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AOX1
ATP

alternative oxidase

adenosine triphosphate

carbonic anhydrase

carbon conentrating mechanism
inorganic carbon

carbon dioxide
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cytochrome C subunit 5b

diffusive boundary layer
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electron

flavin adenine dinucleotide
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hydrogen ion
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bicarbonate

isocitrate dehydrogenase

infrared gas analysis
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malate dehydrogenase
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mitochondrial pyruvate dehydrogenase complex
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2-oxo glutarate dehydrogenase
polymerase chain reaction
pyruvate dehydrogenase alpha
pyruvate dehydrogenase beta
power of hydrogn

gquantitative Realime PCR
mitochondrial respiration in dark
mitochondrial respiration in light
ribulose 1,5 biphosphate carboxylase/oxygenase
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Introduction

Fluxes of oxygen and inorganic carbon in coastal areas

Coastal areas support an exceptionally high diversity of marine life due to
the broad variety of niches they are offerimpe living conditions in coastal
zones are determined by a iedy of bioticc and abiotic factors where, for
instance, temperature, light, salinity and currents strongly influence ghe di
tribution of species and liflorms The levels of oxygen and inorganicrca

bon also play a crucial role in the dispersal pattethiwihabitats. In the
water column, both oxygen and inorganic carbon content change irdaccor
ance to contemporary abiotic conditions, however to a large extent, these
fluxes are driven by primary production, i.e. the fixation of carbon dioxide
into organicmolecules by photosynthetic organisms. During photosynthesis,
carbon dioxide is taken up and oxygen is released. This process isreounte
balanced by the reverse function of respiration where oxygen is instead co
sumed and carbon dioxide is evolved. Resipnais commonly referred to

as the yin to the yang of photosynthesis, meaning that even though these
processes might look opposing they are actually complementary anainterd
pendent. Oceanic photasthetic organisms are estimatedbe responsible

for appoximately half of the annual global net primary produc{Beer et

al., 2014, Field et al., 1998; Geider et al., 20043rine primary production

is by far dominated by the input from phytoplankton, esigcin the open
waters(Field et al., 1998)Nevertheless, in coastal areas, marine oiacr
phytes (i.e. macroalgae and seagrasses) have substantial impacts o the flu
es of oxygen and inorganic carbon, especially in areas with dense@lan

and shallow waterg¢Buapet et al., 2013; Kaldy et al., 2002; Obrador and
Pretus, 2012; Saderne et al., 2013)

Mitochondrial respiration

Respiration is fundamental for tleerall function of a plant, as well as for

all other organisms, as energy and carbon intermediates for biosynthesis are
generated. Three main processes are part of respiration: glycolysig; the tr
carboxylic acid (TCA) cycle and the mitochondrial electti@nsport chain



(mtETC) (Fig. 1). In glycolysis, the sugars produced through photosynthesis
or from degradation of complex molecules, are split into smaller organic
molecules and ultimately into pyruvate. The pyruvate is incorporated into the
TCA cycle andthrough a series of reducing steps a small portion of energy
in the form of ATP is produced, and NADH and FAPihteded to drive the
MtETC are released. A kyroduct of the reduction steps in the TCA cycle is
CO.. NADH and FADH function as electron carrg bringing the fuel that
will drive the electron transport chaiftom the mitochondrial matrix to the
inner membrane of the mitochondrion, where a series of protein complexes
are embedded and thus constitutes the aetaatron transport chairs the
carriers become oxidizedlectrons(e) and protons (H are released. The
electronswill be pulled through the mtETC until reaching oxygen, which is
the terminal electron acceptor. This part of the process is the actual driving
force of the whole chain;dwever it would not function if the protons were
not dislocated over the membrane into the intermembrane space. This action
is creating a chemiosmotic gradient that drives the pumping of the ATPsy
thase creating ATP, and thus regulating the activity of ¢hain (e.qg.
Amthor, 1984; Millar et al., 2011; Plaxton and Podesta, 2006; Taiz and
Zeiger, 2010)

Carbon dioxide is released through the reducing steps imGhecycle.
As much as half of the carbon dioxide taken up by photosynthesis has been
found to be respired back on a diel bg€isergaard Mgensen, 1977; Ryan,
1991) Thus, respiratiortan highly affecthe carbon balance within coastal
water bodiesDetermination of the respiratory quota, meaning the carbon
dioxide released per oxygen molecule consurtfealkowski and Raven,
2007) is important for estimations of coastal carbon budgets. T$temad
ideally be based orgross photosynthetic rates compensdigdll oxygen
consuming processes in light, i.e. mitochondrial respiration and phdtoresp
ration. However agheseratesare practicallyalmostimpossible to obtain
grossphotosynthesiss commonly compensated merely by subtracting dark
respiratory rategFalkowski and Raven, 20Q7)he detemination of mito-
chondrial respiration in light is quite complex due to the interactions with
and masking of other onijg processesuch as photosynthesis, photoiesp
ration,Mehler reactionsnd recycling of respiratory GQHurry et al., 2005;
Kromer, 1995; Pinelli and Loreto, 2003; Raghavendra et al., 1994; -Ribas
Carbo et al., 2010y herefore, values for respiran have traditionally been
obtained during darkness awdnsideredconstant over the day. However,
this can be misleading as respiration can be altered by a wide arraytef abio
ic- and biotic factors. Elevated temperature generally has an increasirtg effec
as enzyme activities and membrane fluidity become hi¢gherthor, 1984;
Atkin et al., 2005; Ryan, 1991)ight, on the contrary, seems to hasugp-
pressive effects on the rates of respiratieny. Brooks and Farquhar, 1985;
McCashin et al., 1988; Sharp et al., 1984; Tchedteal., 2005; Villar et al.,
1995) The mechanisms behind this inhibition is not fullgraveled alt-
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hough products from photosynthesisind/or photorespiration seem to be
involved by regulating the flow of substrates through the TCA cycle and
therely hampering respirationBudde and Randall, 990; Gemel and
Randall, 1992; Igamberdiev and Gardestrom, 2003; Kromer, 1995; -Tovar
Méndez et al., 2003)Availability of nutrients, oxygen and carbon dioxide
might also affect respiration rates as well as stressors such as didiligint

et al., 2011; Ryan, 1991)Ynder conditions of anoxia, e.during fermerd-

tion, other terminal electron acceptors than oxygen might be used, which
will lower the yield of ATP substantiallyKing, 2005; Pace and Prairie,
2005) Respiratory demands may also differ with tissue type, age and/or
maturity (Amthor, 1984; Millar et al., 2011)
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Figure 1. A highly simplifiedverview of the steps of the mitochondrial respiration.
The reduction of NADH and FADBHvith concomitant C@release is highlighted in

the TCA cycle. The production of ATP is seen in all three major steps; however the
majority of energy production derivdsom the oxidative phosphorylation in the
mitochondrial electron transport chaifmtETC) The major protein complexes\()

of the electron transport chain is shown in this figure and the most fundamental
functions (i.e. electmo transport towards oxygennd translocation of H over the
menbrane) is emphasizedhowever eare released by the oxidation of NADH by
dehydrogenases embedded in the membrane as well. (Figure inspired by Taiz and
Zeiger 2010)
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Photosynthesis

The regulation of photosynthesis in thmarine environment differs signif
cantly from photosynthesis on land and is mainly restricted by two factors:
light and carbon accessibility. Diffusion also plays an important role, since
the rates are about ten thousand times slower in water tharn(Beairet al.,
2014;Falkowski and Raven, 20Q7)

As light hits the water surface, a fraction of it is reflected back totthe a
mosphere. Furthermore, light of the red wavelength will predominantly be
absorbed by the water molecules while blue wavelerajtheasily scattered
and therefore spreading horizontally instead of penetratingthetaepths.
Therefore the abundance of the wavelengths that most efficiently drige ph
tosynthesis is much lower in water than what can be encountered on land
(Falkowski and Raven, 2007To be able to cope with the lack of light,
submerged plants have orchestrated their pigméntpsto harvest as much
energy as possible from the available light. This is obtained both by altering
the amount and type of chlorophylls but also by certain accessory pigments,
e.g. phycobilins of the red algae and fucoxanthin of the brown @By et
al., 2014; Larkum et al., 2006; Lobban and Harrison, 1994a)

Terrestrial plants take up carbon dioxide via their stomata; however,
plants submerged iwater lack stomata and are therefore dependingfen di
fusion of carbon sources via the plant surface for their carbon utilization.
Also the forms of inorganic carbon (Ci) present in water differ from in the
air, as four different forms can be encounteragban dioxide, carbonic acid
(H,COs), bicarbonate (HC®) and carbonate (GO) (Beer et al., 2014)
However, HCGO; is a fast living form that will instantly react with,&8 and
disassaociate into HCO(Millero et al., 2002)and will therefore not be sh
cussed further. In seawater with a pH of about 8.1, ca. 90% of the tasal Ci
in the form of HC@, about 9% in the form oE0,* and only a mere fa
tion of about 1% in the form of GQNational Research Council, 2010)
Most submerged plants can take up both, @ HCQ_; however, carbon
dioxide is the only form of Ci that can be reduced in the Calvin Benson cycle
and is also the only form that caass freely over the plasma membrane.
Submerged plants have therefore evolved certain systems for carboriracquis
tion and carbon concentrating mechanisms (CCMs) to be able to overcome
the constraints in carbon utilizatiai&iordano et al., 2005; Larsson and
Axelsson, 1999; Reinfelder, 2011A more efficient CCM for bicarbonate
utilization might therefore work as an advantage in certain environments
with less carbon dioxide present and could explaiy wtme habitats are
dominated by certain speci@Beer and Koch, 1996; Bjork et al., 2004)

The fraction of each Ci species in water is partly determined by eg. te
perature and salinity but mainly affected by the pH, i.e. the amoung-of h
drogen ions, in the water. Conversely, the pH of the water is regulated by the
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addition and removal of carbodioxide. Addition e.g. from respiration or
enhanced atmospheric g@vels will lower the pH and removal e.g. by
photosynthesis will elevate the pH (Fig. 2). Primary production can therefore
have extensive effects on the forms of Ci of the wiemapet et al., 2013;
Frankignoulle and Bouquegneau, 1990; Kaldy et al., 2002; Obrador and
Pretus, 2012; Saderne et al., 2QE3pecially in shallow areas. This, will in
turn stronglyaffect the distribution of marine organisrBeer and Koch,
1996; Bjork et al., 2004; Hendriks et al., 2014; Semesi et al., 2009&®n

Ci, as either O, or HCGQ;, is consumed by the plants, pH increa&sapet

et al., 2013; Semesi et al., 2009a; Unsworth et al., 2042higher pH
values, he fractions of Cowill be low or even absent, which will hamper
further photosynthesis, with differeaktentdepending on the type of CCM
that the plant is usin(Beer et al., 2014)instead, at higher pH, there will be
more CQ? present; this is important for calcifying organisms as the ca
bonate together with calcium creates calcium carbonatentedstor the
build-up of their structure@abry et al., 2008; Halbpencer et al., 2008)H
reductions due to higher emissions of £(0e referred to as ocean acidific

tion and might impose threats to marine biodiversity as the proportion of
carbonated lowered(Doney et al., 2009; Fabry et al., 2008; Guieand
Fabry, 2008; HaiSpencer et al., 2008; National Research Council, 2010)

100
80
60
40

20

Respiration Photosynthesis

< >

Figure 2. Relative proportions (%) of the species of inorganic carbon at different

pH. At todayds oceanic pH, (ca. ks 8. 1),
balance can be shifted by photosynthetic Ci uptake that will drive the pH up, or by
respiratory CQ release that will lower the pH. Figure inspired hyational

Research Council (201@ndBeer et al. (2014)
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Photorespiration

Ribulosel 5-biphosphate carboxylase/oxygenase (Rubisco), the key enzyme
in photosynthetic carbon assimilation, has dual functions as it has hsth ca
boxylase and oxygenase properties. The carboxylase function is when R
bisco isfueling the fixation process of CQhrough the Calvin Benson cycle.
Rubisco also, especially under comatis of greater temperatures and high
oxygen availability, drive the oxygenation of ribules®&-biphosphate
(RuBP) through a series of steps known as the photorespiratory pathway
(Lorimer, 1981; Ogren, 1984; Tolbert, 199Photorespiration is hampering
carbon fixation and thereby plant productivity. Photorespiration, like-mit
chondrial respiratin, is a process where oxygen is consumed and carbon
dioxide released, however while mitochondrial respiration is producing ATP
and carbon intermediates necessary for plant functioning, photorespiration is
consuming energy and reducing equivalents makiagather costly process
(Lorimer, 1981; Ogren, 1984; Taiz and Zeiger, 2010; Tolbert, 199¥se
drawbacks mentionedside, photorespiration is still thought to hawe- i
portant functions in reducing electron overflow during conditions of high
light and therefore preventing phetthibition (Wingler et al., 2000; Voss et

al., 2013) Photorespiration in terrestrial plants is extensively studied al
hough reports on the process for submerged macrophytexiatiag (e.g.

Beer, 1989; Frosthristensen and Saxkénsen, 1992; Giordano et al., 2005;
Raven, 1997althoughsparse.

Seagrasses and their influence on coastal carbon and
oxygen dynamics

Seagrasses need high photosynthetic rates to be able to support timeir exte
sive network of belaground tissues, and therefore keeping a high propo
tion of their biomass in roots and rhizomes is a t@fflén terms of energy
reserves use(Hemminga, 1998)Roots give an advantage in nutriemt u
take, especially in oligotrophic systeymand are necessary for anchorage.
The rhizomal extension is fundamental for the clonal reproduction
(Hemminga, 1998; Marba and Duarte, 1998; Olesen and-Barsdn, 199).

To build up and maintain the below ground tissues, large part of assimilated
carbon needs to be allocated from the aboveground biomass. High photosy
thetic rates, often combined with effective carbon burial rates (i.e.ethe r
moval of fixed carbon ito the hypoxieanoxic sediments), make seagrass
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meadows targets as marinet Ispots for blue carbon storags the carbon
potentially can be locked away for long periods of tilBkie carbon is the

term used for the carbon camand sequsteringof marine life forms and
ecosystermn (Bjork et al., 2008; Duarte et al., 2013; Fourqurean et al., 2012;
Kennedy et al., 2010; McLeod et al., 2010n a diel scale, seagrass produ
tivity has been seen to alter the inorganic carbon and oxygen levels to great
extents(e.g. Bupet et al., 2013; Kaldy et al., 2002; Obrador and Pretus,
2012; Saderne et al.,, 2013; Semesi et al., 2009a; Unsworth et al., 2012)
Both dissolved oxygen (DO) and pH is driven up during hours of high
productivity and brought down by respiration durirgyldhess or less pr
ductive hours, thus creating highly fluctuating environmefeagrass
tosynthesis can thus hetpygenaing the water columiiBorum et al., 2006;
Caffrey and Kemp, 199 Rasmusson et al, unpublished gigkaeping levels
much higher than what cdre seen in unvegetated areas. The pH level has
been recorded to be as high as pH 9.6 in shallow seagrass meadows
(Setchell, 1924)and even though suclteeme values might hamper pbet
synthesis, the relative proportion of carbonate will increase. Hence, seagrass
meadows might work as refugiéor calcifying organisms that would othe

wise suffer from carbonate depletion in an ocean acidification scenario
(Hendriks et al., 2014; Semesi et al., 2009a, 2Q0Bt@ positive effect may
even spill over to adjacent ecosystems cointgigalcifying organisms such

as coral reef@Unsworth et al., 2012)

Even though seagrass photosynthesis is quite well documented, both in
terms of the physiological properties and on a community |&wvelrelative
importance of mitochondrial respiration, and photorefipinais not yet as
extensively studied. The respiration of seagrasses has in most cases been
considered constant over the day and the values used have been obtained
during darknes¢Barron et al., 2006; Duarte et al., 2010; Middelburgle
2005) hence potential fluctuations over the day and alterations duriig var
ous conditions have not always been taken into considerétawever diel
fluctuations of the community metabolism in seagrass meadows have been
reported(Erftemeijer et al., 1993Moreover Greve et a{2003) measured
the internal oxygen pressure in the lacuofiie meristems and rhizomes
a diel basiswhere the oxygen saturation could vary from 0% (during night)
to 200% (during high photosynthesis) of air saturatidowever tke study
was more relating to if low internal,©ould be responsible for tissue degr
dation and consequential seagrassofieevents than to respiration per se.
Photorespiration has been thbudo exist, although to be insignificant in
seagrasseg¢Beer, 1989; FrosChristensen and Sad@nsen, 1992)This
might be true in many cases. However, in shallow vegetated bays with high
photosynthetic activity, where low G@nd high Q levels will be encon-
tered, the ptential for photorespiration might be different than for the éond
tions previously examined.

15



Seagrasses have evolved certain traits to be able to cope with a marine
lifestyle. Salt tolerances attainedoy keeping surplus of ions (mainly Na
K* and CI) in the vacuole and bygsmolyte accumulatiotprimarily K* and
organic osmolytes e.g. sugain)the cytosolwhere the differences in ion
concentrations is mainly obtained by selective ion flux and portioning of
ions between the vacuole and the cytqdauchette, 2007Jo satisfy and
maintain the internal oxygen supply, seagrasses have lacunae. Thigis a sp
cialised type of aerenchyma tissue that works as channels leading oxygen
(and to some extent other gases) from the photosynthesising leauesado
the below ground tissues (Figl @&uo and derHartog, 2006) The lacunae
can also work as short term storage units for oxydsrum et al., 2006;
Greve et al., 2003)something that might interfere with productivity raea
urementsand should be kept in mind when performing such experiments
(Beer et al., 2001; Borum et al., 20@®asmusson et al. unpublished Jata
Although a large part of the internal oxygen balance in seagrasses-are d
pending on photosynthetic oxygen evolution, direct diffusion from the su
rounding vater bodies are occurring during insufficient photosynthesis and
during night(Borum et al., 2006 Surplus of photosynthetically produced
oxygen are oxygenating coastal waters but might also diffuse out from the
roots and rhizomes creating oxic zones within sediments that may improve
living conditions for many organisms and also prevent sulphitt@sion
into the seagrassé€affrey and Kemp, 1991; Greve et al., 2003; Pedersen et
al., 1998) Seagrasses are therefore not only contributrnifuttuations of
inorganic carbon and oxygen in the water column through their photesynth
sis and respiration, but they also have an impact on the conditionsi-in sed
ments.
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Figure 3. Lacunae tissue (i.e. voids) in leaf (top image) and root (lower image) of
Zostera marinageen in cross section. Photos: Lina Rasmusson
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Objectives

The overall aim of this thesis has been to investigate oxygen consumption
patterns of temperate macrophytesnenonly distributed along the Swedish
west coast. Primarily the central interest has been to observe the functions of
Zostera marina In complementarystudies, Ruppia maritimaand the
macroalgadJlva intestinalishave been examined as well. The main research
focus has been to understand if and how respiration is changing ird-accor
ance to different abiotic and biotic factors.

To be able to do this | set out to:

-Examine the respiration rates under differingnadibons and in tissues of
different age and developmental stages.

- Examine whether photorespiration occurs and under what conditions this
process mighact on ecological relevant levels in seagrass meadows.

18



Methods used

Model organismg seagrasses

Seagrasses are a polyphyletic group consisting of about 60 species belonging
to 13 different genera and are grouped together due to commaitnrather

than phylogenetiaelations (den Hartog and Kuo, 2005; Waycott et al.,
2014) Their most characteristic trait is that they are the only submerged
angiosperms capable of sexual reproduction in saline enviraeBork et

al., 2008; Hemminga and Duarte, 2008)gae can also reprodeicsexually

in marine environmentalthough they use spores instead of seeds. Moreover
mostalgae are not considered true plasitcesome of thenbelong to the
kingdom ProtistdBeer et al., 2014)Jnlike algae, seagrasses have extensive
networks of below ground tissues where roots are used for nutrient uptake
and anchorage and rhizomes mainly for homial clonal dispersal
(Hemming, 1998; Kuo and den Hartog, 2008kagrasses are found in most
coasthareas of our planet; althoughey have certain requirements to thrive
(Short et al., 2001)To be able to support the builgh of above and belav-
ground biomass, seagrasstdlgition is highly depending on light avail&bi

ity. Turbidity is therefore an important factor as too turbid waters will alter
light scattering. On the other hand, if the water is too calm, sedimentation
rates will increase and insolation will not be siént enoughl{Koch, 2001)
Although a fewspecies (e.gPhyllospadixand Amphibolig are able to cok

nize areas of rocky substrates, most seagrass species are depending on
sandy or muddy soft bottom aredslemminga and Duarte, 2000)

Seagrasseare highly important in economic and ecological terms as they
are supporting marine biodiversity and function as ecosystem engineers
(Barbier et al., 2011; Costanza et al., 19%any of our commercially m-
portant fish and crustacean species spend parts or the whole of thgir lifec
cles within seagrasmeadows(Jackson et al., 2001hencethese meadows
provide a large number of people with their livelihood and daily protein i
take (de la TorreCastro and Rdnnback, 2004eagrass leaves have strong
filtering capacity which improves water clarityl hrough the extensiveot-
rhizome system of seagrasses, sediment can be retained and erosisn is pr
vented(Koch, 2001) Seagrasses can also be seen as natural carbon dioxide
filters as they take up vast amounts of,@@ough their photosynthesis, and
parts of the carbohydrates produced is then translocated to theestdfor
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long term burial, which means that seagrasses might be excellent carbon
sinks (Bjork et al., 2008; Duarte et al.,, 2010; Fourqurean et al., 2012;
McLeod et al., 2011)

Unfortunately seagrass ecosystems are declining substantiallyealthe
planet mainly due to the impact of anthropogenic stred®&aden et al.,
2003; Orth et al., 2006; Waycott et al., 2Q0Bhe mossevere threats come
from eutrophication and sediment loadi(@rth et al., 2006; Short and
Neckles, 1999; Short and WyHigcheverria, 1996; Waycott et al., 2009)
reducing light availability and thusampering photosynthesis. Overfishing
can also impose an indirect threat as the food web dynamics is dE&tet
et al., 2008; Moksnes et al., 2008) decline in top predators increases the
amount of smaller predatoteat might impose a threat @razers keeping
filamentous algae under contidephson et al., 2008; Moksnes et al., 2008)
As seagrasses thrives in coastal areas, spatial competition withagogrs
and human recreation activitiese reducing available habitats, which has
also led to substantial loss of seagréi®giz and Romero, 2003Furthe-
more, the usage of destructive fishing method$ sag trawling may also
destroy seagrass meado(eckles et al., 2005)To counteract the decline
of seagrass meadows there are nowadays numerous more or less successful
seagrass conservation and restoration progrgéasworthy et al., 2006;

Orth et al., 2006; van Katwijk et al., 2008)d in some places marineopr
tected areas have been implemer{téehworthy et al., 2006)Nevertheless,

the most effective strategy to prevent seagrass loss would probably be to
reduce the pressure from anthropogenic stressors.

Species studied

Zostera marind..

This mediurssized sagrasds also known as eelgrassidtthe main species
studied in all four papers-(V) and the main focus is on its functions redyar

ing productivity. Zostera marinahas high, yet declining coverage in &w

dish coastal waters where it is highly importambuilding up feedingand
nursery areas for fis{Baden et al., 2003; Nyqvist et al., 2008)is by far

the most well studied seagrass species in temperate waters of the Northern
hemisphere, where it can be found in the waters of e.g. northern Europe,
North America and the North Pacif(Short et al., 2001; Waptt et al.,

2014)
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Figure 4. Zostera marinaPhotcs: Thomas Stavelefright and top left photo) and
Mats Bjork(lower left photo)

Ruppia maritimal.

Ruppia maritima, known as widgeon grassan be found irhighly variable
environmentsn regardsof temperaturepH and salinity and seenhsghly
tolerant toenvironmental cue¢Setchell, 1924; Waycott et al., 20148s
Ruppia can reproduce in limnic environmentsvilas previouslydebated
whether this genus should be comsa&tl a seagrass or nWwaycott et al.,
2014) something that nowadays is generally ate@pThis fairly smal
sized seagrass can build up extensive monospecific meadows or gnew inte
mixed withZ. marina R. maritimawas used in studies presented in papers |
and IV in this thesis.

Figure 5. Ruppia maritimaPhoto:© Diane Littler (AlgaeBaseGuiry and Guiry)
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Ulva intestinalisL.

Ulva intestinalisis a common cosmopolitan green algae (Chlorophyta) that
can inhabit a wide array of habitats and successfully withstands abiotic
stresses caused by fluctuations in, for instance, temperature, it

bility and salinity (Bjork et al, 2004; Fong et al., 1996; Lobban and
Harrison, 1994h)Due to its adaptive capabilities and the knowledge about
this speciesy. intestinaliswas used as a reference organism in papers | and
IV. As its photosyntheticand respiratory responses are fast, which will alter
the pH and available inorganic carbon, this species was also used as a natural
pH moderator in paper IV.

Figure6. Ulva intestinalis Phota Mats Bj6rk

Gas exchange measurements

All four papers in this thesis are based upon gas exchange techniques where
the fluxes of oxygen have been used to determine changes in the rates of
photosynthesisand respiration. Oxygen consumptiamd production can be

used as a valid proxy to estimate carbon fluxes, and is commonly used as
measurements of carbon candudte complex in aqueous medBeer et &,

2001; Pedersen et al.,, 2013Alternative approaches could have been to
measure carbon uptake/releasg infrared gas analysis (IRGA)Leuschner

and Rees, 1993; Leuschner et al., 1998 limitation of this technique is

that it is mainly designed for G@neasurements in air amsltherefore hard
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to implement in water since its highly sensitive to changes i(Badr et al.,
2014. Thus, oxygen measurements were chosen as a more reliable@and pra
tical way of measuring the rates of photosynthesis and respiration. Whether
oxygen or carbon dioxide measurements are performed some kindnof cha
bers or enclosures need to be used sanabusly, which might impose gre

ative influences on the resul{Beer et al.,, 2014Falkowski and Raven,
2007) One of the drawbacks is that usually the incubation chambers used
are quite small and hence segments of the plants need to be used instead of
full shoots, and the cutting of seagrass shoots or algal thalli might stress the
plant and alter the actual rat€Beer et al., 2014 Rasmusson et al.
unpublished dajaBoth respiration and photosynthesis will modify the-ox

gen and available Ci conditions within the enclosure more dramatically than
in the free water bodig8eer et al., 2014, 2001; Pedersen et al., PHigh
photosynthetic rates might enhance the oxygen levels to the extent tivat hig
er photorespiration is occurring than in natural environments. This will lower
the photosynthetic rates and the faster carbon dioxide uptake in sitrall vo
umes might incrase carbon stress as less Ci is available for photosynthesis
(Beer et al., 2014)Thus, it is of gh importance to keep incubation times
restricted, use appropriate amounts of plant biomass, provide stirrieg to r
duce the diffusive boundary layer (DBL) and also control the temperatures in
the chamber@Beer et al., 2001)

As mentioned above, oxygen exchange measurements have baen exte
sively used to better understand the different processes that together result in
productivity (Beer et al., 2014; Borum et al., 2006; Pedersen et al., 2013)
Traditionally, respiration in aquatic environments has been measured using
the highly accurate Winkler method.§. Williams and del Giorgio, 2005).

To be able to get the dissolved oxygen (DO) concentraisimy this met-

od, the water samples needsb fixatedandgo through a series of titration
steps(Williams and del Giorgio, 2005) his would be logistically unfaver

ble for the purposes of this thesis singe were interested in continuous
recording of @ valuesover time and the amount of samples that needed to
be taken would be highly time consumifidnus, the Clark type oxygen ele
trodes were used in the experimeffsg.7). These electrodes (here, the
origin from Hansatech, UK) are highly sensitive to shifts in temperature and
increased diffusive boundary layer, but as long as thermoregulation &nd sti
ring are under control they give precise readings of oxygen twoland
consumption over timéBeer et al., 2014)
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Figure 7. Experimental set up: water filled incubation chamber connected to a
Clark type oxygen electrode containing a 3lomg seagrass segment. Photo: Lina
Rasmusson
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The Kok method

Measuring mitochondrial respiration in light,(Rs a quite complex task as
other oxygen consuming and evolving processes occur at the same time
(Hurry et al., 2005; Kromer, 1995; Raghavendra et al., 1994; &lbdso et

al., 2010) When measuring Rusing gas exchaegiechniques, two different
methods are widely used: the Laisk method (Laisk 1977) and the Kbk met
od (Kok 1948), both measuring changes in the net photosynthetiwithte
irradiance(Hurry et al., 2005; Riba€arbo et al., 2010; Villar et al., 1994)

The Kok method was found the most appropriate for our purposes. The
Laisk method was discarded based on three major criteria. First of all, it is
mostly used for measuremesCO, which might be troublesome in water.

So far no studies are based on this method conducted on submerged plants or
phytoplankton(Parnik and Kerberg, 2007; Villar et al., 1995, 1994; Yin et

al., 2011; Zou et al., 2007pecondly, low C@ levels are needed as the
Laisk method is based on the interrelationship between photosynthesis and
photorespiration, which is also disadvantageous in waterdly, the mefa-

od is only valid for G species, since is based on the involvement ofgsh
torespiration. In previous studies, no clear data on the occurrence o signif
cantrates of photorespiration ii. marinahave been reported (but noerr
ported in @per IV in this thesis). This together with the statement that some
seagrass species have a carbon fixation mechanism with characteristics of
both G and G plants(Beer, 1989; Borum et al., 2006; Jana and Choudhuri,
1979)made us decide against the Laisk method.

In contrast to the Laisk method, the Kok method has been well studied in
aqueous media. It is also suitable fop €ékchange measurements. This
method is based on the relationship between the net photosynthesis and the
photon flux density, where a linear relationship is usually detected at low
irradiances(Kok, 1949, 1948; Riba€ambo et al., 2010)In the vicinity of
the light compensation point, where photosynthesis and respiration rates
balance each other, the linearity can often be broken; this is referred to as the
Kok effect (Kok 1948). The assumption is that at very lowadiances, the
respiration is inhibited. The linearity seen under the break shows the net
photosynthesis plus the inhibitory rate of respiration, while above the break
it is merely the net photosynthesis. When extrapolating the slope after the
break, backd the yaxis, it is possible to calculate thespération rates in
light (Fig. 8. The main drawback of this method is that low light irradian
es, not reflecting midlay levels in nature, need to be used. However, the
Kok method can still be used as a gdodicator of the presence of R
(Bruhn et al., 2011; Heskel et al., 2013; Padmavathi and Raghavendra, 2001;
Sharp et al., 1984; Yin et al., 201&nd was successfully applied in paper |.

25



Kok effec

Net photosynthessis

-
=

RDIF"/‘

PPFD (pmol/s-'/m2)

Figure 8 The Kok method is based on the linear response of net photosynthesis (y
axis) to photosynthetic photon flux density (PPFRxis). The break of the linearity
normally occurring near the light compensation point, where respiration andphot
syrthesis are equal, is referred to as the Kok effect. This is the point where light
suppression of respiration, which occurs instantly when light is applied, is satura
ed. After this point the inhibition does not get bigger even if higher irradiances are
apdied. The magnitude of respiration in light,jRran be obtained when extraptla

ing the line back to the-gxis after the break and the inhibition can be calculated by
dividing this value by the initial respiration rate in darknesg)(R he steeper slope
before the point where the Kok effechjgparentis the net photosynthesis plus the
inhibition of respiration, while above the break is merely net photosynthesis.

Photorespiratory assessment

In paper 1V, the main goal was to detect and assess theno@us plo-
torespiration on the primary production &#f maring R. maritimaand U.
intestinalisduring conditions of carbon limitation. Carbon limitation can be
encountered naturally in shallow vegetated bays, since the photosynthetic
activity of submergednacrophytes will exhaust the carbon dioxide pool and
drive the pH up towards conditions of higher carbonate cofBrapet et

al., 2013) Since photosynthesis will also produce oxygen, these conditions
are highlyfavorablefor photorespiration. To be able to create theseieond
tions in thelaboratory, we were using incubationslbfintestinalisas a n&a

ural pH moderator to either drive the pH up to various levels (the higher pH,
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the higher carbon limitation) by photosynthesis or down by letting the algae
respire. This pH regulated water wHten used in the oxygen electrode
chambers to record oxygen evolution rates. To be able to detect the presence
of photorespiration, the oxygen was depleted by purging,and oxygen
evolution was recorded again. Similar measurements were condunted
simulatedfield conditions where the photosynthetic oxygen evolution of the
seagrasses were compared in sea water from open waters and bay water
where pH and oxygen levels where higher due to alterations of high-phot
synthetic activity to assess the ptosynthetic capacity in environments of
different inorganic carbon content .

Gene expression analyses

In paper Il gene expression analyses based on quantitativdilRedPCR
(qRT-PCR) were used to establish how the transcript abundance of eight
genes rgulating different steps of oxygen consumption were altered during
a diel cycle. This technique is based on normal PCR (polymerase chain rea
tion), however through gRIPCR it is possible to estimate how the amplified
DNA reaction progresses during the prdare and not just as a start and end
value. Thus, gRTPPCR can be termed a quantitative method since an initial
value of the DNA/RNA amount is obtained but there is also a possibility to
follow the amplification and assess how the gene expressions chagge o
time (Bustin, 2002, 2000)

Five genes related to the TCA cycle were chosen: pyruvate dehgeroge
ase alpha and bet®@HA and PDHB) (Budde and Randall, 1990; Gemel
and Randall, 1992; TovaMéndez et al., 2003)isocitrate dehydrogenase
(IDH) (Hodges, 2002; Ilgamberdiev and Gardestrém, 2003; Mhamdi et al.,
2010) 2-oxo glutarate dehydrogenas®@GDH) (Araujo et al., 2008)nd
malate dehydrogenas®lDH) (Journet et al., 1981; NesNesi et al., 2005;
Tomaz et al.,, 2010)The function of the mitochondrial electron transport
chain was represented by alternative oxidase subunif@X1A (Clifton et
al., 2006; Maxwell et al.,, 1999nd cytochrome C subunit 5iCQX5B
(Welchen et al., 2004, 20Q2)he glycine atavage system H protein
(GCSH was chosen for its functions of the cleavage of glycine to serine in
photorespiration(Douce et al., 2001; Kikuchi, 1973}hereby detecting
changes in photorespiration during the experiment. Getting a maficupd
picture of the photorespiration would be highly interesting, hence investiga
ing additional genes regulating this function is suggested for future studies of
seagrass functionality.

27



Main findings and discussion

This thesis is combining differemipproaches attempting to define and e
plain oxygen consumption patterns, and to some extent oxygen evolution, in
three temperate macrophyte species with the emphasis on the s&agrass
tera marina As reports on mitochondrial respiration under various cond
tions and overall knowledge of photorespiration in temperate seagrasses
have been quite sparse there were certain questions | aimed to address when
starting the work of this thesis (as
guestion of thdraxyganlcansuinmion icastant,fiahdsif not
what are the maimotivesbehindthev ar i at i ons ? 0

The work has mainly been evaluating if it is relevant to assume that mit
chondrial respiration is constant and whether it is appropriate to use values
obtainedduring darkness when estimating the influence that productivity of
temperate macrophytes has on coastal carbon fluxes. Also the presdous a
sumption that photorespiration is of minor importance for the oxygeg-bud
ets has been fevaluated. The conclusiorofn the studies is that the respir
tion is highly variable and therefore fixed values might not be as accurate as
previously thought and could even be considered wrong. The inputday ph
torespiration is also differing from what we have previously thought and
should be taken into account for more accurate oxygen and carborsflux a
sessments.

The focus is set on revealing the effect of a certain factor (e.g. light or
temperature) on apecific process (e.g. respiratory rates) in relation to yet
another factord.g. species or agdn the studiegliscrepancies of oxygen
consumption depending on different factors have been encountereddeonclu
ing that the rates of respiration (or photosynthesis) are not constant or stable
Thefinding that variations are presemdithat various factors.e. light ira-
diances, time of the day, temperature, tissue maturity and photorespiration,
seem to influence thedkictuationsis important and should beonsidered
when estimating carbemand oxygen consumptigratternscausedy marine
macrophytes. Listed below are factors that can alter the oxygen consumption
quite severely and should be considered when estimating respiratory values
for seagrasses.
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The respiration rates is inhibited in light

In paper |, the influence of liglan the mitochondrial respiration was exa

ined using the soalled Kok methodA clear inhibitoryeffect on the respi-

tion of almost 50% was se@mZostera marinaThis wasa quite high inhibi-

tion in comparison tdJlva intestinalis(where the inhibition was calculated

to approximately 30%) anduppia maritimawhere inhibition wadow and

a possiblékok effect was encountered almost instan{Big. 9). The method

is detecting potential light suppressiat low light irradiancessamething

that has been proposed as a drawback for the mathtitese low irradian

es may not be encountered in natural conditibhgry et al., 2005; Ribas
Carbo et al.,, 2010)While this might be true in terrestrial systems, tigh
availability for marine plants is generally much lower. Photosynthesig. for
marina has been seen to reach saturation at irradiances as low asoB5 p
photongm?/s* (Zimmerman et al., 1991}hus theirradiances used in this
study could be counted as relevant for natural conditions. What we do see as
the Kok effect is that the inhibition of respiration is saturated, meaning that
the suppression does not get larger with higher irradiances althoughilid sh
still be present. However, why the suppression might not be as high as seen
for low irradiances is that other properties also change with increased irrad
ances. For instance, the abundance of respiratory substrates (e.gy-carboh
drates) will increaseniresponse to higher photosynthetic rates, which in turn
most likely elevates respiration.

Z.marina R.maritima

Oxygen evolution rate (umol/m2/s-1)

PPFD (pmol photons/m-/s)
Figure 9. Differences in inhibition of respiration in lighZostera marinadisplayed
a high inhibition rate and a clear Kok effeat the light compensation poimtas
seen. In contrasfor R. maritimathe Kokeffectwas not as clear and occurred tae
lowest irradiance the suppression was merely about 10% when comparing the
change of the slope between thg(Ritochondrial respiration in dark) and thg R
(mitochandrial respiration in light).
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Respiration rates are different depending on the time of
day

In Paper Il, our purpose was to examine if the dark respiration rates changed
at different times of the daysing gas exchange measurements and gene
expression arigses.Oxygen consumption rates were recorded at seven time
points around the clock and at the same time seagrass leaves were collected
for gene expression analyses that were carried out lataddition, the -
perimental set up was kept in total darlsésr three consecutive days to
examine if the respiratory cues were set in accordance to a biological clock
and therefore under circadian rhythmiciby. conditions mimicking natural

light the highest respiration was foundthe middle of the day (13:30)ith

high rates also encountered during night (00:00 and O3Fi§) 10. The
variations for respiration rates from plants in darkness showed a siaiar

tern as in plants grown in the light, suggesting that a circadian rhythm is
involved (Fig.10). As in a previous irsitu studyrespiration rates variedgsi
nificantly over the day (Rasmusson et al. unpublishEdg. transcript abu

dance of the genes was fluctuating greatly over the day, specifically notable
in the plants kept in complete darknels®reower, the rates of respiration
were consistently higher in complete darkness than in the light, which was
unexpectedas carbohydrate depletioand therefore lack of substrates$- fu
filling respiratory demandscould be expectedBaysdorfer et al., 1988;
Bunce, 2001; Gary et al., 2003; Journet et al., 1986)

Figure 10. Dark respiration rates at various time points in days of natural light
regimes (dotted line) and in complatarkness (solid line)Respiration rates in
complete darkness were consistently higher than in light mimicking naturai- cond
tions. Thetrends ofpeaks in respiration for both treatments were at 13:30, with
slightly lower rates during the two time pointsrishg night time (00:00 and 03:15).

30
















































