electron acceptors (such as nitrate, Fe (III),
or sulfate) are limited or absent; this process requires electron transfer
via direct cell-to-cell contact or pili or via flagella (Gieg et al., 2014).
However, the micrometer-scale pore spaces in oil reservoir could not
support a thick biofilm (sub-millimeter) that contains comprehensive
community (Harmsen et al., 1996). Besides, recent micro-fluidic ex-
periments suggest that although porous media could support syntrophic
metabolism by substance connections through pore throats, the con-
nection would be lost when the pore distance is larger than a few
millimeters (Kim et al., 2008). Therefore, in the real reservoir with
laminar flow in pores the strata-scale cooperation between syntrophic
microorganisms must have been limited. While in a surface pipeline and
facilities the turbulent flow significantly improves the efficiency of
substance exchange among the whole flux, which could support syn-
trophic metabolism like the bulk liquid phase of a laboratory culture
(Mayumi et al., 2011).

In the results, autotrophic genera dominate the Archaea community
in the injection fluid, such as Methanothermobacter (6%) and
Archaeoglobus (43%) (Stetter et al., 1987; Wasserfallen et al., 2000),
while no autotrophic genera were detected in the production fluid.
Syntrophic bacteria (Synergistaceae and Pseudothermotoga lettingae)
(Balk et al., 2002) in the injection sample (0.7% and 0.2%) were sig-
nificantly greater in percentage than in the production sample
(0.0004% and 0.003%). These results are consistent with less co-
operation in the reservoir between methanogens and syntrophic bac-
teria. Therefore, in injection fluids more methanogen pathways were
supported, including acetoclastic (Methanosaeta, 22%), methylotrophic
(Methanomethylovorans, 6%), and hydrogenotrophic pathways (Metha-
nothermobacter, 6%). While only acetoclastic pathways (Methanosaeta)
dominated the production fluid methanogen community (Singh-
Wissmann et al., 1998). Therefore, it should be noted that the species
detected from the produced fluids may not be living as a real commu-
nity with in situ communications in the reservoir.

4.5. Metagenomic comparisons between injection and production could
contribute to the field performance of MEOR

Laboratory experiments and field pilots have suggested MEOR as a
promising technique (Kowalewski et al., 2006; Lin et al., 2014; Halim
et al., 2017; Gao, 2018). Take Shengli oil field as an example, several
successful MEOR pilots during the last two decades have showed a good
potential for industrial applications (Gao, 2018). However, laboratory
experiments, for now, still cannot provide adequate information for the
field-performance prediction (Armstrong and Wildenschild, 2012;
Brown, 2010). For instance, large-scale flooding experiments previously
suggested that high performance of microbial flooding requires the
microbial activities to occur in situ in the oil-rich (remaining higher
saturation of crude oil) regions, which generally locate adjacent to oil
well while far from injection well due to long-term flooding (Song et al.,

2015; Jenneman et al., 1985). Regarding field pilots, it was found that
along the flooding pathway (about 100–300m), if the injected nutrients
were (i) consumed too early before reaching the oil-rich regions or (ii)
transferred too fast through the reservoir to be effectively utilized, the
performance of microbial flooding would be severely damaged (Song
et al., 2017).

These results indicated that to understand and regulate the sub-
surface distribution of microbial activities is an indispensable aspect of
the field performance of microbial flooding, which requires clear un-
derstanding of the microbial community as well as reservoir-scale
porous flow. Regarding reservoir-scale flow, our previous field research
suggested that the comparisons between the injected and produced
fluids were necessary and informative for identifying and locating the
subsurface microbial activities during microbial flooding (Song et al.,
2017). However, in field applications microbial information was mostly
derived from produced fluids without injection samples, which could
help to infer whether the expected microbial activity occurred in re-
servoir, however, could not reveal whether the activity occurred in oil-
rich regions in the huge reservoir especially during flooding (Kotlar
et al., 2011; Yang et al., 2016).

Aiming at this issue, the present study, for the first time, attempted
to compare the whole metagenome results (including both taxonomical
and functional information) between injection and production and
successfully demonstrated the preliminary information about distribu-
tion, migration and interaction of the potential oil-recovery species,
such as the diverse bacteria and Archaea involved in hydrocarbon de-
grading and methane producing. These enlightening results are helpful
to distinguish the dominant metabolic pathway in oil-rich region and
the most active microbial community in a practical reservoir, which are
the basis of the accurate screening of the injected nutrient and the ef-
fective regulation of the injection-production strategy.

According to the above discussions, it could be found that although
the mechanism of MEOR is adapting the chemical based EOR (Hartono
et al., 2017), MEOR is much more complicated. First, MEOR possibly
include kinds of metabolites, each of which could correspond to a single
category of chemical EOR, such as gas, polymer, and surfactant, with
distinct assessment criteria from the others. Second, it is necessary but
not easy to regulate the expected species to dominate in an expected
region and to function in an expected way. Therefore, in order to help
MEOR to be generally accepted by the oil industry, the predictability
and economic efficiency of MEOR should be considerably improved,
which requires the comprehensive knowledge about not only microbial
functions but also reservoir-scale porous flow and their interactions.

5. Conclusions

During secondary oil production, a water flooding system requires
the fluids (mostly brine) circulating between surface water treatment
facilities and subsurface oil reservoir. In order to reveal the differences
between surface and subsurface microbial communities, we sampled
fluids from injection and production wells, respectively, to analyze and
compare the chemical and microbial characteristics. The results of
metagenome analysis show that the production fluids include more
genes involved in denitrification pathway and hydrocarbons utilization
were detected, reflecting the strict anaerobic and oil-rich conditions in
reservoirs.

Furthermore, the porous environment and long-term flooding are
revealed as important factors on microbial communities in reservoir.
First, pore networks may limit large-scale cooperation between syn-
trophic microorganisms, which are important community in extreme
environments. Second, the porous flow can shift relative abundance of
community through proliferation and motility differences between
species. Third, long-distance (> 200m) water flooding between injec-
tion and production wells varied environmental conditions, such as
temperature, oxygen, and hydrocarbon saturation, which support dif-
ferent communities along flooding trajectory. All these information are
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mixed in the production fluids, which needs to be separated in further
studies.

These enlightening results suggest that the combination of whole
metagenome analysis and the view of porous flow are essential and
valuable for field studies on geomicrobiological dynamics in water-
flooded oil reservoirs.
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