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Abstract
Main conclusion The hormone ABA regulates the
oxidative stress state under desiccation in seaweed
species; an environmental condition generated during
daily tidal changes.
Desiccation is one of the most important factors that determine
the distribution pattern of intertidal seaweeds. Among most
tolerant seaweed is Pyropia orbicularis, which colonizes
upper intertidal zones along the Chilean coast. P. orbicularis
employs diverse mechanisms of desiccation tolerance (DT)
(among others, e.g., antioxidant activation, photoinhibition,
and osmo-compatible solute overproduction) such as those
used by resurrection plants and bryophytes. In these organisms, the hormone abscisic acid (ABA) plays an important
role in regulating responses to water deficit, including gene
expression and the activity of antioxidant enzymes. The present study determined the effect of ABA on the activation of
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antioxidant responses during desiccation in P. orbicularis and
in the sensitive species Mazzaella laminarioides and Lessonia
spicata. Changes in endogenous free and conjugated ABA,
water content during the hydration–desiccation cycle, enzymatic antioxidant activities [ascorbate peroxidase (AP),
catalase (CAT) and peroxiredoxine (PRX)], and levels of lipid
peroxidation and cell viability were evaluated. The results
showed that P. orbicularis had free ABA levels 4–7 times
higher than sensitive species, which was overproduced during
water deficit. Using two ABA inhibitors (sodium tungstate
and ancymidol), ABA was found to regulate the activation of
the antioxidant enzymes activities during desiccation. In
individuals exposed to exogenous ABA the enzyme activity
increased, concomitant with low lipid peroxidation and high
cell viability. These results demonstrate the participation of
ABA in the regulation of DT in seaweeds, and suggest that
regulatory mechanisms with ABA signaling could be of great
importance for the adaptation of these organisms to
dehydration.
Keywords Desiccation tolerance  Oxidative stress 
Pyropia  Water deficit Seaweeds
Abbreviations
ABA Abscisic acid
AP
Ascorbate peroxidase
CAT Catalase
DT
Desiccation tolerance
MEP Methylerythritol phosphate
MVA Mevalonate
MTT (3-[4,5-Dimethylthiazol-2yl]-2,5diphenyltetrazolium bromide)
PRX
Peroxiredoxine
ROS
Reactive oxygen species
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Introduction
Intertidal marine macroalgae are important primary producers that occupy a basal ecological position in aquatic
food webs (Hurd et al. 2014). Seaweed species are distributed along the rocky intertidal zone with a clear vertical
zonation, that is, in bands parallel to the coastline
(Stephenson and Stephenson 1949; Castro and Huber
2003). Rocky intertidal zones are dynamic habitats for
seaweeds as a result of the daily changes in physical conditions associated with tides, which determine the emersion
time of each organism. Thus, organisms closer to the upper
intertidal zone face higher levels of desiccation resulting
from longer periods of emersion. As such, seaweed species
that inhabit the upper intertidal zone are likely adapted to
resist significant intracellular water loss and subsequent
desiccation stress (Flores-Molina et al. 2014). Desiccation
is one of the most critical factors determining the distribution and abundance patterns of intertidal seaweeds, and
the higher the position in the intertidal the higher the level
of desiccation tolerance (DT) (Dring and Brown 1982;
Brown 1987; Bell 1993; Davison and Pearson 1996; Abe
et al. 2001; Shafer et al. 2007; Contreras-Porcia et al. 2011;
López-Cristoffanini et al. 2013; Zardi et al. 2013; FloresMolina et al. 2014).
Pyropia orbicularis M.E. Ramı́rez, L. Contreras-Porcia
& M.L. Guillemin [Ramı́rez et al. 2014; formerly Pyropia
columbina (Montagne) W.A. Nelson] grows abundantly
along the upper Chilean intertidal zone (Guillemin et al.
2016) and displays a remarkably high tolerance to desiccation (Contreras-Porcia et al. 2011). In this species, desiccation may result in up to 96 % loss of water content,
significantly enhancing the production of reactive oxygen
species (ROS) (Contreras-Porcia et al. 2011). However,
ROS are quickly reduced during high tide rehydration as a
result of the activation of an efficient antioxidant system
and various metabolic pathways (Contreras-Porcia et al.
2011, 2012, 2013; López-Cristoffanini et al. 2015). In fact,
functional proteomic and genetic analyses of the natural
hydration–desiccation cycle demonstrated that mechanisms
of DT in P. orbicularis are similar to those reported for
resurrection plants and bryophytes (Contreras-Porcia et al.
2013; Fierro 2013; López-Cristoffanini et al. 2015), a small
group of tolerant plants adapted to tolerate water losses of
up to 90 % (Alpert 2005; Cruz De Carvalho et al. 2011).
On the other hand, seaweeds inhabiting lower intertidal
zones, such as Mazzaella laminarioides (Bory de SainVincent) Fredericq (Rhodophyta, Gigartinales), Ulva
compressa Linnaeus (Chlorophyta, Ulvales), and Lessonia
spicata (Suhr) Santelices (Ochrophyta, Laminariales), are
comparatively more sensitive to desiccation, which seems
related to the absence of efficient mechanisms to attenuate
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the overproduction of ROS during rehydration (ContrerasPorcia et al. 2012; López-Cristoffanini et al. 2013; FloresMolina et al. 2014). Furthermore, sensitive species are
unable to complete the early development stage of their life
cycle under high desiccation but reverse that effect when
they are exposed to P. orbicularis extracts (ContrerasPorcia et al. 2012). These results suggest the presence of
one or more putative DT factors in P. orbicularis that are
not present in sensitive species.
DT mechanisms have been widely studied in tolerant
plants, where the plant hormone abscisic acid (ABA) plays
an essential regulator role in the response to water stress.
Initially, ABA was considered a growth inhibitor (Steadman and Sequeira 1970; Zeevaart and Creelman 1988);
however, ABA has multiple roles in developmental processes and adaptive stress responses to environmental
stimuli (Grill and Himmelbach 1998; Finkelstein et al.
2002; Raghavendra et al. 2010). For example, ABA regulates ion fluxes to reduce the quantity of stoma apertures
during desiccation (Popisilova 2003), regulates the overproduction of osmo-compatible solutes, and the synthesis
of specific proteins such as late embryogenesis abundant
(LEA) or heat shock proteins (HSP), which participates in
water retention and cellular protection in vascular plants
(Zhu 2002; Cutler et al. 2010). ABA also modulates ROS
and antioxidant enzymes such as catalase (CAT), ascorbate
peroxidase (AP), and peroxiredoxine (PRX) resulting in a
greater tolerance to oxidative stress (Jiang and Zhang 2002;
Yoshida et al. 2003; Hu et al. 2005; Gao et al. 2012).
The ABA-controlled processes during desiccation of
plants require a de -novo synthesis of this hormone
(Finkelstein and Rock 2002). ABA is a terpenoid derived
from a five-carbon isopentenyl precursor, and it originates
through one of the two pathways: (a) the methylerythritol
phosphate (MEP) pathway, where ABA is synthesized by
the cleavage of a C40 carotenoid obtained from the C5
precursor isopentenyl diphosphate (IDP), as derived from
pyruvate and the glyceraldehyde 3-phosphate in the plastid;
or (b) the cytoplasmic mevalonate (MVA) pathway, where
ABA is formed from cyclization of the C15 terpenoid,
which is obtained by IDP derived from cytosolic acetyl
coenzyme-A (Milborrow 2001; Finkelstein and Rock 2002;
Seo and Koshiba 2002; Nambara and Marion-Poll 2005).
After undergoing desiccation, ABA levels decrease either
through export from the cells to the external medium or
through degradation via hydroxylation with a cytochrome
P450 monooxygenase, a process that forms phaseic acid
(PA) which can subsequently be reduced to dihydrophaseic
acid (DPA), or conjugated with sugars to form ABA glucosyl ester (ABA-GE), and accumulated in the vacuoles
(Cutler and Krochko 1999; Nambara and Marion-Poll
2005).
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The presence of ABA has been reported in approximately 100 species of algae belonging to the main taxonomic groups, such as Rhodophyta, Ochrophyta,
Haptophyta, Cryptophyta, Dinophyta, Euglenophyta,
Chlorophyta, and Streptophyta (Hartung 2010). On a
functional level, ABA concentration increases under salt
stress and nitrogen deficiency in the microalga Dunaliella salina (Dunal) Teodoresco, and under diverse
stressors such as heat, dryness, acidity, and saltiness in
the microalgae Chlorella vulgaris Beyerinck [Beijerinck]
(Cowan and Rose 1991; Tominaga et al. 1993; Bajguz
2009). ABA also has a protection effect against oxidative
damage by enhancing both the specific activity and
genetic expression of antioxidant enzymes such as CAT
and AP in Chlamydomonas reinhardtii P.A. Dangeard
(Saradhi et al. 2000; Yoshida et al. 2003, 2004). In
addition, this hormone stimulates cyst formations in
Haematococcus pluvialis Flotow (Kobayashi et al. 1997)
and facilitates the development of reproductive tissue in
the seaweed Laminaria japonica Areschoug (Nimura and
Mizuta 2002). Nevertheless, studies have not been conducted to evaluate the involvement of ABA in the activation of tolerance mechanisms against stress/
environmental factors in seaweeds, although, the presence of ABA suggests some physiologic role similar to
that in terrestrial plants (Hurd et al. 2014). Thus, we
hypothesized that ABA is involved in the activation of
desiccation stress tolerance in seaweeds. This hypothesis
is supported by our recent observation at proteomic
level, where desiccation caused an up-regulation of
voltage-dependent anion channels in P. orbicularis
(López-Cristoffanini et al. 2015), consistent with the
report on the activation of those anion channels during
desiccation and saline stress through over-stimulation by
ABA in plants (Geiger et al. 2009; Zörb et al. 2010). In
this context, ABA induction could be part of the physiologic explanation of the differential distribution patterns of seaweeds within the rocky intertidal zone, which
is mediated by DT.

Materials and methods
The relationship of ABA and activation of the tolerance
mechanisms in response to desiccation was determined in
the tissue of Pyropia orbicularis, Mazzaella laminarioides,
and Lessonia spicata by recording free and conjugated
ABA concentration, antioxidant enzymatic activity, oxidation of biomolecules, and cellular viability. These
responses were recorded in plants exposed to in vitro
desiccation stress, which had been previously exposed to
ABA, ABA inhibitors, or filtered seawater (control).
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Sampling conditions
Algal samples were collected in Maitencillo (32°390 1300 S;
71°260 3700 W) and Punta de Tralca (33°260 22.400 S;
71°410 18.200 W), Central Chile. Up to 180 vegetative fronds
of Pyropia orbicularis were collected from the upper
intertidal zone along a 200–300 m transect parallel to the
coastline during periods of natural hydration (i.e. high
tide), desiccation (1, 2, and 4 h), and rehydration (1, 2, and
4 h). Samples from each condition were pooled using
5–8 g of fresh tissue (n = 4–8 plants), frozen in liquid
nitrogen, and kept at -20 °C until processed.
In addition, fronds of P. orbicularis, M. laminarioides,
and L. spicata subjected to at least 4 h of natural hydration
were collected, transported in 0.22 lm of filtered seawater
at 10 °C, and acclimatized for 12 h in a culture room at
12 °C and irradiance of 80–100 lmol photons m-2 s-1.
These plants were exposed to different culture conditions
(see below) prior to desiccation and rehydration
experiments.
Inhibitory cultures and ABA treatments
All hydrated plant samples were cultured in Erlenmeyer
flasks containing 500 ml of filtered seawater (0.22 lm) for
48 h in a culture room at 12 °C, with an irradiance of
80–100 lmol photon m-2 s-1, and with a photoperiod of
L:D 12:12.
Cultures were grown in the presence of the ABA-inhibitors sodium tungstate (1 or 5 mM, Sigma Aldrich, St
Louis, MO, USA) and ancymidol (50 or 100 lM, Sigma
Aldrich) according to previous work in vascular plants.
Tungstate affects the formation of ABA from ABA–aldehyde by impairing ABA–aldehyde oxidase in the MEP
pathway (Hansen and Grossmann 2000). Ancymidol,
described as a gibberellins inhibitor is able to prevent the
incorporation of MVA into ent-kaurenol, thus inhibiting
ABA biosynthesis, more likely through the MVA pathway
(Coolbaugh and Hamilton 1976; Norman et al. 1983).
Additional cultures were grown in the presence of
sodium tungstate ((1 mM) ? ABA (100 or 200 lM) [(±)abscisic acid, Sigma Aldrich]) to compensate intracellular
ABA reduction brought on by tungstate, with exogenous
ABA. Samples were also grown in culture medium containing exogenous ABA (200 lM) to induce a more
effective tolerance response to desiccation stress. Finally,
control cultures with only 0.22 lm filtered natural seawater
were included in the experimental set up.
All cultures were maintained for 48 h before being
subjected to in vitro desiccation and rehydration experiments (see below). Each treatment was performed in
triplicate.

123

770

In vitro desiccation–rehydration experiments
The desiccation–rehydration experiments were implemented according to Contreras-Porcia et al. (2011) and
Flores-Molina et al. (2014). The experiments used 4 h of
desiccation and 2 h of rehydration. For in vitro desiccation,
plants were initially blotted dry and exposed to air in a
growth chamber during 4 h at 12 °C and with an irradiance
of 70–80 lm photon m-2 s-1.
Following desiccation, a subset of dehydrated fronds
was immediately rehydrated in 0.22 lm of filtered seawater for 2 h to characterize the recovery from oxidative
stress. Rehydration time was selected as the tissues of all
algal species included in this study reached 95–100 %
relative water content (RWC) at this point (Flores-Molina
et al. 2014). The remaining dehydrated samples were
immediately frozen at -20 °C.
For all samples, we determined: (a) free and conjugated
ABA concentrations in algal tissue, (b) specific activity of
the antioxidant enzymes AP, CAT, and PRX as specific
response to desiccation stress, (c) levels of lipid peroxidation as a marker for oxidative damage of cell membranes, and (d) metabolic activity as a marker of cell
viability.
Relative water content (RWC)
The extent of desiccation experienced by different algal
species during the in vitro trials was expressed through
RWC (%) following the formula RWC % = [(Wd - Wdo)
9 (Wf - Wdo)-1] 9 100, where Wf is the wet weight of
fully hydrated fronds, Wd is the dehydrated weight after
desiccation, and Wdo is the dry weight determined after
48 h of drying at 80 °C. Through this, the RWC reflects the
extent of desiccation, with a fully hydrated thallus having a
RWC of 100 % and a fully dehydrated thallus having a
RWC near 0 %. A lower RWC indicates higher
desiccation.
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NaOH, and 50 ml of ethyl acetate was added to obtain the
free ABA fraction. After a new adjustment to pH 11, the
extract was incubated for 1 h at 70 °C, and the same procedure as previously described was used for isolating the
conjugated fraction of ABA. The ethyl acetate was evaporated using a rotary evaporator (Equilab Re200B) at
45 °C, re-suspended in 1.5 ml of the same solvent, fully
dried under a speed-vac (Savant SPD 1010, Thermo Scientific, Waltham, MA, USA) at 45 °C, and re-suspended in
50 ll of 100 % isopropanol.
A thin layer chromatography (TLC) with silica plates
(TLC Silica gel 60 F254, Merck) using i-PrOH:NH4OH:H2O (10:1:1, by vol.) as a buffer solution allowed us to
purify the extracts containing free or conjugated ABA.
Samples were co-migrated with commercial ABA (Sigma
Aldrich) and revealed under UV light. ABA spots were
scraped, dissolved in 1 ml of 100 % methanol, and quantified at 263 nm using a UV/Visible SmartSpec 3000
spectrophotometer (BioRad, Hercules, CA, USA). Final
free and conjugated ABA concentrations were estimated
using a standard curve prepared with 0.5–20 lg ml-1 of
ABA (Sigma). All measurements were taken in triplicate.
To confirm the presence of ABA from the spots, samples
were analyzed by high-performance liquid chromatography
(HPLC) with a mobile phase of 55 % methanol in 0.1 M
acetic acid and with a positive control of commercial ABA
(5 lg ml-1) (see Supplementary Material S1).
Extraction and quantification of proteins
Algal samples were frozen in liquid nitrogen and homogenized in a mortar with a pestle. Proteins were then precipitated with ammonium sulfate and stabilized in 2 mM
2-mercaptoethanol (Contreras et al. 2005). Quantification
was achieved by the bicinchoninic acid assay (Smith et al.
1985) using a Thermo Scientific Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific).
Activity of antioxidant enzymes

Abscisic acid extraction and quantification
Free and conjugated ABA concentrations were measured in
Pyropia orbicularis in accordance with natural desiccation
(1, 2, and 4 h of air exposure during low tide) and rehydration (1, 2, and 4 h), following Ünyayar et al. (1996)
with minor modifications. ABA levels were also determined in P. orbicularis, M. laminarioides, and L. spicata
exposed to in vitro desiccation–rehydration. In all cases,
0.5–1 g of dry weight (DW) tissue was homogenized in
60 ml of methanol:chloroform: 2 N ammonium hydroxide
(12:5:3, by vol.). The extract was treated with 25 ml of
Milli-Q water, and the chloroform phase was discarded.
The water phase was adjusted to pH 2.5 with HCl or
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Ascorbate peroxidase (AP) activity in P. orbicularis and L.
spicata was determined in a reaction mixture containing
0.2 mM ascorbate (ASC) and 16 mM hydrogen peroxide
(H2O2). For M. laminarioides, mixture contained 0.4 mM
ASC and 20 mM H2O2. Enzymatic activity was determined
by adding 50–100 lg of proteins in a phosphate buffer
(0.1 M, pH 7.0) to a final volume of 1 ml, with subsequent
readings at 290 nm each 30 s for 3 min using a UV/Visible
SmartSpec 3000 spectrophotometer (BioRad). AP activity
was calculated by the consumption rate of ASC using the
ASC extinction molar coefficient (e = 2.8 mM-1 cm-1).
CAT activity was measured in a reaction mixture containing 14 mM H2O2 and 50–100 lg of proteins to a final
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volume of 1 ml in a phosphate buffer (0.1 M, pH 7.0).
CAT activity was determined by the consumption rate of
H2O2 at 240 nm for 5 min, with absorbance measurements
taken each 30 s and with calculations made using the H2O2
extinction molar coefficient (e = 39.4 mM-1cm-1).
PRX activity was determined according to Lovazzano
et al. (2013) by pre-incubating 50–100 lg of protein
extract with 0.2 mM dithiothreitol (DTT) in a phosphate
buffer (0.1 M, pH 7.0) for 30 min at 37 °C. The reaction
was initiated by adding 50 lM of H2O2 to the protein
extract and incubating for 30 min at 37 °C. The reaction
was stopped by adding trichloroacetic acid (TCA) to a final
concentration of 10 % and by centrifuging at 18,700g for
10 min to precipitate the proteins. A 700 ll aliquot of the
supernatant was mixed with 200 ll of 10 mM (NH4)2Fe(SO4) and 100 ll of 2.5 M KSCN. These compounds
reacted with the remaining peroxide to form a red-colored
complex (Thurman et al. 1972). Peroxide concentrations
were measured by spectrophotometry at 480 nm.
Lipoperoxide concentration
Lipid peroxidation levels were determined through the
amount of thiobarbituric acid reactive species (TBARS) by
using 0.1-0.5 g of dried tissue and the procedures described
by Ratkevicius et al. (2003).
Cell viability and microscopic observations
Cell viability was determined through the reduction of
MTT (3-[4,5-dimethylthiazol-2yl]-2,5-diphenyltetrazolium
bromide) (Sigma Aldrich) from the mitochondrial electron
transport chain to a blue formazan product within viable
cells (Towill and Mazur 1975). Fronds were cut to
approximately 1 cm2, immersed in 2 ml of 1.25 mM MTT
and 3 % NaCl in a 50 mM phosphate buffer (pH 7.4), and
kept for 20 h in the darkness without shaking, as outlined
by Chang et al. (1999). Subsequently, 8 ml of 95 % ethanol
were added and the samples incubated in boiling water for
20 min to extract the formazan product, measured by
spectrophotometry at 570 nm. Finally, the loss of chlorophyll autofluorescence, which accounts for cell damage
principally in sensitive species was monitored using a
Nikon Eclipse Ti inverted confocal microscope following
Ritter et al. (2010). For P. orbicularis the images were
obtained from the surface of the tissue, and for the sensitive
species from hand-cut cross sections of the fronds.
Statistical analyses
Significant differences among ABA concentrations during
exposure to natural desiccation-rehydration were determined by one-way analysis of variance (ANOVA)
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followed by Tukey’s (T) analysis. Significant differences
for all parameters determined from the in vitro experiments
for each species were determined by two-way analysis of
variance (ANOVA) followed by T analysis, where the
cultures and treatments (hydration, desiccation, and rehydration) were fixed effect factors. Prior to the statistical
analyses using the MINITAB 16 software, data were
transformed to Log (X ? 1) checked for variance homogeneity using the Bartlett’s and Levene’s tests and for
normal distribution using the Anderson–Darling test (Zar
2010). Differences between mean values were considered
to be significant at a probability of 5 % (P \ 0.05).

Results
Natural extent of desiccation and ABA
concentration in Pyropia orbicularis
Under natural desiccation conditions, P. orbicularis displayed a low (ca. 18 %) RWC after 4 h of air exposure
(Fig. 1). However, 100 % RWC was quickly restored after
only 1 h of rehydration during high tide. A significant
decrease in free ABA concentration was measured during
the first 2 h of desiccation (T = 5.37; P = 0.0015), which
was followed by an over-accumulation of this hormone
after 4 h of desiccation (ca. 31.28 lg g DW-1) (Fig. 1).
This accumulation was three times higher than the values
from natural hydrated fronds (ca. 12.01 lg g DW-1)
(T = 3.56; P = 0.0382), and decreased during rehydration
to reach a concentration significantly lower than the basal
level after 4 h of rehydration (ca. 2.1 lg g DW-1)
(T = 5.99; P = 0.0005). On the other hand, levels of
conjugated ABA slight but significantly increased after 4 h
of desiccation (ca. 5.87 lg g DW-1) in comparison with
hydrated values (ca. 1.72 lg g DW-1) (T = 3.90;
P = 0.0207). Subsequently, a slow decrease occurred,
becoming significant only after 4 h of rehydration reaching
values similar to hydration (T = 0.45; P = 0.9991)
(Fig. 1).
Inhibitory effects of sodium tungstate
and ancymidol on ABA production in Pyropia
orbicularis
Similar to what occurred under natural desiccation, control
cultures exposed to in vitro desiccation showed significant
increases of free and conjugated ABA concentration in
relation to basal values (ca. 29.9 and 5.96 lg g DW-1,
respectively) (Fig. 2).
In cultures enriched with tungstate (T = 6.67;
P = 0.0001) and ancymidol (T = 7.61; P \ 0.0001), free
ABA in hydrated plants dropped by 80 % in comparison
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Fig. 1 Relative water content
(RWC %, black triangle) and
free (gray circles) and
conjugated (gray squares) ABA
concentration during the natural
hydration (H), desiccation
(D) and rehydration (RH) cycle
in Pyropia orbicularis. Values
represent the mean of 3
replicates ± SD. DW dry
weight

Fig. 2 ABA quantification in
Pyropia orbicularis under
hydration (white bars),
desiccation (dark gray bars),
and rehydration (gray bars)
from the following in vitro
cultures: seawater (control),
sodium tungstate (Tun, 1 mM),
ancymidol (Ancy, 50 lM), Tun
(1 mM) ? ABA (200 lM), and
ABA-enriched cultures
(200 lM). Free (a) and
conjugated (b) ABA
concentrations. Values represent
the mean of 3 replicates ± SD.
DW, dry weight. Letters
indicate significant differences
(P \ 0.05) between treatments
in each culture. Asterisk above
the histograms indicates
significant differences with the
same treatment in the control
group

with the control group (Fig. 2a). Under desiccation, overproduction of free ABA was evident for the tungstate group
but not for plants treated with ancymidol; however, this
accumulation was only 50 % of that in desiccated controls
(T = 7.93; P \ 0.0001) (Fig. 2a). ABA attenuation was
registered in either hydrated (T = 7.61; P \ 0.0001) or
desiccated (T = 20.76; P \ 0.0001) tissue of the
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ancymidol cultures, and was only similar to the control
during rehydration (T = 3.42; P = 0.058) (Fig. 2a).
In comparison with the control cultures, treatment with
1 mM tungstate ? 200 lM ABA had no significant effect
on free ABA measured in hydrated or desiccated plants
(Fig. 2a). In contrast, during rehydration free ABA levels
were higher than those registered in the same condition in
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the control cultures (T = 7.49; P \ 0.0001). Thus, inhibition of ABA production in tungstate-enriched cultures
appeared to overcome by exogenous ABA.
Finally, exposure to 200 lM of exogenous ABA caused a
significant increase in free ABA measured in hydrated
(180 %; T = 7.66; P \ 0.0001) and desiccated (100 %;
T = 10.57; P \ 0.0001) fronds (Fig. 2a) in comparison with
those registered in the control cultures. Such effect was not
recorded in rehydrated fronds (T = 0.22, P = 0.99; Fig. 2a).
Although conjugated ABA concentration in hydrated
fronds tended to increase when exposed to either ABA
inhibitor, differences with control cultures were only significant in ancymidol cultures (tungstate: T = 2.09,
P = 0.503; ancymidol: T = 3.36; P = 0.023) (Fig. 2b).
On the other hand, a significant increase of conjugated
ABA was detected in hydrated (T = 7.12; P = 0.0001)
and desiccated (T = 3.39; P = 0.047) tissue from 1 mM
tungstate ? 200 lM ABA cultures, which were 2–5 times
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higher than controls (Fig. 2b). Moreover, desiccated tissue
from ABA-enriched cultures registered a significant 70 %
reduction in the concentration of conjugated ABA in
comparison with control cultures in the same condition
(T = 6.16; P = 0.0001) (Fig. 2b).
ABA participation in the activation of antioxidant
enzymes during desiccation in Pyropia orbicularis
In control cultures, specific activities of AP (T = 5.33;
P = 0.0043), CAT (T = 6.06; P = 0.0022), and PRX
(T = 5.40; P = 0.004) were significantly higher during
desiccation than in hydration conditions, and basal levels
were recovered during rehydration (in all cases P [ 0.05)
(Fig. 3a–c). Contrary to this, AP and CAT in desiccated
plants were inhibited by tungstate or ancymidol (all cases
P [ 0.05), whereas PRX activity was inhibited only using
sodium tungstate 5 mM (40 % of reduction).

Fig. 3 Specific antioxidant
activity of AP (a), CAT (b), and
PRX (c) in Pyropia orbicularis
under hydration (white bars),
desiccation (dark gray bars),
and rehydration (gray bars)
from the following in vitro
cultures: seawater (control),
sodium tungstate (Tun, 1 mM or
5 mM), ancymidol (Ancy,
50 lM), Tun (1 mM) ? ABA
(200 lM), and ABA-enriched
cultures (200 lM). Values
represent the mean of 3
replicates ± SD. Letters
indicate significant differences
(P \ 0.05) between treatments
in each culture. Asterisks on the
bars indicate significant
differences with the same
treatment in the control group
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A similar response as in the control group was recorded
in all enzymes measured in the hydrated and desiccated
tissue of plants exposed to 1 mM tungstate ? 200 lM
ABA (Fig. 3a–c). On the other hand, ABA addition to the
culture media caused a significant increase of all activities
in hydrated fronds as compared to controls (all cases
P \ 0.05). In addition, during rehydration only CAT
activity was higher than control (T = 4.53; P = 0.007)
(Fig. 3b). Therefore, these results confirm that ABA is
involved in the up-regulation of AP, CAT, and PRX in
Pyropia orbicularis during hydration-desiccation cycle.
ABA-enriched cultures and the control of lipid
peroxidation (LPX) in Pyropia orbicularis
In control cultures, LPX concentration remained unchanged during all experimental treatments (F = 4.26;
P = 0.071) (Fig. 4a). A significant increase of LPX was
registered during desiccation with tungstate cultures
(T = 3.7; P = 0.004). On the other hand, when desiccation
is compared to hydration, treatment with ancymidol

Fig. 4 Cellular alterations
measured by lipoperoxide
concentration (a) and cell
viability (b) in P. orbicularis
under hydration (white bars),
desiccation (dark gray bars),
and rehydration (gray bars)
from the following in vitro
cultures: seawater (control),
sodium tungstate (Tun, 1 mM),
ancymidol (Ancy, 50 lM), Tun
(1 mM) ? ABA (200 lM), and
ABA-enriched cultures
(200 lM). Representative
images of chlorophyll
autofluorescence were taking
after full hydration (8 h),
desiccation (4 h) and
rehydration (2 h) periods.
Values represent the mean of 3
replicates ± SD. The MTT
reduction is expressed as the
ration between the absorbance
value and the fresh weight used.
Letters indicate significant
differences (P \ 0.05) between
treatments in each culture.
Asterisks on the bars indicate
significant differences with the
same treatment in the control
group
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(T = 2.75; P = 0.195) was associated with a LPX
increase. Combined tungstate ? ABA did not induce significant changes, regardless of the hydration condition,
with values similar to the controls (F = 1.01; P = 0.334).
Finally, a significant decrease in LPX concentration was
registered in the ABA-enriched cultures during hydration
and desiccation treatments (ca. 40 %) (P \ 0.001) (Fig. 4).
Cellular viability and microscopic observations
Desiccation and ABA-inhibition did not generate a significant reduction on cellular viability in the tolerant species P. orbicularis (all comparisons P [ 0.05) (Fig. 4b),
despite low values registered during rehydration under both
inhibitors. No visible changes in chlorophyll autofluorescence were registered in hydrated, desiccated, and rehydrated tissue from all cultures evaluated (Fig. 4b). The
higher intensity of chlorophyll observed in desiccated tissue may result from a decrease in cell volume during this
condition and/or an increase of energy dissipation as was
determined previously by Contreras-Porcia et al. (2011).
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Fig. 5 Free (a, b) and conjugated (c, d) ABA concentration in the
sensitive species Mazzaella laminarioides and Lessonia spicata,
under 200 lM ABA-exposure and seawater (control). Values represent the mean of 3 replicates ± SD. Letters indicate significant

differences (P \ 0.05) between treatments in each culture. Asterisks
on the bars indicate significant differences with the same treatment in
the control group

Desiccation stress tolerance induced by ABA
in sensitive species

Exogenous ABA had a significant impact, increasing
free ABA levels during hydration and desiccation in both
species (ca. 2–6 times) (Fig. 5a, b) (in all cases P \ 0.05).
In L. spicata this increase remained high during rehydration compared with the same conditions in the control
cultures (T = 10.37; P \ 0.0001; Fig. 5b). Conjugated
ABA concentration during hydration in M. laminarioides
(Fig. 5c) was higher under ABA exposure than in the
control culture (T = 8.45; P \ 0.0001), while in L. spicata
was higher in all conditions (in all cases P \ 0.0001)
(Fig. 5d). These results indicate an active intracellular
absorption of ABA from the ABA-enriched culture
medium.

Natural extent of desiccation and ABA concentration
Plants exposed to desiccation displayed low relative water
content (RWC %), ranging between 3.6 and 9.2 %. During
rehydration these levels fluctuate between 70 % (L. spicata) and 89 % (M. laminarioides), in comparison with P.
orbicularis which reached a 100 % RWC during the same
experimental time.
During the hydration–desiccation cycle, desiccation
causes a significant increase of free ABA only in M. laminarioides (ca. 4.78 lg g DW-1) (T = 4.03; P = 0.0162)
(Fig. 5a), but not in L. spicata (Fig. 5b), and this concentration decreased to basal levels during rehydration
(T = 0.47; P = 0.97) (ca. 2.9 lg g DW-1) (Fig. 5a). On
the other hand, conjugated ABA concentrations remained
unchanged in hydration, during desiccation and rehydration
both in M. laminarioides (ca. 0.69, 0.84 and 0.15 lg g
DW-1, respectively) (Fig. 5c) and L. spicata (1.75, 1.89
and 1.84 lg g DW-1, respectively) (Fig. 5d) (in all cases
P [ 0.05).

Enzymatic antioxidant activity induced by ABA in sensitive
species
The AP (F = 2.4; P = 0.133) and CAT (F = 1.9;
P = 0.19) activities in M. laminarioides showed no significant differences under the control conditions (Fig. 6a,
c). However, under ABA-exposure, AP (T = 3.76;
P = 0.0254) and CAT (T = 4.78; P = 0.0046) activities
during hydration were higher than in the controls.
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Fig. 6 Specific antioxidant activity of AP (a, b), CAT (c, d), and
PRX (e, f) in the sensitive species Mazzaella laminarioides and
Lessonia spicata, under 200 lM ABA-exposure and seawater (control). Values represent the mean of 3 replicates ± SD. Letters indicate

significant differences (P \ 0.05) between treatments in each culture.
Asterisks on the bars indicate significant differences with the same
treatment in the control group

Similarly, CAT activity during desiccation (T = 3.53;
P = 0.038) and rehydration (T = 5.56; P = 0.0013) was 4
and 7 times higher, respectively (Fig. 6c). PRX activity
showed an increase during desiccation in the control culture (T = 4.48; P = 0.009). In addition, during ABA
exposure this activity significantly increased in all experimental conditions (in all cases P \ 0.01), except during
desiccation (T = 2.89; P = 0.107) (Fig. 6e).
In the control culture for L. spicata, only AP activity
(T = 6.385; P = 0.0004) increased during desiccation
(Fig. 6b). However, under ABA exposure AP and CAT
activities were increased during hydration and desiccation
(Fig. 6b, d) when compared with the controls (in all cases
P \ 0.05). Finally, PRX activity was not induced by any
treatment for the control culture. However, it was induced

significantly during hydration (T = 4.72; P = 0.005) and
desiccation (T = 5.44; P = 0.0016) under ABA exposure
(Fig. 6f). These results demonstrate enzymatic induction
mediated by ABA in both intertidal sensitive species.
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Oxidative damage in sensitive species: ABA control of lipid
peroxide (LPX) production and cell viability
LPX production in M. laminarioides increased significantly
during desiccation (T = 3.82; P = 0.0074) and rehydration (T = 5.17; P = 0.0008) in the controls (Fig. 7a). In L.
spicata, high levels were maintained without significant
variations (F = 0.94; P = 0.443) (Fig. 7b). In contrast,
under ABA exposure both species significantly reduced
LPX concentration during hydration and rehydration (in all
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Fig. 7 Cellular alterations measured by lipoperoxide concentration
(a, b) and cell viability (c, d) in the sensitive species Mazzaella
laminarioides and Lessonia spicata, under 200 lM ABA-exposure
and seawater (control). (e, f) Image representatives of chlorophyll
autofluorescence after full hydration (8 h), desiccation (4 h) and
rehydration (2 h) periods from control or ABA-enriched tissue. The

MTT reduction is expressed as the ration between the absorbance
value and the fresh weight used. Values represent the mean of 3
replicates ± SD. Letters indicate significant differences (P \ 0.05)
between treatments in each culture. Asterisks on the bars indicate
significant differences with the same treatment in the control group

cases P \ 0.01) (Fig. 7a, b). However, this reduction was
not detected in desiccated tissue.
Cellular viability of M. laminarioides as evaluated
through MTT reduction, significantly decreased when
fronds were rehydrated after 2 h of desiccation in the
control culture (T = 3.40; P = 0.0052) (Fig. 7c). Contrarily, cellular viability was not affected by any treatment
culture under ABA exposure (in all cases P [ 0.05)
(Fig. 7c). In L. spicata, cell viability was significantly
reduced during desiccation and rehydration in both controls
and ABA-enriched cultures (in all cases P \ 0.01)
(Fig. 7d). Finally, no visible alterations of chlorophyll
autofluorescence were demonstrated in M. laminarioides
under desiccation or rehydration for any culture (Fig. 7e).
However, a clear reduction of chlorophyll autofluorescence

was registered in L. spicata under both conditions, even
when exposed to ABA (Fig. 7f).

Discussion
Due to daily tide cycles, algal species inhabiting the
intertidal zone are repeatedly exposed to long periods of
air. This condition results in a loss of intracellular water
content, which is commonly known as desiccation. Our
results demonstrated that during periods of desiccation,
concentration of ABA increased significantly in P. orbicularis, such as in vascular plants (Schiller et al. 1997;
Ikegami et al. 2009), returning to the basal levels during
rehydration. Indeed, inhibition of ABA production resulted
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in an increased stress, expressed as an inactivation of
antioxidant enzymes and consequently, oxidation of biomolecules during desiccation. In addition, comparative
data evidence that low tolerance to desiccation in sensitive
species could be in part explained by a low accumulation of
ABA and, as such, a reduced activation of the antioxidant
system.
Concentration of ABA in Pyropia orbicularis
during cycles of desiccation and rehydration
Our results showed that ABA levels decreased after two
hours of desiccation but significantly increased after four
hours, reaching levels close to 3-fold those in hydrated
fronds. This response was likely associated with the low
levels of intracellular water, indicating that an increase in
ABA is triggered by water loss most likely as a result of
decreased cellular turgor (Pierce and Raschke 1980).
Subsequent results supported this hypothesis, with rehydration inducing a decrease in free ABA until reaching the
basal levels. This is in line with observations in vascular
plants, where water deficit or increased salt concentration
induces a strong increase of intracellular ABA, triggering
ABA-dependent protection responses (Jiang and Zhang
2002; Raghavendra et al. 2010). This physiologic regulation is determined primarily by the de novo synthesis of
this hormone as well as a redistribution of circulating ABA
in the cell (Finkelstein and Rock 2002).
Our study also indicates that the over-production of
ABA is inhibited by sodium tungstate or ancymidol.
Interestingly, under tungstate cultures was evidenced a
slight increase of ABA during desiccation, evidenced that
tungstate was not strong enough for ABA inhibition. In this
context, other studies have described that sodium tungstate
prevents the oxidation of ABA-aldehyde to form ABA
(Hansen and Grossmann 2000). However, at least another
two final intermediates have been characterized in vascular
plants (ABA–alcohol and xantic acid) (Cutler and Krochko
1999; Seo and Koshiba 2002) which, if present in P.
orbicularis might account for the increase in ABA during
desiccation, even in the presence of an inhibitor.
In P. orbicularis during rehydration, accumulated ABA
was rapidly removed until reaching basal levels. In vascular plants, a similar reduction could be due to transport
mechanisms through the cell membrane, hydroxylation of
the hormone, or its conjugation with sugars (Cutler and
Krochko 1999; Nambara and Marion-Poll 2005). In our
study, the results on conjugated ABA indicate that the
quantity of ABA derived from the conjugated state was not
related to the decrease of free ABA. This suggests that the
main mechanism for ABA concentration decay would be
through hydroxylation or its direct transport across the
membrane to the external medium. Other studies in
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microalgae such as Dunaliella salina and Chlamydomonas
reinhardtii have found a significant transport of ABA from
cells to the external medium (Tietz et al. 1989; Cowan and
Rose 1991).
On the other hand, conjugated ABA concentrations in P.
orbicularis tended to increase when fronds were exposed to
a biosynthetic inhibitor. This suggests that the inhibitor
indirectly increases ABA conjugation as a cellular mechanism to buffer a potential drop in the levels of this hormone. Considering that conjugated ABA can be stored in,
and subsequently liberated from, the vacuoles (Bray and
Zeevaart 1985; Cutler and Krochko 1999), this strategy
would allow the cells to store ABA. Moreover, exposure to
sodium tungstate and exogenous ABA resulted in a still
greater accumulation of conjugated ABA, apparently as an
effect of tungstate exposure as well as a greater bioavailability of free ABA.
Regulation of desiccation stress in Pyropia
orbicularis by ABA
There are many studies in vascular plants on the involvement
of ABA in regulating a variety of processes, including
adaptive responses to hydric stress (e.g. Zeevaart and
Creelman 1988; Werner et al. 1991; Zhang et al. 2006).
However, until now, no studies had evaluated the role of
ABA in intertidal macroalgae. The present results are
therefore the first to describe the role of this hormone in the
regulation of antioxidant mechanisms during desiccation for
these organisms. The results indicated that the accumulation
of ABA leads to an increase in the specific activity of the
antioxidant enzymes AP, CAT, and PRX, thereby preventing
molecular oxidative damage. Regulation on an enzymatic
level has been recorded in leaves of Zea mays, where exposure to exogenous ABA resulted in increased activity of the
antioxidant system during hydric stress (Jiang and Zhang
2002). Similar results were obtained in the microalga Chlamydonomas reinhardtii, where the transcription and
activity of the enzymes SOD, AP, and CAT increased after
ABA exposure (Yoshida et al. 2003, 2004).
Despite ABA inhibition, and consequent attenuation of
oxidative stress tolerance mechanisms, P. orbicularis
maintained cell viability without significant changes. This
result could be explained by the presence of a more complex defense mechanisms triggered by desiccation (Contreras-Porcia et al. 2011, 2012, 2013; López-Cristoffanini
et al. 2015), comprising ABA-independent pathways. This
is consistent with the reports by Shinozaki and YamaguchiShinozaki (1997, 2000), who hypothesized that both ABAdependent and ABA-independent signaling pathways are
simultaneously activated during periods of stress; a suggestion supported by the expression of some genes during
desiccation but not during exogenous ABA treatment. This
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condition would help to further explain the high ability of
P. orbicularis to resist water loss as a product of daily tide
cycles.
Increased tolerance to desiccation stress mediated
by ABA in sensitive species
During desiccation in sensitive species, only a slight activation of antioxidant enzymes occurs, making these species
more susceptible to the damage caused by a low level of water
content and oxidative stress, ultimately limiting their colonization of the higher intertidal zone (Contreras-Porcia et al.
2012; Flores-Molina et al. 2014). Indeed, the present study
only detected a slight increase in the activation of PRX and AP
in M. laminarioides and L. spicata, respectively, which can be
explained by the low levels of ABA as well as to the incapacity
to over-produce ABA during desiccation. In turn, when cultures of M. laminarioides and L. spicata were enriched with
exogenous ABA, there was greater activity of the antioxidant
enzymes AP, CAT, and PRX during both hydration and desiccation, which was coincident with decreased cell membrane
damage. Similar results have been reported in vascular plants
(Bartels et al. 1990; Jiang and Zhang 2002), molds (Werner
et al. 1991), bacteria (Karadeniz et al. 2006), and microalgae
(Yoshida et al. 2003; 2004). Together, these studies support
the idea that responses mediated by ABA are a conserved trait
in photosynthetic organisms (Hartung 2010).
Relation between ABA concentration, desiccation
tolerance, and the distribution of species
in the intertidal zone
Since ABA is involved in the activation of desiccation
tolerance mechanisms, it is expected that algae at the upper
limit of the intertidal zone would have higher concentrations of ABA or a better ability to over-produce ABA
during stress than those at the lower limit. Supporting this,
P. orbicularis, a species highly tolerant to desiccation,
maintained concentrations of ABA 4-fold greater during
hydration and 6 or 7 fold greater during desiccation than M.
laminarioides and L. spicata, respectively. In addition, the
accumulation of ABA in P. orbicularis during desiccation
was 3-fold higher than its basal levels, which was greater
than the 1.7- and 1.3-fold differences recorded for M.
laminarioides and L. spicata, respectively. Considering
only the basal ABA levels, these results coincide with a
study by Stirk et al. (2009), where individuals of Ulva
fasciata collected from the upper intertidal zone had higher
ABA concentration than individuals of Dictyota humifusa
collected from the middle intertidal zone. However, these
results are contrary to Yokoya et al. (2010) who found that
Pyropia acanthophora, a species highly tolerant to
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desiccation that inhabits the upper intertidal zone, had a
lower concentration of ABA than other species from the
middle and low intertidal zones. Moreover, when comparing different studies that evaluate the basal ABA concentrations, it is not possible to establish a correlation between
the intertidal position of the species and the concentration of
this hormone (see Supplemental Material 2). Regarding
this, studies have suggested that inconsistencies do exist for
correlations between ABA activity and desiccation in vascular plants and bryophytes (Alpert 2000). However, these
previous studies have only considered basal ABA levels and
have not incorporated in the analysis the ability to overproduce this hormone during periods of stress. Since ABA
concentration depends on a balance between synthesis and
catabolism of this hormone (Nambara and Marion-Poll
2005), the ability to over-produced ABA during periods of
stress is essential for the protector role of this hormone.
Indeed, under saline stress, where protection mechanisms
are closely related to desiccation (Zhang et al. 2006), the
greater tolerance of the vascular plant Brassica napus as
compared to the sensitive B. carinata is due to a high
accumulation of ABA during stress (He and Cramer 1996).
Considering this and our own results, it is suggested that
tolerant species such as P. orbicularis possess a higher
capacity to accumulate ABA during periods of stress, which
translates into a greater regulation of desiccation tolerance
mechanisms as compared to sensitive species.

Conclusion
The results presented in this study evidenced that ABA has
a regulatory role in attenuating oxidative stress produced
by desiccation in seaweeds. Accumulation of this hormone
during desiccation plays an important role in order to
activate the antioxidant enzymatic responses and attenuate
the damage of biomolecules. Exogenous ABA increases
the antioxidant capacity, demonstrating the importance of
this hormone in the regulation of the desiccation tolerance
mechanism.
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