
RESEARCH ARTICLE

The role of rhizofiltration and allelopathy on the removal
of cyanobacteria in a continuous flow system
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Abstract
A continuous flow filtration system was designed to identify and quantify the removal mechanisms of Cyanobacteria (Microcystis
aeruginosa) by hydroponic biofilters of Phalaris arundinacea compared to synthetic filters. The filtration units were continuously fed
under plug-flow conditions withMicrocystis grown in photobioreactors.Microcystis cells decreased at the two flow rates studied
(1.2 ± 0.2 and 54 ± 3 cm3 minˉ1) and results suggested physical and chemical/biological removal mechanisms were involved.
Physical interception and deposition was the main removal mechanism with packing density of the media driving the extent of
cell removal at high flow, whilst physical and chemical/biological mechanisms were involved at low flow. At low flow, the biofilters
decreasedMicrocystis cell numbers by 70% compared to the controls. The decrease in cell numbers in the biofilters was accompanied
by a chlorotic process (loss of green colour), suggesting oxidative processes by the release of allelochemicals from the biofilters.
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Introduction

Eutrophication affects inland and marine waters worldwide
since the boom of intensive agriculture practices after the
Second World Word with typical manifestations of algal (al-
gae and cyanobacteria) blooms (LeMoal et al. 2019; Qin et al.
2019). Water scarcity leading to shortages of potable water
due to climate change is a reality (Flörke et al. 2018).

Furthermore, toxic algal blooms frequency will continue to
increase with rising temperatures due to climate change
(Chorus and Bartram 1999; Huisman et al. 2018). Not only
do algal blooms threaten water quality with significant eco-
nomic, biologic and public health consequences (Martinez
Hernandez et al. 2009; Hudnell 2010; O’Neil et al. 2012;
Ger et al. 2014; Otten and Paerl 2015) but they can cause
significant process disruption and reduce output from water
treatment works (WTW) up to 25% by interfering/clogging
downstream processes (coagulation, slow sand, and rapid
gravity filtration) (Lu et al. 2014). Chemical algicides can be
effective to control algal blooms but most are damaging for
the environment (Jancula andMarsalek 2011; Fan et al. 2013).

Green technologies are widely used for wastewater and water
reuse (Headley and Tanner 2012) but are less frequently used to
remediate eutrophication in reservoirs used for recreational or
drinking water purposes (Murray et al. 2010). Field-scale
biofilters based on plant rhizofiltration of high surface area are
used to absorb nutrient or metals from wastewaters (Dushenkov
et al. 1995; Raskin and Ensley 2000). The Living-Filter, a float-
ing constructed treatment wetland, was used in a surface reser-
voir to successfully reduce algal biomass prior to the treatment
works for production of potable water (Castro-Castellon et al.
2016). That said, observations from field monitoring provide
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valuable ecological data to generate hypotheses to be tested at the
bench-scale (Benton et al. 2007).

Bench-scale rhizofiltration studies have been limited to
nutrient/metal uptake. Marchand et al. (2014) combined plants
and biofilms for metal removal using planted and unplanted Bio-
rack™ to increase copper uptake rate. Kurzbaum et al. (2012)
separated the role of the roots and the associated biofilm for the
removal of pollutants in a hydroponic system, whilst Weiss et al.
(2014) used recirculating metal-rich flows to investigate the ef-
fect of water flux through hydroponic roots on metal removal.
Removal mechanisms of cyanobacteria by biofiltration processes
have not been studied before.

In this study, filtration units of hydroponically developed
Phalaris arundinacea (biofilters) and synthetic filters of plastic
material were used in a novel set-up under continuous flow con-
ditions to study cyanobacteria (Microcystis aeruginosa) cell re-
moval by deposition throughout the filter media (depth filtration).
The aim of this study was to determine the interactions of
Microcystis cells with each type of filter, and to understand
how the inflow associated with Microcystis cells is processed
by the filter media. The outcome of this work will provide
insights to improve future designs of field-scale Living-Filters
promoting the use of green technologies in eutrophic waters.

Materials and methods

Operational system

An experimental mesocosm was set up to test if hydroponi-
cally developed roots can be used in an in-reservoir pre-treat-
ment process for removing cyanobacteria from the inflow pri-
or to the water treatment works. The mesocosm system
consisted of triplicate filter units with three types of filter
media: one biofilter (i.e. Phalaris arundinacea roots) and
two synthetic monofilament filters (i.e. plastic three-
dimensional mesh). In addition, control units with no filter
media were included.Microcystis aeruginosa 1450/3was ob-
tained fromCulture Collection of Algae and Protozoa (CCAP)
(hereafter Microcystis) and was cultured in photobioreactors
and later mixed with dechlorinated water to constitute the
feed, which was pumped to the filter and control units. The
schematic of the mesocosm set-up is displayed in Fig. 1.

The filtration units (0.32 m L × 0.104 m W × 0.11 m H)
were designed in collaboration with Tuan Ta Ltd., London,
UK, and made of acrylic transparent material with an internal
perforated plate placed at 0.05m from the inlet. The units were
operated in plug-flow mode, with water supplied from an air-
mixed 120-L high-density polyethylene tank through nine
lines of Marprene long life flexible tubing (1.6 × 1.6 mm).
The inflow was controlled by nine pump cassettes in three
peristaltic pumps (Watson-Marlow Series 500 × 2 and a
Series 325).

Hydraulic configuration of the filtration units

Two flow velocities were chosen for running the experiments.
A high flow rate (54 ± 3.0 cm3 minˉ1) with a filtration rate of
~ 0.29 m hˉ1 was chosen to resemble the range of filtration
rates for slow sand filters (0.3–0.6 m hˉ1) as slow sand filtra-
tion is an effective ecological process in supply water treat-
ment (Campos et al. 2002). A low flow rate (1.3 ± 0.2 cm3

minˉ1) was chosen to investigate whether deposition mecha-
nisms could take place in the filter media. Laminar flow in the
system becomes mixed in contact with the filter media. The
hydraulic properties of the system are summarized in Table 1.

Fluid flow of Microcystis cells through biological and
synthetic filter media

Three types of filter media were compared: the living roots of
hydroponically grown Phalaris arundinacea and two synthet-
ic monofilament fabrics with different packing density (fab-
ric1 and fabric2). The packing density for the filter media was
estimated from Eq. (1):

Packing density
¼ volume occupied by roots or fabric=total volume 10 cm3

� � ð1Þ

Stainless steel cages (10 cm3) were made to contain the
biofilters and synthetic media, and empty cages were placed
in the control units. The wire diameter was 1.1 mm with an
aperture width of 14 mm.

Biofilters: hydroponic growth of Phalaris arundinacea

Seeds of Phalaris arundinacea, a species from the Poaceae
family known as Reed Carnary Grass, were obtained from
British Wildflower Plants, Norfolk, UK, and cultivated in
sterile coconut coir pellets. After 2 weeks, the roots of plant-
lets were rinsed, rolled up individually in strips of foam, and

Fig. 1 Schematic of the mesocosm set-up showing the feed tank (120 L)
and only three filtration units (3 L each). Top unit with sampling points,
where A = upstream and B = downstream of the filter; bottom unit show-
ing inlet and outlet of the units, the perforated plate, and the position of
the filter media
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transferred to 50 cm3 Falcon™ tubes. To maximize the pro-
duction of hairy roots, the plantlets were cultured hydroponi-
cally in Hoagland’s solution at 50% concentration. The tubes
were inserted with a hollow plastic straw to facilitate gas in-
terchange and the supply of the solution, and were refilled
every 3/4 days. The plants were placed in a growing tent
(1.5 m H × 1 m W × 1 m D) equipped with two blue 125
watts compact fluorescent lamps (CFL) and a Sun Mate Grow
CFL reflector. The photoperiod was adjusted to a 10:14-h
light/darkness cycle (Conn et al. 2013). The photosynthetic
active radiation (PAR) of 40 μmol photons mˉ2 sˉ1 (30–
45μmol photons mˉ2 sˉ1 is recommended) was measured with
a terrestrial quantum sensor LI-190SA and light meter LI-
250A (Li-Cor International, Ltd., UK). The tubes were cov-
ered individually with aluminium foil to prevent light damage
to the roots.

After 10 weeks, 48 plants (roots 8–10 cm length) in sets of
16 were placed on top of the stainless steel cages and trans-
ferred to 2.1-L tanks. The root biovolume was estimated by
rolling them into a plasticized sheet forming a cylinder, and
the cylinder’s volume was calculated and recorded
(Faulwetter et al. 2009).

Synthetic filter media: two types of monofilament nonwoven
plastic material

The synthetic filtration media (polyamide nylon) consisted of
two types of monofilament nonwoven plastic material of dif-
ferent packing density. These synthetic media were tested to
compare their filtration removal efficiencies for Microcystis
with that of the biofilters. The plastic monofilament layers
are bonded by heat to create a sheet of fabric. Differences in
flexibility that exist between fabric1 and fabric2 are based on
the diameter of the filaments and the number of filament
layers that create the sheet of fabric. The filament diameter
of fabric1 and fabric2 is 0.5 and 0.03 mm, respectively.
Fabric1 is a two-layered filament sheet of 0.8 mm thickness
and fabric2 is a multi-layered filament sheet of 1.8 mm thick-
ness. Six stainless steel cubic cages (10 cm3) were made to
contain the fabrics, which were cut in squares of 10 cm2

(10 cm × 10 cm). Three cages used for fabric1 were tightly
filled with 15 pieces each and another three cages for fabric2
were filled with six squares each. The pieces were placed in
the cages with the largest surface area facing the direction of

the flow. New cages were made and fabric cut for each flow
experiment.

Photobioreactors for growing Microcystis

Microcystis was cultured in BG11 (modified by Rippka et al.
1979). Aseptic techniques and materials were used throughout
the experiment. Four 150 cm3 sterile flasks each with 50 cm3

media were spiked with 1 cm3 of theMicrocystis stock culture
and kept on the bench under fluorescent laboratory lights pro-
viding photosynthetic active radiation (PAR) of 10 μmol pho-
tons mˉ2 sˉ1 (recommended by the CCAP) (Imai et al. 2008).
The flasks were shaken manually every 3–4 days and tested
weekly for contamination prior to adding 10 cm3 of fresh
media, maintaining Microcystis at the exponential growth
phase. An aliquot of 5 cm3 of the Microcystis suspension
was used as inoculum to grow larger quantities in
photobioreactors. The photobioreactors consisted of 1-L
Duran bottles, placed in an open water bath with a thermostat
keeping the temperature at 22 ± 1 °C. The bottle mouth was
closed with a sterile foam plug covered with aluminium foil.
To the initial volume of 300 cm3, 200–250 cm3 of BG11 was
added weekly up to 1 L. Air was diffused into the solutions at
a rate of 0.1–0.4 L minˉ1 with a daily cycle (12:12 on/off)
divided into four intervals. An additional fluorescent lamp
provided a range of 35 μmol photons mˉ2 sˉ1 to the closest
photobioreactors and a minimum of 10 μmol photons mˉ2 sˉ1

to the furthest, and the photoreactors were rotated weekly.
Quality control was conducted by assessing microscopic

morphology of Microcystis cells and conducting triplicates
of cell counts from each bioreactor on a haemocytometer at
× 400 magnification using an inverted microscope (Imai et al.
2008). Microcystis culture optical density (O.D) was mea-
sured in triplicates at O.D620 and O.D750 nm (Vézie et al.
2002; Dagnino et al. 2006) in a Shimadzu 1800-UV spectro-
photometer. To ensure measurable changes in the bioreactors,
a minimum O.D620 was estimated to be 0.3 (~ 6.5 × 10ˉ6 cells
cm3 ˉ1) with the resulting calibration Eq. (2):

Y ¼ 1E þ 07xþ 504384 ð2Þ

To ensure there was no bacterial growth monitoring,
changes at O.D.750nm were conducted.

Table 1 Hydraulic properties of
the filter units Experimental flow Cross-sectional area (m2) Volume (m3) V=Q/A

(m hˉ1)

Q

(cm3 hˉ1)

HRT=Vol/Q (s)

Low 1×10−2 3.3×10−3 0.005 60 2.008×10−5

High 1×10−2 3.3×10−3 0.29 3.3×10−3 3.3×10−3

V, velocity; Q, discharge; HRT, hydraulic retention time; Vol, volume
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Microcystis as the particles in suspension

Microcystis cells are spherical particles with an average size of
3.2 μm± 0.8 μm (n = 30), obtained under light microscope
(Eclipse E-200 Nikkon). Cells that were in division,
representing approximately 20% of the cell population, were
also included in the average size.

An increase in the concentration of Microcystis cells is
expected upstream of the filter media (see Fig. 1). The particle
concentration in plug-flowmode can be expressed as a dimen-
sionless parameter, which represents the ratio of the particle
concentration upstream of the filter media relative to the in-
flow to the filtration unit following Eq. (3),

Cumulative mass fraction CMFð Þ ¼ Cm=C f ð3Þ

where CMF is the cumulative mass fraction; Cm is the
concentration of cells on the upstream side of the filter at
sampling point A (Fig. 1), and Cf is the concentration of cells
in the inflow upstream of the filter unit at the inlet (Fig. 1).
This parameter will indicate the filtration mode of the filter
media (US-EPA 2005). Hence CMF = 1 indicates an operat-
ing system in deposition mode. The cells are moving with the
inflowing water at a steady rate before passing through the
filter media. CMF ≥ 1 indicates there is a scouring force ap-
plied tangentially upstream to the media, and CMF ≤ 1 sug-
gests the system operates in deposition filtration mode.

Microcystis cell count with flow cytometry

Microcystis cell concentration was first estimated by manual
counting on a haemocytometer at × 400 magnification on an
inverted microscope. The large number of samples generated
and the poor count discrimination of low O.D readings (<
0.015) led to the use of flow cytometry for subsequent cell
counts using a BD Accuri C6 (BD Biosciences, UK).

The fluidic system in the instrument is designed so that the
suspended cells in the sample are delivered one by one to a
specific point with the illuminating beam. The velocity of the
samples loaded into the channel was set at 35 μl minˉ1. The
instrument measures the light scattered by the cells at right
angles to the laser beams (called side scatter, SS) and light
scattered in a forward direction (forward scatter, FS). The size
and shape of the cells affects the forward scatter whilst small
structures (internal or external) of the cells affect more the SS.
The forward scatter threshold was set up to 15,000 events; this
means that some debris and instrument noise are ignored. The
instrument is equipped with blue (488 nm) and red (638 nm)
excitation lasers and four emission filters (Table 2). The data
were displayed using density dots for two parameters using a
bivariate histogram, or cytogram (C), where the dot density of
a population of cells forms a specific shape called a region
(Dubelaar and Jonker 2000). A region can be drawn using a

fluorescence parameter to define the population of interest
(signature), or a region can be used to limit the cells that are
drawn on a light scatterplot (gate).

A manual gate was drawn around the cell population on a
plot of chlorophyll a fluorescence (FL3; 488 nm excitation,
640 nm emission) versus phycocyanin fluorescence (FL4;
640 nm excitation, 650 nm emission) and was used to discrim-
inate and count the cells against volume calibrated fluidics.

Testing the concept of Microcystis removal by
biofilter roots

To test for Microcystis cell removal by the biofilters (roots of
living plants), the mesocosm experiments were conducted un-
der different continuous flow conditions. At high flow (54 ±
3.0 cm3 minˉ1) with biofilters and synthetic fabric1 and fab-
ric2. Fabric2 had higher packing density and was used as
positive control with units as negative controls. At low flow
(1.3 ± 0.2 cm3 minˉ1), the design included biofilters, one type
of synthetic fabric (fabric1) and negative controls. The two
flow conditions and three filter media treatment were each
run in triplicates (Fig. 2).

Table 2 Naturally occurring fluorescent pigments in phytoplankton and
their detection on the BD Accuri C6

Pigments Excitation (nm) Emission (nm) C6 Detector (filter)

Chlorophyll a, b 488 >640 nm FL3 (670 LP)

Phycoerythrin 488 575 nm FL2 (585±20)

Phycocyanin 640 650 nm FL4 (675±12.5)

Allophycocyanin 640 646 nm FL4 (675±12.5)

Fig. 2 Schematic of the experimental mesocosm design at two flow
conditions for biofilters, synthetic fabrics (fabric1 and fabric2) and
controls (× 3 = triplicates)
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Prior to starting each of the experiments (high and low
flow), the filtration units were filled with dechlorinated water
and were left to stabilize for 2–3 h (high flow) and 48 h (low
flow). The outflow was calibrated to 54 ± 3.0 cm3 minˉ1 and
1.3 ± 0.2 cm3 minˉ1 for high and low flow, respectively.
Replicates of the experiment were run for 5, 7, and 11 days,
which corresponded to two, three, and approximately five
hydraulic retention times. A 12w LED submersible lamp with
blue-red-white emission 400–700 nm, 800 lx providing ap-
proximately 20.6 μmol photons mˉ2 sˉ1, was introduced into
the feed tank after being thoroughly disinfected with 1 ppm
chlorine solution and rinsed with sterilized (autoclaved) de-
ionized water for the 11-day run experiments. The high flow
experiments ran for 5 h.

Daily sampling (1 cm3) was carried out for the low flow
experiment at the sampling points shown in Fig. 1: feed tank
(× 3); sampling points A (× 1), B (× 3) (depths 1, 5, and 9 cm),
and C (× 1) for each filtration unit. Samples were taken every
55 min from the feed tank (× 3), A and B (× 1).

Removal efficiency

Removal efficiency as a percentage (RE%) was calculated for
every paired inflow-outflow sample taken from the filtration
units. This parameter is calculated with the assumption of a
similar inlet and outlet flow rate (Eq. (4))

%RE ¼ C0−Cð Þ
C0

� 100 ð4Þ

where C0 is the concentration of Microcystis cells at the
inlet and C is at the outlet.

Data processing and statistical analysis

Derived variables (ratio, percentages, and rates) and explor-
atory statistical analysis were undertaken using Excel
(Microsoft © 2010) and SPSS v. 22 software. Data were trans-
formed to meet the normal distribution and other parametric
assumptions, and if assumptions could not be met, non-
parametric tests were used. The non-parametric Friedman’s
test was applied to find differences between treatments and
the Wilcoxon sign-rank test was applied to test for differences
in the number of Microcystis cells in the unit’s inflow and
outflow.

Investigating chemical mechanisms: allelopathy

Further experimental work was required to understand what
quantitative and qualitative mechanisms were taking place
during the low flow experiments and determine if filtration
alone or in combination with allelopathy was contributing to
the removal of cells in the biofilters (Hilt and Gross 2008;

Rojo et al. 2013). Two composite root exudate samples (from
three biofilters) were screened and analyzed using gas chro-
matography coupled with mass spectrometry (GC-MS) to
identify potential allelochemical compounds at Wessex
Water Scientific Centre, Bath, UK, a United Kingdom
Accredited Systems laboratory.

High-pressure liquid chromatography: sample preparation
and analysis

To identify allelochemicals in the root exudate and root ex-
traction from biofilters, a new method was developed using
high-pressure liquid chromatography (HPLC) at Wessex
Water Scientific Centre. Six chemical compounds (anthraqui-
none, gallic acid, gramine, hordenine, 4-5 indole-aldehyde,
and stigmasterol) were purchased from Sigma-Aldrich.
These compounds are known to be produced by Phalaris
arundinacea and were selected based on their algaecide/
algastatic properties against cyanobacteria and micro-algae
(Hong et al. 2009; Xie et al. 2014; Shao et al. 2013). The
compounds were used as standards, and all the stock solutions
were prepared at 1 mg Lˉ1 concentration in methanol.
Individual (1:100) and a mix standard (6:100) in ultrapure
water (UPW) solutions were prepared for extraction. Root
exudate samples of 100 cm3 taken from each biofilter were
concentrated by a solid-phase extraction (SPE) step using a
Visiprep (Supelco™ – Sigma-Aldrich). Roots of three plants
were cut coarsely with a blender, adding 100 cm3 of 30%
methanol in deionized water (MilliQPore system) and concen-
trated by SPE. All samples were eluted from the cartridges
with 1 cm3 of 1% formic acid in methanol; the extracts were
air dried (0.8 L minˉ1) using a Visidry (Supelco – Sigma-
Aldrich); and the dried residue was resuspended with 1 cm3

10% acetonitrile: 0.1% acetic acid in ultrapure water (UPW).
An Agilent 1200 LC series system was used with UV/Vis-

DADdetector. AHPLCAgilent column (C18, 150mm× 5mm)
was used to achieve separation with a gradient elution consisting
of acidified (acetic acid) acetonitrile:acidified (acetic acid) water
(95:5). Column temperature was maintained at 40 °C and total
run time was 45 min. The UV/Vis absorbance detector collected
data at three wavelengths 205, 250, and 280 nm. Peak identity
was validated through the use of retention times of external non-
extracted and extracted standards with their respective spectrums
All samples were kept at 5 °C at all times.

Results

Microcystis cell removal during high flow rate
experiment

The packing densities of the synthetic filters with fibrous me-
dia were 0.03 for fabric1 and 0.07 for fabric2. The estimated
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packing density of the biofilters was 0.05. The cumulative
mass fraction of biofilters and fabric2 was ≤ 1 with the
inflowing cell concentration, suggesting the system operates
in deposition filtration mode for both types of fibrous media
(Fig. 3A). The biofilter removal efficiency (RE%) of
Microcystis cells is presented in Fig. 3B.

Microcystis cells were effectively removed from the
biofilters and fabric2 (higher packing density) as shown by
the decrease in numbers when comparing cell numbers from
the outflow to the inflow (Wilcoxon sign test T = 8, z = − 4.34,
p < 0.5, r = − 0.47 for biofilter and T = 5, z = − 0.46, p < 0.5,
r = − 0.47 for fabric2).

Microcystis cell removal during low flow rate
experiments

Results forMicrocystis removal shown in Fig. 4 correspond to
the experimental run of five hydraulic retention time (5 HRT).
The biofilter cumulative mass fraction was > 1 at 4HRT be-
fore dropping rapidly (Fig. 4A). Fabric1 results shown are
from the run of 3HRT (Fig. 4B). The biofilters showed remov-
al efficiency of 40–55% within the first 3 days, dropping to
10–20%; after 3 days, RE for fabric1 was 8–20% (Fig. 4B).

Colour change in the units with biofilters, fabric, and the
controls was observed. Results are shown for the biofilters and
controls in Fig. 5A, B. The water in the biofilters is colourless,
indicating the visual absence of Microcystis cells, whilst the
fabric units and controls appear green, rich with cells. The
same qualitative pattern was observed for all replicates of
the experiment at low flow (run at 2 HRT and 3 HRT (× 2)).

Quantification of Microcystis cells (by flow cytometry)
was four and a half times higher in the controls and fabric1
(low packing density) when compared to the biofilters. The
number of cells from the feed tank increased every 48–72 h
(results not shown) suggesting cell growth and conditions in
the tank adequate for survival. By contrast, the number of cells
in the biofilters remained at 1 × 106 ± 2 × 105 mlˉ1 from day 5
onwards (Fig. 5A). Comparative results between controls and
biofilters are considered only until day 9 because a slight

decline ofMicrocystis cells was observed in the controls after
this day.

Significant differences in cell numbers were found between
the inflow and outflow in the biofilters, with higher counts in
the inflow than in the outflow (Wilcoxon sign test T = 5, z = −
5.164, p < 0.05, r = − 0.53). No significant differences in the
number of Microcystis cells were found in the controls.

Investigating chemical mechanisms of Microcystis
removal by biofilters

Allelochemical presence and HPLC-UV/Vis-DAD

Allelochemicals (i.e. phenols) and other secondary metabo-
lites (i.e. cholesterol) were found in the screened samples.
Table 3 shows the identified compounds with the GC-MS
screening from the root exudate samples.

Standards with their respective retention times from the
developed method to identify allelochemicals by HPLC-UV/
Vis-DAD are shown in Table 4.

Table 5 compiles the identified compounds: gramine and 4-
nitroindol-5-carboxaldehyde. Hordenine could not be traced
in the mixed standard sample.

Figure 6 shows the chromatogram of a root exudate sample
and root extracted sample. There are a large number of un-
identified compounds in the samples. Spectrums of the un-
identified peaks and their retention times might be compatible
with phenolic compounds.

Discussion

Microcystis is a known bloom-forming cyanobacteria found
worldwide in surface water reservoirs, and there has been
increasing interest in eco-biological/rhizofiltration systems
for its removal. The purpose of this study was to investigate
whether Microcystis cells could be removed by the roots of
Phalaris arundinacea under continuous flows and to establish
the interactions between inflowing Microcystis cells with

Fig. 3 (A) Cumulative mass
fraction: biofilters (solid line);
fabric1 (dashed line), and fabric2
(dotted line) as a function of time
(min). (B) Removal efficiency
(%) of Microcystis cells by the
filter media in relation to
hydraulic retention time (min)
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biofilters and synthetic filters. The distribution of the cells/
compounds generated in the experimental system is known
to be affected by hydrological processes (Alcocer et al.
2012; Ruggeri and Sassi 1993). Although it is assumed a
system will reach steady-state in hydraulic-biochemically me-
diated processes, steady-state is rarely achieved in either plug-
flow or continuously stirred systems (Potier et al. 2005). At
water or sewage treatment plants, where it is very difficult to
predict the load and environmental changes, the system

typically does not reach equilibrium (Davis and Cornwell
2013). The system studied in this research did not reach
steady-state within the experimental period.

Microcystis cell removal during the high flow
experiment

Microcystis cell behaviour (as suspended particles) in relation
to natural and synthetic media (natural and synthetic) suggests

Fig. 4 (A) The cumulative mass fraction for the biofilters (solid line as a function of time (hours) equivalent to hydraulic retention time. (B) Removal
efficiency (%) of Microcystis cells by the biofilter in relation to time (hours)

Fig. 5 (A) Quantitative changes
in Microcystis average
concentration (#cells mlˉ1) for a
mesocosm experiment run for
11 days or 5HRT. Controls
(stipple), biofilters (striped),
number of samples is n = 3 for
each day. Error bars represent
standard errors. (B) Qualitative
changes in colouration: green
control units (B.i) indicating the
presence of Microcystis cells ver-
sus colourless biofiltration units
(B.ii)
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a deposition filtration mode or cumulative mass fraction
(CMF = 1) (Fig. 3A). Differences in the cumulative mass frac-
tion at different retention times initially showed the cells
through the biofilters reach CMF = 1 at 220 min compared
to fabric1, where CMF = 1 at 55 min. For removal efficiency,
the biofilters were capable of removing 20–25% of the
Microcystis cells during three retention times. The most effec-
tive filter media was fabric2 (synthetic filter with higher pack-
ing density than the biofilters and fabric1) with a maximum
removal efficiency (%) slightly above 40% compared to 25%
for the biofilters and to 17% for fabric1 at 55 min. These
results show that there is a physical removal mechanism of
the Microcystis cells by the biofilters, which can be related to
packing density.

Microcystis cell removal during the low flow
experiment

In the higher contact time experiment (i.e. low flow), the
biofilters showed removal efficiencies twice as high as those
observed under high flow conditions, suggesting that the in-
creased exposure to the hydroponic rhizofiltration may con-
tribute to higher removal efficiencies. At lower flow rates, the
cell numbers in the feed tank doubled between 48 and 72 h,
following a growth curve. A Growth Model fitted to the cell
number data in the feed tank explained 95% of the variance of
the data (results not shown). This growth could also have
affected results for the CMF (Fig. 4A), as an increasing cell
concentration would directly affect the ratios. The number of
cells in the controls ≥ 3.0 × 106 cells mlˉ1 was at least twice as
high as in the biofilters where they did not increase above
1.2 × 106 cells mlˉ1 (Fig. 5A). Hence, it was postulated that
besides the physical removal, chemical mechanisms may

contribute to the removal of Microcystis when exposed to
biofilters, i.e. rhizofiltration.

The role of the biofilters on Microcystis removal

The most striking results found were the loss of
colouration (bleaching) and the reduction in cell number
in the biofilters when compared to the control and fabric
units. “Bleaching” or chlorosis is defined in the literature
as the change in pigmentation from blue-green to yellow-
green to yellow (or orange) (Collier and Grossman 1992;
Baier et al. 2014) in non-N2 fixing cyanobacteria (like
Microcystis) under nitrogen starvation conditions.
Chlorosis is a process generally described after 72 h of
nitrogen starvation in cultures of cyanobacteria model or-
ganisms such as Synechocystis and Synechococcus
(Krasikov et al. 2012). However, there is no reference in
the literature to the chlorotic process as a complete lack of
colouration (clear as tap water) as observed in the
biofilters (Fig. 5). The chlorotic process of Microcystis
in the biofilters is observed after 72 h, and at 96 h there
is a total absence of colouration with no-absorbance spec-
trophotometric detection at O.D620 and O.D680 (results not
shown). Dagnino et al. (2006) described a chlorotic
process in nutrient-depleted Microcystis cultures which
after 3–5 days showed lack of colouration, but from
blue-green to very pale blue-green and decreasing cell
density. They attributed this phenomenon to intercellular
signalling present in the medium of the nutrient-starved
Microcystis. Intercellular signalling is a chemically medi-
ated process between microorganisms (e.g. cyanobacteria
and algae/organisms of higher taxa) known as allelopathy
(Gross 2003). In this study, decrease in cell numbers was
also seen, measured, and compared between the biofilters
and the controls. These results suggest that either nutrient
competition between the roots in the biofilters and
Microcystis cells or allelochemical mechanisms with
inhibiting/biocide effects (or both) induced chlorosis in
the Microcystis cells. It is important to point out that the
Microcystis cells were continuously injected to all the
units in increasing concentration, but the only units with
loss of colouration or reduction in cell numbers were the
biofilters.

Table 3 GC-MS screening results of water samples from the filter units

Chemical identified Concentration (ng dm−3)

Stigmasterol 660

Phenols 620

Salicylates 440

Cholesterol 250

β-cyclocitral 220

Table 4 Limits of detection and
quantification for the selected
analytes

Analytes from standard solution Limit of detection (μg Lˉ1) Limit of quantification (μg Lˉ1)

Hordenine 3.63 11.01

Gramine 13.46 40.78

Naringin 9.11 38.86

4-nitroindole-5-carboxaldehyde 14.83 44.93

Anthraquinone 29.20 88.48
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Investigating allelochemical in roots and root exudate

The results of this study suggest the chlorotic effect and re-
duction in Microcystis cell numbers in the biofilters could be
triggered by allelopathy. Allelochemical compounds with po-
tentially algistatic/algaecide effects (Laue et al. 2014) were
identified in the root exudate at nanogram concentrations
(Table 2). These results mimic natural aquatic environments,
where the allelochemicals excreted by macrophytes are dilut-
ed in the surrounding water (Hilt and Gross 2008; Rojo et al.
2013), but still have a suppression effect on phytoplankton
growth rates (Körner and Nicklisch 2002; Mulderij et al.
2007; Chang et al. 2011). In water, the distances between cells
are crucial as the chemical information is transmitted by dif-
fusion and advective laminar flow (Wolfe 2000). By contrast,
laboratory experiments are generally carried out using
Microcystis cells at concentrations of 1 × 105–1 × 106 μl in
the presence of μg or mg concentrations of allelochemicals
either extracted from the roots or supplied commercially to
demonstrate their biocidal effect (Lürling and De Senerpont
Domis 2013; Lürling and Va Oosterhout 2013). However,
allelopathy might not be only produced by the roots as any
bacteria and fungi present could be sources of allelopathic
chemicals. Nevertheless, studies on the detection and

identification of allelochemicals in root tissue or root exudate
from Phalaris spp. let alone Phalaris arundinacea have not
been described in the literature.

The allelochemicals in the root exudate showed the pres-
ence of gramine and 4-nitroindol-5-carboxaldehyde with the
targeted method developed for allelochemical detection (Fig.
6). However, there were additional unidentified compounds
present in the root exudate and a large number in macerated
root samples, which could potentially be released by the roots
into the water. It is envisaged in future experiments to increase
the number of allelochemicals in the mix standard to enable
further identification. However, this does not mean that all
compounds seen in the sample will have an algaecide/
algistatic effect on Microcystis, and further investigation will
be required to distinguish the impact of individual compounds
on Microcystis cells.

Conclusions

Microcystis can be removed by the roots of Phalaris
arundinacea under continuous flow conditions, but the mech-
anism could vary depending on residence time and packing
density on synthetic/natural filter media. At higher residence

Table 5 Allelochemicals
quantified in root exudates and
root extracts (n = 3)

Allelochemicals Root exudate mean±SE

μg L−1
Root extract mean±SE

μg L−1

Gramine 3447 ± 1043

Naringin (ISTD 100 μg L−1) 109.3 ± 9.9 4688 ± 1433

4-Nitroindol-5-carboxaldehyde 96.13 ± 10.1 176 ± 10.1

Fig. 6 Chromatograms of root exudate sample (top graph) and root extracted sample (bottom graph). These samples were from laboratory-grown
Phalaris. The number of detected peaks for the exudate was eight and for the extract was 20
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times on natural filter media, the decrease in Microcystis cell
numbers is accompanied by a chlorotic process, indicating
physicochemical mechanisms operate in natural filters com-
pared to high flow where physical deposition was the main
removal mechanism. This highlights the importance of creat-
ing pilot/field-scale designs to allow low flow velocities and/
or large retention times, and increasing the probability of con-
tact between the allelochemicals produced by the roots and the
Microcystis cells.

Overall, at low residence time, it was shown that the pack-
ing density of the filter porous media plays the dominant role
in Microcystis aeruginosa 1450/3 removal in both biofilters
and synthetic filter media. The packing density is a relevant
factor to be considered in future Living-Filter systems if these
are to be used as a pre-treatment process for phytoplankton
removal.

Physicochemical interactions between living roots and
Microcystis in hydroponic and continuous flow conditions
have not been described in the literature before. Findings from
this experimental set-up are more realistic at demonstrating
these physicochemical interactions providing grounds for fur-
ther experimentation, either with other phytoplankton or other
plant species. Additionally, the biofiltration set-up used in this
study can be used to investigate and optimize the removal of
pharmaceuticals by living roots.
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