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calamus, and Arundo donax, were investigated for their electrogenic performance and
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physiological changes during non-growing seasons. The maximum power output of
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12.82 mW/m2 was achieved in the A. donax CW-MFC only when root exudates were being
released. The results also showed that use of an additional carbon source could remarkably
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improve the performance of electricity generation in the C. indica and A. donax CW-MFCs at

Wetland plants

relatively low temperatures (2–15°C). However, A. calamus withered before the end of the

Microbial fuel cells

experiment, whereas the other three plants survived the winter safely, although their

Physiological changes

relative growth rate values and the maximum quantum yield of PSII (Fv/Fm) significantly

Power production

declined, and free proline and malondialdehyde significantly accumulated in their leaves.
On the basis of correlation analysis, temperature had a greater effect on plant physiology
than voltage. The results offer a valuable reference for plant selection for CW-MFCs.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
The microbial fuel cell (MFC) is an emerging technology gaining
significant attention among researchers worldwide because
of its bioelectricity generation potential (Du et al., 2007; Logan,
2005). In a conventional MFC, organic and inorganic substrates
are oxidized by bacteria, generating electrons that are transferred to the anode through a conductive material and a resistor.

They then flow to a higher potential electron acceptor at the
cathode, such as oxygen (Logan et al., 2006; Rabaey et al., 2007).
Constructed wetlands (CWs), recognized as a green and lowcost technology, have been used to treat domestic (Lin and Han,
2012), industrial (Khan et al., 2009), urban (Reyes-Contreras et
al., 2012), and agricultural (Speer et al., 2009) wastewaters,
to treat stormwater runoff (Choi et al., 2015), leachates
(Rustige and Nolde, 2007), and mine drainage water (Sheoran
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and Sheoran, 2006), and to dewater sludge (Magri et al., 2016)
through a combination of physical, chemical, and biological
processes (Imfeld et al., 2009; Zhi and Ji, 2012).
Yadav et al. (2012) were the first research group to investigate the possibility of combining CW with MFC to treat
wastewater containing a synthetic azo dye. The compatibility
and combination of CWs and MFCs are based on the fact that
they are both biological systems engaged in the degradation of
organic matter. Additionally, an MFC requires a redox gradient, which can be naturally found in a CW, depending on flow
direction and wetland depth (Doherty et al., 2015). More and
more attention has been focused on the constructed wetlandmicrobial fuel cell (CW-MFC) as it is a novel, promising, and
scalable technology for harvesting bioelectricity during wastewater treatment (Villasenor et al., 2013). Most studies have
focused on improving anodic and cathodic efficiency or
reducing the internal resistance of the CW-MFC to generate
more energy or improve nutrient removal efficiency from
wastewater (Fang et al., 2017; Liu et al., 2014). For example,
the electrical and azo dye decolorization performance in a
CW-MFC system was studied (Fang et al., 2017). It was found
that increasing the cathode diameter promoted both decolorization and electricity generation performance.
Plants growing in a wetland environment have a large
biomass, developed roots, and robust stems. They can be
planted in natural environments with a minimal disturbance
of scenery and without being competitive with agricultural
lands that are needed for food production (Holm, 2009). Wetland
plants, as an important part of a traditional constructed
wetland, play an important role in the process of wastewater
treatment. Their roots can remove pollutants directly from
sewage by absorption, adsorption, and enrichment (Fang and
Tan, 2011). Plant roots can also secrete oxygen, allowing different oxygen levels to occur in different regions of the system,
helping the survival of different microorganisms (Gagnon et al.,
2007). Wetland plants also play an important role in the operation of MFCs. Plant roots secrete large amounts of organic
matter (root exudates) to the growth medium and provide the
matrix for the generation of electricity (Timmers et al., 2010).
More interestingly, some researchers have found other effects
of plants in CW-MFC systems. The internal resistance could
be reduced by planting Ipomoea aquatica in the cathode of a CWMFC (Fang et al., 2013) and plant-mediated methane accounted
for 71%–82% of the total methane flux in CW-MFC emissions
(Liu et al., 2017).
However, studies on wetland plants in CW-MFCs are still
few, especially regarding the selection or adaptability of plants.
Spartina anglica, Arundinella anomala, and Arundo donax have
been used to construct P-MFCs (plant-microbial fuel cells)
(Helder et al., 2010) and very different electrogenic performance
was found for the three plants. MFCs with S. anglica obtained
the highest power density (222 mW/m2 membrane surface
area), which was more than 10 times than that of MFCs with
A. anomala. Clearly, the selected plants seem to have a great
effect on the yield of bioelectricity. More work needs to be
done to find the proper plants for CW-MFCs and to confirm that
the plants grow well without physiological damage for a long
period or at least one life cycle. Timmers et al. (2010) found
that a continuous micro-current environment caused no fatal
injury to S. anglica during a study lasting 119 days. However,
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that result may be questionable because only shoot density
and the number of living shoots were monitored in his
study. Even if the current does not cause any injury to the
morphology and structure of plants, biochemical and physiological alterations may occur. However, no literature clearly
reports whether voltages and micro-currents have an effect on
plant physiology or what the physiological response of plants
will be to micro-currents.
Temperature, as an important environmental factor, affects
not only the growth of plants but also the root exudates of
plants (Uselman et al., 2000). The research on CW-MFCs has
been mainly carried out at room temperature (Fang et al., 2013;
Wang et al., 2016b) or during the growing seasons of plants
(Wang et al., 2016a), during which the temperature is suitable
for plant growth. However, the performance of wetland plants
in CW-MFCs at low temperatures remains unknown. In fact,
most aquatic plants will die or wither at a relatively low temperature or during non-growing seasons. Identification of
plants that can maintain the normal operation of CW-MFCs at
low temperatures will be of great help in the application of these
systems.
Therefore, the main objective of this study was to (1) investigate the performance of electricity production of four different
wetland plants in CW-MFCs during non-growing seasons,
(2) measure the growth and physiological changes of the plants
during the process of electrogenesis, and (3) choose a suitable
wetland plant for CW-MFCs for practical application based on
the first two objectives.

1. Materials and methods
1.1. Wetland plants
In this study, four widely used wetland plants, Canna indica,
Cyperus alternifolius L., Acorus calamus, and A. donax, were
chosen to construct CW-MFC systems. Plants with 40–60 cm
stems were collected from an experimental station in
Wuhan City, Hubei Province, China. After being thoroughly
rinsed with tap water, they were then cultivated with the
nutrient solution before being transplanted into the CW-MFCs.
The main nutrient solution consisted of 0.31 g/L NH4Cl, 0.13 g/L
KCl, 2.75 g/L NaH2PO4·2H2O, and 16.42 g/L Na2HPO4·12H2O.

1.2. Experimental setup and operation
Prior to assembly, all anodes were inoculated in the same
reactor without plants by using anaerobic sludge taken from
an urban wastewater treatment plant in Wuhan. The cathodes were suspended in the reactor by a nylon mesh and
aerated with an oxygen pump. The anodes and cathodes were
connected using a resistance of 1000 Ω. Once the voltage
reached 400 mV or higher and had been maintained for about
a week, the electrodes were taken out, gently rinsed with
deionized water to remove residual sediment, and placed into
the CW-MFC reactors.
Fourteen PVC cylinders (diameter 150 mm, height 300 mm)
were used as the CW-MFC reactors, above which there was a
transparent rain-shelter to avoid the interference of rain.
Twelve reactors were used as for the experimental groups
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(three replicates for each plant) and two as controls (without
plants). These are schematically presented in Fig. 1a. Three
stems of each wetland plant were respectively transplanted
through the inner rings of the cathode in a quartz sand matrix
(1–2 mm particle diameter) with the roots closely contacting
the anode electrode (graphite felt, geometric area of 314 cm2),
which was rolled into a cylindrical shape. The cathode
electrode (graphite felt, geometric area of 84.82 cm2) was
placed on the surface of the substrate (Fig. 1b and c). Titanium
wire was woven through the two felt electrodes to function as
a current collector. All cathodes were connected to their
corresponding anode via an external load of 1000 Ω using
copper wires. The plant-growth solution at the beginning was
tap water, with the addition of the nutrient solution mentioned above (without additional carbon resources), and 1 g/L
CH3COONa (an additional carbon resource) was added to the
feed solution from day 50 to 78 because of low output power.
This experiment adopted an intermittent operation mode. On
the first day and prior to use, the solution was purged with
nitrogen gas to eliminate oxygen until it was anoxic. It was
then added to the CW-MFCs via a peristaltic pump at a rate of
0.30 mL/sec. A 3-cm water layer was maintained above the
cathode. Every two weeks was one cycle. Considering the
normal evaporative loss of water, distilled water was added to
the original water level every other day during the operation
of the systems.
All experiments were conducted in a semi-natural environment without artificial light sources from October 8, 2015
to January 12, 2016, covering the autumn and winter seasons
in Wuhan. During these periods, the four wetland plants were

in their usual non-growing season and the average temperature decreased from more than 20°C to less than 5°C.

1.3. Sampling and measurements
1.3.1. Electrochemical measurements
The cell voltage across the resistance (R = 1000 Ω) was measured and recorded by a paperless recorder (Model R6016/U,
Shanghai Jisheng Electric Co., Ltd., Shanghai, China). Polarization curves were produced by varying the external resistance
from 10 kΩ to 10 Ω by using a resistance box. The current
density (I, mA/m2) and power density (P, mW/m2) were
normalized to the plant growth area (PGA = 0.0165 m2) and
determined by Eqs. (1) and (2), respectively:
I ¼ U=ðR  PGAÞ

ð1Þ

P ¼ IU

ð2Þ

where, U (mV) is the measured voltage of the paperless recorder,
PGA is plant growth area, and R is the known value of the
external load resistor in ohms (1000 Ω).
The internal resistance (Rint, Ω) was calculated by the peak
power density method with the aid of polarization and power
curves. When the maximum power density (Pmax, mW/m2) is
obtained, the internal resistance is equal to the external
resistance (Rext, Ω) (Logan et al., 2006) (Eq. (3)):
Rint ¼ Rext ¼ Pmax =i2

ð3Þ

where, i is the current corresponding to the maximum power
density.

Fig. 1 – CW-MFC assembly: (a) scheme of the experiment, (b) schematic representation of a CW-MFC, and (c) photo of a
representative air-cathode: a cathode of Cyperus alternifolius L. CW-MFCs: constructed wetland-microbial fuel cells.
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C. indica
A. donax

1.3.2. Measurement of plant growth and physiology
The relative growth rate (RGR) is used to reflect the growth of
plants and was determined by Eq. (4):

800

RGR ¼ ð lnH2 − lnH1 Þ=t

600

With ACR

Without ACR

Voltage (mV)

where, t is the days of the testing cycle and H2 (cm) and H1 (cm)
represent the total height of plants above the interface at the
beginning and the end of the cycle, respectively.
Three eco-physiological indices were monitored to denote
the physiological changes of these four wetland plants. The
maximum quantum yield of PSII (Fv/Fm) was determined by
using a portable plant efficiency analyzer (Handy PEA, RS232,
Beijing Yingchi Electric Co., Ltd., Beijing, China). Leaves at the
same position and leaf age were measured, and leaves were
dark-adapted for 10 min before the measurement. Free proline
content (Pro) was measured using ninhydrin (Bates et al., 1973)
and the absorbance at 520 nm was read. The proline concentration was estimated using a standard curve and was calculated on
a fresh weight basis. Lipid peroxidation (as malondialdehyde
(MDA) equivalents) was estimated by the thiobarbituric acid
(TBA) method (Buege and Aust, 1978). The absorbance at 450, 532,
and 600 nm was read.
All four indicators were monitored once a month. RGR and
Fv/Fm were determined in situ between 9:00 AM and 11:00 AM.
Pro and MDA were determined after leaf samples were
collected between 9:00 AM and 11:00 AM and stored in a
refrigerator at 4°C.
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Fig. 2 – (a) The continuous change of voltage with an external
resistance of 1000 Ω for the CW-MFC plantings of four
different wetland plants and the control; and (b) the changes
of ambient average temperature during the experiment.
ACR: additional carbon resources.

1.4. Correlation analysis
The Spearman rank correlation coefficient was used to assess
the results.

2. Results and discussion
2.1. Power production in the CW-MFCs without an additional
external carbon source
After the four wetland plants were transplanted into the MFCs
in October, they performed differently. The A. donax CW-MFC
rapidly produced electricity on the first day and then showed an
increasing cell voltage, which soon stabilized around 460 mV
after day 5, at an external resistance of 1000 Ω (Fig. 2a). It
achieved a maximum power output of 12.82 mW/m2, which
was a little higher than that of the Ipomoea aquatic CW-MFC
constructed in a 2013 study (Liu et al., 2013) and significantly
lower than that in a 2014 study (Liu et al., 2014). Compared to the
graphite felt used in this study, Liu used granular activated
carbon and a stainless-steel mesh as the bio-cathode materials,
which had a much larger surface area and better water
absorption. The observed differences may have arisen from
the different cathode materials used. However, the CW-MFCs
with C. indica and C. alternifolius started to produce electricity
after 5 days and obtained a cell voltage lower than 250 mV. The
A. calamus CW-MFCs produced hardly any electricity under the
same circumstances (Fig. 2a). The average temperature was
above 20°C during this period (Fig. 2b). It is inferred that the
different power productions were probably due to the combined

effect of root exudates and oxygen released by aerenchyma
(Tanner et al., 1998). Part of the exudates would be consumed by
dissolved oxygen in a chemical process or by biochemical
oxygen reduction of organic compounds, which will consume
electrons and lower the number of coulombs that are available
for the electrical current. A. donax has a relatively high rate of
root exudation (Yang et al., 2015), which explains why A. donax
had higher electricity output here. It was preliminarily concluded that A. donax could quickly start to produce electricity
and obtain a high-power output when planted in a CW-MFC
without any additional carbon resources. C. indica and C.
alternifolius produced less electricity and A. calamus the least.
The voltage of all the CW-MFCs decreased and almost
reached zero after 33 days (Fig. 2a). This change might closely
relate to the temperature change, which suddenly dropped to
about 11°C during that period in Wuhan (Fig. 2b). Researchers
have found that as temperature fluctuates, the current range
fluctuates accordingly (Dai et al., 2015). The first effect of the
temperature on the system might be the slowing metabolism of
the plants, causing fewer rhizodeposits under the low temperatures. The second effect might be that the low temperature
reduced the activity of the electrochemically active bacteria.
Researchers have found that the optimum growth temperature
for the electrochemically active bacterial genus Geobacter is
about 30°C (Strik et al., 2013), and when the temperature drops
from 35 to 10°C, acclimated biofilms are reduced to about onetenth the original amount (Michie et al., 2011). In addition, lower
temperatures could lead to higher anode potentials, which
cause a lower cell voltage and, therefore, a lower current and
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power density at stable external resistances (Helder et al., 2013).
Much work still needs to be done for further verification.

2.2. Power production in the CW-MFCs with additional carbon
sources
In order to verify the hypothesis that the fact that the voltage
of all CW-MFCs decreased and almost reached zero after
33 days was due to the lack of root exudates, 1 g/L sodium
acetate was added to the feed solution from day 50 to 78 to
provide more material for the growth of electrochemically
active bacteria. The average temperature was about 2–15°C
during this period (Fig. 2b). The results showed that the
voltage of all the CW-MFCs with C. indica, C. alternifolius,
A. calamus, and A. donax rose rapidly and soon reached
relatively high voltages, with values of 489, 704, 269, and
486 mV, respectively (Fig. 2a). It was confirmed that the plants
could not provide enough carbon under the low-temperature
conditions and that the CW-MFCs need external carbon
sources to maintain normal operation. However, it was also
found that the voltage of the A. calamus CW-MFC was persistently lower than the controls. One explanation might
simply be that A. calamus died at the end of the experiment,
resulting in a larger internal resistance (5000 Ω) (Armstrong
et al., 2010), which was confirmed in the following experiments.
The polarization and power curves of the CW-MFCs with the
four different wetland plants and the unplanted MFC were
obtained on day 65 (Fig. 3). The performance of these five groups
showed significant differences. The open circuit voltages of the
CW-MFCs with C. indica, C. alternifolius, A. calamus, A. donax, and
the control were 762, 773, 734, 726, and 720 mV, respectively.
Moreover, the maximum power density of the C. indica and
A. donax CW-MFCs was 18.56 and 17.41 mW/m2, respectively,
significantly higher than those of the CW-MFCs with
C. alternifolius (6.92 mW/m2) and A. calamus (2.26 mW/m2). However, previous research has shown that the maximum power
point in a polarization curve is probably an overestimation of the
maximum achievable power of the system (Helder et al., 2010).
According to Eq. (3), the internal resistances of the C. indica,
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Fig. 3 – Polarization and power curves obtained on day 65
after start-up of the CW-MFCs with four wetland plants and
the control (no plants). P: power; V: voltage.

C. alternifolius, A. calamus, A. donax, and control CW-MFCs were
400, 1000, 5000, 399, and 600 Ω, respectively (Table 1). This
showed that the internal resistances of the C. indica and A. donax
CW-MFCs were apparently lower than that of the control,
whereas the other two groups were significantly higher. Such
differences may lie in the quantity of current-producing bacteria
(such as Geobacter sulfurreducens and Betaproteobacteria), which
are able to generate electrically conductive pili or nanowires
that assist the microorganisms in reaching more distant
electrodes (Liu et al., 2013). It is concluded that planting C. indica
and A. donax effectively promotes maximum power density
and notably lower internal resistance for the CW-MFCs, with
supplementation by an additional carbon source during lowtemperature periods.

2.3. Changes of growth and physiological indices of plants
2.3.1. Relative growth rate (RGR)
The RGRs of the four wetland plants during the whole experiment
are presented in Fig. 4a. C. alternifolius had an obvious increase in
RGR during the first month, whereas the RGR of the other three
plants were smaller but remained positive. The RGR of all four
plants decreased steadily during the next two months, except for
C. indica. The RGR of A. calamus was notably less than zero, while
the values of the other three plants were still greater than zero on
January 11. It could be seen by simple observation that the leaves
of A. calamus had withered. Although A. calamus did not survive,
the other three plants did survive and kept growing at a slow
positive rate even in the non-growing seasons. It can be assumed
that a micro-current environment is beneficial to the growth of
plants to some extent. Sufficiently high electric fields have a
definite effect on plant growth and growth responses (Murr,
1963). More research should be done to demonstrate this.

2.3.2. Maximum quantum yield of PSII (Fv/Fm)
As seen in Fig. 4b, the maximum quantum yield of PSII (Fv/Fm) of
the four different wetland plants was relatively stable and
basically varied between 0.70 and 0.85 during the first two
months. The values of Fv/Fm of C. indica, C. alternifolius, and
A. donax significantly decreased to 0.617, 0.688, and 0.717 on
January 11 and we could not measure the Fv/Fm of A. calamus
because their leaves had already withered. Normally, the Fv/Fm
value of the plant will be stable in a certain range under
conditions of no stress. Under stress conditions, the parameter
Table 1 – Maximum power density and internal resistance
of CW-MFCs with four different wetland plants and the
control (no plants).
Plant

CCV
(mV)

OCV
(mV)

Maximum
power density
(mW/m2 PGA)

Rint (Ω)

Canna indica
Cyperus alternifolius L.
Acorus calamus
Arundo donax
Control (no plants)

404
680
247
450
402

762
773
734
726
720

18.56
6.92
2.26
17.41
11.67

400
1000
5000
399
600

All data obtained on day 65 after start-up of the CW-MFCs.
Temperature: 7.5°C; CCV: closed circuit voltage; OCV: open
circuit voltage; PGA: plant growth area.
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over the next two months. The proline content in A. donax was
still increasing steadily, while the proline content in the other
three plants showed a downward trend but still much higher
than the original value in October (Fig. 4c). Proline, as an
important osmotic regulator, can increase the permeability of
plant cells, maintain the metabolic balance of water, and
stabilize the cell membrane system during drought, salinity,
and low-temperature periods (Lerner, 1985; Zheng et al., 1993).
In this study, the changes in proline content in the four plants
may be due to the effect of temperature. The proline content of
the four plants increased as the ambient temperature fell. With
the low temperature continuing, the proline amounts in the
four plants differed but were significantly higher than the value
in October. We assume that the plants, especially A. donax, can
improve their ability to adapt to low-temperature stress by
increasing the proline content in leaf cells. These results are in
agreement with those obtained by other authors, that proline
exhibits high activity as an ROS scavenger and lipid peroxidation inhibitor, contributing to plant adaptation to various
environmental stresses (Cao et al., 2012; Gao et al., 2016).

2.3.4. MDA content

Fig. 4 – (a) Changes of the relative growth rate (RGR),
(b) maximum quantum yield of PSII (Fv/Fm), (c) free proline
(Pro), and (d) malondialdehyde (MDA) content of four
different wetland plants during the experiment. The Fv/Fm,
Pro, and MDA values of A. calamus on January 11 are not
presented because the leaves had withered and could not be
measured. Bars represent the standard error.

decreases (Chen et al., 2013). A. calamus withered and the other
three plants' photosynthetic values decreased in January. This
showed that they were showing stress to different degrees and
that the other three plants are more resistant to stress than is
A. calamus. We suspect the possible reason might be that when
entering the cold winter, the temperature decreased, which
caused damage to the photosynthetic apparatus and also influenced the processes of photosynthetic electron transport and
photophosphorylation (Öquist et al., 1992; Ottander et al., 1993).
In addition, the intensity of illumination decreased and the daily
light duration time was shortened, which would also affect the
total photosynthesis of plants. Many studies indicate that weak
light intensity will decrease the maximal photochemical efficiency of PSII (Fv/Fm) (Zheng et al., 2009). Also, plants enter a
state of senescence during the non-growing season and the
physiological and biochemical processes in leaves are changed,
including the photosynthetic intensity of plants (Panigada et al.,
2009). Obviously, the photosynthesis of A. calamus suffered to a
greater degree during the autumn and winter seasons.

As seen in Fig. 4d, the four plants did not display obvious
alterations in their MDA content in the first month. The MDA
content of C. indica, C. alternifolius, and A. donax increased
gradually in the next two months and reached their maximum
in January, whereas the MDA content of A. calamus had a slight
increase in December but was not measured in January due to its
withering. Temperature, salinity, and natural aging affect membrane lipid peroxidation in plants and damage the cell membrane
system. MDA is not only one of the main products of membrane
lipid peroxidation but is also a degradation product formed by
radical oxygen attack on membrane lipids. Its accumulation
shows that membrane structures and functions have been
damaged (Deng et al., 2012). In this study, the MDA content in C.
indica, C. alternifolius, and A. donax increased gradually and
reached maximum values in January, indicating that the
generation of free radicals in plants had increased or that the
free radical scavenging ability of the plants had been reduced
(Dhindsa et al., 1982). MDA is an important indicator for plant
senescence and stress resistance (Salin, 2010). This study was
conducted from October 8, 2015 to January 12, 2016, during which
time C. indica, C. alternifolius, and A. donax slowly entered mature
phases of development, which may be one of the factors leading
to the accumulation of MDA in their leaves.

2.4. Correlation analysis
The Spearman correlation analyses between voltage, plant
species, and temperature are shown in Table 2. The results
Table 2 – Spearman correlation of plant species,
temperature, and voltage in the CW-MFC system.
Parameter
Voltage

2.3.3. Content of proline
The proline contents of the four wetland plants were all lower
than 12 μg/g on October 9, 2015. The amount of proline in all
plants increased greatly in November and varied differently

⁎ p < 0.05
⁎⁎ p < 0.01

r
p

Plant

Temperature

0.110 ⁎
0.020

−0.285 ⁎⁎
0.000
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Table 3 – Spearman correlation between plant physiological
and ecological indexes and plant species, temperature, and
voltage in the CW-MFC system.
Parameter
Plants
Voltage
Temperature

r
p
r
p
r
p

RGR

Fv/Fm

Pro

MDA

−0.052
0.849
0.124
0.648
0.110
0.684

−0.175
0.533
−0.015
0.958
0.575 ⁎
0.025

0.265
0.341
−0.234
0.402
−0.594 ⁎
0.041

0.247
0.375
−0.105
0.709
−0.350
0.200

⁎ p < 0.05

showed that the voltage values of the CW-MFC systems were
significantly affected by plant species (p < 0.05), while voltage
and temperature showed a significant negative correlation
(p < 0.01). The decrease in temperature might have a direct
effect on the decrease of voltage. These results are consistent
with the above results.
The Spearman correlation analyses between plant physiology, plant species, voltage, and temperature are shown in
Table 3. Temperature had some effect on the physiological
and ecological changes of plants, and the change of temperature was significantly correlated with the changes in Fv/Fm
and Pro (p < 0.05). However, there was no significant correlation between plant physiology and voltage (p > 0.05), which
shows that the voltages in this study had limited effect on
plant physiology. However, in this study, the voltage value
was relatively small, and may not be large enough to affect
plant physiology. In the future, it is necessary to increase the
voltage in the CW-MFC systems to further clarify the effects
on plants.

3. Conclusions
Compared with C. indica, C. alternifolius, and A. calamus, A. donax is
more suitable during the non-growing season for a CW-MFC
system owing to its faster adaptability, lower internal resistance,
and higher power output. A. calamus failed to produce electricity
and had lower voltage output than the control with additional
carbon resources, probably due to the much higher internal
resistance. Except for A. calamus, which withered in January, the
other three plants survived, although with changes in their
physiological indices. These results indicate that A. calamus is
not suitable for the coupled system, especially in cold weather.
In this study, the physiological characteristics of the four
plants were not significantly affected by the relatively low
voltage range, probably because seasonal low temperatures
played a more important role. Further work needs to be done
to clarify the physiological response to higher voltages during
the growing season to choose the most adaptable plants for
CW-MFC systems.
Wetland plants in CW-MFCs play an important role in both
sewage purification and power production. Thus, the selection of wetland plants is especially important. Plants that
have well-developed roots, are easily obtained, and capable of
purifying sewage are often selected. Of course, the internal
resistances of plants should also be taken into account

especially with the goal of electrogenesis in CW-MFC systems.
Meanwhile, the selection of plants also depends on the
season and region. According to the results of this study, we
recommend choosing a plant, such as A. donax, that can
survive during low temperatures and maintain the normal
operation of CW-MFCs at those low temperatures when CWMFCs are used during non-growing or cold seasons. We will
continue to study the adaptability of wetland plants in CWMFCs during the growing season (summer) in later experiments, to provide more support for wetland plant selection for
CW-MFCs.
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