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ABSTRACT

The process of cold acclimation refers to the physiological processes by
which cold-tolerant plants such as cereals, when developed at low temperature,
acquire freezing tolerance. Photosynthesis provides the energy required for these
complex metabolic changes to take place. However, photosynthetic organisms
must maintain a baiance between energy input as a result of photochemical
reactions and energy consumption through intersystem electron transport and the
various biochemical roactions of cellular metabolism. Imbalances may be sensed
by changes in the redox state of photosystem |l (PSll), as this represents the rate-
limiting step of photosynthetic electron transport. The redox state of PSIll is
sensitive to both temperature and irradiance. | demonstrate in this thesis that the
photosynthetic adjustments which occur as a result of cold acclimation are
responses to the redox state of PSIl and not low temperature per se. In addition,
plant growth habit and the mRNA accumulation of a nuclear gene associated with
the acquisition of freezing tolerance (Wes79) are also modulated by the redox state
of PSIl. Thus, changes in the environment which perturb the redox state of PSiIi,
act to generate 2 chloroplastic redox signal, which may represent the first
component in a sensing/signalling pathway which acts synergistically with other
transduction pathways to elicit the appropriate responses to all environmental

stresses.

Key words: cold acclimation, light, photosynthesis, redox poise, temperature.




“Science is to see what everyone else has seen

but to think what no one else has thought.”

- Albert Szent-Gyorgyi
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CHAPTER 1
GENERAL INTRODUCTION
1.0 Photosynthesis
The conversion of solar radiant energy to chemical energy by
photosynthetic organisms sustains all life on earth, providing a source of energy
which can then be utilized by other forms of life. The components involved in
light-harvesting, electron transport, proton translocation, and the enzymatic
catalysis required for the production of energy (ATP) and reducing equivalents
(NADPH) are all either bound within or closely associated with the thylakoid
membranes of the cellular organelle known as the chloroplast (Andersson and
Barber, 1994). The chloroplast consists of an envelope which is composed of
two membranes separated by an intramembrane space. This envelope encloses
a complex of continuous membranes known as thylakoids, with the space in
between referred to as the chloroplast stroma. The stroma is an aqueous
compartment which contains the enzymes responsible for the conversion of CO,
to carbohydrate. In addition, the biosynthetic pathways of amino acid and lipid
synthesis, sulfate reduction and nitrogen metabolism are also located in the

chioroplast stroma (Greenberg, 1991).

1.1 The Thylakoid Membranes
The thylakoid membranes consist of a lipid bilayer, the matrix of which is

composed of diacylglycerol lipids. The majority of these lipids are galactolipids



(MGDG and DGDG) which can represent up to 75% of the lipid composition of
the thylakoid membranes, with the remainder composed of the polar lipids
SQDG, PC, and PG. These lipids exhibit a lateral and transverse heterogeneity
in their distribution. The fatty acids associated with these lipid classes are
usually highly unsaturated with linolenic acid (18:3) dominating for the
galactolipids (Quinn and Williams, 1985; Williams, 1994). The thylakoids exhibit
a high degree of organizational complexity, forming a continuous membranous
network of folded lamellae systems composed of stacked (granal) and non-
stacked (stromal) regions enclosing a luminal space (Anderson, 1986). There
are four major protein complexes contained within the thylakoid membrane which
are PSIi, Cyt b,/f, PSI, and the ATP synthase complex. These complexes are
disiributed asymmetrically within the thylakoid and undergo electron transfer
reactions with concominent proton transport across the bilayer from the stroma
to the lumen (Andersson and Barber, 1994). There is also a heterogenous
organization of these complexes along the plane of the membrane such that the
structural differentiation between appressed and non-appressed regions is
parallelled by function (Anderson, 1986). We know of nearly sixty polypeptides
associated with these four complexes, of which almost all of the corresponding
genes have been sequenced. Approximately 45% of these polypeptides are
encoded by the chloroplast genome. The balance are encoded by the nuclear
genome and therefore must be imported to the chloroplast (Keegstra et al.,

1995). In addition, 70% of the polypeptides present in plant thylakoids are



integral membrane proteins, with the remainder being extrinsic, attached to the
outer or inner thylakoid surface by electrostatic forces and/or hydrogen bonding

(Andersson and Barber, 1994).

1.1.1 PSI

PSIl is a multi-protein complex composed of at least twenty distinct sub-
units, and is thought to exist as a dimeric structure in vivo (Boekema et al., 1995;
Santini et al., 1994). These polypeptides perform a variety of catalytic,
regulatory, and structural functions. The D1 protein is a rapidly synthesized in
the light with a molecular mass of 32 kD and is a product of the chloroplastic
psbA gene, while the D2 protein has a molecular mass of 31 kD and is a product
of the chioroplastic psbD gene (Andersson and Styring, 1991; Andersson and
Barber, 1994). The D1/D2 heterodimer binds all the redox components required
for primary photochemistry and the Mn cluster which catalyzes photosynthetic
water oxidation. These two polypeptides provide the binding environment for a
special a:mer of Chl 2 known as P, and a Phec. The heterodimer also binds
two quinones (Q, and Qp) functioning in charge stabilization on the reducing side
of PSIl (Andréasson and Vanngard, 1988; Mattoo et al., 1989). A specific
tyrosine residue (Tyr,g,) Of the D1 protein, known as TyrZ, functions in elactron
donation directly to Pgg, (Fig. 1) (Andersson and Styring, 1991; Andersson and
Barber, 1994).

Cyt b, is a polypepude closely associated with the PSIl heterodimer,



Figure 1. Organization of the thylakoid membrane in higher plants. Modified from
Greenberg (1991). The four major thylakoid membrane complexes are shcwn; PSii,

Cyt b; /f, PSI and the ATP synthase. In addition, the mobile electron carriers

plastocyanin and PQ are indicated.







composed of two sub-units (Fig. 1). This was one of the first proteins to be
associated with PSII but its function remains elusive. It has been suggested that
Cyt b,y may be involved in cyclic electron transfer around PSI (Andersson and
Styring, 1991). Cyt b, can attain a high potential or several low potential redox
forms. The high potential form is thought to be the active form and perturbations
in the water oxidizing system transform the Cyt to its low potential form. There
are two Cyt b5, molecules on a PSil reaction center basis (Nanba and Satoh,
1987; Andersson and Barber, 1994).

Three proteins of molecular masses 33 kD, 23 kD, and 16 kD, comprise
what is known as the OEC (Andersson and Styring, 1991). These proteins are
extrinsic membrane proteins, present in equimolar amounts. The 33 kD protein is
thought to be required for stabilization of the Mn cluster while the 23 and 16 kD
sub-units are essential for the binding of Ca® and CI" ions which are required as
cofactors for photosynthetic water oxidation (Andersson and Barber, 1994).

In addition, two Chl a-binding proteins also make up the PSII core referred
to as CP47 and CP43 (Andersson and Styring, 1991). These polypeptides have
molecular masses of 47 and 43 kD respectively and are regarded as core
antenna, functioning in energy transfer to the PSii reaction center core. These
proteins bind in total 50 Chl a and 5 B-Car (Bassi et al., 1990). The inner
antenna is tightly bound to the reaction center core and recent findings suggest
that CP47 plays a role in stabilization of the dimeric structure of PSII (Santini et

al., 1984).




1.1.2 PSI

To date, approximately thirteen sub-units have been associated with the
PSI core complex (Golbeck, 1992; Chitnis, 1996). The PSI reaction center is
also a heterodimer composed of two polypeptides, PSI-A and PSI-B, each of
which have an apparent molecular mass of 82 to 83 kD and are encoded by the
chloroplastic psaA and psaB genes respectively. The PSI-A/PSI-B heterodimer
ligates the primary electron donor, a special Chl a dimer referred to as P, in
addition to the early electron acceptors A;, a Chli a monomer, A,, a phylloquinone
and the iron-sulfer [4Fe-4S] cluster F, (Andréasson and Vanngard, 1988). The
extrinsic PSI-C protein is also functionally important as it binds the terminal
electron acceptors of the complex, dasignated F, and Fg, both [4Fe-4S] clusters.
In addition, the heterodimer aiso binds approximately 100 Chl a per reaction

center which act as inner antennae (Fig. 1) (Bassi et al., 1990).

1.1.3 Cyt b, /f

The Cyt b, /f complex consists of five sub-units which are all integral
membrane proteins and mediates electron transfer from PSll to PSI. Cyt fis a
33 kD protein, while the apoprotein of Cyt b, (Cyt b, has an apparent
molecular mass of 23 kD, Both of these polypeptides are plastid encoded. A
nuclear gene encodes a 20 kD subunit which harbours a Rieske [2Fe-2S] iron-
sulfer cluster. There are two Cyt b,, one Cyt f, one Rieske iron-sulfer cluster, two

non-heme irons and some bound quinone present per complex (Fig. 1)




(Andersson and Barber, 1994).

1.1.4 ATP Synthase

This complex, also known as the chioroplast coupling factor or ATPase, is
composed of nine polypeptides which are arranged in two parts, an integral
membrane component {CF,) and an extrinsic portion exposed to the stroma
(CF,) (Fig. 1). This complex functions in proton translocation, capable of
utilizing the pmf generated by the trans-thylakoid electrochemical proton
gradient, thus catalyzing ATP synthesis {Dilley et al., 1987; Mitchell, 1961). CF,
contains five subunits designated a (60 kD), B (56 kD), y (39 kD), & (19 kD) and
e (14 kD). Of these, the a, B and € subunits are encoded by plastid genes, while
the y and & subunits are encoded by nuclear genes. The B suburit carries the
catalytic site of the enzyme, while the other subunits perform organizational and
regulatory roles. CF, is comprised of four subunits, CF,-l to CF,-IV ranging from
8 to 19 kD. All with the exception of CF,-ll are encoded in the chloroplast

(Andersson and Barber, 1994).

1.1.5 Additional Components
1.1.5.1 Fd, FNR and Plastocyanin

Two other important polypeptides are located on the external thylakoid
surface and are involved in photosynthetic clectron transfer. The firstis Fd, a

nuclear encoded protein with an approximate molecular mass of 11 kD bound to
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PSI on the stromal side of the thylakoid surface (Fig. 1) (Andersson and Barber,
1994). Fd is a non-heme [2Fe-2S] protein which mediates electron transfer from
the F, and F centers on the acceptor side of PS| (Andréasson and Vanngérd,
1988). The second protein is a!so nuclear encoded and is known as FNR with
an apparent molecular mass of approximately 34 kD (Fig. 1). This enzyme
catalyzes the final reduction of NADP* during photosynthetic electron transport
and is associated with Fd on the stromal surface of PSI (Andersson and Barber,
1994).

Plastocyanin is a hydrophilic copper (Cu®*) containing protein which is
located on the lumenal side of the thylakoid membrane (Fig. 1). This nuclear
encoded polypeptide has a molecular mass of 9 to13 kD and functions as a
mobile electron carrier between the Cyt b, /f complex and PSI (Andersson and

Barber, 1994).

1.1.5.2 PQ/PQH,

The PQ/PQH; pool serves to mediate electron flow between PSIl and the
Cyt bs/f complex (Fig. 1) The acutal quinone species is PQA which is a
hydrophobic molecule with two methyl groups attached to its quinone ring and a
side chain of nine isoprenes (Andersson and Barber, 1994). PQ/PQH, is located
evenly throughout the lipid bilayer and functions in electron transport as a two-
electron gate. One electron is passed to PC while the other is recycled via Cyt

b, back to the PQ pool, also known as the the Q-cycle (Mitchell, 1975). Since
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PQ must diffuse through the membrane, it is thought to represent the rate-

limiting step in linear electron flow (Andersson and Barber, 1994).

1.1.6 Photosynthetic Pigments

The principle photosynthetic pigment, Chli a, is a tetrapyrrol ring having a
flat porphyrin ‘head’ with a magnesium atom coordinately bonded in the center.
In addition, there is a non-polar phytol ‘tail’ which orients the Chl pigment-protein
complex in the lipid bilayer of the thylakoid membrane. Higher plants also
possess Chl b which differs from Chl a by the substitution of a formyl group (-
CHO) for a methyl group (-CH,) (Shipman, 1982). All Chi molecules exist in
vivo non-covalently bound to specific proteins termed Chl a/b-binding proteins or
pigment-protein complexes. The Chl a/b-binding proteins are all nuclear
encoded and imported into the chloroplast via transit peptides (Keegstra et al.,
1995). The nomenclature and organization of the Chl a/b-binding proteins
described in this thesis is based on the model of Jansson (1994).

Carotenoids comprise a large group of accessory pigments composed of
repeating isoprene units (Koyama, 1991). These pigments play a dual role in
photosynthetic antenna complexes, augmenting the energy absorbed by Chl and
thus increasing the spectrum of visible light that can be utilized by
photosynthesis. They aiso perform a photoprotective role against the oxidative
reactions caused by toxic singlet oxygen ('O,) and in the dissipation of excess

excitation energy as heat (Young, 1991; Frank et al., 1994; McKersie and
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Leshem, 1994). In higher plants, recent evidence suggests that their principle
role is that of photoprotection via mediation of NPQ formation (Demmig-Adams
and Adams, 1996; Demmig-Adams et al., 1996). The carotenoids may be
divided into two groups, the first being the carotenes, comprised of a-Car and B-

Car. The second group is the xanthophylls, which include Lut, Neo, Vx, Ax and

Zx. The later three xanthophylls are interconvertible upon a high trans-thylakoid

apH gradient and comprise what is known as the xanthophyll or violaxanthin

cycle (Pfandel and Bilger, 1994; Demmig-Adams and Adams, 1996). The
carotenoids are bound to polypeptides with the carotenes typically associated
with the reaction center or core antennae complexes (CP43, CP47), while the
xanthophylis are located with the minor Chl a/b-binding proteins (Demmig-

Adams et al., 1996).

1.1.7 Photosynthetic Light-Harvesting

In all organisms capable of oxygenic photosynthesis, most photosynthetic
pigments do not play a direct role in charge separation. Rzther, they function to
absorb photons of light and transfer the energy via other pigment molecules to

the reaction centers to drive the essential reactions of photosynthesis.

1.1.7.1 PSII Light-Harvesting

The major Chl a/b-binding protein complex of PSIl is presumed to be a
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trimeric complex which is commonly referred to as LHCII or PSH outer antennae.
The LHCII monomeric unit binds two specific lipids, PG and DGDG. The role of
DGDG is thought to be that of structural integrity of the trimeric complex, while
PG has been suggested to participate directly in trimer formation at the level of
sub-unit interactions between the monomers (Kahlbrandt, 1994). LHCIl is
thought to be composed of the Lheb1 and Lheb2 polypeptides which range in
apparent molecular mass from 25 to 28 kD. Recent electron crystallography
data indicate 7 Cht a and 5 Chl b molecules bound per monomeric unit, while
biochemical studies also point to trace xanthophylls (Jansson, 1994; Kuhlbrandt,
1994; Kihlbrandt et al., 1994). Apart from their photoprotective function, the
carotenoids associated with LHCII are thought to play a structural role,
contributing to the rigidity of the complex which binds 60 to 70% of the Chl
present in green plants (Bassi et al., 1990).

Lhcb3 is another Chl a/b-binding protein of apparent molecular mass 24 to
25 kD which is tightly bound to the PSII reaction center. The Chli content of
Lhcb3 is similar to that of Lhcb1/Lhcb2. In addition, three minor Chi a/b-binding
proteins also exist and are known as Lhcb4, Lheb5 and Lheb6 (Jansson, 1994).
These polypeptides are referred to as PSll inner antennae and account for 10 to
15% of all the Chl associated with PSIl and contain varying amounts of
xanthophyll pigments. Estimations of bound pigment for Lhcb4 (29 to 31 kD) are
10 Chl a and 4 Chl b molecules per monomer {Jansson, 1994). Lhcb5 (26 to 29

kD) contains 9 Chl a and 5 Chl b molecules bound per polypeptide, while Lhcb6é
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(20 to 22 kD) contains 11 Chl a and 9 Chl b (Jansson, 1994).

1.1.7.2 PSl Light-Harvesting

There are four Chl a/b-binding proteins associated with PSI| which are
designated Lhca1(20 to 22 kD), Lhca2 (19 to 23 kD), Lhca3 (23 to 25 kD) and
Lhca4d (18 to 21 kD) (Jansson, 1994). In addition, a variabie number of
Lhcb1/Lhcb?2 trimers are associated with PSI which, when combined with the
Lhca polypeptides, comprise what is referred to as LHCI or PSI inner antennae.
Lhcal and Lhca4 are thought to be associated together as a pigment-protein
complex. Estimates of bound pigment indicate 40 Chi b per 100 Chl a molecules
with associated carotenoids, primarily xanthophilys (Jansson, 1994). Lhca2 and
Lhca3 are also thought to exist as a loosely associated pigment-protein complex

with a Chl a/b ratio of 1.4 (Jansson, 1994).

1.1.8 Organization of the Antennae System

The recent model proposed by Jansson (1994) of higher plant light-
harvesting antennae (Fig. 2) is one in which trimers of Lhcb1/Lhcb2,
representing the outer antennae and are able to associate with either PSI or
PSII. Itis suggested that 2 Lhcb1/Lhcb?2 trimers are associated with the PSI
reaction center core and 4 Lhcb1/Lhcb2 trimers with the PSil reaction center
core, although these numbers are variable (Jannson, 1994). The PSl inner

antennae is composed of 2 of each of the Lhca polypeptides, that is, 2 Lhca1, 2




Figure 2. Model for the organization of LHCI and LHCII in higher plants. Modified
from Jansson (1994). Indicated are the core antennae of PSHl (CP43, CP47), inner
antennae of PSil (Lhcb3 to Lhcb5 polypeptides) and the outer antennae of PSii

(Lhcb1/Lheb?2 trimers). The Lhera polypeptides comprising the inner antennae of

PSI are also shown.
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Lhca2, 2 Lheca3, and 2 Lhca4. The corresponding PSIl inner antennae consists
of 1 Lhecb3, 1 Lheb4, 1 Lheb5 and 1 Lheb6 associated with each PSII reaction
center (Jansson, 1994). These inner antennae are thought to regulate the
energy transfer from the outer antennae to the core antennae and function as
linkers of the trimers (Boekema et al., 1995). The localization of the xanthophyll
cycle to the inner antennae is thought to play a role in this regulation. This would
result in an antennae size of =210 Chl molecules for PS| and =100 Chl

molecules for PSII, without the Lhcb1/Lhcb2 trimers (Jansson, 1994).

1.1.9 Energy Transfer

The reactions of photochemistry depend upon the absorption of light by
antennae pigment molecules and subsequent transtfer of the absorbed energy to
the reaction centers. A pigment molecule in its ground state (S,) has no net spin
of outer orbital electrons. When a photon of the proper wavelength and energy
is absorbed, the molecule is raised to an excited singlet state (S,). The favoured
route of de-excitation for this excited molecule is energy transfer through
photochemistry (Kihlbrandt, 1994). The highly conjugated ring structure of the
porphyrin head provide many delocalized 11 electrons which can participate in
light absorption. Photon capture by Chl molecules occurs when the energy of a
photon of light causes a i electron to resonate and become excited. The
orientation and distances between Chl molecules in LHCII are optimal for energy

transfer from Chi b to Chl a in the order of 200 fs. Each Chl b molecule is in van
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der Waals contact with a molecule of Chl a, which enables this ultra-fast energy
transfer by a process known as delocalized exciton coupling (Kihlbrandt, 1994).
This occurs by energy oscillation between donor and acceptor without
localization to either molecule. Subsequent energy transfer from LHC! or LHCII
to the reaction center cores is suggested to occur by a Forster mechanism
between Chl a molecules. The transfer is a long range dipole-dipole interaction,
resulting in an excited acceptor molecule while the donor molecule drops to
ground state (Kahlbrandt, 1994). This allows the collected energy to be spread
over a large distance in a short time period, dependent upon the packing of
LHCIi in the membrane. The Chis have absorption maxima in the violet-blue
(400 to 480 nm) and orange-red (620 to 700 nm) regions of the visible light
spectrum (Greenberg, 1991). The organization of the outer and inner light-
harvesting antennae is such that absorption maxima for the pigments involved in
excitation transfer are greater as one approaches the reaction center. Thus,
excitation energy is funnelled directionally from the outer antennae to the inner
antennae to the reaction centers (Kahlbrandt, 1994). The specialized Chl dimers
present in the reaction centers, Pgy and Py, associated with PSil and PSI
respectively, are then able to trap the energy released from the de-excitation of
the singlet energy states of the surrounding pigments of the core antennae,
which causes charge separation within the reaction centers and electron transfer
to primary acceptors (Andréasson and Vanngard, 1988). This type of energy

transfer forms the basis of the bipartite model of energy distribution and transfer
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proposed by Butler and co-workers (Butler and Kitajima, 1975; Butler, 1978).

According to this model, primary photochemistry is limited by the rate of energy
migration from the antennae to the reaction center. Thus, the rate constant for
energy transfer to the reaction center is greater than the rate constant of back
transfer from the reaction center to the antennae and charge separation is
essentially irreversible (Butler, 1978). Therefore, the reaction centers are
designed to prevent charge recombinatior and thus promote electron transport
in the forward direction by stabilizing charge separation. This describes the so-
called ‘funnel’ model of the reaction center (Dau, 1994b). However, another type
of model has recently been suggested which proposes energy transfer between
the antennae and reaction center is so fast that it is effectively delocalized
(Schatz et al., 1988). This is the reversible radical pair or ‘shallow trap’ model
(Dau, 1994b). This model also differs from the classic Butler model in that

charge separation is readily reversible.

1.1.10 Photochemical Redox Reactions

Oxygenic photosynthesis involves the cooperation of both photosystems,
PSI and PSH with electron transport following what is commonly referred to as
the Z-scheme (Hill and Bendall, 1960). Linear or non-cyclic electron transport
involves the photooxidation of H,O to O, and the reduction of NADP* to NADPH
(H,O - NADP*) as first proposed by Hill and Bendall (1960). However, this is not

the only path available for electron transport. Pseudo-cyclic electron transfer
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(H,O - O,) may occur which results in the production of the superoxide radical
(O,°), also known as the Mehler reaction (Mehler, 1951). Superoxide is then
converted to hydrogen peroxide by the action of SOD. Cyclic electron transfer
around PSI may occur where electrons move from soluble Fd back to the PQ
pool via Cyt b, (Fork and Herbert, 1993). Electrons may also cycle around PSl|
via Cyt b, which competes with intersystem carriers for the electron equivalents
of PQH,. This has been proposed as a-possible mechanism of protection
against photoinhbition (Barber and De Las Rivas, 1993). In addition, it has been
proposed that PSl| can drive the complete non-cyclic electron transport (H,O -
Fd) without the collaboration of PSI (Arnon et al., 1981; Prince, 1996).

When P, is excited it readily gives up an electron to the primary
acceptor, A,. On the acceptor side, the electron is rapidly transferred through
the series of secondary acceptors, A,, Fy, F. and Fg and finally to soluble Fd
which acts as a final acceptor (Andréasson and Vanngard, 1988). Reduced
soluble Fd subsequently interacts with the flavoprotein, FNR which catalyzes the
reduction of NADP* to NADPH. The oxidized form of P,y is usually reduced by
plastocyanin (Andersson and Barber, 1994).

Charge separation is initiated at PSII with the excitation of Pgg, which acts
as the primary electron donor. Pheo is the immediate electron acceptor which
passes its electron to the bound PQ known as Q,. The electron is then passed

to the second bound PQ acceptor, Qg, forming the semiquinone anion PQ-".

However, this second acceptor, which is the finat acceptor in PSI|, is a two-
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electron acceptor and is not fully reduced until a second photochsmical turnover
occurs resulting in PQ?* (Andréasson and Vanngard, 1988). When fully
reduced, Q; is pronated to form plastoquinol (PQH,) and dissociates from PSII
as a mobile redox component freely diffusing in the lipid matrix of the thylakoid
membrane, leaving the Qg site open for a new PQ to bind (Andersson and
Barber, 1994). This is the rate limiting step of photosynthetic electron transpont.
On the donor side, Pgg,* is rapidly reduead from TyrZ on the D1 protein. The
oxidized TyrZ* is then reduced by an electron derived from water. The PSIi
reaction center must absorb four photons to produce one molecule of O,,
concomitant with the release of four protons, since the complete oxidation of
water is a four electron process. The ability to accumulate four oxidizing
eouivalents and coordinate the release of four electrons, four protons and one
molecule of O, from water is accomplished by a cluster of four Mn atoms cycling
through a series of sequential valency changes (Hansson and Wydrzynski, 1990;
Ghanotakis and Yocum, 1990).

Reduced PQ is then used to reduce plastocyanin oxidized by PSI which is
mediated by Cyt b, /f complex. Oxidized plastocyanin extracts electrons from Cyt
f while PQH, reduces the Rieske iron-sulfer center located on Cyt b/f. The flow
of electrons is then from the Rieske iron-sulfer to Cyt f* (Andersson and Barber,

1994).

The protons associated with PQH, are released into the thylakoid lumen

following its oxidation. Since this electron/proton transfer occurs vectorially
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across the thylakoid membrane, protons are shuttied from the stromal to the
lumenal side. The resulting electrochemical potential gradient provides the free
energy or pmf required to drive the conversion of ADP to ATP, according to the
chemiosmotic hypothesis of Mitchell (1961). This phosphorylation is catalyzed
by the ATP synthase complex. The ATP and NADPH generated by
photosynthetic electron transport are then utilized for the reduction of CO, to
carbohydrate. However, nitrogen and sulfer metabolism, as well as amino acid
and lipid synthesis also occur in the chioroplast and thus, also compete for these

end products of photosynthetic electron transport (Greenberg, 1991).

1.1.11 Photosynthetic Carbcn Metabolism

The process of carbon fixation occurs in the stroma of the chloroplast and
is dependent upon the PCR or reductive pentose phosphate cycle also known as
the Calvin-Benson-Bassham cycle. The principle reaction of the PCR cycle is
the carboxylation of RuBF, catalyzed by Rubisco, leading to the formation of an
unstable six carbon intermediate which dissociates into two molecules of PGA
(Fig. 3) (Lorimer, 1981). PGA is converted to triose-P (DHAP or GAP) and
exported to the cytoplasm via the phosphate translocator to be utilized in the Suc
biosynthetic pathway. The production of starch, a major storage carbohydrate is
also an alternative. Triose-P also stays within the chloroplast and is used to

regenerate RuBP. The reactions of the PCR cycle require energy in the form of

ATP and reducing equivalents in the form of NADPH which are supplied from




Figure 3. Photosyntheuc carbon metabolism in the chloroplast and cytosol leading
to starch and Suc synthesis. The photosynthetic carbon reduction (PCR) and
oxidation (PCO) cycles are indicated. The ATP and NADPH utilized are products

of photosynthetic electron tranport. Photosynthetic enzymes examined in this thesis

are italicized.
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photosynthetic electron transport. The PCR cycie requires two NADPH and

three ATP molecules to fix one CO, molecule. For each NADPH generated, four
photons must be absorbed to obtain the required two electrons, resulting in the
pumping of four protons. One ATP molecule requires three protons, thus 1.33
ATP are produced for every NADP* reduced by linear electron transport (Heber
and Walker, 1992). However, 1.5 ATP are required, the difference of which is
provided by cyclic and pseudo-cyclic electron transport mechanisms.

Rubisco may also act as an oxygenase, which catalyzes the addition of O,
to RuBP which forms one molecule of PGA and one molecule of P-Glyc in a
process referred to as the PCO cycle (Fig. 3). This is the principle reaction in
photorespiration (Ogren, 1984). If O, partial pressures (p(O,)) in the chloroplast
are high or CO, partial pressures (p(CO,)) low, the PCO cycie will be stimulated
and photorespiration will be favoured. Photorespiration consumes O, and ATP
while liberating CO,. Thus, photorespiration represents a major pathway for
carbon loss in C, plants (Lorimer, 1981).

Under conditions of low light, it is light itself which limits photosynthesis
through reduced electron transport, and hence a lack of ATP and NADPH for the
PCR cycle (Leegood et al., 1985; Woodrow and Berry, 1988). In contrast, under
light-saturating conditions, it is the capacity of the PCR cycle to regenerate RuBP
which limits photosynthesis, as energy input exceeds demand and the capacity
of the PCR cycle to fix CO, (Woodrow and Berry, 1988). Insufficient sink

demands for photosynthate may also limit RuBP regeneration (Leegood et al.,
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1985; Dujardyn and Foyer, 1989), although, external factors are most often

responsible. These may include availability of CO, due to diffusional limitations,
insuffizient availability of Pi or reduced enzyme activity. These conditions all lead
to limited CO, fixation as a result of the imbalance between the capacity for
electron transport and the capacity of the PCR cycle to keep the electron

transport chain oxidized. This imbalance results in an increase in the or trans-
thylakoid apH which effectively reduces the rate of electron transport at PSl|

(Foyer et al., 1990). Carbon metabolism is then able to regulate the rate of

electron transport by the trans-thylakoid apH gradient through a process known

as photosynthetic control (Foyer et al., 1990). However, this is not an immediate
response, as a large proportion of Q, can stay in the oxidized state (g;) under
light levels much greater than those of saturation (Dietz et al., 1985). Instead,
what occurs is a decline in the quantum yield of open PSII centers (F,'/F,,’) ora

decrease in the ability to trap light and close PSIi centers.

1.2 Photosynthetic Measurements
1.2.1 Photosynthetic Gas Exchange
The following equation indicates the relationship between carbon
assimilation and O, evolution as a result of photosynthesis;
6CO, + 6H,0 -light- C¢H,,0 + 60,

The rate of O, evolved is directly related to PSII activity and electron transport
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through the oxidation of water. CO, assimilation is a measure of the
photosynthetic carbon gain by the plant. The ability of the plant to regulate the
harvesting of radiant energy and the subsequent utilization of chemical energy in
the PCR cycle can be assessed in vivo by measuring the rates of exchange of
either CO, or O, (Foyer et al., 1990; Harbinson et al., 1990).

O, evolution measurements are made using a membrane covered
electrode, utilizing a saturated potassium chloride (KCl) solution as an electrolyte
to join a silver (Ag) anode and platinum (Pt) cathode. A polarographic
measurement is made through the application of a small potential across the
electrode. Dissolved O, diffuses through the membrane anu is reduced at the
cathode, resulting in a current flow proportional to the oxygen concentration
(Dilieu and Walker, 1981).

When the rate of O, evolution is plotted as a function of PPFD, the slope
of the linear portion of the curve is referred to as the apparent quantum yield
(®,,p) of O, evolution, which reflects the number of photons required to evolve
one mole of O, (Walker, 1990). This is only an apparent measurement as it
assumes that all incident light is captured and utilized photosynthetically by the
plant, with no loss due to reflectance or transmittance. If the absorptance of the
leaf is known, this value can be corrected and expressed as the actual quantum
yield (®) of O, evolution (Oquist et al., 1992b). Since two photons of light must
be absorbed to cause the net transfer of one electron along the electron

transport chain from H,O to NADP*, the evolution of one molecule of O, requires
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eight photons of light to transfer the four electrons released from the oxidation of
two molecules of water. Therefore, the theoretical maximum quantum yield of
oxygen evolution is 1/8 = 0.125 mol O, mol photons™ (Walker, 1930). Under CO,
-gsaturating conditions, for every molecule of CO, fixed, one mole of O, is
liberated in a 1:1 ratio. In addition, 6 molecules of CO, must be fixed to generate
1 molecule of hexose sugar in a 6:1 ratio. Thus, measurements of O, evolution
can be utilized to examine ovorall photosynthetic capacity under these
conditions. However, the relationship between O, evolved and CO, consumed is
not necessarily a 1:1 ratio. It is possible to evoive more O, than CO, that is
being fixed due to competing metabolic processes for ATP and NADPH. This

increases the number of photons required to fix one mole of CO, (Walker, 1990).

1.2.2 Chl a Fluorescence
1.2.2.1 Fluorescence Relations

Fluorescence refers to the non-destructive release of a photon of a longer
wavelength than that absorbed. Chli a in vivo displays large changes in
fluorescence yield upon illumination, and at room temperature, almost all Chl a
fluorescence originates exclusively from PSIl. The low fluorescence yield of PSI
at room temperature is due to the stability of Py, Which in the oxidized state
(Pyo*) can still act as a trap for excitons, thus representing a quencher of
fluorescence (Krause and Weis, 1991). Therefore, fluorescence changes at

room temperature refiect the state of PSIl and provide a non-intrusive probe to
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monitor photosynthetic events in vivo (Schreiber et a.., 1994). For dark adapted

leaves, based on the bipartite model of Butler and Kitajima (1975), minimum
fluorescence yield (®F,) occurs when all PSlI reaction centers are in the open
configuration;

[Z Pes Pheo Q, Qg
and is represented by the following equation;

OFo= Ke I( ke + K+ Ky + ki)
Where k¢, kp, k1, and K, are first order rate constants for fluorescence emission,
thermal dissipation, energy transfer to PSI, and photochemistry respectively.
O®F, represents a small portion (0.6%) of the light absorbed by the pigment bed
due to competition by photochemistry (Krause and Weis, 1991). Maximum
fluorescence yield (®F,) occurs when all PSII reaction centers are in a closed
configuration with the radical pair stabilized and P, OXidizec;

[Z Py’ Pheo Q, Qg

and is represented by the equation below;

OF =k I( ke+kp+ky )
®F,, amounts to approximately 3% of light absorbed by the photosynthetic
pigments (Krause and Weis, 1991). The yield of PSII photochemistry (®.) can
then be expressed as follows;
Op=kp /( Ke + Ko+ kp + k7 ) = (OF,, - OF) / OF, = F,/ Fy,

where F, is the maximum variable fluorescence (F, = Fy- Fo); Fy, maximum

fluorescence with all PS!| traps closed; and F,, minimum fluorescence with all
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PSIl traps open. Therefore, based on the above relationship, the variable to
maximal flucrescence ratio (F,/ F,,) is equal to the yield of PSIl photochemistry
(®,) (Butler, 1978), and can thus be used as an estimate of photosynthetic
efficiency. The F/F, ratio has been found to be remarkably constant for a wide
variety of species and ecotypes (0.832 + 0.004) and this ratio is closely
correlated with the quantum yield of O, evolution (Bjorkman and Demmig, 1987;
Adams et al., 1990). However, this relationship is merely empiricail.
Cooperativity between reaction centers and experimental evidence indicating two
distinct populations of PSli reaction centers (PSil, and PSil) further
demonstrate that no unique relationship exists between F,/F,, and ®, (Krause
and Weis, 1991). F, appears to be fluorescence emission from Chl a in the light-
harvesting antennae of PSIl. Thus, F, reflects exciton losses during the transfer
of excitation energy from the pigment bed to the reaction center, and represents
emission from excitons that do not contribute to photochemistry. Fluorescence
emission has been shown to increase when antennae Chl cannot transfer their
energy to the reaction center thus resulting in an increase in F, as Q, is reduced
until all PSII reaction centers close and maximum fluorescence or F,, is detected.
The source of (F, or F,) is controversial, although current evidence points
towards fluorescence emission from the Chl a antennae (Krause and Weis,

1991; Dau, 1994b).

1.2.2.2 Fluorescence Quenching
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Quenching refers to any process which reduces the level of fluorescence
below the maximum value (F,,) and may occur during fluorescence induction or
under steady-state conditions. Fluorescence emission competes with
photochemistry and heat dissipation, thus, two types of fluorescence quenching
are evident, photochemical and non-photochemical. It is possible to separate
and quantify these quenching mechanisms using the saturating pulse method in
combination with a fluorometer base on pulse amplitude modulation (PAM)
(Schreiber et al., 1986). The rationale of this technique is that upon a saturating
light pulse, Q, becomes fully reduced and photochemical quenching becomes
suppressed. The remaining quenching is therefore non-photochemical
(Bradbury and Baker, 1981). After dark adaptation for 1 h which renders all PSli
traps in the open configuration (Q, fully oxidized), a low intensity (0.01 pmol m?
s') measuring beam is utilized to measure F,, without causing PSIl trap closure.
A subsequent flash with a saturating light (6500 umol m? s™) renders all PSl!
traps closed (Q, reduced) resulting in maximum fluorescence yield reaching a
maximum (F,)). F, is rapidly quenched due to the re-oxidation of Q, by
intersystem electron transport and PSI.

An actinic light source is then utilized by which initially, Q, reduction is
greater than Q, re-oxidation. The resulting fluorescence rise reflects the
depletion of the PSII acceptor pool which is slowly quenched to a steady-state
level of fluorescence termed Fs. By superimposing saturating flashes in the

presence of actinic light, ali PSIl traps are closed giving rise to F,', and thus
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allowing the determination of photochemical and non-photochemical quenching.
Fo' s determined in the presence of FR light to ensure the complete oxidation of
all PSil acceptors by preferentially exciting PSi. A typical PAM tracing for leaves
of winter rye is presented in Figure 4. The extent of g, or PSIl trap ‘openness’ is
therefare dependant upon the redox state of Q,, and reflects the balance
between reductior: of PSil by photochemistry and the oxidation of PSil by
intersystem electron transport. Therefore, the re-oxidation of Q," through
intersystem electron transport to PSI1 will quench fluorescence. The quenching
coefficients g, and q, have been defined for photochemical and non-
photochemical quenching respectively (Schreiber et al., 1986; van Kooten and
Snel, 1990; Schreiber et al., 1994);

Qe = (Fy-Fg) | (Fy'-Fo') gn=1- ((Fy' - FoY (Fy- Fo))
It was originally assumed that only quenching of F, occurred non-

photochemically, It has since been shown that F, can be quenched by apH-

dependent non-photochemical quenching (Bilger and Schreiber, 1986). Thus,

knowledge of F’ is required for the correct calculations of g, and q,. However,

non-radiative dissipation can also be calculated using the following equation;
NPQ = (Fy/F) -1

which does not require the knowledge of Fy'. Calculations based on this

equation, also known as Stern-Volmer NPQ (Bilger and Bjorkman, 1990) are

done with the assumption of the existence of non-photochemical traps such as




Figure 4. Standard nomenclature of characteristic fluorescence levels derived from
a PAM fluorometer tracing utilizing the saturating pulse method as described by

Schreiber et al. (1994).
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the xanthophylls Zx or Ax. Most studies examining xanthophyll involvement in
NPQ processes utilize this equation (Demmig-Adams, 1990).
Non-photochemical quenching of fluorescence occurs by means which
are not directly related to the redox state of Q, (Krause and Weis, 1991).
Collectively, these processes are referred to as q, or NPQ, but they may be
further subdivided into three major components, distinguishable by their

relaxation kinetics. First, energy dependant quenching (qg) is related to the

trans-thylakoid apH during electron transport. The build up of this gradient has

been shown to account for up to 90% of all F, quenching (Krause and Weis,
1991), presumably through increasing the rate constant for thermal dissipation
(ko) (Krause et al., 1983). This is accomplished by increasing non-radiative
decay through increased xanthophyll carotenoid levels, Zx and Ax in particular,
in the minor Chi a/b-binding proteins (Demmig-Adams, 1990; Demmig-Adams
and Adams, 1992; Demmig-Adams et al., 1996). Alternatively, a reaction center
quenching mechanism has also been suggested which does not require the
xanthophylis, only the other carotenoids already present in the reaction center
(Schreiber and Neubauer, 1990; Kreiger et al., 1992). Second, quenching
related to state | to state Il transitions (g;). State transitions are reguiated by
LHCII phosphorylation controlled by the redox state of the PQ pool and reflect
energy distribution between the photosystems (Fork and Satoh, 1986). A state

transition occurs when LHCII becomes physically dissociated from the core
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antennae of PSI! upon phosphorylation of specific LHCIl polypeptides. A state
transition from state | (non-phosphorylated) to state Il (phosphorylated) reduces
the absorptive cross section of PSl| relative to PSI, resulting in quenching of F,
and F,, thus decreasing fluorescence yield associated with PSIl (Krause and
Weis, 1991). Lastly, photoinhibitory quenching {(g,) which is related to
photoinhibition of photosynthesis and represents a light-dependent increase in
non-photochemical de-excitation of pigments. However, the mechanisms

controlling g, remain obscure (Krause and Weis, 1991).

1.2.3 Intersystem Electron Pool Size

The redox state of P,,, can be evaluated by absorbance changes in the
cation radical (P,') in the near-infrared spectral region around 820 nm (800 to
840 nm) (Harbinson and Woodward, 1987; Schreiber et al., 1988; Harbinson and
Hedley, 1988). Figure 5 demonstrates a typical cycle of illumination for the
determination of the intersystem electron pool size. lllumination with FR light
excites almost exclusively PSi, causing the oxidation of P,y 10 P,o*. Wher Py,
is oxidized (P,n*) by continuous illumination with FR light, a saturating ST flash
causes a single turnover event of all PSI! centers and results in the reduction of
P10’ t0 P70 @s shown in Figure 5. However, an initial lag is present (3 ms; not
resolvable with this time scale) which represents the electron transfer from PSI|
to Cyt b,/f. This is followed by a decay representing the rate limiting step of

PQH; oxidation at Cyt b,/. The FR light driven re-oxidation of P, to P,,’ can



Figure 5. lllustration of the illumination cycle for determination of intersystem

electron pool size by monitoring the oxidation and reduction of P,,, as described by

Asada et al. (1992).
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then be observed (Fig.5). When a MT flash is applied to P,y*, an almost

complete reduction of P,y,* is observed due to the saturation of the PQ pool
located between PSIl and PSI. The electrons from PSil reach P,y,* with a delay
imposed by intersystem electron transport. The more electrons stored in the PQ
pool, the longer the given FR light requires to re-oxidize P,y to Pyy*. The
complementary area between the oxidation curve of Py, after ST or MT
excitation and the stationary level of P,y* under continuous FR light represents
the ST- and MT-areas respectively. The ratio of the MT to ST area enables the
determination of the functional intersystem electron pool size on a P,y reaction

center basis (Schreiber et al., 1988; Asada et al., 1992).

1.3 Photoinhibition of Photosynthesis

Photoinb* tion has been defined as a light-dependent decrease in
photosynthetic efficiency which may or may not be associated with a decrease in
PSnax as a result of the absorption of excess light energy (Kok, 1956; Powles,
1984; Krause, 1988; Osmond, 1994). Thus, photoinhibition may manifest itself in
vivo as a decrease in ®0, or ®CO,, a reduction in th_ photochemical efficiency
of PSII (F,/F,), as well as a reduction in PS,,, (Krause, 1988; Osmond, 1994)
which occurs under field and controlied environment conditions (Long et al.,
1994). It is generally agreed that the most sensitive site for photoinhibition is

PSII, due to the fact that the oxidation of PSI| is rate limiting at the level of the

PQ pool (Haehnel, 1984; Mitchell et al., 1990). However, recent studies have




39
implicated PSI which is usually insensitive to photoinhibition unless under
extreme conditions (Jones and Kok, 1966; Sétif and Brettel, 1990; Havaux and
Davaud, 1994; Sonoike, 1996). Since PSll appears to be the primary target for
photoinhibition, it has been proposed that photoinhibition is the result of an
over-reduction of PSIl which results in damage to the 32 kD, PSlI reaction
center D1 polypeptide (Aro et al., 1993a, 1993b; Critchiey and Russell, 1994).
The primary site of photoinhibitory damage has yet to be conclusively elucidated.
However, several studies have shown that the principat site of dysfunction under
exposure to photoinhibitory light is the Qg binding site of the D1 protein (Kyle et
al., 1984; Reisman et al., 1986; Kyle, 1987).

Studies with cereals (Lapointe et al., 1991; Hurry and Huner 1992) have
demonstrated that decreased photochemical efficiency cannot be attributed to
damage at the Qg site. Furthermore, the rate at which photoinhibition develops
is independent of the redox state of Qg (Cleland and Melis, 1987). However,
there is a correlation between the redox state of Q, and photoinhibition (Oquist
et al., 1992b). A loss in Q, reduction may imply damage in the reaction center
complex, possibly impairing charge separation between Py, and Pheo This is
thought to occur by a configurational change in the reaction center polypeptides
which disables electron transfer to Q, and alters the binding domain of Qg, thus
preventing utilization of trapped energy (Demeter et al., 1987; Ohad et al., 1990).

The OEC has also received attention as a possible site of damage. This

is supported by the presence of free Mn associated with a loss of structural
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integrity of proteins dissociated from the core complex upon photoinhibition
(Hundell et al., 1990). In addition, the OEC has also been shown to be a
relatively unstable subunit of PSil (Cleland and Melis, 1987).

Hurry and Huner (1992) have demonstrated that in winter wheat, the fast
phase of recovery from photoinhibition occurs at temperatures as low as -3°C
without de novo protein synthesis. This lack of protein synthesis indicates that in
winter wheat, the photoinhibitory response has little to do with damage and is
largely regulatory. However, the slower phase does require protein synthesis
(Hurry and Huner, 1992; van Wijk and van Hasselt, 1993b). Krause and co-
workers have proposed that this regulatory process may be attributed to light
induced reversible modifications in PSII structure which enable the reaction
centers to act as light traps or quenchers, dissipating excess excitation energy
as heat (Krause et al., 1990; Giersch and Krause, 1991). Thus, the observed
responses to photoinhibition could be considered regulatory, and not indicative
of damage to the photosynthetic apparatus. Instead, this may be a reflection of
the ability to balance ATP and NADPH production through photosynthetic
electron transport with the requirements of CO, fixation under prevailing
environmental conditions. Thus, it has been suggested that photoinhibition may
be considered a mechanism to protect PSil from over-excitation through the
down regulation of PSHl photochemistry (Krause, 1988; Hurry et al., 1992; Oquist
et al., 1992b; Huner et al., 1993; van Wijk and van Hasselt, 1993a; Krause,

1994a).
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It was first proposed by Ogren (1991) and subsequently supported by

Oquist et al. (1992a, 1992b) that photoinhibition was related to the redox state of
PSII. This relationship was examined for a variety of species from which it was
concluded that a fundamental feature of photoinhibition among all taxonomic
groups was its dependence upon PSI| excitation pressure, measured as 1-g,
(Ogren and Rosenqvist, 1992). Thus, susceptibility to photoinhibition has been
shown to be correlated to the redox state of PSIi, regardless of the
environmental constraints on photosynthesis brought about by low temperature
or light acclimation (Ogren and Rosenqvist, 1992; Oquist et al., 1992a, 1992b,
1993b; Park et al., 1996a). Further, the adaptive ability of the plant to the
environment also reflects, to a degree, the extent of photoinhibitory response.
Susceptibility to photoinhibition has been demonstrated to vary depending upon
the particular type of carbon fixation pathway utilized (CAM, C,, or C,) (Adams et
al., 1988; Bolhar-Nordenkampf et al., 1991). In contrast, studies with high- and
low-light grown pumpkin have shown that the size of the absorptive cross section
of the light-harvesting antenna does not seem to affect the susceptibility to
photoinhibition in vitro (Tyystjarvi et al., 1991).

Low temperature, in combination with light, increases the susceptibility of
photosynthesis to photoinhibition (Powles, 1984; Oquist and Martin, 1986; Oquist
et al., 1987; Greer, 1990; Krause, 1994a). This is thought to occur priinarily
through a temperature suppression of the PSl| repair cycle (Greer et al., 1986;

Kyle, 1987; Chow et al., 1989; Gong and Nilsen, 1989; Greer et al., 1991; Aro et
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al., 1993b). However, it has recently been established that given a certain

excitation pressure on PSII, the susceptibility of photosynthesis to photoinhibition
occurs independent of temperature between 0 and 25°C (Oquist et al., 1993b). It
was concluded that photoinhibition at low temperature is sensitized by a
temperature inhibition of photosynthesis and not a low temperature inhibition of
the PSII repair cycle (Hurry and Huner, 1992; Huner et al., 1993; Oquist et al.,
1993b). The above studies, along with reports for conifers (Pinus sylvestris)
(Oquist and Martin, 1986) and the chilling sensitive Zea mays (Baker et al.,
1988) suggest that several mechanisms exist in response to photoinhibition and
recovery, dependent upon adaptive strategies and sensitivity to other
environmental conditions such as low temperature (Huner et al., 1993).

Winter cultivars of rye (Secale cereale), wheat (Triticum aestivum) and the
herbaceous dicot spinach (Spinacia oleracea) grown at low temperature (5°C)
and rnoderate irradiance (250 pmol m? s™') exhibit an increased tolerance to
photoinhibition as measured by both F,/F,, and photosynthetic gas exchange
(Somersalo and Krause, 1989; Boese and Huner, 1990; Somersalo and Krause,
1990; Hurry and Huner, 1992; Huner et al., 1993; Oquist and Huner, 1993).

Growth at low temperature is an absolute requirement for acquisition of this

tolerance to photoinhibition {(Gray et al., 1994). it has been documented that
short-term shifts to low temperature do not induce tolerance to photoinhibition,

irrespective of either photoperiod or cold-hardening protocol (Oquist and Huner,

1991; Boese and Huner, 1992; Gray et al., 1994). In addition, the degree of
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tolerance to photoinhibition in wheat is cultivar dependent with the winter cultivar,
Monopol, exhibiting a greater tolerance to photoinhibition than the spring cultivar,
Katepwa, after growth at low temperature. However, cold-grown cultivars are
more tolerant to photoinhibition than their warm-grown counterparts (Hurry and
Huner, 1992; Hurry et al., 1992). in winter rye, this tolerance is observed at the
whole leaf and cellular level, suggesting altered leaf morphology as a result of
development at {ow temperature does not account for the increased tolerance to
photoinhibiiion (Lapointe and Huner, 1993). In contrast, isolated thylakoids do
not exhibit the same level of tolerance, suggesting a metabolically competent cell
is required for increased tolerance to photoinhibition (Lapointe et al., 1993).

it has been demonstrated previously that the growth of winter cereals at
low temperature results in an increased capacity to keep Q, oxidized under
photoinhibitory conditions (Oquist and Huner, 1993; Oquist et al., 1993b). When
the reduction state of Q, is artificially equalized in winter rye, the sensitivity to
photoinhibition is the same for 5 and 20°C-grown leaves (Oquist and Huner,
1993; Oquist et al., 1993b). Furthermore, the 5°C leaves require photon fiuxes
that are 3-fold greater than that of the 20°C leaves to attain the same redox state
of Q, (Oquist and Huner, 1993).

While photoinhibition refers to events involved in the loss of
photosynthetic activity, these are readily reversible under low light or in the dark
(Krause, 1994a). Photooxidation refers to the extensive non-reversible

bleaching caused by the destruction of pigments, proteins, and lipids (Asada,
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1994). A common source of photooxidative stress is that of highly reactive
oxygen radicals such as superoxide (O,) or singlet oxygen ('0,). '0, is
produced via intersystem crossing, where a Chl molecule in the excited triplet
state (CChl’) can react with a triplet oxygen molecule (°O,) in the ground state,
giving rise to 'O, (Knox and Dodge, 1985; Asada, 1994; McKersie and Leshem,
1994). The oxidation of the PQ by O, and psuedo-cyclic electron flow will resuit
in the production of O, which is thought to have an affinity for the Qg binding
site. In this manner, reactive oxygen species have been linked to photoinhibition
(Krause, 1994b). In addition, O, can combine with H,0,, and in the presence of
Fe® may resuit in Fenton reactions, giving rise to the highly reactive hydroxyl
radical (OH-) which may contributc to the damage in the reaction center and
antennae complexes (Foyer and Hall, 1980; Asada, 1994; McKersie and

Leshem, 1994).

1.4 Cold Acclimation and Photosynthesis at Low Temperature

Responses of plants to changes in the environmer.i can be divided into
adaptive and acclimaiory responses. Adaptation is a response to long-term
change which results in an inheritable change seen over successive generations
(Prosser, 1986). Short-term responses may also occur and refer to immediate,
direct adaptive changes. in contrast, acclimation is an inducible respotise which
results in a phenotypic alteration over a single generation time. Acclimative

responses can be divided in developmental responses and stress responses.
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Developmental responses refer to a stable long-term adjustment to
environmental change, while stress responses refer to abrupt or short-term
changes in the environment. Thus, it is important to distinguish between
acclimative responses and transient stress responses when examining
environmental physiology.

Low temperature is an important environmental factor which limits plant
distribution, survival, and crop yields worldwide (Osmond et al., 1987). Plants
may be classified based upon their response to low temperature as either cold-
sensitive or cold-tolerant (Levitt, 1980). Coid-tolerant plants, if grown at
temperatures greater than 10°C, can survive temperatures as low as -6°C.
These same plants, if grown at temperatures less than 10°C, can survive
temperatures as low as -30°C, dependent upon plant species and cultivar
(Harvey, 1922; Huner et al., 1989). This period of growth at low temperatures is
referred to as the cold acclimation period. Exposure to low, non-freezing
temperatures induces genetic, morphological, and physiological changes in the
piant which result in the development of cold hardiness and the acquisition of
freezing tolerance (Vasil'yev, 1961; Levitt, 1980; Guy, 1990; Huner, 1993;
Thomashow, 1990, 1993; Hughes and Dunn, 1996). Cold-sensitive plants have
little or no capacity to grow at low temperatures and will not be examined here
but have been recently reviewed (Baker et al., 1988).

Freezing tolerant plants survive a freezing event by forming ice within their

tissues. However, no ice forms intracellularly, as this is thought to be lethal due
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to damage at the level of the cellular membranes (Levitt, 1980; Steponkus,
1984). Upon cold acclimation, leaves of winter rye accumulate apoplastic
proteins which serve, in part, to nucleated ice formation in xylem vessels and
intercellular spaces (Pearce, 1988; Pearce and Ashworth, 1992; Brush et al.,
1994; Hon et al., 1995). Cellular contents then dehydrate as water is removed
from the cell and added to the growing extracellular ice crystal (Pearce, 1988).
The lowest limit for freezing tolerance is determined by the extent to which the
cells can survive the desiccation induced by extracellular ice formation (Webb
and Steponkus, 1993). In addition, the growth pattern of these ice crystals can
be modified by antifreeze proteins, also located in the apoplast, which are
thought to play a fundamental role in the mechanism of freezing tolerance by
decreasing the rate of ice formation and recrystallization during pro'on sed
freezing (Hon et al, 1995).

Light, through the process of photosynthesis, provides the energy
required for cold acclimation which leads to the attainment of ireezing tolerance
(Dexter, 1933; Tysdall, 1933; Steponkus and Lanphear, 1968; Levitt, 1980,
Gusta et al., 1982; Griffith & Mcintyre, 1993; Veisz and Tischrer, 1995). Huner
and co-workers have demonstrated that the freezing tolerance of cereals is not
only correlated to the capacity to keep Q, in the oxidized state, but also to an
increased PS,,,, (Huner et al., 1933; Oquist et al., 1893). Therefore, any factor
which chronically affects photosynthesis will ultimately influance the induction

and maintenance of the cold hardenecd state.
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Increases in PS,,, as a result of cold acclimation has been shown to be
correlated with the accumulation of Suc as well as fructans, whose synthesis are
stimuiated by the accumulation of Suc in the cytosol (Pollock and Lioyd, 1987,
Tognetti et al., 1990; Pollock and Cairns, 1991; Guy et al., 1992; Hurry et al.,
1994). The accumulation of these photosynthetic end products have been
correlated with increases in Rubisco, SPS and stromal and cytosolic FBPase
activities (Guy et al., 1992; Holaday et al., 1992; Hurry et al., 1994, 19953,
1995b). Although fructans accumuiate in the vacuc'e, Suc , Fru and raffinose
accumulate in the cytosol (Koster and Lynch, 1992) where they are proposed to
play a cryoprotective role, moderating the dehydration stress caused by water
loss during extracellular ice formation by stabilizing membranes as well as
substrates for basal metabolism. During freezing, fructans stored in the crown
tissue are readily converted to Fru and Suc and accumulate in the cytosol. Upon
thawing, these sugars are converted back to fructans (Olien and Clark, 1993).
Fructan pools therefore play an active role in alleviating freezing stress and are
correlated with freezing tolerance. Thus, increases in amounts and activities of
enzymes involved in the PCR cycle and Suc biosynthesis are not simply an
adjustment to overcome slower enzyme kinetics at iow temperature (Guy et al.,
1992). Thus, the physiological state of the plant and the specific environmental
conditions to which the plant is exposed are as important as the genetic potential

of the plant for the attainment of maximal freezing tolerance (Stushnoff et al.,

1984; Gusta and Chen, 1987; Veisz and Tischner, 1995).
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Cold acclimation has aiso been shown to lead to substantial changes in
the lipid composition of plant membranes, thought to be the primary lesion of
freezing injury (Steponkus, 1984). Freezing injury in non-acclimated leaves is a
result of the freeze-induced formation of the H,. In contrast, freezing injury in
cold acclimated leaves is associated with the fracture-jump lesion, the threshold
temperature of which decreases to lower temperatures with increasing duration
of cold aczlimation. Changes in the incidence of these freeze-induced lesions
are associated with alterations in plasma membrane lipid composition during
cold acclimation (Uemura and Steponkus, 1994). in thylakoids, changes in

MGDG:DGDG could have significant effects on thylakoid stability and functional

integrity as a result of solute accumulation or increases in cellular osmoticum. In
contrast to the other lipids which are bilayer forming, MGDG forms a reversed
hexagonal phase (H,). The greater amount of MGDG present, the more
nonlamellar phase is formed. Thus this ratios may be important in maintaining
the correct balance between lameliar and hexagonal lipids (Selstam and Widell
Wigge, 1993). Upon exposure to low temperature, many plants demonstrate an
increase in the level of fatty acid unsaturation in the major thviakoid lipids.
Mutations in chloroplast fatty acid biosynthesis in Arabidopsis results in minimal
changes in loss of function as a result of a shift to low temperature and appear to
play only a minor role in chilling sensitivity (Wu and Browse, 1995). However, it

has been suggested that the main effect of these mutations may be at the level

of membrane biogenesis and chloroplast ultrastructure during development at
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low temperature as well as interfering with thylakoid protein processing and
insertion (Somervilie, 1995). This may have implications for recovery from
photoinhibition at low temperature with respect to the D1 polypeptide repair cycle
(Moon et al., 1995). These alterations in MGDG:DGDG and fatty acid
unsaturation are species specific, as similar trends have not been cbserved in
cereals such as winter rye (Huner et al., 1987). In contrast, the ability to
modulate the trans-16:1 content in PG is strongly correlated to the development
of freezing tolerance in a variety of species (Huner et al., 1989).

Biochemical and molecular analyses have demonstrated differential gene
expression and the accumulation of specific proteins during the induction of
freezing tolerance (Guy et al., 1985; Guy, 1990; Thomashow, 1990; Howarth and
Ougham, 1993; Lee and Chen, 1993; Thomashow, 1993; Hughes and Dunn,
1996). Cold-induced genes have been isolated and characterized in many
species, such as alfalfa, Arabidopsis thaliana, barley, Brassica napus, and wheat
(Houde et al., 1992a; Chauvin et al., 1993; Dhindsa et al., 1993; Chauvin et al.,
1994; Danyluk et al., 1994; Lee and Chen, 1993; Thomashow et al., 1993;
Weretilnyk et al., 1993; Crosatti et al., 1995; Limin et al., 1995; Pearce et al.,
1996). There is an apparent correlation between the expression of some of
these genes, which appear to be up-regulated by low temperature, and the
development of freezing tolerance (Guy, 1990; Howarth and Ougham, 1993; Lee
and Chen, 1993; Thomashow, 1993; Hughes and Dunn, 1996). Since the

function of these genes and their encoded polypeptides have not been fully
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demonstrated, it is difficult to assess their direct relevance to freezing tolerance.
Although this polygenic trait has been investigated for sometime, its regulation
by environmental factors has not been elucidated (Guy, 1990; Lee and Chen,
1993; Thomashow, 1993; Pearce et al., 1996). In addition, the mechanism by
which low temperature signals are perceived and transduced into specific
biochemical responses is largely unknown (Trewavas and Gilroy, 1991; Dhindsa

et al., 1993; Bowler and Chua, 1994).

1.5 PSII Excitation Pressure

The rate-limiting step of photosynthetic electron transport is thought to
occur at the level of PQ oxidation and reduction (Haehnel, 1984; Mitchell et al.,
1990). Thus, the proportion of closed PSII reaction centers, measured as 1-q;,
is influenced by the rate of photochemical reduction of Q, relative to the rate of
oxidation of Q, by intersystem electron transport and subsequent CO,
assimilation. Therefore, the extent of PSII closure, as estimated by in vivo Chl a
fluorescence parameter 1-q,, reflects the relative reduction state of Q,, that is
[Qares / {Qarea+ Quor]. PSII closure is the consequence of an imualance
between the energy absorbed through photochemistry and energy either utilized
through intersystem electron transport and carbon assimilation, or energy
dissipated through non-photochemical processes. It has been suggested that
changes in PSII closure and thus changes in the relative reduction state of PSl|

reflect changes in PSIl excitation pressure (Dietz et al., 1985; Ogren, 1991;
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Maxwell et al., 1995a, 1995b; Savitch et al., 1996). Although the estimation of

the relative reduction state of PSIl as 1-qg, may not be linearly related to the
absolute reduction state of PSIl (Schreiber et al., 1994), this fluorescence
parameter provides a useful estimate of relative changes in the PSI| reduction
state, and thus, relative changes in PSII excitation pressure, for the comparison
of plants exposed to changing environmental conditions.

Recently, it has been reported that growth at low temperature mimics
high-light acclimation in the green alga Chlorella vulgaris. Further studies
demonstrated that this green alga adjusts its photosynthetic light-harvesting
apparatus in response to PSll excitation pressure rather than to either low
temperature or irradiance per se. Chlorella cells adjust to high PSl| excitation
pressure created either by growth at low temperature or high irradiance by
increasing the capacity for nonradiative dissipation of excess excitation energy
through Zx coupled with a lower probability of light absorption due to a
decreased abundance of light-harvesting polypeptides (Maxwell et al., 1995a)
This occurs without any positive adjustment at the level of enzyme capacity and
photosynthetic carbon assimilation (Savitch et al., 1996). Similar trends have
been observed in the green alga Dunaliella salina and the cyanobacterium,
Plectonema boryanum (N.P.A. Huner, unpublished). In fact, redox control at the
level of gene expression has been demonstrated utilizing the nuclear-encoded

Chl a/b-binding (cab) genes in Dunaliella (Escoubas et al., 1995; Maxwell et al.,

1995b). Thus, it has been suggested that the redox state of PSlI, reflecting the
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redox poise of the chloroplast, plays a vital role in sensing environmental

changes, which ultimately results in photosynthetic acclimation (Huner et al.,

1995, 1296).

1.6 Cereals as a Model System

Rye (Secale cereale L..) and wheat (Triticum aestivum L.) are
overwintering freezing-tolerant annual plants which can survive temperatures
below -30°C. Studies of cold acclimation utilize cereals extensively, due largely
to their high levels of freezing tolerance and well-established genetics.
Responses have been well characterized at the morphological, biochemical, and
molecular levels (Vasil'yev, 1961; Fowler et al., 1981; Gusta et al., 1982;
Stushnoff et al., 1984; Gusta and Chen, 1987; Togretti et al., 1990; Pollock and
Cairins, 1991; Huner et al., 1993; Lee and Chen, 1993; Olien and Clark, 1993,
Limin et al., 1995; Hughes and Dunn, 1996; Pearce et al., 1996). In addition,
physiological responses at the level of photosynthesis and photoinhibition have
also been extensively studied (Huner et al., 1993). Thus, due to their exhaustive
characterization and potential agronomic importance, cereals represent ideal

model plants to be utilized in this study.

1.7 Thesis Objectives
While responses to low temperature have been extensively studied, there

is a scarcity of information present in the literature with regard to cold acclimation
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in response to other environmental factors, such as light. Since both
temperature and light can modulate PSII excitation pressure, | have chosen to
examine this phenomenon in higher plants. In addition, no experimental data
have been obtained with respect to PSIl excitation pressure in higher plan's.
The goals of the present research are:
1. To establish the existence of a response to PSI| excitation pressure
in higher plants.
2. To characterize the developmental responses as a resuit of growth
at varying PSI| excitation pressure.
3. To characterize photosynthetic responses to PSIl excitation
pressure at the levels of light-harvesting, intersystem electron
transport and photosynthetic caibon metabolism.
4. To examine the role of PSII excitation pressure in the acquisition of
tolerance to photoinhibition.
5. To separate the roles of temperature, light and PSIi excitation

pressure during cold acclimation.
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CHAPTER 2

GROWTH AND DEVELOPMENT IN RESPONSE TO TEMPERATURE AND
LIGHT

2.1 Introduction

Growth kinetic analyses are essential to establish similar physiological
ages when examining plants grown under different temperature and/or irradiance
regimes. Plants will grow at different rates under different environmental
conditions, that is, plants of the same chronological age wiil not be at the same
physiological age (Krol et al., 1984). By ensuring that the plants are at the same
physiological age, one minimizes confounding effects that may resuit due to
physiological age differences. This allows for comparison of overail growth and
physiological response solely to environmental change such as temperature
and/or irradiance.

In this chapter, growth parameters of leaf DW and area are examined and
data are presented for winter rye grown under various growth regimes of
temperature and irradiance. This allowed for the subsequent design of
experiments with plant material of the same physiological age in order to
examine the effects of temperature, light and PSI| excitation pressure.

PS Il excitation pressure is a measure of the reduction state of Q,, the
first, stable quinone electron acceptor of PSIl and thus, estimates the relative

reduction state of PSII (Dietz et al., 1985; Ogren, 1991; Dau, 19984a). In
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addition, PSII excitation pressure may be modulated by growth temperature and
growth irradiance. Based on the developmental responses observed in the
green alga Chlorella vuigaris in response to PSIlI excitation presssure (Maxwell
et al., 1994, 1995a), | hypothesized that higher plants would demonstrate similar
responses to PSIl excitation pressure. Therefore, data will be presented to
characterize the level of PSIlI excitation pressure as a result of development at
the various temperature/irradiance regimes utilized for plant development in this
thesis. In addition, pigment contents and distributions, lipid and fatty acid
profiles, polypeptide profiles, abundance of the Chl a/b-binding proteins and the
supramolecular organization of LHCII are characterized for winter rye developed

under conditions of high and low PSII excitation pressures.

2.2 Materials and Methods
2.2.1 Plant Material and Growth Conditions

Winter rye (Secale cereale L. cv Musketeer), winter wheat (Triticum
aestivum L. cv Monopol) and spring wheat (Triticum aestivum L. cv Katepwa)
were germinated from seed in 7 cm plastic pots in coarse vermiculite either at a
temperature of 5/5°C or 20/16°C (day/night) with a 16 h photoperiod in controlled
environment growth chambers (Conviron, Winnipeg, MB, Canada). Fluorescent
tubes (Cool White, 160W, F72T12/CW/VHO; Sylvania, Drummondville, QC,
Canada) provided PAR which was adjusted to a PPFD of either 50 or 250 umol

m?s™ at 5°C (5/50 and 5/250 respectively) and either 50, 250 or 800 umol m? s™
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at 20°C (20/50, 20/250 or 20/800 respectively). Supplemental lighting was

provided in the 20/800 growth chamber by a metal halide lamp (MS400-HOR,
400W; Venture Lighting Inwrnational, Cleveland, OH, USA). The PPFD was
measured at pot height with a Li-Cor (Lincoln, NE, USA)
Quantum/Radiometer/Photometer (model LI-189) equipped with a model
LI-190SA quantum sensor (Li-Cor). A modified Hoagland's nutrient solution (No.
1) was supplied to all plants as required which contained: 10 mm KNO,, 10 mm
Ca(NO,),, 4 mm KH,PO,, 2 mm MgSO,, 0.1 mm H,BO,, 18 uM MnCl,, 2 um ZnCl,,
0.6 uM CuSO,, 0.3 um Na;*100, and 18 um Fe-EDTA (Hoagland and Arnon,
1950; Helson, 1964).

2.2.2 Comparative Growth Kinetics

Growth parameters of leaf DW and leaf area were determined for second
leaves of plants grown under all temperature/irradiance conditions. Leaves were
harvested at various times after planting, wrapped in aluminium foil and the FW
determined immediately. The leaves were dried at 8C°C to constant weight and
brought to room temperature in a desiccator for the determination of DW and
water content. The water content (%) was calculated as;

water content = (FW - DW) / FW x 100%

Leaf area was measured us “g a portable leaf area meter (model L!-3000; Li-
Cor).

Growth coefficients (k,’) were caicu'ated from the slope of the line from a
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plot of In (growth) versus time (Macdowall, 1972, 1974). Growth was measured

as either leaf DW or area.

2.2.3 PSII Excitation Pressure

Chl a steady-state fluorescence characteristics were determined in vivo
under ambient CO, conditions using a PAM-101 Chli fluorometer (Heinz Waiz,
Effeltrich, Germany) equipped with the 101-ED emitter-detector and PAM-103
unit as described by Schreiber et al. (1986). The nomenclature adopted
throughout is that defined by van Kooten and Snel (1990). Two Schott flash
lamps (model KL1500; Schott Glaswerke, Mainz, Germany) provided saturating
flashes (FL103) and a white actinic light source (FL101) following the protocol of
Genty et al. (1989). Fluorescence induction was evaluated in a Hansatech leaf-
disc cuvette (model LD2; Hansatech Instruments Ltd., King's Lynn, UK) modified
to accept the PAM optic fiber. Measurements were made at either 5 or 20°C,
maintained by a refrigerated circulating water bath (model LT50-DD; Neslab
Instruments Inc., Portsmouth, NH, USA) and recordad on an XY chart recorder
(Omnigraphic, model 2000; Houston Instrument, Houston, TX, USA). A
humidified stream of ambient air, corresponding to the same temperature as the
measuring temperature, was blown over the leaf surface at a rate of 350 mL min’
' in order to minimize boundary layer resistance to CO, diffusion and to prevent
condensation on the cuvette window (Huner et al., 1992). The desired actinic

PPFD, as determined at the leaf position with a gu. .um sensor (model
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LI-190SA; Li-Cor), was achieved using neutral density filters (Balzers;
Farstentum, Liechtenstein). Actinic PPFDs in the range of 30 to 2000 umol m?
s were utilized for the construction of light response curves. Leaves were
sampled 4 h into the photoperiod and dark adapted for 60 min in the electrode
chambe: prior to the onset of measurement. Minimum fluorescence with ail PSIl
traps open (Fp) was determined by illuminating dark adapted leaves with a
photon fluence rate of 0.01 ymol m? s modulated at 1600 Hz. A saturating
flash (6500 pmol m?2 s™) of light for 800 ms was used to determine maximal
fluorescence (F,,) with all PSil traps ciosed. Fluorescence induction was
superimposed with 800 ms pulses of saturating light (6500 umol m?s') at 100 s
intervals until a stable, steady state level of fluorescence (Fs) was achieved,
approximately 30 to 40 min after switching to the next higher light level.
Maximum fluorescence in the light adapted state (F,,") was calculated using the
extrapolation method of Markgraf and Berry (1990). Three flashes of decreasing
photon fluence rate (6500, 3200, and 1700 ymol m? s™') were applied for 800 ms
each, allowing the fluorescence to relax to the steady state level (Fs) between
each flash. Minimum fluorescence in the light adapted state (F,) was
determined immediately after turning off the actinic sourr 1 in the presence of far-
red (>710 nm) background light (Corning 7-69; Corning Glass Works. Corning,
NY, USA) to ensure maximal oxidation of PSII electron acceptors (Groom. et al.,
1993). Variable fluorescence in the dark- (F,) and light-adapwed (F, ) states was

calculated as;
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FV=FM'FO Fv’=FM"Fo'
respectively. PSll excitation pressure (1-g,) was calculated as;
1-ge = (Fs- Fo') 1 (Fy))

according to Ogren (1991) and expressed as 1-q, measured at the growth
temperature and growth irradiance of the plants utilized. Excitation pressure
represents PSIlI trap closure and thus, reflects the relative reduction state of Q,
and is an estimate of the redox state of PSIl (Dietz et al., 1685). Excitation
pressure on PSli was modulated by either decreasing th. ' growth temperature
from 20 to 5°C and keeping growth irradiance constant (. 30 umol m?2s™) or by
changing the growth irradiance (50, 250 or 800 umol m? s') but keeping growth

temperature constant.

2.2.4 Pigment Extraction and Determination

Pigments were exracted from leaf samples harvested 4 h into the
photoperiod by homogz2nization with a pre-chilled mortar and pestle in 100%
HPLC-grade aceton~ (OmniSolv; BDH Inc., Toronto, ON, Canada) with 0.3 mg
mL*' CaCO, at 4°C in dim light (< 5 umol m? s™'). Following centrifugation at
6,000g for 5 min, the supernatant was removed and passed through a 0.22 um
syringe filter (Micron Separations Inc., Westborough, MA, USA) prior to storage
under nitrogen at -20°C.

HPLC analysis of leaf acetone extracts was performed using a Beckman

System Gold Solvent Module (Beckman Instruments, San Ramon, CA, USA)
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equipped with an analytical CSC-Spherisorb ODS-1 reverse phase column (5 uym

particle size, 250 mm x 4.6 mm i.d.j and an Upchurch Perisorb A guard column
(Chromatographic Specialties Inc., Concord ON, Canada). The protocol of
Gilrmore and Yamanroto (1991) was utilized with minor modifications. The
samples were injected using a Beckman 210A sample-injection valve with a 20
uL sample loop. Pigments were then eluted isocratically for 6 min with a solvent
system of 100% of acetonitrile:methanol:0.1 M Tris-HCI (pH 8.0), (74:11:3.5,
viviv) followed by a 2 min linear gradient to 100% of methanol:ethylacetate
(68:32, v/v) which continued isocratically for 4 min. The total run time was 12
min with a flow rate of 2 mL min'. All solvents were of HPLC-grade (OmniSolv;
BOH In..).

The A, of the pigments was detected using a diode array detector
(System Gold, Beckman instruments) and peak areas integrated using the
System Gold software (Beckman Instruments). Retention times and response
factors of B-Car, Lutt, Chl a and Chl b were determined by the injection of known
quantities of pure standards (Sigma Chemical Co., St. Louis, MO, USA). The
retention times of Neo, Ax, Vx and Zx were determined using pigments isolated
from bariey by TLC (M. Krol, A.G. Ivanov, D.P. Maxwell and N.P.A. Huner,
unnublished results) utilizing the protoco! of Diaz et al. (1990). Xanthophyll pool
size was calculated as the sum of Vx + Ax + Zx.

To determine leaf absorptance, Chl was extracted in 80% acetone

buffered with 25 mm Hepes (pH 7.5) and quantified according to the equations of
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Porra et al. (1989) on a recording spectrophotometer (model UV-160; Shimadzu
Corp., Kyoto, Japan). Leaf absorptance was estimated as described by Oquist
et al. (1992b) as follows;

Absorptance = 0.96X/(X + 0.047)

where X corresponds to the Chl concentration expressed in mmol m?,

2.2.5 Lipid Extraction and Analyses

Lipids were extracted from the uppermost fully expanded leaves
harvested 4 h into the photoperiod by homogenization in a pre-chilled mortar and
pestle with chloroform:methanol (2:1, v/v) as described in Khan and Williams
(1977). All solvents were glass-distilled before use and N, was continually
added during the extraction procedure to avoid oxidation of highly unsaturated
fatty acids. Lipid extracts were filtered through Millipore glass fibre filter paper
(934 AH; Miliipore, Bedford, MA, USA) under vacuum and washed thoroughly
with chloroform:methanol (2:1). Water soluble and non-lipid contaminants were
reinoved by the addition of Sephadex G-25 (Sigma) and eluting total lipids with
chloroform as described by Williams and Merriiees (1970). The filtrate was dried
down in a rotary evaporator (Blchi Rotavapor, model RE-111/A; Brinkmann
Instrements Inc., Mississauga, ON, Canada) and redissolved in a minimal
volume of chloroform to give approximately a 1g mL"' tissue:chloroform ratio.
Extracts were stored in air-tight glass vials with Teflon-lined caps under nitrogen

at -20°C in the dark.
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Lipid extracts were streaked onto activated Silica Gel 60 G (E. Merck,
Darmstadt, Germany) plates impregnated with 5% (w/v) ammonium sulphate and
separated by TLC using a solvent systam of acetone:benzene:water (91:30:8,
viviv) (Pohl et al., 1970; Khan and Williams, 1977). Lipids were identified by
using reference compounds and spraying with 0.05% (w/v) 2',7'-
dichlorofluorescein dissolved in 100% (v/v) methanol and visualized under UV
light. Individual lipids were transesterified with 0.2 N dry methanolic HCI as
described by Khan and Williams (1933). The FAME of individual lipids were
extracted with hexane and dried down under N,. The residue was dissolved in
100 yL of hexane and analyzed utilizing a Hewlett-Packard gas-liquid
chromatograph (model 5890A; Hewlett-Packard, Mississauga, ON, Canada)
equipped with an autosampler (model 7376A; Hewlett-Packard). FAME peaks
were separated and quantified in a DB-225 fused silica capillary column (30 m x
0.25 mm i.d.) (J&W Scientific, Folsom, CA, USA). The column oven was
programmed from 140 to 210°C at a rate of 3°C min™'. The temperature seiting
at the injection and detector ports was maintained at 240°C. O,-free N, was
used as a carrier gas at a flow rate of 80 mL min'. An internal standard,
methylpentadecanoate (15:0) was used quring the transesterification process to
identify and quantify FAME peaks based on retention times utilizing a computer
acquisition program (HP 3365 Chemstation; Hewlett-Packard). Lipids and fatty

acids were expressed as a molar percentage (mol %) of the total.
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2.2.6 isolation and Solubllization of Thylakoid ".'ambranes

Thylakoids were isolated essentially as described by Huner (1985a).
Plants were harvested 4 h into the photoperiod and leaf segments macerated by
three 4 s bursts of a Waring blender at 4°C in grinding buffer containing 50 mm
Tricine-NaOH (pH 7.8), 10 mm NaCl, and 0.4 M sorbitol. The brei was filtered
through four layers of ch.eesecioth and the filtrate centrifuged at 4,000g for 3 min
at 4°C. The pellet was washed in a buffer containing 50 mm Tricine-NaOH (pH
7.8), 10 mm Narzl, and 5 mm MgCl,. The suspension was centrifuged at 10,000g
for 5 min at 4°C and the pellet suspended in a buffer consisting of 50 mM Tricine-
NaOH (pH 7.8), 10 mm NaCl, 5 mm MgCil,, and 0.1 M sorbitol. Chl concentration
of the pellet was determined in 80% acetone according to Arnon (1949).

Isolated thylakoid membranes to be used for polypeptide and immunoblot
analyses were solubilized on a Chl basis in a buffer containing 60 mm Tris-HCI
(pH 7.8), 12% {w/v) Suc, 2% (w/v) SDS, 1 mMm EDTA and 68 mM DTT. Samples
were heated in a boiling water bath for 90 5 prior to electrophoresis.

For the examination of Chi-protein comislexes, isolated thylakoid
membranes were washed once in ice cold ddH,0, once in 1 mm EDTA (pH 8.0)
and twice in 50 mMm Tricine-NaOH (pH 8.0). The membrane pellets were
suspended and solubilized in a buffer containing 0.3 M Tris-HCI (pH 8.8)
containing 13% (v/v) glycerol and 1% (w/v) SDS, and then 2% (w/v) DOC in 0.3
M Tris-HCI (pH 8.8) was added immediately to give a final DOC:SDS:Chl ratio of

20:10:1.
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Thylakoid protein:Chl ratios were determined by removing a small aliquot
of washed thylakoid membranes to which 1 mL of 80% (v/v) acetone was added.
This was incubated at -20°C for 15 min and centrifuged at 12,000g and the
supernatant removed. The Chl concentration of the supernatant was determined
according to Arnon (1949). Subsequently, the remaining peliet was air dried and
suspended in 100 mM NaOH and 2% (w/v) SDS. Protein concentrations were
estimated by the bicinchoninic acid method (Smith et al., 1985) using the BCA
reagent (Pierce Chemical Co., Rockford, IL, USA). The manufacturers standard

protocol was followed using BSA (fraction V) as a standard.

2.2.7 SDS-PAGE and Immunoblotting

Solubilized membrane polypeptides were separated by SDS-PAGE using
a Mini-PROTEAN Il apparatus (Bio-Rad Laboratories, Hercules, CA, USA) and
the discontinuous buffer system of Laemmli (1970) containing 25 mM Tris-HCl
(pH 8.3), 192 mM glycine and 0.1% (w/v) SDS. Electrophorssis was performed
using a 5% (w/v) stacking gel and a 15% (w/v) resolving gel prepared according
to Piccioni et al. (1982). All samples were loaded on an equal Chl basis (3 ug
lane™) and a constant current of 15 mA was applied for approximately 1.5 h at
20°C. Commercially available pre-stained molecular weight standards (Bio-Rad)
were utilized to monitor migration. Polypeptides were either stained with 0.2%

(w/v) Coomassie Brilliant Blue R-250 (Bio-Rad) in methanol:acetic acid:water

(50:7:43, viviv) and destained methanol:acetic acid:water (20:7:73, viviv) or
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electrophoretically transferred to nitrocellulose membranes for immunoblotting.
Polypeptides were transferred from polyacrylamide gels (Mini-Trans Blot,
Bio-Rad) to nitrocellulose membranes (0.2 um pore size, Bio-Rad) by applying a
constant current of 295 mA for 1 h in a transfer buffer containing 25 mm Tris,
192 mw; glycine (pH 8.3) and 20% (v/v) methanol as described by Towbin et al.
(1979) with 0.0375% (w/v) SDS. The efficiency of protein transfer was
determined by Coomassie Blue staining of the gels after transfer and the
appearance of the pre-stained standards on the nitrocellulose membrane. After
blocking with 4% (w/v) reconstituted milk in TBS [50 mm Tris-HCI (pH 7.6) and
500 mm NaCl] containing 0.5% (v/v) Tween-20 (TBS-T), the membrane was
incubated with a 1:5,000 dilution of a rabbit monospecific polycional primary
antibodies raised against synthetic oligopeptides derived from the consensus
sequences of each of the Chl a/b-binding proteins associated with 'Sli (Lhcb1 to
Lhcb6) or PSI (Lhcat to Lhcad) (i-abel and Staehelin, 1992; Sigrest and
Staehelin, 1992, 1994, Krol et al., 1995). After washing with TBS-T, the
polypeptide-primary antibody complexes were incubated with goat anti-rabbit IgG
horseradish peroxidase conjugate (Sigma) as a secondary antibody at a
1:20,000 dilution. The complexes were visualized using the ECL
chemiluminescent detection system (Amersham Corp., Buckinghamshire, UK)
and X-Omat RP film in combination with Kodak GBX developer/replenisher and
fixer/replenisher (Eastman-Kodak, Rochester, NY, USA). Polypeptide

abundance was determined by densitometric scanning on a computing
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densitometer (Molecular Dynamics, Sunnyvale, CA, USA) coupled with

imageQuant software (vers: )n 3.22; Molecular Dynaimics).

2.2.8 Separation of Chl-Protein Complexes

The solubilized Chl-protein complexes were separated in the dark at 4°C
utilizing a buffer system described by Waldron and Anderson (1979). The upper
buffer chamber contained 47 mMm Tris-boric acid (pH 8.64) buffer with 0.1% (w/v)
SDS, while the lower buffer chamber contained a 430 mm Tris-HCI (pH 9.35). A
14 cm home-made gel apparatus was utilized with a 7.5% (w/v) SDS
polyacrylamide slab gel and a 4% (w/v) stacking gel. Samples were loaded on
an equal Chl basis (40 pg lane') and a constant current of 20 mA was applied
for approximately 1.5 h. individual lanes were excised from the gels and
scanned at room temperature at 671 nm with a Beckman spectrophotometer
(model DU 640; Beckman Instruments Inc., Fullerton, CA, USA) equipped with a
gel scanning attachment and software (Beckman). This gel system separates
the three main LHCII Chl a/b protein subfractions: LHCII,, the major oligomeric
form of LHCII, LHCII, (dimer) and LHCII, (monomer). The relaiive Chl contents
of the individual pigmented complexes were determined by relative pezk areas
as;

Chl content = (individual peak area / total area of scan) x 100

This allowed for the determination of LHCII oligomer:monomer ratios (Huner et

al., 1987).
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2.3 Resuits
2.3.1 Growth Kinetics

Leaves of winter rye grown at 20/800, 20/250 and 20/50 reached ful!
expansion in the range of 12 to 25 d as shown in Figure 6A and B. Leaves
grown at 20/50 exhibited a 1.7-fold greater leaf area and a 1.5-fold reduction in
leaf DW in comparison to leaves developed at 20/800 (Fig. 6A and B,
respectively). This resulted in the SLW of 20/800 grown leaves being 2.4-fold
greater than that of 20/S0 grown leaves (Fig. 6C). In addition, the water content
of leaves developed at all the 20°C growth regimes ranged from 82 to 93%
(results not shown).

The data in Figure 7A anc B demonstrate thai leaves caveloped at either
5/250 or 5/50 reached full expansion between 58 and 78 d. Growth at 5/250
resulted in a 2.3-fold greater SLW in comparison to leaves developed at 5/50
(Fig. 7C). This occurred due to a 1.3-fold increase in leaf area and a 44%
reduction in leaf DW as a resuit of development at 5/50. The water content of
leaves developed at 5°C ranged from 71 to 82% (results .ot shown). This is
consistent with previous results for plant development at low temperature (Krol et
al., 1984).

These results are more clearly demonstrated by examining the growth
coefficients based on leat DW or area (Table §). These data show that whether

growth is examined on a leaf DW or leaf area basit, plants developed at the 5°C



Figure 6. Growth parameters for second leaves of winter rye (S. cereale L. cv

Musketeer) developed at 20°C. Growth irradiance were 800 (¢), 250 (@) or 50 (W)

umolm2s?. A, Leaf DW. B, Leafarea. C, SLW. All values represent means # SE;

n=31to 5. When not present, error bars are smaller than symbol size.
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Figure 7. Growth parameters for second leaves of winter rye (S. cereale L. cv
Musketeer) developed at 5°C. Growth irradiance were 250 (O) or 50 {{J) pmol m*
s'. A, Leaf DW. B, Leaf area. C, SLW. All values represent means + SE; n =3 to

5. When not present, error bars are smaller than symbol size.
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Table |. Growth coefficients for second leaves of winter rye (S. cereale L. cv
Musketesr) developed at various temperature/irradiance regimes.
Growth coefficients were calculated from plots of In (growth) versus time, where

growth was expressed as either leaf DW or leaf area.

Growth Regime Leaf DW Leaf Area

(°C/umoi m?2s™) k, (d") k,(d")
20/800 0.20 0.17
201250 0.15 0.22
20/50 0.10 0.30
5/250 0.035 0.045

5/50 0.043 0.062
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growth regimes exhibit exponential growth rates which are 3 to 5-fold lower than
those developed at 20°C with the same irradiance. This provides strong
evidence /or an analysis of growth to ensure plant material 1s at a similar
developmental age, irrespective of the environmental conditions under which

they have been exposed, for a useful physiological comparison to occur.

2.3.2 PSII Excitation Pressure, Temperature and Light

The temgerature and irradiance dependence of PSHl excitation pressure is
illustrated in Figure 8 for winter rye grown at typical control conditions of 20/250.
When a constant measuring temperature of 20°C is utilized. 1-q, increases as a
function of irradiance, due to increased PSII excitation. If the measuring
temperature is lowered to 5°C, 1-q, is greater at all PPFD, due to the
thermodynamic constraints on intersystem electron transport and photosynthetic
carbon metabolism (Fig. 8). In contrast, a typical cold-hardened piant grown at
5/250 and measured at 5°C results in lower values of 1-g, at all PPFD in
comparison to the 20/250 grown plant measured at 5°C. The difference between
these two curves reflects photosynthetic acclimation or adjustment as a result of

growth and development at the cold-hardening temperature of 5°C (Fig. 8).

2.3.3 Growth Regime and PSII Excitation Pressure
The results in Table Il and lll indicate that at a constant growth

temperature of 20°C, increasing growth irradiance from 50 to 800 ymol m? s



Figure 8. Light response curves for PSli excitation pressure (1-gp) in leaves of
winter rye (S. cereale L. cv Musketeer). Development occurred at the
temperature/irradiance regimes of 20/250 (@) or 5/250 (O) and response was
measured at 20 and 5°C respectively. A 5°C measuring temperature for leaves
developed at 20/250 (--@--) is also indicated. All values repre.ent means + SE; n

= 3. When not present, error bars are smaller than symbol size.
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Table Il. PSIlI excitation pressure in leaves of winter rye (S. cereale L. cv
Musketeer) developed at various temperature/irradiance regimes.
PSII excitation pressure is expressed as 1-q, and was determined at the growth

temperature and growth irradiance. All values represent means + SE; n = 3.

Growth Regime (°C/umol m? s™) PSII Excitation Pressure (1-g5)
20/800 0.318 £ 0.034
20/250 0.196 £ 0.017
20/50 0.074 £ 0.013
5/250 0.321 £ 0.047

5/50 0.141 £ 0.035
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Table HIl. PSII excitation pressure in leaves of winter wheat (T. aestivum L. cv
Monopol) and spring wheat (T. aestivum L. cv Katepwa) developed at various
temperature/irradiance regimes.

PSII excitation pressure is expressed as 1-g, and was determined at the growth

temperature and growth irradiance. All values represent means + SE; n = 3.

Growth Regime (°C/umol m? s™) PSIlI Excitation Pressure (1-q;)

Monopol

20/800 0.465 + 0.031

20/250 0.181 £ 0.006

20/50 0.097 + 0.003

5/250 0.617 + 0.051

5/50 0.211 £ 0.023
Katepwa

20/800 0.476 £ 0.054

20/250 0.205 £ 0.018

20/50 0.087 + 0.008

5/250 0.625 £ 0.010

5/50 0.410 + 0.034




resulted in a 4 to 5-fold increase in PSII excitation pressure in both rye and
wheat. However, rs/e and wheat grown at 5/250 exhibited PSIi excitation
pressures that were 1.6 to 3.5-fold greater, respectively, than plants grown at
20/250 (Table Il and lI). In fact, rye plants grown at 5/250 exhibited a PSI|
excitation pressure that was comparable to plants grown at 20°C, but at an
irradiance of 800 umol m? s-'. Similarly, wheat grown at 5/250 exhibited PSII
excitation pressures that were approximately 33% higher than wheat grown at
20/800 (Tabie Il and Ill). Although plants grown at 20/250 would normal'y be
considered controls for those grown at 5/250, the latter weie grown under

significantly higher PSII excitation pressures than the former.

2.3.4 Photosynthetic Pigments
The results in Table IV indicate that plants grown at 5/250 presented a

1.5-fold greater Chl leaf area™ compared to plants grown at 20/250 which is
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consistent with previous results for winter rye (Huner, 1985b; Huner et al., 1993).

Atthough growth temperature and growth irradiance had significant effects on

total Chl leaf area™, leaf absorptiance changed by less than 10% (Table 1V). As

expected, the Chl a/b ratios of leaves developed at 20°C increased by 10 to 20%

upon exposure to increasing growth irradiance from 50 to 800 umol m? s (Table

IV). However, growth temperature had minimal effects on Chl a/b (Table IV)
which is consistent with previous results (Huner, 1985b; Hurry et al., 1992).

Thus, growth of winter rye at high excitation pressure appears to have minimal
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Table IV. Tctal Chl content, a/b ratios and leaf absorptance in (otal leaf extracts of

winter rye (S. cereale L. cv Musketeer).

Total Chl content and a/b ratios were determined by HPLC. Leaf absorntance

was calculated according to Oquist et al. (1992b). All values represent means t SE;

n=3.

Growth Regime Total Chl Chl a/b Leaf
(°C/umol m? ") (mg m?) Absorptance
20/800 388 + 6 3.57 £ .04 0.85 + 0.01
20/250 267 + 14 3.17 £ 0.07 0.84 £ 0.01
20/50 275+ 18 2.86 £ 0.01 0.82 £ 0.01
5/250 412 + 51 3.25 £ 0.01 0.86 £ 0.02
5/50 294 £ 6 3.11 £ 0.07 0.79 £ 0.02




80
effects on Chl a/b.

The results in Table V indicate that at 20°C, increasing growth irradiance
from 50 to 800 pmol m? s'' had minimal effects on the content of B-Car, Lut and
Neo, but resulted in a 2.8-fold increase in the xanthophyll pool size. A similar
trend was observed upon increasing the growth irradiance from 50 to 250 umol
m?2s™ at 5°C except that a 1.3-fold increase in the xanthophyll pool size was
observed (Table V). These results are consistent with recent reports of the light
and temperature dependence of the xanthophylis (Hurry et al., 1992; Adams and
Demmig-Adams, 1995; Adams et al., 1995b).

The thylakoid membrane protein:Chl ratios exhibited minimal differences
as a result of varying irradiance at either 20 or 5°C (Table V1), consistent with a

previous study (Griffith et al., 1982).

2.3.5 Thylakoid Lipid and Fatty Acid Profiles

The lipid content >f the phospholipids, galactolipids, or sulfolipid present in
the thylakoid membrane exhibited minimal differences as a result of growth at
any of the temperature/irradiance regimes (Table VII). These data are consistent
with previous repcrts for cereals grown at iow temperature (Huner et al., 1987).
The resulis presented in Figure 9A demonstrate that as growth irradiance is
decreased, the amount of 16:0 in PG increases, irrespective of the growth
temperature (20 or 5°C). This increase in 16:0 was accompanied by a

concomitant decrease in trans-16:1. Absolute amounts of trans-16:1 present a
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Table V1. Protein:Chl ratios in isolated thylakoid membranes of winter rye (S.

cereale L. cv Musketeer).
Thylakoid protein was determined using the bicinchoninic acid method (Smith
et al., 1985). Chl determinations were performed according to Arnon (1949). All

values represent means + SE; n = 3.

Growth Regime (°C/umol m2 s™) Thylakoid Protein:Chl
20/800 4101+ 0.42
20/250 3.35 + 0.51
20/50 2.82+0.82
5/260 3.65 + 0.81

5/50 3.36 + 0.63
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Table Vil. Lipid composition in total leaf extracts of winter rye (S. cereaie L. cv
Musketeer).
Lipid content was calculated as the molar ratio (mol %) of the total. All values

represent means £+ SD; n = 3.

Growth Regime Lipid Composition (mol %)

(°C/lumol m2s?') PG PE PC MGDG DGDG SQDG
20/800 1121 5+ 1 13+3 36+05 2812 7+3
20/250 9+3 5+1 14+ 1 37+2 27+5 812
20/50 9+2 7+1 15¢2 3714 24+ 2 82
5/250 10+ 1 61 14+1 39+3 25+05 6+1

5/50 8+2 612 15+1 38215 26+13 712




Figure 9. Accumulation of 16:0 and trans-16:1 fatty acids in PG in total leaf extracts
of winter rye (S. cereale L. cv Musketeer) developed at the temperature/irradiance
regimes indicated. A, Accumulation of 16:0 ((___) and trans-16:1 (ZZZ3) fatty
acids in PG. B, Rw.0 of trans-16:1 to 16:0 in PG. All values represent means  SD;

n = 3. When not present, error bars are smaller than symbol size.
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43% decrease upon growth at 20/50 in comparison to the other 20°C growth

regimes. Growth at cold-hardening temperatures (5/250) results in a 30%
decrease of trans-16:1 in PG in comparison to typical non-hardened controls
(20/250), confirming previous results (Huner et al., 1987). In addition, growth at
5/50 resulted in a 42% reduction of trans-16:1 in comparison to cold-hardened
controls (5/250) simply as a result of decreasing trie growth irradiance.
Decreasing the growth irradiance from 800 to 50 pmol m2 s at 20°C resulted in
a 3-fold reduction in the trans-16:1 to 16:0 ratio (Fig. 9B). Similarly, decreasing
growth irradiance at 5°C from 250 to 50 umol m? s™' resulted in a 2.3-fold
reduction in the trans-16:1 to 16:0 ratio. Low temperature growth at 5/250 also
resulted in a 36% decrease in this ratio when compared to typical non-hardened
controls (20/250), consistent with previous reports (Huner et al., 1987; Krol et al.,
1988). Thus, the ratio of trans-16:1 to 16:0 present in PG is dependent not only
on growth temperature, but also on growth irradiance. This occurs irrespective
of the growth temperature, as this light-dependence is observed at 20 and 5°C
(Fig. 9B).

The temperature and irradiance effects observed are specific for the 16:0
and trans-16:1 fatty acids. as no significant changes were observed in any of the
other major fatty acids present in PG (Table VIil). In addition, no major changes
were observed in the fatty acid profiles of the other thylakoid phospholipids (PC
and PE), galactolipids (MGDG and DGDG), or sulfolipid (SQDG) (Table IX to

Xill). This is consistent with previous studies (Huner et al., 1987).
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Table VIll. Fatty acid profile of PG in total leaf extracts of winter rye (S. cereale L.

cv Musketeer).

Fatty acids were calculated as the molar ratio (mol %) of the totat. tr; trace

amounts (< 0.5%). All values represent means + sp; n = 3.

Growth Regime Fatty Acid Profile (mol %)

(°C/uymolm?s')  16:0 16:1 18:0 18:1 18:2 18:3
20/800 19+ 1 29+ 1 1+0 1+0 9+1 411
207250 25+4 272 2+1 211 8+1 3612
20/50 3212 161 120 210 10+1 39+2
5/250 2710 1910 1+0 1+0 71 450
5/50 38+2 1112 11 11 8+0 411
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Table IX. Fatty acid profile of PC in total leaf extracts of winter rye (S. cereale L.
cv Musketeer).
Fatty acids were caiculated as the molar ratio (mol %) of the total. tr; trace

amounts (< 0.5%). All values represent means + SD; n = 3.

Growth Regime Fatty Acid Profile (mol %)

(°C/umol m?s) 16:0 18:0 18:1 18:2 18:3
20/800 33+3 210 2+0 301 3313
20/250 20+ 1 2+0 2+0 35+3 32+2
20/50 31+2 2+0 210 34 +1 31 +£1
5/250 24 £ 1 220 20 42 +1 301

5/50 2812 110 120 28 + 11 42+9




89

Table X. Fatty acid profile of PE in total leaf extracts of winter rye (S. cereale L. cv
Musketeer).
Fatty acids were calculated as the molar ratio (mol %) of the total. tr; trace

amounts (< 0.5%). All values represent means + SD; n = 3.

Growth Regime Fatty Acid Profile (mol %)

(°C/umol m2s™) 16:0 18:0 18:1 18:2 18:3
20/800 3514 110 1120 3412 2912
20/250 36+1 20 120 3410 27 £ 1
20/50 38+4 1%0 1120 3412 26+ 2
5/250 301 120 1+0 37+1 31+0

5/50 365 10 tr 287 35+4
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Table XI1. Fatty acid profile of MGDG in total leaf extracts of winter rye (S. cereale

L. cv Musketeer).

Fatty acids were calculated as the molar ratio (mol %) of the total. tr; trace

amounts (< 0.5%). All values represent means £ SD; n = 3.

Growth Regime

Fatty Acid Profile (mol %)

(°C/umol m2 s™) 16:0 18:0 18:1 18:2 18:3
20/800 20 tr tr 31+0 95+3
20/250 20 tr ir 30 95 + 1

20/50 20 tr 1+0 410 93+0
5/250 110 tr tr 2+0 97+0
5/50 141 tr tr 2+1 97 +2
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Table XI. Fatty acid profile of DGDG in total leaf extracts of winter rye (S. cereale

L. cv Musketeer).

Fatty acids were calculated as the molar ratio (mol %) of the total. tr; trace

amounts (< 0.5%). All values represent means £ So; n = 3.

Growth Regime Fatty Acid Profile {mol %)

(°C/umol m? s") 16:0 18:0 18:1 18:2 18:3
20/800 9+0 120 120 2+0 87+ 0
20/250 10+ 2 110 1+0 3+0 85+3
20/50 13+ 1 1+0 1+0 4+0 81+3
5/250 6+1 120 tr 1+0 92+ 1

5/50 10+ 3 10 tr 2+0 87+3
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Table XIll. Fatty acid profile of SQDG in total leaf extracts of winter rye (S. cereale

L. cv Musketeer).

Fatty acids were calculated as the molar ratio (mol %) of the total. tr; trace

amounts (< 0.5%). All values represent means + SD; n = 3.

Growth Regime

Fatty Acid Profile (mol %)

(°Clumot m2 s™) 16:0 18:0 18:1 18:2 18:3
20/800 355 1+0 tr 5+1 595
20/250 32+ 1 220 tr 8+5 58+ 6
20/50 31+4 2+0 tr 8+1 59+4
5/250 24 + 2 1+0 tr 410 712

5/50 30+5 141 tr 10+ 4 59 + 1
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2.3.6 Chi-Protein Complexes

Separation of the Chl-protein complexes indicated & 1€% decrease in the
ratio of oligomeric:monomeric LHCII with a decrease in irradiance from 800 to 50
umol m? s at 20°C (Table XIV). This was even more pronounced at 5°C with a
39% decrease in the oligomeric:monomeric ratio when growth irradiance was

decreased from 250 to 50 umol m? s (Table XIV).

2.3.7 Ch! a/b-Binding Proteins

The results for SDS-FAGE and immunoblotting (Fig. 10 and 11) indicated
only small changes (20 to 35%) in the Chl a/b-binding proteins associated with
PSIlI as a function of growth irradiance, with similar trends evident for growth
temperature, which is consistent with the data for Chil a/b (Table IV). However,
the Lhcb6 polypeptide demonstrated a 60 and 40% decrease as a resuit of
growth at 5/250 and 5/50 respectively.

The organizational change in oligomer to monomer ratios observed in the
Chi-protein complexes of LHCI!I (Table XIV) occurs with only slight changes to
the absolute amount of LHC! when examined through immunobilotting (Fig. 11).
The Lhcb1 and Lheb2 pelypeptides, thought to compose the LHCII trimer
(Jansson, 1994), show minimal change (15 to 20%) as a resuit of growth under
any of the temperature/irradiance regimes examined (Fig. 11).

In contrast, the majority of the Chi a/b-binding proteins associated with

PSI exhibit a 20 to S0% decrease in abundance upon growth at 5°C, the effects
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Table XIV. Oligomer:monomasr ratios of LHCII (Lhcb1/Lhcb2) in isolated thylakoid
membranes of winter rye (S. cereale L. cv Musketeer).

Chl contents of oligomeric and monomeric LHCII complexes isolated from mildly
denaturing SDS-PAGE were calculated from peak area as a percentage of the total
area from gel scans (Huner et al., 1987). All values represent means + sb; n = 2 to

4,

Growth Regime (°C/umol m2s™) LHCII Oligomer:Monomer
20/800 1.49 £ 0.06
20/250 1.36+0.18
20/50 1.23 + 0.01
5/250 1.08 £ 0.22

5/50 0.79+0.29




Figure 10. Polypeptide profile in isolated thylakoid membranes of winter rye (S.
cereale L. cv Musketeer) developed at the temperature/irradiance regimes

indicated. Molecular mass markers in kD are indicated at the right. Regions of the

Lhca and Lheb Chl a/b-binding proteins are indicated to the left.
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Figure 11. Immunological detection of the Chl a/b-binding proteins associated with
PSIl in isolated thylakoid membranes of winter rye (S. cereale L. cv Musketeer)
developed at the temperature/irradiance regimes indicated. Blots were performed
at least twice and similar results obtained with each experiment. A, Lhcbi. B,

Lhcb2. C, Lheb3. D, Lheb4. E, LhebS. F Lhcb6.



98
A“ - sean
B
o ol O W aTaasw
ﬂ‘ar-_‘“
- e o e Qp
E
" Y Y

.-Q,.‘



99
being most pronounced at the 5/250 growth regime (Fig. 12). Minimal effects (11

to 15%) were ubserved at any irradiance of the 20°C growth regimes (Fig. 12).

2.4 Discussion

Based on growth kinetics, all plants were compared in the vegetative state
when maximum leaf area and DW had been attained irrespective of
developmental temperature or irradiance conditions (Krol et al., 1984).

The relative reduction state of PSll can be estimated from parametzrs of
steady-state Chl a fluorescence and expressed as 1-g, which is determined at
the growth temperature and growth irradiance. This is what will be referred to in
the context of this thesis as PSII excitation pressure (Dietz et al., 1985; Ogren,
1991; Dau, 1994a). However, this estimation of the reduction state of Q, is not
linearly related to the actual reduction state of PSlI, presumably due to
cooperativity and exciton transfer between PSli units at the antenna level (Joliot
and Joliot, 1964; Schreiber et al., 1994). Thus, this parameter provides only a
relative estimate of the PSI| reduction state for the growth regimes utilized in this
thesis.

PSH excitation pressure (1-g;) estimates PSll trap closure, that is, the
relative reduction state of PSII (Dietz et al., 1985; Ogren, 1991; Dau, 1994a,
1994b). The relative reduction of PSil reflects the balance between light energy

absorbed through the temperature-independent photochemical reactions of PSil



Figure 12. iImmunological detection of the Chl a/b-binding proteins associated with
PSI in isolated thylakoid membranes of winter rye (S. cereale L. cv Musketeer)
developed at the temperature/irradiance regimes indicated. Blots were performed
at least twice and similar results obtained with each experiment. A, Lhcal. B,

Lhca2. C, Lhca3. D, Lhca4d.
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and the energy utilized through the temperature-dependent reactions of
intersystem electron transport and CQO, assimilation at physiological relevant
temperatures (Huner et al., 1996). While variations in 1-g, estimates changes in
the relative reduction state of PSII, it has also been suggested that this
parameter may reflect changes in the overall redox poise of the chloroplast
(Huner et al.. 1995, 1996).

Tne modulation of PSII excitation pressure may occur either by increasing
irradiance at constant temperature or by decreasing temperature at constant
irradiance. This is demonstrated by the data presented in Figure 8 and Table Il
and lll. Growth of rye and wheat at 20/800 or 5/250 resulted in comparably high
PSIl excitation pressure whereas growth at either 20/250 or 5/50 resulted in
comparably low PSII excitation pressure. PSII excitation pressure, therefore,
reflects the integration of the environmental factors of temperature and light (Fig.
8; Table Il and Iil).

In experiments designed to elucidate the effects of environmental
stresses, such as low temperature, one typically compares plants grown at 5°C
with control plants grown at 20°C with irradiance held constant. The assumption
is that any changes observed must be due to a growth temperature effect. While
one would normally compare plants grown at 5/250 with those grown at 20/250
based on growth temperature alone, | suggest that a more appropriate
comparison would be piants rrown at 5/250 with those grown at 20/800 based

on high PSIl excitation pressure (Table Il and Ill). Thus, cold tolerant plants
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grown at low temperature and moderate irradiance (5/250) should be
physiologically comparable to the same plants grown at high temperature and
high light (20/800). The results presented in this chapter for rye and wheat
provide the basis for the comparisons that follow in this thesis.

The major Chi a/b-binding protein associated with PSIl, LHCI, is thought
to be a trimer composed of Lhcb1 and Lheb2 polypeptides which is stabilized by
PG (Dubacq and Trémoliéres, 1983; Krupa et al., 1987, 1992) and plays a
fundamental role in photosynthetic light-harvesting (Jansson, 1994). In addition,
PG is the major phospholipid present in thylakoid membranes and characterized
by the presence of a novel fatty acid, trans-16:1 (Dubacq and Trémoliéres,
1983). The results for Chl a/b and immunobilotting for PSII Chl a/b-binding
proteins are consistent and demonstrate minimal adjustment of the Chl and
polypeptide compositions of the photochemical apparatus (Fig. 10 and 11; Table
IV). Thus, growth at high PSI! excitation pressures appears to h.. .2 minimal
eftects on Chl a/b and the abundance of the proteins associated with PSIl light-
harvesting.

However, mild SDS-PAGE indicates an adjustment in the supramolecular
organization of LHCII with the oligomer being more prominent at high light and
the monomer at low light (Table XIV). In addition, low temperature also
promotes the monomeric form (Huner et al., 1987). Growth at cold-hardening
temperatures modulates LHCII organization such that the oligomeric forrn

(LHCII,) predominates at 20°C and monomeric (LHCH,) and/or intermediate
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forms (LHCII,) predominate at 5°C. However, low temperature also results in a
specific decrease in trans-16:1 ~ontent associated with PG, both in vivo and in
situ, with minimal changes in lipid and pigment profiles (Huner, 1988). The
results presented here indicate that the organization of LHCII is dependent upon
both temperature and light, in a synergistic manner. This is consistent with the
lipid and fatty acid data which demonstrates a light- and temperature-dependent
decrease in the amount of trans-16:1 associated with the thylakoid phospholipid
PG, concomitant with an increase in 16:0 (Fig. 9 and Table VIIi).

The role of thylakoid lipids in the stabilization of LHCIl remains
controversiai, although several reports have implicated a functional association
between PG and the stabilization of oligomeric LHCII (Dubacq and Trémoliéres,
1983: Browse et al., 1985; McCourt et al., 1985; Plumley and Schmidt, 1987;
Garnier et al., 1990; Krupa et al., 1992). Dubacq and Trémoliéres (1983) were
the first to present evidence that trans-16:1 in PG is correlated to LHCI|
stabilization. This was verified by Huner and co-workers who demonstrated that
it is the capacity to change the trans-16:1 content of PG that is correlated with
the capacity to change the supramolecular organization of LHCII (Huner et al.,
1987; Krupa et al., 1987, 1992). Thus, | have confirmed previous resuits that the
reduction in the levels of trans-16:1 is temperature-dependent. However, | have
aiso demonstrated for the first time, a light-dependence for the trans-16:1
content of PG at both 5 and 20°C, which cannot be rationalized on the basis of

PSII excitation pressure (Fig. 9 and Table VIIl). Upon decreasing irradiance at
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20 or 5°C a concomitant decrease in the trans-16:1 to 16:0 ratio is observed
(Fig. 9). In addition, if one examines plants grown under typical cold-hardening
(6/250) and non-hardening (20/250) conditions a temperature-dependent
decrease in the trans-16:1 to 16:0 ratio is observed in response to growth at 5°C
(Fig. 9). While growth at 20/800 and 5/250 results in comparable levels of high
PSII excitation pressure (Table i), these plants do not exhibit the same trans-
16:1 to 16:0 ratios (Fig. 9). Similarly, plants grown at comparable iow PSIi
excitation pressure (20/250 nr 5/50; Table Il) also do not demonstrate similar
trans-16:1 to 16:0 ratios. Thus, this phenomenon cannot be attributed to PSI|
excitation pressure. However, it is clear that the changes in the trans-16:1 to
16:0 ratio of PG is both temperature- and light-dependent (Fig. 9 and Table VIIl).
The capacity to modulate trans-16:1 and hence LHCII organization may reflect
an acclimatory mechanism for the regulation of energy distribution in the
photosynthetic apparatus to allow for photosynthesis to occur efficiently under
conditions of varying temperature and irradiance.

The temperature-dependent decreases observed in the Chi a/b-binding
proteins associated with PSI are aiso of interest as this may represent a
regulatory mechanism to control energy balance at the level of PS| as a result of
cold-hardening. However, the physiological significance of these changes has
yet to be fully elucidated.

In contrast to green aigae, minimal adjustment of the photochemical

apparatus occurs in winter rye in response to high PSIl| excitation pressure.
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Chilorella vulgaris responds to growth at high PSIlI excitation pressure by
decreasing its capacity to absorb incident radiation through a reduction in LHCII
content and Chl cell”’, accompanied by vast increases in the xanthophyll Zx
(Maxwell et al., 1994, 1995a). However, growth of winter rye at high PSII
excitation pressure results in an increase in Chl content with minimal changes in
LHCII abundance and Zx accumulation (Fig. 10 and 11; Table V). These data
support the thesis that cereals exhibit a different mechanism of adjustment to

high PSII excitation pressure than green algae.
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CHAPTER 3

PHOTOSYNTHETIC ADJUSTMENT IN RESPONSE TO PSIl EXCITATION

PRESSURE

3.1 Introduction

Photosynthetic acclimation to temperature usually refers to the process of
shifting the temperature optimum for net photosynthesis closer to that of the
environmental temperature range to which the species has adapted (Berry and
Bjorkman, 1980; Oquist, 1983; Huner et al., 1993). Photosynthesis provides the
energy required for growth and development, irrespective of environmental
conditions to which the plant is subjected. Thus, the mechanisms by which
plants maintain optimal photosynthetic capacity under different growth conditions
are of fundamental importance.

It has been demonstrated previously that the growth of winter cereals at
low temperature (5°C) results in an increased capacity to keep Q, oxidized under
given temperature and irradiance conditions (Oquist and Huner, 1993; Oquist et
al., 1993b). Furthermore, the leaves developed at 5°C require photon fluxes that
are 3-fold greater than that of the 20°C leaves to attain the same redox state of
Q. (Oquist and Huner, 1993). In addition, winter cereals grown at 5°C modulate
their rates of photosynthesis so as to increase PS,,, O, with no change in ©0O,
(Huner et al., 1993). This increase in PS,,, O, in cold-grown plants is associated

with increased Pi availability, which may allow these plants to maintain a larger
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pool of Q, in the oxidized state (Huner et al., 1993; Hurry et al., 1993). Thus, low

temperature growth results in the alteration of the proportion of open PSIi
reaction centers, concomitant with an increase in photosynthetic capacity.
However, low temperature typically induces Pi limitations due to decreased
triose-P utilization (Sage and Sharkey, 1987; Labate and Leegood, 1988; Labate
et al., 1990). Since these low temperature grown plants exhibit an increased
capacity for photosynthesis, it has been suggested that they have in some way
overcome the Pi limitation which typically results at low temperature (Huner et
al., 1993; Hurry et al., 1993, 1995a). However, the physiological roie of this
photosynthetic modulation and the mechanism by which Q, is kept in the
oxidized state remain to be elucidated.

Since the growth of wheat and rye at 5/250 or 20/800 results in higher
PSII excitation pressure in comparison to that of plants grown at 20/250, |
hypothesized that cold tolerant plants grown at low temperature and moderate
irradiance (56/250) should be photosynthetically comparable to the same plants
grown at high temperature and high light (20/800). Thus, the modulation of
photosynthesis observed upon growth at low temperature may not be a growth
temperature effect per se, but rather, reflects photosynthetic adjustment or
acclimation to high PSII excitation pressure. In this chapter, | test this

hypothesis.

3.2 Materials and Methods
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3.2.1 Plant Material and Growth Conditions

Winter rye (S. cereale L. cv Musketeer), winter wheat (T. aestivum L. cv

Monopol) and spring wheat (7. aestivum L. cv Katepwa) were germinated from

seed as described in section 2.2.1.

3.2.2 PSIl Excitation Pressure

Photosystem !l excitation pressure (1-g,) was calculated from Chl a
steady-state fluorescence parameters at the growth temperature and irradiance

as described in section 2.2.3.

3.2.3 Chl a Fluorescence

Room temperature Chl a fluorescence at 695 nm was measured in vivo
using a PSM fluorometer (Biomonitor S.C.1. AB, Umed, Sweden) as described by
Oquist and Wass (1988). Exposure of the dark adapted leaf surface for 2 s to an
actinic light with a photon flux of 400 umol m? s and a peak wavelength of 500
nm resulted in the instantaneous measurement of F,, F, F,, and the F, / F,
ratio. The F,/F,, ratio was used to determine the maximal photochemical
efficiency or optimal quantum yield of PSil (Schreiber et al., 1994) as a result of
growth at the various temperature/irradiance regimes. Leaves were sampled 4 h
into the photoperiod and dark adapted at room temperature for 1 h prior to
measurement of F,/ F,,.

Steady-state Chl a fluorescence parameters were determined as
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described in section 2.2.3. The photochemical efficiency or yield of open PSII
reaction centers (F, 7F,,) was determined as described by Genty et al. (1989).
The coefficient of photochemical quenching (g,) and the effective quantum yield
of PSli electron transport (®pg,) were calculated as:
ge = (Fu'-F9) I (Fy) Opg, = (Fu-Fs) I (Fy')

according to Schreiber et al. (1994) and Genty et al. (1989) respectively. The
PSII RET rate was calculated as:

PSIl RET = ®pg, x PPFD

as described by Schreiber et al. (1994).

3.2.4 Photosynthetic Oxygen Evolution

CO,-saturated O, evolution of 10-cm?2 discs, composed of segments cut
from the middle of several leaves, was measured in the gas phase at 5 or 20°C
with a Hansatech oxygen electrode (model LD2; Hansatech Instruments Ltd.).
Leaves were sampled 4 h into the photoperiod. An array of photodiodes (model
LH 36-109 Ultra-Bright, A, 660 nm; Hansatech), connected to a Hansatech LS3
light source control box provided PPFD values from 0 to 800 umolm?s”'. The
photodiodes were calibrated using Simpson's three-eigths rule as described
previously (Boese and Huner, 1990). Measuring temperature was maintained by
the use of a Neslab refrigerated circulating water bath (model LT50-DD; Neslab
Instruments Inc.). Leaf discs were dark-adapted for 5 min in a gas mixture of 5%

CO,, 5% O, and 90% N, and then pre-illuminated at 50% of their respective
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growth irradiance for 10 min to ensure maximal photosynthetic rates. The light
source was shut off and dark respiration was allowed to statilize for 10 min
before engaging a computerized acquisition program. Rates of O, evolution
were calculated using the Hansatech A/D interface board (model IF/1) and
associated software (Leaf Disc, version 1.31; Hansatech) installed in an IBM-
compatible personal computer. Additional CO, was provided from capillary
matting saturated with a 1.0 M sodium carbonate/bicarbonate buffer (pH 7.9) in
equilbrium with ambient air. lrradiance response curves were obtained by using
13 irradiance values over the range of 0 to 800 umol m? s™' PPFD and were
corrected for the levels of dark respiration. The @O, was calculated by
regression analyses (SigmaPlot®, version 1.02; Jandel Scientific,Corte Madera,
CA, USA) of points in the linear, light-limiting range of the irradiance response
curves (0 to 50 pumol m2s "' PPFD) and correciad for leaf absorptance as
described by Oquist et al. (1992b). Values of PS,,, O, were obtained essentially
as described above except that saturating white light (3000 umol m? s*' PPFD)
was supplied from a Hansatech light source (modei LS2H) controlled by a light

source control box (model LS2; Hansatech).

3.2.5 Isolation and Solubilization of Thylakoid Membranes
Thylakoid membranes for immunological detection of intersystem electron
transport components, with the exception of plastocyanin, were isolated as

described in section 2.2.6. Thylakoids for plastocyanin immunodetection were
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isolated essentially as outlined in section 2.2.6 with minor modifications as
described by Burkey (1993). After maceration in grinding buffer, filtration, and
centrifugation, the peliet was suspended in grinding buffer and immediately
frozen in liquid N,. Prior to use, frozen thylakoils were thawed and solubilized
without additional washing steps to prevent the loss of plastocyanin (Burkey,
1993). After Chi determination, the thylakoids were precipitated with 80% (v/v)
acetone at -20°C and subsequently suspended in solubilzation buffer.
Solubilization for all isolated thylakoids was performed as indicated in section

2.2.6.

3.2.6 SDS-PAGE and immunoblotting

SDS-PAGE and immunoblotting occurred essentially as described in
section 2.2.7. Primary monospecific polyclonal antibodies raised in rabbits
against; amino acids 232-242 iocated in the DE-loop of the D1 polypeptide of
Synechocystis PCC 6803 (32 kD), recombinant protein of Cyt f (34 kD), purified
plastocyanin from barley (8 kD) and the PSI reaction center heterodimer
(psaA/psaB gene) were utilized (Burkey, 1993; Ghosh et al., 1994; Kim et al.,
1993). In addition, monoclonal antibodies raised in rats against the B-subunit of
the Escherichia coli F,-ATPase was alsoc employed (Dunn et al., 1985). This
cross-reacted with the B-subunit (56 kD) of the chioroplast coupling factor CF,-
ATPase (Dunn et al., 1985). Concentrations of the antibodies varied from 1:500

to 1:10,000 depending on their titer. All gels were loaded on an equal Chl basis
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(3 ug lane™) with the exception of gels for the immunodetection of plastocy.nin in

which the Chi content was increased to 10 ug lane™.

3.2.7 Redox State of P,y

The redox state of P, was determined in vivo under ambient CO,
conditions using a PAM-101 Chl fluorometer (Heinz Walz) equipped with the ED-
800T emitter-detector and PAM-102 unit as described by Schreiber et al. (1988).
A Schott flash lump (model KL1500; Schott Glaswerke) provided a white actinic
light source (FL-101) of appropriate PPFD in combination with neutral density
filters (Balzers) as determined at the leaf position with a quantum sensor (model
LI-190SA; Li-Cor). FR light (A, 735 nm) at an intensity of approximately 15 W
m* was provided by the 102-FR LED light source (Heinz Walz) in combination
with the PAM-102 unit. FR and actinic light was applied to the leaf surface via a
multibranched fiberoptic system that was attached to the emitter-detector
following the protocol of Asada et al. {1992).

A XF-103 xenon discharge flash lamp (Heinz Walz) provided saturating
flashes of blue light with an intensiiy of 1,500 W m, obtained using a blue-green
filter (Schott BG18). MT (50 ms) saturating flashes and ST (half peak width 14
us) saturating flashes were applied with the XMT-103 and XST-103
power/control units (Heinz Waiz) respectively.

The redox state of P,y was evaluated as \he absorbance change due to

the cation radical (P,y°) in the near-infrared spectral region around 820 nm (800
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to 840 nm) in a custom designed cuvette modified to accept the PAM fiber optic.
The fiberoptic system connected to the emitter-detector was attached to the
adaxial side of the leaf and measurements were made at 20°C, maintained by a
Neslab refrigerated circulating water bath (model LT50-DD; Neslab Instruments
Inc.) and recorded on an Omnigraphic XY chart recorder (model 2000; Houston
Instrument). A humidified stream of ambient air corresponding to the measuring
temperature was blown over the leaf surface to assist in rmaintaining the leaf
temperature which was monitored using a constantan-copper (Type T)
thermocouple in conjunction with a temperature logger (model MDSS41-TC:G1;
Omega Engineering Inc., Stamford, CT, USA). The signals were also recorded
using an oscilloscope card (PC-SCOPE T6420, version 2.43x; intelligente
MeBtechnik GmbH, Backnang, Germany) installed in an iBM-compatible
personal computer with a sampling frequency of 156 Hz. The traces consisted of
16,280 data points recorded fora period of 104 seconds. Data files were
exported to a graphing program for smoothing by the Savitzky-Golay method and
integration of areas under the curves (MicoCal Origin version 3.01; MicroCal
Software Inc., Northampton, MA, USA).

The functional pool size of electrons in the intersystem chain was
determined as described by Asada et al. (1992). Leaves were sampled 4 hinto
the photoperiod and utilized immediately upon removal from the growth
chamber. A stable P,,, signal was first established by illuminating leaves with a

photon fluence rate of 0.01 umol m2 s modulated at 100 kHz. Under
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continuous background FR light, a stable P, signal was obtained and a ST

flash was given for a single excitation, resulting in the reduction of P,,* to P,
which was re-oxidized to P, by background FR light to a level prior to the ST
application. When a stable P,,* signal was obtained again, a 50 ms MT flash
was applied. This resulted in the reduction of P,,* and which was also re-
oxidized back to a level prior to MT excitation. The complementary area
between the oxidation curve of P,y after ST or MT excitation and the stationary
level of P,y* under FR represent the ST- and MT-areas respectively and were
used for calculations of the functional pool size of intersystem electrons on a P,

reaction center basis which was determined as;

€ '/ Py = ST-area/MT-area
according to Asada et al. (1992). A similar contro! experiment was performed in
leaves exposed to DCMU, an inhibitor of electron transport. Leaves were
harvested as described above and placed in a small glass vial which contained a
solution of 1 mM DCMU in H,O. This was prepared from a 10 mm DCMU stock
in 100% (v/v) ethanol. The DCMU solution was introduced to the leaves via the
transpiration stream at room temperature with a PPFD of 5 umol m? s for 2 h

prior to the measurements.

3.2.8 PQ Analyses
Oxidized PQA was extracted under nitrogen and quantified according to

Lichtenthaler (1968). Whole leaves were harvested 4 h into the photoperiod
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and homogenized in a pre-chilled motar and pestle with 100% (v/v) acetone.
The acetone extract was transferred to a separatory funnel and combined with
100% (v/v) petroleum ether (b.p. 3t to 60°C) (Caledon Laboratories,
Georgetown, ON, Canada). The ether phase was removed and dried in a rotary
evaporator (Bachi Rotavapor, model RE-120, Brinkmann). The extract was
suspended in a minimum volume of 100% (v/v) petroleum ether and stored in air-
tight glass vials with Teflon-lined caps under nitrogen at -20°C in the dark. The
extracts were streaked onto Silica Gel 60 G TLC plates (Merck) and separated
using a solvent system consisting of petroleum ether:ethyl ether (10:1, v/v) as
described by (Lichtenthaler, 1969). The band corresponding to PQA was
ider.tified by spraying the plates with 1mmM methylene blue acidified with 2 to 3
drops of sulphuric acid. The PQA band was recovered from the plate and
dissolved in 1 mL 100% (v/v) ethanol. PQA was quantified
spectrophotometrically (model UV-160; Shimadzu Corp.) at A, by the difference
in extinction between the oxidized (E'*,.,, 198) and reduced (E'*,.,, 225) forms
which was determined using sodium borohydride as a reducing agent

(Lichtenthaler, 1968).

3.3 Resuits
3.3.1 Photosynthetic Efficiency and Capacity
Development of winter rye at 20°C and a growth irradiance of 50, 250 or

800 umol m? s resulted in minimal changes in F, / F,, (Table XV). Similar
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results were obtained with winter and spring wheat (Table XVI). In rye, this was
consistent with measurements of ®O, which varied by less than 10% as a result
of growth at the different temperature/irradiance regimes (Fig. 13A; Table XV).
However, the increase in growth irradiance from 50 to 800 umol m? s™' did result
in a 3-fold increase in PS,,, O, measured at 20°C in all cultivars examined (Table
XV and XVI). This occurred independent of measuring temperature since this
same trend was observed in winter rye measured at 5°C (Fig 13C; Table XV).
Rye and wheat leaves developed at 5/250 exhibited a 5 to 10% lower F, /
F,, ratio in comparison to those developed at 20/250 (Table XV ai:. = ¥VI).
Furthermore, the difference in the ®O, between rye plants grown at 5/250 and
20/250 was less than 5% (Fig. 13A and B; Table XV). These results are
consistent with a previous report (Oquist and Huner, 1993). However, both
winter rye and wheat grown at 5/250 exhibited a PS,,,, O, that was 2.1 and
1.2-fold higher respectively than plants grown at 20/250 (Table XV and XVI).
This same trend was observed in rye whether PS,,,, O, was measured at 20 or
5°C (Fig. 13C and D; Table XV). In contrast, Katepwa spring wheat grown at
5/250 exhibited a 10% lower PS,,, O, than spring wheat grown at 20/250 (Table

XVI).

3.3.2 Fluorescence Quenching and PSIl RET
When the quenching parameters of steady-state Chl a fluorescence were

examined for growth at different PSI| excitation pressures, mimimal differences
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Table XVI. Photosynthetic characteristics in leaves of winter wheat (T. aestihvum L.
cv Monopol) and spring wheat (T. aestivum L. cv Katepwa).

Measurements of PS,,,, O, occurred at 20°C with a saturating PPFD of 3000
umol m2s™'. F,/F, ratios were determined at 20°C after dark adaptation using the

PSM. All values represent means + SE; n = 3.

Growth Regime PSS O> Fy/Fy
(°C/umol m2 s™) (umol m?2s™)
Monopol
20/800 31.5+2.0 0.76 £ 0.01
20/250 22.3+0.7 0.79 £ 0.01
20/50 9.8+0.2 0.76 £ 0.03
5/250 27.2+0.6 0.71 £ 0.01
5/50 31.2+1.0 0.75 1+ 0.01
Katepwa
20/800 271120 0.76 £ 0.02
20/260 18.8+ 0.7 0.78 £ 0.01
20/50 9.7 £ 0.1 0.78 £ 0.01
5/250 16.9+ 04 0.70 £ 0.02
5/50 17.3+0.6 0.75 £ 0.01




Figure 13. Light response curves for CO,-saturated O, evolution in leaves of winter
rye (S. cereale L. cv Musketeer). Development occurred at a temperature of 20°C
(closed symbols) or 5°C (open symbols) with an irradiance of 800 (¢), 250 (@, C)
or 50 (B, D) umol m? s’'. Response was measured at 20°C (A and B) and 5°C (C

and D). All values represent means + SE; n = 3. When not present, error bars are

smaller than symbol size.
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(+ 15%) were observed in the photochemical yield of open PSil reaction centers
(F,’/ F,), regardiess of measuring temperature at saturating irradiance (Fig. 14A
to D). Furthermore, increasing growth irradiance from 50 to 800 umol m* s at
20°C resulted in an increased capacity (2.9 to 3.1-fold) to keep Q, oxidized (qp)
regardless of measuring irradiance or measuring temperature (Fig. 15A and C).
Increasing growth irradiance at 5°C from 50 to 250 umol m* s™ also resulted in
higher q, values (1.4 to 2.0-fold) at all measuring irradiance and temperatures
(Fig. 156B and D). In addition, values of g, for rye grown at 5/250 closely
matched that of plants grown at 20/800 regardless of measuring temperature
and irradiance (Fig. 15A to D). PSIi RET rates were also affected by increasing
the growth irradiance from 50 to 800 umol m2 s™' at 20°C when measured at
20°C. A 3.3-fold increase was observed in plants grown at 20/800 in comparison
to those grown at 20/50 (Fig. 16A). At a measuring temperature of 20°C, a 1.7-
fold increase in PSII RET rate was observed upon increasing growth irradiance
at 5°C from 50 to 250 umol m?2 ' (Fig. 16B). A similar trend in PSIl RET was
displayed for plants grown under all temperature/irradiance regimes when the

measuring temperature was lowered to 5°C (Fig. 16C and D).

3.3.3 Intersystem Electron Pool Size
Figure 17A demonstrates a typical cycle of illumination for the
determination of the intersystem electron pool size. When a leaf is illuminated

with FR light it causes the oxidation of P,y to P,,*. The ST flash causes a single




Figure 14. Light response curves for F,’/ F’ in leaves of winter rye (S. cereale L.

cv Musketeer). Development occurred at a temperature of 20°C (closed symbols)
or 5°C (open symbois) with an irradiance of 800 (¢), 250 (@, O) or 50 (W, D) umol
m2 s'. Response was measured at 20°C (A and B) and 5°C (C and D). All values

represent means + SE; n = 3. When not present, error bars are smaller than symbol

size.
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Figure 15. Light response curves for g, in leaves of winter rye (S. cereale L. cv

Musketeer). Development occurred at a temperature of 20°C (closed symbols) or
5°C (open symbols) with an irradiance of 800 (¢), 250 (@, O) or 50 (@, [3) ymol m?
s'. Response was measured at 20°C (A and B) and 5°C (C and D). All values

represent means * SE; n = 3. When not present, error bars are smaller than symbol

size.




0 500 1000 15002000

o 500 1000 15002000

pPED (umol m* &) PPFD (umol m” 87)




Figure 16. Light response curves for PSll RET rates in leaves of winter rye (S.

cereale L. cv Musketeer). Development occurred at a temperature of 20°C (closed
symbols) or 5°C (open symbols) with an irradiance of 800 (¢), 250 (®, O) or 50 (1,
0O) umol m? s, Response was measured at 20°C (A and B) and 5°C (C and D). All

values represent means £ SE; n = 3. When not present, error bars are smaller than

symbol size.
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Figure 17. Measurements of intersystem electron pool size in leaves of winter rye
(S. cereale L. cv Musketeer). A, Representative determination in leaves developed
at the 20/800 growth regime. B, Similar determination in the presence of 1 mm

DCMU. DCMU was introduced th.ough the transpiration stream at room

temperature for 2 h with a PPFD of 5 ymol m?s™.
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turnover of all PSII reaction centers while the MT flash saturates the PQ poo!
located between PSli and PSI. The electrons from PSII reach P,,,* with a delay
imposed by intersystem electron transport. The more electrons stored in the PQ
pool, the longer the given FR light requires to re-oxidize P,y to P,y°'. However,
in the presence of DCMU, an inhibitor of electron transport to PQ, both the ST
and MT flashes do not cause a reduction of P,y,* (Fig. 178). DCMU binds to the
Qg site and inhibits electron transfer to the PQ pool, thus preventing electrons
from reaching P,*. Therefore, the re-oxidation of P,y to P,y observed in
untreated leaves in the presence of FR light does indeed reflect the intersystem
electron transport between PSIl and PSI (Fig. 17A).

The data in Figure 18 indicate that plants grown at 20°C exhibit a 2.5-fold
higher intersystem electron pool size with increasing growth irradiance from 50 to
800 umol m*? s”'. Plants grown at 5°C aliso show this same trend upon
increasing growth irradiance from 50 to 250 umol m? s, exhibiting a 2.2-fold
increase in intersystem electron pool size. In addition, there is a high correlation
(r 2 = 0.83) between intersystem electron pool size and 1-g, (Fig. 19). Thus, on a
P,00 reaction center basis, plants grown at high PSIlI excitation pressure exhibit
greater pools of intersystem electrons in comparison to plants grown at low

excitation pressure.

3.3.4 Components of the Intersystem Electron Transport Chain

immunological detection of specific polypeptides associated with the




Figure 18. Intersystem electron pool size in leaves of winter rye (S. cereale L. cv
Musketeer) developed at the temperature/irradiance regimes indicated.
Measurement occurred at 20°C. All values represent means £ SD; n =3 to 6. When

not present, error bars are smaller than symbol size.
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Figure 19. Correlation between intersystem electron pool size and 1-g; in leaves
of winter rye (S. cereale L. cv Musketeer). Development occurred at a temperature
of 20°C (closed symbols) or 5°C (open symbois) with an irradiance of 800 (¢#), 250
(@, O)or 50 (W, O) pmol m?s™. 1-g, was measured at the growth temperature and
growth irradiance. All values represent means + SE or SD; n = 3 to 6. When not

present, error bars are smaller than symbol size. Regression analysis was

performed in SigmaPlot® version 1.02 (Jandel Scientific, Corte Madera, CA USA).
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thylakoid membrane provides an estimate of the abundance of these
components and the supramolecular complexes in which they are contained.
The PSI reaction center D1 polypeptide, Cyt f, PSI reaction center heterodimer,
plastocyanin and the B-subunit of the CF;-ATPase complex were examined. The
abundance of all of these polypeptides varied by less than 25% as determined
by densitiometric scanning, irrespective of growth temperature or irradiance (Fig.
20). In contrast, PQA exhibited a 1.8 and 1.5-fold increase in leaves from plants
grown at high PSII excitation pressure (20/800 or 5/250 respectively) in
comparison to plants grown at low excitation pressure (20/250 and 5/50) (Table

XVII).

3.4 Discussion

Growth of rye and wheat at 5/250 or 20/800 resuilts in higher PSIi
excitation pressure in comparison to that of plants grown at 20/250. Thus, cold
tolerant plants grown at low temperature and moderate irradiance (5/250) shouid
be photosynthetically comparable to the same plants grown at high temperature
and high light (20/800). The results for winter rye and winter wheat are consistent
with this hypothesis. First, both winter cultivars, Musketeer and Monopol, grown
at 5/250 or 20/800 exhibited comparable PS, O, (Table XV and XVI). Second,
winter rye grown at 5/250 was comparable to plants grown at 20/800 with
respect to its capacity to keep Q, oxidized as a function of irradiance when

measured at either 20 or 5°C (Fig. 15). Third, the pool size of intersystem



Figure 20. Immunological detection of intersystem electron transport components
in isolated thylakoid membranes of winter rye (S. cereale L. cv Musketeer)
developed at the temperature/irradiance regimes indicated. Blots were performed
at least twice and similar results obtained with each experiment. A, D1 polypeptide.
B, Cyt f. C, PSI reaction center heterodimer. D, plastocyanin. E, B-subunit of the

CF, ATP synthase.
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Table XVII. PQA content in total leaf extracts of winter rye (S. cereale L. cv
Musketeer).

PQA was extracted, isolated by TLC and quantified spectrophotometrically
according to Lichtenthaler (1969). Data are expressed on a leaf FW basis. All

values represent means + SD; n = 3.

Growth Regime (°C/umol m2s™) PQA (ug g' FW)
20/800 60.5+7.3
20/250 33817.0
20/50 37.56+6.7
5/250 £0.8+3.8

5/50 31.8+3.5
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electrons on a P,y reaction center basis is similar in plants grown at 20/800 or
5/250 (Fig. 18). Fourth, the stoichiometry of the intersystem electron transport
components is altered due to increases in PQA content in plants grown at high
PSII excitation pressure (Fig. 20 and Table XVIi).

Thus, the data presented in this chapter indicate that growth of winter rye
and wheat at 5/250 or 20/800 appears to stimulate PS,,, O, with a concomitant
higher capacity to keep Q, oxidized and modulate intersystem electron transport
relative to plants grown at 20/250. However, this was correlated with the fact
that winter rye and wheat grown at 5/250 were exposed to a high PSll excitation
pressure, comparable to that of plants grown at 20/800. In contrast, Katepwa
spring wheat decreases its PS,,,, upon growth at low temperature (5/250), but
increases this same parameter under growth conditions of 20/800 in comparison
to control plants grown at 20/250 (Table XVI). This occurs with minimal
adjustment in photochemical efficiency as measured by F/F, (Table XVI).
However, it is not possible from the data presented to determine if increased
excitation pressure as a result of low temperature (5/250) elicits the same
response as increased excitation pressure due to increased irradiance (20/800)
or whether this simply reflects a cultivar difference. Similar results have been
reported for differential photosynthetic adjustment of CO, exchange involving
spring and winter cultivars of wheat grown at low temperature (Hurry and Huner,
1991). The authors concluded that the site of low temperature inhibition of CO,

exchange was not associated with PSII or the thylakoid membrane, and most
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likely occurred at the level of photosynthetic carbon metabolism (Hurry and
Huner, 1991).

Immunological examination of the membrane bound components of the
intersystem chain indicate that absolute amounts of these polypeptides were not
altered significantly as a result of growth at any of the temperature/irradiance
regimes (Fig. 20). In addition, the abundance of the B-subunit .: CF,, used as a
marker for the ATPase complex, and the mobile electron carrier plastocyanin
also remain relatively constant regardless of growth temperature or irradiance
(Fig. 20). Howe er, this does not exclude changes in the functional properties of
these components. In contrast, the lipophilic electron carrier PQA demonstrates
a 1.5 to 1.8-fold increase in leaves from plants grown at high PSi| excitation
pressure (Table XVIl) in comparison to plants grown at low PSli excitation
pressure. This is the only component of the photosynthetic electron transport
chain examined which presents significant changes. Thus, growth at high PSli
excitation presssure (20/800 or 5/250) results in an altered stoichiometry of the
components in the intersystem electron transport chain.

The stoichiometry of the intersystem carriers relative to P,q, have be 2n
determined in spinach thylakoids to be six PQ, cne F¢-S i1 the Cyt b, /f complex,
one Cyt f and two plastocyanin. This results in the maximum potential to store
16 electrons in the intersystem elecron transport chain (Grann and Ort, 1984;
Whitmarsh and Ort, 1984). However, the determinations of intersystem eiectron

pool size presented in this chapter in leaves of plants grown at both the high
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excitation pressure regimes (20/800 or 5/250) result in values greater than this
theoretical maximum (Fig. 18). This may be rationalized by examining the PQA
data. If each PQ equates to two electrons, a two-fold increase in PQA would
more than account for the observed increases in intersystem pool size. A 1.5to
1.8-fold increase in PQA in leaves from plants grown at high PSll excitation
pressure has been observed in this study (Table XVII) which is consistent with
pravious reports (Griffith et al., 1984; Krol and Huner, 1985). Thus, the increase
in PQA content observed as a result of growth at high PSII excitation pressure
most likely accounts for the increased intersystem electron pool size also
observed upon growth at high PSll excitation pressure.

The mechanism by which Q, is kept in the oxidized state at high PSII
excitation pressure is still unclear. In part, increased PQA pool size resulting in
greater intersystem electron pool size and overall greater rates of PS,,, , may
be responsible. Alternatively, non-photocnemical mechanisms could play a role.
The photosynthetic data presented in this chapter point towards a mechanism of

regulation beyond PSII.
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CHAPTER 4

PHOTOSYNTHETIC CARBON METABOLISM IN RESPONSE TO LOW
TEMPERATURE

4.1 Introduction

Low temperature stress has been showit to inhibit starch and Suc
biosynthesis differentially, resulting in the accumulation of soluble carbohydrates
such as Fru, Glc, Suc and fructans (Steponkus and Lanphear, 1968; Pollock and
Lioyd, 1987; Tognetti et al., 1990; Guy et al., 1992). In addition, the inhibition of
Suc biosynthesis leads to restrictions in phosphate recycling and
photophosphorylation (Sage and Sharkey, 1987; Labate and Leegood, 1988;
Labate et al., 1990). This restriction in triose-P utilization may trigger ;eedback
mechanisms that reduce rates of photosynthetic electron transport and limit ATP
supply, resulting in reduced rates of CO, assimilation (Sharkey, 1990;
Pammenter et al., 1993). In contrast, cold acclimation results in increased rates
of CO, assimilation which have been associated with increases in activities of the
enzymes of carbon metabolism (Guy et al., 1992; Holaday et al., 1992; Hurry et
al., 1994, 1995a, 1995b). However, this adjustment in CO, assimilation is
cultivar and species dependent (Tognetti et al., 1990; Holaday et al., 1992). It
has been established that cold acclimated winter, but not spring cultivars, are

able to adjust CO, assimilation to rates equal to or greater than control rates

(Huner et al., 1986; Huner et al., 1993; Hurry et al., 1994, 1995a, 1995b). Huner
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et al. (1993) suggested that this occurs due to the ability of the winter cultivar to
overcome the potential restrictions of triose-P utilization imposed by growth at
low temperature. A simplified scheme of carbon metabolism is presented in
Figure 21.

The results in the previous chapter indicated that the photosynthetic
capacity of Katepwa spring wheat ~as depressed upon growth at low
temperature compared to Monopol winter wheat. Based on these data, |
hypothesized that the winter cultivar should exhibit no restrictions in
photosynthesis, while the spring cultivar should demonstrate reduced rates of
CO, assimilation and electron transport due to restrictions in triose-P utilization.
However, low temperature stressed winter and spring cultivars, imposed by a
shift to low temperature, should both exhibit limitations in photosynthesis. To
test this hypothesis, | have examined CO, assimilation, electron transport,
carbohydrate accumulation, metabolite pool sizes, and four important reguiatory
enzymes of carbon metabolism in both winter and spring cultivars of wheat
grown at low temperature (5/250) and shifted to low temperature (20/250 -
5/250). In addition, | have also examined the effects of PSIl excitation pressure
by examining plants grown at non-hardening temperatures and high light

(20/800).

4.2 Materials and Methods

4.2.1 Plant Material and Growth Conditions



Figure 21. Simplified scheme of carbon flux in the chioroplast and cytosol.

Photosynthetic enzymes examined in this thesis are italicized.
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Winter wheat (7. aestivum L. cv Monopol) and spring wheat (7. aestivum
L. cv Katepwa) were germinated from seed in coarse vermiculite in 7 cm plastic
pots at a temperature of 20/16°C (day/night) with a 16 h photoperiod and a
PPFD of 250 umol m?s ' (20/250) essentially as described in section 2.2.1.
After 7 d, when the primary leaf had fully expanded, some of the winter and
spring wheat seedlings were shifted to growth conditions of 20°C with a PPFD ot
800 pumol m2s ' (20/800), whereas other seedlings were transferred to
temperature regime of 5/5°C (day/night) with a PPFD of 250 pumol m?s ' (5/250)
for cold acclimation. The photoperiod was unchanged and control plants
remained at the 20/250 growth regime. When the third and fourth leaves were
fully expanded, some 20/250 control plants were transferred for 12 h to the 5/250
growth regime and designated as low temperature stressed plants (20/250 -
5/250). All measurements were made on fully expanded fourth leaves of 75 d
old cold acclimated and 25 d old control plants. At these stages, seedlings were
considered to be of similar developmental age based on previous growth kinetic

analyses (Hurry and Huner, 1991).

4.2.2 PSIl Excitation Pressure
Photosystem Il excitation pressure (1-q,) was calculated from Chi a
steady-state fluorescence parameters at the growth temperature and irradiance

as described in section 2.2.3.
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4.2.3 PSII RET

Steady-state Chl a fluorescence parameters were determined as
described in section 2.2.3. PSII RET rates were calculated as described in

section 3.2.3.

4.2.4 Gas Exchange Measurements

Photosynthetic CO, assimilation rates were measured on attached leaves
using an open gas exchange system using a IR CO,/H,0 analyzer (model 6262;
Li-Cor). The relative humidity of the air stream was maintained at 50% and gas
mixtures were created by mixing N,, O, and 5% CO, using flow controllers
(Omega Engineering Inc.). CO, exchange rates were measured at a p(CO,) of
35 Pa and a p(O,) of 20 kPa. The temperature of the aluminum chamber was
maintain at either 20 or 5°C by the use of a Neslab refrigerated circulating water
bath (model LT50-DD; Neslab Instruments Inc.) and a Hansatech light source
(model LS2H) controlled by a light source control box (model LS2; Hansatech)
provided a FPFD of PPFD of 250 umol m?s™. Shifted plants which were grown
at 20°C but measured at 5°C were equilibrated at the measurement temperature
during the regular 8 h dark period prior to measurement of CO, exchange to
ensure that the entire plant was equilibrated to the measurement temperature.
In addition, gas exchange measurements were made 4 h after the beginning of
the photoperiod. Thus, temperature shifted plants were equilibrated at the

measurement temperature for a total 12 h prior to measurement of CO,
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exchange. Calculations of gas-exchange parameters were made using the
equations of von Caemmerer and Farquhar (1981). Rates of carboxylation (vc)

and oxygenation (v,) were calculated according to Di Marco et al. (15,4) by

combining the following equations;

Py + Rp = v - 0.5v, Jy = 4ve + 6y,
Where P, is the rate of CO, assimilation, Ry is the rate of mitochondrial
respiration and J, is the PSII RET caiculated from Chl a fluorescence parameters
(Schreiber et al., 1994). For this calculation it is assumed that alternative
reductions are negligible and that 4 and 6 electrons are needed for the reduction

of one molecule of CO, and O, respectively (DiMarco et al., 1994).

4.2.5 Carbohydrate Determinations

Starch, Gic, Fru and Suc contents were measured according to Rufty and
Huber (1983). Leaves were harvested 4 h into the photoperiod and extracted in
hot 80% (v/v) ethanol until the tissue was pigment-free. The sample was ground
with a mortar and pestle and particulates, inciuding starch, were pelleted by
centrifugation at 16,0009 for 2 min at 5°C. The pellet was washed twice with
ddH,0, suspended in 1 mL of 0.2 N KOH and incubated in a boiling water bath
for 30 min. Afte: cooling, the pH of the mixture was adjusted to pH 5.5 by adding
200 ut of 1 N acetic acid. For starch digestion, 1 mL of dialysed
amyloglucosidase sclution (35 units mL™' in 50 mm sodium acetate buffer (pH

4.5) from Aspergillus niger, Sigma) was added and the sample incubated at
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55°C for 30 min. The samples were then incubated in a boiling water for 1 min
and centrifuged at 16,000g for 2 min at 5°C. Gilc in the supernatant was
analyzed enzymically as described below. The water phase was dried at 30°C
and the residue suspended in 400 uL ddH,O. An aliquot of this fraction was
used for the determination of Gic, Fru and Suc in an assay buffer containing 360
mm Tris-HCI (pH 6.9), 0.4 mm NADP, 1 mMm ATP, 5 mm MgCl,, 1 mm DTT and
0.02% (w/v) BSA. In addition, the reaction mixture contained for the Glc assay, 1
unit hexokinase; for the Fru assay, 1 unit hexckinase and 5 units PG!: for the
Suc assay, 80 units invertase in addition to the Fru reaction mixture. The
reaction was started by adding 2 units of Glc-6-PDH. The reduction of NADP

was monitored at A,,,. Starch, Fru and Su:c were measured in Glc equivalents.

4.2.6 Metabolite Determinations

For all determinations, the mid-portion of fully expanded third and fourth
leaves were harvested 4 h into the photoperiod in the growth chamber at the
prevailing growth conditions and immediately frozen in liquid N, for subsequent
analyses. Prior to performing assays, frozen ieaf tissue was ground in a pre-
chilled mortar and pestle with th= addition of 1 mL 3.5% (v/v) HCIO, during
grinding. After thawing and centrifugation at 16,000g for 2 min at 5°C, the
supernatant was neutralized using 2 N KOH with 0.15 M Hepes and 10 mwm KCI.
This solution was centrifuged again and the precipitate was discarded. The

supernatant was used for an enzyme-linked spectrophotometric assay of
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metabolites (Lowry and Possonneau, 1976) as described by Loreto and Sharkey
(1993). For all assays the oxidation of NADH or reduction of NADP was

monitored as the difference between A;,, and A,y or A,,, respectively.

4.2.6.1 Glc-6-P, Fru-6-P and Adenylates
Glc-6-P, Fru-6-P and ATP levels were determined using a buffer of

100 mm Tris (pH 8.1), 5 mm MgCl,, 1t mm EDTA, 0.4 mm NADP and 1 mm Glc.
The reaction was started by adding 1 unit of Glc-6-PDH to measure Glc-6-P.
When the reaction was complete, the amount of Fru-6-P was measured by
adding 2.5 units of PGI. After the changes in absorbance were negligible, 1.5
units of hexokinase were added to measure ATP content.

ADP content was determined in a buffer consisting of 50 mM Hepes (pH
7.0), 4 mM MgCl,, 150 mM KCI, 0.1 mM NADH and 0.3 mM
phosphoenolpyruvate. The reaction was started by adding 2 units of pyruvate

kinase and 2 units of lactic dehydrogenase.

4.2.6.2 Fru-1,6-bisP and Triose-P
Triose-P and Fru-1,6-bisP were measured in a buffer containing 50
mM Hepes (pH 7.1), 20 mM NaCl, 2 mm MgCl,, 0.12 mM NADH, 7 mm ATP. To
start the reaction for triose-P, 2 units of glycerophosphate dehydrogenase and 5
units of triose-P isomerase were added. At the end of t'iis reaction, 2 units of

aldolase was added to measure the amount of Fru-1,6-bisP.
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4.2.7 Enzyme Extractions and Assays

For all assays, the mid-portion of fully expanded third and fourth leaves
were harvested 4 h into the photoperiod in the growth chamber at the prevailing
growth conditions and immediately frozen in liquid N, for subsequent analyses.
Prior to performing assays, leaf tissue was ground in a Ten-Broeck glass
homogenizer with the appropriate extraction buffer. Spectrophotometric enzyme
assays were conducted at 25°C using a Shimadzu recording spectrophotometer

(model UV-160).

4.2.7.1 Rubisco

Rubisco activity was determined according to Sharkey et al.
(1991a) in 2 mL of an extraction buffer containing 100 mm Bicine (pH 7.8), 5 mm
MgCl,, imm EDTA, 5 mM DTT, 1.5% (w/v) PVPP and 0.02% (w/v) BSA. The
extract was centrifuged at 16,000g for 2 min at 5°C and 5 pL of the supernatant
was immediately used to determine initial Rubisco activity. The total Rubisco
activity was determined after the preincubation of 1 mL of extract for 10 min with
20 mm MgCl, and 10 mMm NaHCO;, (final concentration). The carbamylation ratio
of Rubisco vas calculated as initial Rubisco activity/total Rubisco activity.
Rubisco activity was deermined in an assay buffer containing 50 mMm Bicine (pH
8.0), 15 mm MgCl,, 1 mm EDTA, 10 mm NaCl, 5 mm DTT, 10 mm NaHCO,, 5 mm

phosphocreatine and 5§ mm ATP in a final volume of 750 uL. The following were
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also added; 10 uL of 20 mm RuBP, 10 uL of 10 mm NADH, 10 units of

GAPDH/3-PGK and 2 units of creatine phosphokinase. The reaction was
initiated by the addition of 5 uL of appropriate extract and the oxidation of NADH
monitored as the difference between Ay, and A .

Totai Rubisco protein was determined by using CABP to inhibit partially
Rubisco activity in the leaf extract. A 100 uL aliquot of the extract, preincubated
with CO, and Mg* was mixed with 2 to 10 pl. of 27 mm CABP and the solution
incubated on ice for 5 min. A 5 pL aliquot of this solution was used to determine
Rubisco activity. Rubisco activity was plotted against CABP concentration to
determine the concentration of CABP corresponding to zero activity. This
extrapolation gives the total number of Rubisco sites to which CABP was bound.
This is divided by eight (eight sites per Rubisco enzyme) to give the total amount

of Rubisco protein.

4.2.7.2 SPS
SPS was assayed according to Vassey and Sharkey (1989). Leaf
tissue was homogenized in 1.5 mL of an extraction buffer containing 50 mm
Hepes-NaCH (pH 7.5), 5 mm MgCl,, 1 mm EDTA, 2.5 mMm of freshly added JOTT
and 0.1% (v/v) Triton X-100. The extract was centrifuged at 16,000g for 2 min at
5°C and the supernatant desalted by centrifugal filtration on a cold Sephadex G-
25 (Sigma) column equilibrated with extraction buffer minus the Triton X-100.

SPS activity was assayed under saturating substrate concentrations in the
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absence of Pi (V,,, assay) as the time dependent formation of Suc plus Suc-P
from UDP-Gic and Fru-6-P. In the V,,, assay, 45 yL of tissue extract was
incubated at room temperature with 10 mm UDP-Glc, 10 mM Fru-6-P, 40 mm Gilc-
6-P, 50 mm Hepes-NaOH (pH 7.5), 15 mm MgCl, and 2.5 mMm DTT in a total
volume of 70 uL.. Reactions were terminated at 1 and 11 min by adding 70 uL of
30% (w/v) KOH and the tubes were placed in a boiling water bath for 10 min.
After cooling to room temperature, 1 mL of 0.14% (w/v) anthrone in 13.8 N H,SO,
was added, and the tubes incubated at 40°C for 20 min prior to measuring Ag,,
as described by Huber et al. (1991). These values were then interpolated from a

Suc standard curve and SPS activity determined.

4.2.7.3 FBPase

FBPase was assayed according to the procedure of Sharkey et al.
(1991b) using 1.5 mL of an extraction buffer containing 20 mm Hepes-NaOH (pH
7.5), 126 mm NaCl, 0.5 mm EDTA, 0.02% (w/v) BSA and 2% (w/v) PVPP. The
extract was centrifuged at 16,000g for 2 min at 5°C an the supernatant used for
the determination of stromal and cytosolic FBPase activity. Cytosolic FBPase
activity was determined in an assay buffer containing 100 mm Hepes-NaOH (pH
7.5), 100 mm KCI, 4 mm MgCl,, 0 = mm EDTA, 0.5 mm NADP, 2 units of PGl and
1 unit of G-6-PDH. The reactio:. was initiated by the addition of 50 uM Fru-
1,6-bisP. Stromal FEPase activity was measured in an assay buffer containing

100 mwm Bicir + (pH 8.8), 0.5 mm EDTA, 50 mm DTT, 0.5 mM NADP, 2 units of
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PGt and 1 unit of G-6-PDH. The reaction was initiated by the addition of 0.4 mm

Fru-1,6-bisP and 10 mm MgCi,. The reduction of NADP was monitored at A,,,

and the FBPase rates were determined 5 min after the start of the reaction.

4.3 Results
4.3.1 CO, Assimilation Rate and Rubisco

Growth at 20/800 (high PSI| excitation pressure) resulted in 1.4 and 1.3-
fold increases in CO, assimilation, concomitant with a 1.7 and 2-fold increase in
electron transport compated to the 20/250 controls in both the winter and spring
cultivars respectively (Table XVIll). In contrast, growth at low temperature
(5/250), alsc high PSll excitation pressure, in the spring cultiva: resulted in 31
and 67% decreases in CO, assimilation and eiectron transport rates respectively
(Table XVIll). However, while electron transport decreased by 69% in the winter
cultivar upon growth at 5/250, minimal changes were observed in the CO,
assimilation rate in comparison to growth at 20/250 (Table XVIlil). Both the
winter and spring wheat cultivars decreased their rates of CO, assimilation and
electron transport by 21 and 36% and 78 and 75% respectively upon a
temperature shift (20/250 ~ 5/250) (Tatle XVIil).

Spring wheat, as a result of growth at 20/800, did not change Rubisco
parameters relative to the 20/250 plants (Table XIX). In contrast, winter wheat
exhibited a 20% decrease in total amount and total activity of Rubisco and a

50% decrease in the Rubisco carbamyilation ratio (Table XiIX). Upon growth at



156

Table XVIll. Photosynthetic CO, assimilation and PSIl RET rates in leaves of winter
wheat (T. aestivum L. cv Monopol) and spring wheat (T. aestivum L. cv Katepwa).

CO, assimilation and PSII RET rates were determined at the growth temperature
and growth irradiance. The arrow (-) represents a shift to the growth regime

irdicated for a 12 h period prior to meas'.’ement. Values represent means + SE; n

=3106.
Growth Regime CO, Assimilation ) PSII RET
(°Cfumoi m2 s™) (umol m2s")
Monopol
20/800 15.7+0.6 247.2 + 35.3
20/250 116+1.0 149.1 £ 0.1
5/250 1256+ 0.7 46.2+0.3
20/256 ~ 5/250 9.2+05 329+ 2.66
Katepwa
20/800 16.6+1.0 273.7 £ 33.8
20/250 12.8+0.9 140.9 £+ 9.6
5/250 8.8+05 465129

20/250 - 6/250 8.2+0.2 35.60 + 8.4
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5/250, both wheat cultivars demonstrated a 156% increase in total Rubisco
activity, a 30 to 40% increase in total amount of Rubisco protein, and a 20 to
50% increase in carbamylation ratio of Rubisco when compared to the same
plants grown at 20/250 (Table XIX). However, growth at 20/800 resulted in 1.2
and 1.6-fold increases in the ratio of vy/v¢ in the winter and spring cultivars
respectively. In addition, the winter cultivar exhibited a 6% decrease in the ratio
of vo/v. in comparison to only a 10% decrease observed in the spring cultivar
under 5/250 growth conditions (Table XiX). Thus, winter wheat appears to have
a reduced capacity for photorespiration based upon rates of oxygenation and
carboxylation as a result of growth at low temperature in comparison to the

spring cultivar.

4.3.2 Enzyme Activities and Metabolite Pool Sizes

Suc:starch ratios increased 3 to 5-fold and 15 to 17-fold as a result of
growth at high PSIi excitation pressure in the winter and spring cuitivars
respectively (Table XX). in addition, growth at 5/250 resulted in a 3-fold increase
in SPS activity in the winter cultivar, Monopol, but did not affect the SPS activity
in the spring cultivar, Katepwa (Table XXI). Growth at 20/800 resulted in 1.3-fold
increases in SPS activity in comparison to the 20/250 control plants (Table XXI).
Thus, winter wheat appears to exhibit a specific, differential stimulation of SPS
activity in response to growth at 5/250.

Glu-6-P:Fru-6-P ratios decreased by 38% upon growth at high PSI|
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Table XXI. Temperature and irradiance responses of SPS in total leaf extracts of
winter wheat (T. aestivum L. cv Monopol) and spring wheat (T. aestivum L. cv
Katepwa).

SPS activity was deutermined spectrophotometrically using the V,,, assay
performed at 25°C (Vassey and Sharkey, 1989; Huber et al., 1991). All values

represent means t SE; n = 3 to 6.

Growth Regime Activation State Activity
(°C/umol m2s™) (%) (Hmol m2 s™)
Monopol
20/800 36 20102
20/250 22 1.6+0.1
5/250 66 50+1.0
Katepwa
20/800 27 2.0+ 0.1
20/250 25 1.6+0.2

5/250 55 1.6+0.1
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excitatio~ pressure (20/800 or 5/250), indicating a restriction in the conversion of
Fru-6-P to Glu 6-P (Table XX). However, this restriction was similar in both
cultivars. In contrast, Fru-1,6-bisP:Fru-6-P ratios in winter and =;. 'ing cultivars
exhibited 1.3 to 2-fold increases as a result of growth at either 20/800 or 5/250
(Table XX). In addition, growth of both Monopol and Katepwa at 5/250 resuited
in stromal and v;tosolic FBPase activities which increased 1.3 and 1.4 to 1.7-fold
respectively, in comparison to the same plants grown at 20/250 (Table XXII).
Growth at 20/800 aiso resulted in stromal and cytosolic FBPase activities which
demonstrated a 1.1 to 1.5 and 1.2 to 2.3-fold increase in comparison to growth at
20/250 in the winter and spring cultivars respectively (Table XXII). Triose-P
pools in the winter and spring cuiltivars exhibited 1.7 to 2.1-fold increases due to
growth at high PSIl excitation pressure, indicative of decreased triose-P
utilization (Table XX). This presumably induced feedback mechanisms on
photosynthesis a.id subsequently resulted in a 45 to 57% decrease in ATP:ADP

ratios for both winter and spring cultivars (Table XX).

4.4 Discussion

Exposure to low temperatures results in a feedback limited restriction of
photosynthesis due to a decrease in triose-P utilization and limited Pi availability
(Sage and Sharkey, 1987; Labate and Leegood, 1988). However, it has been
suggested that growth of winter cultivars at low temperatures alleviates the

effects of feedback limited photosynthesis, resulting in increased photosynthetic
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Table XXW. Temperature and irradiance responses of FBPase in total leat extracts
of winter wheat (T. aestivum L. cv Monopol) and spring wheat (T. aestivum L. cv
Katepwa).

FBPase activity was determined spectrophotometrically at 25°C (Sharkey et al.,

1991t). Ali values represent means £ SE; n = 3 to 6.

Growth Regime FBPase FBPase

(°C/umol m?s™) Stromal Cytosolic

Activity (umol m?s™)

Monopol
20/8u0 104+ 0.3 22+0.1
20/250 9.1+08 1.5+ 0.1
5/250 116+ 0.6 1.9+0.1
Katepwa
20/800 11.41£0.7 3.0+£0.3
20/250 9.3+0.9 1.2£0.2

5/250 12.8 + 0.7 22102




163

capacity (Huner et al., 1993). The data presented in this chapter indicate that
growth at 5/250 for spring wheat results in an inhibition of CO, assimilation, while
growth under the same conditions in the winter cultivar results in CO,
assimilatior rates comparable to that of 20/250 grown controls (Table XVill).
These observations are consistent with previous reports (Hurry and Huner, 1991;
Hurry et al., 1994, 1995a, 1995b). Furthermore, this appears to be strictly a low
temperature phenomenon, as the same response was absent in winter and
spring cultivars grown at high excitation pressure created by growth at high light
(20/800). In addition, low temperature stress, created by a shift from 20/250 io
5/250 resulted in a similar decrease in CO, assimilation and electron transport
for both wiiiter and spring wheat cultivars (Table XVill). It has been suggested
previously that the site of this low temperature inhibition of CO, exchange in
spring cultivars is at the level of photosynthetic carbon metabolism (Hurry and
Huner, 1991; Hurry et al., 1995a). However, the only differences observed
based on the data presented in this chapter that could account for the increasad
CO, assimilation in the winter cultivar are a decrease in the ratio of vy/vc,
reflecting reduced photorespiration and an increase in SPS activity, reflecting
stimulation of Suc biosynthesis (Table XIX and XXI). Despite the fact that high
CO, assimilation rates were maintained in winter cultivars grown at 5/250,
concomitant with a stimulation of the Suc biosynthetic pathway and reduced
photorespiratory capacity, these plants still exhibit a restriction at the level of

triose-P utilization as demonstrated by the decreased Glu-6-P:Fru-6-P and
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ATP:ADP ratios, increased Fru-1,6-bisP:Fru-6-P ratio and the accumulation of
triose-P (Table XX). Thus, decreuses in capacity for photorespiration as
determined from the ratio of vo/v, and stimulation of Suc biosynthesis in the
winter cultivar cannot alleviate the restrictions at the !evel of triose-P utilization.
Furthermore, both cultivars exhibited comparable decreases in electron transport
while presenting a differential response in rates of CO, assimilation (Table XVIIl).
Thus, growth at 5/250 stimulates feedback limited photosynthesis in both spring
and winter cultivars of wheat at the level of electron transport which is not
evident at the level of CO, assimilation. The means by which winter cultivars
maintain high CQO, assimilation rates under conditions where photosynthetic
electron transport is limited remains to be fully elucidated. However, the
decreases in capacity for photorespiration and stimulation of Suc biosynthesis in
the winter cultivar will increase the flux of carbon through the PCR cycle which

may play a role in maintaining high CO, assimilation.
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CHAPTER 5

PHOTOINHIBITORY RESPONSES IN RELATION TO PSH EXCITATION

PRESSURE

5.1 Introduction

Photoinhibition has been typically defined as a light-dependent decrease
in photosynthetic efficiency (F, /F,, ®O, or #CO,) which may or may not be
associated with a decrease in PS,, as a result of the absorption light energy in
excess of that required for CO, assimilatior: (Powles, 1984; Krause, 1988;
Chow, 1994; Krause, 1994a; Osmond, 1994). It was first proposed by Ogren
(1991) and subsequently supported by Oquist et al. (1992a, 1992b) that
photoinhibition was related to the redox state of PSIl. Further, susceptibility to
photoinhibition has also been shown to be correlated to the redox state of PSl|,
regardless of the environmental constraints on photosynthesis brought about by
low temperature or light acclimation (Oquist et al., 1992a, 1992b, 1993b; Park et
al., 1996b).

NPQ is thought to play an important role in susceptibility to photoinhibition
by dissipating excess excitation energy as heat (Krause and Weis, 1991;
Gilmore et al., 1985; Ruban and Horton, 1995; Demmig-Adams et al., 1996; Park
et al., 1996b). In addition, the development of NPQ is thought to be mediated by
the xanthophyll carotenoids Zx and Ax (Demmig-Adam-,, 1990; Gilmore and

Yamamoto, 1983; Pfandel and Bilger, 1994; Demmig-Adams and Adams, 1996).
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Tolerance to photoinhibition is usually associated with the pre-exposure of
plants or algae to high (>700 umol m2 s™) irradiance (Powles, 1984; Anderson
and Osmond, 1987; Oquist et al., 1992a; Aro et al., 1993a; Osmond, 1994;
Baroli and Melis, 1996; Park et al., 1996a, 1996b). However, winter cultivars of
rye (S. cereale), wheat (T. aestivum), the herbaceous dicot spinach (Spinacia
oleracea) and the green alga Chlorella vulgaris grown at low tempe:ature aiso
exhibit an increased tolerance to photoinhibition (Somersalo and Krause, 1989;
Oquist and Huner, 1991; Boese anu Huner, 1992; Hurry and Huner, 1992;
Maxwell et al., 1995a). The latter situation is unique in that plants grown at low
temperature 2/e exposed to only moderate irradiance (250 umol m2 s™) but
exhibit tolerance to light stress 5 to 7 times higher than the growth irradiance
(Huner et al., 1993).

It has been demonstrated previously that the growth of winter cereals at
low temperature results in an increased capacity to keep Q, oxidized under
photoinhibitory conditions (Oquist and Huner, 1993; Oquist et al., 1993b). In
addition, winter cereals grown at 5°C modulate their rates of photosynthesis so
as to increase PS,_, O, (Huner et al., 1993). This in turn, is thought to account,
in part, for the differential tolerance to photoinhibition observed betweer 5 and
20°C grown plants (Oquist and Huner, 1993; Oquist et al., 1993b).

In this chapter | test the hypothesis that tolerance to photoirhibition is a
result of photosynthetic adjustment to high PSil excitation pressure and not due

to low temperature growth per se.
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5.2 Materials and Methods

5.2.1 Plant Material and Growth Conditions
Winter rye (S. cereale L. cv Musketeer), winter wheat (T. aestivum L. cv

Monopol) and spring wheat (7. aestivum L. cv Katepwa) were germinated from

seed as described in section 2.2.1.

5.2.2 PSIi Excitation Pressure
Photosystem |l excitation pressure (1-qp) was calculated from Chl a
steady-state fluorescence parameters at the growth temperature and irradiance

as described in section 2.2.3.

5.2.3 Chl a Fluorescence

For all photoinhibition experiments, room temparature fluorescence was
measured in vivo using a PSM fluorometer (Bicmonitor S.C.1. AB, Ume3,
Sweden) as described in section 3.2.3. Changes in F, /F, were used to quantify
susceptibility to photoinhibition.

Steady-state Chl a fluorescence parameters were determined as
described in section 2.2.3. Stern-Volmer NPQ and 1-q, were calculated as;

NPQ = (Fy/Fy) -1 1-go=Fo' | Fo

according to Bilger and Bjérkman (1990) and Bilger and Schreiber (1986)

respectively.




168
5.2.4 Photoinhibitory Treatments

Photoinhibition of photosynthesis was induced at 5°C under ambient air
conditions. Leaf segments (4 to 8 cm long) were placed side by side on moist
filter paper adaxia! sicie face-up in aluminum trays. The cut ends of the leaves
were anchored using glass microscope slides and the filter paper was “ept moist
with distilled water throughout the experiment to prevent desiczation (Oquist and
Huner, 1993). Susceptibility to photoinhibition was quantified by monitoring
changes in F, /Fy as a function of exposure time to a PPFD of 1600 umo! m? s
measured at the leaf surface from a bank of three high-pressure sodium
pressure lamps (CGE Lucalox, LU-400, Canadian General Electric, Toronto, ON,
Canada). A 10 cm deep plexiglass heat filter containing a continuous flow of
cold water was placed between the lamps and samples. In addition, a 15 cm
oscillating fan provided continuous air circulation over the samples. This
apparatus was maintained in a cold room set for an air temperature of 5°C.
Temperature at the leaf surface was monitored using a constantan-copper (Type
T) thermocouple in conjunction with a temperature logger (model
MDSS41-TC:G1; Omega Engineering Inc.) anc did not exceed 6°C (results not

shown).

5.2.5 Pigment Extraction and Determination
Pigments were extracted from leaf samples and determined by HPLC as

described in section 2.2.4.
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The EPS of the samples was estimated according to Thayer and
Bjorkman (1990) using the following equations;
EPS = (Vx + 0.5AX)/(Vx + Ax + ZXx)

Xanthophyll pool size was calculated as the sum of Vx + Ax + Zx.

5.3 Results
5.3.1 Tolerance to Photoinhibition

Regardless of the growth irradiance or temperature, the F, /Fy of winter
rye leaves decreased with tima during exposure to a photoinhibitory irradiance of
1600 umol m? s at 5°C (Fig. 22A and B). However, increasing the growth
irradiance from 50 to 800 pumol m™? s at 20°C increased the tolerance to
piiutoinhibition at 5°C by 47% (Fiy. 22A). Increasing the growth irradiance from
50 to 250 at 5°C resuilted in a 1.5-fold increase in tolerance to photoinhibition
(Fig. 22B). Furthermore, winter rye grown at 5/250 exhibited a similar tolerance
to photoinhibition as plants grown at 20/800 (Fig. 22A and B). The resuits
presented in Figure 23 clearly demonstrate that tolerance to photoinhibiton, as
reflected by the F, /F,, ratio, is strongly correlated (r? = 0.86) to the level of
excitation pressure on PSIl (Fig. 23). Winter and spring wheat demonstrate
similar tren's with respect to tolerance to photoinhibition as that observed for
winter , ‘e (Fig. 24).

In addition, initial F, values of leaves of winter rye increased by 66% as a

result of decreasing the growth irradiar. .e from 800 to 50 at 20°C (Fig. 22C).



Figure 22. Photoinhibitory response curves for leaves of winter rye (S. cereale L.

cv Muskcteer). Development occurred at a temperature of 20°C (closed symbols)
or 5°C (open symbols) with an irradiance of 800 (¢), 250 (@, ©) or 50 (W, [3) pmol
m2¢7. Aand B, F,/F,. Cand D, F, Photoinhibition occurred at 5°C with a PPFD
of 1600 umol m?2 s'. Initial F,/ F,, values are indicated in Table XV. All val''es

represent means t SE; n = 3. When not present, error bars are smaller than symbol

size.
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Figure 23. Correlation between photoinhibitory response a~d 1-q, in leaves of
winter rye (S. cereale L. cv Musketeer). Development occurred at a temperature
of 20°C (closed symbols) or 5°C (open symbols) with an irradiance of 800 (¢), 250
(@, O) or 50 (®, O) umol m? s'. Photoinhibition occurred at 5°C with a PPFD of
1600 umol m2 s, Values for the 4 h ime point in the photoinhibitory treatment are
shown. 1-g, was measured at the growth temperature and growth irradiance. All
values represent means + SE; n = 3. When not present, error bars are smaller than
symbol size. Regression analysis was performed in SigmaPlot® version 1.02

(Jandel Scientific, Corte Madera, CA USA).
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Figure 24. Photoinhibitory response curves for leaves of winter wheat (7. aestivurn
L. cv Monopol) and spring wheat (7. aestivum L. cv Katepwa). Development
occurred at a temperature of 20°C (closed symtols) or 5°C (open symbols) with an

irradiance of 800 (¢), 250 (@, O) or 5C (W, ) umol m2s™. A and B, cv Monopol.

C and D, cv Katepwa. Photoinhibition occurred at 5°C with a PPFD ot 1600 umol
m?s?. Initial F,/ F, values are indicated in Table XVI. All values represent means

+ SE; n = 3. When not present, error bars are smaller than symbol size.
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However, growth irradiance had minimal effects on initial F,, values at 5°C (Fig.
22D). Plants grown at 20/250, 5/250, or 5/50 exhibited 39, 23, and 38%
decreases respectively over the 8 h course of the photoinhibitory treatment (Fig.
22C and D). However, F, values for 20/800 leaves did not significantly change
as a result of photoinhibiton (Fig. 22C). In contrast, the leaves of 20/50 grown
plants demonstrated a 6-fold reduction in F, values over the same time period
(Fig. 22C). Similar data were obtained for winter and spring wheat (results not

shown).

5.3.2 NPQ and the Xanthophyll Cycle

Upon comparing the results presented in Table XXIlII with those of Table V
(See also section 2.3.4; Table V), it is clear that exposure to a photoinhibitory
PPFD at 5°C resulted in minimal differences in all carotenoid pigments and
xanthophyll pool size as a result of growth at the various tempearature/irradiance
regimes (Fig. 25A; Table V and XXIil). However, photoinhibitory light treatments
stimulated the conversion of Vx to Zx which resulted in a significant reduction in
the EPS from approximately 0.9 to 0.3 (Fig. 25B). Similar trends with respect to
the effects of growth regime and photoinhibition on carotenoid pigments were
observed for winter and spring wheat (results not shown), which is consistent
with a previous report (Hurry et al., 1992).

Growth at 20/800 resulted in a maximal 1.9-fold decrease in NPQ at a

PPFD of 500 pmol m?2 s in comparison to 20/50 and 20/250 leaves when



Figure 25. Xanthophyll characteristics in total leaf extracts of winter rye (S. cereale
L. cv Musketeer) developed at the temperaturefirradiance regimes indicated.

A, Xanthophyll pool size pre- (___)) and post (E2223) photoinhibition. B, Xanthophyli
EPS pre- (CJ) and post (E223) photoinhibition. Photoinhibition occurred at 5°C

for 3 h with a PPFD of 1600 umol m?2 s, All values represent means + SE; n = 3.

When not present, error bars are smaller than symbol size.
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measured at 20°C (Fig. 26A). However, when the measuring tempeiatiure was
lowered to 5°C, the 20/50 leaves demonstrated a 1.2-fold lower capacity :0r NPQ
in comparison to the 20/800 and 20/250 leaves at saturating PPFD (> 500 umol
m?2s*) (Fig. 26C). Increasing the growth irradiance at 5°C from 50 to 250 pmol
m?2 s’ resulted in 1.2-fold greater values of NPQ at saturating irradiance (> 500
umol m? s™') when measured at 20°C (Fig. 26B). A similar increase was
observed at the 5°C measuring temperature (Fig. 26D). In addition, minimal
changes were cbserved in steady-state F, quenching (1-q,) as a resuit of growth
under the different temperature/irradiance regimes, irrespective of measuring

temperature (Fig. 27).

5.4 Discussion

In all of the experiments previously reported regarding low
temperature-induced tolerance to photoinhibition, plants grown at 5/250 are
compared with control plants grown at 20/250. Since the Gnly difference in
growth condition is the growth temperature, the assumption is that any difference
in photosynthetic response must represent a growth temperature “esponse.
Thus, tha development of low temperature-induced tolerance to photoinhibition
has been interpreted as a low temperature growth response (Huner et al., 1893).
However, the results in this chapter clearly demonstrate that coid tolerant cereals
grown at similar high PSIl excitation pressures (20/800 or 5/250) aiso exhibited a

similar tolerance to photoinhibition at low temperature (Fig. 22 and 24). |



Figure 28. Light response curves for NPQ in leaves of winter rye (S. cereale L. cv

Musketeer). Development occurred at a temperature of 20°C (closed symbols) or
5°C (open symbols) with an irradiance of 800 (¢), 250 (@, O) or 50 (R, ) umol m?
s"'. Response was measured at 20°C (A and B) and 5°C (C and D). All values

represent means t SE; n = 3. When not present, error bars are smaller than symbol

size.
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Figure 27. Light response curves for 1-q, in leaves of winter rye (S. cereale L. cv

Musketeer). Development occurred at a temperature of 20°C (closed symbols) or
5°C (open symbols) with an irradiance of 800 (¢#), 250 (@, O) or 50 (W, [J) umol m?
s”'. Response was measured at 20°C (A and B) and 5°C (C and D). All values
represent means t SE; n = 3. When not present, error bars are smaller than symbol

size.
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suggest that the development of increased tolerance to photoinhibition upon
growth of cold tolerant herbaceous plants at low temperature can be explained
on the basis of growth under high PSII excitation pressure. Therefore, it appears
that the increased tolerance to photoinhibition observed in plants grown at 5/250
reflects photosynthetic adjustment to growth under high PSII excitation pressure
rather than photosynthetic adjustment to growth temperature as previously
assumed. These data, coupled with the data previously presented indicating
growth at high PSII excitation pressure resulted in an increased PS_,, O, (Table
V and V1) and an increased capacity to keep Q, oxidized as a function of
irradiar. . (Fig. 15) are consistent with this notion. Thus, | conclude that cold
tolerant, herbaceous plants grown at 5/250 exhibit a greater tolerance to
photoinhibition than plants grown at 20/250 not because of low growth
temperature per se, but rather, as a consequence of growth under high PSH
excitation pressure.

Excess excitation energy can be quenched in the Chl a light-harvesting
antenna and is typically monitored by F, quenching (Horton and Ruban, 1993;
Horton et al., 1994). Since F, fluorescence is thought to emanate from Chl a
antennae, quenching of F, is also thought to occur in the Chl g antennae
(Krause and Weis, 1991). Presumably, this mechanism results in the protection
of PSli by altering the excitation energy reaching the reaction center. There
were no differential changes observed in F, quenching as a result of

photoinhibitory treatment or steady-state F, quenching that could account for the
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tolerance to photoinhibition observed (Fig. 22 and 27). The xanthophylls have

also been implicated in F, quenching and photoprotection of PSIl (Demmig-
Adams, 1990; Demmig-Adams et al., 1995). Although the xanthophyll pool size
was greater in those plants most tolerant to photoinhibition, this did not result in
any significant leve! of F, quenching (Fig. 22, 25 and 27).

Since the xanthophyll cycle has been linked to NPQ formation, the
contribution of NPQ tc increased tolerance to photoinhibition was also examined.
Light-driven electron transport or chloroplast ATPase activity results in an
acidification of the thylakoid lumen which activates Vx de-epoxidase and thus
promoting conversion from Vx to Zx via Ax in the minor Chl a/b-binding proteins.
These xanthophylis are somehow thought to mediate the formation of NPQ. In
addition, the minor Chl a/b-binding proteins also become protonated, resulting in
a structural modiication of these pigment-protein complexes (Gilmore and
Yamamoto, 1992; Crofts and Yerkes, 1994; Gilmore et al., 1995, Demmig-
Adams et al., 1996). While xanthophyll pool sizes may reflect the degree of
tolerance to photoinhibition, if they are associated with NPQ one would expect to
see greater NPQ in those leaves with the greatest xanthophyll pool sizes.
However, values of NPQ are not greatest in those leaves most tolerant to
photoinhibition, irrespective of the xanthophyll content (Fig. 25 and 26).
Therefore, NPQ cannot account for the differential tolerance to photoinhibition
observed as a result of growth at the various temperature/irradiance regimes.

Thus, while significant evidence exists to support a role for the xanthophylls in
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the development of NPQ, their precise contribution to increased tolerance to
photoinhibition remains controversial (Pfundel and Bilger, 1994; Thiele and
Krause, 1994; Adams et al., 1995a; Adams et al., 1995b; Koroleva et al., 1995;
Demmig-Adams and Adams, 1996; Thiele et al., 1996).

Therefore, it appears that neither NPQ nor F, quenching can account for
the differential tolerance exhibited towards photoinhibition and that it is best
rationalized on the basis of photosynthetic adjustment to high PSil excitation
pressure. However, it remains unclear as to the mechanism by which Q, is kept

in the oxidized state.
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CHAPTER 6

COLD ACCLIMATORY PROCESSES IN RESPONSE TO LOW
TEMPERATURE, LIGHT AND THE REDOX STATE OF PSII

6.1 Introduction

Exposure to low, non-fre 3zing temperatures induces molecular,
morphological, and physiological changes in the plant which result in the
development of cold hardiness and the acquisition of freezing tolerance
(Vasil'yev, 1961; Levitt, 1980; Guy, 1990; Thomashow, 1993; Hughes and Dunn,
1996).

Morphologically, the development of a prostrate or rosette growth habit is
assumed to be a consequence of development at low temperature (Vasil'yev,
1961; Roberts, 1984). in addition, it has been shown that the rosette growth
habit is correlated with freezing tolerance and has been used as a selection
criterion in breeding for cold hardiness (Fowler et al., 1981; Roberts, 1984;
Stushnoff et al., 1984; Blum, 1988).

In wheat, cold acclimation rapidly induces a specific set of Wheat-cold-
stimulated genes (Wcs genes) which subsequently disappear upon
deacclimation. Wcs genes are up-regulated by low temperature at the
transcriptional level and winter wheat cultivars exhibit higher levels of
expression than spring cultivars (Houde et al., 1992a; Chauvin et al., 1993,

Ouellet et al., 1993; Danyluk et al., 1994; Limin et al., 1995). Thus, it is assumed
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that there is a high correlation betwveen the expression of these genes and the
development of freezing tolerance. Wcs720 is a nuclear-encoded gene induced
by low temperature and encodes a major protein with an apparent molecular
mass oi 50 kD (Houde et al., 1992a). Studies utilizing the anti-WCS120 antibody
have identified a wheat protein family sharing a common antigenicity. All
members of this protein family are up-regulated by low temperature and
associated with freezing tolerance (Houde et al., 1992b; Ouellet et al., 1993;
Chauvin et al., 1994). Immunolocalization studies have demonstrated a
differential tissue expression, with high levels of all members of this protein
family present in the vascular tissue transition zone (Houde et al., 1995). These
proteins are thought to provide a specific micro-environment necessary for cell
survival during freezing stress (Houde et al., 1995). Wcs19 is another nuclear-
encoded gene specifically regulated by low temperature, but also requiring light
for maximal induction (Chauvin et al., 1993). Recently, WCS19 has been
localized in the chloroplast stroma (T. Krause, M. Houde and F. Sarhan,
unpublished results).

It is possible that the effects of PSI| excitation pressure extend to
processes other than photosynthesis. Since low temperature modulates both
PSII excitation pressure and genes associated with cold tolerance, |
hypothesized that the reduction state of PSH would influence the molecular
responses associated with cold acclimation and the subsequent acquisition of

freezing tolerance. For these studies, the expression of two low temperature-
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responsive genes, Wcs120 (low temperature-specific) and Wes 19, (low
temperature-specific and light-dependent) were examined under growth
conditions of varying PSII excitation pressure. In addition, grow.h habit as it
relates to cold acclimation and freezing tolerance in winter rye and the cold

tolerant herbaceous dicot, spinach, are also examinec.

6.2 Materials and Methods
6.2.1 Plant Material and Growth Conditions

Winter rye (S. cereale L. cv Musketeer) ana spinach (Spinacia oleracea L.
cv Savoy) were germinated from seed in coarse vermiculite as described in
section 2.2.1. Spinach plants were thinned to a density of three per pot at 1 and
3 weeks after germination at 20 and 5°C respectively as previously described

(Gray et al., 1994).

6.2.2 PSII Excitation Pressure
Photosystem ! excitation pressure (1-q,) was calculated from Chl a
steady-state fluorescence parameters at the growth temperature and irradiance

as described in section 2.2.3.

6.2.3 Growth Habit

Plants were photographed at similar devalopmental ages, irrespective of

growth temperature or irradiance, as determined by growth kinetic analyses
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described in section 2.2.2.

6.2.4 Spectral Distributions

Tr:a spectral photon distribution in ali growth chambers was measured at
pot height using a spectroradiometer consisting of a Instaspec II™ photodiode
array detector (model 77112), Multispec™ spectrograph/monochromator (model
77400) and an integrating sphere (model 70451; Oriel Corp., Stratford, CT,
USA). The contribution of FR (725 to 735 nm), R (655 to 665 nm), and B (400 to
480 nm) light, as well as UV-A (320 to 400 nm) and UV-B (290 to 320 nm) were
calculated as a percentage of PAR (400 to 700 nm) from the photon distribution.

In addition, the light quality ratios for R:FR and R:B ware also determined.

6.2.5 RNA Isolation

Uppermost fully expanded leaves were harvested 4 h into the
photoperiod, frozen in liquid N, and stored at -80°C until use. Total RNA was
extracted essentially as described by Danyluk and Sarhan (1990). Leaf tissue (1
g) was ground to a fine powder in dry ice using a mortar and pestie. The powder
was mixed with equal volumes (2.5 mL) of extraction buffer [100 mm Tris-HC! (pH
8.8), 100 mm NaCl, 5 mM EDTA, 1% (w/v) SDS, heparin (40 units mL"*)] and
phenol saturated with 100 mm Tris-HCI (pH 8.8), containing 0.5% (w/v) 8-
hydroxyquinoline at 60°C. The homogenate was allowed to cool to room

temperature and an equal volume of chloroform-isoamyl alcohol (24:1, viv) was
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added. Following centrifugation at 6,000g for 10 min, the aqueous phase was
removed and the organic phase washed again with extraction buffer. The
aqueous phases were combined and re-extracted once with an equal volume of
phenol-chioroform-isoamyl alcohol (25:24:1, v/v/v) and once with chloroform-
isoamyl alcohol (24:1, v/v). Total nucleic acids were precipitated overnight with
2.5 volumes of cold 100% (v/v) ethanol and 0.1 volume of 3.0 M sodium acetate
(pH 5.5) with 5 mm EDTA at -20°C. Nucleic acids were collected by
centrifugation at 6,000g for 20 min and then washed in an equal volume (5 mL)
of 3.0 M sodium acetate (pH 5.5) with 5Smm EDTA for 1 h with constant agitation.
The suspension was frozen at -80°C for 30 min and allowed to thaw at room
temperature, followed by centrifugation at 6,000g for 20 min. This was repeated
and the subsequent RNA pellet was washed once with cold 70% (v/v) ethanol,
dried under vacuum and suspended in DEPC-treated water. RNA was quantified

spectrophotometrically by A.e, (Mmodel UV-160; Shimadzu).

6.2.6 DNA Probe Labelling

Double stranded DNA probes (20 ng) containing the inserts Wes19
(pWes19; Chauvin et al., 1993) or Wes120 (pWes120; Houde et al., 1992a) were
denatured by boiling for 5 min and rapidly cooled on ice. DNA fragments were
labelled by random priming using a mix of hexanucleotides as primers with the
large fragment of Escherichia coli DNA polymerase (Klenow fragment) as

described by Feinberg and Vogeistein (1983, 1984). To the denatured probes,
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10 uL of OLB buffer [OLB: (1 mL of 1.25 M Tris-HCI (pH 8.0) and 0.125 m MgCl,,

18 uL B-mercaptoethanol, 5 uL 0.1 M dATP in TE (3 mM Tris-HCI (pH 7.0), 0.2
mm EDTA) and 5 uL 0.1 M dGTP in TE) with 2 m Hepes (pH 6.6), 90 OD units of
hexanucleotides mL™' TE (100:250:150, v/iviv)], 2 uL BSA (10 mg mL"', nucleic
acid enzyme grade; Boehringer Mannheim, Laval QC, Canada), 20 uCi each of
[a-*P] dTTP and [a-*P) dCTP (specific activity 23000 Ciy/mmol; ICN, Costa
Mesa, CA, USA) and 2 units of Klenow (Pharmacia, Uppsala, Sweden) in a final
volume of 50 uL were added to direct the synthesis of the labelled fragment.
Foliowing a 60 min labelling reaction at 37°C, the mixture was combined with 5
uL each of 0.5 M EDTA (pH 8.0), 3 M sodium acetate (pH 5.5) and tRNA (5 mg
mL™). Unincorporated radionucleotides were removed by precipitating the probe
at -80°C with 2.5 volumes of 100% (v/v) ethanol. After centrifugation at 12,000g
for 5 min, the pellet was solubilized in 50 uL of 0.1 N NaOH prior to immediate

use in hybridization experiments.

6.2.7 RNA Gel Blot Hybridization

Samples (10 ug total RNA) were denatured in 14 uL of formamide-
formaldehyde (1:0.4, v/v) and mixed with 1 uL ethidium bromide (5 mg mL"') and
2.5 uL of 10x Mops buffer 200 mm Mops (pH 7.0), 50 mm sodium acetate, 10
mM EDTA]. The ethidium bromide allowed for visual evaluation of RNA quality
and equal loading on the gel (Rosen and Villa-Komaroff, 1980). The mixture was

heated at 85°C for 15 min and rapidly cooled on ice for 2 min at which time 4 pL
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of loading buffer [(0.25% (w/v) BPB, 5% (v/v) glycerol, 150 mm EDTA (pH 8.0)]

was added prior to loading on 1.5% (w/v) formaldehyde-agarose gels. Gels were
electrophoresed on a DNA Sub Cell apparatus (Bio-Rad) for 5 h at 80 V
(constant voltage) using 1x Mops (pH 7.0) as a running buffer. Gels were then
photographed on a UV-transilluminator (model UVB-40E; Ultra Lum Inc., Carson,
CA, USA) with a Polaroid MP-4 Land camera and type 57 black-and-white Land
film (Polaroid Corp. Cambridge, MA, USA) in combination with a Wratten No. 22
filter (Eastman-Kodak). RNA was transferred to supported nitrocellulose
membranes (Hybond-C Extra, 0.2 um pore size; Amersham Corp.) in 20x SSC
overnight [1x SSC: 0.15 m NaC! and 0.015 m sodium citrate (pH 7.0)). The
membranes were air-dried and then baked at 80°C for 1 h. The membranes
were transferred to a 0.1x SSC soiution at 50°C for 10 min and then to a 5x SSC
at room temperature for 5 min prior to hybridization. The membranes were
placed in glass hybridization tubes and pre-hybridized in a solution containing
2.5 mL of 20x SSC, 1 mL of 0.5 M sodium phosphate buffer (pH 6.5), 1 mL of
100x Denhardt's’s reagent [2% (w/v) Ficoll 400 (Sigma), 2% (w/v) PVPP, 2%
(wiv) BSA], 200 uL of denatured herring sperm DNA (5 mg mL"') and 300 pL of
ddH,O mixed at a 1:1 ratio with deionized formamide in a hybridization oven
(Bachofer, Reutlingen, Germany) for 2 h at 42°C. The membranes were then
subjected to hybridization in a solution containing 2.5 mL of 20x SSC, 1 mL of

0.5 M sodium phosphate buffer (pH 6.5), 100 puL of 100x Denhardt's’s reagent,

300 uL of denatured herring sperm DNA (56 mg mL"), 63 yL poly rA (4 mg mL"),
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50 uL poly rC (4 mg mL™), 50 uL yeast tRNA (10 mg mL™") and 1 g dextran

sulfate (Pharmacia) mixed at a 1:1 ratio with deionized formamide solution to
which the ®P labelled Wcs19 or Wes 120 probe was added, and incubated at
42°C for 12 h. Following hybridization, the membranes were subjected to
several buffer changes of decreasing SSC concentrations (5 to 0.1x). Washing
of the membranes was completed in 0.1x SSC with 0.1% (w/v) SDS at 65°C at
which time they were autoradiographed on X-Omat AR film (Eastman-Kodak) at -
80°C with intensifying screens (Cronex Lightning Plus; DuPont, Mississauga,
ON, Canada). Development occured with GBX developer/replenisher and
fixer/replenisher (Eastman-Kodak). Transcript abundance was determined by
densitometric scanning on a computing densitometer (Molecular Dynamics)

coupled with ImageQuant software (version 3.22; Molecular Dynamics).

6.2.8 Soluble Protein Extraction

Polypeptides of the soluble fraction were extracted as described by Houde
et al., (1992b) with minor modifications. Leaf tissue was harvested 4 h into the
photoperiod and homogenized with a pre-chilled mortar and pestle in a grinding
buffer containing 100 mm Tris-HCI (pH 8.0) and 1 mMm PMSF with a 0.3 g mL"
tissue-to-buffer ratio. The homogenate was centrifuged at 12,000g for 5 min at
4°C. The supernatant was removed and solubilized in an equal volume of 2x
electrophoresis sample buffer [62.5 mm Tris-HCI (pH 6.8), 2% (w/v) SDS, 10%

(wiv) glycerol, 5% (w/v) B-mercaptoethanol, 0.001% (w/v) BPB] as described by
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Laemnili (1970). Protein concentrations were estimated after acetone
precipitation at -20°C and suspension of the pellet in 100 mm NaOH by the
bicinchoninic acid method (Smith et al., 1985) using the BCA reagent (Pierce

Chemical Co.). The manufacturers standard protocol was followed using BSA

(fraction V) as a standard.

6.2.9 SDS-PAGE and immunoblotting

Proteins were separated by SDS-PAGE using a Mini-PROTEAN 1|
apparatus (Bio-Rad) utilizing a 4% (w/v) stacking gel and 10% {(w/v) resolving gel
with a buffer system containing 25 mm Tris-HCI (pH 8.3), 192 mm glycine and
0.1% (w/v) SDS as described by Laemmli (1970). All samples were loaded on
an equal protein basis (5 ug lane™') and a constant current of 15 mA was applied
for 1.5 h at room temperature. Separated polypeptides were electrophoretically
transferred (Mini-Trans Blot; Bio-Rad) to supported nitrocellulose membranes
(Hybond-C Extra, 0.2 um pore size; Amersham) by applying a constant current of
295 mA for 1 h in a transfer buffer containing [25 mm Tris, 192 mm glycine (pH
8.3) and 20% (v/v) methanol as described by Towbin et al. (1979). Equal
protein loading was confirmed by Coomassie Brilliant Blue R-250 (Bio-Rad)
staining of gels run in parallel with the same samples.

After blocking in a 4% (w/v) solution of reconstituted milk powder prepared
in PBS [80mM Na,HPO,, 20mm NaH,PO, (pH 7.5), 100mm NaCl} containing

0.2% (v/v) Tween-20 (PBS-T), the membranes were probed with an antibody
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raised against the 50 kD cold-induced protein from winter wheat (WCS120) at a
1:10,000 dilution (Houde et al., 1992b). After washing with PBS-T, the proteins
recognized by the primary antibod: were identified with anti-goat IgG
horseradish peroxidase conjugate (Sigma) as a secondary antibody at a
1:25,000 dilution. The complex was visualized using the chemiluminescent
detection system (ECL; Amersham) and X-Omat RP film in combination with
GBX developer/replenisher and fixer/replenisher (Eastman-Kodak) following the
manufacturers suggested protocol. Protein abundance was determined by
densitometric scanning on a computing densitometer (Molecular Dynamics)

coupled with ImageQuant software (version 3.22; Molecular Dynamics).

6.2.10 Freezing Tolerance

The ability of leaves to tolerate freezing was determined by changes in
electrical conductivity (Dexter et al., 1932). Three leaf sections, approximately
15 mm in length, were wrapped in wet cheesecloth and placed in test tubes in a
Neslab refrigerated circulating freezing bath (model LT-50DD, Neslab
instruments Inc.) Each tube was seeded with an ice chip and equilibrated at -
1°C for 1 h to initiate freezing, and then cooled at a rate of 2°C h'. Tubes were
removed at 5°C intervals and allowed to thaw at 7°C overnight. Samples were
then equilibrated in deionized water for 24 h at 7°C under constant agitation.
Electrical conductivity of the leachate (C,) was measured with a Radiometer

conductivity meter (model CDM3; Copenhagen, Denmark) at room temperature.
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The tubes were then boiled in a water bath and the total conductivity (C,) in the

leachate determined. Relative conductance (%) was calculated as;

RC =C,/ Cy x 100%
The temperature at which 50% of the total conductivity was measured in the
leachate was defined as the LT, or lethal temperature at which freezing injury
occurred (Griffith and Mcintyre, 1993). This was determined from plots of

relative conductivity versus freezing temperature (Krol et al., 1984).

6.2.11 Cellular Osmolality

Osmolality of cell contents was determined as described by Huner et al.
(1981). Leaves were harvested 4 h into the photoperiod and quickly frozen in
liquid N,, followed by grinding with a pre-chilled mortar and pestie. The
homogenate was centrifuged at 30,000g for 15 min at 4°C to pellet particulate
matter. The osmolality of the supernatant was determined using a vapour
pressure osmometer (model 5100C; Wescor, Logan, UT, USA) calibrated using

sorbitol as a standard.

6.3 Results
6.3.1 Spectral Distributions

The data in Figure 28 and Table XXIV indicate that minimal differences in
light quality were observed for FR, R and B light expressed as a percentage of

PAR. However, UV-A was 3.9-fold greater in the metal halide supplemented




Figure 28. Spectral photon distributions for light sources in Conviron growth
chambers. A, High-output (160W) cool white fluorescent lamps. B, High-output
(160W) cool white fluorescent lamps supplemented with a metal halide lamp

(400W).
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Table XXIV. Spectral photon distributions and light quality ratios of light sources
utilized for developmental studies.

Photon distributions are expressed as a percentage of PAR for high-output cool
white fluorescent lamps and the identical source supplemented with a metal halide

lamp. Measurements were determined with a calibrated spectroradiometer (Oriel

Corp.).
Spectral Region Photon Distribution (% of PAR)
Fluorescent Metal Halide
FR 0.004 0.007
R 0.02 0.02
B 16.30 18.60
UV-A 1.50 5.80
Uv-B 0.30 0.20
Light Quality Ratios
R:FR 4.3 2.20
R:B 0.10 0.09
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chamber. The R:B ratio exhibited no change, while the R:FR ratio demonstrated

a 49% decrease in the metal halide supplemented chamber.

6.3.2 Plant Growth Habit and Osmolality

Figure 29A demonstrates that growth of winter rye at typical non-
hardening conditions (20/250), that is low PSII excitation pressure, resulted in an
elongated growth habit in contrast to the short, compact growth habit associated
with growth at cold-hardening temperatures (5/250), that is high PSll excitation
pressure (Fig. 29A). However, growth at 20/800 also resuilted in a growth habit
comparable to that of plants grown at 5/250 (Fig. 29A). Thus, growth at high
PSII excitation pressure appears to induce the compact growth habit whereas
growth at low PSII excitation pressure (either 20/250 or 5/50) induces an
elongated growth habit (Fig. 29A). Although both 20/800 and 5/250 grown plants
exhibited a compact growth habit, the crown of the 5/250 plants (Fig. 298, arrow)
was considerably larger in comparison to that of 20/800 plants (Fig. 29B). In
addition, the plants grown at 5/50 exhibited greater stem elongation compared to
those grown at 20/250 (Fig. 298 and C). Similar trends in growth habits were
observed for the herbaceous cold tolerant dicot, spinach (Fig. 29C) as well as
winter wheat (results not shown). Thus, changes in plant growth habit also
appear to be sensitive to the reduction state of PSIi as estimated by 1-g;.

The results presented in Table XXV indicate a 1.5-fold increase in cellular

osmolality in 5/250 control plants in comparison to 20/250 grown plants. A



Figure 29. Growth habits for plants of winter rye (S. cereale L. cv Musketeer) and
spinach (S. oleracea L. cv Savoy) developed at the temperature/irradiance regimes
indicated. A, Potted winter rye. B, Individual plants of winter rye. C, Potted
spinach. The arrow indicates the crown tissue. All plants were photographed at

similar developmental ages.
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Table XXV. Cellular osmolality in total leaf extracts of winter rye (S. cereale L. cv

Musketeer).

Measurements were made with a vapour pressure osmometer using sorbitol as

a standard (Huner et al., 1981). All values represent means + SE; n = 3.

Growth Regime

Cellular Osmolality

(°C/umol m?2 %) (mosmol)
20/800 575+ 6
20/250 442 + 3

20/50 451 + 3
5/250 678 £ 12
5/50 579 + 43
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minimal difference was exhibited upon decreasing in the growth irradiance from
250 to 50 umol m2s™ at 5°C (Table XXV). However, increasing the growth
irradiance from 50 to 800 umol m?2 s at 20°C resulted in a 1.3-fold increase in

osmolality (Table XXV).

6.3.3 Wecs19 mRNA Accumulation

RNA gel blot hybridization indicated that Wcs 79 mRNA levels were 37%
higher in rye plants grown at 5/250 than those grown at 20/250 as shown in
Figure 30A. Furthermore, the light-dependence of Wcs 19 accumulation was
demonstrated by 49 and 25% decreases in mMRNA levels with decreasing
irradiance at either 20 or 5°C respectively (Fig. 30A). These data are consistent
with previously published results (Chauvin et al., 1993). However, the level of
Wes19 mRNA in 20/800 plants was similar (£10%) to that of the 5/250 cold-
hardened plants, despite the fact that the former had not been exposed to low
temperature. In addition, the accumulation of Wcs19 mRNA for plants grown at
5/50 was similar (£ 2%) to that of plants grown at 20/250 (Fig. 30A). Since the
level of Wes19 mRNA accumulation is directly correlated (r 2 = 0.91) with 1-g,
(Fig. 31), the accumulation of Wcs79 mRNA in rye appears to respond to PSI|

excitation pressure, rather than to either temperature or light per se.

6.3.4 Wcs120 mRNA Accumulation

Accumulation of Wes 120 mRNA for winter rye is indicated in Figure 32A.




Figure 30. Wcs79 mRNA accumuiation in total leaf extracts of winter rye (S.
cereale L. cv Musketeer) developed at the temperature/irradiance regimes
indicated. A molecular size marker in kb is indicated at the nght. A, RNA gel blot.
B. Ethidium bromide-stained gel. Blots were performed at least twice and similar

results obtained with each experiment.
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Figure 31. Correlation between Wcs79 mRNA accumulation and 1-q; in leaves of

winter rye (S. cereale L. cv Musketeer). Development occurred at a temperature

of 20°C (closed symbols) or 5°C (open symbols) with an irradiance of 800 (¢), 250

(®, O) or 50 (m, O0) umol m? s ;' MRNA accumulation was ~uantified by
densitometric scanning standardized to the 20/250 growth regime of blots with a
shorter exposure time. 1-g, was measured at the growth temperature and growth
irradiance. Where indicated, values represent means + Sg; n = 3. When not
present, error bars are smaller than symbol size. Regression analysis was

performed in SigmaPIlot® version 1.02 (Jandel Scientific, Corte Madera, CA USA).
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Figure 32. Wcs120 mRNA accumulation in total leaf extracts winter rye (S. cereale
L. cv Musketeer) ievelopec at the temperature/irradiance regimes indicated.
Molecular size markers in kb are indicated at the right. A, RNA gel blot. B, Ethidium
bromide-stained gel. Blots were performed at least twice and similar results
obtained with each experiment. Blots were standardized to the 5/2650 growth regime

for quantification by densitometric scanning of blots with a shorter exposure time.
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In contrast to Wes19, the mRNA accumulation of Wes120 is greatest at 5/250.

However, low levels (7 to 15%) can be observed at all the 20°C and the 5/50

growth regimes (Fig. 32A).

6.3.5 Abundance of the WCS120 Protein Family

The accumulation of the WCS120 protein family was also examined as a
function of growth temperature and growth irradiance by immunoblot analysis
with the anti-WCS120 antibody. Figure 33 indicates that high levels of the
WCS120 family of polypeptides were detected upon growth solely at low
temperature. However, growth at 5/50 resulted in a 80% decrease in the
WCS120 protein family abundance in comparison to growth at 5/250 (Fig. 33).
This is consistent with the mRNA accumulation presented in Figure 32A for the
5°C growth regimes. Thus, the WCS120 protein family in winter rye appears to

be regulated by temperature alone.

6.3.6 Freezing Tolerance

As indicated in Figure 34, cold-hardened rye plants (5/250) exhibited a
2.6-fold greater freezing tolerance in comparison to non-hardened controls
(20/250). However, at 5°C, decreasing growth irradiance from 250 to 50 umol m
2 s resulted in 3 52% decrease in freezing tolerance (Fig. 34). In addition, the
LT, of plants grown at 20°C increased by 41% as a function of varying growth

irradiance from 50 to 800 umol m2 s (LT, = -4.3 and -7.3°C respectively; Fig.



Figure 33. Immunological detection of the WCS120 protein family in total |eaf
extracts of winter rye (S. cereale L. cv Musketeer) developed at the
temperature/irradiance regimes indicated. Molecular mass markers in kD are
indicated at the right. Blots were performed at least twice and similar results

obtained with each experiment. Blots were standardized to the 5/250 growth regime

for quantification by densitometric scanning of blots with a shorter exposure time.
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Figure 34. Freezing tolerance in leaves of winter rye (S. cereale L. cv Musketeer)

developed at the temperature/irradiance regimes indicated. All values represent

means t SE; n = 3. When not present, error bars are smaller than symbol size.
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34). Although plants grown at 5/250 exhibited a similar PSIl excitation pressure

compared to those grown at 20/800, their LT, were significantly different (Fig.
34). Thus, freezing tolerance does not appear to be regulated by PSI excitation
pressure. Although the induction of freezing tolerance is dependent upon
exposure to low temperature, the attainment of maximal freezing tolerance is
clearly light-dependent. This is consistent with recent results of Griffith and

Mcintyre (1993).

6.4 Discussion

The data presented in previous chapters indicates that photosynthetic
adjustment can be rationalized in terms of a response to PSIl| excitation
pressure. | demonstrate with the results presented in this chapter that the
reduction state of PSIl, and thus PSIl excitation pressure, aiso has a significant
impact on plant growth habit. The sensing of light and signalling events in
photomorphogenic development are typically associated with photoreceptors,
such as phytochrome, as v:ell as the B and UV photoreceptors (McNellis and
Deng, 1995). However, the results | obtaineu with respect to the compact growth
habit cannot be due to phytochrome for the following reasons. First, the
compact growth habit was observed with no change in photoperiod or light
quality (Fig. 28; Table XXIV). Second, the compact growth habit was induced in
both monocotyledonous and dicotyledonous plants by simply decreasing the

growth temperature from 20 to 5°C at constant irradiance.
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While the control of growth habit can be explained as a response to PSii
excitation pressure, it cannot explain the acquisition of freezing tolerance.
Based on the classic morphological selection criterion of short, compact growth
habit (Fowler et al., 1981; Roberts, 1984; Stushnoff et al., 1984, Blum, 1988),
one would expect 20/800 plants to be as freezing tolerant as the 5/250 cold-
hardened plants (Fig. 29A). However, the former were much less freezing
tolerant than the latter (Fig. 34). This is consistent with the observation of
increased crown size in the 5/250 grown plants in comparison to the 20/800
grown plants, despite the similarity in growth habit (Figure 29B). Thus, | have
shown that the correlation between growth habit and freezing tolerance in
herbaceous plants is serendipitous, and thus, should not be considerad a
reliable selection criterion by itself in breeding programmes for freezing
tolerance.

Although freezing tolerance is ciearly temperature-dependent, the
attainment of maximal LT, is light-dependent. Since plants grown at 20/800 and
6/250 exhibited similar PSII excitation pressures but quite different LT, |
suggest that LT, cannot be regulated by PSH excitation pressure. Instead, it
appears to be regulated independently by both temperature and by light, but in
an additive manner. These changes in LT, are also parallelled by changes in
cellular osmotic potential (Table XXV). Osmolality measurements reflect overal!
solute accumulation and demonstrate an independent temperature and light

eftect. In addition, these changes are observed regardless of the genetic
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potential of the plant for the acquisition of freezing tolerance, as winter rye has
the ability to develop a LT, of -28°C. Since maximal LT, is dependent upon
both temperature and light (Fig. 34), | suggest that the physiology of the plant
supercedes the genetic potential of the same plant in the ultimate expression of
maximal freezing tolerance. | beiieve that this has very important implications for
breeding programmes as well as research into the genetic engineering of
freezing tolerant plants with respect to markers for selection purposes.

| have shown that rye grown at comparably high PSHl excitation pressures
(either 20/800 or 5/250) exhibited comparable levels of Wcs19 mRNA
accumulation. Similarly, rye grown at comparably low PSI| excitation pressures
(either 20/250 or 5/50) also exhibited comparable levels of Wes79 mRNA
accumulation (Fig. 30A). These results cannot be explained on the basis of
either growth temperature or growth irradiance alone. Alternatively, these results
can be rationalized on the basis of PSIl excitation pressure which integrates the
combined effects of temperature and irradiance. Thus, rye plants which exhibit
similar PSII excitation pressures also exhibit comparable levels of Wcs79 mRNA
accumulation (Fig. 30A). Therefore, | suggest that in rye, Wcs19 is under PSI|
redox control rather than temperature or light per se.

Overall, these data indicate that the regulation of maximal freezing
tolerance in herbaceous plants may be even more complicated than previously
assumed. This process appears to result from the interactions of low

temperature, light and redox dependent signals. In orcer to elucidate this
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complex phenomenon, | believe that the contribution(s) of all three potential

signals must be taken into consideration.
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CHAPTER 7

SUMMARY

The proportion of closed PSII reaction centers, measured as 1-@p, is
influenced by the rate of photochemical reduction of Q, relative to the rate of
oxidation of Q, by intersystem electron transport and subsequent CO,
assimilation. Therefore, the extent of PSII closure reflacts the relative reduction
state of Q,, that is [Q, s / (Qa e+ Qa ). PSIl closure is the consequence of an
imbalance between the energy absorbed through photochemistry and energy
either utilized through intersystem electron transport and carbon assimilation, or
energy dissipated through non-photochemical processes (Dietz et al., 1985;
Ogren, 1991; Dau, 1994a, 1994b; Huner et al., 1995; Maxweli et al., 1995a;
1995b; Huner et al., 1996; Savitch et al., 1996). Photoautotiophic organisms
must constantly achieve this balance of overall energy supply and energy
consumption through intersystem electron transport and ceilular metabolism.
Since the oxidation of PSIl represents the rate-limiting step in the conversion of
light energy to ATP and NADPH, any imbalance can be sensed through the
modulation of the redox state of PSil (Huner et al., 1996).

The results presented in this thesis demonstrate that higher plants
respond to PSI| excitation pressure (1-g;), as do green algae and cyanobacteria,
but in a significantly different manner. The green alga Chlorella vulgaris adjusts
to high PSIi excitation pressure created either by growth at low temperature or at

high irradiance by increasing the capacity for non-radiative dissipation of excess
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excitation energy through Zx and lowering the probability of light absorption due
to a decreased abundance of light-harvesting polypeptides (Maxwell et
al.,1995a; 1995b). This occurs without any positive adjustment at the level of
enzyme capacity and photosynthetic carbon assimilation (Savitch et al., 1996).
In contrast, growth of winter cereals at high PSIl excitation pressure results in an
increase in Chl content and minimal changes in photosynthetic light-harvesting,
with no significant changes in xanthophyli profiles. Furthermore, winter cereals
appear to exhibit an enhanced PS,,,, in part, as a consequence of increased
SPS activity whereas Chlorella is unable to adjust at the level of the Suc
biosynthetic pathway (Savitch et al., 1996).

The data presented demonstrate that the typical experimental design
used to elucidate cold acclimation by comparing 20/250 and 5/250 plants is
seriously flawed from a mechanistic point of view. Typically, the assumption
which is made is that any differences observed in these cold-hardened plants
compared to the non-hardened control plants are due to growth temperature
effects. However, the previous reports for green algae (Maxwell et al., 1995a,
1995b), as well as the data presented in this thesis show that this assumption is
invalid. | suggest that only by comparing physiological and molecular responses
as a function of growth at high (5/250; 20/800) and low (5/50; 20/250) PSII
excitation pressures can one separate the effects of temperature, light, and
redox control.

This is particularly evident if one examines the photosynthetic data
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presented in this thesis. In contrast to previous reports, | conclude that cold
tolerant, herbaceous plants grown at 5/250 exhibit a greater tolerance to
photoinhibition than plants grown at 20/250 not because of low growth
temperature per se, but rather, as a consequence of growth under high PSli
excitation pressure, and the subsaquent photosynthetic adjustment which
occurs. In addition, it has been reported that the ability of cereals to increase
PS.. as a consequence of low growth temperature was correlated to their
freezing tolerance, with spring cereals being less able to adjust PS,,,, than winter
cereals (Oquist et al., 1993a). The results in this thesis are consistent with this
report. However, | also demonstrate that SPS activity is sensitive to growth
irradiance as well as growth temperature. These data indicate that spring and
winter wheat exhibit a differential capacity to adjust photosynthetic carbon
metabolism to growth irradiance, as well as growth temperature.

| believe that the experimenial design presented in this thesis is valid for
any environmental stress condition and shouid not be confined to low
temperature responses. Light, the ultimate source of energy for all processes in
photoautotrophs, enters the biological system through the chloroplast. Although
light is essential, excessive excitation is detrimental to all photoautotrophs.
Therefore, photosynthetic organisms must constantly balance energy absorbed
through the photosynthetic apparatus with energy utilized through metabolism.
All environmental stresses have the potential to upset this balance and alter

redox poise (Huner et al., 1995; 1996). Therefore, it has been suggested that
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the redox state of PSIl, measured as 1-g; reflects overall chloroplastic redox
poise (Huner et al., 1996). Based on this assumption, | suggest that a
photosynthetically generated redox signal may be the first component in a redox
sensing’signalling pathway, synergistic to other signal transduction pathways
which may trigger an integrated stress respcnse. Thus, the photosynthetic
apparatus is not only involved in energy transduction, but should also be
considered an important sensor, capable of detecting alterations in the
environment through changes in chloroplastic redox poise as illustrated in Figure
35.

The green alga Dunaliella salina respends at the level of gene expression
to PSHI excitation pressure with respect to cab mRNA abundance which is a
product of nuclear-encoded g2nes (Escoubas et al., 1995; Maxwell et al. 1995b).
The data presented in this thesis also provides evidernce that this redox signal
affects nuclear gene expression. By examining two genes associated with cold
acclimation, | have demonstrated that one (Wcs19) is responsive to PSIi
excitation pressure and not low temperature per se. This provides further
evidence for the experimental design adopted in this thesis. Further, it calis to
question the actual relevance of these genes to the process nf cold acclimation
and their precise role in freezing tolerance. in addition, overall plant growth habit
is affectc 4 by PSII excitation pressure and chloroplastic redox poise. Clearly, a
developmental response such as this would require the temporal and spatiat

expression of a large number of genes. Thus, | believe chloroplastir redox



Figure 35. Proposed sequence of events in chloroplastic redox signal transduction
associated with environmental stress responses.

In photoautotrophic organisms, light energy is absorbed by the
photosynthetic apparatus and transduced through a series of thylakoid membrane
redox reactions to produce chemical energy (ATP) and reducing equivalents
(NADPH). PSti excitation pressure is a measure of the redox state of Q, and is
equal to Q, o / (Qa,ea + Qa o )- This reflects the redox poise of intersystem electron
transport and photosynthetic carbon metabolism. Environmental stress of any type
is sensed by the plant through an imbalance in chloroplastic redox poise which is
induced by a decreased ability to utilize absorbed energy through metabolism.
Chioroplastic redox poise has been shown to re, ulate chloroplastic gene expression
(Allen et al., 1995a; Danon and Mayfield, 1994). In addition, a photosynthetically
generated redox signal is transduced to the nucleus which results in altered
expression of nuclear genes such as Wcs19 in winter rye and cab in green algae
(Escoubas et al., 1995; Maxwell et al., 1995b). Regulation by chloroplastic redox
poise as reflected by changes in PSIl excitation pressure extends beyond
photosynthetic acclimation and influences the growth habit of cold toierant,

herbaceous plants.
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control may play a significant role in development, providing the appropriate
cues, sensed from the prevailing environment (Anderson et al., 1995).

However, relatively little is known with respect to the complex
mechanisms involved in plant signal transduction in comparison to other well
studied systems (Trewavas and Gilroy, 1991; Verhey and Lomax, 1993; Bowler
and Chua, 1994). Recent studies involving low-temperature signal transduction
in alfalfa have demonstrated the induction of cold-acclimation-specific {cas)
genes at 25°C by simply providing a transitory influx of extracellular calcium,
confirming its role in the transduction pathway (Monroy and Dhindsa, 1995).
Redox regulation as a mechanism of translational control has been implicated in
components of photosynthetic and mitochondrial electron transport chains (Kim
et al., 1993; Allen et al., 1995a, 1995b; Levings and Siedow, 1995; Vanlerberghe
et al., 1995) and PSI| core polypeptides (Danon and Mayfield, 1994).
Furthermore, two-component redox sensing/signalling mechanisms previously
assumed to be prokaryotic specific (Bourret et al., 1991; luchi and Lin, 1993;
Parkinson, 1993) have been reported in eukaryotes such as yeast and higher
plants (Chang et al., 1993; Ota and Varshavsky, 1993; Alex and Simon, 1994;
Hughes, 1994; Maeda et al., 1994; Braun and Walker, 1996; Chang, 1996).

In this thesis | show that cold acclimation is a complex process, influenced
not only by temperature, but also by light and chloroplastic redox poise. In
addition, regulation by chloroplastic redox poise extends beyond photosynthetic

acclimation and influences plant growth habit and the expression of a gene
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thought to be involved in the cold acclimation process. Therefore, | suggest that
acclimation of photoautotrophs to temperature, light, or any environmental
stress, share a common redox sensing/signalling mechanism which may be
integrated with other signal transduction pathways to elicit the appropriate
physiological and molecular responses to the environment. Clearly, any
attempts to increase levels of freezing tolerance or the tolerance to any abiotic
stress must take into account the complexity of the interaction between abiotic
stresses such as temperature, nutrient status, water availability and the

fundamental energy source for all photoautotrophs, light.
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