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ABSTRACT

Knowledge concerning the effects of abiotic factors on the physiology of carrageenophytes and
kelps is essential from the perspective of massive expansion of seaweed-based industries, as well
as the conservation of natural communities in the face of climate change. Photosynthetic
measurements are good tools to assess the effects of numerous stressors in macroalgae, which
could provide insights into the causes and consequences of shifts in macroalgal productivity. The
study presents the photosynthetic characteristics of economically important carrageenophytes
(Eucheuma denticulatum and Kappaphycus spp.) and kelps (Costaria costata and Alaria
crassifolia) distributed in the western Pacific Ocean, as determined by examining their
photosynthetic response to a gradient of temperature and photosynthetically active radiation (PAR)
using dissolved oxygen measurements and the pulse amplitude modulated (PAM)-chlorophyll
fluorometer. Information such as these in the present study are considerably important as
researches in carrageenophyte or kelp cultivation are directed towards the development of effective
management protocols, as well as production of improved seaweed species and/ or strains with
respect to growth, product yield/ quality, abiotic stress tolerance and disease resistance.

Photosynthesis—PAR (P—E) experiments on E. denticulatum, K. striatus, and K. alvarezii
from Indonesia at 26°C revealed that net photosynthetic rates of the three seaweeds increased until
the estimated saturation PAR (Ex) of 130-157 umol photons m 2 s™%; and that no photoinhibition
was observed at the highest PAR of 1000 umol photons m2 st K. alvarezii also exhibited
photosynthetic tolerance to high PAR as shown by their recovery in maximum quantum vyields
(Fv/Fm) following chronic exposures. Temperature responses of all carrageenophyte samples
revealed their tolerance over a broad range of temperature, which is from 18.2 to 31.0°C for E.

denticulatum, 15.7-31.6°C for K. striatus, 19.7—28.5°C for brown K. alvarezii, and 17.4-32.4°C



for green K. alvarezii. These characteristics indicate that they are well-adapted to the annual
seawater temperatures observed at the cultivation site; however, they are also likely close to
threshold levels for thermal inhibition, given the decline in F./Fn above 30°C. Higher
photosynthetic parameter values of E. denticulatum also suggest that this species will probably be
more superior in productivity under optimal conditions in commercial seaweed cultures.

The P—E curve of the Japanese Kappaphycus sp. (K. striatus auctorum japonicorum) from
Okinawa, Japan at 24°C revealed that the compensation (Ec) and saturation (Ex) PAR were 26
umol photons m2 s and 140 umol photons m~2 s, respectively. No inhibition in oxygenic
evolution and quantum yield was observed at the highest PAR of 1000 umol photons m2 s2.
However, the ability of the seaweed to recover from photoinhibition was complicated following
6-h PAR exposures at 18°C but not at 28°C. The native alga showed temperature tolerance for
photosynthesis at 17.4-29.1°C. These characteristic results were closely related to the depth of its
habitat and its northern limit of distribution in Okinawa, as influenced primarily by seawater
temperature. Mariculture of this native carrageenophyte in subtropical waters of Okinawa, Japan
is feasible, and may be conducted throughout the year under natural seawater temperatures.

P—E curves of the two life history stages of C. costata and A. crassifolia revealed the higher E. (4
9 umol photons m2 s™) and Ex (53—243 pmol photons m2 s™) of the sporophyte as compared to
the gametophyte (Ec = 0—7 umol photons m2 s%; Ex = 7-44 umol photons m=2 s™). This reflects
the low-PAR adaptation of the microscopic stage that is commonly found on the underside of rocks
or in crevices where light exposure is limited. Both stages exhibited chronic photoinhibition, as
shown by the failure of recovery in their Fv/Fn, following high PAR stress, with greater possibility
of photodamage at low temperature. As for the temperature response, gross photosynthesis (GP)

and Fv/Fm characteristics were similar for both developmental stages; their temperature optima



range from 14 to 23°C, which correspond to the growth and maturation periods of these kelp
species in Japan. They are also likely to suffer from thermal inhibition as both GP rates and F./Fn
declined above 24°C. These physiological performances provide a basis for understanding the

persistence of these kelp species near its southern boundary in the western Pacific.



CHAPTER 1: General Introduction

Photosynthesis is an anabolic process by which biomass is produced from carbon dioxide, and this
process is driven by sunlight. It is responsible for the energy supply in the formation of organic
compounds and for the metabolism in primary producers. The photosynthetic process is divided
into light and dark reactions. In the light reactions, light energy absorbed by the photosynthetic
machinery (chlorophyll a) is used to withdraw hydrogen from water to generate electrons to
liberate O,. At the same time, chemical energy (NADPH and ATP) is produced, which is used in
the dark reactions to reduce carbon dioxide to the level of carbohydrates.

Photosynthesis is an easily measured process that has routinely been used to assess the
effects of environmental conditions on algae. Measurement of the photosynthetic responses in
macroalgae is dominated by two techniques: measurements of oxygen production within sealed or
flow-through chambers (photorespirometry) and variable chlorophyll a fluorescence (commonly
measured by Pulse Amplitude Modulated [PAM] fluorometry). Each of these methods has its
advantages and disadvantages, but both allows for a powerful determination of integrated
community metabolism and the relative contributions of community components to photosynthetic
output (Tait et al. 2017). Measured across a range of irradiances, photorespirometry allows the
effects of irradiance on efficiency of light harvesting, light saturation and compensation to be
determined at the whole-community level. On one hand, PAM fluorometry has become one of the
most powerful and widely used techniques for ecophysiological studies (Beer et al. 2014; Enriquez
and Borowitzka 2011). Chlorophyll fluorescence provides information about the efficiency of
photosystem Il (PSII) photochemistry, as most chlorophyll a fluorescence originates in the antenna
complexes of PSII. It can tell the extent to which PSII is using the energy absorbed by chlorophyll

and the extent to which it is damaged by excess light or other stress factors. The status of the



photosynthetic apparatus, as determined by variable chlorophyll a fluorescence, is defined by
several parameters including yield (a measure of the efficiency of converting photons into electron
transport), which may be the maximum (F./Fn — determined in the dark) or effective (@psi — under
ambient PAR) photochemical efficiency of PSII; photochemical (ge) and non-photochemical (gn)
quenching coefficients; and the photoprotective capacity of the tissue to dissipate excess energy
absorbed (non-photochemical quenching, NPQ).

To some extent, algae can adjust their photosynthetic machinery to changing PAR
conditions; this is called photoacclimation. Photoacclimation of macroalgae does not only refer
to their ability to maintain photosynthetic capacity despite the ambient light conditions, but also
maximizes the photosynthetic response at an optimum light level (Gantt, 1990). In high PAR
conditions, photo-inactivation and photooxidative damage are avoided by down-regulation of
excitation pressure on PSII and quenching of potentially harmful long-living excitation states of
chlorophyll (Nishiyama et al. 2006; Allakhverdiev et al. 2008). Other ways in which macroalgae
can achieve photoacclimation include adjustment of the photosynthetic apparatus itself via changes
of the reaction center ratio, changes of the relative size of the light harvesting complex, or changes
in the relative content of light protective pigments; all of these mechanisms influence primarily
pigment ratios of the algae (Marquardt et al. 2010).

The light and dark reactions of photosynthesis can be expressed in a photosynthesis versus
PAR (P-E) curve (Lobban and Harrison 1994). This curve shows the oxygen production rate of
algae as a function of PAR. It is prepared by illuminating specimens with a sequence of PAR
levels up to and beyond the point at which a further increase in PAR does not cause a measurable
change in photosynthetic rate. The basic description of P-E curve requires a nonlinear

mathematical function to account for the light-saturation effect (Webb et al. 1974; Jassby and Platt



1976; Platt et al. 1980; Henley 1993). In the mid-1970’s, Jassby and Platt introduced the
hyperbolic tangent function. This mathematical formula, which was based on two parameters: the
initial slope of the light saturation curve («) and the photosynthetic rate at light saturation (Pmax),
appeared to fit experimental data with a high degree of fidelity, especially if a coefficient for
photoinhibition is included (Jassby and Platt, 1976). At low PAR, some photosynthesis occurs;
however, respiratory process of O consumption exceed quantities produced by photosynthesis.
The PAR level at which photosynthesis equals respiration is the compensation PAR (Ec). At levels
greater than Ec, plants exhibit net photosynthetic production. The slope («) of the initial part of
the curve shows the rate of the light reaction with increasing PAR. The slope indicates quantum
yield of oxygen evolution, which is the amount (mol) of oxygen which can be produced per amount
(mol) of PAR absorbed. It measures the efficiency with which a plant harvests light. Steep slopes,
or high values of «, indicate high quantum yield, while more gradual slopes indicate lower activity.
The rate of photosynthesis increases until the level of PAR is saturating, where it becomes limited
by the dark reactions of photosynthesis. Over this interval, the curve tends toward a horizontal
asymptote. The horizontal part of the curve represents the maximum rate of the enzymatic
processes (Pmax) involved in the dark reaction of photosynthesis at the prevailing temperature. The
saturation PAR (Ex) represents the optimum irradiance for photosynthesis (Falkowski and Raven
2007). At the saturation level, the rate of light absorption greatly exceeds the rate of steady-state
electron transport from water to CO,. The efficiency of photosynthesis is high; hence the larger
part of the light energy absorbed by the algae can be allocated to biomass growth. At irradiances
lower than E, there is photolimitation — the available light is insufficient to support the maximal
potential rate of the light-dependent reactions, and thus limits the overall rate of photosynthesis.

At higher PAR, photosynthetic efficiency (i.e., the quantum yield of oxygen evolution) drops



because the rate of light absorption increases linearly with light intensity; while the rate of
photosynthesis saturates. Such drop in photosynthetic efficiency, dependent on both PAR and the
duration of exposure, is referred to as photoinhibition (Murata et al. 2007). Photoinhibition may
either be dynamic or chronic. Dynamic photoinhibition takes place under moderate excess light;
characterized by a temporary decline in photosynthetic efficiency even before reaching the
saturation level (Pmax); or if reached, Pmax remains unchanged (Hanelt et al. 1992). In this way,
the excess light energy absorbed is dissipated as heat (i.e., non-photochemical quenching, NPQ).
Such protective mechanism enables the photosynthetic system of macroalgae to cope with short-
term light stress (Hanelt et al. 2003). On the other hand, chronic photoinhibition results from
exposure to high levels of PAR that cause irreversible damage to D: protein of PSIl by
photooxidation (Allakhverdiev et al. 2008; Colvard et al. 2014). Photodamage is manifested by a
decrease in both quantum yield («) and Pmax.

Aside from PAR, temperature affects the photosynthetic activity of algae. Photosynthetic
rates of algae are stimulated by increases in temperature, within a certain range, depending on
species and acclimation. Macroalgae are able to adapt and to acclimate to varying temperatures
to a different degree. Temperature adaptation is the result of evolutionary processes over long
time periods, short-term acclimation is achieved within days or weeks (Davison 1991). High
temperatures are deleterious to plant survival, and often occur in combination with high PAR
(Lobban and Harrison, 1994). The possible causes of algal death at high temperatures include
processes such as denaturation of proteins, and damage to heat-labile enzymes or membranes.
Similarly, at low temperatures, the turnover of enzymes is reduced and the metabolic activity of
the algae becomes lower. The temperature response of photosynthesis is often drawn as a bell-

shaped curve centered somewhere between 20 and 30°C; this type of temperature response can be



modeled with the generalized Arrhenius function (Thornley and Johnson 2000; Alexandrov and
Yamagata 2007), which include the effect of temperature on enzyme activity. This function offers
certain advantage over polynomial, Gaussian, or other ad hoc functions applied to modeling
temperature response of plant productivity, as it relates the width of the “bell” to thermodynamic
concepts, such as activation energy of chemical reactions converting carbon dioxide and water to
carbohydrates (Jgrgensen and Svirezhev 2004).

Several studies using a pulse amplitude modulated (PAM)-chlorophyll fluorometer,
coupled with dissolved oxygen measurements, revealed the photosynthetic responses of
macroalgae to photosynthetically active radiation (PAR) and temperature (Vo et al. 2014, 2015;
Fujimoto et al. 2015; Kokubu et al. 2015; Terada et al. 2016a, b, c, 2018). Indeed, their
photosynthetic characteristics vary, as primarily influenced by these environmental variables in
their respective habitats. For instance, the deep- and shallow-water ecotypes of the red alga
Solieria pacifica (Yamada) Yoshida showed different temperature optima for photosynthesis
(19.5-19.9°C, deep-water vs. 18.6-27.0°C, shallow-water S. pacifica) that reflect the temperature
ranges in the 35- and 5-m depths of the sublittoral zone, respectively (Borlongan et al. 2017d).
The shallow-water S. pacifica also had higher saturation PAR (Ex =131 pmol photons m 2 s %) than
the deep-water ecotype (Ex= 15 umol photons m2s™1), which can be attributed to the higher PAR
levels experienced by the seaweeds occurring at depths of 5 m. Watanabe et al. (2014a, 2016)
likewise revealed differences in environmental requirements for optimum photosynthesis between
the two life history stages of Pyropia tenera (Kjellman) Kikuchi et al. and Pyropia yezoensis
(Ueda) Hwang et Choi; the different temperature optima observed were related to their respective
seasonal occurrences. The optimal temperature for Fv/Fn (22.7°C) was much higher for the

microscopic sporophyte, which occurs during the summer season when mean water temperatures



range from 18 to 28°C (i.e., May to August). Whereas, the optimal temperature for gross
photosynthesis and F./Fr for the macroscopic gametophytes were 9.3°C and 12.6°C, respectively,
which is close to the mean water temperatures during November to March (e.g., 12-22°C). The
difference in critical temperatures of the subtropical Cladosiphon okamuranus Tokida (Fukumoto
et al. 2018a) from those of the temperate Cladosiphon umezakii Ajisaka (Fukumoto et al. 2018b)
provided a physiological explanation for the latitudinal distribution of these two species in Japan;
C. okamuranus is distributed in the southern and middle part of Ryukyu Islands, while C. umezakii
is distributed in the temperate waters of Honshu, Shikoku, and Kyushu islands. Low temperature-
induced photoinhibition was observed at 16°C for C. okamuranus, and at 8°C for C. umezakii,
which were close to the lowest winter temperatures at the respective northern limits of distribution
of these species.

Eucheuma and Kappaphycus (Solieriaceae, Gigartinales) are economically important red
seaweeds, serving primarily as raw materials for the production of iota and kappa-carrageenan,
respectively. Because of their unique gelling properties, carrageenan is widely used in the food,
cosmetic, and medical and pharmaceutical industries. Aside from being used as raw materials for
extraction of carrageenan, these seaweeds are also considered promising sources of bioethanol
(Khambhaty et al. 2012; Meinita et al. 2013). Hence, the high demand for such raw materials
encourages tropical and subtropical mariculture sites to increase production of established species,
further diversification to other carrageenophyte species available in local ecosystems, and
eventually the establishment of cultivation systems for new species (McHugh 2003).

On one hand, kelp forests are highly productive components of cold-water rocky marine
coastlines (Steneck et al. 2002). They include large perennial brown algae in the order

Laminariales, such as Macrocystis pyrifera (Linnaeus) C. Agardh; Saccharina japonica



(Areschoug) Lane et al., Laminaria digitata (Hudson) Lamouroux, Undaria pinnatifida (Harvey)
Suringar, Costaria costata (C. Agardh) Saunders, and Alaria crassifolia Kjellman. These
underwater forests are of great ecological importance within coastal ecosystems, serving as feed,
habitat, and a nursery for many associated organisms. Several studies have focused on kelp species,
not only from the standpoint of their ecological importance, but also of their commercial value as
a source for extraction of bioactive compounds and fresh food (Zemke-White and Ohno 1999;
Bixler and Porse 2011; VVasquez et al. 2014).

Overall, the study focused on the ecophysiological aspect of certain economically
important carrageenophyte and kelp species distributed in the western Pacific Ocean. It involved
the determination of their photosynthetic responses to temperature and PAR gradients, based on
PAM-chlorophyll fluorometry and oxygen evolution measurements. The effects of temperature
and PAR on the photosynthesis of Eucheuma denticulatum, Kappaphycus striatus, and K. alvarezii
from Indonesia were examined in chapter 2. The temperature and PAR requirements for
photosynthesis of the native alga Kappaphycus sp. from Okinawa, Japan were determined in
chapter 3. The photosynthetic performance in the two life history stages of Costaria costata and
Alaria crassifolia were investigated in chapter 4. The photosynthetic characteristics of these
seaweeds were related to their adaptation to the current environment in their respective habitats,
as well as to their limit of distribution in the western Pacific Ocean. This information will enhance
our understanding of the potential causes of decline and even local extinction of some of these

species that occur across latitudinal temperature gradients.
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CHAPTER 2: Effects of temperature and PAR on the photosynthesis of Eucheuma

denticulatum, Kappaphycus striatus, and K. alvarezii from Indonesia

Introduction
Eucheuma denticulatum (Burman) Collins et Hervey (known as ‘spinosum’), Kappaphycus
alvarezii (Doty) Doty ex Silva (known as ‘cottonii’), and Kappaphycus striatus (Doty) Doty ex
Silva (Solieriaceae) are extensively cultivated across Southeast Asia, particularly in Indonesia,
Philippines, and Malaysia (Neish 2013; Hurtado et al. 2014a; 2015), as well as in tropical and
subtropical waters of India (Krishnan and Narayanakumar 2013), Tanzania (Msuya et al. 2014),
and countries in Latin America (Hayashi et al. 2013) and the Caribbean (Hurtado et al. 2014b).
These seaweeds are observed abundant in growth from shallow to deep-water farming areas,
employing different cultivation techniques. The off-bottom monoline, single floating-raft and
hanging long-line are popular methods adopted in Indonesia (Adnan and Porse 1987, Luxton 1993).
Due to their economic value, these carrageenophytes have been subjects of numerous
investigations, including studies on the ecophysiology of these species, particularly on determining
their photobiology under intense PAR and ultraviolet (UV) radiation (Aguirre von Wobeser et al.
2001; Granbom et al. 2001; Schubert et al. 2004, 2006; Schmidt et al. 2010a, b), as well as on
clarifying optimum farming conditions for maximum production and control of epiphytic
filamentous algae (EFA; Borlongan et al. 2011, 2016). Pulse amplitude modulated (PAM)-
chlorophyll fluorometry has long been used as a rapid method to quantify the effects of changing
environmental conditions on macroalgal photobiology (Renger and Schreiber 1986; Gévaert et al.
2002; Enriquez and Borowitzka 2011), providing greater detail, especially on their photosynthetic

activity in response to temperature (Lideman et al. 2013; Fujimoto et al. 2015; Kokubu et al. 2015;

11



Vo et al. 2015; Terada et al. 2016a, b). For instance, the rapid light curves (RLCs) of the electron
transport rate (ETR) of E. denticulatum and Kappaphycus sp. (Sumba strain) from South Sulawesi,
Indonesia were strongly affected by temperature, with optimum temperatures for photosynthesis
ranging from 23 to 32°C and 22 to 33°C, respectively (Lideman et al. 2013). Whereas the highest
maximum quantum yield [maximum photochemical efficiency of photosystem Il (PSII), Fu/Fm;
Cosgrove and Borowitzka 2011] of K. alvarezii from Vietnam occurred at 22.2°C, with relatively
high growth rates between 28 and 32°C (Terada et al. 2016b). These species were well-adapted
to the natural temperature environment of their corresponding cultivation sites. A characteristic
midday decline in effective quantum yield (@psi), and a subsequent recovery by late afternoon
was also observed in Vietnamese-cultivated K. alvarezii, suggesting that optimum PAR for gross
photosynthesis with the minimum decline of @ps; would be lower.

It is of our great interest to evaluate and clarify site- and species-specific response to
environmental conditions. However, our former study on the Indonesian entities (Lideman et al.
2013) was limited to relative ETRs (rETRs) from PAM measurements, and lacked results from
dissolved oxygen measurements. These species are also cultivated differently; the choice of
farming system often depends on the environmental conditions of the culture site (e.g., seasonality,
temperature, weather condition, and water quality). Knowledge on the temperature and PAR
optima of these species are valuable for proper selection of carrageenophyte species and/ or strains,
relative to the cultivation site and method employed, for maximum crop yield and production.

This study was conducted to determine the photosynthetic responses of E. denticulatum, K.
striatus (Sacol strain), and K. alvarezii (brown and green color morphotypes) from Indonesia to
various temperature and PAR conditions, by PAM-chlorophyll fluorometry and use of dissolved

oxygen sensors. Changes in the PSII photochemical efficiency (Fv/Fm and @psii) of K. alvarezii in
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response to continuous PAR exposures that are typically encountered in the cultivation site were

also evaluated.

Materials and Methods

Sample collection and stock maintenance

E. denticulatum and K. striatus were collected from a farming area along Geger Beach, Nusa Dua,
Bali, Indonesia (08°48.915” S, 115°13.580” E) on 28 August 2015. These seaweeds are cultivated
by fixed off-bottom method, a farming technique practiced in shallow reef areas like the coastline,
with the lowest mean tide level ranging from 25 to 100 cm (Doty 1973; Trono 2000). On one
hand, K. alvarezii [brown and green color morphotypes] were collected from a carrageenophyte
farm at Arakan, Sulawesi Utara, Indonesia (1°22°40.43” N, 124°33°12.58” E) on 2 December 2015.
These seaweeds are cultivated by the hanging long-line method (Hurtado et al. 2014a).

Approximately 1 kg of each seaweed sample was collected; wrapped with a wet paper
towel that was moistened with seawater; and separately stored in plastic bags. All samples were
transported to Japan via an overnight airline trip.

They were maintained for 1 to 3 days before examination at the Faculty of Fisheries,
Kagoshima University, Japan in an aquarium tank (1500 L) containing seawater at a salinity of 33,
pH of 8.0, seawater temperature of 26°C (i.e., actual seawater temperature during collection), and
at PAR of 200 umol photons m2s7* (14:10 light: dark cycle). Aeration (approximately 2.0 L min~
1y was also provided to maintain saturated conditions of dissolved oxygen. Voucher herbarium
specimens of the two taxa were deposited in the Herbarium of Kagoshima University Museum,

Kagoshima.
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Effect of temperature on photosynthesis and respiration

Methods for the photosynthesis—temperature (P—T) experiment were described in previous studies
(Fujimoto et al. 2015; Kokubu et al. 2015; Vo et al. 2015; Terada et al. 2016a, b). Seaweed
samples were examined under eight temperature treatments (10, 14, 18, 22, 26, 30, 34, and 38°C)
with five replicates, at PAR of 200 umol photons m2 s™%. Light was provided by a metal halide
lamp, and adjusted with neutral density screens. Water temperature in the reaction vessel was
controlled using a water bath (Coolnit CL-600R, Taitec, Inc., Tokyo, Japan). Oxygen production
or consumption was measured with DO meters equipped with optical DO sensors (ProODO-BOD;
YSI Incorporated, Yellow Springs, USA).

Prior to the experiments, randomly cut segments (apical, mid, or basal) of E. denticulatum
[0.98 + 0.13 g fresh weight (gr; mean * standard deviation, SD)], K. striatus (1.37 £ 0.65 gsw),
and brown and green K. alvarezii (1.08 + 0.16 grw) were acclimated overnight with sterile natural
seawater in the incubator. At the onset of the experiment, three to four explants were randomly
selected and placed in biological oxygen demand (BOD) bottles (n = 5) containing approximately
100 mL sterile natural seawater. (Note: Exact volume varies from each BOD bottle, which was
accounted for in the analysis). The DO sensors were placed in sterile natural seawater carefully
so that no visible bubbles would be trapped.

Net photosynthesis (NP) rates were determined by measuring the dissolved oxygen
concentrations (mg L) every 5 min for 30 min after a 30-min preincubation to acclimate the
samples to each experimental condition. Respiration rates (i.e., “post-illumination respiration’;
Colombo-Pallota et al. 2010; Vasquez-Elizondo and Enriquez 2016) were determined following
net photosynthesis measurements, by wrapping the BOD bottles with aluminum foil. Water in the

bottles was continuously stirred during the measurement. Sterile natural seawater was renewed
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after every measurement to avoid any effects that can be attributed to the depletion of nutrients
and dissolved carbon dioxide.

A least-squares linear regression model was fit to each of the concentrations with respect
to time; and the slope estimated from the model was used as the photosynthetic or respiration rate,
expressed in pg Oz grw * min~t. All rates were normalized to the water volume of each BOD bottle

and fresh weight of the sample.

Effect of PAR on oxygenic photosynthesis
Methods for the photosynthesis—PAR (P-E) experiment followed those of previous studies
(Fujimoto et al. 2015; Kokubu et al. 2015; Terada et al. 2016a, b). Photosynthesis rates were
determined at nine PAR levels (0, 30, 60, 100, 150, 200, 250, 500 and 1000 pmol photons m2s1),
with five replicates at 26°C. Various PAR levels were obtained by appropriately layering neutral
density screens between the reaction vessel and the light source (metal halide lamp). Temperature
was controlled using a water bath (Coolnit CL-600R, Taitec, Inc., Tokyo, Japan).

Approximately 1.08 £ 0.18 gny of E. denticulatum, 1.27 + 0.09 grw of K. striatus, and 1.14
+ 0.2 grw Of brown and green K. alvarezii segments, respectively, were placed into each BOD bottle
(n =5) containing sterile natural seawater. They were allowed to acclimate in the dark for 10 min.
After acclimation, the magnitude of dissolved oxygen concentration (mg L) was recorded every
5 min over a 30-min interval for each bottle, with the incubation water continuously stirred to
avoid boundary layer effects. Seaweed segments were subsequently subjected to eight PAR levels,
from 30 to 1000 umol photons m™2 s, The incubation water was renewed with sterile natural
seawater and a 10-min light acclimation period was provided prior to DO measurements before

commencing each PAR treatment. Similar to temperature experiment, the slope of the linear
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regression of the DO concentrations over a 30-min period was determined to estimate

photosynthetic or respiration rates.

Effect of temperature on chlorophyll fluorescence

The Fu/Fm of the alga were measured from 8 to 38°C in 2°C increments, with a Maxi Imaging-
PAM (Heinz Walz GmbH, Effeltrich, Germany), as described in previous studies (Fujimoto et al.
2015; Kokubu et al. 2015; Vo et al. 2015; Terada et al. 20163, b). Initially, 6-8 cm-long sections
of the thalli of each species were cut and dark-acclimated overnight in the incubator at 26°C.
Sections were then placed in a stainless-steel tray (12 cm x 10 cm x 3 cm) with sterilized natural
seawater, providing 10 replicates for each temperature condition. Seawater temperature in the tray
was controlled with an aluminum block incubator (BI-535A; Astec, Fukuoka, Japan), and
monitored with a thermocouple (model 925; Testo AG, Lenzkirch, Germany). Each increment in
temperature occurred over a 30-min period, with an additional 30 min for temperature and dark

acclimation. Thus, one set of experiments typically took more than 8 h to complete.

Photoinhibition-recovery experiments

To evaluate the effects of continuous PAR exposure on quantum yields of brown and green K.
alvarezii, twenty randomly selected >8 cm-long segments of each seaweed sample were incubated
overnight (12 h) under dark conditions until the experiment. F./Fm at 0 umol photons m2s™* were
measured to provide initial values. The sections were then divided into two PAR treatment groups
(i.e., 300 and 1000 pmol photons m2 s™1). Samples were placed in separate beakers (1000 mL)
containing sterile natural seawater maintained at 26°C (Coolnit CL-600R, Taitec, Inc.), and were

exposed to either 300 or 1000 umol photons m~2 st (metal halide lamp). @psii (10 replicates) were
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measured every hour for 6 h of continuous exposure to each PAR level. Water in the beakers was
continuously stirred throughout the exposure. Following the experiment, samples were once more
dark-acclimated for 12 h at 26°C; and the F./Fm for each section were measured to assess recovery.
Laboratory measurements of quantum yields (Fv/Fm, @psii) were carried out with a Maxi Imaging-

PAM (Kokubu et al. 2015; Terada et al. 2016a).

Modelling the photosynthetic response to temperature and PAR

The responses of gross photosynthetic (GP) rates and maximum quantum vyield (Fv/Fm) to
temperature were analyzed using a Bayesian approach. The model was based on a thermodynamic
non-linear equation (Thornley and Johnson 2000; Alexandrov and Yamagata 2007; Eq. 1), where
y is the response variable, which can either be the GP rate, or Fv/Fm; and K is temperature expressed
in Kelvin. The thermodynamic non-linear model (Eq. 1) assumes that photosynthesis enters a less
active state beyond some optimal temperature. There are four parameters in this model: ymax is a
scaling parameter to fit the model to the range of y; Kopt is the absolute temperature where vy is
maximized; Ha is the activation energy in kJ mol; and Hq is the deactivation energy in kJ mol.
R in this model is the ideal gas constant, and has a value of 8.314 J mol~t. The optimal value of

Yopt at Kopt can be determined by substituting Kopt into the equation.

H,- (K - Kopt)>

ymax'Hd'exp< K'R'Kopt

PR (1
Hy = Hy - (1 - <Hd U(R—Kptt)»
op

The gross photosynthesis rate, which is the sum of net photosynthesis rate and respiration

rate, was estimated by simultaneously fitting the measured respiration rates to the Arrhenius

equation (Eq. 2), and the net photosynthesis rates to the difference in Eq. 1 and Eq. 2. Gross
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photosynthesis rates were estimated by assuming that respiration rates after light pre-incubation
were a good proxy for “kinetically-limited” mitochondrial respiration, wherein oxygen is not a
limiting factor in the process (Colombo-Pallota et al. 2010). Rn is the respiration rate at the median
temperature (i.e., at 24°C, Ky = 297.15) and Ea is the activation energy. Simultaneous model
fittings and determination of model parameters for Eq. 1 and 2 were done using a Bayesian

approach, with appropriate prior probability distributions assigned to the parameters:

R; = Rpexp (—% (K _1Km)> 2)

In the case of F/Fm, the expected values were assumed to be beta distributed, given that

Fu/Fm is a ratio that is bounded by 0 and 1.
The response of net photosynthesis to PAR was examined by modelling the data using an
exponential equation (Webb et al. 1974; Jassby and Platt 1976; Platt et al. 1980; Henley 1993),

which included a respiration term (Rq) that had the form

—a
Pret = NPras (1 ~ exp (= E)) - Ry )
max

where Pret is the net photosynthetic rate, NPmax is the maximum net photosynthetic rate, « is the
initial slope of the P—E curve, Rq is the dark respiration rate, and E is the incident PAR. From this

model, the saturation PAR (Ex) was calculated as NPmax/ a and the compensation PAR (Ec) was
NPmax
NPyaxln (222 /g

(NPmax—Rad)

Statistical analyses
Statistical analyses were done using R version 3.3.3 (R Development Core Team 2017) and

Bayesian model fitting was done using rstan version 2.17.3 (Stan Development Team 2017).
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RStan primarily uses a variant of a Hamiltonian Monte Carlo sampler to construct the posterior
distributions of the parameters; and four chains of at least 500,000 samples per chain were
generated and assessed for convergence, which provided at least 1,000 effective samples of each
of the parameters of interest.

A one-way ANOVA was used to examine if continuous PAR exposures affected ®psi of
brown and green K. alvarezii for each PAR level. Time was considered a factor with levels: 0, 6,
and 18 h after the start of the experiment (i.e., initial Fv/Fm, ®@psi after 6 h of PAR exposure, and

the final F/Fm after 12 h of darkness).

Results

Effect of temperature on photosynthesis and dark respiration rates

The NP rates of E. denticulatum, K. striatus, and K. alvarezii increased with rise in temperature
from 10 to 30°C, and then declined up to 38°C (Fig. 1a—d). Peak NP rates of E. denticulatum and
K. striatus at 30°C were 10.2 and 2.1 pg Oz gnw * min't [7.7-12.6 and 0.5-3.8, 95% Bayesian
prediction interval (BPI)], respectively. NP rates were highest at 26°C for brown K. alvarezii [1.8
ug O2 grw L mint (1.0-2.5, 95% BP1)], and at 30°C for green K. alvarezii [3.4 pg Oz gaw * min?

(2.8-4.1, 95% BPI)].
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Fig.1 The response of the oxygenic photosynthesis and dark respiration of Eucheuma

denticulatum (a, e, i) and Kappaphycus striatus (b, f, j) from Bali, Indonesia, and of brown
(c, g, k) and green (d, h, 1) strains of Kappaphycus alvarezii from Arakan, Sulawesi Utara,
Indonesia. a—d: The oxygenic net photosynthesis to temperature determined at 200 pmol
photons m2 s™t. e—h: The dark respiration rate to temperature at 0 umol photons m2 s>,
i—I: The modeled gross photosynthetic rates. Data were derived from the model curve of
net photosynthesis (a—d) and dark respiration (e-h). The dots indicate the measured rates
(n = 5), the lines indicate the expected value, and the shaded regions indicate the 95%

Bayesian prediction interval (95% BPI) of the model.

Dark respiration was likewise affected by temperature, with rates increasing from 0.3 ug
02 grw t min~! (0.1-0.6, 95% BPI) at 10°C to 2.6 ug O2 grw - min~* (1.0-5.6, 95% BPI) at 38°C

for E. denticulatum (Fig. 1e); from 0.3 ug Oz grw * mint (0.1-0.7, 95% BPI) to 4.0 pug O2 gw *
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min~t (1.2-9.8, 95% BPI) for K. striatus (Fig. 1f); from 0.2 ug Oz grw * min~ (0.1-0.4, 95% BPI)
to 1.1 ug Oz giw * min~t (0.5-2.2, 95% BPI) for brown K. alvarezii (Fig. 1g); and from 0.3 pg O
grw 1 min~t (0.1-0.7, 95% BPI) to 1.4 ug O grw = min~! (0.4-3.4, 95% BPI) for green K. alvarezii
(Fig. 1h). The respiration rates at the median value of temperature (R24) for E. denticulatum, K.
striatus, and brown and green K. alvarezii were 0.9, 1.2, 0.5, and 0.6 pg Oz g ' min?,
respectively. Data from the 22°C of brown K. alvarezii were excluded from the analysis due to
malfunction of the DO sensors during measurement.

On the basis of the GP—temperature curves (Fig. 1i-l) derived from simultaneous model
fittings (Eq. 1 and 2) of net photosynthesis and dark respiration rates, maximum gQross
photosynthetic rates (GPmax) of E. denticulatum and K. striatus were estimated to be 11.7 and 4.4
ug Oz grw * min™t, which occurred at 31.0 and 31.6°C, respectively. As for the brown and green
K. alvarezii, their GPmax (2.5 pug Oz grw * min~t for brown and 5.0 pug Oz grw * min~t for green)
occurred at 28.5 and 32.4°C, respectively. Other model parameter estimates are presented in Table

1.
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Table 1 Mean and 95% Bayesian prediction intervals (95% BPI) of the parameters estimated for

the gross photosynthesis—temperature model in E. denticulatum, K. striatus, and brown and green

K. alvarezii

E. denticulatum K. striatus Brown K. alvarezii Green K. alvarezii
Parameter Mean 95% BPI Mean 95% BPI Mean 95% BPI Mean 95% BPI
GPuax 11.7 10.8 - 12.6 4.4 33-57 2.5 23-2.7 5.0 4.6-53
H, 91 74 - 110 83 61-110 58 40-78 98 86112
Hi 392 319 - 489 1367 362 -3930 347 109 — 535 674 529 — 940
Topt 31.0 30.3-31.6 31.6 29.9-33.1 28.5 27.0 -30.1 32.4 32.1-32.7
E. 61 50-172 71 60 — 82 48 38-57 44 30-57
R>4 0.9 0.8-1.1 1.2 1.0-1.3 0.5 0.4-0.6 0.6 0.5-0.7

GPmax, maximum gross photosynthesis (g Oz gs * min't); Ha, activation energy for photosynthesis (kJ mol™?); Hq,
deactivation energy (kJ mol—1); E,, activation energy for respiration (kJ mol™2); Rz, respiration rate at median

temperature (g Oz gaw * Min™t); Topt, Optimum temperature (°C)

Effect of PAR on the net photosynthesis

P—E curves of E. denticulatum, K. striatus, and K. alvarezii at 26°C showed a characteristic
hyperbolic shape, with an initial increase in NP rates and then saturating to a constant rate at high
PAR (Fig. 2). No indication of photoinhibition was also observed for all carrageenophyte species

up to the maximum PAR of 1000 umol photons m2s2.
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Fig. 2 The response of the net photosynthetic rates of E. denticulatum (a), K. striatus (b), and
brown (c) and green (d) K. alvarezii to increasing photosynthetically active radiation (PAR)
measured at 26°C. The dots indicate the measured rates (n = 5), the lines indicate the

expected value, and the shaded regions indicate the 95% BPI of the model.

The measured NP rates of E. denticulatum and K. striatus gradually increased from -1.7
and -1.2 pg Oz grw  min~! (-5.0-1.6 and -2.3-0.1, 95% BPI) at 0 umol photons m~2 s to a high
of 12.1 and 3.8 pg Oz grw * min™* (8.8-15.3 and 2.7-4.8, 95% BPI) at 1000 pmol photons m2 s,
respectively. NP rates of the brown and green K. alvarezii likewise rose from -0.6 and -0.9 pug O>
giw T mint (-1.7-0.4 and -3.2-1.3, 95% BPI) at 0 pmol photons m2 s to 5.3 and 5.2 pg Oz grw *
min~t (4.3-6.3 and 2.9-7.4, 95% BPI) at 1000 umol photons m~2 s, respectively.

The parameter estimates which describe the significant features of each P-E curve are

shown in Table 2.
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Table 2 Mean and 95% BPI of the parameters estimated for the P-E model in E. denticulatum, K.

striatus, and brown and green K. alvarezii

E. denticulatum K. striatus Brown K. alvarezii Green K. alvarezii
Parameter Mean 95% BPI Mean 95% BPI Mean 95% BPI Mean 95% BPI
NPuuax 13.8 125-152 5.0 4.6-5.5 59 55-64 6.1 52-17.0
a 0.11 0.08-0.13 0.04 0.03-0.05 0.04 0.03-0.04 0.04 0.03-0.06
Ry 1.7 0.6-2.8 1.3 09-1.6 0.6 03-1.0 1.0 0.7-1.7
E. 17 7-25 37 2945 18 10-25 23 18-36
Ex 130 105 - 160 131 105 - 162 157 133 - 185 143 125 -201

NPmax, maximum net photosynthesis (g Oz gt min2); Rq, respiration rate (ug Oz g * min2); a, initial slope [ug
Oz grw * min™* (umol photons m~ s) 1]; E¢, compensation PAR (umol photons m2 s?); Ej, saturation PAR (umol

photons m2s)

Effect of temperature on the maximum quantum yield (Fv/Fm)

The Fv/Fm of all carrageenophyte species were also observed to gradually increase from low
temperatures to a peak, and then decrease with further rise in temperature (Fig. 3). Their maximum
Fv/Fm ranged from 0.55 to 0.65, which occurred at temperatures between 15.7 and 19.7°C. Other

model parameter estimates are presented in Table 3.
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Fig. 3 The temperature response of the maximum quantum yield (Fv/Fm) in E. denticulatum (a),

K. striatus (b), and brown (c) and green (d) strains of K. alvarezii. The dots indicate the

measured values (n = 10), the lines indicate the expected value, and the shaded regions
indicate the 95% BPI of the model.

Table 3 Mean and 95% BPI of the parameters estimated for the F./Fn—temperature model in E.

denticulatum, K. striatus, and brown and green K. alvarezii

E. denticulatum

Parameter Mean 95% BPI

K. striatus

Mean 95% BPI

Brown K. alvarezii

Mean 95% BPI

Green K. alvarezii

Mean 95% BPI

F/Fumay  0.64 0.63 - 0.66

H, 9 6-14
Hy 112 98 — 127
Topt 18.2 17.4-19.0

0.65 0.64 - 0.66

10 4-21

70 56 — 88

15.7 13.7-17.4

0.55 0.53-0.56

35 22 -51

94 88— 102

19.7 18.8-20.6

0.60 0.59-0.61

119 92 - 147

139 115-164

17.4 16.7-18.1

Effect of continuous PAR exposures on quantum yields (Fv/Fm, @psi)

The effects of continuous exposure to low (300 pmol photons m™2 s) and high (1000 pumol

photons m~ s1) PAR on the quantum yields of the two color morphotypes of K. alvarezii were

similar, with decrease in their quantum yields (@psn) in the first hour of exposure until the sixth
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hour (Fig. 4). The quantum yields of brown and green K. alvarezii after 6 h of low PAR exposure
significantly declined (P < 0.01) from the initial F./Fm of 0.32 and 0.47 to ®psi of 0.20 and 0.26,
respectively. However, after the 12-h dark acclimation period, the F./Fmn recovered to 0.39 and
0.48, respectively. Similarly, @psii decreased throughout the 6-h exposure to high PAR, from an
initial Fv/Fm of 0.35 for brown K. alvarezii and 0.43 for green K. alvarezii to &ps; values of 0.16
and 0.24, respectively. Their post-dark acclimation F./Fn (i.e., 0.36 for brown K. alvarezii and
0.46 for green K. alvarezii) also recovered, with no significant difference from their initial values

(P =0.637, brown; P = 0.106, green).

+ 300 umol photons m 2 s~ (a) (b)
—~ 1.004 + 1000 pumol photons m 25! 1.00+
4
&
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Fig. 4 The hourly response of the effective quantum yields (®psi) in brown (a) and green (b)
strains of K. alvarezii to low (300 umol photons m~ s, circle) and high (1000 pmol
photons m~2 s, triangle) PAR at 26°C. The symbols indicate the mean of actual values
measured (n = 10), and bars indicate one standard deviation. Initial values and the values

after 12-h dark acclimation were measured as F./Fn.
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Discussion

Evaluating the impact of varying environmental conditions (Aguirre von Wobeser et al. 2001,
Granbom et al. 2001; Hayashi et al. 2011; Terada et al. 2016b), including the effects of biotic
stress (i.e., “ice-ice disease” and epiphytic filamentous algaec Neosiphonia sp. infestations;
Ganzon-Fortes et al. 1993; Hurtado et al. 2006; Borlongan et al. 2011, 2016) on the physiology
and production of carrageenan in Eucheuma and Kappaphycus species, has proven crucial for
development of improved agricultural technologies and management protocols ensuring the
sustainability of the seaweed farming industry, especially in the context of global climate change.
There are approximately 16 morphotypes or commercial varieties of Kappaphycus (Hurtado et al.
2015), having distinct acclimation and adaptation capabilities relative to cultivation method or site
(Trono et al. 2000); hence optimum conditions need to be established for each variety
independently. Cultivation of E. denticulatum and K. striatus on shallow coasts of Bali beach,
Indonesia employs the fixed off-bottom method; while those of K. alvarezii from Sulawesi Utara,
Indonesia use the hanging long-line method. Regardless of cultivation method, these seaweeds
are exposed to direct sunlight throughout the day.

In this study, all carrageenophyte samples did not undergo photoinhibition, as neither
decline in the convexity of the P—E curve nor drop in quantum yield of oxygen evolution (a) was
observed up to the highest PAR of 1000 umol photons m™2 st Exposure to such high PAR level
for 1 h under laboratory conditions may not have yet reduced the photosynthetic activity that can
result into a negative f (i.e., quantum yield of oxygenic evolution) of the cultivated macroalgae.
However, the possibility of photoinhibition of photosynthetic rates under prolonged exposure to
such PAR level or to even higher magnitudes, reaching as high as 2000 umol photons m=2 s*

(Collen et al. 1995; Terada et al. 2016b), in the cultivation site is inevitable, since these
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carrageenophytes are planted just below the sea surface, and so are exposed to direct sunlight
throughout the day. A concrete manifestation that these seaweeds are under high PAR is thallus
bleaching (Dawes 1981).

On one hand, a depression of the effective quantum yield (@psii) at noon, and recovery by
sunset was observed with Vietnamese-cultivated K. alvarezii (Terada et al. 2016b) and other
macroalgae (Figueroa et al. 1997; Cabello-Pasini et al. 2000; Kokubu et al. 2015; Terada et al.
2016a), revealing their efficient protective response mechanism for down-regulating
photosynthesis to avoid chronic photodamage at high PAR levels (Beer et al. 2014). In this study,
continuous exposure to 1000 pmol photons m™2 st resulted to a decline in ®ps of brown and
green K. alvarezii by 56 and 44%, respectively, after the 6-h exposure. Similarly, at 300 umol
photons m™2 s71, @ps); of the two color morphotypes apparently decreased from their respective
initial values by 38% (brown) and 43% (green). All K. alvarezii samples exposed to both low and
high PAR had their ®@ps)i returned to initial levels after a 12-h dark acclimation period, indicative
of their tolerance to high PAR. Besides decline in oxygen production and quantum yield,
variations in pigment composition could also constitute the photoprotective process in the natural
environment, as similar pattern of daily changes in chlorophyll-a (chl-a) and biliprotein content
was observed in Pyropia leucosticta (Thuret) Neefus et J. Brodie (as Porphyra leucosticta,
Figueroaet al. 1997). Further work is required to confirm the diurnal pigment fluctuations in these
carrageenophytes so as to elucidate their role, if any, in the response to PAR stress. Nevertheless,
Ex of all carrageenophyte samples in this study were somehow similar, and were within the range
of estimated Ex values of carrageenophytes from Indonesia (96-176 pmol photons m2 st
Lideman et al. 2013), Vietnam (117-203 pmol photons m™2 s*; Terada et al. 2016b), and the

Philippines (103-290 pmol photons m™2 s™%; Borlongan et al. 2016). Despite the difference on
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how these seaweeds were planted in the sea, results showed that these seaweeds are adapted to the
same PAR conditions, with low PAR requirement for oxygenic photosynthesis. Variations in
growth performance of these carrageenophytes, relative to the farming method employed, can
rather be attributed to nutrient availability and water movement (Glenn and Doty 1992), as these
factors are also crucial for the successful cultivation of these seaweeds under natural conditions
(Santelices 1999).

Likewise, temperature strongly influenced the photosynthetic activity of the four sample
carrageenophytes, with peak gross photosynthetic rates of E. denticulatum, K. striatus, and brown
and green K. alvarezii occurring at 31.0, 31.6, 28.5, and 32.4°C (Topt), respectively. These optimal
temperatures are within the range of temperatures where rETRmax Of Indonesian E. denticulatum
(23-32°C) and Kappaphycus sp. (22—-33°C) were highest (Lideman et al. 2013). More importantly,
they are within the scope of annual seawater temperatures recorded at mariculture sites of
Indonesia, (28-34°C; Amin et al. 2008; World Sea Temperatures 2016), Malaysia (25-31°C;
Vairappan 2006), the Philippines (28-31°C; Hurtado et al. 2012), and Vietnam (25-32°C, Ohno
et al. 1996; Hung et al. 2009). Dark respiration of all samples increased exponentially with rise
in temperature up to 38°C. Maximum gross photosynthetic rates (GPmax) varied among each other,
with highest values in E. denticulatum, suggestive of their possible growth advantage over the
other carrageenophytes under optimal conditions in commercial seaweed cultures. Moreover, the
brown K. alvarezii had Topt 4°C lower than those of other cultivars, which may indicate some
genetic differentiation among them. The difference in their photosynthetic responses may also be
attributed to the variation in pigment composition, with reduced photosynthetic and growth

efficiency in species or strains with lower pigment levels per unit biomass (Dawes 1992).
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Fv/Fm of E. denticulatum, K. striatus, and K. alvarezii also corresponded with the
temperature response of oxygenic evolution (gross photosynthesis) in this study, and were similar
to other macroalgae (Fujimoto et al. 2015; Vo et al. 2015; Terada et al. 2016a, b), where F./Fn
gradually increased with rising temperature, and quickly dropped as temperatures reached their
apparent threshold levels. The temperature dependence of oxygen production and F./Fmn can be
attributed to the role of temperature in the oxygen-evolving complex, enzymatic reactions of
carbon fixation, photophosphorylation, and electron transport during photosynthesis
(Allakhverdiev et al. 2008; Colvard et al. 2014). Thermal stress at high temperatures produces
reactive oxygen species (ROS), which consequently inhibit de novo synthesis of the D1 protein in
PSII, resulting in a reduction of FW/Fn and GP rates. Despite the similar GP— and Fv/Fm—
temperature responses, their temperature optima were quite dissimilar, with apparently lower Topt
for Fv/Fm than for GP. The discrepancy between the two parameters is probably due to the process
being observed, where oxygen evolution represents net photosynthesis, which includes the
oxygen-consuming process of respiration; whereas F./Fr, reflects the efficiency of light harvesting
and electron transport in PSII (Beer et al. 2014); which is only a part of several processes involved
in photosynthesis. Between the two photosynthetic measurements, GP seemed more sensitive to
temperature than F./Fn in these carrageenophytes; and so provides a better link between seaweed
productivity and the thermal environment. Nonetheless, both F./Fn and GP measurements were
considered significant in estimating for the lower and upper limits of temperature tolerance, rather
than simply an optimum temperature range based on only one type of observation. Hence, the
lower and upper limits of temperature tolerance are 18.2-31.0°C for E. denticulatum, 15.7-31.6°C
for K. striatus, 19.7-28.5°C for brown K. alvarezii, and 17.4-32.4°C for green K. alvarezii. The

carrageenophytes may photosynthesize and grow within such range of seawater temperature in the
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cultivation site, but may likely undergo thermal inhibition and stunted growth at temperatures
approaching threshold levels. Indeed, growth rates of K. alvarezii in culture systems dropped after
prolonged periods at 30°C (Aguirre von Wobeser et al. 2001; Mandal et al. 2015). Seaweeds
became fragile and had retarded growth rates when seawater temperature exceeded 33°C (Ohno et
al. 1996). Temperatures of up to 33-35°C have also caused seaweed pigment concentrations to
drop, leading to loss of photosynthetic efficiency, poor growth rates, and finally to “ice-ice”
whitening and loss of biomass due to fragmentation (Ganzon-Fortes et al. 1993; Largo et al. 1995).
While the seaweeds’ lower limits of temperature tolerance may not be of ecological importance in
tropical areas, this information is valuable when we consider cultivation sites outside the tropics,
in more temperate areas. For example, seawater temperatures drop to as low as 16°C during winter
along the southeastern coast of Brazil (Paula et al. 2002; Hayashi et al. 2011). Additional
investigations including photosynthetic pigment determination and temperature acclimation
experiments for photosynthesis and respiration (with longer time-scale) are necessary in order to

provide better estimates of the optimum temperature for the cultivation of such species.
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CHAPTER 3: Effects of temperature and PAR on the photosynthesis of Kappaphycus sp.

from Okinawa, Japan

Introduction
Okinawa Island is one of the major islands of Japan’s Ryukyu Islands, situated between mainland
Japan and Taiwan in the western Pacific Ocean (26°N). Its climate is described as humid-
subtropical, with a mean annual temperature of 22.3°C (Climate Data for Cities Worldwide 2016).
In this coastal region, environmental conditions are strongly influenced by seasonal changes,
climatic (e.g., ‘El Nifio” events; Tokyo Climate Center, Japan Meteorological Agency 2016) and
oceanographic (e.g., Kuroshio current; Gerung and Ohno 1997) processes, which result in
changing physiological scenarios, specifically for algae inhabiting shallow and intertidal sites.
Indeed, a mixture of naturally-occurring Paleotropical / temperate edible seaweeds (e.g.,
Betaphycus gelatinus (Esper) Doty ex P.C. Silva, Sargassum fusiforme (Harvey) Setchell,
Monostroma nitidum Wittrock) have been observed in the region (Yoshida 1998; Yoshida et al.
2010).

The native red alga Kappaphycus sp. (referred to as Eucheuma striatum sensu Yamada =
“K. striatus” auctorum japonicorum; Yamada 1936) occurs in the Ryukyu Islands, but has never
been observed in mainland Japan; thus suggesting that this species in Okinawa is at the northern
limit of Kappaphycus distribution in the western Pacific (Yoshida 1998). Similar to Cladosiphon
okamuranus Tokida (Chordariaceae; Mozuku in Japanese) and Caulerpa lentillifera J. Agardh
(Caulerpaceae; Umi-budou in Japanese), this species has been harvested from natural populations
in Okinawa Island and other small islands in the Ryukyu Islands by local inhabitants for regional

consumption (Terada 2012), and can be observed during early spring and summer. However, it
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often disappears by the end of spring due to overharvesting. This necessitates appropriate
management and the establishment of mariculture for this species. Indeed, this species has not
been reported as commercially cultivated in Japan, although initial field trials have shown potential
for the mariculture of introduced Eucheuma and Kappaphycus (origin: Philippines) in the southern
region of Shikoku Island, Japan proper (Ohno et al. 1994; Gerung and Ohno 1997).

The successful development of commercial cultivation of this carrageenophyte on the
shores of Okinawa, Japan requires a fundamental understanding of its photobiology, dependent
upon careful consideration of the local climate. However, most of our knowledge on temperature
and PAR response of photosynthesis is limited to cultivars from tropical environments (Lideman
et al. 2013; Borlongan et al. 2016; 2017a, b; Terada et al. 2016b). Insight regarding the
ecophysiology of Kappaphycus in cooler regions remains scarce, exclusive of investigations
related to its introduction and successful cultivation (Bulboa and de Paula 2005; Bulboa et al.
2008; Hayashi et al. 2007; De Goes and Reis 2012). Additionally, most of the previous studies
(Reis et al. 2011; Pang et al. 2012; Li et al. 2016) focused on cultivated strains, and knowledge of
non-cultivated strains is lacking.

This study focused on the temperature and PAR requirements for photosynthesis of the
native alga Kappaphycus sp. from Okinawa, Japan by employing methods based on PAM-
chlorophyll fluorometry and dissolved oxygen sensors. Changes in the PSII quantum yields (Fv/Fm,
®ps1) of Kappaphycus sp., as subjected to different combinations of temperature and PAR over an
extended period of time were also examined to determine the influence of both environmental
factors in photoinhibition and recovery of PSII. In many cases, the impact of any particular stressor
on the physiology and performance of marine macrophytes will depend upon the presence and

magnitude of additional limiting or disruptive stressors (Harley et al. 2012).
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Materials and Methods
Sample collection and stock maintenance
Kappaphycus sp. was collected from Inamine, Nago City, Okinawa Prefecture, Japan (26°38°20”
N, 128°3°20” E) on 29 March 2016 for oxygen evolution and PAM fluorescence measurements.
Additional specimens were collected from the same site on 2 June 2016 for photoinhibition-
recovery experiments. The seaweeds were attached on rocks and pebbles in a coral lagoon, at a
depth of 0.5 m at low tide (1.5 m deep from mean sea level). Approximately 0.5 kg of collected
algae were stored in plastic bottles (1000 mL) with seawater, and transported to the laboratory at
the Faculty of Fisheries, Kagoshima University, Japan. The chloroplast-encoded rbcL gene of the
algal sample was sequenced based on the procedure of Vo et al. (2014), and deposited in GenBank
with the accession number (LC213034). Voucher specimens were likewise deposited in the
Herbarium of Kagoshima University Museum, Kagoshima.

Samples were acclimated to laboratory conditions for 1 to 3 days prior to experimentation.
During this time, Kappaphycus sp. was maintained in an aquarium tank (1500 L) under the
following laboratory conditions: moderate aeration (c. 2.0 L min™t) at 24°C, PAR of 200 umol

photons m™2 s71 (14:10 light: dark cycle), salinity of 33, and pH of 8.0.

Underwater PAR and temperature

Continuous measurements of underwater PAR at the actual depth of collection site were also taken
using a 2m quantum data-logger (DEFI-L, JFE Advantech Co. Ltd., Hyogo, Japan) from 5:30 AM
on 7 November to 7:00 PM on 8 November 2016. PAR was measured at 1 Hz and the mean values
were determined every minute. Seawater temperature near the study site (Okinawa Prefectural

Sea Farming Center, 15 km northwest of the study site) was obtained from the online database (J-
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DOSS) of Japan Oceanographic Data Center (2017). In this institution, seawater was pumped
from offshore (approx. 17,000 tons per day), and seawater temperature was measured daily at 8:00
AM. Available monthly data from 2002 to 2009 were used to compute for the mean seawater

temperature.

Effect of temperature on photosynthesis and respiration

Photosynthetic oxygen evolution and respiratory oxygen consumption rates of Kappaphycus sp.
were determined at eight temperature treatments (i.e., 8, 12, 16, 20, 24, 28, 32, and 36°C), with
methods similar to those described in the P—T experiment in chapter 2. Approximately 1.33 £ 0.31
grw Of algal segments were placed into each BOD bottles (n = 5) containing sterile natural seawater.
The samples were incubated at each experimental temperature for 30 min under a constant
saturating PAR of 200 umol photons m™2 s, before photosynthesis was monitored for an
additional 30 min. This was followed by measurement of respiration rates for another 30 min in

the dark.

Effect of PAR on oxygenic photosynthesis

P—E experiment on Kappaphycus sp. was conducted at a fixed temperature of 24°C, under nine
PAR treatments similar to those described in chapter 2. Sample segments used in this experiment
were approximately 2.03 + 0.7 grw. All rates were normalized the to water volume of each BOD

bottle (n = 5) and fresh weight of the sample.
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Effect of temperature on chlorophyll fluorescence
The Fu/Fm of the alga were measured from 8 to 38°C in 2°C increments, with a red measuring light
version (at 650 nm) of the Maxi Imaging-PAM (Heinz Walz GmbH, Effeltrich, Germany), as

described in chapter 2.

Photoinhibition-recovery experiments

The quantum yields of Kappaphycus sp. were measured under two PAR levels (300 and 1000 umol
photons m™2 s71), and at two temperatures (18 and 28°C) with a Maxi Imaging-PAM. The two
temperatures served as the minimum and maximum temperature treatments, based on the GP— and
Fv/Fm—temperature results. Twenty to thirty segments (> 2 cm long) of algal sample were initially
incubated overnight (12 h) at each temperature condition in the dark. Ten sections, which served
as replicates, were then randomly assigned to each PAR treatment group. F./Fm at 0 umol photons
m2 st (n =10 per PAR-temperature combination) were measured to provide initial values.
Samples were placed in separate beakers (1000 mL) containing sterile natural seawater maintained
at a specific temperature (Coolnit CL-600R, Taitec, Inc., Tokyo, Japan), and were exposed to either
300 or 1000 umol photons m™2 st (metal halide lamp). ®psu (n = 10 per PAR-temperature
combination) were measured every hour for 6 h of continuous exposure to each PAR treatment.

Following the experiment, samples were once more dark-acclimated for 12 h at their respective

temperatures; and their final F./Frn were measured to confirm the possibility of recovery.

Statistical analyses and model fittings
Statistical analyses were done using R version 3.3.3 (R Development Core Team 2017) and model

fittings were carried out using rstan version 2.17.3 (Stan Development Team 2017). The
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parameters were obtained by fitting the relevant models (Equations 1-3; chapter 2) using Bayesian
inference.

A one-way ANOVA was used to examine if chronic PAR exposures affected @ps; for each
PAR-temperature combination. Time was considered a factor with levels: 0, 6 and 18 h after the

start of the experiment (i.e., initial F./Fm, @psii after 6 h, and the final F./Fn after 12 h of darkness).

Results

Daily change of PAR and the seasonal change of seawater temperature

The sky conditions were somewhat uniform during the two-day PAR survey, with very little cloud
cover. The time of sunrise and sunset for the two days were 6:42 AM and 5:44 PM on 7 November,
and 6:43 AM and 5:43 PM on 8 November, respectively. The sunshine duration for the two days
was 9.4 and 8.7 h, respectively (Japan Meteorological Agency 2016). The minute-averaged
underwater PAR was highest at 935.4 pmol photons m~2 st on 7 November 2016, 11:30 AM; and
at 1193.8 umol photons m2 st on 8 November 2016, 11:59 AM (Fig. 5). Hourly averages from
12:00 — 1:00 PM were 800.4 umol photons m2 s™* (7 November) and 898.7 umol photons m2 s

(8 November), respectively.
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Fig. 5 Underwater incident PAR on the Kappaphycus sp. habitat at Inamine, Nago, Okinawa,

Japan, on 7-8 November 2016. Measurement was taken at every 1 Hz, and the mean PAR

for every 60 Hz was calculated.

Mean annual seawater temperature in Okinawa is 24.5°C (Fig. 6). Minimum seawater

temperature was recorded in February (20.7°C), while the maximum in August (28.7°C).
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Fig. 6 Seasonal changes of seawater temperature near the study site (Okinawa Prefectural Sea

Farming Center), Motobu, Okinawa Island, Japan. The dots indicate the mean of seawater

temperatures from 2002 to 2009, and bars indicate standard deviation (SD).
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Effect of temperature on photosynthesis and dark respiration rates

Net photosynthesis of Kappaphycus sp. at 8°C was relatively low, with a mean rate of 0.2 ug O>
giw - min 1[(-0.6-0.9, 95% BPI]. It continuously increased between 12 and 28°C with a maximum
of 3.9 pg O2 grw  mint (3.0-4.7, 95% BPI), and subsequently decreased to a low of 1.0 ug O

grw T mint (0.1-1.8, 95% BPI) at 36°C (Fig. 7a).
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Fig. 7 The response of the oxygenic photosynthesis and dark respiration to temperature of
Kappaphycus sp. from Okinawa, Japan. (a) The net photosynthesis to temperature
determined at 200 pmol photons m2 s, (b) The dark respiration rate to temperature at 0
umol photons m™2 s™%. (c) The modeled gross photosynthetic rates. Data were derived
from the model curve of net photosynthesis (a) and dark respiration (b). The dots indicate
the measured rates (n = 5), the lines indicate the expected value, and the shaded regions
indicate the 95% BPI of the model.

Meanwhile, dark respiration rates increased with rising temperature, from 0.1 pug Oz g *
min~! (0.05-0.3, 95% BPI) at 8°C to 1.4 ug O2 grw * min~t (0.5-3.2, 95% BPI) at 36°C (Fig. 7b).
The respiration rates at the median value of temperature (R22) for Kappaphycus sp. was 0.4 pg O-

Orw = min™,
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Simultaneous model fittings of net photosynthesis and dark respiration rates provided for
estimates of gross photosynthesis rates (Fig. 7c¢), and model parameter values (Table 4). The
optimum temperature (Topt) OFf Kappaphycus sp. i.e., the temperature at which its maximum gross

photosynthetic rate (GPmax = 4.6 pg Oz grw * min™t) would occur was 29.1°C.

Table 4 Mean and 95% BPI of the parameters estimated for the gross photosynthesis—temperature

model in Kappaphycus sp. from Okinawa, Japan

Parameter Mean 95% BPI
GPriax 4.6 43-5.0
H, 111 90-138
Hy 289 247 - 342
Topt 29.1 28.4-29.8
E, 59 46 - 172
R2 0.4 04-0.5

GPmax, maximum gross photosynthesis (1ug Oz g * min™t); Ha, activation energy for photosynthesis (kJ mol™); Hg,
deactivation energy (kJ mol—1); E,, activation energy for respiration (kJ mol™?); Rz, respiration rate at median

temperature (g Oz gaw * Min™2); Topt, Optimum temperature (°C)

Effect of PAR on the net photosynthesis

Increasing PAR stimulated the photosynthetic oxygen production in Kappaphycus sp. leading to a
P-E curve (Fig. 8) from which characteristic parameters for the description of the PAR
requirements were derived (Table 5). While Rq was estimated to be 1.1 pg Oz grw * min?, NPmax
was 6.2 pug Oz g * mint. Kappaphycus sp. had an « value of 0.05 pg Oz gw L min* (umol
photons m2s) 1, Ec of 26 umol photons m2 s, and Ex of 140 pmol photons m2 s, There was

no indication of photoinhibition up to the maximum PAR of 1000 umol photons m2 s2,
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Fig. 8 The response of the net photosynthetic rates of Kappaphycus sp. from Okinawa, Japan to
increasing PAR measured at 24°C. The dots indicate the measured rates (n = 5), the line

indicates the expected value, and the shaded region indicates the 95% BPI of the model.

Table 5 Mean and 95% BPI of the parameters estimated for the P-E model in Kappaphycus sp.

from Okinawa, Japan

Parameter Mean 95% BPI
NPax 6.2 53-72

a 0.05 0.03-0.06
R 1.1 04-1.9
E. 26 11-39

Ex 140 98 — 192

NPmax, maximum net photosynthesis (g Oz gt min™); Rq, respiration rate (ug Oz gt Min2); a, initial slope [ug
O grw * min~t (umol photons m=2 s7t) 1]; Ec, compensation PAR (umol photons m2 s1); Ej, saturation PAR (umol

photons m=2 s1)
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Effect of temperature on the maximum quantum yield (Fv/Fm)

The Fv/Fn of Kappaphycus sp. remained relatively stable at temperatures between 8 and 28°C,
with values ranging from 0.54 to 0.60; and decreased thereafter to a minimum of 0.21 at 38°C (Fig.
9). Parameter estimates of the model (Table 6) indicated the highest F./Fm of 0.59 occurring at

17.4°C (Topt).

1.001
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0.504

0.254

Maximum quantum yield, F,/F,

0.004

8 12 16 20 24 28 32 36 40
Temperature (°C)
Fig. 9 The temperature response of Fv/Fm in Kappaphycus sp. from Okinawa, Japan. The dots
indicate the measured values (n = 10), the lines indicate the expected value, and the shaded
regions indicate the 95% BPI of the model.

Table 6 Mean and 95% BPI of the parameters estimated for the F./Fn—temperature model in
Kappaphycus sp. from Okinawa, Japan

Parameter Mean 95% BPI
F/Fu (max 0.59 0.58 - 0.60
H, 6 5-9

Ha 150 137 - 164
Topt 17.4 16.4-184
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Combined effects of temperature and PAR on the PSII quantum yields, and their potential of
recovery

The PSII quantum yields of Kappaphycus sp. in the two PAR treatments at 18 and 28°C decreased
drastically in the first hour of exposure, and stabilized thereafter up to the sixth hour (Fig. 10). At
18°C, quantum yields of seaweeds after 6 h of exposure to 300 (low) and 1000 pmol photons m™2
st (high) significantly declined (P < 0.01) from their initial F./Fr, of 0.51 and 0.49 to ®pg;; 0f 0.21
and 0.15, respectively. Despite the rise in Fv/Fr to 0.40 and 0.28, following 12-h dark acclimation,
the values were still significantly different (P < 0.01) from the initial (Fig. 10a). Likewise, ®psi
of Kappaphycus sp. at 28°C declined throughout the 6-h exposure to both PAR treatments; from
an initial Fv/Fm of 0.48 to ®psi 0f 0.26 at low PAR, and from 0.41 to 0.15 at high PAR. However,
unlike with seaweeds at 18°C, F./Fm of Kappaphycus sp. at 28°C returned to initial values after

overnight acclimation (P = 0.893, low PAR; P = 0.513, high PAR; Fig. 10b).
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Fig. 10 Chronological change of the PSII quantum yields of Kappaphycus sp. from Okinawa,
Japan at 18°C (a) and 28°C (b). Measurements were carried out from the initial state (under
dark condition, Fv/Fm) up to 6 h (@psi) of continuous exposure to low (300 pwmol photons
m2 s, circle) and high (1000 pmol photons m~ s}, triangle) PAR. Recovery in Fy/Fr

were also measured after 12 h of dark acclimation.
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Discussion

Species of Kappaphycus are generally distributed in tropical and subtropical coastal marine
ecosystems, and they are extensively cultivated in regions near 10° latitudes (Hayashi et al. 2010).
Despite the relatively high latitude (26° N), Kappaphycus sp. has been observed in the coastal
waters of Okinawa, Japan over the past 80 years (as Eucheuma striatum sensu Yamada = K.
striatus auct. japon.; Yamada 1936). Although this taxon had been treated as K. striatus in Japan
for several years, there has been no phylogenetic study of Japanese species of Kappaphycus /
Eucheuma; and so necessitates its taxonomic reassessment for future studies. Species
identification of the algal sample is essential; as photosynthetic characteristics vary within the
genus (Vo et al. 2015; Li et al. 2016; Terada et al. 2016c) or even within species (Borlongan et al.
2017b, d), which may indicate some genetic divergence. Nonetheless, algal samples in this study
were regarded as Kappaphycus sp. Such red algae have not been observed naturally in mainland
Japan, including Kyushu and Shikoku Islands; therefore, Kappaphycus sp. in Okinawa is regarded
as one of the northernmost entities in the western Pacific (Yamada 1936; Yoshida 1998).

In this study, photosynthetic activity of Kappaphycus sp. was temperature-dependent at
rather high temperatures, given the decline in both GP rates and F./Fn after 28°C. The
photophysical events of light harvesting and electron transfer may not have been strongly
influenced by cold temperatures for Kappaphycus sp., given their consistently high Fv/Fn values
over the low temperature range. Such a PSII response contrasts with those of K. striatum and K.
alvarezii from China (Li et al. 2016), where their F/Fn and performance indices (Plags)
significantly dropped as a consequence of low temperature stress. The excess H.O> generated by
low temperature stress may have indirectly damaged the photosynthetic apparatus of the seaweeds,

leading to their reduced photosynthetic activity. However, we compared our results with the
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previous study with caution, taking into consideration the longer period of exposure (i.e., 2 h) of
algal samples to the low temperature conditions. GP rates of Kappaphycus sp. at low temperatures
(8 and 12°C) were relatively low, but were stimulated by rising temperatures up to 29.1°C (Topt);
followed by an inhibition up to 36°C. Such decline in GP rates can be attributed to thermal damage
associated with enzymes of the Calvin cycle, ATP-generating synthase and PSII, with oxidative
stress impeding its repair process (Nishiyama et al. 2006; Allakhverdiev et al. 2008), as well as to
increased respiration at elevated temperatures (Salvucci and Crafts-Brandner 2004; Fujimoto et al.
2015; Terada et al. 2016b). While dark respiration in Kappaphycus sp. was not detectable at 8°C
and still low at 20°C, it continuously increased from 24 to 28°C. Further rise in temperature up to
36°C, however, did not affect respiratory oxygen consumption. The low respiratory activity at
36°C reduces potential cellular carbon loss; resulting in moderate net photosynthesis rates that are
yet adequate for biomass gain.

A degree of variation in optimum temperatures for the two measured variables was also
evident, i.e., 29.1°C for GP and 17.4°C for Fv/Fm. Nevertheless, both features depict thresholds
of temperature tolerance, within which the native alga may photosynthesize efficiently.
Temperature requirements for optimum photosynthesis of the Japanese Kappaphycus sp. (i.e.,
17.4-29.1°C) were remarkably lower than those of cultivars from the Philippines (30°C; Aguirre
von Wobeser et al. 2001), Indonesia (31-33°C; Lideman et al. 2013; Borlongan et al. 20173, b)
and Vietnam (31°C; Terada et al. 2016b). Moreover, the F./Fn—temperature relationship of the
Japanese entity was different from those of other Paleotropical red algae (Fujimoto et al. 2015; Vo
et al. 2015; Terada et al. 2016b, c; Borlongan et al. 20173, b), that have a dome-like response to
rising temperatures. The disparity in photosynthetic responses to temperature between subtropical

and tropical seaweeds is primarily attributed to the difference in the temperature conditions of their
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respective habitats, with regions far from the equator experiencing larger variations in temperature
due to seasonal changes. Seawater temperatures in Okinawa extend from 20.7°C (in February) to
28.7°C (in August), which is within the range of temperature requirement for photosynthesis of
the Japanese Kappaphycus sp. Temperate and subtropical species have shown higher efficiencies
and tolerances to a wide range of temperature (Bischoff-Basmann 1997; Yokoya et al. 1999;
Terada et al. 2013; Graiff et al. 2015); hence, no drastic thermal effects on photosynthesis for these
seaweeds would be expected. However, since the difference of mean monthly temperatures in
Okinawa is not very high (SD = 3°C), variations in algal photosynthetic responses in summer and
winter could be possible.

Given their varied photosynthetic responses when exposed to different combinations of
temperature and PAR for an extended period, the Japanese Kappaphycus sp. exhibited marked
seasonality in photosynthetic capacity. The seaweed showed inhibition of @®psy after 6 h of
continuous PAR exposure to both 300 and 1000 pmol photons m2 s* at 18 and 28°C. The decline
in &pgyy at 28°C over the 6-h period of PAR exposure was more pronounced (i.e., by 54% under
300 pmol photons m2 s and 36% under 1000 pmol photons m=2 s1), as compared with that of
PAR exposure experiments at 18°C, where @pg) decreased approximately by 41% under 300 pmol
photons m2 s and 31% under 1000 umol photons m2 s. Nevertheless, F./Fn of seaweeds
exposed to both PAR treatments at 18°C failed to recover after the 12-h dark acclimation period,;
while full recovery occurred at 28°C. Photoinhibition of ®@ps) occurs under light exceeding their
photosynthetic capacity as a regulatory mechanism to avoid photodamage (Hanelt 1996; Beer et
al. 2004), with failure of photosynthetic recovery at sub-optimal temperatures (Roleda et al. 2009).
The reduction in @psi of Kappaphycus sp. was due to PAR (300 or 1000 pumol photons m= s1),

which was remarkably higher than the extrapolated Ex (98—-192 umol photons m= s%). This is
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true, particularly for species / populations that are frequently exposed to high PAR, characterized
by a decline in @psi; at midday and a recovery phase in the afternoon, when a decrease in incident
PAR to sub-inhibitory levels occurs (Figueroa et al. 1997; Cabello-Pasini et al. 2000; Terada et al.
2016b, c). Although in-depth studies regarding the mechanisms of photoinhibition in
Kappaphycus sp. are needed, it is assumed that these seaweeds also have developed protective
mechanisms, such as changes in chl-a and phycobiliproteins (Figueroa et al. 1997), movement of
chloroplasts (Hanelt and Nultsch 1991), and synthesis of certain photoprotective substances related
to the xanthophyll cycle (Schubert et al. 1994), so as to lessen the damaging effects of high PAR.
However, the capacity of the Japanese Kappaphycus sp. to recover from photoinhibition was
further complicated by low temperature, with post-dark acclimation F./Fn values significantly
lower than the initial. Low temperatures altered the repair of PSII, given that protein synthesis
decreases with declining temperatures (Allakhverdiev and Murata 2004); and so prevented the
seaweed’s full recovery from photoinhibition. Despite the steady F./Fm response at low
temperatures and the low temperature requirement for photosynthesis of Kappaphycus sp. in this
study, a sufficiently high ambient temperature may be necessary so that the seaweeds do not suffer
from photodamage on clear, sunny days during winter.

In relation to the photosynthetic response of the Japanese Kappaphycus sp. to PAR, no
reduction in both oxygenic evolution and quantum yield was observed up to 1000 umol photons
m~2s71. Their net photosynthesis rate at 24°C reached saturation at 140 umol photons m=2 s (Ex),
which was comparable to that of the Indonesian species (Lideman et al. 2013; Borlongan et al.
2017a, b), but lower than those of Vietnamese (154 pumol photons m2 s7; Terada et al. 2016b)
and Philippine (166 umol photons m~2 s7%; Borlongan et al. 2016) entities. Even so, their NPmax

and o values matched those reported from Vietnam and Philippines; hence, they share similar
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photosynthetic responses to light. Japanese Kappaphycus sp. inhabits the upper littoral zone in
reef shores, where they get exposed to direct sunlight throughout the day, with PAR levels as high
as 1000 pmol photons m2 st on clear sunny days. Such a PAR environment is also encountered
by cultivated carrageenophytes in the tropics, regardless of the farming method employed.
However, P—E responses of Kappaphycus sp. may vary depending on ambient temperature, given
their photochemical efficiency (@psi, Fu/Fm) under prolonged PAR exposures. For example, a
seasonal acclimation response, characterized by seasonal change in P-E parameters, enabled the
temperate kelp Ecklonia radiata (C. Agardh) J. Agardh to remain productive and competitive
throughout widely different PAR environments, varying across seasons (Fairhead and Cheshire
2004). Investigations on seasonal patterns of photosynthesis (including P—E experiments under
low temperature conditions, and temperature acclimation experiments) and growth in the Japanese
Kappaphycus sp. are necessary to elucidate the capacity of such native alga to maintain optimal
photosynthetic performance across a range of environmental conditions. Such studies would
further strengthen its observed incidence throughout the year (Terada 2012).

Nevertheless, this study revealed how temperature, rather than PAR, plays a structuring
role in the distribution of species of Kappaphycus across latitudes. The northern distributional
limit of this species endemic in Okinawa, Japan is probably set by low winter temperatures.

Furthermore, commercial cultivation of this native alga in Okinawa is possible, but will
probably be futile in the northern part of Japan, due to low seawater temperatures in winter (<
18°C). It may be necessary to modify the conventional Kappaphycus farming techniques so as to

suit the culture of this species to the subtropical waters of Japan.
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CHAPTER 4: Effects of temperature and PAR on the photosynthesis of two life history

stages of Costaria costata and Alaria crassifolia

Introduction
Costaria costata (C. Agardh) Saunders is a subarctic kelp species that populates the low intertidal
and upper subtidal waters of the North Pacific (Druehl 1970), including the coasts of the United
States (Abbott and Hollenberg 1976; Lindeberg and Lindstrom 2010), Canada (Starko and
Martone 2016), Russia (Tokida 1954; Titlyanov and Titlyanov 2012), Korea (Cho 2010; Boo and
Ko 2012), and Japan (Yoshida 1998; Kawashima 2012). In Japan, this species is distributed in
Hokkaido Island and the Pacific coast of northern Honshu Island, which are affected by the cold
Oyashio current (Kurile current; Kawashima 1989; Yoshida 1998; Kumura et al. 2006).
Likewise, Alaria crassifolia Kjellman is distributed in the southwestern region of
Hokkaido and the Pacific coast of northern Honshu Islands, Japan. Among the five naturally-
occurring species of Alaria in Japan, this alga is found in the lowest latitude of the northwestern
Pacific (Notoya and Asuke 1984; Kawashima 1989; Yoshida et al. 2010). The southern limit of
distribution of such subarctic kelp species in this region is perhaps due in part by seawater
temperatures of over 20°C in summer (Niihara et al. 1987; Japan Oceanographic Data Center
2017). These species are also harvested from natural populations in Hokkaido and Aomori
Prefectures for regional consumption (Niihara et al. 1987; Tokuda et al. 1987); however,
production is quite limited (Kirihara 2007) due to the expansion of cultivation of U. pinnatifida.
Cultivation trials of C. costata in Aomori (by the Aomori Prefectural Fisheries Research Center
Aquaculture Institute; Kirihara 2007), and of A. crassifolia in Hakodate, Hokkaido (Fisheries

Research Department, Hokkaido Research Organization, 2018) were successful; yet culture
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methods remain to be optimized, which requires a detailed understanding of their photobiology,
especially with regards to the alternation of generations.

As in the other species of Laminariales, the life cycle of C. costata and A. crassifolia
exhibits an alternation of heteromorphic stages, consisting of a macroscopic diploid sporophyte
stage and a microscopic haploid gametophyte stage (Kawashima 1989; Nakahara 1993). In Japan,
C. costata sporophytes mostly disappear from the habitat following their maturation in summer
(May — August). Young sporophytes then reappear in early winter (November), growing rapidly
and forming dense communities with other kelp species from spring to early summer (April to
August; Kawashima 2012). As for A. crassifolia, maturation of zoosporangia in sporophylls in
the adult (> 2 year-old) sporophyte was observed from late summer to early winter (August —
December; Niihara et al. 1987). Young sporophytes emerge in early spring, and grow slowly from
spring to summer of the following year as juvenile (1-year old) individuals. Growth is suppressed
during the summer and early autumn, and resumes in winter. Population of this species can be
found throughout the year, with steady recruitment of new individuals in the kelp community
(Niihara et al. 1987; Nakahara 1993).

The purpose of this study was to examine the photosynthetic responses of C. costata and
A. crassifolia to temperature and PAR gradients, based on F./Fm, 0xygenic photosynthesis and
respiration measurements. Specifically, it aimed to compare the light harvesting efficiency, in
terms of F./Fm and quantum yield of oxygen evolution («) in response to increasing temperature
and PAR, in the two different life history stages of C. costata and A. crassifolia. The ability of
these species to recover from photoinhibition after continuous exposures to different combinations

of temperature and PAR was also evaluated for each stage.
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Materials and Methods

Collection of sporophytes

Mature sporophytes of C. costata (SPO; c. 10 individuals on each date) were collected from a
study site facing Uchiura Bay at Charatsunai Beach (old site of the Muroran Marine Station,
Hokkaido University; 42°18°20” N, 140°59°20” E), Muroran City, Hokkaido Island, Japan at a
depth of 3 m by SCUBA diving on 7 July 2015 for oxygen evolution and chlorophyll fluorescence
measurements, and on 12 July 2016 for photoinhibition-recovery experiments.

Adult sporophytes of A. crassifolia (blade length: > 40 cm long; 10 individuals on each
date) were also collected from the same site at a depth of 2 m on 12 July 2016 for F./Fn and P-T
experiments, and on 10 July 2017 for P-E and photoinhibition-recovery experiments. Whereas
fertile sporophylls from at least ten different individuals of A. crassifolia were collected from
another study site facing Uchiura Bay at Usujiri (Usujiri Fisheries Station, Hokkaido University;
41°56’10” N, 140°57°0” E), Hakodate City, Hokkaido Island on 13 December 2016 for sporulation
and gametophyte culture.

Samples were transported to the laboratory at the Faculty of Fisheries, Kagoshima
University (via Muroran Marine Station, Hokkaido University), in a cooler at 16°C, which was
approximately the same temperature as in situ on the sampling dates.

The sporophytes were maintained for 1 to 3 days prior to photosynthesis experiments in an
aquarium tank (1,500 L) at salinity of 33, pH of 8.0, seawater temperature of 16°C, and at PAR of
200 pumol photons m2 s (14:10 h light: dark cycle). Moderate aeration (c. 2.0 L mint) was also

provided to maintain saturated conditions of dissolved oxygen.
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Isolation and cultivation of gametophytes from zoospores

Gametophytes (GAM) of C. costata and A. crassifolia were isolated from spores using the
procedure from Watanabe et al. (2014b) with few modifications. Sori from mature sporophylls
were cut, rinsed with sterile natural seawater, wiped with tissue paper, and stored overnight in a
dark moist chamber at 10°C. Zoospores were released by immersing the sporophylls in sterile
natural seawater at room temperature (20°C) for 30 min. Zoospore suspensions were then
inoculated in 9 cm diameter Petri dishes with c. 20 mL Provasoli’s enriched seawater with iodine
(PESI; Tatewaki 1966), and incubated under the following culture conditions: 12°C, 30 umol
photons m=2 s, and 12:12 h (L: D) photoperiod. After 3 weeks of culture, male and female
gametophytes showed clear sexual dimorphism; they were then separated with a Pasteur pipette,
using an optical microscope (SMZ1500; Nikon, Tokyo, Japan). This prevented the mature female
gametophytes from getting fertilized. Male and female gametophytes were maintained in separate
cultures for 24-28 additional weeks; during which they form 2-3-mm hemiglobular tufts of
filaments at the bottom of the Petri dish. The culture medium was changed every two weeks.
Given the long culture period of the gametophytes, photosynthesis experiments were carried out
later (c. 28 weeks) than for the sporophytes. Male and female gametophyte cultures were pooled

on the day of photosynthesis experiments to obtain the appropriate replicate requirements.

Effect of temperature on photosynthesis and respiration

C. costata SPO (0.99 = 0.09 grw) and GAM (0.13 = 0.02 grw) were examined under eight
temperature treatments (8, 12, 16, 20, 24, 28, 32, and 36°C), at PAR of 500 umol photons m2 s*
for SPO, and 100 pmol photons m2 st for GAM, respectively. Such PAR treatments were

assigned based on their respective saturation PAR (Ex) estimated from P—E curves.
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A. crassifolia SPO and GAM were subjected to the same temperature treatments, at PAR
of 200 pmol photons m2s™%. Approximately 0.60 + 0.19 g of sporophyte blades (from the 10
collected individuals), and 0.06 = 0.01 grv Of gametophytes were used for each temperature

treatment (n = 5). Methods for the P—T experiment were described in detail in chapter 2.

Effect of PAR on oxygenic photosynthesis
P—E experiments on C. costata SPO and GAM were carried out under nine PAR treatments similar
to those described in chapter 2, at a fixed temperature based on their respective pre-incubation
temperatures (i.e., 16°C for SPO and 12°C for GAM). C. costata SPO and GAM were
approximately 1.01 + 0.10 and 0.09 + 0.02 gsw, respectively.

As for A. crassifolia, P-E experiments were conducted at 8, 16, and 20°C, respectively.
The three temperature treatments were assigned based on the mean seawater temperatures near the
collection site (Muroran / Hakodate) in early winter (December — January), in the dominant season
of the seaweed (June — July), and in summer (August — September; Niihara et al. 1987; Japan
Oceanographic Data Center 2017). Randomly selected sections (c. 2 cm long, 1 cm wide) of
sporophyte blades (from the 10 collected individuals) and tufts of gametophytes were
approximately 0.14 + 0.02 and 0.05 + 0.01 gsw, respectively. Prior to the experiment, samples
were acclimated overnight (12 h) with sterile natural seawater in the incubator at each temperature

treatment.

Effect of temperature on chlorophyll fluorescence
The F./Fmn of both life history stages of C. costata and A. crassifolia were measured at various

temperatures between 8 and 36°C in 2°C intervals, with a red measuring light version (at 650 nm)
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of Maxi Imaging-PAM (Heinz Walz GmbH, Effeltrich, Germany), following the methods
described in chapter 2. Randomly selected sections (c. 2 cm long, 1 cm wide; n = 10) of sporophyte
blades and tufts of gametophyte filaments on culture plates (n = 10) were subjected to each

experimental temperature.

Photoinhibition-recovery experiments

The effects of continuous PAR exposures on the quantum yields of C. costata SPO and GAM was
investigated under two PAR levels (100 and 1000 pmol photons m2 s1) at 12°C. Whereas those
of A. crassifolia SPO and GAM were studied at two PAR levels (200 and 1000 pmol photons m™2
s1), and at two temperatures (8 and 20°C).

Sections (c. 2 cm long, 1 cm wide) of sporophyte blades and tufts of gametophytes were
prepared to provide 10 replicates for each PAR—temperature treatment group. Samples were
initially incubated at each temperature condition overnight (12 h) in the dark prior to
photoinhibition-recovery experiments. Continuous PAR exposures were carried out for 6 h, with
measurement of ®ps) (N = 10) every hour. After which, samples were once again placed under
dark conditions at their respective temperatures for 12 h in C. costata, and for 6 h in A. crassifolia;
and their final F./Fn were measured to assess photosynthetic recovery. Temperature and PAR

controls used were the same as described in chapters 2 and 3.

Statistical analyses and model fittings

Model fittings and determination of parameters for GP— and F./Fn—temperature, and P—-E models

of C. costata and A. crassifolia were carried out using a Bayesian approach, with appropriate prior
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probability distributions assigned to the parameters. Model equations used for the respective
photosynthesis response models were described in chapter 2.

A one-way ANOVA was used to examine if continuous PAR exposures affected @psi for
each PAR-temperature treatment. Time was considered a factor with levels: 0, 6 and 12 h (for A.
crassifolia) or 18 h (for C. costata) after the start of the experiment (i.e., initial F./Fm, ®@psi after
6 h, and the final F./Fn, after 6 or 12 h of darkness).

Statistical analyses were done using R version 3.3.3 (R Development Core Team 2017) and

model fittings were carried out using rstan version 2.17.3 (Stan Development Team 2017).

Results

Effect of temperature on photosynthesis and dark respiration rates

NP rates of C. costata SPO and GAM were stable at low temperatures, with a slight increase up to
24°C, and a decrease thereafter (Fig. 11a). Their respiration rates increased from 0.9 ug Oz gaw ™
min~t (0.6-1.4, 95% BPI) at 8°C to 4.7 pg Oz grw * mint (2.9-7.4, 95% BPI) at 36°C for SPO,
and from 0.2 pg Oz grw = mint (0.04-0.5, 95% BPI) to 7.7 pg O2 grw * mint (1.8-22.0, 95% BPI)
for GAM ((Fig. 11c), respectively. Maximum gross photosynthetic rate (GPmax) of SPO was
estimated to be 8.8 g Oz grw > mint at 22.1°C (Topt; Fig. 11e). Whereas for GAM, GPmax Was 3.6

ug Oz grw * min~t, which occurred at 21.7°C.

55



304 —e— Gametophyte (a) 301 (b)
=4 Sporophyte

min~")
]
N
PD"‘»b
s
>

—1
fw

(ug 029

Net Photosynthetic Rate

8 12 16 20 24 28 32 36 8 12 16 20 24 28 32 36
244 (c) 244 (d)
18- 18-
12+ 12+

Dark Respiration Rate
(1ug Oz g, min~")

T T T T T T T T T T T T T T T T
8 12 16 20 24 28 32 36 8 12 16 20 24 28 32 36
D
3] - -
g 30 (e) 30 (f)
2 T 244 244 el
s T s )
= _E 184 184
(/>)‘ IE ’’’’ K
O’ ‘\
S o 121 12-
_8 o -------- “
o (@)] 1 =GR 2 i ‘\
- = 6 N 6 %
e 0- T T Ll J L] U U ] O- T ] ] lJ |} ) T J
o 8 12 16 20 24 28 32 36 8 12 16 20 24 28 32 36

Temperature (°C)

Fig. 11 The response of the oxygenic photosynthesis and dark respiration to temperature of
Costaria costata (a, c, €) and Alaria crassifolia (b, d, f). (a, b) The net photosynthesis to
temperature determined at 500 pmol photons m™2 s for C. costata sporophyte (SPO), at
100 pmol photons m~2 st for C. costata gametophyte (GAM), and at 200 umol photons
m~2s7* for A. crassifolia SPO and GAM. (c, d) The dark respiration rate to temperature at
0 umol photons m2s™%. (e, f) The modeled gross photosynthetic rates. Data were derived
from the model curve of net photosynthesis (a, b) and dark respiration (c, d). The symbols
indicate the measured rates (n = 5), the lines indicate the expected value, and the shaded

regions indicate the 95% BPI of the model.
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As for A. crassifolia, NP rates of SPO increased from 12.7 pug O, gt min! (6.8-18.5,
95% BPI) at 8°C to 18.9 ug Oz grw L min~t (13.0-24.7, 95% BPI) at 24°C, then decreased to -5.6
1g Oz grw  min~t (-11.1-0.02, 95% BPI) at 36°C (Fig. 11b). NP rates of GAM were stable between
8 and 16°C, slightly increased at 20°C, and gradually decreased at higher temperatures.
Respiration rates increased from 1.8 pg Oz gaw * mint (1.2-2.5, 95% BPI) at 8°C to 7.7 g O2 grw~
Ymint (5.2-11.1, 95% BPI) at 36°C for SPO, and from 0.3 pg Oz gt min~t (0.1-0.7, 95% BPI)
t0 5.5 pg Oz grw * mint (1.6-14.0, 95% BPI) for GAM, respectively (Fig. 11d). Their GPmax (23.5
ug Oz gaw t mint for SPO and 3.0 pg O2 grw * mint for GAM) occurred at 22.6 and 22.7°C,

respectively (Topt; Fig. 11f). Other model parameter estimates are presented in Table 7.

Table 7 Mean and 95% BPI of the parameters estimated for the gross photosynthesis—temperature

model in Costaria costata and Alaria crassifolia sporophyte (SPO) and gametophyte (GAM)

Costaria costata Alaria crassifolia
SPO GAM SPO GAM

Parameter Mean 95% BPI Mean 95% BPI Mean 95% BPI Mean 95% BPI
GPuax 8.8 8.0-9.7 3.6 3.0-43 23.5 22.0-25.1 3.0 23-3.7
H, 26 18-35 37 22 -56 28 20 -38 37 16 — 68
Hy 377 260 - 516 468 245-1712 308 236 —388 284 111 - 506
Topt 22.1 20.1-23.8 21.7 18.8-23.7 22.6 21.2-238 22.7 16.9-26.8
E, 41 36 -47 99 89-110 38 33-42 79 64 - 95
Rz 2.1 20-23 1.0 09-1.2 3.7 3.6-4.0 1.1 09-13

GPmax, maximum gross photosynthesis (1g O2 g2 min™2); H,, activation energy for photosynthesis (kJ mol™); Hg,
deactivation energy (kJ mol—1); E,, activation energy for respiration (kJ mol™); R, respiration rate at median

temperature (Ug Oz grw * Min™1); Topt, Optimum temperature (°C)
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Effect of PAR on the net photosynthesis of C. costata

P—E curves in the two life history stages of C. costata differed (Fig. 12). The rise in NP rates of
SPO at 16°C was gradual, from -0.2 pg O2 grw * min* [-2.3-1.8, 95% BPI] at 0 pmol photons m 2
s 110 6.3 pg O2 gw L min~t (4.1-8.5, 95% BPI) at 1000 umol photons m 25! (Fig. 12a). In GAM,
NP rates at 12°C quickly increased from -0.1 (-3.1-2.8, 95% BPI) to 6.0 ug Oz grw * min™t (2.9-
8.9, 95% BPI) at 1000 umol photons m 2 s ! (Fig. 12b). Thus, the initial slope («) of GAM (0.14
ug O2 grw * min (umol photons m s) ) was higher than that of SPO (0.03 pg Oz gaw X min*
(umol photons m2 st) 1, Whereas their NPmax rates were similar (i.e., 6.7 pug Oz gt mint for
SPO and 6.1 pg Oz grw * min~t for GAM). In effect, SPO had higher E. and Ex than GAM. Other

model parameter estimates are presented in Table 8.
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Fig. 12The response of the net photosynthetic rates of C. costata SPO (a) and GAM (b) to
increasing PAR. Net photosynthesis measurements were carried out 16°C for SPO, and at
12°C for GAM, respectively. The dots indicate the measured rates (n = 5), the lines indicate

the expected value, and the shaded regions indicate the 95% BPI of the model.
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Table 8 Mean and 95% BPI of P—E parameters of C. costata SPO at 16°C, and GAM at 12°C

SPO GAM
Parameter Mean 95% BPI Mean 95% BPI
NPax 6.7 5.8-7.6 6.1 55-6.7
a 0.03 0.02 -0.03 0.14 0.10-0.19
Ra 0.3 0.1-04 0.1 0.01-03
E. 9 3-16 1 0-2
Ei 243 180 — 326 44 30-63

NPmax, maximum net photosynthesis (g Oz gaw * min2); Rq, respiration rate (ug Oz g * min2); a, initial slope [ug
Oz grw ! min™? (umol photons m2 s) 1]; Ec, compensation PAR (umol photons m2 s); Ey, saturation PAR (umol

photons m2 s1)

Effect of PAR on the net photosynthesis of A. crassifolia at three different temperatures
P—E curves at 8, 16, and 20°C in the two life history stages of A. crassifolia showed increases in
NP rates as PAR levels rise until saturation, with no indication of photoinhibition up to 1000 umol
photons m™2 st (Fig. 13). NP rates of SPO were consistently higher than those of GAM on all
temperature treatments. Measured NP rates of GAM were also widely spread out (Fig. 13b, d, f),
which may have limited the robustness of the best fit.

Nonetheless, the parameter estimates derived from each P—E curve are shown in Table 9.
The NPmax of SPO at 8, 16 and 20°C were 24.6, 40.9 and 43.9 pg Oz gt min™t, respectively.
Whereas for the gametophyte, NPmax at the same order of temperature were 3.6, 7.7 and 4.5 pg O-
giw  min~t. Initial slopes (a) of the curve of SPO were similar among temperature treatments,
which likewise fall within the 95% BPI for « of GAM. In effect, SPO had higher Ec and Ex than

GAM.
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Fig. 13 The response of the net photosynthetic rates of A. crassifolia SPO (a, c, ) and GAM (b, d,

f) to increasing PAR at 8°C (a, b), 16°C (c, d), and 20°C (e, f). The dots indicate the
measured rates (n = 5), the lines indicate the expected value, and the shaded regions
indicate the 95% BPI of the model.

60



Table 9 Mean and 95% BPI of P—E parameters of A. crassifolia SPO and GAM at 8, 16, and 20°C

SPO GAM

8°C 16°C 20°C 8°C 16°C 20°C
Parameter Mean 95% BPI Mean 95% BPI Mean 95% BPI Mean 95% BPI Mean 95% BPI Mean 95% BPI
NPmax 24.6 22.8-26.5 40.9 36.9-45.0 43.9 39.6-48.2 3.6 25-50 7.7 55-98 4.5 3.7-55
a 0.5 04-0.6 0.5 04-0.7 0.4 0.3-0.6 0.7 0.1-1.6 0.9 04-1.6 0.8 02-1.6
Ry 1.8 02-35 32 0.5-6.1 3.1 0.6-6.1 0.6 0-1.7 3.7 1.8-5.7 0.3 0-1.0
E. 4 1-7 6 1-11 7 1-14 1 0-6 7 2-14 0 0-2
Ex 53 44 — 64 79 61-99 103 78 —132 8 2-26 10 4-21 7 3-19

NPpmax, maximum net photosynthesis (g Oz g min2); Ry, respiration rate (ug Oz grw * min™2); «, initial slope [pug Oz gaw * Min™* (umol photons m2 s) 1; Ee,

compensation PAR (umol photons m2 s1); E, saturation PAR (umol photons m2 s?)
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Effect of temperature on the maximum quantum yield (Fv/Fm)

The Fv/Fn responses to temperature of the two life history stages of C. costata and A. crassifolia
were relatively stable at low temperatures, but decreased with rising temperature (Fig. 14).
Parameter estimates indicated the maximum F./Fn of C. costata SPO and GAM to be 0.73 and
0.69, which occurred at 14.9 and 14.0°C, respectively (Topt; Table 10). As for A. crassifolia,
maximum F./Fm of SPO (0.71) occurred at 20.1°C, while that of GAM (0.51) occurred at 15.8°C.

Other model parameter estimates are presented in Table 10.
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Fig. 14 The temperature response of F./Fm in the two life history stages of C. costata (a) and A.
crassifolia (b). The symbols indicate the measured values (n = 10), the lines indicate the
expected value, and the shaded regions indicate the 95% BPI of the model.
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Table 10 Mean and 95% BPI of the parameters estimated for the F./Fm—temperature model in

the two life history stages of C. costata and A. crassifolia

Costaria costata Alaria crassifolia

SPO GAM SPO GAM

Parameter Mean 95% BPI Mean 95% BPI Mean 95% BPI Mean 95% BPI

Fy/Fmmay  0.73 0.72-0.74 0.69 0.68 -0.70 0.71 0.69-0.73 0.51 0.50-0.53

H, 6 4-10 33 9-73 9 612 8 6-12
Hy 124 102 — 146 73 63 -98 190 147 - 238 163 141 - 186
Topt 14.9 13.5-16.2 14.0 12.2-15.1 20.1 182-21.8 15.8 14.0-17.5

Effect of continuous PAR exposures on quantum yields (Fv/Fm, @psii) of C. costata

Quantum yields of C. costata SPO and GAM for up to 6 h of exposure to low (100 wmol photons
m~2 s 1) and high PAR (1000 pumol photons m 2 s 1) showed decreasing @psi at 12°C (Fig. 15).
From initial Fv/Fm of 0.69, ®@psii of SPO exposed to low and high PAR significantly declined (P <
0.01) to 0.61 and 0.28, respectively (Fig. 15a). As for GAM, its quantum yields decreased (P <
0.01) from initial Fv/Fn of 0.65 to 0.36 (under low PAR) and 0.12 (under high PAR; Fig. 15b).
Analysis of variance within each life history stage showed PAR-dependent recovery from
photoinhibition of quantum yields. The final F./Fn after 12 h of dark acclimation were restored to
0.67 for SPO under low PAR (P = 0.428); while that of SPO under high PAR increased to 0.51,
and yet was significantly different (P < 0.01) from its value before PAR exposure. Post-dark
acclimation Fv/Fn of low (0.62) and high PAR-treated (0.37) GAM were likewise significantly

different (P < 0.1) from their respective initial values.
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Fig. 15 The hourly response of the effective quantum yields (@psii) in C. costata SPO (a) and GAM
(b) to low (100 pmol photons m2 s, circle) and high (1000 pmol photons m2s%, triangle)
PAR at 12°C. The symbols indicate the mean of actual values measured (n = 10), and bars

indicate one standard deviation.
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were measured as Fv/Fn.

Combined effects of temperature and PAR on the PSII quantum yields of A. crassifolia, and

their potential of recovery

Responses of the @ps)i in the two life history stages of A. crassifolia over the 6-h exposures to low
(200 pmol photons m2s7) and high (1,000 umol photons m=2 s1) PAR at 8 and 20°C were similar,
with apparent drops from their initial F/Fn (Fig. 16). However, recovery of their F./Fm after a 6-
hour dark acclimation phase were different from each PAR-temperature treatment.

At 8°C, quantum vyields of SPO after 6 h of exposure to low and high PAR significantly
decreased (P < 0.01) from initial Fv/Fn of 0.75 to ®ps of 0.57 and 0.26, respectively (Fig. 16a).
As for GAM, its quantum yields decreased (P < 0.01) from 0.43 to 0.16 under low PAR, and from

0.49 to 0.08 under high PAR (Fig. 16b). Despite the rise in their respective post-dark acclimation

1.001

0.754

0.504

0.254

0.004

(b)

Fv/Fm, values were still significantly different (P < 0.01) from initial (Fig. 16a, b).
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Fig. 16 Chronological change of the PSII quantum yields of A. crassifolia SPO (a, c) and GAM

(b, d) at 8°C (a, b) and 20°C (c, d). Measurements were carried out from the initial state

(under dark condition, Fv/Fm) up to 6 h (@esi) of continuous exposure to low (200 pmol

photons m2 s72, circle) and high (1000 pmol photons m2 s, triangle) PAR. Recovery in

F./Fmn were also measured after 6 h of dark acclimation.

At 20°C, &ps)i of SPO declined (P < 0.01) from initial F/Fm of 0.71 to @ps)i of 0.63 under

low PAR, and 0.32 under high PAR (Fig. 16c). @psi of GAM under low and high PAR also

decreased from 0.33 to 0.18, and 0.41 to 0.09, respectively (Fig. 16d). After overnight dark

acclimation, only F./Fn of GAM exposed to low PAR were restored to initial values (P = 0.23;

Fig. 16d).
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Discussion

Photosynthetic characteristics of both C. costata and A. crassifolia varied in the two life history
stages, with PAR as the principal environmental factor. The differential P—E curves, particularly
the higher NP rates, Ec and Ex of the sporophyte as compared to the gametophyte, revealed the
higher photosynthetic activity and adaptation to high PAR of the macroscopic stage. The
difference in photosynthetic responses between the two life stages is related to the differences in
their morphology and PAR exposures within the subtidal zone (Reed and Foster 1984; Hanelt et
al. 1997). The lower Ex of the gametophyte reflects shade adaptation compared to the adult stage,
and is probably related to the chlorophyll antenna size and the number of chloroplasts present in
the microscopic stage (Roleda et al. 2009). Mature sporophytes have fully-developed thalli and
long blades that get exposed to higher light regimes than the early life history stages that settle on
shaded crevices under algal canopies.

The compensation PAR for photosynthesis of C. costata and A. crassifolia sporophyte is
minimal (Ec = 4-9 pmol photons m~2 s1), which agrees with the minimum PAR requirement of
kelp species (i.e., 0.81 mol photons m=2d or ~9.38 umol photons m2 s; Gattuso et al. 2006).
Saturation PAR of A. crassifolia SPO at 8-20°C (Ex = 53-103 pmol photons m=2 s™) could also
be considered low and typical for shade-adapted plants (Germann 1989; Spalding et al. 2003).
However, Ex of C. costata SPO at 16°C (i.e., 243 pmol photons m~2 s1) was higher than that of A.
crassifolia and other subtidal species (Serisawa et al. 2001; Watanabe et al. 2014a; Terada et al.
2016a), owing to its low NPmax and a. C. costata GAM also had higher Ex (44 umol photons m2
s1) than A. crassifolia GAM (i.e., 7-10 pmol photons m2 s!). P—E responses of kelps may vary
depending on ambient temperature, as observed in Ecklonia cava Kjellman (Serisawa et al. 2001)

and Ecklonia radiata (C. Agardh) J. Agardh (Fairhead and Cheshire 2004) that exhibited seasonal
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acclimation responses (i.e., seasonal change in P—E parameters). Such variations are the result of
processes that are involved in the photoacclimation and thermal acclimation of the photosynthetic
apparatus (Falkowski and Raven 2007). The increase in nutrient levels in the water column during
winter may also enhance the photosynthetic capacity of seaweeds. Kelps accumulate nitrogen
reserves during winter, as higher nitrogen levels are often correlated with the lowest temperatures,
to maintain growth during nutrient limitation in summer (Kerrison et al. 2015). More detailed
studies are yet to be done, including the effect of nutrient levels on the seasonal photosynthesis of
these two Kkelp species under in situ PAR and temperature conditions.

The P-E curves also showed no significant reduction in oxygenic evolution and quantum
yield up to 1000 pmol photons m2s™* for both life stages of C. costata and A. crassifolia. However,
time-series measurements of @psi revealed PAR dose-dependent (as a function of exposure time)
photoinhibition of C. costata and A. crassifolia, with more pronounced declines at high PAR (54—
81% for SPO; 78-84% for GAM) than at low PAR (12-24% for SPO; 43-62% for GAM).
Previous studies also showed PAR and/ or UVR dose-dependent decrease in the PSII
photochemical efficiency of seaweeds (Roleda et al. 2010; Borlongan et al. 2017b, c; Terada et al.
2018), with greater reductions in optimum quantum yields on vegetative tissues of Saccharina
latissima (Linnaeus) Lane et al. [as Laminaria saccharina (Linnaeus) Lamouroux] under PAR (20
pmol photons m2 s1) and PAR + UVR treatments (Holzinger et al. 2011). Sensitivity to
photoinhibition also differed between the two stages, where the gametophyte expressed greater
declines in ®ps;i (43-84%). Such down regulation of photosynthetic activity may suggest an
activated photoprotective mechanism, known as dynamic photoinhibition (Hanelt et al. 1997; Beer
et al. 2014). This transient phenomenon has been described in situ in several seaweeds, with

depression in PSII quantum yields following high PAR exposures, and a quick reversal of the
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process as PAR levels decrease (Delebecq et al. 2011; Terada et al. 2016a, b, 2018). Among
brown algae, such photoprotective process involves the xanthophyll cycle through the completely
reversible enzymatic-mediated conversion of violaxanthin into antheraxanthin and zeaxanthin in
the light harvesting complex of PSII (Gévaert et al. 2002; Delebecq et al. 2011). However, despite
the increase in post-dark acclimation F./Fn of C. costata and A. crassifolia previously exposed to
1000 umol photons m2 st (by 43-66% for SPO; 63-81% for GAM), values were still
significantly different from their initial. Therefore, full recovery of photosynthesis for these
samples has not been reached, indicative of chronic photoinhibition (Beer et al. 2014). Maximum
incident PAR on the kelp community [Saccharina longissima (Miyabe) Lane et al.; as Laminaria
longissima Miyabe] at 3-m depth in the eastern part of Hokkaido Island was about 207—467 pmol
photons m2 s7! (Sakanishi and lizumi 2001). Meanwhile, incident PAR on the community floor,
where the gametophytes are settled, and which often fluctuates by shading of dense sporophytes
and continuous wave motion, was close to 0 pmol photons m 2 s . While photoinhibition will
probably not occur on the microscopic stage in their habitat, the sporophytes may be more at risk
due to high PAR exposures in the field. Indeed, post-dark acclimation F./Frn of A. crassifolia SPO
failed to recover from chronic photoinhibition following exposure to low PAR (200 pmol photons
m~2s 1) at 8°C, suggesting the possibility of the seaweed to suffer from photodamage during winter.
Low temperature limitation of enzymes for repair of PSII (Allakhverdiev and Murata 2004) may
have led to such results, as also observed in S. latissima that had higher recovery rates at 18-22°C
than at 12°C (Bruhn and Gerard 1996). Low seawater temperatures during winter (8°C in January
as opposed to 14°C in May) slowed the xanthophyll cycle in S. latissima, resulting in its weak
recovery (Gévaert et al. 2002). Also in Arctic S. latissima, UV damage of the photosynthetic D

protein was less severe at 12°C than at 2°C (Heinrich et al. 2015), suggesting that increased
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temperature could also mitigate the damaging effects of UVR, thus improving their tolerance
(Navarro et al. 2016). Full recovery from photoinhibition of the Japanese Kappaphycus sp.
(Borlongan et al. 2017c), Sargassum patens C. Agardh (Terada et al. 2018), Cladosiphon
okamuranus Tokida, and Cladosiphon umezakii Ajisaka (Fukumoto et al. 2018a, b) was likewise
constrained by low temperature, suggesting the influence of both low winter temperatures and
PAR in establishing the northern distributional limits of these species in the western Pacific.

As for the temperature response in C. costata and A. crassifolia, both of their life history
stages were relatively less sensitive to low temperature, given their stable Fv/Fn between 8 and
20°C. Fv/Fm maxima occurred at 14.9-20.1°C in SPO, and at 14.0-15.8°C in GAM, respectively.
Whereas maximum gross photosynthesis (GPmax) was reached at 22.1-22.6°C in SPO, and at 21.7—
22.7°C in GAM (regardless of the different experimental PAR provided to the two life history
stages or species). Fv/Fm and GP rates of the two life history stages subsequently declined above
24°C. The same photosynthetic response was reported on S. latissima sporophytes, unaffected by
low temperature up to 22°C (Bruhn and Gerard 1996). Culture experiments on C. costata likewise
showed broad tolerance to temperatures ranging from 5 to 25°C; with gametophytes growing best
at 15°C, and juvenile sporophytes at 10°C (Fu et al. 2010).

The combined results of oxygen evolution and F./Fn measurements on C. costata and A.
crassifolia revealed the overlapping temperature optima for photosynthesis of their heteromorphic
life history stages (i.e., 14.9-22.6°C for SPO and 14.0-22.7°C for GAM). While such
temperatures correspond to the growth and maturation periods of these two kelp species in Japan
(April to August; Niihara et al. 1987; Kawashima 2012), they are likely close to the upper limit
for thermal inhibition, as photosynthesis of both stages were inhibited above 24°C. Summertime

seawater temperatures in southwestern part of Hokkaido (Muroran / Hakodate, Hokkaido
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Prefecture) and the Pacific coast (Yamada Bay, lwate Prefecture) of northeastern Honshu Islands,
Japan may reach a high of 20-22°C (Niihara et al. 1987; Japan Oceanographic Data Center 2017),
which is close to their physiological limit. This perhaps explains the observed erosion of kelp
blades (Niihara et al. 1987; Kawashima 2012), and even the disappearance of C. costata
sporophytes during summer in this region. Similar observations have been made for sporophytes
of Alaria esculenta (Linnaeus) Greville by Fredersdorf et al. (2009), wherein temperatures over
20°C were lethal to sporophytes, which correspond to the northerly distribution pattern of this
Arctic kelp species with a southern limit close to the 20°C isotherm of maximum sea temperature
(Widdowson 1971). Decline of kelp forests all over the world has been reported as well, and this
was related to the increase in seawater temperature through global warming (Kirihara et al. 2006;
Suzuki et al. 2008; Miiller et al. 2009; Voerman et al. 2013). Another potential factor contributing
to kelp erosion and die-back in summer is the level of nutrients, particularly nitrogen, in the water
column. Nitrogen deficiency negatively affected recruitment, growth and survival of juvenile
sporophytes of U. pinnatifida, E. cava and Saccharina spp. by reducing their tolerance to high
seawater temperatures (Agatsuma et al. 2014; Gao et al. 2013; 2016). Shifts in the distribution
patterns of these kelp species are assumed, in consequence to changes brought about by global
climate change. The southern limit of distribution of C. costata and A. crassifolia in the
northwestern Pacific will likely shift further north if seawater temperatures remain high because
of continuous global warming. Further research on physiological responses to interactions
between two or more environmental stress factors is recommended, especially with regard to

ecological aspects and in the context of global climate change.
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CHAPTER 5: General Discussion and Conclusion

Seaweeds are often subjected to highly variable underwater light climate and temperature regimes,
especially for species that occur across latitudinal temperature gradients. During evolution, their
metabolism (including photosynthesis) has adapted to these strongly changing conditions in their
habitat (Hanelt et al. 2003), which allows them to survive and remain competitive.

In this study, all carrageenophytes samples from Indonesia, as well as the native
Kappaphycus sp. from Okinawa, Japan shared similar P—E responses, with Ex values ranging from
130 to 157 pmol photons m 2 st Neither photoinhibition (in terms of oxygen production) nor
photodamage of PSII (characterized by failure of recovery in Fv/Fm following high PAR stress)
was observed at the highest experimental PAR of 1000 umol photons m2 s* for these species,
suggesting their photosynthetic tolerance to high PAR. These seaweeds were planted just below
the sea surface, or were found in the upper sublittoral zone in reef shores; hence, they are exposed
to direct sunlight throughout the day, with PAR levels that could reach as high as 2000 pumol
photons m™2 s~* during noon (Collen et al. 1995; Terada et al. 2016b). On one hand, kelp species
C. costata and A. crassifolia had minimal Ec (4-9 pmol photons m2 s1) and Ex values (53-103
umol photons m2 s™), typical for arctic and subarctic kelps in the subtidal zone (Germann 1989;
Kihl et al. 2001; Borum et al. 2002; Spalding et al. 2003; Gattuso et al. 2006; Gomez et al. 2011;
Terada et al. 2016a). They also seemed to be more sensitive to chronic photoinhibition, as
compared to the intertidal carrageenophytes in this study, as shown by their more pronounced
declines in @ps;) and incomplete recovery in F./Fn following PAR stress. Several studies have
shown that intertidal species are more resistant to PAR stress than subtidal species (Hanelt et al.
1997; Karsten et al. 2001; Figueroa et al. 2003; Marquardt et al. 2010). Larger depressions in

variable fluorescence and slower or less pronounced recovery were observed in the green alga
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Halimeda tuna (Ellis & Solander) Lamouroux from 5-m depth than from 0-m depth (H&der et al.
1996), as well as in the red alga Chondrus crispus Stackhouse (Sagert et al. 1997) from the lower
shore. The deep-water ecotype of S. pacifica was also more sensitive to high PAR as revealed by
its relatively lower net photosynthetic rates and greater declines in @pgi after continuous PAR
exposure, in contrast to the shallow-water ecotype occurring at depths of 5 m. (Borlongan et al.
2017d). Additionally, the deep-water ecotype had higher a (light use efficiency), suggesting that
their photosynthetic apparatus has adapted to maximizing light capture rather than photoprotection.
A depression of @ps)i at noon, and recovery by sunset was observed with Vietnamese-cultivated
K. alvarezii (Terada et al. 2016b) and other intertidal seaweeds (Figueroa et al. 1997; Cabello-
Pasini et al. 2000; Kokubu et al. 2015; Terada et al. 2016a), revealing their efficient protective
response mechanism for down-regulating photosynthesis to avoid chronic photodamage at high
PAR levels. They are able to decrease the energy pressure on photosynthesis by harmless thermal
energy dissipation and/or by decrease of the absorption cross section through chloroplast
displacement or shrinking (Hanelt and Nultsch 1991; Schubert et al. 2006). The up-regulation of
antioxidants and antioxidant enzymes are also strategies to protect PSII repair against reactive
oxygen species during high PAR and temperature stress (Gao et al. 2018; Yuan et al. 2018). In
contrast, the inability of Ecklonia radicosa (Kjellman) Okamura sporophytes to fully recover
overnight from high PAR exposure provided a physiological evidence of the influence of PAR in
restricting the upper limits of vertical distribution of this species in the intertidal zone (Terada et
al. 2016a). Besides photosynthetic and chlorophyll fluorescence parameters, pigment composition
also showed depth-dependent differences. Chondrus crispus from the lower shore had higher
phycoerythrin content, parallel to the increased light use efficiency of photosynthesis (Sagert et al.

1997). The sublittoral kelp S. latissima were also shown to hold large amounts of chl-c, in response
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to the low PAR environment during winter, while an accumulation of pigments involved in the
xanthophyll cycle was observed on these seaweeds to minimize photoinhibition during the strong
irradiance periods of spring (Gévaert et al. 2002). The subtidal Ulva rotundata Bliding had higher
contents of chl-a, chl-b, and carotenoids than the sun-adapted Ulva olivascens (= Umbraulva
dangeardii Wynne et Furnari), which resulted in higher « and lower Ex (Figueroa et al. 2003). We
did not assess the pigment concentrations of the seaweeds in this study; nonetheless a concrete
manifestation that seaweeds are under high PAR stress is thallus bleaching (Dawes 1981;
Kobayashi and Fujita 2014; Endo et al. 2017). Therefore, the depth distribution of kelps and
carrageenophytes in coastal waters, and their appropriate depth range for cultivation depend not
only on the lower PAR limit which allows biomass production to the minimal energy input, but
also on their respective tolerance to the high PAR conditions near the water surface.

A similar morpho-functional variation has been demonstrated between gametophytes and
sporophytes of C. costata and A. crassifolia. The adult sporophytes of these kelp species are
characterized by higher NP rates, Ec and Ex than the microscopic gametophytes. Growth of
gametophytes is favored at low PAR owing to their filamentous organization, high assimilatory
pigment content per biomass, high area/ volume ratio and a low proportion of non-photosynthetic
tissue (Hanelt et al. 2003; Roleda et al. 2009). Similarly, sensitivity of photosynthesis to high
PAR is dependent on the life history stage as shown for C. costata and A. crassifolia in this study,
as well as for S. latissima (Hanelt et al. 1997), C. okamuranus (Fukumoto et al. 2018a), and C.
umezakii (Fukumoto et al. 2018b). These morpho-functional differences are regarded as a
fundamental feature of the life strategy of these species.

The temperature gradient caused by latitudinal variation and water current is a driving

factor in biogeographical distributions of macroalgae. In this study, a considerable adaptation to
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temperature was observed especially on the carrageenophytes from Indonesia. Their temperature
optima for photosynthesis (28-32°C) were in the same range as that for growth of species in the
tropics (Ohno et al. 1996; Hung et al. 2009; Hurtado et al. 2012; Lideman et al. 2013, Terada et
al. 2016b), which reflect their exposure to such relatively high temperatures over long geological
periods. They also seemed to have limited scope for acclimation relative to the temperate species,
presumably due to reduced environmental variability in tropical habitats (Padilla-Gamino and
Carpenter 2007; Borlongan et al. 2017a, b, ¢). In comparison, the subarctic kelps C. costata and
A. crassifolia from Hokkaido, Japan showed broad tolerance to temperature ranging from 14 to
23°C. This can be attributed to the larger variations in seawater temperature in this coastal region,
as strongly influenced by seasonal changes, as well as by the cold Oyashio current flowing down
from the east coast of Hokkaido, and by the warm Tsugaru current (a branch of the Tsushima
current) that flows through the Tsugaru Strait and passes along the eastern coast of Honshu. They
are likewise strongly adapted to the ambient temperature regimes in their habitat, as their
temperature optima for photosynthesis are in parallel with the seawater temperatures during the
peak of growth and reproductive maturation of these species in Japan (Niihara et al. 1987;
Kawashima 2012). Although seaweeds are generally well adapted to their thermal environment,
they nevertheless experience temperatures in nature that are sufficiently high or low to result in
disruptive stress in the form of cellular and subcellular damage (Davison 1991; Eggert et al. 2012).
For instance, the decline in F./Fn and NP rates, as well as the poor photoinhibition-recovery
response to high PAR of C. costata and A. crassifolia at temperatures above 24°C signify
deactivation of photosynthesis. Such a response can be attributed to thermal damage of enzymes
of the Calvin cycle, ATP-generating synthase and PSII, structural rearrangements in the thylakoid

membranes, and/or to accumulation of hydrogen peroxide that inhibit de novo synthesis of D
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protein in PSII (Nishiyama et al. 2006; Allakhverdiev et al. 2008; Takahashi & Murata 2008;
Roleda 2009). Such damage may consequently lead to slow growth, delayed development, or
mortality. Much remains to be learned regarding temperature dependence of the key physiological
processes that control growth, reproduction and survival across the full range of temperatures
experienced by an individual in its lifetime.

Increase in seawater temperature through global warming will lead to changes in the
geographic distribution of seaweeds. For instance, the southern distributional limit of C. costata
and A. crassifolia in the northwestern Pacific will likely shift further north, as abscission of
senescent blades of Saccharina species occurred at high seawater temperature and low nutrient
levels (Gao et al. 2015, 2017). Drastic population declines and even local extinctions have been
documented at the warm (lower latitude) end of species’ biogeographic ranges during periods of
warming (e.g., Serisawa et al. 2004; Kawashima 2012). Range retraction at low latitudes of these
subarctic kelp species may be offset by expansion into higher latitudes of warm-temperate species
(e.g., U. pinnatifida, E. radicosa, S. patens).

A deeper understanding of the extent to which seaweeds (whether in population- or species-
level) will acclimatize or adapt to environmental change is crucial for predicting future change in
seaweed-dominated systems. We also highlight the importance of a better integration of the
physiological techniques (PAM fluorometry and photorespirometry) in an ecological context, and
the need for additional ecophysiological studies relating to impacts of multiple environmental
stressors to provide a more complete account of the responses of macroalgal communities to global

stressors.
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