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Abstract The aim of the present work was to study
the effect of indomethacin (IM), a pleiotropic ther-
apeutic substance commonly used in animal systems,
at concentration range of 107% to 107> M on the
growth and metabolism of single-celled Chlorella
vulgaris (Chlorophyceae). Because of the presence of
the indole ring in its molecule, IM is characterized by
structural similarity with natural auxins, e.g. IAA. It
was found that IM influenced algal growth, macro-
molecular synthesis and metabolism in  dose-
dependent manner. IM had the highest stimulating
effect on algae at 107" M on the 5th day of culture
resulting in the increase in cell number and dry mass,
DNA, RNA, proteins, phosphates, monosaccharides,
photosynthetic pigments and glycolic acid content as
well as protein extracellular secretion to the environ-
ment. Specific proteins from the region 20-139 ¥Da
appeared during 107 M IM treatment on the Sth day
of cultivation as analysed by SDS-PAGE. IM-
induced photosynthetic oxygen exchange in green
alga was also noted. In contrast, the treatment with
M at the highest concentration of 107> M suppressed
cell division, dry mass production and decreased the
level of the analysed parameters during the whole
7-day period of cultivation. Therefore, it could be
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spectlated that IM functioned as a plant growth
regulator affecting cell division and metabolism of
green alga C. vulgaris. '
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Introduction

Auxins are the class of phytohormones involved in the
numerous aspects of plant growth and development at
the molecular and whole-plant level. Indole-3-acetic
acid (IAA) is the natural auxin commeonly occurring in
all vascular plants and in green algae from genus
Chlorella and Scenedesmus (Jacobs 1993; Stirk and
Van Staden 1997; Mazur et al. 2001). Auxins regulate
the rate of cell division, elongation and cell expansion,
ethylene biosynthesis, root development, leaf forma-
tion, apical dominance and differentiation of vascular
tissues (Petrasek et al. 2002; Woodword and Bartel
2005; Shinohara et al. 2006). Synthetic anxins: phen-
ylacetic acid (PAA), 1-naphthalacetic acid (NAA) and
popular herbicide 2,4-dichlorophenoxyacetic acid
(2,4-D) induce similar physiological responses in
bioassays like natural auxins (Grossmann 2000;
Czerpek et al. 2004; Imin et al, 2005).

Indomethacin (IM) includes an indole ring inter-
linked with a carboxyl group like natural auxin—IAA
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Determination of photosynthetic pigments
and phctosynthetic oxygen exchange

The content of photosynthetic pigments followed
homogenization of C. vulgaris fresh weight in 99.9%
methanol. The absorbance of the extract was mea-
sured with a spectrophotometer at 6524 and
6652 nm for chioropbylls ¢ and b, at 654.2 and
647.6 nm for phaeophytins a and b, at 470.0 nm for
carotenoids. The amounts of photosynthetic pigments
present in the methanol extract were calculated
according to the equations of Wellburn (1994).
Photosynthesis capacity was determined by measur-
ing the amounts of oxygen released by the cells using
a Clark type oxygen electrode. A 2-ml algal suspen-
sion was incubated in a vessel at 25°C and
1,000 mumol m™2 s~! PAR. The evolution of oxygen
in the medium was calculated to represent the activity
of photosynthesis of C. vulgaris.

Measurement of glycolic acid content

For glycolic acid extraction algal suspension were
centrifnged at 14,000 rpm for 6 min at 4°C (Keblen-
beck et al. 1995). The supernatant was removed and
the cell pellet was frozen ovemnight at —20°C. The
next day the cell pellets were thawed at room
temperature and extracted ~by addition of 5 mM
HC, followed by heating in a watér bath at 60°C
for 5 min. After heating, the cell extract was cooled
and centrifuged for 5 min at 12,000 rpm, and the
supernatant were assayed for glycolate by the Calkins
method (Calkins 1943),

Extraction of DNA

For DNA determination, the algae were first collected
by centrifugation (4,500 rpm, 15 min, 20°C) of 10-ml
culture samples and then the algal pellet was quickly
frozen in liquid nitrogen, powdered with a mortar and
pestle and transferred into extraction buffer (100 mM
Tris-HCl, pH 8.0, 1.4 mM NaCl, 2% (w/v) cetyt-
rimethylammonium  bromide (CTAB), 20 mM

ethylenediaminetetraacetic acid (EDTANad), 1% -

(wiv) polyvinylpymrolidone (PVE) 40000, 1% (w/v)
B-mercaptoethanol). The extract was slightly mixed
and incubated in a water-bath at 65°C for 30 min.
Then 10 ml chloroform-isoamylalcohol (24/1, v/v)

was added and centrifuged (10,000 rpm, 10 min,
20°C). The supernatant was transferred into a new
tube, mixed with 2/3 volume isopropanol by invert-
ing the tubes several times and incubated at 20°C for
30 min. Afier centrifugation (10,000 rprn, 15 min,
20°C), the supernatant was transferred into a new
tube, mixed with 10 ml 76% (w/v) ethanol/10 nM
ammonium acetate. After another centrifugation
(10,000 rpm, 10 min, 20°C), the supernatant was
discarded completely. The pellet was dried under
vacuum, dissolved in 1 m! 1x TE (10 mM Tris—HCI,

pH 8.0, 1 mM EDTA) and extracted with one volume

99% ethanol/7.5 nM ammonium acetate. Finally, the
tubes were centrifuged again (9,500 rpm, 10 min, and
4°C), the pellet was dissolved in 1x TE (pH 8.0). The
concentration of DNA was determined by measuring
the optical density at 254 nm (OD254). A solution of
DNA whose OD254 = 1 contains approximately
50 pg mi~! (Rogers and Bendich 1985).

Extraction of RNA

Total RNA was extracted according to the protocol of
Sambrook et al. (1989). For total RNA detertmination,
the algae were first collected by centrifugation
(4,500 rpm, 15 min, 20°C) of 10-m! culture samples,
and the algal pellet was then quickly frozen in liquid
nitrogen, powdered with a mortar and pestle and
transférred into extraction buffer (0.05 M Tris-HCI,
pH 9.0; 0.1 M NaCl; 0.1 M EDTA; 2% (w/v} SDS).
The extract was geatly tmixed, 17.5 ml phenol and
177.5 ml chleroform/fisoamyl alcohol (19:1, viv) were
added, and the mixture was briefly agitated and
centrifoged (3,7003, 10 min, 20°C). The aqueous
phase was then transferred into a new tube, reex--
tracted with the phenol/chloroform/fisoamyl alcohol
mixture, and centrifuged. The supernatant was care-
fully discarded, the pellet was re-dissolved in a small
volume of water treated with diethyl pyrocarbonate,
and an equal volume of 8 M LiCl was added. The
peliet was stored at 4°C for 24 h, centrifuged, and the
supernatant was carefully discarded. The pellet was
washed twice with 70% ethancl, centrifuged briefly,
and the supernatant was discarded. The pellet was
then dried and resuspended in a small volume of
water treated with diethyl pyrocarbonate, To deter-
mine the RNA concentration, the OD260 was
measured. A solution of RNA whose OD260 =1
contains approximately 40 pg ml™'.
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Fig. 2 The effect of 10~ to 10™> M IM on the cell number of
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Fig. 3 The effect of 107 to 107> M IM on the dry mass of
Chiorella vulgaris compargd to the control culture (0). Mean
valnies £ 8D, n=6 ’

synthesis in C. vulgaris was performed (Figs. 4, 5).
The obtained data showed that DNA level in IM-
treated algal cells increased within the range of 44—
48% between the 5th and 7th day of culture. Addition
of 107" M IM affected also higher by 52-60%
accumitlation of RNA above the conirol culture on
the 5th and 7th day of the experiment. '
Water-soluble proteins synthesis, their profile and
secretion in response to 107% to 1077 M IM was
examined (Figs. 6-8). IM at extremely inhibitory
dose on plant growth (107> M) affected reduction of
more than 20% in protein content. By contrast, lower
concentrations of IM demonstrated stimulating influ-
ence on the protein preduction. The highest increase
in the water-soluble protein content to 43% over the
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Fig. 4 The content of DNA in Chlorella vulgaris cells under
the influence of 1077 M IM compared to the control. Mean
values = SD, n =4
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Fig. 5 The content of RNA in Chlorella vulgaris cells under
the influence of 107’ M IM compared to the control. Mean
values 4= SD,n=4

control was shown on the 5th day of the experiment
as a result of 1077 M TM application. Because
107" M IM induced maximal protein production in
algal cells on the 5th day of culture, SDS-PAGE of
total proteins was performed. Five-day-old C. vulga-
ris cells grown with the presence of 107 M IM
accumulated approximately 24 polypeptides with

. molecular weight from 16 to 139 kDa in relation to

the contral (about 6 with Mr 16-56 kI}a)., Approx-
imately 18 abundant polypeptides bands with
molecular masses 20-139 kDa seemed to be specific
response to IM treatment because they weren’t
detected in the control, Furthermore, polypeptide
profiles of total cellular proteins showed significant
concentrations of polypeptide bands with Mr 16, 20,
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Fig. 10 The content of organic phosphates in Chlorella
vulgaris cells under the influence of 107° to 107 M ™™
compared to the control (0). Mean values & 8D, n =6

inorganic phosphates and on the 5th day in refation to
organic phosphates in response to 1077 M IM. The
application of 107> M IM to cultured C. vulgaris cells

had a negative effect on phdsphorus putrition and

resulted in 10-20% decrease in organic and inorganic
phosphates content from the 3rd day of the experiment.

Photosynthesis enhancement is an often observed
feature in plant cells in response to auxins. For this
reason changes in the production of liigments
involved in photosynthesis were tested under the
influence of 1072 to 107> M IM (Figs. 11-13). The
highest dose of IM (1077 M) contributed to
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Fig. 12 The content of carotenoids in Chlorella vulgaris cells
under the influence of 107% to 107> M IM compa.red to the
control (0). Mean values £ SD, n =6

significant reduction by about 30% of chiorophyll «,
15% chlorophyll b, 40% carotenoids and 10% both
phaeophytin ¢ and b accumulation in relation to the
control. On the other hand, cultivation of algae with
the most active conceatration of M (10""7 M) cansed
more than 90% increase in chlorophylls content and
70% in carotenoids level as well as great 70-140%
increase in phaecophytins amounts in C. vulgaris
cells. Photosynthetic oxygen evolution in algal cell
suspension measured under the influence of the most
active concentration 107’ M IM displayed close
correlation with the enhanced photosynthetic pigment
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Phytotoxic activity of the highest dose of IM
(107> M) in C. vulgaris may be explained by IM-
induced biosynthesis, conjugation and degradation
which allow plant cells to maintain precise homeo-
static regulation of intracellular auxin level, There are
few smdies which investigated the absorption and
metabolism of exogenous auxins by green algae.
Experiments performed on Caulerpa paspaloides
~ revealed the presence of dioxindole-3-acetic acid,

which in several plant species is known as the JAA
catabolite produced via oxidation pathways (Jacobs
1993). Another data obtained from Nitella showed
that exogenous IAA was predominantly converted
mto degradation products and other inactive metab-
olites (Cooke et al. 2002). Additionally Dibb-Fuller
and Morris (1992) showed that Chlorella pyrenovid-
osa cell can uptake [AA from external solution and
then metabolise it into inactive molecule. This TAA
uptake was strongly dependent on pH of the mediom
and increased sevenfold when pH decreased from 6.0
to 4.5. Based on available data it can be assumed that
C. vulgaris probably must primarily regulate free
auxin levels via balance between the biosynthesis of
new auxin molecules and degradation of the existing
or introduced auxin analogues e.g. IM. This interpre-
tation is supported by the observation that TAA is
syntbesised endogenously by Chlorella pyrenoidosa
and Scenedesmus armatus and released to the

medium influencing the growth and metabolism of -

other algal cells in the culture (Mazur et al. 2001).

In addition to the above presented Tacts, Grossiznn
(2000) proposed that both natiral and synthetic auxins
added upon larger amotints induced the phytohormone
ethylene, which in tum triggered the biosynthesis of
another plant hormone abscisic acid (ABA). This
model proposed that auxins at high concentrations
increase the activity of 1l-aminocyclopropane-1-car-
boxylic acid (ACC) synthase, the key regulatory
enzyme in ethylene biosynthesis. For example com
coleoptiles treated with NAA and 2,4-D produced a
significant amount of ethylene finally leading to
suppression of elongation and photosynthetic pigments
degradation (Sunohara and Matsumoto 1997),

The analysis of dose—effect relationships indicated
that IM at the concentration range of 1075 to 107 M
had a stimulating effect on algal growth expressed as
cell number and dry mass as well as changes in
chemrical components’ levels. Particularly, 1077 M

IM possesses the most promative infitence on cell
division, algal viability and anabolism of C. vulgaris.
The most characteristic responses elicited by

- natural and syathetic auxins comprise the stimulation

of cell division in higher plants and algae (Stirk and
Van Staden 1997). This paper provides evidence that
IM, synthetic analogue of TAA, might also have been
engaged in the mitosis induction of unicellular green
alga. Synchronous culture of C. vulgaris showed a
significant increase in cell mumber and dry weight in
response to optimal dose of IM (10~7 M) on the 5th
day of cultivation. Our results confirm the data
obtained in experiments performed on Caulerpa
prolifera (Chlorophyta) when natural auxin IAA at
1 pmol dm™ affected the optimal growth stimulation
(Jacobs 1993). Moreover, adding IAA to microalgae
Scenedesmus obliquus and Scenedesmus armatus
colture resutted in the stimulation of cell division,
growth and formation of four-celled rather than two-
celled colonies (Mazur et al. 2001).

1t is known well that auxin-induced growth involves
specific changes in gene expression. An exposure of an
algal cell to exogeriots IM induces the nucleic actd
accurmulation. It could have been speculated that an
increase in DNA level up to 48% per cell undergoes
during asynchronous initiation of DNA synthesis arid
subsequient nuclear division. Probably C, vulgaris in
response to IM can form cells. with three and six
avtospores in addition to the expected two and four
leading to an increase in cell number in the cultire
(Mandalam and Palsson 1997). Higher total RNA
accumulation in C. vulgaris cells in response to IM is
also consistent with observations that auxin application
to whole plants, excised organs or cell cultures leads to
a rapid increase in levels of numercus mRNAs
(Raghavan et al. 2006). In vitro transcription studies
with isolated nuclei showed that accumulation of those
mRNA species was due to enhanced transcription rates
and 2.4-D-dependent stimulation of RNA polymerase
IT activity (Mennes et al. 1992).

An increase in the level of nucleic acids often
contributes significantly to the support of protein
synthesis, thus C. vulgaris cells treated with 1077 M
IM confain and excrete to the environment about
20-43% more water soluble proteins. The obtained
restifs are in agreement with the previous data indicat-
ing that natural (TAA) and syathetic auxins such as [LA
(indole-3-lactic acid) and TBA. (indole-3-butyric acid)
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binding site: a planar aromatic ring-binding platform,
a carboxylic acid-binding site, and a hydrophobic
ransition region that separates the two binding sites.
Thanks to these properties IM could have been
probably regarded in the future as plant growth
promoting substance intensively involved in the
metabolism and development of green microalgae,
one of the important species in freshwater ecosystems
responsible for primary production. However, further
studies are necessary in order to validate this
hypothesis.
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