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Abstract This study investigates the inhibitory effects of thalli and their extracts of the 
macroalga Turbinaria ornata on the germination of dinoflagellate cysts, previously isolated 
from Red Sea surface sediments . The experiments were conducted on cysts of five harmful 
dinoflagellate species including Alexandrium catenella, Cochlodinium polykrikos , Dinophysis 
accuminata, Prorocentrum cordatum and Scrippsiella trochoidea . The results showed neither 
macroalgal thalli nor their extracts had direct impact on the cyst germination of all species. 
Instead, these macroalgal materials remarkably affected the germling viability and culturabil- 
ity of progeny cells of these cysts. Dry macroalgal thalli exhibited stronger inhibitory effects 
on germling viability and cell culturability (IC 50 = 0.235—0.543, 0.385—1.43 mg mL −1 , respec- 
tively) than fresh thalli (IC 50 = 2.201—4.716, 2.17—7.18 mg mL −1 , respectively). The macroalgal 
ethanol extract was approximately 2-5 times more effective (IC 50 = 0.012—0.047 and 0.024—
0.089 mg mL −1 , respectively) than aqueous extract (IC 50 = 0.04—0.1 and 0.054—0.207 mg mL −1 , 
respectively) against the germling viability and vegetative progeny cells of all cyst species. 
Among different species, A. catenella and C. polykrikos germlings were more sensitive to 
macroalgal thalli and their extracts than those of S. trochoidea , P. cordatum and D. acuminata . 
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Meanwhile, progeny cells of A. catenella exhibited the highest sensitivity to all macroalgal ma- 
terials. Our results suggest that the use of T. ornata may be a promising strategy for inhibiting 
the division of progeny cells of dinoflagellate cysts and impairing the recurrence of HABs in 
confined coastal areas. 
© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

inoflagellates are one of the phytoplankton groups that 
ontribute to primary production in marine and freshwater 
nvironments ( Bravo and Figueroa, 2014 ). However, many 
pecies can form harmful algal blooms (HABs) and produce 
oxins that represent a threat to aquaculture, fisheries and 
ublic health ( Lewitus et al., 2012 ; Mohamed and Mosaad, 
007 ; Mohamed and Al-Shehri, 2012 ; Mohamed, 2018 ). The 
ife cycle of many dinoflagellates encompasses an asexual 
egetative phase, which reproduces by binary fission, and 
 sexual phase reproducing by fusion of haploid gametes 
 Pfiester and Anderson, 1987 ). The zygote may return to 
he vegetative stage or transform into a resting cyst, which 
inks into sea bottom to sustain unfavorable conditions and 
emains viable in sediments for about 5—10 years ( Anderson 
t al., 1995 ; Figueroa et al., 2007 ) or longer (up to 1 00
ears) for cysts of some Alexandrium species ( Miyazono et 
l., 2012 ). Upon the return of favorable conditions, these 
ysts can germinate and re-establish plankton cells that re- 
roduce and form algal blooms in the sea water ( Sun et al., 
007 ). Generally, cyst germination is regulated by exter- 
al factors such as temperature, light, oxygen levels, and 
y physiological traits e.g., the dormancy period ( Kremp et 
l., 2001 ). Dinoflagellate cysts thus constitute a seed source 
i.e., initial inoculum) of plankton populations ( Sun et al., 
007 ) and reflect the bloom location in subsequent sea- 
ons ( Anderson et al., 2014 ). Climate change and warming 
ould also enhance the germination of dinoflagellate cysts 

 Brosnahan et al., 2020 ). Therefore, the inhibition of cyst 
ermination would restrict the development of extensive 
oastal blooms. Although several studies have reported the 
nhibitory properties of macroalgae on the growth of motile 
egetative cells of HAB species through the release of algi- 
idal allelochemicals ( Ben Gharbia et al., 2017 ; Jin et al., 
003 ; Wang et al., 2007 ), no study has been made on the in-
ibitory effects of macroalgae on the cyst germination of di- 
oflagellate species. Therefore, the novelty of our study lies 
n the investigation of potential impact of macroalgae on 
arly development stages (i.e., cyst germination, germling 
iability and culturability of progeny cells) of harmful di- 
oflagellates. 

Turbinaria ornata is one of the most conspicuous 
acroalgal species that grows along the Red Sea coasts of 
audi Arabia. T. ornata has been reported to exhibit an- 
ifouling activities, particularly against microalgae ( Salama 
t al., 2018 ). Therefore, our study aimed to assess the 
bility of this macroalga to inhibit the cyst germination 
nd progeny cells of different dinoflagellate cysts collected 
rom the same location, to be used as environmentally be- 
ign bioagent of controlling HABs formation. 
64 
. Material and methods 

.1. Macroalgae and dinoflagellate cysts 

urbinaria ornata (Turner) J. Agardh used for this study 
as collected from Al-Shouqyq region on the east coast of 
he Red Sea in Saudi Arabia (19 °65 ́N, 42 °18 ́E), and identi-
ed according to Guiry and Guiry (2011) . The algal speci- 
ens were extensively rinsed with sterile filtered (0.2 μm) 
eawater and rubbed with a fine brush to remove debris 
nd epiphytes. Thereafter, macroalgal thalli were treated 
ith a mixture of 30% ethanol and 1% sodium hypochlorite 
or 10 min to kill and eliminate attached bacteria and mi- 
roalgae without damaging algal cells ( Kientz et al 2011 ). 
leaned macroalgal thalli were then dried in an oven at 
7 °C for 48 hours. Dried thalli were cut into small pieces, 
hen ground into a fine powder, and stored in darkness un- 
il further use. Germination experiments were carried out 
n cysts in re-suspended slurries of natural sediments, that 
ere previously collected from the Red Sea ( Mohamed and 
l-Sheri, 2011 ), and stored in 10 ml vials that were tightly 
ealed and wrapped with aluminum foil and kept at 4 °C to 
revent germination. The experiments were performed on 
ysts of five potentially toxic dinoflagellate species includ- 
ng A. catenella, C. polykrikos , S. trochoidea , P. cordatum, 
. acuminata ( Mohamed, 2018 ). 

.2. Inhibitory effects of fresh and dry thalli of T. 
rnata on cyst germination 

ifferent amounts of washed fresh thalli of T. ornata (1.0, 
.5, 5, 10 and 20 mg mL −1 ) were added to glass culture
ubes. Each tube was particularized for a single cyst species 
nd contained 100 cyst individuals and 10 ml sterile fil- 
ered sea water. For the effect of dry thalli, the dry pow- 
er was added at 0.1, 0.5, 1, 5, and 10 mg mL −1 to glass
ubes each containing 100 cysts of each species and 10 ml 
terile filtered sea water. Concentrations of fresh and dry 
halli used in our experiments were chosen based on con- 
entrations of other macroalgae used in previous studies 
Fresh thalli: 1—16 mg mL −1 ; Dry thalli: 0.15—2.4 mg mL −1 ) 
nd exhibited algicidal activity against harmful dinoflagel- 
ates ( Sun et al. 2016 ). However, the concentrations 20 mg 
resh thalli mL −1 and 10 mg dry thalli mL −1 were used to 
etermine the inhibition effect at higher concentrations. 
he tubes were incubated at 15 °C using a 12:12 h light:
ark cycle provided by cool white illumination tubes at 80 
mol m 

—2 s —1 . These germination conditions were earlier re- 
orted as the optimum for the germination of our dinoflagel- 
ate cysts ( Mohamed and Al-Shehri, 2011 ). Cysts were mon- 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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tored every 2 days for germination and growth for a max- 
mum of one month. After the time-course of germination, 
he tubes were shaken gently to loosen cyst deposits on 
he bottom and distribute flagellate cells and cysts evenly. 
hree 1-mL subsamples were then taken from each tube 
nd poured into a Sedgewick-Rafter chamber for counting 
ngerminated cysts by Zeiss light microscopy according to 
enovesi et al. (2009) . The percentage of cyst germina- 
ion was calculated by dividing the number of germinated 
ysts (initial number of cysts — number of ungerminated 
ysts) by the initial number of cysts and then multiplying the 
roduct by 100. Meanwhile, each germling cell was isolated 
y pipetting immediately after germination and inoculated 
nto a new 10 mL glass tube containing F/2 medium and 
he same concentration of macroalgal thalli or its extracts 
sed in each treatment. Tubes were then incubated at the 
ame conditions described above. After 7 days, the number 
f motile vegetative cells was determined in all tubes. The 
ercentage of viable germlings was estimated as the num- 
er of cells observed alive after excystment divided by total 
erminated cysts × 100. The percentage of culturable cells 
as expressed as the number of tubes with living motile 
ells divided by total viable germlings, and then multiplying 
he product by 100. 

.3. Inhibitory effects of T. ornata aqueous and 

thanolic extracts on cyst germination 

queous and ethanol extracts of T. ornata were prepared 
y grinding 5 g of dry thalli in sterile distilled water or 
5% ethanol, respectively. The slurry was left on a shaker 
t room temperature for 24 hours, and then centrifuged 
t 6000 rpm at 15 °C for 15 min. and the supernatant was 
ltered through 0.22 μm polycarbonate filter. The super- 
atant of ethanol extract was evaporated to remove the or- 
anic solvent and the aqueous phase was adjusted to a final 
oncentration of 10 mg mL −1 with sterile distilled water. 
queous and ethanol extracts of T. ornata were added at 
.01, 0.05, 0.1, 0.5, and 1 mg mL −1 to glass culture tubes, 
ach particularized for a single cyst species and contain- 
ng 100 cysts and 10 ml sterile filtered sea water. These ex- 
ract concentrations were selected based on concentrations 
f other macroalgae assessed in previous studies (0.01—0.96 
g mL −1 ) and showed strong inhibition against harmful mi- 
roalgae ( Sun et al., 2016 ). The tubes were incubated at 
he same conditions mentioned above in the experiments of 
ffects of fresh and dry thalli. Inhibitory effects of aque- 
us and ethanol extracts on cyst germination, germling vi- 
bility and progeny cells were assessed by the same meth- 
ds described above. In all experiments, tubes containing 
00 cysts and 10 ml sterile filtered sea water (i.e., with- 
ut macroalgal thalli or extract) were used as control. Each 
xperiment was run in triplicate. 

.4. GC-MS analysis of the macroalgal extract 

he GC-MS analysis was carried out for the ethanol ex- 
ract of T. ornata , as it showed the strongest inhibitory 
ctivity against germling and vegetative progeny cells of 
inoflagellate cysts. The GC-MS analysis was done using 

C-MS THERMO GC-TRACE ULTRA Version-5.0. The stan- p

65 
ard non-polar capillary column, with dimensions of 30 
 × 25 mm × 0.25 μm was used and the injection vol- 
me was one microliter. The extract was diluted in 
thanol and injected in the split mode. Helium was 
sed as a carrier gas with a flow rate of 1 ml min −1 .
he GC oven temperature was programmed from 80 °C 

o 260 °C at a rate of 5 °C min −1 . Chemical compounds
ere identified using spectrum database NIST 11 soft- 
are installed in GC-MS instrument. The relative % amount 
as calculated by matching its peak area to the total 
reas. 

.5. Statistical analysis 

ll data were expressed as mean ± standard deviation (SD). 
ata were analyzed using one-way analysis of variance 
ANOVA) followed by Tukey’s post-hoc test in order to assess 
he significant differences in cyst germination, germling and 
rogeny cells viability between control and treatments, and 
s well as among different species using the software SPSS 
version 16.0). Differences were considered to be significant 
t P < 0.05. Computations of median inhibitory concentra- 
ion (IC 50 ) of a data-set obtained from our study were per-
ormed using Finney’s method of probit analysis with SPSS 
omputer statistical software. The IC 50 value is derived by 
tting a regression equation arithmetically. 

. Results 

esults of the experiments of the inhibitory effects of 
he brown macroalga T. ornata on the percentages of 
yst germination, germling viability and progeny cells 
f five dinoflagellate species are presented in Figures 
—4 . The first germinated cysts were observed on day 
5 in both control and treatment groups. For all cyst 
pecies, the cyst germination percentage did not differ 
ignificantly between control and treatments (P > 0.05). 
owever, the addition of macroalgal materials to exper- 
mental tubes markedly influenced the germling viability 
i.e., number of viable germling cells observed alive after 
ermination) and their culturability (i.e., the ability of 
rogeny cells to divide and give rise to motile vegetative 
ells). These effects varied significantly (P < 0.05) be- 
ween macroalgal materials (i.e., fresh thalli, dry thalli, 
queous extract and ethanol extract) for a single cyst 
pecies. 

.1. Effects of fresh and dry macroalgal thalli on 

yst germination 

ncubation of dinoflagellate cysts with different amounts of 
resh macroalgal thalli suppressed the viability of germlings 
f all five cyst species used in this study. The percentage 
f viable germlings decreased (from 81% to 4%) with the in- 
rease of the amount of fresh algal thalli, and the viability 
f these germlings was completely lost at a concentration 
f 20 mg mL −1 for all cyst species ( Figure 1 A—E). Results
lso showed that lower concentrations (1, 2.5, 5 and 10 
g mL −1 ) of fresh algal thalli exhibited marked mortality in 
rogeny cells (i.e. culturability) of all cyst species, and all 
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Figure 1 Inhibitory effects of fresh thalli of Turbinaria ornata on cyst germination, and viability and culturability of germlings of 
HAB species cysts (A) Alexandrium catenella , (B) Scrippsiella trochoidea , (C) Cochlodinium polykrikos , (D) Prorocentrum cordatum , 
and (E) Dinophysis acuminata . Data points are means ±SD (n = 3). 

66 
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Figure 2 Inhibitory effects of dry thalli of Turbinaria ornata on cyst germination, and viability and culturability of germlings of 
HAB species cysts (A) Alexandrium catenella , (B) Scrippsiella trochoidea , (C) Cochlodinium polykrikos , (D) Prorocentrum cordatum , 
and (E) Dinophysis acuminata . Data points are means ±SD (n = 3). 
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rogeny cells had died at the highest inoculation mass (20 
g mL −1 ) of fresh thalli ( Figure 1 A—E). The dried macroalgal 
halli also had inhibitory effects on viable germlings of dif- 
erent cyst species, but with stronger inhibition (P < 0.05) 
han that of fresh thalli. The inhibitory effect of dry thalli 
n the viability of cyst germlings varied with the amount of 
67 
ry macroalga (P < 0.05). This viability was strongly sup- 
ressed by the highest two concentrations of dry thalli (5 
nd 10 mg mL −1 ), with no germlings survived ( Figure 2 A—E).
n the other hand, lower concentrations of dry thalli (0.1, 
.5, and 1 mg mL −1 ) caused a remarkable reduction in the 
ercentage of viable germlings of all cyst species, but with- 
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Figure 3 Inhibitory effects of aqueous extract of Turbinaria ornata on cyst germination, and viability and culturability of 
germlings of HAB species cysts (A) Alexandrium catenella , (B) Scrippsiella trochoidea , (C) Cochlodinium polykrikos , (D) Proro- 
centrum cordatum , and (E) Dinophysis acuminata . Data points are means ±SD (n = 3). 
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ut complete death. The culturability of progeny cells of 
ll cyst species was also influenced by dry macroalgal mate- 
ial, where it decreased gradually (from 73 to 1%) with the 
ncrease of dry macroalgal thalli and died at the two highest 
osages (5 and 10 mg mL −1 ) ( Figure 2 A—E). 
68 
.2. Effect of macroalgal extracts on cyst 
ermination 

he addition of aqueous or ethanol extract of T. ornata to 
yst cultures caused a significant reduction in the percent- 
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Figure 4 Inhibitory effects of ethanol extract of Turbinaria ornata on cyst germination, and viability and culturability of germlings 
of HAB species cysts (A) Alexandrium catenella , (B) Scrippsiella trochoidea , (C) Cochlodinium polykrikos , (D) Prorocentrum corda- 
tum , and (E) Dinophysis acuminata . Data points are means ±SD (n = 3). 
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ge of viable germlings of all cyst species. The germling vi- 
bility percentage decreased markedly (P < 0.05) with the 
oncentration of aqueous or ethanol extract. Aqueous ex- 
ract of a concentration of 1 mg mL −1 resulted in the death 
f germlings of all cyst species ( Figure 3 A—E), while the 
69 
ethal effect of ethanol extract on germling viability was 
bserved at a concentration of 0.5 mg mL −1 ( Figure 4 A—
). Similarly, the culturability of progeny cells of different 
yst species was suppressed by both aqueous and ethanol 
xtracts. By increasing the concentration of either aqueous 
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Table 1 Normalized IC 50 values (based on Probit analysis) of fresh and dry thalli, and aqueous and ethanolic extracts of 
Turbinaria ornata against germling viability. 

Cyst 
species 

IC 50 (mg mL −1 ) 

Fresh thalli Dry thalli Aqueous extract Ethanolic extract 

Gonyaulacales 
Alexandrium catenella 2.237 ±0.4 0.403 ±0.1 0.05 ±0.004 0.028 ±0.003 
Gimnodinales 
Cochlodinium polykrikos 2.201 ±0.5 0.083 ±0.02 0.042 ±0.001 0.026 ±0.002 
Peridiniales 
Scrippsiella trochoidea 2.936 ±0.8 0.235 ±0.05 0.1 ±0.02 0.022 ±0.004 
Prorocentrales 
Prorocentrum cordatum 4.716 ±1 0.543 ±0.07 0.04 ±0.005 0.012 ±0.001 
Dinophysiales 
Dinophysis acuminata 3.161 ±0.7 0.314 ±0.08 0.101 ±0.02 0.047 ±0.003 

Table 2 Normalized IC 50 values (based on Probit analysis) of fresh and dry thalli, and aqueous and ethanol extracts of 
Turbinaria ornata against culturability of germling cells. 

Cyst 
species 

IC 50 (mg mL −1 ) 

Fresh thalli Dry thalli Aqueous extract Ethanolic extract 

Gonyaulacales 
Alexandrium catenella 2.17 ±0.7 0.385 ±0.8 0.054 ±0.001 0.024 ±0.003 
Gimnodinales 
Cochlodinium polykrikos 7.18 ±1.5 1.07 ±0.2 0.107 ±0.003 0.076 ±0.004 
Peridiniales 
Scrippsiella trochoidea 7.17 ±1.7 1.11 ±0.3 0.144 ±0.02 0.086 ±0.003 
Prorocentrales 
Prorocentrum cordatum 7.3 ±2 1.43 ±0.3 0.119 ±0.03 0.082 ±0.003 
Dinophysiales 
Dinophysis acuminata 7.9 ±2.1 1.22 ±0.2 0.128 ±0.04 0.089 ±0.004 
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r ethanol extract, a concomitant decrease (P < 0.05) was 
bserved in the percentage of cell culturability ( Figures 3 A—
 and 4A—E). Similar to germling viability, the cell cultura- 
ility of all cyst species was completely lost at 1 mg mL −1 

queous extract ( Figure 3 A—E) compared to 0.5 mg mL −1 

thanol extract ( Figure 4 A—E). 

.3. Comparison of inhibitory effects based on IC 50 
alues 

C 50 values of inhibitory effects of macroalgal thalli and its 
xtracts against germlings and progeny cells of dinoflagel- 
ate cysts were compared in Tables 1 , 2 . The IC 50 values of
ry macroalgal thalli (0.235—0.543 mg mL −1 ) for germling 
iability inhibition were significantly lower (P < 0.05) than 
orresponding IC 50 values (2.201—4.716 mg mL −1 ) of fresh 
halli ( Table 1 ). Similarly, the IC 50 values of ethanol ex- 
ract (IC 50 = 0.04—0.1 mg mL −1 ) towards germling viabil- 
ty were lower (P < 0.05) than IC 50 values (0.04—0.1 mg 
L −1 ) of aqueous extract ( Table 1 ). Regarding the effect 
n progeny cells survival (i.e., culturability), the IC 50 val- 
es for dry thalli (0.385—1.43 mg mL −1 ) were about 4—
 folds greater (P < 0.05) than that those of fresh thalli 
2.17—7.18 mg mL −1 ) ( Table 2 ). The IC 50 values of ethanol 
70 
xtract (0.024—0.089 mg mL −1 ) against progeny cells of all 
yst species were about 2 times lower (P < 0.05) than those 
f aqueous extract (0.054—0.107 mg mL −1 ) ( Table 2 ). At 
he level of cyst species, the ANOVA analysis showed that 
he IC 50 values of fresh and dry thalli, and aqueous and 
thanol extracts towards germling viability ( Table 1 ) and 
ulturability of progeny cells ( Table 2 ) varied significantly 
P < 0.05) among different species. However, Tukey’s test 
evealed no significant differences in these IC 50 values be- 
ween some cyst species. In this respect, no significant dif- 
erence in IC 50 values of fresh thalli was found between 
. catenella and C. polykrikos germlings (P = 0.9), nor be- 
ween S. trochoidea and D. acuminata cysts (P = 0.08). The 
ighest IC 50 value of fresh thalli (4.716 mg mL −1 ) was re- 
orted in P. cordatum germlings, and the lowest (2.201 mg 
L −1 ) was in C. polykrikos germlings ( Table 1 ). Also, the

C 50 values of dry macroalgal thalli, did not significantly 
ary between A. catenella and P. cordatum (P = 0.2) ac- 
ording to Tukey’s test. The lowest IC 50 (0.083 mg mL −1 ) 
f dry thalli was incurred in C. polykrikos germlings, and 
he highest (0.543 mg mL −1 ) was in P. cordatum germlings 
 Table 1 ) . For the inhibitory effect of macroalgal aqueous 
xtract, Tukey’s test revealed no significant variation in 
C 50 values either among A. catenella, C. polykrikos and 
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Table 3 GC-MS analysis of ethanol extract of Turbinaria ornata. 

Peak No. Retention time (min) Compound Chemical formula Molecular mass Peak area (%) 

1 16.66 n-Hexadecanoic acid C 16 H 32 O 2 256.42 4.34 
2 19.78 Benzo(k)fluoranthene C 20 H 12 252.30 4.74 
3 23.25 Bufencarb-2 C 13 H 19 NO 2 221.30 8.81 
4 25.23 Heptachlor C 10 H 5 Cl 7 373.31 25.8 
5 26.18 Kresoxim-Methyl C 18 H 19 NO 4 313.34 6.78 
6 28.83 n-Tetradecane C 14 H 30 198.38 9.31 
7 29.02 Isopropyl isothiocyanate C 4 H 7 NS 101.17 9.16 
8 29.38 Di-n-octylphthalate C 24 H 38 O 4 390.55 6.97 
9 34.93 Vanillylmandelic acid C 9 H 10 O 5 198.17 1.87 
10 36.91 Tetramethrin-1 C 19 H 25 NO 4 331.40 2.46 
11 37.92 Acetamiprid C 10 H 11 ClN 4 222.67 3.21 
12 42.09 Eicosapentaenoic acid (EPA) C 20 H 30 O 2 302.45 3.77 
13 44.19 Heptanal C 7 H 14 O 114.18 6.78 
14 45.12 Humulene epoxide III C 15 H 24 O 220.35 6 
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. cordatum germlings (P = 0.4) , or between S. trochoidea 
nd D. acuminata germlings (P = 0.8). The highest IC 50 (0.1 
g mL −1 ) was reported for C. polykrikos and D. acuminata 
ermlings, while the lowest (0.04 mg mL −1 ) was recorded 
or P. cordatum germlings. For ethanol extract, the IC 50 val- 
es did not exhibit any significant difference (P = 0.9) among 
. catenella, C. polykrikos , S. trochoidea germlings . The 
ighest IC 50 (0.047 mg mL −1 ) was reported for D. acuminata 
ermlings, and the lowest (0.012 mg mL −1 ) was reported 
or P. cordatum germlings ( Table 1 ). Regarding progeny cells 
ulturability, the results revealed no significant differences 
n the IC 50 values of all macroalgal materials (P = 0.2—0.9) 
mong five cyst species ( A. catenella, C. polykrikos , S. tro- 
hoidea , P. cordatum and D. acuminata ) ( Table 2 ). The low-
st IC 50 values of all algal materials against cell culturability 
ere incurred in A. catenella , whereas the highest values 
ere recorded in D. acuminata ( Table 2 ) . 

.4. GC-MS analysis of T. ornata extract 

he GC- MS analysis of crude ethanol extract of T. ornata re- 
ealed the presence of 14 peaks of volatile compounds. The 
ame of these compounds, their molecular mass, molec- 
lar formula and percentages were presented in Table 3 . 
he extract contained potential algicidal substances in- 
luding the halogenated aromatic compound-heptachlor 
25.8%), the saturated fatty acid-n-hexadecanoic (4.34%), 
he unsaturated fatty acid-eicosapentaenoic acid (3.77%), 
he ester-di-n-octylphthalate (6.97%) and a monocyclic 
esquiterpene-humulene epoxide—III (6%). 

. Discussion 

his study clearly demonstrated that the macroalga T. or- 
ata did not affect dinoflagellate cyst germination directly, 
ut rather inhibited the viability of germling cells so that 
hey became unable to produce motile vegetative cells (i.e. 
mpaired the successful recurrence of new planktonic popu- 
ations). Our results showed that all cysts of tested species 
ould successfully germinate in both control and treatments 
71 
93—99%), but not all germinated cysts could give rise to vi- 
ble germlings even in control cultures (73%). This agrees 
ith the concept that the cysts would be able to germinate 
ut the germling cells would not be able to divide ( Genovesi 
t al., 2009 ; Vahtera et al., 2014 ). Several studies showed 
hat cyst germination and germling viability are largely as- 
ociated with external environmental factors including tem- 
erature, light and oxygen availability ( Brosnahan et al., 
020 ; Genovesi et al., 2009 ; Vahtera et al., 2014 ). Regard-
ng the contribution of biotic factors to dinoflagellate cysts, 
ur study is the first to explore the biological interaction be- 
ween macroalgae and cyst germination. In this study, de- 
pite there was no significant effect on cyst germination, 
he percentages of viable germlings and progeny cells cul- 
urability of all cyst species were significantly reduced when 
xposed to T. ornata thalli or its extracts compared to con- 
rol. This indicates that active substances of this macroalga 
ould inhibit metabolic processes that govern the division 
nd growth of germlings and progeny cells, with no effect 
n the enzymes involved in the cyst germination. Therefore, 
egetative progeny cells survival after excystment is consid- 
red as a key factor in the process of dinoflagellate bloom 

nitiation ( Mardones et al., 2016 ), and hence the inhibition 
f germling cell viability and division of progeny cells of di- 
oflagellate cysts retards the recurrence of relevant species 
n the water column. Therefore, the viability of germling 
ells after excystment represents a bottleneck in the bloom 

nitiation ( Genovesi et al., 2009 ). 
Based on IC 50 values, dry thalli (IC 50 = 0.235—0.543 mg 

L −1 ) of T. ornata were more effective than fresh thalli 
IC 50 = 2.201—4.716 mg mL −1 ) against the germling viabil- 
ty and vegetative cell survival (IC 50 = 0.385—1.43, 2.17—
.18 mg mL −1 , respectively) of all cyst species. This may 
e due to the addition of dry macroalgal material to ex- 
erimental culture tubes as a large pulse so that initial 
oncentrations of active substances were much higher than 
n fresh thalli. Additionally, the macroalgal ethanol ex- 
ract was approximately 2—5 times more effective against 
he germling viability and vegetative motile cells of all 
yst species (IC 50 = 0.012—0.047 and 0.024—0.089 mg mL −1 , 
espectively) than aqueous extract (IC 50 = 0.04—0.1 and 
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.054—0.207 mg mL −1 , respectively). These results con- 
rmed the evidence that alcoholic solvents like ethanol are 
ore suitable than water in extracting active substances 
rom plants ( Emad et al., 2009 ; Sultana et al., 2009 ). On the
ther hand, T. ornata extracts exhibited strong inhibitory 
ffects on the germling viability and progeny cells survival 
ompared to fresh and dry thalli. This could be attributed 
o the low amounts of active substances released from dry 
r fresh thalli into cyst cultures, compared to high amounts 
xtracted and concentrated from the algal material. This 
lso indicates that allelochemicals are congregated more in 
acroalgal cells than being released into the surrounding 
nvironment ( Ye and Zhang, 2013 ). 
The results of this study also showed that the IC 50 val- 

es required for the inhibition of germling viability are 
ower than those inhibiting the cell division and growth of 
otile vegetative cells (i.e. culturability). This indicates 
hat germling cells are more sensitive towards the active 
ubstances of this macroalga than motile vegetative cells. 
ur experiments also demonstrated that T. ornata is a 
road-spectrum macroalga, exerting an inhibitory effect on 
he germling viability and vegetative cells survival of dif- 
erent dinoflagellate cyst species. These results, therefore, 
upport the findings of previous studies reporting the al- 
elopathic inhibitory effects of marine macroalgae includ- 
ng green microalgae ( Ulva ) ( Ben Gharbia et al., 2017 ), 
rown macroalgae ( Sargassum ) ( Wang et al., 2007 ), and red 
acroalgae ( Gracilaria , Pyropia) ( Patil et al., 2020 ; Tang et 
l., 2015 ) against the growth of several HAB forming mi- 
roalgae. However, in our study, the sensitivity of germling 
nd vegetative progeny cells to macroalgal materials var- 
ed between some species. A. catenella and C. polykrikos 
ermlings were more sensitive to macroalgal thalli and their 
xtracts than S. trochoidea , P. cordatum and D. acuminata 
ermlings. Whereas vegetative progeny cells of A. catenella 
ere the most sensitive ones to all macroalgal materials 
ested. This indicates that T. ornata may affect germlings 
nd progeny cells of dinoflagellate species at various ex- 
ents. Previously, the brown alga Ecklonia kurome was found 
o inhibit the proliferation of several HAB microalgae, with 
igher susceptibility exhibited by Karenia mikimotoi and 
. polykrikoides compared to lesser sensitivity reflected by 
hattonella antiqua ( Nagayama et al., 2003 ). Those au- 
hors attributed the inhibitory properties of E. kurome to 
he production of bioactive compounds, phlorotannins. In 
ur study, the inhibitory properties of T. ornata against 
ermling and vegetative progeny cells of dinoflagellate 
pecies may be due to the presence of a high percentage 
f heptachlor, which has been previously demonstrated to 
ave antialgal effects ( Zeng et al., 2018 ). Other bioactive 
ompounds, found with low percentages in T. ornata ex- 
ract including n-hexadecanoic, eicosapentaenoic acid, di- 
-octylphthalate and the sesquiterpene-humulene epoxide 
III, could also be involved in the inhibitory effects of this 
acroalga. These compounds have been found in earlier 
tudies to exhibit algicidal activity against red tide microal- 
ae. The saturated fatty acid, n-hexadecanoic isolated from 

arine green alga Ulva intestinalis exerted potent algici- 
al activity against Heterosigma akashiwo and Prorocen- 
rum micans ( Sun et al., 2016 ). Eicospentaenoic acid and 
i-n-octylphthalate isolated from of the red alga Corallina 
72 
ilulifera showed strong algicidal activity against the toxic 
inoflagellate, C. polykrikoides ( Oh et al., 2010 ; Zerrifi et 
l., 2018 ). Sesquiterpenoids from the red alga, Porphyra 
ezoensis significantly inhibited two harmful red tide di- 
oflagellates, K. mikimitoi and Prorocentrum donghaiense 
 Sun et al., 2018 ). Nevertheless, isolation and identifica- 
ion of these active substances produced by T. ornata , and 
heir inhibitory mechanisms on physiological processes of 
ermlings and vegetative progeny cells certainly warrants 
urther investigation for the purpose of controlling and mit- 
gation of HABs. 

. Conclusions 

ur results provide the first evidence that the brown 
acroalga T. ornata can suppress the germling viability and 
urvival of vegetative progeny cells of dinoflagellate cysts 
fter germination, and thereby could retard the recurrence 
f blooms of relevant species in the water column. The 
esults revealed that the macroalgal dry powder and its 
thanol extract were effectively strong against germling 
nd vegetative progeny cells of dinoflagellate cysts. As 
acroalgae powders or extracts have been reported as en- 
ironmentally benign means of potential HAB control ( Jeong 
t al., 2000 ; Wang et al., 2007 ), these macroalgal materi-
ls of T. ornata could be applied to confined coastal areas 
o inhibit the growth and division of progeny cells after cyst 
xcystment and restrict recurrence of HABs in these regions. 
n this respect, we pay attention that it is prudent to pre-
ent the growth of harmful microalgae at early stages (i.e. 
ermlings and progeny cells) rather than treatment of al- 
al blooms with algicides that may exacerbate the problem 

hrough induction of the cell lysis and releasing tremendous 
mounts of algal toxins into the aquatic environment. How- 
ver, prior to application, mesocosm experiments should 
e carried out to more accurately estimate the proportion 
f germlings and their progeny that reach the illuminated 
ayers of the water column, in relation to the number of 
erminated cysts in the presence of macroalgal extracts or 
owders treatments under the natural environmental condi- 
ions. Further research is also required to test the negative 
ffects of T. ornata on other organisms, particularly fish and 
ivalves. This assay could be carried out using oyster larvae 
s they have been found to be susceptible to pollutants and 
acroalgal extracts at low concentrations ( His et al., 1999 ; 
elson and Gregg, 2013 ). 
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