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Abstract There have been a number of studies of methods
for recycling animal wastewater to provide new bioresources.
In the present work, a marine algal culture medium, designated
KEP II, was prepared by adding swine waste (3% v/v)
fermented by soil bacteria to a dilution of /2 culture medium
(CT). When Phaeodactylum tricornutum was grown in batch
culture in KEP II, the cells lasted long at the exponential
phase producing the specific growth rate and biomass; the
production of total amino acids and secondary metabolites
rose up to 5-fold. It also substantially enhanced the maximum
quantum yield of photosystem (PS) I of P. tricornutum,
greatly increased the level of thylakoid membranes containing
PS, and stimulated the production of pyrenoids, including
enzymes for CO, fixation in chloroplasts. KEP II should
improve the cost efficiency of industrial mass batch cultures
and the value of microalgae for long-term preservation of
fresh aquaculture feed as well as production of anticancer and
antioxidant agents. Specifically, a low-cost medium for growing
the diatoms of aquaculture feed will be economically advantageous.
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Phaeodactylum tricornutum, a marine benthic diatom [37], is
cosmopolitan and one of the most important photosynthetic
microalgae for ecophysiological research [30]. Culturing
techniques for physiobiochemical enhancements [1, 33,
40-42] and bioremediation of the seawater ecosystem [22,
38] have been extensively studied. The biochemical activities
of microalgae are dependant on the growth conditions and
specific nutrient elements of their culture medium [18, 20].

Animal, urban, domestic, and human wastewaters having
major eutrophic compounds containing nitrogen and

*Corresponding author
Phone: 82-53-810-3863; Fax: 82-53-813-3083;
E-mail: mkkim@yumail.ac.kr

phosphorus cause adverse effects on the water ecosystem.
Microalgae like Chlorella kessleri, C. vulgaris, Scenedesmus
obliquus, S. bijugatus, and Selenastrum capricornutum
have been studied for eliminating the nutrients through
purification facilities [4, 8,23-25,27, 39]. Recently,
microalgae wastewater treatment plant models have been
investigated [12,31]. The biodegradation of organic
solution [34] and heavy metals [7, 15, 20, 34] derived from
mine wastewater stimulating the ecotoxicity to freshwater
biota have been attempted by using microalgae.

Recently, microalgae have been siginificantly applied to
industry as marine bioresources. However, they have general
defects to be preserved for long-term and to be abundantly
grown. For these reasons, it will be necessary to develop more
efficient culture media for preserving microalgae for the
long-term, lowering the culture cost and labor, and improving
their cell densities and bioactivities such as antibiotic, anticancer,
chemoprevention, and antioxidation activites [35].

Media, such as Erdschreiber, Grund, ES, CHU-10, /2,
and the ASP series [29] have been developed for effective
culture of fresh and marine microalgae. This study was
performed to investigate whether addition of secondary
swine urine (SSU) fermented by soil bacteria [14, 28] to
the culture medium could enhance and sustain the vitality
of P, tricornutum under conditions that might permit batch
mass culture at lower cost. For this purpose, we analyzed
and compared the photosystems of photosynthesis and
secondary metabolites of P. tricornutum grown in different
media.

MATERIALS AND METHODS

Culture Conditions

The Phaeodactylum tricornutum used in these experiments
originated from the Korea Plankton Culture Collection for
Industrialization (KPCCI). P. tricornutum (KPCCI P-M-
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23) was grown in 1-l volumes in 2-1 Erlenmeyer flasks.
They were cultivated for 44 days at 17°C with a light:dark
photoperiod of 14 h:10 h, using a light intensity of 180+
5 umol m™s™', and continuously shaken at 140 rpm. The
growth density (k) was calculated by Guillard’s method [13].
To observe the changes of cell organelles by transmission
electron microscopy, P tricornutum was continually
cultivated for 14 months.

Dry Weight of Biomass

Microalgae of 50 ml were centrifuged at 5,000 rpm for
10 min, dried in an oven at 75°C for 24 h, kept in a desiccator
for 24 h, and measured with a balance (Ohaus, U.S.A.).

Developments of KEP II Medium

Cultures of P tricornutum were grown using /2 as the
control medium (CT) [13]. It contained the following
components (g/1): NaNO, (0.075), NaH,PO,-2H,0 (0.006),
EDTA Na, (4.36), FeCl;-6H,0 (3.15), CuSO,-5H,0 (0.01),
ZnSO,7H,0 (0.02), CoCl,-6H,0 (0.01), MnCi,4H,0
(0.18), NaMoO,2H,0 (0.006), cyanocobalamin (0.0005),
thiamine HCI (0.1), and biotin {(0.0005) per liter of filtered
natural seawater. The pH was adjusted to 8.0 before
autoclaving. The technique used to generate SSU, termed
Bacterio-Mineral-Water (BMW), has been granted intemational
patents involving fermentation and bioreaction technologies
[14]. Pellets containing soil humus at a pH of 2.88 are used
to culture bacteria such as actinomycetes and yeasts in
swine urine, which in turn ferments the pre-processed
wastewater to produce SSU [28]. Three percent SSU was
added to a dilution of f/2 medium to make KEP IT medium.

Analysis of Inorganic and Organic Compounds in
Treated Swine Urine

The concentrations of total nitrogen (T-N) and total phosphorus
(T-P) as well as the weight of the suspended solids (SS)
were determined via Standard Methods [3] (Table 1). Total
carbon (T-C) contents were measured using an Elemental
Analyzer (EA1108, Fison, Italy), and the concentration of
dissolved organic carbon (DOC) was analyzed using a TOC
Analyzer (Phoenix 8000, TekmarDohrmann, Cincinnati,

Table 1. Suspended solids, pH, and inorganic and organic
compounds of treat=d swine urine after the fermentation process.

Elements ().rigine}l Treateq Variation value
swine urine  swine urine  of percent (%)

pH 7.97+0.4 3.7320.8 -

T-C (mg/l) 561.7£27 489.4+31 V¥ 12.9+0.9

DOC (mg/l)  153.54£9 162x14 A 55+0.5

TN (mg/l) 662.4+39 86.4+11 V¥ 87+8

TP (mg/l) 120+12 20.2+1 V¥ 83.2+3

SS (mg/1) 440+42 32.8+3 V¥ 92.6+6

A, Increase percent; V¥, decrease percent. Values are expressed as
means£SD (n=3).

OH, U.S.A)) after membrane (pore size: 0.45 um; Millipore
GF/C # HVLP04700, Cork, Ireland) filtration of the
samples.

Measurement of Growth and Photosystem IT Activity
Cell density was determined in triplicate cultures by
periodic counting with a hemocytometer, and growth rates
were calculated using the formula of Guillard [13].
Maximum quantum yields of photosystem II (Fv/Fm) were
measured using a pulse-amplitude-modulated fluorometer
(Phyto-PAM Walz, Effeltrich) with dark-adapted samples
for 5 min while being stirred. Total pigments were extracted
in a solvent system consisting of acetone, methanol, and
water, 10:9:1 (v/v/v). Chlorophylls a and ¢ were analyzed
by the method of Kim and Smith [20]. For measurements
of total carotenoids, chlorophyll was removed from the
extract by adding 5% KOH (w/v) to a methanol/acetone
extract of pigments, and saponification was carried out
overnight in the dark as described by Kim and Lee [19].
Samples (300 to 500 pl) were then streaked onto TLC
plates (20x20 ¢m, 250 um thickness, Merck 60 F-254),
and the pigments separated in petroleum ether/benzene/
ethanol (10:2:1, v/v/v) development solvent as described
by Kim and Lee [19]. To determine the amounts of
individual carotenes and xanthophylls, the samples were
analyzed by HPLC, using an inertsil ODS-2 column (5 pm,
4.6x250 mm, GL Science, Tokyo). Total carotenoids, eluted
with acetonitrile/methanol/dichloromethane (65/30/5, v/v/v)
at a flow rate of 1 ml/min, were analyzed in triplicate using
a photodiode array UV-VIS detector at 445 nm (SPD-
M6A, Shimadzu, Kyoto).

Analysis of Fatty Acids

Total lipids were extracted in triplicate, and hydrolyzed to
release fatty acids by the method of Kim et al. [17]. Fatty
acids were methylated with BF; methanol (Sigma #33356)
and analyzed by gas chromatography (GC) (HP 6890
Series) using heptadecanoic acid (C17:0) (Sigma #3500)
as the standard. The amounts of individual fatty acids were
determined by comparing GC retention times with those of
a standard mixture of fatty acid methyl esters (Sigma
#189-19).

Analysis of Amino Acids

A 20-ml sample of algal culture (5-10x10° cells/ml) was
freeze-dried, succeeded in 2 ml of 6 N HCI, and bubbled
briefly with nitrogen gas. It was then oven-dried for 24 h at
110°C. The hydrolyzed sample was filtered through a
membrane (pore size: 0.5 um, Millipore FH) to remove
particulates, rinsed repeatly with distilled water, and evaporated
to dryness to remove HCL. It was then dissolved in 25 ml
sodium loading buffer (0.2 M sodium citrate, pH=2.2), and
the amino acid content was determined using an automatic
analyzer (Biochrom 20, Pharmacia).



Transmission Electron Microscopy (TEM)

After washing 3-4 times with distilled water by gentle
centrifugation at ambient temperature, a culture of
P tricornutum was suspended in a solution of 2.5%
glutaraldehyde in distilled water and incubated at 4°C for
90 min with gentle mixing every 10 min. The glutaraldehyde-
treated cells were washed by centrifugation as before,
followed by suspension in 0.1 M phosphate buffer, pH 7.2.
They were then post-fixed at 4°C for 90 min in 1%
osmium tetroxide, to a final concentration of 2% (v/v),
buffered with 0.1 M phosphate. After adding melted agar
at 60°C, the sample was washed in the same phosphate
buffer, and then dehydrated by incubating for 5 min each
in an increasing ethanol series. The ethanol was replaced
by an embedding solution consisting of propylene oxide
and epoxy resin (2:1, v/v). After 20 min incubation, the
embedding solution was replaced by fresh solution and
incubation continued for an additional 20 min. The
propylene oxide was removed by vacuum pumping for 4 h,
and the final samples in embedding molds were placed in a
drying oven and gradually heated to fully polymerize the
epoxy. Ultrathin sections were cut and incubated for three
successive 20-min periods in uranyl acetate to stain them,
then for 10 min in lead citrate for post-staining, and finally
heated to 60°C to dry them. The stained and dried samples
were placed on grids and observed by TEM (Hitachi H-
7600, Japan) [6].

RESULTS

Fermented swine urine refers to original swine urine from
which the inorganic nutrients have been removed by 40
days of treatment in a fermentation apparatus (Table 1).
The agricultural and floricultural efficacies of the fermented
swine urine have been repeatedly demonstrated since the
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Fig 1. Growth curves of Phaeodactylum tricornutum in control
medium (f/2) containing different concentrations of secondary
swine urine. SSU: secondary swine urine. /2 Medium (CT: O);
0.5% SSU (0OJ); 2% SSU (< ); 3% SSU (4 ); 4% SSU (A).

initial 1996 studies on the subject in Japan [14]. Our study
represents the first demonstration that recycled animal
wastewater could be used as a medium for microalgal
cultures. It is the first to address the possible industrial
potential of this substance as a recycling bioresource, as
well as an agent for amelioration of negative environmental
effects such as eutrophication.

The T-C, T-N, and T-P of the original swine urine, after
40 days of fermentation treatment, were reduced to 12.9%
(T-C), 87% (T-N), and 83.2% (T-P) of the original values,
and the pH was acidified, from an initial 7.97 to a final
3.73 (Table 1). The treated swine urine was acidified to a
pH of 3.73. The inorganic nutrients in the fermented swine
urine were removed from the original non-fermented
swine urine, to a level of 87% of total T-N and 83.2% of T-
P. The SS was reduced to 92.6%, whereas the DOC was

Table 2. Comparison of physiobiochemical activities of Phaeodactylum tricornutum cultured in CT and KEP II media on the
stationary stage for 44 days. Cell numbers for inoculation were 0.41x10%ml in CT and 0.26x 10%ml in KEP 11, and final cell counts on
the 44™ day were 0.9x10”/ml in CT and 1.2x10’/ml in KEP II. Values represent means=SD (n=3).

Physiobiochemical elements CT KEP I Ratios
Growth rates (k/day)* 0.33£0.1 0.71+£0.3 2.2
Maximal PSII quantum yield (Fv/Fm) 0.36+0.03 0.78+0.04 22
ATP (ug/l) 5.52+0.8x107" 1.15+0.2x107" 2.1
Chlorophyll a (mg/g dry wt) 0.64+0.08 2.08+0.71 33
Chlorophyll ¢ (¢,+c,) (mg/g dry wt) 0.2+0.01 0.8+0.12 4
Beta-carotene (mg/g dry wt) 0.2+0.04 0.7+0.03 3.5
Total xanthophylls (mg/g dry wt) 54.61+5.11 263+49.23 4.8
Fucoxanthin (mg/g dry wt) 28.41+£7.46 130.26+29.28 52
Diadinoxanthin (mg/g dry wt) 18.69+5.76 93.37+11.4 4.6
Diatoxanthin (mg/g dry wt) 7.51£1.89 39.38+8.55 5.0
Amino acids (mmg/g dry wt) 75.6+23.1 98.1+19.4 1.3
Fatty acids (mg/g dry wt) 46.7+4.2 31.89+3.9 0.7
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Fig. 2. Compositions of amino acids of P. tricornutum cultured
in CT and KEP II media for 44 days.

increased (12.9%) above the levels observed in the original
swine urine samples (Table 1).

To determine which concentration of secondary swine
urine was most favorable for the growth of P. tricornutum,
cultures were prepared in {2 medium (CT), containing
0.5%, 2%, 3%, and 4% (v/v) SSU, in batch culture rather
than continuous culture to reduce maintenance costs. The
highest cell densities of P. tricornutum were obtained with
3%SSU (KEP II medium) at pH 6.6 (Fig. 1). The stationary
phase in cells grown in CT as well as in 0.5% and 2% SSU
was reached on the 13™ day of culture, whereas cells in 3%
SSU continued to grow until the 17" day. CT growth rates
and maximal quantum yields of photosystem II (Fv/Fm) of
P. tricornutum cultured in KEP II medium were higher
than those in CT (Table 2). The dominant amino acids
were aspartic acid (14% in CT and 13% in KEP II) and
glutamic acid (13% in CT and 16% in KEP II). The amounts
of glutamic acid, histidine, lysine, and arginine were
higher in KEP II than in CT (Fig. 2). The dominant fatty
acids were C16:0 (30%) and C16:1 (38%) in CT, whereas
they were C16:0 (25%) and C20:5 (26%) in KEP II. The ratio
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C16:0 Cl16:1 C18:0 C20:4
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Fig. 3. Compositions of fatty acids of P. tricornutum cultured in
CT and KEP Il media for 44 days. Each amount of C16:1, C18:1,
C18:2, C18:3, and C22:6 showed less than 0.1 mg/g dry wt (1%
of total fatty amds)

of fatty acids between C16:0 and C18:1 of P. tricornutum
was also higher (1.83) in KEP II than in CT (1.10) (Fig. 3).

Levels of ATP (adenosine triphosphate), chlorophyll
a, chlorophyll ¢, B-carotene, total xanthophylls such as
fucoxanthin, diadinoxanthin, and diatoxanthin, as well as
of total amino acids of cultures in KEP II were up to 5-fold
higher than those in CT, although the fatty acid content
was lower (Table 2).

Batch culture of P tricornutum grown for 14 months
in control medium (CT) had the pigments bleached by
chlorosis, cell wall damaged and separated from the cell
membrane by plasmolysis (Fig. 4). The cell organelles
were broken up. The thylakoid of the chloroplasts had
also disappeared. On the contrary, P. fricornutum grown in
KEP IT medium continued to produce the chlorophylls 4, c,
B-carotene, diadinoxanthin, fucoxarthin, and violaxanthin
participating in photosynthesis and secondary metabolism.
Pyrenoids could be visable in the stroma chloroplasts, and
thylakoid membranes were still present.

These results indicate that microalgae in KEP II could
be useful as biosources of fish food and human nutrient
supplements such as antioxidants, cancer chemopreventives,
etc.

DISCUSSION

In general, xanthophylls like fucoxanthin, diadinoxanthin,
and diatoxanthin are accumulated by microalgae under
stress and nutrient deficiency over short culture periods [9,
10, 19, 29]. In KEP 11, xanthophylls remained at a high level
over long periods of culture. The increase of carotenoids,
including xanthophylls, probably reduces photoinhibition
of photosynthesis and protects photosynthesis under various
growth conditions [21]. These xanthophylls have considerable
value as chemopreventive (anticancer and antioxidizing)
agents [9, 10]. The aspartic acid of P. tricornutum in CT
and KEP II (13-14%) was higher than the previous studies
(9.5%) [16]. Levels of individual fatty acid in the microalgae
grown in KEP Il medium for 44 days were lower than
those in CT. However, the amount of polyunsaturated fatty
acids increased more in KEP II (30%) than in CT (26%).
When microalgae are grown under environmental stress,
lipids and fatty acids typically accumulate to higher
concentrations [11, 17]. Thus, CT is probably more stressful
for P. tricornutum than KEP 11. We previously showed that
healthy cells of microalgae grown under favorable condition
have a high ratio of C16:0 to C18:1 fatty acids [17, 18].
Thus, the physiological activities of P. tricornutum in KEP
II having a higher ratio of C16:0 to C18:1 were superior to
that in CT.

The facts that pyrenoids were higher in P. tricornutum
grown in KEP II agrees with previous studies [32, 36]
demonstrating that the pyrenoids in chloroplasts are associated
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Fig. 4. Electron micrographs of P. tricornutum.

A (x5,000) and C (x20,000): P. tricornutum cultured in CT for 14 months. The cell wall was damaged and separated from the cell membrane by plasmolysis.
Cell organelles were broken up. The thylakoid of the chloroplasts have also disappeared. B (x4,000) and D (x20,000): P tricornutum grown in KEP 11
medium for the same time. Pyrenoids could be seen in the stroma chloroplasts, and thylakoid membranes were present. CW, cell wall; CM, cell membrane;

Thy, thylakoid of chloroplast; Pyr, pyrenoid.

predominantly with the Calvin enzyme, ribulose-1,5-
bisphosphate carboxylase activase, involved in CO, fixation
in photosynthesis [5]. KEP I medium promotes the
formation of the pyrenoids, chlorophyll a, chlorophyll ¢,
and carotenoids in order to maintain photosynthetic activity
in batch culture over long periods during which nutrients
are largely depleted. The microalgae grown on KEP II
medium will be able to be applied as bioresources for
biotechnological industry (health food, cosmetics, feed
etc.) [35].

The inorganic nitrogen and phosphorus of batch cultures
were usually exhausted within one week of inoculations
[2], yet the cell density of P tricornutum in KEP 1I
medium during long-term culture was 2.2 times of that in
CT, and this increase was maintained for more than one
year (Fig. 5). In batch culture, nutrients must be regularly
supplied to the microalgae to provide for their basal
metabolism. It is surprising that the vitality and high
pigment content of P tricornutum can be sustained for

long periods of time in KEP II medium without supplying
additional nutrients.

The composition of the SSU added to the medium for P
tricornutum was altered significantly by the process of
swine urine treatment. Total carbon in the secondary swine
urine was to 12.9% of that in the original swine urine,
whereas total nitrogen was 87% and total phosphate 83.2%
of that in the original urine. The pH of the original urine
(7.97) was reduced to 3.73 after treatment. However,
dissolved organic carbon (DOC) in the treated swine urine
was slightly higher (by 5.5%) than in non-treated swine
urine. The increase in DOC may have arisen from the
fermentative production of organic compounds such as
humic substances, organic acids, vitamins, hormones, or
chelating agents by bacteria of soil humus. The chelating
agent in treated wastewater might stimulate that the onset
of stationary phase is delayed in KEP 11, despite the lower
level of inorganic nutrients. Inhibition of growth, and
chlorosis, of microalgae is usually caused by starvation of
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the N and P needed for photosynthesis and metabolism
[38]. Even though there is the severe starvation for N and P
during prolonged batch culture, KEP II medium may
stimulate the uptake of dissolved organic carbon including
the fermentative production of organic compounds such
as humic substances, organic acids, vitamins, hormones,
and chelating agents from the SSU or the production
of pyrenoids. The new medium also maintains high
vitality within a constant carrying capacity of the batch
culture despite the low uptake ratios of N/P. Accordingly,
KEP II can reduce the maintenance expenses of long-term
culture and promote higher yields without needing additional
nutrients. The increased production of pigments and amino
acids in KEP II enhances the value of the P, tricornutum
as fish food, health food supplement, and pharmaceutical
{351

KEP II should improve the cost efficiency of industrial
mass batch culture and microalgal stock for long-term
species preservation, and decrease the negative impact on
the environment by recycling animal wastewater. The
higher KEP II content of organic matter such as natural
intermediate products produced by bacteria during fermentation
may accelerate the biochemical activities of P. tricornutum
and delay the onset of the stationary phase despite the
shortage of inorganic nutrients in the batch culture. We
propose, in future studies, to investigate how the small
addition of treated swine urine favors the microalgal culture,
by analyzing the dissolved organic carbon compounds in
SSU with the aim of producing a culture medium of value
for higher plants as well as microalgae.
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