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Abstract

Intertidal algae have to cope with diurnally and seasonally fluctuating environmental factors such as salinity, temperature,
dehydration, and light. In New Zealand, solar radiation, including the ultraviolet wavelengths, is also an important stress factor
for such algae. Therefore, two native (Bostrychia arbuscula W.H.Harvey [Ceramiales], Champia novae-zelandiae (J.D.Hooker
& Harvey) Harvey [Rhodymeniales]) and one introduced red algal taxon (Schizymenia spp. J. Agardh [Nemastomatales]) were
investigated over 12 months in terms of stress metabolites which contribute to ultraviolet radiation (UVR) and salinity tolerance.
Mycosporine-like amino acids (MAAs), which act as sunscreens, and organic osmolytes were qualitatively and quantitatively
analyzed. Porphyra-334, shinorine, and palythine were the most dominant MAAs yet distributed differently among the species.
B. arbuscula showed a correlation between photosynthetically active radiation (PAR)/UVR and slightly higher MAA concen-
trations in summer. In contrast, C. novae-zelandiae displayed the lowest level of MA As in summer, and no correlation was found
between MAA values and solar radiation. In Schizymenia spp., the highest MAA amounts were found in summer, and for most
months, a correlation with PAR/UV radiation was visible. While digeneaside and sorbitol were the dominant organic osmolytes
in B. arbuscula, floridoside occurred in C. novae-zelandiae and Schizymenia spp. Only B. arbuscula exhibited higher organic
osmolyte concentrations in summer. In contrast, floridoside contents in C. novae-zelandiae and Schizymenia spp. were low and
highly variable over the course of the seasons. Our data indicate that both native red algal species are well acclimated to the
intertidal zone. For the introduced Schizymenia spp., a more narrow salinity tolerance can be assumed, while the high MAA
values may explain its establishment in New Zealand.

Keywords Rhodophyta - Floridoside - Introduced algae - Mycosporine-like amino acids (MAAs) - Organic osmolytes -
Seasonality - Sorbitol

Introduction stressors causing vertical and biogeographical distribution pat-
terns in intertidal macroalgal communities (Liining 1990). In

The intertidal zone is influenced by changing and fluctuating  the intertidal zone, solar irradiance is such a stress factor for

environmental factors, such as radiation, temperature, salinity,
and mechanical forces, resulting in numerous physicochemi-
cal gradients (Liining 1990). Macroalgae living in this zone
have to tolerate these diurnally and seasonally changing envi-
ronmental conditions (Davison and Pearson 1996; Bischof
et al. 2006; Diehl et al. 2019), because they often act as
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macroalgae (Bischof et al. 2006), and in particular, ultraviolet
radiation (UVR) has strong damaging effects on algal cells,
their metabolism and physiology (Hoffman et al. 2003; Hanelt
et al. 2006; Hanelt and Figueroa 2012). UVR, especially UVB
(280-315 nm), is absorbed by different biomolecules such as
nucleic acids (Vass et al. 2005; Bischof et al. 2006; Karsten
2008). As a result, UVB has disturbing effects on algal pho-
tosynthesis (e.g., Hoffman et al. 2003; Hanelt et al. 2006;
Hanelt and Figueroa 2012). For example, UVR leads to lower
photosynthetic activity (Hanelt and Figueroa 2012), because
of damage to the CO,-fixing enzyme Rubisco, the functional
decoupling of LHCs from the photosystems, the
photodestruction of pigments, or the inactivation of chloro-
plast ATPase (Holzinger et al. 2004; Bischof and
Rautenberger 2012). Furthermore, UVB induces the
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formation of intracellular reactive oxygen species (ROS) and
can cause ultrastructural changes in cells (Cheloni and
Slaveykova 2018; Rangel et al. 2020). Ultrastructural changes
include swollen mitochondrial cristae, detached
phycobilisomes, and drastic changes in the arrangement of
thylakoid membranes or even destroyed thylakoids and dam-
age to the plasmalemma (Holzinger et al. 2004; Karsten
2008).

The most common biochemical acclimation of red algae
against UVR is the biosynthesis and accumulation of
mycosporine-like amino acids (MAAs) as UV-protective mol-
ecules (Carreto and Carignan 2011). MAAs are derivatives of
amino acids which contain cyclohexanone or cyclohexenimine
ring structures (Dunlap and Yamamoto 1995). MAAs are
water-soluble and preferentially absorb UVR in the range from
310 to 360 nm (Nakamura et al. 1982; Dunlap and Yamamoto
1995; Karsten 2008). Until now, many different MAAs were
identified, but the most prevalent UV-sunscreens in red algae
are porphyra-334, shinorine, and palythine (Hoyer et al. 2002;
Orfanoudaki et al. 2018, 2019). After Hoyer et al. (2001,
2002), red algal species can be classified into different re-
sponse types, based on their MAA concentrations: type I—
no MAAs, type -MAAs inducible in variable concentra-
tions, and type IIl-—permanently high MAA concentrations.
The formation and accumulation of MAAs in intertidal red
algae is a species-specific process (Hoyer et al. 2001, 2002).

An additional important environmental stress factor for in-
tertidal macroalgae is salinity change, which is influenced by
tides, hydrological conditions, wind, precipitation and evapo-
ration (Karsten 2012). Under hypo- or hypersaline conditions,
macroalgae exhibit protective mechanisms such as osmotic
acclimation (Kirst 1990; Karsten 2012). Based on the salinity
changes macroalgae can tolerate, they are characterized as
euryhaline or stenohaline (Russell 1987). Under salinity stress
low-molecular-weight organic solutes are typically synthe-
sized and accumulated (hypersaline conditions) or degraded
(hyposaline conditions) (Ben-Amotz and Avron 1983). Some
of those organic osmolytes (e.g. floridoside or mannitol) are
identical with the main photosynthetic products of the algae
under investigation (Karsten 2012). Additionally, organic
osmolytes exert other biochemical functions as they can act
as compatible solutes (protect enzymes and structural mole-
cules against denaturation), i.e. these compounds are highly
soluble in the cytoplasm and non-toxic at high concentrations
(Kirst 1990; Shetty et al. 2019). Photosynthesis and respira-
tion are strongly affected by salinity changes (Sudhir and
Murthy 2004). High salinities typically inhibit at least three
processes in the photosynthetic machinery: (1)
photoactivation of electron flow on the reducing site of PSI,
(2) electron flow at the water splitting site of PSII, and (3)
transfer of light energy between pigment complexes (Kirst
1990). In the last decades, much progress was made in iden-
tifying low-molecular-weight carbohydrates (LMWCs),
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especially in red algae (Karsten 2012). Different organic
osmolytes were identified in red algae such as mannitol,
dulcitol, sorbitol, and trehalose (Karsten et al. 1996, 1997,
Eggert and Karsten 2010), and these data were also used for
chemotaxonomic purposes (Karsten et al. 1999). Recent stud-
ies showed a complex picture of the diversity and distribution
of LMCWs for red algae and revealed strong group-specific
patterns (Eggert et al. 2007; Karsten et al. 2007; Diehl et al.
2019). Most species of the Florideophyceae typically contain
floridoside (Karsten et al. 2007). Species within the order
Ceramiales synthesize digeneaside instead of floridoside,
and some genera (e.g., Bostrychia and Caloglossa) also syn-
thesize untypical polyols such as sorbitol, dulcitol, or even
mannitol (Karsten et al. 2005, 2007). Especially in New
Zealand, little is known about organic osmolytes in red algae
with the exception for Pyropia plicata (Diehl et al. 2019).

New Zealand’s coastline has rich seaweed diversity, espe-
cially red macroalgae (Adams 1994; Hurd et al. 2004; Nelson
2013), but there exist only few ecophysiological studies on
intertidal macroalgae, and only a few have been conducted
on stress response patterns (Lamare et al. 2004; Schweikert
et al. 2011; Muangmai et al. 2015; Bollen et al. 2016; Diehl
etal. 2019). The consistent result of the previous studies is that
intertidal red algae contain stress metabolites in high concen-
trations. In climate change scenarios, not only will UVB radi-
ation potentially increase (McKenzie et al. 1999) but also
nonindigenous marine species become common due to chang-
ing environments and continued ship traffic (Schaffelke et al.
2006). Abiotic and biotic factors are important for the success
of introduced macroalgae in their new habitat (Alexander and
Edwards 2010). Successful invasive species are often adapted
to variable abiotic conditions (Bollen et al. 2016). In the last
few years, many introduced species were identified based on
molecular techniques in New Zealand (D’ Archino et al. 2007;
Nelson et al. 2013; D'Archino and Zuccarello 2014;
D’Archino et al. 2015; Garbary et al. 2020). For example,
Schizymenia apoda was first recorded in 2014 (D’Archino
and Zuccarello 2014).

In the present study, stress metabolites of two native red
algal species were followed over the course of the seasons and
compared with those of introduced species. The native
Bostrychia arbuscula (Ceramiales, Rhodomelaceae) is a
widely distributed, tufted macroalga growing attached by
haptera in the upper rocky intertidal (Nelson 2013).
Bostrychia species are euryhaline with a broad salinity toler-
ance (Muangmai et al. 2015). Champia novae-zelandiae
(Rhodymeniales, Champiaceae), another native taxon, is also
widely distributed (Nelson 2013). Champia novae-zelandiae
is found in the intertidal and upper subtidal, attached by dis-
coidal holdfasts to rocks or epiphytically on large brown sea-
weeds (Nelson 2013). The introduced species belonged to the
genus Schizymenia (Nemastomatales, Schizymeniaceae).
Schizymenia apoda was first reported as an introduced species
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in New Zealand in Wellington Harbor. Recently, a new intro-
duced Schizymenia species, S. dubyi, has been discovered in
Wellington Harbor (D’ Archino and Zuccarello 2020, and un-
published observations). Both these species are known to be
introduced in various locations around the world (Gabriel
et al. 2011; Ramirez et al. 2012; Saunders et al. 2015;
Gunnarsson et al. 2020). The foliose Schizymenia spp. is
mainly found in the low intertidal to shallow subtidal and in
large tidal pools (Guiry and Guiry 2020).

The aim of this study was to qualitatively and quantitative-
ly evaluate stress metabolite patterns over the course of the
seasons in these native and introduced red algal taxa to better
understand their tolerance against UVR and salinity fluctua-
tions. It was hypothesized that both native species contain
higher MAA concentrations compared with the introduced
species, because of their different vertical position in the in-
tertidal zone. For the introduced species, seasonally changing
MAA values were assumed with highest MAA levels in sum-
mer. In addition, organic osmolyte concentrations were further
hypothesized to follow the exposure gradient, i.e., being
higher in the upper intertidal compared with lower amounts
in the mid intertidal or upper subtidal with probably no effect
of seasonality.

Material and methods
Species collections

The native Bostrychia arbuscula and Champia novae-
zelandiae were collected during low tide from Moa Point
(41° 20" 31.6" S, 174° 48" 35.4" E) on the south coast of
Wellington, New Zealand. Bostrychia arbuscula was collect-
ed on rocks in the high-intertidal facing south (Fig. 1b).
Champia novae-zelandiae was found in a more sheltered
mid-intertidal zone, often submerged with water (Fig. 1d).
Schizymenia spp. was collected in the Wellington harbor at
Whairepo Lagoon (41° 17" 17.86" S, 174° 46' 47.26" E) in
large rock pools, always submerged with seawater (Fig. 1f).
The two Schizymenia species (S. apoda and S. dubyi) are
indistinguishable morphologically, so a molecular survey
was done to identify the species in the Whairepo Lagoon
(Supplementary Tab. S1). The molecular data indicate that
both species co-occur in close to equal amounts in this loca-
tion (unpublish. data). Additionally, the mycosporine-like
amino acids (MAAs) and organic osmolytes were analyzed
in both Schizymenia species separately, and the same MAAs
and organic osmolytes were found (Suppl. Figs. S5-S6).
Based on the similarity in the biochemical profiles and due
to the taxonomic difficulty of separating both taxa, the data
used in the present study is of combined Schizymenia spp.

Abiotic conditions

The abiotic data included global radiation (GR), ultraviolet
radiation (UVR), sunshine hours, precipitation, and ozone
which were provided by the New Zealand Institute for
Water and Atmosphere (NIWA) and downloaded from the
National Climate Database CliFlo (http://cliflo.nowa.co.nz/,
accessed on 15 Jan 2020) (CliFlo, National Climate
Database 2017). Photosynthetically active radiation (PAR)
was derived from the global radiation data (Physiology
University of Guelph 2008) and UVB radiation data were
calculated from the UV Index (McKenzie et al. 2004). The
seawater temperature was taken from the dataset of the
Greater Wellington Regional Council (http://graphs.gw.govt.
nz/) (Greater Wellington Region Council (GWRC) 2017).
This monitoring station is located in the harbor of
Wellington at Queens Wharf. For details, see Supplementary
Table S2.

Seasonal sampling

All algae were collected once per month (Suppl. Tab. S3) and
preserved by drying in an oven at 60 °C and stored in the dark
until further analyses. The salinity at Moa Point (36 S,) and in the
Whairepo Lagoon (approx. 34 S ») was measured when collecting,
using a Pocket Refractometer (PAL-06S, Atago, USA).

Extraction and measurement of MAAs

A 1220 Infinity I HPLC system (Agilent Technologies, USA)
with a diode array detector (DAD) was used to identify and
quantify mycosporine-like amino acids (MAAs) according to
Karsten et al. (2009). The first step of the MAA extraction was
to add 1 mL of 25% aqueous methanol (v/v) to approx. 15 mg
of dried algal tissue in a screw-capped vial followed by incu-
bation in a water bath at 45 °C for 34 h. The samples were
vortexed regularly to optimize extraction, and finally centri-
fuged at 6,390xg for 5 min (Biofuge pico, Heraeus,
Germany). Eight hundred microliters of the supernatant was
transferred into a new vial and evaporated overnight in a
SpeedVac (RVC 2-25 CDplus, Christ, Germany). The dried
pellet was re-dissolved in 800 uL. of HPLC-water, vortexed
for 30 s, and centrifuged (21,650xg, 5 min, Megafuge,
Heraeus, Germany). The clear supernatant was transferred in-
to a HPLC vial to analyze the MAAs. A Phenomenex Synergi
4u fusion RP-column (250 x 3 mm I.D., Phenomenex,
Germany) with a guard cartridge (Phenomenex, Fusion-RP 4
x 3 mm L.D., Germany) was used. The mobile phase (eluent)
was 2.5% methanol plus 0.1 % acetic acid in water, with a
flowrate of 0.5 mL min !, at 150 bar pressure and room tem-
perature (25 °C). The sample chromatograms were compared
with those of the measured standards of palythine, shinorine,
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Fig. 1 a, b Bostrychia arbuscula
growing in dense patches on
rocks in the intertidal zone. ¢, d
Champia novae-zelandiae with
its typical irregular branching,
growing in the mid-intertidal. e, f
Schizymenia sp., collected in the
Whairepo Lagoon, Wellington
harbor

asterina-330, porphyra-334, and mycosporine-glycine to iden-
tify and quantify the algal MAAs. The identified peaks were
manually integrated, and the area under each peak was used
for calculations of the MAA concentration in mg per g dry
weight (mg g ' DW).

Extraction and measurement of organic osmolytes

A 1260 Infinity HPLC system (Agilent Technologies, USA)
with a refractive index (RI) detector was used to qualitatively
and quantitatively determine organic osmolytes according to
Diehl et al. (2019). For the extraction of the organic
osmolytes, again about 15 mg dried tissue and 1 mL of 70%
aqueous ethanol (v/v) in a screw-capped vial were placed in a
water bath at 70 °C for 3—4 h. The vials were vortexed regu-
larly and finally centrifuged at 6390xg for 5 min (Biofuge
pico, Heraeus, Germany). Then, 800 pL of the supernatant
was transferred into a new vial and evaporated overnight in
the SpeedVac. On the next day, 800 uL of HPLC-water was
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added to the dried pellet, vortexed for 30 s, and treated in an
ultrasonic bath for about 10 min to re-dissolve the pellet
completely. Finally, the vials were again centrifuged for
5 min (21,650%g), and the supernatants transferred into
HPLC vials. Two different analytical methods were applied
to identify the organic osmolytes. A Phenomenex Rezex
ROA-Organic Acid column (300 x 7.8 mm, 8 um,
Phenomenex, Germany), protected by a guard cartridge
(Phenomenex, Carbo-H 4 x 3 mm 1.D.), was used to identify
and analyze heterosides. The mobile phase (eluent) consisted
of 5 mM aqueous sulfuric acid run at a flowrate of 0.4 mL
min~" with 21 bar pressure and with 70 °C as the column
temperature. The injection volume was 20 uL. A BIO-RAD
Aminex Fast Carbohydrate Analysis Column HPAP (100 x
7.8 mm, 9 um, BIO-RAD, USA) was used together with a
guard cartridge (Phenomenex, Carbo-H 4 x 3 mm L.D.) to
identify polyols like sorbitol. The eluent was pure HPLC wa-
ter with a flowrate of 1 mL min ', 35 bar pressure, and 70 °C
as column temperature. The injection volume was 10 pL. For
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the standards, sorbitol and digeneaside, a 10-point calibration
curve was applied with the lowest concentration of 1 mM up
to the highest concentration of 10 mM. For floridoside, only a
6-point calibration curve was used with concentrations from
0.5 mM up to 3 mM. The peaks in the sample chromatograms
were identified by retention time. All peaks were integrated,
and absolute concentrations were calculated in mmol per kg
dry weight (mmol kg ' DW) by determining the integrated
peak area and the slope of the calibration line.

Statistics

All statistical analyses were performed using SPSS Statistics
25 (IBM, USA). To test for significant differences of organic
osmolyte and MAA contents between the sampling time
points, a one-way ANOVA was performed. The assumptions
were checked (Normality with the Shapiro-Wilk Test and Q-
Q-Plots, outliers with a boxplot, homogeneity of variances
with Levene’s test (p > 0.05)). The normality of the data
was not found in all cases, but this violation was neglected
due to the small sample and replicate sizes (Underwood
1997). If the ANOVA or Welch ANOVA (for violation of
assumptions, if Levene’s test was significant) showed signif-
icant differences (p < 0.05), a post hoc Tukey’s HSD or a
Games-Howell post hoc test (for Welch-ANOVA) was used
for more detailed interpretation and to create the case lettering
of the graphs for visualization of the significant differences of
the MAA and organic osmolyte levels between the different
months. For all ANOVAS, “months” was used as the inde-
pendent variable (= level), and “MAA” and “organic osmolyte
concentration” were used as the dependent variables. For de-
tailed results of the statistical analysis, see Supplementary
Table S4-S9.

Results

Abiotic conditions between July 2018 and August
2019

The abiotic data for Wellington showed strong seasonal
changes over the course of the year (Suppl. Figs. S1-S2).
The mean daily global radiation, the mean daily PAR, and
also the mean daily ultraviolet B (UVB) radiation were
highest in Wellington summer (December—February) and de-
creased continuously toward winter. The ultraviolet index
(UVI) showed a similar course over the seasons like the
UVB radiation. Ozone concentrations varied slightly over
the course of the year between 260 and 360 Dobson units
(DU). The total sunshine hours per month varied annually
between approx. 100 h in southern winter and 260 h in south-
ern summer. The total precipitation (rainfall) per month varied
strongly during the year (Suppl. Fig. S3), with lowest values

in January and February 2019 (< 25 mm) and highest amounts
in April and July 2019 with over 200 mm. The water temper-
ature in Wellington ranged between 10°C in winter up to 20°C
in summer (data not shown).

MAA levels over the course of the year (July 2018-
August 219)

In B. arbuscula, four different MAAs were identified:
porphyra-334, palythine, asterina-330, and shinorine.
Porphyra-334 and palythine were the two quantitatively dom-
inant MAAs (Fig. 2). Asterina-330 and shinorine were only
found in traces (less than 0.1 mg g~' DW). Due to non-
homogeneous data, only the total MAA concentrations were
statistically analyzed. The total MAA contents (poryhra-334
and palythine) varied over the course of the year between
July 2018 and August 2019 and were significantly different
between the months (ANOVA: F(11, 24) =4.178, p < 0.005;
Suppl. Tab. 4). The highest total MAA amount was measured
in summer (January 2019) with 8.2 + 1.5 mg g ' DW. The
lowest total MAA concentrations were found in winter (July:
52+03mgg ' DW and August: 5.1 £0.7mgg ' DW). For
all months, porphyra-334 made up the largest fraction of the
total MAA concentration and proportionally changed more
than palythine between the months. The palythine values
ranged between 0.6 and 1.5 mg g~' DW (Fig. 2). The highest
palythine concentration was detected in December 2018, and
the lowest amount was found in August 2019. The porphyra-
334 concentration varied from 4 to 7 mg g ' DW over the
months and was highest in January 2019 (7.1 £ 1.2 mg g
DW) and lowest in November 2018 (3.9+ 1.2 mgg ' DW). A
positive correlation of UVR (UVB and UVI) and PAR with
the total MAA concentration of B. arbuscula was recogniz-
able, i.e., the higher the radiation, the more MAAs were syn-
thesized and accumulated (Fig. 2).

In addition, three unidentified MAAs were found in
B. arbuscula: MAA_1 (4 ~ 331 nm, retention time 3.6 min),
MAA 2 (4~ 356 nm, retention time 9.8 min) and MAA 3 («
~ 361 nm, retention time 10.1 min). These MAAs were not
analyzed quantitatively as they contributed < 20% to the total
MAA concentration (Fig. 3).

In C. novae-zelandiae, two MAAs were found: palythine and
shinorine (Fig. 4). Due to non-homogeneous data and for com-
parison with the other algae, only the total MAA concentrations
were statistically analyzed. The total MAA contents varied over
the course of the year from July 2018 to August 2019 and were
significantly different between the months (ANOVA: F(11,24)
= 5.25, p < 0.005; Suppl. Tabl. 5). The highest total MAA
amounts were detected in winter months: July 2018 (7.8 +
0.9 mg g ' DW), September 2018 (8.1 + 0.9 mg g ' DW) and
May 2019 (8.3 = 1.2 mg g ' DW). These 3 months are also
significantly different to the lowest MAA values found in sum-
mer (November 2018, December 2018, and January 2019; Fig.
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4). The lowest total MAA concentration was measured in
December 2018 (3.4 + 1.1 mg g ' DW). The concentrations
of both the MAAs palythine and shinorine changed similarly
over the course of the seasons. The palythine concentration var-
ied between 1.9 and 5.4 mg g ' DW, while the shinorine content
ranged between 1.1 and 3.7 mg g ' DW. In most of the months,
the palythine level made up the larger proportion of the total
MAA amount compared with shinorine. One exception is
July 2019 where both MAA levels were nearly identical (Fig.
4). Overall, the total MAA concentrations were lowest in

Fig. 3 Percentages of all
mycosporine-like amino acids
(MAAs) of'the total MAA content
of Bostrychia arbuscula, collect-
ed over the course of the seasons
(July 2018 to August 2019) at
Moa Point, Wellington, New
Zealand; n.a. no samples collect-
ed. The y-axis shows the inte-
grated area in % for each MAA,
measured with high performance
liquid chromatography (HPLC)
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(2020). Lowercase letters indicate significant differences in the total
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summer and higher in winter, especially in September 2018
and May 2019. No correlation between various radiation param-
eters and the total MAA concentration could be identified in
C. novae-zelandiae (Fig. 4).

Shinorine was the quantitatively dominant MAA in
Schizymenia spp., and palythine was only found in trace con-
centrations in each month (< 1 mg). Therefore, the palythine
concentrations were not further analyzed statistically and are
not included in Fig. 4. The shinorine concentration varied
strongly over the course of the year and was significantly
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and shinorine [mg g~' DW]. The mean daily UVB radiation [W m 2] and

different between the months (Welch ANOVA: F(9,8.08) =
22.21, p < 0.005; Suppl. Tab. 6). The highest shinorine values
were found in December 2018 (9.6 = 0.7 mg g ' DW),
June 2019 (9.4 + 0.8 mg g ' DW), and October 2018 (7.1 +
0.5 mg g ' DW. The two highest shinorine concentrations
(December 2018 and June 2019) were not significantly differ-
ent to the shinorine concentration in October 2018 but
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significantly different to all other months: Fig. 5). The lowest
shinorine amount was detected in September 2018 (3.1 +
0.3 mg g ' DW). Overall, the shinorine concentrations in-
creased toward summer and decreased toward winter with
one exception in June (winter) 2019, where the high shinorine
value exceeded the months before and afterward. A positive
correlation of the radiation parameters (UVB, UVI, PAR) with
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the shinorine concentration of Schizymenia spp. was recogniz-
able for most of the months (Fig. 5).

Organic osmolytes over the course of the year (July
2018-August 2019)

Bostrychia arbuscula contained digeneaside and sorbitol as
organic osmolytes (Fig. 6). The total concentration of both
organic osmolytes varied over the course of the year and
showed significant differences between the months
(ANOVA: digenaside F(11,24) = 4.03 p < 0.005, sorbitol
F(11,24) =25.37, p < 0.005; Suppl. Tab. 7). The digeneaside
values did not vary greatly between the months and ranged
between 100 and 166 mmol kg' DW, with the highest
amount in December 2018 (Fig. 6). In contrast, the sorbitol
concentrations exhibited a wide range between the different
months from 54 to 482 mmol kg ' DW. The highest sorbitol
levels were found in summer (December 2018: 481.6 +
22.2 mmol kg ' DW and January 2019: 401.3 + 47.2 mmol
kg ' DW). The lowest concentration of sorbitol was measured
in winter in July 2018 (54.4 + 31.9 mmol kg ' DW) which
was similar to the sorbitol concentrations in May, June, July,
and August 2019 and significantly different to the remaining
months (Fig. 6). Overall, the sorbitol amounts increased over
spring toward summer and decreased over autumn toward
winter. A correlation with sunshine hours and rainfall was
only recognizable for the sorbitol concentrations in
B. arbuscula. Sorbitol contents followed the same seasonal
course as sunshine hours and rainfall (Fig. 6).

Champia novae-zelandiae contains only one organic
osmolyte, floridoside (Fig. 7). The floridoside concentrations

of C. novae-zelandiae were significantly different between the
months, ranging from 105 to 243 mmol kg~' DW (Welch
ANOVA: F(11,9.38) = 15.16, p < 0.005; Suppl. Tabl. 8).
The highest floridoside values were found in November
2018 (243.3 + 15.3 mmol kg ' DW) and September 2018
(233.9 = 7.4 mmol kg_] DW). In these months, the floridoside
contents were significantly different to July 2018, April 2019,
and June and July 2019 (Fig. 7). The lowest floridoside values
were measured in April 2019 (106.7 + 20.5 mmol kgf1 DW)
and June 2019 (104.8 + 17.9 mmol kg ' DW). For most of the
months, there were no significant differences in the floridoside
concentrations (Fig. 7). Over winter and spring (July to
November 2018), the floridoside amounts increased and then
decreased over summer until April 2019. In autumn, the
floridoside concentrations fluctuated and did not show a clear
trend. In July and August 2019, the floridoside value started to
increase again. Except for the summer months, the sunshine
hours and rainfall correlate with the floridoside concentrations
of C. novae-zelandiae (Fig. 7).

Schizymenia spp. contained floridoside as the main organic
osmolyte (Fig. 8). An additional compound was detected with
the HPLC but could not be chemically identified. Hence, the
unknown compound was not quantitatively analyzed over the
course of the year (Supplementary Fig. S5). The percentage of
the unknown compound of the total produced organic
osmolyte compounds of Schizymenia spp. varied between 22
and 34% (Supplementary Fig. S5). The concentrations of
floridoside varied greatly between months, ranging from 64
to 145 mmol kg ' DW, and the levels were significantly dif-
ferent between the months (Welch ANOVA:F(9,7.9)=49.11,
p < 0.005; Suppl. Tab. 9). The highest floridoside contents
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Fig. 6 Monthly organic osmolyte concentrations of Bostrychia
arbuscula, collected at Moa Point, Wellington, New Zealand, between
July 2018 to August 2019, and expressed as mean values = SD (mmol
kg DW, n = 3); n.a. no samples collected. The left y-axis shows the
organic osmolyte concentrations of sorbitol and digeneaside. Sunshine
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hours (h) and total rainfall (mm) are also shown. Abiotic data were
downloaded from CliFlo (2020). Lowercase letters indicate significant
differences in the digeneaside concentrations between the different
months and capital letters indicate significant differences in the sorbitol
concentrations between the different months (p < 0.05)



J Appl Phycol (2021) 33:1157-1170

400 -
wzzzz2 Floridoside
——sunshine hours
E ------- rainfall
O 300 -
2 b
Py | 7 /e
g 2 1
£ 7 | nn
e |l
§10l0 % %
nnn nR
nnm e
Jul Aug Sep Oct Nov Dec Jan
18 18 18 18 18 18 19
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zelandiae, collected at Moa Point, Wellington, New Zealand, between
July 2018 and August 2019, and expressed as mean values + SD
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were found in October 2018 (145.0 £9.5 mmol kgfl DW) and
August 2019 (138.3 + 8.3 mmol kg ' DW). These two
floridoside concentrations were significantly different to all
other months. The lowest floridoside values were measured
in August 2018 (68.4 + 1.3 mmol kg ' DW) and May 2019
(64.4 £12.9 mmol kgﬁl DW). The floridoside concentrations
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of December 2018 and July 2019 were significantly different
to the two highest amounts in October 2018 and August 2019
and to the lowest floridoside level in May 2019 (Fig. 8).
Over spring (August to October 2018), the floridoside
values increased and then decreased into summer and autumn
until May 2019, when they started to increase again (Fig. 8).
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Except for the summer months and the winter months in 2019,
the sunshine hours and rainfall positively correlate with the
floridoside concentrations of Schizymenia spp. (Fig. 8).

Discussion

Our results showed that Bostrychia arbuscula contained a
larger number of different MAAs in contrast to Champia no-
vae-zelandiae and Schizymenia spp., which had only two dif-
ferent MAAs. Additionally, the MAA levels were variable
over the seasons between the algae and the seasonal patterns
were different.

The results for the organic osmolytes over the course of the
year revealed that B. arbuscula contained digeneaside and sor-
bitol, C. novae-zelandiae had only floridoside, and in
Schizymenia spp., an unknown compound was found in addi-
tion to floridoside. For B. arbuscula and Schizymenia spp., high
variability between the months was found in the concentrations
of the total organic osmolytes, while in C. novae-zelandiae, the
floridoside levels did not vary much between the months.

Abiotic conditions between July 2018 and August
2019

The typical meteorological conditions in Wellington changed
over the course of the field sampling between winter 2018 and
winter 2019. The winter and spring 2018 started with rainfall
patterns almost identical to the monthly averages from 1981 to
2010 (NIWA 2020). However, at the beginning of 2019, an El
Nifio event in the central Pacific (which lasted until July 2019)
provided sunnier and drier weather for the whole of New
Zealand (NIWA 2020). As a result, the rainfall in Wellington
was below average in January and February 2019, and reverse-
ly above average in March to May. The dry and sunny summer
of 2018/19 in Wellington was also reflected in more hours of
sunshine compared with previous periods.

The UV index (UVI) is a useful parameter for solar radia-
tion intensity, as it includes all factors affecting incident UVR
such as cloud coverage, season, altitude, air pollution, and
surface reflections (McKenzie et al. 2004; NIWA 2016).
The UVI in New Zealand is about 40% higher compared with
similar latitudes in the northern hemisphere due to differences
in atmospheric ozone concentration, sun-earth separation, and
air pollution. Therefore, UVR could be a strong stressor for
intertidal algae in New Zealand.

MAAs over the course of the seasons
Although B. arbuscula showed the highest MAA concentra-
tions in summer when UVR was enhanced, the variation of

total MAA values over the course of seasons was rather small.
Based on these findings, B. arbuscula can be classified as
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MAA response type III according to Hoyer et al. (2001).
Permanently high MAA contents are typical for upper inter-
tidal red algae like Porphyra (Pyropia) spp. or Bangia spp.
(Hoyer et al. 2001, 2002). Dicehl et al. (2019) found also con-
sistently high MAA concentrations in Pyropia plicata from
New Zealand and classified this species as a type III responder
too. Bostrychia arbuscula and P. plicata grow close to each
other in the upper intertidal zone at Moa Point, Wellington,
New Zealand, and both species exhibited similar total MAA
values (Diehl et al. 2019). However, both taxa differed in the
seasonal response patterns, as for P. plicata, the highest MAA
amounts were measured in winter and lowest in summer
(Diehl et al. 2019), which is the opposite pattern to
B. arbuscula, pointing to species-specific responses.

Compared with B. arbuscula, C. novae-zelandiae showed
a different MAA pattern over the course of the seasons. The
total MAA contents were twofold higher in spring and autumn
then in summer, when UVR/UVI was enhanced. Champia
novae-zelandiae preferentially grows in the lower intertidal
zone and hence might be considered as MAA response type
II due to its variable MAA amounts (Hoyer et al. 2001). Type
II contains mainly intertidal red algae with inducible MAA
concentrations (Hoyer et al. 2001). This could support the
assumption that besides UVR, other environmental factors
might influence the induction of MAAs, and this needs to be
examined in future studies.

The introduced species Schizymenia spp. showed a seasonal
trend in the MAA concentrations with increasing values toward
summer and decreasing levels in autumn and winter. As the
MAA content in Schizymenia spp. is also strongly varying, this
species can also be assigned to MAA response type Il (Hoyer
et al. 2001). The rock pool where Schizymenia spp. was col-
lected differs from Moa Point as a habitat, as there is much less
wave movement and water mixture, resulting in higher water
temperatures and different nutrient conditions, which might
influence the MAA concentrations (Karsten 2008).

Compared with other red algal species, the MAA concen-
trations determined in the present study, with up to 89 mg
total MAAs g ' DW, must be considered as high and is on
average by 50 to 100% enhanced compared to red algae from
Helgoland (German Bight), Spain, or the polar regions
(Karsten et al. 1998a, b; Hoyer et al. 2001).

Comparison of MAAs between the species

A more detailed comparison of the number of individual MAAs
in all three red algae demonstrated considerable differences
with B. arbuscula exhibiting more sunscreen compounds than
C. novae-zelandiae and Schizymenia spp. We only identified
two MAAs in C. novae-zelandiae and Schizyemnia spp. with
the used HPLC method. In contrast, Orfanoudaki et al. (2019)
showed that both species collected from the same location
contained more MAAs (Schizymenia spp.: 2 additional
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MAAs, Champia novae-zelandiae: 5 additional MAAs), by
using a more sensitive LC-MS (liquid chromatography-mass
spectrometry) method. In B. arbuscula, porphyra-334 and
palythine were identified together with an unknown MAA
(MAA_1), which were the most dominant sunscreen com-
pounds. Furthermore, shinorine and asterina-330 were found
in small amounts. MAA 1 (€~331 nm, RT: ~3.57 min) might
be palythinol or aplysiapalythin based on the paper of
Orfanoudaki et al. (2019). Two other unknown MAAs
(MAA_2: £~356 nm, RT: ~9.81 min) and MAA 3 (A~ 361
nm, RT: ~ 10.14 min) were detected in some monthly samples
of B. arbuscula. MAA 2 and MAA 3 are not discussed
further, and it can be assumed that these are partially
degraded or transformed MAAs, supported by the study of
Orfanoudaki et al. (2019) in which these compounds were not
found. It seems that the genus Bostrychia is in general chemi-
cally very rich in synthesizing diverse MAAs, and this can be
explained by its specific mainly exposed habitats such as the
upper intertidal zone on rocks or as epiphytes on mangrove
roots (Orfanoudaki et al. 2019), where strong insolation and
salinity fluctuations are key factors.

In C. novae-zelandiae and Schizymenia spp., only
palythine and shinorine were found. While in C. novae-
zelandiae palythine and shinorine are both quite abundant
over the course of the year, in Schizymenia spp., only
shinorine was the quantitatively dominant MAA. These data
indicate that the MAA inventory and its regulation over the
course of the seasons is species-specific as supported by the
few other studies on red algae from New Zealand (Lamare
et al. 2004; Diehl et al. 2019), as well as by the fundamental
investigations of Hoyer et al. (2001, 2002) on numerous red
algal taxa from Antarctica. The latter authors reported some
taxa not capable to synthesize MAAs at all (deep water spe-
cies) as well as different MAA response types in relation to
controlled PAR, PAR + UVA, and PAR + UVA/B conditions.
As no consistent MAA induction patterns could be found,
even for individual MAAs, Hoyer et al. (2002) concluded that
induction, formation, and accumulation of individual MAAs
is a very flexible and species-specific mechanism. Besides
UVR and PAR, also other abiotic factors might influence
algal MAA concentrations. Carreto and Carignan (2011) have
identified dehydration, thermal stress, or nutrient availability
(especially nitrogen) as key factors influencing MAA biosyn-
thesis. Ammonium supply stimulated the accumulation of
MAAs in two Porphyra species (Korbee et al. 2005). It can
therefore be assumed that an interaction of different environ-
mental factors would be responsible for the seasonal accumu-
lation patterns of MAAs in red algae of New Zealand.

Organic osmolytes over the course of the seasons

Bostrychia arbuscula synthesized the two organic osmolytes
digeneaside and sorbitol although in different amounts, and

both compounds varied strongly over the course of the sea-
sons. The seasonal variation in the organic osmolyte concen-
trations is similar to the results of Karsten and West (2000),
who reported three heterosides in the intertidal red alga
Bangia atropurpurea following a distinct seasonal pattern
with high values in summer and low values in winter.
Summer is characterized by more sunshine hours and higher
temperatures, which favor photosynthesis and hence carbon
fixation for the biosynthesis of organic osmolytes which often
represent the primary photosynthetic product in red algae
(Karsten 2012). The ability of B. arbuscula to tolerate long
periods of desiccation without any major effects on their pho-
tosynthetic performance was already shown by Brown (1987).
Many Bostrychia species grow in highly exposed habitats,
such as the upper intertidal or the epiphytes on mangrove
roots, where they experience strong environmental changes
and gradients (Karsten 2012). The capability to synthesize
and accumulate polyols in high concentrations is considered
a biochemical trait which guarantees broad tolerance against
salinity and desiccation (Eggert and Karsten 2010). Compared
with the digeneaside amounts, the content of sorbitol varied
strongly across the different months, which indicates that sor-
bitol plays the main role in acclimation to salinity stress,
which is supported also by other studies (Karsten et al.
1995, 1996; Eggert et al. 2007). Karsten et al. (2005) already
showed that digeneaside plays in general a minor role in os-
motic acclimation, and hence, its main function is still
unknown.

Champia novae-zelandiae synthesized floridoside as the
only organic osmolyte, which is typical for many red algae
(Karsten et al. 2007). The floridoside concentrations showed
strong variation over the course of the seasons. These results
might indicate that sunshine and rainfall have a rather minor
influence on the floridoside values. However, a comparison of
the seasonal changing floridoside amounts with other taxa is
difficult due to strong species-specific patterns and a general
lack of such annual data (Karsten et al. 1999, 2007; Karsten
and West 2000; Eggert et al. 2007; Diehl et al. 2019).
C. novae-zelandiae grows in the low intertidal and is for long
periods submerged. This suggests that C. novae-zelandiae is
less exposed to extreme stress conditions as B. arbuscula in
the high intertidal. This is supported by its maximum total
organic osmolyte concentrations, which are ca. 30—-40% of
those in B. arbuscula. Organic osmolyte content is known to
correlate with the tidal height of algae (Chen et al. 2014).

The introduced species Schizymenia spp. synthesized
floridoside as the main organic osmolyte and the floridoside
concentrations varied across the different months with some
trend of seasonality. For Schizymenia spp., a complete season-
al sampling set was missing, resulting in a gap for the summer
months. In contrast to the two native species (B. arbuscula
and C. novae-zelandiae), Schizymenia spp. was collected in an
intertidal rock pool, which is less affected by the tides, but
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could experience salinity changes as well as changes in tem-
perature. In addition, the harbor is much more sheltered than
Moa Point, which is located on the south coast of Wellington
and therefore more exposed to waves (Morelissen 2012).
Some studies indicate that the harbor and Moa Point differ
greatly in their intertidal community composition and the
human-influenced harbor showed different salinities, dis-
solved matter and nutrients (Gardner 2000; Helson and
Gardner 2004; Fry et al. 2011). All these factors could have
an influence on the species-specific metabolic capability to
synthesize MAAs and organic osmolytes. Overall,
Schizymenia spp. contained lower maximum floridoside con-
centrations than C. novae-zelandiae. This could be a result of
the lower average salinity in harbor compared with Moa Point.

In addition to floridoside, an unknown compound was de-
tected with the HPLC in the monthly samples of Schizymenia
spp. This unknown compound was measured in the majority
of monthly samples. The percentage proportions of this un-
known compound between the different months were almost
equal between 30 and 40%. This result could be interpreted as
a biochemical advantage if the unknown compound has any
protective role and as a result could explain the successful
introduction of Schizymenia spp. to New Zealand.
Nevertheless, neither the chemical structure nor the function
of this unknown compound is clear. The peak of the unknown
compound did not match any other known carbohydrate (un-
published data).

Conclusion

This study documented stress metabolite patterns in two
native species Bostrychia arbuscula and Champia novae-
zelandiae in comparison with the introduced red alga
Schizymenia spp. in New Zealand. The hypothesized high
MAA concentrations can be confirmed for B. arbuscula, but
there were lower levels for C. novae-zelandiae. For the in-
troduced Schizymenia spp., high MAA values can also be
found, indicating enhanced UVR tolerance against the solar
conditions in New Zealand. Bostrychia arbuscula consis-
tently exhibited two- to threefold higher organic osmolyte
concentrations over the course of the year compared with
the other species, which matches its high intertidal location.
C. novae-zelandiae and Schizymenia spp. contained mainly
floridoside, but in much lower amounts, and hence their
preferential occurrence in less stressful habitats. Further
ecophysiological studies are needed to characterize the tol-
erance widths of invasive macroalgae in New Zealand as a
prognosis tool for further spreading. Additionally, large-
scale molecular surveys in combination with ecophysiolog-
ical studies are needed for red algae in New Zealand to deal
with the problems of morphologically indistinguishable
species, as in this study, two Schizymenia species
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(S. apoda and S. dubyi) were found. Based on the chemical
analyses and the circumstance that both species grow next
to each other in the same habitat, we made the assumption
that both species could be physiologically similar, but fur-
ther analyses are necessary.
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