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ABSTRACT

Baron, Kevin. M.Sc. The University of Manitoba, March 2005. Growth, Morphology and
Flooding Tolerance of Transgenic Alfalfa (Medicago sativa L.) Expressing Varying Levels
of a Class 1 Non-symbiotic Barley (Hordeumvulgare) Hemoglobin. M. Sc. supervisor;
Dr. Robert Hill

Although hemoglobins are universally present in the plant kingdom, the exact

physiological function(s) of these enigmatic proteins has yet to be elucidated. Recent

biochemical and physiological studies have indicated that class I non-symbiotic

hemoglobins modulate plant nitric oxide (NO) levels. At this same time NO research in

plants is intensive due to the discovery of its participation as a signal molecule in various

environmental and hormonal stimuli.

Extending previous research from maize cell and alfalfa root culture systems, we

sought to determine the influence of class I hemoglobin over- and under-expression on the

growth, morphology and flooding tolerance of whole alfalfa plants. Hemoglobin levels

were determined in control alfalfa plants in addition to plants transformed to over-express

or under-express a class 1 non-symbiotic barley hemoglobin gene. Alfalfa plants that

over-express the hemoglobin gene (Hb+¡ were found to have early vigorous growth, strong

apical dominance of both root and shoot systems, and accelerated development relative to

controls or plants underexpressing the Hb gene (Hb-). Hb- alfalfa plants were found to

demonstrate extensive shoot tillering, release of axillary buds and proliferation of

adventitious roots. Flower colour, leaf shape, chlorophyll content, and growth habit of

transgenic lines were also modified. Depending upon Hb expression, the morphological

characteristics of these transgenic plants followed closely with documented responses of

alfalfa to exogenous application of plant growth regulators, including gibberellic acid,

auxin, anti-auxin, cytokinin, and ethylene.

XI



Coincidentally, gaseous nitric oxide (NO) has been linked to every one of these

plant growth regulators. Further investigations revealed Hb overexpression to delay the

onset of visible sl,rnptoms of flooding injury and limit yield reductions relative to control

plants. In contrast, chlorosis, leaf drop and yield reductions were more severe in Hb-

plants than in control plants. Several hypotheses on the role of class I hemoglobins in

plants are discussed in light of the above results.

xll



1.0 OBJECTIVES

Within plants several types of hemoglobin have been characterized. Recent

biochemical and physiological studies have indicated that one function of class i non-

symbiotic hemoglobins is to participate in nitric oxide (NO) metabolism during hypoxia

(i.e. low 02 stress). However, additional roles for these enigmatic proteins, including

participation in cellular energetics, maintenance of redox status, and sensing or signalling

of plant hormonal/nutritional status have been proposed. To extend and complement

previous biochemical and physiological studies, and to fuither elucidate the functional

role of class t hemoglobins in plants, alfalfa (Medicago sativa) plants have been

generated from transgenic alfalfa root cultures varying in their expression of a class I

non-synrbiotic barley (H or d eum vul g are) hemoglobin.

The approach of this study has been to characterize the phenotype and stress

tolerance of transgenic alfalfa plants varying in their expression of a class 1 non-

symbiotic barley hemoglobin. Alfalfa serves as an ideal candidate for such studies as it is

an agronomically important crop species that has been well characterized with respect to

shoot and root morphology. Furthermore, due to the inherent susceptibility of alfalfa to

flooding (hypoxic) stress, the yield, morphological and physiological response of this

species to flooding/anaerobiosis has been the subject of intense study by previous

researchers.



The intent of this study was to evaluate the effect of altering class I hemoglobin

expression on the phenotype, growth and stress tolerance of transgenic alfalfa plants.

Therefore, the specific objectives of this study were to:

1. Quantify the concentration of class I hemoglobin present in transgenic alfalfa

plants containing sense and anti-sense constructs of a class 1 non-symbiotic

barley hemoglobin gene.

Chaructenze the phenotype, growth, and shoot/root morphology of transgenic

alfalfa plants expressing varying levels of class I non-syrnbiotic hemoglobin.

Evaluate the flooding tolerance, survival and anatomical/morphological

response(s) of transgenic alfalfa plants both during and following simulated

fl ooding/waterlo gging stress.

The information generated from this research will aid in linking the biochemical and

physiological function(s) of class I hemoglobins in hypoxic plant metabolism with the

overall function(s) of hemoglobins in the growth, development and lifecycle of plants.

The main objective of this research is to contribute further to the understanding of

hemoglobin function(s) in plants.

2.

3.



2.0 LITERATURE REVIEW

2.1 INTRODUCTION

Hemoglobins (Hbs) represent one of the most ancient and highly conserved

protein superfamilies in the living world. These ubiquitous proteins are generally

charactenzed by their capacity to reversibly bind oxygen (Oz), although numerous

gaseous ligands, including nitric oxide (NO), carbon monoxide (CO) and hydrogen

sulphide (HzS) are known to react with Hbs. Across all five living kingdoms, examples

abound of organisms demonstrating the presence of hemoglobin isomers distinguishable

from one another based upon differences in amino acid sequence, patterns of expression

and ligand-binding characteristics. Within the plant kingdom, three distinct types of Hb

have been identified; symbiotic, non-symbiotic, and truncated. Non-slnnbiotic plant

hemoglobins can be further divided into class 1 (monocots and dicots) and class 2 (dicots

only) Hbs.

Although the exact physiological function of class 1 non-symbiotic Hbs has not

been fully elucidated, recent evidence suggests these hypoxia-inducible plant Hbs

participate in hypoxic metabolism, albeit independent of Oz storage or transport.

Gaseous nitric oxide (NO) is now being recognized as a universal chemical messenger in

biological systems. For plants in particular, NO has been revealed to participate in the

signal transduction pathway(s) of multiple environmental and hormonal stimuli. NO is

also produced in copious amounts by plant tissues exposed to hypoxic stress. More

recently, it has been revealed that class I plant Hbs possess NO-related functions

analogous to hemoglobins found in bacteria and mammals.



The objectives of the research presented in this thesis have been to characterize

the growth, morpholory, and flooding tolerance of transgenic alfalfa (Medicago sativa)

plants expressing varying levels of a class I non-symbiotic barley (Hordeum vulgare)

Hb. The results are discussed in light of current knowledge regarding biochemical

function(s) of class I Hbs in plants, NO as an effector of plant growth and development,

and the phenotypic characteristics and stress tolerance of transgenic plants expressing

native and transgenic Hbs. To our knowledge, this thesis represents the first study

conducted upon whole transgenic plants overexpressing or underexpressing a class 1

monocot Hb in addition to the first study examining the flooding tolerance (versus

hypoxic stress tolerance) of plants altered in their expression of class t hemoglobin.

2.2 HEMOGLOBINS

2.2.1 Hemoglobins: structure and interaction(s) with gaseous ligands

Common to all Hbs is that of the heme, a tetra-pyrrrole ring (protoporphynn IX)

embedded with an iron (Fe) ion and covalently linked to the polypeptide globin through

the universally conserved His F8 (proximal His) residue (Hardison et al.1996; Peterson

et al. 1997). The polypeptide "globin" of Hbs typically consists of six to eight o-helical

segments, lettered A-H, forming a conserved tertiary structure - the "3-on-3" myoglobin

fold (See Figure 2.1) (Weber and Vinogradov, 200i). Truncated Hbs (TrHb),

demonstrating a "2-on-2" c¿-helical fold, and flavohemoglobins (flavoHb), distinguished

by the presence of a flavin (FAD) reductase domain at the C-terminus, represent

variations from the standard "3-on-3" c¿-helical sandwich (Wu et aI.2003).





2.2.2 Hemoglobins in Plants: Occurrence, Classification and Expression

Within plants, three distinct types of Hb have been identified; syrnbiotic, non-

symbiotic (class I and 2), and truncated (class 3). Plant Hbs exist as monomers

(symbiotic) or dimers (class 1) with subunits having a molecular mass of approximately

18 kilodaltons (kDa) (Wittenberg et al. 1986; Duff et al.1997; Hargrove et al. 2000).

2.2.2.1 Symbiotic Plant Hemoglobins

Symbiotic FIbs, the most well-known and researched of all plant Hbs, were first

described by Kubo (1939) in the root nodules of soybean (Glycine max). These Hbs are

now known to function in regulating the supply of Oz to respiring nitrogen (N2) fixing

bacteria while maintainin g 02 part;ial pressures low enough to prevent inactivation of the

bacteroid-encoded nitrogenase (Appleby, 1992). The high Oz association rate constants

characteristic of s¡.mbiotic Hbs allow for efficient scavenging of Oz with moderately low

dissociation rate constants facilitating Oz diffusion to high-aff,rnity bacteroid oxidase

(Appleby, i984). The unique binding characteristics of symbiotic Hbs have been

attributed to critical amino acid substitutions on the distal (810 Tyr; E7 His) and

proximal (F7 Val) sides of the heme pocket (Kundu et al. 2003). Such substitutions

serve to remove hydrogen bonds which impair heme pocket affinity and Oz retention in

myoglobin (Kundu et al. 2003).

Despite these substitutions, both symbiotic Hbs and myoglobin demonstrate

pentacoordination of the heme group whereas non-symbiotic hemoglobins are

hexacoordinate (see Figure 2.2) (Dúf et al. 1997; Kundu et al. 2003). The details and

implications of such structural differences will be discussed in sections to follow.





(Andersson et al. 1996; Hunt et al. 2001). Based upon 02 binding characteristics,

expression patterns and sequence homology to symbiotic Hbs, non-symbiotic Hbs can be

further subdivided into class I (monocots and dicots) and class 2 (dicots only) non-

symbiotic Hbs (Trevaskis et al. 1997; Hunt et al,. 200I). Protein similarity trees and

cladistic analyses also suggest class 1 monocot Hbs to be distinct from those in dicots

(Andersson et al. 1996; Trevaskis et al. 1997; Hunt et al. 2001). ln contrast to

'traditional' Hbs such as myoglobin, non-symbiotic Hbs display hexacoordination of

heme groups with covalent bonds to both distal and proximal histidines (Duff et al. 1997;

Kundu et al. 2003). The high affinity ligand binding of these hexacoordinate Hbs, now

known to exist in plants, animals and Drosophila, contrasts with 'traditional'

pentacoordinate Hbs demonstrating open and available sites for ligand binding (Kundu et

aL.2003).

2.2.2.2.L Expression and Localization of Class 1 and 2 Hemoglobins

For a number of plant species, including barley, rice and Arabidopsis thaliana,

class 1 Hb slmthesis is initially observed in germinating seeds and subsequent embryonic

organs of young seedlings (Taylor etaI. t994; Hunt et al.200i;Lira-Ruan et aI.2001).

Under normal growing conditions, class I Hbs are expressed at relatively low, and in

some instances undetectable levels relative to metabolically active or stressed tissues

(Taylor et al. 1994; Hunt et al. 2001; Lira-Ruan et al. 2001). Specific treatments,

including hypoxia, respiratory inhibitors, etiolation, sucrose or mannitol addition, nutrient

oversupply fnitrate (NO¡-), nitrite (NOz ), nitric oxide (NO)] or deprivation fphosphorus

(P), potassium (K), iron (Fe)l can induce the expression of class I Hbs (Taylor et al.



1994; Nie and Hill, 1997; Lira-Ruan et al. 2001; Hunt et al.200l; Kim and An, 2003;

'Wang 
et al. 2003a; Ohwaki et al. 2005). [n contrast, the plant hormones abscisic acid,

gibberellic acid, the disease elicitors BTH [benzol (1,2,3) thiadiazole-7-carbothionic acid

methyl ester] and methyl jasmonate, or oxidative and dehydration stresses, have failed to

influence class I Hb expression in A. thaliana or rice (Trevaskis et al. 1997; Hunt et al.

200I; Lira-Ruan et al. 2001). Conflicting reports also exist as to the expression of class 1

Hbs following auxin or cytokinin treatment although negative results appear to be a

consequence of applying natural versus synthetic hormone analogs (Hunt et al. 2001; Lee

etal.2004; Ross et aL.2004).

Class I Hbs are generally located in the cytoplasm at concentrations between 5

and20 ¡rmol per kg of fresh weight (Duff et al. 1997). Immunolocalization of class 1

Hbs by Ross et al. (2001) and Lira-Ruan et al. (2001) indicated that synthesis was

occurring in the cytoplasm of differentiating cells of root cap, schlerench¡rma, aleurone,

and vasculature (xylem). Interestingly, Seregélyes et al. (2000) localized a class I Hb in

the nucleus of alfalfa cell suspension cultures.

Iri addition to the class 1 Hbs, several dicot species including A. thaliana, canola

(Brassica napus), Casuarina glauca and tomato (Lycoperstcon esculentum L.) possess a

second type of Hb (class 2). Class 2 Hbs display protein sequences and Oz binding

characteristics aligned moreso with symbiotic Hbs than class I Hbs (Jacobsen-Lyon et al.

1995; Trevaskis et al. 1997; Wang et al. 2003a). Expression pattems and cellular

localization of class 2 Hbs also differ from class 1 Hbs. In A. thaliana, class 2 Hb p-

glucuronidase activity was directed towards the bolt stem, rosette leaves and roots of

matttre flowering plants (Hunt et al. 2001). Cy{okinin and low temperature treatments



induced class 2 Hb expression whereas hypoxia, sucrose addition, heat shock, oxidative

stress, dehydration, abscisic acid, auxin, gibberellic acid, BTH, and methyl jasmonate

treatments, in addition to changes in mineral nutrient status, failed to modify class 2 Hb

expression (Trevaskis et al. 1997; Hunt et al.200I; Wang et al. 2003a).

2.2.2.3 Truncated Hemoglobins

More recently, truncated Hbs (class 3), demonstrating high homology to truncated

Hbs of bacteria and unicellular eukaryotes, have been isolated from A. thaliana and

soybean (Watts et al.2001; Lee et aL.2004). Truncated Hbs are phylogenetically distinct

within the ÉIb superfamily, exhibiting short amino acid sequences and c¿-helices in a 2-

on-Z anangement rather than the standard 3-on-3 globin fold (Watts et al.

2001;Wittenberg et aL.2002). The functional role of truncated Hbs is not well understood

but their expression pattems and binding characteristics within given organisms suggest

unrelated function(s) independent of Oz storage or transport (WittenbergeT aL.2002).

2.2.3 Native and Transgenic Hemoglobins in Plants

2.2.3.1 Transgenic Plants

When compared against controls, A. thaliana plants overexpressing Arabidopsis

class 1 Hb (GLBI) demonstrated enhanced normoxic growth and improved plant survival

following severe hypoxic stress (Hunt et al. 2002). Similarly transformed A. thaliana

plants overexpressing Parasponia Hb possessed a level of hypoxic protection

intermediate to that of control and GLB1 overexpressing plants. Furthermore, A.

thaliana plants transfomed r.vith mutated GLBI, possessing a low affinity for gaseous
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ligands, \¡/ere as susceptible to hypoxia as control plants (Hunt et al. 2002). Roots of

GLBI overexpressing plants were also longer, had lower root hair density, and produced

more lateral roots than control plants (Hunt et aL.2002). Perazzolli et al- (2004) have also

recently reported the shoot weight of hypoxically-stressed A. tha.liana plants to be

directly correlated with levels of class 1 Hb (GLBl:AHBl).

Transgenic tobacco (Nicotiana tabacum) plants expressing a hypoxia-inducible

Hb (VHb) from the obligate aerobic, gram negative bacteria Vitreoscilla, demonstrated

reduced emergence time, enhanced growth, accelerated development, increased

chlorophyll content, and altered metabolite production relative to controls (wild-type)

(Holmberg et al. 1997). Petunias (Petunia hybrida) and tobacco plants overexpressing

VHb have also demonstrated improved hydroponic growth and waterlogging tolerance

relative to control plants (Mao et aL.2003 and reference within).

2.2.3.2 Transgenic Cell and Root Cultures

Under conditions of limited 02 transgenic maize cell and alfalfa root cultures

constitutively overexpressing barley Hb (Hb+), as compared to controls or cultures

constitutively underexpressing barley Hb (Hb-), were found to maintain their energy

status and/or ATP/ADP ratios (Sowa et al. 1998; Dordas et al. 2003b). Furthermore, as

Hb expression increased in these same alfalfa root cultures, hypoxic root growth was

maintained and NO emission was diminished (Dordas et al. 2003b). Subsequent

investigations revealed that under hypoxic (3% Où and oxygenic conditions (4Oo/o O2),

root extracts from the aformentioned root cultures demonstrated significant differences in

the metabolism of NO to nitrate (NO¡-) (Igamberdiev et al. 2004). NO metabolism by
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Hb+ lines was significantly greater than control lines, which in turn, had signihcantly

higher rates of NO metabolism than Hb- lines. NO metabolism of extracts was

NAD(P)H-dependant, with NADH/I{AD and NADPH/¡{ADP ratios of oxygenic (40%

Oz) and hypoxic (3% Où cultures increasing as Hb expression declined (Igamberdiev et

aL.2004). Work with these same maize cell and alfalfa root cultures also implicated NO3-

as both the precursor to, and product of, Hb-mediated metabolism of NO (Igamberdiev et

al. 2004; Dordas et al. 2004).

VHb, acting alone or in conjunction with a flavin/NADH reductase domain, has

also demonstrated the capacity to metabolize/detoxify NO (Gardner et al. 2001; Kaur et

al. 2002; Frey et al. 2002). ln tobacco cell cultures, VHb enhanced cell growth and

relieved nitrosative, but not oxidative, stress (Farres et aL.2002; Frey et aL.2004).

2.2.4 Function(s) of Class I Hemoglobins

2.2.4.1Class I Hemoglobin as a Facilitator of Oxygen Diffusion

As myoglobin and symbiotic plant Hbs were known to function in facilitated 02

diffusion, a similar role was initially proposed for class 1 plant Hbs (Appleby, 1988). in

order for facilitated diffusion to operate effectively, the concentration of carrier protein

(i.e. I{b) must exceed that of free ligand (i.e. O2), allowing for significant combination

and release of ligands at loading and unloading boundaries, respectively (Appleby, 1992

Kundu et al. 2003). The carrier must also increase the flux of ligand across the boundary

layer in and above that created by the concentration gradient. lndeed, this holds true for

myoglobin and plant symbiotic Hbs, with carrier concentrations exceeding that of Oz by

30 and 10,000 fold, respectively (Appleby, 1992). In addition, myoglobin and plant
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symbiotic Hbs demonstrate Oz dissociation rate constants between 5-15 þrM-l s-1,

allowing for non-limiting rates of Oz release for 02 requiring processes (Hill, 1998).

Several characteristics of class 1 plant Hbs, including low tissue concentrations

(i.e. 5-20 pM) and 02 binding characteristics (i.e. dissociation rate constants between

0.025 - 0.12 pM-' s-'), eliminate the potential for class 1 plant Hbs to provide Oz for

enzymatic reactions or oxidative metabolism (Hill, 1998). However, early class 1 Hb

measurements may have neglected the localization of Hbs in root tips and distal

vasculature, deferring concentrations across entire root volumes leading to

underestimations for specific cell types (Appleby et al. 1988; Andersson et al. 1997; Duff

et al. 1997;' Franche et al. 1998).

2.2.4.2 Class I Hemoglobin as an Oxygen Sensor and Signal Transducer

Upon discovery in root tissue, it was initially proposed that Hb might serve a role

in sensing Oz deficit or signalling a shift in plant metabolism from aerobic to anaerobic

pathways (Appleby, 1988). Two heme-based globin proteins, Fix L and flavoHb, have

been proposed to function in a similar manner (Gilles-Gonzalez et aL. 1994; Poole et al.

1994). For the former, deoxygenation activates a protein kinase leading to

phosphorylation and transcriptional activation of Nz-fixing genes (Gilles-Gonzalez et al.

1994). However, low dissociation rate constants characteristic of class I Hbs lessens the

likelihood of function(s) analogous to FixL, as class i Hbs would remain oxygenated at

oxygen partial pressures well below that required for activation of anaerobic responses

(Hill, 1998). Enhanced survival of GLB 1-overexpressing A. thaliana planfs could not be

attributed to early activation of anaerobic genes, discussed in later sections of this review
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(Hunt et aL.2002). ln fact, gene expression of pyruvate decarboxylase (PDC) and sucrose

synthase (ASUS), two fermentative and glycolytic genes, was lower in GLBi

overexpressing plants (Hunt et al. 2002). Similar results were observed in maize cells

overexpressing barley Hb (Hb+) with alcohol dehydrogenase (ADH) activity lower in

Hb+ cells than control or Hb- cells (Sowa et al. 1998). Class I Hb expression in barley

aleurones was related more so to declines in energy status than declining 02 partial

pressures (Nie and Hill, i997). This obviates an 02 sensing role for Hb, as Hb expression

appears to coincide with the events succeeding declines in Oz partial pressures (i.e.

declines in ATP levels).

2.2.4.3 Class I Hemoglobin as a NO-dioxygenase/denitrosylase or NADH oxidase

Several microbial globins, including truncated Hbs, flavoHbs and Vitreoscilla Hb

(VHb) possess known or proposed functions related to NO metabolism (Wu et al. 2003).

Truncated Hbs are the most poorly understood of all microbial globins. However, as with

class 1 plant Hbs, it is their low in vivo concentration and high affinity for 02 which

discourage physiological roles aligned with Oz transport or storage (Wittenberg et al.

2002; Wu et al. 2003). lndeed, truncated Hbs from Mycobacterium bovis and

Mycobacterium smegmatis have been shown to oxidize NO to NO3- in vitro and improve

NO uptake, respectively (Ouellet et aL.2002; Pathania et al.2002).

Vitreoscilla, an obligate aerobic bacterium, inhabits environments such as

manure, stagnant ponds and rotten vegetables. Under conditions of limited Oz,

Vitreoscilla produces VHb, a single domain dirneric Hb exhibiting the classical 3-on-3 c¿-

helical sandwich (Wu et al. 2003). Initial growth and yield improvements imparted upon
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various host systems (i.e. yeast, bacteria, animal, plant) by VtIb were believed to be

consequence of improved 02 delivery for respiration (Kallio et al. 1994). However,

several independent studies have suggested that VHb, in conjunction with additional

protein factors, may be participating in metabolism or detoxification of NO (Gardner et

aL.2001; Kaur etal.2002; Freyet aI.2002).

The third group of microbial globins, the flavoHbs, are present in organisms such

as yeast, Escheríchia coli and Ralstonia eutropha and possess both heme and flavin-

binding domains, the latter containing binding sites for NAD(P)H (Wu et al. 2003). The

function of flavoHbs as NO detoxifying enzymes has been well established. However,

the specific conditions under which flavoHbs function, the mechanisms through which

flavoHbs detoxiff NO, and the contribution of heme or flavin domains to such

detoxification are still subject to discussion (Wu et al. 2003).

Two mechanisms of NO detoxification are proposed. Both routes implicate FAD

as an electron carrier, transferring electrons from NAD(P)H to the heme prosthetic group

(Wu et al. 2003). ln the first, which proceeds aerobically, oxygenated flavoHb functions

as a dioxygenase, incorporating an Oz molecule into the NO substrate to yield nitrate

(NO¡-) (Equation 1) (Gardner et al. 1998; Hausladen et al. 1998). The second,

proceeding anaerobically, has nitrosylated flavoHb producing nitrous oxide (N2O) in a

NO reductase reaction (Equation 2) (Hausladen et al. 199S)

Aerobic

Anaerobic

FlavoHb-Fe(II)Oz + NO -+ FlavoHb-Fe(IIi) + NO:-

2 FIavoHb-Fe(II)NO + 2H* -+ 2 FlavoHb-Fe(III) + NzO + H2O

tll
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However, subsequent investigations revealed flavoHbs to

Oz, at biologically significant 02 concentrations. Bound

NO3-(Equation 3) (Hausladen et al. 2001).

preferentially bind NO, and not

NO then reacts with O' to form

Aerobic FlavoHb-Fe(II)NO + Oz -+ Flavo Hb-Fe(Itr) + NO¡-

Recently it is has been shown that class 1 plant Hbs metabolize NO in a manner

consistent with that of a NO-dioxygenase/denitrosylase (Igamberdiev et al. 2004).

Evidence also exists to suggest that class 1 Hbs are coordinating with another protein to

metabolize NO to NO3- (Igamberdiev et aL.2004).

2.2.4.4 Other Functions for Class I Hemoglobins

Several additional roles, including maintenance of redox status and/or the sensing

or signalling of hormone levels or plant mineral nutrient status, have been proposed for

class 1 Hbs. Maize cell or alfalfa roots cultures overexpressing Hb, in contrast to control

or cultures under-expressing Hb, are capable of maintaining their energy charge (i.e. ATP

levels), ATP/ADP, NADPÂ{AD and NADPH/NIADH ratios under hypoxic stress,

suggesting that class 1 Hbs may participate in maintenance of redox balance during

hypoxia (Sowa et al. i998; Dordas et al. 2003b; Igamberdiev et al. 2004).

Class I Parasponia/Trema GUS reporter staining in transgenic Lotus nodules

(determinant) has been correlated with sites of active cell division

(Andersson et al. 1997). However, the lack of class I Parasponia/Trema GUS staining in

wlrite clover (Trfolium repens) nodules (indeterminate) led the authors to implicate

13l
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physiological factors such as hormone levels or Oz tensions, rather than meristem

activity, as potential effectors of class 1 Hb expression (Andersson eT al. 1997). Ross et

al. (200$ have also recently identified promoter elements of a class I rice Hb which are

responsive to cytokinin and/or a specific l. thaliana response regulator (ARRI)

implicated in cytokinin signal transduction.

The expression of class 1 Hbs in the presence of various nitrogen compounds

(NO¡-, NOz-, NO) and in the absence of P, K, and Fe also suggests class 1 Hbs might

serve a generic role in interpreting plant mineral nutrient status (Nie and Hlll, 1997;

Wang et aL.2003a; Ohwaki et al. 2005).

2.3 NITRIC OXIDE IN PLANTS: A VERSATILE SIGNAL MOLECULE

In recent years nitric oxìde (NO) has gained considerable attention as a major

bioactive signalling molecule in mammalian and plant systems. The ubiquitous nature of

NO in mammalian systems led Science to name NO 'Molecule of the Year' in 1992

(Koshland, 1992). Subsequent work in plants revealed NO to possess pathophysiological

and developmental roles, with numerous parallels drawn between mechanisms of NO

formation and signalling cascades in mammalian systems (Wendehenne et al. 2001

Lamattina et aI.2003; Neill et al. 2003). NO, being a small, water and lipid soluble free

radical gas with a relatively short half-life (< 6 seconds) allows NO to function as a

simple, rapid and effective signal molecule capable of diffusing through both aqueous

cytoplasm and across lipid rnembranes (Lamattina et aL.2003; Neill et al. 2003).
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2.3.1 Nitric Oxide FormatÍon in Plants

2.3.1.1 Nitrate Reductase and Nitrite:Nitric Oxide Reductase

Cytosolic nitrate reductase and nitrite:NO reductase have been identified as two

of three potential routes of enzl'rnatic NO formation in plants with the latter being

conf,tned to plant roots (Stöhr et al. 2002). NAD(P)H dependant reduction of nitrate

(NO¡-) to nitrite (NOz-) by cytosolic nitrate reductase catalyzes a two electron transfer

(Equation 4) whereas a similar cytosolic nitrate reductase-mediated side reaction

catalyzes the NAD(P)H dependant reduction (1 e-) of NOz- to NO (Equarion 5)

(Yamasaki, 2000).

NO3-+ NAD(P)H * H* -+ NO2-+ HzO + NAD(P)*

NO2- + NAD(P)H * H* -+ NO + HzO + NAD(P)*

Modulation of cytosolic nitrate reductase in plants comes with various

environmental factors including photosynthesis, nitrate supply, and anoxia (Kaiser and

Huber, 2001). Nitrite:NO reductase differs from nitrite reductase in that it is bound to

plasrna-membrane, has different pH optima, and yields No, not ammonium (NHa"), as an

end-product (Stöhr et al. 2001).

2.3.1.2 Nitric Oxide Synthase (NOS)

For many years evidence existed as to production of NO through a plant enzyme

similar to that of mammalian nitric oxide slmthase. Nitric oxide synthase oxidizes L-

t4l
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arginine to L-citrulline in an NAD(P)H-dependant reaction yielding one molecule of NO

for each molecule of L-arginine consumed (Equation 6).

L-arginine + 02 + NAD(P)H + H* -+ L-citrulline + NO + H2O + NAD(p)* 16l

ln animals, multiple nitric oxide synthase isoforms, categorized as constitutive

fendothelial (e)nitric oxide synthase; neuronal (n)nitric oxide synthase] or inducible

[immunologic (i)nitric oxide synthase], allow for constitutive and inducible generation of

NO in mammals (Wendehenne et al. 2001). However, in A. thaliana, it appears as

though a single nitric oxide synthase gene (AtNOSl) is responsible for both constitutive

(Guo et al. 2003) and pathogen-induced NO generation (Zeidler et al. 2004\. ATNOSI has

also been implicated to have roles connected with plant growth, fertility and hormonal

signalling (Guo et aL.2003).

2.3.1.3 Other routes for nitric oxide formation

In addition to the enzymatic synthesis of NO in plant tissues, under acidic (pH <

4.0) conditions NO can be generated in the apoplast via non-enzymalic reduction of

nitrite (NOz)(Equation 7) (Yamasaki, 2000; Berhke et al. 2004).

2NOz- + 2H* ++ 2HNOz .'NO + NOz + HzO ** 2NO + l/2}z+ HzO l7l

Mitochondria (Plancliet et al. 2005) and peroxisomes (Corpas et al. 2004) have also

recently been identified as potential sources of NO in plants.
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2.3.2 Nitric Oxide Function(s) in Plants

2.3.2.1NO and defense signalling

Plant NO research increased dramatically following the discovery that NO, and

secondary messengers cyclic GMP and cyclic ADPR, function as signal molecules in

plant disease resistance inducing the defense related genes, pathogenesis-related protein

(PR-l) and phenylalanine ammonia lyase (PAL) (Durner et al. 1998). Additionally, NO

was shown to act alone or in synergy with reactive oxygen species such as hydrogen

peroxide (HzOz) to induce the plant hypersensitive response (Delledonne et al. 1998;

Clarke et al. 2000).

2.3.2.2 NO and classical plant hormones

ln addition to defense-related function(s), NO has proven a potent effector of

plant growth and development, demonstrating direct and indirect roles in the transmission

of vadous environmental and hormonal stimuli. NO, generated via nitric oxide synthase

or cytosolic nitrate reductase, participates in abscisic acid-induced stomatal closure

through regulation of Ca* -sensitive, but not Ca*-insensitive, K* and Cl- channels (Neill et

al. 2003; Guo et al. 2003). Several auxin mediated rooting processes, including

adventitious rooting, lateral root development and inhibition of primary roots, are

potentiated by NO and cGMP (Pagnussat et a\.2003; Correa-Aragunde et al.2004). NO

donors also mimic light/phytochrome-mediated responses, including seed germination

and de-etiolation, along with inhibition of hypocotyls and internode elongation (Giba et

al. 1998; Beligni and Lamattina, 2000; Batak et aL.2002). NO has also been implicated

in cytokinin signal transduction (Scherer and Holk, 2000; Tun et al. 2001). ln barley
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aleurones, NO was shown to act as an antioxidant, delaying gibberellic acid-mediated

programmed cell death while increasing synthesis of cr-amylase (Beligni et al. 2002).

Secondary messenger cGMP is also required for gibberellic acid-induced gene expression

in aleurones, and is essential for the gibberellic acid-induced accumulation and secretion

of cr-amylase (Penson et al. 1996). NO, in a dose-dependant manner, has been

demonstrated to influence chlorophyll content, chlorophyll preservation and rates of leaf

expansion in a wide range of plant species (Leshem and Haramaty,7996; Laxalt et al.

1997; Leshem et al. 1997; Beligni and Lamattina,lggg; Beligni et aI.2002; Graziano et

al. 2002). NO has also been shown to improve internal Fe availability in plants and

mediate accumulation of the Fe-storage protein ferretin (Murgia et al. 2002; Graziano et

aL.2002).

2.3.2.3 NO and abiotic stress

Apart from defense and hormone-related functions, NO is proposed to function

analogous to reactive oxygen species in a generalized plant stress response (Gould et al.

2003). Tobacco leaf cells, when exposed to high temperatures, osmotic stress or salinity,

but not mechanical agitation, generate rapid and significant surges in NO levels (Gould et

aL.2003).

Dordas et al. (2003b) also observed NO production from alfalfa root cultures to

increase dramatically under hypoxic conditions. Support for the involvement of cytosolic

nitrate reductase in such NO formation came with observation that NO3- (nitrate), but not

NHa* (ammonium)-fed transgenic maize cell suspension cultures produced NO under

hypoxic stress (Dordas ef al. 2004).
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NO has also demonstrated protective roles in plant resistance to heat, drought, salt

and osmotic stresses in addition to cytotoxic processes mediated by ROS (Beligni and

Lamattina, 1999; Garcia-mata and Lamattina, 200I: Uchida et al. 2002; Zhang et al.

2003; Ruan et al. 2004; Zhao et al. 2004). Cloprotective properties of NO have been

linked to regulation and detoxif,rcation of ROS (Beligni and Lamattina, 1.999; Lamattina

et aL.2003). However, NO-mediated toxicity has also been reported and it is believed

that this primarily occurs through reactions with superoxide (O2-) leading to subsequent

formation of the potent oxidant peroxinitrite (oNoo-) (Lamattina et al. 2003).

NO is also known to impair plant mitochondrial function (i.e. 02 consumption),

primarily through inhibition of the cytochrome respiratory pathway (Yamasaki et al.

2001; Zottini et al. 2002; Huang et al. 2002). However, the altemative respiratory

pathway (AltOx) of plants demonstrates resistance to NO, with AltOx expression induced

by NO in A. thaliana and carrot (Daucus carota) cell suspensions (Yamasaki et al.200l;

Zottint et aL.2002; Huang et aL.2002).

2.4 MORPHOLOGY OF ALFALFA

Alfalfa (Medtcago sativa L.) is one of the most popular peremial forage species

grown in Canada and worldwide. The wide geographic area over which alfalfa is grown

can be accounted for by the crops high yield potential, nutritive value, capacity for N2

fixation and agronomic contributions (NAAIC, t938).

ln the previous century alfalfa has been the subject of intense study with respect

to root and shoot morphology. Significant effort has been directed towards

characlenzing both shoot and root morphology, with the majority of efforts attempting to
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resolve problems associated with alfalfa production. Great variation exists for methods

used to examine, and terminology used to describe, the anatomy and morphology of

alfalfa. The following sections will address shoot and root characteristics of alfalfa, the

influence of growth regulators upon alfalfa shoot morphology, and concerns associated

with propagating alfalfa via stem cuttings. Morphological staging of transgenic plants

will also be discussed.

2.4.1 Shoot Morphology of Alfalfa

2.4.1.1Specifïc Leaf Weight and Area per Leaflet

specific leaf weight, expressed as mg, g, or kg of leaf weight per cmt or m2 of

leaf area, is one of the most frequently reported parameters in morphological studies of

alfalfa. Preliminary observations of specific leaf weight differences between cultivars

(Barnes and Ratcliffe, 1967) preceded studies indicating that specific leaf weight varied

with plant maturity (Bames et al., 1969) and was conelated (r: 0.79, 5o/o level r :0.62,

1% level) with net photosynthesis (Pearce et al. 1969; Delaney and Dobrenz, 1974a).

From these studies, specific leaf weight was touted as a rapid selection criterion for high

forage yields in alfalfa. However, subsequent studies revealed specific leaf weight to be

a poor index for high forage yields in alfalfa (Delaney and Dobrenz, 1974b; Foutz et al.

1976; Hart et al. 1978). This has led to controversial reports as to the presence (r : 0.33,

Io/olevel; r:0.37,1% level) (Hart et al. 1978; Volenec, 1985) or absence (Foutz et al.

7976;Leavitt et al. 1919) of a relationship between specificleaf weight and forage yield

in alfalfa.
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Area per leaflet (cm2 per leaflet) is an important morphological characteristic of

alfalfa that has been applied towards the selection of high yielding genotypes (Leavitt et

al. 1979) and can be used to distinguish both between and within multifoliate and

trifoliate phenotypes (Volenec and Chemey, 1990; Juan et al. 1993). preliminary

morphological studies suggested specific leaf weight and area per leaflet to be under

independent genetic control, allowing for selection of the most efficient size and shape of

leaves (Barnes et al. 1969; Song and Walton, 1975). Further work indicated

photosynthetic rates of alfalfa leaves, expressed on either a leaf area or leaf weight basis,

to be negatively associated with area per leaflet and leaflet width (Bames et al- 1969;

Delaney and Dobrenz,I974a). However, expressing photosynthesis on aleaf areaor leaf

weight basis, as compared to a leaf area per plant or leaf weight per plant basis, bears no

relationship to forage yield in alfalfa (Delaney and Dobrenz,l974b).

2.4.1.2 Leaf Area per Plant, Leaf Area Expansion and Leaf weight per plant

Leaf arca per plant, expressed in "m' o, mt per plant, is an important

morphological characteristic that bears a direct relationship to photosynthesis and

transpiration. For alfalfa, leaf area per plant has proven to be one of the most reliable

indexes in the selection of high yielding alfalfa cultivars. Leaf area per plant has been

significantly correlated (r: 0.76, 1o/o level; r: 0.90, l% level) with forage yield

(Delaney and Dobrenz, 1974; Foutz et al. 1976). For large and small leaflet alfalfa

genotypes, leaf area per plant was the best selection criteria for yield (r: 0.92, lo/o level)

(Leavitt et al. 1979). Multiple regression analysis of over 30 physiological and
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morphological parameters suggested the latter to be more reliable in predicting forage

yield of alfalfa (Foutz et al.1976).

During the vegetative growth of well-watered alfalfa individual leaves and

intemodes follow sigmoid shaped growth curves, with successive leaves emerging every

two days. (Brown and Tanner, 1983). Primary leaves and associated internodes grow in a

consistent pattern relative to one another, with rapid internode elongation initiating upon

completion of leaf expansion (Brown and Tanner, i 983).

Despite the non-linear behaviour of individual leaves and intemodes, total leaf

area and intemode elongation rates tend to remain constant (Wolf and Blaser, I97l;

Brown and Tanner, 1983). However, significant quadratic components (P < 0.05) were

present in models of leaf area and shoot elongation rates of diverse alfalfa germplasms

(Volenec, 1985). Leaf area expansion rates of diverse alfalfa germplasms (whole shoots)

and alfalfa under variable temperature regimes (individual leaves) have ranged from 0.98

to 3.86 cmt d-' (Wolf and Blaser, 1971; Volenec, 1985).

Compared to other morphological parameters, leaf weight per plant has received

little attention as a yield component of alfalfa. Sharrat and Baker (1986) have used leaf

weight per plant to predict leaf area per plant, combining historical data with field trials

to derive formulas that allow leaf area per plant to be expressed as a function of l) leaf

dry matter (Equation 8) or 2) total dry matter (Equation 9).

Leaf Area per Plant :28.7 Leaf Dry Matteree3

Leaf Area per Plant :70.7 Total Dry Matteree2

t8l
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2.4.1.3 Leaf:Stem Ratio, Stem Length, Stem Elongation and Specific Stem Weight

The leaf:stem ratio of alfalfa, commonly associated with herbage quality, varies

between alfalfa cultivars with modification resulting from plant maturity and

environmental stress (Thompson and Fick, 1981; Brown and Tanner, 1983; Albrecht et

aI. 1987:' Volenec and Cherney, 1987\. Leaf:stem ratios have been positively correlated

with area per leaflet (r : 0.82, r: 0.80, P < 0.0i), suggesting that large-leaved genotypes

could produce superior forage quality (Delaney and Dobrenz,l974a). Foutz et al. (1976)

found high yielding alfalfa clones to have elevated leaf:stem ratios. Leaf,stem ratio was

unaffected by plant population, although short, smaller diameter stems had higher

leaf:stem ratios (Volenec et al. 1987). Leaf:stem ratio of a slow stem elongation rate

phenotype was two-fold that of a rapid stem elongation rate phenotype, with all

multifoliate phenotypes exceeding a rapid stem elongation rate phenotype for leafistem

ratio (Volenec and Chemey, 1990).

Early work by Cowett and Sprague (1961) investigating factors underlying

tillering and shoot development of alfalfa revealed stem length of alfalfa to be unaffected

by cutting height but significantly reduced by moisture stress, intense light, short

photoperiods, and various combinations of N, P, and K deficiency. Stem length of mf

phenotypes was intermediate that of RSER and SSER phenotypes, having the longest and

shortest stems, respectively (Volenec and Cherney, i990). Plant introductions (PI's) and

diverse alfalfa germplasms have been evaluated against one another in hopes of

elucidating the relationship which exists between shoot elongation rate (SER) and leaf

area expansion rate (LAER) in alfalfa (Volenec, 1985). SER (r : 0.53, p < 0.01) and

LAER (r : 0.45, P < 0.01) were both positively correlated with forage yield per plant and
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one another (r : 0.73, P < 0.01). Over 28 days of regrowth in the greenhouse, the shoot

elongation rate of plant introductions selected for slow stem elongation rates averaged 18

mm d-r whereas those selected for rapid stem elongation rates averaged 24.7 mm d-l

(Volenec, 1985). In the field shoot elongation rate of well watered alfalfa was

temperature and daylnight dependant and ranged from 0.2- 1 .3 mm tr-' i+.s - 3l.z mm d-r¡

(Brown and Tanner, 1983). Specific stem weight of diverse alfalfa germplasms has also

been positively correlated with forage yield (r : 0.48, P < 0.01) and differed (p < 0.05)

between rapid stem elongation rate (0.37 g m-') and slow stem elongation rate

(0.32 gm-r) plant introduction groupings (Volenec, i985).

2.4.1.4 Stems per Plant, Yield per Stem and Stem Diameter

The number of stems per alfalfa plant has been shown to increase with light

intensity, cutting height, decreasing stand density and stage of maturity prior to harvest

(Cowett and Spragu e, 1962; Volenec et al. 1987). ln cultivars selected for differences in

specific leaf weight, forage yield of clones closely correlated with stems per plant (r :

0.79, P < 0.01) (Hart et al. 1978). Volenec (1935) found no significant differences in

stems per plant between alfalfa germplasms of diverse origin whereas plant introduction

selected for rapid stem elongation rates had significantly more (P < 0.01) stems per plant

than a slow stem elongation rate grouping. However, when Volenec and Cherney (1990)

compared ftve, seven and nine leaflet multifoliate phenotypes with rapid- and slow-stem

elongation rate phenot¡rpes, the previously observed differences were absent. Within

multifoliate phenotypes stems per plant tended to decrease with multifoliate expression

and for one of two site years, multifoliate phenotypes produced fewer stems per plant
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than the rapid stem elongation rate phenotype (Volenec and Chemey, 1990). Path

coefficient analysis of stems per plant and yield per stem indicated that at low plant

densities (11 plants/m-t¡, th"r" yield components were equally important in determining

yield per plant (Volenec et a1.,1987). However, at high plant densities (172 plants/m-2),

yield per shoot was more important in determining yield per plant (Volenec eT al. 1987).

Stem diameter of alfalfa has been shown to vary within trifoliate cultivars and

between trifoliate and multifoliate phenotypes (Volenec et al. 1987; Volenec and

Cherney, i990). Stem diameter has also been shown to decrease (P < 0.01) with

increasing plant population (Volenec et al. i987).

2.4.1.5 Nodes per Stem and Internode Length

As plant populations in an alfalfa stand decrease, nodes per stem decreases.

However, as nodes per stem declines, mean intemode length increases, compensating for

fewer nodes per stem with no net effect on stem length being observed (Volenec and

Cherney, 1990). Rapid stem elongation rate phenotypes also demonstrate significantly

more (P < 0.05) nodes per stem than a slow stem elongation rate phenotype (Volenec,

198s).

Alfalfa plants displaying very low multifoliate expression were noted to have

longer intemodes than plants displaying greater multifoliate expression (Juan et al. i993).

Volenec's (1985) investigation of diverse alfalfa germplasms revealed internode length to

be significantly correlated with both forage yield (r :0.54, P < 0.01) and nodes per stem

(r:0.83, P < 0.01). However, path coefficient analysis of these parameters also
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indicated that the direct effects of internode length towards modifying stem length were

likely twice as important as the contribution of nodes per stem in modifying stem length

(Volenec, 1985).

2.4.2 Morphological Staging of Atfalfa

The inferior nature of alfalfa staging systems at the time ted Kalu and Fick (1931)

to develop a lO-stage numerical system (Appendix l-Table 8.1.1) for classifying the

morphological development of individual alfalfa stems. Mean stage by count (MSC)

represents the average stage of individual stems present in a herbage sample, weighted

for individual stems. Mean stage by weight (MSW) represents the average stage of

individual stems present, weighted for dry weight of herbage in each stage (Kalu and

Fick, 1981).

2.4.3 Flower Colour

Within alfalfa wide variation exists f,or flower colour and this qualitative trait has

allowed for variety identification as well as separation between self pollinated and cross-

pollinated plants (Barnes, 1972). Flower colour in alfalfa is believed to be distinguished

as a result of three major gene effects in addition to modifying genes. Major genes

include a basic colour factor gene (C), producing white flowers in the homozygous

recessive position (Barnes, 1972). The second is a purple (P) gene that is expressed in the

presence of at least one dominant C allele, and is responsible for the production of the

th¡ee anthocyanin pigments (malvidin, petunidin, and delphinidin diglucosides)

contributing to purple flower colour (Cooper and Elliott, 1964; Bames, 1972). The third

major gene effect, yellow flower colour (Y), is believed to be controlled by multiple
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genes with cumulative effects. Xanthophyll and B-carotene have been identified as the

pigments responsible for yellow flower colour (Cooper and Elliot, 1964).

2.4.4 Growth Regulators and Alfalfa

The vast majority of growth regulator studies conducted on alfalfa have sought to

enhance forage or seed yields, with a small number of studies seeking to explain the

factors responsible for tillering of alfalfa. Early work by Finn and Nelson (1958) with

gibberellic acid applications to popular forage species found that legumes such as alfalfa

responded to gibberellic acid with enhanced first-cut forage yields, longer internodes and

petioles, as well as slight increases in leaf size. Gibberellic acid-treated legumes were

also described as having an "upright, open-type growth habit with little or no tillering"

(Finn and Nelson, i958). Leaflets of simple, trifoliate, and multifoliate alfalfa clones

treated with gibberellic acid were longer and narrower than controls (Yeh and Bingham,

1969). Gibberellic acid increased the plant height of trifoliate and multifoliate clones

along with racemes per shoot, florets per raceme, and seeds per plant of multifoliate

clones only (Yeh and Bingham, 1969). Cole et al. (1972) found that gibberellic acid

increased forage yield, stem-petiole weight, stem length and decreased specific leaf

weight and leaflet:stem-petiole ratios.

While tillering of alfalfa has been reported to be impaired following auxin

application (Massengale and Meddler, 1958; Cowett and Sprague, 1962), compounds

which inhibit auxin action or transport have been reported to increase stems per plant,

leaves per stem and seed yield in affalfa (Cowett and Sprague,1962; Hale, l97t).
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Similar anti-auxin compounds have been reported to decrease stem length, racemes per

plant, racemes per shoot and seeds perplant in alfalfa (Cowett and Sprague, 1962;yeh

and Bingham, 1969; Hale, 1971). lncreased forage yield of alfalfa plants following

cytokinin treatment were attributed to increased number of stems per plant, length of

individual stems, in addition to total leaf area per plant (Tomkins and Hall, lggl).

2.4.5 Root Morphology and Stem Cuttings of Alfatfa

Morphological traits of alfalfa roots, as with shoots, have been studied extensively

with a notable resurgence in publications over the last decade. The majority of this

research focuses on improving the productivity of alfalfa through selection of

morphological characteristics correlated with agronomically desirable traits (i.e. taproot

diameter and forage yield). Early studies by Garver (1922) revealed variety, soil,

climate, cultural treatments and plant injury to be important determinants of alfalfa root

growth and morphology.

Work by Johnson et al. (i996) focused on the inheritance of seven root

morphological traits in fìeld-grown alfalfa and the correlation of these traits with one

another as well as with fall dormancy and seedling year forage yield. Traits evaluated

included taproot diameter, lateral root number, lateral root diameter, lateral root position ,

fibrous root mass, percentage of determinate taproots, and determinate taproot position .

At both locations taproot diameter (r: 0.75, r:0.61, P < 0.01) and lateral root diameter

(t:0-42, r:0.56, P < 0.01) displayed the strongest associations with total seedling year

forage yield (Johnson et al. 1996). Other reports suggest that three to four months of
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growth is required for distinctive root morphology traits, and associations with forage

yield, to develop (Lamb et al. 2000a).

Selection for more fibrous or lateral roots in alfalfa populations has resulted in

both increased (Lamb et al. 2000a) and unaltered (Viands and Bames, 1931) forage

yields. Numerous other studies report significant correlations between branch-rooted

behaviour or lateral root number and forage yreld (Burton, 1937; Mctntosh and Miller,

1981; Saindoin, 1991). However, Busch and Davis (1960) found no such correlation

between laterul root number and forage yield of alfalfa.

Significant labour and time requirements associated with root morphology studies

of alfalfa led Lamb et al. (2000b) to design protocols for evaluating morphological traits

of greenhouse and field-grown alfalfa. For the majority of root morphological traits

(taproot diameter, lateral root number, fibrous root mass, determinate taproot position)

correlations between greenhouse and field-grown plants were absent to moderate,

supporting the results ofprevious research (pederson et al. l9g4).

Severe inbreeding depression problems associated with alfalfa limits the use of

highly homozygous lines for genotypic comparisons (Brouwer et al. 1998). Fortunately,

stem cuttings serve as an attractive alternative to replicating genotypes. Methods of

propagating alfalfa via stem cuttings encompass variable rooting media (wet sand,

commerical root medium, water), aerial environments (open, polyethylene/glass covers)

and lrormonal treatments (Burton 1936; White 1946; Brouwer et al. 1998). Hormonal

treatments reduce rooting time and increase adventitious roots of cuttings relative to

untreated controls (Burton 1936). Stem position also influences rooting behaviour with

stem tips rooting more frequently and producing longer adventitious roots than lower
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stem positions (Burton 1936). Abundance and angle of adventitious roots on stem

cuttings has also been associated with the rooting behaviour of parent plants. Stem

cuttings from 'Hardigan' (branched root parent) alfalfa plants produced more horizontal

adventitious roots than those from 'Hairy Peruvian' (tap root parent) plants (Burton,

1936).

2.5 PLANT RESPONSE TO FLOODING

For most terrestrial plants limited Oz in the rooting zone, as with numerous abiotic

stresses, results in depressed growth and yield. Plants, unlike animals, are sessile in

nature and have evolved adaptive mechanisms enabling them to tolerate 02 limitations of

varied intensity and duration. Such mechanisms incorporate and coordinate anatomical,

physiological, biochemical, and molecular responses to cope with the external

environment.

2.5.1 Characterizing the Anaerobic Environment

Plant roots often experience temporary periods of 02 deprivation when soils are

flooded or waterlogged. Such conditions cause soil pore spaces to become occupied by

water, which impairs Oz diffusion and convection, leaving only entrapped and dissolved

Oz for respiring organisms (Drew, 1992). As rates of Oz diffusion are approximately

10,000 times slower in water than air, the continued respiratory consumption of Oz by

soil microorganisms and plant roots exceeds that supplied from the atmosphere, leading

to the development of anaerobic conditions (Jackson and Armstrong, 1999). Further

depletion of soil 02 can lead to conditions where oxidative metabolism, and subsequent
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energy (ATP) generation of plants, is partially (hypoxia) or completely (anoxia) impaired

(Drew, 1997).

ln addition to direct effects upon plant metabolism and gaseous exchange,

flooding or waterlogging of soil sets in motion numerous physical, chemical and

biological alterations within soil itself. Swelling of soil colloids, reduced soil redox

status, changes in soil pH, altered ion exchange capacity, predominant nitrogen

transformation processes, accumulation of reduced substances and/or routes of organic

matter decomposition are just a few (Ponnamperuma, i984; Drew,1997).

For plants, critical oxygen pressures (COP) represent the 02 partial pressure or

concentration below which 02 consumption and rates of oxidative metabolism are

impaired (Drew, 1997). COP's tend to coincide with declining ATP/ADP ratios (Waters

et al. 1991), however, COP's are known to vary greatly dependant upon the physical

environments both external (i.e. gaseous or liquid boundary layer) and internal (i.e.

aerobic cortex versus anoxic stele) to the root (Drew, 1991).

2.5.2 Molecular, Biochemical and Physiological Responses to Anaerobiosis

It is generally accepted that 02 shortage is the primary factor to which plants

respond to in a flooded soil (Drew, 1997). Following initiation of anaerobic stress the

synthesis of aerobic proteins is impaired (Dolferus et al. 2003) whereas the expression

and de novo synthesis of - 20 proteins, collectively called the anaerobic proteins

(ANP's), are induced (Sachs et al. i980; Subbaiah and Sachs, 2003). The majority of

these proteins represent enzymes involved in fermentative, glycolytic, and sugar

degradation pathways (Sachs et al. 1980; Subbaiah and Sachs, 2003). Discovery of
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additional ANP's (- 40-50) involved in nitrogen metabolism, ethylene biosynthesis,

signal transduction and plant defense has also heightened our appreciation of the complex

events involved in plant perception of low 02 conditions (Dennis et al. 2000; Dolferus et

al. 2003).

The initial response of plants to anaerobiosis (0-48 hrs) has been conceptualized

into 3 to 4 stages representing the induction and/or activation of signal transduction

components (0-0.5 hrs or 0-4 hrs), metabolic adaptations required to continue energy

production (4-24 I[s), and mechanisms for surviving prolonged exposure to low 02

conditions (i.e. aerenchyma) (24-48 hrs) (Dennis et al. 2000; Klok er a]..2002).

ln the absence of molecul ar Oz,mitochondrial respiration is impaired for lack of a

terminal electron acceptor (Perata and Alpi, 1993). Thus, reduced pyndine nucleotides,

namely NADH and FADHz, generated via glycolysis and the tricarboxylic acid (TCA)

cycle fail to be oxidized. As a result, fermentative pathways are activated, allowing for

reoxidation of NADH to NAD* and subsequent generation of ATp (perata and Alpi,

1993; Drew,1997). Despite activation of anaerobic pathways ATP yield, expressed in

mol of ATP produced per mol of hexose catabolised, is considerably less efficient for

anaerobic (2-3 mol ATP) as compared to aerobic pathways (24-36 mol ATp) (Gibbs and

Greenway,2003).

Declines in cellular energy status and cytoplasmic acidosis are hypothesized as

mechanisms of cellular injury/death during hypoxia and anoxia (Roberls et al. 19g4;

Drew, 1997). However, the early activation of anaerobic proteins, including lactate

dehydrogenase (LDH), alcohol dehydrogenase (ADH) and pyruvate decarboxylase
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(PDC), during hypoxic periods preceding anoxia greatly improves plant survival through

subsequent hypoxic/anoxic periods (Drew, 1997).

In early stages of anaerobiosis, pymvate is converled to lactic acid via LDH,

leading to slight decreases in cytosolic pH (Kennedy et al. 1992). However, as cellular

pH drops, LDH activity is inhibited, and PDC is stimulated allowing ethanol synthesis

via ADH to dominate (Keruredy et al. 1992; Drew, 1997). Transient changes in

cytoplasmic Ca* and H*-ATPase proton pumps are also proposed to participate in

regulation of cytoplasmic pH during anaerobiosis. (Drew, 1997;Dennis et al. 2000).

2.5.3 Anatomical and Morphological Adaptations to Anaerobiosis

The primary lateral root system of most terrestrial plants is incapable of

developing effective adaptations for tolerating long-term conditions of anaerobiosis

(Laan et al. 1991). As a result, numerous species initiate the production of adventitious

roots, which are typically unbranched and of greater porosity (i.e. aerenchyma) than those

of the primary root system (Visser et al. 1996). The formation of these structures, in

addition to that of aerenchyrna or hypertrophied lenticels, is intended to facilitate

anaerobic respiration of roots or facilitate Oz diffusion from non-submerged or

photosynthesizing tissues to the root system (Jackson and Armstrong, 1999).

Lysigenous or schizogenous formation of interconnected intemal gas spaces

known as aerenchyma occurs in the roots and shoots of numerous wetland species.

Aerenchyma also forms within numerous dryland crop species following exposure to

various abiotic stresses, including hypoxia, excessive temperature, drought, and nutrient

delrciency (Justin and Armstrong, 1987; Evans, 2003). Lysigenous aerenchyma
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formation, commonly observed in crop species (i.e. barley, maize, alfalfa), involves cell

death whereas schizogenous formation of aerenchyrna, commonly reported for wetland

species such as Rumex, involves cell separation and not cell death (Evans, 2003).

Hypertrophied stems and/or lenticels are structures which appear to form

predominantly upon herbaceous annuals such as tomato and sunflower (Helianthus

annuus) in addition to tree species such as red maple (Acer rubrum) and green ash

(Fraxinus pennsylvanica) (Hook, 1984). Their function appears analogous to that of

aerenchyma in improving internal aeration of roots, with enlargement of

cortical/phellogen layers limiting resistance to gaseous diffusion (Hook, 1984). As with

adventitious roots, their formation appears to involve an interaction between auxin and

ethylene (Wample and Reid, 1979; Visser et al. 1996).

2.6 FLOODING STRESS AND ANAEROBIOSIS IN ALFALFA

The sensitivity of alfalla to excess moisture in the rooting zone represents a major

shortcoming of this popular perennial forage legume. Reductions in forage yield or

quality of alfalfa, with subsequent economic impacts, are often reported where conditions

such as chronically poor soil drainage, waterlogging, flooding, excessive irrigation and

elevated water tables prevail (Rai and Miller, 1971;Peterschmidt etal. 1979; Meek and

Donovan, 1986; Alva et al. 1986). As a result, numerous studies have sought to

charactenze the yield, morphological, physiological and biochemical responses of alfalfa

under such conditions. From these studies, relevant information is applied towards

irnproving the flooding tolerance and/or management of alfalfa stands.
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2.6.1 Yield Responses of Alfalfa to Flooding Stress

Early f,reld work in westem Canada revealed numerous forage legume species,

including alfalfa, to be inherently more sensitive to flooding stress than forage grasses

(Bolton and McKenzie, 1946). Among nine legumes, alfalfa fell intermediate between

birdsfoot trefoil (Lotus corniculatu.s) and sainfoin (Onobrychis vicÌaeþlia) tolerating 15

days of flooding as compared to 20 days of flooding for birdsfoot trefoil and 5 days for

sainfoin (Heinrich, 197 0).

Numerous researchers report reduced root growth of alfalfa following flooding or

waterlogging treatments. However, flooding treatments of comparable duration and

intensity yield variable results with respect to root dry matter accumulation. For

greenhouse-grown alfalfa, Thompson and Fick (1981) and Castonguay et al. (1993)

reported immediate cessation of root growth following initiation of flooding treatments

with root yields remaining stable for 12-15 days. However, reduced root dry weight,

attributed to root death and decay, occurred 12-20 days post flooding and coincided with

cessation of shoot growth (Thompson and Fick, 1981). ln contrast, root dry weight of

greenhouse-grown alfalfa doubied over a 14 day flooding period (Teutsch and Sulc,

1997). Heinrichs (1972) found root dry weight of field-grown alfalfa to increase during

the first 7 days of a 28 day flooding treatment, with rapid and proportionate declines

between 7 and 28 days of flooding.

As with root dry weight, the shoot dry weight of alfalfa often displays

proportionate declines as the duration of flooding stress increases (Heinrichs, l9l0;

Thompson and Fick, 1981; Castonguay et al. 1993). Shoot dry weight of flooded alfalfa

plants continues to accumulate at rates comparable to unflooded controls for a period of
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5-i0 days following initiation of flooding treatments. Eventually, however, growth

cessation, chlorosis and subsequent leaf drop cause shoot dry weight to decline.

Continued chlorosis and leaf drop takes shoot dry weight to a constant low, representing

the stems of plants having lost most, if not all of their leaves (Thompson and Fick, 1981).

The differential accumulation and loss of root and shoot dry weight, respectively,

exhibited by alfalfa during flooding stress causes shoot to root ratios to become elevated

relative to unflooded controls (Thompson and Fick, 1981). When flooding treatments are

removed and plants allowed to recovery, mildly damaged plants experiencing only partial

reductions if leaf area (Stage 1 of flooding injury) will often resume stem elongation and

green up within 2 weeks of drainage (Thompson and Fick, 1981; Teutsch and Sulc,

1991). However, for severely damaged plants having lost most if not all of their leaf area

(Stage 2 of flooding injury), leaf loss may continue until plants appear dead. However,

such plants, even when flooded for 20 days, may be observed to initiate tiny leaflets

within axils from which leaflets previously fell (Thompson and Fick, 1981).

Morphological stage of development influences the severity of flooding injury

incurred by alfalfa plants with older, more vegetatively advanced seedlings recovering

shoot regrowth potential moreso than seedlings in early trifoliate stages (Teutsch and

Sulc, 1997). However, the sensitivity of alfalfa to flooding stress was previously reported

to increase up to 6 weeks of age due to the location of roots deeper in the soil prohle,

where root injury tended to be more severe (Fick et al. 1988).
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2.6.2 Chlorosis of Alfalfa During Flooding Stress

When alfalfa and comparable forage legumes are exposed to flooding stress

yellowing or chlorosis of leaves typically occurs 5-10 days after initiation of flooding

treatments and represents the earliest and most reliable indicator of flooding injury

(Heinrichs, 1970; Heinrichs, 1972; Cameron, 1973; Thompson and Fick, 1981; Teutsch

and Sulc, 1997). However, the suitability of chlorosis as an indicator of plant injury in

alfalfa has been questioned with development of injury symptoms not necessarily

precluding permanent plant injury (Barta, 1988a). As relative leaf greenness is highly

correlated with chlorophyll concentration and total leaf nitrogen (lr{) (Dwyer et al. 1995),

several researchers working on soybeans and alfalfa have employed leaf chlorophyll

meters towards quantiffing chlorosis during flooding stress (Teutsch and Sulc, 1997;

Bacanamwo and Purcell, 1999). For the aformentioned species, flooding treatments

reduced both relative leaf greenness and total leaf N (Castonguay et al. 1993; Teutsch and

Sulc, 1997; Bacanamwo and Purcell, 1999).

2.6.3 Morphological and Physiological Responses of Alfalfa to Flooding Stress

As with several other species, alfalfa responds to flooding stress with a number of

anatomical and morphological changes to roots and/or shoots. The development of

adventitious roots, the formation of intemal gas spaces (i.e. aerenchyma), as well as the

formation of hypertrophied lenticels on the stem base or roots of alfalfa have been

reported (Thompson and Fick, 1981; Zook et al. 1986; Teutsch and Sulc, lg97).

Thompson and Fick (1981) found severely damaged alfalfa plants, with taproots

completely absent due to rotting, to form thick, unbranched roots on the crown. These
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roots displayed striking similarity to adventitious "flooding roots" often reported in

species exposed to anaerobic conditions. Three-week old alfalfa plants flooded for 2

days displayed longer taproots and inhibited lateral root development relative to

unflooded controls (Zook et al. 1986). Th¡ee to four days of flooding resulted in

dissolution of parenchyrna cells and formation of aerenchyma in the stele of roots (Zook

et al. 1986). However, Teutsch and Sulc (1997) failed to identify aerenchlrna in 31-33

day old alfalfa plants subjected to 14 days of flooding stress. Both Zook et al. (1986) and

Teutsch and Sulc (1997\ have reported the formation of hypertrophied lenticels on the

roots or stem base of alfalfa plants flooded for 4 or 14 days, respectively. Application of

ethylene between 0.01 and 1.00 ¡rLlL also induced morphological and anatomical

structures similar to those observed in flooded alfalfa plants (Zook et al. 1986).

2.6.3.1Alcohol Dehydrogenase Activity, Energy Relations, Membrane Selectivity

and Carbohydrate Metabolism of Alfalfa during Anaerobiosis.

The great variation for flooding tolerance and phytophthora root rot

(Phytophthora medicagìnis) resistance between the seemingly comparable forage

legumes alfalfa and birdsfoot trefoil has fueled extensive research into the underlying

physiological and biochemical mechanisms contributing to such variability (Barta, 1980).

Within both alfalfa and birdsfoot trefoil roots alcohol dehydrogenase activity, an

indicator of anaerobic respiration, increases following initiation of flooding treatments

(Barta, 1980; Bertrand et al. 2001). However, alcohol dehydrogenase activities within

birdsfoot trefoil roots have been noted to equal or exceed those observed in alfalfa (Barta,

1 984).
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For numerous species, including alfalfa, ATP/ADP ratios, which closely correlate

with anaerobic respiration, have been observed to decline upon initiation of anaerobic

treatments (Barta, 1986; Barta, 1988a). However, in birdsfoot trefoil and alfalfa roots

exposed to comparable anaerobic treatments the ATP/ADP ratio of birdsfoot trefoil roots

was noted to remain elevated relative to that of alfalfa (Barta, 1986). Furthermore, under

various shoot removal treatments (non-clipped, regrowth, and clipped), ATp

concentrations of anaerobic alfalfa roots were found to experience more severe

reductions as clipping date(s) and anaerobic treatments converged (Barta, 19gga).

Previous work with clipped and non-clipped alfalfa plants highlighted the importance of

shoots in maintaining soil oxygen diffusion rates during extended periods of soil

anaerobiosis (Zook et al. 1986).

As integrity and function of membranes is an energy (i.e. ATp) - dependent

process, it follows that under conditions of reduced ATP availability (i.e. anaerobiosis)

changes in membrane perrneability occur. Membrane selectivity, as indicated by

potassium (K*), sugar, and amino-N efflux from roots, were observed to be partially lost

in both alfalfa and birdsfoot trefoil roots immediately (one to two days) following

initiation of anaerobic treatments (Barta, 1986; Barta, lg87). Subsequent greenhouse and

field trials indicated K* and sugar efflux, but not amino-N or total N efflux, to be greater

from flooded or anoxic alfalfa roots than comparable birdsfoot trefoil roots (Castonguay

et al. 1993;Barta, 1988a; Barta, 1988c). However, these same studies reported shoot

amino-N and total leaf N (alfalfa only) to decline under anaerobiosis (Castonguay et al.

1993; Barta, 1988a). Despite aerobic alfalfa roots exhibiting higher initial Kn and sugar

concentrations relative to aerobic birdsfoot trefoil roots, the patterns and percent of total
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K* and sugars effluxed from such roots suggested

upon initiation of anaerobiosis (Barta, 1986). Ca*z

P, inorganic orthophosphate (PO+ ) P, Fe*2, or Mn*2

alfalfa roots whereas total foliar K and P decline in

1988c; Castonguay et al. 1993).

greater initial root injury in alfalfa

concentrations, but not total N, total

concentrations, decline in anaerobic

the shoots of flooded alfalfa (Barta,

Sugar profiles of anaerobic alfalfa and birdsfoot trefoil also suggested that

differential sugar metabolism and fermentation were contributing to the variation in

adenylate charge observed between anaerobic roots of these species (Barta, 1988a; Barta

1988b; Castonguay et al. 1993).

CO2 evolution rates of alfalfa and birdsfoot trefoil roots are also reduced

following initiation of anaerobic treatments or flooding stress (Barta, 1986; Castonguay

et al. 1993). However, in anaerobic birdsfoot trefoil roots, the reductions in CO2

evolution are signif,rcantly less than observed in alfalfa (Barta, 1986). These

observations, in conjunction with depleted glucose-6-phosphate pools in anaerobic

birdsfoot trefoil roots, but not alfaffa roots, suggested that increased flux through

glycolytic pathways and high rates of fermentation were likely responsible for the

enhanced flooding tolerance of birdsfoot trefoil relative to alfalfa (Barta, 1986).

Labelling birdsfoot trefoil and alfalfa plants with r4CO2 or eXposing alfalfa to

various shoot removal treatments prior to flooding also suggested differences in

rnetabolite fractions or assimilate metabolism, but not assimilate supply, to be important

detenninants in the differential anaerobic response of both species (Barta, 1987; Barta,

1 988b).
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3.0 MATERIALS AND METHODS

3.1 GENERATION OF TRANSGENIC ALFALFA

In order the assess the influence of hemoglobin expression on the growth,

morphology and flooding tolerance of whole affalfa plants, transgenic alfalfa root

cultures containing sense and antisense constructs of class 1 non-symbiotic barley Hb

(Dordas et al. 2003b) were propagated into whole alfalfa plants. For these

transformations, performed by Dr. Christos Dordas and described in brief below, a highly

regenerable alfalfa cultivar (Regen SY) was used.

To develop transgenic plants, root segments (1 cm) of transgenic alfalfa root

cultures were cut and placed on petri dishes containing SH induction media. After 3-4

weeks, root segments developed callus, after which calli were transferred to MSHF

medium. [n approximately3-4 months embryos developed into plantlets. Plantlets were

then transferred to magenta boxes containing sterile media and a peat:perlite (i:l)

mixture. Following an acclimation period of approximately 4 weeks, plantlets were

transferred to pots and placed under growth conditions described below.

Transgenic plants evaluated in this study were kindly provided by Dr. Christos

Dordas. Within this thesis four independent transgenic alfalfa lines have been evaluated.

One line overexpressing barley Hb [Hb+ (3)], a control line (C) transformed with an

empty vector, and two lines underexpressing barley Hb [Hb- (a); Hb- (44)]. Non-

transformed Regen SY plants and control (C) lines were phenotypically identical.
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3.2 QUANTIFICATION OF HEMOGLOBIN IN TRANSGENIC ALFALFA

For protein immunoblotting experiments, one gram of root tissue, taken from

individual transgenic lines 2i days after transplanting and gro\¡/n as described below for

growth and shoot morphology experiment 1 (GM Experiment l-See Section 3.4), was

ground in liquid nitrogen with a mortar and pestle and extracted with 3 mL of ice cold

protein extraction buffer (50mM Tris-HCl, pH 8.0, 100mM NaCl, lmM EDTA, imM

DTT, 1mM PMSF). Crude extract was centrifuged at 5000 rpm for 5 min at 4 "C to

rèmove cellular debris. The supernatant was then centrifuged at 13,000 rpm for 10 min

(4 "C). The process was repeated on the supernatant a second time. A 2 ¡tL aliquot of

the supernatant was reacted with Bradford solution (1 mL) to quantify the total protein

content of the extract (Bradford, 1976) using bovine serum albumin (BSA) as a standard.

Based upon protein quantification, supernatant volumes equivalent to 60-120 pg of total

protein were freeze-dried overnight (12 hours).

Freeze-dried sample aliquots and recombinant Hb standards were then denatured

with 20 ¡rl of SDS loading buffer (0.0625 M Tris, L\Yo glycerol (v/v), B-mercaptoethanol

(v/v), 2.0% SDS (w/v)) prior to samples being boiled (100 'C) for 5 min. Denatured

samples were loaded onto T5% acrylamide gels for SDS-PAGE. Gels were

electrophoresed in SDS-PAGE buffer (125 v; 20-60 amps). Gels were then

electroblotted onto PVDF membranes (45 pm pore) in transfer buffer (25 mM Tris, 192

mM glycine,l0o/o methanol) in an LKB 2005 Transphor electroblotting unit, set at 100 V

and 0.7 A for 60 min. Proteins were detected using a polyclonal antibody raised against

recombinant barley hemoglobin. The protein concentration in the roots of different lines

was then calculated using the Bio-Rad Quantity One @ software.
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For protein immunoblots, extractions were run on SDS-PAGE gels using three to

four replicates (e.g. lanes) for each individual transgenic line. Data were analyzed, as a

randomized, complete block design with three replicates. Analysis of variance was used

to partition variance into line and replicate effects. Where F-tests were signif,rcant (p <

0.05), the least significant difference (LSD) between means was calculated.

3.3 PLANT MATERIAL, ENVIRONMENTAL GROWTH CONDITIONS AND
FERTILITY REGIME FOR GRO\ryTH CHAMBER AND GREENHOUSE
EXPERIMENTS

3.3.1 Propagating Transgenic Alfalfa

For all growth chamber and greenhouse experiments presented in this study,

replication of plant numbers was.achieved through stem cuttings of transgenic alfalfa

plants and respective controls. Stem cuttings were created by removing healtliy two node

stem segments from stems of transgenic alfalfa lines. Basal leaflets of these cuttings

were then removed to provide a surface conducive to adventitious rooting. Stem cuttings

were then placed in root trainers (2.5 x 3.5 x 13 cm, Spencer Lemaire Industries Ltd.

Canada) plugged with peat moss, and f,rlled with commercial growth medium (Terra-Lite,

2000; w.R. Grace &. co. Ajax, oN). Root trainers were then housed in

polyvinylchloride (PVC) boxes, covered with polyethylene, and located in growth

chambers. Root trainers were watered daily for a period of 10-20 days prior to

transplanting in respective pots used for either growth chamber or greenhouse

experiments.
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3.3.2 Environmental Conditions for Growth Chamber Experiments

All experiments, with the exception of mature (mid-late vegetative) root system

morphology studies, were conducted under controlled temperatures in one of two growth

chambers (Econaire GR-36, Winnipeg, MB). Growth chambers were set af

23|I9"C;I6/8 h (daylnight) with relative humidity maintained between 65 and 85 %.

Between and within these two growth chambers, and across multiple experiments, the

photosynthetic photon flux density ranged from270-600 ¡-rmol *-' s-t at pot height.

3.3.3 Environmental Conditions for Greenhouse Experiments

For the lone root morphology experiment conducted in the greenhouse,

temperatures were maintained at 25 + 5 "C with supplemental lighting provided by

1000W sodium bulbs (16l8h;day/night). Photosynthetic photon flux density supplied

during the mature (mid-late vegetative) root system morphology experiment ranged from

400 to 1000 pmol m-' s-t at pot height.

3.3.4 Fertility Regime for Growth Chamber and Greenhouse Experiments

For all growth chamber and greenhouse experiments, fertility requirements were

met by supplying plants with 1g L-r of a commercial fertilizer (20-20-20, Plant Prod,

Brampton, ON, Canada). For all experiments, from initial transplantingto 7 and i4 days

post-transplanting, individual pots received the equivalent of 20 ppm (N, p, K) in the

form of the 20-20-20 liquid fertilizer described above. Beyond 14 days after

transplanting, and on a weekly basis, individual pots received the equivalent of 40 ppm of

an identical fertilizer formulation. The only deviation from this fertility regime occurred
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for flooding tolerance experiments where unflooded and flooded alfalfa plants did not

receive a fertllizer treatment for a period (10-15 days) while a flooding stress was

applied. For these particular experiments, fertilizer treatments would be re-initiated

immediately following removal of the flooding stress and would continue at weekly

intervals as previously described.

3.4 GROWTH AND SHOOT MORPHOLOGY OF TRANSGENIC ALFALFA

For th¡ee independent growth and shoot morphology (GM) experiments

designated as GM Experiment 1, GM Experiment 2 and GM Experiment 3, rooted stem

cuttings were transplanted into pots (150 x 180 mm, Listo Products Ltd. Vancouver, BC)

containing a 2:1 (sand:soil; v/v) soil mixture sterilized which had been exposed to

unpressurized circulating steam in a Dillon Type EA automatic soil pasteurizer (Dillon

lndustries [nc. Melrose, Mass.) for 4 hours. Following transplanting, pots containing two

stem cuttings per transgenic line were placed in growth chambers under previously

described environmental conditions. After one week of growth, pots were thinned to one

plant per pot.

3.4.1 Growth, Yield Components and Shoot Morphology of Transgenic Alfalfa

For harvests which occurred 14, 21, 28, and 35 days after transplanting, 6 pots

(replications) per transgenic line (24 pots per harvest) were harvested, staged, and

characterized for shoot morphological traits. Shoots were initially severed at the soil

surface and immediately placed into freezer bags and held at 4 "C for the two days

necessary for tissue separation. Pots containing roots and partial stems were then placed

into a freezer (-20 "C) until shoot processing was complete. The number of trifoliate
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leaflets present on a whole plant were noted prior to determining total leaf area per plant

using a leaf area meter (LI-COR 3100, Li-Cor, Lincoln, Nebraska, USA). Plants were

then divided into individual stems and staged according to the mean stage by count

method of Kalu and Fick (1981). Stems per plant, stem length, nodes per stem, and stem

diameter at the centre of the lowermost internode were recorded for individual plants or

stems, respectively. Following stem measurements, alfalfa herbage was separated into

leaf and stem tissue and returned to 4 oC. Frozen pots were then allowed to thaw for 12-

24 hours. The thawed "lump" of soil was removed from the pot and submerged in water

to remove excess rooting medium. A single 17 x 17 cm square piece of charcoal window

screening (16 mesh per inch) placed in the bottom of pots prior to filling with soil

prevented loss of the viscous rooting medium and served as screening to catch loose

roots.

Any stem tissue attached to the root system was recombined with previously

collected shoot tissue. Root, leaf, and stem tissues were then dried at 70 "C for 48 hours

prior to dry weights being determined. Ax additional harvest, occurring 63 days after

transplantiltg, was used to assess the time required for alfalfa plants to flower, the number

of racemes per plant, and the number of florets per raceme. At this same harvest,

individual stems were counted and staged according to the mean stage by count method.

h GM Experiments I and 2, several yield components and shoot morphological/

reproductive characteristics were recorded for harvests 14,21,28,35, and 63 days after

transplanting. in GM Experiment 3, only total shoot yield was determined (fresh weight

and dry weight basis) for harvests 14,2r,28 and 35 days after transplanting.

49



For GM Experiments 1 and 2, 120 pots were used; five sets of 24 pots each (6

replications x 4 transgenic lines), one set for each of five destructive harvests. For GM

Experiment3,96 pots were used; four sets of 24pots each (6 replications x 4 transgenic

lines), one set for each of four destructive harvests. Within harvest dates, data were

analyzed as a randomized complete block design with variance (ANOVA) being

partitioned into line and replicate effects. Where F-tests were significant (P < 0.05), the

least significant difference (LSD) between means was calculated.

3.4.2 Mineral Nutrient Analysis of Transgenic Alfalfa

Shoot and root tissue of transgenic alfalfa lines grown in GM Experiment 1 were

analyzed for mineral nutrient concentration by AgVise Laboratories fNorthwood, ND,

USA). Prior to nutrient analysis, oven-dried shoot tissue from the 35 day after

transplanting harvest only and root tissue combined from the 14 - 35 day after

transplanting harvests were ground to pass a 1 mm sieve on a Wiley Mill. Complete

nutrient analysis entailed quantifying total N, P, K, S, and Ca (% dry matter basis) and

Mg, Na, Zn, Fe, Mn, Cu and B þarts per million basis) in both the roots and shoots of

respective transgenic lines. For root tissue, several harvests were combined in order to

meet minimum sample weight requirements for analytical techniques which included

LECO combustion method (LECO Corporation. St.Joseph, MI) for nitrogen and ICAP

(inductively coupled argon-plasma emission spectrograph) for remaining macro- and

micro-nutrients.

For mineral nutrient analysis 32 samples were analyzed; (2 tissues [root,shoot] x 4

transgenic lines x 4 replications]. Data were analyzed as a randomized, complete block
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design with variance partitioned into line and replicate effects. Where F-tests

significant (P < 0.05), the least significant difference (LSD) between means

calculated.

3.4.3 Chlorophyll Content of Transgenic Alfalfa

In GM Experiment 1, 12 additional plants, (4 transgenic lines x 3 plants per line)

were grown alongside those used for yield component and shoot morphological

measurements. At the 35 day after transplanting harvest, 1 gram of fresh leaf weight

from each individual plant was analyzed for chlorophyll concentration using acetone

(80%; v/v) extraction. Total chlorophyll, chlorophyll a and chlorophyll b concentrations

were then determined according to Arnon (1949) with absorbance being measured at 645

and 663 nm.

Data from chlorophyll extractions were analyzed as a randomized, complete block

design with three replicates. Analysis of variance was used to partition variance into line

and replicate effects. Where F-tests were significant (P < 0.05), the least significant

difference (LSD) between means was calculated.

3.5 ROOT MORPHOLOGY OF TRANSGENIC ALFALFA

3.5.1 Stem Cutting Root Morphology of Transgenic Alfalfa

Rooting behaviour of stem cuttings was evaluated by placing cuttings in root

trainers plugged with peat moss and filled with commercial rooting medium. However,

for these experiments, extremely large root trainers (6 x 5 x 19 cm, length x width x

height) were used in order to reduce the potential for the root:plastic interface to
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influence root architecture. After placing root trainers in PVC boxes within growth

chambers, rooted cuttings were sampled 10, 15 and 20 days after placement in rooting

medium. In stem cutting experiment 1 (SC Experiment 1), only the presence or absence

of adventitious roots and the number of adventitious roots on individual stem cuttings

were recorded. For the second stem cutting experiment (SC Experiment 2), l0 to 20

cuttings per line were evaluated at these same harvest dates (10, 15 and 20 days).

Parameters measured included the presence or absence of adventitious roots, total number

of adventitious roots percutting, length of individual adventitious roots (10 and 15 days)

and the number of lateral roots per adventitious roots (10 and i5 days).

For individual harvests within stem cutting experiments, data were analyzed as a

randomized, complete block design wtth 6-20 replicates. Analysis of variance was used

to partition variance into line and replicate effects. Where F-tests were signihcant (P <

0.05), the least significant difference (LSD) between means were calculated.

3.5.2 Mature Root System Morphology of Transgenic Alfalfa

For the lone mature root morphology experiment (MR Experiment 1) stem

cuttings (three per pot) of respective transgenic lines were rooted into 20 cm (diameter) x

55 crn (height) PVC pots containing a sand:soil (2:1;v:v) mixture. After three weeks,

pots rvere thinned to one plant per pot. Plants were then grown, fertilized and watered in

the greenhouse under previously described environmental conditions. At one of two

harvest dates, occurring either 63 (9 weeks) or 84 (12 weeks) days after transplanting,

transgenic plants were washed free of rooting medium, photographed, and scored for root

morphological traits according to Lamb et al. (2000).
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Within each harvest date, transgenic alfalfa plants were scored for a number of

gross root morphological traits including taproot diameter, lateral root number, lateral

root position and determinate taproot position. To facilitate comparison with a previous

study by Lamb et al. (2000), gross root morphological traits of transgenic alfalfa plants

were analyzed with 9 and 12 week harvests separated and combined. However, for

remaining root weight and length measurements, harvests were always analyzed

separately. For this greenhouse tnal 24 pots were used; two sets of 12 pots each (4

transgenic lines x 3 replications), one set for each of two destructive harvests. Within

harvest dates, data were analyzed as a randomized complete block design with three

replications (pots) per transgenic line and variance partitioned into line and replicate

effects. However, when harvest dates were combined for gross root morphological traits,

data were analyzed as a randomized complete block design with six replications per

transgenic line. Data from the combined harvest were also subjected to analysis of

variance for statistical signihcance of treatments (harvest; line) and treatment interactions

(harvest x line).

3.6 FLOODING TOLERANCE OF TRANSGENIC ALFALFA

3.6.1 Growth of Transgenic Alfalfa During Flooding Stress

For two independent experimental trials, designated as growth during flooding

stress experiment I (Fl) and growth during flooding stress experiment 2 (F2), stem

cuttings propagated, transplanted and fertilized as previously described for growth and

shoot morphology experiments were placed in gror,vth chambers and allowed to grow for

five weeks prior to initiation of flooding treatments. Flooding treatments were
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accomplished by placing potted plants into one of three PVC boxes (44 x 44 x 20cm, I x

w x h) filled with tap water maintained at growth room temperature. PVC boxes were

then re-filled daily in order to maintain water levels within 1 cm above the soil surface.

This water level height was chosen due to Hb- (4,44) plants appearing more susceptible

to a partial submergence stress in preliminary experiments. To alleviate problems

encountered with algal growth in these early flooding experiments, a fresh layer of

sterilized potting mix (<1 cm) was added to the soil surface of pots prior to

commencement of flooding treatments. This technique had previously been employed in

a similar soybean flooding tolerance study (Bacanamwo and Purcell, 1999). For harvests

occurring at the initiation of flooding (0 days) and after 5, 10 and 15 days of applied

flooding stress, both flooded and unflooded plants of each transgenic line were harvested.

At each harvest date, individual plants were analyzed for relative leaf

greenness/chlorosis using a SPAD-502 chlorophyll meter (Minolta Co.p, Ramsey, NJ)

with five readings taken on the upper third of shoots of individual alfalfa plants.

Individual plants were then separated into root and shoot tissue and staged according to

the mean stage by count method. Shoot tissue was further divided into leaf and stem

tissue. Roots systems were submerged and washed from soil as previously described,

root lengths recorded, and dry weights determined. For each experimental trial (Fl or

F2),128 pots were used; four sets of 32 pots each (4 replications x 2 flooding treatments

x 4 transgenic lines), one set for each of 4 destructive harvests.

[n growth during flooding stress experiments l(Fl) and2 (F2) the experimental

design was a randomized complete block design with four replications. Within harvest

dates, data were subjected to analysis of variance to test for statistical significance of
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treatments (line; flooding) and treatment interactions (line x flooding). Where F-tests

were significant (P < 0.05), the least significant difference (LSD) between means was

calculated.

3.6.2 Survival and Recovery of Transgenic Alfatfa Following Flooding Stress

Following growth during flooding stress experiments 1 (F1) and 2 (F2), two

additional growth chamber studies were initiated in order to determine the survival and

regrowth potential of transgenic alfalfa plants following a period of flooding stress or

waterlogging. For these two additional growth chamber experiments, designated as

survival and recovery following flooding stress experiments 1 (FR1) and, 2 (FR2),

transgenic alfalfa plants were propagated, transplanted and fertilized as previously

described in growth and shoot morphology experiments. After five weeks (35 days after

transplanting) of growth, flooding treatments were initiated as previously described for

growth during flooding stress experiments (Fl and F2). Plants were then harvested for

root and shoot dry weight immediately prior to the initiation of a 10 day flooding stress (-

l0 DAF; days after flooding) and at the termination of the applied flooding srress (0

DAF; days afler flooding). Directly following this harvest both flooded and unflooded

plants were fertilized with 20-20-20 as previously described. These remaining flooded

and unflooded plants were then allowed to re-grow with third and fourth harvests

occurring 10 and 20 days afterremoval from flooding stress (10 and 20 DAF; days after

flooding). Destructive harvests (dry weights only) were performed in a maruler similar to

that described for previous flooding tolerance experiments.
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For each tnal, 128 pots were used; four sets of 32 pots each (4 replications x 2

flooding treatments x 4 transgenic lines), one set for each of 4 destructive harvests.

In survival and recovery following flooding stress experiments l(FRl) and,2 (FR2) the

experimental design was a randomized complete block design with four replications.

Within harvest dates, data were subjected to analysis of variance to test for statistical

signif,rcance of treatments (line; flooding) and treatment interactions (line x flooding).

Where F-tests were significant (P < 0.05), the least significant difference (LSD) between

means were calculated.

3.6.3 Anatomy and Morphology of Transgenic Alfalfa During Flooding Stress

In growth during flooding stress experiments (Fl and, F2), main taproots of

transgenic lines were sampled 0.5 cm below the crown after 15 days of flooding.

Lenticel-bearing stem segments upon these same plants were sampled directly above

(<1cm) the crown. For survival and recovery experiments (FRl and FR2), photographs

of adventitious roots were taken 20 days after removing transgenic plants from flooding

stress.

Tissue preparations involved fixation of tissues in 2.5o/o glutaraldehyde, l.60/o

paralorcnaldehyde and 0.05M phosphate buffer (pH 6.9), dehydration with methyl

cellusolve, followed by two changes (24 hrs each) of ethanol. Tissue samples were then

imbedded and inhltrated with Historesin (Leica, Markham, Canada). Cross sections were

cut at 5 pM on a Leica RM 2145 microtome. For general histological examinations, the

section were stained with the periodic acid-Schiff (PAS) reaction and counterstained with

0.05% (w/v) toluidine blue in benzoate buffer, pH 4.4.
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3.7 DATA ANALYSIS

Analysis of the data was performed using the analysis of variance (ANOVA)

procedure of SAS (SAS Institute, Cary, NC, 1998). Fisher's protected least signifrcant

difference (LSD) test was used for mean comparison. ln growth and shoot morphology

experiments (GM Experiments I-2), simple correlations between shoot morphological

characteristics were calculated using the Descriptive Statistics (Pearson) procedure of

SAS. Where appropriate, means * standard errors and./or least significant differences

(LSD) values, in addition to covariances, have been incorporated into hgures to facilitate

comparison between previous molecular and agronomic studies.
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4.0 RESULTS AND DISCUSSION

4.1 CLASS 1 HEMOGLOBIN EXPRESSION IN TRANSGENIC ALFALFA

Immunoblotting experiments were undertaken in order to quantify the variation in

Ffb concentration which existed between transgenic alfalfa lines expressing varying levels

of class 1 barley Hb. Transgenic alfalfa plants constitutively overexpressing tHb+ (3)l

and underexpressing [Hb- (4), Hb- (44)] class 1 non-symbiotic barley Hb were compared

against alfalfa plants transformed with an empty vector cassette fcontrol (C)]. The Hb

content of Hb+ (3) alfalfa plants was found to be significantly greater than the control (C)

line (Table 4.1;Figure 4.1), which in hrm contained significantly more Hb than both lines

containing anti-sense barley Hb transcripts Hb- (4 and 44) (Table 4.1; Figure 4.1). Across

respective transgenic lines, class 1 Hb content was found to vary l0-fold and the relative

amounts present in roots agreed with values obtained for root culture lines from which

plants had been generated (Dordas et al. 2003b).

Alfalfa Line Hemoglobin Content

(nmol q-1 Fresh Weiqht)
Hb+ (3)

Control (C)

Hb- (4)
Hb- (44)

12.04a t 1.38
4.06b !.26
1.46c t .05
1.36c r .05

Table 4.1 Variation in hemoglobin content between transgenic alfalfa Iines expressing
varying levels of a non-symbiotic class 1 barley hemoglobin. Values are means r SE
with different letters representing significant differences according to Fisher's LSD (p f
0.0s).

58



(a)

Rhb (pg) Hb+ (3)

2510R1R2R3
BarleyHb * @ry '

(b) Bartey Hb
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I I ffi -...@ æ@ 4wr4

Hb- (4)
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I

Hb'(¿14)

RI R2 R3 R4

Figure 4.1 Protein immunoblots of (a) class 1 barley hemoglobin expression in roots of
Hb+ (3) transgenic alfalfa plants. Each well was loaded with 60 pg of total protein. Rhb
= recombinant barley hemoglobin. (b) class 1 barley hemoglobin expression in roots of
control (C) and IIb- (4,44) plants. Wells were loaded with 120 pg of total protein. The
immunoblot in (b) has been split to place Rhb lanes adjacent to those of control (C) and
IIb- (4,44) lines.

The major objective of protein immunoblotting experiments was to verify that

significant differences in class 1 Hb concentration existed between the transgenic alfalfa

lines being evaluated. Confirming the presence of significant differences in Hb

expression provided confidence that the integrity of the sense and anti-sense barley Hb

constructs was maintained during generation of whole plants from alfalfa root cultures.

Moreover, for subsequent experiments, it became possible to directly athibute observed

alterations in the phenotype or flooding tolerance of these transgenic lines to altered

levels of class 1 Hb expression.

4.2 GENERAL PHENOTYPE OF TRANSGENIC ALFALFA

Prior to and during growth analysis of respective transgenic alfalfa lines, a

number of phenotypic characteristics, including flower colour, leaf shape, leaf greenness

and growth habit allowed Hb+ (3) plants to be visually identified from control (C) plants

(Figtre 4.2). The distinct phenotype of Hb- plants (4,44) also allowed such plants to be

visually identified from control (C) and FIb+ (3) plants.
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Figure  .2 @-1) demonstrates the differences in flower colour between transgenic

alfalfa plants with intensity of purple pigmentation decreasing as Hb expression

increased. During vegetative growth Hb+ (3) plants demonstrated elongated and

nanowed leaflets (oblanceolate), longer petioles and petioles, and greener leaves relative

to control (C) plants (Figure 4.2a-n). Conversely, both Hb- lines (4,44) were found to

produce small pale leaflets with shorter petioles and petiolules relative to control (C)

plants. Differences in leaf greenness between transgenic lines were supported by

significant differences in the chlorophyll content of transgenic alfalfa lines. Total chl

content of Hb+ (3) plants was greater than in control (C) plants whereas that of Hb-

(4,44) plants was diminished (Figure 4.3). Changes in total chl concentration appeared to

be brought about predominantly by changes in chl b, although significant alterations in

chl a were also observed. When compared to control (C) plants, Hb+ (3) plants

demonstrated an erect growth habit, impaired release of axillary buds (e.g. limited

tillering), and longer stems with strong apical dominance (Figure 4.2b). In further

contrast to controls (C), Hb- (4,44) plants exhibited a prostrate growth habit, proliferation

of axillary buds and lirnited apical dominance both within and between individual stems.

Propagating transgenic alfalfa plants via stem cuttings revealed phenotypic

variation in the root systems of transgenic alfalfa plants (Figure 4.2c-i and ii). Further

examination of both stem cuttings and mature root systems suggested root branching and

apical dominance to be positively or negatively influenced by Hb expression in a manner

sirnilar to that observed in the shoots of transgenìc alfalfa lines.
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Figure 4.3 Chlorophyll (Chl) content of transgenic alfalfa lines 35 days after
transplanting. Different letters within or above bars represent significant differences in
Chl a, Chl b and total Chl concentration according to Fisher's LSD (P < 0.05). Values
represent the mean of three replicates.

From these preliminary observations, it was apparent that class I Hb expression

was dramatically altering the phenotype of transgenic alfalfa plants and that a more

intensive examination of the growth, morphology and development of these transgenic

lines was warranted.

Two intriguing observations associated with the general phenotype of the

transgenic alfalfa lines being evaluated were the alterations in leaf greenness and floral

pigmentation. Interestingly, Holmberg et al. (1997) found that tobacco plants expressing

a NO-metabolizing Hb from Vitreoscilla contained 30-40% more total chlorophyll than

control plants. In our study, overexpressing a similar NO-metabohzingclass I barley Hb

resulted in an analogous phenotype whereas suppression of this same Hb reduced total

chlorophyll content of transgenic alfalfa plants. Although Holmberg et al. (lgg7)
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attributed the chlorophyll phenotype of Vitreoscilla Hb-expressing tobacco plants to

altered rates of Oz delivery or energy generation, we suspected the chlorophyll

phenotype(s) within that study and our own to be a consequence of endogenous

modifications in NO resulting from altered expression of either of these NO-metabolizing

Hbs. This argument is supported by recent pharmacological and genetic studies that

indicate NO alters the chlorophyll content of plants in a dose-dependant manner

(Graziano et al. 2002; Guo et al. 2003) and that class I and/or VHb expression can

modulate plant NO levels (Dordas et al. 2003b; Frey et aL.2004).

The modifications in flower colour observed in this study (Fig a.2-1) suggested

anthocyanin biosynthesis (Cooper and Elliot, 1964) to be influenced by class I Hb

expression. Surprisingly, both NO and secondary messenger cGMP have been

implicated in anthocyanin biosynthesis (Bowler et al. 1994; Lamattina et al. 2003) while

chalcone synthase, a critical enzpe in anthocyanin biosynthesis, is know¡ to be

positively or negatively regulated by NO donors and scavengers, respectively

(Mackerness et al. 2001). From this perspective, we suspected that modulation in plant

NO levels via Hb expression was interfering with NO-related signalling pathways and

pigment synthesis.

4.3 GROWTH AND SHOOT MORPHOLOGY OF TRANSGENIC ALFALFA

Several independent growth chamber experiments, designated as growth and

slroot morphology experiment I (GM Experiment 1),2 (GM Experiment 2), and 3 (GM

Experiment 3) were initiated in order to characterize the phenotype, growth, shoot

morphology, development and mineral nutrition of transgenic alfalfa plants expressing
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varying levels of class I barley hemoglobin. ln these experiments, a number of yield

components and shoot morphological characteristics were recorded over ¡rultiple harvest

dates. The main treatment of interest in these particular experiments was the level of Hb

expression. By measuring the yield perforïnance and shoot morphological characteristics

of transgenic alfalfa plants it became possible to compare and contrast our results against

existing literature examining the shoot morphology of alfalfa in addition to previous

research charactenzing the phenotype of transgenic plants expressing native and./or

transgenic Hbs. Experiments analyzingthe chlorophyll concentration or mineral nutrient

content of transgenic alfalfa plants were also conducted upon plants grown in growth and

shoot morphology experiments.

4.3.1 Growth and Yield components of rransgenic Alfalfa

In growth and shoot morphology experiment 1 (GM Experiment l), Hb+ (3)

plants produced 32-1I1o/o morc total shoot dry weight (e.g. forage yield) than control (C)

plants during vegetative growth (Figure 4.4). Hb+ (3) plants also produced significantly

(P < 0.05) more total shoot dry weight than Hb- plants (4,44) across these same harvest

dates- Total stem weight and leaf weight of the Hb+ (3) line also exceeded that of control

(C) and Hb- (4,44) lines across these same harvest dates, except for the 14 d,ay after

transplanting haruest, where leaf weight of the Hb+ (3) line was significantly greater than

the Hb- (44) line only, with conrrol (c) and Hb- (4) lines falling intennediare.

For the 63 day after transplanting harvest, total shoot yield (leaf * stem *
reproductive tissue) did not significantly differ between transgenic lines. Hor.vever, Hb+

(3) plants were noted to flower sooner (Figure 4.2b) and accumulate greater weight of
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1 reproductive tissue than control (C) and IFrb- (4,44) lines (Figure 4.4). At this same

2 harvest date leaf weight appeared to increase, and stem weight decrease, as Hb

3 expression declined (Figure 4.4).

4 For growth and shoot morphology experiment 2 (GM Experiment 2), stem cutting

5 health, as indicated by adventitious root formation and resumption of shoot growth

6 following transplanting of cuttings, was noted to be more variable and less advanced than

7 cuttings used in GM Experiment 1. In particular, the initiation of adventitious roots from

8 stem cuttings of the Hb+ (3) line was delayed relative to cuttings taken from either the

9 control (C) or Hb- (4,44) lines (See also Section 4.4.1). As a consequence of these

10 differences in adventitious root formation, resumption of shoot growth in the Hb+ (3) line

11 was delayed relative to both control (C) and Hb- (4,44) lines. Thus, the enhanced

12 vegetative growth noted for Hb+ (3) plants at several harvest dates in GM Experiment 1

13 was not observed in GM Experiment 2 (Figure 4.5).

14 In spite of contrasting yreld data between GM Experiments 1 and 2, a number

15 shoot morphological characteristics (e.g. leaflet size, internode length, nodes per stem

16 etc.) which differed between transgenic lines in GM Experiment 1 were supported by

17 observations made in GM Experiment 2 (See section 4.3.2). Furthermore, in spite of

18 contrasting yield data from the vegetative growth (14-35 days after transplanting

19 harvests) of alfalfa plants in GM Experiments 1 and 2, yteld data from the 63 day after

20 transplanting harvest in GM Experiment 2 supported observations made at the 63 day

2I after transplanting harvest in GM Experiment l. In particular, the greater accumulation

22 of leproductive tissue, reduced time to flowering, and relative proportion of leaf and stem
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tissue in the Hb+ (3) line relative to control (C) and Hb- (4,44) lines (Figure 4.4; Figure

4.5; See section 4.3.2).

To ensure that yield differences observed in GM Experiment 1 were a true

representation of the yield performance of transgenic alfalfa lines, a third experiment,

GM Experiment 3, was conducted using healthy stem cuttings. For this experiment,

however, only total shoot yield (fresh weight and dry weight basis) was recorded for

weekly harvests between 14 and 35 days after transplanting. In GM Experiment 3, total

shoot yield of Hb+ (3) plants exceeded that of control (C) and Hb- (4,44) plants across all

harvest dates, except for the 2l day after transplanting harvest, when the Hb+ (3) line did

not yield signif,rcantly greater (P S 0.05) than the control (C) line (Table 4.2). The fresh

weight:dry weight ratio of plants harvested 14 and 2i days after transplanting also

suggested that as Hb expression in plants increased, the fresh weight:dry weight ratio of

transgenic lines was decreasing (Table 4.2).

3514

Shoot Dry Weight
DATP

21 28

Fresh Weight:Dry Weight Ratio

DATP

14 21

Hb+ (3)

c
Hb- (4)

Hb- (44)

0.24at.02 0.51a t.01 1.22ax.05
0.18b t .01 0.38ab r .03 0.56b t .04

0.17b r .01 0.36b r .04 0.77b ! .04

0.13b r.01 0.31b r.02 0 63b t 09

2.19a t .18

1.05b r.03
1.38b r.11
0.89b t .04

4.24b ! .08 3.78c t .08

4.16b ! .07 4.03b r .06

4.70a t .22 4.78a t .09

4.77at.07 4.74at.08

Table 4.2Total shoot dry weight and fresh weight:dry weight ratios of transgenic alfalfa
plants in GM Experiment 3 . Within harvest dates ( 14, 2l , 28 and 3 5 days after
transplanting (DATP) means + SE are reported. Different letters for means within
harvest dates represent significant differences according to Fisher's LSD (P 10.05).
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The primary objectives of growth and shoot morphology experiments were to

assess the yield performance, yield components and interrelationship of various shoot

morphological characteristics both within and between transgenic alfalfa plants

expressing varying levels of a class I barley Hb.

Hunt et al. (2002) previously found that overexpressing A. thaliana class I Hb in

A. thaliana plants enhanced the early normoxic growth of A. thaliana plants relative to

non-transformed plants. However, a similar study examining the performance of A.

thaliana plants overexpressing and underexpressing class I A. thaliana IIb revealed no

significant differences in the normoxic growth of any of these transgenic plants

(Perazzolli et al. 2004). Similar conflicting results have been obtained by researchers

examining the growth of transgenic plants expressing Vitreoscilla Hb. (Holmberg et al.

1997;Haggman et al. 2003; Frey et aL.2004).

ln our study, Hb+ (3) alfalfa plants in GM Experirnents 1 and 3 yielded

considerably higher than control (C) or Hb- (4,44) plants during early vegetative growth.

These observations supported the results of previous research indicating that the

expression of native and,/or transgenic Hbs in plants enhances their growth (Holmberg et

al. 1997; Hunt et al. 2002). However, in growth and shoot morphology experiment 2,

Hb+ (3) plants did not consistently yield greater than either the control (C) or Hb- (4,44)

lines during early vegetative growth (14-35 days after transplanting). However, the poor

shoot yield performance of the Hb+ (3) line in this particular experiment was attributed to

delayed root development of stem cuttings at the initiation of the experiment.

Although no significant differences in total shoot dry weight were detected

between any of the transgenic lines al 63 days after transplanting in either GM
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Experiments 1 or 2, the accumulation of reproductive tissue in the Hb+ (3) line suggested

this particular line to have accelerated morphological development relative to control (C)

or Hb- (4,44) lines. Furthermore, the relative proportion of leaf and stem tissue within

transgenic lines suggested that the enhanced yield of Hb+ (3) plants was being achieved

using comparatively less leaf dry weight than either the control (C) or Hb- (4,44) lines. It

was also suspected that significant differences in the fresh weight:dry weight ratio (e.g.

moisture content) of transgenic lines could be attributed to differing propofions of leaf

and stem tissue within lines.

4.3.2 Shoot Morphology of Transgenic Alfalfa

In growth and shoot morphology experiments 1 and 2, several leaf, stem and

reproductive characteristics of transgenic lines, in addition to root yields, were recorded

(Table 4.3; Table 4.4). In GM Experiment 1, root yield followed a sirnilar pattem to that

observed for shoot/forage yield, with Hb+ (3) plants tending to exceed control (C) and

Hb- (4,44) plants during early-mid vegetative growth (Table 4.3). However, root yield of

Hb+ (3) plants was significantly greater e f 0.05) than control (C) and Hb- (4,44) lines

for the 35 day after transplanting harvest only. For GM Experiment 2, the absence of

consistent differences in shoot yield between transgenic lines was mimicked in roots.

Interestingly, control (C) and Hb- (4,44) plants with shoot yrelds equal to or less

than Hb+ (3) plants in GM Experiments 1 and 2 often demonstrated root yields equaling

or exceeding that of Hb+ (3) plants. Furthermore, independent of differences in the shoot

or root yield across GM Experiments I and2, the shoot:root ratio of Hb+ (3) plants was

consistently elevated relative to both control (C) and Hb- (4,44) plants during vegetative
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Y¡eld ComDonents

Rool Yield (grams)

Shool:Rool

Leaf:Slem

Yield oer Slem (orams

14 DATP 21 DATP

3(Hb+) c 4(Hb-) 44(Hb-) 3(Hb+) c 4(Hb-) 44(Hb-) 3(Hb+)

Tolal Stem Length (cm)

Slems per Plant

Mean Stem Lenglh (cm)

MIL (cm)

Nodes per Planl

Nodes per Stem

Mean Stem Diameler (mm)
SSW (mg cmr)

m

0.084 0.07a 0,09a 0.06a

2.81a 2.24ab 1.85b 2.25aÞ

1.30b 1.72a 1.58a 1.51ab

0.08a 0.04b 0.03b 0.03b

28.20a 26,37a 26.37a 20.47a
3.33b 4.00ab 4.67a 5.17a
9.30a 5.68b 5.25b 5.16b

1.53a 0.98b 0.84bc 0.80c

18.83c 26.83ab 33.33a 24.33bc
6.01a 5.74a 6.55â 614a
0.94a 0.72b 0.63b 0.62b

3.42a 2.286 2.376 2 3ah,

Lear Area pef P¡ant (cm')

Area per Leaf (cm2)

SLW 1cm2 g ')

lcs

MSC

Days to Firsl Flower

Racemes per Planl

Florels per Raceme

0.19a 0.14b 0.13b 0.16ab

3.10â 2.35b 218b 2.50b

1.11c 1.75a 1,43b 1.45b

0.09a 0.05b 0.04b 0.04b

t¡ve Characterlstlcs

27.40a 21.68ab 23.01ab 17.80b
'1.09a O.74h 0.67b 0.64b

4.43a 4.75a 4,27a 4.07a
24.836 29.67aó 36.17a 27.00b

Table 4.3 Yield components and morphological characteristics of transgenic alfalfa plants grown in GM Exp .l 
.

Different letters within harvest dates ('14, 21 , 28,35 and 63 DATP) represent significant differences according to Fisher's protected LSD (p s 0.05).
MSC calculations: 14,21,28,35 DATP (longest stem), 63 DATp (whote ptant)
MIL = mean internode length; SSW = specific stem weight; SLW = specific leaf weight; MSC = mean stage by count

59.30ab 48.27ab 39.83b 63.85a

7.33b 6.83b 6.83b 1 1.50a

8.57a 6.7?ab 5,99b 5.68b

1 .46a 1.22b 0.94b 0.92b

41.17Þ 40.83b 42.00b 68.67a

5.81a 5.99a 6.36a 6.12a
1.10a 0,78b 0.80b O.77b

4.84a 2.68b 2.99b 2 5711

o7

28 DATP

c 4(Hb-) 44(Hb-) 3(Hb+)

0.0

0.30a 0.23ab 0.21b

4.09a 2.54c 2,81c
0.93b 1.17a '1.31a

0.07a 0.04b 0.05b

!

0.0

69.53a 47.516 44j2b
1.AOa 1 .02b 0.79bc

4.47a 4.29a 3.78b

51.00b 46.33b 59.33b

146.77a 97.58b 91.77b 124.93ab
'16.834b 14.50b 13.67b 19.17a

8.72a 6.70b 6.74b 6.70b
'L63a 1.31b 1.05c 1.06c

90.33aÞ 74.00b 86.83b 1 t7.OOa

5.36b 5.1 1 b 6.43a 6.1 9a
'1.05a 0.776 0,82b 0.85b

4,33a 2.75b 2.946 2 a7h

0.0

O.24ab

3.22b

1 .16a

0.04b

1.5

35 DATP 63 DATP

58.'l2ab

0.67c

4.07ah

87,33a

0.5

0.58a 0.35b 0.45b 0,34b

4.09ê 3.3'1b 3.36b 3.43ab

0.76b 0.98ab 0.99ab 1.19a

0,09a 0,04b 0.05b 0,05b

129.74a 69.51c 7\.25bc 99.42b

1.44a 0,94b 0,7 4c 0.77bc

4.55a 4.46ab 4.27ab 4.09b

90.50bc 74.OOc 107,67ab 126.67a

0.7

a(Hb-) aa(Hb-) 3(Hb+)

273.35a 226.17a 245.70a 209.03a

25.33a 28.00a 30.83a 24,33a
10.71a 8.10b 7.89b 8.78b

1.944 1.47b 1.18c 1,30c

141.17b 153,83b 206.67a 160,17b

5.53b 5.50b 6.67â 6.71a

1.15a 0.78b 0.80b 0.84b

4,88a 2.53c 3.06b ) 5).

0.7 2.O

4.19ab 3.52b 4.94a 3.62ab

4.'l4a 4.29a 3.25b 4.14a
0.49c 0.69b 0.83a 0.91a

0.36a 0.19b 0.16b 0.14b

1.0

223.66a'114.49c'156.08b 129.42bc

1.45a 0.82b 0.66c 0.63c

4.47a 4.82a 4.66a 4,61a
158.50bc 140,17c 249.33a 199..17ab

1.0

4(Hb-) 44(Hb-)

1.0

46.00c 76j7b 100.83a '104.67a

2.8 1 .5 1.3 4.3 1.8 1.6 1.1

47.3h 59.5a 58.5a 62.5a

81 ,00a 26. 1 7b 57.33ab 36.50b

11.5a 11.0a 11 Oã 10 52



Root Yield (grams/plant)

Shool;Rool

Leaf:Stem

Yield oer Slem lorams)

14 DATP

3 (Hb+) WT 4(Hb-) 44(Hb-) 3 (Hb+)

tem

Tolal Stem Length (cm)

Stems per Plant

Mean Slem Lenglh (cm)

M¡L (cm)

Nodes per Plant

Nodes per Stem

Mean Slem Oiameter (mm)

SSW (mg cm'')

ch

0.05b 0,04b 0.05b 0.06a

2.23a 1.56b 1.65b 1.78b
'1.39a 1.88a 1 .50a '1 ,39a

0.05â 0.04a 0.03a 0.03a

13.73a 8.88b

2.50ab 2.00b

5.65a 4.98ab
'1 .38a 1 .01b

10.00b 8.83b

4.03b 4.88b

0.79a O.7Aab

Leaf Area per Planl (cm

Area per Leaf (cm2)

SLW 1cm2 91)

Trifoliates oer Planl

21 DATP 28 DATP

wT 4(Hb-) 44(Hb-) 3 (Hb+) wT 4(Hb-) 44(Hb-) 3 (Hb+)

1 1.50ab

2.67aÞ

4.59ab

0.75c

'15.67a

6.21a

0.74ab

2.69a

MSC

Days lo Firsl Flower

Racemes per Planl
Florels per Racemer

0.07b 0.09ab 0.'10aÞ Ojza
2.60a 2.13b 2.22ab 2.03b

0.96c '1.57a 1 .48b '1.37b

0.10a 0.06b 0.05b 0.04b

ctlve Character¡stlcs

'13.90a

3.67a

3.83b

0.7 4c

1 9.50a

5.23äb

0.66b

10.56a 7.64b 10.464b 10.20ab

0,61a 0.55ab 0.47bc 0,37c

5.79ab 5.02bc 4.23c 6.38a

17.67bc 14.17c 22.83ab 28.50a

Table 4.4 Yield components and morpholog¡cal characteristics of transgenic alfalfa plants grown in GM Exp 2.
Different letters within harvest dates (14, 21 ,28,35 and 63 DATP) represent significant differences according to Fishers protected LSD (P s 0.05)
MSC calculations: 14,21,28,35 DATP (longest stem), 63 DATP (whole plant)
MIL = mean internode length; SSW = specific stem weight; SLW = specific leaf weight; MSC = mean stage by count
f absent or underdeveloped florets upon control and Hb- (4) plants did not allow for statistical analysis of Florets per Raceme in GM Exp 2
* MSC scores were not recorded for the 28 DATP harvest

21.33a 22.33a 23.01a 26.75a

2.17c 4.00bc 5.33ab 6.83a

1'1.59a 5.80b 4.91b 4,11b

1.65a 1.10b O.72c 0.68c
'12.83b 20.00Þ 33.83a 36,83a

6.88a 5-32a 7.1Oa 5.67a

0.98a 0.77b 0.64b 0.65b

4.24a 3.52a 4.05â 4.75a

0,0 0.0

0.17ê 0.16a 0.2oa 0.16;

3.31a 2,37c 2.67bc 2.90t

0.91b 1.44a 1 .36a 1.35..

0-07a 0.04b 0.04b 0.04t

{
t.J

0.0

16.30b 20,83ab 27.68a 24.28a1

0.994 0.87a 0.67b 0,54t

5.08ab 5.62a 4.95b 5.32at
17.00b 24 

'Oh 
41 OOA 45 17?

74.15a

8.17a

9.16a

1.81a

40.83b

5.04c

0.97a

4.13a

0,0

9.83a

5.83b

1.05b

52.'t7ab

5.5'1bc

0.75b

2.93b

0.3 0.0 0.0 0.2

35 DATP

wr 4(Hb-) 44(Hb-) 3 (Hb+¡

80.20a 70.82.

12.67a 12.33.

5.98b 5.78t

0.93b 0.99t

81.17a 73.50at

6.41a 5,93at

0.79ab 0.65t

2.92b 2.98t

0.35b 0.35b

4.06a 2.79c

0.79b 1.08a

O.O7à 0.04b

50.23á 39.23ä 64.61a 62.11a

1.01 a 0.79b 0.53c 0.61 c

5.39a 5.54a 4.49b 4.34b

5'1.50bc 50.67c '122.83a 100.50ab

150.25b 167.67b 279,05a 232.05ab

16.33c 19.50bc 28,33a 27.67ab

9.23ab 8.21b 9.74a 8.26b

1.85a '1.63b 1.35c 1.38c

81.83b 100.r7b 204.83a 167.00ê

5.01c 5,02c 7 .23a 5.97b

1.10a 0.89b 0.94b 0.88b

5.11â 295b 308b 276h

0.57a

3.31b

0.05b

O.42at

3,21b(

1.1 0¿

0.04t

63 DATP

wr 4(Hb-) 44(Hb-)

3.08a 3.O2a 2,90a 2.98a

3.57a 3.43a 3.15a 3.93a

0.41b O.75a 0.80a 0.81a

O.25a 0.13b 0.11b 0.10b

124.60bc 103.39c 215.85a 167.90ab

1.23a 0.95b 0.80c 0.83bc

4.85a 4.76a 4.51ab 4.12b

103.50b 108.33b 279.17a 2O2.5Oe

51 ,83c 75.2bc 81 .3b 109.3a

3.0 1.3 1.3 1.8 4.0 0.9 0.7 1,0

48,16c 6'1.20b 58.00a 56.33a

100.00a 2.20b 3.33b 27,50b
'16.06 '16.25 10.25 '12.2A



gowth (Table 4.3; Table 4.4). Although not as consistent, significant differences

between the shoot:root ratio of control (C) and }lb- (4,44) lines, or even within Hb- (4,44)

lines, could be detected. However, these differences could typically be attributed to

differences in shoot yield, rather than root yield, between transgenic lines. For the 63 day

after transplanting harvests in GM Experiments 1 and 2, which occurred after transgenic

plants had transitioned from vegetative to reproductive development, differences in root

yield between transgenic lines were largely absent (Table 4.3;Table 4.4).

For all harvest dates in GM Experiments 1 and 2, the lealstem ratio of Hb+ (3)

plants was reduced relative to both control (C) and Hb- (4,44) plants. Surprisingly, the

leafistem ratio of control (C) plants tended to exceed that of both Hb- (4,44) and Hb+ (3)

plants during very early vegetative growth (14 and 21 days after transplanting) in both

experiments. However, a similar pattem could not be observed at later harvest dates (28

and 35 days after transplanting). In both experiments, the yield per stem of Hb+ (3) lines

consistently exceeded that of control (C) and Hb- (4,44) lines with no discemable

differences observed between the control (C) and Hb- (4,44) lines (Table 4.3;Table 4.4).

For all of the transgenic lines evaluated, total stem length per plant was observed

to increase with successive harvests during vegetative growth. However, despite total

stem length being highly correlated (r : 0.93 and r : 0.97,P < 0.05) with forage yield in

these experiments (Table 4.5; Table 4.6), relatively few signihcant differences in total

stem length could be detected for harvest dates where significant differences in total

forage yield of lines were observed (Figure 4.4; Figure 4.5). In GM Experiments I and2

Hb- (4,44) plants tended to produce numbers of stems per plant which equaled or

exceeded that of Hb+ (3) plants, with control (C) plants typically falling intermediate.
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In GM Experiment 1, mean stem length of Hb+ (3) plants always exceeded that of

control (C) and [fb- (4,44) plants with Hb+ (3) plants having significantly greater (P <

0.05) mean stem length than both H.b- (4,44) lines at all harvest dates (14 - 35 days after

transplanting), and signif,rcantly greater mean stem length than control (C) plants at th¡ee

of four harvest dates (Table 4.3). h GM Experiment 2, a similar pattern for mean stem

length existed for harvests occurring 14,21 and 28 days after transplanting. However, at

35 days after transplanting, the Hb- (4) line, which had exceptionally high forage yield

(Figure 4.5), demonstrated a mean stem length greater than control (C) and Hb- (44)

plants, but not Hb+ (3) plants (Table 4.4).

Regardless of contrasting yield data between GM Experiments 1 and 2, the mean

internode length of transgenic lines always decreased with Hb expression (Table 4.3;

Table 4.4). Furthermore, for over half of the harvests in GM Experiments 1 and 2,Hb+

(3) plants produced significantly (P S 0.05) longer mean intemode lengths than control

(C) plants, which in tum produced significantly longer mean internode lengths than either

Hb- (4,44) Iine.

In GM Experiment 1, where Hb+ (3) plants tended to equal or exceed control (C)

and Hb- (4,44) plants for forage yield during vegetative growth (Figure 4.3), it was

surprising to hnd the number of nodes per plant to be equal to or less than control (C) and

Hb- (4,44) plants (Table 4.3). Furtherrnore, for GM Experiment 2, where Hb+ (3) plants

often yielded equal to control (C) and Hb- (4,44) plants, Hb- (4,44) planrs produced

significantly more (P S 0.05) nodes per plant than control (C) and Hb+ (3) plants ar three

of four haruest dates (Table 4.4). In both experiments, nodes per plant values for control
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(C) plants tended to equal that of Hb+ (3) plants or fall intermediate between Hb+ (3) and

Hb- (4,44) plants (Table 4.3;Table 4.4).

Although the mean stem length and mean internode length of Hb+ (3) plants

exceeded that of control (C) and Hb- (4,44) plants, the number of nodes per stem present

in Hb- (4,44) plants was always found to exceed that of control (C) and Hb+ (3) plants

(Table 4.3; Table 4.4). In GM Experiment 1, the number of nodes per stem of Hb- (4,44)

plants was significantly greater (P S 0.05) than both control (C) and Hb+ (3) plants at

harvests 28 and 35 days after transplanting. A similar pattem was observed at these same

harvest dates in GM Experiment 2.

At all harvest dates in GM Experiment 1 and for two of four harvests in GM

Experiment 2, the mean stem diameter of Hb+ (3) plants was significantly greater than

that of control (C) or Hb- (4,44) plants (Table 4.3; Table 4.4). However, unlike several

of the preceding morphological parameters, it was difficult to discern a relationship

between control (C) and Hb- (4,44) plants. Specific stem weight of Hb+ (3) plants was

also observed to exceed that of control (C) and Hb- (4,44) plants for a number of harvests

in GM Experiments 1 and 2 (Table 4.3; Table 4.4). For a single han¿est date in GM

Experimenf 2, the specific stem weight of the high yielding Hb- line (4) was observed to

exceed both control (C) and Hb- (44) lines, but was still lower than the Hb+ (3) line.

In GM Experiment l, Hb+ (3) plants produced significantly more leaf area per

plant than control (C) plants at th¡ee of four harvest dates, and both Hb- (4,44) plants at

two of four harvest dates (Table 4.3). At 2L and 28 days after transplanting, the

respective Hb- lines (4 or 44) which yielded greater than control (C) plants also produced

significantly more leaf area per plant than controls (C) (Table 4.3). In GM Experiment 2,
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leaf area per plant of Hb+ (3) and control (C) plants displayed a similar relationship as

observed in GM Experiment 1. However, in contrast to GM Experiment 1, F{b- (4,44\

plants yielding equivalent to Hb+ (3) plants often produced more leaf area per plant

(Table 4.4).

tn both GM Experiments I and 2, the average area per leaflet of Hb+ (3) plants

consistently exceeded that of IH.b- (4,44) plants, and for six of eight harvests across GM

Experiments 1 and 2, the mean area per leaflet of Hb+ (3) plants was significantly greater

than control (C) plants (Table 4.3; Table 4.4). Furthermore, at several harvest dates in

GM Experiments I and 2, the mean area per leaflet of control (C) plants was observed to

exceed that of both Hb- (4,44) lines.

Despite Hb+ (3) plants yielding considerably higher than or equal to controls (C)

in either GM Experiments I or 2, the number of trifoliate leaflets on Hb+ (3) plants was

never significantly greater than observed for control (C) plants (Table 4.3; Table 4.4).

However, in GM Experiment 1, Hb- (4,44) plants, which always yielded lower than Hb+

(3) plants, tended to produce greater numbers of trifoliate leaflets per plant than Hb+ (3)

plants (Table a.3). At all harvest dates in GM Experiment 1 at least one of the two Hb-

(4,44) lines produced signif,rcantly more trifoliate leaflets per plant than Hb+ (3) plants

(Table 4.3). Furthermore, in GM Experiment 2, the equivalent shoot yield perforïnance

of Hb+ (3) and Hb- lines (4,44) highlighted differences in the production of trifoliate

leaflets per plant, with Hb- (4,44) plants producing two-fold the trifoliate leaflets per

plant of control (C) and Hb+ (3) plants at harvests 28 and 35 days after transplanting

(Table 4.4).
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In GM Experiments 1 and 2, stagingplants according to the mean stage by count

method suggested Hb+ (3) plants to have accelerated morphological development relative

to control (C) and Hb- (4,44) plants (Table 4.3; Table 4.4). During vegetative

development, it was often difficult to determine if control (C) and Hb- (4,44) plants

differed in their morphological development. However, in both experiments at the 63

day after transplanting harvest, Hb- (4,44) plants accumulated greater weight of

reproductive tissue than controls (C) (Figure 4.3; Figure 4.4). These differences,

although not significant, lend support to the observation that the extremely low mean

stage by count rankings for Hb- (4,44) lines were attributed to an extremely large number

of stems being in the early vegetative (0) stage (data not shown).

As preliminary observations associated with the phenotype of transgenic alfalfa

plants (Figure 4.2) suggested a number of shoot morphological characteristics to be

altered by Hb expression, attempts were made to quantify several of these parameters.

From these observations, shoot morphological characteristics of transgenic lines were

compared against existing literature examining the shoot morphology of diverse alfalfa

germplasms, multifoliate alfalfa plienotypes and/or alfalfa plants following treatment

with plant growth regulators. As a number of shoot morphological characteristics (e.g.

yield per stem, leaf area per plant) have been correlated with forage yield in alfalfa, we

also sought to determine a possible mechanism through which Hb+ (3) or Hb- (4,44)

plants (See Section 4.5) were achieving enhanced forage yields relative to control (C)

plants.

From forage (shoot) yield, root yield and shoot:root ratio observations made in

GM Experiments 1-3, it was apparent that the enhanced forage yield of Hb+ (3) plants
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was occulïing at the expense of root fleld. ln this same line, a number of morphological

characteristics such as greater mean stem and internode lengths; reduced leaf:stem ratio;

and elevated yield per stem appeared analogous to a high yielding rapid stem elongation

rate alfalfa phenotype described by Volenec (19S5) and Volenec and Cherney (i990).

However, in the rapid stem elongation rate phenotype, enhanced forage yields

coincided with increased number of stems per plant, nodes per stem, and reductions in

leaflet size relative to multifoliate or slow stem elongation rate phenotype(s). These

characteristics of the rapid stem elongation rate phenotype were not in agreement with

our observations made upon the Hb+ (3) line, which demonstrated enhanced forage yield,

reduced number of stems per plant and nodes per stem in addition to increases in leaflet

size. These particular morphological characteristics, in addition to the changes in leaflet

shape, petiole/petiolule length and shoot:root ratio of the Hb+ (3) line (Figure 4.2a-ü)

showed shiking similarity to the response of alfalfa following treatment with gibberellic

acid or auxin (Finn and Nelson, i958; Yeh and Bingham, 1969; Cole et al. 1972).

Furthermore, when the phenotype of Hb- (4,44) plants was compared against

existing literature examining the influence of plant growth regulators on the shoot

morphology of alfalfa, the increased number of stems per plant and nodes per stem, in

addition to reductions in leaflet size and internode length, were noted to be extremely

similar to the response of alfalfa following treatment with cytokinin and/or compounds

wlriclr inhibit auxin action or transport (Cowett and Spragu e, 1963; Hale, l97I; Tomkins

and Hall, 1991).

From the above observations it was apparent that Hb expression was interfering

r'vith hormone signal transduction/responses within the plant. ln attempting to associate
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these hormone-like responses with the biochemical function of class I Hbs as NO-

metabolizing heme-proteins, we discovered that NO, and in some instances cGMP or

Canz, have been implicated as secondary messengers in the signal transduction pathway

of several plant growth regulators, namely gibberellic acid, cytokinin and auxin (Penson

et al. 1996; Beligni and Lamattina,2000; Scherer,2003; Pagnussat etal.2003). These

observations by previous researchers, in conjunction with observations made in this

study, suggested both endogenous NO levels and/or class 1 Hb expression to be critical

components of hormonal signalling in plants.

Several pharmacological and genetic studies have also demonstrated that NO

possesses the capacity to directly influence leaflet development, leaflet expansion,

intemode elongation and floral transition in plants (Leshem and Haramaty,1996; Beligni

and Lamattina, 2001; He et al. 2004). [n this manner, the divergent alterations in the

number of leaflets per plant, leaflet size, intemode length, and morphological

development of transgenic lines evaluated in study were in agreement with the dose-

dependant response of plants to NO and the anticipated modulation of endogenous NO

levels through altered class I FIb expression.

4.3.3 Correlations Between Shoot Morphological Characteristics

in GM Experiments I and 2, a number of morphological parameters expressed on

a per plant basis, including leaf weight, stem weight, root weight, total leaf area, total

stern length, stems per plant, leaflets per plant, and nodes per plant exhibited strong

conelations (r ì 0.78, P < 0.01) with the forage yreld of transgenic alfalfa plants (Table

4.5; Table 4.6). Several other morphological parameters including yield per stem,
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shoot:root ratio, mean stem length, mean internode length, mean stem diameter and mean

area per leaflet demonstrated intermediate to relatively strong correlations with the forage

yield of transgenic alfalfa plants (r :0.32 to 0.70, p < 0.01) (Table 4.5;Table 4.6). In

GM Experiment 2, but not GM Experiment 1, specific stem weight was moderately

correlated (r : 0.48, P < 0.01) with forage yield per plant. The leaf:stem ratio of

transgenic lines consistently demonstrated a negative correlation with forage yield per

plant (r : -0.45, r : -0.71, P < 0.01) in addition to numerous other morphological

parameters (Table 4.5; Table 4.6). Specific leaf weight was also observed to have either

weakly positive or negative correlations with most morphological characters (r values

from - 0.30 to 0.33, P < 0.01) (Table 4.5; Table 4.6). Furthermore, in both GM

Experiments 1 and 2, no signihcant correlation could be detected between nodes per stem

and mean internode length (Table 4.5;Table 4.6).

Simple correlations between shoot morphological traits of transgenic alfalfa were

determined in order to assess the mutual relationships which exist between various

morphological characteristics or yield components. These observations provide insight

into the relative contribution of a given shoot morphological characteristic (e.g. area per

leaflet) towards a specific trait of interest (e.g. forage yield). Previous reports have

revealed a number of shoot morphological parameters to be associated with high lelding

alfalfaphenotypes. However, even within these morphological parameters, their relative

contribution and ranking is known to vary. For example, in elucidating the mechanism

responsible for rapid stem elongation in alfalfaphenotypes, Volenec (1985) found that

intemode length was twice as important as nodes per stem in modifying stem length.

Observations from our study supported these findings as mean intemode length r.vas
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1. Herbage Yield
2. Leaf Weight
3. Stem Weight
4. Root Weight
5. S:R Ratio
6. L:S Ratio
7. Yield per Shoot
8. Shoots per Plant
9. Total Stem Length
10. Mean Stem Length
11. Mean lnternode Length
12. Nodes per Plant
13. Nodes per Stem
14. Stem Diameter
15. SSW

16. Leaflets per Plant
17. Leaf Area per Plant
18. Area per Leaflet
19. SLW

0.99 0.99

- 0.98

0.98 0.69 -0.45

0.99 0.66 -0.41

0.96 0.71 -0.49

- 0.59 -0.40

- -0.68

Table 4.5 Simple correlations between between morphological characteristics of transgenic alfalfa in GM Exp 1

Correlation coefficients greater than + 0.20 and I 0.26 are significant at Ps 0.05 and P s 0.01, respectively.
S:R (shoot: root), L:S (leaf:stem), SSW = specific stem weight, SLW = specific leaf weight

0.32 0.93

0.28 0.94

0.35 0.90

0.26 0'94
0.45 0.62

-0.54 -0.37

- 0.08

-0.97 0.51 0.48

0.98 0.48 0.43

0.96 0.53 0.53

o.gt 0.46 0.41
-0;64 0.60 0.68
-0.42 -0.64 -0.64

0.22 0.85 0.65
"0.97 0.36 0.34

0.50 0.45

- 0.80

oo

0.93 0.15

0.95 0.15

0.89 0.1 3

0.95 0.17

0.57 0.06
-0.34 -0.20

0.11 0.44

0.98 0.10

0.97 0.17

0.39 0.47

0.27 -0.11

- 0.24

0.49 0.06

0,45 0.06

0.52 0.10

0.42 0.02

0.55 0.23
-0.56 -0.37

0.66 0,56

0.33 -0.13

0.44 -0.07

0.74 0.16

0.73 0.'16

0.34 -0.14

0,22 0.03
- 0.20

0.92 0.98

0.95 0.99

0.89 0.96

0.93 0.97

0.56 0.66
-0.31 -0.41

0.15 0.25

0.93 0.95

0,94 0.98

0.39 0.48

0.26 0.42

0.97 0.96

0.25 0.18

0.30 0.43
-0.06 0.00

- 0.96

(171 (

0.41 -0.1 I
0.36 -0.20

0.45 -0.19

0.35 -0.1 7

0.63 -0.25

-0.53 0.22

0.6'1 0.05

0.29 -0.27

0.35 -0.25

0.65 -0.1 7

0.78 -0.08

0.22 -0.27

-0.03 -0.1 I
0.65 -0.07

0.25 0.17

0.15 -0.27

0.36 -0.30

- -0.18
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Characteristic
1. Herbage Yield
2. Leaf Weight
3. Stem Weight
4. Root Weight
5. S:R Ratio
6. L:S Ratio
7. Yield per Shoot
8. Shoots per Plant
9. Total Stem Length
10. Mean Stem Length
11. Mean lnternode Length
12. Nodes per Plant
13. Nodes per Stem
14. Stem Diameter
15. SSW
16. Leaflets per Plant
17. Leaf Area per Plant
18. Area per Leaflet
19. SLW

(21

0.99 0.99
o_nu

0.95
0.96
0.93

(5)

Table 4.6 Simple correlations between between morphological characteristics of transgenic alfalfa in GM Exp2
Correlationcoefficientsgreaterthant0.20and+0.2Saresignificantat Ps0.05andPs0.01,respectively,
S:R (shoot: root), L:S (leaf:stem), SSW = specific stem weight, SLW = specific leaf weight

0.70
0.71

0.70
0.54

-0.71

-0.68
-0.73
-0.67
-0.66

0.44
0.40
0.46
0.35
0.47

-0.46

(8)

0.84
0.87
0.80
0.87
0.58

-0.63
0.05

e) (10

oo
t\)

0.93
0.94
0.91
0.93
0.64

-0.69
0.23
o_nu

0.58
0.56
0.59
0.54
0.53

-0.63
0.80
0.33
0.54

111 (12

0.

0.63
0.68
0.61
0.62

-0.71

0.73
0.40
0.58
0.86

0.82
0.85
0.85
0.85
0.55

-0.60
0.04
0.98
0.94
0.36
o:o

13) (14
-0.07
-0.05
-0.08
-0.04
-0,'10

0.07
0.18

-0.08
0.01
0.35
-0.17
0.08

0.50
0.47
0.5'l
0.41
0.54

-0.51
0.79
0.16
0.31
0.67
0.72
0.14

-0.02

15) (16) (17

0.48
0.44
0.50
0.39
0.52
-0.52
0.85
0.11

0.22
0.50
0.59
0.06

-0.11
0.78

0.78
0.83
0.73
0.81

0.52
-0.53
0.08
0.90
0.88
0.37
0.29
0.95
0.17
0.14
0.07

0.98
0.99
0.96
0.96
0.69

-0.69
0.45
0.86
0.93
0.56
0.64
0.84

-0.05
0.49
0.45
0.82

(18) (1e)

0.37
0.34
0.39
0.30
0.43

-0.37
0.68
0.01

0.14
0.44
0.67

-0.08
-0.34
0.74
0.80

-0.1 5
0.36

0.30
0.33
0.27
0.28
0.28

-0.14
0.21

0.30
0.31
0.20
0.24
0.28

-0.08
0.09
0.18
0.23
0.21

o:'



highly correlated (r : 0.80, r : 0.86, P < 0.01) with mean stem length whereas

correlations between nodes per stem and mean stem length (r: 0.47, r: 0.35, P < 0.01)

were not as strong.

Apart from a number of shoot morphological parameters expressed on a per plant

basis (e.g. leaf area per plant, stems per plant), those parameters exhibiting intermediate

to relatively strong associations with forage yield (e.g. yield per stem, mean stem length,

mean intemode length, area per leaflet, etc.) were morphological characteristics for which

Hb+ (3) plants tended to exceed control (C) and Hb- (4,44) plants. These observations

suggest that the enhanced forage yield of Hb+ (3) alfalfa plants might be associated with

specif,rc morphological characteristics brought about by altered Hb expression.

ln subsequent flooding tolerance experiments (See section 4.5;Figure 4.9), a

number of harvests revealed unflooded Hb- (4,44) plants to produce significantly more

forage yield that unflooded plants from the control (C) line. These observations

suggested that both Hb- (4,44) lines, in addition to the Hb+ (3) line, might possess

morphological characteristics associated with high forage yields. lndeed, under space-

planted conditions, increases in leaf area per plant and number of stems per plant, two

morplrological characteristics exhibited by both of the Hb- (4,44) lines in this study, were

identified as morphological characteristics contributing to the enhanced forage yield of

alfalfa plants following cytokinin treatment (Tomkins and Hall, 1991).

By quantifying a number of shoot morphological characteristics and their

association(s) with various traits of interest, it was possible to contrast our results with

those of previous researchers and provide a possible explanation and/or mechanism
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through which Hb+ (3) and Hb- (4,44) plants were able to outyield control (C) plants

during vegetative growth.

However, it is important to note that these transgenic lines should be evaluated

under both canopy and space-planted conditions as the relative contribution of a given

morphological characteristic towards yield per plant is known to vary depending upon

population density (Hart et al. 1978; Volenec et al. 1981; Tomkins and Hall, 1991).

General observations made during multiple harvest and regrowth cycles of the transgenic

lines evaluated in this study have indicated that the initial enhanced shoot yield

performance of the Hb+ (3) and Hb- (4,44) lines carurot be sustained over time.

These observations suggest that although enhanced or suppressed Hb production

improved the early vegetative growth of alfalfa plants through modifications in shoot

morphology, such modifications will likely not have long-lasting effects towards

irnproving the productivity or forage quality of alfalfa stands. Similar difficulties have

been encountered by previous researchers selecting for morphological characteristics

known to be correlated with the forage yield of alfalfa (Hart et al. 1978; Leavitt et al.

r97e).

To overcome these difficulties, further work will be required to understand the

relative contribution(s) and interrelationship of specific morphological parameters

towards yield per plant not only during the establishment period of an alfalfa stand but

also at specific time points throughout the productive life of an alfalfa stand. ln this

manner, Hb expression may serve as a beneficial tool for inducing alterations in plant

morphology which could potentially improve the yield, quality or longevity of an alfalfa

stand.
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4.3.4 Mineral Nutrient Content of Transgenic Alfalfa

As class 1 Hb expression occurs in response to mineral nutrient excess or

deprivation (Wang et al. 2003a; Ohwaki et al. 2005), we sought to determine if the

mineral nutrient profile of transgenic alfalfa plants grown in GM Experiment I had been

modified as a consequence of class 1 Hb expression.

Mineral nutrient analysis of transgenic alfalfa plants suggested total shoot N to

increase with Hb expression (Table 4.7). However, no significant differences (p S 0.05)

in total root N were detected and values measured tended to contrast those observed in

shoots with root N levels decreasing with Hb expression. For both roots and shoots, total

Fe tended to decrease with Hb expression although significant differences could be

detected for roots only. Significant differences in a number of other macro- and micro-

nutrients were detected (Appendix 3-Table 8.2.1). However, the relationship between Hb

expression and these nutrients was often inconsistent or values obtained for shoots

contrasted with those of roots (Appendix 3-Table 8.2.1). A number of conflicting results

Fe-lron (pom
Roots

Hb+ (3) 3.48a t.13 3.70a r.19
Control (C) 3.43a t .11 4.05a 1 .13
Hb- (4) 2.78b t.13 4.ZSa r .13
Hb- (44) 2.60b ! .12 4.30a t .31

Table 4-7 Mineral nutrient content of transgenic alfalfa (GM Exp 1). For specific
nutrients (N or Fe) and tissues (root/shoot), means f SE are reported. Within tissues and
nutrients, different letters associated with means represent significant differences
according to Fishers LSD (P S 0.05).

99.5a r 9.8 233i.Bb t S3.3
103.3a t 3.1 2327.5b r 163.8

112.3a ! 10.4 2661.3a r 69.2
155.5a r 50.5 Z74T .3a r 51 .3
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obtained from the mineral nutrient analysis of transgenic alfalfa lines may originate from

combining root tissue from multiple harvest dates in order to meet minimum sample

weight requirements for mineral nutrient analysis. Pooling root tissue of varying

maturity may have also introduced confounding factors (e.g. nutrient uptake or dilution)

which limited our ability to detect significant differences between the lines.

From the previously observed variation in chlorophyll content of transgenic

alfalfa lines, we suspected that shoot N levels might also be modihed by Hb expression.

Indeed, the shoot N content of transgenic alfalfa lines was observed to increase with Hb

expression. Although a similar trend was not observed in roots, visual observations

associated with the shoot phenotype of transgenic lines, most notably the reduced

chlorophyll content of Hb- (4,44) lines, provided evidence that class 1 Hbs possess

functions associated with plant fertility and mineral nutrition. Furthermore, the observed

variations in root and shoot Fe concentration between transgenic lines were in agreement

with the anticipated modulation of endogenous plant NO levels by class 1 Hb and the

response of Fe storage proteins (e.g. ferretin) following treatment with NO donors and

scavengers (Graziano et aL.2002: Murgia et al. 2002).

Class I Hbs have recently been identified as primary nitrate responsive genes

(Wang et al. 2000) and their expression profile appears to parallel that of nitrate reductase

(Ohwaki et al. 2005), a critical enzqe required for assimilation of inorganic nitrate by

plants. In the future, it will be worthwhile to examine how the function of class I Hbs as

NO-metabolizing heme-proteins can be integrated into plant nitrogen metabolism. In

particular, how NO, being both a product of assimilatory nitrate reduction and potent
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signal molecule, can serve as an intermediate capable of translating changes in mineral

nutrition into hormonal responses.

4.4 ROOT MORPHOLOGY OF TRANSGENIC ALFALFA

Propagating transgenic alfalfa lines as stem cuttings and washing root systems

during growth and shoot morphology experiments (GM Experiments i-3) suggested

phenotypic variation in root architecture to exist between the transgenic lines being

evaluated (Figure 4.2c). To further charactenze these preliminary observations, two

growth chamber experiments and one greenhouse experiment examining the root

morphology of both stem cuttings and mature (mid-late vegetative) root systems were

initiated.

4.4.1 Root Morphology of Stem Cuttings

ln stem cutting experiments 1 (SC Experiment 1) and 2 (SC Experiment 2),

cuttings taken from Hb- lines (4,44) were found to produce signif,rcantly (P S 0.05) more

adventitious roots than cuttings from either the control (C) or Hb+ (3) line l5 and 20 days

after placement in rooting medium (Figure 4.6a,b). However, in stem cutting experiment

1, significant differences in adventitious root formation were not observed between any

of the transgenic lines 10 days after being placed in rooting medium (Figure 4.6a). In

stem cutting experiment 2, Hb+ (3) cuttings produced significantly fewer adventitious

roots than both the control (C) and Hb- (44) lines, but not the Hb- (4) line, l0 days after

placement in rooting medium (Figure 4.6b).
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Figure 4.6 Adventitious root formation upon transgenic alfalfa stem cuttings in stem
cutting experiment I (a) and 2 (b). Within experiments and harvest dates (10, 15 and 20
days of rooting), different letters represent significant differences according to Fisher's
LSD (P f 0.05). Means + SE bars are also presented. Numbers within bars represent the
proportion (%) of cuttings rooted (n:6-20) if less than 100.

In the Hb+ (3) line, the initiation of the first adventitious root from the stem

segment was typically delayed by 2-3 days relative to comparable adventitious roots

forming on cuttings from either control (C) or Hb- (4,44) lines. These general

observations \.vere supported by differences in the proportion (%) of cuttings rooted, with

Hb+ (3) lines tending to equal or be reduced relative to control (C) and Id.b- (4,44) lines at

early sampling dates (10-15 days of rooting) (Figure 4.6a,b).

A closer examination of adventitious root formation in stem cutting experiment 2

(Fig a.6b) revealed both Hb- (4,44) lines to produce more total adventitious root length

and greater number of lateral roots per individual cutting/adventitious root than

comparable cuttings from the Hb+ (3) line (Table 4.8). The mean adventitious root

length for control (C) cuttings was also found to exceed that of Hb+ (3), but not Hb-

(4,44), cuttings (Table 4.8).
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Total Adventitious
Root Lengh

t\4ean Adventitious Total # of Lateral Roots t\4ean # of Lateral
Root Length per Cutting Roots per Adventitious Root

lil",== .= 
(,î)= = {*)

Hb+ (3) 2..4b!5.7 3.9b f 0.8 7.1ct2.8 13b t 05
C 4Ù.4abt7.5
Hb- (4)

HÞ (44)
62.3a t 11.0

62.3a f 8.33

Table 4.8 Morphological characteristics of adventitious roots upon stem cuttings of
transgenic affalfa 15 days after placement in rooting medium (SC Experiment 2).
Different letters represent significant differences according to Fisher's LSD (P < 0.05).
Means + SE are also presented.

From the results of stem cutting experiments 1 and 2 , it appeared as though the

initiation of adventitious/lateral roots was being promoted with decreasing Hb

expression. These observations were of particular interest considering the capacity for

class I Hbs to modulate plant NO levels and that as a signal molecule, NO has been

shown to participate in several auxin-mediated rooting processes. For example, NO is

known to function in initiating adventitious/lateral roots while simultaneously inhibiting

primary root elongation (Pagnussat et aL. 2003; Correa-A¡agunde et al. 2004). For Hb-

(4,44) cuttings, which were suspected to possess elevated endogenous NO levels, the

obserued increases in adventitious/lateral rooting appeared analogous to the response of

lettuce explants and tomato plants following treatment with NO donors (Pagnussat et al.

2003; Correa-Aragunde et al. 2004). Furthermore, the impaired adventitious rooting and

elongated adventitious roots noted for Hb+ (3) cuttings (Figure 4.2c-1) were very similar

to the architecture of tomato roots following treatment with NO scavengers (Correa-

Aragunde et al.2004).

6.9a t 0.7

5.6ab f 0.9
5.1ab r 0.6

38.4bc t 8.5
107.2a!27.1
81.5ab t 15.8

6.3ab r 1.2

10.5a t 3.1

6.7ax12
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4.4.2 Root Morphology of Mature Root Systems

As the root morphology of alfalfa stem cuttings is often associated with the root

morphology of parent plants (Burton, 1936), we sought to determine if Hb expression

was altering the root architecture of mature root systems in a similar manner to that

observed in rooted stem cuttings. Therefore, a single greenhouse experiment examining

the root morphology of mature root systems of transgenic alfalfa plants was initiated.

From this experiment, it was anticipated that variations in stem cutting root morphology

would be mimicked in mature root systems. This experiment would also provide

additional/complementary information regarding the specific hormonal processes being

modified by Hb expression.

For the mature root system (mid-late vegetative) morphology experiment (MR

Expedment 1), harvests occurringg (63 days after transplanting) and 12 (84 days after

transplanting) weeks post-transplanting have been analyzed separately (9 week, 12 week)

and cornbined (9 and 12 week). This method was chosen to facilitate comparison with

similar studies examining root morphology of greenhouse-grown alfalfa in PVC

containers (Lamb et al. 2000b; Vaughan et al. 2002). A significant harvest date x

transgenic line interaction (P < 0.05) was not detected for root weight nor for the majority

of gross root morphological traits being assessed (lateral root position was the only

exception).

During MR Experiment 1, Hb+ (3) alfalfa plants always produced significantly

more total root dry weight than control (C) or Hb- (4,44) plants, regardless of harvest

date (Table 4.9). However, no signifrcant differences in total root system dry weight

could be detected between control (C) and Hb- (4,44) plants at any harvest date (Table
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4.9). In agreement with observations made in growth and shoot morphology experiments

(GM Experiments 1-3), staging of transgenic plants suggested Hb+ (3) plants to have

accelerated morphological development relative to control (C) plants (Table 4.9).

Furthermore, at the 12 week and combined (9 and,72 week) harvests, control (C) plants

demonstrated accelerated development relative to both Hb- (4,44) lines (Tabl e 4.9).

For an extended period of time representing the latter four weeks of the mature

root system morphology experiment, daytime temperature and irradiance measurements

(July-August, 2003) remained predominantly in the upper 25%o of the range reported in

the material and methods. Staging (MSC) of transgenic plants in the mature root system

morphology experiment, in addition to general observations made upon similar

transgenic plants maintained in the greenhouse, suggested that the shoot morphology of

transgenic alfalfa plants differed between growth chamber and greenhouse experiments.

ln particular, it appeared as though the initiation of stems (e.g. tillering) was being

promoted across all transgenic lines. Furthermore, it was apparent that the elongation of

these newly initiated stems was impaired relative to transgenic plants which were

simultaneously growing in growth chambers. However, as Cowett and Spragu e (1962)

previously observed high levels of irradiance to promote tillering and inhibit stem

elongation of alfalfa, we suspected that the observed alterations in shoot morphology

were a consequence of contrasting levels of inadiance between the greenhouse and

growth chamber- Moreover, in our study it appeared as though the response was more

pronounced in Hb- (4,44) plants as compared to control (C) or Hb+ (3) plants. Evidence

for this sensitivity of Hb- (4,44) lines came from lower MSC ranking for Hb- (4,44)

plants at the 12 week harvest relative to the 9 week harvest (Table 4.9). These
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differences in mean stage by count ranking were attributed to Hb- (4,44) lines containing

an extremely high number of stems in the early vegetative (0) stage relative to control (C)

and Hb+ (3) plants (data not shown).

At the 9 week harvest, Hb+ (3) and control (C) plants demonstrated significantly

longer taproots than Hb- (44) plants only, whereas at the 12 week harvest, no significant

differences in taproot length between transgenic lines could be detected (Table 4.9)

However, it was noted that the longest roots of IIb- (4,44) plants, at both 9 and 12 week

harvests, appeared to be growing along the soil:PVC interface and exhibited extremely

white roots and limited lateral root branching. Furthermore, Hb+ (3) plants were

observed to have reached the bottom of cylinders by the 9 week harvest and knurled

taproots (Garver, 1922) suggested taproot growth of Hb+ (3) plants to be physically

impaired by the 12 week harvest.

Hb+ (3) plants consistently scored higher for taproot diameter than control (C)

plants, which in turn, scored higher than Hb- (4,44) plants (Table 4.9). However, only

when harvests were combined (9 and 12 week harvests) was the taproot diameter score of

the control (C) Iine significantly greater (P S 0.05) than both Hb- (4,44) lines (Tabl e 4.9).

In contrast to adventitious root formation in stem cutting experiments, at the 9 and. 12

week harvests in the MR Experiment 1, no significant differences (p s 0.05) in lateral

root number could be detected between any of the transgenic lines, although lateral root

number tended to increase with decreasing Hb expression (Table 4.9). For 12 week and

combined (9 and 12 week) harvests, but not the 9 week halest, Hb- (4,44) plants scored

higher for lateral root position than control (C) and Hb+ (3) lines, suggesting Hb- (4,44)
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9 week
Root Weight MSC Taproot Length

Line
Hb+ (3)
C

Hb- (4)

0.36a

0.1 6b

0.18b

1.79

0.25

0.21

0.26

cm

61.3a

61.0a

42.9ab

'ams

4.67a 1.33a 4.67a 0.00b

3.00b 1.33a 4.00a 1.00ab

2.00bc 2.00a 5.00a 2.00ab
Hb- G4

LSD to.ost

cv (%)

12 week

1.33c 1.67a 5.00a 3.33a

0.12

31.0

23.3

25.7

1.22

23.4

0.94 1.08 2-37

31.5 12.3 79.4

Root Weight MSC Taproot Length
Line

Hb+ (3)

C

Hb- (4)

0.93a

0.35b

0.16b

0.22b

2.15

0.37

0.08

0-17

cm

64.9

69.2

o t_/

62.7

5.00a 1.67a 1.00b 0.33b

3.33b 2.00a 2.67b 1.00ab

2.67bc 2.67a 5.00a 2.00a

2.00c 2.33a 5.00a 2.00aHb- ø4

LSD 1o.os¡

cv (%)
0.56

70.6

1'1.9

9.8

0.77

12.5

1.33 1.96 1.09

32.6 30.4 43.3

9 and 12 week combined
Root Weight MSC Taproot Length

Line
Hb+ (3)
C

Hb- (4)

0.65a

0.26b

0.17b

0.17b

1.97

0.31

0.14

0.22

cm

63.1 a

65.1 a

52.Zab

45.5b

ams

4.83a 1.50b 2.83b 0.17c

3.17b 1.67ab 3.33b 1.00bc

2.33c 2.33a 5.00a 2.00ab

1.67c 2.00ab 5.00a 2.67aHb- ø4
LSD to.ost 0.31

CV (%) 81.4

16.9

24.9

0.68 0.77 1.57 1.15

18.7 34.0 32.3 65.3

Table 4.9 Root morphological traits of mid-late vegetative transgenic alfalfa. MSC:
mean stage by count. 'TD (taproot diameter at 5 cm below the crown), scored 1 to 5, 1 =
.5 mm or less, 3 : .75 to 1.0 mm, and 5 : 1.25 mm or more; LRN (lateral root number),
scored I to 5, i :0 to 2,3:7 to 10, 5 : 15 or more lateral roots; LRp (lateral root
position), scored I to 5, | :> 20 cm below the crown, 3 : 10 to 15 cm below the crown
and 5 : < 5 cm below the crown. ; DTP (determinate taproot position) scored 0-5 with 0: no loss of apical dominance, 1 : loss of apical dominance > 20 cm below the crown, 2: between 15 and 20 cm,3 : between 10 and 15 cm, 4: between 5 and r0 cm, 5 : < 5
cm below the crown Three (3) pots per line were halested at each harvest date.
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lines to position lateral roots closer to the crown than control (C) or Hb+ (3) plants (Table

4.9). A harvest date x transgenic line treatment interaction (P < 0.01) was found for

laterul root position when harvest dates were combined. This interaction supported the

general observation that between the 9 and 12 week harvest dates, lateralroots of the Hb+

(3) and control (C) lines progressed to greater soil depths, whereas for Hb- (4,44) lines,

positioning of lateral roots was relatively unchanged between these same harvest dates.

ln our study, the Hb+ (3) line scored lower for determinate taproot position than both Hb-

(4,44) lines at the 12 week and combined (9 and 12 week) harvest dares (Table 4.9). As

determinate taproot scores for the control (C) line always fell intermediate that of FIb+ (3)

and Hb- (4,44) lines (Table 4.9), support was provided for the general observation of

decreasing apical dominance of roots and shoots with decreasing level of Hb expression

(Figure 4.2b,c).

ln addition to assessing gross root morphological traits of transgenic alfalfa

plants, tlie distribution of root weight and root length in the soil profile of respective

transgenic lines was examined. Fractioned root systems (0-15, l5-30 and 30-50 cm soil

depths) were analyzed for 2-dimensional surface area and total root length using the

ASSESS software package (APS Press, St. Paul, MN, USA). The root area and length

data obtained from ASSESS, in conjunction with root dry weights and known rooting

volumes (.-') of PVC cylinders allowed for quantifìcation of several root

characteristics, including projected 2-dimensional root area (reported as an R2 value :

arbitrary units of area), total root length (cm), specific root length (cm of root

lengtlr/gram of root weight), root length density (cm of root length/cm-3 of soil), and

specific root dry mass (milligrams of root weighlcm-3 of soil).
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Although no significant differences in the total root system dry weight of control

(C) and Hb- (4,44) root systems were observed at any harvest date (Tabl e 4.9), the

distribution of root weight (and length-Appendix 2-Figure 8.2.1) of Hb- (4,44) lines in

the soil profile contrasted with that of controls (C) (Figure 4.7). Relative to controls (C),

Hb- (4,44) lines allocated a greater proportion of total root system dry weight and length

to the upperporlion of the soil strata (0-15 cm), whereas the control (C) line apportioned

a gteater amount of total root system dry weight and length to lower soil depths (15-30,

30-55 cm) (Figure 4.7; Table 4.10). [n a similar fashion, Hb+ (3) plants allocared a

greater proportion of their total root dry weight to lower soil depths (15-30, 30-55 cm)

than both control (c) and rrb- (4,44) lines (Figure 4.7; Table 4.10).

Depending upon harvest dates, root weight of the Hb+ (3) line in the 0-i5 cm soil

depth was observed to equal (9 week) or exceed (12 week) that of control (C) or Hb-

(4,44) lines (Table 4.10). At greater soil depths (15-30, 30-55 cm), however, root weight

of the Hb+ (3) line consistently exceeded that of both Hb- (4,44) lines (Table 4.10). Root

weight of Hb+ (3) plants also exceeded that of control (C) plants at five of six possible

combinations of soil depth and harvest date (Table 4.10).

Surprisingly, at the 0-15 cm soil depth, Hb- (4,44) and control (C) plants which

demonstrated root yields equal to or less than Hb+ (3) plants (Table 4.10) often displayed

two-dimensional root area R2 (arbitrary units), total root length (cm) and root length

densities (cm root length p". c..t-3 of soil) values which exceeded those obtained for the

Hb+ (3) line (Table 4.10). However, at the 0-15 cm soil depth, and for both the 9 and, lZ

week harvest dates, Hb+ (3) plants demonstrated specific root dry mass (mg of root

weight per cm-' of soil) values which equaled or exceeded that of control and Hb- (4,44)
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So¡l Depth (cm) Haruesl L¡ne RootWe¡ght 2-Dimens¡onal

(grams per plant) Root Area (R2)

Spec¡ñc Root Dry Mass

lmg rooVcm'3)

Root Length Dens¡ty

1cm rooVcm-3)

Root Length

(cm)

I week Hb+ (3)

c

Hb- (4)

Hb- (44)

See Table 4.9 0.0106a t.0006

0.0045b r .0017

0.0053b r.0006

0.0036b I .0007

0.069a +.005

0.040b r -010

0.045ab r .007

0 035b r 008

81.5a i 6.6 2386a r.172

46.sb r 1'1.9 1361b I 356

46.5b r 8.4 ls/.&ah 1225

34.8b i 8.8 1209b r 280Whole Root

System

(Deplhs Combìned)

LSD 1o os¡ 29.8 0 0034

l2 week Hb+ (3)

c
Hb- (4)

Hb- (44)

See Table 4.9 0.0271a I 0095

0.0102b r.002,|

0.0046b r .0006

0.0063b r 0007

0.12 1.042

0.096a r.009

0.070a r.010

0.064a t .01 1

183.4a r 69.3 4450a r 1445

11'1.íar1'1.3 3311ar316

81.8a r 12.3 2411a I 335

88.0â f 12.5 2216a r.372

LSD ¡oos¡ 0.0159

I week Hb+ (3)

c
Hb- (4)

Hb_ (44)

0.15a f .0'l

0.09b i .03

0.14ab 1 .01

0.'f lab t .02

0.016a L001

0.010b r.003

0.01sab 1.001

0.012ab i.002

0.049c f .004

0.062bc r .009

0.1 11a * .0'15

0.099ab r -014

21.6a f 1.8 466c I 40

22.2a !3.9 587bc r 86

31.8a t 4.0 105Oa i 143

26.5a i 4.5 933ab r 132

0-1 5 LSD ¡oos¡ 006 12.0

'12 week Hb+ (3) 0.42a t .14

C 0.18b L02
Hb-(4) 0.11bi.01

Hb- (44) 0.16b j.02

42.7a t 14.'l 918a r 251

34.2a14.92 933a r 136

45-4a r 6-6 1216a 1 168

52.8a r 6.2 1497a r205

0.044a r.015

0.0'l9b r.002

0.0'l1b i .001

0.017b t 002

0.098â r ,026

0.0sga r.0'14

0.'129a f.018

0.159a x .022
LSD roosr 0.024

Hb+ (3)

c
Hb- (4)

Hb- (44)

0.080a f.003

O.O27b r -012

0.023b L009

0 0l3b r 003

14.6a r 1.0

9.6a t 3.9

8.3a t 3.7

6.3a r 2-5

3æa t24
290a r 103

278a l 109

202a r78

0 0081â i 0004

0.0027b r .0014

0.0023b l .0010

0.0012b r.0010

0.038å r.003

0.031a J .01 1

0.030a r.012

0.022a r.008
'15-30 LSD too5t 277 0.029

12 week Hb+ (3)

c

Hb- (4)

Hb- (44)

0.24a ! .OB

0.07b I .02

0.02b L01

0.01b r.01

0.0258a r.0088

0.0070b r.0020

0.0014b t .0003

0.0023b r .0008

0.055å r .021

0.057a L004

0.03à !.004

0 037â t 014

27.3a r 9.90 519a I 193.3

2'l-0a t2.77 
'Ua 

! 4O.7

10.4a r 1.81 299a t 33.9

10.74 r 3.25 345â r 133 1

LSD roosr 0.14 t7.a 0 0148 0.042

I week Hb+ (3)

c
Hb- (4)

0.138a r .007

0.039b ! .037

0 0l7br 016

45.9a ! 4.2

14.7b t 4.9

6.2b r 2.6

6.1b x2 4

1562a r 133

484b f 190

219b r 99

218b x 74

0.0088a r.0005

0.0025a r .0014

0.001 Ia t .0006

0.0008a r.000s

0.09 r.009

0.031b r.012

0.014b r .006

0.014b L005Hb- (44) 0.012b 1 014

30-55 LSD loos¡ 0 054 24.6 531 0.031

l2 week Hb+ (3)

Hb- (4)

Hb- (44)

0.272a ! .108 f 13.4â r 46 1

0.1 10ab f.03s 56.0ab r 12.4

0.039b i.007 2s.9b r 3.8

0.039b r.004 24.5br4.1

0.0173a 1.0173

0.0070ab f .0070

0.0025b r .0025

0.0024b ! .0024

3013a t 1043

18É.2ab Ì.405

896b il151

788b i 405

0.19à:.066

0 1 17ab r.026

0.057b !.010

0.050tt 1 004

LSD ¡oos¡ 0.186 78.4 00119

Table 4.10 Root weight and morphology of transgenic alfalfa plants in mature root
system morphology experiment. Within soil depths and harvest dates, different letters
between lines represent significant differences according to Fisher's LSD (P S 0.05).
Means f SE are also presented.
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Figure 4.7 Distribution of root weight and specific root length of transgenic alfalfa lines
grown in mature root system morphology experiment. Within harvests (9 week, 12 week,
and 9 and 12 week combined) and soil depths (0-15, 15-30 and 30-55 cm), different
letters or LSD bars represent significant differences according to Fishers LSD (P S 0.05).
For root weight measurements means + SE bars are also presented.

97



plants (Table 4-10). These observations suggested that on a rooting volume basis (cm-3),

in the 0-15 cm soil depth, the Hb+ (3) line was producing more total root weight per unit

volume of soil than either the control (C) or Hb- (4,44) lines. However, these same

control and Hb- (4,44) lines, which were producing signifrcantly less total root weight

than the Hb+ (3) Iine at this soil depth, were able to produce more total root length per

unit volume of soil than the Hb+ (3) line. These observations, in conjunction with

differences in taproot diameter (Table 4.9) and specific root length (Figure 4.7) between

transgenic lines, strongly suggested that as Hb expression decreased transgenic lines were

producing thinner, more fibrous roots.

ln contrast to the 0-15 cm soil depth, two dimensional root area R2 (arbitrary

units), root length (cm), and root length density (cm/cm-3) values for the Hb+ (3) line at

the 15-30 and 30-55 cm soil depths were observed to equal or exceed that of control (C)

and Hb- (4,44) lines. However, at these same soil depths, the root yield of the Hb+ (3)

line was 2 to 24 times greater than the root yreld of either the control (C) or Hb- (4,44)

lines whereas at the 0-15 cm soil depth, the root yield of the Hb+ (3) line ranged from

being 1.5 to 4 times greater than the root yield of either the control (C) or Hb- (4,44)

lines. These observations suggested that although Hb+ (3) plants were exceeding control

and Hb- (4'44) lines for two dimensional root area R2 (arbitrary units), root length (cm),

and root length density (cm/cm-3) values at greater soil depths, the significant differences

were due to the extremely high root yield of Hb+ (3) line, and not production of thinner

more fibrous roots relative to tlie control (C) or Hb- (4,44) lines. Specific root length

measurements at these same soil depths (15-30,30-55 cm) (Figure 4.7) also suggested
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that as Hb expression decreased transgenic lines were still producing thinner more fibrous

roots.

From the results of the mature root system morphology experiment, a number of

observations were made which lent support to f,rndings made during stem cutting root

morphology experiments. ln particular, Hb- (4,44) stem cuttings, which produced great

numbers of adventitious/lateral roots per cutting (Figure 2c-i) grew into mature root

systems (Figure 2c-ii) which produced thinner, more fibrous roots; greater number of

lateral roots per plant; and limited apical dominance within root systems. ln contrast,

Hb+ (3) cuttings, which produced fewer adventitious/lateral roots, grew into mature root

systems with thick taproots and relatively little fibrous root mass; limited lateral root

branching; and strong apical dominance within root systems.

Previous research by Hunt et al. (2002) found enhanced class 1 Hb expression to

alter the root morphology of transgenic A. thaliana plants. In particular, transgenic plants

overexpressing class 1 Hb demonstrated longer roots, reduced root hair density, and

produced greater numbers of lateral roots relative to non-transformed controls. ln our

study, the longer taproot length and lower specific root length values obtained for Hb+

(3) plants appeared to support root length and root hair density observations made by

Hunt et al- (2002). However, in our study, adventitious rooting/lateral root branching of

the Hb+ (3) line appeared impaired relative to both control (C) and Hb- (4,44) lines.

These observations suggest that suppressed, and not enhanced, class 1 Hb expression

stimulates the formation of adventitious/lateral roots. In this context, the results of our

study were not in agreement with those of Hunt et al. (2002). The formation of lenticels

on both taproots and lateral roots of the Hb+ (3) line (Figure 4.2c-inset) was also of
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interest as these structures have previously been described for flooded or ethylene-treated

alfalfa plants (Zook et al. 1986; Tuetsch and Sulc, l9g7). The formation of these

structures also indicated that class I Hb expression was interfering with ethylene

production and/or ethylene response(s) within plants. Interestingly, Geigenberger (2003)

reported the formation of similar lenticels in potatoes (Solanum tuberosum) following

overexpression of a symbiotic hernoglobin from Lotus japonica.

From root morphology studies, it was apparent that class 1 Hb expression was

modifying a number of important rooting processes regulated by plant hormones and/or

NO. Collectively, the results from this study and others (Hunt et al. 2002, Guo et al.

2003; Correa-A¡agunde eT al. 2004) provided evidence that both class i plant Hbs and

NO are likely to be important players contributing towards the regulation of root

architecture of plants under both normal and stressed conditions.

4.5 FLOODING TOLERANCE OF TRANSGENIC ALFALFA

As previous studies have shown class 1 Hb expression to enhance the hypoxic stress

tolerance of alfalfa root cultures (Dordas et al. 2003b), we sought to determine if
similarly transformed transgenic alfalfa plants differed in their tolerance of a simulated

flooding/waterlogging stress. Several independent growth chamber studies were initiated

in order to characterize the yield perforïnance, survival, and regrowth of transgenic

alfalfa lines both during and following application of a flooding stress. Growth during

flooding stress experiments 1 (F1) and 2 (F2) were initiated in order to examine the

severity of chlorosis, yield performance and morphological development of transgenic

alfalfa plants during a i5 dayperiod of flooding stress. Survival and recovery following
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flooding stress experiments 1 (FRl) and2 (FR2) were undertaken to assess the survival

and regrowth potential of transgenic lines following a 10 day period of flooding stress. In

addition, for all of the above flooding tolerance experiments, both flooded and unflooded

alfalfa plants were examined for the formation of anatomical structures and./or

morphological adaptations associated with plant response to flooding stress.

4.5.1 Chlorosis and Morphological Staging of Transgenic Alfalfa

As chlorosis represents one of the earliest and most reliable indicators of flooding

injury in alfalfa, attempts were made to quantify the chlorosis of transgenic alfalfa lines

following the onset of flooding stress. Secondly, as the morphological development of

affalfa seedlings at the initiation of flooding stress represents an important determinant of

overall flooding tolerance and subsequent regrowth potential of alfalfa (Teutsch and Sulc,

1997), both unflooded and flooded transgenic alfalfa plants were staged according to the

mean stage by count rnethod.

Across growth during flooding stress experiments (F1; F2) and survival and

recovery following flooding stress experiments (FR1; FR2), chlorosis of kansgenic lines

first appeared between four and six days after the initiation of flooding stress. Between

transgenic lines, chlorosis was noted to occur in Hb- (4,44) lines approximately one to

two days prior to that of control (C) or Hb+ (3) lines.

However, in both growth during flooding stress experiments (F1;F2) SPAD

chlorophyll meter readings taken f,rve days after the initiation of flooding treatments

suggested flooded Hb+ (3) plants incurred signif,rcant reductions in leaf greenness
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Experiment 1. (F1) Experiment 2 (F2)
Leaf Greenness (SPAD-Reading)f

Treatment

Days of Flooding

510 .1515

Days of Flooding

510
Hb+ (3)

Control

Hb- (4)

Flooded

Unflooded

Flooded

Unflooded

Flooded

Unflooded

63a 55b 36c

62a 66a 68a

59a 54a 30c

65a 65b 65a

40c

50b

33c

37c

33c

36c

46bc

52b

25e

39cd

30de

34de

30c

49b

13d

42b

13d

40b

41c

68a

20d

47bc

7e

50b

10e

45bc

46b

44b

40b

40b

40b

40b

43c

53b

44c

41c

48bc

45c

38c

53b

24d

49b

12c

72a

12c

70a

11c

53b

27d 15c

40c 50b

Hb- (44) Flooded

Unflooded

LSD lsos¡ 11

Mean Stage by Count (MSC)+

Days of Flooding

510 1515

Days of Flooding

5 10

Hb+ (3)

Control

Hb- (4)

Flooded

Unflooded

Flooded

Unflooded

Flooded

Unflooded

1.3 1.0

3-0 2.3

1.3

1.8

0.3

0.0

0.0

0.0

0.0

0.0

0.0

0.3

0.3

0.0

0.0

0.0

0.8

1.0

0.0

0.5

0.3

1.0

0.8

2.0

0.5

1-0

0.0

1.0

0.3

1.0

1.0

1.0

0.3

1.0

0.5

0.8

0.5

0.5

1.3

t.J

1.0

0.5

0.8

0.8

'1.5

0.8

2-0

3.0

0.8

1.0

1.0

l.J

'1.0

1.0

2.5
ta

1.3
'1.0

1.5

1.3

1.0

1.5

Hb- (44) Flooded

Unflooded

Table 4.11Leaf greenness and morphological staging (MSC) of transgenic alfalfa plants
as affected by 0, 5, 10 and 15 days of flooding stress. Within trials (Fl; F2) and harvest
dates, means followed by the same letter are not significantly different according to
Fisher's LSD (P < 0.05). t Leaf greenness (unitless) as measured by a portable
chlorophyll meter. Higher numbers indicate greater leaf greenness. I Mean stage by
count (MSC) measurements were made using only the longest stem upon individual
plants.
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relative to unflooded plants (Table 4.II). In comparison, for the control (C) and Hb- (4)

lines, five days of flooding signif,rcantly reduced leaf greenness of these lines in only one

of two experiments (Table 4.ll). Furthermore, for the Hb- (44) line, five days of

flooding did not significantly reduce the leaf greenness of this line in either experiment

(Table 4.11).

As the duration of flooding stress increased to 10 and 15 days, all transgenic lines

in both growth during flooding stress experiments (F1;F2) incurred signihcant reductions

in leaf greerìness relative to unflooded plants (Table 4.11). Although Hb+ (3) and

control (C) plants experienced more severe reductions in leaf greenness relative to Hb-

(4,44) plants, SPAD meter readings suggested leaf greenness of flooded Hb+ (3) or

control (C) plants to remain greater than or equal to that of flooded Hb- (4,44) plants

(Table 4.11).

In Hb- (4,44) plants, the initial chlorosis preceding that in control (C) and Hb+ (3)

lines was noted to occur upon leaflets at the stem base which were not fully expanded nor

included in SPAD measurements due to their small size. Another observation made upon

Hb+ (3) and control (C) lines was that flooded-induced chlorosis would first appear upon

trifoliate leaflets at the shoot tip which had emerged but not yet expanded.

Therefore, in this particular study, several important observations associated with

the chlorosis of transgenic lines could not be detected with SPAD measurements which

were limited to fully expanded trifoliate leaflets. Nonetheless, the SPAD measurements

appeared very effective in distinguishing the magnitude of differences in leaf greenness

between transgenic alfalfa lines in addition to the differences in leaf greenness both

between and within flooded and unflooded plants of respective lines. it is also
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noteworthy that SPAD readings taken on unflooded plants of each transgenic line

supported previous observations of significant differences in total chlorophyll content of

transgenic alfalfa lines (Figure 4.3). SPAD meter readings also revealed leaf gïeenness

to be increasing with plant maturity (Table 4.1 l).

SPAD readings suggested Hb+ (3) and control (C) plants to incur more severe

reductions in leaf greenness relative to Hb- (4,44) plants during flooding stress.

However, the higher initial leaf greenness of Hb+ (3) and control (C) plants relative to

Hb- (4,44) plant also caused complete chlorosis and senescence to be delayed in these

particular lines. From this perspective, it appeared as though the leaf greenness and/or

nitrogen status (Table 4.7) of Hb+ (3) and control (C) lines prior to the onset of flooding

stress was contributing in some fashion to the enhanced yield perfonnance of these lines

relative to Hb- (4,44) lines. (See Section 4.5.2). As previous researchers have found total

shoot N, but not total root N, to decline in alfalfa during anaerobiosis (Castonguay et al.

1993;Barta et al. 1988a;Barta,1988c) we suspected that the enhanced leaf greenness and

elevated shoot N levels in the Hb+ (3) and control (C) lines (Table 4.7) mightpotentially

serve as a nitrogen source which could be remobilized. and translocated to roots to

support nitrate reduction and/or amino acid synthesis.

Morphological staging of transgenic alfalfa plants during flooding stress (F1;F2)

experiments indicated that, in general, flooding stress was retarding the development of

transgenic alfalfaplants (Table 4.11). The mean stage by count method did not appear

suitable for distinguishing flooded and unflooded plants from the control (C) and Hb-

(4,44) lines apart from one another (Table 4.11). However, for the more morphologically

developed Hb+ (3) line, the mean stage by count method appeared suitable for disceraing

104



the negative influence of flooding stress on the morphological development of alfalfa

(Table 4.Ir).

Previous studies (Teutsch and Sulc, 1,997) have suggested that documenting

seedling development during flooding tolerance studies of alfalfa will aid in attributing

variation in flooding tolerance due to seedling development apart from other factors of

interest (e.g. phytophthora root rot resistance). It has also been proposed that the

magnitude of yield reductions incurred by flooded alfalfa plants will be reflected in

comparable reductions in mean stage by count ranking (Teutsch and Sulc, 1997).

However, in this study, mean stage by count rankings for flooded and unflooded

control (C) and L1b- (4,44) plants did not support the general trends for shoot dry weight

of these particular transgenic lines during flooding stress (See Figure 4.9). A likely

explanation for the discrepancies between this study and others is that the mean stage by

count method was not finite enough to accurately charactenze the morphological

development of the transgenic alfalfa plants being assessed. This is not surprising as the

mean stage by count method was originally intended to assess the quality of mature

alfalfa stands in a field production scenario (Kalu and Fick, i98i).

4.5.2 Growth of Transgenic Alfalfa During Flooding Stress

Similar to observations made in growth and shoot morphology experiments (GM

Experiments 1-3), unflooded plants in growth during flooding stress experiments (Fi and

F2) and survival and recovery following flooding stress experiments (FR1 and FR2)

indicated Hb+ (3) lines to equal or exceed that of control (C) and Hb- (4, 44) lines for

total root and shoot dry weight (Figure 4.8; Figure 4.9; Figure 4.r0; Figure 4.lr).
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Furthermore, at several harvest dates in these same experiments, the root and/or shoot dry

weight of unflooded Hb- plants (4,44) was observed to exceed that of unflooded plants

from the control (C) line (Figure 4.8; Figure 4.9; Figure 4.10; Figure 4.1 l).

It should be noted that any significant differences in the total root or shoot dry

weight of flooded versus unflooded plants at the initiation of growth during flooding

stress (F1;F2) or survival and recovery following flooding stress (FRl;FR2) experiments

are predominantly the result of exceptional individuals being harvested earlier rather than

later in respective experiments. These exceptional individuals represented plants with

extremely vigorous or poor shoot growth following transplanting. Such plants were

harvested early in experiments in attempts to ensure that the plant material being flooded

was uniform in nature, and that any differences detected at the termination of experiments

were due to Hb expression and not variation in the condition of plant material. The

harvesting of these exceptional individuals was also likely a contributing factor in the

detection of a significant flooding treatment x transgenic line interaction (P < 0.05) for

both shoot and root yield at the initiation of growth during flooding stress experiment 1

(Fl).

After five days of flooding in growth during flooding stress experiment 1 (Fl), no

signifrcant differences (P < 0.05) in root dry weight could be detected between flooded or

unflooded plants of any transgeuic line (Figure 4.8). However, after 10 days of flooding,

root dry weight of Hb+ (3) and Hb- (4,44) Iines, bur nor rhe conrrol (C) line, was

signifìcantly reduced by flooding stress (Figure 4.8). Non-significant differences for the

control line (C) at this haruest date were attributed to poor root and shoot growth of

unflooded control (C) plants (Figure 4.8; Figure 4.9). Regardless of these observations,
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after 15 days of flooding, the root dry weight of every transgenic was significantly

reduced by flooding stress (Figure 4.8).

In growth during flooding stress experiment 2 (F2), f,rve days of flooding

signif,rcantly reduced the root dry weight of the Hb+ (3) line only (Figure 4.g). However,

as the duration of flooding stress increased, the root dry weight of all lines examined was

found to be significantly reduced. Averaged across experiments, reductions in root dry

weight as a consequence of 15 days of flooding stress were 74,80, 78 and g3 % for Hb+

(3), control (c), Hb- (4) and Hb- (44) plants, respectively. However, for Hb+ (3), control

(C)' Hb- (4) and Ifb- (44) lines, the average root dry weight (experiments combined) of

transgenic lines after 15 days of flooding v/as 242, 205, 190 and lz0 % greater,

respectively, than the root dry weight of corresponding lines at the initiation of flooding

stress. These observations confirmed that roots were accumulating root dry weight

during flooding stress, and that the accumulation of root dry weight appeared to be

related to Hb expression (Figure 4.8).

In contrast to results observed for total root dry weight of flooded alfalfa plants,

the shoot dry weight of Hb+ (3) and control (C) lines was never significantly reduced by

any duration of flooding stress in growth during flooding stress experiments i(Fl) or 2

(F2) (Figure 4.9). Nonetheless, these non-significant reductions in shoot dry weight,

when compared against unflooded plants from the same line, were noted to be more

severe in the control (C) line than in the Hb+ (3) line (Figure 4.9). Furtherïnore, in these

same experiments, both Hb- (4,44) lines were observed to experience significant

reductions in shoot dry weight at multiple harvest dates (Figure 4.9). Averaged across
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experiments, 15 days of flooding stress reduced total shoot dry weight of the Hb+ (3),

control (C), Hb- (4) and Hb- (44) lines by 16, 47,50 and 630/o, respectively (Figure 4.9).

A closer examination of changes in total leaf and stem dry weight of transgenic

lines within growth during flooding stress experiments I (Fl) and2 (F2) indicated that

the more severe reductions in total shoot dry weight of either Hb- (4,44) line could be

attributed to both of these lines incurring earlier and more severe reductions in leaf

weight relative to Hb+ (3) and control (C) lines (Table 4.12). Furthermore, it was

revealed that the stem weight of Ffb+ (3) and control (C) lines was never significantly

reduced (P < 0.05) by any duration of flooding stress in either growth during flooding

stress experiment (Table 4.12).

Throughout the course of growth during flooding stress experiments it was

apparent that the Hb+ (3) line was able to limit flood-indLrced reductions in shoot dry

weight relative to control (C) and Hb- (4,44) lines. However, with respect to root dry

weight, the previously observed resilience of the Hb+ (3) line was not as apparent.

Flood-induced reductions in root dry weight appeared similar across all of the transgenic

lines examined although some indication was given that the accumulation of root dry

weight may still bear a weak relationship to Hb expression. The accumulation of root dry

weight by transgenic lines during flooding stress in this experiment also supported results

of previous research wherein the root dry weight of flooded alfalfa was reported to

double over a 14 day period of flooding stress (Teutsch and Sulc, 1997).
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Experimentl(F1) ...,, , Experiment2(F2)
Leaf Weight (grams per plant)

Days of Flooding

510 l515

Days of Flooding

510
Hb+ (3) Flooded

Unflooded

0.17a

0.17a

0-12a

0.13a

Control (C) Flooded

Unflooded

Hb- (4)

0.49ab 0.80ab 0.85bc

0.50ab 0.80ab 1.04abc

0.28b 0-49bc 0.52de

0.29b 0.57abc 0.93bc

0.53ab 0.59abc 0.73cde

0-57a 0.85a 1.23ab

0.09bc O.27a 0.27bc 0.38bc

0.14ab O.24a 0.32bc O.67a

0.07c 0.27a 0.23c 0.11c
0.15ab 0.25a 0.2gbc 0.S7ab

Hb- (44) Flooded

Unflooded

Flooded 0.21a

Unflooded 0.23a

O.20a

0.19a

0.61a O.44c

0.41ab 0.83a

0.41e

1.37a

0.13abc 0.23a

0.1Sab 0.36a

0.19a O.22a

0.1 1bc 0.30a

0.19c 0.20c

0.49ab 0.83a

O.22c

0.60a

0.21c

O.Ua
LSD 1o.os¡ 0.26 0.33 0.07 0.19 0.23 0.280.11

Stem Weight (grams per plant)

Days of Flooding

510 15

Days of Flooding

51015
Hb+ (3) Flooded

Unflooded

O.14a 0.44abc 0.79ab

0.14a 0.50ab O.97¿

1.11ab

1.21a

0.08abc O.24a 0.43ab 0.84ab

0.'l2ab 0.24a 0.35abc 0.83ab

Control (C) Flooded

Unflooded

O.24bc 0.39c 0.53c

O.22c 0.44hc 0.88¿bc

1.04abc

1.18a

0.46abc 0.52bc 0.60bc

0.44abc 0.73abc 1.14a

0.05c 0.20a

0.1Oabc 0.16a

0.07bc 0.16a

0.09abc 0.21a

O.27bc 0.30c

0.20c 0.43c

0.26bc 0.35c

O.42ab 0.93a

0.10a

0.10a

Hb- (4)

Hb- (44) Flooded 0.12a
Unflooded 0.13a

Flooded 0.14a 0.44abc 0.50bc

Unflooded O.12a 0.63a O.71abc

0.1 3a

0.07c

0.21a

O.21a

0.30abc

0.50a

0.35c

0.84ab
LSD (oos) 0.14 0.21 0.45

Table 4.12 Leaf and stem weight of transgenic alfalfa plants in growth during flooding
stress experiments Fi and F2. Within experiments and harvest dates, means followed by
the same letter are not significantly different according to Fisher's LSD (P < 0.05).

0.08 0.27 0.35 0.54 0-05
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With respect to previous research examining the hypoxic performance of

transgenic alfalfa root cultures (Dordas et al. 2003b) or A. thaliana plants (Hunt et al.

2002; Perazzolli et al. 2004) expressing varying levels of class 1 Hb, the results from

these experiments provided supporting evidence that over- or under-expressing class 1

barley hemoglobin in alfalfa plants would enhance or diminish the flooding tolerance of

plants relative to non-transformed control(s), respectively.

In particular, Hb* (3) plants were able to limit flood-induced reductions in shoot

dry weight relative to plants from the control (C) line. Furthermore, and in a similar

fashion to observations made upon transgenic alfalfa root cultures (Dordas et al. 2003b),

the accumulation of root dry weight in flooded Hb+ (3) plants appeared greater than the

accumulation of root dry weight in similarly stressed plants from the control (C) line.

Surprisingly, however, the accumulation of root dry weight in flooded Hb- (4,44) lines

suggested that suppressed Hb production did not drastically impair the flooding tolerance

of either of these lines relative to the control (C) line.

4.5.3 Flooding Tolerance, Survival and Recovery of Transgenic Alfalfa

In addition to assessing the growth of transgenic alfalfa plants during flooding

stress, it was crucial to examine the survival and subsequent regrowth potential of

transgenic alfalfa plants following removal of an applied flooding stress. Thus, survival

and recovery experiments 1 (FRl) and,2 (FR2) were initiated to determine the survival

and regrowth potential of transgenic alfalfa lines following a 10 day period of flooding

stress.
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In survival and recovery experiment 1 (FRl), 10 days of flooding stress

significantly reduced the root dry weight of control (C), Hb- (4), and Llb- (44) lines, but

not that of the Hb+ (3) line (Figure 4.10). These observations were in agreement with the

collective results obtained from both of the growth during flooding stress experiments

(F1;F2). However, in survival and recovery experiment 2 (FR2), a similar 10 day

flooding stress significantly reduced the root dry weight of Hb+ (3), control (C), and Hb-

(4) lines, but not the Hb- (44) line (Figure 4.10). These results were surprising and

contrasted with the results of previous flooding tolerance experiments.

However, a closer examination indicated that the applied flooding stress in FR2

was likely more severe and/or the transgenic plants being flooded were not as vigorous.

These two scenarios were entertained as in previous flooding experiments, transgenic

lines accumulated root dry weight during a 10- 15 day period of flooding stress. However,

in survival and recovery experiment 2 (FR2), 10 days of flooding reduced the root dry

weight of every transgenic line. ln addition, it was felt that the non-significant reductions

in root dry weight reported for the flooded Hb- (44) line after 10 days of flooding stress

could be attributed to the poor root and shoot growth of unflooded Hb- (44) plants

(Figure 4.10; Figure 4.ll).

When transgenic plants were removed from flooding stress and allowed to

recover, it was observed that every transgenic line in both survival and recovery

experiments 1(FR1) and 2 (FR2) incurred significant reductions in root dry weight for

harvests which occurred i0 and 20 days post-flooding stress. Furthermore, between the

termination of flooding stress (0 days after flooding) and 10 days of recovery, the percent

yield reductions in root dry weight of each transgenic line were found to increase in both
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survival and recovery experiments 1 (FRl) and 2 (FR2). However, in FRI , and aîter 20

days of recovery following flooding stress, the percent yield reductions of every

transgenic line were found to be equivalent to or reduced relative to similar values

obtained 10 days after removal from flooding stress. These observations suggested that

after 20 days of recovery, transgenic alfalfa lines in FRI were beginning to recover root

regrowth potential (Figure 4.i0). ln contrast, in survival and recovery experiment 2

(FR2), where initial root injury was more severe, transgenic lines did not appear to be

recovering root regrowth potential by 20 days post-flooding stress. lnstead, percent yield

reductions in root dry weight 20 days after recovery were found to be equivalent to or

greater than percent yield reductions in root dry weight after 10 days after recovery

(Figure 4.10). These observations suggested that transgenic lines in FR2 were not

recovering root regrowth potential after 20 days of recovery.

In survival and recovery experiment 1 (FRl), only the Hb- (44) line experienced

significant reductions in shoot dry weight after a 10 day period of flooding stress.

However, after 10 days of recovery, it was apparent that every transgenic line in this

experiment had nonetheless been injured as every transgenic line incurred significant

reductions in shoot dry weight relative to unflooded plants. Moreover, the percent yield

reductions in the shoot dry weight of transgenic lines 10 days post-flooding stress were

considerably greater than similar percent yield reductions reported immediately following

removal of plants from the flooding stress (Figure 4.1 1). However, in FRI and after 20

days of recovery, the percent yield reductions in shoot dry weight were slightly less than

or equal to those observed after l0 days of recovery. These observations suggested that

after 20 days of regrowth, transgenic plants in FR1 were beginning to recovery shoot
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Figure 4.10 Flooding treatment effects on root dry weight of transgenic alfalfa lines
harvested at the initiation of flooding (-10 days after flooding (DAF)), at the termination
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experiment and harvest, treatments with the same letter are not significantly different
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Figure 4.11 Flooding treatment effects on shoot dry weight of transgenic alfalfa lines
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regrowth potential (Figure 4.1 1). ln contrast, for FR2, Hb+ (3), control (C), and Hb- (4)

lines, but not the Hb- (44) line, experienced significant reductions in shoot dry weight

after a 10 day period of flooding stress (Figure 4.11). However, in this same experiment,

the percent yield reductions in shoot dry weight of plants 20 days after removal from

flooding stress were found to be equivalent to or greater than similar reductions in shoot

dry weight 10 days post-flooding stress (Figure 4.11). These observations suggested that

in FR2, transgenic lines were not recouping shoot regrowth potential even after 20 days

of recovery. These observations confirmed that transgenic alfalfa lines were more

severely injured by flooding stress in FR2 as compared to FRl.

When averaged across experiments, and after 20 days of recovery, the percent

yield reductions in shoot dry weight as a result of flooding stress for Hb+ (3), control (C),

Hb- (4) and Hb- (44) lines were 41, 77,67 and 60o/o, respectively. Similarly, when

averaged across experiments, flooding stress reduced the root dry weight of Hb+ (3),

control (C), Hb- (4) and Hb- (44) lines by 67, 84,73, and 72 yo, respectively.

Collectively, these results suggest that although certain transgenic lines (e.g. Hb+

(3)) did not experience significant reductions in root or shoot yield during exposure to a

10 or 15 day period of flooding stress, that these lines were nonetheless being injured.

Therefore, the results of this study are in agreement with previous research (Thompson

and Fick, 1981; Teutsch and Sulc, 1997) indicating that the actual magnitude of flooding

injury in alfalfa is manifested during the recovery period and not immediately lollowing

rernoval of the flooding stress.

The results of survival and recovery experiments 1(FR1) and 2 (FR2) also

suggested that Hb+ (3) plants were able to recover shoot and root regrowth potential to a
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greater degree than control (C) plants. However, the regrowth potential of control (C)

plants was slightly reduced relative to both Hb- (4,44) lines. These observations suggest

that although Hb- (4,44) plants experienced more severe reductions in shoot yield during

growth during flooding stress experiments l(Fi) and 2(F2), that suppressed Hb

production did not drastically impair the potential of either of these lines to recover

regrowth potential. Furthermore, in both survival and recovery experiments 1 (FRl) and

2 (FXZ), no discernable trends in the survival of transgenic plants could be detected

and/or associated with the level of Hb expression in transgenic lines.

Throughout the course of growth during flooding stress (Fl and F2) and survival

and recovery (FRl and FR2) experiments, individuals within a given transgenic line

would enter into one of two stages of flooding injury, representing the 1) partial or 2)

complete senescence and loss of leaves from stems (Thompson and Fick, 1981). For

individual plants which existed in the first stage, visible signs of recovery (e.g. initiation

of leaflets in axils and "gteening up") would generally occur within two weeks following

removal of the applied flooding stress. [n comparison, severely damaged alfalfa plants

existing in the second stage, which had lost most if not all of their leaves, would

nonetheless initiate leaflets within axils and begin to re-grow. Regardless, by this point

in time, the recovery of these severely damaged alfalfa plants was significantly delayed

relative to plants retaining a small portion of their leaf area. ln addition, the recovery of

regrowth potential for these severely damaged alfalfa plants was anticipated to occur

beyond the 20 day period over which plants were examined in this particular study.

In this manner, flooded plants which appeared healthy and uniform at the

initiation of flooding tolerance experiments would demonstrate considerable variation in
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flooding injury at the end of the applied flooding stress or after a period of regrowth. For

several harvest dates in flooding tolerance experiments, it appeared as though variation in

flooding injury within a transgenic line (e.g. befween reps) was more of a contributing

factor than the flooding injury observed between transgenic lines.

Although IJb- (4,44) lines experienced more severe reductions in leaf weight

relative to the Hb+ (3) and control (C) lines, chlorosis and leaf drop progressing from the

stem base to the tip took longer in Hb- (4,44) lines, possibly due to the gleater number of

nodes per stem or leaflets per plant observed in these lines. After removal from flooding

stress, Hb- (4,44) lines were also noted to initiate leaflets within axils before control (C)

or Hb+ (3) plants. These observations suggested that morphological alterations brought

about by Hb expression may be contributing to the observed variation in flooding

tolerance of transgenic lines.

4.5.4 Anatomy and Morphology of Transgenic Alfalfa During Flooding Stress

During the course of growth during flooding stress (F1;F2) and survival and

recovery (FRl;FR2) experiments transgenic alfalfa lines were observed to produce

anatomical and/or morphological structures consistent with known plant response(s) to

flooding stress. Therefore, during the course of flooding tolerance experiments,

transgenic lines were examined for the formation of adventitious roots, hypertrophied

lenticels, or aerenchyma.

ln survival and recovery experiment 2 (FR2), several individual plants from each

transgenic line produced extremely white unbranched roots resembling flood-induced

adventitious roots (Figure 4.12a). Although the total number of plants forming
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adventitious roots was relatively limited (1-2 plants per line), Hb expression did not

appear to be contributing to the frequency of formation or architecture of these

adventitious roots. The formation of adventitious roots also appeared to be restricted to

the regrowth period following removal of transgenic plants from flooding stress.

Therefore, the contribution of these adventitious roots towards supporting the

growth/aeration of transgenic plants during flooding stress was likely negligible.

Hypertrophied lenticels formed on taproots, lateral roots and stems (Figure

4.I2b,c) of every transgenic line within 2-3 days of flooding stress. These structures

would then persist for the duration of the flooding stress and recovery period (20 days)

over which transgenic lines were evaluated. In Hb+ (3) and Hb- (4,44) lines, the

formation of hyperhophied lenticels on stems appeared much more prominent than

comparable lenticels forming in the control (C) line. Cross sections of these lenticels

revealed a greater degree of cortical swelling in cells of flooded Hb+ (3) and Hb- (4,44)

plants as compared to those observed in the control (C) line (Figure a.12e-j). As lenticels

are known to facilitate the internal aeration of roots and shoots during flooding stress,

these observations may provide partial explanation for the enhanced flooding tolerance of

the Hb+ (3) line, or comparable survival and regrowth of Hb- (4,44) lines, relative to the

control (C) line.

ln alfalfa root cultures expressing varying levels of class 1 barley Hb, the

hypoxia-induced formation of intercellular spaces (e.g. cellular breakdown/aerenchyma)

appeared to be more severe with decreasing levels of Hb expression in roots (Dordas et

al. 2003b). These observations suggested that Hb expression, and possibly plant NO

levels, might be important determinants regulating the formation of aerenchyma in plants.
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Examination of cross sections from both flooded and unflooded stems and

taproots (Figure 4.12k-m) (flooded taproots not shown) suggested that aerenchyma was

not forming within any of the transgenic alfalfa lines during flooding stress. Therefore,

as with adventitious roots, aerenchlrma did not appear to be contributing towards the

variation in flooding tolerance observed between transgenic alfalfa lines. Failing to

identify the presence of aerenchyma in whole transgenic alfalfa plants was not

completely unexpected as Teutsch and Sulc (1997) also failed to report the formation of

aerenchyma in flooded alfalfa plants of similar age. Previous reports of aerenchl,rna

formation in alfalfa (Zook et al. 1986) were limited to relatively young root tissue (3

week old seedlings) and, therefore, may provide a plausible explanation for contrasting

results obtained between alfalfa root cultures (young root tissue) (Dordas et al. 2003b)

and the mature affaffaplants evaluated in this study.

From analyzing the anatomical/morphological response(s) of transgenic alfalfa

lines during flooding stress, it was possible to eliminate aerenchyma formation and

adventitious rooting as adaptations contributing to the variation in flooding tolerance of

transgenic alfalfa lines. However, the differential fonnation of lenticels upon both stems

and roots of transgenic lines suggest that these structures might be contributing in some

fashion towards the variation in flooding tolerance of transgenic alfalfa lines.
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5.0 GENERAL DISCUSSION

The main purpose of this study was to examine the influence of class 1 non-

symbiotic plant Hb expression upon the growth, morphology and flooding tolerance of

whole alfalfa plants. More specifically, the intent was to complement and extend

previous work examining the biochemical and physiological function(s) of these proteins

in the hypoxic metabolism of transgenic maize cell and alfalfaroot cultures. Therefore, a

number of independent growth chamber and greenhouse studies were initiated in order to

charactenze both the shoot and root phenotype of transgenic alfalfa plants. Several

additional growth chamber studies were conducted to assess the flooding tolerance and

morphological/anatomical response of transgenic alfalfa plants following application of a

simulated flooding/waterlogging stress.

ln our study, enhancing or suppressing the production of class 1 Hb in alfalfa

plants resulted in a number of dramatic, and in many cases divergent, alterations in plant

phenotype relative to non-transformed alfalfa plants. Altering class I Hb expression

influenced the growth habit and apical dominance of both shoot and root systems;

modif,red leaf shape, leaf greenness and floral pigmentation; altered the initiation and

elongation of leaflets, stems and adventitious/lateral roots and; modified the mineral

nutrient profile of transgenic alfalfa plants.

A number of these observations suggested that by altering class 1 Hb expression

in plants, hormonally-regulated processes were being modified. In particular, the

phenotype of Hb- (4,44) plants suggested that suppressing native class I Hb production in

plants would result in perturbations to normoxic plant growth, fertility and hormonal

signaling. Therefore, despite class I Hbs being present at relatively low levels under
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non-stressed conditions, such low levels of expression appear to be contributing towards

the nomral growth and development of plants. Most importantly, these observations

provide evidence that the function(s) of class 1 Hbs extends well beyond those proposed

for these proteins in hypoxic plant metabolism.

In numerous growth chamber experiments, Hb* (3) alfalfa plants exhibited

enhanced vegetative growth and accelerated development relative to control (C) plants.

These observations \Ã/ere in agreement with the results of previous research which found

A. thaliana plants overexpressing l. thaliana class 1 Hb, and tobacco plants expressing

Vitreoscilla Hb, to demonstrate early vigorous growth and accelerated development

relative to non-transformed controls (Holmberg et al. 1997; Hunt et al. 2002). These

results also suggested that both native and transgenic Hbs may have potential applications

in the biotechnology sector, particularly towards improving the growth/yield perforïnance

of economically important plant species.

During flooding tolerance experiments, it was apparent that Hb+ (3) plants were

able to limit flood-induced reductions in shoot dry weight, and demonstrated greater

shoot regrowth potential relative to alfalfa plants with unaltered levels of Hb expression.

These results also supported previous work which revealed enhanced class I Hb

expression to improve the energy status, hypoxic root growth and survival of transgenic

maize cell cultures, alfalfa root cultures and l. thaliana plants (Sowa et al. 1998; Hunt et

al. 2002; Dordas et al. 2003b; Perazzolli et al. 2004). These observations indicate that

class 1 Hbs may hold potential for enhancing the anaerobic response/flooding tolerance

ofplant species.
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Recent developments have strongly suggested that at least one of the function(s)

assigned to either class 1 non-symbiotic plant Hb or VitreoscillaHb relates to metabolism

or detoxification of gaseous nitric oxide (NO) (Igamberdiev and Hlll, 2004; Frey and

Kallio, 2005). Therefore, we sought to determine if the observations made in this study

could be linked with the ability of class 1 plant Hbs to modulate plant NO levels. NO has

recently been identified as a key signalling intermediate in the transmission of various

environmental and hormonal stimuli (Lamattina et at- 2003; Neill et al. 2003). For plant

hormones in particular, NO has been shown to act either directly or indirectly in the

signalling cascade of several plant growth regulators including auxin, abscisic acid,

cytokinin, ethylene and gibberellic acid. Within our study, a number of phenotypic

characteristics exhibited by Hb+ (3) and Hb- (4,44) alfalfa plants followed closely with

the response of alfalfa to treatment with these particular plant growth regulators or the

response of plant species following treatment with NO donors and scavengers.

Furthermore, for those specific hormonal processes for which the role of NO has

been well chaructenzed (e.g. NO and cGMP in auxin-mediated rooting), the observed

phenotype of transgenic lines (e.g. stimulated adventitious rooting in Hb- (4,44) lines)

was in agreement with the anticipated modulation in plant NO levels via Hb expression.

Moreover, during the course of this study, several genetic and pharmacological

studies (Guo et al.2003; He et a]^.2004) examining both the sources and action of NO in

plants yielded observations which strengthened our assumption that the phenotypic

effects present in this study were indeed a consequence of alterations in endogenous NO

levels/bioactivity. However, caution should be exercised in interpreting these results as
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complications associated with in vivo measurement of NO levels and/or bioactivity in

plants limits our capacity to directly associate the observed phenotypes with gaseous NO.

Although numerous observations made throughout the course of this study were

in agreement with previous work examining the phenotype and stress tolerance of

transgenic plants expressing class I and/or Vitreoscilla Hbs, a number of our

observations were also in contrast with the results of previous research.

For example, in flooding tolerance experiments, Hb- (4,44) plants were observed

to yield greater than control (C) plants. This observation suggests that the enhanced early

vegetative growth of Hb+ (3) and l:Ib- (4,44) plants in this study was not likely associated

with enhanced energy generation through the Hb:NO cycle, a mechanism which has been

implicated to contribute towards the enhanced growth of similarly transformed alfalfa

root cultures during hypoxia (Igamberdiev and Hill, 2005). Rather, we suspected that Hb

expression was inducing alterations in the shoot and/or root morphology of alfalfa plants

and that several of these morphological alterations (e.g. yield per stem, area per leaflet,

fibrous root mass), which have been correlated with high forage yields in alfalfa, may

have enhanced the early vegetative growth of transgenic alfalfa lines under growth

chamber or greenhouse growth conditions.

ln flooding tolerance experiments suppressing the production of class 1 Hb in

transgenic lines (Hb-,4,44) did not appear to drastically impair the flooding tolerance

and/or regrowth potential of these alfalfa lines relative to plants from the control (C) line.

These observations were somewhat surprising as previous researchers have observed

transgenic alfalfa root cultures (Dordas et al. 2003b) and A. thaliana plants (perazzolli et
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à1. 2004) with suppressed class 1 production to exhibit more severe reductions in root

growth and shoot yield following onset of hypoxic stress.

ln our study, we considered that a number of morphological characteristics of

transgenic lines prior to, during, and post flooding stress may have confounded the

physiological effect of Hb in providing hypoxic protection to respective transgenic lines.

Previous investigations into the flooding tolerance of alfalfa have revealed seedling

agelmaturity (Tuetsch and Sulc, 1997) and initial root weights (Cameron, 1973) to

contribute towards the flooding tolerance of this crop species. Commercial alfalfa

varieties (e.g. Magnum Wet III-V; Brett Young Seeds, Winnipeg, MB) marketed for

flooding tolerance are also touted for producing branched roots which remain near the

soil surface and above fluctuating water tables. Such a phenotype is not unlike that

demonstrated by Hb- (4,44) lines. Several of these observations made by previous

researchers might provide partial explanation for the enhanced flooding tolerance of the

Hb+ (3) line or the relative lack of sensitivity to flooding stress observed in the Hb-

(4,44) lines.

In the event that the respective lines evaluated in this study were subjected to a

partial submergence stress, the prostrate growth habit demonstrated by Hb- (4,44) lines

would result in greater injury due to a larger proportion of the total photosynthetic

apparatus being submerged. ln contrast, the erect growth habit and reduced leaf:stem

ratio of the Hb+ (3) line might enhance the flooding tolerance of this line during a similar

submergence stress.

Previous studies examining the hypoxic stress tolerance of class I or VHb-

expressing transgenic plants have been limited to N2-sparged atmospheres (Hunt et al.
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2002; Perazzolli et al. 2004) or total submergence stresses (Mao et al. 2003; Li et al.

2005). Within this study, hypoxic treatments (e.g. flooding) were intended to simulate

conditions which might occur in a production scenario. As a result of conflicting data

obtained during the course of flooding tolerance and survival experiments, it is crucial to

exercise caution when extending biochemical and physiological observations to improved

stress tolerance of whole plants. Such speculation is founded as several promising

physiological/transgenic studies have failed to translate into improved flooding tolerance

in production scenarios (Setter and Waters, 2003). Nonetheless, such studies

undoubtedly contribute towards understanding how plants respond and cope with major

abiotic and biotic stresses.

Future efforts aimed at elucidating the function of class I Hbs might be directed

towards determining the specific hormonal or metabolic pathways which are being

modified as a result of Hb expression. With an increasing list of stresses/stimuli now

known to influence class I Hb expression in plants, it is likely that more work will be

required to determine the specific sites of Hb action in plants.

It should also be emphasized that with constitutive over- or under-expression of

the Hb gene as was employed in this study, expression is driven throughout all plant

tissues. Therefore, Hb expression may result in phenotypic alterations that bear no

relationship to the function of hemoglobin in the natural life cycle of plants. Nonetheless,

the observed phenotypes do provide direction as to where and how endogenous NO

influences plant growth and development. However, to eliminate a number of

confounding factors caused by constitutive Hb expression it may be desirable to employ
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tissue specific and./or chemically-inducible promoters to control the localization and time-

course expression of Hb in the plant.

ln conclusion, the main purpose of this study was to examine the influence of

class I non-symbiotic plant Hb expression upon the growth, morphology and flooding

tolerance of whole alfalfaplants. The results presented strongly suggest that class I Hbs

possess essential functions in normoxic plant growth, fertility and hormonal signalling.

By manipulating Hb expression it was possible to induce a number of phenotypic effects

which bore striking resemblance to the morphological response of alfalfa following

treatment with plant growth regulators. A number of the phenotypic characteristics

demonstrated by these transgenic alfalfa plants also followed closely with the response of

plants to altered endogenous NO production or the pharmacological response of plants

following treatment with compounds which release or scavenge NO. These particular

observations provided indirect support that class 1 Hbs operate as a NO-dioxygenase.

Results in this thesis and in published studies (Sowa et al. 1998; Hunt et al.2002;

Dordas ef aL.2003b;Perazzolli et a\.2004) also suggest that class 1 Hbs hold potential for

improving the flooding tolerance of crop species. In a broader context, the ultimate goal

of this research was to gain further insight into the function of hemoglobins i¡ plants.

From the results obtained it is likely that the scope of plant Hb research will expand to

elucidate the function of these ubiquitous plant proteins not only in hypoxic plant growth

and metabolism, but hormonal signalling and mineral nutrition.
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6.0 SUMMARY

The effects of varying expression of a class 1 barley hemoglobin (Hb) on the

growth, morphology and flooding tolerance of transgenic alfalfa were examined.

1 - Hb expression causes dramatic and divergent alterations in the shoot and root

phenotype of transgenic alfalfa plants. Hb overexpression results in enhanced vegetative

gtowth, increased chlorophyll content, strong apical dominance and accelerated

development relative to control (C) plants. Hb underexpression results in reduced

chlorophyll content in addition to proliferation of axillary buds and adventitious roots.

2 - A number of phenotypic characteristics observed in transgenic alfalfa plants

show similarity to the response of alfalfa following treatment with plant growth

regulators and/or plants to treatment with NO donors and scavengers.

3 - Hb overexpression enhances the flooding tolerance of transgenic alfalfa

although a number of confounding factors limit the ability to discern the mechanisms

through whicli the plants achieve enhanced stress tolerance. Similarly, the flooding

tolerance of alfalfa plants was not drastically impaired as a result of Hb underexpression.
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Stage Number Stage Name Stage Definition
0 Early Vegetative Stem Length s '15 cm; no buds, flowers, or seed pods
1 Mid-Vegetative Stem Length 16 to 30 cm; no bud, flowers, or seed pods
2 Late Vegetative Stem Length > 31 cm; no buds, flowers or seed pods
3 Early Bud 1 or 2 nodes with buds; no flowers or seed pods
4 Late Bud > 3 nodes with buds; no flowers or seed pods
5 Early Flower One node wíth one open flower (standard open);no seed pods
6 Late Flower 2 2 nodes with open flowers; no seed pods
7 Early seed pod 1 to 3 nodes with green seed pods
B Late seed pod > 4 nodes with green seed pods
9 Rfpç¡ggQlpd Nodes with mostly brown mature seed pods

8.1 APPENDIX 1

Morphological Staging of Alfalfa (Kalu and Fick, 1981)

Table 8.1.1 Definition of morphological stages of development for individual alfalfa stems

9

MSC = E (S'N)/c
S=0

I
MSW = E (S.D)M/

S=0

where MSC = mean stage by count
MSW = meant stage by weight

S = stage number, 0 to g

F N = number of stems in stage S{



8.2 APPENDIX 2

Proportion of Total Root Length with Soil Depth
Mature Root System Morphology Experiment

ln
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Figure 8.2.1 Distribution of root length of transgenic alfalfa lines grown in mature root
system morphology experiment 1. Within harvests (9 week, 12 week, and 9 and l2 week
combined) and soil depths (0-15, 15-30 and 30-55 cm), different letters represent
signif,rcant differences according to Fishers LSD (P S 0.05). For root length
measurements means + SE bars are also presented.
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8.3 APPENDIX 3

Gomplete Nutrient Analysis of Transgenic Alfalfa (35 DATP)

Tissue: Shoot Line
Nutrient Basis H 3 c 44

N %DM 3.48a f.13 3.43a x .11 2.78b !.13 2.60b ! .12

P %DM 0.25d ¿ .01 0.31b r.01 0.28c ¿ .01 0.33a t.01
K %DM 2.58a t.06 1.98b r .03 1.95b r .03 1.88b r .03

S %DM 0.33a t .01 0.30a t .01 0.23b r .01 0.31a t .02

Ca %DM 2.03b r .05 3.24ax.06 3.01a x .12 3j6ax.25
Mq %DM 0.58b r .01 0.95a t .02 0.91a t.04 0.94a t .05

Na %DM 0.03c + .003 0.04bc t .003 0.05b r .003 0.04b f .0c

Zn ppm 15.75b 1.4€ 23.75a x3.77 19.00ab r.41 20.75ab x .91

Fe ppm 99.5a t 9.8 103.5a t 3.1 112.3a x 10.4 155.5a t 50.5

Mn ppm 95.3c t 4.0 164.2b t 4.8 149.8b t24.4 258.8a x24.5
Gu ppm 10.5c + .3 17.7b x .3 18.2b ! 1.4 21 .2a+.8
B ppm 65.5c t 1.9 97.2ab x1.6 90.5b I 3.8 109a t 8.2

Tissue:Root Line
Nutrient Basis Hb+ c Hb-t4) Hb

N %DM 3.70a t.19 4.05a t.13 4.25a x .13 4.30a t .3'1

P %DM 0.22a t .01 0.23a + .01 0.24ax.01 O.24a t -01

K %DM 0.20a t 0.00 0.10c t 0.00 0.15b r .03 0.10c t 0.0C

S %DM 0.20b r .01 0.20ab t .01 0.21ab t .01 0.22a x .0C

Ca %DM '1.19a t .03 1.27a x .11 1.21a x .04 1.30a t .04

Mq %DM 0.37a t .01 0.38a t.04 0.41a x .02 0.41a +.03

Na %DM 0.13a t.01 0.12ab t.01 0.10b 1.01 0.11ab t 0.00

Zn ppm 32.75ab t 1.03 30.00b r 1.41 32.50b r 1.04 36.00a t.71
Fe ppm 2331.8b r 53.3 2327.5b 1',r63.7 2661.3a t 69.7 2747 .3a x 51.3

Mn ppm 323.2b r 5.8 356.5b r 9.1 418.0a t 36.0 436.0a t 6.9

Gu ppm 80.0c t 6.7 78.5c + 5.0 1'15.0b r 3.2 138.3a t 2,1

B ppm 85.0a t 2.1 90.0a t 2.7 75.5b r 3.5 75.0b t 1.3

Table 8.3.1 Macro- and micro-nutrient content of transgenic alfalfa grown in GM Exp I (35 DATP). Within

nutrients and tissues (rooUshoot) transgenic lines with means of the same letter are not significantly

different according to Fisher's LSD (P < 0.05). Standard error bars are also presented.
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