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Abstract – In order to investigate the role of extracellular polysaccharide (EPS) in colony formation
of Scenedesmus obliquus, the relationships among morphological characteristics, EPS content and specific

growth rate of S. obliquus are investigated in this study. S. obliquus cultured under varying light intensities
exhibited different specific growth rates, when the specific growth rate decreased from 0.65 to 0.40 dayx1 the
cells per particle of S. obliquus increased from 1.2 to 2.8; but the cells per particle fell back to 1.2 as the

specific growth rate further decreased from 0.40 to 0.14 dayx1. Moreover, a negative relationship between
the specific growth rate and EPS content was found when the specific growth rate was lower than 0.4 dayx1;
however, the EPS content maintained at a relatively steady state (0.14–0.20 pg cellx1) when the specific
growth rate was higher than 0.4 dayx1. No significant relationship was identified between EPS content and

cells per particle of S. obliquus. This result revealed that the increasing EPS content may not lead to colony
formation of S. obliquus, which can provide a deeper insight into the role of EPS content in colony formation
of different algae.
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Introduction

Scenedesmus obliquus (Turpin) Kützing 1833, a
common freshwater green algae, was reported as having
a high degree of phenotypic plasticity (Lürling, 1999),
which is considered as an important factor in evolution
(Agrawal, 2001; Hairston et al., 2001). The unicell-colony
transformation in S. obliquus could also affect the energy
flow from algae to higher trophic levels in the freshwater
ecosystems as unicellular Scenedesmus are easily harvested
by grazing zooplankton (Lürling, 2006). S. obliquus
can exist as unicellular morph or colonies depending on
the different environmental conditions (Trainor, 1993;
Lürling, 2003). Consequently, the influencing factors
and mechanisms of colony formation of S. obliquus have
gained significant research attention (Mulderij et al., 2005;
Liu et al., 2010).

Grazer-induced colony formation of S. obliquus has
been well examined by various researchers (Lampert et al.,
1994; Lürling, 2003; Yang et al., 2007) in the last 20 years,
and the info-chemicals released by the grazers were con-
sidered as the main colony-inducing factors (Lürling and
van Don, 1997). Furthermore, some abiotic factors, such
as glyoxylate (Liu et al., 2010) and surfactant (Lürling,
2006; Li et al., 2013a) have also been reported to induce
the colony formation of S. obliquus. However, the effects
of some major abiotic factors (i.e., light, temperature,
nutrient concentration) on colony formation of S. obliquus
remain poorly understood.

Similar to S. obliquus, colony formation of Microcystis
aeruginosa can also be induced by grazers (Yang et al.,
2008). The mechanisms and influencing factors of colony
formation of M. aeruginosa were well studied recently as
colony formation plays an important role in Microcystis
bloom formation. These studies could provide clues
in understanding colony formation of S. obliquus. Light
intensity (Li et al., 2013b), temperature and nutrient*Corresponding author: lileaf@163.com
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concentration (Yang and Kong, 2013) were able to induce
colony formation of M. aeruginosa. To the best of our
knowledge, the effects of the above factors on colony
formation of S. obliquus have not been studied previously.
Our previous research (Li et al., 2013b) demonstrated that
the effects of these three major factors on colony for-
mation ofM. aeruginosa can be interpreted by the relation-
ship between the colony size and specific growth rate of
Microcystis. Nevertheless, colony formation of S. obliquus
differs from that of M. aeruginosa occasionally (Yang and
Li, 2007). Thus, understanding the relationship between
colony size (can be represented by cells per particle) and
specific growth rate of S. obliquus could provide a deeper
insight into the effects of those major abiotic factors
on colony formation of S. obliquus. Previous studies
suggested that the production of extracellular polysac-
charides (EPS) was significantly related to the colony
formation of some alga, such as Chlorella pyrenoidosa
(Yang et al., 2010) and M. aeruginosa (Liu et al., 2011).
However, to the best of our knowledge there is no
thorough and systematic study on the relationship
between EPS content and colony size (or cells per particle)
of S. obliquus until now, except for a preliminary study by
Li et al. (2013a), suggesting a positive relationship between
the cells per particle and EPS content of S. obliquus. A
positive relationship between the cells per particle and the
content of total polysaccharide (TPS) of S. obliquus has
also been reported by Liu et al. (2010), which implied the
potential significant relationship between EPS content and
colony formation of S. obliquus. In addition, some
materials were in the gap between the continuous trilami-
nar sheath and the ornamented layer (Pickett-Heaps and
Staehelin, 1975). Even though, the composition of this
layer was polysaccharides, whether they should be
considered as EPS inducing colony formation should also
be discussed.

This study was aimed at investigating the influenc-
ing factors and mechanisms of colony formation of
S. obliquus. In our study S. obliquus was cultured under
varying light intensities to obtain different specific growth
rates, then the relationships between specific growth
rates, EPS content and morphology of S. obliquus were
analyzed.

Materials and methods

Organisms

S. obliquus was isolated from samples collected from
Lake Taihu, China. It was cultured in CHU-10 medium
(Chu, 1942) (more than 5 months) and existed as uni-
cellular morph. Prior to the experiments, S. obliquus was
cultured in BG-11 medium (Allen, 1968) for 2 weeks. The
culture medium was changed because BG-11 medium was a
common medium which was used in the experiments
investigating effects of environmental factors on colony
formation of S. obliquus (Liu et al., 2010; Chen et al., 2011;
Li et al., 2013a, 2013b).

Algae cultivation

S. obliquus was batch cultured axenically in 150 mL
of sterilized liquid BG-11 medium in a 250 mL conical
flask at 25 xC under varying light intensities (10, 15, 20,
25, 30, 35, 40, 50 and 60 mmol photons mx2 sx1). The
light-dark cycle was 12:12 h. The initial cell density (cells
number per unit volume culture) of S. obliquus was
5 r 104 cells mLx1. All cultures were prepared in tri-
plicate. The flasks were shaken by hand two to three times
daily to prevent the cells from clinging to the inner walls of
the flasks. The experiment lasted for 9 days.

Cell counting

Cell density of S. obliquus was counted daily. The
cells were directly counted thrice in a blood cell counting
chamber using an optical microscope (Olympus CX31;
Olympus Corporation) at r400 magnification, after-
wards, the cell density was calculated. If the differences of
these three calculated results were less than 10%, then the
average value of these results was used as the final cell
density. Otherwise, additional counting was conducted.

At day 9, the number of cells per particle (cells number
in a colony; both unicells and colonies were defined as
particles in the current study) and the proportion of
different particles were calculated by recording seriatim
the number of particles and cells per particle. A minimum
of 400 particles were calculated for each sample. The
specific growth rate (m) was calculated from exponential
growth model similar to our previous study (Li et al.,
2013b).

Analysis of mean particle size and volume
of S. obliquus

Particle size of S. obliquus was directly measured using
Mastersizer 2000 particle size analyzer based on the
technique of laser diffraction. About 80 mL sample of
each duplicate was used in the analysis (N = 29). The
measuring approach has been well described in our
previous study (Li et al., 2014). The median particle
diameter D50 (50% of the total mass of the particles
smaller than this size) was used as the mean particle size
of S. obliquus. The mean particle volume was calculated
using the mean particle size of S. obliquus via sphere
volume formula. The volume per cell was also determined
by dividing the mean particle volume by the number of
cells per particle.

EPS content analysis

Accurate 20 mL sample of each duplicate was used in
EPS analysis. EPS content was measured by the anthrone
sulfuric acid method in triplicate and normalized by cell
counts at day 9. The EPS was extracted by following the
method described by Yang et al. (2008).
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Statistical analysis

Pearson correlation analysis was employed in the
current study to analyze the correlation among specific
growth rate, EPS content and cells per particle. The
statistical analyses were performed using SPSS 10.0.

Results

Specific growth rate at varying light intensities

Figure 1 shows the specific growth rate of S. obliquus
that was obviously affected by light intensity. The
maximum and minimum specific growth rates were
0.65 and 0.14 dayx1 under light intensities of 60 and
10 mmol photons mx2 sx1, respectively. High light
intensity yielded a high specific growth rate of S. obliquus.

Variation of EPS content relating to specific growth
rates and cells per particle

Figure 2 shows variation of EPS content relating to
specific growth rates and cells per particle. A negative
linear relationship was established between EPS content
and specific growth rate when the specific growth rate was
lower than 0.4 dayx1, however, the EPS content main-
tained at a relatively steady state (0.14–0.20 pg cellx1)
when the specific growth rate was higher than 0.4 dayx1.
No significant relationship was found between EPS
content and cells per particle. On the one hand, cells
per particle was around 1 when the EPS content reached
1.4 pg cellx1; on the other hand, when cells per particle
was more than 3.0, the EPS content was smaller than
0.2 pg cellx1.

Morphological characteristics at different specific
growth rates

The proportion of different morphological particles
of S. obliquus at different light intensities is illustrated
in Figure 3. On the one hand, almost 80% of S. obliquus
cultures existed as unicellular forms under the light
intensities of 50 and 60 mmol photons mx2 sx1; similarly,
approximately 70% of S. obliquus occurred as unicellular
morph when light intensity was smaller than 25 mmol
photons mx2 sx1. On the other hand, the percentage
of unicellular S. obliquus decreased by around 40%, and
colonies composed of more than four cells represented
approximately 40% of the S. obliquus cultures under the
light intensities of 30 and 35 mmol photons mx2 sx1.

Figure 4 shows morphological characteristics of
S. obliquus at different specific growth rates. Mean particle
size increased while the specific growth rate decreased
from 0.65 to 0.40 dayx1. However, it was at steady state
(9–10 mm) while the specific growth rate decreased from
0.40 to 0.14 dayx1. Cells per particle increased from

1.2 to 3.0 while the specific growth rate decreased from
0.65 to 0.40 dayx1, but the cell per particle fell back to
1.2 as the specific growth rate further decreased from

Fig. 1. Specific growth rate of S. obliquus at varying light
intensities grown in B-11 medium.

Fig. 2. Variation of EPS content relating to specific growth rates
and cells per particle. The white cycle presented data induced by
different concentrations of linear alkylbenzene sulfonates from

our previous study (Li et al., 2013a).
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0.40 to 0.14 dayx1. A significant negative relationship
between the volume per cell and specific growth rate was
found. Volume per cell of S. obliquus increased from
80 mm3 to more than 400 mm3 while the specific growth
rate decreased from 0.65 to 0.14 dayx1.

Discussion

Li et al. (2014) reported that TPS content of
Microcystis decreased along with the increase of specific
growth rate because a large proportion of carbohydrates
transformed to protein to maintain the high growth rate.
Thus, it is hypothesized that EPS content of S. obliquus
decreased with increasing specific growth rate induced by
varying light intensities. However, our results showed that
the EPS content did decrease when the specific growth rate
increased from 0.14 to 0.40 dayx1 but it maintained at a
steady state when the specific growth rate was higher than
0.4 dayx1.

Similarly, contrary to our assumption based on
the previous study (Li et al., 2013b) on M. aeruginosa,
S. obliquus existed as unicellular cell at low and high
specific growth rates, but form colonies when the
specific growth rate is in the range of 0.3–0.5 dayx1. Our
results also demonstrated that the mean particle size
of S. obliquus at low growth rate was similar to those
observed at the median specific growth rate. This
phenomenon revealed that the cell volume of S. obliquus
changed at different specific growth rates.

Our results showed that volume per cell of S. obliquus
decreased along with the increased of specific growth rates
(Fig. 4). Chen et al. (2011) also found that cell volume of
S. obliquus was higher at the lower temperature and
phosphorus concentration. Their results indicated that cell
volume of S. obliquus was higher at a lower specific growth
rate, which confirmed our finding.

As shown in Figure 4, the maximum value of the
mean cell volume (469 mm3 when the specific growth
rate was 0.14 dayx1) was almost five times higher than

the minimum value of the mean cell volume (75 mm3

when the specific growth rate was 0.64 dayx1). This
result indicated that Scenedesmus cells having similar
biochemical components would show different EPS con-
tent per cell because the biovolume (or dry weight)
of different cells would be different. Li et al. (2013b)
defined this effect caused by the variation of cellular dry
weight as dilution effect. However, the maximum EPS
content per cell (1.36 pg cellx1) with a specific growth
rate of 0.14 dayx1 was 11 times higher than the minimum
value (0.11 pg cellx1) when the specific growth rate was
0.64 dayx1. The ratio of the maximum value to the

Fig. 3. The proportion of different morphological particles of
S. obliquus at different light intensities.

Fig. 4. Morphological characteristics of S. obliquus at different

specific growth rates.
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minimum one of EPS content per cell was more than two
times the ratio of biovolume (or dry weight). Thus, the
dilution effect (Li et al., 2013b) caused by the variation
of cell volume at different specific growth rates on cellular
EPS content can be neglected here and the ratio of EPS
to biomass of S. obliquus increased with the decrease of
specific growth rate.

Although it has been well documented that colony
formation of S. obliquus can be induced by grazer (van
Holthoon et al., 2003), aquatic macrophyte Stratiotes
aloides (Mulderij et al., 2005) and Potamogeton malaianus
(Wu et al., 2007), glyoxylate (Liu et al., 2010) and
surfactant (Lürling, 2006), the mechanism of S. obliquus
colony formation was still not clear. We inferred that
increasing EPS content could contribute to colony forma-
tion of S. obliquus based on the previous studies on
C. pyrenoidosa (Yang et al., 2010) and M. aeruginosa
(Liu et al., 2011). Although previous study demonstrated
that the cells per particle significantly related to TPS
content of S. obliquus (Liu et al., 2010), unfortunately, our
results did not confirm this assumption.

Microcystis colony formation occurs via cohesion of
individual cells through a structureless slimy layer called
mucilage consisting predominantly of EPS (Kessel and
Eloff, 1975; Plude et al., 1991). The ultrastructure of
Scenedesmus showed that Scenedesmus cells joined to each
other by a layer of some materials (Pickett-Heaps and
Staehelin, 1975). These materials were in the gap between
the continuous trilaminar sheath and the ornamented
layer (Pickett-Heaps and Staehelin, 1975), consequently,
they should not be considered as EPS even if the
composition of this layer was EPS. Based on the above
discussion, it is explained why the increasing EPS
contributes to colony formation of M. aeruginosa but not
to that of S. obliquus.

Grazer-inducing colony formation occurred in both
S. obliquus and M. aeruginosa. However, the mechanisms
of colony formation for these two species would be
different. There are two main pathways of colony forma-
tion of alga (Lürling and van Donk, 1997): (i) divided cells
failed to loosen (named Path 1 in the current study);
(ii) adhesion of already existing single cells (named Path 2
in the current study). Colony formation of S. obliquus was
generally considered by means of Path 1 because of regular
cell arrangement (Lürling, 2006); by contrast, Path 2
was thought to be vest in M. aeruginosa due to the
irregular cell arrangement (Yang and Kong, 2013). Thus,
similar to S. obliquus, EPS would not be the material basis
of colony formation of some alga forming colonies
through Path 1. The future research on the mechanisms
of colony formation of S. obliquus should focus on the
regulation of gene expression for the layer joined cells
rather than EPS.
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