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Abstract Freshwater algae inhabiting shallow
waters are most effectively affected by UV radiation.
The aim of this study was to analyze the photosyn-
thetic performance (parameters derived of chlorophyll
fluorescence), chlorophyll a concentrations and the
content of UV-absorbing compounds (mycosporine-
like aminoacids—MAASs) in three tropical lotic
macroalgae, Cladophora glomerata (Chlorophyta),
Spirogyra sp. (Streptophyta) and Sirodotia delicatula
(Rhodophyta) in response to UV radiation exposure
under laboratory conditions. Experiments were per-
formed wunder three treatments: (1) PAR
(400-700 nm), P; (2) PAR + UVA (320-700 nm),
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PA; (3) PAR + UVA + UVB (280-700 nm), PAB.
Cladophora glomerata and Spirogyra sp., typical sun-
adapted lotic macroalgae, had distinct responses to UV
radiation exposure. A more pronounced decrease of
F,/F,, and increase of NPQ under UVA than UVAB
was observed, whereas chlorophyll a content was
lower under UVAB in C. glomerata. Spirogyra sp. had
a decrease of photosynthetic yields (AF/F,, and F,/
F) under PAR, indicating that UVAB radiation may
have a positive effect on the photosynthetic apparatus.
Surprisingly, S. delicatula, a shade-adapted alga,
exhibited less sensitivity to UV exposure. These
results suggest that the presence of MAAs (shinorine
and palythine) in S. delicatula is a significant shield of
protection against UV radiation.
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1 Introduction

It is widely reported that climate changes, caused
mainly by increase in greenhouse gas concentrations,
have strong interactions with ozone depletion, causing
important consequences for UV exposure in aquatic
ecosystems (Héder et al. 2015). As a consequence, this
scenario emphasizes the need for studies on effects of
UV radiation on biological systems (Rastogi et al.
2014).

Photosynthesis is one of the main metabolic func-
tions of algae, and it is responsible for transfering
energy for their maintenance and growth (Sabater
et al. 2016), and among various physiological pro-
cesses, it is potentially the main target of UV
irradiation, not only in flowering plants, but also in
algae (Héader and Figueroa 1997). Damage in DI
protein of photosystem II or in the Rubisco enzyme,
decrease of photosynthetic pigments and reduced
expression of genes involved in photosynthesis are
the main mechanisms responsible for the decrease in
photosynthetic activity after UV treatment (Holzinger
and Liitz 2006). However, UV radiation does not
always have a deleterious effect on aquatic photosyn-
thetic organisms. Positive effects of UVB radiation
were observed in the green alga Zygnemopsis decus-
sata growing in a high mountain lake (Figueroa et al.
2009) and in tropical marine macroalgae (Hanelt and
Roleda 2009), while positive effects of moderate
levels of UV A radiation on photosynthesis and growth
were reported for the red alga Gracilaria vermiculo-
phylla (Roleda et al. 2012).

UV susceptibility was determined to be most
pronounced in deep-water species and reduced in
shallow-water species (Peschek et al. 2010). To deal
with extreme variations in PAR (photosynthetically
active radiation) and UV radiation, macroalgae in
shallow environments have set different physiological
acclimation mechanisms, that are important in deter-
mining variations in photosynthetic responses (Héder
and Figueroa 1997; Hanelt and Figueroa 2012).
Likewise, Germ (2005) observed that the capability
for acclimation of photosynthesis to changing
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radiation environments is an important prerequisite
for macroalgae, especially in areas with high natural
radiations.

Benthic algae communities are the most successful
primary producers exploiting habitats, and they are the
main source of energy for higher trophic levels in
many lotic ecosystems (Stevenson 1996). Among
benthic algae, macroalgae is an important component
of the communities in rivers and streams, with green
algae tending to predominate (35-37% of species) in
floras of well-studied regions of the world, whereas
contributions of other algal groups varying consider-
ably (Necchi 2016): cyanobacteria (24-35%), red
algae (14-20%), diatoms, and yellow-green algae
(14-21%). Among the green algae, filamentous forms
are very common in lotic habitats, with some genera
reported in several regions of the world (e.g.,
Cladophora and Spirogyra), whereas freshwater red
algae occur almost exclusively in streams and rivers
with members of the order Batrachospermales being
widespread.

Spirogyra is an unbranched filamentous green alga
that forms free-floating mats in shallow freshwaters
(Graham et al. 1995). A previous study reported that
Spirogyra can not maintain optimal rates of photo-
synthesis at high temperatures and low light, but can
tolerate cool water and high irradiances (Graham et al.
1995), while Necchi (2004) reported Spirogyra sp. as a
typical sun-adapted lotic macroalgae. Germ (2005)
have reported the effects of UV radiation (specifically
UVB) on Spirogyra sp. and concluded that this alga
have physiological plasticity and resistance under
enhanced UVB radiation.

Cladophora glomerata (L.) Kiitzing 1843 is one of
the most widespread freshwater macroalgal species in
the world (Dodds and Gudder 1992) and can be found
almost throughout the year in shaded or open sites
(Ensminger et al. 2000). Many aspects of the eco-
physiology of C. glomerata have been summarized by
Ensminger et al. (2000), Necchi et al. (2004), and
Bautista and Necchi (2008) as a macroalga either
shade or sun-adapted and could be classified as a
stress-tolerant species regarding to temperature and
light. The only specific study about photosynthetic
performance under UV radiation was conducted by
Choo et al. (2005), who studied different stress
conditions in two green macroalgae and have reported
that photosynthesis in C. glomerata was inhibited by
UVB radiation.
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Freshwater red algae have been indicated as shade-
adapted in previous studies (Necchi and Zucchi 2001;
Necchi 2004, 2005), although some species can
tolerate high irradiances. Photosynthetic characteris-
tics of Sirodotia delicatula Skuja (treated as Batra-
chospermum delicatulum) exhibited a wide range of
responses to irradiance (Necchi and Alves 2005),
suggesting they have mechanisms that enable them to
avoid photodamage of the photosynthetic apparatus
(Necchi 2005). While several studies reported harmful
UV radiation effects, especially UVB (Figueroa et al.
1997; Roleda et al. 2004; Simioni et al. 2014), there
are only few studies dealing with the responses to UV
radiation in freshwater red algae (Arréniz-Crespo
et al. 2005; Aigner et al. 2017; Bautista-Saraiva
et al. 2017). Arréniz-Crespo et al. (2005) found two
MAAs (Porphyra-334 and mycosporine-glycine)
induced by UV radiation in Lemanea fluviatilis
(Linnaeus) C. Agardh, the former being specifically
induced by UVB radiation, whereas the latter was
degraded by this radiation. They also observed
damages in the alga as reductions in photosynthetic
activity and photosynthetic pigments. Aigner et al.
(2017) reported that exposure to either UVA or UVAB
led to a strong transient drop in effective quantum
yield in Batrachospermum turfosum Bory, but the alga
was capable of recovering it after being removed from
the UVR treatment. Bautista-Saraiva et al. (2017)
found one type of MAA (shinorine or Porphyra-334)
in gametophyte under UVA and UVB in culture
conditions, but not in the ‘Chantransia’ stage of
Kumanoa ambigua (Montagne) Entwisle, Vis, Chias-
son, Necchi et Sherwood. The increased photosyn-
thetic performance and the presence of MAA in
gametophyte suggested that it is less sensitive to UV
radiation, particularly UVA, in comparison to
sporophyte.

The aim of this study was to analyze the photosyn-
thetic performance (parameters estimated by chloro-
phyll fluorescence), chlorophyll a concentrations and
production of MAAs (mycosporine- like amino acids)
in three lotic macroalgae, C. glomerata (Chlorophyta),
Spirogyra sp. (Streptophyta) and S. delicatula (Rho-
dophyta) in response to UV radiation exposure
(PAR + UVA, PAR + UVAB and PAR-only).

Based on the assumptions that: (1) C. glomerata,
Spirogyra sp. and S. delicatula are freshwater
macroalgae regularly exposed to high solar radiation,
including high doses of UVB and UVA, due to their

wide distribution in shallow habitats; (2) compared to
marine macroalgae, information on the UV-protective
mechanisms in freshwater macroalgae is scarce
(Roleda et al. 2010); (3) red and green are typically
shade and sun-adapted algae, respectively (Necchi
2004, 2005), we hypothesized that: (i) Spirogyra sp.
and C. glomerata are expected to present similar
photosynthetic performances with slight responses to
exposure of UVA and UVAB radiation; and (ii) S.
delicatula is predicted to exhibit a higher sensitivity to
UV exposure.

2 Material and methods
2.1 Biological material

Cladophora glomerata was collected in Preto River
(20°52'S, 49°19'W), Engenheiro Schmidt District,
Preto River, municipality of Sdo José do Rio Preto,
Sdo Paulo State, Brazil (20°52'S, 49°19'W), in a
shaded river segment (irrradiance of 104 £ 11 pmol
photons m~* s~ ') and under temperature of 19.2 °C.
Spirogyra sp. and S. delicatula were collected in
Talhadinho Stream (20°43'S, 49°13'W), Sdo José do
Rio Preto, Sao Paulo State, Brazil. Both species were
collected in different dates in a partly shaded stream
segment with the following irradiance and tempera-
ture: 910 & 163 pmol photons m 2 s~' and 25.3 °C
(Spirogyra sp.) and 1049 + 86 pmol photons m s~
and 22.6 °C (S. delicatula). Data on PAR, UVA and
UVB radiation measured in the field are presented in
Table S1 (Supplementary Material).

2.2 Experimental design

After collection, algal thalli were transported to the
laboratory and were cleaned of debris and visible
epiphytes under a stereoscope. Then, they were
transferred to 1 L vessels containing water from the
collecting sites, previously filtered and autoclaved.
They were acclimated for 24 h under the following
conditions: PAR (179 £ 18 pmol photons m~?2 s_l,
22.0 & 2.0 °C, 12:12 h photoperiod). Radiation was
supplied by cool-white fluorescent lamps Osram L
15 W “cool daylight” (Osram, Hildesheim, Ger-
many). Algal thalli under these conditions were used
as the control (designated Pre—pre-treatment).
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Three treatments (with five replicates) were per-
formed for each species: (1) PAR (400-700 nm), P
treatment; (2) PAR + UVA (320-700 nm), named
PA treatment; 3) PAR + UVA + UVB
(280-700 nm), designated as PAB treatment. All
treatments were provided by two cool white fluores-
cent lamps Osram L 15 W “cool daylight” (Osram,
Hildesheim, Germany), covered with neutral black
mesh and by one Ultra-Vitalux 300 W lamp, 230 V
E27/ES (Osram, Hildesheim, Germany). Radiation
treatments were obtained with placing cut off filters in
front of the samples (Figueroa et al. 1997, 2003;
Roleda et al. 2010). P treatment used filter Lee n. 226,
blocking UVA (320-400 nm) and UVB radiation
(280-320 nm). PA treatment used filter Lee n.130,
blocking UVB radiation, whereas for PAB treatment
(3) no filter was applied, being submitted to the entire
spectra provided by the lamps. Algal thalli were
maintained for 10 days under these conditions with a
photoperiod of 12 h (Bautista-Saraiva et al. 2017).
Average irradiance level in each treatment was
179 4+ 18 umol photons m™> s™' to simulate the
irradiance described as favorable in the literature for
freshwater macroalgae (Necchi 2004). Absolute irra-
diance (W m~?) was measured with the spectrora-
diometer UV-Visible USB2000 + RAD (Ocean
Optics, Dunedin, USA). The UVB/UVA ratio was
0.25 in laboratory close to that measured in the field
(0.22, Table S1, Supplementary Material).

Incubations were performed at 22.0 & 2.0 °C in
refrigerated incubators Marconi, MA mod 830/A
(Marconi Equipment for Laboratory, Piracicaba,
Brazil), with orbital agitation of 100 £ 5 rpm. To
ensure uniform irradiation of all samples, replicate
positions were changed every 2 days during the
experiment. Thalli were incubated in UV-transparent
300 mL metacrylate plastic vessels. Incubations were
conducted in water from the collecting sites, previ-
ously filtered and autoclaved, which was changed
every 2 days in order to avoid nutrients and CO,
limitation, as well as excessive water evaporation. The
initial fresh weights for each replicate were
35.0 £ 5.0 mg (C. glomerate),235.0 £ 5.0 mg (Spir-
ogyra sp.) and 145.0 £ 5.0 (S. delicatula) mg fresh
weight (FW).
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2.3 Photosynthetic performance as in vivo
chlorophyll a fluorescence

In vivo chlorophyll a fluorescence was measured using
a Diving-PAM underwater fluorometer (Walz, Effel-
trich, Germany). Algal thalli were placed directly on
the tip of the fluorometer optic fiber using the supplied
magnet sample holder. The biomass was high enough
to cover the area of the fluorometer optic fiber tip.

Photosynthesis-irradiance (P-E) curves, as rapid
light curves (White and Critchley 1999), consisted of
the fluorescence responses to eight increasing irradi-
ances from 0 to 792 pmol m > s™', using the “light
curve” option of the Diving-PAM. The exposure time
at each irradiance was 15 s, each separated by a
saturating flash (0.8 s, ~ 6000 pmol m~2 s™'). The
calculations and terminology followed Schreiber et al.
(1994) and van Kooten and Snel (1990), respectively.
The following parameters were determined from each
sample: (1) effective quantum yield of PSII, AF/
F,' = (F, — F)/F,/, being F,’ maximal fluores-
cence of light acclimated thalli and F; the transient
fluorescence of light-acclimated thalli; (2) non-pho-
tochemical quenching (NPQ) was determined as
NPQ = (Fp—Fy)/Fy'. (3) Electron transport rate
(ETR) was calculated as ETR = AF/F, x Epagr(-
pmol photons m > s_l) x A x Fp being Epar the
incident irradiance of PAR in pmol m™% s™'. A was
the absorptance, or fraction of light absorbed by PSII
in an optical cross section. It was estimated for each
alga tested (0.89 to C. glomerata, 0.69 to Spirogyra sp.
and 0.78 to S. delicatula), based on measurements
taken with and without the alga within a circle of
0.5 cm in diameter, similar to the area of the
fluorometer optic fibertip (Necchi 2004; Bautista and
Necchi 2007). Fy is the fraction of chlorophyll
a associated to photosystem II. Fy; in red and green
macroalgae is assumed to have a value of 0.15 and 0.5,
respectively (Johnsen and Sakshaug 2007; Figueroa
et al. 2014). Based on the ETR versus irradiance
curves measured for each treatment, maximum elec-
tron transport rate (ETR,,.x), photosynthetic efficiency
(ogTR), Saturation parameter (Ey) and the slope of
photoinhibition (BgTr) Were obtained by fitting these
curves to the tangential fitting reported by Platt et al.
(1980).

Dark/light induction-recovery (Kautsky) curves
were performed on thalli dark-acclimated to determi-
nate of maximal quantum yield and to assess the
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recovery capacity. For dark acclimation, apices of
algal thalli were placed for 10 min directly on the tip
of the fiberoptic using the supplied dark leaf clip
determining the basal fluorescence (F,) and maximal
fluorescence (F,,) after a saturating light pulse
(0.8 s, ~ 6000 pmol m~2 sfl). First, a saturation
pulse was applied for determination of maximal
quantum yield of PSII, F,/F,, being F, = F,, — F,
(Schreiber et al. 1994). Then, a constant actinic
irradiance (221 pmol photons m~2 s~ !, close to the
incubation irradiance) was applied using the halogen
light source of the Diving PAM, separated by eight
saturating light pulses at 15 s intervals, and initiated
30 s after the first saturation pulse. After recording of
dark/light induction, six saturation pulses were applied
at successive intervals (10, 30, 60 s and 2, 5 and
10 min) to assess the dark recovery of F,/F,, by
comparing the initial and final values.

2.4 Chlorophyll a content

Chlorophyll a (Chl a) concentrations were evaluated
at the end of the experiment, after measurements of
the photosynthetic parameters. They were calculated
according to the protocol by Ritchie (2006). Plants
were kept frozen until the analysis. The material was
grinded in the darkness in a Precellys 24 tissue
homonogenizer (Bertin Technologies). Subsequent
extraction of chlorophyll a was conducted in 1 mL
of 90% alkaline acetone in darkness at 4 °C. Samples
were centrifuged in a Mikro 220R centrifuge (Hettich)
at 4000 rpm, 4 °C for 20 min and chlorophyll a was
quantified according to the spectrophotometric tech-
nique using the equation according to Ritchie
(2006, 2008).

2.5 Mycosporine-like amino acids—MAAs

Considering that Rhodophyta has the highest percent-
age of species that synthesize MAAs (Barufi et al.
2011) among the various groups of macroalgae, while
only a few macroscopic green algal species contain
MAA-like UV-absorbing compounds, (Holzinger
et al. 2006; Pescheck et al. 2010), quantification of
this parameter was carried out only for the red alga S.
delicatula.

After the experimental periods, samples of
20.0 £ 5.0 mg DW were processed according to the
protocol used in a previous study (Bautista-Saraiva

et al. 2017) for the extraction and identification of
mycosporine-like amino acids (MAAs). They were
extracted in 1 mL of 20% aqueous methanol (v/v) for
2 h at 45 °C, centrifuged at 13,000 g, 4° C for 10 min
and a total of 100 pL of the supernatant was filtered
and transferred to glass tubes in the HPLC Waters
system (Barcelona, Spain).

MAAs were detected by using an isocratic run
containing 2.5% aqueous methanol (v/v) plus 0.1%
acetic acid (v/v) in distilled water as the mobile phase.
The flow rate was 0.5 mL min~' and each run took
20 min; 30 pL of the each sample was injected into a
Sphereclone C8 column (Phenomenex, Germany)
with a pre-column attached (5-mm packing;
250 x 4 mm 1.D.). MAAs were detected with a
Waters Photodiode Array Detector 996 (Barcelona,
Spain). The absorption spectra were recorded between
290 and 400 nm every second. Finally, a chro-
matogram selected for absorbance at 330 nm was
obtained, and the observed peaks were identified
according to the spectrum and retention time, com-
pared with a secondary standard of Porphyra leucos-
ticta. MAAs were quantified according to Korbee-
Peinado et al. (2004). Data were collected and
analyzed with the Millennium 3.2 software.

2.6 Data analysis

Data set was analyzed using one-way ANOVA and
post hoc multiple comparisons applying Newman-
Keuls post hoc multi-comparative analysis to identify
differences in photosynthetic parameters and pigments
(chlorophyll @ and MAAs). The factor evaluated was
the difference between Pre (Control) and treatments
(P, PA and PAB). Statistical tests were performed with
GraphPad Prism 5.01 software, whereas graphs and
calculations from P-E curve parameters were made
using Microsoft Excel 2013.

3 Results

P-E curves revealed different responses to UV
radiation among the three freshwater macroalgae
(Table 1; Fig. 1). Cladophora glomerata had higher
ETR,.x (19.69-22.37 pmol e~ m2s Y, opm
(0.014-0.178) and Ey (125.51-141.38) than Spirogyra
sp., whereas S. delicatula presented lower values of
ETR,.x and agrg (Table 1; Fig. 1). This species
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Table 1 Parameters

C. glomerata

Spirogyra sp.

S. delicatula

Treatment
derived from the P-E
curves, corresponding to ETRax Pre
Fig. 1, and Chlorophyll
a content (Chla) comparing (kmol o P
Pre (initial-control), P, PA electrons m™~ s™) PA
and PAB in Cladophora PAB
glomerata, Spirogyra sp. Ey Pre
and Sirodotia delicatula
after 10 days (umol photons P
m2s7h) PA
PAB
OETR Pre
P
PA
PAB
Data are expressed as Berr Pre
means =+ standard- P
deviation (n =5 for P, PA PA
and PAB; n = 15 for
control). Distinct letters PAB
indicate significant Chla P
differences (p < 0.05) by PA
ANOVA (Newman-Keuls PAB

22.37 4 3.02°
21.43 4+ 5.67°
19.69 + 1.87°
19.86 4 0.48*
125.51 + 8.61°
141.38 + 13.12°
134.68 + 6.64*°
133.59 + 1.95%°
0.178 + 0.014*
0.150 £ 0.027°
0.149 + 0.011°
0.149 + 0.004°
20.01 £ 1.34%
17.81 £+ 1.71°
18.96 + 1.23%°
18.72 &+ 0.27*°
0.03 + 0.01°
0.04 + 0.01°
0.01 £+ 0.01°

15.56 + 3.37°
5.43 + 3.45°
8.43 + 1.77°
6.09 + 230
95.44 + 17.09°
83.23 + 24.52°
127.61 £ 15.49°
84.27 + 22.73%
0.158 + 0.014*
0.061 £ 0.020°
0.066 + 0.012°
0.073 £ 0.018°
26.44 + 5.30°
31.62 + 8.08°
19.79 + 2.31%
31.93 + 10.78*
0.02 + 0.01*
0.02 + 0.01*
0.02 = 0.01*

2.89 + 0.52°
1.24 £ 0.13°
1.22 +0.16°
1.24 + 0.09°
45.98 + 8.72°
83.70 4+ 9.39°
86.71 £ 2.66"
86.52 + 7.23°
0.060 + 0.010°
0.015 £ 0.002°
0.015 + 0.002°
0.014 £ 0.001°
48.20 + 7.76*
30.19 =+ 3.35°
3043 + 3.35°
29.09 + 2.58°
0.08 + 0.04*
0.04 + 0.01°
0.05 + 0.02°

Post-hoc)

presented significantly higher values in Pre (Control)
for agrr (F=7.84, p <0.01), and no significant
difference was observed for ETR,,,.x. As consequence,
higher values of Ey were observed in treatments, but
significant differences were found only in P (F = 4.3,
p < 0.05). Higher values of photoinhibition parameter
(Berr) were observed in control, but significant
difference was found only in P (F = 3.89, p < 0.05).
NPQ was significantly higher in PA and PAB than in
control and P (F = 54.06, p < 0.0001), while signif-
icantly lower values of AF/F,, (F = 13.56, p < 0.001)
and of F,/F,, (F=4.70, p < 0.01) were observed in
PA (Fig. 2). Higher recovery capacity of F,/F,, was
found in PA (F = 21.97, p < 0.0001).

Spirogyra sp. had significantly higher values in
control for ETR ..« (F = 19.10, p < 0.0001) and ogtr
(F =7.84, p < 0.01) (Table 1; Fig. 1) and significant
differences for Ey were found only in PA (F = 4.86,
p < 0.01). No significant differences were found for
NPQ, except for P that showed lower values of NPQ
(F =7.41, p < 0.05) (Fig. 2). Although Spirogyra sp.,
in general, showed higher values in control, an
increase of photosynthetic performance (AF/F,,’ and
F,/F,) was observed in PA and PAB (F = 32.48,
p < 0.0001 for AF/F,/ and F = 18.95, p < 0.0001 for
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F\/F) (Fig. 2). In contrast, significantly lower values
of recovery capacity of F,/F,, were found in PA and
PAB (F = 4.37, p < 0.05).

Sirodotia delicatula had significantly higher values
in control for ETR ., (F = 44.96, p < 0.0001), ogTr
(F=58.45, p<0.0001) and PBgrr (F=21.85,
p < 0.0001), while lower values in control were found
for Ey (F = 54.32, p < 0.0001) (Table 1; Fig. 1). NPQ
was significantly higher in P, PA and PAB (F = 13.48,
p < 0.0001), while significantly lower values were
observed for F,/F,, in all treatments (F = 24.66,
p < 0.0001) (Fig. 2). No increase or decrease be-
tween treatments were observed for AF/F,’ and
recovery capacity of F/F,.

Chlorophyll a concentrations were significantly
lower (F = 9.56; p < 0.01) in PAB for C. glomerata,
whereas in Spirogyra sp. and S. delicatula no signif-
icant differences were observed among treatments
(Table 1).

Shinorine and palythine were the two types of
MAAs identified in S. delicatula, with shinorine
corresponding to 80% of the total MAAs found in
this species (Fig. 3). The content of MA As was higher
under P compared to PA and PAB treatments with
significant decrease of MAAs concentrations found
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Fig. 1 P-E curves for Cladophora glomerata, Spirogyra sp.
and Sirodotia delicatula under Pre (Control) and UVR
treatments (P, PA and PAB). Data are expressed as means =+ s-
tandard-deviation. (n =5 for P, PA and PAB; n =15 for
Control)

among UV treatments (F = 14.17; p <0.01 for
shinorine; F =11.18; p < 0.01 for palythine;
F =22.28; p < 0.01 for total MAAs) (Fig. 3).

4 Discussion

The three tropical lotic macroalgae studied were
characterized as either sun-adapted (C. glomerata) and
shade-adapted (S. delicatula) or with intermediate
characteristics (Spirogyra sp.) according to their

responses of photosynthetic parameters to artificial
UV exposure. Sirodotia delicatula showed lower
values of ETR;.x and E; and higher values of
photoinhibition (Bgtr), typical of shaded-adapted
algae. Adaptations to low irradiance were consistently
observed for Rhodophyta (Necchi and Zucchi 2001;
Necchi 2004). In contrast, most species of Chloro-
phyta has been reported as sun-adapted algae (Graham
et al. 1995; Ensminger et al. 2001; Necchi 2004).
While C. glomerata revealed typical responses of a
sun-adapted plant, with higher ETR,,,,, and E;, and
lower values of Bgrgr, Spyrogyra sp. could be fitted in
an intermediate group in terms of light adaptations.

Studies on UV effects on macroalgae have
been typically focused on UVB radiation (Altamirano
et al. 2000; Hanelt et al. 2006), and a question, which
is still a matter of debate, is whether all the different
bands of UV spectra (UVA and UVB) are damaging or
possibly beneficial (Altamirano et al. 2000) to these
organisms. Although P-E curves have revealed dif-
ferent responses to PAR acclimations for the three
macroalgal species in this study, the way that photo-
synthesis was affected by UV radiation was distinct,
no matter if they were sun- or shade-adapted algae.

A decrease of the F,/F,, level and an increase of
NPQ values were more pronounced under UVA than
UVARB radiation in the three species tested, although
significant lower values in recovery capacity of F,/F,
and in chlorophyll a content under UVAB radiation
had been showed only for C. glomerata. Ensminger
et al. (2001) found that NPQ values increased rapidly
with the increase of irradiance for both high-light
(open site) and shaded plants of C. glomerata. In
addition, a decrease of F,/F,, was interpreted as an
indicator of the photoinhibition effect on photosyn-
thesis (Figueroa et al. 2009), revealing amplified
excitation pressure on photosystem Il in C. glomerata.
The decrease in F,/F,, under different conditions of
UV radiation was associated with a gradual decrease
in chlorophyll contents in two species of the marine
green alga Ulva (Figueroa et al. 2003). Pigment
contents give us important elements about the state of
the photosynthetic apparatus. However, because the
pigments are not directly linked to photosynthetic UV
acclimation, their concentrations are usually consid-
ered to be a weak biological indicator of the effects of
UV radiation under such experimental designs (Fig-
ueroa et al. 2003).
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Fig. 2 Photosynthetic parameters (NPQ, AF/F,/, F,/F,, and
recovery capacity of F,/Fy) for Cladophora glomerata,
Spirogyra sp. and Sirodotia delicatula under Pre (Control) and
UVR treatments (P, PA and PAB). Data are expressed as

We generally observed higher values of NPQ, AF/
F, and F,/F,, under UVA and UVAB under
PAR only in Spirogyra sp. In addition, although the
recovery capacity of F,/F,, was lower under UVA and
UVARB, it showed 100% recovery, indicating a high
capacity to cope with UV radiation. The mostly good
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means =+ standard-deviation. (n = 5 for P, PA and PAB;n = 15
for Control). Distinct letters indicate significant differences
(p < 0.05) by ANOVA (Newman-Keuls Post-hoc)

photosynthetic performance for Spirogyra sp. under
UV radiation could be related to its capacity to tolerate
high irradiances (Graham et al. 1995; Necchi 2004).
Germ (2005) concluded that Spirogyra sp. have high
physiological plasticity and resistance that may be
enhanced by UVB radiation. Although most
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Fig. 3 Mycosporine-like amino acids (MAAs) of Sirodotia
delicatula under P, PA and PAB treatments. Data are expressed
as means + standard-deviation (n =5). Distinct lower-case
(Palythine and Total MAAs) and upper-case (Shinorine) letters
indicate significant differences (p < 0.05) by ANOVA (New-
man-Keuls Post-hoc)

studies have reported a negative impact on photosyn-
thesis by UV radiation, some investigations found
beneficial effects of UVB and UVA by photoprotec-
tion of photosynthesis in algae (Figueroa et al. 2009).
Photosynthesis in the green alga Dasycladus vermic-
ularis significantly increased in plants exposed to
PAR + UVA radiation (Pérez-Rodriguez et al. 1998).
According to Figueroa et al. (2009), UVB could have a
role in inducing and maintaining photoprotective
mechanisms under high UV exposure. The exclusion
of UVB was shown to produce a reduction of
photosynthetic activity in Mediterranean (Flores-
Moya et al. 1999) and tropical algae (Hanelt and
Roleda 2009). The photosynthetic performance of
Ulva rigida (Chlorophyta) was always negatively
affected under PAR alone compared to that in the
presence of UV radiation (Altamirano et al. 2000).
High values of NPQ may indicate active photopro-
tective mechanisms, which are highly related to the
xanthophyll cycle (Demmig-Adams and Adams
2006). Schubert and Garcia-Mendoza (2008) reported
that the degree of decrease and recovery of F,/F, and
their respective kinetics were related to the carotenoid
profile of the species. Choo et al. (2005) stated that
photosynthesis in C. glomerata was inhibited by UVB
radiation, and a defense mechanism against UVR-
induced oxidative stress is enabled through an increase
in carotenoid concentration and a functional xantho-
phyll cycle. It is plausible to expect an important role
of carotenoids and NPQ under UV radiation in C.

glomerata and Spirogyra sp., but this will require
further studies on carotenoid quantification, identifi-
cation and interconversion.

Freshwater red algae have a typical response to
irradiance, mostly being considered as shade-adapted
algae (Necchi 2005; Bautista and Necchi 2007),
although they are typically found in shallow parts of
streams and rivers and, thus, are exposed to high solar
radiation during some periods (Sheath and Hambrook
1990; Necchi 2005; Bautista and Necchi 2007). Thus,
they are expected to have mechanisms to cope with
such high irradiances, as shown in some previous
studies (Necchi 2005; Bautista and Necchi 2007;
Aigner et al. 2017). Necchi and Alves (2005) observed
that S. delicatula exhibited a wide range of responses
to irradiance regarding to photosynthetic characteris-
tics. In this study, values of NPQ, AF/F,,, F,/F,, and
recovery capacity of F,/F,, revealed that this alga is
essentially insensitive to UVA and UVAB radiation,
corroborating studies that it could tolerate not only
high irradiances but also UV radiation. Aigner et al.
(2017) reported that exposure to either UVA or UVAB
led to a strong transient drop in effective quantum
yield in B. turfosum, but that alga was capable of
recovering after being removed from UVR treatment.

The synthesis and accumulation of photoprotective
compounds, such as mycosporine-like amino acids
(MAA:s), is one of the strategies used by macroalgae
under exposure to high levels of UV (Sinha and Héder
2002; Hider et al. 2015; Navarro et al. 2016).
Rhodophyta is the algal group that has the highest
percentage of species that synthesize MAAs (Barufi
et al. 2011). Two types of MAAs were identified in S.
delicatula—shinorine and palythine, with the former
corresponding to approximately 80% of the total
MAAs found in this alga. Both MAAs were found in
very low quantities in comparison to marine red algae
(Karsten et al. 1998; Huovinen et al. 2004), similar to
other freshwater red algal species, K. ambigua
(Bautista-Saraiva et al. 2017) but quite different from
L. fluviatilis that had remarkably high amounts
(Arréniz-Crespo et al. 2005).

Although a decrease of MAAs concentrations were
found between UV treatments, the presence of MAAs
suggests that this substance was produced to avoid
photodamage of the photosynthetic apparatus. Arro-
niz-Crespo et al. (2005) have also reported similar
results in which MAA concentrations remained
stable under P and PA regimes and decreased under
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PAB. This could be explained by the apparent
universal sensitivity of MAA to UV-B radiation
(Sinha et al. 2000; Ryan et al. 2002). MAAs have
been reported so far in three members of the freshwa-
ter red algal order Batrachospermales (Arréniz-Crespo
et al. 2005; Bautista-Saraiva et al. 2017; this study),
whereas they have not been detected in B. furfosum by
Aigner et al. (2017).

The two typical sun-adapted lotic green macroal-
gae, C. glomerata and Spirogyra sp., presented distinct
responses to exposure of UV radiation as regard to
photosynthetic performance and chlorophyll a concen-
tration. A more pronounced decrease of F,/F,, and
increase of NPQ under UVA than UVAB was
observed, although chlorophyll a content was lower
under UVAB in C. glomerata. Spirogyra sp. had a
decrease of photosynthesis (AF/F,, and F,/F,,) indi-
cating that UVAB radiation is an important source
energy in the photosynthetic apparatus. Surprisingly,
S. delicatula, a shaded-adapted red alga, exhibited less
sensitivity to UV exposure. These results suggest that
the presence of MAAs is a significant shield of
protection against UV radiation. The plasticity of
photosynthesis is a major attribute that enables
autotrophic organisms to balance energy conversion
and energy consumption by acclimation of the pho-
tosynthetic apparatus (Ensminger et al. 2001) and,
thus, they are able to cope with light climate variations
in terms of global changes.
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