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Abstract

The recruitment potential and the ability of Ulva flexuosa Wulfen zoospores to survive darkness were tested under different
conditions in the present study. The dark preserved zoospore was cultured under a two-factor experimental design to test
the effect of salinity and nitrate, effect of salinity and phosphate, effect of light and salinity, and effect of light and
phosphate. The recruitment (germination and growth) of zoospores was significantly affected by light and salinity. The
nitrate concentration of 20 mmol.l21 was found to initiate the process of germination and its subsequent growth and, its
effect appeared greatest under 25 psu condition. While nitrate enhances the growth of biomass more than phosphate, both
show a positive interactive effect on biomass increase when crossed with salinity. The combined effect of 25 psu salinity
and 8 mmol.l21 phosphate exhibited higher biomass growth. There was a significant effect of light and salinity on the
biomass of zoospore, though there was no significant interaction between the two factors. There was an increase in
biomass of growing zoospores to increase in light intensity and 80 mmol.m22.s21 of light intensity was considered optimal.
Similarly, high light intensity condition favored higher biomass growth and there was significant interaction between light
(80 mmol. m22. s21) and phosphate (4 mmol. l21) in high salinity (35 psu) condition. The result of this study showed that
dark preserved zoospores of U. flexuosa have the potential for recruitment and it gives us an understanding how different
factors play a role in the process of recruitment.
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Introduction

Ulva flexuosa Wulfen (syn. Enteromorpha flexuosa (Wulfen) J.

Agardh) is an annual filamentous green alga, considered as an

opportunistic species and has a highly successful reproductive rate.

The reproductive cells are known to have an ability to

photosynthesize and release propagules daily under favorable

conditions. This seaweed is widely distributed due to its wide range

of tolerance to salinity and water temperature [1,2]. Beside this,

they are implicated as an invasive and fouling species [3]. A

congeneric species of Enteromorpha was found to cause a huge

bloom in China recently [2,4].

The spores as dispersal agents of Enteromorpha sp. can be found

in the water column of coastal water in large quantities [5] and

they are known to survive up to 8 days depending on the

prevailing environmental condition [6]. From the experimental

results [5,7,8,9,10] by an earlier worker, the propagules and spores

of Enteromorpha sp. have been reported to survive in the dark and in

a reduced light condition for many days. However, the ability of

zoospores to survive in dark condition appears unrelated to

taxonomic groups, life history or propagule size [9]. The ability of

zoospores to survive darkness serves as a spore/propagule bank for

future recruitment. The possibility of this condition may occur due

to the intake of ballast water from the coastal region which may

serve as a spore/propagule bank during the transit period. Several

annual species of macroalgae have the potential to cause a massive

growth called bloom in eutrophic coastal waters causing great

damage to the native habitat building vegetation and its associated

component [11,12,13].

Recruitment and growth of ephemeral macroalgae are

influenced by multiple environmental factors like light, tempera-

ture and salinity [13,14]. The recruitment potential of dark

preserved Ulva flexuosa zoospores, its ability to germinate and grow

under different salinity, light and nutrient conditions of laboratory

set up was investigated in the present study.

Materials and Methods

The mature thalli of U. flexuosa were collected from the intertidal

rocky shores of Vagator, Goa, India (15u359530N 73u449410E).

The zoospores were obtained by the dehydration method as

described [15]. The algal material was thoroughly washed with

sterile seawater, which was gently squeezed to remove excess water

and blotted dry. It was kept in a dry petri dish under fluorescent

white light (50 mmol m22 s21) at room temperature (2461uC).

The algal sample was then covered with filtered seawater after

twelve hours to facilitate the release of typically a dense suspension

of zoospores. The zoospore suspension was then transferred to a

cryo vial (1.5 ml) wrapped in dark polythene and stored at 4uC.

The dark preserved zoospores were used at the end of 10 months.

An experimental design of two-factor as described by [16] (Table 1)

was performed under laboratory condition to test the recruitment

potential of the dark preserved zoospores of U. flexuosa. The effect

of nutrient on the growth of zoospore was checked using filtered
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sea water (0.22 mM) collected from Vagator beach (analysis

showed to contain ,0.5 mM m23 NO3
2, ,1.8 mM m23 PO4

2).

The culture medium of modified Provasoli medium [17] was

prepared from this water with no added Nitrate or Phosphate

source. The medium was enriched with Nitrate and Phosphate

using a stock solution of Sodium Nitrate (30,000 mmol.l21) and

Sodium diHydrogen Phosphate (7500 mmol.l21). To study the

effect of nutrient, three concentrations of nitrate were 20, 80 and

150 mmol.l21, while it was 4, 8 and 15 mmol l21 respectively for

phosphate. Germanium dioxide (0.5 mg.l21) was added to the

medium to control the growth of diatoms [14]. Three different

levels of salinity (15, 25 and 35 psu) were used to study the effect of

salinity and it was adjusted by distilled water. The zoospore

suspension (0.5 ml. l21) was then added to the culture vials

containing a medium of 10 ml. The culture medium was renewed

every fifth day. The culture was maintained for 30 days at a

temperature of 2361uC, the dark/light period of 14/10 and the

light was provided by white fluorescent tubes (Philips). To study

the effect of light, three different levels of light intensity were used

(20, 40 and 80 mmol. m22. s21). The requirement of different light

intensity was set up with the help of a digital Lux meter (Sigma

Instruments, India), a device use for measuring light intensity. The

cultures were maintained under 40 mmol.m22.s21 light condition,

when light was not a factor.

The assessment of developing zoospore biomass was done by

chlorophyll a measurement. Before the start of the experiment,

initial chlorophyll concentration was measured by taking 0.5 ml.

l21 of zoospore suspension. The chlorophyll a was measured again

at the end of the experiment to measure the growth and biomass of

zoospore. The germinating zoospores in the culture vials were

removed by scrubbing using a cell scraper (BD, Falcon). It was

filtered in GF/F microfiber filter paper (Whatman) and chloro-

phyll was extracted with acetone after keeping overnight at 4uC.

Chlorophyll was measured in Turner laboratory flourometer

(TrilogyTM) and expressed as mg.cm23.

The mean growth rate of the biomass in a given culture vial was

calculated by the formula: Wt: W06emt, Where, Wt is the biomass

of spore at the end of the experiment, W0 is the initial biomass

(taken from 0.5 ml.l21 of spore concentrate), t is the number of

days of the experiment and m is the specific growth rate [18]. The

data were a mean of four replicates and the data were square root

transformed to fulfill ANOVA assumption whenever required.

The two-way analysis of variance was performed to determine the

interaction between factors and the significance was compared by

Tukey test at 0.05 probability level. All the statistical analysis was

done according to [19] and was performed using STATISTICA

software version 6.

Results

Effect of salinity and nitrate (NO3
2)

The U. flexuosa growing zoospore biomass was significantly

affected by salinity and nitrate (p,0. 0001). There was noteworthy

interaction between salinity and nitrates (p,0. 05). Biomass of the

growing zoospores increased significantly at salinity 15 psu and the

highest biomass increase was at 25 psu (Fig. 1A). The highest

salinity tested at 35 psu showed a decline in biomass. The growing

zoospore biomass was significantly affected by the nitrate

20 mmol.l21, lowest concentration used in the present study

compared to two higher concentrations of 80 mmol. l21 and

150 mmol. l21 respectively. The optimal effect of nitrate occurred

at 25 psu salinity in combination with 15 mmol. l21 of phosphate

(Fig. 1B).

Effect of salinity and phosphate (PO4
2)

The biomass of growing zoospore was significantly affected

(p,0.0001) by salinity and phosphate combination. The effect of

phosphate concentration was similarly significant (p,0.0001). The

biomass increase of growing zoospores was similar in all three

different phosphate concentrations tested (Fig. 2A); however,

biomass was higher at 8 mmol.l21. Similarly, little difference was

observed on the biomass between three levels of salinity tested.

Table 1. Simplified scheme of two-factorial experiment.

Sl. No Factors Constant factor

1 Salinity6Nitrate Phosphate

2 Salinity6Phosphate Nitrate

3 Light6Salinity Nitrate & Phosphate

4 Light6Phosphate Nitrate & Salinity

doi:10.1371/journal.pone.0032651.t001

Figure 1. A. Measurement of Chlorophyll a concentration for the determination of growing zoospore biomass of U. flexuosa. Three
levels of salinity and nitrate with phosphate (15 mmol21) as constant. B. Mean growth rate (d-1) from interaction of different levels of salinities and
nitrate. Bar indicates standard error 61 (n = 4) and different letters represent significant differences between treatments.
doi:10.1371/journal.pone.0032651.g001
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The combined effect of salinity 25 psu and 8 mmol.l21 of

phosphate concentration exhibited a higher biomass, thus a

higher growth rate (Fig. 2B).

Effect of light and salinity
There was a significant increase in the biomass of growing

zoospores with increase in light intensity (p,0.0001) (Fig. 3A, 3B).

The biomass was highest at the highest light intensity (80 mmol.

m22. s21) tested (p,0.0001) than the other two lower levels of

light (20 and 40 mmol. m22. s21). Salinity also had a significant

effect (p,0.0001) and salinity of 25 psu and 35 psu had

considerable increase of biomass when in concert with light

intensity of 80 mmol m22 s21, although, no significant interactions

were observed between the two factors (p.0.05).

Effect of light and phosphate (PO4
2)

There was salient interaction between light and phosphate

(p,0.05). Phosphate concentrations similarly had a significant

effect on the biomass of zoospores and the effect of phosphate

concentration (4 mmol) was significant (p,0.0001) compared with

other two concentrations in all the different levels of light. The

highest biomass increase was observed at the highest irradiance

condition (80 mmolm22 s21) in combination with a phosphate

concentration (4 mmol.l21) (Fig. 4A). The mean growth was

similarly shown to be higher at higher light intensity compared to

the other two lower light levels (Fig. 4B). However, this result is in

contrast to the result from the cross between salinity and

phosphate, which suggests there was an interacting effect between

light and phosphate under salinity of 35 psu.

Figure 2. A. Measurement of Chlorophyll a concentration for the determination of growing zoospore biomass of U. flexuosa. Three
levels of salinity and phosphate with nitrate (80 mmol21) as constant. B. Mean growth rate (d-1) from the interaction of different levels of salinities
and phosphate. Bar indicates standard error 61 (n = 4) and different letters represent significant differences between treatments.
doi:10.1371/journal.pone.0032651.g002

Figure 3. A. Measurement of Chlorophyll a concentration for the determination of growing zoospore biomass of U. flexuosa. Three
different levels of light and salinity with both nitrate (80 mmol21) and phosphate (15 mmol21) as constant. B. Mean growth rate (d-1) from the interaction
of different levels of light and salinity. Bar indicates standard error 61 (n = 4) and different letters represent significant differences between treatments.
doi:10.1371/journal.pone.0032651.g003
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Discussion

The influence of salinity was significant in the process of U.

flexuosa recruitment (germination and growth). Though, Ulva’s are

known to exist in a wide range of salinity, optimal salinity for

growth of adults appears to vary spatially among species [20,21]

and for spores [16]. This shows that optimum and tolerance range

of salinity is largely influenced by the local condition of algal

population. The salinity of 25 psu had positive effect on the

growth of Ulva zoospores and was significantly different in all the

crosses under different factors in the present study. Thus, a salinity

of 25 psu was considered optimal. The other two salinity levels (15

and 35 psu) showed a varied effect but it was not significantly

different from one another when crossed with phosphate.

Similarly, optimum salinity was 35 psu for the increase in spore

biomass of Enteromorpha sp. in Mondego estuary [16], while 17 and

22 psu was optimal salinity for adult growth [20]. Hypo and

hypersaline condition can affect many sites in the photosynthetic

machinery of algae resulting in significant changes of the

photosynthetic performance [22]. On the other hand, it was

observed that nitrate ameliorates the negative effect of salinity

from which one could conclude that it was nutrient that govern the

growth of E. intestinalis not salinity [23].

Favorable climatic factors like light and temperature, along with

eutrophic condition promotes the proliferation and growth of the

green tide forming algae like Enteromorpha species [24,25], and

these were believed to be the contributory factors that caused the

rapid growth and proliferation of green tide forming E. prolifera

along the coast of Qingdao [2]. Blooms are known to occur in a

eutrophic condition which has a high nutrient flux; however, the

results from this study show that a small concentration of nitrate in

the range of 20 mmol.l21 can initiate the recruitment process and

its subsequent growth. The effect of nitrate was significantly

different from phosphate and a biomass increase of zoospore was

three times higher in nitrate feed condition. This implies that

nitrate may have a potential role in regulating the growth of

biomass of U. flexuosa. The high growth rate of the green tide

forming algae was recorded in nutrient concentrations ranging

from 10 to 100 mmol. l21 phosphate, 100 to 1000 mmol.l21 nitrate

[26]. Nonetheless, both nitrate and phosphate have shown similar

positive effects on biomass increase, when crossed with salinity at

25 psu. The germination and growth of zoospores increased with

the increase in light intensity and the growth rate exhibited by the

germinating zoospores under different levels of light regime

indicates that higher irradiance level elicits higher growth

response. This shows they are light sensitive and light may have

a limiting effect on recruitment of zoospores at low/reduced

irradiance condition. High light intensity also had a considerable

effect on successful dispersal and establishment of kelp zoospores

[27]. But the requirement of optimum level of light for the growth

of algal germling varies from species to species [9].

The light intensities tested in the present investigation showed

that high light intensity (80 mmol.m22 s21) positively affects the

growth of zoospores. There was an increase in growth of zoospores

with an increase in the availability of light. This result is in

agreement with the previous work [16,26] of light influence on

Enteromorpha sp. recruitment, where macroalgal spore germination

and growth increased with increase in light intensity. However, it

was shown that there were no differences in growth of spore

between 90 and 40 mmol. m22. s21 whenever high phosphate

(6.4 mmol. l21) and high salinity (35 psu) was present [16].

There was a significant interaction between light and phosphate

concentration under a high salinity condition resulting in an

inverse effect. When salinity 35 psu was present in high light

intensity (80 mmol. m22. s21), low phosphate (4 mmol. l21)

concentration was shown to increase biomass contrary to the first

experiment wherein 8 mmol. l21 resulted in higher biomass. This

result suggests that high salinity causes a compensatory effect to

the interaction between light and phosphates resulting in low

phosphate concentration to stimulate higher biomass growth

which otherwise in the first experiment occurred in higher

concentration. However, there was no significant difference in

spore biomass in low phosphate condition even when there was a

presence of high salinity [16]. While, a high nutrient load at

30 psu salinity had no detectable effect on the marine plants [28].

In conclusion, the result from the present study showed that U.

flexuosa recruitment will be possible from the dark preserved/stored

source. The study showed that zoospores of Ulva after a period of

cold and dark requires only higher temperature, minimum of

nutrients and light to cause a recruitment event. With increasing

maritime traffic and less resident time between ports, this has

implication for how countries and companies manage their ballast

water, especially given the negative ecological effects already seen

Figure 4. A. Measurement of Chlorophyll a concentration for the determination of growing zoospore biomass of U. flexuosa. Three
levels of light and phosphate with nitrate (80 mmol21) and salinity (35 psu) as constant. B. Mean growth rate (d-1) from interaction of different levels
of light and phosphate. Bar indicates standard error 61 (n = 4) and different letters represent significant differences between treatments.
doi:10.1371/journal.pone.0032651.g004
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in coasts with high levels of anthropogenic disturbances, like

China.

Acknowledgment

Thanks to Dr. SR Shetye, Director, National Institute of Oceanography,

Goa, India for his support and encouragement. I am grateful to Dr. AC

Anil for his invaluable advice and encouragement. I also thank Dr. SS

Sawant, Dr. MP Tapaswi and Mr. Venkat for their support. I am also

grateful to the unknown reviewers for their suggestions on improving this

manuscript. This is a NIO contribution No. 5124.

Author Contributions

Conceived and designed the experiments: TI. Performed the experiments:

TI. Analyzed the data: TI. Contributed reagents/materials/analysis tools:

TI. Wrote the paper: TI.

References

1. Callow ME, Callow JA, Pickett-Heaps JD, Wetherbee R (1997) Primary

adhesion of Enteromorpha (Chlorophyta, Ulvales) propagules quantitative

settlement studies and video microscopy. Journal of Phycology 33: 938–947.

2. Gao S, Chen X, Yi Q, Wang G, Pan G (2010) A Strategy for the Proliferation of

Ulva prolifera, Main Causative Species of Green Tides, with Formation of

Sporangia by Fragmentation. PLoS ONE 5(1): e8571. doi:10.1371/journal.

pone.0008571.

3. Sturtevant R Enteromorpha flexuosa subsp. flexuosa and flexuosa subsp. paradoxa. USGS

Nonindigenous Aquatic Species Database, Gainesville, FL. http://nas.er.usgs.

gov/queries/factsheet.aspx?speciesid = 2726. Revision Date: 9/19/2011. Ac-

cessed date 25/10/2011.

4. Liu DY, Keesing JK, Xing QG, Shi P (2009) World’s largest macroalgal bloom

caused by expansion of seaweed aquaculture in China. Marine Pollution Bulletin

58: 888–896. doi:10.1016/j.marpolbul.2009.01.013.

5. Schories D (1995) Sporulation of Enteromorpha spp. (Chlorophyta) and

overwintering of spores in sediments of the Wadden Sea, Island Sylt, North

sea. Netherlands. Journal of Aquatic Ecology 29: 341–347.

6. Jones WE, Babb MS (1968) The motile period of swarmers of Enteromorpha

intestinalis (L.) Link. British Phycology Bulletin 3: 525–528.

7. Hoffmann AJ, Santelices B (1991) Banks of algal microscopic forms: hypotheses

on their functioning and comparisons with seed banks. Marine Ecology Progress

Series 78: 71–85.

8. Leukart P, Luning K (1994) Minimum spectral light requirements and

maximum light levels for long-term germling growth of several red algae from

different water depths and a green alga. European Journal of Phycology 29:

103–112.

9. Santelices B, Aedo D, Hoffmann A (2002) Banks of microscopic forms and

survival to darkness of propagules and microscopic stages of macroalgae. Revista

Chilena de Historia Natural 75: 547–555.

10. Kolwalkar JP, Sawant SS, Dharkalkar VK (2007) Fate of Enteromorpha (Wulfen) J.

Agardh and its spores in darkness: Implication for ballast water management.

Aquatic Botany 86: 86–88.

11. Raffaelli DJ, Raven JA, Poole LJ (1998) Ecological impact of macroalgal blooms.

Oceanography and Marine Biology Annual Review 36: 97–125.

12. Worm B, Lotze HK, Bostrom C, Engkvist R, Lababauskas V, et al. (1999)

Marine diversity shift linked to inter-actions among grazers, nutrients and

dormant propagules. Marine Ecology Progressive Series 185: 309–314.

13. Lotze HK, Worm B (2002) Complex interactions of climactic and ecological

controls on macroalgal recruitment. Limnology and Oceanography 47:

1734–1741.

14. Lotze HK, Worm B, Sommer U (2000) Propagule banks, herbivory and nutrient

supply control population development and dominance patterns in macroalgal
blooms. Oikos 89: 46–58.

15. Shin HW (2008) Rapid attachment of spores of the fouling alga Ulva faciata on
biofilms. Journal of Environmental Biology 29(4): 613–619.

16. Sousa AI, Martins I, Lillebø AL, Flindt MR, Pardal MA (2007) Influence of

salinity, nutrients and light on the germination and growth of Enteromorpha sp.
spores. Journal of Experimental Marine Biology and Ecology 341: 142–150.

17. West JA, McBride DL (1999) Long-term and diurnal carpospore discharge
patterns in the Ceramiaceae, Rhodomelaceae and Delesseriaceae (Rhodophyta).

Hydrobiologia 298/299: 101–113.

18. Brown D, Rothery P (1994) Models in Biology: Mathematics, Statistics and
computing. Wiley Press, England. 750 p.

19. Sokal RR, Rohlf FJ (1981) Biometry. Freeman & Company, San Francisco,
California. 219 p.

20. Martins I, Oliveira JM, Flindt MR, Marques JC (1999) The effect of salinity on
the growth rate of the macroalgae Enteromorpha intestinalis (Chlorophyta) in the

Mondego estuary (west Portugal). Acta Oecologica 20: 259–265.

21. Kim KY, Lee IK (1996) The germling growth of Enteromorpha intestinalis

(Chlorophyta) in laboratory culture under different combinations of irradiance

and salinity and temperature and salinity. Phycologia 35: 327–331.
22. Sudhir P, Murthy SDS (2004) Effects of salt stress on basic processes of

photosynthesis. Photosynthetica 42: 481–6.

23. Kamer K, Fong P (2001) Nitrogen enrichment ameliorates the negative effects of
reduced salinity on the green macroalga Enteromorpha intestinalis. Marine Ecology

Progressive Series 218: 87–93.
24. Blomster J, Back S, Fewer DP, Kiirikki M, Lehvo A (2002) Novel morphology in

Enteromorpha (Ulvophyceae) forming green tides. American Journal of Botany 89:

1756–1763.
25. Schramm W (1999) Factors influencing seaweed responses to eutrophication:

some results from EU- project EUMAC. Journal of Applied Phycology 11:
69–78.

26. Taylor R, Fletcher RL, Raven JA (2001) Preliminary studies on the growth of
selected green tide algae in laboratory culture: Effects of irradiance, temperature,

salinity and nutrients on growth rate. Botanica Marina 44: 327–336.

doi:10.1515/BOT.2001.042.
27. Cie DK, Edwards MS (2008) The effect of high irradiance on the settlement

competency and viability of kelp zoospores. Journal of Phycology 44: 495–500.
28. Van Katwik MM, Schmitz GHW, Gasseling AP, Van Avesath PH (1999) Effects

of salinity and nutrient load and their interaction on Zostera marina. Marine

Ecology Progress Series 190: 155–165.

Dark Preserved Zoospore Growth and Its Development

PLoS ONE | www.plosone.org 5 March 2012 | Volume 7 | Issue 3 | e32651


