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The effect of hydrodynamics on the succession of
autotrophic and heterotrophic organisms of bioﬁlms in
river ecosystems
Mei Pan, Xiang Liu, Weixing Ma, Xuan Li, Haizong Li, Cheng Ding,
Yuxi Chen and Runze Chen

ABSTRACT
Bioﬁlms were cultivated for a 68-day period under different hydrodynamic conditions, and the effect
of hydrodynamics on the succession of autotrophic and heterotrophic organisms of bioﬁlms was
investigated. Five obvious stages were observed during bioﬁlm formation. At Stage I, the attachment
of algae was delayed, especially under turbulent conditions. After Stage II, algal density and
heterotrophic biomass of bioﬁlms increased, which were obvious under turbulent ﬂow. Therefore,
the algal density and heterotrophic biomass of bioﬁlms were largest under turbulent condition,
followed by laminar condition, and then transitional condition. Diatoms were dominant in all ﬂumes
and were most abundant under turbulent conditions. The proportion of cyanobacteria was highest
under laminar conditions. The ratio of aerobic to anaerobic bacteria decreased and their co-existence
could facilitate the nitriﬁcation and denitriﬁcation in the bioﬁlm. The ratio of monounsaturated fatty acids
to saturated fatty acids was highest under turbulent conditions on the 15th day. While the ratio was
highest under laminar condition on the 48th day, the high ratio indicates the high ability of bioﬁlm to
obtain nutrients, which affect the growth of algae. The regulation of hydrodynamics is a useful technology
which can affect the growth of the microorganisms of bioﬁlm, and further improve water quality.
Key words
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HIGHLIGHTS

•

At the initial stage of bioﬁlm formation, algae adhesion are delayed, and the algal
density and heterotrophic biomass of bioﬁlms increase later. Both phenomena are
obvious under turbulent conditions.

•

High ratio of monounsaturated to saturated fatty acids indicates high ability to obtain

•

Hydrodynamics is an important factor shaping the succession of community of

nutrients, which affect algae growth.
bioﬁlms in rivers.
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GRAPHICAL ABSTRACT

INTRODUCTION
River bioﬁlms are a complex system with very high cell density and their community structure are composed of both
autotrophic organisms (e.g. diatoms, green algae, and cyanobacteria) and heterotrophic organisms (e.g. bacteria, fungi,
and protozoa) (Battin et al. ). They are attached to surfaces and surrounded by their own secreted extracellular
polymeric substances (EPS). Bioﬁlm formation is usually
divided into ﬁve stages according to the currently accepted
model: (1) reversible adhesion of planktonic cells; (2) irreversible adhesion; (3) EPS matrix formation; (4) bioﬁlm
maturation; and (5) dispersion (Janissen et al. ). After
the attachment of microorganisms to the surface, bioﬁlms
are subjected to an array of coupled physical, chemical,
and biotic processes to become mature. The sufﬁcient communication and collaboration of microorganisms in bioﬁlms
are attributed to the high diversity of microbial community
structure (Flemming & Wuertz ).
The speciﬁc adhesion of different microorganisms to
the surface and their aggregation are the prerequisites for
bioﬁlm formation and maturation (Carniello et al. ).
Under the regulation of quorum sensing (QS), microorganisms adhere to the bioﬁlm in a certain order, and the
microbial distribution in bioﬁlms is also regular and
orderly, thus a complex but ordered 3-D structure is
formed (Veach et al. ). The high speciﬁcity of the
microorganisms in the bioﬁlm and their ordered adhesion
lead to a microbial succession process (Brislawn et al.
).
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Hydrodynamics is one of the most important factors
that affect the rate of transport of cells, oxygen, and nutrients to the surface of the river, and then affect the growth
of bioﬁlm and the succession of microbial community structure (Wang et al. ). However, at the same time, bioﬁlm is
a QS response to an adverse environment (higher shear
stresses) to prevent the shedding of algae and bacteria, by
adjusting the community structure, and its 3-D architecture
(spatial arrangement of microbial cells and EPS), thickness
and compactness (Risse-Buhl et al. ).
At present, there are relatively few studies on the response
of autotrophic and heterotrophic organisms of river bioﬁlm to
water hydrodynamics. In this study, the succession trajectory
of the effect of hydrodynamics on the bioﬁlm community
was recorded during the process of bioﬁlm formation. The
monitoring of autotrophic community structure was mainly
done by evaluating the algae and chlorophyll a. The
heterotrophic community structure was quantiﬁed using
phospholipid fatty acids (PLFA) as biomarkers.

MATERIALS AND METHODS
Experimental design
The microcosms consisted of three identical Plexiglass
ﬂumes (450 cm × 8 cm × 8 cm) connected to two shared
Plexiglass reservoirs (100 L, 0.5 m × 0.25 m × 0.8 m). Flumes
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were designed with inlet bafﬂes and outlet tailgates to ensure
the uniform ﬂow (Figure 1). Separate from the different ﬂow
conditions, 180 sterilized glass slides (sail brand, 75 mm ×
25 mm × 1.2 mm) were placed horizontally in each ﬂume,
the bioﬁlms were cultivated on glass slides in the three
ﬂumes, under identical nutrients and substrate conditions
for ensuring the comparable basic conditions. Water recirculating in the ﬂumes was replaced with fresh water taken from
the Tongyu River (Yancheng, China) every third day, which
was kept at a temperature of 15–19  C using a thermostat.
The three ﬂumes were illuminated from above with
ﬂuorescent, cool-white tubes (50 μmol m2 s1) under 12-h
light/12-h dark conditions, which were controlled by a time
switch socket. The hydrodynamic conditions are detailed in
Table 1. The growth cycle of bioﬁlm cultivation was 68
days, and the bioﬁlms were collected and analyzed on the
8th, 15th, 24th, 32nd, 48th, 60th, and 68th day.

spectrophotometer according to the national standard
method (China ). The average conductivity was set as
429 ± 25 μS cm–1, and the average DO was 5.2 ±
0.5 mg L1 (± standard deviation, n ¼ 3). Considering that
the concentrations of N and P nutrients have a great effect
on the growth of algae, the experiments were carried out
as far as possible under a constant nutrient level in order
to highlight the effect of hydrodynamics on algae. The aver
1
age NHþ
4 -N, TP, and NO3 -N were 7.2 ± 0.5 mg L , 1.2 ±
1
1
0.2 mg L , and 8.4 ± 0.3 mg L , respectively in the river.
According to their actual concentrations in the river, the
amount of ammonium chloride (NH4Cl), potassium nitrate
(KNO3), potassium dihydrogen phosphate (KH2PO4) were
added weekly to ensure the concentrations of the three
nutrients remained at a certain level.

Water quality and analytical methods

Microscopic analysis of algae and chlorophyll a

Water temperature ( C), pH, dissolved oxygen (DO, mg L1)
and conductivity (μS cm–1) were measured with the Portable
DO analyzer (HACH, HQ30d). Ammonia (NHþ
4 –N), total

phosphorus (TP), and nitrate nitrogen (NO3 –N) in water
were detected using an ultraviolet (UV)–visible (Vis)

Algal morphotypes (Navicula diatoms, Chlorella and ﬁlamentous green algae, etc.) were quantiﬁed and
photographed microscopically (CX31, Olympus, Japan).
The results were expressed as cell·cm2. The contents of
chlorophyll a were determined spectrophotometrically
with a T6 UV/Vis spectrophotometer (T6, PERSEE,
China) after an acetone extraction. The ﬁnal values were
assessed as μg·cm2 of bioﬁlm surface area.

Bioﬁlm sample analyses

Extraction and identiﬁcation of PLFA in bioﬁlm

Figure 1

Table 1

|

|

3-D-effect drawing of experimental setup.

Hydraulic characteristic of ﬂumes
1

)

Reynolds (Ref )

Hydrodynamic condition

Velocity (cm·s

Turbulent

22.6 ± 1.5

3,446 ± 20

Transitional

4.2 ± 0.6

653 ± 17

Laminar

1.3 ± 0.2

199 ± 12
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After multiple extraction steps (i.e. lipid extraction, silicic
acid chromatography, and methanation) (Vinten et al.
), the identiﬁcation of the extracted PLFA was carried
out using the Sherlock Microbial Identiﬁcation System
(MIS 4.5, MIDI, Newark, Delaware, USA), which is based
on fatty acid quantiﬁcation of bacterial cells.
The PLFA strain identiﬁcation system (Agilent 7890 gas
chromatograph system and Sherlock analysis software) was
used to quantify the extracted fatty acid methyl esters. The
basic settings were as follows: injection volume was 2 μL,
the inlet temperature was 250  C, the detector temperature
was 300  C, and the ﬂow rate of the carrier gas (H2) was
30 mL min1. The initial temperature was 170  C, followed
by increasing by 5  C per min to 260  C and holding for
18 min, and then increasing the temperature 40  C per
min1 to 300  C and holding 1.5 min. Methyl nonanecane
fatty acid (19:0) was used as the internal standard to calculate the absolute content of PLFAs.
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The microbial community structure, that was, the
abundance distribution of different groups of microorganisms, can be characterized by the distribution of
characteristic fatty acids in each microbial group. In this
study, only fatty acid species with a percentage greater
than 1% were counted. PLFA are named as ‘total
carbon number: double bond number ω, and double
bond distance from molecular end position’, preﬁxes a
and i represent the reverse isomerism and heterogeneity
of the branch, respectively cy represents cyclopropane
fatty acid; sufﬁx c represents cis fatty acid; t represents a
trans fatty acid; and 10Me represents a methyl side
chain at the 10th carbon atom from the molecule end
(Chowdhury & Dick ). The sum of all PLFA having
a carbon chain length of C12–C20 was counted as the
total amount of PLFA, which represents the total
amount of microorganisms. The total amount of PLFA
and the quantity of each bacterial group measured in
this study were showed as absolute values. Their units
were nmol·g1.
Statistical analyses
All the experiments were repeated three times, and the ‘±’ in
the data denotes standard deviation. The signiﬁcance test
was statistically analyzed by SPSS 19.0 (one-way analysis

Figure 2
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of variance). P < 0.05 and P < 0.01 mean signiﬁcant difference and extremely signiﬁcant difference, respectively.

RESULTS AND DISCUSSION
Algal composition during the process of bioﬁlm
formation
Distribution of algae
Microscopy showed that protozoa, rotifers, and algae (most
algae were diatoms, green algae, and cyanobacteria) were
the main microorganisms in the sediment and the water.
Diatoms, green algae, cyanobacteria, euglena, dinoﬂagellates, and few protozoa were the main microorganisms in
the bioﬁlms. The dominant algae in bioﬁlms in all ﬂumes
were diatoms, which were important primary producers in
water. Researchers previously pointed out that diatom
genes can be bidirectionally transferred to bacteria, producing an informal recombination, and they also played an
important role in nutrients allocation and environmental
feedback signaling (Bowler et al. ).
Microscopic observation showed that hydrodynamics
had a certain inﬂuence on the composition and quantity of
algae in bioﬁlm (Figure 2 and Table 2). In all ﬂumes, the

Microscope photomicrographs of 8-day-old, 15-day-old, and 32-day-old bioﬁlms formed on glass slides under turbulent, transitional, and laminar ﬂow.
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Algal density of bioﬁlms in three ﬂumes
2

Algal density (cell cm

)

Green algae

Cyanobacteria

Hydrodynamic condition

Time

Diatom
Navicula

Turbulent

8th day
15th day
32nd day

10.21 ± 0.11
100.85 ± 0.32
308.35 ± 1.87

48th day

672.12 ± 9.11

70.22 ± 1.68

69.45 ± 2.14

68.32 ± 3.13

60.24 ± 1.12

Transitional

8th day
15th day
32nd day

18.32 ± 0.89
50.87 ± 0.93
78.32 ± 0.83

3.24 ± 0.18
16.47 ± 1.23
35.47 ± 2.11

1.56 ± 0.31
11.42 ± 2.21
70.11 ± 1.89

2.45 ± 0.23
20.22 ± 1.91
65.22 ± 2.56

3.14 ± 0.21
19.88 ± 0.11
60.22 ± 3.11

48th day

200.89 ± 6.11

80.23 ± 2.98

90.66 ± 3.11

108.89 ± 3.31

109.79 ± 4.21

Laminar

8th day
15th day
32nd day

28.33 ± 1.24
60.25 ± 2.18
212.73 ± 4.28

6.79 ± 0.15
16.89 ± 1.11
40.22 ± 1.28

4.23 ± 0.21
20.90 ± 2.52
70.12 ± 2.44

5.89 ± 0.41
17.44 ± 1.51
60.32 ± 2.31

5.28 ± 0.18
64.32 ± 2.88
100.89 ± 3.01

48th day

345.24 ± 5.11

87.23 ± 1.45

108.32 ± 1.31

90.77 ± 3.41

186.23 ± 3.21

Chlorella

Filamentous algae

Scenedesmus

Microcystis

1.22 ± 0.05
17.68 ± 0.08
40.56 ± 0.11

1.05 ± 0.10
14.97 ± 0.13
68.22 ± 1.13

1.39 ± 0.05
25.27 ± 0.06
58.20 ± 0.21

1.13 ± 0.02
25.64 ± 0.11
70.76 ± 0.43

Succession of algae during bioﬁlm formation

Hence, the algal density in bioﬁlms was highest under turbulent conditions, followed by under laminar conditions. The
algae were still mainly diatoms, which secreted copious
amounts extracellular polysaccharides and had less chlorophyll a content than other algae (Hoagland et al. )
(Figure 3). Previous studies also indicated that a higher
ﬂow velocity can promote the diatoms domination. Therefore, diatoms are an indicator of water quality due to their
quick response to environmental changes (Rimet ).
Because diatoms are usually small, have a large migration
resistance, a fast growth rate, and a low half-saturation coefﬁcient of nutrient absorption (Risse-Buhl et al. ), they
can easily dominate bioﬁlms in the highly dynamic habitat.
For the previously-mentioned reasons, the chlorophyll a

Microscopy showed that the formation of bioﬁlms had a
3–8 day stagnation, and that algae were almost not detected
until after the 8th day (0–8th day is considered as Stage I)
under the turbulent condition. The lag phase of bioﬁlms
under turbulent ﬂow conditions was most obvious, which
was attributed to the fastest water velocity. At Stage I, both
the chlorophyll a content and algal density of bioﬁlm were
low in all ﬂumes (Figure 2 and Table 2). A few algae were
detected on the 8th day (Figure 2), with about 30–40 μm
length, and almost all of them were diatoms (Navicula sp.).
After an initial lag phase, chlorophyll a and algae
abundance steadily increased. On the 15th day, under the
turbulent condition, microscopy showed that more EPS
were secreted by attached algae, which in turn accelerated
microbial adhesion due to the high turbulence (Figure 2).

Figure 3

ratios of diatoms to algae were the highest, followed by
green algae, while the ratio of cyanobacteria to algae of
the bioﬁlm grown in laminar ﬂow was higher than the
other two ﬂumes (Table 2). This was consistent with the
results of Li et al. (Li et al. ), which showed that
the strength of hydrodynamic disturbance can affect the
light and nutrients absorption of different algae. The results
suggest that high disturbances are beneﬁcial to diatoms and
green algae, while low perturbations are beneﬁcial to cyanobacteria. Additionally, the structure of the bioﬁlm affects the
bioﬁlm community, especially algae due to absorption and
utilization of C, N, and P.
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content and algal density between laminar and turbulent
conditions were not signiﬁcantly different at this stage
(P ¼ 0.07238 and 0.08245, respectively) (Figure 3, Table 2).
Moreover, the distribution of diatoms was affected by the
direction of water ﬂow under the turbulent condition,
which is consistent with the study by Battin et al. (Battin
et al. ), whereas the algae distribution in laminar ﬂow
bioﬁlms did not show signiﬁcant directionality. At this
stage, in addition to diatoms, the other algae, such as Chlorella, Scenedesmus, ﬁlamentous water-like genus (green
algae), and Microcystis (cyanobacteria) also have appropriate growth under three hydrodynamic conditions. In the
laminar ﬂow ﬂume, the distribution of algae was distinctly
different from the other two, especially with more cyanobacteria (Microcystis) and green algae (ﬁlamentous algae),
which may be due to the response of the algae to hydrodynamic conditions.
On the 32nd day, the number of algae under the turbulent conditions signiﬁcantly exceeded that under the
laminar conditions, and both were greater than that
under the transitional conditions (Table 2). Algal cells
extended away from the basal layer to form the bioﬁlm
canopy, along with EPS, other microbes, inorganic particles, and organic debris. All the morphology of bioﬁlms
were relatively dense, especially under turbulent ﬂow conditions. The dense bioﬁlm structure may also affect mass
transfer by increasing the diffusional resistance within bioﬁlms. Figure 2(g) and 2(i) show that, at this stage, algae
were embedded in the EPS, and there were a signiﬁcant
accumulation stratiﬁcation (the 9th–32nd day was regarded
as Stage II). During this stage, bioﬁlm morphology may be
a limiting factor affecting mass transfer of DO. Oxygen
plays an important role in the primary productivity and is
related to the water nutrient level. Hydrodynamic disturbance promoted atmospheric reoxygenation (Risse-Buhl
et al. ), and the photosynthesis of algae was the main
source of DO in bioﬁlms, which included the respiration
of the bioﬁlm and organic matter degradation in the
river. The chlorophyll a of bioﬁlms in all three ﬂumes
increased from the 24th–48th day, and the increase amplitude was the largest in the laminar ﬂume. The content of
chlorophyll a of the bioﬁlm in the laminar ﬂow ﬂume
was 2.5 times as much as that in the transitional ﬂow
ﬂume.
At the beginning of the experiment, algae growth was
limited, and the chlorophyll a and the number of algae at
Stage I (0–8th day) were the lowest under the turbulent
ﬂow. However, from the 9th–48th day (Stage I and Stage
II), they grew rapidly, which was due to the adaptation of
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some algae to the environment. On the 48th day, the chlorophyll a content of bioﬁlm under the turbulent conditions
was much lower than that under the laminar conditions
(approximately three-ﬁfths) (Figure 3). Under the laminar
condition, the proportion of cyanobacteria and green algae
of bioﬁlm increased (Table 2), which mainly resulted in
the increase of chlorophyll a. Therefore, among the three
ﬂow conditions, the water body under the laminar ﬂow
was relatively easy to be eutrophic, further affecting the
algae composition of bioﬁlm. After the 48th day, the
growth of algae in bioﬁlms in all ﬂumes began to slow
down and, therefore, this stage of bioﬁlm formation was
Stage IV.
Hydrodynamics not only directly affected the attachment and aggregation of algae on the surface of bioﬁlm,
but it also affected the transport of nutrients and oxygen in
the water to the bioﬁlm, which in turn affected the growth
of algae. In detail, ﬂow factors such as volume and rate continually affected the transport of C, N, and P in the water to
bioﬁlms. This study shows similar results to the research of
Liang et al. (Liang et al. ), which pointed out that hydrodynamics was the main natural factor affecting the state and
process of eutrophication of river water.
Heterotrophic organism succession during bioﬁlm
formation
PLFA biomarkers and the microbial functional groups of
bioﬁlm
Quantitative and structural changes of PLFA biomarkers
during the bioﬁlm formation.
(1) Changes of PLFA biomarker species
Bioﬁlm samples (with three parallels) were collected
on the 15th, 32nd, 48th, and 60th day during the bioﬁlm
growth process under three hydrodynamic conditions. In
total, 29 PLFA species (whose carbon chains have a
length of 12–20) were detected, suggesting that the PLFA
species in the microbial community were diverse. The
detected PLFA included saturated fatty acids, branched
chain fatty acids, cyclopropane fatty acids, monounsaturated fatty acids, and polyunsaturated fatty acids. The
categories and characteristic peak values of the collected
PLFA from the bioﬁlm samples are listed in Tables 3 and
4, respectively.
As can be seen from Table 4, PLFA species varied
during bioﬁlm formation. At different stages of formation,
the PLFA of microbial communities in bioﬁlms were
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Biomarker PLFA species of main functional ﬂora

Microbial functional groups

Bacteria

PLFA species
þ

Gram-positive bacteria (G )
Gram-negative bacteria (G)

14:00, i14:00, a14:00, 15:0 iso, 15:0 anteiso, 16:0 iso, 15:0 iso 3OH, 17:0 iso, 17:0 anteiso
16:00, 16:1ω9c, 16:1ω7c, 16:1ω5c, 17:0 cyclo, 17:1ω8c , 18:1ω7c, cy 19:0ω8c, 18:0

Fungi

18:1ω5c, 18:3ω6c (6,9,12), 18:1ω9c, 20:1ω9c

Protozoa

20:4ω6,9,1,2,15c

Actinomycetes

19:0 10 methyl

Aerobic bacteria

a14:0, i 14:0, 15:0 2OH, 17:1ω7c, 15:0 3OH

Anaerobic bacteria

16:1ω5c, 18:00, 18:1ω7c, 18:1ω5c

different, but the overall change trends were consistent.
The number of PLFA species increased during bioﬁlm formation. Seventeen main species of PLFA in most bioﬁlms
were found on the 15th day, while 19 PLFA species were
found in the turbulent condition samples. This may be
because the turbulent conditions caused the secretion of
more EPS and increased the adhesion of more microorganisms. Furthermore, especially at Stage II of bioﬁlm
formation, the faster ﬂow under the turbulent condition
may promote the contact of algae with bioﬁlms, which
can enhance the transport of microbes. At this stage,
there was no anaerobic bacteria, and Pseudomonas
(16:00) was the most abundant species, followed by
Gram-negative bacteria (16:1ω7c), a species that existed
widely in all three water ﬂumes. On the 32nd day, the
number of PLFA in the bioﬁlm under turbulent ﬂow
increased to 24, 25 under the transitional ﬂow, and 27
under the laminar ﬂow. Both the bioﬁlm samples in laminar and transitional ﬂow ﬂumes had more PLFA types
than that in turbulent ﬂow ﬂumes, which was most likely
because some microbes could not survive the turbulent
conditions. On the 48th day, there were 25 species under
turbulent ﬂow, and 29 species under laminar and transitional ﬂows, which were the same as the PLFA species
obtained on the 60th day. Under the turbulent conditions,
anaerobic bacteria (18:0 and 18:1ω7c) were detected at an
earlier time than transitional and laminar conditions,
which was probably because the bioﬁlm cultures gradually
became denser after 15 days, and anoxic areas appeared.
In general, there were fewer bioﬁlm species under turbulent ﬂow conditions than under laminar and transitional
ﬂow conditions at Stages III and IV of bioﬁlm formation.
(2) Changes in PLFA biomass during bioﬁlm formation
The molar concentration of PLFA in all bioﬁlms were
calculated using the Sherlock MIS system’s output value
normalized to the internal standard methyl nonadecylate
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in combination with their molar concentration. The
conversion coefﬁcient between PLFA and biomass was
usually 2 × 104–6 × 104 cell·pmol1 PLFA (White et al.
), and 4 × 104 cell·pmol1 was used in this study. The
monitoring data showed that not only the species but also
the quantity of algae increased with the bioﬁlm culture
time. Both the total amount of PLFA and the content of individual species of PLFA varied with the hydrodynamic
conditions and culture time (Figure 6).
At Stages III and IV of bioﬁlm formation, the main
PLFA detected were 14:0, i14:0, a14:0, 15:0 2OH, 15:0
3OH, 16:0, 16:1ω5c, 16:1ω7c, 16:1ω9c, 18:1ω9c, 18:0,
18:3ω6c (6,9,12), 20:1ω9c and 20:4ω6,9,12,15c (protozoa).
These PLFAs not only represented a large proportion in
total fatty acids, but were also abundant under all three conditions. The change of PLFA content was also different
throughout the bioﬁlm formation.
As showed in Figure 4, at Stages III and IV of bioﬁlm
formation, the total PLFA biomass of bioﬁlm under turbulent conditions were all the highest: 22 × 107 cell g1 at
48th day and 18 × 107 cell g1 on the 60th day. These
values were higher than their counterparts under the transition ﬂow (15 × 107 cell g1 and 13.1 × 107 cell g1) and
laminar ﬂow (17.7 × 107 cell g1 and 13.8 × 107 cell g1).
On the 32nd day, the biomass of bioﬁlm PLFA increased
rapidly compared to the 15th day. This may be because
the secretion of EPS increased, which further promoted
the high-speed growth of microbes from days 24 to 32.
Decomposition of organic matter as a result of bacterial
action and self-predation by protozoa are an important
part of the food chain in nature. With the emergence of
protozoa and their increase in number (as showed in
Table 4), the predation effect on bacteria also increased,
resulting in a reduced bacterial population. In general,
the quantity of bioﬁlms was signiﬁcantly reduced under
three hydrodynamic conditions at the 60th day. This
stage should be the Stage V of bioﬁlm formation.

|

Dynamic changes of the PLFA biomarkers in bioﬁlm cultured under the control of hydrodynamics during the process of formation (biomass 105 cell g1 bioﬁlm)

32nd day

48th day

60th day

PLFA
Turbulent

Transitional

Laminar

Turbulent

Transitional

Laminar

Turbulent

Transitional

Laminar

Turbulent

Transitional

Laminar

1 Bacteria

12:0 anteiso

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.32

0.22

0.00

17.52

14.06

2

12:1 at 11–12

0.00

0.00

0.00

0.00

0.00

0.03

0.00

0.00

16.36

0.00

0.00

15.44

3 Bacteria

13:0 anteiso

0.04

0.00

0.00

0.03

0.04

0.04

0.26

0.17

0.20

20.20

16.08

23.02

4

13:0 3OH

0.00

0.00

0.00

0.00

0.00

0.91

0.00

0.00

19.03

0.00

0.00

28.81

5 Bacteria

14:0

5.28

6.77

6.16

82.91

71.68

61.01

180.65

95.59

126.82

143.92

100.30

113.60

6 Aerobic bacteria G þ

a14:0

3.75

4.73

3.78

81.73

73.42

58.21

136.20

76.59

89.64

91.80

66.82

70.72

7 Aerobic bacteria G þ

i14:0

1.13

1.55

1.09

27.36

25.13

27.80

59.63

42.82

44.11

39.13

29.29

35.57

8 Bacillus G þ

15:0 iso

1.08

1.24

2.70

25.09

22.90

56.16

47.53

34.22

53.72

37.69

36.48

41.77

9 Aerobic bacteria

15:0 2OH

1.73

1.94

2.92

41.64

35.72

47.67

44.23

29.85

29.70

18.58

23.41

18.89

10 Aerobic bacteria

15:0 3OH

2.95

2.53

3.08

46.55

42.08

46.55

108.26

75.53

76.30

58.43

52.18

43.29

11 G þ

16:0 iso

0.00

0.00

0.00

0.11

0.17

0.14

0.26

0.32

0.27

18.40

17.39

27.71

12

16:0 anteiso

0.00

0.00

0.00

21.00

21.91

30.13

24.64

25.18

30.41

24.17

20.27

23.02

13 Anaerobic methane
oxidizer G

16:1ω5c

2.66

2.01

2.87

38.27

25.80

27.61

48.63

42.52

38.42

40.04

31.78

29.64

14 Bacteria G

16:1ω7c

6.40

5.92

5.81

93.09

104.01

110.46

179.99

152.12

197.79

126.78

117.30

107.67

15

16:1ω9c

3.23

2.56

2.72

57.45

48.20

47.39

117.06

77.04

88.58

97.75

61.59

60.38

16 Pseudomonas G

16:00

12.98

12.81

12.02

200.09

169.90

200.95

398.92

264.44

271.96

316.33

197.72

159.10

17

15:0 iso 3OH

0.00

0.00

0.00

0.00

0.10

0.11

0.00

7.57

19.51

0.00

9.74

14.71

18 Aerobic bacteria

17:1ω7c

0.00

0.00

0.00

0.01

0.01

0.01

0.26

0.35

0.55

20.02

14.91

24.40
26.19

17:1ω8c

1.68

1.03

1.37

21.09

17.20

30.23

46.43

29.40

53.54

20.02

13.47

20 Fungi

18:3ω6c

1.23

0.97

1.03

20.36

34.31

30.41

69.09

47.19

45.53

50.14

41.98

41.08

21 Anaerobic/phagocytic
hydrolysis bacillus

18:0

0.00

0.00

0.00

19.36

0.37

0.55

148.96

81.87

77.02

130.21

88.40

78.58

22 Anaerobic/Pseudomonas
bacteria G

18:1ω7c

0.00

0.00

0.00

19.36

8.63

1.31

227.52

144.74

159.72

228.50

102.91

129.87
111.81

18:1ω9c

3.43

3.01

3.68

81.82

67.05

76.50

229.94

153.93

207.57

164.84

95.46

18:1ω5c

1.66

1.23

1.50

20.45

25.63

33.68

48.63

47.04

47.49

21.46

44.72

37.50

25

18:0 2OH

1.23

0.00

0.00

11.00

13.26

11.42

44.23

44.78

47.49

37.51

36.09

36.81

26 Actinomycetes

19:0 10
methyl

0.58

0.62

0.81

11.00

10.00

10.45

36.31

31.81

34.15

19.84

12.82

15.44

27 Protozoa

20:4ω
6,9,1,2,15c

0.00

0.00

0.00

0.00

0.00

0.00

0.03

0.03

0.04

56.09

40.41

29.23

28 Fungi

20:1ω9c

0.00

0.00

0.00

0.09

0.09

0.20

1.76

1.51

1.60

19.48

15.95

17.92

29 Burkholderia G

cy19:0ω8c

0.00

0.00

0.00

0.19

0.25

0.01

1.34

0.81

0.91

2.16

2.75

2.48
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different growth conditions, respectively. Biomarker 16:0
can be widely found in various types of microorganisms,
and it was often used to indicate total microbial biomass
(Salomonová et al. ).
Changes in the quantity and structure of major microbial
functional groups in bioﬁlms

Figure 4

|

Dynamic changes of the total PLFA biomass in bioﬁlm cultured under the
control of hydrodynamics during the process of formation.

(3) Changes in
biomarkers

the

structural

distribution

of

PLFA

Twenty-nine PLFA biomarkers were extracted from
bioﬁlm samples under different hydrodynamic conditions,
indicating different types of microorganisms, such as
Gram-negative bacteria, Gram-positive bacteria, fungi,
aerobic bacteria, anaerobic bacteria, and protozoa, etc.
The distribution of PLFA biomarkers detected in the bioﬁlms can be divided into four categories. (1) The ﬁrst
category was where only a small amount of these biomarkers
were found, and their distribution in bioﬁlms cultured under
different hydrodynamic conditions were not comprehensive.
For example, 12:0 anteiso and 13:0 3OH (indicating bacteria)
were only found in the mature bioﬁlm under laminar condition, and their maximum percentages were about 1%. (2)
The second category was where only a small amount of
these biomarkers were found, but they were distributed in
almost all bioﬁlms. For example, 15:0 2OH indicating aerobic
bacteria and 19:0 10 methyl indicating actinomycetes were
detected in bioﬁlm under three hydrodynamic conditions,
while their content only represented about 5% and 1% of
the total PLFAs, respectively. (3) The third category
was that a large amount of these biomarkers were found.
However, they were only distributed under certain experimental conditions. For example, 18:1ω7c indicating Gramnegative bacteria was not detected in the bioﬁlm until the
15th day, while it represented 12.67% of the total amount
in the late stage under the turbulent condition. (4) The last
category was that a large amount of these biomarkers
were found, and they were evenly distributed in all experimental settings. For example, 14:0 and 16:0 (indicating
Gram-positive and negative bacteria, respectively) had overall average percentages of approximately 9% and 20% under
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For the species of PLFA detected (Table 4), the PLFA indicated that aerobic bacteria include a14:0, i14:0, 15:0 2OH,
15:0 3OH,17:0, and 17:0 2OH. The PLFA indicated that
anaerobic bacteria include 16:1ω5c, 18:0, 18:1ω5c and
18:1ω7c. The PLFA also indicated that fungi include
18:3ω6c, 18:1ω9c and 20:1ω9c; for actinomycetes, the featured PLFA was 19:0 10 methyl; and for protozoa, the
featured PLFA was 20:4ω6,9,1,2,15c (Table 3).
Under different hydrodynamic conditions, Figure 5
shows that of the major microbial functional groups in
bioﬁlms, the bacteria were always the largest functional
groups in bioﬁlms, with a percentage was greater than
80% (the highest percentage was 86%). Aerobic bacteria
decreased from approximately 20% to 13%. The proportion
of anaerobic bacteria under turbulent conditions increased
from 8% to 23%, and its total amount ranged from 4.32 ×
105 cell g1 to 4.20 × 107 cell g1 bioﬁlm on the 60th day,
which was relatively high compared to that under the
other two conditions. This was probably due to the different
bioﬁlm density caused by turbulent ﬂow. Under turbulent
conditions, on the 15th and 32nd day, the percentages of
protozoa were 0% and 0%, respectively, which increased
to 3% on the 60th day. Under transitional conditions, on
the 15th and 32nd day, the percentages of protozoa were
0% and 0%, respectively, which increased to 2% on the
60th day. In the mature bioﬁlm (when cultured for 60
days), the order of functional groups under each condition
from large percentage to small percentage were as follows:
under the turbulent ﬂow condition, bacteria > protozoa >
anaerobic bacteria > fungi > aerobic bacteria > actinomycete; under both transitional and laminar ﬂow conditions:
bacteria > protozoa > anaerobic
fungi > fungi > aerobic
bacteria > actinomycetes. The signiﬁcant increase in protozoa explains the overall reduction in microbial population.
Dynamic distribution of characteristic of PLFA in bioﬁlms
In this study, the detected PLFA included saturated fatty
acids, branched saturated fatty acids, monounsaturated
fatty acids, polyunsaturated fatty acids, and cyclopropane
fatty acids (see Table 5 for the details). Their contents
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Dynamic changes of the total biomass of functional bacteria groups in bioﬁlms cultured under different hydrodynamic conditions during the process of formation.

List of characteristic PLFA in the bioﬁlm

Serial
number

Fatty acid species

Fatty acid

1

Saturated fatty acids

14:00, 16:00, 18:00

2

Branched saturated
fatty acids

a14:0, i14:0

3

Monounsaturated fatty
acids

16:1ω5c, 16:1ω7c, 16:1ω9c,
17:1ω7c, 17:1ω8c
18:1ω5c, 18:1ω7c, 18:1ω9c,
20:1ω9c

4

Polyunsaturated fatty
acids

18:3ω6c, 20:4ω6,9,1,2,15c

5

Cyclopropane fatty
acids

cy19:0ω8c

At any certain sampling time, saturated fatty acids,
monounsaturated fatty acids, branched saturated fatty
acids and polyunsaturated fatty acids in the bioﬁlm under
turbulent ﬂow condition were all more abundant than
under the other two hydrodynamic conditions. Therefore,
the dynamic variation of PLFA content from the 15th to
48th day is related to enhanced adhesion of microbes
because of higher EPS amount. The ratio of monounsaturated fatty acids to saturated fatty acids in all ﬂow
conditions was approximately 1, and most of them were
between 1 to 2 (Table 6).

Effect of microbial community structure on the
metabolic characteristics of bioﬁlms
accounted for 25.12–36.48%, 7.51–12.84%, 32.24–44.71%,
and 1.98–6.3% of the total PLFA, respectively; cyclopropane
fatty acid (2.75 × 105 cell g1) only represented a small fraction (0.1%) of the total PLFA (data not shown). The other
PLFA data are shown in Figure 6.
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PLFA not only provide information on the microbial community structure, but also give clues on the state of
microbial metabolism. The ratio of characteristic PLFA
can be used to explore the metabolic properties of the
microbial community structure (Li et al. ).
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Dynamic changes of the total content of characteristic PLFA in bioﬁlm cultured under the control of hydrodynamics during the process of formation.

Ratios of monounsaturated to saturated PLFAs and aerobic to anaerobic bacteria

Monounsaturated fatty acid: saturated fatty acid
Culture time

15th day

Turbulent

Transitional
b

1.04 ± 0.02

b

Ratio of aerobic: anaerobic bacteria
Laminar

c

0.80 ± 0.05

b

Turbulent

Transitional

Laminar

d

2.21

3.32

2.49

c

0.98 ± 0.04

32nd day

1.09 ± 0.03

1.22 ± 0.04

1.25 ± 0.03

2.02

2.92

2.85

48th day

1.24 ± 0.05a

1.46 ± 0.08a

1.67 ± 0.02a

0.74

0.71

0.74

60th day

a

b

b

0.54

0.70

0.70

1.25 ± 0.04

1.29 ± 0.03

1.55 ± 0.03

Note: Different letters in the same column are statistically signiﬁcant (P < 0.05); as described in Wadige et al. (2014).

Effects of the ratios of monounsaturated to saturated
PLFAs on biological metabolic properties
The ratio of monounsaturated fatty acids to saturated fatty
acids is an indicator of physiological or nutritional stress
in the microbial community. This ratio is usually low
when organic carbon and/or nutrient sources are insufﬁcient for microorganisms (Gomez-Brandon et al. ). As
can be seen from Table 6, the ratio of monounsaturated
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fatty acids to saturated fatty acids increased with the prolongation of culture time under all three conditions. This
was probably due to a growing number of species and quantity of microbes. They secreted more enzymes which
gradually promote organisms to decompose high-molecular
organic molecules from the surrounding water into simple
and absorbable low-molecular-weight nutrients.
The ratio was highest under the turbulent conditions on
the 15th day (ratios were 1.04 under turbulent conditions,
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0.8 under transition conditions, and 0.98 under laminar conditions). A possible reason for this may be because the
highest EPS content in the bioﬁlm was under the turbulent
condition during this period. The early attached microbes
preferred to use their own secreted EPS as the carbon
source for growth (Pohlon et al. ). However, under the
turbulent conditions, at the latter stages of bioﬁlm formation, the ratio of the two types of fatty acids did not
increase signiﬁcantly. This may be due to a higher bacterial
density in the turbulent ﬂow ﬂume, which mostly constrained the mass transfer of nutrients, resulting in a
relatively reduced rate of nutrient utilization. Under the
transitional condition, the ratio of the two types of bioﬁlm
fatty acids increased from 0.8 on the 15th day to 1.22 on
the 32nd day (Stage II), which was the largest increase
among the three ﬂumes. Similarly, this was mainly because
the adhesive speed was the slowest among the three conditions, and the bioﬁlm morphology was the loosest at this
stage. However, on the 48th day, the ratio was the highest
under the laminar conditions (ratios were 1.24 under turbulent conditions, 1.46 under transition conditions, and 1.67
under laminar conditions). This is mostly because that
with high thickness, loose interior, and abundant biomass
of bioﬁlm, microbes in the bioﬁlm are able to uptake
nutrients easily. This was consistent with the previous
conclusion that the species and number of algae were
affected by nutrients. Under laminar conditions, the ratio
of monounsaturated fatty acids to saturated fatty acids was
higher, indicating that the ability of bioﬁlm to obtain nutrients was relatively greater. In turn, the nutrients in the
bioﬁlm affected the growth species and number of algae in
the bioﬁlm, and there were more cyanobacteria in the bioﬁlm under laminar conditions. Under all three conditions,
the ratio of two bioﬁlm fatty acids were lower on the 60th
day than at any other time before, because of the emergence
of protozoa. They reduced the abundance of microbes in the
bioﬁlms and restricted the utilization of DO when biodegrading organic matters.
Effect of the ratio of aerobic/anaerobic bacterial PLFAs on
biological metabolic properties
According to Zhao et al. (Zhao et al. ), the ratio of
aerobic:anaerobic bacterial PLFA was usually greater than
1.00, indicating an advantage of aerobic microorganisms.
As showed in Table 6, during the bioﬁlm formation process,
the ratio of aerobic:anaerobic bacterial PLFA decreased
because the morphology of the bioﬁlm changed continuously, and the population of some anaerobic bacteria
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surpassed aerobic bacteria with the increase of bioﬁlm thickness and density. The aerobic:anaerobic bacteria ratio in all
three ﬂumes decreased signiﬁcantly from the 32nd to 48th
day period (Stage III), which may be attributed to the
sharp increase of bioﬁlm EPS. This increase probably led
to a denser bioﬁlm structure. The microbial adhesion after
32 days was also promoted by the rapid increase of EPS.
This was coupled with the limited transfer of DO in the bioﬁlm, which beneﬁted the growth of anaerobic bacteria. On
the 60th day, the ratio was slightly lower, which may be
caused by the predation of protozoa. In addition, the ratio
of aerobic:anaerobic bacteria in the transitional ﬂow bioﬁlm
on the 15th day was highest, because there was less bioﬁlm
adhesion and sufﬁcient DO to faciliate the adhesion of
aerobic organisms. The co-existence of anaerobic and
aerobic bacteria is beneﬁcial to the nitriﬁcation and denitriﬁcation of microbes in bioﬁlm, which further promotes the
removal of N in water (He et al. ).

CONCLUSION
Five stages were observed in this study. Day 0–8 can be considered as Stage I of bioﬁlm formation, followed by Stage II
(9th–32nd day), Stage III (32nd–48th day), Stage IV (48th–
60th day), and Stage V (60th–68th day). Under three hydrodynamic conditions and at Stage I of bioﬁlm formation,
algae that were attached to carriers had an evident stasis
period. After Stage II, the adhesion of algae was most
obvious under the turbulent ﬂow. The algal density of bioﬁlm under turbulent conditions was largest, followed by
laminar conditions, and then transitional conditions. Diatoms were dominant, which were most abundant under
turbulent conditions. In addition, the proportion of cyanobacteria and green algae in the bioﬁlm under the laminar
conditions were higher than the other two conditions,
and the content of cyanobacteria and chlorophyll a was
lowest under the turbulent conditions. All these suggest
that turbulent ﬂow obviously inhibited the proliferation of
cyanobacteria in bioﬁlms.
The species and biomass of heterotrophic organisms in
bioﬁlms increased with the formation of bioﬁlms. After
Stage II, the biomass in dense bioﬁlms under turbulent
ﬂow was the highest (on the 48th day, under the turbulent
ﬂow, it was 1.46 and 1.24 times more than under the laminar
and transitional ﬂows, respectively). The quantity of bacteria
under different hydrodynamic conditions was different,
while bacteria were always the largest proportion of functional bacteria in bioﬁlms.
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With the formation of bioﬁlms, the ratio of monounsaturated fatty acids to saturated fatty acids in bioﬁlms increased
to varying degrees. The high ratio indicates the high ability
of the bioﬁlm to obtain nutrients, which affects the growth
of algae. That may be why there was relatively more cyanobacteria in the bioﬁlm in the laminar ﬂume than in the two
other ﬂumes. In addition, with the formation of bioﬁlms,
anaerobic bacteria ﬁrst appeared under the turbulent ﬂow.
The ratio of aerobic bacteria to anaerobic bacteria showed
a decreasing trend under the three hydrodynamic conditions
(from 2.0–3.0 on the 15th day to about 0.7 on the 48th day).
The co-existence of anaerobic and aerobic bacteria may
facilitate the nitriﬁcation and denitriﬁcation of organisms
in bioﬁlm, which can further promote the removal of N in
water.
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