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Abstract To investigate the effects of bacteria contaminated

in microalgal cultivation, several bacteria were isolated

from four photobioreactors for Chlorella sp. KR-1 culture.

A total of twenty-one bacterial strains isolated from the

reactors and identified by 16S rRNA gene sequencing. Six

bacteria, which were found from more than two reactors of

the four photobioreactors, were introduced into co-culturing

experiments with Chlorella sp. KR-1. Then, the bacterial

influences on the productivity of microalgal biomass and

lipids were assessed in the photoautotrophic- and mixotrophic

microalgal cultivation by comparing them with axenic

culture of Chlorella sp. KR-1. The results showed that both

biomass and lipid production were significantly enhanced

under mixotrophic conditions compared to photoautotropic

conditions. However, an excess ratio (more than 10%) of

bacterial cells to microalgal cells at the initial stage of

mixotrophic cultivation has limited the growth of Chlorella

sp. KR-1 because of the relatively fast growth of bacteria,

especially under mixotrophic conditions. Moreover, it was

proven that the strong biofilm formability of Sphingomonas

sp. MB6 is the responsible strain to cause the biomass

aggregation observed during the early stage of co-culture.

The high abundance of Sphingomonas sp. MB6 during

early cultivation period shown by qPCR results was also

well corresponded with the period shown a strong biofilm

formation, which suggested the applicability of qPCR to

monitor a specific bacterial group in a microalgal culture. 

Keywords: mixotrophic condition, co-existing bacteria,

biomass and lipid production, qPCR, biofilm

1. Introduction

Microalgae are prokaryotic or eukaryotic microorganisms

that grow under a wide range of environmental conditions,

including aquatic and terrestrial ecosystems. These organisms

are commonly photoautotrophic, converting solar energy

into chemical energy. In this mechanism, they use light

energy for CO2 fixation, which contributes to global CO2

sequestration from air. Algal biomass can be used as a

feedstock for healthy food, feed additives, cosmetics, and

energy production, etc. [1,2]. However, active applications

of algae as biodiesel feedstock are still limited because of

the high cost of microalgal cultivation and harvest from

culture solution. Several studies have suggested a coupling

of microalgal cultivation and wastewater treatment to

compensate for the cost of microalgal production [3, 4],

and others have suggested microalgal cultivation using

wastewater as a source of essential nutrient for microalgal

growth [5].

Microalgal-bacteria consortia have been investigated in

many studies [5-8], but the relationships between microalgae

and bacteria were not uniformly described. Nevertheless, it

is known that symbiotic relationships between microalgae

and bacteria can be explained by their complementary O2/CO2

exchange. Microalgae can grow and take up pollutants in

wastewaters via their photosynthesis [9]. In addition, some

bacteria can promote microalgal growth by releasing algal

growth-promoting factors (e.g., vitamins, phytohormones,

siderophores, and phosphate solubilizing compounds) or
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by supporting the growth through nitrogen fixation [10,11].

However, some bacteria can inhibit microalgal growth by

producing algicidal metabolites and completing restricted

nutrient compounds [12,13]. Microalgae also inhibit

bacterial growth by producing antibacterial materials [14]

and changing the pH of the culture [15]. Conversely,

several studies have reported that microalgal harvesting is

enhanced by self-aggregation bacteria [8,16]. Therefore,

the relationships could be different depending on the

purpose of their application. 

Some microalgae can use both inorganic and organic

carbon substrates under light and dark conditions, resulting in

better growth rates and lipid contents in algal biomass than

photoautotrophic conditions [17,18]. Therefore, mixotrophic

culture of microalgae has received attention as a method of

promoting microalgal production over recent years [18-

20]. However, the environment required to achieve higher

production from mixotrophic cultivation of microalgae

might be vulnerable to contamination by bacteria. 

Quantification of bacteria using plating methods is difficult

because it requires a time to grow [21]. In addition, many

bacterial habitats in natural environments cannot survive

easily under limited artificial conditions. Quantitative PCR

is an alternative method to compensate for the disadvantages

described above. Therefore, it has been widely used to

detect bacterial numbers or specific gene expression in

various environmental samples [22,23]. This method is

especially useful for quantification of uncultured and slow-

growing bacteria. Additionally, this method has been

employed for differential detection of prokaryotic- and

eukaryotic microorganisms in co-culture systems [24].

This study was aimed to monitor and clarify the influences

of contaminated bacteria in microalgal cultivation as

described in our previous studies [25,26]. To accomplish

this, several bacteria were identified after being isolated

from operating photobioreactors, and the effects of co-existing

bacteria on biomass and lipid production of Chlorella sp.

KR-1 were analyzed by direct introduction of several isolates

into bubble-column photobioreactors (b-PBRs). In addition,

real-time qPCR was applied to monitor the population

changes of Chlorella sp. KR-1 and Sphingomonas sp. MB6

in a co-culture of Chlorella sp. KR-1 and the isolates.

2. Materials and Methods

2.1. Microalgal strain and culture condition

The Chlorella sp. KR-1 used in this study was isolated

from freshwater near a thermal power plant in Yeongwol,

Korea by the Korea Institute of Energy Research [27,28].

This is a promising strain for biodiesel production that

shows a high tolerance for actual coal-burned flue-gas and

a high lipid content up to 41% (w/w) [27,28]. This strain

was kept on agar plates of BG11 medium and the pH of the

medium was adjusted to 7.1. Preculture in a 250 mL

Erlenmeyer flask was performed at 28 ± 1°C and 140 rpm

in a shaking-type incubator. The preculture was then

transferred into a b-PBR (length, 35 cm; inner dia., 3.7 cm;

working vol., 500 mL). All experimental results were

produced from b-PBRs in which CO2 in air (2%, v/v) was

bubbled through a 0.2 μm syringe filter (BioFACT, Korea)

and continuous illumination with a light intensity of

150 μmol/m2/sec was provided at room temperature (25 ±

3°C). The pH was checked periodically and maintained at

6.8 ~ 7.2 by the CO2 gas supply.

2.2. Isolation and identification of bacteria 

Bacteria were isolated from four b-PBRs operating to

cultivate Chlorella sp. KR-1 in BG-11 medium. The

culture solution sampled from b-PBRs was diluted with

phosphate buffer solution (pH 7.2) and spread onto R2A

agar plates (LAB M Limited, UK) and nutrient agar

(Difco, Becton, Dickinson and Company, USA) plates.

These plates were then incubated at 28°C for 48 h. All the

culture media used for isolation of bacteria were adjusted

at pH 7.2. Morphologically different bacterial colonies

formed on the plates were selected and transferred on each

plate. Then, the isolates were identified by partial 16S

rRNA gene sequencing using the 27F (5’-AGA GTT TGA

TCM TGG CTC AG-3’) and 1492R (5’-TAC GGY TAC

CTT GTT ACG ACT T-3’) primer set.

2.3. Photoautotrophic and mixotrophic culture

The composition of a modified BG 11 medium for

photoautotrophic culture was as follows: NaNO3 (1.5 g/L),

K2HPO4 0.12 (g/L), MgSO4·7H2O (0.075 g/L), CaCl2·2H2O

(0.036 g/L), citric acid (0.01 g/L), ferric ammonium citrate

(0.006 g/L), Na2·EDTA (0.001 g/L), Na2CO3 (0.02 mg/L),

and trace metal solution (1 mL/L). The trace metal solution

contains H3BO3 (61.0 mg/L), MnSO4·H2O (169.0 mg/L),

ZnSO4·7H2O (287 mg/L), CuSO4·5H2O (2.5 mg/L), and

(NH4)6MoO4·4H2O (12.5 mg/L). For mixotrophic cultivation,

glucose was provided as an organic carbon source in

addition to the inorganic CO2 gas. Glucose was added to

diverse concentrations (0, 0.4, 0.8, 1.2, and 1.6 g/L) at the

initial stage of cultivation and the inoculum concentration

of Chlorella sp. KR-1 was adjusted to 1.5 × 106 cells/mL

for all b-PBR experiments.

2.4. Co-culture of microalgae and isolates

A total of twenty-one bacteria were isolated from autotrophic

b-PBR cultures and six bacterial strains, which were

isolated from more than two b-PBRs among four b-PBRs,

were selected for further co-culture experiments. For the
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co-culture experiments, these six strains were cultured

aerobically in nutrient broth (Difco, Becton, Dickinson and

Company, USA), harvested by centrifugation (3,000 × g,

10 min) and washed twice with a phosphate buffer solution

(pH 7.2) to remove nutrients dissolved in broth. 

Firstly, the change of bacterial cell numbers was briefly

monitored by a plating method during cultivation in b-PBRs

under three conditions: co-culture of the bacterial mixture

with Chlorella sp. KR-1, and with additional glucose

(0.8 g/L) or not (Table 1). The density of bacterial cells was

counted directly by enumerating colonies formed on R2A

plates incubated at 28°C for 48 h. The initial cell

concentrations of Chlorella sp. KR-1 and bacteria were

adjusted to 1.5 × 106 (Chlorella sp. KR-1) and 9 × 103 cells

per mL (bacteria mixture). 

Regardless of conditions, bacterial cell numbers in the

microalgal cultures were converged to 3 × 108 cells/mL,

which was regarded as the maximum number of bacterial

cells acceptable in microalgal culture in this study. Then, to

assume a maximum permissible ratio of bacterial cells to

Chlorella sp. KR-1 cells without deterioration of biomass

production, the biomass production was compared on the

following conditions; at initial ratios of bacterial cells to

Chlorella sp. KR-1 cells were set on 1 (D and G), 0.1 (E

and H) and 0.01 (F and I); under the autotrophic (D, E and

F) and mixotrophic conditions (G, H and I) (Table 1). 

From the above experiment, the minimum concentration

of bacterial mixture was determined to affect microalgal

growth, and it was used as the bacterial inoculum size at

further co-culture experiments. Co-culture conditions, such

as aeration, temperature, and illumination, were the same

as for other experiments in this study and the co-culture

conditions were summarized in Table 1.

2.5. Measurement of biomass and lipid production in b-

PBSs

Microalgal growth was determined periodically by measuring

dry cell weight, optical density, and chlorophyll a.

2.5.1. Dry cell weight

Most biomass of microorganisms was expressed as a dry

cell weight (g/L) by measuring the total suspended solid

(TSS) concentration in the solution as described in the

standard methods (APHA, AWWA, WEF 2005). Briefly, 5

or 10 mL of cultivation samples from b-PBRs were filtered

through 0.45 μm GF/C filters (Whatman, UK), after which

the filters were dried at 105°C for at least 2 h and measured.

2.5.2. Optical density

Optical density (OD) is frequently used as a rapid and

simple method of biomass measurement of unicellular

microorganisms. Normally, microalgal biomass is measured

at the maximum absorbance range of chlorophyll a (400 ~

460 and 650 ~ 680 nm). However, the chlorophyll content

of microalgae is affected by growth cycles and culture

conditions. The absorbance at 750 nm, which exhibited

minimum pigment absorbance, was much less affected by

pigment content [29]; therefore, this was used to measure

the growth of Chlorella sp. KR-1 in this study. When the

value of OD at 750 nm was over 1, the culture was diluted.

The biomass was derived from OD values using a standard

calibration curve drawn based on corresponding OD values

within a proportional range to DCW. The biomass calculated

by the OD value was designated as the indirect DCW in

this study.

2.5.3. Measurement of chlorophyll a

Chlorophyll a, which is the representative and common

pigment of oxygenic eukaryotic phototrophs, reflects the

growth of Chlorella sp. KR-1 in this study. Chlorophyll a

was extracted by a modified methanol extraction method

[30]. To accomplish this, samples were collected from b-PBRs

and microalgal cells were harvested by centrifugation at

4,000 × g for 10 min, after which the supernatant was

discarded. These harvested algal cells were frozen at -80°C

for 10 min and thawed in a water bath (37°C) for 5 min. The

freeze-thaw procedure was repeated three times to break

the cell wall, after which algal cells were resuspended in

90% methanol solution. These samples were blocked from

light and extracted at 4°C for 18 ~ 20 h. The debris of the algal

cells was then separated from supernatant by centrifugation

at 4,000 × g for 10 min. Finally, the chlorophyll a content in

the supernatant was determined according to the following

formula (Equation 1) after measuring the optical densities

Table 1. Experimental setting for co-culture of bacteria and
Chlorella sp. KR-1

Experiment
Microalgae 
inoculation

Bacteria 
inoculation

Glucose 
(g/L)

For monitoring 
bacterial density

A Yes Yes 0

B Yes Yes 0.8

C No Yes 0.8

For investigating 
effect of bacteria 
on microalgal 
growth

A0 Yes No 0

A1 Yes Yes 0

B0 Yes No 0.8

B1 Yes Yes 0.8

C0 Yes No 1.6

C1 Yes Yes 1.6

For investigating 
effect of initial 
cell ratio of 
bacteria to 
microalgae

D Yes Yes 0

E Yes Yes 0

F Yes Yes 0

G Yes Yes 1.6

H Yes Yes 1.6

I Yes Yes 1.6
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at 650 and 665 nm [31]

Chlorophyll a (g/L) = 16.5 × A665 - 8.3 × A650 (1)

2.5.4. Chemical analysis

The culture solution of 10 mL was collected and filtered

through 0.2 μm GF/C filters (Whatman, UK) to analyze

nutrient consumption, such as the organic matter (COD,

Chemical Oxygen Demand) and nitrate, which were

determined using an analysis kit (Humas, Korea). The pH

of the samples was measured using a pH meter (B-212,

Horiba, Japan).

2.5.5. Fatty acid methyl ester (FAME) analysis

Lipid contents of biomass were determined by FAME

analysis [25]. Briefly, cultivation samples from a stationary

phase were collected by centrifugation at 4,000 × g for

10 min. The biomass was then washed twice with distilled

water, freeze-dried and lyophilized in glass tubes, after

which it was weighed. Tubes containing each sample were

amended with 2 mL of lipid extraction reagent (chloroform/

methanol, 2:1 (v/v)) and vortexed well. Next, 1 mL methanol

and 300 µL H2SO4 (pH 2-3) were added and the samples

were mixed well. The reaction mixture was then incubated

in a water bath (100°C, 10 min) and cooled at room

temperature. After cooling, 1 mL water was added and the

sample was mixed for 5 min. The mixture was then

centrifuged at 4,000 × g for 10 min to separate the two-

layers. Next, the bottom layer was extracted and filtered

with a 0.2 μm syringe filter (BioFACT, Korea). The lipid

phase was identified and quantified based on comparison

of the retention times and peak areas using a gas

chromatograph equipped with a flame ionization detector

and a 0.32 mm (ID) × 30 m HP-INNOWax capillary column

(Agilent Technologies, USA).

2.6. Biofilm formation assay

Some bacteria have been reported to form aggregated

biofilms with microalgae, which may then be applied for

easy harvest of microalgae from the culture [7,8]. To

investigate the biofilm formability, the isolates were first

cultured in nutrient broth medium incubated in a 37°C

incubator overnight. The cultures were then diluted 1:100

into fresh tryptic soy broth (TSB) medium. For the biofilm

assay [32], TSB medium was amended with glucose (0.5%),

then 100 µL aliquots of the diluted cultures were inoculated

in a 96-well microtiter. One isolate was replicated in four

wells. The microtiter was then incubated at 28°C for 48 h

and the cells in the wells were removed by turning the

plates over. Next, the microtiter was gently washed twice

with distilled water. These wells were filled with 125 µL of

0.1% crystal violet solution and incubated at room

temperature for 10 ~ 15 min. The microtiter was cleaned

up 3 or 4 times with distilled water and dried for a few

hours at room temperature (25 ± 3°C). After drying, each

well was filled with 125 µL of 30% acetic acid solution

and incubated for 15 min. Finally, the samples were

transferred into a flat bottomed 96-well cell culture plate

and measured by using a microplate reader (Bio-RAD,

Model 680) at 550 nm using 30% acetic acid solution as a

blank [33].

2.7. Real-time PCR

Population changes in Chlorella sp. KR-1 and Sphingomonas

sp. MB6 were monitored by real-time qPCR (SYBR Green

real-time PCR Master Mix) during the cultivation period.

Samples were collected by centrifugation at 4,000 × g, the

total DNA from the harvest was extracted using a Fast

DNA spin kit for soil (MP Biomedical, USA). Then the

extracted DNA was used as the template of the following

qPCR. Each PCR mixture (20 µL) was composed of 10 µL

of SYBR Green PCR master mix, 1 µL of each forward

and reverse primer and 1 µL of DNA template. The amount

of DNA templates was measured using a Nanodrop system

(Thermo Scientific, Wilmington, DE). The PCR conditions

were as follows: initial denaturation at 94°C for 10 min,

followed by 45 cycles of 94°C for 30 sec, 52.5°C for 30 sec

and 72°C for 15 sec. PCR amplification was performed

using a MJ Chromo4 (Bio-Rad, USA) and monitored with

the Opticon Monitor 3.1 software. For quantification of

Sphingomonas sp. MB6, a primer set (SM6F-SM6R)

specific for the 16S rRNA was designed using the NCBI

BLAST and ClustalW programs. DNA of Chlorella sp.

KR-1 was amplified by 18S rRNA universal primers

(Euk345F-Euk499R) [23,34]. The primers for real time

PCR are listed in Table 2. For all qPCR assays, standard

curves were generated using triplicate 10-fold dilutions of

the DNA extracted from the purified Chlorella sp. KR-1

and Sphingomonas sp. MB6 cultures. 

Table 2. List of real-time PCR primers used in this study

Target Primer Sequence (5’ - 3’) Amplicon length (bp) References

MB6 16S rRNA SM6F GATGATAATGACAGTACCTGG 195 This study

SM6R CTCTCCAAGATTCCAGTCAC

Eukaryotic 18S rRNA EUK345F AAGGAAGGCAGCAGGCG 154 [45]

EUK499R CACCAGACTTGCCCTCYAAT
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The standard curves for assuming the gene copies of

Chlorella sp. KR-1 and Sphingomonas sp. MB6 were

constructed from a series of 10-fold dilutions (corresponded

from 104 to 109 copies) of plamid DNA carrying the PCR

products of SM6F-SM6R (MB 6-specific) and Euk345F-

Euk499R (Chlorella sp. KR-1 specific in this study) (Fig. 5A).

There were linear relationships between threshold cycle

(Ct) and the log amount of DNA concentration (R2 > 0.99)

for real-time qPCR. The slopes of amplification efficiencies

were -3.16 (MB 6 specific) and -3.36 (Chlorella sp. KR-1

specific), indicating that they are appropriate for qPCR.

3. Results and Discussion

3.1. Identification of bacteria isolated from Chlorella sp.

KR-1 culture

Occasionally, bacterial contamination was found with a

pale-green colored biomass in photobioreactors for Chlorella

sp. KR-1. A total of twenty-one bacteria differently shown

on agar plates were isolated on three different times from

four PBRs in which bacterial contamination was doubtful.

The partial 16S rRNA genes derived from the isolates were

sequenced and utilized for BLAST searches on the NCBI

(National Center for Biotechnology Information, http://

www.ncbi.nlm.nih.gov/) database. The sequences were

deposited in the GenBank database under accession

numbers LC036616–LC036636 and the BLAST results are

summarized in Table 3. The microorganisms were classified

into four different phyla, including nine Proteobacteria, four

Firmicutes, three Bacteroidetes, and five Actinobacteria.

Several isolates were present in more than two b-PBRs;

namely, two Pseudomonas spp. (MB2 and HM2), two

Sphingomonas spp. (MB6 and MB18), Chryseobacterium

sp., Leifsoiasp sp., Flectobacillus sp. and Herbaspirillum

sp. The six strains, MB2, MB6, MB14, HM3, HM5, and

HM8, indicated in Table 3 were selected as representative

bacteria for co-culture experiments to investigate the effects

of contaminated bacteria in further experiments.

3.2. Photoautotrophic and mixotrophic culture of

Chlorella sp. KR-1

Many Chlorella spp. can utilize organic carbon under

mixotrophic conditions [35,36]. Moreover, it has been

reported that Chlorella vulgaris has an inducible hexose

transport system that allows it to utilize glucose [37]. This

would also provide an advantage to remove organic

compounds dissolved in wastewater when the microalga is

applied for microalgal biomass production or wastewater

treatment. Actually, high biomass productivity under

autotrophic condition is limited since mutual shading of

cells can block penetration of light. Therefore, it might be

recommended that microalgae are cultivated to improve

microalgal biomass production with organic carbon

compounds. The promoted growth of Chlorella sp. KR-1

under mixotrophic conditions was reported in our previous

Table 3. Identification of bacteria isolated from Chlorella sp. KR-1 culture of this study

Strain Most closest species Accession no.  in Genbank Similarity (%) Selected strain 

MB2 Pseudomonas putida KT030908   99 Yes

MB6 Sphingomonas sp. AB696775   99 Yes

MB7 Cupriavidus sp. KR189892   99 No

MB8 Bacillus thuringiensis FJ174628 100 No

MB9 Bacillus luciferensis JQ579634   96 No

MB10 Bacillus acidiceler KF914412   99 No

MB12 Bacillus methylotrophicus KM659215 100 No

MB13 Arthrobacter sp. AB987933 100 No

MB14 Chryseobacterium daecheongense KJ147083 100 Yes

MB15 Brevundimonas vesicularis KT751295 100 No

MB16 Microbacterium oxidans KT580637 100 No

MB18 Sphingomonas sp. KP866806   99 No

MB20 Stenotrophomonas rhizophila JN700143 100 No

HM2 Pseudomonas fluorescens KP126778 100 No

HM3 Leifsonia sp. KT462730   99 Yes

HM4 Pseudacidovorax sp. FJ581042   99 No

HM5 Flectobacillus roseus KM507292   99 Yes

HM6 Microbacterium trichothecenolyticum KP980598 100 No

HM7 Candidatus Chryseobacterium massiliae AF531766 100 No

HM8 Herbaspirillum huttiense KR856354 100 Yes

HM9 Micrococcus leteus KT805418 100 No
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study [19]. However, the bacterial influences on microalgal

growth in mixotrophic condition should be appropriately

taken into account because this condition is vulnerable to

be contaminated by bacteria. 

Initially, the axenic growth of Chlorella sp. KR-1 was

compared after cultured under photoautotrophic and

mixotrophic conditions (Fig. 1). Additional glucose was

confirmed to promote the growth of Chlorella sp. KR-1

because biomass production increased on the increase of

glucose in the range of 0, 0.4, 0.8, 1.2 and 1.6 g/L. The cell

growth rates were 0.23, 0.41, 0.48, 0.55 and 0.75/day in

response to 0, 0.4, 0.8, 1.2 and 1.6 g/L conditions at 48 h,

respectively. However, the increase of cell growth rates

slowly decreased after 48 h as glucose was depleted (Fig. 1).

The highest efficiency showed 2.2-fold higher biomass

production than autotrophic conditions at 48 h when there

was an additional 1.6 g/L in the medium. The nitrate

removal rate under mixotrophic conditions was also faster

than under autotrophic conditions owing to the promoted

cell growth (Fig. 1D). Therefore, it was clear that the

additional glucose resulted in a significant increase of

biomass productivity (P < 0.05, t-test). Finally, the cultivation

for 96 h led to 1.3, 1.3, 1.6, 1.6 and 2.3 g DCW/L with 0,

0.4, 0.8, 1.2 and 1.6 g/L, respectively. Axenic conditions

were confirmed every two days by a plating method and no

bacterial colonies were found on plates. 

3.3. Determination of bacterial cell density for co-culture

experiments

The growth of the bacterial mixture was poor in the

modified BG 11 medium, in which less organic carbon

exists, without any microalgae. These findings demonstrated

that the six isolates could not grow well with inorganic

carbon sources. However, when the bacteria mixture (9 ×

103 cells per mL) were cultured with microalgae (1.5 × 106

cells per mL), they grew rapidly within 24 h of cultivation

to bacterial cell concentrations of 8.0 × 107 after 24 h

without any glucose (A condition), 1.9 × 109 with additional

glucose of 0.8 g/L (B condition) while the culture having

only the bacterial cells showed 1.3 × 1010 cells per mL with

the additional glucose (Fig. 2). Then, the bacterial cell

concentrations decreased slightly after 24 h under all

conditions, especially B and C (having additional glucose),

owing to glucose depletion. Finally, the bacterial cell

concentration in all PBRs converged to a constant

concentration of approximately 108 cell/mL, which was used

as the inoculum size for further co-culture experiments in

this study. 

Fig. 1. Growth profiles of Chlorella sp. KR-1 under photoautotrophic and mixotrophic conditions (A) DCW, (B) indirect DCW (DCW
by OD750), (C) glucose consumption, and (D) nutrient (nitrate) removal rate. The number in the legend indicates the concentration of
glucose at the unit of g/L.
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3.4. Effect of co-existing bacteria on Chlorella sp. KR-1

growth and FAME production

The above experiments revealed that additional organic

sources can influence both the growths of Chlorella sp.

KR-1 as well as co-existing bacteria. The total biomass

production under axenic and artificially xenic conditions

were then compared with each other under different

conditions; namely, axenic conditions without (A0) and

with glucose 0.8 (B0) and 1.6 g/L (C0); xenic conditions

without (A1) and with glucose 0.8 (B1) and 1.6 g/L (C1)

(Table 1).

Under axenic conditions, the growth rate and biomass

production of Chlorella sp. KR-1 were higher than those

under xenic conditions (Fig. 3). This trend was clearly

observed under mixotrophic conditions with additional

glucose. Specifically, the DCWs under axenic conditions

were 1.5, 1.84 and 1.94 g DCW/L for A0, B0, and C0

condition at 96 h, while they were 1.15, 1.43 and 1.59 g

DCW/L for xenic A1, B1 and C1 conditions. The indirect

DCWs determined by OD showed larger differences in the

values between axenic conditions of A0, B0, C0 (1.5, 1.84

and 1.98 g/L) and xenic conditions of A1, B1, C1 (1.0,

1.16 and 1.46 g/L).

However, dry cell weights showed less difference because

bacterial cell biomass also contributes into total dry cell

weight, especially under mixotrophic conditions. Therefore,

the differences among the conditions were also monitored

by the chlorophyll a contents (Fig. 3C). This is why it is

necessary to develop an effective monitoring technique to

estimate each potential of microalgae and bacteria in a

mixed culture or contaminated culture. It is also required to

Fig. 2. Bacterial growth was monitored in different conditions by
a plating method.

Fig. 3. Time course of Chlorella sp. KR-1 growth at axenic and artificial xenic conditions; axenic conditions without (A0) and with
glucose 0.8 (B0) and 1.6 g/L (C0); xenic conditions without (A1) and with glucose 0.8 (B1) and 1.6 g/L (C1). The biomass production
was measured by (A) DCW, (B) indirect DCW by OD, (C) chlorophyll a content, and (D) nutrient removal rate (glucose).
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monitor the practical population dynamics of microalgae in

a co-culture system such as microalgae involved wastewater

treatment systems.

The glucose consumption with time is shown in Fig. 3D.

The glucose concentrations were dramatically decreased

with a faster rate in xenic culture than axenic culture.

Glucose reduction efficiencies at 24 h in the cultures with

0.8 and 1.6 g/L were only 29% (B0) and 5% (C0),

respectively, under axenic condition, while they were 93%

(B1) and 63% (C1) under xenic conditions. At 48 h, the

glucose reduction efficiencies were 89% (B0) and 90%

(C0) under axenic conditions and 95% (B1) and 95% (C1)

under xenic conditions. These results demonstrated that

organic matter would be utilized more rapidly by co-existing

bacteria than Chlorella sp. KR-1, while Chlorella sp. KR-1

under axenic culture could utilize organic compounds by

mixotrophic metabolism with a retarded time.

Production of FAMEs under axenic (glucose concentration

of A0 and C0 is 0 and 1.6 g/L) and xenic conditions

(glucose concentration of A1 and C1 is 0 and 1.6 g/L) are

shown in Table 4. The maximum production of FAMEs

occurred in the order of C0 > A0 > A1 > C1. Mixotrophic

conditions enhanced the FAMEs production in biomass

under condition C0 (axenic with 1.6 g/L of glucose), but

bacterial growth inhibits this effect under xenic conditions

of C1 (xenic with 1.6 g/L of glucose). The enhancement of

FAMEs production under mixotrophic conditions was

observed in our previous study [25], but this effect might

disappear at the cases of bacterial contamination. Considering

the lower FAME contents in the xenic biomass than in the

axenic biomass of the co-culture, the FAME productivity

would be aggravated largely with decreased biomass

productivity in xenic condition.

The biomass production at several different ratios of

bacterial cells to Chlorella sp. KR-1 cells of 1 (D and G),

0.1 (E and H) and 0.01 (F and I) was investigated under the

autotrophic (D, E and F) and mixotrophic conditions (G, H

and I). The obtained results showed that the initial ratios of

bacterial cells to microalgal cells could affect total biomass

production (Table 5). Then, the Chlorella sp. KR-1 growth

rate was not significantly influenced by the ratio of less

than 1 in the case of autotrophic condition while it was only

less than 0.1 under the mixotrophic condition. Therefore,

the reuse of wastewater including organic compounds and

recycling wastewater in microalgal cultivation systems would

be limited by this effect due to bacterial contamination.

These results are different from those of several previous

studies that showed co-existing bacteria could promote the

growth of microalgae by releasing phytohormones and

vitamin B12 [1,11,38]. Those studies did not consider the

bacterial cell concentration, and general bacteria did not

have positive effects, especially under artificial microalgal

cultivation under mixotrophic conditions. Therefore, it is

necessary to further investigate methods of controlling the

numbers of contaminating bacteria when utilizing organic

wastewater as the source of nutrients in an industrial

microalgal cultivation system.

3.5. Biofilm formability of isolated bacteria

During co-culture of the bacterial mixture and Chlorella sp.

KR-1, the aggregation of biomass was regularly observed,

especially during the early cultivation period within 48 h.

Therefore, each of the six isolates was co-cultured with

Chlorella sp. KR-1, respectively, and their biofilm formability

of the six isolates was examined by performing biofilm

assays on microtiter plates. The control for biofilm assay

was Pseudomonas aeruginosa ATCC 15692 (PAO1 strain)

(positive control), which is well known as an excellent

strain to produce biofilm aggregates, and nutrient broth

medium without any bacterium was used for negative

control [39]. The biofilm formation is facilitated by self-

Table 4. FAMEs production of Chlorella sp. KR-1 under different
culture conditions

Fatty acid contents (mg/g Cell)

Total C14:0 C16:0 C16:1n C18:1n C18:2n C18:3n

A0 101 2.2 25    1.3      3.9 23   5.7

A1   98 2.4 23    1.5   5 23   3.8

C0 183 1.6 40 1 21 53 15.7

C1   94 2.3 25    1.5      7.7 21   3.3
*A0; axenic and 0 g-glucose/L, A1; xenic and 0 g-glucose/L, C0; axenic
and 1.6 g-glucose/L, and C1; xenic and 1.6 g-glucose/L condition.

Table 5. Growth rates measured by biomass in b-PBRs with various ratios of bacteria cell numbers to a fixed cell number of Chlorella sp.
KR-1

Symbol
Autotrophic culture Mixotrophic culture

D E F G H I

The ratios of bacteria to 
Chlorella sp. KR-1*

1 0.1 0.01 1 0.1 0.01

Growth rate (/day)
(standard deviation)

0.17
(0.007)

0.22
(0.007)

0.21
(0.002)

0.28
(0.007)

0.29
(0.004)

0.36
(0.011)

*The ratios indicates the cell numbers of the mixed bacteria to a fixed cell number of Chlorella sp. KR-1 (1.5 × 106 cells/mL ) inoculated into b-
PBRs. The number of bacteria cells was counted by colony count on plates and the cell number of Chlorella sp. KR-1 was counted by direct
observation using a microscopy.
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excreted extracellular polymeric substances (EPS) which

are usually described as slime. The microorganisms which

can produce EPS with high conglomeration ability are

defined as a microorganism having high biofilm-forming

ability. During the growth, these microorganisms usually

generate the growth medium with a high optical density.

Therefore, the biofilm-forming ability was determined

through optical density of growth medium after a specific

period. The results indicated that Sphingomonas sp. MB6

showed the strongest biofilm-forming ability among the six

isolates (Fig. 4). 

In general, the biofilm productivity is directly associated

with the EPS production which is controlled by growth

factors including pH, temperature, nutrient, oxygen (for

aerobic bacteria). In the co-culture of Sphingomonas sp.

MB6 and Chlorella sp. KR-1, the pH was maintained from

6.8 to 7.2, the temperature was controlled at 25 ± 3oC, the

nutrient was supplied with glucose and trace element in the

medium and the oxygen was available in the mixing gas

that was purging continuously. Thus, the current co-culture

mixotrophic conditions were sufficient and favorable for

the growth and biofilm formation of Sphingomonas sp.

MB6. These results explained why only co-culture of

Chlorella sp. KR-1 and Sphingomonas sp. MB6 showed

granular flocculation in the culture, especially under

mixotrophic condition, unlike other co-cultures. The biofilm

formation of Sphingomonas spp. in microalgal cultures was

also mentioned in a previous study [8] and Sphingomonas

spp. have frequently been detected in other microalgae

studies [38,40-43].

Unlike other Gram-negative bacteria, Sphingomonas spp.

are known to contain glycosphingolipids (GDLs) instead of

lipopolysaccharides in their cell envelopes. Accordingly,

they are more hydrophobic than other Gram-negative bacteria

[44]. The hydrophobicity might result in aggregation with

eukaryotic Chlorella sp. KR-1 [8]. In addition, its yellow

pigment might protect low concentrations of Chlorella sp.

KR-1 from the damage caused by strong light intensity,

especially at an early cultivation time.

3.6. Population of Chlorella sp. KR-1 and Sphingomonas

sp. MB6 during co-culture

The changes in abundance of Sphingomonas sp. MB6

under co-culture condition (having 0.8 g/L) with Chlorella

sp. KR-1 during 144 h is depicted in Fig. 5. The population

of Sphingomonas sp. MB6 and Chlorella sp. KR-1 in a

same amount of DNA changed with opposite patterns

during cultivation. The population of Sphingomonas sp.

Fig. 4. Biofilm formability of isolated bacteria was determined on
a microtiter plate. Control (fresh medium) and P. aeruginosa ATCC
15692 (PAO1 strain) was used as negative control (neg.) and positive
control (pos.) for quantifying ability of biofilm production. 

Fig. 5. Monitoring the growth of Sphingomonas sp. MB6 and
Chlorella sp. KR-1 co-culture by the established qPCR. (A) The
standard curves were generated from serial 10-fold 104 copies to
109 copies of plasmid DNA carrying on 16S rRNA gene of
Sphingomonas sp. MB6 specific and 18S rRNA specific gene
which was considered as Chlorella sp. KR-1 specific in this study.
(B) Population change of Sphingomonas sp. MB6 during co-
culture of Chlorella sp. KR-1 and bacterial mixture in glucose
starvation condition (no additional glucose). 



Contaminated Bacterial Effects and qPCR Application to Monitor a Specific Bacterium in Chlorella sp. KR-1 Culture 159

MB6 increased during the first 48 h, and then decreased

after 48 h, whereas the population of Chlorella sp. KR-1

decreased slightly during the first 48 h and increased

significantly thereafter. This difference indicated that

bacterial growth or at least the growth of Sphingomonas sp.

MB6 is faster than Chlorella sp, KR-1 during the first 48 h.

It is important to retain high microalgal productivity

without excess bacterial growth because the extent of

bacterial contamination during the early stage of microalgal

cultivation has a significant effect on microalgal growth

(Fig. 3). Therefore, this experiment showed the possibility

that quantitative PCR can apply to monitor a major specific

bacterial contamination in microalgae culture successfully.

4. Conclusion

Chlorella sp. KR-1 can produce more biomass and lipids

under mixotrophic conditions. However, mixotrophic growth

using organic wastewater and recycled wastewater in

industrial cultivation can be easily contaminated with

bacteria, which would inhibit the lipid and biomass production

of Chlorella sp. KR-1. One commonly co-existing bacteria

isolated from the photobioreactors of Chlorella sp. KR-1,

Sphingomonas sp. MB6, showed strong biofilm formation,

especially during the early stages of the cultivation, suggesting

that this strain interacts with Chlorella sp. KR-1 more

actively. In addition, this study showed that real time qPCR

assay using specific primers is a promising technique to

monitor a specific bacterium and microalgae in co-culture

systems. The qPCR data presented here corresponded well

with those based on conventional plating methods that

showed co-existing bacteria can grow faster than Chlorella

sp. KR-1 under mixotrophic conditions. This result has

obvious practical implications for industrial microalgal

cultivation for biofuel production and will be useful for

forthcoming studies in this research field.

Acknowledgements

This study was supported by the Basic Science Research

Program through the National Research Foundation of

Korea (NRF) funded by the Ministry of Science, ICT and

Future Planning (NRF2013011775).

References

1. Ma, X., W. Zhou, Z. Fu, Y. Cheng, M. Min, Y. Liu, Y. Zhang, P.
Chen, and R. Ruan (2014) Effect of wastewater-borne bacteria on
algal growth and nutrients removal in wastewater-based algae
cultivation system. Bioresour. Technol. 167: 8-13. 

2. Amin, S. (2009) Review on biofuel oil and gas production pro-
cesses from microalgae. Energy Convers. Manag. 50: 1834-1840.

3. Acién, F. G., J. M. Fernández, J. J. Magán, and E. Molina (2012)
Production cost of a real microalgae production plant and strat-
egies to reduce it. Biotechnol. Adv. 30: 1344-1353. 

4. Kumar, A., S. Ergas, X. Yuan, A. Sahu, Q. Zhang, J. Dewulf, F.
X. Malcata, and H. van Langenhove (2010) Enhanced CO(2) fix-
ation and biofuel production via microalgae: Recent develop-
ments and future directions. Trends Biotechnol. 28: 371-380. 

5. Cho, S., N. Lee, S. Park, J. Yu, T. T. Luong, Y. -K Oh, and T. Lee
(2013) Microalgae cultivation for bioenergy production using
wastewaters from a municipal WWTP as nutritional sources.
Bioresour. Technol. 131: 515-520. 

6. Safonova, E. and W. Reisser (2005) Growth promoting and
inhibiting effects of extracellular substances of soil microalgae
and cyanobacteria on Escherichia coli and Micrococcus luteus.
Phycol. Res. 53: 189-193. 

7. Lee, A. K., D. M. Lewis, and P. J. Ashman (2009) Microbial floc-
culation, a potentially low-cost harvesting technique for marine
microalgae for the production of biodiesel. J. Appl. Phycol.
21: 559-567. 

8. Zhou, D., Y. Li, Y. Yang, Y. Wang, C. Zhang, and D. Wang
(2015) Granulation, control of bacterial contamination, and
enhanced lipid accumulation by driving nutrient starvation in
coupled wastewater treatment and Chlorella regularis cultiva-
tion. Appl. Microbiol. Biotechnol. 99: 1531-1541. 

9. Muñoz, R. and B. Guieysse (2006) Algal-bacterial processes for
the treatment of hazardous contaminants: A review. Water Res.
40: 2799-2815. 

10. Gonzalez, L. E. and Y. Bashan (2000) Increased Growth of the
Microalga Chlorella vulgaris when coimmobilized and cocul-
tured in alginate beads with the plant-growth-promoting bacte-
rium Azospirillum brasilense. Appl. Environ. Microbiol. 66:
1527-1531. 

11. Kim, B. -H., R. Ramanan, D. -H. Cho, H. -M. Oh, and H. -S.
Kim (2014) Role of Rhizobium, a plant growth promoting bac-
terium, in enhancing algal biomass through mutualistic interac-
tion. Biomass and Bioenergy 69: 95-105. 

12. Demuez, M., C. González-Fernández, and M. Ballesteros (2015)
Algicidal microorganisms and secreted algicides: New tools to
induce microalgal cell disruption. Biotechnol. Adv. 33: 1615-1625.

13. Wang, X., L. Gong, S. Liang, X. Han, C. Zhu, and Y. Li (2005)
Algicidal activity of rhamnolipid biosurfactants produced by
Pseudomonas aeruginosa. Harmful Algae 4: 433-443. 

14. Najdenski, H. M., L. G. Gigova, I. I. Iliev, P. S. Pilarski, J. Luka-
vsky, I. V.Tsvetkova, M. S. Ninova, and V. K. Kussovski (2013)
Antibacterial and antifungal activities of selected microalgae and
cyanobacteria. Int. J. Food. Sci. Technol. 48: 1533-1540. 

15. Azov, Y. (1982) Effect of pH on inorganic carbon uptake in algal
cultures inorganic carbon uptake in algal cultures. Appl. Environ.
Microbiol. 43: 1300-1306.

16. More, T. T., J. S. S. Yadav, S. Yan, R. D. Tyagi, and R. Y. Sur-
ampalli (2014) Extracellular polymeric substances of bacteria
and their potential environmental applications. J. Environ. Man-
age. 144: 1-25. 

17. Mitra, D., J. van Leeuwen, and B. Lamsal (2012) Heterotrophic/
mixotrophic cultivation of oleaginous Chlorella vulgaris on
industrial co-products. Algal Res. 1: 40-48. 

18. Wan, M., P. Liu, J. Xia, J. N. Rosenberg, G. A. Oyler, M. J.
Betenbaugh, Z. Nie, and G. Qiu (2011) The effect of mixotrophy
on microalgal growth, lipid content, and expression levels of
three pathway genes in Chlorella sorokiniana. Appl. Microbiol.
Biotechnol. 91: 835-844. 

19. Praveenkumar, R., B. Kim, E. Choi, K. Lee, J. -Y. Park, J. -S.
Lee, Y. -C. Lee, and Y. -K. Oh (2014) Improved biomass and lipid
production in a mixotrophic culture of Chlorella sp. KR-1 with



160 Biotechnology and Bioprocess Engineering 22: 150-160 (2017)

addition of coal-fired flue-gas. Bioresour. Technol. 171: 500-505.
20. Brennan, L. and P. Owende (2010) Biofuels from microalgae -

A review of technologies for production, processing, and
extractions of biofuels and co-products. Renew. Sustain. Energy
Rev. 14: 557-577. 

21. Tsushima, I., T. Kindaichi, and S. Okabe (2007) Quantification of
anaerobic ammonium-oxidizing bacteria in enrichment cultures
by real-time PCR. Water Res. 41: 785-794. 

22. Fierer, N., J. A. Jackson, R. Vilgalys, and R. B. Jackson (2005)
Assessment of soil microbial community structure by use of
taxon-specific quantitative PCR assays. Appl. Environ. Micro-
biol. 71: 4117-4120. 

23. Smith, C. J. and A. M. Osborn (2009) Advantages and limitations
of quantitative PCR (Q-PCR)-based approaches in microbial
ecology. FEMS Microbiol. Ecol. 67: 6-20. 

24. Lakaniemi, A. -M., V. M. Intihar, O. H. Tuovinen, and J. A.
Puhakka (2012) Growth of Chlorella vulgaris and associated
bacteria in photobioreactors. Microb. Biotechnol. 5: 449-449. 

25. Cho, S., D. Lee, T. T. Luong, S. Park, Y. K. Oh, and T. Lee (2011)
Effects of carbon and nitrogen sources on fatty acid contents and
composition in the green microalga, Chlorella sp. 227. J. Micro-
biol. Biotechnol. 21: 1073-1080. 

26. Cho, S., T. T. Luong, D. Lee, Y. -K. Oh, and T. Lee (2011) Reuse
of effluent water from a municipal wastewater treatment plant in
microalgae cultivation for biofuel production. Bioresour. Tech-
nol. 102: 8639-8645. 

27. Lee, J. -S., D. -K. Kim, J. -P. Lee, S. -C. Park, J. -H. Koh, H. -S.
Cho, and S. -W. Kim (2002) Effects of SO2 and NO on growth of
Chlorella sp. KR-1. Bioresour. Technol. 82: 1-4. 

28. Na, J. -G., H. S. Lee, Y. -K. Oh, J. -Y. Park, C. H. Ko, S. -H. Lee,
K. B. Yi, S. H. Chung, and S. G. Jeon (2011) Rapid estimation of
triacylglycerol content of Chlorella sp. by thermogravimetric
analysis. Biotechnol Lett. 33: 957-960. 

29. Griffiths, M. J., C. Garcin, R. P. van Hille, and S. T. L. Harrison
(2011) Interference by pigment in the estimation of microalgal
biomass concentration by optical density. J. Microbiol. Methods
85: 119-123. 

30. Zhou, G. -J., G. -G. Ying, S. Liu, L. -J. Zhou, Z. -F. Chen, and F. -
Q. Peng (2014) Simultaneous removal of inorganic and organic
compounds in wastewater by freshwater green microalgae. Envi-
ron. Sci. Proc. Impacts 16: 2018-2027. 

31. Lee, Y. and H. Shen (2004) 3 Basic Culturing Techniques. p. 40.
In: A. Richmond (ed.). Handbook of Microalgal Culture - Bio-
technology and Applied Phycology. 1st ed., Blackwell, Oxford,
UK.

32. Rodrigues, L. B., L. R. Dos Santos, V. Z. Tagliari, N. N. Rizzo, G.
Trenhago, A. P. de Oliveira, F. Goetz, and V. P. do Nascimento
(2010) Quantification of biofilm production on polystyrene by

Listeria, Escherichia coli and Staphylococcus aureus isolated
from a poultry slaughterhouse. Braz. J. Microbiol. 41: 1082-1085.

33. O’Toole, G. A. (2011) Microtiter dish biofilm formation assay. J.
Vis. Exp. doi: 10.3791/2437

34. Zhu, F., R. Massana, F. Not, D. Marie, and D. Vaulot (2005)
Mapping of picoeucaryotes in marine ecosystems with quantita-
tive PCR of the 18S rRNA gene. FEMS Microbiol. Ecol. 52: 79-92.

35. Cheirsilp, B. and S. Torpee (2012) Enhanced growth and lipid
production of microalgae under mixotrophic culture condition:
effect of light intensity, glucose concentration and fed-batch cul-
tivation. Bioresour. Technol. 110: 510-516. 

36. Liang, Y., N. Sarkany, and Y. Cui (2009) Biomass and lipid pro-
ductivities of Chlorella vulgaris under autotrophic, heterotrophic
and mixotrophic growth conditions. Biotechnol. Lett. 31: 1043-1049.

37. Haass, D. and W. Tanner (1974) Regulation of hexose transport
in Chlorella vulgaris: Characteristics of induction and turnover.
Plant Physiol. 53: 14-20.

38. Cho, D. -H., R. Ramanan, J. Heo, J. Lee, B. -H. Kim, H. -M. Oh,
and H. -S. Kim (2014) Enhancing microalgal biomass produc-
tivity by engineering a microalgal-bacterial community. Biore-
sour. Technol. 175C: 578-585. 

39. Shrout, J. D., D. L. Chopp, C. L. Just, M. Hentzer, M. Givskov,
and M. R. Parsek (2006) The impact of quorum sensing and
swarming motility on Pseudomonas aeruginosa biofilm forma-
tion is nutritionally conditional. Mol. Microbiol. 62: 1264-1277. 

40. Subashchandrabose, S. R., B. Ramakrishnan, M. Megharaj, K.
Venkateswarlu, and R. Naidu (2011) Consortia of cyanobacteria/
microalgae and bacteria: Biotechnological potential. Biotechnol.
Adv. 29: 896-907. 

41. Watanabe, K., N. Takihana, H. Aoyagi, S. Hanada, Y. Watanabe,
N. Ohmura, H. Saiki, and H. Tanaka (2005) Symbiotic associa-
tion in Chlorella culture. FEMS Microbiol. Ecol. 51: 187-196. 

42. Guo, Z. and Y. W. Tong (2013) The interactions between
Chlorella vulgaris and algal symbiotic bacteria under photoauto-
trophic and photoheterotrophic conditions. J. Appl. Phycol.
26: 1483-1492. 

43. Lee, K., S. Y. Lee, R. Praveenkumar, B. Kim, J. Y. Seo, S. G.
Jeon, J. -G. Na, J. -Y. Park, D. -M. Kim, and Y. -K. Oh (2014)
Repeated use of stable magnetic flocculant for efficient harvest of
oleaginous Chlorella sp. Bioresour. Technol. 167: 284-290. 

44. Balkwill, D. L., J. K. Fredrickson, and M. F. Romine (2006)
Sphingomonas and related genera. pp. 605-629. In: E. F. DeLong,
S. Lory, E. Stackebrandt, and F. Thompson (eds.). The prokary-
otes. 2nd ed. Springer, Berlin Heidelberg, Germany.

45. Zhu, F., R. Massana, F. Not, D. Marie, and D. Vaulot (2005)
Mapping of picoeucaryotes in marine ecosystems with quantita-
tive PCR of the 18S rRNA gene. FEMS Microbiol. Ecol. 52: 79-92.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


