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� The impact of light condition on duckweed biomass and starch accumulation was investigated.
� Light intensity and photoperiod had a significant effect on biomass and starch production.
� 110 lmol m�2 s�1 was the best light condition for duckweed biomass and starch accumulation.
� The results suggested high light induction was an effective method for starch accumulation.
� This study provides optimized light conditions for future industrial duckweed cultivation.
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Duckweed has been considered as a valuable feedstock for bioethanol production due to its high biomass
and starch production. To investigate the effects of light conditions on duckweed biomass and starch
production, Lemna aequinoctialis 6000 was cultivated at different photoperiods (12:12, 16:8 and
24:0 h) and light intensities (20, 50, 80, 110, 200 and 400 lmol m�2 s�1). The results showed that the
duckweed biomass and starch production was increased with increasing light intensity and photoperiod
except at 200 and 400 lmol m�2 s�1. Considering the light cost, 110 lmol m�2 s�1 was optimum light
condition for starch accumulation with the highest maximum growth rate, biomass and starch produc-
tion of 8.90 g m�2 day�1, 233.25 g m�2 and 98.70 g m�2, respectively. Moreover, the results suggested
that high light induction was a promising method for duckweed starch accumulation. This study provides
optimized light conditions for future industrial large-scale duckweed cultivation.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, the energy crisis and environmental problems
caused by the consumption of fossil fuels have attracted much
more attention worldwide. The exploration for alternative energy
sources has become an increasingly urgent requirement. Bio-
renewable energy, especially bioethanol and biodiesel, has been
considered as an important alternative energy. Bioethanol is an
alcohol made by sugar fermentation and can be used as liquid fuel
and gasoline mixed agent to enhance oxygen content and reduce
emissions (Sánchez and Cardona, 2008). Most ethanol fuel is pro-
duced using corn as feedstock. However, using corn for ethanol
production is inevitably competing for limited cropland for food/
feed production (Endo et al., 2008). Significantly, lignocellulosic
biomass is of great potential source for ethanol production because
the material is abundant in the world. However, conversion of lig-
nocellulosic biomass to bioethanol is difficult and much more
expensive due to the tight structure of the biomass (Sarkar et al.,
2012). Therefore, there is great interest in exploring novel starch
sources that do not necessarily compete for cropland and can be
digested much easier than lignocellulosic biomass to make
bioethanol production more sustainable. Recently, duckweed has
drawn increasing attention for bioethanol production due to its
high biomass and starch production (Xu et al., 2011, 2012; Cui
and Cheng, 2015).
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Duckweed, a small floating aquatic plant, belongs to the
monocotyledonous family of Lemnaceae. The geographic ranges
of duckweed span the entire globe and 37 species belonging to five
genera (Lemna, Landoltia, Spirodela, Wolffia, and Wolffiella) have
been identified so far (Appenroth et al., 2013). Duckweed grows
faster than most other plants, and under ideal condition, some
species can double their biomass every 16 h to 24 h (Peng et al.,
2007). The duckweed starch content varies by species and growth
conditions ranging from 3% to 75% of dry weight (Reid and Bieleski,
1970; Xu et al., 2012; Cui and Cheng, 2015). Duckweed starch can
be readily converted to ethanol using the same protocol that used
for corn starch (Ge et al., 2012). The ethanol yield of duckweed
reached 6.42 � 103 L ha�1, which was about 50% higher than that
of maize-based ethanol production (Xu et al., 2011). In addition
to high starch content, there are lower lignin (�2% dry weight)
and cellulose (�10% dry weight) content in duckweed than that
in terrestrial plants (Ge et al., 2012; Zhao et al., 2014), indicating
that duckweed biomass can be hydrolyzed much easier and the
biomass-to-ethanol conversion process is more cost-effective
(Cheng and Stomp, 2009; Ge et al., 2012). Taken together, the
characteristics of rapid growth, high starch content and high
digestibility make duckweed an ideal feedstock for bioethanol
production.

Starch accumulation is the key consideration for duckweed
bioethanol production. As to the influence factors for starch
accumulation, nutrient starvation especially nitrogen and
phosphorus, sodium, abscisic acid and other chemical growth inhi-
bitors had been widely investigated (McLaren and Smith, 1976;
Thorsteinsson and Tillberg, 1987; Janas and Osiecka, 1995; Janas
et al., 1998; Cheng and Stomp, 2009; Xu et al., 2011, 2012; Cui
and Cheng, 2015). On the other hand, starch is the product from
the photosynthesis, light is the only source of energy for photosyn-
thesis, and also the direct source of energy for starch accumulation
(Stitt and Zeeman, 2012). However, only a few reports had been
focus on the effect of light condition on duckweed starch accumu-
lation. Cui et al. (2011) determined the starch content variation at
low light intensity (40.5 lmol m�2 s�1) under three photoperiod
conditions (8:16, 12:12 and 16:8 h light:dark) after 6 days of
cultivation. Zhao et al. (2014) measured the growth rate and starch
content at 2000, 5000 and 10,000 lux after inoculation for 12 days.
To the best of our knowledge, few systemic studies had been
done on the effects of light conditions on duckweed starch
accumulation.

Moreover, with the development of duckweed commercializa-
tion, large-scale industrial cultivation model will be popularized
in duckweed cropping system. For example, Xu et al. (2012) sug-
gested that novel cultivation reactors such as multilayer or
pagoda-shaped structures would be applied in the future large-
scale duckweed cultivation. In order to promote duckweed com-
mercialization, we have established duckweed multilayer pilot
reactor and 1500 m2 duckweed large-scale multilayer cropping
system using waste water (Unpublished results). Light condition
is one of important factors for industrial cultivation model in the
future, such as multilayer pilot reactors and duckweed multilayer
cropping system. Therefore, it is necessary to study the effect of
light condition on the duckweed biomass and starch accumulation
systematically. Thus, in this study, we investigated the effects of
different light intensities and different photoperiod regimes (expo-
sure to light:dark cycles) on duckweed growth density, growth
rate, biomass production, starch content and starch production.
The aim of this study is to provide the possibility of improving
bioethanol production through controlling light intensity and pho-
toperiod for future industrial large-scale duckweed cultivation.
Duckweed was cultivated for 39 days at six different light intensi-
ties (20, 50, 80, 110, 200 and 400 lmol m�2 s�1) and three different
photoperiod cycles (12:12, 16:8 and 24:0 h light:dark).
2. Methods

2.1. Duckweed strain and culture method

Lemna aequinoctialis 6000, which had the best ability to
accumulate starch, was isolated from Lixian county in Hunan
province by large-scale screening of more than 100 clones of
duckweed distributed in 20 provinces in China (Yu et al., 2014,
2015). L. aequinoctialis 6000 was pre-cultured in a large tub
(60 cm � 40 cm � 10 cm) for 2 weeks on 1/2 Schenk-Hildebrandt
medium (SH) (Schenk and Hildebrandt, 1972). The pH of the med-
ium was adjusted to 5.80. The tub was placed into a 23 �C growth
chamber with the photoperiod of 16:8 and light intensity of
80 lmol m�2 s�1 provided by wide spectrum fluorescent tubes.

The experiment was carried out using 750 mL plastic box
(12.5 cm � 12.5 cm � 4.2 cm). Each box was filled with 500 mL 1/
2 SH medium and inoculated with 2 g fresh duckweed to cover
the entire water surface with a single layer of fronds. Duckweed
was cultivated for 39 days at six different light intensities (20,
50, 80, 110, 200 and 400 lmol m�2 s�1) and three different
photoperiod regimes (12:12, 16:8 and 24:0 h light:dark). The
evaporated water was replenished with distilled water every day
throughout the experiments. The light intensity was measured
using a quantum photometer (LI-250A, LI-COR, USA). Each experi-
ment was performed in three replicates for different light intensi-
ties and photoperiod cycles.

2.2. Measurement of duckweed growth

To investigate the duckweed growth, L. aequinoctialis 6000 was
harvested at interval of 3 days from each box using a strainer to
remove fronds from 20% of the surface area based on the previous
report (Xu and Shen, 2011). The duckweed growth density was cal-
culated based on the amount of duckweed harvested each time. To
measure the wet weight, duckweed was rinsed with distilled water
using a strainer. After free water stopped dripping, duckweed was
blotted dry with paper towels, and then measured with a balance
(Bergmann et al., 2000). To measure dry weight (DW), the fresh
fronds were lyophilized using a freeze drier (ALPHA1-2LD PLUS,
CHRIST, Germany) for 48 hours.

The logistic model was applied to describe the duckweed
growth according to the research in other species (Ma et al., 2013):

Bt ¼
Bf

1þ Bf�B0

B0
� exp

�4lmax t
Bf

where B0 and Bf are the dry weight at zero and stationary phase, t
and Bt are time and the corresponding dry weight, and lmax is the
maximum population growth rate, which can thus be obtained after
nonlinear-fitting with the above equation using the software origin
7.0.

2.3. Duckweed starch extraction and quantification

The starch content was determined using a modified method
(Smith and Zeeman, 2006). Briefly, 50 mg frozen dry duckweed
was grinded into powder by a multi-tube ball mill (Tissuelyser II,
Qiagen, Germany). Then, 1.5 mL 80% ethanol was added. After
incubating in 70 �C for 15 min, the sample was centrifuged for
5 min (12,000g) at room temperature and then the supernatant
solution was discarded. This process was repeated for twice.
After evaporating ethanol, transferred the precipitate to volumetric
flask and added distilled water to 10 mL, then taken 0.5 mL homo-
genate into 2 mL EP tube and heated in 100 �C for 10 min. After
cooling, 0.5 mL 200 mM Na acetate (PH 4.8) mixed with 1 lL a-
amyloglucosidase (Sigma A7095) and 1 lL a-amylase (Sigma
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A4582) were added. The mixture was incubated at 37 �C for 4 h.
Then, the tube was centrifuged for 5 min at 12,000g. The glucose
in the supernatant was the hydrolyzed production of duckweed
starch. The glucose in the supernatant was analyzed by Waters
HPLC system (Waters 2545, Waters Corp., USA) equipped with a
Hypersil ODS-2 C18 column (4.6 mm � 250 mm; Thermo,
Thermo Corp., USA) and a 2489 Uv/Vis detector (Yu et al., 2014,
2015; Xiao et al., 2013; Zhao et al., 2014). The starch content was
determined using the total glucose content (starch content = glu-
cose content � 0.909) (Zhang et al., 2011).
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Fig. 1. Duckweed growth density under three different photoperiod cycles of 12:12
(a), 16:8 (b) and 24:0 (c) and six different light intensities (20, 50, 80, 110, 200 and
400 lmol m�2 s�1). Data are means of three repeated experiments and error bars
indicate standard deviations.
3. Results and discussion

3.1. Effect of light intensity and photoperiod on duckweed growth

To illustrate the effect of the light intensity and photoperiod on
duckweed growth, L. aequinoctialis 6000 was cultivated for 39 days
at three different photoperiods (12:12, 16:8 and 24:0 h light:dark)
and six different light intensities (20, 50, 80, 110, 200 and
400 lmol m�2 s�1). The results showed that light intensity and
photoperiod had a significant effect on duckweed growth. Fig. 1
illustrated the dynamic variation of duckweed growth density dur-
ing cultivation under different light intensities and photoperiods.
The results indicated that the growth density was increased in
the initial cultivation, reaching the highest level and then slowly
decreasing during the remaining days (Fig. 1). Furthermore, we
found that the growth density was increased with increasing light
intensity except at 200 and 400 lmol m�2 s�1 under a photoperiod
of 24:0 h light/dark cycle (Table 1 and Fig. 1). As to the influence of
photoperiod, the results showed that the variation of growth den-
sity depended on the light intensity. At 200 lmol m�2 s�1 and
lower light intensity (20, 50, 80 and 110 lmol m�2 s�1), the growth
density was increased with extending photoperiod. However, at
light intensity of 400 lmol m�2 s�1, extended photoperiod resulted
in lower growth density (Table 1 and Fig. 1).

Growth density could reflect the dynamic variation of duck-
weed growth status during cultivation. However, biomass produc-
tion is the key consideration in duckweed cultivation. In order to
get the highest biomass production, the duckweed was harvested
at interval of 3 days from each box using a strainer to remove
fronds from 20% of the surface area as reported previously (Xu
and Shen, 2011). The results showed that the duckweed biomass
production was constantly increased during cultivation except
for 200 and 400 lmol m�2 s�1 under a photoperiod of 24:0 h light/-
dark cycle (Fig. 2). Furthermore, we found that the effect of light
intensity and photoperiod on biomass production was similar with
the rule of growth density variation. Increased light intensity
resulted in higher biomass production excluding 200 and
400 lmol m�2 s�1 under a photoperiod of 24:0 h light/dark cycle
(Table 1 and Fig. 2). For the impact of photoperiod, the results
showed that extended photoperiod resulted in higher biomass
production at 200 lmol m�2 s�1 and lower light intensity. With
increasing light intensity (400 lmol m�2 s�1), the biomass produc-
tion was decreased with extending photoperiod (Table 1 and
Fig. 2).

To further characterize the duckweed growth, the duckweed
maximum growth rate was estimated. The widely used logistic
model with correlation coefficients above 0.995 was applied in this
study (Ma et al., 2013). The results showed that increasing light
intensity could improve the maximum growth rate except at 200
and 400 lmol m�2 s�1 under a photoperiod of 24:0 h light/dark
cycle (Table 1). The highest maximum growth rate was
8.90 g m�2 day�1 at 110 lmol m�2 s�1 under a photoperiod of
24:0 h light/dark cycle. Further, we found that the maximum
growth rate at 200 and 400 lmol m�2 s�1 under a photoperiod of
24:0 h light/dark cycle was 8.01 and 8.61 g m�2 day�1 which was
not too lower compared to that in other condition. The reason
might be that the growth density and biomass production in the
initial 6 days was higher than that in other condition (Fig. 1).

Photosynthesis is the ultimate source of biomass production in
plants. Plants efficiently gather light energy when light intensities
are low, but they must also harmlessly dissipate excitation energy
when photon absorption exceeds the capacity of the plants for
photosynthesis (Niyogi, 1999). In high light, plants may absorb
excess light energy, which can lead to the damage of the photosys-
tem. High rates of damage (those that exceed the rate of repair)



Table 1
Maximum growth density, maximum growth rate and maximum biomass production of duckweed cultivated at three photoperiod cycles and six light
intensities.

Photoperiod (L:D
cycle) h

Light intensity
(lmol m�2 s�1)

Maximum growth density
(g m�2)

Maximum growth rate
(g m�2 day�1)

Maximum biomass production
(g m�2)

12:12 400 80.13 ± 3.27 7.44 211.99 ± 4.55
200 59.43 ± 4.62 4.97 147.44 ± 8.87
110 56.60 ± 4.41 4.90 147.03 ± 1.92

80 42.56 ± 5.73 3.74 128.73 ± 3.07
50 41.06 ± 2.51 3.14 106.83 ± 3.45
20 19.01 ± 1.24 1.32 50.39 ± 1.22

16:8 400 73.83 ± 3.28 7.19 179.71 ± 2.71
200 68.12 ± 3.25 5.88 164.61 ± 5.87
110 73.45 ± 3.94 6.72 177.30 ± 3.68

80 60.97 ± 1.93 5.44 155.57 ± 4.24
50 39.55 ± 4.08 3.37 109.34 ± 4.05
20 18.87 ± 1.15 1.34 50.91 ± 1.43

24:0 400 64.76 ± 2.09 8.61 118.40 ± 4.74
200 81.68 ± 3.75 8.01 172.58 ± 7.82
110 95.68 ± 3.89 8.90 233.25 ± 5.43

80 80.64 ± 2.54 7.41 193.63 ± 8.15
50 66.04 ± 2.76 5.49 155.83 ± 5.73
20 32.50 ± 0.97 2.54 87.53 ± 0.49

Data are means of three repeated experiments and error bars indicate standard deviations.
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will cause reduction of photosynthetic efficiency (Im and
Grossman, 2001). Besides light intensity, photoperiod is another
important factor for plant growth. The effects of photoperiod on
plants contain two aspects. Firstly, photoperiod is a signal for many
processes in plant growth including the detection of the light sig-
nal in the leaves, the entrainment of circadian rhythms, and the
production of a mobile signal which is transmitted throughout
the plant (Jackson, 2009). Secondly, longer photoperiod can
contribute to more light energy input and longer time of photosyn-
thesis, resulting in more photosynthate production, thus leading to
the enhancement of plant growth and development. In this study,
at low light intensity (20, 50, 80 and 110 lmol m�2 s�1), with the
increased light intensity and photoperiod, the duckweed produced
more photosynthate, thus leading to the higher biomass accumula-
tion. However, at high light intensity especially 400 lmol m�2 s�1,
the duckweed biomass accumulation was decreased with extend-
ing photoperiod, indicating that light intensity of 400 lmol m�2 -
s�1 is high light for duckweed. With extending photoperiod, light
damage rate exceed repair rate which may cause the reduction of
photosynthetic efficiency, and then finally result in the decrease
of biomass accumulation (Figs.1c and 2c). Besides light intensity,
photoperiod also plays an important role in duckweed growth, fur-
ther indicating that light intensity and photoperiod have cross-
coupling effects on duckweed biomass accumulation. This study
demonstrated the photoperiod effect on light energy input and
photosynthate production in duckweed. As to the suggestion for
future study, when light is one of major cost in industrial large-
scale duckweed cultivation, light intensity of 110 lmol m�2 s�1

under photoperiod of 24:0 h light/dark cycle is the best choice
for duckweed biomass accumulation. Much higher light intensity
will result in lower economy based on our study. This study pro-
vides optimized light condition for duckweed large-scale multi-
layer cropping system. In the future study, the economic
evaluation of the duckweed multiplayer cropping system will be
carried out.

3.2. Effect of light intensity and photoperiod on duckweed starch
content

Besides biomass production, starch accumulation is another key
consideration in duckweed biofuel production. High-starch
duckweed is a valuable feedstock for biofuel production. Light is
the only source of energy for photosynthetic CO2 assimilation,
and the direct source of energy for starch production in green
plants (Stitt and Zeeman, 2012). To further investigate the effect
of light intensity and photoperiod on starch accumulation, the
starch content of duckweed cultivated at three different photope-
riod cycles (12:12, 16:8 and 24:0 h light:dark) and six different
light intensities (20, 50, 80, 110, 200 and 400 lmol m�2 s�1) was
determined in this study. The results showed that the duckweed
starch content was increased with increasing light intensity and
photoperiod (Fig. 3 and Table 2). Starch content variation during
39 days cultivation showed different pattern under different light
intensity. Under low light intensity (20 lmol m�2 s�1), the duck-
weed starch content was decreased during the cultivation
(Fig. 3). Under middle light intensity (50, 80 and 110 lmol m�2 -
s�1), the duckweed starch content was increased in the initial
3 days, decreasing in the following 18 days, and then increasing
in the following cultivation days (Fig. 3). Under high intensity
(200 and 400 lmol m�2 s�1), the duckweed starch content varia-
tion exhibited different pattern under three photoperiods. Under
a photoperiod of 12:12 h (light:dark) cycle, the duckweed starch
content was increased in the initial 3 days, decreasing in the fol-
lowing 12 days, and then increasing in the following cultivation
days (Fig. 3a). With extending photoperiod (16:8 light:dark), starch
content variation at 200 lmol m�2 s�1 showed the similar pattern
with the result in 12:12 h photoperiod. While, at light intensity of
400 lmol m�2 s�1, starch content variation showed different pat-
tern which consistently increased during the cultivation days
(Fig. 3b). At the longest photoperiod (24:0 light:dark), the starch
content was increased in the initial 6 days, decreasing in 9 days
for 200 lmol m�2 s�1 and 15 days for 400 lmol m�2 s�1, and then
increasing in the following cultivation days (Fig. 3c).

Starch is related with the balance of carbon source in green
plants, which is mainly derived from photosynthesis and
exhausted by respiration. When the import of carbon source,
accumulated by photosynthesis or exogenous carbon sources,
overweigh the export of carbon sources, such as respiration or
reproduction, the starch begins to accumulate, and vice versa (Xu
et al., 2012). In this study, increased light intensity and extended
photoperiod in duckweed cultivation could enhance photosynthe-
sis efficiency which resulted in more fluxes of carbon source into
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Fig. 2. Duckweed biomass production under three different photoperiod cycles of
12:12 (a), 16:8 (b) and 24:0 (c) and six different light intensities (20, 50, 80, 110,
200 and 400 lmol m�2 s�1). Data are means of three repeated experiments and
error bars indicate standard deviations.
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Fig. 3. Duckweed starch content under three different photoperiod cycles of 12:12
(a), 16:8 (b) and 24:0 (c) and six different light intensities (20, 50, 80, 110, 200 and
400 lmol m�2 s�1). Data are means of three repeated experiments and error bars
indicate standard deviations.
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starch, and finally increased starch content in duckweed. The result
was consistent with other reports in duckweed which increasing
the light intensity or extending the photoperiod could increase
the starch content (Cui et al., 2011; Zhao et al., 2014). Starch is
an important photosynthate in duckweed, increased light intensity
and photoperiod resulted in higher starch accumulation in duck-
weed in daytime, and finally, the higher stored starch ensured
more substrates for metabolism and growth throughout the night.
Duckweed higher starch accumulation may be one reason for its
rapid growth than other plant in natural environment. Compared
with other green plants, such as Arabidopsis, the model species in
plant research, which highest starch content arose at a photoperiod
of 12:12 h light/dark cycle (Smith, 2012), the duckweed starch con-
tent showed the different pattern. The reason might be due to the
species difference between duckweed and Arabidopsis. The duck-
weed accumulated more starch than Arabidopsis, suggesting the
different starch metabolism regulation mechanism in duckweed.
Recently, the duckweed genome, transcriptome and proteome
had been reported (Wang et al., 2014a,b; Tao et al., 2013; Huang
et al., 2014). More interesting story will be explored in duckweed
starch metabolism in the future.



Table 2
Duckweed maximum starch content and maximum starch yield under three
photoperiod cycles and six light intensities.

Photoperiod
(L:D cycle) h

Light intensity
(lmol m�2 s�1)

Maximum starch
content (%)

Maximum starch
yield (g m�2)

12:12 400 56.36 ± 2.60 83.09 ± 2.30
200 52.04 ± 3.92 43.83 ± 3.55
110 42.16 ± 3.69 30.75 ± 1.24

80 29.94 ± 0.67 20.05 ± 1.07
50 13.60 ± 0.37 8.79 ± 0.24
20 5.29 ± 0.20 2.11 ± 0.03

16:8 400 62.24 ± 2.38 81.33 ± 2.96
200 57.94 ± 1.89 59.08 ± 1.91
110 55.47 ± 2.95 52.25 ± 1.39

80 43.52 ± 0.70 32.77 ± 1.66
50 16.94 ± 0.82 9.53 ± 1.07
20 3.86 ± 0.18 1.68 ± 0.05

24:0 400 61.83 ± 1.24 54.66 ± 3.33
200 62.71 ± 3.54 77.47 ± 4.14
110 61.68 ± 1.29 98.70 ± 4.63

80 56.49 ± 1.18 60.74 ± 4.83
50 53.54 ± 2.90 39.09 ± 1.72
20 6.82 ± 1.21 3.88 ± 0.32

Data are means of three repeated experiments and error bars indicate standard
deviations.
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In general, the duckweed starch content was increased during
the 39 days cultivation. With the increased time of cultivation,
the duckweed accumulated more and more biomass, which might
result in the exhaust of nutrient in the culture medium, especially
nitrogen and phosphorus. The dynamic variation of nitrogen and
phosphorus in the culture medium during cultivation had been
reported in our previously study (Yu et al., 2014). The starch accu-
mulation induced by nutrient deficiency of nitrogen and phospho-
rus had been well investigated and reviewed in duckweed
(Thorsteinsson and Tillberg, 1987; Xu et al., 2012; Cui and Cheng,
2015). Notably, we found that under long photoperiod (16:8 and
24:0) and high light (200 and 400 lmol m�2 s�1) with short time,
duckweed can accumulate much more starch compared to other
condition, while the duckweed biomass was not increased mark-
edly (Fig. 2b and c). The results indicated that more fluxes of carbon
source obtained by photosynthesis were used for starch accumula-
tion, rather than respiration or reproduction in this condition.
Besides widely using nutrient deficiency, high light induction may
be regarded as another promising method for starch accumulation
in future industrial large-scale duckweed cultivation. Nutrient defi-
ciency accompanied by high light induction may be considered as a
more effective method in duckweed starch accumulation. In other
species, such as microalgae, high light and nitrogen deficiency as
a powerful method to induce lipid accumulation had been widely
applied (Ma et al., 2013). However, this method has not been widely
used in duckweed starch accumulation. The reason may be that
duckweed is cultivated in outdoor with sunlight as the only light
resource at present (Xu et al., 2011; Xiao et al., 2013). Few industrial
cultivation models with controlled light condition have been
reported in duckweed cultivation. Taken together, these results
suggested that high light induction could be considered as an effec-
tive method in starch accumulation for future industrial large-scale
duckweed cultivation.
0

20

3 6 9 12 15 18 21 24 27 30 33 39
Days of cultivation

Fig. 4. Duckweed starch production under three different photoperiod cycles of
12:12 (a), 16:8 (b) and 24:0 (c) and six different light intensities (20, 50, 80, 110,
200 and 400 lmol m�2 s�1). Data are means of three repeated experiments and
error bars indicate standard deviations.
3.3. Effect of light intensity and photoperiod on duckweed starch
production

Duckweed starch production is the most important considera-
tion for application of duckweed in biofuel production. Starch pro-
duction in duckweed mainly depended on not only starch content
but also biomass production. In this study, the starch production of
duckweed cultivated at three different photoperiods (12:12, 16:8
and 24:0 h light:dark) and six different light intensities (20, 50,
80, 110, 200 and 400 lmol m�2 s�1) was calculated by starch con-
tent and biomass production. The results showed that the starch
production was consistently increased during cultivation except
at 400 lmol m�2 s�1 under a photoperiod of 24:0 h light/dark cycle
(Fig. 4). With increasing light intensity, the duckweed starch pro-
duction was increased except at 200 and 400 lmol m�2 s�1 under
a photoperiod of 24:0 h light/dark cycle (Fig. 4 and Table 2). As
to the influence of photoperiod on starch production, the results
showed that the duckweed starch production was increased with
the extending photoperiod except at 400 lmol m�2 s�1 under a
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photoperiod of 24:0 h light/dark cycle (Fig. 4 and Table 2).
Although the starch content was high, the decrease of biomass pro-
duction at high light intensity and long photoperiod resulted in its
low starch production (Fig. 2c, Figs. 3c and 4c). Notably, we found
that the highest starch production was obtained at 110 lmol m�2 -
s�1 under a photoperiod of 24:0 h light/dark cycle. In the future
industrial duckweed cultivation, the results suggested that
110 lmol m�2 s�1 was the best choice for duckweed starch pro-
duction. Similar with the starch content variation, high light inten-
sity under long photoperiod especially at 400 lmol m�2 s�1 under
a photoperiod of 24:0 h light/dark cycle also showed a rapid induc-
tion of starch production after 6-day cultivation. Therefore, high
light induction could be considered as another effective method
to increase duckweed starch accumulation for future industrial
duckweed cultivation.

4. Conclusions

To investigate the effects of light conditions on duckweed bio-
mass and starch production, L. aequinoctialis 6000 was cultivated
at three photoperiods and six light intensities. The results showed
that the duckweed growth and starch production was increased
with increasing light intensity and photoperiod except at 200
and 400 lmol m�2 s�1. Considering the light cost, 110 lmol m�2 -
s�1 was the best light condition for duckweed biomass and starch
production. Moreover, the results also suggested that high light
induction was a promising method for duckweed starch produc-
tion. This study provides optimized light conditions for future
industrial large-scale duckweed cultivation.
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