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Introduction

Abstract

This study investigates the influence of fluctuating emersion and submersion on
growth and biochemical composition of Ulva australis to elucidate their mechanisms
of environmental stress adaptation. Thalli of U. australis were grown under laboratory
conditions with varying emersion durations i.e. 0.5 h, 1.0 h, 2.0 h, and 5.0 h every 12
h. Biochemical composition was analyzed at final stages of thalli growth focusing on
total solute carbohydrate and osmolyte content. The results showed that mild
emersions (0.5 h, 1.0 h, and 2.0 h every 12 h) have significantly higher growth rate and
total solute carbohydrates contents, compared to thalli without emersion, while
during 5.0 h emersion, growth rate was significantly lower than those without
emersion. Thalli with 5 h emersion had higher osmolyte content compared to the
control (P<0.05). Under mild emersion, algae show increased total solute carbohydrate
content, indicating enhanced energy storage and maintenance of metabolic processes.
While increased osmolyte contents act as osmoprotectant under severe emersion to
prevent cellular damage from desiccation. These observed biochemical changes
provide insights into the mechanisms of stress adaptation in marine macroalgae, which
could have broader implications for understanding and managing coastal ecosystems
under changing environmental conditions.

environments and eutrophic intertidal regions. (Yan et
al., 2010). It is characterized by its ability to grow freely,

Marine algae living in the upper intertidal region
face significant stress due to frequent fluctuations in
physicochemical environmental conditions, associated
with tidal changes. Desiccation, temperature change,
exposure to solar radiation and salinity are the major
stresses encountered by macroalgae (Contreras- Porcia
et al.,, 2022). Certain intertidal macroalgae, such as
green algae (genus Ulva) and red algae (genus Porphyra)
can particularly tolerate the desiccation, just like
resurrection plants having desiccation tolerant
vegetative tissues (Xie et al., 2013; Guajardo et al.,
2016). However, the ability of macroalgae to tolerate
the desiccation may differ among the species due to
their distinct tidal habitats.

Ulva australis (sea lettuce), widespread green
macroalgae species mainly inhabits the shallow marine

so it can be found both suspended as well as floating on
the seawater surface. In coastal areas, intertidal
macroalgae experience desiccation due to high
temperature and UV radiation exposure during
emersion periods. The stress caused by salinity
fluctuation and  desiccation  induces  various
morphological and physiological changes, including
increased production of reactive oxygen species (ROS),
which can induce lipid peroxidation, oxidative stress,
damage biological molecules like cell membrane,
proteins and nucleic acids (Soares et al., 2019). Such
prolonged desiccation can also reduce the
photosynthetic rate by disrupting the efficiency of
photosystems | and Il (Flores-Molina et al., 2014). Stress
associated with salinity changes and desiccation results
in discharge of ions from plasma membrane,


http://orcid.org/0009-0000-4030-0559
http://orcid.org/0000-0002-1682-8537

Turkish Journal of Fisheries & Aquatic Sciences

TRJIFAS27692

crystallization of solutes, fluctuation in pH, and
structural degradation of proteins (Bischof &
Rautenberger, 2012). All these stresses may ultimately
lead to reduced growth rates under prolonged
emersion.

Oceanic tidal cycle is a primary factor in the
variability of environmental conditions, causing
intertidal species to experience the alternating periods
of emersion and submersion. This situation affects the
accessibility of oxygen and food to the organisms, as
well as induces the risk of desiccation and temperature
fluctuation. As a result, these intertidal organisms have
adapted themselves to respond oxygen scarcity,
significantly reducing their metabolic rate, which may
nearly decrease 99% of their aerobic metabolism (Abele
et al., 2011; Haider et al., 2020; Steffen et al., 2021).
When these organisms are re-submerged, they undergo
reoxygenation and sudden intake of oxygen in their
body results in increased production of ROS (Kalogeris
et al., 2014). Intertidal seaweeds have developed
various physiological and biochemical responses to
withstand the various challenges posed by emersion.
For instance, certain macroalgal species, activate
enzymatic and non-enzymatic antioxidative
mechanisms during the emersion and submersion
periods to prevent cellular damage. Antioxidant
enzymes play a very important role in maintaining ROS
balance to prevent oxidative damage and support the
organism’s growth (Gratdo et al., 2015; Mittler, 2017).
While during prolonged emersion, the contents of
antioxidant metabolites like proline, low molecular
weight carbohydrates and poly amines increase in
response to the stress (Cushman & Oliver, 2011).
Lépez - Cristoffanini et al. (2015) reported that protein
profile of the red seaweed Pyropia orbicularis changes
significantly during low tide. The study revealed an
increased emergence of certain proteins, such as
chaperones, manganese superoxide dismutase,
phycobiliproteins, monodehydroascorbate reductase,
peptidylprolyl isomerase and glyoxalase |, which are
associated with stress response and antioxidant activity.
These findings indicate that during emersion various
physiological and biochemical responses associated
with desiccation tolerance become activated. These
responses include reduced photosynthetic activity,
enhanced antioxidant capacity, and the maintenance of
the cell physiology during prolonged emersion.

Previous studies have provided valuable
information on the ability of different marine
macrophyte species managing their physiological
processes under fluctuating environmental conditions.
The studies regarding the photosynthetic capabilities of
intertidal algae during emersion under controlled
lighting conditions using the measurements of carbon
and oxygen flux (Kawamitsu & Boyer, 1999) indicate that
the upper species have greater rate of photosynthesis in
air. This may be attributed to some kind of relationship
between the submerged intertidal alga and its
environment. Surif and Raven (1990) demonstrated that

upper algae can quickly start photosynthesis in air
before desiccation occurs, suggesting that because of
desiccation, shorter times for the photosynthesis lead to
higher photosynthetic rates when conditions are
favorable.

To simulate the natural conditions in the tidal zone,
this study has employed a device that allows one side of
the U. australis thalli to remain in contact with the
medium during emersion, to avoid nutritional
limitations and salinity stress. This setup mimics the
natural environment where many macroalgae rest on
the sediment during low tide, with one side of the thalli
exposed to air while the other remains in contact with
moist sediment. The study aims to investigate the
effects of fluctuating emersion and submersion on the
growth and biochemical composition of U. australis
under simulated tidal conditions, an area not extensively
explored in previous research. Using a fluctuating
emersion and submersion device, we examined how
these conditions influenced the growth of macroalgae,
focusing on the semi-diurnal tide, a characteristic of
Qingdao's intertidal zone. This research provides key
insights into the adaptive mechanisms, including
biochemical and physiological responses, of U. australis
to fluctuating emersion and submersion. It will also
facilitate in the development of effective management
strategies for optimizing the growth conditions of U.
australis in aquaculture settings and enhancing its
resilience to environmental stressors in natural habitats,
thereby contributing to sustainable aquaculture
practices.

Materials and Methods
Plant Material

U. australis used in this study was the sterile
mutant, which was provided by Prof. Akira Taniguchi,
Tohuku University, Japan, and was cultured aseptically
in f/2 medium (Guillard & Ryther, 1962) at 20°C and an
irradiance of 100 umol/(m?2.s) (12:12 h light-dark cycle,
light period: 06:00 - 18:00) in illuminating incubators.

Natural seawater was subjected to cotton filtration
through a 300 mesh gauze filter, and then boiled to
minimize bacterial activity. The pH and salinity of the
seawater were adjusted to 8.410.1 and 30.010.1,
respectively. These levels were selected based on the
results of the annual monitoring of near-shore seawater
in Qingdao, ensuring that the experimental conditions
closely resemble the natural environment where U.
australis grows.

Experimental Treatment and Culture Condition

Discs (@1.05 cm, thus, 0.87 cm?) were removed
from the marginal region of the thallus with a single
genetic individual and transferred to glass cups
containing 200 ml f/2 medium. Samples were allowed at
least 24 h recuperation period at constant temperature
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20°C before the experiment. A total of 35 rearing units,
each unit consisting of a glass cups containing 200 ml /2
medium and 3 discs, were subjected to seven different
treatments: one control treatment without emersion
treatment and six emersion treatments with varying
emersion durations (0.5h,1.0h2.0h3.0h4.0hand 5.0
h emersion every 12 h). Emersion was done twice in a
day, once in light period and second time in dark period.
Each treatment was assigned 5 rearing units which were
maintained under a light intensity of 100 umol/ (m?2.s)
with a 12:12 h light-dark cycle (light period: 06:00 -
18:00). Growth was monitored over the period of 12
days and medium was renewed daily. The same
photoperiod, light intensity, temperature, salinity and
frequency of medium renewal were maintained
throughout the experiment.

Emersion and Submersion Assays

The emersion and submersion device were placed
in the incubator, used for maintaining the cultures
(Figure 1).

Growth

The initial fresh weight of each thallus
measurements was measured immediately after
removal from seawater. Any external water was
removed by gently drying the thalli on filter paper. The
mean initial weight of the thalli was 25.77+£1.16 mg
(MeantSD), and there were no differences in initial
weights among treatments (P>0.05). At 3, 6, 9 and 12
days experiment, the fresh weight of all thalli was
measured. At the end of 12 day experiment, one half of
disc was dried at 60°C for 24 hours.

The relative growth rate (RGR) in terms of the fresh
weight was calculated as the following:

RGR (% day?) = 100 x (InW:- InWo) / T

Where, W: and Woy are the final and initial fresh
weight of the thalli, respectively; T is the duration of the
experiment.

Biochemical Composition

All the experimental materials are collected from
the same thallus of Ulva australis. The preliminary
experiment demonstrated consistent biochemical
composition across discs derived from this thallus, at the
beginning of the experiment, and there was no
significant difference between the control and
experimental groups. At the end of the experiment,
each disc was divided into six parts, for the
determination of chlorophyll a, chlorophyll b, protein,
total soluble carbohydrate and proline. Surplus samples
were stored at -70°C. Chlorophyll a and chlorophyll b
concentrations were determined using the method
described by Jeffrey and Humphrey (1975). For crude

protein content, the method described by Bradford
(1976) was used, with bovine serum albumin as the
standard. Total soluble carbohydrate was measured by
the anthrone reaction with glucose as the standard
(Yemm & Willis, 1954). Free proline was estimated by
the method of Bates et al. (1973) with L-proline as the
standard.

Data Treatments and Statistical Analysis

Data set was analyzed using one-way ANOVA, with
the fluctuation amplitude treatment as a factor, using
SPSS for Windows (Version 11.0). When the significant
differences were detected, means were compared using
Duncan multicomparative analysis. Differences were
considered significant at (P<0.05). In some cases,
percentage and ratio data were arcsine transformed, to
ensure normality and homoscedasticity.

Results
Growth

The changes in the fresh biomass, daily increments
and the relative growth rate (RGR) of U. australis thalli
under different treatments are shown in Table 1 and
Figure 2. Different emersion durations had varying
influences on the growth of U. australis .On the day 3,
RGRs of the thalli experiencing emersion for 0.5 h, 1.0 h,
2.0 h, 3.0 h and 4.0 h every 12 hours were significantly
greater than those without emersion (P<0.05). On the
days 6 and 9, fresh weight and daily increments of thalli
with emersion for 0.5 h, 1.0 h and 2.0 h every 12 h were
significantly greater than those without emersion
(P<0.05), while thalli with emersion of 3.0 h, 4.0 h and
5.0 h every 12 h showed lower growth rates than those
without emersion (P<0.05). On the day 12, RGRs of the
thalli with emersion 0.5 h, 1.0 h and 2.0 h, every 12 h
were significantly higher than those without emersion
(P<0.05), whereas RGRs with emersion of 3.0 h, 4.0 h
and 5.0 h in every 12 h were significantly less than
without emersion (P<0.05).

Biochemical Composition

The biochemical composition of U. australis thalli
varied with emersion durations (see Table 1). No
statistically significant differences (P>0.05) were found
among the final content of chlorophyll a (Chl-a) and
chlorophyll b (Chl-b) with 0.0 h, 0.5 h, 1.0 h,2.0h, 3.0 h
and 4.0 h emersion every 12 h. However, thalli with 5 h
emersion every 12 h had significantly lower levels of
Chl-a and Chl-b than those without emersion (P<0.05).

The protein content in U. australis showed
significant fluctuations with different emersion time.
The protein contents were significantly lower at
emersion time of 0.5h, 1.0 h, 2.0 h, 3.0 h, and 4.0 h than
those without emersion but 5.0 hour emersion group
showed a substantial increase in protein content,
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reaching 26.72 units, which was significantly higher than
the control (Table 1).

Total solute carbohydrate contents decreased with
increasing emersion time, except for the 5 h emersion
treatment which showed higher total solute
carbohydrate contents. Thalli with emersion for 0.5 h,
1.0 h, and 2.0 h every 12 h had significantly higher total
solute carbohydrate content than those without
emersion, and the content of total solute carbohydrate
at emersion 5 h was also significantly higher than that
without emersion (P<0.05).

The protein to carbohydrate ratio in U. australis for
0.5 h, 1.0 h, 2.0 h, 3.0 h and 4.0 h every 12 h was
significantly lower than that of without emersion but
with emersion of 5.0 h every 12 h this ratio is greater
than that without emersion. The free proline contents
increased with the increase of emersion time generally.
The contents of free proline with emersion time of 2.0
h, 3.0 h, 4.0 h and 5.0 h in every 12 h were higher than
that without emersion (P<0.05).

Discussion

Due to changing climatic situations, the intertidal
community is facing serious challenges. Various
researches have been done to understand the effects of
vary environmental conditions like salinity, CO2 and
temperature on the behavioral responses and
adaptations of intertidal macroalgae (Maharana et al.,
2015). Therefore, this study is conducted to evaluate the
growth rates and biochemical composition of U.
australis during different emersion times. Results from
this study showed that the growth of U. australis can be
affected by emersion of different time intervals.

In this study, we observed that short-term
desiccation, as evidenced by emersion periods of 0.5 h,
1.0hand 2.0 h every 12 h on days 6, 9, and 12, induced
better growth compared to that of control without
emersion. However, emersion periods exceeding 3h
every 12 h did not significantly influence the RGR of U.
australis (Figure 2). These findings align with previous
researches indicating that mild desiccation can
stimulate the photosynthesis in certain intertidal

Large glass cup (volume

200ml)
Fresh f/2 \—/
medium /—\
O O Hole
Macroalgae O O

Macroalgae

Fresh f/2
medium

Small plastic cup with three

/\ holes

Large glass cup (volume
200ml)

Hole

Small plastic cup with three
holes

~_

Figure 1. Emersion and submersion assays. The letter “a” and “b” represent submersion procedure and emersion procedure,

respectively. There are three holes under the thallus respectively.
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Table 1. Effects of different circadian rhythms of emersion time on the proximate biochemical compositions of U. australis

Final content (mg/g)

E":ﬁ::’” Chl-a Chl-b P C Pro Moisture (%) P/C

Mean SD SE Mean  SD SE Mean SD SE Mean SD SE | Mean SD SE Mean SD SE | Mean SD SE
0.0h 0.91®% 007 003 0498 005 002 2362°* 196 113 3428 181 105 0.13* 0.01 0.01 81.10° 085 038 0.69° 0.06 0.03
0.5h 0.92®® 007 0.03 044> 006 003 15792 124 071 4424* 289 167 008 002 002 80.08 089 040 036> 004 0.03
1.0h 0.98®> 0.06 0.03 05220 0.7 003 19.17%® 251 145 40.25% 244 141 012® 001 0.01 8058 089 040 048 0.09 0.05
2.0h 0.89° 0.04 0.02 046> 0.02 0.01 17.41°> 425 246 4272 128 090 0.15® 0.01 0.01 79.83%« 174 078 0392 0.15 0.10
3.0h 0.85° 0.05 0.03 043 010 0.05 16.93® 247 142 1078 091 052 018 0.01 0.01 78.47¢ 1.03 046 159 036 021
4.0h 0.84® 0.07 0.03 0.44® 0.08 0.04 2022°® 593 342 1295 105 0.61 030° 008 0.05 79.36°¢ 046 0.21 1.56° 046 0.27
5.0h 0.64° 0.05 0.02 0.30° 0.07 0.03 26.72® 779 450 40.84° 598 423 0449 005 003 7896¢ 075 038 0.71° 0.12 0.08

Values (n=5) with different letters in the columns were statistically different (P<0.05). Chl-a, chlorophyll a; Chl-b, chlorophyll b; P, protein; C, total soluble carbohydrate; Pro, free proline
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Figure 2. The relative growth rates (RGR) of U. australis at different emersion conditions. Means (n=5) with different letters in the same day in culture are significantly different (P<0.05). Error bars

represent 1 S.E.
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macroalgae, while prolonged desiccation periods inhibit
this process. This photosynthetic ability of seaweed is
affected due to degradation of proteins and
photosynthetic pigments which may be associated with
ROS production (Flores-Molina et al., 2014).

Kumar et al. (2011) also observed a similar
phenomenon, where short-term desiccation led to a
notable increase in the levels of photosynthetic
pigments. Furthermore, the increase in carotenoid
contents can be linked to their antioxidant properties,
which play an important role in neutralizing singlet
oxygen (!02) by quenching excited chlorophyll or
dissipating excess energy via the xanthophyll cycle
(Fernandez-Marin et al.,, 2011). Zou et al. (2007)
documented an increase in photosynthetic activity
during mild emersion in Ulva lactuca, which could be
due to the reduced aqueous diffusion barrier for CO20n
the thallus surface, enhancing CO2 uptake and utilization
efficiency.

Migné et al. (2015) further highlighted the
mechanism of the carbon flux of marine macroalgae
under normal light conditions, suggesting that
photosynthetic rate was generally higher underwater,
even for non-severely dehydrated species. In Laminaria
digitata, the respiration rate was more than the
photosynthesis during emersion, resulting in net
negative productivity. The difference in performance
between submerged and aerial conditions was less for
upper shore species, like Fucus spiralis. In thalli part,
electron transport rates were higher underwater for L.
digitata and Fucus serratus, and in air for F. spiralis and
Pomacea canaliculata, these rates were significantly
higher, indicating that during emersion, upper shore
organisms showed more photosynthesis than the lower
organisms.

It can be seen that different emersion time on a 12
h basis had various influences on the chlorophyll a,
chlorophyll b, protein and total soluble carbohydrate of
U. australis (Table 1). The data indicate a significant
decline in chlorophyll content level as the duration of
emersion increases, suggesting that prolonged exposure
to aerial conditions negatively impacts photosynthetic
pigments’ level in the macroalgae. In the dynamic
intertidal zone, macroalgae face significant
environmental stress, particularly during prolonged
periods of emersion. These conditions lead to
substantial water loss and increased production of
reactive oxygen species (ROS), which can induce
oxidative stress and damage cellular components,
including proteins and pigments (Flores- Molina et al.,
2014). In our study, we observed a decline in chlorophyll
levels under the prolonged emersion, suggesting
potential oxidative stress or pigment degradation.
Kumar et al., (2011) reported similar findings, where
ROS production and lipid peroxidation increased
significantly during 3—4 hours of emersion. This was
primarily due to increased lipoxygenase (LOX) activity.
They observed that initially chlorophyll,
phycobiliproteins and carotenoids increased during the

first 2 hours of emersion than thaose of control, but
these levels subsequently declined with longer exposure
times (Kumar et al., 2011). This pattern indicates that
while short-term emersion may initially stimulate
pigment production, prolonged exposure leads to
degradation and oxidative stress.

Under the prolonged emersion of 5.0 h every 12 h,
the contents of proteins were significantly higher as
compared to the control without emersion. This finding
is consistent with the observations in resurrection
plants, where exposure to dehydration induces a
significant increase in the synthesis of heat shock
proteins and late embryogenesis abundant proteins
(Leprince & Buitink, 2010). Similarly, Gasulla et al. (2013)
performed the proteomic analysis on green alga
Asterochloris erici and highlighted that prolonged
emersion led to increase in the abundance of 11-13
proteins which participate in maintaining cellular
integrity, regulating glycolytic metabolism and cell cycle.
These studies highlight the importance of increased
production of proteins during desiccation periods and
the adaptive mechanisms employed by intertidal
macroalgal species.

It can be seen from Table 1 that the content of total
soluble carbohydrate of U. australis with emersion time
less than and at 2.0 h every 12 h were significantly higher
than those without emersion (P<0.05). We noticed that
carbohydrates contents were lower at 3.0 h and 4.0 h
then without emersion but at emersion 5 h every 12 h
was again significantly higher than that without
emersion. We noticed this fluctuation but could not find
out the exact reasons behind this trend therefore
further researches are needed to understand the reason
of this fluctuation. But during mild desiccation periods,
Craige (1969) found that the osmoprotectant sugars
within algal cells transition between polymer and
monomer forms. This adaptive mechanism ensures that
desiccated algal cells accumulate higher concentration
of these small molecules to manage osmotic stress.
Under the prolonged emersion, when desiccation
becomes intense, the proportion of smaller, newly
synthesized dissolved organic carbon substances
decreases in U. qustralis (Wang et al., 2024).

Furthermore, the content of free proline also
increased with increasing of emersion time. Proline is a
non-essential amino acid that serves important roles in
osmotic regulation and antioxidant defense (Martins et
al., 2021). It can both prevent the production of reactive
oxygen species (ROS) and scavenge them (Hayat et al.,
2012; Signorelli et al.,, 2014). In the case of extreme
dehydration, algae undergo a great loss of water which
ultimately increase the salt contents in the cells of
organisms resulting in decreased photosynthesis. Due to
reduced photosynthesis and salt stress, the uptake of
nutrients like nitrogen, growth and development of
algae is affected. Soares et al., 2019 conducted a study
on F. serratus in which they found an increase in proline
content during low tide. This increase supported the
idea that proline functions as osmoprotectants,
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maintaining osmotic balance, suppresses lipid
peroxidation, and thereby acts as a membrane
stabilizer. Therefore, when algae experience harsh
environmental conditions, the contents of proline in the
body increases and regulate the metabolic processes in
the algal cells, increasing the stability of organisms
towards the salt stress (Kumar et al., 2010). So, proline
is one of the important compound in algae that help
algal species to tolerate salinity stress. The osmolytes
accumulated in conjunction with development of stress
and tolerance, which indicates that long time of
emersion, is an unfavorable condition or circumstance
for U. australis.

However, physical and chemical factors are
multivariate and complexity in the tidal cycles, it is
needed to find out the ecophysiological mechanism of
emersion and submersion alternation effects on
macroalgae in future research.

Conclusion

The biochemical composition and growth of Ulva
australis highlights its adaptability to changing emersion
time. This study has demonstrated the physiological
responses of U. australis, under fluctuating emersion
and submersion conditions. The growth of this intertidal
species increases for short emersion periods but longer
emersion time does not show any positive influence on
its growth. These findings provide valuable insights into
the adaptive mechanisms of intertidal macroalgae
which can help in devising strategies for optimizing
macroalgae cultivation under varying environmental
conditions for sustainable aquaculture. Future research
should focus on exploring the molecular mechanisms
underlying the observed physiological responses.
Investigating the long-term effects of fluctuating
emersion conditions on macroalgae health and
productivity would provide a more comprehensive
understanding of their adaptability. Moreover, research
on the exploring the potential for genetic improvement
to enhance stress tolerance and improve the growth
could expand the applications of U. australis in
pharmaceuticals and food industries.
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