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Abstract: Phaeophyte macroalgae of the genus Sargassum, including Sargassum muticum, are
under investigation as a cultivation crop. Overgrowth or grazing reduces the value and
productivity of the crop. This can occur both in the hatchery and during growth at sea,
although juvenile stages are especially vulnerable. A decontamination protocol could
be used to prevent this. Following a screening procedure, sodium hypochlorite (NaClO)
and potassium iodide (KI) were selected for further study. The lethal concentrations of
protozoans associated with S. muticum zygotes were 1% KI, 0.75% NaClO or a
combination of 0.5% KI and 0.38% NaClO. A 3 minute exposure to these treatments
was able to eliminate protozoa from branchlets 20-80% of the time. NaClO caused
large reductions in the operating efficiency of photosystem II (Fq'/Fm'), particularly in
juveniles (-74±17%), which had still not fully recovered after 17 days. It also halved
juvenile density and caused negative growth. 1% KI reduced Fq'/Fm' in adults by
29±11%, with recovery by day 10. In juveniles, growth was reduced by 65% and
Fq'/Fm' by 61±11% with recovery after 17 days. A combined treatment of 0.5% KI and
0.38% NaClO had far milder effects: reducing adult and juveniles Fq'/Fm' by 6±3 and
34±9% respectively, with full recovery by day 10. A reduction in juvenile growth was
also seen between day 0-10 (-32%), however size was no different to the control by
day 20.  This combined treatment is therefore suitable for decontamination of both
juveniles and adult S. muticum.
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ABSTRACT  20 

Phaeophyte macroalgae of the genus Sargassum, including Sargassum muticum, are under 21 

investigation as a cultivation crop. Overgrowth or grazing reduces the value and productivity of the 22 

crop. This can occur both in the hatchery and during growth at sea, although juvenile stages are 23 

especially vulnerable. A decontamination protocol could be used to prevent this. Following a 24 

screening procedure, sodium hypochlorite (NaClO) and potassium iodide (KI) were selected for 25 

further study. The lethal concentrations of protozoans associated with S. muticum zygotes were 1% 26 

Manuscript
Click here to download Manuscript: Smuticum decontamination manuscript.doc 
Click here to view linked References

mailto:Philip.kerrison@sams.ac.uk
http://www.editorialmanager.com/japh/download.aspx?id=85276&guid=cde01f84-f9cf-480a-8d54-b53b37e3faba&scheme=1
http://www.editorialmanager.com/japh/viewRCResults.aspx?pdf=1&docID=5371&rev=0&fileID=85276&msid={AE7D41CA-9151-4627-B986-B0277E4F9C7D}


Page 2 of 26 
 

KI, 0.75% NaClO or a combination of 0.5% KI and 0.38% NaClO. A 3 minute exposure to these 27 

treatments was able to eliminate protozoa from branchlets 20-80% of the time. NaClO caused large 28 

reductions in the operating efficiency of photosystem II (Fq
’/Fm

’), particularly in juveniles (-74±17%), 29 

which had still not fully recovered after 17 days. It also halved juvenile density and caused negative 30 

growth. 1% KI reduced Fq
’/Fm

’ in adults by 29±11%, with recovery by day 10. In juveniles, growth was 31 

reduced by 65% and Fq
’/Fm

’ by 61±11% with recovery after 17 days. A combined treatment of 0.5% KI 32 

and 0.38% NaClO had far milder effects: reducing adult and juveniles Fq
’/Fm

’ by 6±3 and 34±9% 33 

respectively, with full recovery by day 10. A reduction in juvenile growth was also seen between day 34 

0-10 (-32%), however size was no different to the control by day 20.  This combined treatment is 35 

therefore suitable for decontamination of both juveniles and adult S. muticum. 36 

 37 

KEYWORDS:  38 

Sargassum muticum; hypochlorite; iodide; protozoa; fluorometry; decontamination. 39 

 40 

 41 
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INTRODUCTION 43 

The Phaeophyte macroalgal genus Sargassum contains species of both ecologically and economically 44 

importance. In coastal Eastern Asia, they can forms extensive sub-littoral stands providing important 45 

ecosystem services such as nutrient absorption, primary production, coastal protection and nursery 46 

and feeding areas (Hwang et al. 2006b). Economically, they can provide a habitat for commercially 47 

important fish and invertebrates (Coston-Clements et al. 1991; Tsukidate 1992) direct value as a 48 

source of food, feed, fertiliser, traditional medicine and for the extraction of chemical products such 49 

as alginate and fucoidans (Sohn 1993; Hong et al. 2007).  Overharvesting of Sargassum beds is a 50 

widespread problem, which has led to the development of cultivation methodology for many 51 

species.  The primary purpose has been their development as a sale crop, while secondly they can be 52 

used to enhance or restore damaged habitats (Yoon et al. 2014; Titlyanov et al. 2012; Redmond et al. 53 

2014). Currently, cultivation techniques are under developed for many species such as S. fusiformis, 54 

(Pang et al. 2005) S. fulvellum (Hwang et al. 2006b), S. horneri (Pang et al. 2009), S. muticum 55 

(Kerrison and Le accepted), S. naozhouense (Xie et al. 2013), S. thunbergii (Zhao et al. 2008) and S. 56 

vachellianum (Chai et al. 2014). 57 

 58 

A serious problem encountered during cultivation can be biofouling of the crop by epiphytic algae or 59 

animals (Redmond et al. 2014). This may smother, overgrow or graze the developing crop, either 60 

during the hatchery phase or as the crop develops at sea. Grazing protozoans are important 61 

components of natural aquatic ecosystems, and so are critical to the functioning of the marine food 62 

web (Sherr and Sherr 2002). In microalgal culture, contamination by protozoans and other 63 

micrograzers can reduce algal abundance and productivity (Becker 1994; Post et al. 1983; Moreno-64 

Garrido and Canavate 2001) and so a method to screen for such contamination  has been developed 65 

(Day et al. 2012). In macroalgae, settled spores can be grazed by such protozoan micrograzers (pers. 66 

Obs. of authors in Amsler et al. 1992) and this can lead to the complete decimation of kelp juveniles 67 
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(P Kerrison pers. obs). Protozoan and zooplankton grazing of eggs and zygotes of S. muticum in 68 

culture has also been observed (H N Le pers obs). 69 

 70 

Many published studies have investigated macroalgal disinfection. However, their aim has usually 71 

been the isolation of axenic laboratory cultures (McCracken 1989; Baweja et al. 2009; Reddy et al. 72 

2007). The first steps are usually a) the selection of source tissue with few visible epibionts, followed 73 

by b) physical removal of other epibiotic flora and fauna by brushing, rubbing or using a razor blade 74 

(Baweja et al. 2009; Kerrison and Le accepted). This is then followed by a chemical treatment to 75 

eliminate microorganisms such as bacteria, protozoa and microalgae (Kientz et al. 2012; Baweja et 76 

al. 2009). Macroalgae lack a protective cuticle, and so are highly susceptible to chemical damage to 77 

their tissues (Reddy et al. 2007; Baweja et al. 2009). Many of the methodologies for obtaining axenic 78 

cultures, utilise high concentrations and/or exposure times to harsh disinfectants which can severely 79 

impact the physiology of the host, leading to pigment loss or tissue degradation (Fries 1980; 80 

Fernandes et al. 2011). Nevertheless, as long as axenicity is obtained and the host is able to survive 81 

and recover, these are acceptable. The most common disinfectants utilised for the macroalgal 82 

culturing are: sodium hypochlorite (NaClO), reactive iodine and organic solvents, often followed by 83 

an antibiotic mix (Baweja et al. 2009; McCracken 1989; Kerrison et al. submitted-a). 84 

 85 

In aquaculture, treatment to eliminate contaminants needs to have a minimal physiological impact 86 

on the developing crop, so that it can capitalise on the removal of the competition. Ideally, the 87 

treatment should kill/remove all contaminants while, also being completely benign to the host, or 88 

quickly recoverable. This is especially true during the hatchery phase, where optimal development is 89 

sought after to minimise the costs associated with running the hatchery (Kerrison et al. submitted-90 

b). Disinfection during macroalgal cultivation has been reported in the form of salinity or pH 91 

manipulation, desiccation and the use of chemicals or physical disruption such as with a water jet 92 
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(Hwang et al. 2006a; Hwang et al. 2006b; Xie et al. 2013). However, few studies have examined the 93 

combined effectiveness and physiological impact to the crop of such treatments. 94 

 95 

Chlorophyll a fluorometry is a rapid, sensitive and non-invasive technique which measures the 96 

photosynthetic efficiency of algal cells (Kolber and Falkowski 1993). Pulse amplitude modulation 97 

(PAM) fluorometry is a fluorescence technique that stimulates multiple turnovers of the 98 

photosystem II reaction centres and had been commonly used for macroalgal studies (Enriquez and 99 

Borowitzka 2010). One of the most commonly derived parameters is the quantum yield of 100 

photosystem II (ɸPSII), sometimes referred to as an gauge of  ‘health’, which can be measured under 101 

the ambient lighting conditions to determine the operating photosynthetic efficiency (Fq’/Fm’) or 102 

after a period of dark acclimation  to measure the maximum photosynthetic efficiency (Fv/Fm; 103 

(Cosgrove and Borowitzka 2010). Higher values indicate that a greater proportion of the 104 

photosynthetic electron flow is directed towards carbon fixation, while low values indicate poor 105 

health or cellular death (Maxwell and Johnson 2002). Fluorescence has been used before to monitor 106 

the physiological impact on S. fulvellum of pH and salinity manipulation to remove Caprella scaura 107 

and Gammaropsis utinomi (Hwang et al. 2006a) and stress resistance in seedlings of S. fusiformis 108 

(Pang et al. 2007). Kerrison et al. (submitted-a) used fluorescence to test the physiological impact of 109 

a range of chemical disinfectants at different concentrations and exposure times on five macroalgae. 110 

The authors then identified a number of combinations that could be utilised for the removal of 111 

contaminating species. 112 

 113 

The aim of this study is to identify chemical treatments which can be used to successfully remove 114 

grazing protists commonly encountered during tank cultivation of S. muticum. The decontamination 115 

treatment must be relatively or completely benign to the macroalgae. The objectives are: 116 
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1.  Screen a range of chemical treatments for harmful effects on adult branchlets by using 117 

measurements of photosynthetic efficiency as a proxy for algal health a few hours and a 118 

week following treatment. 119 

2. Compare this data to those of another study by Kerrison et al. (submitted-a) to identify 120 

chemical treatments that S. muticum is comparatively more tolerant to. 121 

3. Using the two most promising treatments, determine the concentrations necessary to kill 122 

protozoans, either alone or in combination. 123 

4. Test the decontamination ability of these concentrations on both adult branchlets and 124 

<1mm juvenile. Also identify any negative effects on photosynthetic performance, growth or 125 

survival. 126 

5. Finally, determine the most suitable decontamination treatments for both growth phases. 127 

 128 

METHODOLOGY 129 

S. muticum chemical tolerance screening 130 

This used a similar method to Kerrison et al. (submitted-a). Whole fertile specimens of S. muticum 131 

were collected in August, 2014, at ca 0.5-1.0 m below chart datum from Great Cumbrae, Scotland 132 

(55°45.211 N, 004°54.070 W). These were cleaned using a camel-bristled brush as described by 133 

Kerrison and Hau (accepted). The tolerance of healthy 4-6 cm adult branchlets of S. muticum was 134 

tested against a range of possible disinfectants, at different concentrations over either: 1, 5, 30 or 60 135 

minutes. 136 

 137 

The disinfectants tested were from some of the same sources described in Table 1 of Kerrison et al. 138 

(Kerrison et al. submitted-a). Those tested at either 1 or 5 minutes were: NaClO (0.1,1,2 or 5%), 139 

ethanol (25, 50 or 75%), methanol (25, 50 or 75%), isopropanol (25, 50 or 75%), potassium iodide (KI; 140 

0.5, 1 or 2%), Lugol’s iodine (1, 2 or 5%), hydrogen peroxide (0.5, 1 or 2%), acetic acid (0.1, 0.25 or 141 

0.5%), peracetic acid (0.1, 0.25 or 0.5%) or two commercial aquaculture disinfectants: Virocid (0.1, 142 

Highlight
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0.25 or 0.5%) and  Kick-start (0.25, 0.5 or 1%). Separately, fresh water, detergent (1, 2 or 5%), 143 

hexane (100%), pH 2.5 or 10.5 (adjusted with hydrochloric acid or sodium hydroxide) or 144 

dichloroisocyanurate dehydrate (0.1, 0.5 or 1%) were tested for either 30 or 60 minutes. The organic 145 

solvents (ethanol, methanol and isopropanol) and detergent were diluted in distilled water, while all 146 

others were diluted in 10 µm filtered, UV sterilised seawater. 147 

 148 

Assays were performed in polystyrene Petri-dishes containing 20 mL volumes of each chemical 149 

treatment. The control contained only sterilised seawater. Following the treatment, the branchlets 150 

were immediately placed in 150 mL of UV sterilised seawater and swished around to rinse off any of 151 

the remaining disinfectant. After 5-10 minutes, these were transferred to fresh dishes containing 30 152 

mL of F/2 media without silicate (F/2-Si) mixed in Tyndalised seawater (Kawachi and Noël 2005). The 153 

dishes were then incubated at 8.5 °C in low light (ca 5-10 µmol·m-2·s-1) with a 12:12 hour light dark 154 

cycle.  155 

 156 

The operating efficiency of photosystem II (Fq’/Fm’) was measured using an Aquapen-P fluorometer 157 

(Photon Systems Instruments, Brno, Czech Republic) after 24 hours and again after 7 days. The % 158 

relative operating efficiency (rFq’/Fm’) was then calculated as a % of mean Fq’/Fm’ measured in five 159 

replicate controls. The effect of the disinfectant was then coded by effect: super-optimal (>110%), 160 

minimal-none (70-110%), moderate (30-<70%), severe (5-<30%) or lethal (<5%). Post-treatment 161 

recovery after one week (ΔrFq’/Fm’) was calculated as the change in Fq’/Fm’, between 24 hours and 7 162 

days post-treatment.  163 

 164 

Protozoan lethal limits 165 

Two disinfectants (NaClO and KI) then tested for their ability to remove protozoans from 166 

contaminated cultures. The two most common protozoan groups were identified as ciliates and 167 

amoebas. S. muticum zygotes were gently detached from fertile adults using a camel bristled brush 168 

Cross-Out
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(Kerrison and Le accepted). These were settled at 25°C and cultured at 20°C, 50 µmol·m-2·s-1 with a 169 

12:12 light dark cycle for four weeks, in weekly exchanged F/2-Si. Juvenile S. muticum (ca. 0.1-1 mm) 170 

that had become detached from their growth surface were collected from cultures infested with 171 

protozoans. These were concentrated and mixed thoroughly. Light microscopy (Axioskop, Zeiss, 172 

Germany) confirmed the consistent presence of protozoans on each juvenile examined. Differing 173 

concentrations of either KI or NaClO were created in 100 µL reaction volumes containing ~10 174 

juveniles. These were gently mixed, and then pipetted onto a clean glass slide and examined under 175 

the light microscope. Each slide was observed for protozoan survival for up to 5 minutes. Complete 176 

eradication within 1.5-2 minutes of exposure was considered a success; this was judged to be the 177 

minimum time necessary to confirm the absence of live protozoa. 178 

 179 

Once a lethal exposure level was determined, the test was repeated 8-10 times to confirm that no 180 

live protozoan were observable following the treatment. A combination of the two disinfectants was 181 

also tested. Controls were performed at regular intervals, using the same methodology, to confirm 182 

the continued presence of live protozoans within the contaminated culture. 183 

 184 

Tolerance of adult and juvenile S. muticum to the selected disinfectants 185 

Zygotes of S. muticum were settled onto 2 mm diameter cotton twine at 25 oC in 10 µm filtered and 186 

UV sterilised seawater. These were grown in 70 L outdoor tanks for 6 weeks. 10 cm sections of the 187 

twine containing 0.5-1 mm juveniles and healthy 4-6 cm adult sprigs of S. muticum were each 188 

introduced for 3 minutes to individual polystyrene Petri-dishes containing 20 mL volumes of either 189 

1% KI, 0.75% NaClO, 0.5% KI with 0.38% NaClO or only sterile seawater as a control. Following this, 190 

sprigs were aseptically placed into ~150 mL of Tyndalised seawater to rinse off any of the remaining 191 

disinfectant. After 15-20 minutes, the S. muticum were aseptically transferred to fresh dishes 192 

containing 50 mL of F/2-Si. These were incubated at 20 °C, 25-30 µmol·m-2·s-2 with a 12:12 light dark 193 

cycle. The media was refreshed every 5-7 days. After 1-2 hours, an Aquapen-P fluorometer was used 194 
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to monitor the operating efficiency of PSII (Fq’/Fm’). After 10 and 20 days, Fq’/Fm’ was measured 195 

again, after which the cultures were placed in the dark for one hour before Fv/Fm was measured. 196 

 197 

Three non-overlapping photographs of the juvenile twine were taken at day 10 and 20. On day 0 198 

only the control was photographed. ImageJ v1.46r (National Institutes of Health, USA) was utilised to 199 

determine the juvenile density·cm-1 and the size of the ten largest juveniles on each photograph. The 200 

mean ± standard deviation and growth between time points were then calculated. 201 

 202 

Statistical analysis 203 

Minitab v.15 (Minitab Inc.) and Excel 2010 (Microsoft) were used for all statistical analyses. Analysis 204 

of variance (ANOVA/AN) Nested ANOVA (nAN) and 2 way ANOVA (2wAN) were used where the 205 

Anderson-Darling test for normality (Anderson and Darling 1952) was satisfied. Post-hoc Tukey’s 206 

tests (phTuk) or pairwise AN were then performed where appropriate. If data could not be 207 

transformed to meet these assumptions, then the Kruskal-Wallis test (KW) followed by pairwise 208 

Mann Whitney-U tests (MW), were used. 209 

 210 

RESULTS 211 

Treatment screening 212 

There were highly significant differences between the replicate controls (AN: F4,10=23.1, p<0.0001) 213 

with a mean Fq’/Fm’ of 0.54 ± 0.04. As the distribution was normal, 99.7% of pre-treatment Fq’/Fm’ 214 

should fall within three standard deviations of this mean (±0.12), which is the equivalent of within 215 

21%. 216 

 217 

When responses were grouped by disinfectant, significant differences were found between the 218 

treatments tested over 1 or 5 minutes (AN: F10,59=8.1, p<0.0001). Post-hoc testing showed that S. 219 

muticum was very tolerant to the KI, Lugol’s iodine, acetic acid and peracetic acid treatments and 220 
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had moderate tolerance to NaClO (Table 1).  It had no tolerance to the ethanol, methanol, 221 

isopropanol and low tolerance to hydrogen peroxide, Kick-start and Virocid.  222 

 223 

After one week, partial recovery was seen in many of the 0.1-2% NaClO, treatments (-11-19%) in all 224 

one minute exposure ethanol treatment (14-57%) and in the Kick-start treatment at 0.25-5% (26-225 

54%). The most consistent recovery was seen in the hydrogen peroxide treatment (20-60%) except 226 

the highest exposure concentration and time (2% 5 minutes). Continued declines in rFq’/Fm’ were 227 

present in most of the acetic acid, peracetic acid and half of the Virocid treatments a week following 228 

exposure. 229 

 230 

In comparison to the native European macroalgae: Ectocarpus spp., Osmundea pinnatifida, Palmaria 231 

palmata, Ulva intestinalis and Ulva lactuca (Kerrison et al. submitted-a), S. muticum had higher 232 

tolerance to a number of decontaminant treatments. These were: KI at 1% for 5 minutes or 2% for 1 233 

minute, Lugol’s iodine at 2% for 5 minutes and NaClO at 1% for 1 minute or 0.1% for 5 minutes, 0.5-234 

1% dichloroisocyanurate dehydrate for 30-60 minutes (Table 1&2; Table 2 of Kerrison et al. 235 

submitted-a). Of these, KI and NaClO were selected for further study.  236 

 237 

Protozoan lethal limits 238 

The amoebas were more tolerant of KI exposure, surviving >5 minutes in 0.66%, whereas ciliates 239 

were killed by 0.2% (Table 3). Conversely, the ciliates were more tolerant of NaClO, surviving >4 240 

minutes in 0.5% whereas amoebas were killed. When the two were combined, 0.5% KI and 0.38% 241 

NaClO were found to kill everything within 1.5 minutes. Three copepods were also found to have 242 

been killed by the treatments, either 1% NaClO or 0.25% KI +0.18% NaClO. Too few copepods were 243 

present to allow their lethal limits to be confirmed. 244 

 245 

Protozoan survival after treatments 246 
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Ten days following treatment, protozoans abundance on the adult branchlets and juvenile strings 247 

was significantly different between treatments (Fig 1; KW: H3=10.6 or 13.5, p<0.02 or 0.005, 248 

respectively). With protozoans less common on the juvenile strings following treatment (none found 249 

on 40-80%) than the adult branchlets (20-40%). In both cases, protozoan abundance was 250 

significantly reduced by the NaClO, KI and combined treatments (MW: W10=38-40, p<0.005-0.02), 251 

with no difference in effectiveness found between these treatment (p>0.05).   252 

 253 

Photophysiological response of S. muticum following disinfection tests 254 

Adults branchlets had an initial Fq’/Fm’ of 0.39 ± 0.02 while the juveniles were significantly lower at 255 

0.28 ± 0.01 (nAN: F1,8,40=116, p>0.0001). All three treatment led to a significant decline in Fq’/Fm’ in 256 

both adults and juveniles (nAN: F1,8,40=6.6-671, p<0.01-0.0001), with juveniles more affected than 257 

adults by 26±7% (2WAN: F1,3,3,32=152, p<0.0001). The Fq’/Fm’ of each treatments were significantly 258 

different to each other (Fig 2; 2WAN: F1,3,3,32=152, p<0.0001) and modulated by growth age (2WAN: 259 

F1,3,3,32=152, p<0.0001). The largest reduction in Fq’/Fm’ was due to NaClO 66±11 % followed by KI 260 

with 45 ± 22% and finally the combination 20±18% (Figure 2). 261 

 262 

Significant differences in Fq’/Fm’ were still seen after 10 days between growth phase (2WAN: 263 

F1,3,3,32=220, p<0.0001) and treatment (nAN: F1,6,32=59.3, p<0.02). Fq’/Fm’ in the adult branchlets was 264 

not significantly different from the control in either the KI or combined treatments (p>0.05), 265 

whereas it was significantly reduced by 25% in the NaClO treatment (Fig 3A; nAN: F1,8,40=32.4, 266 

p<0.0001). The Fq’/Fm’ of juveniles treated with the combined treatment was no different to the 267 

control (p>0.05), whereas the NaClO and KI treatments were still reduced by 56-59% (nAN: 268 

F1,8,40=4.9-5.5, p<0.05).  269 

 270 

The 10 day Fv/Fm gave a very similar pattern of significant differences between growth phases 271 

(2WAN: F1,6,32=170, p<0.0001) and treatments (Fig 3B; 2WAN: F1,6,32=83.9, p<0.01). In branchlets and 272 
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juveniles, NaClO was still led to a significant reduction (nAN: F1,8,40=4.4-28.5, p<0.05-0.0001) whereas 273 

KI now increased Fv/Fm by 10% in branchlets (nAN: F1,8,40=8.6, p<0.01) and did not have a significant 274 

effect in juveniles (p>0.05). 275 

 276 

After 17 days, there was still a significant difference in Fv/Fm between growth phases (2WAN: 277 

F1,6,32=200, p<0.0001) and treatments (2WAN: F1,6,32=3.3, p<0.05) with a significant interaction 278 

(2WAN: F1,6,32=25,3, p<0.0001). The branchlets showed no significant differences (p>0.05), while the 279 

juveniles treated with NaClO were 43±7% below the control (nAN: F1,8,40=18.1, p<0.0001) and those 280 

treated with KI were 27±4% above (nAN: F1,8,40=4.6, p<0.05). 281 

 282 

Juvenile density and growth 283 

The juvenile density on the string  at day 0 was  42.7±7.0 germlings·cm-1 and mean size was 284 

1.14±0.13 mm. After ten days,  germling density had reduced by 38%, to 26.4±3.3, following the 285 

NaClO treatment (Fig 4A; AN:  F1,8=22.5, p<0.001), whereas no effect was seen in the other 286 

treatments (p>0.05). This led to a signficant difference in density (Fig 4B; nAN: F3,16,40=11.9, 287 

p<0.0001), with the KI and combined treatments having signfiicantly higher density than either the 288 

control or NaClO treatment (phTuk: p<0.05). After 20 days significant reduction in density were seen 289 

in all but the control treatment, when compared to day 10 (nAN: F1,8,20=16.2-18.7, p<0.001-0.0001). 290 

The density was then no different between the KI, combined and control treatments (p>0.05) at  291 

32.7-39.1 germlings·cm-1, whilst the NaClO treatment was significiantly different to these with 292 

16.5±3.1 germlings·cm-1 (nAN: F3,16,40=59.3, p<0.0001). 293 

 294 

After 10 days, NaClO treated string showed no significant growth (p>0.05), while all others showed 295 

significant growth (AN: F1,8=8.5-58.7, p<0.05-0.0001). The control and combined treatments grew 296 

best  with 53 and 36% respectively, followed by the KI treatment with 11%. The germling sizes at day 297 

10, were signficant (nAN: F3,16,40=76.1, p<0.0001), with each different from one another (phTuk: 298 
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p<0.05). These were 1.75±0.12, 1.56±0.07, 1.35±0.10 and 1.18±0.05 mm for the control, combined, 299 

KI and NaClO treatment, respectively. In the following 10 days, no growth was observed in the 300 

control or KI treatment (p>0.05), negative growth (-9 %) was seen with NaClO (nAN: F1,8,20=5.4, 301 

p<0.05) and the only positive growth (+7 %) in the combined treatment (nAN: F1,8,20=4.3 - 5.4, 302 

p<0.05). At the end of the experiment there was a significant difference in the germling size (nAN: 303 

F3,16,40=79.6, p<0.0001). There was no significant different between the control and combined 304 

treatments with 1.67-17.1 mm (p>0.05), but the NaClO and KI treatment were signficantly lower 305 

(phTuk: p<0.05) with 1.07±0.11 and 1.35±0.12 mm. 306 

 307 

 308 

 309 

DISCUSSION 310 

This paper has investigated the physiological effects of various disinfectants on the Phaeophyte 311 

macroalgae S. muticum, followed by a more detailed examination of the physiological effects and 312 

protozoan removal capacity of NaClO and  KI, alone and combined. 313 

 314 

Initial screening 315 

The initial screening showed that S. muticum could tolerate the lower concentrations of NaClO, KI, 316 

Lugol’s iodine (1 minute at 1% or 5 minutes at 0.1%), acetic and peracetic acid (1 minute at 0.25%) 317 

and dichloroisocyanurate dehydrate tested (0.5% for 30 minutes) with little or no photophysiological 318 

effect observed after a few hours or seven days.  319 

 320 

Tolerance to reactive iodine and chlorine  321 

NaClO and KClO have been commonly used as a step in thallus tissue sterilization, particularly of 322 

Laminariales. Concentrations used have ranged from 0.006% to a saturated solution and exposure 323 

time range from wiping to 20-30 min soaks. Most studies have used around a 1% solution with an 324 
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exposure of 1-5 minutes (Druehl and Hsiao 1969; Kientz et al. 2012; Fries 1980; Ramlov et al. 2009; 325 

Rød 2012; Fernandes et al. 2011; Hsiao and Druehl 1971). Similarly, various forms of iodine have also 326 

been trialled: either KI or Lugol’s iodine, as in this study (Rød 2012; Yan 1984) or more commonly as 327 

Betaine: iodinated polyvinyl prrolidone, with concentrations often between 0.2-5 % for 30 seconds 328 

to 5 minutes (Aguirre-Lipperheide and Evans 1993; Merrill and Gillingham 1991; Gibor et al. 1981). 329 

 330 

Through comparison with another published dataset (Kerrison et al. submitted-a), it is seen that S. 331 

muticum has a higher tolerance to  treatments containing either reactive chlorine (NaClO or 332 

dichloroisocyanurate) or iodine (KI and Lugol’s) than the other UK macroalgae tested including two 333 

species known to overgrow Sargassum culturing lines: Ectocarpus spp., and Ulva intestinalis 334 

(Redmond et al. 2014). This maybe related to the naturally higher iodine content of brown algae, 335 

especially kelps and some Sargassaceae (Hou and Yan 1998), which can reach up to 5% of dry weight 336 

in juveniles (Gall et al. 2004). Within these groups, there must exist a very effective system (active or 337 

passive) for capturing the 0.06 ppm of free iodine from the surrounding seawater and concentrating 338 

it within their tissues. When exposed to the reactive halides chlorine or iodine, this system may act 339 

as a sink, so reducing the damage caused by halide binding to other cellular components. This effect 340 

would make them less effective biocides towards the Laminariales and Sargassaceae than other algal 341 

groups. Whilst Ectocarpus sp, is a Phaeophyte, its does not accumulate iodine to such high levels as 342 

the Sargassaceae (Grimm 1952), and so may still be more susceptible to reactive halide damage. 343 

 344 

Low acid tolerance 345 

While the acids were effective,  sensitively was observed after a 5 minute exposure indicating a low 346 

tolerance threshold. This indicates that for the acids, the window between the effective and 347 

damaging dose is narrow, and so they should be avoided. In addition, after a week declines in Fq
’/Fm’  348 

were seen in some acid treatments suggesting a deleterious physiological impact persisting for a 349 

week after treatment. 0.5% acetic acid for 2-5 minutes has been suggested for the removal of animal 350 
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grazers from sea cultivation lines of Sargassum spp. (Xie et al. 2013). However, other experiments 351 

support the conclusion that acetic acid maybe too aggressive, damaging macroalgal tissues 352 

underinvestigated  (Rød 2012; Sánchez-Saavedra et al. 2008).  353 

 354 

 355 

Effective algicides – polar solvents, Virocid, Kick-start, detergent and pH 2.5 356 

Methanol and isopropanol were lethal at the lowest dose (1 minute at 25%) so were not suitable, 357 

similar to the conclusion of Kientz et al. (2012). As expected the higher molecular weight polar 358 

solvent, isopropanol, had the highest biocidal potency (Wilson et al. 1964). A similarly lethal effect 359 

was found due to detergent and pH 2.5 (hydrochloric acid). Ethanol is a potent biocide which has 360 

been utlised in numerous isolation studies;  These have almost inverably examined short exposures, 361 

10-60 seconds, with high concentrations of 40-70% (Lawlor et al. 1991; Gusev et al. 1987; Kientz et 362 

al. 2012; Kawashima and Tokuda 1990). Both ethanol and hydrogen peroxide had a moderate to 363 

severe effect after 1 minute exposure, which they recovered well from after a week. However a 5 364 

minute exposure often prevented this recovery. A similar negative response was seen due to Virocid. 365 

In Kick-start, a moderate to severe effects were also seen, but good recovery occurred following 0.25 366 

and 0.5% treatment.  367 

 368 

Due to the severe-lethal effects and little or no recovery, methanol, isopropanol, Virocid, detergent 369 

and pH 2.5, have utility when it is necessary to kill a culture of S. muticum. Since this species is 370 

invasive in Europe and North America (Cheang et al. 2010),  experimentors will need to prevent its 371 

accidental introduction ito the local environment by killing all waste seawater and S. muticum 372 

material. It is recommended that 0.25-0.5% Virocid maybe very suitable for this process due to its 373 

commerical avaliability and dilution in seawater. Because of the  recovery seen following treatment, 374 

ethanol, hydrogen peroxide and Kick-start could be useful as steps in axenic culture creation. 375 

 376 
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30 minutes in distilled water had little to no effect, although a moderate effect was seen after 60 377 

minutes.  Larger macroalgae with multilayered parenchlymatous or pseudoparenchymatous thalli, 378 

should be more resistant to osmotic shock than unicellular or filamentous algae with higher surface: 379 

volume ratios. This makes distilled or tap water quite effective at reducing the abundance of  some 380 

contaminants such as diatoms (Sánchez-Saavedra et al. 2008) and lowered salinity has been 381 

suggested to help remove epiphytes from Sargassum spp. lines (Redmond et al. 2014). However, 382 

Kerrison et al. (Kerrison et al. submitted-a) showed that freshwater would be ineffective at removing 383 

the filamentous alga Ectocarpus spp. which can grow on such lines  (Redmond et al. 2014). 384 

 385 

Biocidal effect of NaClO and  KI tested against contaminating protozoans 386 

As discussed above, both 1% NaClO and  2% KI have been used previously as components for the 387 

creation of axenic macroalgal cultures at similar concentrations. These were selected for testing here  388 

as:  389 

1. they has minimal to no effect on the photophysiology of S. muticum (<30% ΔFq’/Fm’) but 390 

higher exposure did, confirming a biocidal effect;  391 

2. they are single part components and so easy to prepare and; 392 

3. because other macroalgal species (Ectocarpus spp., O. pinnatifida, P. palmata, U. intestinalis 393 

and U. lactuca)  often display severe or lethal effects due to these chemicals(Kerrison et al. 394 

submitted-a), suggesting a higher tolerance on the part of S. muticum. 395 

 396 

When the effectiveness of these chemicals as protozoan biocides was tested, both 1% KI and 0.75% 397 

NaClO alone were effective at killing all contaminating protozoans. These concentrations are within 398 

those that had a minimal effect on the photosynthetic health of S. muticum in the intial screening, 399 

and so were selected as candidate treatments. It was noticed that amoebas appeared more tolerant 400 

to iodine, while cilliates were more tolerant to NaClO and so a combined treatment maybe the most 401 

Highlight
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effective. When this was tested, the combined treatment of 0.5% KI and 0.38% NaClO was 402 

repeatedly effective within 1.5 mins. 403 

 404 

Effectiveness of protozoan removal with these treatments 405 

When each of these three treatments were tested on protozoan contaminated adult branchlets or 406 

juvenile strings, protozoan abundance was significantly reduced by all treatments, with no difference 407 

in effectiveness seen between the three. It did appear that the treatments were more effective on 408 

the juveniles than on the adult branchlets. This was unexpected, as it as thought that the higher 409 

surface area of the juveniles,and spaces within the string itself would act as protective reservoirs for  410 

protozoans, and so allowing their recolonisation.  Since all three treatments were frequently 411 

effective at removing all of the micro-grazers, these treatments could be utilised for the creation of 412 

grazer-free laboratory cultures. Axenicity could then be created through an additional treatment 413 

with an antibiotic cocktail (Baweja et al. 2009). 414 

 415 

Fq’/Fm’ more sensitive indicator of treatment stress 416 

It was determined that Fq’/Fm’ was a more sensitive indicator to the photophysiological state of S. 417 

muticum as it revealed stress that was not apparent from Fv/Fm. As Fv/Fm is measured in the dark, a 418 

reduction in Fv/Fm compared to the control is often indicative of damage to the structure of the 419 

photosynthetic apparatus, often the D1 protein of photosystem II (Ragni et al. 2010). Fq’/Fm’ 420 

however, also integrates dynamic photoinhibition - non-photochemical quenching - triggered during 421 

light exposure that minimises photodamage due the free radicals produced by excess excitation that 422 

cannot be quenched by photochemistry II (Nishiyama and Murata 2014; Lesser 2006). In this case, 423 

reduction in Fq’/Fm’ that are not reflected in Fv/Fm, are likely to indicate increases in protective 424 

photoinhibition due to physiological damage downstream of PSII, making it a more effective probe in 425 

this study.  426 

 427 
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Physiological impact of treatments on S. muticum 428 

Each of the three chemical treatments had a negative impact on the photophysiology and growth of 429 

S. muticum, although the degree of impact varied substantially. As expected, juveniles were more 430 

sensitive than adults, with a  ~25-35% greater reduction in Fq’/Fm’. This is likely because they lack 431 

protective physiological mechanisms developed with age (Davison 1993), and have a higher surface 432 

area:volume ratio allowing faster and more compete penetration of the disinfectant into their 433 

tissues. 434 

 435 

The greatest damage to the photosynthetic apparatus was seen due to NaClO. In the inital screening, 436 

0.1% NaClO was tolerated well for 1 minute, however 1% was not, leading to a moderate negative 437 

impact. Similarly, the 0.75% NaClO, 3 minute treatment, reduced Fq’/Fm’ by 66%. After 10 days, the 438 

effect was still clear with 25 and 56% reductions seen in Fq’/Fm’ and 8 and 40% reductions in Fv/Fm, in 439 

adults and juveniles respectively. Even after 18 days, it still clearly had a very negative effect, 440 

especially to juveniles where both Fv/Fm and juvenile density were halved and negative growth was 441 

seen in the survivors. These results indicate that NaClO causes very severe damage to S. muticum 442 

physiology, and so although 0.75% NaClO is effective at removing protozoans, it is not 443 

recommended for decontamination. 444 

 445 

The 1% KI treatment was well tolerated for 1 minute during the intiial screening with only a minimal 446 

effect, however, after 5 minutes a moderate effect was seen that was not recovered from after one 447 

week. When decontamination was trialed with 1% KI for 3 minutes, this similarly lead to a 28% 448 

Fq’/Fm’ reduction in adult branchlets, with 61% reduction seen in juveniles. After 10 days, adult 449 

branchlets had recovered fully, while juveniles had repaired all apparent photodamage (no 450 

signfiicant difference to control Fv/Fm) but still under went 50% phootoinhibition (halved Fq’/Fm’) 451 

compared to the control. After 17 days,  Fv/Fm  was similar to the control in adults and 27% boosted 452 

in juveniles.  453 
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 454 

The KI treatment reduced juvenile growth from 53% to only 18% in 10 days, but did lead to 455 

significantly higher germling density at day 10. This is likely because it prevented the protozoan 456 

grazer induced mortality present in the control, allowing higher survivability. However, after 20 days 457 

this benefit was lost, likely because of density dependent mortality as juvenile size increased (Reed 458 

et al. 1991). These results indicate that 1% KI for 3 minutes does not lead to juvenile mortality, but 459 

does have a negative physiological effect. This is very quickly repaired in adults within 10 days 460 

making it is a very suitable disinfectant. In juveniles the negative effect is repaired more slowly, 461 

taking between 10-20 days. These means it may be utilised but is not optimal. 462 

 463 

The combined treatment, was the most favourable for both adult and juvenile disinfection. It was as 464 

effective at protozoan removal as either NaClO or KI, but had far milder deleterious effects. It 465 

reduced Fq’/Fm’ by only 6 and 34 % in adults and juveniles respectively, with full recovery after 10 466 

days. However, it still lead to reduce growth by 17% with juveniles 0.2 mm smaller at day 10 467 

compared to the control, although survival was 23% higher. Both of these effects, were lost by day 468 

20, when size and density of juveniles was indistinguishable from the control, possibly due to density 469 

dependent growth and mortality (Reed et al. 1991). 470 

 471 

The convergence of growth size in the control, combined and KI treatment on day 20 indicates that 472 

the carrying capacity for the 50 mL Petri-dishes had been reached; possibly due to the low seawater 473 

volume or limiting gas exchange. This may have masked growth rate differences between the 474 

treatments. Importantly, this means we cannot be certain from our results whether the growth rate 475 

after 20 days is still affected by the KI and combined treatment, although Fq’/Fm’ suggests not. 476 

 477 

Conclusion: Combined treatment suggested for decontamination of algal cultures 478 
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A 3 minute soak of either adult or juvenile tissue in  0.38% NaClO and 0.5% KI was determined to be 479 

the most effective treatment for the elimination of protozoan contamination from S. muticum. In 480 

addition, this will help to eliminate contamination by two fast growing macroalgae, that are known 481 

to be problematic in Sargassum spp. cultivation by overgrowing it in the hatchery or at sea 482 

(Redmond et al. 2014; Kerrison et al. submitted-a): U. intestinalis is severely-lethally affected by a 483 

one minute exposure to either 0.1% NaClO or 0.5% KI. Alternatively, Ectocarpus spp. may not be 484 

removed so easily, as it is only severely-lethally affected by 1% NaClO or 1%  KI for 5 minutes. If this 485 

species is a problem, then the 1% KI treatment will be more appropriate. This is particularly true in 486 

adult material, which has higher KI  tolerance, with full photophysiological recovery apparent within 487 

10 days.  488 

 489 

The proposed treatments could be used on either juveniles in the hatchery or to treat contaminated 490 

lines at a cultivation site on board a boat. This treatment is likely to be applicable to the 491 

development of cultivation in other Sargassum spp., although the individual tolerance of any species 492 

should be tested beforehand. Since a similar tolerance is expected, it is also indicated from the 493 

screening that the use of acetic acid for the decontamination of Sargassum spp. lines (Xie et al. 494 

2013) maybe unnecessarily damaging to adult tissue. 495 
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Table 1 Operating photochemical efficiency response (Fq’/Fm’) of S. muticum branchlets exposed to a 

range of chemical decontamination treatments at different concentrations for either 1 or 5 mins. 

The % relative to the control (rFq’/Fm’), one day or one week post-treatment are colour coded by 

effect: 70-110% minimal-none (light gray), 30-<70% moderate (medium gray), 5-<30% severe (dark 

gray) and <5% lethal (black). Significance groups are shown by letters next to each treatment name. 

Post-treatment recovery after one week (ΔrFq’/Fm’) is shown in numbers. Superscript letters show 

significant groupings in one day post-treatment rFq’/Fm’ response 

 
 

Treatment  

1 minute 5 minutes 
1 day 
post-

treatment 
rFq’/Fm’ 

 

1 week post-
treatment 

rFq’/Fm’ and 
ΔrFq’/Fm’  (%) 

1 day post-
treatment 

rFq’/Fm’ 
 

 1 week post-
treatment 

rFq’/Fm’ and 
ΔrFq’/Fm’  (%) 

0.1% Sodium hypochloriteb,c    
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Table 1 Operating photochemical efficiency response (Fq’/Fm’) of S. muticum branchlets exposed to a 

range of chemical decontamination treatments at different concentrations for either 1 or 5 mins. 

The % relative to the control (rFq’/Fm’), one day or one week post-treatment are colour coded by 

effect: 70-110% minimal-none (green), 30-<70% moderate (yellow), 5-<30% severe (red) and <5% 

lethal (dark red). Significance groups are shown by letters next to each treatment name. Post-

treatment recovery after one week (ΔrFq’/Fm’) is shown in numbers. Superscript letters show 

significant groupings in one day post-treatment rFq’/Fm’ response 
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Table 2 Operating photochemical efficiency response (Fq’/Fm’) of S. muticum branchlets exposed to a 

range of chemical diecontamination treatments at different concentrations for either 30 or 60 mins. 

The % relative to the control (rFq’/Fm’), one day or one week post-treatment are colour coded by 

effect: 70-110% minimal-none (light gray), 30-<70% moderate (medium gray), 5-<30% severe (dark 

gray) and <5% lethal (black). Post-treatment recovery after one week (ΔrFq’/Fm’) is shown in 

numbers 
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 1 week post-
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rFq’/Fm’ and 
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Table 2 Operating photochemical efficiency response (Fq’/Fm’) of S. muticum branchlets exposed to a 

range of chemical diecontamination treatments at different concentrations for either 30 or 60 mins. 

The % relative to the control (rFq’/Fm’), one day or one week post-treatment are colour coded by 

effect: 70-110% minimal-none (light green), 30-<70% moderate (yellow), 5-<30% severe (red) and 

<5% lethal (dark red). Post-treatment recovery after one week (ΔrFq’/Fm’) is shown in numbers 
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Table 3 Survival of protozoa contaminating S. muticum juveniles (<1 mm).  Replicate numbers are 

given in paratheses. Rows highlighted in grey are the lethal limit 

Iodine  
(%) 

Hypochlorite 
(%) 

Response seen 

0.02%  >3 mins survive (1). 
0.10%  >3 mins partial survival (1). 
0.20%  >5 mins amoeba survival, ciliate death (1). 
0.50%  Dead <1.5 mins (2), one amoeba survive >5 mins (1). 
0.66%  Dead <1.5 mins (1), one amoeba survive >5 mins (1). 
1.00%  Dead <1.5 mins (10), killed a copepod (2). 

 0.10% >5mins 50% survival (1). 
 0.50% Dead <1.5 mins (1), 1-2 cilliates survive >4 mins (2). 
 0.75% Dead <1.5 mins (7), last ciliate dead after <2 mins (1). 
 1.00% Dead <1.5 mins (1). 

0.10% 0.08% >4 mins alive (1). 
0.20% 0.15% Dead <1.5 mins (1), dead <4 mins (1). 
0.25% 0.18% Dead <1.5 mins including a copepod (5), one alive >4 mins 

(1).  
0.34% 0.25% Dead <1.5 mins (1), all dead <3 mins (1). 
0.50% 0.38% Dead <1.5 mins (8). 
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Figure 1 Abundance of protozoa associated with a) adult branchlets and b) <1 mm juveniles of 
Sargassum muticum 10 days following 3 minutes exposure to different chemical treatments:  0.75% 
hypochlorite (NaClO), 1% potassium iodide (KI) or a combination of 0.38% hypochlorite and 0.5% 
iodine (combined). Letters show significance groups 
 

a) Adult branchlets b) <1mm Juveniles 

a b b b a b b b 
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Figure 2 Relative operating efficiency of photosystem II (Fq’/Fm’) of adult and juvenile (<1 mm)  

Sargassum muticum one-two hours following different decontamination treatments: 3 minutes 

exposure to either 0.75% hypochlorite (NaClO), 1% potassium iodide (KI), or a combination of 0.38% 

NaClO and 0.5% KI (combined). Values are shown as a % of the control ±standard deviation. 

Significance to control: *p<0.05, **<0.01, ***<0.001 and ****<0.0001 

 

Fig 2
Click here to download colour figure: Fig 2.doc 

http://www.editorialmanager.com/japh/download.aspx?id=85219&guid=8476e51b-4d73-4bb3-a09a-6f0eeba23348&scheme=1


 

 

0

25

50

75

100

NaClO KI Combined

%
 F

q
'/

Fm
' o

f 
co

n
tr

o
l ****

*
*

 

 

0

25

50

75

100

NaClO KI Combined

%
 F

v/
Fm

 o
f 

co
n

tr
o

l 

****

**

*

 
Figure 3 a) Relative operating efficiency of photosystem II (Fq’/Fm’) and b) maximum efficiency of 
photosystem II (Fv/Fm) of adult and juveniles of (<1mm) Sargassum muticum compared to the 
control. Measurements were ten days following different decontamination treatments: 3 minutes 
exposure to either 0.75% hypochlorite (NaClO), 1% potassium iodide (KI), or a combination of 0.38% 
NaClO and 0.5% KI (combined). Values are shown as a % of the control ±standard deviation. 
Significance to control: *p<0.05, **<0.01, ***<0.001 and ****<0.0001 
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Figure 4 a) germling density and b) mean size of Sargassum muticum  juveniles on cotton string 
following different decontamination treatments: 3 minutes exposure to either 0.75% hypochlorite 
(NaClO), 1% potassium iodide (KI), or a combination of 0.38% NaClO and 0.5% KI (combined) 
 

 

 

 

 

10

25

40

55

G
e

rm
li

n
gs

·c
m

-1

Day 0

Day 10

Day 17

0.5

1

1.5

2

G
e

rm
li

n
g 

si
ze

 (
m

m
)

Day 0

Day 10

Day 17

b)  a)  

Fig 3
Click here to download colour figure: Fig 4.doc 

http://www.editorialmanager.com/japh/download.aspx?id=85221&guid=9dfa8f05-dcdc-4ce0-8a65-44cf9a4bf149&scheme=1



