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Abstract

In this laboratory bioassay, crude aqueous extract of Spirulina platensis
(Nordst) Geitl. was extracted with 90% aqueous ethanol and 80%
aqueous ethanol to achieve three subfractions, green powder (F1), pale-
green powder (F2) and deep-blue powder (F3). Each of these
Spirulina platensis; subfractions was evaluated for allelopathic activity on Chinese
amaranth (Amaranthus tricolor L.) and barnyardgrass (Echinochloa
crus-galli (L.) Beauv.). The plant seeds were germinated in vials with
three subfractions (250-2000 mg/l concentrations) and distilled water
aqueous extract was used as a negative control. The results indicated that subfraction
F3 had the highest inhibitory effect on both of the tested plants. All
subfractions had an absorbance ratio (A620/A280) lower than the
original aqueous extract, suggesting that a denaturation event of the C-
phycocyanin (C-PC) component had occurred during the extraction
process. After heating a commercial C-PC solution at 90°C for 3 h, the
absorbance ratio changed to 0.46, and likewise allelopathic assay
revealed that the decolorized C-PC solution retained its allelopathic
potential on the tested plants. To confirm these findings, S. platensis
powder was extracted with distilled water at 90°C for 3 h and tested for
its allelopathic potential using standard Petri dish assay at
concentrations of 0.625-5%. The results showed that the hot aqueous
extract had an absorbance ratio of 0.38, and its allelopathic activities
were similar to those of the aqueous extract. Furthermore, it was found
that although C-PC in aqueous extractions denatured, it still retained its
allelopathic potential on the tested plants.
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1. Introduction

Weeds are major problem in crop production worldwide and the main weed control method used is
chemical control. Although this method is the most common, the prolonged use of synthetic
chemicals has resulted in weeds becoming more resistant to herbicides. Moreover, these herbicides
can be toxic to humans and harmful to the environment. Allelopathy is defined as the direct or
indirect detrimental or beneficial effects of one plant (including microorganisms) on the
germination, growth, or development of other plants through the production of chemicals
(allelochemicals) that are released into the environment [1, 2]. This effect plays a significant role in
agroecosystems as it modulates the quality and quantity of produce and commercially important
crops [3, 4]. Such effects have been applied in agricultural science in areas such as weed
management, and continue to be attractive candidates for crop control since they are naturally
occurring and are considered as environmentally friendly. Moreover, allelochemicals are renewable
and easily degradable. Not only has the allelopathic effect been recognized in terrestrial plants, it
has also been seen in microorganisms, such as algae [5-7]. Previously, some cyanobacteria were
reported to have harmful effects on the germination and growth of other species. For example,
Nostoc 31 showed allelopathic activity against cyanobacteria Anabaena 7120 [8]. The
photosynthetic cyanobacterium Spirulina platensis displays many biological activities including
antioxidant, anti-inflammatory, and anticancer effects. It is often used to produce biologically active
food additives and to treat certain diseases [9-11]. Our preliminary study revealed that an aqueous
extract of S. platensis was able to affect seed germination and seedling growth of tested plants. We
further studied the allelopathic effect of biologically active protein pigment, C-phycocyanin (C-PC),
which is the major component of the S. platensis aqueous extract. Our results showed that C-PC was
able to significantly inhibit properties of the tested plants [12]. In order to better understand this
inhibitory phenomenon and specifically determine the active fraction and its components, a series
of extraction were made from the crude aqueous extracts and the allelopathic effects of the hot
aqueous extract and degraded C-PC were investigated.

2. Materials and Methods
2.1 Reagents and tested plants

Dried biomass Spirulina platensis was obtained from the Faculty of Agricultural Technology, King
Mongkut’s Institute of Technology Ladkrabang (KMITL). Algal cultures were grown in Zarrouk
medium [13] and maintained in a 0.03% CO, atmosphere at 25°C and pH 10.5. The cultivation
flasks were illuminated under 400 pumolm?s' light intensity. Cells were harvested at the late
exponential phase by centrifugation and dried in an oven at 40°C. Analytical grade C-phycocyanin
was purchased from Sigma-Aldrich, (Saint Louis, MO, USA). All other chemicals used were of
reagent grade. The seeds for barnyardgrass (Echinochloa crus-galli (L.) Beauv.) were randomly
collected from rice fields in Phisanulok Province, Thailand in August 2018, and Chinese amaranth
(Amaranthus tricolor L.) was purchased from Thai Seed & Agriculture Co., Ltd. company,
Bangkok, Thailand. The germination rate of the test seeds was > 80%.

2.2 Preparation of subfractions of S. platensis aqueous extracts
Dried S. platensis (5 g) was soaked in 95 ml of distilled water in a 125 ml Erlenmeyer flask with

stirring for 10 min at room temperature. The flask was sealed with Parafilm and stored in a
refrigerator at 4°C for 24 h. Afterwards, the mixture was centrifuged at 5000 rpm for 20 min to
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obtain 5% w/v of aqueous extract. Fifty milliliters of the extract were dehydrated under a vacuum
(Freeze Dryer and AdVantage data center wizard 2.0, Virtis, NY, USA) to obtain a blue-green
powder. Next, extraction with 90% (v/v) aqueous ethanol was performed on the powder, and the
resulting extract was centrifuged at 5000 rpm for 20 min, and a green supernatant and a blue
precipitate were obtained. A further extraction with 80% (v/v) aqueous ethanol was performed on
the blue precipitate, and this extract was centrifuged as described in the previous experiment, giving
a blue precipitate and a light-green supernatant. The green and the light-green supernatants were
then evaporated to dryness using a rotary vacuum evaporator at 40°C. A green powder (F1), a pale-
green powder (F2), and a blue precipitate were obtained [14]. The deep-blue precipitate was dried
under N (g) flow to yield a deep-blue powder (F3). The extraction procedure is shown in Figure 1.
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2.3 Effect of subfractions of S. platensis aqueous extracts

Twenty milligrams of each subfraction were dissolved with distilled water in a 10 ml volumetric
flask to make 2000 mg/I stock solution, and then each stock solution was measured for its UV-VIS
absorption spectra and C-PC (mg/ml) was calculated as described below. The stock solutions were
diluted to give final concentrations of 2000, 1000, 500, and 250 mg/1, respectively. Each subfraction
was studied for its allelopathic activity. Five hundred microliters of each concentration were added
to a glass vial (size 4.5 (height) x 2 (diameter) cm) containing germination paper, and then 10 seeds
of the plant to be tested were placed on the germination paper. Controls received only distilled water
(0.5 ml/vial). The treatments were carried out in quadruplicate in a completely randomized design.
All vials were covered and placed at room temperature (32°C by day and 28°C by night) and under
natural light conditions (6.00-18.00 h). After seven days, germination (%) and shoot and root length
were recorded. Inhibition (%) relative to control, was calculated as:

Inhibition (% of control) = {100- [(Sample extracts/Control) x100]}
2.4 Effect of denatured C-phycocyanin

Ten milligrams of C-PC were dissolved with distilled water in a 10 ml volumetric flask and sealed
with Parafilm. The solution was heated in a hot bath at 90°C for 3 h to obtain 1000 mg/l stock
solution of denatured C-PC. The stock solution was allowed to cool to room temperature, the UV-
VIS absorption spectra were measured and the concentration of C-PC (mg/ml) was calculated as
described below. Afterwards, the denatured C-PC stock solution was diluted with distilled water to
give the final concentrations of 1000, 500, 250, 125 and 62.5 mg/l, respectively. The denatured C-
PC was evaluated for its allelopathic activity under similar conditions to those described above.

2.5 Preparation of S. platensis hot aqueous extract

The hot aqueous extract was prepared as an aqueous extract but in a hot bath with stirring at 90°C
for 3 h. Afterwards, the mixture was centrifuged at 5000 rpm for 20 min, and the green supernatant
(5% w/v stock solution) was diluted appropriately with distilled water to obtain the final
concentrations of 5, 2.5, 1.25 and 0.625%, respectively. The remaining cell debris was discarded.
The stock solution was diluted fifty-fold to prevent reabsorption effects. The purity of C-PC in the
stock solution was determined from the UV-VIS absorption spectra and calculated as mg/ml.

2.6 Effect of hot aqueous extract

Five milliliters of each concentration of hot aqueous extract were added to a Petri dish (9.5 cm in
diameter) containing germination paper followed by 20 seeds of tested plants. Growth occurred over
seven days. Bioassay procedures and conditions were conducted under similar conditions as
described above.

2.7 Spectroscopic measurements

All UV-VIS absorption spectra were recorded on a UV-VIS spectrometer (Thermo Electron,
England) with a 1 cm path length. The ratio of Ag/A2so indicates the purity of C-PC, wherein Ao
is the maximum absorbance of C-PC and Ajso is the absorbance of total protein [15]. C-PC
concentration in each solution was calculated as [16]:

Concentration of C-PC (mg/ml) = [Ae20-(0.474xA6s2)]/5.34
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2.8 Statistical analysis

Differences in the percentages of seed germination and root and shoot lengths were assessed by
analysis of variance statistical methods. Comparisons between treatments were made at p<0.05
probability level using Duncan’s Multiple Range Test (DMRT).

3. Results and Discussion

The aqueous extract was dehydrated using a freeze-dryer to obtain a blue-green powder. One gram
of the blue-green powder was fractionated by extraction with 90% (v/v) aqueous ethanol to obtain
three subfractions, a green powder F1 (445.9 mg, 44.59%), a pale-green powder F2 (105 mg,
10.50%), and a deep-blue powder F3 (416.5 mg, 41.65%), respectively. Based on the UV-VIS
spectra, the purity of C-PC for each subfraction was determined at Asxo/A2so While a solution of
commercial C-PC was used as the control. The results from Table 1 and Figure 2 indicated that all
subfractions had a lower ratio than the aqueous extract. The deep-blue precipitate fraction (F3)
showed an absorption band at 620 nm which represented the C-PC component. A high absorbance
around 280 nm indicated that F3 had a higher protein content than did F2 and F1 [15, 17, 18]. As
for the green powder (F1), a small absorbance band at 678 nm was found and it could be explained
as a minor component of chlorophyll existed in the green powder [19].

As shown in Table 2, the results from the allelopathic assays indicated that subfractions F2 and
F3 at concentration of 2000 mg/l were able to inhibit the germination of Chinese amaranth whereas
subfraction F1 had no effect. For seedling growth, all subfractions at concentration of 2000 mg/1
suppressed shoot length and at concentrations of 1000-2000 mg/l inhibited root length. The
subfraction F3 had the highest inhibitory effect on the shoot and root growth of Chinese amaranth
by 56.08 and 77.24%, respectively. In contrast, subfraction F2 at concentrations of 250-500 mg/1
and subfraction F1 at concentration of 500 mg/l promoted root length. For barnyardgrass, none of
the subfractions F1-F3 had any effect on seed germination. Subfractions F1 at concentration of
2000 mg/l, F2 at concentrations of 500-2000 mg/l, and F3 at concentrations of 250-2000 mg/1
reduced shoot length of the plant. In particular, subfraction F3 at concentration of 2000 mg/l
exhibited the highest inhibitory effect on shoot length by 52.82%. In terms of root growth, at
concentration of 2000 mg/1, all subfractions inhibited root development. The highest effect was seen
with subfraction F3 that inhibited root length by 69.65%. Subfractions F1 (at 250-1000 mg/l) and
F2 (at 250-500 mg/l) promoted root length but other concentrations had no effect (Table 2). These
results clearly indicated that the allelopathic effects of S. platensis extracts depended on its applied
concentrations. At high concentrations, these extracts had a high inhibitory effect while at low
concentration, they had a slight promotion effect [12].

Table 1. Absorbance, purity and concentrations of C-PC

Purity
Samples Azso As20 (As20/A280) C-PC (mg/ml)
Aqueous extract (5%) 1:50 dilution 0.118 0.138 1.169 0.020
Hot aqueous extract (5%) 1:50 dilution 0.165 0.063 0.381 0.007
F1 (2000 mg/1) 0.249  0.052 0.209 0.005
F2 (2000 mg/1) 0.266 0.086 0.323 0.009
F3 (2000 mg/1) 0.552  0.357 0.647 0.040
C-PC (1000 mg/1) 0.110 0.468 4.254 0.076
Denatured C-PC (1000 mg/1) 0.127  0.059 0.464 0.007
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Figure 2. UV-VIS spectra of subfractions F1-F3

The results listed in Table 2 demonstrated that the deep-blue precipitate subfraction (F3),
which also exhibited the highest constituency of C-PC, had the strongest allelopathic effect on tested
plants. From experimental observations, it appeared that the color of the three subfractions was
different mainly in paleness when compare to the aqueous extract. All subfractions of C-PC had
purity ratio lower than that of the aqueous extract. It should be noted that C-PC might have become
denatured during the extraction processes. This assumption would seem to be in agreement with the
conclusions of Pasco et al. [20], who described the de-coloration of C-PC when it was dissolved in
organic solvents such as aqueous ethanol. Other noted that aqueous extraction at temperature
exceeding 40°C would undoubtedly cause C-PC to destabilize [19]. Furthermore, if the C-PC had
completely denatured, it should have precipitated out of solution. The results from this experiment
supported that the denatured component, decolorize C-PC, can play an allelopathic role.

The purity of the C-PC aqueous solution (pH = 7) was evaluated according to the purity
ratio, Ae20/A2s0. The results indicated that after heating the C-PC solution at 90°C for 3 h the
absorbance ratio was reduced from 4.254 to 0.464 (Table 1). The absorbance peak at 620 nm was
lower and at 280 nm was higher (Figure 3), and the color had changed from deep blue to colorless.
These findings suggested that the C-PC had become denatured under these conditions. In agreement
with several previous reports by others, the effects of pH and temperature appeared to result in the
degradation or denaturation of the aqueous C-PC extract [18-19, 21-23]. Our results indicated that
when the temperature was high, denaturation increased. These results showed that for
phycobiliprotein, denaturation and pH were inversely proportional. The denaturation of
phycobiliprotein is known to be accompanied by a large loss of visible absorption caused by a
change in the chromophores from a linear to a cyclic conformation. An extract that is gradually
denaturing presents a visual color change from deep-blue to light-blue and finally to colorless,
depending on the heating temperature and time length. Moreover, the absorption peak at 620 nm is
known to decrease at the same time that increases occur at 280 nm and 370 nm increased [17-20,
23-25].

The results listed in Table 3 indicated that denatured C-PC had no effect on the seed
germination of tested plants but exerted a high inhibitory activity on the growth of Chinese amaranth
seedlings. It also showed a small inhibitory effect on branyardgrass growth. Denatured C-PC and
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Table 2. Allelopathic effects of subfractions F1-F3 on seed germination and seedling growth of

Chinese amaranth and barnyardgrass

% Inhibition on Chinese
amaranth % Inhibition on barnyardgrass
Concentrations Seed Shoot Root Seed Shoot Root
(mg/l) germination length length germination length length
control 0° (i ot 0? oh 0°
F1-250 -2.63¢ 1.58¢ 5.26% 0 -3.741 -16.25¢¢
F1-500 2.63% -6.98¢ -12.54) 0 -0.29" -18.081
F1-1000 2.63% 2.03¢ 16.56¢ 0 -0.69" -9.95¢
F1-2000 7.90% 11.934¢ 39.32¢ 2.70° 18.53¢ 18.41°
F2-250 0° -21.40t -6.50! 0 -1.38M -21.06'%
F2-500 5.26% -8.33¢ 4.18°¢ 0 16.86° -24.71#
F2-1000 2.63b 0.45% 6.50¢ 0 25.95¢ -2.65¢
F2-2000 13.16° 34.91° 55.73° 0 40.16° 25.54°
F3-250 0° -4.95%¢ -3.41M 2.70* 4.60¢ -5.97¢
F3-500 0° -6.98'¢ -0.93¢h 0 8.17¢ 0°
F3-1000 2.63b -5.86%¢ 18.42¢ 2.70° 31.82¢ -4.48¢d
F3-2000 502 56.08% 77.24% 8.11° 52.82% 69.65*

Note: Mean values presented in each column followed by the same superscript letters indicate no
significant different at p<0.05.

Absorbance

0.6 — C-PC
— Denatured C-PC
0.4 -
0.2
0 T \ \ \ \ \ ; !

260 320 380 440 S00 560 620 680 740 800

Wavelength (nm)

Figure 3. UV-VIS spectra of C-PC and denatured C-PC
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Table 3. Allelopathic effects of denatured C-PC on seed germination and seedling growth of
Chinese amaranth and barnyardgrass

% Inhibition on Chinese amaranth | % Inhibition on barnyardgrass
Concentrations Seed Shoot Root Seed Shoot Root
(ppm) germination length length germination length length
control 02 0° 0° 0? 0P 0°
62.5 0? 0.75¢ 2.29¢ 0? -0.59° -2.33¢
125 0? 1.50¢ 32.80¢ -2.78¢% -1.18° -3.26°¢
250 2.63* 2.81¢ 38.42¢ 0? -1.45° -2.64¢
500 0? 10.86° 43.23° 2.78* 0.054° 6.37°
1000 2.63* 26.40° 75.69% 2.78* 10.75% 27.02°

Note: Mean values presented in each column followed by the same superscript letters indicate no
significant different at p<0.05.

C-PC [12] solutions exhibited inhibitory effects on the seedling growth of both Chinese amaranth
and barnyardgrass. The denatured C-PC had an inhibitory effect on the shoot lengths of Chinese
amaranth but the effect was not as robust as seen with the C-PC solution. Except at the concentration
of 62.5 mg/l, all the applied concentrations of the denatured C-PC inhibited root length of Chinese
amaranth to an extent that was similar to C-PC at concentrations of 125-1000 mg/I. These results
indicated that denaturation of C-PC only slightly affected its allelopathic capabilities. In order to
confirm this result, the allelopathic effect of hot aqueous extract from S. platensis was investigated.

The results listed in Table 4 and Figure 4 indicated that all the applied concentrations of
hot aqueous extract from S. platensis were able to exert an allelopathic effect on seed germination
and seedling growth of Chinese amaranth, and the extract was completely inhibitory at the
concentration of 1.25%. Similar to the results obtained with denatured C-PC and C-PC, the hot
aqueous extract exhibited a weakened inhibitory effect on the shoots of Chinese amaranth compared
to aqueous extract [12].

Table 4. Allelopathic effects of hot aqueous extract on seed germination and seedling growth of
Chinese amaranth and barnyardgrass

% Inhibition on Chinese amaranth % Inhibition on barnyardgrass

Concentrations Seed Shoot Root Seed Shoot Root

(% wiv) germination length length germination length length
control 0° 0° 0° 0° 0° 04
0.625 13.75° 17.37° 46.11° 0° -6.834 10.79¢
1.25 100? 100? 100* 23.19° 20.89° 53.31°
2.5 100? 100* 100* 97.10° 96.61* 100?
5 100? 100* 100* 100* 100? 100?

Note: Mean values presented in each column followed by the same superscript letters indicate no
significant different at p<0.05.
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5 2.5 1.25 0.625 control

Figure 4. Allelopathic effects of hot aqueous extract on barnyardgrass

For barnyardgrass, the hot aqueous extract at concentration of 0.625% did not show an
inhibitory effect on seed germination whereas the extract promoted shoot length and inhibited root
length. Moreover, the hot extract at concentration of 1.25% inhibited seed germination and the
growth of seedling and completely inhibited seed germination at concentration of 5%. The roots of
tested plants were the most affected tissue and their growth was completely inhibited at
concentration of 2.5%.

Hot aqueous extract had an Asx/Azso purity ratio of 0.38 and showed a very small
absorbance band at 620 nm (Figure 5). This extract was then used to determine the concentration of
C-PC and it was found that the concentration was reduced from 0.020 to 0.007 mg/ml (Table 1). It
should be noted that denatured C-PC was verified as being present in this solution. This result was
in agreement with previous studies found that the denatured C-PC can play an allelopathic role.
These results are still doubtful though because the allelopathic effects of denatured C-PC may
depend on its concentration in each extract. It is possible that the hot aqueous extraction may yield
more crude extract than the aqueous extraction performed at room temperature. Here, our aqueous
extract and hot aqueous extract were dehydrated to dryness and used to calculate the amount of
crude extract in each solution. The results clearly showed that both solutions had very similar
concentrations (107.20 mg/ 3 ml of 5% stock aqueous extract ~ 35,733.33 mg/l and 106 mg/3 ml of
5% stock hot aqueous extract ~ 35,333.33 mg/1).

0.4
0.35 - — Aqueous extract

03 - — Hot aqueous extract
0.25

0.2
0.15
0.1
0.05 -
0 T T T T T T T T 1
260 320 380 440 500 560 620 680 740 800

Absorbance

Wavelength (nm)

Figure 5. Absorption spectra of aqueous extract and hot aqueous extract

The finding in this experiment indicated that the denatured C-PC showed allelopathic
activity on tested plants. These results were in agreement with several research studies previously
performed to determine the allelopathic activity of degraded compounds. A good example is DIBOA
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(2,4-dihydroxy-1,4-benzoxazin-3-one), an allelochemical with phototoxicity activity produced from
many commercially important cultivates including wheat, maize and rice. The degradation of this
compound in soil by fungi or bacteria yields a wide variety of compounds such as 2-bezoxazolinone
(BOA), 2-aminophenol (APH), 2-amino-(3H)-phenoxazin-3-one (APO), and 2-acetylamino-(3H)-
phenoxazin-3-one (AAPO). In particular, APO has shown excellent allelopathic effect when tested
by others on plants [26-31]. In addition, 2-(2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one)-f3-D-
gluco pyranose (DIMBOA-Glc) is an allelochemical from wheat seedling which is stored in
vacuoles. When this compound is leached from the roots to the soil, (DIMBOA-GIc) is transformed
to its aglycone 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA) and then into 6-
methoxy-benzoxazolin-2-one (MBOA). It has been reported that DIMBOA and MBOA are the
dominant allelochemicals in wheat-weed allelopathic actions [32, 33]. Zhou et al. [23] investigated
the antioxidant activity of C-PC and found that the ability of scavenging hydroxyl radicals greatly
increased when this compound was denatured. They concluded that the phycobilin moiety was the
main portion of C-PC involved in scavenging hydroxyl radicals. Taken together with our
experimental results, it may be considered that denatured C-PC has a less robust allelopathic role;
however, the exact mechanism by which the allelopathic activity of the denatured compound is
meditated remains unknown.

4. Conclusions

In this study, the allelopathic activities of subfractions of aqueous extract, hot aqueous extract and
denatured C-PC from S. platensis were evaluated against the dicotyledon, Chinese amaranth, and
the monocotyledon, barnyardgrass. The results indicated that the inhibitory activity depended on the
extract fraction and applied concentrations. Subfraction (F3), with the highest C-PC content, had
the highest inhibitory effect on the tested plants compared to other fractions (F1 and F2). The
inhibitory activity of the extracts increased when the applied concentrations increased. The hot
aqueous extract exhibited the strongest overall inhibitory effect on the tested plant species.
Denatured C-PC exerted a higher inhibitory effect on Chinese amaranth than it did on barnyardgrass.
These effects were similar to that of the aqueous extract and C-PC.
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