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evidence that iodine accumulation in L. digitata positively 
affects photo-physiology.
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Abbreviations
chl a	�C hlorophyll a
DW	� Dry weight
E50	� Irradiance at which 50 % of NPQmax is attained
Ek	�L ight saturation coefficient of P/E curve
EPAR	� Irradiance in the photosynthetically active 

wavelength range of 400–700 nm
FW	� Fresh weight
Fv/Fm	� Maximum PSII efficiency measured after dark 

acclimation
NPQ	�N on-photochemical quenching of chl a 

fluorescence
P/E curve	� Photosynthesis vs. irradiance curve with rETR 

as a function of EPAR

PSII	� Photosystem II
qP	� Photochemical quenching of chl a fluorescence
rETR	�R elative electron transport rate through PSII
RGR	�R elative growth rate
SA	�A bsolute salinity
vIPO	� Vanadium-dependent iodoperoxidase

Introduction

The element iodine was discovered from brown macroal-
gae (Phaeophyceae) (Courtois 1813) some of which have 
the ability to retain it at high concentrations (Kylin 1929; 
Saenko et  al. 1978). Specifically kelp species within the 
Laminariales accumulate iodine at levels higher than other 

Abstract  Iodide (I−) retained by the brown macroalga 
Laminaria digitata at millimolar levels, possesses antioxi-
dant activities, but the wider physiological significance of 
its accumulation remains poorly understood. In its natu-
ral habitat in the lower intertidal, L. digitata experiences 
salinity changes and osmotic homeostasis is achieved by 
regulating the organic osmolyte mannitol. However, I− may 
also holds an osmotic function. Here, impacts of hypo- and 
hypersaline conditions on I− release from, and accumula-
tion by, L. digitata were assessed. Additionally, mannitol 
accumulation was determined at high salinities, and physi-
ological responses to externally elevated iodine concentra-
tions and salinities were characterised by chl a fluorometry. 
Net I− release rates increased with decreasing salinity. I− 
was accumulated at normal (35 SA) and high salinities (50 
SA); this coincided with enhanced rETRmax and qP causing 
pronounced photoprotection capabilities via NPQ. At 50 SA 
elevated tissue iodine levels impeded the well-established 
response of mannitol accumulation and prevented photoin-
hibition. Contrarily, low tissue iodine levels limited pho-
toprotection capabilities and resulted in photoinhibition at 
50 SA, even though mannitol was accumulated. The results 
indicate a, so far, undescribed osmotic function of I− in L. 
digitata and, thus, multifunctional principles of this halo-
gen in kelps. The osmotic function of mannitol may have 
been substituted by that of I− under hypersaline conditions, 
suggesting a complementary role of inorganic and organic 
solutes under salinity stress. This study also provides first 
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brown macroalgae (Kundel et al. 2012). On average, levels 
of 0.5–1.0 % iodine per dry weight (DW) have been deter-
mined in Laminaria and Saccharina (formerly Laminaria) 
species (Kylin 1929; Saenko et  al. 1978; Küpper et  al. 
1998; Ar Gall et  al. 2004), but iodine contents can vary 
with season (Haug and Jensen 1954; Ar Gall et al. 2004), 
between populations (Kylin 1929; Haug and Jensen 1954; 
Ar Gall et al. 2004) and were further dependent on size of 
specimens (Küpper et al. 1998; Ar Gall et al. 2004).

In brown macroalgae, iodine appeared to be present in 
both inorganic and organic forms (Kylin 1929); in Lami-
nariales a large fraction (>80 %) occurs as labile inorganic 
iodide (I−) ion (Gamallo-Lorenzo et  al. 2005; Shah et  al. 
2005; Küpper et al. 2008, 2013; Hou et al. 2009) which is 
non-covalently associated with polyols, phenols, amides, 
protein-like molecules and sulphated polysaccharides 
(Shah et  al. 2005; Verhaeghe et  al. 2008; Küpper et  al. 
2008, 2013). However, the exact speciation and complexa-
tion of iodine in algae are still debated (Verhaeghe et  al. 
2008; Küpper et al. 2011).

Highest iodine concentrations were detected in the 
outer cortex of Laminaria species (Kylin 1929), reach-
ing up to 57  mg  g−1 DW in stipes of Laminaria digitata 
(Küpper et  al. 2013); the inner cortex contained 20  % 
less iodine (Küpper et  al. 2013). Pedersén and Roomans 
(1983) showed that iodine can be retained intracellularly 
in physode-like vesicles and, in addition, Verhaeghe et al. 
(2008) reported that a large fraction can also occur in the 
apoplasm of L. digitata. However, to ascertain the locali-
sation of iodine on sub-cellular levels, current techniques 
available require further improvement (Verhaeghe et  al. 
2008).

Iodine is a fundamental element in various biologically 
driven processes (Leblanc et al. 2006; Küpper et al. 2011) 
and plays a key role in the oxidative metabolism of Lami-
nariales (Küpper et al. 1998, 2008, 2013). Intact cell walls, 
small quantities of hydrogen peroxide (H2O2) and vana-
dium haloperoxidase activity, particularly that of iodop-
eroxidases (vIPO) (Colin et  al. 2003, 2005), are required 
for efficient I− uptake (Küpper et  al. 1998). L. digitata 
also released I− after a treatment with 2 mM H2O2 (Küp-
per et al. 2008); levels of iodate (IO3

−) and organic iodine 
in the surrounding seawater remained nearly unchanged 
(Küpper et  al. 2008). During emersion, L. digitata emits 
molecular iodine (I2) into air (e.g. Dixneuf et  al. 2009; 
Nitschke et  al. 2011; Ashu-Ayem et  al. 2012) and ozone 
(O3) can trigger elevated I2 emission rates (Palmer et  al. 
2005). Thus, iodine functions as inorganic antioxidant in  
L. digitata (Küpper et al. 2008, 2013). Iodinated compounds 
may also be involved in chemical defence mechanisms 
(Küpper et  al. 2001, 2002) and oxidised halogens might 
control biofilms via antimicrobial activities (Borchardt 
et  al. 2001). However, the wider physiological advantage 

and a potential multifunctional role of accumulating iodine 
at millimolar levels remains largely unexplored (Küpper 
et al. 1998, 2011).

L. digitata inhabits the physically challenging lower 
intertidal of temperate rocky shores. Depending on tidal 
state, this species is either submersed or, during spring low 
tides, emersed implying considerable variations in several 
abiotic factors (Davison and Pearson 1996) including the 
external salinity regime (Karsten 2012). On a small scale, 
the microlayer of seawater surrounding algal thalli during 
air-exposure can evaporate which then leads to increased 
ion concentrations (i.e. increased salinities) on algal sur-
faces (Kirst 1990). By contrast, precipitation can decrease 
the external salinity regime resulting in extreme low values 
(Kirst 1990; Karsten 2012). The combination of precipita-
tion and wave action, causing a rapid re-submersion with 
full-strength seawater, can further result in large salinity 
fluctuations.

Seaweeds have evolved pronounced mechanisms to 
maintain their osmotic homeostasis by controlling con-
centrations of both inorganic ions (“fast” component of 
osmotic acclimatisation: hours) and small organic mole-
cules (“slow” component of osmotic acclimatisation: days). 
In response to cellular water fluxes caused by external 
osmotic changes, most marine macroalgae adjust the con-
centration of osmotically active compounds (i.e. osmolytes) 
to achieve new steady-state conditions (Kirst 1990). As 
reported to date, the main osmolytes engaged in the “fast” 
salinity stress response of most seaweeds are monovalent 
ions such as K+, Na+, Cl− and NO3

− (Davison and Reed 
1985a, b; Kirst 1990); the “slow” response of most Phae-
ophyceae involves the accumulation the polyol mannitol 
upon hypersaline conditions (Karsten 2012). Mannitol 
is generally considered the main metabolically regulated 
osmolyte in L. digitata (Reed et al. 1985).

To date, it is unknown whether I− is engaged in pro-
cesses of osmotic acclimatisation in L. digitata; however, 
the large I− pool may significantly contribute to the cel-
lular osmotic potential. The hypothesis that algal iodine 
may be associated with, or regulated by, the external salin-
ity regime could be supported by early field studies (Kylin 
1929) in which iodine contents in Laminaria sp. probably 
depended on the local salinity regime.

In the present study we hypothesised that accumulated 
iodine functions as an inorganic osmolyte in L. digitata. 
The physiological significance of iodine in processes of 
osmotic acclimatisation was investigated by subjecting  
L. digitata to modified external salinity regimes while moni-
toring I− release (“fast” component). Iodine and manni-
tol contents were additionally determined at normal and 
hypersaline conditions (“slow” component); mannitol con-
centrations were then related to tissue iodine contents. The 
physiological performance of L. digitata was characterised 
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by measuring photo-physiological responses (chlorophyll a 
(chl a) fluorometry) and growth.

Materials and methods

Algal material and experimental design

Intact sporophytes of Laminaria digitata (Hudson) Lam-
ouroux (Phaeophyceae, Heterokontophyta) including hold-
fasts, stipes and blades were collected on the west coast of 
Ireland at Finavarra, Co. Clare (53°09′25″N, 09°06′58″W), 
during spring low tide. All algae sampled were ~1.7 m in 
length and free of visible epiphytes, grazers and grazing 
marks.

“Fast” osmotic acclimatisation: I− release as a function 
of external salinity

To determine short-term (24  h) impacts of the external 
salinity on the I− release of L. digitata, punched discs, 
sampled from meristems (3.0 cm in diameter, 200–300 mg 
DW), were subjected to salinities of (1) 20 SA (lowered by 
dilution with deionised water), (2) 35 SA (control) or (3) 50 
SA (achieved by adding natural sea salt, Sel de Guérande, 
Refflets de France, Guérande, France). Prior to use in 
experiments, algal samples were kept in normal, sterilised 
seawater (35 SA) for 20 min to remove potentially leaked I− 
ions or oxidising agents. The net release of I− into seawater 
(I− uptake and release were not examined separately) was 
determined at an irradiance of 50 μmol photons m−2  s−1 
(EPAR: 400–700  nm; provided by cool white fluorescent 
tubes, General Electric Company, Fairfield, Connecticut, 
USA) and 10 °C. The light:dark cycle was 12 h:12 h. The 
culture media used (70 ml) were filtered (0.2 μm; Whatman 
GmbH, Dassel, Germany) and tyndallised and replaced 
after 6  h. The experimental  exposure was then continued 
for additional 18  h, i.e. total exposure time was 24  h. I− 
concentrations in the surrounding seawater had increased 
after 6  h and continued to increase over the following 
18 h; this indicates that the release of I− was not caused by 
wounding as discussed in detail by Nitschke et al. (2013). 
After 24 h, the maximum photosystem II (PSII) efficiency 
(Fv/Fm) and the effective PSII quantum efficiency (ΔF/Fm′) 
were determined on submersed samples to assess physi-
ological including salinity stress (Maxwell and Johnson 
2000; Karsten 2007). Samples of media (collected after 6 
and 24 h) were stored in polypropylene tubes (Sarstedt AG 
& Co, Nümbrecht, Germany) in darkness at 4 °C until I− 
concentrations were determined; under these storage condi-
tions, I− concentrations remain stable in seawater for sev-
eral months (Campos 1997). Net I− release was corrected 
against initial I− concentration in seawater (<0.12  μM), 

normalised to DW and exposure time, and release rates 
(calculated from the total amount of I− released with 24 h) 
are presented in nmol g−1 DW h−1.

“Slow” osmotic acclimatisation: iodine and mannitol 
accumulation and physiological performance

The potential contribution of iodine to the osmotic adjust-
ment at hypersaline conditions through the accumulation of 
I− by L. digitata was further investigated over a period of 
9 days. Meristematic areas of 10.00 ± 0.04 g fresh weight 
(FW) were placed into 800 ml of filtered (0.8 μm; What-
man GmbH) and tyndallised seawater of a normal salinity 
(35 SA, control) or an increased salinity (50 SA; by adding 
the above natural sea salt), either with or without the addi-
tional supply of I− (KI, 99.5 %, Fisher Scientific, Dublin, 
Ireland) at both salinity regimes. External I− concentra-
tions were <0.01 μmol g−1 FW (where no I− was added) or 
4 μmol g−1 FW (where I− was added); the latter concentra-
tion is in accordance with I− uptake kinetics reported from 
L. digitata by Küpper et al. (1998). The experimental tem-
perature was 16  °C, EPAR was 40 μmol photons m−2  s−1 
(same fluorescent tubes as above) and the light:dark cycle 
was 12 h:12 h. After 9 days, iodine contents, mannitol con-
centrations and photosynthetic performance of algal sam-
ples were determined. Growth was measured as outlined 
below. Media were continuously aerated and changed every 
24 h to avoid a potential depletion of nutrients and/or I−.

Iodine concentrations in seawater and algae

Iodine concentrations in natural seawater samples (i.e. 
I−) and freeze-dried L. digitata (total iodine content in 
μmol g−1 DW) were analysed at the Institut des Sciences 
Analytiques, Département Service Central d’Analyse, 
Solaize, France, by ion chromatography (accuracy: 3  %; 
detection limit: 15  μg  l−1). Seawater samples were ana-
lysed without pretreatment, algal samples were analysed 
after applying Schöninger combustion. Currently available 
techniques do not allow a quantification of iodine in differ-
ent cell compartments, i.e. the determination of intra- and 
extracellular iodine remains, to date, difficult (Verhaeghe 
et al. 2008).

Mannitol content in algae

Mannitol was extracted from freeze-dried (Labconco, 
Kansas City, Missouri, USA) algal material according to 
Karsten et  al. (1991) with minor modifications. Briefly, 
ground algal samples (DW) were extracted in 70 % aque-
ous ethanol (v/v) (HPLC grade, Fisher Scientific) for 
4  h at 70  °C. After centrifugation at 10,000g for 10  min, 
supernatants were evaporated to dryness using a vacuum 
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evaporator. Dried extracts were reconstituted in deionised 
water before conducting mannitol analyses.

Mannitol was determined using an isocratic HPLC sys-
tem (Agilent 1200 Series) coupled with an electrochemical 
detector (amperometric analytical cell, pulse mode detec-
tion, ESA Coulochem III, Dionex Corporation). A gold 
target electrode was used with palladium as reference elec-
trode. Mannitol was separated on a CarboPac PA100 col-
umn (250 × 4.0 mm I.D., 8.5 μm particle size, Dionex Cor-
poration) protected with a guard column (CarboPac PA100, 
50 ×  4.0 mm I.D., Dionex Corporation) and eluted using 
250 mM aqueous NaOH (v/v) (HPLC grade, Fisher Scien-
tific) at a flow rate of 0.6 ml min−1 and a temperature of 
22 °C. Mannitol was identified by comparison of retention 
time with a commercial standard (99.5 %, Sigma-Aldrich) 
and quantified by peak area. Mannitol concentrations were 
normalised to DW and are expressed as μmol g−1 DW.

Measuring variable chlorophyll a fluorescence

In vivo chl a fluorescence readings were conducted using 
a PAM-2000 fluorometer (Heinz Walz GmbH, Effel-
trich, Germany) based on the methodology by Schreiber 
et al. (1986), and described in detail for steady-state light 
curves in Nitschke et al. (2012). The present study follows 
the nomenclature recommended by Kromkamp and For-
ster (2003). Relative electron transport rate through PSII 
(rETR) was calculated according to Genty et  al. (1989), 
P/E curves with rETR as a function of EPAR were fitted to 
the model of Walsby (1997); rETRmax and the light satura-
tion coefficient of P/E curves Ek were determined as out-
lined by Nitschke et al. (2012).

Photochemical (qP) and non-photochemical quench-
ing of chl a fluorescence (NPQ) were obtained during the 
measurement of P/E curves. NPQ as a function of EPAR 
was fitted to the model of Serôdio and Lavaud (2011) and 
NPQmax and E50 (i.e. the EPAR at which 50 % of NPQmax 
was attained) were determined after Serôdio and Lavaud 
(2011).

Relative growth rates of algae

Relative growth rates (RGR) were determined in a non-
destructive manner, as change in FW over the course of 
the experiment (9 days), and were calculated as percentage 
increase in FW per day (% d−1) (DeBoer et al. 1978).

Statistical analysis

“Fast” processes of osmotic acclimatisation (i.e. 24  h 
I− release studies) were carried out in triplicate; all data 
presented are means and one standard deviation of three 
replicated samples (n  =  3). Effect of salinity on the net 

I− release rate, Fv/Fm, and ΔF/Fm′ was analysed by apply-
ing 1-way ANOVAs.

Experiments investigating “slow” salinity stress responses 
and the impact of additional I− supply on L. digitata (exposed 
to normal or increased salinities over 9 days) were carried out 
using five replicates for each treatment. All data are presented 
as means and one standard deviation of five replicated sam-
ples (n = 5). Effect of the salinity-I−-treatment on the total 
iodine content, mannitol concentration, Fv/Fm, rETRmax, 
Ek, NPQmax, E50, and RGR was analysed by applying 
1-way ANOVAs.

Regarding all ANOVAs performed, data were normally 
distributed (Kolmogorov–Smirnov test) and variances were 
homogenous (Levene test). Tukey tests were used to iden-
tify a posteriori homogenous sub-groups, which mean val-
ues differ significantly at P < 0.05.

Results

“Fast” osmotic acclimatisation: I− release as a function 
of external salinity

Within 24  h, the net amount of I− released into seawa-
ter by L. digitata was dependent on the external salin-
ity regime (P = 0.002). The lower the salinity, the higher 
the I− release rate (Fig.  1a). At 20 SA the I− release rate 
was 46.1  nmol  g−1  DW  h−1; this was 2.3 and 3.7 times 
higher than at 35 SA (18.0 nmol g−1 DW h−1) and 50 SA 
(11.4 nmol g−1 DW h−1), respectively.

Both Fv/Fm (P = 0.003) and ΔF/Fm′ (P = 0.001) also 
depended on the external salinity (Fig. 1b). After 24 h at 35 
SA (control), Fv/Fm was 0.70 and similar to values detected 
at 50 SA, but at 20 SA a significant 22 % decrease in Fv/Fm 
was observed.

“Slow” osmotic acclimatisation: iodine and mannitol 
accumulation

Additionally supplied I− was accumulated by L. digi-
tata, resulting in elevated iodine contents (Fig. 2a). When 
grown at low external I− concentration for 9  days, tis-
sue iodine contents were 30.9 μmol g−1 DW (35 SA) and 
31.2 μmol g−1 DW (50 SA). When additional I− was pro-
vided under either salinity regime, iodine contents had 
increased by ~112 μmol g−1 DW after 9 days.

At 35 SA and low or high external I−, mannitol concen-
trations in L. digitata were ~534 μmol g−1 DW (Fig. 2b). 
After exposure to 50 SA and low external I−, mannitol con-
tents increased significantly by ~145 μmol g−1 DW. Such 
mannitol accumulation was not observed (at 50 SA) when 
additionally supplied I− was accumulated by L. digitata 
(Fig. 2a, b).
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“Slow” osmotic acclimatisation: physiological performance

After 9 days, the photosynthetic performance of L. digitata 
was impacted by both external I− and salinity (Table 1). At 
35 SA and low or high external I−, Fv/Fm was ~0.72; it was 
significantly reduced by 6 % at 50 SA, but only when tissue 
iodine concentrations were low (Fig. 2a). Such a reduction 
in Fv/Fm was not observed when I− was additionally pre-
sent and incorporated at 50 SA (Table 1).

When grown for 9 days at low external I− rETRmax was 
~27, but enhanced by ~24  % at high external I− levels, 

regardless of salinity (P = 0.012; Table 1). By contrast, Ek 
was independent of the treatment (P = 0.142) and remained 
at ~95 μmol photons m−2 s−1 under all growth conditions 
(Table 1).

The addition (and accumulation) of I− also noticeably 
elevated qP (Fig. 3a) and NPQ (Fig. 3b) during the meas-
urement of P/E curves between 200 and 800 μmol photons 
m−2 s−1, irrespective of the external salinity.

NPQmax was significantly enhanced at high external I− 
(Table 2). At both 35 SA and 50 SA and low external I− con-
centrations, NPQmax was ~4.0 and ~4.4, respectively, but 

(a) (b)

Fig. 1   a Net I− release rates and b photosynthetic performance of  
L. digitata subjected to reduced (20 SA), normal (35 SA, control), and 
increased (50 SA) salinities for 24 h at 50 μmol photons m−2 s−1 and 
10 °C. Net I− release rates were corrected for the initial I− concentra-
tion (<0.12  μM); cellular uptake and release mechanisms were not 
investigated separately. The maximum PSII efficiency Fv/Fm and the 

efficient PSII quantum efficiency ΔF/Fm′ were determined after 24 h; 
the photoperiod was 12 h. Data are means and one standard deviation 
(n =  3). Effect of salinity on the net I− release rate and each pho-
tosynthetic parameter was analysed by applying 1-way ANOVAs; P 
values are given. Different letters indicate significant differences as 
revealed by Tukey’s post hoc tests

(a) (b)

Fig. 2   a Total iodine and b mannitol content of L. digitata subjected 
to normal (35 SA) and increased salinities (50 SA) for 9 days and the 
effect of additionally provided I−. Meristematic areas were grown in 
natural seawater with defined salinities and either without additional 
I− supply (i.e. <0.01 μmol g−1 FW) (unfilled bars), or with additional 
supply of I− (4 μmol  g−1  FW) (filled bars) at 16  °C and 40 μmol 

photons m−2  s−1; the photoperiod was 12  h. Data represent means 
and one standard deviation (n = 5). Effect of the treatment on iodine 
and mannitol content was analysed by applying 1-way ANOVAs; P 
values are given. Different letters indicate significant differences as 
revealed by Tukey’s post hoc tests
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Table 1   Photosynthetic performance of L. digitata grown under normal (35 SA) and increased salinities (50 SA) and the effect of additionally 
provided I−

Shown are the maximum PSII efficiency (Fv/Fm), the maximum relative electron transport rate through PSII (rETRmax) and the light saturation 
coefficient of photosynthesis (Ek); these parameters were determined after a 9-day exposure at 16 °C and 40 μmol photons m−2 s−1 (EPAR). Data 
represent means and one standard deviation (n = 5). Effect of treatment on each parameter was analysed by applying 1-way ANOVAs; P values 
are given (bold if significant). Different letters indicate significant differences amongst treatments as revealed by Tukey’s post hoc tests

Salinity [SA] Provided I− [μmol g−1 FW] Fv/Fm [relative units] rETRmax [relative units] Ek [μmol photons m−2 s−1]

35 <0.01 0.716 ± 0.017b 28.7 ± 4.7ab 86.0 ± 6.7

4.0 0.720 ± 0.008b 35.0 ± 3.4b 100.6 ± 11.4

50 <0.01 0.677 ± 0.016a 26.7 ± 1.4a 92.1 ± 13.2

4.0 0.713 ± 0.025b 33.8 ± 4.2b 100.7 ± 11.6

P = 0.005 P = 0.012 P = 0.142

(a) (b)

Fig. 3   a Photochemical (qP) and b non-photochemical quenching of 
chl a fluorescence (NPQ) as a function of EPAR during the measure-
ment of P/E curves in L. digitata and the effect of additionally pro-
vided I−. Meristematic areas were grown in natural seawater at 35 SA 
(circles) or 50 SA (squares) and either without additional I− supply 
(i.e. <0.01 μmol g−1 FW) (unfilled symbols), or with additional sup-

ply of I− (4 μmol g−1 FW) (filled symbols) for 9 days at 16 °C and 
40 μmol photons m−2 s−1; the photoperiod was 12 h. Data represent 
means and one standard deviation (n = 5). NPQ vs. EPAR curves were 
fitted to the model of Serôdio and Lavaud (2011) (solid lines), respec-
tive parameters (i.e. NPQmax and E50) are shown in Table 2

Table 2   Effect of additionally provided I− on parameters of non-photochemical quenching of chl a fluorescence (NPQ) of L. digitata grown 
under normal (35 SA) and increased salinities (50 SA)

Presented are the maximum NPQ (NPQmax) and E50 of NPQ vs. EPAR curves (see Fig. 3b). E50 is the irradiance at which 50 % of NPQmax was 
attained. Parameters were determined after 9 days of exposure at 16 °C and 40 μmol photons m−2 s−1. Data represent means and one standard 
deviation (n = 5). Effect of treatment on each parameter was analysed by applying 1-way ANOVAs; P values are given (bold if significant). Dif-
ferent letters indicate significant differences amongst treatments as revealed by Tukey’s post hoc tests

Salinity [SA] Provided I− [μmol g−1 FW] NPQmax [relative units] E50 [μmol photons m−2 s−1]

35 <0.01 3.96 ± 0.32a 96.0 ± 40.5

4.0 5.32 ± 0.48b 78.3 ± 23.4

50 <0.01 4.41 ± 0.76ab 119.4 ± 21.4

4.0 5.05 ± 0.46b 95.5 ± 14.6

P = 0.004 P = 0.156
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higher by a factor of ~1.2 when additional I− was present 
at either salinity, suggesting that it was the presence (and 
incorporation) of additional I− (and not increased salinity) 
which caused the increase in NPQmax.

The irradiance at which 50 % of NPQmax was attained, 
i.e. E50, was independent of the treatment (P = 0.156), and 
values were around 100 μmol photons m−2 s−1 (Table 2).

Growth was inhibited at increased salinities, irrespective 
of external (and tissue) iodine levels. RGRs of L. digitata 
were ~0.65 % d−1 at 35 SA and reduced by ~60 % at 50 SA 
under either I− treatment (Fig. 4).

Discussion

The strong regulation of the net I− release from meristems 
of L. digitata (see also Nitschke et al. 2013) by the exter-
nal salinity has been documented here for the first time; 
results indicate that the halogen iodine possibly contributes 
to the adjustment the osmotic potential. The involvement 
of monovalent ions in the “fast” osmotic acclimatisation 
(i.e. hours) in Laminariales has been suggested previously 
(Rosell and Srivastava 1984; Bisson and Kirst 1995), but 
evidence of salinity affecting I− release has been estab-
lished in this study. Generally, hyposaline conditions result 
in rapid, intracellular-directed water fluxes (Kirst 1990), 
and the rapid release of osmotically active compounds 

(Reed and Wright 1986), including inorganic ions (Zim-
mermann 1978), is a common response of Phaeophyceae 
to achieve new steady-state conditions (Karsten 2012). The 
adjustment of internal K+ and NO3

− levels upon externally 
modified salinities has been documented from L. digitata 
(Davison and Reed 1985a). However, the same authors 
reported that the osmotic acclimatisation via NO3

− was 
dependent on internal NO3

− contents and, thus, suggested 
the engagement of an anion other than NO3

− in processes 
of “fast” osmotic acclimatisation. Although NO3

− was not 
measured here, it is probable that I− acted as the required 
anion proposed by Davison and Reed (1985a).

I− release may have occurred as an acclimative mech-
anism to reduce the osmotic potential at low salinities; 
I− ions are retained in large quantities by L. digitata (Küp-
per et al. 2008, 2013) and were possibly present in excess 
at hyposaline conditions, causing a high osmotic poten-
tial with implications for water fluxes and turgor pressure 
(Zimmermann 1978). However, to date, there is no tech-
nique available to determine exactly the osmotic poten-
tial in living cells of brown macroalgae. Although I− was 
released at lowered salinities, the observed photoinhibition 
indicated that hyposaline stress was experienced (Karsten 
2007). On the other hand, the low I− release rates at high 
salinities may suggest that I− could have been required to 
maintain osmotic homeostasis at an increased salinity.

The accumulation of additionally supplied I− modified 
the to-date established “slow” physiological response of 
L. digitata exposed to high salinities; this further supports 
that iodine may possess an osmotic function. At hypersa-
line conditions, most algae minimize inhibitory effects of 
“aggressive” ions (e.g. Na+ and Cl−) on cellular structures 
and metabolic processes (Gimmler et al. 1984) by synthe-
sising and/or accumulation of organic osmolytes acting as 
compatible solutes (Kirst 1990); in L. digitata mannitol 
appeared to be the main metabolically regulated osmolyte 
(Reed et al. 1985). The well-documented mannitol accumu-
lation of L. digitata exposed to increased salinities (Davi-
son and Reed 1985a, b) was also observed here, but only at 
low tissue iodine levels. This mannitol accumulation was, 
however, insufficient to prevent photoinhibition, indicat-
ing (high) salinity stress (Sudhir and Murthy 2004; Karsten 
2007).

The osmotic homeostasis in L. digitata at high salini-
ties may have been retained by the substitution of I− with 
mannitol. For example, at I− replete conditions, tissue 
iodine contents were elevated by  ~112  μmol  g−1 DW; 
under increased salinities, this elevation coincided with 
the absence of mannitol accumulation. On the other hand, 
it is clear that processes of osmotic adjustments and the 
potential substitution of inorganic and organic solutes in  
L. digitata are complex since I− accumulation also occurred 
at normal salinities whilst mannitol levels remained high 

Fig. 4   Relative growth rate (RGR) of L. digitata subjected to normal 
(35 SA) and increased salinities (50 SA) for 9 days and the effect of 
additionally provided I−. Meristematic areas were grown in natu-
ral seawater with defined salinities and either without additional I−  
supply (i.e. <0.01 μmol g−1 FW) (unfilled bars), or with additional 
supply of I− (4 μmol  g−1 FW) (filled bars) at 16  °C and 40 μmol 
photons m−2  s−1; the photoperiod was 12  h. Data represent means 
and one standard deviation (n = 5). Effect of the treatment on RGR 
was analysed by applying a 1-way ANOVA; the P values is given. 
Different letters indicate significant differences as revealed by Tukey’s 
post hoc tests
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(i.e. as an opposed reduction). Also, considering the influ-
ence of ions on the physical behaviour of macromolecules 
(Hofmeister 1888), chaotropic ions, such as I−, can destabi-
lise proteins (Baldwin 1996). However, recent research has 
highlighted that effects of Hofmeister ions strongly depend 
on characteristics of the interacting macromolecule (e.g. 
hydrophobic portions) and/or on, e.g. the pH of the sur-
rounding medium (Zhang and Cremer 2010).

High salinity had physiological implications for L. digi-
tata since growth rates were reduced, regardless of tissue 
iodine contents. Growth integrates (abiotic) stress at mul-
tiple cellular levels over a prolonged period. For example, 
the light-independent reactions of photosynthesis could be 
impaired at increased salinities (Sudhir and Murthy 2004), 
although here both inorganic (I−) and organic (mannitol) 
solutes appeared to be involved in osmotic adjustment. 
Growth rates obtained in this study were also ~10 times 
lower than those reported from young sporophytes (Roleda 
et al. 2006a, b); this can probably attributed to age differ-
ences and the strong seasonality in growth patterns of Lam-
inaria species (Bartsch et al. 2008).

I− accumulation could be an energetically efficient 
mechanism at high salinity stress; Erdmann and Hagemann 
(2001) reported that 57 ATP equivalents are required to 
generate 1 mol mannitol and, thus, its accumulation is ener-
getically expensive. Contrarily, uptake of I− is independent 
of direct ATP expenditure (Küpper et al. 1998).

At a cellular level, I− could act as a competitive ion 
for Cl− and as a counter ion for monovalent cations, such 
as K+ or Na+, in L. digitata. Previously, Verhaeghe et  al. 
(2008) showed an inverse relationship between I− and Cl− 
concentrations in blades and stipes of L. digitata, i.e. high 
I− contents in the outer cortex coincided with low Cl− con-
centrations, and vice versa.

The concept that algal I− is regulated by the external 
salinity regime in L. digitata is further in agreement with 
previous field observations. Kylin (1929) reported that 
Laminaria sp. collected from low salinity waters on the 
Swedish west coast (~27 SA) contained iodine at lower 
levels than those from the North Sea and the Atlantic (35 
SA). Also, Davison and Reed (1985a) reported anion defi-
cits from L. digitata to maintain osmotic homeostasis in 
autumn, and Ar Gall et  al. (2004) observed higher iodine 
contents in L. digitata in autumn than during other seasons.

To our knowledge, this study is the first record of an 
enhanced photo-physiological performance of L. digitata 
due to I− replete conditions since, regardless of salinity, 
rETRmax and qP were elevated. Higher rETRmax resulted, 
furthermore, in greater photoprotective capabilities (as 
NPQ), which were sufficient to maintain a larger fraction 
of “open” PSII reaction centres (qP). This physiological 
advantage was of particular importance under high salinity 
stress as it prevented photoinhibition. Wieners et al. (2012) 

also reported positive effects of externally elevated I− con-
centrations since exposure of green algal photobionts, iso-
lated from terrestrial lichens and cultured in seawater, to 
I−-enriched seawater prior to desiccation prevented pho-
toinhibition after a high light treatment. The external sup-
ply of iodine (as IO3

−) to vascular plants (Lactuca sativa 
cv. Philipus) grown under 100 mM NaCl activated antioxi-
dant enzymes, which then kept levels of reactive oxygen 
species minimal (Leyva et  al. 2011), stimulated the syn-
thesis of phenolic compounds and improved plant growth 
(Blasco et al. 2013). A direct comparison of marine brown 
macroalgae and vascular plants remains, however, difficult 
since members of the two evolutionary distinct entities can 
exhibit large physiological differences due to adaptation to 
their natural habitat (Cock et al. 2010). In addition, I2 emis-
sion studies on L. digitata exposed to air under presumed 
low-stress conditions did not reveal a direct link between 
iodine metabolism and chl a fluorescence responses 
(Nitschke et al. 2011), but abiotic stress conditions applied 
were possibly not severe enough to be reflected in chl a 
fluorescence parameters (Eggert et al. 2007; Nitschke et al. 
2010, 2013).

In conclusion, the presented results suggest that iodine 
can contribute to processes of osmotic acclimatisation in 
L. digitata. I− may act as an osmolyte in this species; such 
physiological function has not been described previously. 
Retaining I− at millimolar levels is unique to L. digitata 
and provides this species with an enhanced photo-physio-
logical performance which is of importance during (high) 
salinity stress. Under hypersaline conditions high iodine 
tissue contents seemed to be sufficient to maintain osmotic 
homeostasis since the energetically expensive mannitol 
accumulation was not initiated. The beneficial effects of 
iodine with regard to salinity stress response, tolerance and 
PSII functioning should be investigated in greater detail 
not only in iodine-accumulating algae, but also in vascular 
plants.
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