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Abstract
We carried out a simulation experiment in a laboratory in order to study the effects of hydrostatic
pressure from 0.1 MPa to 1.0 MPa on nitrogen cycles at the water-sediment interface of a freshwater
reservoir. The results show that high hydrostatic pressure facilitates the release of nitrogen at the interface
and ammonification, but has little influence on denitrification. And high hydrostatic pressure will also
significantly increase the activity of dehydrogenases and proteases in the sediment, and has little influence
on ureases and nitrate reductase activity. The pressure caused a large accumulation of such pollutants as
ammoniacal nitrogen and nitrate nitrogen at the interface, seriously worsening the overlying water quality.
As PLFA and PCR-DGGE analysis results show, different hydrostatic pressures will lead to remarkable
differences in the microbial community’s structure and heredity. Within the range 0.1 MPa to 1.0 MPa, the
microbial community structure is more diverse under high hydrostatic pressure than under normal pressure.

Keywords: hydrostatic pressure, reservoir, nitrogen cycles, microbial community diversity, water-sediment
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Introduction
Eutrophication is currently one of the most serious
environmental problems that impair water quality of
urban water bodies [1-2]. Bottom sediment is considered
to be a sink or a source of nitrogen (N) and phosphorus
(P) from overlying water, and therefore it plays an
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important role in the eutrophication process not only by
removing nutrients but also due to their recirculation [35]. Nitrogen and phosphorus contents and their forms in
sediments depend on the allochthonous point and diffuse
sources, the geological structure of a catchment (type of
rock and its mineral composition), and soils, as well as
hydrometeorological conditions [6-8]. The autochthonous
sources are also of great importance, especially in the case
of nitrogen-organic matter (phytoplankton, macrophytes)
[8]. Nitrogen pollution of drinking-water reservoirs has
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become an increasingly serious problem worldwide,
especially in arid and semiarid regions of China [9-11].
Reservoir water is the primary source of drinking water
for many citizens, and nitrogen pollution may cause a
significant deterioration in water quality and therefore
threaten the safety of the drinking-water supply [9].
Excessive discharges of N to aquatic ecosystems have
led to increasing frequencies and geographic expansion
of harmful algal blooms, hypoxia, habitat degradation,
and decline of biodiversity [12]. Nitrogen is an essential
element for algae growth and one of the nutrients
triggering eutrophication. In all the forms of nitrogen,
algae commonly absorb only inorganic nitrogen, mainly
in the form of ammonium [13-14]. The primary factors
influencing the rate of denitrification, which was the vital
part of nitrogen cycle, included microorganisms, dissolved
oxygen, temperature, and nitrate in sediments [15].
In freshwater ecosystems, microbial communities
harbored in the sediment play a pivotal role in
biogeochemical cycling due to their involvement in the
transformation of nitrogen (N) [16], and the sedimentassociated microbial community is particularly vital
for the maintenance of ecosystem function and health
in aquatic environments [17]. The sediment microbial
community has drawn great attention from microbial
ecologists [18-21]. Moreover, the sediment host distinct
microbial communities and their populations may strongly
be affected by the nutritional status of water quality due to
the variations of hydrological regime and other physical
and chemical variables, including hydrostatic pressure
[22-25].
Pressure is a very important environmental parameter for
microbial life [26]. Some scholars have reported the effects
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of high hydrostatic pressure (HHP) on enzymes [27], gene
expressions [28-29], and microbial alterations [30-31].
The influence of high hydrostatic pressure on iron reduction
bacterium was conducted by Picard and Wu [32-33]. But
all this research only focused on deep sea environments,
where hydrostatic pressures were usually larger than 10 MPa.
However, for most drinking water reservoirs their depth
usually is between several meters and 100 meters (0.1-1 MPa;
depths of more than 100 m are rarely seen). Thus, the microbial
community structure and function response to hydrostatic
pressure, ranging from 0.1 MPa to 1 MPa, is not clear. As a
consequence, with increasing pressure the lipid bilayer loses
ﬂuidity and rapidly becomes impermeable to water and
other molecules, and protein lipid interactions essential to the
optimal function of the membrane are weakened [34]. Low
temperature and high hydrostatic pressure have related and
synergistic effects on biological membranes [34], reducing
their ﬂuidity by increasing the packing of fatty acyl chains.
Our recent studies provided preliminary knowledge of
hydrostatic pressure effects on the microbial community
in three drinking water reservoir sediments [35]. In this
research, HHP’s effect on nitrogen cycles at the watersediment interface of source water reservoir was studied
by a comparison experiment between different hydrostatic
pressures.

Materials and Methods

Collection of Sediment and Overlying
Water Samples
Undisturbed surface sediment samples were collected
with a stainless steel core sampler (100 cm length and
15 cm diameter) from Heihe Jinpen Reservoir in Xi’an,

Fig. 1. structure and installation diagrams of high-pressure simulation reactor and its physical device.
1) Gas chamber, 2) reaction chamber, 3) elastic diaphragm, 4) hydraulic stirring device, 5) dosing pump, 6) air compressor, 7) online
monitoring probe, 8) control device, 9) barometer, 10) sediment sampler, 11) spiral high-pressure piston propeller, 12) water sampler,
13) exhaust valve, 14) gas flowmeter, 15) gas collector, 16) pressure hole, 17) connecting rod and bolt, 18) pressure relief valve, 19-20)
control valve, 23) exhaust pipe, 24) connecting flange, 25) upper cover body, 26) bottom cover body, and 27) medicine storage tank.
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China. Overlying water 5 cm above the water-sediment
interface was also collected from the same reservoir.
Any debris and fragments of macrofauna were manually
removed.

Simulation Experiment Design
There were three reactor simulators in the simulation
experiment, which were under normal pressure, 0.4 MPa
pressure (equivalent to that of 40 m under water) and
0.9 MPa (equivalent to that of 90 m under water).
The simulator with the high-pressure interface adopted
in the simulation experiment was divided into an air
chamber and reaction chamber separated by a resilient
diaphragm, through which the pressure caused by inflating
the air chamber could be transmitted to the lower sedimentwater interface so as to realize the simulation of high
hydrostatic pressure at the interface. Fig. 1 demonstrated
the structure and installation diagrams. The effective
volume of the simulator was 50 L, and 10 L sediment was
placed in the bottom with 40 L overlying water injected
with a siphon to avoid disturbance to the interface.
The temperature during the simulation process was
controlled with 10ºC±1ºC (equivalent to that at the water
surface of a deep-water reservoir) with the help of a
freezer. During the simulation experiment, the simulators
were sealed and the concentration of dissolved oxygen
(DO) was achieved by normal oxygen consumption at the
interface to an anaerobic state.

Methods
Overlying water samples were collected 5 cm above
the water-sediment interface and finally obtained through
microporous filtering film (0.45 μm pore size). Ammonia
nitrogen (NH4+), nitrite nitrogen (NO2-), nitrate (NO3-), and
total nitrogen (TN) were estimated according to Standard
Methods for the Examination of Water and Wastewater
[36]. Sediment total nitrogen was measured according to
the zinc cadmium reduction method after being digested by
alkaline potassium persulfate. Sediment dehydrogenase,
protease, urease, and nitrate reductase activities were
determined according to the method described by
Guan Songyin [37] with little modification. The same
procedure was followed for the control assays, with the
exception that the substrate and sediment were added.
Sediment enzyme activities were examined with replicates
(n = 3).

Lipid Extraction and Gas Chromatography Mass
Spectrometry (GC-MS) Analysis
Sediment samples (4 g) were extracted overnight
using the modified method described by Bligh and
Dyer [38]. Phospholipids were converted to fatty acid
methyl esters (FAME) by heating with 3 mL of 0.5%
methanolic hydrochloric acid (HCl). Hexane/chloroform
(4:1 v/v) was used to extract FAME and the solution
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was evaporated under a stream of nitrogen. Internal
standards of C 19:0 methyl ester were employed and the
FAMEs were dissolved in hexane for chromatographic
analysis. FAMEs were stored in GC vials at -20ºC until
GC-MS analysis. Samples (1 μL) were injected by
an AOC-20I auto sampler of a QP2010 plus GC/MS
(GCMS-QP2010 plus, Shimadzu, Japan) The column
flow was 1.05 mL/min. Full scan-selected ion monitoring
mode (scan-SIM) was used for the quantification of
FAMEs. Helium was the carrier gas at a constant flow of
1.0 mL/min. The ion source temperature was maintained
at 200ºC. Temperature program for FAME analysis was:
injector temperature 260ºC; temperature program, 50ºC
(2 min), 50-200ºC (3ºC/min), 200-240ºC (5ºC/min), and
240ºC (10 min). Data collection was initiated after the
hexane solvent was eluted (3.0 min) and continued until
no further peaks were observed. All ester-linked FAME
phospholipids were identified based on the relative
percentage of the ions scanned and by comparison of
retention times to the standard qualitative bacterial acid
methyl ester mix (Supelco), which ranged from C11 to
C20. For each sample, the abundance of individual fatty
acid methyl-esters was expressed on a dry-weight basis
per unit dry weight. Fatty acid nomenclature was used
as described by Frostegård et al. [39-41]. The fatty acids
i15:0, a15:0, 15:0, i16:0, 17:0, i17:0, cy17:0, 18:1ω7,
and cy19:0 were chosen to represent bacterial PLFAs
(bactPLFAs) [39, 41-43], and 18:2v6 was used as an
indicator of fungal biomass (Federle 1986; Kandeler
2000). The ratio of 18:2ω6:bactPLFAs was taken to
represent the ratio of fungal: bacterial biomass in the
sediment [41, 44]. Concentrations of individual FAME
were determined by calibration with internal standard
(methylester C19:0).

Microbial Community Structure
Determination
DNA Extraction and Purification
Bacterial DNA was extracted following the method of
Tsai and Olson [45], with slight modification. The collected
bacteria cells were added to 5 mL of TE buffer (0.1 M
TrisCl, 0.1 M EDTA-Na2, 0.2 M NaCl, 2% CTAB, pH 8.0)
and incubated at 37°C for 45 min with agitation (100 rpm).
0.75 mL of 20% SDS (w/v) was added and followed by a
water bath at 65°C for 1 h. These samples were centrifuged
for 10 min at 12,000 rpm. The supernatant was transferred
to a new tube and further extracted twice with an equal
volume of phenol-CIAA (phenol:chloroform:isoamyl
alcohol, 25:24:1). Finally, nucleic acids in the extracted
supernatant were precipitated with sodium acetate (final
concentration 0.3 M, pH 5.2), and 2.0 volumes of 100%
ethanol for 1 h at room temperature. A pellet of crude
nucleic acids was obtained by 20 min of centrifuging at
12,000 rpm. The pellet was washed with 70% ethanol,
dried for 10 min under a vacuum, and dissolved in 50 mL
TE buffer.
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Primers and PCR Amplification

Multivariable Statistics Analysis

The V3 variable region of bacterial 16S rDNA
was amplified using two primers: F357-GC (5’CGCCCGCCGCGCGCGGCGGGCGGGG CGGGGG
CACGGGGGGCCTACGGGAGGCAGCAG -3’) and
R518 (5’-ATTACCG CGGCTGCTGG-3’). The PCR
reaction system (50 μl) included 0.5μl template DNA,
0.25 μl of Taq polymerase (5 U), 1μl of primers F357-GC
(10 μM), 1 μl of R518 (10 μM), 5 μl of tenfold PCR buffer
(containing 2.0 mM MgCl2), 1μl of dNTP (10 mM), and
41.25 μl of UVsterile water. The following PCR program
was used: an initial denaturation at 94ºC for 4 min,
followed by 30 cycles of 94ºC for 30 s, 56ºC for 1 min,
72ºC for 30 s, and a final extension at 72ºC for 7 min. The
final extension for 7 min was performed to eliminate the
occurrence of artificial double bands in subsequent DGGE
analysis [46].

PCA was performed using CANOCO 4.5 (Biometris,
Wageningen, Netherlands) to study the physico-chemical
parameters of different sediments and overlying water
samples of three reservoirs.
The relationship between phospholipid fatty acid
composition and the sediment and overlying water
physicochemical properties was also investigated. The
initial detrended correspondence analysis (DCA) results
demonstrated that the data exhibited linear rather than
unimodal response to the environmental variables (most
gradient lengths were 0.224, < 2) [48-50], so RDA was
performed to explain the data by CANOCO 4.5 (Biometris,
Wageningen, Netherlands) [45-46]. Ordination biplots
including phospholipid fatty acid composition and
environmental variables were used to explain the data.
The detailed interpretation of ordination plots could be
referred to Ter Braak [51].

Denaturing Gradient Gel Electrophoresis (DGGE)
The expected size of the amplified fragment was 250
bp. DGGE analysis was performed in a DGGE apparatus
(Bio-Rad, Richmond, CA, USA). Approximately
400 ng of PCR products were loaded onto an 8.0%
(w/v) polyacrylamide gel cast in 16TAE buffer. The
polyacrylamide gels (acrylamide:bisacrylamide, 37.5:1)
were made with denaturing gradients ranging from
30 to 60%. 100% denaturant contained 7 M urea and
40% formamide. Electrophoresis was carried out at
60ºC with a voltage of 150 V in 16TAE buffer for 4 h.
Bands were visualized using a UV transilluminator
after staining the gel with ethidium bromide (EB) and
photographed.
Cloning and Sequencing
The dominant bands in the DGGE gel were excised.
Each excised piece was washed twice with 1 mL of
sterilized distilled water. A small chip (less than 1 mm3)
of each piece was used as a direct template for PCR to
recover the DNA fragment.
The selective bands on the EB-stained DGGE gel
were assigned to different species after their isolation,
reamplification by PCR, and sequencing. The selective
bands were incised and then placed in a 1.5 mL tube to
reclaim the DNA. DNA was reclaimed using a DNA
reclaim kit (Shanghai Sangon: SK1131) according to the
manufacturer’s instructions. The reclaimed DNA was used
as a template to reamplify the bands with the same pair
of primers (not containing the GC clamp) and the same
PCR conditions as described earlier. Amplicons were
then purified by SK1191 UNIQ-10 DNA Gel Extraction
Kit (Shanghai Sangon) according to the manufacturer’s
protocol and sequenced with one of the amplification
primers. These sequences were finally compared with
similar sequences in the Genbank DNA database using
BLAST analysis (basic logical alignment search tool at
NCBI) [47].

Results and Discussion
Water Quality of Overlying Water under
Different Hydrostatic Pressures
Fig. 2 shows the changes in the content of nitrogen
of different forms in the overlying water under different
hydrostatic pressures. In the early stage of the experiment,
simulators under normal pressure and pressure of
0.4 MPa had a higher concentration of NH4+ compared
with that under 0.9 MPa. However, as the reaction
proceeded, high hydrostatic pressure had an increasing
impact on the interface; in the middle and late stages of
the experiment, the concentrations of NH4+ in overlying
water in the simulators under high hydrostatic pressure
was higher than under normal pressure and increased with
increasing hydrostatic pressure. The ammoniacal nitrogen
releasing was: 0.9MPa>0.4MPa>normal pressure. The
accumulation of NH4+ in the overlying water at the
interface was closely related to DO concentration at the
interface; lower DO concentration would help the release
of NH4+. Fluctuations in hydrostatic pressure would
accelerate dissolved oxygen consumption in the interfacial
system [52], and the system under anaerobic conditions.
The way NO3- concentration in overlying water increased
was contrary to that of NH4+ (Fig. 2).
In the middle and late stages of the experiment,
the concentration of NO3- under normal pressure was
obviously higher than that under high hydrostatic pressure.
NO3- concentration showed little difference under 0.4
MPa and 0.9 MPa pressure; the NO3- concentration
under 0.4MPa was slightly higher than under 0.9 MPa.
Taking the changes of NH4+ into consideration, we may
know that, under normal pressure, the concentration of
NH4+ in overlying water lowers while that of NO3-goes
up, and that NH4+ concentration increases as NO3- level
decreases under high hydrostatic pressure. In other words,
high hydrostatic pressure is of help for ammonification
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Fig. 2. Nitrogen concentration changes of different forms in overlying water.

and normal pressure for nitrification. On the other hand,
ammonification and nitrification will be affected by
such factors as DO concentration at the interface, NO3concentration, microorganism composition, and activity,
which will change as hydrostatic pressure alters. Therefore,
the changes in the concentration of NH4+ and NO3- are the
results of both the impacts of hydrostatic pressure and
other environmental factors. From Fig. 2 we can see the
changes in NO2- concentration in the overlying water.
In the early and middle stages of the experiment,
the overlying water in three simulators witnessed an
accumulation of nitrite nitrogen, which accumulated
more under high hydrostatic pressure than under normal
pressure. The main reason was that, at this stage, a large
amount of NH4+ was released and nitrifying bacteria
was not able to oxidize NO2- from the oxidation of
nitrosobacteria by ammoniacal nitrogen completely at
the time. As the reaction proceeded, NO2- was oxidized
gradually to nitrate nitrogen by nitrifying bacteria. In
the late stage, the concentration of NO2- in all simulators
was close to zero and there was no accumulation. In the
simulation experiment, the total released nitrogen going to
the overlying water was composed of ammoniacal nitrogen
and nitrate nitrogen and different hydrostatic pressures
had a bearing on their release. The impact on the release of
total nitrogen (TN) was the result of ammoniacal nitrogen

and nitrate nitrogen being affected. It can be seen in Fig. 2
that there was not much difference among three simulators
in terms of the TN concentration in the overlying water
except that the concentration of TN under high hydrostatic
pressure was slightly higher that under normal pressure.
Nitrogen cycle in the interfacial system is complicated and
the content of nitrogen of different forms in overlying water
is the result of biogeochemical reaction. Furthermore,
different hydrostatic pressures will cause changes in the
composition of microbial communities of the system
[53] and will affect the activity of microorganisms and
enzymes, and their biological functions [27, 54]. Thus, it
is necessary to further discuss the influences of hydrostatic
pressure on the interface by considering enzyme activity
in the sediments under different hydrostatic pressures,
and the composition and functional changes of microbial
communities.

Sediment Nitrogen Load and Enzyme Activities
under Different Hydrostatic Pressures
Fig. 3 shows the content of total nitrogen in sediments
after the simulation experiment: normal pressure>0.4
MPa>0.9 MPa. The result demonstrated that the simulator
under 0.9 MPa pressure witnessed the biggest decrease
in total nitrogen amount in the sediment and the highest
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Fig. 3. STN content in sediment under different hydrostatic
pressures.

content of nitrogen released into the overlying water, which
was consistent with the analysis of overlying water quality
in Fig. 3. So, when the hydrostatic pressure was between
0.1-1.0MPa, it stimulated the release of nitrogen in the
sediment, making more nutrients involved in interfacial
nitrogen cycle. However, if the large amount of nitrogen
released could not be degraded by other microorganisms
to the form of gas or other harmless forms, it would greatly
impact the overlying water quality, and then the ecological
environment of reservoir through eutrophication.
The nitrogen cycle at the interface is closely related
to microorganisms. The activity of enzymes in microbial
cells in sediment may effectively represent the functional
activity of microorganisms and can be used to evaluate the
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transformation of nutrients in the sediment. A comparative
analysis was made on enzyme activity of surface-sediment
microorganisms under different hydrostatic pressures
after the simulation experiment, and the result was shown
in Fig. 4. When under hydrostatic pressure of 0.9 MPa,
the activity of dehydrogenases, proteases, ureases, and
nitrate reductases was higher than under 0.4 MPa and
normal pressure; when under hydrostatic pressure of
0.4 MPa, the activity of dehydrogenases and proteases
was higher than that under normal pressure, while there
was not much difference in ureases and nitrate reductases.
Thus when hydrostatic pressure was controlled within
0.1-1.0 MPa, the activity of dehydrogenases and proteases
would increase as the pressure rose; however, pressure
of 0.4 MPa was not enough to increase the activity of
ureases and nitrate reductases in an obvious fashion, and a
minor increase in their activity would take place when the
pressure went up to 0.9 MPa.
Some researches has shown that high pressure within
a certain range could make the microbial enzymes
more stable and could increase their activity (Michael,
2009). From the experiment result we can see that
when hydrostatic pressure was within the range from
0.1-1.0 MPa, a higher hydrostatic pressure could
significantly increase the activity of dehydrogenases
and proteases, but affected ureases and nitrate reductases
less.
The pressure-induced effect on the enzyme-catalyzed
reaction rate may be explained from three aspects: 1)
pressure changes the structure of a certain enzyme directly,
2) pressure induces changes in the enzymatic reaction
mechanism, such as altering the rate-determining step,

Fig. 4. Sediment enzyme activities under different hydrostatic pressures.
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Table 1. Enzymes whose activities might increase due to the
pressure-induced effect.
Category

Oxidoreductases
(EC1)

Transferases (EC2)

Hydrolases (EC3)

Specific name

EC:enzyme
commission

Dehydrogenase

EC 1.1.1.1

Hydrogenase

EC 1.1.1.2

Peroxidase

1.11.1.1-16

Lipoxygenase

EC 1.13.11.12

Polyphenoloxidase

EC 1.14.18.1

Polymerase

2.7.7.7

Pectin
methylesterase

EC 3.1.1.11

Lipase

EC 3.1.1.3

Acetylcholinesterase

EC 3.1.1.7

Polygalacturonase

EC 3.2.1.15

α-Amylase

EC 3.2.1.1

β- Amylase

EC 3.2.1.2

β-Glucanase

EC 3.2.1.2

Glucoamylase

EC 3.2.1.3

Lysozyme

EC 3.2.1.17

β-Glucosidase

EC 3.2.1.21

β-Galactosidase

EC 3.2.1.23

Invertase

EC 3.2.1.26

Naringinase

EC 3.2.1.40

Myrosinase

EC 3.2.3.1

α-Chymotrypsin

EC 3.4.21.1

Thermolysin

EC 3.4.24.27

Pepsin

EC 3.4.23.1

Unidentified
protease
Lyases (EC4)

Pyrophosphatase

3.6.1.1

Aspartase

4.3.1.1

and 3) pressure changes the physicochemical properties
of the substrate or solvent (pH, density, viscosity, phase
behavior, etc.), and further changes the enzyme structure
or rate-determining rate of enzymatic reaction [27].
In addition to those representative enzymes tested in
the experiment, there were still many enzymes whose
activity might increase due to pressure-induced effect
(Table 1). Thus an increase of activity in various enzymes
of microorganisms in the interfacial system and in their
corresponding microbial functions under high hydrostatic
system could cause the nitrogen cycle to be presented in
different patterns of change, and therefore cause significant
differences in the overlying water quality. High hydrostatic
pressure, evidently, facilitated the release of nitrogen

Fig. 5 Biomass in overlying water under different hydrostatic
pressure.

(Fig. 2), but had little influence on nitrate reductases
important in denitrification. So high hydrostatic pressure
was not an advantage for denitrification and could not help
with nitrogen loading degradation in sediment radically.
And the quality of overlying water would, as a result, be
affected by a significant accumulation of or a large amount
of ammoniacal nitrogen releasing to the overlying water
or by the nitrate nitrogen transforming from ammoniacal
nitrogen for changes in a reducing environment and
water oxidation, which could not be removed completely
through denitrification.

Microbial Community Diversity under Different
Hydrostatic Pressures
The biomass in the overlying water was tested using
the lipid-P method. Fig. 5 shows the result that biomass in
the overlying water under high hydrostatic pressure was
more than that under normal pressure and demonstrated
an increasing tendency as high hydrostatic pressure rose.
It can be seen from the results that, under different
hydrostatic pressures, the overlying water quality, total
nitrogen in sediment, and the activity of microbial
enzymes were remarkably different. To further discuss
how hydrostatic pressure affects interfacial material cycle,
PLFA methods were used in the comparative analysis
on the diverse structure of microbial communities in
the sediment under different hydrostatic pressures. The
determination and results were shown in Fig. 6 and Table
2. From Table 2 we can see that, under high hydrostatic
pressure, both the total PLFA content and the range
and number of PLFAs detected were higher than under
normal pressure. Total PLFA content, under pressures of
0.4 MPa and 0.9 MPa, was 87.63% and 68.29% higher
than under normal pressure, respectively. Under the three
hydrostatic pressures, C23:0 was the major player of the
PLFA community, accounting for, respectively, 83.99%,
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Table 2. PLFA content in the sediment samples under different
hydrostatic pressures.
GY0

GY0.4

GY0.9

Total PLFAs
(nmol/g)

11651.44

21861.81

19608.27

∑SFA*
(nmol/g)

11597.62

21804.26

19581.13

∑MUFA**
(nmol/g)

53.81

57.55

27.13

PLFA range

C14:0~C23:0

C13:0~C24:0

C14:0~C24:0

PLFA
quantity

13

13

15

*
∑SFA: saturated fatty acid, **∑MUFA: monounsaturated
fatty acid

88.02%, and 90.48% of total PLFA content. And the
number increased as the pressure went up, which meant
that high hydrostatic pressure facilitated the increase in
the number of PLFAs.
A principal component analysis (PCA) was made
on PLFAs in the sediment microbiota under different
hydrostatic pressures. The results are shown in Fig. 7, and
the differences were significant, that is normal pressure,
and pressures of 0.4 MPa and 0.9MPa were in second,
fourth, and third quadrants, respectively. The first principal
component accounted for 60.8% of the total differences

Fig. 7 PCA of the PLFAs in sediments under different hydrostatic
pressure (1:GY0;2:GY0.4;3:GY0.9).

and the second principal component 39.2%, explaining the
total differences. The contribution by PLFAs to first and
second principal component was depicted in Fig. 7. The
smaller the axis angle of principal component, the more
contributions PLFAs made to it.

Fig. 6. GC/MS chromatogram of PLFAs in sediment under different hydrostatic pressures.
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Fig. 8. Ordination diagram of phospholipids fatty acid
composition associated with the other parameters of urease,
nitrate reductase, dehydrogenase, protease, biomass, and
hydrostatic pressure (HP). Other parameters are indicated as
arrows. Phospholipid fatty acid samples are indicated as a circle.
(○,1:GY0;2:GY0.4;3:GY0.9)

After detrended correspondence analysis (DCA), the
most length of gradient of PLFA under normal pressure,
0.4 MPa and 0.9 MPa, was 0.814<2. Thus the linear
model, or redundancy analysis (RDA), was used to
analyze how environmental factors affected microbiota
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structure and contributed to the differences. And the result
is shown in Fig. 8. Environmental factors like hydrostatic
pressure, dehydrogenases, proteases, and total nitrogen in
sediment contributed most to the differences in microbiota
structure in sediments, among which hydrostatic pressure,
dehydrogenases, and proteases showed a significantly
negative correlation with the second principal component,
while total nitrogen in the sediment saw a positive
correlation with the second principal component. From
the analysis, it is known that dehydrogenases, proteases,
and other microorganism enzymes were influenced by
hydrostatic pressure, whose activity would change as the
pressure changed. Therefore, hydrostatic pressure was the
most important factor affecting microbiota structures in
the sediment.
After amplifying the DNA extracted from
microorganisms in sediment samples by PCR and
segregation analysis on the amplified product performed
by DGGE, we can get a legible diagram of DGGE of
microorganisms in the sediment under different hydrostatic
pressures (Fig. 9). From Figure 10, it is known that there
were significant differences in the number and location
of DGGE bands under different hydrostatic pressures.
When the pressure rose, the number of bands increased.
Compared with the one under normal pressure, the one
under 0.4 MPa had two more bands, that is E and J, and
band H had a stronger signal. For the one under pressure
of 0.9 MPa, there were four more bands, including A, B,
C, and K, while band B, was notably larger and brighter,
indicating that its corresponding microbial species was the
dominant one, which was not detected when the pressure
was normal and 0.4 MPa. Apparently, it was a new species
occurring when the pressure was 0.9 MPa.
From the biodiversity index of microorganisms in the
sediment samples shown in Table 3, we can see that, the
Simpson and Shannon indexes, when the pressure was
0.9 MPa, were higher than those under normal pressure
and 0.4 MPa. The two indexes have been widely used in
statistics to reflect diversity of the microbiota structure.
Table 3 tells us that, from the perspective of statistics,
compared with normal pressure, the diversity of the
microorganism community did not increase significantly
under 0.4 MPa pressure. Thus, when the range of
hydrostatic pressure was from 0.1-1.0 MPa, the diversity
of microbiota structure would not remarkably increase and
new species would not appear until the pressure went up
a certain degree.
Table 4 showed the results of a similarity analysis of
DGGE fingerprints under different hydrostatic pressures.

Table 3. Biodiversity index of microorganisms in the sediment
samples under different hydrostatic pressures.

Fig. 9. DGGE profiles of sediment samples under different
hydrostatic pressures.

Simpson Index

Shannon Index

Normal(GY0)

0.800

1.609

0.4MPa(GY04)

0.800

1.609

0.9MPa(GY09)

0.857

1.946
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Table 4. Similarity analysis of DGGE fingerprints under different
hydrostatic pressures.
GY0

GY04

Normal (GY0)

100

0.4MPa (GY04)

60%

100

0.9MPa (GY09)

50%

33.3%

GY09

1

There was a similarity of 60% between 0.4 MPa and normal
pressure, 50% between 0.9 MPa and normal pressure,
and 33.3% between 0.9 and 0.4 MPa. We may see that,
therefore, microbiota structure in sediments under 0.4 MPa
was more similar to that under normal pressure and more
different from the one under 0.9 MPa. The reason behind
was that, first, within the range of 0.1-1.0 MPa, higher
hydrostatic pressure had greater influence on the structure;
in addition, the sediments in this experiment were from
Heihe Reservoir, which had a greater average depth, and
thus there were more microorganism communities adapted
to high hydrostatic pressure in the sediment, leading to a
richer diversity of microorganism communities under high
hydrostatic pressure.
Eleven representative bands were selected (bands A
to K) from the DGGE bands under different hydrostatic
pressures after segregation, among which bands D and F
were found when the pressure was 0.2 MPa. After tapping
the bands and eluting and recycling the DNA, the recycled
DNA was amplified by PCR and tested by electrophoresis.
For those re-amplified bands, after purification,
connection, transformation, cloning, and sequencing, a
homology search and BLAST search were conducted on
their sequencing results to identify the bacterial genus
most closely related to each corresponding band. From the

Table 5. Sequencing results for representatives of the DGGE
bands under different HP.
No.

Sequence
length /bp

Bacterial genus

A(GY09)

189bp

Flavobacterium sp.

B(GY09)

189bp

Flavobacterium xinjiangense

194bp

Massilia brevitalea

189bp

Flavobacterium columnare

D(GY02)

169bp

Acidobacteriaceae bacterium

E(GY04)

194bp

Gallionella sp.

F(GY02)

194bp

Rhodoferax sp

G(Normal)

169bp

Chloroflexi bacterium

H(GY04)

186bp

Nitrospira sp

I(Normal)

184bp

Nitrospira sp

J(GY04)

194bp

Methylotenera

K(GY09)

194bp

Gallionella sp

C(GY09)

results in Table 5, bands A, B, and C were the new ones
under 0.9 MPa belonging to the genus Flavobacterium
sp, genus Flavobacterium xinjiangense, genus Massilia
brevitalea and Flavobacterium columnare respectively.
Though the sequencing length and location of band H was
subjected to 0.4 MPa and band I was subjected to normal
pressure, they turned out to belong to the same genus after
cloning and sequencing. Therefore, the newly added bands
under normal pressure were E and J, belonging to genus
Gallionella sp. and Methylotenera, respectively.

Conclusions
The simulation experiment in a laboratory studied the
effects of 0.1-1.0 MPa hydrostatic pressure on material
cycles at the interface and conclusions are addressed as
follows:
1) When the hydrostatic pressure is 0.1-1.0 MPa, it
facilitates the release of nitrogen at the interface
and ammonification, but has little influence on
denitrification. The pressure within the range will
also cause a large accumulation of such pollutants
as ammoniacal nitrogen and nitrate nitrogen at the
interface, seriously worsening the overlying water
quality.
2) High hydrostatic pressure will significantly increase
the activity of dehydrogenases and proteases in the
sediment, and has little influence on ureases and nitrate
reductase activity.
3) As PLFA and PCR-DGGE analysis results show,
different hydrostatic pressures will lead to remarkably
different structures and heredities within the microbial
community. When the pressure is within the range
of 0.1-1.0 MPa, the microbial community structure
is more diverse under high hydrostatic pressure than
under normal pressure.
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