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Abstract Salinization in tropical estuarine envi-
ronments is expected as a result of climate change.
The physiological performance of mangrove-asso-
ciated key macroalgae can negatively be affected by
increased salinity in such habitats. Thus, we analyzed
photobiological and biochemical responses of the
closely related red algae Bostrychia calliptera and
Bostrychia montagnei incubated under a range of
salinities (5, 11, 18, 37, 47, and 57 S,). Effective and
maximum quantum Yyield, relative electron transport
rate vs. photon fluence rate curves, photosynthetic
parameters, and complementary energy dissipa-
tion pathways indicated that both species had lower
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photosynthetic performance under increased salin-
ity, which was more strongly pronounced in B. cal-
liptera. Both species increased their organic osmolyte
contents with rising salinity stress. Dulcitol was the
main organic osmolyte synthesized by B. calliptera,
whereas B. montagnei synthesized dulcitol and sorbi-
tol. Our results demonstrate that increased salinity in
estuaries due to climate change will be detrimental to
photosynthesis of both macroalgae, with B. calliptera
more affected than B. montagnei. As B. montag-
nei synthesizes both dulcitol and sorbitol, it is more
tolerant to salinity stress compared to B. calliptera.
Our data document for the first time a new organic
osmolyte distribution pattern in Bostrychia species,
namely the occurrence of dulcitol only.

Keywords Dulcitol - Estuarine salinization - Global
change - Osmolytes - Photosynthetic performance -
Salinity tolerance - Sorbitol

Introduction

Increased greenhouse gas concentrations in the
Earth’s atmosphere due to the anthropogenic activi-
ties have resulted in climate change worldwide
(IPCC, 2019). The Intergovernmental Panel on Cli-
mate Change (IPCC) projects for tropical zones of
the Atlantic and of Northeastern South America a
decrease in precipitation for 2081-2100 relative to
19862005 (IPCC, 2014). Semi-arid and arid climate
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regions in tropics and subtropics will experience
much less precipitation and runoff due to the longer
dry periods (Collins et al., 2013). Such changes will
result in reduced freshwater input into coastal aquatic
ecosystems, such as estuaries, which will lead to
less salt dilution in estuarine waters (Rybczyk et al.,
2012). Climate change has also already resulted in
sea level rise in tropical Atlantic (IPCC, 2019) due
to thermal expansion of seawater and the melting of
glaciers and ice caps in high latitudes (Collins et al.,
2013). Sea level rise will lead to the expansion of
coastal flooding areas, resulting in increased saltwa-
ter intrusion into estuaries (Rybczyk et al., 2012).
Moreover, it will push estuarine zones upslope mak-
ing them narrower (or wider) depending on topogra-
phy, rainfall, and freshwater inflows. Human water
removal in the watershed, especially during major
droughts in semi-arid regions, is also a serious prob-
lem to drive estuarine salinization. In addition, higher
evaporation rates are expected in estuaries of tropical
zones due to further warming, resulting in increased
salt conditions in these environments. Thus, salini-
zation is expected in tropical estuarine environments
influenced by semi-arid climate as a result of drought,
sea level rise, and warming (Rybczyk et al., 2012;
Bindoff et al., 2019).

In tropical and subtropical estuarine environments,
mangrove forests represent the typical and most abun-
dant vegetation type worldwide (Giri et al., 2011). In
mangrove forests, red macroalgae of the genera Calo-
glossa (Harvey) G. Martens, Catenella Greville, and
mainly Bostrychia Montagne form an intertidal asso-
ciation termed Bostrychietum (Post, 1936). These
macroalgae grow as epiphytes on prop-roots, trunks,
and pneumatophores of mangrove trees of the genera
Rhizophora L., Laguncularia C. F. Gaertn, and Avi-
cennia L. (West et al., 1992; Pedroche et al., 1995).
Along with microalgae, these red algae represent a
relevant source of primary productivity in mangrove
ecosystems (Karsten et al., 1994a, 2000) and can
contribute to CO, sequestration (Kieckbusch et al.,
2004; Borburema et al., 2022a). The Bostrychietum
is a relevant microhabitat for several invertebrates
(Garcia et al., 2016; Vieira et al., 2018; Borburema
et al., 2021) and can be used as bioindicator of envi-
ronmental quality (Melville & Pulkownik, 2006,
2007; Rios-Marin et al., 2021). In tropical and sub-
tropical Brazilian mangroves, among the Bostrychia
species, Bostrychia calliptera (Montagne) Montagne
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and Bostrychia montagnei Harvey occur with high
predominance (Yokoya et al., 1999b; Cunha & Costa,
2002a; Fontes et al., 2007; Machado & Nassar, 2007;
Mendonga & Lana, 2021).

By inhabiting estuarine ecosystems, where the
salinity is a key environmental factor that varies tem-
porally and spatially, Bostrychia species are tolerant
to salinity variations (e.g., Karsten & Kirst, 1989a,
b; Karsten et al., 1994a, b; Borburema et al., 2020;
Sanchez de Pedro et al., 2022). As a physiologi-
cal strategy to maintain the turgor pressure of the
cells under osmotic stress due to increased salinity,
Bostrychia species synthesize and accumulate the
polyols dulcitol and sorbitol (low molecular weight
carbohydrates) as organic osmolytes (e.g., Karsten &
Kirst, 1989b; West et al., 1992; Karsten et al., 1994a,
b, 1996a, b; Sanchez de Pedro et al., 2016; Gam-
bichler et al., 2021a). The effects of salinity variation
on Bostrychia species have been well investigated
and documented in the scientific literature. How-
ever, Brazilian specimens have been poorly studied
in terms of salinity tolerance (e.g., Cunha & Duarte,
2002b; Borburema et al., 2020, 2022b). Commonly,
high salinities negatively affect nutrient uptake (e.g.,
Choi et al., 2010; Carneiro et al., 2020), growth (e.g.,
Karsten et al., 1993; Yokoya et al., 1999a; Pereira
et al., 2017), and photosynthesis of macroalgae (e.g.,
Choi et al., 2010; Gambichler et al., 2021a). Further-
more, hypersaline conditions in the external medium
affect macroalgae in two ways: first, the water poten-
tial is strongly reduced leading to dehydration of
cells, and secondly, high concentrations of inorganic
ions such as sodium and chloride exert toxic effects
on cellular metabolism (Karsten, 2012). Physiologi-
cal processes in the algal photosynthetic pathways are
usually inhibited under high salinities (Kirst, 1990).
For example, the photoactivation of electron flow at
the reducing site of photosystem I, the electron flow
at the water splitting site of photosystem II, and the
transfer of light energy among pigment complexes
(Kirst, 1990).

Currently, several studies have explored the effects
of different environmental stressors on the algal pho-
tosynthesis using in vivo chlorophyll a fluorescence
measurements as proxies for photosynthetic perfor-
mance (e.g., Scherner et al., 2013, 2016; Celis-Pla
et al., 2015; Figueroa et al., 2019; Graiff et al., 2021;
Nauer et al., 2021, 2022). In this perspective, Sdnchez
de Pedro et al. (2022) and Borburema et al. (2022a)
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investigated photosynthetic parameters of Bostrychia
species under desiccation stress and ocean acidifica-
tion, respectively. In those studies, Bostrychia scor-
pioides Hudson (Montagne) decreased its photosyn-
thetic performance under increased desiccation stress
(Sénchez de Pedro et al., 2022) and the photosyn-
thetic performance of B. calliptera and B. montag-
nei in general was not affected by ocean acidification
(Borburema et al., 2022a). For Bostrychia species
subjected to salinity variation, in vivo chlorophyll
a fluorescence measurements were only measured
by Gambichler et al. (2021a) and Borburema et al.
(2022b) to estimate the maximum and effective quan-
tum yield in photosystem II, respectively.

In the present study, we analyzed photobiological
responses and organic osmolyte contents (dulcitol and
sorbitol) of the mangrove-associated key macroalgal
species B. calliptera and B. montagnei from a tropical
estuarine environment of Brazil influenced by semi-
arid climate. These taxa were incubated under rising
salinities to test the hypotheses: (i) increased salinity
in estuaries due to climate change will be detrimen-
tal to macroalgal photosynthesis; (ii) both species
will exhibit osmotic acclimation to compensate the
increase in salinity by synthesizing and accumulat-
ing organic osmolytes, dulcitol and sorbitol; and (iii)
based on a previous study (Borburema et al., 2022b),
B. calliptera will show a lower physiological perfor-
mance than B. montagnei under increased salinity.

Materials and methods
Collection site, algal collection, and unialgal cultures

Thalli of Bostrychia calliptera and B. montagnei were
collected in the mangrove swamp of Mamanguape
River Estuary Environmental Protection Area (6° 46’
15.00" S and 34° 56’ 15.00” W), Paraiba state, Brazil,
in September 2021. Based on Koppen Climate Clas-
sification System, the climate of the coast of Paraiba
state is tropical humid and hot (Alvares et al., 2013).
At the algal collection site only two seasons occur,
a dry season from September to February (spring/
summer), and a rainy season from March to August
(autumn/winter) (Sassi et al., 1988). Moreover, the
Paraiba state is located in Northeastern Brazil, a trop-
ical semi-arid climate region where annual rainfall
drops on average to less than 800 mm (Alvares et al.,

2013). Thus, two-thirds of the Mamanguape river
basin is influenced by the semi-arid climate, which
causes an intermittent freshwater flow regime in most
of the basin. The Northeastern part of Brazil suf-
fered between 1990 and 2016 a sequence of drought
years due to El Nifio atypical events (Marengo et al.,
2017). Surveys conducted in 2011 and 2014 already
registered salinities in the Mamanguape river estu-
ary higher than those documented by sampling car-
ried out in 1997 and 2000 (Lima et al., 2020). Based
on records made between 2007 and 2008 (Xavier
et al., 2012), and between 2015 and 2016 (Lima et al.,
2020), an increase in mean salinity of approximately
five salinity units for the zone closest to the estuary
mouth can be considered (during the dry season).
Both red algae were collected from prop-roots
of Rhizophora mangle L. during low tide (0.1 m in
height) in sites about 2 km from the estuarine mouth.
In the Mamanguape river estuary, over a 24-h tidal
cycle, low and high tides occur alternately every 6 h,
and the amplitude of tidal movements ranges from 0.0
to 2.7 m. Tidal data were obtained from the nearest
tide gauge (Cabedelo, 6° 58" 0.2 S and 34° 50’ 0.4 W,
https://www.marinha.mil.br/chm/tabuas-de-mare). As
observed in field, over low tides, the Bostrychietum
is fully emersed. Algal collection was authorized by
ICMBio/Brazil (authorization n® 65168-1), since it
was carried out within Brazilian conservation unit.
During the field collection, most of the estuarine sedi-
ment was removed from the thalli with estuary water.
The specimens were transported to the laboratory
of marine macroalgae of Federal University of Rio
Grande do Norte (Brazil) in thermally insulated boxes
at a temperature of around 20°C and in darkness. In
the laboratory, the remaining sediment adhered on the
thalli was removed by several washing and spraying
with UV-sterilized and filtered seawater. Thalli parts
with filamentous macroalgae were removed by cut-
ting with scalpels and macrofauna individuals were
removed with tweezers, both under a stereomicro-
scope. Voucher specimens were deposited in the her-
barium of the Environmental Research Institute, Sao
Paulo, Brazil, with accession numbers SP 513836
and SP 513835 for B. calliptera and B. montagnei,
respectively. After these procedures, the macroalgae
were transported to the laboratory of Applied Ecol-
ogy and Phycology of University of Rostock (Ger-
many) in thermally insulated bags at a temperature of
around 20°C and in darkness, for the establishment
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of unialgal cultures and salinity experiment. Mac-
roalgae were transported from Federal University of
Rio Grande do Norte to University of Rostock among
paper towels moistened with natural seawater (salin-
ity of 32) during a journey of approximately 42 h.

The macroalgae (biomass around 5 g 17!) were
washed with deionized water, gently blotted dry with
paper towels and maintained in continuous immer-
sion in 1 1 Erlenmeyer flasks containing 800 ml of
culture medium. The culture medium consisted of
natural seawater (adjusted absolute salinity of 30-32
S,) sterilized by filtering and enriched with Provaso-
1i’s solution (PES/2) (Starr & Zeikus, 1993). The cul-
ture medium was bubbled continuously and replaced
weekly for nutrient replenishment. Algae were main-
tained under a water temperature of 21-24°C (night/
diurnal room temperature), a photon flux density of
160-190 pmol photons m~ s~! provided by cool-
white fluorescent tubes (Osram L.36W/840, Lumilux,
Germany) and a light: dark cycle of 16: 8 h (Karsten
et al., 1994a). Both algae remained in these condi-
tions for a 7-week acclimation period, after which
visibly healthy thalli were experimentally stressed
under the different salinities. Photon flux density was
measured with a quantum photometer (LI-250, LI-
COR, USA) attached to an underwater LI-COR quan-
tum sensor (US-SQS/L, Walz, Germany).

Experiment with different salinities

Vegetative thalli of B. calliptera and B. montagnei
were incubated for 72 h (Karsten et al., 1994a, b,
1996a) in a range of salinities: 5.1, 11.2, 18.4, 37.1,
47.1, and 57.3 S,. Salinities from 5.1 to 37.1 were
established according to salinities recorded in the
Mamanguape river estuary (Lima et al., 2020). The
hypersaline conditions of 47.1 and 57.3 S, were
established according to salinities recorded in hyper-
saline estuaries of Northeastern Brazil fully influ-
enced by semi-arid climate (Sales et al., 2018; Duarte
et al., 2020; Gongalves, 2020), where evaporation
rates are higher than precipitation rates. For each
salinity, incubations were made in six compartments
of a 6-well culture plate (Costar®, Corning Incorpo-
rated, USA), and each compartment was filled with
10 ml of the respective culture medium. The culture
medium was natural seawater sterilized by filter-
ing and enriched with full strength of Provasoli’s
solution (PES). Treatments were established using
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twelve 6-well culture plates (six salinities X two spe-
cies). Each replicate (n=6) consisted of one branch
(2-3 cm in primary axis length) with laterals of the
macroalgae. The lowest experimental salinity was
obtained by mixing sterilized natural seawater (11.2
S,) with deionized water, and the increased salinities
by adding a saline solution prepared with sterilized
natural seawater and artificial sea-salt (hw-Marine-
mix® professional, Wiegandt, Germany). The saline
solution was added through filtering (FP 30/0.2 CA-S
filters—0.2 pm porosity, Whatman®, Germany)
to sterilize it as well. Mixing natural seawater with
deionized water to produce the lowest salinity did
not affect the seawater pH, which varied from 8.47
to 8.50 among treatments. Seawater pH and salin-
ity were measured using a pH electrode (SenTix 41,
WTW, Germany) and a salinity probe (TetraCon®
325, WTW, Germany) connected to a universal meter
(MultiLine P4, WTW, Germany). The water tempera-
ture, photon flux density, and photoperiod conditions
during the experiment were the same as previously
described for the unialgal cultures.

Photosynthetic parameters

In vivo chlorophyll a fluorescence measurements
were obtained from the different replicates (n=6)
using a Pulse Amplitude Modulated (PAM) fluorom-
eter (PAM-2500, Walz, Germany) to calculate several
photosynthetic parameters of the macroalgae. Before
incubating the algae in different salinities, and every
24 h during the incubation, the effective quantum
yield (AF/F,') of photosystem II (PSII) was calcu-
lated. The formula AF/F,'=(F,'-F,)/F,' was used,
where F, is the current steady-state fluorescence of
light-adapted algae and F," is the maximum fluores-
cence of the algae under actinic light during a satu-
rating pulse (Schreiber et al., 1995). F, was measured
under a very low photon fluence rate of red light
(0.05 pmol photons m™2 s7'), and F,' . During the
fluorescence measurements, the branches (2-3 cm
in primary axis length) were placed in a glass Petri
dish containing culture medium. The fluorescence
measurements were always performed from the api-
cal parts of the branches. Before incubating, they
were performed with branches submersed in culture
medium of the acclimation (described above), dur-
ing and at the end of experiment they were performed
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with branches submersed in their respective experi-
mental culture media.

On the last experimental day, after measuring F,
and F,' to calculate the effective quantum yield, the
macroalgae were dark-acclimated for 15 min. Then,
light pulses (2, 6, 64, 101, 141, 198, 271, 363, 474,
619, and 785 pmol photons m~2 s~!') were applied
in 20 s intervals to construct relative electron trans-
port rate (rETR) vs. photon fluence rate (PAR)
curves. From the first light pulse the maximum quan-
tum yield of PSII was calculated using the formula
F/F,=(F,—F)/F,, where F, is the maximum fluo-
rescence during a saturating pulse on dark-acclimated
algae, and F, is the basal fluorescence (Schreiber
et al., 1995; Suggett et al., 2011). Relative elec-
tron transport rates were calculated by multiplying
the quantum yield with the appropriate PAR values
(rETR = AF/F,' X PAR) (Schreiber et al., 1995; Sug-
gett et al., 2011). Relative electron transport rate vs.
photon fluence rate curves were fitted applying the
mathematical model of Walsby (1997) (R*=0.99),
due to the presence of photoinhibition. From each
curve, the maximum relative electron transport rate
(rETR,,,). the light utilization coefficient (), the
photoinhibition coefficient (), and the initial satura-
tion irradiance for photosynthesis (/) were calculated.

For each treatment, complementary energy
dissipation pathways in PSII were investigated.
The photochemical pathway was calculated as
YAD =(F,,'-F)/F,,, whereas the non-regulated non-
photochemical quenching of light energy (Y[NO])
was determined using the formula Y(NO)=F/F,
and the regulated non-photochemical quench-
ing of light energy (Y[NPQ]) was calculated using
the formula Y(NPQ)=F/F,'-Y(NO). The Y(NO)
reflects the fraction of energy that is passively dis-
sipated in form of heat and fluorescence, mainly
due to closed PSII reaction centers, while Y(NPQ)
corresponds to the fraction of energy dissipated in
form of heat via the regulated photoprotective non-
photochemical quenching mechanisms (Scherner
et al., 2013). Overall, the total energy is conserved as
YD+ Y(NPQ)+Y(NO)=1.

Dulcitol and sorbitol analyses by high-performance
liquid chromatography

After incubating for 72 h, the macroalgae were
washed with deionized water to remove the salt on

the branches, gently blotted dry with paper towels,
frozen in liquid nitrogen, and stored at — 20°C and
in darkness for further dulcitol and sorbitol analyses
by high-performance liquid chromatography (HPLC)
(Karsten et al., 1991). Macroalgae were lyophilized in
a freeze-drier (CDplus, Christ, Germany) and subse-
quently powdered using mortar and pestle. Dulcitol
and sorbitol were extracted from the powdered algal
samples (10 mg dry weight, n=6) in 2 ml of aqueous
70% ethanol (v/v, HPLC grade) in a water bath (70°C)
for 4 h. During the incubation time in the water bath,
the samples were vortexed regularly (Vortex-Genie
2, Scientific Industries, USA) to optimize extraction.
Afterward, samples were centrifuged at 13,000xg
for 15 min (Biofuge pico, Heraeus, Germany) and
the ethanolic supernatants transferred to new micro-
tubes, followed by evaporation to dryness in a Speed
Vacuum Concentrator (RVC 2-25, Christ, Germany).
Subsequently, the dried pellets were re-dissolved in
HPLC water (1.8 ml) in an ultrasonic bath (RK 510
H, Bandelin Sonorex, Germany) at 70°C for 30 min.
Aqueous homogenates were vortexed for 30 s and
then centrifuged at 13,000xg for 15 min. Finally, the
aqueous supernatants were transferred to HPLC vials
after passing through a 0.45 pm filter (Whatman™,
Germany) prior injection onto the HPLC column.

Dulcitol and sorbitol in the samples were analyzed
qualitatively and quantitatively using a 1260 Infin-
ity HPLC system (Agilent Technologies, Germany)
with a refractive index (RI) detector. A BIO-RAD
Aminex Fast Carbohydrate Analysis Column HPAP
(100x7.8 mm, 9 um, BIO-RAD, USA) protected
by a guard cartridge (Carbo-Pb 4x3 mm L.D., Phe-
nomenex, Germany) was used to identify dulcitol
and sorbitol. During measurements, the mobile phase
(eluent) was pure HPLC water with a flow rate of
1 ml min~!, 35 bar pressure, column temperature at
70°C, and 10 pl as the injection volume. The peaks in
the chromatograms were identified by retention time
and integrated manually. To quantify dulcitol and
sorbitol in the samples, 10-point calibration curves
were made based on standard solutions of both poly-
ols with concentrations from 0.1 to 5 mM 17!, Dulci-
tol and sorbitol concentrations were calculated using
the integrated peak area and the slope of the calibra-
tion curves (R>=0.999947 for dulcitol curve, and
R*=0.999948 for sorbitol curve). Osmolyte concen-
trations in the macroalgae were expressed as mmol
per kg dry weight (mmol kg~! DW).
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Statistical analyses

The results are shown as the mean + standard devia-
tion (SD) based on six replicates per treatment. The
physiological responses (F,/F,, o, B, tETR,,, I,
Y[II], YINPQ], Y[NO], dulcitol, and sorbitol con-
centrations) measured at the end of the experiment
were compared among treatments of salinity for each
species by one-way analysis of variance (ANOVA)
(Table S1). When significant differences were found
(P<0.05), Tukey’s post hoc tests were applied. Non-
parametric Kruskal-Wallis’ tests followed by Dunn’s
post hoc tests were performed when the data did not
show normality by the Shapiro—Wilk’s test and homo-
geneity of variance by the Levene’s test (Table S1).
To compare the effective quantum yield (AF/F,)")
among salinities over time (hours), two-way repeated-
measures ANOVAs were performed for each species
(Table S2). The comparisons between species were
made applying Wilcoxon—-Mann—Whitney’s tests,
except for I, and Y(NPQ). For these physiological
responses, the student’s ¢ test was applied, since they
showed normality and homogeneity of variance. All
statistical analyses were performed using the R soft-
ware (Version 4.0.3).

Results
Photobiological responses

Bostrychia calliptera exhibited a decreased AF/F,/
under salinities of 47.1 and 57.3 S, during the incu-
bation time (Fig. 1A, Table S2). In addition, AF/F
also declined at 37.1 S, after 72 h of incubation
(Fig. 1A). Under salinities of 5.1, 11.2, and 18.4 S,,
B. calliptera showed a similar AF/F,' during the
incubation time (Fig. 1A). Bostrychia montagnei also
decreased its AF/F,' under 47.1 and 57.3 S, during
the whole incubation time (Fig. 1B, Table S2). Under
salinities of 5.1, 11.2, 18.4, and 37.1 S,, however, this
species showed similar AF/F," values (Fig. 1B).
After 72 h of incubation under different salini-
ties, both B. calliptera and B. montagnei exhibited a
lower maximum quantum yield (F,/F,) under 47.1
and 57.3 S, (Tables 1, S1). Bostrychia calliptera also
decreased its F/F,, at 37.1 S, (Table 1). The F /F,,
did not differ significantly between species by the
Wilcoxon—-Mann—Whitney’s test (W =638, P=0.91).

@ Springer

=112 18.4

=0-5.1
A fe=57.3

37.1 ==471

AFF,;

N
~
N

0.3

AFF,;

o
N
L

0.3

0 24 48 72
Time (h)

Fig. 1 Effective quantum yield (AF/F,') in photosystem II
of Bostrychia calliptera (A) and B. montagnei (B) measured
every 24 h during incubation (72 h) of the macroalgae under
a range of salinities (5.1, 11.2, 18.4, 37.1, 47.1, and 57.3 S,).
Symbols are means with standard deviation (bars) based on six
replicates

Based on rETR vs. PAR curves (Fig. 2), clear species-
specific photosynthetic performance patterns were
observed. Bostrychia calliptera decreased its photo-
synthetic performance under 37.1, 47.1, and 57.3 S,,
and B. montagnei under 47.1 and 57.3 S, (Fig. 2).
In relation to the photosynthetic parameters calcu-
lated from the rETR vs. PAR curves, B. calliptera
decreased the light utilization coefficient () and
maximum relative electron transport rates (rETR_,.)
under increased salinity (Table 1). Although higher
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Table 1 Maximum quantum yield (F,/F,) and photosynthetic parameters from the relative electron transport rate vs. photon fluence
rate curves of Bostrychia calliptera and B. montagnei incubated under different salinities (S,) after 72 h

Species Salinity  F/F,, o (e photons_]) B(e photons") rETR,,,, (umol e m~2s7h I, (umol e m~2s7h

B. calliptera 5.1 0.604+0.03*  0.125+0.01* —0.0004+0.00* 11.15+4.16 89.01 +£29.35°
11.2 0.607+0.03*  0.117+0.05* —0.0008+0.00" 8.25+0.98" 82.12+9.79*
18.4 0.620+0.02*  0.118+0.01 —0.0007 +0.00® 10.15+2.68" 91.15+30.33°
37.1 0.502+0.03>  0.104+0.01%® —0.003+£0.00° 3.83+1.17° 36.30+ 10°
47.1 0.447+0.02°  0.042+0.00 —0.001 +£0.00® 235+0.17° 54.82 +4.05"
57.3 0.450+0.03°  0.068+0.00° —0.003+£0.00" 4.30+2.34° 63.24 +34.41%

B. montagnei 5.1 0.619+0.00*  0.176+0.06* —0.003+0.00* 18.22+2.88" 107.99 +19.484B
11.2 0.596+0.03*8  0.170+0.03* —0.003+0.00* 18.36+2.86" 110.65 £27.944B

18.4 0.602+0.0148  0.154+0.02% —0.001+0.008 16.98+2.11* 111.03 +14.1548

37.1 0.567+0.01%  0.133+0.02* —0.0006+0.008 19.03+5.55* 143.11+35.234
47.1 0473+0.03¢  0.146+0.01* —0.003+0.00%B 11.93+£2.93A8 83.78 +24.465C
573 0.451+0.03¢  0.135+0.024 —0.0008+0.00 7.58+2.058 57.16+15.76¢

o and P are the light utilization and photoinhibition coefficients, respectively. tTETR . is the maximum relative electron transport
rate and [, is the saturation irradiance for photosynthesis. Values are means with standard deviations based on six replicates (n=6).
Different lowercase and uppercase letters represent significant differences (P <0.05) among treatments of salinity variation for B.
calliptera and B. montagnei, respectively, by one-way ANOVA or Kruskal-Wallis test (Table S1) and Tukey or Dunn post hoc test,

respectively

photoinhibition coefficient (f) values and lower satu-
ration irradiance for photosynthesis (f;) values of B.
calliptera have been observed under increased salin-
ity, a significant difference was only found at 37.1
S, (Table 1). For B. montagnei, a significant effect
of increased salinity on a was not observed, whereas
the rETR,, and [, decreased at 57.3 S, (Table 1). A
clear pattern in [} among the salinity treatments for
B. montagnei was not found (Table 1). Between spe-
cies, B. montagnei exhibited higher o, rETR,,,, and
I, than B. calliptera (Table 1), whereas p was similar
between species (W=798, P=0.09).

Analyzing the complementary energy dissipa-
tion pathways in PSII of both macroalgae, B. cal-
liptera decreased the Y(II) under 37.1, 47.1, and
573 S, (Fig. 3A). The Y(NPQ) differed only
between 11.2 and 47.1 S,, and the Y(NO) increased
under 37.1, 47.1, and 57.3 S, (Fig. 3A). Bostrychia
montagnei decreased the Y(II) and increased the
Y(NO) under 47.1 and 57.3 S, (Fig. 3B). Its lowest
Y(NPQ) was observed at 47.1 S,, thereby differing
from those observed at 11.2 and 37.1 S, (Fig. 3B).
Between species, B. montagnei showed higher
Y(II) than B. calliptera (0.39 +£0.06>0.32+0.09;
W=338, P=0.003). Bostrychia calliptera
revealed higher Y(NPQ) than B. montagnei
(0.11+0.02>0.08 +0.02; t=6.40, P<0.001), and

the Y(NO) was similar between B. calliptera and B.
montagnei (W="725, P=0.38).

Biochemical responses

The main organic osmolyte identified and quanti-
fied in B. calliptera was dulcitol, which increased
at 37.1, 47.1, and 57.3 S, (Fig. 4A). Overall, the
dulcitol content in B. calliptera doubled across
these three salinities. Sorbitol was only identified
and quantified as trace compound in B. calliptera
at 37.1, 47.1, and 57.3 S, (Fig. 4A). A signifi-
cant 2.5-times increase of sorbitol in B. calliptera
was observed between 37.1 and 57.3 S, (Fig. 4A).
Bostrychia montagnei synthesized both organic
osmolytes dulcitol and sorbitol under the six salini-
ties (Fig. 4B). The increase in salinity was accom-
panied by an increase of dulcitol and sorbitol in B.
montagnei (Fig. 4B). At 57.3 S,, the dulcitol and
sorbitol contents in B. montagnei increased about
5.5 and 8.5-times, respectively, in relation to 5.1
S,. Between species, B. calliptera revealed a higher
dulcitol content than B. montagnei (W=1268,
P<0.001), whereas B. montagnei contained a
higher sorbitol content than B. calliptera (W =36,
P <0.001; Fig. 4).
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Discussion

Increased salinity in tropical estuarine environments
due to climate change will have detrimental effects
on the photosynthetic performance of B. calliptera
and B. montagnei. In our study, the negative effect
of hypersaline conditions on the effective and maxi-
mum quantum yield of the macroalgae demonstrates
that high salinities decrease the efficiency with which
the PSII reaction centers capture and utilize excita-
tion energy in photochemistry (Genty et al., 1989).
In a previous study, B. calliptera and B. montagnei
from tropical and subtropical mangroves of Bra-
zil also showed a decline of their effective quantum

@ Springer

PAR (umol photons m—2 s-1)

yield when subjected to 25 and 35 S, compared to
15 S, (Borburema et al. 2022b). A negative effect
of increased salinity on the quantum yield of other
macroalgal species was also previously reported, for
example, for Champia novae-zelandiae (Hooker f.
& Harvey) Harvey and Schizymenia sp. (Gambichler
et al., 2021a), Pyropia plicata W. A. Nelson (Diehl
et al., 2019), and Ulva pertusa Kjellman (Choi et al.,
2010). However, the maximum quantum yield of
Bostrychia arbuscula W. H. Harvey from New Zea-
land was not affected by salt stress, pointing to a
broad salinity tolerance of that particular Bostrychia
species (Gambichler et al., 2021a). Emersion peri-
ods are relevant for Bostrychia species to capture
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Fig. 3 Complementary energy dissipation pathways in pho-
tosystem II of Bostrychia calliptera (A) and B. montagnei (B)
incubated under a range of salinities (5.1, 11.2, 18.4, 37.1,
47.1, and 57.3 S,) for 72 h. Y(II) is the photochemical path-
way, Y(NPQ) is the regulated non-photochemical quenching of
light energy, and Y(NO) is the non-regulated non-photochem-
ical quenching of light energy. Columns are mean proportions
based on six replicates. Different regular, italic, and bold low-

atmospheric CO, (Mercado & Niell, 2000). Never-
theless, higher photosynthetic activity in B. calliptera
has been documented under submersed conditions
(Peia et al., 1999). In our study, the maximum quan-
tum yield of both species under lower salinities was
similar to that reported in B. arbuscula under field
conditions (Gambichler et al., 2021a) and to that
documented in B. scorpioides under lowest desicca-
tion stress (Sanchez de Pedro et al., 2022). Thus, con-
tinuous submersed conditions during the acclimation
period certainly did not result in carbon limitation.

18.4
Salinity (S,)

371

ercase letters indicate statistical differences for Y(II), Y(NPQ),
and Y(NO), respectively, among salinity treatments for B. cal-
liptera; whereas different regular, italic, and bold uppercase
letters indicate statistical differences for Y(II), Y(NPQ), and
Y(NO), respectively, among salinity treatments for B. montag-
nei. The statistical differences were found applying one-way
ANOVA or Kruskal-Wallis® test (Table S1) followed by asso-
ciated post hoc tests

Furthermore, under higher salinities both species
increased their polyol contents, whose chemical
structure is based on carbon.

Several studies have demonstrated that Bostry-
chia species are euryhaline, as they are tolerant to
wide ranges of salinity (Mann & Steinke, 1988;
Karsten & Kirst, 1989a; Karsten et al., 1993, 1994a,
b, 1995). Based on these reports, studies performed
with Brazilian specimens confirmed the euryhaline
nature of the genus Bostrychia (i.e., Borburema et al.,
2020, 2022b). In the present study, B. calliptera and

@ Springer



4524

Hydrobiologia (2023) 850:4515-4530

Fig. 4 Organic osmolyte A ODulcitol  @Sorbitol
content (mmol Kg™! dry 700
weight, DW) in Bostrychia
calliptera (A) and B. mon- 600 - b b
tagnei (B) incubated under
a range of salinities (5.1, g b _L l
11.2,18.4,37.1,47.1, and o 500 A _L
57.3 S,) for 72 h. Columns 5
are means and bars are X 400
standard deviations based g
on six replicates. Different 3
regular and bold lowercase @ 300 a
letters indicate statistical s
differences for dulcitol g 2004 2
and sorbitol, respectively, 8
among salinity treatments
for B. calliptera; whereas 100 +
different regular and bold . . . a ab b
uppercase letters indicate 0 . . . | —— ==
statistical differences 51 18.4 371 471 57.3
for dulcitol and sorbi- B
tol, respectively, among 350
salinity treatments for B.
montagnei. The statisti-
cal differences were found 300 -
applying one-way ANOVA g c
or Kruskal-Wallis’ test = 250 4
(Table S1) followed by e
associated post hoc tests ;? c

< 200 -

€

E

o 150 1

% BC Bc

AB
§ 100 - AB AB ABC
. AB AB
5.1 11.2 471

B. montagnei were also characterized as euryhaline,
since they showed photosynthetic activity under
salinities from 5.1 to 57.3 S, and exhibited osmotic
acclimation by synthesizing and accumulating
organic osmolytes under salt stress or by degrading
them under hyposaline conditions. Dulcitol and sorbi-
tol are low molecular weight carbohydrates of the
hexitol type that can be used as respiratory substrates
(Kremer, 1976). A lower photosynthetic performance
of both species was observed under higher salini-
ties, mainly in B. calliptera. In Mamanguape river
estuary, the mean salinity varies from 3.2 S, in the
upper parts to 38.2 S, near the estuarine mouth (Lima

@ Springer
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Salinity (Sp)

57.3

et al., 2020). Thus, it was expected that both Bostry-
chia species exhibit a lower photosynthetic perfor-
mance under hypersaline conditions of 47.1 and 57.3
S,. Studies on the spatial distribution of both species
along the estuary are still lacking.

The lower relative electron transport rates (rETRs)
in B. calliptera were measured under salinities of
37.1, 47.1, and 57.3 S,, and the lower rETRs in B.
montagnei were determined at 47.1 and 57.3 S,. This
photobiological response refers to the linear electron
flow through the PSII reaction centers (Genty et al.,
1989; Suggett et al., 2011). Commonly, high salinities
inhibit the electron flow at the PSII reaction centers,
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as well as the transfer of light energy among pig-
ment complexes (Kirst, 1990). Red macroalgae, such
as Bostrychia species, have phycobiliproteins (phy-
coerythrin, phycocyanin, and allophycocyanin) and
carotenoids as accessory pigments, which capture
and transfer light energy toward chlorophyll a (Talar-
ico, 1996; Lalegerie et al., 2019). Therefore, higher
salinities may also have inhibited the transfer of light
energy among pigment complexes (i.e., accessory
pigments) toward chlorophyll a in both species, but
mainly in B. calliptera, as it showed a decrease in
rETRs at 37.1 S, as well. Photosynthetic parameters
derived from the rETR vs. PAR curves also demon-
strated the negative effect of hypersaline conditions
on the photosynthetic performance of both mac-
roalgae. The light utilization coefficient () and the
maximum relative electron transport rates (tfETR,,,)
of B. calliptera were lower at 47.1 and 57.3 S,, and
the rETR .. and the saturation irradiance for photo-
synthesis (1) of B. montagnei were lower at 57.3 S,.
Mann and Steinke (1988) also observed a decrease
in photosynthetic rates—measured as photosynthetic
oxygen evolution—of Bostrychia binderi Harvey
from a South African mangrove swamp under hyper-
saline condition (45 S,). Other studies also reported
an inhibition in algal photosynthetic performance
under short-term as well as long-term hyperosmotic
stresses (e.g., Kirst, 1981; Reed, 1983; Borlongan
et al., 2016). However, Karsten & Kirst (1989a)
reported an increase in photosynthesis of Bostrychia
radicans (Montagne) Montagne under salinities of
28.9 and 37.4 S, when compared to 9.9 and 19.4 S,.
The increased photosynthetic activity of B. radicans
shown by those authors could be related to moder-
ate physiological stress due to the higher salinities.
Usually, macroalgae up-regulate their metabolism to
synthesize protective metabolites under increasing
stressful conditions (Lesser, 2006; Gambichler et al.,
2021b).

Bostrychia montagnei revealed a similar light
utilization coefficient among salinities, which rein-
forces its greater tolerance to osmotic stress than B.
calliptera. The absence of a clear negative effect of
increased salinity on the photoinhibition coefficient
(B) indicates that photoinhibition in both species was
not influenced by salinity. This is in agreement with
the minor inhibition of photosynthesis in the closely
related B. radicans subjected to hyperosmotic shock
(Karsten & Kirst, 1989a). Concerning the saturation

irradiance for photosynthesis (/;), both species can
be characterized as typical “shade plants,” since they
exhibited saturated photosynthesis under low photon
fluence rates (B. calliptera 36.3-91.2 pmol electrons

m~ s~!, B. montagnei 57.2-143.1 umol electrons

m~2 s7!). These results are consistent with several
studies on numerous other Bostrychia species, which
were always characterized as typical “shade plants’,
because of the low light requirements for photo-
synthesis (Karsten & Kirst, 1989a; Karsten et al.,
1993, 1994a, b; Sanchez de Pedro et al., 2014). This
physiological characteristic of Bostrychia species
is directly related to their preferential occurrence in
shaded habitats, such as mangrove swamps and salt
marshes, where they are protected from full sun expo-
sure by the covering canopy (Karsten et al., 1994a).
Environmental and ecological data support this shade
preference of both species. The mean irradiance on
the algal collection area is around 220 W m~2 (INPE,
2022), which corresponds to about 1012 pmol pho-
tons m~2 s~' (Liining, 1990). After attenuation by
the covering canopy, the mean proportions of inci-
dent irradiance on the Bostrychietum of Brazilian
mangroves are around 5, 8, and 17% (Yokoya et al.,
1999b), which corresponds to photon fluence rates
of around 51, 81, and 173 pmol photons m~2 s~}
respectively. Those proportions of incident light var-
ied depending on the density of the covering canopy.
Our results from the complementary energy dissipa-
tion pathways are congruent with our results from
the tETR vs. PAR curves. Both species showed a
lower use of light energy at the PSII reaction centers
(Y[II]) under increased salinity, whereas revealed a
higher non-regulated non-photochemical quenching
of light energy (Y[NO]) under hyperosmotic stress.
Thus, increased Y(NO) at the expense of Y(II) sug-
gests photoinhibition or permanent destruction of the
photosynthetic apparatus (Klughammer & Schreiber,
2008; Graiff et al., 2021). The hyperosmotic stress in
general may have resulted in harmful effects on the
algal photosynthetic apparatus, leading to a lower
photophysiological performance of both species
under those conditions.

Organic osmolytes, dulcitol and sorbitol, were
synthesized and accumulated by B. montagnei for
osmotic acclimation under salt stress, while under
hyposaline conditions, they were degraded. Similar
findings have been reported by several studies in
which other Bostrychia species were subjected to
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osmotic stress (Karsten et al. 1993, 1994a, b, 1995,
1996a, b; Gambichler et al., 2021a). Surprisingly, in
B. calliptera the main organic osmolyte was dulci-
tol. Sorbitol was only synthesized and accumulated
under rising salinities between 37.1 and 57.3 S,,
however, in relatively low concentrations. Under
lower salinities between 5.1 and 18.4 S, only dulci-
tol was identified and quantified. Organic osmolytes
such as polyols exert further biochemical func-
tions as they can act as compatible solutes (protect
enzymes and structural molecules), i.e., these com-
pounds are highly soluble in the cytoplasm and non-
toxic at high concentrations (Kirst, 1990). Biosyn-
thesis and accumulation of compatible solutes under
rising osmotic stress permits the generation of low
water potentials without resulting in metabolic
damages such as the inactivation, inhibition, and
denaturation of enzymes (Kirst, 1990). Historically,
only two organic osmolyte distribution patterns
have been observed in Bostrychia species: sorbitol
plus dulcitol, or sorbitol only, i.e., the sole occur-
rence of dulcitol has never been observed (based on
the previously referenced literature). The biosynthe-
sis of only one organic osmolyte involves less enzy-
matic steps and thus saves metabolic energy. More-
over, the presence of only one organic osmolyte
(i.e., sorbitol as reported in the literature until now)
would be fully sufficient for osmotic acclimation in
Bostrychia species (Karsten et al., 1994b). Based
on several studies (previously referenced literature),
there is the assumption that sorbitol is the dominant
and regulated saline stress protective compound in
Bostrychia species, while dulcitol does not seem
to play a major role as actively adjusted osmolyte.
This assumption is also based on physicochemical
differences between sorbitol and dulcitol. Sorbitol
has a 25-times higher solubility in water than dulci-
tol (sorbitol, 4.6 M; dulcitol, 0.18 M) (Lide, 1992),
thus, it can be a much better osmolyte than dulcitol
(Karsten et al., 1994a, 1994b). However, our find-
ings, i.e., the sole occurrence of dulcitol in B. cal-
liptera at lower salinities, and as the main organic
osmolyte in this species at higher salinities, do not
support this assumption. In addition, our data are
corroborated by Karsten et al. (1992) who identified
and quantified mainly dulcitol in field samples of B.
calliptera from Brazil (45-95 umol g=! DW of dul-
citol and very low levels of sorbitol, 3—7 umol g~
DW). Thus, we recognized a third organic osmolyte
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distribution pattern in Bostrychia species, i.e., dul-
citol only. Enzymological and metabolomic data
on Bostrychia species (which are still missing) are
needed to better understand the metabolic pathways
for the biosynthesis of organic osmolytes in Bostry-
chia species, and Brazilian lineages are strong can-
didates to be used as model organisms.

In conclusion, our hypotheses were confirmed,
since (i) increased salinity was detrimental to mac-
roalgal photosynthesis; (ii) both species revealed
osmotic acclimation in response to the increase in
salinity by synthesizing and accumulating organic
osmolytes, sorbitol, and/or dulcitol; and (iii) B.
calliptera showed a lower physiological perfor-
mance than B. montagnei under increased salinity.
This difference between species can be explained
because B. montagnei synthesizes both dulcitol and
sorbitol under saline stress, and that sorbitol is a
physicochemically better organic osmolyte than dul-
citol (Karsten et al., 1994a, b). Therefore, although
both species exhibited osmotic acclimation under
hypersaline conditions, confirming their euryhaline
nature, increased salinity in tropical estuarine envi-
ronments influenced by semi-arid climate will be
detrimental to photosynthesis of B. calliptera and B.
montagnei. Osmotic acclimation in macroalgal spe-
cies results in high energy expenditure (Kirst, 1990;
Karsten, 2012). Thus, photosynthesis of Bostrychia
species negatively affected by hyperosmotic stress
may compromise their osmotic acclimation and
populational fitness. The incubation time (i.e., 72 h)
for both species under different salinities was suf-
ficient for an osmotic acclimation, confirming data
observed by Karsten et al. (1994a, b, 1996a). In the
climate change context, algal desiccation due to
the long emersion periods can be an additive envi-
ronmental stressor to the saline stress (Pefia et al.,
1999; Sanchez de Pedro et al., 2022), as well as the
increase in temperature (Borburema et al., 2022b).
Future field studies exploring the spatial and tem-
poral distribution and vertical zonation patterns of
both Bostrychia species are needed to better predict
the impact of salinity change on the dynamic of
macroalgae in the mangrove swamp. Biochemical
and genomic studies are also needed to elucidate the
metabolic pathways of dulcitol and sorbitol, which
result in three organic osmolyte distribution pat-
terns in Bostrychia species: sorbitol together with
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dulcitol, sorbitol only, and dulcitol only. The latter
reported for the first time in our study.
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