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ABSTRACT

Claeyssen, Eric. M.Sc., The University of Manitoba,
of Maize Suspension Cells Transformed with a
Professor; Robert D. Hill.

May,2002. Growth and Respiration
Barley Phytoglobin Gene. Major

Phytoglobins (nonsymbiotic haemoglobins) are widely distributed in the plant

kingdom, however their function has remained elusive. The effects of phytoglobin on cell

growth and respiration in hyperoxia and hlpoxia were examined in maize suspension

cells expressing varying phytoglobin levels. A 3o/o Oz treatment, inducing hypoxic

metabolism in wild-typ e maize cells, triggered an increase in steady-state levels of
phytoglobin. Alternatively, a hyperoxic (100% Où treatment, which circumvented

hypoxic metabolism that may take place in air-grown cultures, left phytoglobin levels

unaltered.

Phytoglobin levels were determined in wild-type maize cells and in cells

transformed with the barley phytoglobin gene to under-express (PGB-) or over-express

(PGB.) phytoglobin, in hyperoxia and hypoxia. Under aerated, hypoxic and hyperoxic

conditions, a decline in fresh weight during cell ageing correlated with under-expression

of phytoglobin in PGB- cells. FurtheÍnore, the growth of the PGB* line was unaffected

by hypoxia, whereas that of the wild{ype and PGB- lines was reduced compared to

growth in hyperoxia. The cell 02 uptake rate (OUR) was fitted to a Michaelis-Menten

model, and characterised by a maximal OtlR (V^u*) and a half-saturation point (apparent

Kn.'). The maximal OIIR of the PGB- line was not maintained over days in hyperoxia and

was diminished from hyperoxia to hlpoxia, whereas that of the PGB* line was unaffected

by cell age and hypoxia. The actual OIJR of the three cell lines was decreased from

hyperoxia to hypoxia. However, the decrease was inversely proportional to the

phytoglobin content of the cell lines, suggesting that phytoglobin is involved in an 02-

consuming process under hypoxia. The half-saturation point of wild-type and PGB+ cells

(12 pM 02) was significantly higher than that of PGB- cells (7 lrM Oz), both in hyperoxia

and hypoxia. The CO2 release rate (CRR) of PGB* cells was higher than that of the wild

type in hyperoxia and hypoxia. The CRR of the PGB- line was generally higher than that

of the wild type in hyperoxia and hypoxia, but was not maintained over days in hypoxia.

The cell CRR was decreased equally in the three lines from hyperoxia to h1,poxia,



suggesting that phytoglobin does not support respiration under hypoxia. The respiratory

quotient (RQ) of the three lines ranged from 0.46 to 0.72 in hyperoxia and hypoxia.

These values correlated positively with phytoglobin levels in the maize cell lines under

hyperoxia on days 3 and 4 of culture, which may reflect lesser carbon use efficiency in

the presence of phytoglobin. Several hypotheses on the role of phytoglobin in plants are

discussed in the light of the above results.



l.O INTRODUCTION

Several types of haemoglobins have been characterised in plants. "Nonsymbiotic

haemoglobins" are widely distributed across the plant kingdom and are expressed in

various tissues and conditions, which led to their new appellation of "phytoglobins" (R.D.

Hill, personal communication). In spite of their wide distribution, their function is still

unclear. The main objective of this research is, therefore, to add to the understanding of

the physiological role of phytoglobins in plants.

A number of plant species, including barley (Hordeum vulgare) and maize (Zea

mays), are known to express phytoglobin as part of an adaptive response to hypoxia, i.e.

low oxygen stress. The approach taken by this thesis is to examine the effects of varying

expression levels of phytoglobin on the response to hypoxic stress of a study system. The

use of maize suspension cells transformed with the barley phytoglobin gene to over-

express or alternatively, to under-express phytoglobin, would be particularly suited for

the present studies. lndeed, the comparison of the transformants with increased and

decreased phytoglobin expression levels compared to the wild type, has proven highly

informative regarding the effect of phytoglobin on the metabolism of hypoxically-

stressed cells.

Furthermore, the comparison of maize cell lines expressing different levels of
phytoglobin requires that the research be conducted in reproducible conditions. In that

prospective, the setup of two treatments to supply the cells with sufficient amounts of
oxygen or alternatively, to trigger the onset of hypoxic metabolism in the cells, would

allow comparison of hypoxic and normoxic metabolism of cells with altered expression

of phytoglobin. A marker of hypoxic metabolism may be sought to confirm that the onset

of hypoxic metabolism is triggered by one treatment, while it is shut down or at least

limited by the other. It would be of prime importance to assess the levels of expression of
phytoglobin in the different cell lines used in the study, under the conditions imposed by

the two treatments, so that any further measurement could be related to phytoglobin

amounts in the system.

The finding that phytoglobin helps maintain the growth of alfalfa roots under

hypoxia, has raised the question of whether this may be a common response among

plants. The maize cell system may then prove beneficial to investigate cell growth in
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relation to phytoglobin expression levels, under both hypoxia and non-limiting oxygen

supply.

Interestingly, phytoglobin helps to maintain the energy charge of plant cells under

hypoxic stress. This has raised the question as to whether phytoglobin might be involved

in a process that affects the fermentative and respiratory activities of hypoxic cells. It

follows that some valuable clues may be provided by studying oxygen uptake and carbon

dioxide production by cell lines expressing different phytoglobin levels, in both

conditions.

Therefore, the objectives of this thesis are to determine whether phytoglobin

expression influences oxygen uptake, carbon dioxide production and growth of maize

cells when oxygen availability varies. The approach taken may help to gain further

insight into the mode of action of phytoglobin in the response of plants to hypoxic stress,

with the ultimate goal to clarify the function of phytoglobin in plants.



2.0 LITERATURE REVIEW

2.1 Introduction

Haemoglobins are ubiquitous in the living kingdom, and examples abound of

organisms expressing several types of haemoglobins with distinct properties and

functions. This applies to plants whose haemoglobins are now categorised as either

slnnbiotic, nonsymbiotic or truncated, with considerable differences in their sequence,

expression patterns and O2-binding properties.

Nonsymbiotic haemoglobins have been renamed "phytoglobins" in reference to

their widespread distribution across the plant kingdom and their varied expression

patterns in plants. Despite such broad occurrence, the physiological role(s) of
phytoglobins has remained enigmatic. Several hypotheses have been proposed, which

will be reviewed along with information on the expression patterns and biochemical

properties of phytoglobins. The known functions of haemoglobins in various biological

systems will also be considered to gain a broader picture of the role of these widespread

proteins.

A number of phytoglobins are induced by hypoxia, i.e. a lack of oxygen. It has

been shown that this type of phytoglobin helps maintain the energy status of cells under

hypoxic stress. With this in mind, the adaptive response of plants to low Oz stress will be

reviewed, with special emphasis on their energy metabolism. The possible involvement

of phytoglobin in the process of hypoxic acclimation will be discussed in the light of the

current data and hypotheses on their biochemistry.

2.2 Phytoglobins: New Name for a New, Major Type of Plant Haemoglobin

The term "nonsymbiotic" was initially used to differentiate a novel type of

haemoglobin from the well-characterised s)¡mbiotic haemoglobins. "Nonsyrnbiotic

haemoglobins" have since then been revealed to be widely distributed among plants and

to be expressed in various tissues and conditions. Therefore, the new appellation of
'þhytoglobins" was chosen to describe those haemoglobins more appropriately Qthytos

stands for "plant" in Greek).



2.2.1 Haemo globins are Oxygen-B in din g Proteins

Haemoglobins (Hbs) are characterised by their ability to reversibly bind oxygen.

They consist of a globin polypeptide of six to eight cr-helical segments named A to H that

enclose a prosthetic group, the haem (Rawn, 1989; Weber and Vinogradov, 2001). The

haem is a tetra-pyrrole ring, protoporphyrin IX, with a chelated Fe atom; it is the oxygen-

binding site of haemoglobins (Appleby, 1992). The haem is responsible for the red colour

of haemoglobins, due to its spectral characteristics of a Soret band in the 400 nm region,

and two visible c¿ and B bands in the 500 nm region (Appleby, 1992).

Haemoglobins exist in nature as monomers, dimers, tetramers or multimers with

subunits in various orientations, but which exhibit a conserved globin fold - the

"myoglobin fold" (Wittenberg and Wittenberg, 1990; Suzuki and Imai, 1998; Weber and

Vinogradov, 2001). Variations appear in some invertebrates with multidomain Hbs

(Riggs, l99l), and with the yeast and bacterial "chimeric" Hbs that possess a flavin-

binding domain at their C-terminus (vasudevan et al., r99l; zhu and Riggs, l99z;

Cramm et al., 1994; see Weber and Vinogradov, 2001 for an exhaustive list). More

unusual are the truncated Hbs of unicellular organisms and plants, that have only four cr-

helices arranged in a distinct, specific fold (Pesce et a\.,2000; Watts et a\.,2001).

In some multimeric Hbs such as the tetrameric Hb of erythrocytes, binding of
oxygen to one haem facilitates the binding of additional oxygen to the other haems, an

effect called cooperativity (Perut2,1979; Dumoulin et a\.,1995). Plant haemoglobins are

either monomers or homodimers without haem-haem interactions; their subunits have a

molecular mass around 18 kDa (Harutyunyan et a1.,1995; Watts et a1.,200I; Goodman

and Hargrove, 2001).

Oxygen binding by Hbs is based on the ability of their haem Fe2* (ferrous) iron to

combine reversibly with the Oz molecule instead of being irreversibly oxidised (Perutz,

1979). Full oxidation of the haem iron is prevented by the highly-conserved Phe CDl and

Val (or Leu) Ell residues, which provide a steric hindrance to the approach of the Oz

ligand (Rawn, 1989; weber and vinogradov, 2001). oxygen-binding properties of
haemoglobins arise from interactions between the polypeptide and the haem, therefore

haemoglobins with different amino-acid sequences bind Oz with different kinetics (Table
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2.1).h will be shown in this review that the various functions of haemoglobins are linked

to their ligand binding kinetics.

Other than oxygen, haemoglobins are known to bind small ligands such as nitric

oxide (NO'), carbon monoxide and hydrogen sulphide. The affinity of Hbs for those

ligands is much higher than for oxygen, which accounts for their highly toxic properties

(Rawn, 1989; Appleby, 1992). Interestingly, NO' is known to bind to Hb in virtually all

organisms but plants. Its possible implication in phytoglobin-catalysed reactions in plants

will be discussed in a later section.
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Table 2.1. Kinetics and equilibrium constants for the reactions of various haemoglobins
with oxygen.

Organism, Species Hb type
k'oN

pM-l.sec-l

Ko (: k/k')

nM

k ooo
_l

sec '

Bacteria

MycobacteriumHbNn

Nostoc GlbN å

Nematodes

Ascaris'

Unicellular algae

Chlamydomono, d

Higher plants

HordeumHb "

Oryza rHbl /

Arabídopsis AHBI c

Arabidops¿s AHB2 s

Arabidopsis GLB3 /'

ParasponiaHbl I

CasuarinaHb2i

GlycineLbai

Mammals

PhyseterMb n

Homo cr Hb (R state) /

p FIb (R state) /

trHb

trHb

trHb

Pgb

Pgb

Pgb classl

Pgb class2

trHb

Pgb+symb

symb

symb

0.2

79

0.004

0.014

0.027

0.038

0.t2

0.t4

0.3

15

5.5

5.6

l2

28

18

25

390

1.5

9.5

68

75

1.1

0.2

t65

4l

120

t4

s0

60

8

203

2.7

2.86

0.s6

1.6

t27

I 500

9T

134

47

857

s60

300

The equilibrium dissociation constant Kp represents the dissolved oxygen concentration
at which the protein is halÊcombined with the ligand. Hb: haemoglobin; Mb: myoglobin;
Pgb: phytoglobin; symb: symbiotic haemoglobin; trHb: truncated haemoglobin.

nCouture et al.,I999b
åThorsteinsson el al., L999
"Gibson and Smith, 1965
dCouture et al.,1999a

"Dlff et a1.,1997 'Gibson et a1.,1989
4A.rredondo-Peter et al., I99l
sTrevaskis et a1.,1997 /Olson et a1.,1987

"wutts et a1.,2001



2.2.2 Haemo glob ins are Ub iquitous, Polymorphous Proteins

The existence of haemoglobins in animals has long been common knowledge,

however their discovery in all kingdoms is relatively recent. Evidence has also

accumulated that reveals a multiplicity of Hb classes with distinct functions within each

organism (Hardison, 1998; Weber and Vinogradov, 2001).

In yeasts and bacteria, flavohaemoglobins (FHbs), also called "chimeric" Hbs,

consist of an N-terminal globin fused with a C-terminal flavin-binding domain (Zhu and

Riggs, 1992; Weber and Vinogradov,200l). The flavohaemoglobin Hmp of Escherichia

coli, has been shown to consume Oz and NADH to detoxify NO' arising from nitrogen

metabolism (Gardner et al., 1998; Hausladen et a1.,1998). Hmp degrades NO'via two

mechanisms that both require 02 (Kim et al., 1999; Stevanin et a|.,2000). Another type

of haemoglobin, truncated Hb (trHb), has been characterised in bacteria as well as in

other organisms. The trHb of Nostoc commune is induced by nitrogen starvation and

oxygen deprivation, and is presumed to be involved in nitrogen fixation as an 02

scavenger (Thorsteinsson et al., T999). Also, a trHb has been postulated to protect the

bacillus Mycobacterium tuberculosis against reactive nitrogen species (Couture et al.,

1999b). Analysis of microbial genomic sequences indicated that certain eubacteria such

as Bacillus or Staphylococcus, contain both FHbs and trHbs, which suggests specific

functions for each type (Pesce et aL.,2000).

Nematodes also possess several types of Hbs, which vary from one-domain

cytoplasmic isoforms through extracellular tetramers to two-domain extracellular

octamers (Pesce et al., 2001; V/eber and Vinogradov, 200i). The octameric FIb has been

suggested to use NO' to detoxify Oz, as the latter threatens the anaerobic metabolism of

the worm (Goldberg, 1995; Mirming et al., 1999). Nevertheless, the No' dioxygenase

activity of this Hb may also protect the nematode from NO' generated by innate host

defenses (Minning et a1.,1999).

The best-known Hbs are found in vertebrates: they are the monomeric Mb and the

heterotetrameric Hb of red blood cells. Mb functions in muscle tissue as an oxygen

storage and delivery protein, while Hb is an oxygen carrier responsible for its transport in

the blood (Hardison, 1998). The erythrocyte Hb complexes Oz and NO' in the lungs and
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releases them in distant capillaries as a result of an 02 gradient. NO' released from Hb

provokes the vasodilation of arterioles, thereby regulating blood flow and 02 delivery to

peripheral tissues (Stamler et al.,1997; Furchgott, 1990). A trHb, called neuroglobin, has

recently been discovered in human brain; it is similar in several respects to plant and

bacterial trHbs but its function has remained elusive (Trent et a\.,2001).

In plants as in other kingdoms, Hbs fall into several categories. Symbiotic

haemoglobins are expressed in plants that enter symbiosis with microorganisms. They are

best represented by leghaemoglobins (Lbs) that are produced in the nodules of legume

plants, where they regulate the oxygen supply to nitrogen-f,rxing rhizobia (V/ittenberg er

al., 1974). Since their discovery, phytoglobins have been identified in more than 15

dicots and monocots (Dordas et aL.,2002c), suggesting their presence in all plants. Such

widespread distribution of phytoglobins suggests considerable physiological significance,

however their role(s) remains to be elucidated. The same holds true for the trHbs

discovered in the unicellular alga Chlamydomonas eugametos (Couture et al., 1994) and

in Arabidopsis thaliana (Watts et a1.,2001). The A. thaliana trHb, highly similar in

sequence to bacterial trHbs, is expressed throughout the plant and responds to none of the

treatments that induce phytoglobins, which supports the view of a novel function (Watts

et aL.,2001).

2.2.3 Haemoglobins in Plants

2.2.3.1 The Symbiotic Haemogloåins. Since their discovery in the root nodules of
soybean (Glycine max) (Kubo, 1939), symbiotic Hbs have proven essential in the process

of symbiotic nitrogen fixation (Appleby, 1984). This process takes place in the nodules of
symbiotic plant roots where the bacteroid reduces atmospheric N2 into nutrients for the

host plant. To date, the best known microsymbionts are Rhizobium and Bradyrhizobium

(Rhizobiaceae) and Frankia, an actinomycete (Ishizuka, 1992). Members of the

Rhizobiaceae are specialised in symbioses with leguminous plants, but also infect a non-

leguminous plant: Parasponia, a member of the Ulmaceae family (Appleby et a1.,1983).

Frankia nodulates a variety of non-leguminous dicots to form actinorhizal symbioses

(Silvester and Winship, 1990).
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Reduction of atmospheric N2 in all these symbiotic systems relies on the activity

of bacteroid-encoded nitrogenase. The reaction catalysed by nitrogenase consumes

substantial amounts of energy in the form of ATP and hence, requires vigorous

respiration by the bacteroid (Kennedy and Tchan, 1992). Paradoxically, the oxygen that

is necessary for respiration readily inhibits nitrogenase activity. Consequently, root

nodules have evolved complementary mechanisms that resolve this paradox. Thus,

mechanical barriers exert a physiological control over their permeability to 02 diffusion

and maintain a microaerobic environment within symbiotic tissues (Hunt and Layzell,

1993). In addition, symbiotic Hbs provide bacteroids with adequate 02 supply, i.e. that is

sufficient for respiration but low enough to prevent nitrogenase inactivation (Appleby,

re84).

The ability of symbiotic haemoglobins to fulfill their function arises from peculiar

O2-binding properties and expression patterns. First, the haem pocket is readily accessible

to Oz (Rohlfs et al., 1988), and globin-haem interactions render the haem very reactive

(Harutyunyan et aL.,1995). As a result, symbiotic Hbs have high Oz association constants

(Table 2.1) fo scavenge Oz and keep nitrogenase from inactivation (Hargrove et al.,

1997). Secondly, symbiotic haemoglobins have moderately low dissociation rate

constants (Table 2.1) and are abundant (nearly 3 mM) in the cytoplasm of nodules. This

makes them suited for facilitating Oz diffusion to a high-affinity bacteroid oxidase

(Appleby, 1992; Hargrove et a|.,1997).

Considerable knowledge was gained on plant Hbs with the isolation of a

symbiotic Hb from P. andersonii, the only non-leguminous host of Rhizobium (Appleby

et al., 1983). This Hb was located in both nodules and nonsymbiotic parts of the plant,

suggesting a symbiotic as well as nonsymbiotic function (Bogusz et a1.,1988; Appleby,

1992). This cast the unprecedented view that the presence of haemoglobins may extend

beyond nodules for functional purposes other than symbiosis.

2.2.3.2 The Phytoglobins. The isolation of an Hb gene from Trema tomentosa, a

member of the Ulmaceae related to Parasponia, was the first demonstration of the

presence of Hb in a non-nodulating plant (Bogùsz et aL.,1988). There followed a major

breakthrough with the identif,rcation of Hb sequences in monocots including barley,
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maize, wheat (Triticum aestivum), rye (Secale cereale) and triticale (Triticosecale)

(Taylor et al., 1994). This provided strong supporl for a widespread distribution of
"nonsymbiotic Hbs" in the plant kingdom. Since then, similar Hbs have been discovered

in rice (Oryza sativa) (Sasaki et al., 1994), in several legumes (Andersson et a1.,1996), in

A. thaliana (Trevaskis et a1.,1997) and in about 15 other species (Dordas et a1.,2002c).

Such widespread distribution across the plant kingdom justified their new, broad

appellation of "ph¡oglobins" (Dordas eÍ al.,2002c).

Sequence analyses revealed that symbiotic haemoglobins and phytoglobins cluster

into two distinct, coherent subdivisions within the Hb family (Andersson et al., 1996).

Phytoglobins are found as dimers in plant tissues whereas s¡rmbiotic haemoglobins are

monomeric (Goodman and Hargrove, 2001). Another distinction appears in their 02-

binding properties, as phytoglobins are much more oxygen-avid than symbiotic Hbs

(Table 2.1; Arredondo-Peter et aL.,1998). lnterestingly, A. thaliana expresses several Pgb

isoforms that segregate in similar respects: AHBl is a typical phytoglobin while AHB2

more closely resembles symbiotic Hbs, in terms of gene sequence and O2-binding

properties. AHB2 further displays a pH-dependent 02 affinity, a feature that is found in

symbiotic Hbs (Trevaskis ¿r al., 1997). An AHB2 homologue was identified in Brassica

napus (unpublished data cited in Trevaskis et al., 1997), however none appeared among

the rice Pgb isoforms (Arredondo-Peter et al.,1997;Lira-Ruan ¿/ a\.,2001).

Phytoglobins are expressed in seeds and in a variety of plant parts, with highest

levels being reached in metabolically active or stressed tissues. Thus P. andersonii and, T.

tomentosa Hb gene promoters directed transgene expression in root meristems and

vascular bundles of transgenic tobacco and lotus roots (Bogvsz et al., 1990). Andersson

et al. (1996) detected Pgb transcripts in different parts of soybean plants, with the highest

expression levels in stems. Pgb expression also appears in root tips of germinating seeds

(Duff et aL.,1998). At the cellular level, phytoglobins are found at low concentrations in

the cytosol (5 to 20 pM in barley; Duff et al., 1997), and in the nucleus of alfalfa

(Medicago sativa) cells during G2/M transition (Serégelyes et a1.,2000). Hypoxia has

been shown to induce Pgb gene expression in roots of barley (Taylor et al., 7994), maize

(Silva-Cardenas,1997), A. thaliana (AHBI gene; Trevaskis er a\.,1997), and rice (Lira-

Ruan ¿/ al., 2001). lncreased levels of phytoglobin transcripts and proteins were also
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observed in suspension cells (Serégelyes et aL.,2000) and roots (Dordas et aL.,2002a) of

alfalfa, respectively, under hypoxia.

The number of phytoglobin genes varies amongst plant species. For instance,

there is evidence to support that barley, maize and rye possess a single copy gene of
phytoglobin (Taylor et al., 1994). Other species express multiple phytoglobin genes

according to different expression patterns. In A. thaliana, the AHBI gene is expressed in

roots and rosette leaves and induced by hypoxia and nitrate, whereas the AHB2 gene is

expressed in rosette leaves and induced by cold stress (Trevaskis et al., 1997;Wang et

a1.,2000). A differential expression pattem was also observed in rice, as Hbl and Hb2

transcripts were detected in leaves but only Hbl transcripts were detected in roots of

mature plants. It was proposed that rice hb[ and hb2 genes have different promoters and

hence, are regulated independently (Arredondo-Peter et aL.,1997; Lira-Ruan et a|.,200I).

Altogether, the results suggest that different phytoglobin isoforms caffy out different

functions within the same plant. The research presented in this thesis focuses on the

involvement of barley and maize phytoglobins in the response to hypoxic stress.

Therefore, the next sections of the review will focus on hypoxia-inducible phytoglobins.

2.2.3.3 The Truncøted Haemoglobins. These novel Hbs are characterised by short

amino-acid sequences, arranged in 2-over-2 sandwiches of u-helices that differ from the

classical 3-over-3 fold (Pesce et a1.,2000). They are found as monomers or dimers in

distant organisms such as bacteria, plants and vertebrates (Hvitved et aL.,2001; Watts e/

al., 200I; Trent et a1.,2001). In the plant kingdom, trHbs are widespread and form a

distinct subdivision within the plant Hb family (Watts et a1.,200I). The gene encoding

the A. thaliana trHb (GLB3) shares up to 65% identity with counterparts from dicots,

monocots and mosses (Watts et aL.,2001). Thus far, only the trHbs of A. thaliana (Watts

et a1.,2001) and the alga Chlamydomonas eugametos (Couture et al., 1994) have been

studied extensively. Their O2-binding properties and gene expression pattems suggest

disparate, unrelated functions (Pesce et a|.,2000).
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2.2.4 What Function(s) for Phytoglobin ?

The objective of the present thesis is to add to the understanding of the function of
phytoglobins that are involved in the response to hypoxic stress. Therefore, the following

sections will discuss the various hypotheses proposed for the function of these

phytoglobins, in the light of what is known about their expression pattems and chemical

properties. Knowledge about haemoglobins from other biological systems will also be

considered in the review.

2.2.4.1 Phytoglobin as a Facilitator of Oxygen Dffision. Phytoglobin was

proposed to be involved in facilitation of oxygen diffusion, by analogy to vertebrate

myoglobin and plant symbiotic Hb (Andersson e/ al., 1996). Levels of myoglobin and

symbiotic Hb exceed 02 concentration by 30 and 10,000 fold, respectively, which is

crucial to their function (Wittenberg and Wittenberg, 1990). Does this apply to
phytoglobin? Barley phytoglobin is present at low concentrations, between 5 and 20 ¡rM,

in the cytosol of root cells (Duff et al., 1997). It follows that the reservoir of
oxyphytoglobin would be extremely low with the result that tissues would be provided

with scarce levels of oxygen. This makes phytoglobin a poor candidate for facilitation of
Oz diftusion (Hill, 1998).

The kinetics of 02 binding by phytoglobin is also unfavourable to a role in Oz

diffusion facilitation. Myoglobins and symbiotic haemoglobins have dissociation rate

constants (from 5 to 15 sec-r; Table 2.1) that make them release Oz at non-limiting rates

in sites requiring 02. Comparatively, the deoxygenation rate of phytoglobin is too slow

(near 0.03 sec-t for barley and rice Pgbs, Table 2.1) to maintain 02 levels sufficiently

high to be effectively used in an enzymatic reaction. ln addition, the extremely low Kp

(3 nM or below; Table 2.1) of phytoglobin makes it completely ineffective in providing

oxygen to any known oxidase (Hill, i998). Because of these considerations, it seems

unlikely that phytoglobin functions in facilitating Oz diffusion.

2.2.4.2 Phytoglobin as an Oxygen Sensor and Signal Transducer. Appleby et al.

(1988) were the first to propose that deoxygenation of phytoglobin during a drop in Oz

supply may trigger the response of plants to hypoxic stress. There is strong evidence to
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support haemoprotein-based oxygen sensing in bacteria, with FixL (Gilles-Gonzalez et

al., 1994). FixL, found in the bacteroid Rhizobium meliloti, possesses a haem and a

protein kinase domain at its C-terminus. Upon deoxygenation, its kinase is activated and

phosphorylates a transcriptional activator that in turn, triggers the expression of critical

N2-fixation related genes (Gilles-Gon zalez et al., I99 4).

A critical factor in determining the effectiveness of an oxygen sensor is the 02

concentration at which it becomes appreciably deoxygenated. This is reflected by the

dissociation constant, which is 31 ¡rM for FixL (Gilles-Gonzalez et al., 1994). With a

dissociation constant between 0.5 and 3 nM (Table 2.1), phytoglobin will remain

oxygenated at 02 levels far below those at which anaerobic processes are activated (Hill,

1998). In addition, it was shown in barley that transcription of the phytoglobin gene is

regulated by ATP, or by a product of ATP action, but not directly by Oz availability (Nie

and Hill, I99l). This is not consistent with a hypothesis in which phytoglobin senses 02,

since it would be induced after a decline in ATP levels, i.e. after the cell has sensed a lack

of 02. Therefore, the above arguments do not support a role of phytoglobin in 02 sensing.

However, they do not preclude the possibility that phytoglobin interacts with

other molecules. lnterestingly, the structure of phytoglobin allows for large

conformational changes upon 02 binding, which may change its affinity for a partner

molecule (Hargrove et a|.,2000). The dimer interface has been proposed to constitute the

binding site, as it appears central to the physiological role of phytoglobins. Dimerization

is indeed invariable among phytoglobins and involves well-conserved residues

(Goodman and Hargrove, 2001). Thus, phytoglobin may act as an Oz sensor that uses

haem ligation to bind an auxiliary signal-transduction effector and thereby, trigger some

physiological response.

2.2.4.3 Phytoglobin as an NADH Oxidase and NO' Dioxygenase. Studies on

maize suspension cells transformed with a barley phytoglobin gene showed that

phytoglobin is induced in hypoxic cells and helps maintain their energy charge (Sowa er

al., 1998). This led the authors to suggest that phytoglobin functions as an NADH

oxidase: it would help sustain the glycolytic flux of hypoxic cells by regenerating NAD*,

thereby providing enough ATP for cell survival. If phytoglobin is to function as an
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NADH oxidase, however, it is likely to interact with other molecules. Phytoglobin is

indeed very unlikely to react alone as an oxidase because its autooxidation rate t172 is

unusually slow. It varies from25 sec for barley Pgb (Duff et at.,1997) to t h for rice Pgb

(Hargrove et aL.,2000). Since phytoglobin is very stable when oxygenated, it is likely to

consume the bound Oz in an enzymatic reaction (dioxygenase activity) by interacting

with an oxidising compound. As well, phytoglobin must react with a cognate flavoprotein

reductase to oxidise NADH (Hargrove et a\.,2000).

Interestingly, such redox reactions all appear within the same protein in the case

of FHbs, which carry both a haem- and a flavin-binding domains with a potential binding

site for NAD(P)H (Zhu and Riggs, 1992;LaCelle et a\.,1996). Binding of 02 to the haem

is accompanied by a conformational change that acts as a molecular switch to control the

activity of the flavin-binding domain (Zhu and Riggs, 1992). Similarly, phytoglobin is

believed to undergo conformational changes upon 02 binding, which may change its

activity for a partner molecule such as a flavoprotein reductase (Hargrove et a1.,2000;

Goodman and Hargrove, 2001). ln addition, FHbs share common affinities and rate

constants with phytoglobins (Hargrove et al., 2000 Gardner et a1.,2000), which adds

credence to the hypothesis of similar reactions with both Hb t1pes. Lastly, FHbs are

known to function as NO' dioxygenases, a property that they share with many

haemoglobins (Gardner et al., 1998), as exemplified in the previous section. Maize

suspension cells and alfalfa roots have been shown to produce NO' during hypoxic stress

(Dordas et al., 2002a,b). Nitrosylated haem complexes were detected under the same

conditions, and NO' levels were lower only in the presence of phytoglobin. These results

suggest that phytoglobin degrades NO' in an O2-consuming reaction, in a fashion similar

to FHbs (Dordas et a|.,2002c). This model may need to be elaborated to involve partner

molecules able to interact with phytoglobin to consume NADH (Hargrove et a1.,2000).

2.2.4.4 Other Functions Proposed for Phytoglobin. Several other functions have

been suggested for phytoglobin, such as the transport of fatty acids, its participation in

anaerobic synthesis of organic compounds, or the binding of small ligands such as CO

and NO' (Arredondo-Peter et ø1.,1998). In animal cells, NO' and CO inhibit hypoxia

sensing and signalling by binding to the 02 sensor HIF-I, a haemoprotein (Huang et al.,
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1999). There is also circumstantial evidence that CO and NO' generate reactive oxygen

species (ROS), which are thought to serve as cellular signals (Huang et a1.,1999). In

plants, the involvement of NO' and ROS in cellular signalling is a relatively recent

discovery (Durner et al., 1998; Delledonne et al., 1998; Hausladen and Stamler, 1998;

Grant and Loake, 2000). By similarity to animal cells, NO'- and ROS-mediated

signalling pathways in plants, may involve a haemoprotein, possibly phytoglobin. Two

findings may support that view: firstly, nitric oxide synthase (NOS), an enzyme that

produces NO', is translocated to the nucleus during differentiation of maize root cells

(Ribeiro, Jr. et al., 1999). Secondly, a hypoxia- inducible phytoglobin was found in the

nucleus of alfalfa suspension cells duringthe G2/M transition (Serégelyes et a\.,2000).

This hypothesis would need to be validated experimentally before further consideration.

Several hypotheses have been proposed on the possible function(s) of
phytoglobin. Although it appears unlikely that phytoglobin facilitates 02 diffusion, strong

arguments have been enunciated for a function in 02 sensing, or in NO' degradation

coupled to NADH oxidation. The existence in certain species of different phytoglobin

isoforms with distinct O2-binding properties, and their diverse expression patterns and

regulation, may reflect a variety of functions for phytoglobin (Arredondo-Peter et al.,

1998; Hill, 1998; Hargrove et a\.,2000; Dordas et a|.,2002c).

2.3 Anaerobic Stress in Plants

Crop plants often experience environmental stresses that keep them from

expressing their fuIl genetic potential for optimal yield. It follows that a better

understanding of the mechanisms underlying the response of plants to stresses is key to

the improvement of crop selection and management (Boyer, 1982).

2.3.1 Anaerobiosis is a Major Environmental Stress

Most terrestrial plants, with a few exceptions like rice or Echinochloa (Kewrcdy

et al., 1992), depend on oxygen to produce energy for growth and development. In

natural environments, transient flooding or water logging of the soil may occur, even

with a certain regularity. The soil pore space is then filled with water, and gas exchange
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between soil and atmosphere is virtually eliminated (Jackson and Drew, 19S4) because

Oz diffusion in water is 10,000 times slower than in air (Armstrong,1979). Respiration of

plant roots and soil microorganisms progressively depletes the oxygen from the soil,

leading to anaerobic conditions. Respiration of plant root cells may then be limited by

low 02 tensions (hypoxia), or may even cease completely in case of extremely low 02

levels (anoxia) (Pradet and Bomsel, i978).

Several plant species including barley (Taylor et al., 1994), maize (Silva-

Cardenas, 1997), A. thaliana (Trevaskis et a|.,1997), and rice (Lira-Ruan et a1.,2001),

possess a hypoxia-inducible phytoglobin. The implication of phytoglobin in the response

to hypoxic stress has been established in maize suspension cells (Sowa et al., 1998) and

affaffa root cells (Dordas et aL.,2002a). Therefore, the success of future crop plants has a

lot to gain from the elucidation of the role of phytoglobin in plant adaptation to hypoxia.

Following is a review on the current knowledge about the response of plants to anaerobic

stress.

2.3.2 Plant Adaptations to Anaerobic Stress

Plant response to Oz unavailability combines avoidance mechanisms, which

prevent exposure to the stress, and tolerance mechanisms, in which the plants withstand

the stress (Bray et a1.,2000). While tolerance to anaerobiosis is an early response

involving fast metabolic alterations, avoidance mechanisms appear in the long term

through morphological and anatomical adaptations. The adaptations consist in the

formation of adventitious roots from the hypocotyl or stem, lenticels in the periderm,

shallow roots or aerenchyma (Bray et a|.,2000). Aerenchyma are continuous, columnar

intracellular spaces formed in the root cortex that improve the oxygenation of roots under

hypoxic stress (Jackson and Drew, 1984). Although present in rice, barley and maize, the

capacity for aeration of the root system due to aerench¡rma formation is ten times greater

in rice than in barley and four times that found in maize (Perata and Alpi, 1993).

Therefore, different plant species display different levels of structural adaptations to

avoid anaerobic stress.

The same holds true for the fast metabolic alterations evolved to tolerate oxygen

impoverishment. Depending on the plant species, and even on the tissue, the tolerable
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time length of anoxia ranges from a few hours to several days (Crawford and Braendle,

1996). Similarly, the seeds of some plants can germinate in anoxia while others require

full oxygen availability (Perata and Alpi, 1993). Efforts have thus been made to decipher

the metabolic adaptations of plants to anaerobiosis, leading to the characterisation of
fermentation as a common, major aspect of the physiological response.

2.3.2.1 Anaerobic Metabolism. Like most eukaryotic organisms, plants are

obligate aerobes: oxygen is the terminal electron acceptor in the mitochondrial electron

transfer chain. Three situations must then be distinguished regarding the oxygen status of
plant tissues, depending on whether they are exposed to normoxia, anoxia or hypoxia.

In normoxia, the 02 supply to mitochondria is sufficient for aerobic respiration to

proceed without limitation. Carbon flow through glycolysis and the tricarboxylic acid

(TCA) cycle generates reduced pyridine nucleotides, NADH and FADH2, which are

reoxidised by the mitochondrial electron transfer chain (Siedow and Day, 2000).

Transport of electrons through this chain is then used to convert ADP and P¡ into ATP in

the mitochondrial matrix. Thus under normoxia, most ATP is produced by oxidative

phosphorylation, which yields 30 to 32 mol ATP per mol glucose (Siedow and Day,

2000). Respiration coupled to glycolysis oxidise glucose according to equation (1.1):

C6H12O6 + 6 Oz - 6 COz+ 6 HzO (1.1)

Based on the stoichiometry of the reaction, this process yields COz and consumes Oz in

equal amounts. It follows that the respiratory quotient (RQ), calculated as the ratio of
CO2 production to 02 consumption, is indicative of carbohydrate metabolism in normoxic

cells if it equals 1.

When determined experimentally, however, the cell RQ may vary dramatically

from unity due to the interrelation between respiration and nitrogen assimilation. lndeed,

synthesis of major amino-acids (Asp, Glu, Gln) draws carbon skeletons from the TCA

cycle (Guy et al., 1989). The use of TCA cycle intermediates in biosynthesis requires

anaplerotic reactions that replenish this drain, a function served by phospho enolpyruvate

carboxylase (PEP-C) (Bassham et a|.,1981; Amozis et a|.,1988; Guy et a/., 1989). PEP-

C catalyses the carboxylation of phosphoenolpyruvate (PEP) to form oxaloacetate, using

COz in the form of HCO3- (Siedow and Day, 2000). Its activity has been shown to vary
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considerably with the nitrogen source. Thus, NHa*-fed roots of wheat and maize had 2.6-

fold and 8.3-fold higher PEP-C activity, respectively, than roots fed with NO3- (Cramer

and Lewis, 1993). Those authors concluded that the lower net production of COz

resulting from higher PEP-C activity, contributed to lowering the RQ of NH+*-fed roots

compared to that of NO3--fed roots. Furthermore, a higher carbon flow through the TCA

cycle resulted in higher 02 consumption in NHa*-fed roots, but not in NOr--¡sd roots

(Cramer and Lewis, 1993). The combined effects on Oz consumption and CO2 production

thus led to an RQ near unity for NOr--¡sd roots of wheat andmaize, whereas the RQ of
NHa*-fed roots was as low as 0.5 - 0.6 (Cramer and Lewis, 1993).

In studies on the green alga Selenastrum minutum, Weger et al. (1988) have

proposed that during NHa* assimilation, the reductant generated by the pafüalTCA cycle

(from oxaloacetate to ø-ketoglutarate) is reoxidised by the mitochondrial electron transfer

chain. This does not apply to NO:- which is more oxidised than NH¿* and hence, requires

reducing power for assimilation (Weger and Turpin, 1989). Thus during NO¡-

assimilation, the TCA cycle operates both to provide carbon skeletons for amino-acid

synthesis and reducing power for NO¡- reduction (Weger and Turpin, 1989).

Consequently, NHa+ assimilation may result in a high 02 consumption rate and hence, in

a low RQ, unlike No3- assimilation (weger and Turpin, 1989). Accordingly, NH4*

assimilation by S. minutum has been associated with an RQ of 0.66 (Guy et a1.,1989).

Therefore, several studies have demonstrated a link between NHa* assimilation and low

RQ values in both algal and higher plant systems (Huppe and Turpin,1994).

Under anoxia, 02 levels are too low to support mitochondrial electron transport

and oxidative phosphorylation. The TCA cycle becomes inoperative due to an

accumulation of reduced NADH and FADHz, which cannot be reoxidised without an

electron acceptor. As a result, NADH accumulates in the cytosol, where it is oxidised by

lactate dehydrogenase (LDH), the first acceptor of reducing power at the onset of anoxia

(Davies, 1980). Lactic fermentation thus maintains glycolytic activity in the early phase

of anoxic stress. Under such conditions, energy production moves to the cytoplasm,

where glycolysis becomes the only ATP-producing pathway, through substrate level

phosphorylation (Bray et aL.,2000). This results in a drop of ATP as glycolysis produces

only 2 mol ATP per mol glucose, which is 15 to 16 times less effective than when
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coupled with mitochondrial respiration (Siedow and Day, 2000). ATP levels of anoxic

roots can thus be reduced to less than 5o/o of the levels of aerobic roots (Drew et al.,

1985). ln some cases? a substantial increase in glycolytic flux, described as the Pasteur

effect, is achieved to meet the energy demands for cell survival under anoxia

(Vanlerberghe et al., 1990; Hole et al., 7992; Summers et a1.,2000; Kennedy et al.,

1ee2).

Under hypoxia, respiration is limited by low Oz levels and coexists with

fermentation in the cell. The decrease in respiratory activity depends on the 02 levels

relative to the K- of mitochondrial terminal oxidases, which approaches 100 nM in plant

tissues (Appleby, 1992). The percentage of ATP yield through oxidative phosphorylation

is diminished under hypoxia, whereas that generated by glycolysis may be increased by

the Pasteur effect. The term anaerobiosis is used here when reference is made to studies

that were carried out under low Oz tensions without distinction between anoxia and

hypoxia.

Several pathways are activated in higher plants under anaerobic stress (Ricard er

aL.,1994; Kennedy et al., 1992). The major ones appear to be fermentative pathways that

convert the glycolysis end product pyruvate into ethanol and to a lesser extent, lactate and

Ala. In ethanolic fermentation, pyruvate is first transformed into acetaldehyde in a

reaction catalysed by pymvate decarboxylase (PDC). Acetaldehyde is then converted to

ethanol by alcohol dehydrogenase (ADH), which uses NADH and regenerates the NAD*

necessary to sustain the glycolytic flux. The PDC-catalysed reaction produces CO2,

which accounts for the high COz levels released in plants under anaerobic stress. In lactic

fermentation, pymvate is converted into lactate by LDH, a reaction that also requires

NADH. When Ala is the product of fermentation, its carbon skeleton is derived from

pynrvate by action of Ala aminotransferase. By contrast with ethanolic and lactic

fermentations, this reaction does not involve oxidation of NADH (Good and Crosby,

1e8e).

It was seen above that the PDC-catalysed reaction may account for high levels of
COz released in plants under anaerobiosis. A widely accepted view is that the RQ of

hlpoxic cells is above 1 because CO2 production by fermentation and (residual)

respiration exceeds 02 consumption through respiration. The RQ is expected to be even
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higher if the Pasteur effect operates on the glycolytic flux of plant cells under anaerobic

stress (Rawn, 1989). However, the interrelation between respiration and anaplerotic

metabolism under hypoxia may modulate the cell RQ, depending on the pathways

involved and their sensitivity to hypoxia. For example, it has been seen above that NHa*

assimilation relies on reoxidation of TCA cycle reductant by the mitochondrial electron

transfer chain (Weger et a1.,1988). Accordingly, NH4* assimilation by 
^S. 

minutum was

reduced by 82% under anaerobiosis, while NO3- assimilation was unaffected as NO¡-

directly oxidised the TCA cycle reductant, without the need of 02 as an electron sink

(weger and rurpin, 1989). This example, thus, shows that the cell Re may vary

considerably depending on the pattem of nutrient uptake and assimilation under hypoxia.

The sequence of metabolic events in plant cells is such that lactic fermentation is

induced in the first minutes after the onset of hypoxia (Roberts et al., 1984a). Due to the

production of lactate, the pH of the cytoplasm decreases rapidly. According to the

Davies-Roberts pH-stat hypothesis, acidification of the cytoplasm by lactate induces the

PDC, which shifts the fermentative activity towards ethanol production (Davies et al.,

1974). Despite the wide support that this theory has received, some exceptions have been

noted. Thus, lactate levels are low in rice seedlings (Rivoal et al., 1989) and hypoxia-

acclimated maize root tips (Xia and Saglio, 1992), where ethanol production commences

at the onset of hypoxia. Moreover, changes in cytoplasmic pH did not coincide with

lactate accumulation in maize roots (Saint-Ges et aL.,1991). Other hypotheses have been

proposed, such as the regulation of ethanolic fermentation by the levels of pyruvate (Bray

et a1.,2000). The various hypotheses are not mutually exclusive, but may describe only

parts of an integrative response that vary with the species, the developmental stage and

the conditions of low 02 stress.

Fermentation is not the only metabolic activity that is induced in plants under

anaerobic stress. ln certain plants and algae, malate and succinate accumulate under

anaerobiosis as a result of a partial, reverse TCA cycle (Vanlerberghe et a\.,1989; Ricard

et al., 1994). Thus, PEP may be carboxylated by PEP-C to produce oxaloacetate. The

latter may in turn be reduced to malate, then fumarate and finally succinate, with

production of NAD* to sustain a high glycolytic activity (Vanlerbergþe et at., 1990).

Another compound, y-aminobutyrate (GABA), is formed by partial functioning of the
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TCA cycle from oxaloacetate to cr-ketoglutarate. Asp aminotransferase converts c¿-

ketoglutarate into Glu, which is decarboxylated by Glu decarboxylase into GABA (Fan et

al.,1988; Menegus et al., i989). This pathway does not reoxidise NADH, but may confer

advantages to anaerobiosis tolerance that are discussed in a further section. In

Echinochloa phyllopogon, all enzymes of the TCA cycle are active under anoxic

conditions. It has been suggested that in this species, the entire TCA cycle is active in

anoxic mitochondria and generates ATP through substrate level phosphorylation (Fox er

a|.,1994). The authors proposed lipid biosynthesis and the pentose phosphate pathway as

mechanisms of NAD* regeneration for continued operation of the TCA cycle.

Altemative electron acceptors, such as nitrate, have been proposed to replace

oxygen in anaerobic respiration. The process of "nitrate respiration" would regenerate

mitochondrial and cytoplasmic NAD*, and would produce ATP via the mitochondrial

respiratory complex I (Garcia and Crawford, 1973). However, studies on anaerobic maize

roots preincubated with nitrate led to contradictory results regarding their levels of
nucleoside triphosphates and their viability (Fan et aL.,1988; Saglio et a\.,1988).

2.3.2.2 Anaerobically-Induced Polypeptides. Plant response to anaerobic stress

begins with a down-regulation of aerobic metabolism enzyrnes (Bailey-Serres and

Freeling, 1990), followed by the de novo synthesis of anaerobic polypeptides, or ANPs.

The latter constitute a set of about 20 polypeptides that account for over 70o/o of the total

protein synthesis of the maize roots under anoxia (Sachs et a1.,1980). The regulation of
ANPs occurs both at the transcriptional and the post-transcriptional levels. Selective

synthesis of ANPs results from the induction of the transcription of the respective genes,

the accumulation of their mRNAs and the selective translation of these mRNAs (Sachs er

a|.,1996; Fennoy et a\.,1998).

As could be expected, a majority of ANPs have been identified as enzyrnes

involved in sugar breakdown, glycolysis, and fermentation (Table 2.2). Among those, the

ellzymes ADH and LDH have been studied extensively. Characterisation of their gene

expression pattems and their activity, has shown that both enzymes are part of the short-

and long-tenn responses to oxygen deprivation (Sachs et a\.,1996; Drew, 1997).In some

plants, enzymes involved in aerench5rma formation are induced anaerobically, such as 1-
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aminocyclopropane-1-carboxylic acid (ACC) synthase (Olson et a\.,1995) or xyloglucan

endotransglycosylase (XET) (Sachs et al.,1996). ACC synthase, induced by hypoxia but

repressed by anoxia, catalyses the synthesis of ethylene that may be involved in

aerenchyma formation (Drew et al., 1979; Jackson, 1985). XET is involved in cell wall

loosening, which has been proposed to also play a role in aerenchyrna formation (Sachs

et al., 1996; Drew, 1997). Anaerobic induction of a vacuolar H*-translocating

pyrophosphatase (v-PPase) (Carystinos et al., 1995) suggests a major role of pH

regulation under anoxia, which will be discussed in the next section. Anaerobically-

induced superoxide dismutase (SOD) is an example of a protein that is used upon return

to aerobic conditions, to protect the cell against ROS (Monk et aL.,1987).

A dramatic induction of phytoglobin transcripts under hypoxia has been observed

in barley aleurone cells (Taylor et al., 1994), and in roots of A. thaliana (AHB|;

Trevaskis et a1.,1997) and rice (Hb1; Arredondo-Peter et a\.,1997).Increased levels of
phytoglobin protein were also observed in hypoxic roots of rice (Hbl; Lira-Ruan et al.,

2001) and alfalfa (Dordas et al., 2002a). Studies in barley aleurone tissue showed that

phytoglobin induction occurs later or at lower Oz tensions than that of ADH and LDH,

suggesting an independent signal transduction (Taylor et aL.,1994).
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Table 2.2. List of some of the polypeptides induced under anaerobiosis (ANPs).

ANP Induction level Reference

cr-amylase (starch breakdown)

SuSy (sucrose breakdown)

Glycolysis:

glucose-6-P isomerase

hexokinase

PP¡-dependent PFK

fructose- 1,6-bisP aldolase

GAPDH

enolase

Fermentation:

PDC

ADH

LDH

Ala aminotransferase

Pgbs - unknown function(s):

Arabidopsis AHBl

barley Pgb

rice Hbl

alfalfa Pgb

ACC synthase (ethylene synthesis)

XET (cell wall loosening)

V-PPase (vacuolar pH regulation)

SOD (response to oxidative stress)

RNA, protein

RNA, protein

RNA, protein

protein

protein

RNA, protein

RNA, protein

RNA, protein

RNA, protein

RNA, protein

RNA, protein

RNA, protein

RNA

RNA

protein

protein

RNA

RNA

RNA

RNA

Perafa et al.,1993

Ricard et al.,I99l

Kelley and Freeling, I984a

Fox et aL.,1998

Botha and Botha, 1991

Kelley and Freeling, I984b

Russell and Sachs, i989

Bailey-Serres et al., 1988

Peschke and Sachs, 1994

Sachs et al.,1980

Germain et a1.,1997

Good and Crosby, 1989

Trevaskis et aL.,7997

Sowa et al.,1998

Lira-Ruan et a|.,2001

Dordas et a1.,2002a

Olson et a1.,1995

Sachs et a1.,1996

Carystinos et a1.,1995

Monk et a1.,1987

ACC synthase: 1-aminocyclopropane-l-carboxylic acid synthase; GAPDH:
glyceraldehyde-3-phosphate dehydrogenase; PFK: phosphofructokinase; Pgb:
phytoglobin; PP¡: pyrophosphate; SOD: superoxide dismutase; SuSy: sucrose syrthase;
v-PPase: vacuolar H* translocating pyrophosphatase; XET: xyloglucan
endotransglycosylase.
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2.3.2.3 Tolerance of Anaerobic Stress. It was seen before that under prolonged

flooding, some plants develop alternative ways of oxygen supply to anaerobic tissues,

such as aerenchyma. Nevertheless, this does not apply to germinating seeds or to the

early response to anaerobic stress, where ATP synthesis under anaerobiosis becomes

crucial for tolerance.

In this respect, fermentable sugars must be available in amounts sufficient to meet

the energy needs of tissues under anaerobiosis. Thus, the ability of rice seeds to

germinate under anoxia has been ascribed to the anoxic induction of cr-amylase (Table

2.2) and subsequent use of starch (Perata et a\.,1993). Other cereal seeds fail to induce

cr-amylase and to germinate under anoxia, unless they are supplied exogenously with

glucose or sucrose. In the case of developed plants, it was demonstrated in maize and

tomato (Lycopersicon esculentum) rcots that sucrose synthase (SuSy) is crucial to anoxia

tolerance. It is indeed the main enzyme that degrades sucrose, which is the principal

carbon source for glycolysis under anoxia in those plants (Germain et a\.,I997;Ncard et

al., 7998).In addition, SuSy plays a role in phloem loading and unloading, which ensures

the supply of substrate from unaffected photospthetic parts to hypoxic roots during

flooding (Martin et a1.,1993).

Maintenance of sufficient energy levels under anaerobic stress also may translate

into the bypass of ATP-consuming reactions. An example may be PP;-dependent

phosphofructokinase (PP;-dependent PFK; Table 2.2) that uses pyrophosphate (PP;) to

reversibly phosphorylate fructose-6-phosphate to fructose-1,6-bisphosphate. Anaerobic

induction of PPi-dependent PFK may allow the glycolytic pathway to by-pass ATP-

dependent PFK in conditions of low ATP availability (Dennis and Blakeley, 2000;

Dennis et a|.,2000).

The finding that maize roots die under anaerobiosis before ATP levels are

depleted (Xiaet a1.,1995), suggested that energy levels are not the only determinant of
survival. Tolerance of low Oz stress may be required to avoid cytoplasmic acidosis that

results from inhibition of H*-ATPases at low ATP levels (Saint-Ges et a\.,1991) or from

H*-releasing hydrolysis of ATP (Gout et a1.,2001). In this regard, the formation of
malate, succinate and GABA has been seen as a means of consuming protons during

anoxia (Menegus et al., 1989; Drew, 1997). Also, the induction of a vacuolar H*-
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pyrophosphatase (V-PPase; Table2.2) to pump H* into the vacuole under anoxia, may

contribute to the regulation of cytosolic pH (Carystinos ¿/ al.,1995; Drew, 1997). Lactate

is apparently not implicated in cytoplasmic acidosis to the same extent in all plants or

tissues (Roberts et al., l984a,b; Saint-Ges et al., l99l; Golt et al., 2001). Nevertheless,

better survival under anaerobiosis has been related to a reduced production (Rivoal et al.,

199i) or a sustained efflux of lactate (Hanson and Jacobsen, 1984; Rivoal and Hanson,

1993; Xia and Saglio, 1992).

By contrast with lactate, the potential toxicity of ethanol accumulation in tissues

under anaerobic stress is no longer a topic of debate (Perata and Alpi, 1993; Ricard et al.,

1994). Rice plants depend almost exclusively on ethanolic fermentation for anaerobic

ATP production, whereas E. phyllopogon, another anoxia-tolerant species, uses this

pathway to a far lesser extent (Fox et al., 1994). Similarly, the survival of seeds of
different species for days under hypoxia, occurred with either low (as in lettuce, Lactuca

sativa) or high (as in rice) rates of fermentation (Ralrnond et al., 1985). It has been

suggested that ethanol is unlikely to accumulate to toxic levels in cells as it readily

diffuses to the surrounding medium (Alpi and Beevers, i9S3). For the same reason,

however, Ala and lactate fermentation may present an advantage over ethanolic

fermentation in terms of carbon loss during anaerobic stress. Thus, storage of Ala in

vacuoles (Good and Crosby, 1989), or export of lactate into the xylem (Rivoal and

Hanson, 1993) under anaerobiosis, may allow the plant to recycle pynrvate carbons that

would be lost if ethanol were to be produced.

Toxicity of accumulated ethanol may appear upon re-exposure to air, due to

aerobic conversion of ethanol to acetaldehyde (Crawford and Braendle, 1996), which is

thought to bind to proteins and cause cell injury (Perata et a1.,1992). A major aspect of
post-anoxic injury is the generation of ROS that degrade enzymes and cellular structures.

Tolerance of anoxia has been associated in several plants with the anoxic induction of

SOD, and increased levels of antioxidants such as ascorbate, o-tocopherol and

glutathione. The latter are also dependent on enzymatic activity as ascorbate and

glutathione are only active as antioxidants in the reduced state (Crawford and Braendle,

1996; Drew,1997).
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2.3.2.4 Hypoxic acclimation In natural environments, the gradual transition from

normoxia to hypoxia, and possibly to anoxia, provides an opportunity for acclimation

before conditions become lethal. As a result of hypoxic pre-treatment or acclimation,

maize root tips show greater tolerance to subsequent anoxia (Saglio et a1.,1988; Johnson

et al., 1989; Xia and Roberts, 1994). Hypoxic acclimation has been associated with a

reduced cytoplasmic acidosis inmaize root tips (Xia and Saglio, 1992; Xia and Roberts,

T996), and with a higher energy charge due to a sustained glycolytic flux (Hole et al.,

1992; Xia and Roberts, 1996).

Similarly, increased survival under hypoxia caused by ice encasement was shown

in winter cereals that were acclimated by a hypoxic pre-treatment (Andrews and

Pomeroy, 1981). Compared to non-treated plants, the acclimated ones had higher levels

of adenylates and ATP, which was attributed to increased rates of glycolysis (Andrews

and Pomeroy, 1989). Hypoxic acclimation, therefore, consists of the induction of a

complete set of ANPs, which are possibly used under anaerobiosis to limit cytosolic

acidosis and sustain the glycolytic flux for production of ATP and adenylates (Drew,

reel).

Hypoxia-inducible phytoglobins have been implicated in the acclimation process

as their effects on hypoxic metabolism are reminiscent of the effects described above.

Levels of phytoglobin transcripts peak during the first 12 h of hypoxia in roots of barley

(Taylor et a|.,1994) andA. thaliana (AHBl; Trevaskis et a\.,1997), which is well within

the time interval used for acclimation in the above experiments. Transformation of maize

suspension cells with the barley phytoglobin gene to constitutively express phytoglobin

helped maintain the energy charge and total adenylate pool in hypoxic cells (Sowa et al.,

1998). Phytoglobin over-expressing cells had lower ADH activity and CO2 production

rates compared with wild-type and phytoglobin under-expressing cells. This suggested

that phytoglobin is involved in a process that sustains the glycolytic flux and bypasses

ethanolic fermentation under hypoxia. Furthermore, ATP levels and hypoxic growth

correlated positively with phytoglobin levels in alfalfa roots transformed with the barley

phytoglobin gene (Dordas et a1.,2002a). The authors also showed that NO' is produced

in hypoxic cells of maize suspensions and alfalfa roots, and its levels are modulated by
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phytoglobin (Dordas et a1.,2002a,b). NO'was fuither demonstrated to impair growth and

survival of alfalfa root cells under hypoxic stress (Dordas et al. , 2002a).

It has been hypothesised that NO' originates from a series of reactions that would

oxidise NADH to help sustain the glycolytic flux under hypoxia, as an alternative to

fermentation. These reactions would take place in the cytoplasm of hypoxic cells, and

would implement phloglobin as an NO' dioxygenase and an NADH oxidase.

Phytoglobin would serve as an NO' detoxifîer by degrading it in an O2-consuming

reaction, which would produce metphytoglobin. The latter would be reduced back to

phytoglobin by oxidising NADH, thereby helping to sustain glycolysis (Dordas et al.,

2002c).
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3.0 MATERIALS AND METHODS

3.1 Maize Cell Cultures

Non-regenerable maize (Zea mays, var. "Black Mexican sweet", BMS) cell

suspension cultures were produced from callus provided by the Plant Biotechnology

Institute, Saskatoon. Calli were suspended in MS based liquid medium (Murashige and

Skoog, 1962) added with 0.5 mg.L-r thiamine-Hcl, 150 mg.L-r L-asparagine, 1 mg.L-r

2,4-D, and,20 g.L-r sucrose, adjusted to pH 5.8 prior to autoclaving (adapted from Green,

1977). Medium was prepared as a 1O-time concentrated stock and stored frozen for up to

60 days (recipe in Appendix 1). Calli were also maintained on solid medium and

subcultured every three to four weeks. Solid medium was prepared by adding 2.8 g.L-l

phytagel to modified MS liquid medium prior to autoclaving.

The cell suspension cultures were maintained in darkness in 250 mL flasks

containing 50 mL of medium, at25 oC on a rotary shaker at 155 rpm. Cell suspensions

were subcultured weekly by transferring 2 mL of settled cells with 5 mL of conditioned

medium into 45 mL of fresh medium. Glassware and media were sterilised by 25 min

autoclaving (122 'C and, I.2 kg.cm-2), and all handling procedures carried out under

sterile conditions. Cell growth was measured routinely as the volume of cells settled in

sterile 25-mL graduated pipettes. Cells to be used as samples were harvested between day

3 and day 5 of culture. Cell samples were collected by vacuum filtration, frozen

immediately in liquid nitrogen and stored at -72oC until used.

3.2 Suspension Cell Genetic Engineering

PGB* and PGB- transgenic lines were kindly provided by Drs. Sowa and Dordas.

PGB* and PGB- cells were obtained respectively by sense and antisense transformations

of maize suspension cells, according to the method described by Sowa (1998). Diagrams

of transformation vectors are detailed in the reference quoted. The PGB+ cell line, named

HB* in Sowa (1998), was generated and selected for its high, constitutive levels of barley

phytoglobin. The PGB- line was selected for its reduced expression levels of maize

phytoglobin protein (Dordas et aL.,2002b). Calli of PGB- and PGB* cells were grown on
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solid medium supplemented with 0.6 mg.L-r and 3 mg.L-r phosphinothricin, respectively,

to maintain selection pressure on transformants.

3.3 Hypoxic and Hyperoxic Gas Treatments

Unless specif,red differently, gas treatments were performed by bubbling cell

cultures with 3o/o (hypoxic stress) or 100% 02 (hyperoxic treatment) for various time

durations, at 25 oC. Volumes of 10 mL of 3- to 5-day-old suspension cells were

transferred into 30-mL syringes under sterile conditions, at a cell density comparable to

that in flasks. The syringes equipped with 25-gauge needles, were planted into rubber

tubing (7.9117.5 mm inner/outer diameter) that was pressurised with 100% Oz or

altematively, with 3o/o Oz (balanced with N2). Gas was humidified by bubbling through

distilled water. The gas flow through the suspension cultures was responsible for stirring

the cells; it was adjusted as the number of syringes increased, to values between 40 and

120 ml-.min-' per syringe. The syringes were sealed with plungers that were pierced with

an 18-gauge needle to allow for gas evacuation. The positive pressure inside the syringes

kept cell cultures free of air-bome contaminations. Cells were kept from aggregating on

the walls of the syringes by regular, manual agitation. The oxygen content of the culture

medium was controlled with an oxygen electrode during gas treatment. Gas-treated

samples were then used for oxygen uptake or COz release measurements, or harvested for

protein immunoblotting or ADH activity assay.

3.4 Protein Immunoblotting

3.4.1 Protein Extraction and Quantification

One gram frozen cells were ground in 250 ¡rL of ice-cold protein extraction buffer

(50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, freshly prepared 10 mM

dithiothreitol (DTT) and I mM phenylmethylsulfonyl fluoride [PMSF]) with pre-cooled

mortar and pestle. Extracts were centrifuged for 15 min at 13,000 rpm, at 4 oC. The

supematants were collected and their protein content quantified by Bradford protein

assay (Bradford, 1976) with the Bio-Rad protein kit, using a bovine serum albumin

(BSA) standard curve.
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3.4.2 SDS-PAGE, Blotting and Immunodetection

Soluble protein extracts were denatured in loading buffer (50 mM Tris-HCl, pH

6.8,5o/o glycerol, 1% SDS, 0.1 M DTT and 0.02% bromophenol blue; Gallagher, 1999)

and incubated at 100 oC for 15 min. Denatured extracts were loaded onto 15% bis-

acrylamide gels for SDS-PAGE, according to Laemmli (1970). Gels were run in SDS-

PAGE buffer (25 mM Tris, 190 mM glycine,0.lo/o SDS) in duplicate, with one gel being

further electroblotted. Transfer onto 45 pm pore polyvinylidene fluoride (PVDF)

membrane was performed in transfer buffer (25 mM Tris, 190 mM glycine, 20Yo

methanol) in an LKB 2005 Transphor electroblotting unit, at 100 V and 0.7 A for 45 to

60 min. After electroblotting of the second gel, the two gels were stained with Coomassie

blue to check for equal loading and electroblotting efficiency.

Non-specific binding was blocked by incubating the membrane ovemight with

5olo powdered milk in Tween-2O Tris buffered saline (TTBS) solution (see Appendix 2

for recipe). The blocking solution was then poured off and the membrane incubated with

primary antibody (1/400) in 5o/o powdered milk TTBS buffer for 90 min. Polyclonal

antibodies used in those protein immunoassays were raised in rabbits against recombinant

barley phytoglobin. Primary antibody production, affinity purification and titration are

described in Duff et al. (1998). After three washes in TTBS buffer, the membrane \¡/as

incubated with the secondary antibody (anti-rabbit IgG conjugated to alkaline

phosphatase, 1/10,000) in 5% powdered milk in TTBS buffer at room temperature for 45

min. Thereafter, the membrane was washed five to six times in TTBS buffer and soaked

in alkaline phosphatase (AP) buffer with 0.33 mg.ml-r nitroblue tetrazolium (NBT) and

0.165 mg.ml-r bromo-4-chloro-3-indolyl phosphate (BCIP) (Gallagher, 1999). This

chromogenic detection was performed at 40 oC for 10 to 90 min, depending on Pgb

concentration in the protein extracts.

3.4.3 Quantification of Phytoglobin in Protein Extracts

Immunoblots were scanned (Deskscanll, Hewlett Packard, USA), and bands

corresponding to Pgb were quantified as peak areas using the software Image J

(http://rsb.info.nih.gov/U0 Pgb levels in the protein extracts were then determined by
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of

a

densitometric comparison of their band intensities to those of known amounts

recombinant maize phytoglobin. Phytoglobin concentration was expressed as

percentage of total soluble protein (see Appendix 3 for illustration of the method).

3.5 ADH Activity Assay

Alcohol dehydrogenase (ADH) activity assays were adapted from Kaeppler et al.

(1992). Only freshly harvested (48 h or less before extraction) cells were used for ADH

activity assay. Protein extraction and quantification were performed as described for

protein immunoblotting. The assays were carried out at 25 oC in the ethanol to

acetaldehyde direction, monitoring the reduction of NAD* to NADH at 340 nm.

Measurements were made in duplicate for two volumes of protein extract (10 and 20 pI).

Protein extracts were added to 200 pL of reaction mixture (100 mM Tris-HCl, pH 9.0,

100 mM ethanol, 2 mM NAD*) and assayed spectrophotometrically on a microplate

reader (SpectraMAX 340pc, Molecular Devices, USA). The reported activities took into

account the differences in path lengths between samples. Assays were coffected for

background activity by subtracting drifts in absorbance occurring in the absence of

NAD*. ADH activities were reported as pmol NADH.min-t.-g-' total protein.

3.6 Cell Growth under Hypoxic and Hyperoxic Conditions

On day 3 of culture, I mL of settled cells were transferred in 20 mL of
conditioned medium to 30 mL syringes, and bubbled with 3o/o Oz (growth in hypoxia) or

40%o Oz (growth in hyperoxia) for up to 60 h. A level of 40% 02, rather than 100% Oz,

was chosen as a hyperoxic treatment for experiments performed over a long period of

time. The resulting lower concentration of cells in syringes, relative to that in flasks,

prevented nutrient def,rciency over the course of the experiment. The gas flow was

adjusted as the number of syringes increased, to values between 40 and 120 ml.min-t per

syringe over the course of the experiment. Cell growth was determined as the fresh

weight (FW) of triplicate samples every l?h.
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3.7 Cell Viability

Evan's blue was used at 0.05% to discriminate between live cells that remained

colourless, and dead cells that stained blue (Baker et al., i993; Sharma and Tewari,1996;

Lu and Higgins, 1999). Maize suspension cells were observed under a light microscope

(model II RS, Zeiss, Germany) after cell wall disruption to allow for cell counting. Two

preliminary methods were used to separate cell aggregates: cell wall disruption by

sonication (Biosonik III, Bronwill, USA) of ice-cooled samples for 5, 10, 15, 20, and 40

sec; and enzymatic lysis by r% (wlv) maceroz)¡me R-l0 (EC 3.2.1.15; Sigma, USA) and

r% (w/v) cellulase 'onozuka' R-10 (EC 3.2.r.4; Sigma, USA), on a rotary shaker at 40

rpm for 30, 60 and 180 min, at 37 oC (Dhir et a1.,1998; Burzaand Malepszy,1995).

3.8 Oxygen Uptake Rate Measurement

The oxygen uptake was measured polarographically with an oxygen electrode

(Rank Brothers, Cambridge, UK), equipped with an HPLC software (Inject, Interactive

Microware Inc, USA) for computerised recording. The electrode was calibrated with

fully aerated water at 25 oC. Under such conditions, water contains 257.5 pM of

dissolved 02 (Vesilind, 1996). The zero of the electrode was measured after total

reduction of the water-dissolved oxygen by sodium hydrosulfite. Water was used for

calibration as it contained oxygen levels similar to those in fresh culture medium

equilibrated with air.

Three- to five-day-old cell cultures were preliminarily bubbled at room

temperature for 6h wíth 3yo or 100% 02, depending on the gas treatment. A volume of
3.5 mL of gas-treated cell culture was placed in the electrode chamber, and the headspace

of the chamber was reduced with a screw top for measurement, at 25 oC. Sample fresh

weights were determined afterwards; amounts of cells used in these experiments varied

between 60 and 280 mg. The oxygen uptake rate (OUR) was calculated at regular

intervals on the recorded curves, according to equation (3.1), and expressed in nmol

O2.min-r.g-' FW. The OIIR was plotted versus the Oz level (in ¡rM) for comparative

studies. ln case of samples treated with i 00% Oz, the curves were fitted by a hyperbolic

function of equation y : A.x / (B + x). The fits were then characterised by their plateau
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A, corresponding to the initial, maximal OUR in hyperoxia, and by their half-saturation

point B, i.e. the level of Oz at which the OUR declined to 50o/o of its maximum. See

Appendix 4 for details on the method.

OllR: -slope*60*V/FW

with slope in pM. sec-r; volume V in mL; fresh weight FW in g.

3.9 Carbon Dioxide Release Rate Measurement

(3.1)

CO2 release measurements were carried out at 25 oC with an infrared gas analyser

(IRGA; Qubit Systems Inc., Kingston, Canada). The gas analyser was calibrated with

known COz concentrations prepared by mixing pure CO2 with Nz to flush 0, 100, 200,

300 and 400 ppm CO2. N2/CO2 mixtures were controlled by a proprietary computer with

elrors less than 2o/o. The calibration was performed in conditions as close as possible to

those met during sample measurements. Thus, gas mixtures were flushed at a rate of 60

ml-.min-l through a syringe filled with 15 mL of fresh medium, prior to desiccation

through a column of CaSO+ and COz analysis. The syringe, the desiccation column and

the IRGA were linked by plastic tubing with tight corurections to avoid gas leaks. In

particular, the syringe was sealed with a rubber stopper that was pierced with a 16-gauge

needle tightly engaged into the plastic tubing.

Samples used for COz measurements were 3- to 5-day-old cell cultures treated

with either 100% or 3o/o Oz for 6 h at room temperature (the syringes contained 10 mL of
cell culture). Drying of cells on the walls of the syringes during gas treatment was

minimised by frequent agitation. After 6 h of gas treatment, every sample was connected

in tum to the IRGA for COz analysis. The gas flow from the outlet of the CO2 analyser

was measured as the time needed to empty a 100 mL graduated cylinder filled with water.

The gas flow through the syringes was adjusted to 60 ml.min-r. The fresh weights of the

samples were determined afterwards; cell amounts varied between 0.2 and 1.3 g. The

CO2 release rates were calculated according to equation (3.2), and reported in nmol

COz.min-r.g-t FW.

COz releaserate : gas flow*P - [COzl/(R- T*FW) (3.2)

with gas flow in ml-.min-r; pressure P in atm; CO2 concentration [COz] in ppm; universal

gas constant R: 0.08205 in IU; temperature T in oK; fresh weight F'W in g.
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4.0 RESULTS

This section describes findings relevant to the effects of altered phytoglobin levels

on growth and respiration of maize suspension cells under varying oxygen levels. The

results of a hypoxic and a hlperoxic treatment are described in section 4.1. Phytoglobin

levels are quantified in the wild type, and in two lines engineered for altered expression

of phytoglobin, under both hypoxia and hyperoxia. Knowledge of the phytoglobin levels

in the three lines is used in section 4.2 to examine cell growth, 02 uptake and COz

production under hypoxia and hlperoxia. Differences in the response to changing 02

levels of the cell lines are used to gain insight into the effects of phytoglobin on growth

and respiration under hypoxic stress.

4.1 Phytoglobin Expression in Wild-Type and Transgenic Maize Cells in Hypoxia

and Hyperoxia

The suggestion that phytoglobins may be involved in an adaptive response to

hypoxic stress arose from the finding that phytoglobin genes were hypoxia-inducible in

barley andmaize (Taylor et al.,1994). Hypoxia-induced expression of phytoglobin genes

has, since then, been described in several other species (Table 2.2). The effects of varying

levels of phytoglobin on the energy status of cells under hypoxia were studied by

transforming maize suspension cells with a barley phytoglobin gene (Sowa et al., 1998).

Using an analogous, transgenic cell system, the present thesis focuses on aspects of cell

metabolism under hypoxia, with respect to levels of phytoglobin protein. In this regard,

the immunodetection technique was optimised so that slight changes in the levels of
phytoglobin protein could be tracked. Efforts were made, also, to optimise Oz diffusion in

the suspension cultures for consistent, reproducible supply of Oz to the maize cells.

Therefore, two gas treatments were defined to place the cells under hypoxia (hypoxic

treatment) or alternatively, under sufficient oxygen supply (hyperoxic treatment) to

ensure that the cells were not under hypoxic stress.
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4.1.1Levels of Phytoglobin in Wild-Type Cells over the Period of Culture

Primarily, the wild-type line was investigated for any variation in phytoglobin

levels with age of the cell culture, which would interfere with the effects of the gas

treatments. The immunoblot represented in figure 4.1 shows relative phytoglobin levels

in protein extracts of wild-typemaize cells grown under aerated conditions for up to 7

days. The phytoglobin migrated with an apparent molecular weight of 18.3 kD4 which

corresponded to the 18,279 Da predicted by sequence analysis of the 165 amino-acid long

phytoglobin of maize (SWISS-PROT accession number Q9FY42). Quantification of the

respective bands with the Image J software (http://rsb.info.nih.gov/ijl) showed that the

steady-state levels of phytoglobin protein remained unaltered over the culture period.

Additional immunoblots confirmed that phytoglobin steady-state levels remained

constant on a protein basis, over days of culture (samples D-3 and D-5 in fig. 4.5; and

data not shown). Consequently, any variation observed in the phytoglobin content of
wild{ype cells subjected to varying 02 levels, could be attributed exclusively to the

oxygen level imposed.

days of culture

Pqb *21.5 kD

* 14.3 kD

1.1 0.95 1.0 1.0 1.0 1.0

Figure 4.1. Protein immunoblot of phytoglobin expression in wild-type maize cells over
the weekly period of cell culture.
Proteins were extracted from wild-type cells grown under aerated conditions for 7,2, 4,
5, 6 and 7 days. Each well was loaded with 45 pg of total soluble protein. Polyclonal
antibody, raised and affinity-purified against barley recombinant phytoglobin (Duff er
al., 1998), was used for immunodetection. Numbers below the blot indicate band
intensities relative to sample in lane 4, based on scan analysis with the Image J
software. Pgb: phytoglobin.
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4.1.2 Chanses in ADH Activity and Phytoglobin Levels after Hypoxic Treatment of

Wild-Type Maize Cells

Experiments were begun on day 3 of culture as all cell lines were in their

logarithmic phase of growth (see part 4.2 for details on the different phases of cell

growth). On day 3 of culture, wild-type cells were transferred into syringes and treated

with 3o/o 02 (see Materials and Methods). Medium of hypoxically-treated cell cultures

had an oxygen content near 60 pM Oz, which was independent of the amount of cells in

the syringes (data not shown). The actual oxygen content of the culture medium may

have been over-estimated if equilibration occurred between air and the medium during

manipulation. The error made should, however, be negligible because transfer of gas-

treated medium into the oz electrode chamber was achieved within 10 sec.

Cultures treated with 3%o 02 were analysed for ADH activity because it is a

reliable marker of hypoxic metabolism (Hanson and Jacobsen, 1984; Drew, T997 and

references therein). ADH was expected to catalyse most of the fermentative activity as

lactate dehydrogenase (LDH) activity was found at negligible levels inmaize BMS cells

under hypoxia (Sowa, 1998). Figure 4.2 exhlbits the ADH activity of 3-day-old wild+ype

cells treated with 3o/o Oz for 3 to 24 h. Wild-type cells gro\¡/n under aerated conditions for

3 days (d-3) and 4 days (d-4) were used as reference. Sample d-4 had twice the ADH

activity of sample d-3, suggesting that this cell culture may have become slightly hypoxic

under normal growth conditions (Fig. a.Ð. ADH activity of cells grown under 3Yo Oz

rose gradually from 0.22 to 1.4 pmol NADH.min-'.*g-t total protein after 24 h of
treatment, which was 3.2 times higher than in sample d-4, and 6.3 times higher than in

sample d-3. This provided evidence that the 3o/o Oz treatment promoted the onset of
hypoxic metabolism in wild-type maize cells.
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Figure 4.2. ADH activity of wild-typ e maize cells treated with 3o/o Oz for 3 to 24 h.
Three-day-old wild-type cells were treated with 3o/o Oz for 3, 6, 9 and 24 h, arñ
analysed for ADH activity. Values are means + SE of 4 replicates. Wild{ype (WT)
cells grown under aerated conditions for 3 days (d-3) and 4 days (d-4) were used for
comparison in this measurement.

Phytoglobin expression was investigated in the samples analysed for ADH

activity. Panel A of figure 4.3 represents an immunoblot of phytoglobin expression in 3-

day-old wild+ype cells treated with 3Yo Oz for 3 to 24 h. Wlld-type cells grown under

aerated conditions for 3 days (d-3) and 4 days (d-4) were used for comparison with

hypoxically-treated samples. Phytoglobin steady-state levels of the various samples were

quantified by scanning of the blot in panel A with the Image J software, and were plotted

in panel B. Sample d-4 was found to express 1.4 times more phytoglobin protein than

sample d-3 (Fig. 4.3, panel B), which correlated with the increase in ADH activity from

sample d-3 to sample d-4 in figure 4.2. The phytoglobin content of hypoxically-treated

cells rose to levels that were 3.5 and 4.8 times higher than that of sample d-3 after 72 and

24 h of hypoxic stress, respectively (Fig. 4.3, panel B). Thus, it was demonstrated that
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Figure 4.3. Phytoglobin expression in wild-type maize cells treated for 3 to 24 h with
3%o Oz.
A: lmmunoblot of phytoglobin expression. Wild-type cells grown under aerated
conditions for 3 days (d-3) and 4 days (d-4), and 3-day-old wild-type cells treated with
3o/o Oz for 3, 6, 9, 12 and 24 h, were analysed for their phytoglobin content. Each well
was loaded with 45 pg total soluble protein. Pgb: phytoglobin. B: Graphic
representation of phytoglobin steady-state levels relative to sample d-3, based on a scan
analysis of the above immunoblot with the Image J software.
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4.1.3 Changes in ADH Activify and Phytoglobin Levels after Hyperoxic Treatment

of Wild-Type Maize Cells

The hyperoxic treatment was meant to provide maize cells with enough oxygen

for maximal rates of mitochondrial respiration. On day 3 of culture, wild-type cells were

bubbled with 100% Oz for various time durations. Samples treated with 100% Oz

contained dissolved Oz at concentrations varying between I,230 and 7,260 pM (data not

shown).

Figure 4.4 displays the ADH activity of 3-day-old wild-type cells exposed to

100% Oz for 6 to 48 h. Wild-t1pe cells grown under aerated conditions for 3 days (D-3)

and 5 days (D-5) were used for comparison with hyperoxically-treated samples. Sample

D-5 had 1.3 times as much ADH activity as sample D-3, an increase already observed

from sample d-3 to d-4 in figure 4.2. ADH activity of cells treated with 100% Oz

remained at a basal level of 0.3 pmol NADH.min-l.mg-1 total protein, which was 1.3

times lower than that of sample D-5 after 48 h of treatment (Fig. a. ). Hence, the

hyperoxic treatment prevented hypoxic metabolism that may take place in wild-type

maize cells if grown under aerated conditions.
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Figure 4.4. ADH activity of wild-typemaize cells treated with 100% Oz for 6 to 48 h.
Three-day-old wild-type cells were treated with 100 % Oz for 72, 24,36 and 48 h, and
analysed for ADH activity. Values are means + SE of 4 replicates. Wild-type (WT)
cells grown under aerated conditions for 3 days (D-3) and 5 days (D-5) were used for
comparison in this measurement.

Figure 4.5 displays the ph¡oglobin levels in 3-day-old wild{ype cells treated

with 100% Oz for 6 to 48 h. Wild-type cells grown under aerated conditions for 3 days

(D-3) and 5 days (D-5) were used as reference conditions. The blot in panel A was

representative of three blots from three separate experiments, used for phytoglobin

quantification in the various samples. Phytoglobin bands were scanned in all three blots

with the Image J software and averaged, and their values relative to that of sample D-3

were plotted in panel B. The phytoglobin content of sample D-5 was signifîcantly higher

than that of sample D-3, which correlated with the increase in ADH activity in figure 4.4.

In the case of samples treated with 100% 02, phytoglobin steady-state levels were not

significantly different from those in sample D-5 (Fig. 4.5, panel B). Therefore, it appears

that the expression levels of phytoglobin in the maize cells were not affected by the 100%

02 treatment.
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Figure 4.5. Phytoglobin expression in wild-type maize cells treated for 6 to 48 h with
100Yo Oz.
A: Immunoblot of phytoglobin expression. V/ild-type cells grown under aerated
conditions for 3 days (D-3) and 5 days (D-5), and 3-day-old wild-type cells treated with
100% Oz for 72,24,36 and 48 h, were analysed for their phytoglobin content. Each
well was loaded with 45 ¡rg total soluble protein. Pgb: phytoglobin. B: Graphic
representation of phytoglobin steady-state levels relative to sample D-3, based on scan

analysis of 3 immunoblots with the Image J software. Values are means + SE from 3

immunoblots of 3 independent experiments.

Wï in air
WT in 100o/o



42

4.1.4Levels of Phytoglobin in Transgenic Maize Cells in Hypoxia and Hyperoxia

Two transgenic maize cell lines, PGB- and PGB*, were used in conjunction with

the wild type for comparative studies on cell metabolism under hypoxia and hyperoxia.

PGB cells were generated by transformation of maize cells with the barley phytoglobin

gene in antisense orientation, under the control of the constitutive ubi 1 promoter. The

PGB- line was selected for its reduced levels of phytoglobin protein compared to air-

grown wild-type cells (Dordas et al., 2002b). PGB* cells were produced by

transformation of maize cells with the barley phytoglobin gene in sense orientation, under

the control of the same [Jbi 1 promoter. As a result, PGB* cells expressed high, invariable

levels of barley phytoglobin in addition to endogenous levels of maize phytoglobin

(Sowa et aL.,1998).

4.1.4.1 Levels of Phytoglobin in Transgenic Maize Cells under Aerated

Conditions. It was shown in figure 4.5 þanel B) that steady-state levels of phytoglobin

were similar in wild-type cells grown under aerated conditions or treated with 100% Oz.

Therefore, the phytoglobin protein was quantified in 3-day-old PGB- and PGB* cells

grown under aerated conditions, and was assumed to be representative of levels

expressed under hyperoxia (Fig. 4.6, panels A and B).

Maize phloglobin from the PGB- protein extracts migrated with an apparent

molecular mass of 18.3 kDa þanel A), as seen with wild-type cells in the previous blots.

By scanning of 3 immunoblots from 3 independent experiments, PGB- cells were found

to express 0.64 (t 0.03) time the phytoglobin levels of wild-type cells (panel B).

Phytoglobin from the PGB* protein extract migrated with an apparent molecular weight

of 18 kDa. This corresponded to the 18,043 Da predicted by sequence analysis of the 162

amino-acid long phyoglobin of barley (SWISS-PROT accession number Q42831). No

band was detected in the PGB* lane that corresponded to maize phytoglobin (Fig. 4.6,

panel A), which could be attributed to the smaller sample used for that protein extract.

Indeed, the steady-state levels of barley phytoglobin in PGB* cells were high and a

smaller sample of the protein extract (1/50) was used to avoid saturation of the signal

during immunodetection. As a result, the maize phytoglobin, which was expected to be

present in PGB* cells at levels similar to those in wild{ype cells, remained below the
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threshold of detection. The levels of barley phytoglobin were 80 (t 2) times as high as

maize phytoglobin levels in wild+ype cells (Fig. 4.6, panel B).

'"t{_r
bPgb

PGB WT 1/50 PGB
I(

* 21.5 kD

* 14.3 kD

PGB- PGB*

Figure 4.6. Phytoglobin expression in wild-type and transgenic maize cells grown under
aerated conditions.
A: lmmunoblot of phloglobin expression. Wild-type (WT), PGB- and PGB* cells were
grown under aerated conditions for 3 days. V/ells were loaded with 45 ttg of extracts
for PGB- and wild+ype samples, and with 0.9 pg of extract for PGB* samples (1/50 of
the load). bPgb: barley phytoglobin; mPgb: maize phytoglobin. B: Graphic
representation of phytoglobin steady-state levels relative to V/T sample, based on scan
analysis of 3 immunoblots with the lmage J software. Values are means + SE from
three immunoblots of three separate experiments.
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4.1.4.2 Levels of Phytoglobin in Wild-Type and Transgenic Maize Cells in

Hypoxia. Phytoglobin was quantified and expressed as percent of total soluble protein in

3-day-old cells grown under aerated conditions or treated with 3o/o Oz for up to 48 h (Fig.

4.7). On duplicate immunoblots, the phytoglobin bands were quantified by comparison to

known quantities of recombinant maize phytoglobin (see Materials and Methods, and

Appendix 3). Note that the primary antibody used to detect phytoglobin in wild-type,

PGB- and PGB* protein extracts, was raised against barley phytoglobin (Duff et al.,

1998). Therefore, it is possible that cross-hybridisation of the antibody with maize

phytoglobin in wild-type and PGB- cells was less efficient than with barley phytoglobin

in PGB+ cells. For that reason, phytoglobin was quantified in the cell lines by comparison

to known quantities of recombinant maize phytoglobin rather than recombinant barley

phytoglobin. This ensured that levels of maize phytoglobin would be determined

accurately in wild-type and PGB- cells. However, levels of barley phytoglobin in PGB*

cells may have been over-estimated.

Figure 4.7 shows the levels of phytoglobin expression in 3-day-old wild-type and

transgenic cells grown under aerated conditions and in 3o/o Oz for 12 to 48 h. At the

beginning of the hypoxic treatment, phytoglobin represented 0.023 to 0.025o/o total

soluble protein of PGB- cells, 0.036 to 0.038% total soluble protein of wild-type cells,

and294 to 3.060/o total soluble protein of PGB* cells. The phytoglobin content of PGB*

cells remained relatively constant overthe 48 h of hypoxia, at levels that were 78 to 81

times higher than in air-grown wild-type cells. Phytoglobin steady-state levels of wild-

type cells increased rapidly during the f,rrst 24 h of 3o/o Oz treatment and then, remained

relatively constant. The levels were 3.4- and 4.7-fold higher than in air-grown wild-type

cells at 12 and 24 h of hypoxia, respectively. Such an expression pattern was already

observed in figure 4.3 with samples placed under similar conditions (lanes 5 and 6

relative to lane 1). By contrast, the phytoglobin of PGB- cells treated with 3Yo Oz

increased in a linear fashion over the 48 h period, reaching levels that were 5-fold higher

than in air-grown PGB- cells. Hence, the rise in phytoglobin steady-state levels was slow

and continuous for PGB- cells treated with 3yo 02.
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Figure 4.7. Phytoglobin expression in wild-type and transgenic maize cells under
aerated conditions and in 3o/o Oz for 12 to 48 h.
Phytoglobin steady-state levels in 3-day-old wild{ype (wr), PGB- and PGB+ cells
grown under aerated conditions and then treated with 3o/o Oz for 12,24 and 48 h, were
quantif,red by immunoblot scanning with the Image J software. Band intensities were
quantified by comparison to known amounts of recombinant maize phyoglobin (see
method in Appendix 3). Values are means from two independent experiments for all
points but wild-type cells at time 0, whose value is a mean + SE from four independent
experiments. (O) PGB- cells; (O) V/T cells; (V) PGB+ cells.
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4.2 Effects of Phytoglobin Expression on Growth and Respiration of Maize Cells

under Hypoxic Stress

This section deals with the effects of an alteration of phytoglobin levels on cell

growth, oxygen uptake and carbon dioxide production in hypoxia and hyperoxia. Cell

growth was investigated because it is a major parameter that characterises a suspension

culture. Moreover, the finding by Dordas et al. (2002a) that phytoglobin helps maintain

the growth of alfalfa roots under hypoxia, raised special interest for a similar study on

maize cells. The study of 02 uptake and CO2 production was meant to provide clues on

whether phytoglobin affects respiratory and fermentative activities in hypoxic cells. The

control and knowledge of the oxygen supply and of phytoglobin expression levels in the

maize cells, enabled comparative studies on the three cell lines. Any discrepancy in the

02 uptake and CO2 production rates between the cell lines could be related to their

phytoglobin levels.

4.2.1Effects of Phytoglobin on Cell Growth under Aerated, Hypoxic and Hyperoxic

Conditions

4.2.1.1 Growth of Wild-Type and Transgenic Maize Cells under Aerated

Conditions. Prior to investigating cell growth in hypoxia and hyperoxia, the growth under

aerated conditions of the wild-type, PGB- and PGB* cells was characteris ed.. Maize

suspension cells were maintained in liquid cultures for 7 to 10 subcultures, after which

cell growth slowed. The three cell lines invariably evolved from clumped cell cultures to

fine suspensions with fewer clumps, throughout the successive subcultures. Repeated

selection of fiire cells as an inoculum for three successive subcultures failed to eliminate

cell clumps from the cell cultures. The size of cell clumps appeared to be solely

dependent on the number of subcultures in liquid, regardless of the cell lines.

Cell growth was determined as the volume of sedimented cells over a period of 12

days (Fig. 4.8). Cell growth began after avery short lag phase (not apparent in figure 4.8,

due to the logarithmic scale on the Y axis) and gave rise to pronounced differences

between the lines, which contrasted with findings by Sowa (1998). Thus, growth during

the first 3 days of culture led to volumes of PGB- cells that were significantly higher than
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those of wild-type cells on days 3 to 6. Also, volumes of PGB* cells were signif,rcantly

lower than those of the other two lines on days 3 to 9 of culture (Fig. 4.8). The

logarithmic growth phase, i.e. the linear portion of the curves in figure 4.8, extended from

day 1 to 6 for wild-type and PGB* cells, but only from day 1 to 5 for PGB- cells, which

may suggest an earlier cessation of growth of PGB- cells. Cell populations are growing

most rapidly during the logarithmic growth phase and hence, it was expected that good

reproducibility would be obtained from experiments performed at that stage of growth.

Therefore, all following experiments were carried out on days 3, 4 and 5 of culture, while

the three cell lines were in their logarithmic growth phase.

----r- PGB -

-_r WT
--Ì- PGB+

days of culture
Figure 4.8. Growth of wild-type and transgenic maize suspension cells over 12 days of

culture under aerated conditions.
Cell growth was assessed as the volume of settled cells on days 0 to 12. Values are
means + SE of 10 replicates from 3 experiments with 2 to 4 replicates. (r) PGB- cells;
(O) wild-type (WT) cells; (V) PGB* cells.
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Over the course of the experiments, the volume of sedimented cells increased by

4-,4.2- and 3.75-fold for the PGB-, wild-type and PGB* line, respectively. The three lines

entered the stationary phase after day 9 of culture. The packed-cell volume of the PGB-

line continuously decreased from day 9 (Fig. a.8). By contrast, only a slight decrease in

packed-cell volume was observed on day 12 for the wild-type and PGB* lines (Fig. 4.8).

A decline in fresh weight is generally correlated to cell mortality, as demonstrated in

suspension cultures of Chenopodium rubrum (Peters et aL.,2000). Therefore, the results

may suggest that PGB- cells were shorter lived than the two other lines.

4.2.1.2 Growth of Wild-Type and Transgenic Cells in Hypoxia and Hyperoxia.

Plant tissues grown in liquid medium generally become hypoxic unless they are provided

with enriched Oz atmospheres (Saglio and Pradet, 1980). Therefore, the impact of
hypoxic stress on cell growth was studied by comparing growth of the three cell lines

under hypoxic (3% Oz) conditions and hyperoxic (40% 02) rather than aerated,

conditions. A level of 40o/o Oz was chosen as a moderately hyperoxic treatment for this

experiment. Figure 4.9 depicts the growth of wild-type, PGB- and PGB* cells both in 3o/o

and 40Yo Oz for up to 60 h from day 3 of culture. The fresh weight of PGB- cells declined

beyond 48 h of growth in hypoxia or hyperoxia (Fig. 4.9). As mentioned before, a decline

in fresh weight is indicative of cell death (Peters et a|.,2000). Hence, attempts were made

to assess cell viability in the three lines after hypoxic and hyperoxic treatment, by

determining the proportion of dead cells stained with Evan's blue. However, cell

counting under the light microscope was impeded by a build-up of cell wall that resulted

in large cell aggregates. Cell wall lysis by macerozyme failed, and disruption by

sonication was lethal to the cells. So the viability of cells in the three lines under both

conditions could not be determined.

The possible effect of phytoglobin on hypoxic growth was studied by comparing

the growth rates of each cell line in 3o/o and 40Yo Oz. Linear regressions were determined

for the growth curves presented in figure 4.9, using the SASrM software. The 60 h time

points were not taken in account for calculations because PGB- cells were likely dyrng

beyond 48 h of treatment, as suggested earlier.
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WT line 40o/o Oz

3o/o Oz

PGB* line 40o/o Oz

Equations (4.1) to (4.6) of the linear regressions are listed below:

PGB- line 40o/o 02 y : 0.0037 (+ 0.0004) x + 0.3847 (t 0.014)

3To Oz y : 0.0022 (t 0.0004) x + 0.3847 (t 0.014)

y : 0.0048 (t 0.0005) x + 0.3525 (t 0.015)

y : 0.0031 (t 0.0005) x + 0.352s (+ 0.015)

y: 0'0032 (+ 0.0004) x + 0.34s8 (t 0.012)

3o/o Oz y:0.0029 (+ 0.0004) x + 0.3458 (1 0.012)

with the fresh weight y of the cell sample in g; the time length xin3o/o or 40o/o Oz in h.

According to the slopes of linear regressions (4.1), (4.3) and (4.5), the growth rate

of wild-type cells in 40Yo Oz was significantly higher than those of PGB- and PGB+ cells,

which were not significantly different. A comparison between treatments for each cell

line showed that the growth rate in 3o/o Oz was significantly lower than that in 40o/o Oz for

wild+ype and PGB- cells (P< 0.05), but not for PGB* cells (P> 0.05).

(4.r)

(4.2)

(4.3)

(4.4)

(4 5)

(4.6)
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Figure 4.9. Growth of wild+ype, PGB-, and PGB* cells in 3o/o and.40o/o Oz.
Cell growth was assessed as the mass of fresh weight after 0, 12,24, 36, 48 and 60 h of
gas treatment from day 3 of culture. Values are means + SE of 6 experimental points
from 2 independent experiments with 3 replicates. (Y) growth in 40Yo Oz; (O) growth
in3o/o Oz.
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4.2.2 Effects of Phytoglobin on Oxygen Uptake in Hypoxia and Hyperoxia

It has been demonstrated that phytoglobin helps maintain the energy charge of

plant cells under hypoxia (Sowa et al., 1998). This hnding has raised questions of

whether phytoglobin might affect the respiratory activity of hypoxic cells. Therefore,

respiration was investigated in the three cell lines by measuring the oxygen uptake of

entire cells after both 3o/o and 100% Oz treatments. It was assumed that mitochondrial

respiration would contribute most of the cell 02 uptake rate (OIIR). Accordingly, any

changes in OIIR between the cell lines or between 3o/o and 100% Oz treatments would be

attributed to changes in rates of mitochondrial respiration. Lastly, BMS suspension cells

are heterotrophic, so no photosynthetic Oz evolution should interfere with the OUR data.

The dependence of cell OUR on 02 concentration was assumed to follow the

Michaelis-Menten equation, as in studies by Chevillotte (1973), Denison (1992) and

Lammertyn et al. (2001). As for any model, the Michaelis-Menten fit may give a

simplified view of the events that result in the cell OUR. However, further sections will

show that this model fits well the OUR of the maize cells. When cells were treated with

100% Oz for 6 h, the OIIR reached a plateau at high 02 levels, as exemplified in figure

8.4.2 of Appendix 4. The OUR of cells treated with 3% Oz, measured at Oz

concentrations between 1 and 70 pM, did not reach a plateau (example in Fig. 8.4.3 of

Appendix 4). However, it also agreed well with a Michaelis-Menten fit, as will be seen in

a later section. The Michaelis-Menten parameters Z,nu* and apparent K* corresponded to

max OUR and halÊsaturation point, respectively, in equation (4.7):

OllR: max OUR. [Oz] / (halÊsaturation point + [O2]) (4.1)

where [Oz] was the Oz concentration of the medium; max OIJR was the maximal OLIR

by maize ceils after 6 h in 100% or 3o/o Oz; the halÊsaturation point was the Oz level at

which the OUR was half of max OltR. Figure 8.4.2 of Appendix 4 exemplifies the

graphic representation of the OUR of wild-type cells as a function of Oz concentration.

4.2.2.1 Influence of Cell Density and Cell Age on Oxygen Uptake Rates of Wild-

Type Maize Cells. The OUR in 100% 02 of wild-type cells was measured on samples

with low (0.07 to 0.15 g FW) and high (0.17 to 0.28 g FW) cell densities, on days I to 7

of culture. The OtIRs were plotted versus Oz levels and fitted to a Michaelis-Menten
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model to determine their maximal OUR and halÊsaturation point. Correlation factors of

the fits were satisfactory as they ranged from 0.939 to 0.991 (data not shown).

Despite some significant differences in maximal OUR and half-saturation point

between the two sets of samples with low and high fresh weights, no consistent trends

were apparent over the period of culture (Fig. 4.10, panels A and B). Therefore, none of

those parameters was influenced by cell density under hyperoxic conditions. A similar

experiment on PGB- and PGB+ cells led to the same conclusion (data not shown). The

effect of cell density was also studied on all cell lines treated with 3o/o 02, on days 3 to 5

of culture: cell density did not influence the maximal OUR nor the half-saturation point

of the three lines under hypoxia (data not shown). Hence, the observations made in the

following results were not due to any possible effect of cell density in the samples.

ln the experiment displayed in f,rgure 4.10, the OllR in 100% Oz of wild-type

cells was examined with respect to the age of the culture. In panel A, for both sets of

samples with low and high density of cells, the maximal OllR was highest on days I a¡rd

2 of culture, and significantly decreased thereafter, over days 3 to 5. A peak in respiration

during the lag and early logarithmic phases of growth, was reported for several species

grown in liquid cultures. This included suspension cultures of Acer pseudoplatanus

(Jessup and Fowler,7976), Catharanthus roseus (Drapeau et a|.,1986), Petunia hybrida

(van Emmenk et al., 7992), C. rubrum (Peters et a1.,2000) and Nicotiana tabacum

(Zhang et al., 1999). However, all the above authors observed a gradual fall in respiration

rates from the late logarithmic phase onwards, while the maximal OIJR of maize cells

rose significantly on days 6 and 7 (Fig. 4.10). ln similar experiments with PGB- and

PGB* cells, the maximal OUR was highest on days I and 2, after which it was

maintained or decreased (data not shown). The rise in maximal OIIR on days 6 and 7 of

culture was, therefore, restricted to the wild type.

Since the half-saturation point was independent of cell density, its variation with

age of the cells was studied on the combined sets of low and high cell density samples

(top-right graph in panel B). The data points were fitted by linear regression with a low

correlation factor R2 (0.64). Nevertheless, the negative slope (-0.79) of the fit suggested a

trend towards a decrease in values of the halÊsaturation point over days of culture, under

hyperoxic conditions.
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Figure 4.10. Influence of cell density and cell age on the oxygen uptake rates of wild-
type maize cells treated with l00o/o Oz.
One- to seven-day-old wild-type cells were treated with I00% 02 for 6 h prior to
oxygen uptake rate (OUR) measurement. Measurements were performed on samples
with low (0.07 to 0.15 g FW) and high (0.17 to 0.28 g FW) cell densities. Values for
the maximal OtlR and half-saturation point were determined as in Material and
Methods and Appendix 4. Values are means + SE from 1 experiment with 1 to 4
replicates per category of cell density. A: maximal OllR; B: halÊsaturation point; in
both panels: (O) low cell density, (V) high cell density. Top-right graph in panel B:
lnfluence of cell age on the half-saturation point of wild-type cells. Samples with low
and high cell densities were combined and fitted linearly (correlation factor R2:0.64).
Values are means + SE from 1 experiment with 3 to 8 replicates. (A) halÊsaturation
point, (-) linear regression.
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4.2.2.2 Oxygen Uptake Rates of Wild-Type and Transgenic Cells in Hyperoxia.

OURs of the three cell lines were measured on days 3 to 5 of culture, after 700Yo Oz

treatment for 6 h. The OllRs were plotted versus Oz levels, and fitted to a Michaelis-

Menten type of equation. Correlation factors of the fits ranged from 0.954 to 0.992 for

PGB- cells, from 0.976 to 0.993 for wild-type cells, and from 0.979 to 0.996 for PGB*

cells (data not shown).

Panel A of figure 4.1 1 displays maximal OURs of the three cell lines from day 3

to 5 of culture, in l00o/o Oz. As mentioned before, the OURs of the three cell lines

reached a plateau when the cells were treated with I00% Oz for 6 h, therefore the

maximal OURs represented the actual OURs of the three cell lines under hyperoxia. On

day 3 of culture, the maximal OtlR of PGB- cells was significantly higher than that of

PGB* cells, which was significantly higher than that of wild+ype cells. This relationship

between the cell lines was observed in three independent experiments. The maximal

OI-IR of wild-type cells declined from 786 to 690 nmol Oz.min-r.g-r FW from day 3 to

day 5 of culture, the decrease being significant only from day 3 to day 4. The maximal

OUR of PGB* cells paralleled that of the wild type, decreasing from 922 to 846 nmol

O2.min-r.g-r FV/ between day 3 and day 5. By contrast, the maximal OUR of PGB- cells

dropped signif,rcantly from the highest value of T044 nmol Oz.mitr-'.g-' FW on day 3

down to 707 nmol O2.mi.t-t.g-t FW on day 5. It follows that a higher maximal OUR

correlated with enhanced phytoglobin expression in the PGB* line, under hyperoxic

conditions. Moreover, reduced expression of phytoglobin in the PGB- cells resulted in

their inability to maintain a high maximal OUR over days of culture.

The above results were compared to OI-IR values in the literature, after unit

conversion for some of them, based on the assumption that dry weight represents 5o/o of

cell fresh weight. Thus, N. tabacum suspension cultures had similar respiration rates that

decreased from 500 to 300 nmol O2.min-t.g-tFW, from day 3 to day 5 of culture (Parsons

et al., 1999; Zhang et al., 2001). Also, the OUR of P. hybrida cells in suspension

decreased from 200 to 150 nmol O2.mi.t-t.g-t FV/ during late logarithmic phase, from day

3 to 5 (van Emmenk et al., 1993). As for C. roseus in logarithmic growth, OURs of 375

to 550 nmol Oz.min-'.g-t FW (Kubota and Ashihara, 1993) and 125 nmol O2.min-r.g-1 FW

(Pareilleux and Vinas, 1983) were measured. Lastly, Blein (1980) measured an OUR as
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low as 60 nmol Oz.min-l.g-l FW for Chenopodium album cells in logarithmic growth

phase. In summary, respiration rates vary greatly among plant cells and those of maize

cells are greater than in other plant cell suspensions.

Panel B of figure 4.11 represents the half-saturation point in 100% Oz of the wild-

type and transgenic lines over days 3, 4 and 5 of culture. Only the half-saturation point of

wild+ype cells decreased significantly between day 3 and day 5, the values for the PGB-

and PGB* lines being relatively constant. PGB- cells displayed an average half-saturation

point near 7 pM Oz, which was significantly lower than those of wild-type and PGB*

cells, found at 12 pM Oz. For comparison, Lammertyn et al. (2001) found a half-

saturation point of 3 pM Oz for protoplasts of "Conference" pear (Pyrus communis) cells,

which was of the same order of magnitude as the present data. The result, therefore,

showed that reduced levels of phytoglobin in the PGB- line resulted in a lower half-

saturation point under hyperoxia.
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Figure 4.11. Characterisation of oxygen uptake rates by wild{ype and transgenic maize

cells treated with 100% 02, oVer days 3 to 5 of culture.
Three- to five-day-old wild+ype and transgenic cells were treated for 6 h with 100% Oz
prior to oxygen uptake measurement. Values for the maximal oxygen uptake rate (max
OUR16o"%) and half-saturation point were determined as in Material and Methods and
Appendix 4. Values are means * SE of data from 1 experiment with 4 fo 5 replicates.
Panel A: maximal OUR by wild-type (V/T), PGB- and PGB* cells. Panel B: halÊ
saturation point for the three cell lines. In both panels: (r) PGB- cells; (O) WT cells;
(Y) PGB* cells.
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4.2.2.3 Oxygen Uptake Rates of Wild-Type and Transgenic Cells in Hypoxia.

OtIRs of the three cell lines were measured on days 3 to 5 of culture, after 3Yo Oz

treatment for 6 h. The OURs were plotted versus the Oz levels, and fitted to a Michaelis-

Menten type of equation to allow for comparison with OllRs under hyperoxic conditions.

Although the OURs in hypoxia did not reach a plateau (as exemplified in figure 8.4.3 of

Appendix 4), they agreed well with the Michaelis-Menten type of fit. Thus, correlation

factors of the fits ranged from 0.936 to 0.993 for PGB- cells, from 0.978 to 0.998 for

wild-type cells, and from 0.986 to 0.995 for PGB* cells (data not shown).

Panel A of figure 4.12 exhibits the maximal OURs of the three lines from day 3 to

5 of culture in 3o/o Oz. Over the three days of experiments, the maximal OI-IR of PGB*

cells was significantly higher than those of wild-type and PGB- cells. The maximal OUR

of PGB* cells increased only slightly from799 to 859 nrrtol Oz.mitt-t.g-tFW, while that

of wild-type cells decreased significantly between day 3 and day 5, from 686 to 593 nmol

Oz.min-r.g-r FW. As for the PGB- line, its maximal OllR varied between 613 and 726

nmol O2.min-'.g-t FW. Lastly, the maximal OUR of PGB* cells in 3o/o Ozwas as high as

that in I00% Oz on days 4 and 5 of culture, which was not observed for the other lines. It

follows that enhanced expression of phytoglobin in the PGB* line coincided with a

maximal OUR in hypoxia that was maintained with cell age, and was as high as in

hyperoxia on days 4 and 5. By contrast, under-expression of phytoglobin in PGB- cells

resulted in a drop in maximal OLIR in hlpoxia compared to that in hyperoxia, especially

on day 3 of culture.

Panel B of figure 4.12 displays the halÊsaturation point in3%o 02 of the wild-type

and transgenic lines over days 3 to 5 of culture. The half-saturation point of PGB+ cells

had a constant value of 13 pM Oz and thus, was consistent from hyperoxic to hypoxic

conditions. The same observation was made for the half-saturation point of the PGB- line,

which remained near 7 FM Oz. As for the wild type, the halÊsaturation point fluctuated

between 9.7 and 13 ¡rM Oz over the days. Therefore, a lower half-saturation point

correlated with under-expression of phytoglobin in PGB- cells, which was consistent

befween hypoxic and hyperoxic conditions.
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Figure 4.12. Characterisation of oxygen uptake rates by wild-type and transgenic maize
cells treated with 3o/o Oz, over days 3 to 5 of culture.
Three- to five-day-old wild-type and transgenic cells were treated for 6 h with 3%o Oz
prior to oxygen uptake measurement. Values for the maximal oxygen uptake rate (max
OIJR3%) and half-saturation point were determined as in Material and Methods and
Appendix 4. Values are means + SE of data from I experiment with 3 to 5 replicates.
Panel A: maximal OUR by wild{ype (WT), PGB- and PGB* cells. Panel B: half-
saturation point for the three cell lines. In both panels: (r) PGB- cells; (O) WT cells;
(V) PGB* cells.
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The OURS of the three cell lines treated with 3o/o 02 were determined (Fig. 4.13)

for comparison with the OURs of the lines treated with I00% Oz. It was shown in section

4.1.2 That cell cultures treated with 3o/o Oz contained 60 FM Oz. Therefore, values of
OIIR at 60 pM 02, called OUR3"¿, were calculated from the equations of the fits

presented in figure 4.I2, and averaged for each line on days 3 to 5 of culture (Fig. a.13).

The OIIR3"¿ of the PGB* line remained relatively constant over days, varying from 652 to

706 nmol O2.min-r.g-t F'W from day 3 to 5 of culture. It was significantly higher than the

OltR3% of the wild type, which decreased significantly from 591 to 506 nmol O2.min-r.g-r

FW. Therefore, higher expression levels of phytoglobin in PGB* cells resulted in a higher

OllR under hypoxia which, also, was maintained over days. The OUR37 of PGB- cells

fluctuated between 541 and 640 nmol Oz.min-l.g-l FW over days of culture. Hence,

reduced expression of phytoglobin in PGB- cells did not diminish their OUR compared to

that of the wild type. However, the OUR3"¿ values of the three lines were reducedby 20

to 30o/o compared to their OtIRs in hyperoxia (max OI-IR166"¿ in figure 4.11). Although no

significant difference was observed between the lines (Appendix 5, Table 8.5.1), the

decrease seemed to be inversely proportional to the phytoglobin content of the cell lines.

Hence, the presence of phytoglobin in the maize cells appeared to limit the decrease in

OUR from hyperoxia to hypoxia.
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Figure 4.13. Oxygen uptake rates at 60 pM Oz by wild-type and transgenic maize cells
treated with3Yo 02, ov€r days 3 to 5 of culture.
Three- to five-day-old wild-type and transgenic cells were treated for 6 h with 3o/o 02
prior to oxygen uptake measurement. Values of oxygen uptake rates (OURs) at 60 ¡rM
Oz were calculated from equations of fits presented in figure 4.12, and called O[JR3y".
Values are means + SE of data from 1 experiment with 3 to 5 replicates. (r) PGB-
cells; (O) WT cells; (V) PGB* cells.

4.2.3 Effects of Phytoglobin on CO2 Production in Hypoxia and Hyperoxia

Measurements of COz release rates (CRRs) were undertaken to complement the

data on cell OLIRs and provide clues on fermentative and respiratory activities of the

maize cells. The use of 3o/o and 100% Oz treatments allowed for comparative studies on

the three cell lines, which would relate the effects observed on COz production to the

respective levels of phytoglobin.
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4.2.3.1 COz Release Rates of Wild-Type and Transgenic Cells in Hyperoxia.

Rates of COz produced by wild{ype and transgenic cells were determined on days 3 to 5

of culture, after l00o/o 02 treatment for 6 h (Fig. 4.14).It is important to note that dark-

grown BMS suspension cells are heterotrophic, so no photoslmthetic COz fixation could

interfere with the data on CRRs. Another remark is that CRRs of the maize cells were

comparable to the 460 nmol COz.min-r.g-l FW produced by C. roseus cells during

logarithmic growth (Bond et al., 1938). On days 3 and 4 of culture, the CRR of PGB*

cells was significantly higher than that of PGB- cells, which was significantly higher than

that of wild-type cells. This relationship between the cell lines was observed in two

independent experiments. The CRRs of wild-type and PGB* cells significantly decreased

between day 3 and day 5, from 461 to 412 rvnol COz.min-r.g-t FW and from 594 to 516

nmol COz.min-l.g-l FW, respectively. The CRR of PGB- cells remained constant at a

level above 500 nmol COz.min-r.g-l FW. Therefore, enhanced expression of phytoglobin

in PGB* cells led to a higher CRR under hyperoxia, which decreased over days in a

fashion similar to that of the wild type. However, reduced expression of phytoglobin in

PGB- cells did not lower their CRR compared to that of wild-type cells.
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Figure 4.14. Rates of COz release by wild-type and transgenic maize cells after l00o/o Oz

treatment, from day 3 to 5 of culture.
Three- to f,rve-day-old wild-type and transgenic maize cells were treated with 100% Oz

for 6 h, prior to COz release rate (CRRI00%) measurement. Values are means * SE of 10
experimental points from 2 independent experiments with 5 replicates. (r) PGB- cells;
(O) wild-type (WT) cells; (V) PGB* cells.

4.2.3.2 Respiratory Quotients of Wild-Type and Transgenic Cells in Hyperoxia.

The respiratory quotient (RQ) of the maize cells treated with 100% 02 was calculated

from equation (4.8) (Willms et al., T997):

RQroo"n: CRR¡66"¿ lmax O[IR166"¿ (4.8)

with RQrooy", CRR¡66"7"and max OI-IR1ss"¿ being the RQ, CRR and maximal OIJR of cells

treated for 6 h with 100% 02, respectively.

OLiRs of maize cells treated with 100% 02 reached a plateau (the maximal O[IR),

hence it was assumed that the cells were provided with enough oxygen to fully respire.

Furthermore, the carbon source supplied by the MS-medium was sucrose. ln those

conditions, the cell RQ was expected to be close to 1 (Willms et al., T997), as indicative

o f carbohydrate metabolism.
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The cell RQ in 100% 02 (Table 4.1) was calculated from the maximal OURs (Fig.

4.11) and CRRs (Fig. a.14) of the cell lines in100o/o 02, overdays 3 to 5 of culture. Table

4.1 shows that the RQ of the three cell lines ranged from 0.5i to 0.71, which was much

lower than the expected value of 1. RQ values that vary greatly from 1 are reported in the

literature. Thus, an RQ of 1.2 was found for C. roseus (Bond et al., 1988) and for

Sanguinaria canadenszs (Rho et al., 1990) suspension cells in logarithmic growth.

Inversely, an RQ as low as 0.66 has been associated with NHa* assimilation by S.

minutum (Guy et al., 7989). Therefore, the low values of cell RQ in table 4.1 may be

considered of physiological relevance. Another possibility is that a systematic error was

made in OUR or CRR measurements, thus leading to low RQ values with small standard

elrors (Table 4.1). In either case, any relationship to be observed between the cell lines

was considered relevant, as the same nutrient medium or systematic error was applied to

all cell lines.

Thus, on days 3 and 4 of culture, the RQ of PGB* cells was higher than that of

wild-type cells, which was higher than that of PGB- cells, the difference being signif,rcant

between the PGB+ and the PGB- lines. The values remained constant over days for the

three cell lines, except for a significant increase in the RQ of PGB- cells from day 4 to

day 5. Therefore, the RQ in hyperoxia appeared to correlate with expression levels of

phytoglobin in the maize cells, on days 3 and 4 of culture only. Also, reduced expression

of phytoglobin in the PGB- line coincided with a rise in RQ on day 5 of culture.
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Table 4.1. Respiratory quotients of wild-type and transgenic maize cells treated with
700% 02, orì days 3 to 5 of culture.
The respiratory quotient (RQ) of wild-type (WT), PGB- and PGB* cells treated with
100% 02, wâs calculated as the ratio of CO2 release rate to maximal 02 uptake rate.
Values are means + SE from i experiment with 5 replicates for the oxygen uptake
measurement, and from 2 independent experiments with 5 replicates each for the COz
release measurement.

Cell line
day 3

RQ (+ SE)

day 4 day 5

PGB-

WT

PGB*

0.s1 (+ 0.04)

0.s9 (+ 0.05)

0.64 (+ 0.04)

0.s6 (r 0.03)

0.61 (+ 0.04)

0.6s (+ 0.04)

0.71 (+ 0.05)

0.60 (+ 0.04)

0.61 (+ 0.06)

4.2.3.3 COz Release Rates of Wild-Type and Transgenic Cells in Hypoxia. Rates

of COz production were determined for wild-type and transgenic cells treated for 6 h with

3o/o Oz (Fig. 4.15). The CRR of PGB* cells increased from 364 to 380 nmol CO2.min-r.g-r

FW from day 3 to 5, while that of wild-type cells fluctuated between 273 and 318 nmol

COz.min-r.g-' FW.By contrast, the CRR of PGB- cells significantly decreased from day

to day, from 390 nmol CO2.min-l.g-lFW on d,ay 3, to the lowest value of 260 nmol

COz.min-l.g-l FW on day 5. This trend for PGB- cells was observed in two independent

experiments. Therefore, under-expression of phytoglobin in PGB- cells did not diminish

their CRR under hypoxia but rather, reduced their ability to maintain it over days of
culture, compared to the wild type. On the contrary, the enhanced expression of

phytoglobin in the PGB* line coincided with a higher CRR which was also sustained over

days. Moreover, CRRs under hypoxia were reduced by at least 30% compared to those

under hyperoxia, without any trend among the cell lines (Appendix 5, Table 5.5.2).

Consequently, the phytoglobin levels of the three lines did not seem to influence the

extent to which their CRRs were reduced from hyperoxia to hypoxia.
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Figure 4.15. Rates of COz release by wild-type and transgenic maize cells after 3o/o Oz
treatment, from day 3 to 5 of culture.
Three- to five-day-old wild-type and transgenic maize cells were treated with 3%o Oz
for 6 h, prior to COz release rate (CRR¡ø) measurement. Values are means + SE of 9 or
10 experimental points from 2 independent experiments with 4 to 5 replicates. (r)
PGB cells; (O) wild-type (V/T) cells; (V) PGB* cells.

4.2.3.4 Respiratory Quotients of Wild-Type and Transgenic Cells in Hypoxia. The

RQ was calculated for wild+ype, PGB- and PGB* cells treated with 3o/o C.2, on days 3 to

5 of culture (Table 4.2). The medium of cell cultures treated with 3o/o Oz contained 60

FM Oz, as mentioned previously. Therefore, values of OLIR at 60 pM 02, called OUR37"

Fig. a.I2), were used together with CRR values obtained in 3o/o 02 (Fig. 4.15) to

calculate the cell RQ in 3o/o Oz (equation 4.9):

RQ¡*: CRR3y" / OUR37" (4.9)

with RQ37" , CRR37 and OUR37" being the RQ, CRR and OI-IR of cells treated for 6 h

w ith 3o/o 02, resp ectively.
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The RQ values displayed in table 4.2 ranged from 0.46 ro 0.72. The values

remained constant over days for the three cell lines, except for a signif,rcant decrease in

the RQ of PGB- cells from day 3 to day 4 of culture. The RQ of PGB- cells was also

significantly higher than that of wild-type and PGB* cells on day 3. Lastly, the RQ of

wild-type cells was significantly higher than that of PGB- cells on day 5. It follows that

the RQ in hypoxia did not correlate with the phytoglobin content of the cell lines.

However, under-expression of phytoglobin in PGB- cells resulted in a drop in the RQ

over days of culture. Furthermore, the RQ in 3%o Oz of wild-type and PGB* cells was

slightly lower than the RQ in I00% Oz of samples on corresponding days of culture,

although the difference was not always significant (Appendix 5, Table 8.5.3). The RQ in

3%o Oz of PGB- cells was significantly higher on day 3 and significantly lower on day 5

than the RQ in I00% Oz. Therefore, under-expression of phytoglobin in PGB- cells

dramatically altered the cell RQ from hyperoxia to hypoxia, and the changes were not

consistent over days of culture.

Table 4.2. Respiratory quotients of wild-type and transgenic maize cellstreated with3o/o
02, on days 3 to 5 of culture.
The respiratory quotient (RQ) of wild-type (WT), PGB- and PGB* cells treated with 3%
02, wâs calculated as the ratio of CO2 release rate to 02 uptake rate at 60 pM Oz.
Values are means + SE from i experiment with 5 replicates for the oxygen uptake
measurement, and from 2 independent experiments with 5 replicates each for the COz
release measurement.

Cell line
day 3

RQ (È SE)

day 4 day 5

PGB-

WT

PGB*

0.72 (+ 0.08)

0.54 (+ 0.04)

0.56 (+ 0.0s)

0.48 (+ 0.0s)

0.49 (+ 0.06)

0.s2 (+0.07)

0.46 (+ 0.03)

0.62 (+ 0.0s)

0.s4 (+ 0.06)
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5.0 DISCUSSION

The main purpose of this study was to examine the effects of phloglobin on

normoxic and hypoxic metabolism of BMS maize suspension cells, with special attention

on their growth, 02 uptake and COz production. The effects related to phytoglobin were

examined by comparing the wild type with two transgenic lines with reduced levels

(PGB) and high, constitutive levels (PGB) of phytoglobin, respectively. Indeed, any

discrepancies between the lines in the various measurements carried out, were expected

to relate to phytoglobin expression levels, even though the possibility of pleiotropic

effects due to the transformations could not be completely eliminated. For that purpose, it

was essential to set controlled, reproducible conditions and to determine the levels of
phytoglobin protein in the three cell lines under those conditions. Another requirement

was that conditions be met, which could trigger hypoxic metabolism in the maize cells or

alternatively, make them normoxic.

5.1 Characterisation of the Maize Cell Study System under Hypoxia and Hyperoxia

The hypoxic treatment consisted of treating cells with 3o/o Oz and resulted in Oz

levels near 60 pM in the culture medium. The invariant 02 levels suggested that the gas

flow was sufficient to provide the cell cultures with Oz in a homogeneous, reproducible

manner. The increase in ADH activity in cells treated with 3%o Oz for lp to 24 h showed

that the treatment caused the induction of a marker of anaerobic stress associated with

hypoxic metabolism (Fig. a.Ð. The hyperoxic treatment consisted of treating cells with

I00% Oz and raised the Oz concentration in the liquid medium to levels near 1,250 pM.

A basal level of ADH activity was maintained over the course of the treatment, whereas

that of air-grown wild{ype cells increased by almost 30% (Fig. 4.4). Therefore, the

hyperoxic treatment limited the rise in fermentative enzyrne activity that may occur in

air-grown cell cultures.

As mentioned above, the maize suspension cultures may experience a lack of
oxygen under normal growth conditions. Plant materials such as excised maize root tips

(Saglio et al., 1984; Xia and Saglio, T992) or barley aleurone layers (Nie, 1997)

experience Oz shofage when grown under aerated conditions. Also, maize cell
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suspensions become hypoxic unless the culture medium is oxygenated with 40o/o 02

(Kovacs et al., 1995). In the present study, the ADH activity of air-grown wild-type cells

increased by 100% from day 3 to day 4 of culture (Fig. 4.2, samples d-3 and d-4), and by

30% from day 3 to day 5 (Fig. 4.4, samples D-3 and D-5), in two separate experiments. [n

the latter, treating the cell cultures with i00% Oz maintained their ADH activity to a

basal level (Fig. a.Ð.It follows that air-grown wild-type cells experienced 02 shortage in

those two experiments. Concomitantly, the rise in ADH activity of the air-grown samples

was accompanied by an increase in their phytoglobin content (Figs. 4.3 and 4.5). Such

variation in phytoglobin expression was not observed in all experiments. Thus, figure 4.1

displays relatively constant levels of phytoglobin in wild-type cells grown under aerated

conditions over a period of 7 days. Therefore, it appears that some maize cell cultures,

but not all, became hypoxic under normal growth conditions.

It may be proposed that intensively-growing cultures reach cell densities for

which the oxygen supply becomes limiting under normal growth conditions. lndeed,

inoculation of the suspension cultures was achieved with a constant cell volume, however

the cell number was not controlled (see Materials and Methods). Consequently, the

density of the cell cultures may vary with the size of the cell population at the beginning

of the culture. Another possibility is that the size of cell aggregates affects the oxygen

supply to the cells. Indeed, it was observed that cell cultures invariably changed from a

clumped state to a finer state with fewer clumps through subcultures, regardless of the

cell line (data not shown). Selection of fine cells as an inoculum for three successive

subcultures failed to produce finer suspensions (data not shown), i.e. some clumps

formed again in the cultures. Cell aggregation may raise the path length for Oz diffusion

to the cells buried in the interior of clumps, which may then be insufficiently provided

with Oz under normal growth conditions. Since the size of cell clumps could not be

controlled, it may be that some cultures were in a state that affected their oxygenation

efficiency. Lastly, variations in temperatures at which suspension cultures were grown

may have affected their 02 status. For instance, the 02 concentration in water decreases

by I0% when temperature rises from 20 to25oC (Vesilind, 1996).

Determination of phytoglobin expression levels in the three cell lines under

hypoxia and hyperoxia, was central to the present work. Consequently, efforts were made
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to raise the sensitivity of the immunodetection method to track slight changes in levels of

the phytoglobin protein. This was achieved by using a PVDF membrane for

immunoblotting, and a secondary antibody coupled to alkaline phosphatase for

chemiluminescence detection (see Materials and Methods). Evidence was provided for

changes in the levels of phytoglobin protein (Figs. 4.3 and 4.5) that could not be detected

in previous work from our laboratory (Sowa, 1998). It thus proved that the antibody

directed to barley phloglobin allowed for satisfactory cross-hybridisation with maize

phytoglobin, contrarily to previous statements on that matter (Silva-Cardenas, 1997;

Sowa, 1998).

lmportantly, it was demonstrated here that the hypoxic treatment caused the

steady-state levels of phytoglobin to rise in the wild-type cells (Fig. a.3). The levels thus

increased from 0.037Yo at the beginning of hypoxic treatment, to 0.18% total soluble

protein after 48 h of hypoxia (Fig. 4.7). The levels of phytoglobin protein evolved in a

non-linear fashion over time: they increased rapidly during the first 24 h of hypoxia, and

remained relatively constant afterwards (Fig. a.7). This could be attributed to increased

synthesis and/or decreased turnover of the phytoglobin protein. As for the I00o/o Oz

treatment, wild-type cells maintained their levels of phytoglobin even after 48 h of
hyperoxia (Fig. a.5). Phytoglobin transcripts were found at low levels under aerated

conditions (Sowa, 1998), therefore the maintenance of a threshold level of phytoglobin in

hyperoxia by translation of transcripts is not very likely. A slow turnover of phytoglobin

may provide a more plausible explanation to the maintenance of phytoglobin levels under

hyperoxia (Fig. 4.5). The maintenance of a threshold level of phytoglobin in hyperoxia

might suggest a role even in unstressed conditions, which will be discussed in a further

section.

Levels of phytoglobin were investigated in the lines PGB- and PGB*, which were

produced by transformation of BMS cells with the barley phytoglobin gene. PGB- had

reduced capacity to synthesise phytoglobin as a result of antisense transformation with

the barley phytoglobin gene (Dordas et aL.,2002b). Air-grown PGB- cells expressed near

0.024% of total soluble protein, which represented 650/o of the content of wild-type cells

Fig.  .7). Under hypoxia, the levels of phytoglobin in PGB- cells increased slowly and

linearly over the 48 h of hypoxic treatment, reaching levels that were 5 times higher than
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in air-grown PGB- cells (Fig. 4.7). Sowa (1998) showed that levels of phytoglobin

transcripts in wild-type cells increase as early as 6 h after the onset of hypoxia, and show

maximal induction after 12 h. Therefore, the slow, linear increase in phytoglobin protein

in PGB- cells compared to that in wild{ype cells under hypoxia, may reflect the antisense

effect on the population of phytoglobin mRNAs, i.e. the degradation of the sense-

antisense mRNA hybrids. It suggests that the increase in the levels of phytoglobin protein

is mainly due to increased synthesis during the first 12 h of hypoxia, the decreased

degradation of phytoglobin playing a minor role, if any (Fig. a.D. In addition, the

evolution of phytoglobin levels in wild-type and PGB- cells under hypoxia was such that

marked differences appeared between the two lines by the first hours of hypoxia. Thus,

the phytoglobin levels in PGB- cells varied from 650/o of the content of the wild type

under aerated conditions, to as low as30o/o at12h in hypoxia (Fig. a.7). Therefore, the

measurements of OIIR and CRR conducted after 6 h of 3o/o 02 treatment, were carried

out in a phase of stress where the two lines expressed marked differences in phytoglobin

levels.

The PGB* line was generated by sense transformation of fhe maize BMS cells

with the barley phytoglobin gene (Sowa et al., 1998). The barley phytoglobin protein

purified from PGB* cells was fully assembled and shared the same spectral

characteristics as recombinant barley phytoglobin (Sowa, 1998). Therefore, barley

phytoglobin was expected to be functional in the PGB+ cells. The assumption was made,

also, that barley and maize phytoglobins fulfilled similar Íìrnctions in the PGB* cells.

Immunoblotting experiments showed that the PGB* line expressed barley phytoglobin at

a level of 3%o total soluble protein, under aerated and hypoxic conditions (Fig. 4.7). This

was 80 times higher than (maize) phytoglobin levels in air-grown wild-type cells (Figs.

4.6 and 4.7). The levels of maize phytoglobin expressed in PGB* cells were expected to

be similar to those in the wild type. Consequently, the effects of phytoglobin in the PGB+

line were mainly due to barley phytoglobin.

The barley phytoglobin of PGB* extracts and the maize phytoglobin of wild-type

and PGB- extracts were quantified on immunoblots by comparison to known amounts of
recombinant maize phytoglobin (Fig. 4.7; method in Appendix 3). It is possible that the

primary antibody, directed to barley phytoglobin, hybridised more efficiently with barley
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phytoglobin than with maize phytoglobin. Therefore, the use of recombinant maize

phytoglobin for the standard curve permitted accurate determination of maize

phytoglobin in extracts from wild-type and PGB- cells. Comparatively, detection of

barley phytoglobin by the primary antibody may have resulted in a stronger signal than

with an equal amount of maize phytoglobin, due to a more efficient hybridisation.

Consequently, it is possible that levels of barley phytoglobin in the PGB* line were over-

estimated. Nonetheless, even though phytoglobin levels may have been over-estimated in

the PGB+ line, they certainly were much higher than those in the wild type and the PGB-

line.

5.2 Effects of Phytoglobin Expression on Growth of Maize Suspension Cells

Cell growth is a major parameter that characterises a suspension culture and its response

to stress. Moreover, it was found that phytoglobin helps maintain the growth of alfalfa

roots under hypoxia (Dordas et a|.,2002a). This raised special interest for a similar study

on the maize cell system as it could serve as a model for the effects of phytoglobin on cell

growth under hypoxia.

The growth under aerated conditions of the three cell lines revealed differences in

relation to their phytoglobin expression levels (Fig. a.8). Thus, there was a trend towards

a shorter logarithmic growth phase for the PGB- line than for the other two, which may

reflect an earlier cessation of growth of PGB- cells. FurtheÍnore, there was a trend

towards a decrease in volume of PGB- cells from day 9 of culture onwards, which did not

occur before day 11 for the two other lines (Fig. 4.8). A decrease in cell fresh weight was

also observed after 48 h in 3o/o and 40o/o Oz in the case of the PGB- line, which did not

occur for the two other cell lines (Fig. a.9). Lastly, the cloudy medium and brown colour

of cells beyond day 10 of culture also suggested that PGB- cells were shorter lived than

the wild-type and PGB* cells. Cell viability could not be assessed in the three cell lines

due to clumping. Cell clumps could not be separated by macerozyme-mediated lysis or

sonication. However, Peters et al. (2000) demonstrated that a decrease in cell fresh

weight is indicative of cell death in suspension cultures of C. rubrum.Taken together,

these findings suggest that phytoglobin may improve cell viability, which could be a

crucial component of the response to low Oz stress.
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The growth of the three cell lines was also investigated under both hypoxic and

hyperoxic conditions. According to linear regressions on growth curves of figure 4.9,the

growth rate of wild-type cells in 40o/o 02 was signif,rcantly higher than those of PGB- and

PGB* cells, which were not signif,rcantly different. Thus, over- or under-expression of

phytoglobin in the maize cells appeared to impair their growth, although no reason was

provided that could explain why this is so. One might speculate that plants have evolved

to express phytoglobin levels that are most suited to stress and non-stress conditions,

alteration of those levels being then detrimental to cell growth. It will be further

discussed in a later section in what way cell growth might be affected by phytoglobin

levels in PGB- and PGB* cells.

The overall growth of PGB* cells was similar in 3o/o arñ 40Yo 02, whereas that of

wild+ype and PGB- cells was significantly reduced by hypoxic stress, as shown by

statistical analysis of the growth rates in figure 4.9. The maiirtenance of growth from

hyperoxia to hypoxia for PGB* cells may be due to an already low growth rate under

sufficient 02 supply, compared to that of the wild type. However, this would not explain

why growth of PGB- cells, which was not significantly different from that of PGB* cells

in 40o/o 02, wâs reduced significantly by hypoxic stress (see statistical analysis of data in

Fig. a.9). Alternatively, one may conclude that expression of phytoglobin is a factor in

maintaining cell growth under hypoxic conditions, as already shown for alfalfa roots

(Dordas et a1.,2002a). A possible test of this hypothesis in future might be to examine

the growth rate of wild-type cells in relation to their acclimation to hypoxia. If
phytoglobin is a factor of growth maintenance under hypoxia, acclimated cells should

maintain their growth rate, whereas non-acclimated cells should show a decline in growth

rate under hypoxia.

5.3 Effects of Phytoglobin Expression on Oz Uptake and COz Production of Maize

Suspension Cells

The study of Oz uptake and COz production by the wild-type, PGB- and PGB*

lines allowed for a better understanding of the effects of phytoglobin on cell respiration

during hypoxic stress.
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5.3.1 Characterisation of Cell Respiration by OUR and CRR Measurements

Characterisation of the cell OUR with a Michaelis-Menten model is well

documented in the literature (Chevillotte,1973; Denison, 1992;Lammertyn et a\.,2001).

At the outset, it should be emphasised that any model used is probably a simplification of

the events that result in the cell OllR, e.g. mitochondrial respiration. Nevertheless, the

correlation factors of the Michaelis-Menten fits were sufficiently high to ensure that the

system could be modelled according to a simple kinetic equation (5.1), characterised by a

maximal OIIR and a half-saturation point:

OIIR: maximal OUR * lOzl /(halÊsaturation point + [Oz]) (s.1)

Usingthis approach, correlation factors of the fitswere above 0.94 (Figs. 4.I0;4.I1 and

4.12), independently of the cell line or the Oz levels in the medium.

The first parameter which characterises the cell OIIR is the maximal OIIR, that is

to say the plateau reached by the OUR at high 02 levels. Since the OUR of cells treated

with 100% Oz reached a plateau, their actual OIIR was the maximal OIIR in l00yo Oz

(max OUR166"¿; Figs. 4.10 and 4.11, panels A). Studies on respiration of suspension

cultures describe a peak of respiration during the lag and early logarithmic phases of

growth, followed by a continuous decrease until culture death (Jessup and Fowler,I976;

Drapeau et a|.,1986; van Emmeik et al., 7992; Peters et aL.,2000; Zhang et a\.,1999).

The peak of respiration has been related to increases in cell protein content (Givan and

Collin, 1967; Nash and Davies, 1972; Fowler, 1975), such as components of the

mitochondrial electron transfer chain (van Emmenk et al.,1992). Although no peak was

observed for the maize cells, the maximal OUR of all three lines was highest on days 1

and2, during the lag and early logarithmic phases of growth (Fig. a.10, panel A and data

not shown). The rise in maximal OIIR on days 6 and 7 was specific to the wild tlpe (Fig.

4.10, panel A), the reason of which was not readily apparent. The maximal OUR of the

PGB- and PGB* lines decreased continuously from day 3 of culture onwards (data not

shown), as in the references cited above. Therefore, the OtlR of the three lines in

hyperoxia varied over the culture period in a fashion similar to that described in the

literature (Jessup and Fowler, 1976; Drapeau et al., 1986; van Emmenk et al., 7992;

Peters et al., 2000; Zhang et al., 1999).
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The second parameter used to characterise the cell OUR is the half-saturation

point, i.e. the Oz concentration at which the OllR is half of its maximum. The estimate

for the wild-type line is 12 pM 02 (Fig.4.11, panel B), which is roughly of the same

order of magnitude as the 3 pM Oz found for'Conference'pear cells (Lammertlm et al.,

2001). Those values are much higher than the K* of the two oxidases that branch the

mitochondrial respiratory chain. In mitochondria isolated from soybean roots, for

instance, cytochrome oxidase and alternative oxidase have a K^ of 0.14 ¡rM and 1.7 pM,

respectively (Millar et al., 1994). This may suggest that the half-saturation point of the

maize cells reflects not only the combined afhnity of cytochrome and altemative

oxidases, but also a considerable effect of cell clumping on 02 diffusion. Indeed, oxygen

must diffuse through the medium and through cell walls prior to entering cells

(Chevillotte, 1973). 'Whereas Oz diffusion through the medium was optimised by

bubbling 02 through the cell cultures, cell aggregation may have increased the path

length for 02 diffusion to cells within the clumps, thus raising the halÊsaturation point.

Interestingly, there was a trend in favour of a continuous decrease in the half-saturation

point of wild-type cells over days of culture, which was not due to cell density in the

samples (Fig. 4.10, panel B). This coincided with the decrease in number and size of cell

aggregates observed in all three lines throughout the period of culture (data not shown).

Therefore, the size of cell aggregates in the cultures may account for variations in the

half-saturation point of the maize cells over days of culture.

The size of cell aggregates may also explain variations in the halÊsaturation point

among the cell lines. Thus, the halÊsaturation point of wild-type and PGB* cells was at

12 pM Oz and hence, was significantly higher than that at 7 ¡rM Oz of PGB- cells, in both

hyperoxia and hypoxia (Figs. 4.11 and 4.12, panels B). It is unlikely that such a

difference arises from a differential use of the oxidases in the mitochondrial electron

transfer chain. lndeed, the contribution of their low K. (see above example of soybean

roots) to the half-saturation point is believed to be minor. More seemingly, variation in

the size of cell aggregates might modulate the half-saturation point, and in a manner

independent of Oz tensions in the culture medium (Figs. 4.ll and 4.12, panels B). The

size of cell aggregates could not be controlled, and decreased considerably for each line

with the number of subcultures. Note that the three cell lines were not always at the same
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number of subcultures when used in an experiment. Thus, it is possible that wild-type and

PGB* cells were used for measurement of their half-saturation point after a smaller

number of subcultures than for PGB- cells. Wild-type and PGB* cells may then have

formed larger aggregates than the PGB- line at the time of the experiment, resulting in a

higher halÊsaturation point due to impaired Oz diffusion (Figs. 4.1 1 and 4.T2). Therefore,

variations in the half-saturation point of the three lines may reflect differences in the size

ofcell aggregates, but not necessarily an effect ofphytoglobin.

The data on celi 02 uptake were complemented with measurements of COz

production under hyperoxia and hypoxia. The RQ of the maize cells treated with 100%

and 3o/o Oz was much lower than the value of 1 representative of carbohydrate

metabolism (Rawn, 1989). Thus, most RQ values ranged from 0.46 to 0.65 under

hyperoxia and hypoxia (Tables 4.I and 4.2). Comparable RQ values have been reported

in studies showing the implication of the TCA cycle in NHa* assimilation (Guy et al.,

1989). The hypothesis of a systematic error in OUR or CRR measurements of the present

work cannot be totally ruled out, and no measurement was performed on NHa* and NO3-

assimilation by the maize cells to reach definitive conclusions. However, it may be

proposed as one possible explanation to the results that the RQ of the maize suspension

cells reflect NHa* assimilation in both hyperoxia and hypoxia. NHa* and NO3-

assimilation could take place in the suspension cells as those were cultured in MS-based

medium. This medium, indeed, provides both NHa+ (21 mM) and NO3- (40 mM; see

Appendix 1) in large excess compared to the needs of plant cells (Turpin et a1.,1995).

5.3.2 Phytoglobin Does Not Sustain Cell Respiration under Hypoxia

It has been shown that phytoglobin helps sustain the energy charge of plant cells

under hypoxic stress, without apparent involvement of mitochondrial respiration (Sowa e/

al., 1998). The approach of the present research was, therefore, to further examine the

effects of phytoglobin on cell respiration by measuring cell 02 uptake and COz

production in the three cell lines in hypoxia and hyperoxia.

Comparison of OllR values in frgures 4. i 1 (panel A) and 4.13 shows that the cell

OUR was decreased by 20 to 30o/o from hyperoxia to hypoxia, depending on the cell line.

Thus, it appears that the presence of ph¡oglobin limited the decrease in cell OUR from
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hyperoxia to hypoxia, as shown by the trend in table 8.5.1, Appendix 5 (differences were

not significant). No such trend was observed between the lines regarding the decrease in

their CRR from hyperoxia (Fig. 4.I4) to hypoxia (Fig. a.15). Accordingly, there v/as a

trend towards a lower cell RQ for wild{ype and PGB* cells in hypoxia (Table 4.2) than

in hyperoxia (Table 4.1), although differences were not signif,rcant (Appendix 5, Table

8.5.3). Therefore, it appears that phytoglobin is involved in a process that consumes

oxygen under hypoxia.

The respiratory activity of the PGB* line was significantly higher than that of the

wild type in hypoxia, according to OUR (Fig. a.13) and CRR measurements (Fig. a.15).

However, the same measurements on the PGB- line showed that its capacity to respire

under hypoxic conditions was not diminished compared to the wild type (Figs. 4.I3 and

4.I5). This suggests that reduction of phytoglobin expression in the PGB- line was not

sufficient to impair its respiratory activity under hypoxic conditions. Fufthermore,

comparison of CRR values in figures 4.I4 and 4.15 shows that respiration was decreased

by at least 25o/o from hyperoxia to hypoxia, regardless of the cell line (Appendix 5, Table

8.5.2). Hence, the phytoglobin content of the three lines did not influence the extent to

which their CRR was decreased from hyperoxia to hypoxia. The data, therefore, do not

support the view of a role of phytoglobin in sustaining respiration under hypoxia,

although phytoglobin affects Oz consumption and respiration of hypoxic cells. These

results, thus, corroborate the hypothesis that phytoglobin acts by means other than the

support of mitochondrial processes (Sowa et aL.,1998).

The three cell lines were also investigated for any possible effect of phytoglobin

on the fermentative activity of hypoxic cells. As already mentioned, the CRR values were

diminished by at least 25o/o from hyperoxia to hypoxia, independently of the cell line

(Figs. 4.T4 and 4.15). This may reflect an absence of effect of phytoglobin on the

fermentative activity of the cells or altematively, the change in fermentative activity was

not detected. Indeed, ethanolic fermentation generates 2 mol CO2 per mol glucose,

whereas respiration produces 6 mol CO2 per mol glucose (Siedow and Day, 2000). It

follows that if equal amounts of glucose are consumed, fermentation produces 3 times

less CO2 than respiration. Therefore, carbon flow through the fermentative pathway

needs to be markedly increased to become significant compared to carbon flow through
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the TCA cycle. This happens when the Pasteur effect operates on glycolysis, causing the

glycolytic flux to increase by 2 to 6 times depending on the plant species (Vanlerberghe

et aL.,1990;Hole et aL.,1992; Geigenberger et a|.,2000; Summers et a\.,2000). If such

an increase in glycolytic flux took place in the maize cells, then it was rigorously

identical in all three lines as their CRR decreased to the same extent from hyperoxia to

hypoxia (Figs. 4.14 and 4.15). It would then be concluded that phytoglobin did not

influence the glycolytic flux of the maize cells under hypoxia.

The other possibility is that the fermentative activity was too low compared to

respiratory activity, to be detected. lndeed, the respiratory activity of the cells was

reduced by 25 to 35Yo, therefore the respiratory CO2 may still have accounted for most of

the cell CRR. Moreover, OUR and CRR measurements were performed after 6 h of

hypoxic treatment, i.e. at a stage where ADH activity was shown to increase by 2.5 times

(Fig. a.Ð. However, this is not indicative of the actual carbon flow through the

fermentative pathway, which may have been unaffected by the hypoxic treatment. In

addition, the cell cultures treated with 3o/o Oz contained 60 pM dissolved Oz (data not

shown), which was well above the half-saturation point of the three cell lines (Fig. 4.12,

panel B). This agrees with the observation that respiration was only slightly reduced in

the maize cells duringthe3Yo Oz treatment. Taken together, the data may then suggest

that fermentative activity of the maize cells in 3o/o Oz did not contribute enough to their

CRR to be detected. Therefore, measurement of carbon flow through the fermentative

pathway of the three lines in 3o/o Oz would be needed to allow def,rnitive conclusions

about the effects of phytoglobin on fermentation.

5.4 Possible Function(s) of Phytoglobin

Several hypotheses have been proposed for the role(s) of hypoxia-inducible

phytoglobin, including Oz diffusion facilitation (Andersson et al., 1996), 02 sensing

(Hargrove et a|.,2000) and NO'degradation coupled to NADH oxidation (Dordas et al.,

2002c).
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5.4.1 Phytoglobin Does Not Seem to Facilitate 02 Diffusion or to Sense 02

The present study provides new evidence against a role of phytoglobin in Oz

diffusion facilitation. Indeed, the results could not implicate phytoglobin in the

maintenance of respiratory activity under hypoxic stress (Figs. 4.T4 and 4.15). It follows

that, if phytoglobin was to facilitate Oz diffusion, it would not be to improve 02 supply to

the mitochondria under hypoxic stress. It then becomes obscure how an Oz diffusion

facilitator may help sustain the energy charge of hypoxic cells (Sowa et al., 1998)

without supporting their respiration.

The data on the cell OUR characteristics do not support any better the hypothesis

of a role of phytoglobin in 02 sensing. Thus, the effect of phytoglobin on the maximal

OtlR of the maize cells seems to be similar in hyperoxia and hypoxia, as illustrated by

the maximal OUR of the PGB* line in figures 4.11 and 4.12 (discussed in the next

section). In addition, the halÊsaturation point of the three lines was constant between

hyperoxia and hypoxia (Figs. 4.11 and 4.12), and did not seem to be influenced by

phytoglobin. Therefore, it appears that phytoglobin did not alter the kinetics of the cell

OUR during changes in Oz availability. If phytoglobin serves as a sensor of hypoxia, then

its effects are not obvious in the above results. By contrast, the hypothesis of a role of

phytoglobin as an NO' dioxygenase and NADH oxidase may be envisaged with the

results of the present thesis, as is discussed next.

5.4.2 Phytoglobin May Function as an NO' Dioxygenase and NADH Oxidase under

Hypoxic Stress

Phytoglobin has been proposed to function as an NO' dioxygenase and NADH

oxidase under hypoxia, detoxifying NO' in an O2-consuming reaction and oxidising

NADH to sustain the glycolytic flux (Dordas et a1.,2002c).It may be difficult to reach

substantial conclusions from the data presented in this thesis as they only allow for

limited observations. Nonetheless, the above hypothesis may be considered as one

possible interpretation, among others, of the results.

Thus, it has been proposed from results in figure 4.9 that phytoglobin may be

involved in maintaining cell growth under hypoxia, possibly by improving cell viability
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(Figs. 4.8 and 4.9).If verified, these suggestions would agree with the finding by Dordas

et al. (2002a) that phytoglobin helps to sustain the growth of alfalfa roots under hypoxic

stress. These authors have provided evidence for NO' formation in maize suspension

cells and alfalfa roots under hypoxia (Dordas et a|.,2002a,b). They have suggested that

NO'may impair survival and growth under hypoxic stress, and that phytoglobin may

function as an NO' detoxifier. The possible similarity of phytoglobin effects on growth of

maize suspension cells and alfalfa roots may reflect a universal role of phytoglobin in the

response to hypoxic stress. It is then relevant to hypothesise on the possible involvement

of phytoglobin in NO'metabolism in the maize cell system.

It has been shown that the presence of phytoglobin limited the decrease in cell

OUR from hyperoxia to hypoxia (Figs. 4.11 and 4.13; Table 8.5.1, Appendix 5),

suggesting that phytoglobin is involved in an O2-consuming process under hypoxia. This

is in agreement with the proposed hypothesis that phyoglobin reacts with Oz to degrade

NO' that is produced under hypoxia (Dordas et al., 2002b,c). Phytoglobin is very stable

in its oxygenated form, therefore it is likely to consume its bound Oz by interacting with

an oxidising compound or molecule (Hargrove et aL.,2000). This partner molecule is yet

to be discovered, though.

Phytoglobin does not seem to be implicated in the maintenance of mitochondrial

respiration under hypoxia, based on OIIR and CRR data (Figs. 4.II;4.I3;4.I4 and 4.15).

However, it has been suggested by Dordas et al. (2002b) that one possible way

phytoglobin helps maintain cell energy charge is by preventing NO' from inhibiting

mitochondrial respiration. Mitochondrial functionality, indeed, is inhibited by

interference of NO' with cytochrome oxidase in plants (Caro and Puntarulo,1999; Zottini

et a1.,2002). Again, the OUR and CRR data allow for limited conclusions, but taking in

consideration those suggestions may help reach a rationale with the results of the present

study. Thus, it may be proposed that wild{1pe and PGB- cells expressed enough

phytoglobin protein to reduce NO' levels and hence, minimise inhibition of

mitochondrial respiration by NO'. On the contrary, the presence of phytoglobin in the

cytoplasm of hypoxic cells may not affect NO' levels in the mitochondria, regardless of

the phytoglobin expression levels. Inhibition of cytochrome oxidase by NO' would then
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contribute equally to the decrease in respiratory activity in the three lines, phytoglobin

detoxifying only the NO' located in the cytoplasm. ln either hypothesis, the effects of

phytoglobin on cell growth and Oz consumption under hypoxia could not be related to

respiration. This supports the idea that phytoglobin affects other processes, one of them

being the glycolytic flux that it may help to sustain by oxidising NADH (Sowa et al.,

1998; Dordas et aL.,2002c). The differences in respiratory activity between the three cell

lines may then reflect other effects of phytoglobin, which are discussed hereafter.

5.4.3 Phytoglobin May Function as an NO'Detoxifier under Normoxia and Hypoxia

It may appear puzzlingthat both under- and over-expression of phytoglobin in the

PGB- and PGB* lines, respectively, resulted in greater OUR and CRR than in the wild

type, in hyperoxia and hypoxia (Figs. 4.Il;4.I3;4.I4 and 4.i5). Previous studies on the

plant disease hypersensitive response may provide an explanation for this observation.

Indeed, some authors have highlighted the need of a balanced production of NO' and

ROS to effectively activate cell death (Delledonne et a1.,2001). Disruption of such a

balance by modulation of NO' levels in PGB- and PGB+ cells, may then constitute one

possible interpretation of the results that is developed hereafter.

Several results in the present study suggest that phytoglobin may function under

hyperoxia. Thus, the maximal OI-IR of wild-type and PGB- cells declined from hyperoxia

to hypoxia whereas that of PGB* cells remained unaffected (Figs.4.11 and 4.12, panels

A). This suggests that the maximal OUR illustrates some effect of phytoglobin that may

take place in hyperoxia as well as in hypoxia. Hence, phytoglobin may be involved in

normoxic metabolism of plant cells. This may be envisaged as phytoglobin levels were

maintained under hyperoxia (Fig. a.5). Moreover, the respiratory activity of PGB- and

PGB* cells was greater than that of the wild type in hyperoxia and hypoxia, according to

the OtiR and CRR data (Figs. 4.ll;4.13;4.14 and 4.15). The data may then present new

clues on interactions between phytoglobin and NO', under both hyperoxia and hypoxia.

Thus, NO' is believed to be involved as a signal molecule in major aspects of

plant physiology, such as growth and development (Leshem and Kuiper, 7996) or the

hypersensitive response to pathogen attack (Delledonne et aL.,1998; Durner et aL.,1998).
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As mentioned earlier, the hypersensitive response has been shown to be triggered only by

a balanced production of NO' and ROS (Delledonne et a|.,2001). Modulation of this

balance as a result of plant-pathogen interactions may explain why at some levels in cells,

NO' counteracts ROS-mediated cell damage (Beligni and Lamattina, i999) whereas at

other levels, NO' enhances cell death (Delledonne et a\.,1998). It may be conceived that

NO' and ROS interact in other signalling pathways than the hypersensitive response.

Reduced expression of phytoglobin in PGB- cells or alternatively, its enhanced

expression in PGB* cells could perlurb such a balance by altering NO' levels. Disruption

of a balance NO'/ROS finely maintained in the wild type may then lead to different

physiological responses in the PGB- and PGB* lines, but with effects of similar intensity

on respiration under hyperoxia and hypoxia (Figs. 4.ll; 4.13; 4.14 and 4.15). Thus, over-

expression of phytoglobin in PGB* cells may disrupt the balance in a way that alters

solely the intensity of NO'-related responses, in hyperoxia and hypoxia. In support of that

view, the respiration rates of the PGB* line were higher but paralleled those of the wild

type over days of culture, in both hyperoxia and hypoxia (Figs. 4.lI; 4.I3; 4.14 and

4.15). By contrast, the lack of NO' down-regulation in the PGB- line may perturb the

balance NO'/ROS in a manner that renders NO'toxic to the cells. Increased cell mortality

could account for the inability of the PGB- line to maintain its maximal OUR when

shifting from hyperoxia to hypoxia, while the PGB+ line was unaffected (Figs.4.11 and

4.I2).It may also explain the absence of correlation between OI-IR and CRR evolutions

over days for the PGB- line, in hyperoxia and hypoxia (Figs. 4.Il; 4.13; 4.14 and 4.15).

Indeed, NO' sensitivity may vary with cell age, the modulation of NO' levels by

phytoglobin resulting in different responses over days of culture (see variation in RQ of

PGB- cells in Tables 4.1 and 4.2). Lastly, it would agree with the hypothesis that PGB-

cells were shorter-lived than wild+ype and PGB* cells, based on cell growth data (Figs.

4.8 and 4.9).

At this stage, it is worth discussing whether the use of i00% Oz as a hyperoxic

treatment may have generated ROS in the maize cells and affected their growth and

respiration. A level of 40o/o Oz, rather than 100% 02, waS used for cell growth in

hyperoxia (Fig. a.9) to limit the risk of prolonged exposure of cell cultures to potential
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oxidative stress. Cell growth in 40% Oz (Fig. 4.9) was not noticeably impaired compared

to that under aerated conditions (Fig. 4.8), and the same relationship was observed

between the cell lines in both experiments. Furthermore, no evidence of oxidative stress

appeared in OllR and CRR measurements carried out after 6 h of I00% Oz treatment

(Figs. 4.11 and 4.I4).Indeed, OI-IR and CRR values for wild-type cells were in the range

reported in the literature (Kubota and Ashihara,1993; Parsons et a\.,1999; Zhang et al.,

200I; Bond et al., 1988). Most importantly, the above hypothesis suggests that

perturbation of the balance NO'/ROS in PGB- and PGB* cells would have been

exacerbated under hyperoxia due to abundant ROS production. Nevertheless, the

difference in respiratory activity between the PGB- and PGB* lines on one hand and the

wild type on the other hand, was not greater in hyperoxia than in hypoxia (Figs. 4.11;

4.I3;4.14 and 4.15). Similarly, the drop in respiratory activity of the PGB- line over days

of culture was not greater in hyperoxia than in hypoxia (see its OUR in figure 4.11 and its

CRR in figure 4.15). Therefore, the results reported in this thesis can be explained in

terms of NO'-phytoglobin interactions, but do not appear to reflect oxidative stress in the

maize cells exposed to 100% 02.

Data on the cell RQ also suggest that phytoglobin may function in plant cells

under hyperoxic conditions. lndeed, the cell RQ correlated positively with phytoglobin

levels in the cell lines under hyperoxia, on days 3 and 4 of culture (Table 4.1). If one

accepts the earlier hypothesis that the lack of correlation on day 5 may reflect higher NO'

sensitivity of PGB- cells with age, then there may be an argument to suggest that the

results on days 3 and 4 may have significance. Thus, the correlation between cell RQ and

phytoglobin expression may suggest a variation in the pattem of NHa* and NO3-

assimilation between the cell lines. More NO3- may be assimilated in the presence of
phytoglobin, resulting in a higher cell RQ (Weger and Turpin, 1989). Importantly, the

variation in cell RQ amongst the three lines may reflect a greater carbon loss in the form

of COz when phytoglobin levels are increased. Thus, increasing expression of

phytoglobin in cells under sufficient 02 supply may lessen carbon use efficiency, thereby

affecting growth-related biosyntheses. This would then account for the detrimental effect

of phytoglobin over-expression on growth of PGB* cells under hyperoxic conditions (Fig.

4.9). Furtherrnore, the growth of PGB* cells was unaffected by hypoxic stress whereas
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that of wild{ype and PGB- cells was impaired (Fig a.9). This may suggest that

phytoglobin effects on carbon use efficiency were unchanged in the PGB* line from

hyperoxia to hypoxia. It can thus be hypothesised that phytoglobin is recruited into a

carbon-costly process that would operate to regulate NO' levels under both normoxia and

hypoxia. This process does not appear to consume 02 as opposed to that triggered under

hypoxia, suggesting that phytoglobin fulfills at least two distinct functions in plants. The

first function would be to use NO'produced under hypoxia in an O2-consuming process

that would oxidise NADH, thereby sustaining the glycollic flux. The second one would

be to detoxify NO' that may be formed in excess under various conditions, independently

of hypoxic stress.

5.5 Concluding Remarks

The ultimate goal of this research was to gain further insight into the function(s)

of hypoxia-inducible phfloglobin. The evidence provided here does not support the

hypotheses that phytoglobin may serve as an Oz diffusion facilitator or an 02 sensor.

Most importantly, this study strongly suggests that there is no direct involvement of

phytoglobin in supporting mitochondrial respiration under hypoxia. Therefore, future

investigations should focus on other aspects of cell metabolism.

Interestingly, the present results agree with the hypothesis by Dordas et al.

(2002c) that phytoglobin may serve as an NO' dioxygenase and NADH oxidase to help

sustain the glycolytic flux of hypoxic cells. In particular, it has been shown that

phytoglobin is involved in an O2-consuming process under hypoxia. It would be

beneficial to test whether this Oz consumption is catalysed by phytoglobin itself, as

proposed by Dordas et al. (2002c). This may be tested by monitoring the in vitro

formation of lsNO3- by incorporation of Oz onto lsNO', in presence of recombinant

phytoglobin. This may also permit to test whether or not phytoglobin can react directly

with NO' and Oz. The study could be complemented with quantification in the three

maize cell lines, in hyperoxia and hypoxia, of amino-acids resulting from ttNor-

assimilation, such as Ala, Gln, and Asp. lndeed, the data of the present study suggest that
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the presence of phytoglobin may increase NO3- assimilation, which might result from an

increase in NO¡- formation by phytoglobin-catalysed reaction of NO'with Oz.

Furthermore, there is evidence in this thesis to support that phytoglobin is

involved in a carbon-costly process under hyperoxia and hypoxia. It would be of interest

to investigate whether this reflects an involvement of phytoglobin in increasing the

glycolytic flux, as proposed by Dordas et al. (2002c). Monitoring the rate of formation of
radio-labelled fermentation end products, namely ethanol, COz and Ala from radio-

labelled glucose, may provide precious clues regarding the proposed hypothesis.

Lastly, results in this thesis and in published studies (Sowa et aL.,1998; Dordas er

al., 2002a) point to a role of phytoglobin in the maintenance of cell viability under

hypoxic stress. The technical difficulties encountered in this thesis to assess cell viability

were due to persisting cell clumping, which prevented cell counting under the

microscope. Cell counting may be avoided by using the method described by Delledonne

et al. (2001), which consists of assaying the Evan's blue dye after extraction from stained

cells. Establishing whether the maintenance of cell viability is a major aspect of the mode

of action of phytoglobin may help clarify its function(s).
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6.0 SUMMARY

The effects of altered phytoglobin levels on growth and respiration of maize

suspension cells were studied under hyperoxia and hypoxia.

1- Hypoxia triggers an increase in steady-state levels of phloglobin in maize

suspension cells. Phytoglobin levels increase by 5 fold after 48 h in hypoxia.

Maize suspension cultures may become hypoxic under normal growth conditions,

which is prevented by hyperoxic treatment. Hyperoxia leaves phytoglobin expression

levels unaltered in the cells.

2- The presence of phytoglobin may be a factor in maintaining cell growth under

hypoxic stress.

3- Phytoglobin is involved in a process that consumes oxygen in maize

suspension cells under hlpoxic stress.

4- Phytoglobin does not appear to support mitochondrial respiration under

hypoxia, although its effects increase respiratory activity of hypoxic cells.
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8.1 APPENDIX 1

Modified MS Medium for BMS Suspension Cultures

For I litre of 10x concentrated stock (stored in 50-mL frozen bags):

NH4NO3

KNO:

MgSOa, THIO

KHzPO+

ferric versanate (EDTA-ferric-sodium salt)

CaCl2,2H2O

KI (0.75 mg.ml-r stock)

L-asparagine

micronutrients (stock)

thiamine- HCI (0.5 mg.ml--r stock)

2,4-D (1 mg.ml--t stock; dissolved in pure ethanol)

sucrose

16.5 g

i9.0 g

?'7 0
"., b

1.7 g

0.41 g

4.4 g

11 mL

1.5 g

10 mL

10 mL

10 mL

200 g

Completed to i L with distilled water, and adjusted at pH 5.8 before autoclaving.

Micronutrients stock:

H¡BO¡

MnSO+, lHzO

ZnSO¿,,7HzO

Na2MoOa,2HzO

CUSO+,5HzO

CoCl2, 6HzO

Completed to I L with distilled water.

6.2 e

16.9 g

8.6 g

0.25 g

0.025 g

0.025 g

All ingredients were purchased at Sigma (St- Louis, USA) or Fisher Scientific (USA).
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8.2 APPENDIX 2

Buffers and Solutions

AP buffer:

0.1 M Tris-HCl

0.1 M NaCl

pH 9.5

TBS buffer:

0.05 M Tris-HCl

0.15 M NaCl

Adjusted to pH 7.8

TTBS buffer:

TBS

0.lToTween20

pH 7.8

5olo powdered milk added for blocking solution preparation
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8.3 APPENDIX 3

Phytoglobin Quantification from Protein Immunoblots

Protein extracts analysed for their phytoglobin content were separated by SDS-

PAGE and immunoblotted together with known amounts of recombinant maize

phytoglobin (Fig. 8.3. 1).

loads (ng)

8.35 16,7 25 33.4

lltl
mPgb*

.- 14.3 kD

Figure 8.3.1. Immunoblot of recombinant maize phytoglobin.
Loads of 8.35, 16.7, 25, 33.4 and 41.75 ng of recombinant maize phytoglobin were
immunoblotted together with protein extracts for which the phytoglobin content was to
be determined. mP gb : recombinant maize phyto globin.

Immunoblots were scanned and the phytoglobin bands quantified with the Image

J software (http://rsb.info.nih.govlljl),by integrating the signal from a portion of the blot

that included all phytoglobin bands. Thus, each phytoglobin band was quantified by

subtraction of the background from the signal. Intensities of recombinant phytoglobin

bands were plotted and f,rtted by linear regression (y : A.x) to serve as a standard curve

(Fig. 8.3.2). Phytoglobin levels in protein extracts were calculated from equation (8.1)

and expressed in percent of total soluble protein.

Pgb content : band intensity * 100 / (A x sample load) (8. 1)

with the band intensity in arbitrary units; the slope A of the standard curve in ng-r; the

sample load in ng.

41.75

I
+

.:.:::.:r::..::. .- 21.5 kD
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Figure 8.3.2. Standard
phytoglobin.
Intensities of bands displayed in f,rgure 8.4.1 were plotted for use as a standard curve.

Band intensities from samples of the same immunoblot were read on that standard

curve for phytoglobin quantif,rcation. All standard curves were fitted with high
correlation factors (R' : 0.9997 in the case displayed). mPgb: recombinant maize
phytoglobin.
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8.4 APPENDIX 4

Oxygen Uptake Rate Calculations

Cell cultures were treated for 6h with 3o/o or 100% 02 prior to oxygen uptake

measurement (Fig. 8.4.1). Consequently, the oxygen uptake could be measured at 280

pM Oz and below for samples treated with 100% Oz, but not above 70 pM Oz for

samples treated with3o/o Oz.

Figure 8.4.1. Oxygen uptake
treatment for 6 h.

150 200 250 300 350 400 450

time (sec)

by 3-day-old wild-type maize cells after l00o/o 02

In the present example, wild-type cells were bubbled with 100 Yo Oz for 6 h before
oxygen uptake measurement. The oxygen electrode was calibrated to detect Oz levels
ranging from 0 to 280 pM. The number of replicates per measurement varied with the
experiments; here, only one replicate \¡/as represented for clarity.

The oxygen uptake rate (OUR) was calculated at regular intervals on the recorded

curves, according to equation (8.2), and expressed in nmol 02.min-l.g-r fresh weight:

OllR: -slope*60*V/FW

slope in ¡rM.sec-r; volume V in mL; fresh weight FW in g.

l_
: 150
C)

o
,{] 1oo
LJ

100

(8.2)
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Forty data points were used for each slope calculation. The slope was calculated every 10

pM from 300 down to 70 pM 02, ever! 5 pM from 65 down to 10 pM 02, and every 1

pM below 10 ¡rM Oz. The OIIR was plotted versus the 02 level (in ¡rM) for comparative

studies (Fig. 8.a.2). The resulting curves were fitted by a hyperbolic function of equation

y: A.x / (B + x). The fits were then characterised by their plateau A, corresponding to

the maximal OUR in hyperoxia, and by their half-saturation point B, i.e. the level of Oz at

which the OLIR declined to 50%o of its maximum.

maximal OUR

100 150

02 level (pM)

Figure 8.4.2. Characterisation of oxygen uptake rate by 3-day-old wild+ype maize cells
treated with 100% Oz.

Values of oxygen uptake rate (OLIR) calculated from the curve in figure 8.4.1, were
plotted versus the Oz level (in pM). The resulting graph (O) was fitted to a hyperbolic
model (solid line) and characterised by its plateau and its half-saturation point.
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The OLiRs of samples treated for

maximal OUR and a half-saturation point

age, treated with 100% Oz. However,

measured at Oz concentrations between

exemplified in figure 8.4.3.

108

6 h with 3o/o Oz were also characterised by a

to grant comparison with samples of the same

the OURs of hypoxically-treated samples,

1 and 70 pM, did not reach a plateau, as

=LL 7OO
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100

---o- OUR in 100% O,

fit for normoxic OUR

--o- OUR in 3o/o O,

fit for hypoxic OUR

60

02 level (pM)

Figure 8.4.3. Comparison of oxygen uptake rates by 3-day-old PGB* cells after 6 h of
3o/o and 100% Oz treatments.
Values of oxygen uptake rate (OUR) by two samples of 3-day-old PGB* cells treated
with3yo and 100% 02, respectively, were plotted versus Oz levels. The resulting graphs

were fitted to a hyperbolic model and characterised by their maximal OUR and halÊ
saturation point to allow for comparison. (O) PGB* cells treated with 100% Oz; (O)
PGB* cells treated with 3o/o Oz; hyperbolic fits in solid and dashed lines.
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8.5 APPENDIX 5

Decrease in cell OUR, CRR and RQ from Hyperoxia to Hypoxia

The decrease in cell OUR from hyperoxia to hypoxia was investigated by

calculating the ratio OUR¡ø I max OUR1667" (Table 8.5.1). Values of max OIJR1ooø were

taken from figure 4.ll (panel A), and those of O[IR3% from figure 4.13. Although no

significant difference appeared between the lines, a trend was observed in favour of an

íncrease in the ratio OIJR¡ y" I max OtIR¡¡sy" in correlation with the phytoglobin content of

the cell lines.

Table 8.5.1. Ratio of Oz uptake rate in hypoxia to 02 uptake rate in hyperoxia for wild-
type and transgenic maize cells, on days 3 to 5 of culture.
Three- to five-day-old wild-type (WT), PGB- and PGB* cells were treated with 3% and

100% Oz for 6 h prior to 02 uptake rate (OIIR) measurement. For each cell line, values

of OURs in 100% 02 (max OURIoo%) from figure 4.11 and OI-IRs at 60 FM Oz

(OUR3%) from figure 4.13, were used to calculate the ratios OUR3e," I max OIIR166"¿.

Values are means r SE from 1 experiment per Oz treatment, each with 3 to 5 replicates.

OUR3"¿ lmax OUR169"¿ (+ SE)
Cell line

day 3 day 4 day 5 mean (+ SE)

PGB-

V/T

PGB*

0.s2 (+ 0.06)

0.7s (r 0.04)

0.71 (+ 0.0s)

0.72 (+ 0.0s)

0.78 (+ 0.08)

0.82 (+ 0.08)

0.80 (+ 0.03) 0.68 (+ 0.0s)

0.73 (+ 0.0s) 0.7s (+ 0.06)

0.83 (+ 0.10) 0.79 (* 0.08)

The decrease in cell CRR from hyperoxia to hypoxia was also studied by

calculating the ratio CRR37" / CRR166ez" (Table 8.5.2). CRR¡6¡y" values were taken from

figure 4.14, and CRR37" values from figure 4.15. No trend was observed among the cell

lines, the decrease in CRR from hyperoxia to hypoxia was similar for all three lines. Note

that the decrease in CRR from hyperoxia to hypoxia tended to be greater than the

decrease in OUR (Table 8.5.1), even though no significant difference occurred.
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Table 8.5.2. Ratio of COz release rate in hypoxia to COz release rate in hyperoxia for
wild-type and transgenic maize cells, on days 3 to 5 of culture.
Three- to five-day-old wild-type (WT), PGB- and PGB* cells were treated with 3o/o and
700% Oz for 6 h prior to COz release rate (CRR) measurement. For each cell line,
values of CRRs in 100% Oz (CRRro6"¿) from figure 4.I4 and CRRs in3%o Oz (CRR:1)
from figure 4.15, were used to calculate the ratios CRR3% / CRR166"¿. Values are means
+ SE from 2 experiments per Oz treatment, each with 4 to 5 replicates.

Cell line
CRR3% / CRR1s6z" (+ SE)

day 4 day 5 mean (+ SE)day 3

PGB-

V/T

PGB*

0.73 (r 0.04)

0.6e (+ 0.07)

0.61 (+ 0.0s)

0.62 (+ 0.0s)

0.63 (+ 0.0s)

0.66 (+ 0.0s)

0.s2 (+ 0.0s) 0.62 (r 0.0s)

0.76 (+ 0.06) 0.69 (+ 0.06)

0.74 (+ 0.06) 0.67 (+ 0.0s)

Lastly, the change in cell RQ from hyperoxia to hypoxia was studied by

calculating the ratio RQ¡ø / RQrooø (Table 8.5.3). The RQ of PGB- cells varied

tremendously from hyperoxia to hypoxia, the changes being inconsistent over days of
culture. The RQ of wild{ype and PGB* cells decreased in a non-significant manner from

hyperoxia to hypoxia.
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Table 8.5.3. Ratio of respiratory quotient in hypoxia to respiratory quotient in hyperoxia
for wild-type and transgenic maize cells, on days 3 to 5 of culture.
Three- to f,rve-day-old wild-type (WT), PGB- and PGB* cells were treated with 3% and
100% Oz for 6 h prior to 02 uptake and COz release rate measurement. For each cell
line, values of RQs in 100% Oz (RQrooz) from table 4.1 and RQs tn 3o/o Oz (RQ¡ø)
from table 4.2,were used to calculate the ratios RQ¡z / RQ'ooø.Values are means t SE
from 1 experiment for Oz uptake measurement, and 2 experiments for COz release
measurement, each with 3 to 5 replicates.

Cell line
RQ¡z / RQ,ooø (r SE)

day 4 day 5 mean (+ SE)day 3

PGB-

WT

PGB*

r.41 (+ 0.26)

0.92 (+ 0.1.4)

0.87 (+ 0.13)

0.86 (r 0.13)

0.81 (+ 0.1s)

0.81 (r 0.1s)

0.64 (+ 0.09) 0.97 (+ 0.16)

1.03 (+ 0.16) 0.92 (+ 0.1s)

0.88 (r 0.18) 0.8s (+ 0.1s)


