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Abstract

Seasonal changes in the biochemistry and photapbgsi of the brown macroalga
Cystoseira tamariscifoliavas analyzed in southern Spain. Total carbon atrdgan
contents, phenolic compounds, antioxidant and pyotthetic activities were
seasonally determined over two years. Carbon, getraand photoprotective phenolic
contents were higher in winter and spring thanummmer and autumn. Antioxidant
levels were highest in spring and we found a pasitiorrelation between phenolic
content and antioxidant activity (E§. Photosynthetic capacity (ETR) and
photosynthetic efficiencyogrr) were also highest in spring, and there was atigesi
correlation between ETRx and the amount of phenols present. Increasedarred in
spring enhanced algal productivity, antioxidant gt and the production of
photoprotective compounds but in summer nutrienpled®n due to thermal
stratification of coastal waters reduced photosstithactivity and the photoprotective
capacity ofC. tamariscifolia Electron microscopy showed that phenols occuinetie
cytoplasm of cortical cells inside physodes. Spsauld be the best period to harvest
C. tamariscifoliato extract photoprotectors and antioxidants forepbél commercial

uses, although the environmental impacts would tede carefully assessed.

Keywords: Algal productivity, antioxidants,Cystoseira tamariscifolia in vivo

chlorophylla fluorescence, nitrogen, phenols, UV protectionditsranean Sea.



38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

INTRODUCTION

Macroalgae in temperate regions, such as southgaimSare exposed to wide daily
and seasonal changes in photosynthetically acagmtion (PAR) and ultraviolet (UV)
light. They use photoprotective compounds suchaastenoids or polyphenols to help
them cope with high light levels (Stengel et al12). Light harvesting carotenoids are
highly efficient Q scavengers that play an essential role in protecigainst excess
light and photooxidative stress (Cantrell et ab02, Stahl and Sies, 2007). Algae can
also prevent UV damage using polyphenols which balpipate light energy (Goss and
Jakob, 2010; Hanelt and Figueroa, 2012) and reddd®& damage (Gomez and
Huovinen, 2010); they can decrease metal toxigytychelating metal ions (Connan et
al., 2004; Stengel et al., 2005) and they are g¥iechemical defences against a wide
range of herbivores (Steinberg and Van Altena, 1992

In stressful conditions, phenolics can be releds®ad algal thalli and react rapidly
with proteins and carbohydrates to form UV-absayerudates (Koivikko et al., 2005;
Celis-Pl4 et al., 2014a). Phenol content can viamesponse to environmental changes
in factors such as salinity, nutrients, light, amerbivory (Abdala-Diaz et al., 2006;
Celis-Pla et al., 2014b). Brown algal phenols hbgen investigated for their medical
benefits, including anti-inflammatory and hyalurdase inhibitory activities (Vinay and
Kim, 2012). A range of brown algal compounds aredus products as antioxidants
Ahn et al.,, 2007) and for purported benefits as t@hmtectors, as antiplasmin
inhibitors, to reduce allergies, for skin whiteningnti-HIV-1, antibacterial, and
anticancer activities (Sugiura et al., 2007; Argdiral., 2008; Le et al., 2009; Heo et al.,
2010).

Here, we studiedCystoseira tamariscifoligdHudson) Papenfuss, (Phaeophyceae,
Fucales) which can be abundant in waters of higblogal status in the
Mediterranean, according to the criteria of Watemkework Directive of the European
Union (WFD, 2000/60/EC), and it is used as an iaudic of waters with high water
quality (Ballesteros et al., 2007, Arévalo et 2007, Bermejo et al., 2013). In addition,
C. tamariscifolia was selected since it provides habitat for otheecks in the
Mediterranean Sea (Bermejo et al., 2013). We useddllowing well established suite
of physiological indicators to seasonally evalu@tetamariscifoliaon intertidal rocky
shores (according to Figueroa and Korbee, 201@):GhN stoichiometric ratio as an
indicator of nutritional status and phenolic cont@é@elis-Pla et al., 2014a). Maximum
quantum vyield of PSIlI HJ/F,) was used to determine photoinhibition and the
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72 physiological status of the macroalga (Schreibealetil986). Electron transport rate
73 (ETR) was used to estimate of photosynthetic c@#pg€igueroa et al., 2003). In
74  addition, we examined the cell ultrastructure@ftamariscifoliain summer by using

75 both light and transmission electron microcopy &tedmine the location of phenolic
76 compounds.

77 Our aim was to assess seasonal variability in @yotbetic production and of
78 commercially valuable compounds @ tamariscifoliato inform potential exploitation

79 of these resources. We also investigated seasanations in photosynthetic activity,

80 polyphenol content and antioxidant activity.

81

82

83 MATERIALSAND METHODS

84 Sampling

85 Nine Cystoseira tamariscifolighalli were collected at least 2 m apart at 04.+0.

86 above Chart Datum at 10 am local time monthly frdaly 2012 to June 2014 in
87 summer, autumn, winter and spring. The samples w@tected from rocky shores on
88 La Arafia beach, Malaga, Spain (36° 45'N, 4° 18'\Wje material was transported in
89 cooled containers and samples were framesitu using liquid nitrogen for biochemical
90 analyses. Photographs of the habitat were takepring, summer, autumn and winter.
91 A representative image for each season of thetigéarea is shown in Figure 1.
92
93 Abiotic parameters
94 Photosynthetically active radiation (PARs400-700 nm), Ultraviolet A radiation
95 (A=320-400 nm) and Ultraviolet B radiatioh280-320 nm) were measured using an
96 UV-PAR Multifilter radiometer NILU-6 (Geminali ASOslo, Norway) on the roof of
97 the building of Central Services for Research supf®CAl, University of Malaga)
98 located 14 km from the algal collection site. Setmwaemperature was logged every
99 minute at a monitoring station (REDCOS buoy numtit4) located at 36° 42’N, 4°
100 19'W. Seawater nitrate (umol*), ammonium (umol 1), phosphate (umolt) and N:
101 P ratio data were obtained from Ramirez et al. $2@0d Mercado et al. (2007, 2012)
102 from 36° 60'N, 4° 10'W.
103
104 Histology
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Macroalgal tissue samples ca 5 mm in length weleated in summer 2013 for
Transmission Electron Microscopy, and there werediwith 2.5% glutaraldehyde,
2.0% paraformaldehyde, and 5 mM Ca@l 0.075 M sodium cacodylate buffer (pH
7.2) plus 0.2 M sucrose and caffeine 1% overnighe material was then fixed with
1% osmium tetroxide for 4 hours, dehydrated inadgd acetone series and embedded
in Spurr’'s resin. Thin sections were stained witlueous uranyl acetate followed by
lead citrate. Four replicates were made for eagemxental group; two samples per
replicate were then examined under TEM (JEM 101QLJEtd., Tokyo, Japan, at 80
kV).

Biochemical variables

The dry weight of algal carbon and nitrogen corgewas determined using an
element analyzer (model CNHS-932, LECO CorporatMithigan, USA). Polyphenol
concentrations were measured using 0.25 g fresghiveamples pulverized in a pestle
and mortar with sea-sand using 2.5 mL of 80% metharhis mixture was stored
overnight at 4°C then centrifuged at 4000 rpm fonfin at 4°C and the supernatant was
collected to measure the phenolic compound contefdurimetrically using Folin-
Ciocalteu reagent. Phloroglucinol (1,3,5-trihydrbgpnzene, Sigma P-3502) was used as
standard. Finally, the absorbance was determingd@Gnm using a Shimadzu UVMini-
1240 spectrophotometer (Celis-Pla et al. 2014a@nBlic concentration was expressed
as mg ¢ dry weight after determining the fresh to dry weightio in the tissue (the
ratio was 5.6). The results are expressed as aver&gandard Error from 9 replicates.

The antioxidant activity DPPH (2,2-diphenyl-1-pikirydrazyil) assay (i.e. E)
according to Blois (1958) was estimated by redutimgstable free radical DPPH. The
supernatant used for phenolic compound measuremegsused for DPPH analysis;
150 pL of DPPH were added to each extract. Thistisol of DPPH was prepared in
90% methanol (90MeOH: 10H20) in 20 mL to concertratl.27 mM. The reaction
was complete after 30 min in a dark room at ~2@h@ the absorbance was read at 517
nm in a spectrophotometer (UVMini-1240 model, Shdmg Columbia, USA). A
calibration curve made with DPPH was used to cateuthe remaining concentration of
DPPH in the reaction mixture after incubation. \éswf DPPH concentration (mM)
were plotted against plant extract concentratiog PV mL™) to obtain the oxidation

index EGp, which represents the concentration of the extraxpressed as mg DW
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mL™, required to scavenge 50% of the DPPH in the i@aatixture. Ascorbic acid was

used as positive control (Celis-Pla et al., 2014b).

Photosynthesis and energy dissipation asin vivo chlorophyll a fluorescence

In vivo chlorophyll a fluorescence by Photosystem 1l was determinedgusin
portable pulse amplitude modulated fluorometer (YWYAM, Walz GmbH,
Germany). Apical pieces of macroalgal thalli weug ip 10 mL incubation chambers to
obtain rapid light curves for each treatmdntandF,, were measured after 15 minutes
in darkness to obtain the maximum quantum yi€ldR;) beingF,=Fn-F,, F, the basal
fluorescence of 15 min dark adapted thalli aag maximal fluorescence after a
saturation light pulse of >4000 pmol?rs?, with a few seconds of the duration
(Schreiber et al., 1995). The electron transpad (BTR) was determined after 20 s
exposure in twelve increasing irradiances of actwlite light (halogen lamp provided
by the Diving-PAM) (Celis-Pl4 et al., 2014a). ThdHE was calculated as follows
(Schreiber et al., 1995):

ETR gmol electrons M s*) = AF/F'yx E x A x Fy, 1)

wheredF/F'mis the effective quantum yield, being = Fm’-Ft (Ft is the intrinsic
fluorescence of alga incubated in light dfoh’ is the maximal fluorescence reached
after a saturation pulse of algae incubated int)jgh is the incident PAR irradiance
expressed in umol photons®ns?, A is the thallus absorptance as the fraction of
incident irradiance that is absorbed by the algagueroa et al., 2003) and, ks the
fraction of chlorophyll related to PSIl (400-700 himeing 0.8 in brown macroalgae
(Figueroa et al., 2014a). ETR parameters as maxigleotron transport rate (ETR)
and the initial slope of ETR versus irradiance fiorc (ogtr) as estimator of
photosynthetic efficiency were obtained from thegential function (Eilers and
Peeters, 1988). Finally, the saturation irradiaficeETR (Ektr) was calculated from
the intercept between ETR: and oetr. Non-photochemical quenching (NPQ) was
calculated as (Schreiber et al., 1995):

NPQ= (Fm-Fm’)/Fm’ (2
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Maximal NPQ (NPQay and the initial slope of NPQersusirradiance function
(anpg) Were obtained from the tangential function of N¥&&psusirradiance (Eilers and
Peeters, 1988).

Statistical analyses

Pearson correlation coefficients were calculated &sted between all measured
dependent variables. Interactive effects betwearsiplogical variables were analyzed
using ANOVA (according to Underwood, 1997). Thisttavas performed folC.
tamariscifolia including year and season (two-way) as fixed factor biochemical
variables (mean = SE, n=9) and season (one-wayh udaur levels, for the
photosynthetic variables (mean + SE, n=9), witlexzel of probability applied in the
statistical analyses &<0.05. Homogeneity of variance was tested usingh€@octests
and by visual inspection of the residuals. Studdetvman-Keuls tests (SNK) were
performed after significant ANOVA interactions. Alata conformed to homogeneity of
variance. Analyses were carried out using SPSS yIBM, USA). The general
variation patterns between biochemical variablesasueed inC. tamariscifoliawere
explored using a multivariate approach. A Princialordinates Analysis (PCO) was
performed for this purpose on the basis of Euchdd&stance using PERMANOVA+
for PRIMERG6 package (Anderson et al. 2008). Sucltivaniate ordination was used
because it allowed for investigating the variatioh the content of biochemical
compounds at the same time by looking at the otidinglot. Each one of variables
was represented by an arrow in the ordination pbatting to the samples that showed
the highest amount of that particular compound hEaplicate represented the content
of all compounds calculated from the three thalkein at one sampling for each month

and grouped for season.

RESULTS
Environmental conditions

Cystoseira tamariscifoliawas abundant in all seasons wheradigsa rigida
(Chlorophyta) was only abundant in the summer. Moréamariscifoliawas present in
spring in respect to other species such as Elisplandia elongata(Figure 1). The
seawater temperature ranged from 13c2@rable 1) with a peak summer average daily
irradiance ofca. 10165 kJ 7 for PAR, 1051 kJ i for UVA and 57.5 kJ i UVB

(Figure 2A-C). Seasonal nitrate (M{Dconcentrations ranged from 0.6-1.5 m{ ib
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this coastal area according to Ramirez et al. (R@68 Mercado et al. (2007 and 2012).
Seawater nitrate concentrations are approximatélyi@es higher in winter and spring
than in summer and autumn (Table 1). Ammonium {NMaried through the year from
0.1 to 0.5 mg ! and was 2.7 times higher in summer than in autanthwinter, 1.4
times higher than in spring (Table 1). The phosplfQ*) concentration varied little
(0.12 to 0.15 mg 1) in all seasons (Table 1). Chlorophgltoncentrations were highest
in spring with 1.45 mg tand lowest in summer with 0.92 mg' Lrespectively (Table
1).

Morphological observations

The cortical cells ofC. tamariscifoliahad numerous chloroplasts (Figure 3A) and
physodes with a thick cell wall (Figures 3A andt@at was embedded with phenolic
compounds (Figure 3B). Mitochondria were associatdti the chloroplasts (Figure
3D) which had the typical internal organization lofown algae with thylakoids
aggregated in bands (Figure 3D). Lipid dropletagfmglobuli) were situated between
the thylakoids (Figure 3D) and there were plasmada cell connections (Figure 3E).

Biochemical responses

Principal Coordinates Analysis (PCO) (Figure 4)eaed a positive correlation of
the first axis (43.8% of total variation) with tildernal N content. In contrast, the ratio
C:N, antioxidant activity and phenolic compoundsre negatively correlated with this
axis. Seasonality had a marked effect upon thes@rfa (Figure 4). Moreover, the
combination of the first two axes explained thes%®.of the variation in these variables
(Figure 4). The small angles between the arrowsireative of high correlation
between the variables. The carbon and nitrogeneatsitof C. tamariscifolia were
significantly higher in winter and spring and the KCratio was significantly lower in
winter (Figure 5, Table 3). Phenol content andcxidiant activity (i.e. less Ef) were

significantly higher in spring (Figure 6, Table 3).

Physiological responses

The F,/Fy, ratio was not significantly affected by seasonhalgh it tended to be
higher in winter. Maximal electron transport réel' R, was highest in spring and
photosynthetic efficiencykrr) was significantly lower in winter (Tables 2 and #he

irradiance of saturation of curve (gk) was not significantly affected by season, but
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tended to be higher in winter and spring. The hsghen-photochemical quenching
(NPQnay occurred winter, although no statistically sigraht seasonal differences were
found (Tables 2 and 4). The irradiance of satunattb non-photochemical quenching
(Eknpo) Was significantly higher in autumn and the rdibRmax (production): NPQax
(photoprotection) was highest in spring (Tablesn@ 4). Positive correlations between
phenolic compounds and antioxidant activity andweenh antioxidant activity and
nitrogen internal content, through all seasons,eweund. There was also a positive
correlation between Eg ETRn.x and photosynthetic efficiency (Table S1). The
absorptance tended to be higher in winter and gpEf Rnaxand phenolic content was

also positively correlated.

DISCUSSION

We found that as the short days of winter lengtdent spring this stimulated an
upsurge in photoprotectors, antioxidants, and prtdty in Cystoseira tamariscifolia
as the algae laid down stores of nitrogen and caritne phenol and antioxidant
capacity of this seaweed fell in summer which weakatte to nutrient depletion as the
sea surface waters became gradually more oligata@jte to thermal stratification. Our
analyses of nitrogen and carbon contents revealdéiient limitation in summer and
autumn. This seaweed accumulated nitrogen duringewand spring as a reservoir for
periods of the high irradiance when photoprotectimechanisms are most needed
(Figueroa et al., 2014b; Celis-Pla et al., 2014%&reased photosynthetic activity can
enhance the accumulation of phenolic compound8.itamariscifoliaas reported in
other brown algae (Pavia and Toth 2000) as welinaghe green algdJlva rigida
(Cabello-Pasini et al. 2011).

We attribute declining phenolic content@ tamariscifoliain the summer to light
damage when both PAR and UV radiation peaks (Stertiga., 2014). Phenol release
increases at noon in summer daily cycles (AbdakeDét al., 2006). High PAR
irradiances and emersion have been associatedimdgtbasing phlorotannin release
rates (Ragan and Jensen 1978; Carlson and Cai®8a). Lelis-Pla et al., (2014a) also
found a higher release rate of polyphenols fo@n tamariscifolia in outdoor
experiments in summer compared to winter. Phenmimpounds released from the
thalli into the seawater can react rapidly with rb@iroteinaceous and carbohydrate
substances to form UV-absorbing complexes (SwaasohDruehl 2002; Koivikko et
al., 2005). Release of phenolic compounds is thbughbe a photoprotection

8



273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
2901
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306

mechanism due to the transient reduction of UV patien favored by the
accumulation of excreted phenols in the cell wa#fense against epiphytic algae and
bacteria (Koivikko et al., 2005). Karban and Bald1997) is thought to be an indirect
effect of excreted phlorotannins in algae which r@leased into the water when algae
are grazed.

The positive correlation between phenolic compouarts C content with maximal
ETR indicates a coupling between photosynthesis eatbon accumulation with
secondary metabolism (the accumulation of inducilé photoprotective compounds
as polyphenols under stress conditions). In spyangtosynthetic energy can be used
for both accumulation of carbon compounds to stenergetic and to build up
photoprotective compounds. In contrast, antioxidearotenoids and polyunsaturated
fatty acids accumulate in stressful conditions aledreased photosynthetic activity
(Stengel et al., 2011; Sharma et al., 2012). Hezefound that phenolic compounds
were directly related to maximal photosynthetic ductivity (ETRnay. The
accumulation of phenols i@. tamariscifoliaunder increased PAR and UV irradiances
has previously been reported (Abdala-Diaz et #1062 Figueroa et al., 2014&}.
tamariscifoliaacclimates to high UVB by up-regulating UV scresiibstances that also
act as antioxidants (Figueroa et al., 2014a). Comtal., (2004) showed that mid-shore
brown algae (such aSucus spiralis F. vesiculosusAscophyllum nodosuntend to
have higher phenol content and antioxidant actititgn those found in the low
intertidal or sublittoral zone (such & serratus Bifurcaria bifurcata Himathalia
elongataand Laminaria digitatg and suggest that this is to protect them agahest
higher UV irradiance levels of the mid shore.

Where nutrient levels permit, brown algal phenals stimulated by high light
levels (Pavia and Brock, 2000) but peak phenoleamnis often not found in summer
since nitrate concentrations can become limitingvi® and Aberg, 1996). This
certainly seems true fo€. tamariscifoliawhich has higher phenolic contents when
nitrates are most abundant (Celis-Pla et al., 201k found thaitC. tamariscifolia
phenol content peaked in spring at about 5-7.0%chvhg within the range of the
highest levels found in brown algae from northwestope (Pavia and Aberg, 1996;
Connan et al., 2004) and @ystoseiraspp. from other areas of Mediterranean sea
(Abdala-Diaz et al., 2006; Celis-Pla et al., 20Jatid 2015). Phenol-rich vesicles,
known as physodes, were mainly located in cortslls, as is the case in other

seaweeds (Schoenwaelder, 2008; Gomez and Huo\2040). This location provides
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photoprotection of cytoplasmic organelles and riudem both cortical and medullar
cells (Schoenwaelder, 2008). I€. tamariscifolia phenols are accumulated
preferentially at the apices (Abdala-Diaz et alil14), i.e., the part of the thalli with
highest light exposure. In our study, in order void the heterogeneity of the phenolic
content in the thalli, samples were always colliécierm the apical part. Phenolic
compounds found €. tamariscifoliacan be related to photoprotective mechanisms,
decreasing the negative effect of increased UVBataxh (Figueroa et al., 2014a).
Higher phenol levels occur in brown algae from &eut Chile despite local high light
and nutrient levels (Gémez and Huovinen, 2010) s€&ldifferences can be attributed to
higher irradiance in south Spain compared to th&oaithern Chile.

Cystoseira tamariscifoliaollected in summer, spring and winter had highEQ
values than those collected in autumn indicatingvacgphotoprotective mechanisms
related to the xanthophyll cycle (Demmig-Adams aAdams, 2006). Maximal
photosynthetic capacity (i.e. EFR) and photosynthetic efficiency (i.eetr) were
highest in spring when high daily PABa( 102.72 MJrif) favored more photosynthetic
activity than in winter and autumed.51.5 MJn¥). This indicates that the productivity
of C. tamariscifoliapeaks in spring.

Antioxidant, photoprotective, antiplasmin, antiadie, antiviral antibacterial and
anticancer properties have all been reported iwibralgae (Sugiura et al., 2007; Artan
et al., 2008; Heo et al., 2010). Several seaweethifals, such as phloroglucinols from
Ecklonia cava are widely used in Asian medicines, foods andnmigs (Le et al.,
2009). The exploitation of these natural resouregsiires an evaluation of the biomass
and content of the algal compounds through the (Btengel et al., 2011). The seasonal
variations in the biochemical composition and pblgaly of C. tamariscifolia can
inform management in this species. Spring wouldthee best period to harve§l.
tamariscifolia to extract photoprotectors and antioxidants for wmrcial products,
although the environmental impacts would need tocheefully assessed. Poorly
managed harvesting of macroalgae can seriouslydmadural populations (Stagnol et
al., 2013) so any exploitation would require impassessments prior to licensing

managed activities.
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CONCLUSIONS

In C. tamariscifoliaphotosynthetic production peaked in spring whehtlievels
temperature and nutrients were optimal for building stores of phenols and
antioxidants. In summer photoinhibition and low rmmarits stressed theC.
tamariscifolia.

Any harvesting of this seaweed as a source of gltenwith antioxidant capacity
would be best carried out in spring when these atempeak in abundance. Further
work would be needed to establish protocols forththesesting ofC. tamariscifoliato

avoid adverse environmental impacts.

ACKNOWLEDGMENTS

This work was supported by the Junta de AndaluRiajéct RNM-5750) and by the
research group RNM-295. Paula S. M. Celis-Pla @utiyeacknowledges financial
support from “Becas-Chile” (CONICYT) fellowship afoctorate of the Ministry of
Education of the Republic of Chile.

11



375

376

377 REFERENCES

378

379 Abdala-Diaz, R.T., Cabello-Pasini, A., Pérez-Roaeiy E., Conde-Alvarez, R.M.,
380 Figueroa, F.L., 2006. Daily and seasonal variatmingptimum quantum yield and
381 phenolic compounds il€ystoseira tamariscifoligdPhaeophyta). Mar. Biol. 148,
382 459-465.

383 Abdala-Diaz, R., Cabello-Pasini, A., Marquez-Gaori&., Figueroa, F.L., 2014. Intr-
384 thallus variation of phenolic compounds, antioxidantivity and phenolsulfatase
385 activity in Cystoseira tamariscifai (Phaeophyceae) from southern Spain. Cienc.
386 Mar. 40: 1-10.

387 Ahn, G.N., Kim, K.N., Cha, S.H., Song, C.B., Led{.J Heo, M-S., Yeo, I-K., Lee, N-
388 H., Jee, Y-H., Kim, J-S., Heu, M-S., Jeon, Y-J.020Antioxidant activities of
389 phlorotannins purified fronicklonia cavaon free radical scavenging using ESR
390 and HO,-mediated DNA damage. Eur. Food. Res. Techtz, 71-79.

391 Anderson, M.J., Gorley, R.N., Clarke, K.R., 200ERMANOVA+ for PRIMER:
392 Guide to Software and Statistical Methods. PRIMERREmouth, UK.

393 Arévalo, R., Pinedo, S., Ballesteros, E., 2007.ngka in the composition and structure
394 of Mediterranean rocky-shore communities followirg gradient of nutrient
395 enrichment: descriptive study and test of propasethods to assess water quality
396 regarding macroalgae. Mar. Pollut. Bull. 55:1 0811

397 Artan, M., Li, Y., Karadeniz, F., Lee, S.H., Kim,.M., Kim S-K., 2008. Anti-HIV-1
398 activity of phloroglucinol derivative, 6,6-bieckdirom Ecklonia cava Bio. Org.
399 Med. Chem16, 7921-7926

400 Ballesteros, E., Torras, X., Pinedo, S., Garcig,Wangialajo, L., De Torres, M., 2007.
401 A new methodology based on littoral community cgraphy dominated by
402 macroalgae for the implementation of the EuropeaateWFramework Directive.
403 Mar. Pollut. Bull. 55:1 72-1 80.

404 Bermejo, R., De la Fuente, G., Vergara, J.J., Hetez, I., 2013. Application of the
405 CARLIT index along a biogeographical gradient ire tAlboran Sea (European
406 Coast). Mar. Pollut. Bull. 72(1), 107-118.

407 Blois, M.S., 1958. Antioxidant determinations byetlise of a stable free radical.
408 Nature. 181, 1199-1200.

12



409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440

Cabello-Pasini, A., Macias-Carranza, V., Abdalg,Krbee, N., Figueroa, F.L., 2011.
Effect of nitrate concentration and UVR on photdbgsis, respiration, nitrate
reductase activity, and phenolic compound$iva rigida (Chlorophyta). J. Appl.
Phycol. 23(3), 363-369.

Cantrell, A., McGarvey, D.J., Truscott, T.G., Ramc#&., Bohm, F., 2003. Singlet
oxygen guenching by dietary carotenoids in a mau&ihbrane environment. Arch.
Biochem. Biophys412, 47-54.

Carlson, D.J., Carlson, M.L., 1984. Reassessmemioflation by fucoid macroalgae.
Limnol. Oceanogr. 29, 1077-1084.

Celis-Pl4, P.S.M., Korbee, N., Gémez-Garreta, Aguéroa, F.L., 2014a. Seasonal
photoacclimation patterns in the intertidal maocgeaCystoseira tamariscifolia
(Ochrophyta). Sci. Mar. 78(3), 377-388.

Celis-Pla, P.S.M., Martinez, B., Quintano, E., GaSanchez, M., Pedersen, A.,
Navarro, N.P., Copertino, M.S., Mangaiyarkarasi, Mariath, R., Figueroa, F.L,
Korbee, N., 2014b. Short-term ecophysiological dmochemical responses of
Cystoseira tamariscifoliaand Ellisolandia elongatato changes in solar irradiance
and nutrient levels. Aquat. Biol. 22, 227-243.

Celis-Pl4, P.S.M.Hall-Spencer, J.M., Antunes-Horta P., Milazzo, Morbee, N.,
Cornwall, C.E., Figueroa, F.L., 2015. Macroalgapenses to ocean acidification
depend on nutrient and light levels. Front. Maii. 3¢26.

Connan, S., Goulard, F., Stiger, V., DeslandesAE3all, E., 2004. Interspecific and
temporal variation in phlorotannin levels in anemblage of brown algae. Bot.
Mar. 47, 410-416.

Demmig-Adams, B., Adams W.WIII., 2006. Photoproi@ttin an ecological context:
the remarkable complexity of thermal dissipatioewNPhytol. 172, 11-21.

Eilers, P.H.C., Peeters, J.C.H., 1988. A model tfog relationship between light
intensity and the rate of photosynthesis in phynkion.Ecol. Model 42, 199-
215.

Figueroa, F.L., Conde-Alvarez, R., Gémez, |., 206&lations between electron
transport rates determined by pulse amplitude nateld|chlorophyll fluorescence
and oxygen evolution in macroalgae under diffetegiit conditions. Photosynth.
Res. 75, 259-275.

13



441 Figueroa, F.L., Dominguez-Gonzalez, B., Korbee, RO014a. Vulnerability and

442 acclimation to increased UVB in the three inteftishaacroalgae of different
443 morpho-functional groups. Mar. Env. Res. 97, 30-38.

444  Figueroa, F.L., Korbee, N., 2010. Interactive efeaf UV radiation and nutrients on
445 ecophysiology: vulnerability and adaptation to d@ien change, in: Israel, A,
446 Einvav, R., Seckbach, J. (Eds.) Seaweeds and thkrin globally changing
447 environmentsSpringer-Verlag Berlin Heidelberg, pp. 157-182.

448  FigueroaF.L., Malta, E-J. Bonomi-Barufi, J., Conde-Alvar&, Nitschke, U., Arenas,
449 F., Mata, M., Connan, S., Abred,M., Marquardt, R., Vaz-Pinto, F., Konotchick,
450 T., Celis-Pla, P.S.M., Hermoso, M., Ordofiez, G.jzR&., Flores, P., KirkeD.,
451 Chow, F., Nassar, C.A.G., Robledo, D., Pérez-RyzafaBafares-Espafia, E.,
452 Altamirano, M. , Jiménez, C, Korbee, N,, Bischof, &tengel, D.B., 2014b . Short-
453 term effects of increasing GQOnitrate and temperature on three Mediterranean
454 macroalgae: biochemical composition. Aquat. Bi@.177-193

455 GOmez, |, Huovinen, P., 2010. Induction of phlarotins during UV exposure

456 mitigates inhibition of photosynthesis and DNA daman the kelpLessonia
457 nigrescensPhotochem. Photobiol. 86, 1056-1063.

458 Goss, R., Jakob, T., 2010. Regulation and functbrxanthophyll cycle-dependent
459 photoprotection in algae. Photosynth. Res. 106;11223

460 Hanelt, D., Figueroa, F.L., 2012. Physiological gombtomorphogenic effects of light
461 of marine macrophytes, in: Wienke, C., Bischof, f€ds.) Seaweed biology
462 Ecological studies. Springer-Verlag Berlin Heidethep. 3-23.

463 Heo, S-J., Yoon, W-J., Kim, K-N., Ahn, G.-N., Kar§;M., Kang, D-H., Affan, A., Oh,
464 C., Jung, W-K., Jeon, Y-J., 2010. Evaluation ofi-arftammatory effect of
465 fucoxanthin isolated from brown algae in lipopolysiaaride-stimulated RAW
466 264.7 macrophages. Food. Chem. Toxid8l.2045-2051.

467 Karban, R., Baldwin, IL.T., 1997. Induced ResponsgsHerbivory. University of
468 Chicago Press, Chicago, USA, 329 pp.

469 Koivikko, R., Loponen, J., Honkanen, T., Jormalaing., 2005. Contents of soluble,
470 cell-wall-bound and exuded phlorotannins in thewsroalga Fucus vesiculosus
471 with implications on their ecological functions.Chem. Ecol. 31(1), 195-212.

472 Le, Q.T., Li, Y., Qian, ZJ., Kim, M.M., Kim, S.W.2009. Inhibitory effects of
473 polyphenols isolated from marine algaklonia caveon histamine release. Process.
474 Biochem.44, 168-176.

14



475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508

Mercado, J.M., Cortés, D., Garcia, A., Ramirez,ZDQ7. Seasonal and Inter-annual
changes in the planktonic communities of the noegtw Alboran Sea
(Mediterranean Sea). Progr. Ocean. 74, 273-293.

Mercado, J.M., Cortés, D., Ramirez, T., Gbmez2612. Hydrological forcing masks
the potential impact of nutrient release from difisources in the NW coast of the
Alboran Sea. Hydrobiol. 680, 91-107.

Pavia, H., Aberg, P., 1996. Spatial variation idyphenolic content ofAscophyllum
nodosumFucales, Phaeophyta). Hydrobiol. 326/327, 199-203

Pavia, H., Brock, E., 2000. Extrinsic factors imficing phlorotannin production in the
brown alga Ascophyllum nodosum. Mar. Ecol. Prog. $83, 285-294.

Pavia, H., Toth, G.B., 2000. Influence of nitrogentbe phlorotannin content of the
brown seaweed#&scophyllum nodosurand Fucus vesiculosusHydrobiol. 440,
299-305.

Ragan, M.A., Jensen, A., 1978. Quantitative studrebrown algal phenols Il. Seasonal
variation in polyphenol content &scophyllum nodosurfL.) Le Jol. AndFucus
vesiculosugL). J. Exp. Mar. Biol. Ecol. 34, 245-258.

Ramirez, T., Cortés, D., Mercado, J.M., Vargas-Yafé., Sebastian, M., Liger, E.,
2005. Seasonal dynamics of inorganic nutrients @mdoplankton biomass in the
NW Alboran Sea. Estuar. Coast. Shelf. Sci. 65, 65d-

Schoenwaelder, M.E.A., 2008. The biology of phanacbntaining vesicles. Algae. 23,
163-175.

Schreiber, U., Endo, T., Mi H., Asada, K., 1995.eQching analysis of chlorophyll
fluorescence by saturation pulse method: particasaects relating to the study of
eukaryotic algae and cyanobacteria. Plant. Cellsieh 36, 873-882.

Schreiber, U., Schliwa, U., Bilger, W., 1986. Contbus recording of photochemical
and non-photochemical chlorophyll fluorescence ghem with a new type of
modulation fluorometer. Photosynth. Res. 10: 51-62

Sharma, K.K., Schhmann, H., Schenk P.M., 2012. Hijgd induction in microalgae
for biodiesel production. Energies. 5, 1532-1553.

Stagnol, D., Renaud, M., Davoult, D., 2013. Effeofscommercial harvesting of
intertidal macroalgae on ecosystem biodiversity &muctioning. Estuar. Coast.
Shelf. Sci. 130, 99-110.

Stahl, W., Sies, H., 2007. Carotenoids and flavdsocontribute to nutritional
protection against skin damage from sunlight. NBabtechnol.37, 26—30.

15



509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542

Steinberg, P.D., Van Altena, I., 1992. Tolerancamairine invertebrate herbivores to
brown algal phlorotannins in temperate AustralaS@l. Monogr. 32, 189-222.
Stengel, D.B., Connan, S., Popper, Z.A., 2011. Atlemiodiversity and bioactivity:
sources of natural variability and implications tmmmercial application. Biotech.

Adv. 29, 483-501.

Stengel, D., Conde-Alvarez, R., Connan, S., Nitsghld., Arenas, F., Abreu, H.,
Bonomi-Barufi, J., Chow, F., Robledo, D., Malta,.,BNlata, M., Konotchick, T.,
Nassar, C., Pérez-Ruzafa, A., Lopez, D., Marqudkdt,Vaz-Pinto, F., Celis-PIla,
PSM., Hermoso, M., Ruiz, E., Ordofiez, G., Flores, Zanolla, M,. Bafares-
Espafa, E., Altamirano, M., Korbee, N., Bischof, Rigueroa, F.L., 2014. Short-
term effects of CQ nutrient and temperature impacts on three maraeroalgae
under solar radiation. Aquat. Biol. 22,159-176.

Stengel, D.B., McGrath, H., Morrison, L.J., 200%sle Cu, Fe and Mn concentrations
in different-aged and different functional thallegions of three brown algae from
western Ireland. Estuar. Coast. Shelf. Sci. 65;-688.

Sugiura, Y., Matsuda, K., Yamada, Y., Nishikawa, Bhioya, K., Katsuzaki, H., Imai
K., Amano H., 2007. Anti-allergic phlorotannins iinothe edible brown alga,
Eisenia arboreaFood. Sci. Technol. Re$3, 54-60.

Swanson, A., Druehl, L.D., 2002. Induction, exudatand the UV protective role of
kelp phlorotannins. Aquat. Bot. 73, 241-253.

Underwood, A.J., 1997. Experiments in ecology: rthajgical design and interpretation
using analysis of variance. Cambridge, New YorlQ pp.

Vinay, N., Kim, S-K., 2012. Potencial Cosmoceutiapplications of phlorotannins and
Fucoidans from Marine algae in the treatment opiatalermatitis, in: Kim, S-K.
(Ed.), Marine Cosmoceuticals trends and prospects. CR€sPraylor & Francis
Group, EEUU, pp. 257-256.

16



543
544
545
546
547

548

549
550
551
552
553
554
555
556
557
558
559
560
561
562

563

Table 1. Seasonal changes in surface seawater raimge (mean + SE, n=2144)
according to REDCOS buoy (number 1514) and salinityate, ammonium, phosphate
and N: P ratio (mean values + SE, n=180) in Malagy (Southern Spain) according to
Ramirez et al. (2005) and Mercado et al. (20072201

Units Summer Autumn Winter Spring
Temperature °C 18.91+2.09 17.81+1.66 14.88+0.45 1591141
Salinity 36.87+0.29 36.72+0.34 36.93+0.28  37.14+0.45
Nitrate pmol L* 0.58+1.07 0.62+0.77  152+1.07 1.59 + 1.44
Ammonium pmol L 0.53+0.75 0.19+027 0.18+0.10 0.35+0.20
Phosphate umol L 0.12+0.08 0.14+0.01  0.14+0.05 0.15+0.09
N:P molar ratio 43+6.6 7.4 +£10.9 13.4+12.3 16.0+21.3

Chlorophylla pumol LT 0.92+0.69 121+094 122+1.14  1.45+0.99
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Table 2. Photosynthetic physiology ©fstoseira tamariscifolizollected in La Arafia
beach near Malaga (Southern Spain) in summer, aytwmnter and spring 2013-2014.
Maximal quantum yieldK,/F.), maximal electron transport rate (EfR expressed in
umol electrons m s?), photosynthetic efficiencyagrg), irradiance of saturation of
ETR (Ekerr) expressed in pmol photons?ra?, maximal non-photochemical quenching
(NPQnay, irradiance of saturation of NPQ (&) expressed in pmol photons®ns™
and ETRna/NPQnax ratio (mean £ SE, n=9). Lower-case letters denagaifgcant
differences after SNK test.

Cystoseira tamariscifolia

Summer Autumn Winter Spring
Fv/IFm 0.71+0.01 0.71 +0.02 0.69 + 0.02 0.7&
ETRnax 52.18 +3.39 53.01 +2.23 55.14 + 4.29 70.65 + 6.58
OETR 0.41 +0.02 0.39+0.01 0.27 +0.01 0.36 + 0.03
EkeTr 137.95 + 0.06 136.52 +17.81  235.64 + 49.84 272.88.51
NPQnax 1.39 +0.11 1.27 +0.16 1.61+0.18 H3R14
Eknpo 301.28 +33.2%  395.56 +48.98 190.99+27.88  295.61 + 66.1¥
ETRna/NPQnax 42.32+4.91 52.14 + 15.68 38.77 £3.93 61.9648
Absorptance 0.76 + 0.04 0.77 £ 0.02 0.83 +0.02 Q702
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584 Table 3. Seasonal and annual effects on the cambitnogen, C:N ratio, phenolic
585 compounds and antioxidant activity (&fCof Cystoseira tamariscifoliacollected in
586 2012-2014 on a rocky shore near Malaga, southeamS§gignificant differences &<
587 0.05 are shown in bold.

588
Cystoseira tamariscifolia
Df MS F P
Carbon Year 1 81.83 0.40 0.53
Season 3 928.75 452 <0.01
Year*Season 3 201.34 0.98 0.41
Res 64 205.41
Nitrogen Year 1 15.11 1.59 0.21
Season 3 163.24 17.14 <0.01
Year*Season 3 12.49 1.31 0.28
Res 64 9.52
Ratio C:N Year 1 9.83 1.54 0.22
Season 3 81.43 12.76 <0.01
Year*Season 3 11.12 1.74 0.17
Res 64 6.38
Phenolic Year 1 188.25 2.04 0.16
compounds  Season 3 1763.93 19.11 <0.01
Year*Season 3 1576.40 17.07 <0.01
Res 64 92.33
ECsc Year 1 0.00 0.47 0.49
Season 3 0.04 431 <0.01
Year*Season 3 0.02 1.86 0.15
Res 64 0.01
589 Res: residual
590
591
592
593
594
595
596
597
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Table 4.Seasonal effects d@ystoseira tamariscifoligghotosynthesis on a rocky shore
near Malaga in 2013-2014; maximal quantum yiél@H;), maximal electron transport
rate (ETR.ay, photosynthetic efficiencyogrgr), irradiance of saturation of ETR

(Eketr), maximal non-photochemical quenching (NRQ irradiance of saturation of
NPQ (Ekppg) and relationship betwedBTRn./NPQnax . Significant differences a®<

0.05 are shown in bold.

Cystoseira tamariscifolia

df MS F P

Fv/Fm Season 3 0.00 0.19 0.90
Res 32 0.00

ETRmax Season 3 680.4 3.8618 0.02
Res 32 176.2

OETR Season 3 0.03 5.61 <0.01
Res 32 0.01

EkeTr Season 3 42939.9 1.91 0.15
Res 32 22502.1

NPQna Season 3 0.18 0.82 0.49
Res 32 0.21

Eknpc Season 3 62901.2 3.23 0.04
Res 32 19464.4

ETRna/NPQna Season 3 691.3 0.90 0.45
Res 32 767.9

Absorptance Season 3 0.01 1.95 0.14
Res 32 0.00

Res: residual
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Figure captions

Figure 1. La Arafia rocky shore in southern Sphamwéng high perennial coverage of
the brown alga ¢stoseira tamariscifoliseand spring/summer blooms btfiva spp. in
2013.

Figure 2. Daily integrated irradiance per monththie period 2012-2014 of A) PAR
(400-700 m), B) UVA (320-400 nm) and C) UVB (280838m) in the NILU UV6
station located in the roof Central Services forsédech building (University of
Malaga).

Figure 3. Transmission electron microscopy image€ystoseira tamariscifolidrom
La Arafia in summer 2013\) Cortical cell with many chloroplasts (C), physsd(Ph)
and thick cell wall (CW). B) Arrows indicate presenof phenolic compounds in cell
wall. C) Detail of physodes in cortical cell. D) IBfoplast with plastoglobuli (P) and

associated mitochondria (M). E) Detail of plasmadata (arrows).

Figure 4. PCO diagram in relation to Season (sprswgnmer, autumn and winter).
Vectors overlay (Spearman rank correlation) indisahe relationship between the PCO
axes and the ecophysiologycal variables; C, N:rmateconten and C:N ralitionship,
respectively, PC: phenolic compounds and AA: sicl /&G antioxidant axtivity, in
the time.

Figure 5. A) Carbon and B) Nitrogen contents espeel as mgyDW and C) C:N

ratio of Cystoseira tamariscifolian summer, autumn, winter and spring.
Figure 6. A) Phenolic compounds (expressed as thgdW/) and B) Antioxidant

activity (EGs; expressed as mg DW nl).to Cystoseira tamariscifolizhrough the

season (summer, autumn, winter and spring).
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Seasonal biochemical and photophysiological responsesin the
intertidal macroalga Cystoseira tamariscifolia (Ochrophyta).

Paula S.M. Celis-Pl4, Zenilda L. Bouzon, Jason Mll4Spencer, Eder C. Schmidt,

Nathalie Korbeand Félix L. Figueroa.
Highlights
* Monitoring of the seasonal changes in the bioch&ynad photophysiology of

the brown macroalg@ystoseira tamariscifolia.

e The increased irradiance in spring enhanced thal algpductivity, antioxidant
activity and the production of photoprotective campds.

» The monitoring for the best period to harv@€gstoseira tamariscifolia to extract
potential commercial uses could be in spring.



