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Abstract 

           The effect of Ascophyllum nodosum extracts on the nodulation and growth of 

alfalfa was investigated. Plant growth assay revealed that alfalfa treated with 2 g L
-1

 ANE 

exhibited a significant increase in leaf area. Under salt stress, alfalfa treated with 0.5 g L
-1

 

ANE exhibited a significant increase in total length compared to controls. A root hair 

deformation assay indicated that ANE 0.5 g L
-1

 stimulated the synthesis of Nod factors 

secreted by rhizobia thus accelerate root hair deformation of alfalfa. Similarly, ANE 0.5 g 

L
-1

 caused an increase in nodC gene expression suggesting that ANE may act similarly to 

flavonoids in the rhizobium-legume symbiosis. Under field conditions, ANE increased 

the total number of functional nodules, total root length and total leaf area. Taken 

together, the results suggest that ANE may contain compound(s) that promote specific 

metabolic pathway both in alfalfa and bacterium thus enhance the symbiotic relationship. 
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Chapter 1.0 Introduction   

      Nitrogen is an essential nutrient and a major component of amino acids, proteins, 

nucleic acids and nitrogenous metabolites. In nature, N exists in a number of different 

forms, such as nitrogen gas (N2), ammonium (NH4
+
), nitrate (NO3

-
), and organic forms 

(Galloway 1998). Earth’s atmosphere is composed of about 78% N2. However, N2 is not 

usable by plants and animals, but has to be transformed to readily available forms. 

Sufficient NH4
+
 and NO3

-
, when present in the soil, can improve the growth of plants and 

stimulate green biomass production of crops. The most common means of N addition to 

crops is through application of N fertilizers. However, only 20-50% of N applied in 

fertilizers is used by crop plants (Brady and Weil 2002), while the rest is lost in the form 

of volatilization, denitrification, runoff, and leaching, thus causing risk of environmental 

pollution.   

      In the absence of human activities, in the natural world, reactive N is created by 

biological nitrogen fixation (BNF) and lightning (Galloway 1998). BNF was first 

discovered by Beijerinck in 1901. It is a process in which atmospheric nitrogen is reduced 

to ammonia in the presence of the nitrogenase enzyme, by a specialized group of 

microorganisms, such as the symbiotic Rhizobium and Sinorhizobium, or the free-living 

soil bacteria, such as Azospirillum and Azotobacter (Wagner 2011). BNF provides about 

90-130 Tg N year 
-1

 (Tg = 10
12

 g) in terrestrial ecosystems. This process is significantly 

altered by human activities and more N is mobilized by fertilizer production, legume and 

rice cultivation, and fossil fuel production (Galloway et al. 1995). The amount of N fixed 

by BNF depends on the extent of area planted to a specific crop and the fixation rate per 

hectare (Galloway 1998). The fixation rate is affected by soil conditions, such as 
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excessive soil moisture, drought, soil acidity, excess mineral N, and deficiency of 

necessary elements, by climate factors, such as temperature and light, and by biotic 

factors, such as the absence of the required rhizobia species, crop competition, and 

insects and nematodes damage (Al-Falih 2002; Liu et al. 2011).  

      BNF represents N gain and determines N fertilizer savings in the agriculture. The 

fixation rate is limited by factors mentioned above. However, there are common 

approaches to enhance BNF, such as inoculation with proven strains, host-plant screening 

and breeding, and adoption of cultural practices (Asadi et al. 2011; Eivazi et al. 2012).  

      Seaweed extract has been used as a natural organic fertilizer in agricultural system 

due to its effective and nutritious benefits to crops. Seaweed fertilizers can be used by 

plants in a short time and have little negative impact on humans, animals and the 

environment (Sathya et al. 2010). Previous studies have reported that the application of a 

brown seaweed extract, the extract of Ascophyllum nodosum (ANE),  to legumes 

improves their growth, yield, nutrient uptake, and biochemical composition (Rathore et al. 

2009; Fan et al. 2011). This improvement could be due to the stimulation of rhizosphere 

microbial diversity and activity by the application of seaweed extracts (Alam et al. 2010). 

The benefits of seaweed extract application could also be due to, at least in part that the 

carbohydrates, plant hormones, hormone-like plant growth regulators, trace elements, 

vitamins and amino acids contained in ANE (Khan et al. 2009). These results suggest that 

the ability of nitrogen fixation of legumes could be improved by the application of ANE.  
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Chapter 2.0 Literature Review 

2.1 Medicago sativa (Alfalfa) 

      There are more than 60 species in the genus Medicago and one-third of these species 

are perennials (Silva et al. 2007). The most widely cultivated perennial species is alfalfa 

(Medicago sativa). Alfalfa was introduced to the Americas by Spanish colonizers in the 

16
th

 century (Galán Saúco and Cubero 2011). It resembles clover with clusters of small 

purple or purple-yellow flowers and coiled, nonspiny fruits; the plant can grow up to 1 m 

in height (Small and Jomphe 1989). Alfalfa is widely cultivated as a forage crop in both 

pure and mixed stands (www.medicago.org). Alfalfa has the ability to form associations 

with the nitrogen fixing rhizobium, Sinorhizobium, which can take nitrogen from the 

atmosphere and make it available to the plants. 

      In Nova Scotia, the numbers of sheep and goat have been increased in recent years. 

Nova Scotia has about 60% of the Atlantic herd for both sheep and goat (Statistics 

Canada 2006). Therefore alfalfa production has also increased, in order to meet the 

demand for the animal feed. Thus, alfalfa plays an important role in the agriculture. 

 

2.2 Sources of Nitrogen 

      Nitrogen can be incorporated into an agro-ecosystem from different sources. Human 

activities mobilized about 140 Tg N year
-1

 by fertilizer production by the mid-1990s 

(Galloway 1998). Early in the twentieth century, German chemist Fritz Haber discovered 

a reaction that could transform atmospheric N2 to NH4
+
. This process was purchased by a 

chemistry factory in Germany and Carl Bosch was assigned to make this reaction usable 

in the industry. The Haber-Bosch process synthesizes large amounts of N fertilizer, 

http://www.medicago.org/
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boosting food production (Smil 2001; Crews and Peoples 2004). Over application of 

nitrogen fertilizer results in nitrogen build up in the soil. Atmospheric nitrogen can be 

deposited as N dioxide, nitric acid and particulates, or it can be dissolved in vapor and 

deposited through precipitation (Ledgard 2001). Wastes, for instance, manure, crop 

residues and compost, are other sources of nitrogen imported into soils (Power and 

Schepers 1989). There are also naturally occurring sources of nitrogen through biological 

N fixation, mobilization of N from soil organic matter by mineralization, and lightning. It 

is reported that bacteria in the soil, water and air on earth convert approximately 100 x 

10
9
 kg of atmospheric N annually into life sustaining compounds (Sprent and Sprent 

1990).  

 

2.3 Nitrogen Cycle 

      There are numerous forms of nitrogen in the environment. These include gaseous 

nitrogen (N2), ammonium (NH4
+
), nitrate (NO3

-
), and organic nitrogen. While it is 

abundant on the surface of the earth, less than 2% is available to organisms (Galloway 

1998). Although 78% of the earth’s atmosphere is N2 gas, it is a very stable molecule due 

to the triple bonds between the two N molecules. It must be transformed to available 

forms, like nitrate or ammonium, in order to be used by most of organisms. Nitrogen in 

the air or in the soil goes through a range of chemical and biological transformations, 

which can be combined into living and non-living materials, and released back to the 

atmosphere or the soil. This continuing cycle is referred to as the Nitrogen Cycle (Figure 

2.1). The biochemical exchanges involved in the N cycle occur between the atmosphere, 

soil and water systems, and biomass. The main transformations occur in the soil 



5 

 

environment, are complex and can be done by both biological and non-biologically, such 

as nitrogen fixation, mineralization, immobilization, ammonification, nitrification, and 

denitrification (Delwiche 1970).  

 

Figure 2.1 Nitrogen cycle in the ecosystem. 

      Nitrogen fixation occurs naturally by means of lightning. Lightning events produce 

enough energy to break the bonds in atmospheric N2 molecules, causing the elemental N 

liberated to react with oxygen in the air forming nitrogen oxides. Nitrogen oxides then 

dissolve in rain water, producing nitrates and are carried to the soil. Nitrogen fixation can 

also occur synthetically. The most common method is the Haber–Bosch process, which 

requires high pressures and high temperatures, in conjunction with catalytic processes, to 

form ammonia used as a fertilizer. Ammonia can also be further processed to urea and 
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ammonium nitrate (Galloway 1998). Nitrogen fixation also occurs by biological 

conversion of nitrogen. Biological nitrogen fixation is carried out by free-living or 

symbiotic bacteria mostly in soil. For instance, a nitrogen fixing bacteria in the rhizobia 

group invades the roots of legumes to form nodules. The bacteria provide the plant with 

usable nitrogen, while the plant supplies the bacteria with carbons for their need.  

      Immobilization is a process that incorporates inorganic N, such as NH4
+ 

and NO3
-
, 

into complex organic biomolecules that are unusable to plants. Mineralization is the 

inverse process of immobilization. It is a process that converts organic N into inorganic N, 

which is available to plants (Korsaeth et al. 2003).  Nitrate (NO3
-
) is the most common 

nitrogen source available to higher plants (Druart et al. 2000). Nitrogen in this form is 

mobile and leachable because it carries a negative charge and is not adsorbed onto soil 

particles. Ammonium (NH4
+
) is also a preferred nitrogen source for plants. Plants use less 

energy for assimilation in this form when compared to NO3
-
. Ammonium carries a 

positive charge and is adsorbed onto soil particles. In this chemical form, leaching of 

nitrogen does not occur. Nitrogen in the ammonium form can be further converted to the 

nitrate form by soil bacteria (Douglas 1998). Ammonification is a part of mineralization 

(Schimel and Bennett 2004). Organic N exists in soil organic matter, crop residues, and 

manure. Soil microbes break down these complex organic biomolecules into ammonium, 

and this process is referred to as ammonification. Nitrification is the process whereby 

ammonium is oxidized to nitrites (NO2
-
) by some soil bacteria, such as the Nitrosomonas 

species, followed by the oxidation of the nitrites into nitrates by other bacterial species 

such as Nitrobacter (Schimel and Bennett 2004).  Denitrification is the reduction of 



7 

 

nitrates back into nitrogen containing gases, N2O or N2 by another group of soil bacteria, 

such as Pseudomonas, hence completing the nitrogen cycle (Brady and Weil 2002).  

 

2.4 Legume Biological Nitrogen Fixation 

      Biological nitrogen fixation (BNF) is an efficient and renewable source of nitrogen 

for agriculture. It is a process in which atmospheric nitrogen is reduced to ammonia 

catalyzed by nitrogenase by a specialized group of microorganisms, such as the symbiotic 

Rhizobium and Sinorhizobium, or free-living soil bacteria, such as Azospirillum and 

Azotobacter (Wagner 2011). Research into BNF has been focused on the rhizobium-

legume symbiosis because this association plays an important role in the N cycle 

(Mohammadi et al. 2012). This kind of symbiosis exists in different types of legumes, 

such as forage legumes, grain legumes, and some leguminous trees (Liu et al. 2011).  

      The complex process of legume BNF is affected by climatic factors, such as 

temperature and light, by soil conditions such as soil moisture, N concentrations, root 

zone pH, and content of necessary elements, and by biotic factors such as the absence of 

the required rhizobia species, plant genetic variation in N fixation ability, and pest 

damage (Al-Falih 2002). Any of these factors can negatively affect either rhizobial 

growth or that of the host plant itself and therefore can have a significant impact on 

symbiotic N fixation (Mohammadi et al. 2012). 

 

2.5 Plant Species Impact on Ecosystem Nitrogen Cycling 

      Plants are an important part of nitrogen cycle because they take up atmospheric 

nitrogen and produce biomass, which then decomposes and releases nitrogen when they 
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die and decay. Plants can affect either nitrogen inputs (atmospheric deposition, animal 

movement, and nitrogen fixation) or losses (fire, animal movement, leaching, and 

denitrification) (Figure 2. 2). Some species, such as legumes and alder trees, have the 

ability to form a symbiotic relationship with rhzobia, and thus fix atmospheric nitrogen. 

Some species, for instance, the free-living Azotobacter, have effects on asymbiotic 

nitrogen fixation in the soil. In addition, the canopy architecture of plants also affects 

atmospheric deposition rates (Knops et al. 2002). Plant root exudates are important 

sources of carbon, which is a limitation for soil microbes. The carbon supplied by plants 

can determine the rate of net nitrogen mineralization, and consequently affect the 

production of nitrate. Much of the nitrogen lost in the ecosystem is from nitrate leaching. 

Thereby plants affect the nitrogen losses (Schmidt et al. 1997). Nitrogen fluxes in 

ecosystems are influenced by the fire regime. Fire decreases the biomass of the 

vegetation. This reduces water and nitrogen uptake, and results in an increase in soil 

water and nitrogen. As a result, more nitrates can be lost through leaching (Bustamante et 

al. 2006). Moving animals can indirectly increase nitrogen input into an ecosystem. 

Herbivores can slow down nitrogen cycling by eating plants such as legumes, resulting in 

the decrease of nitrogen pools by reducing legume nitrogen fixation (Ritchie et al. 1998). 

However, herbivores can also speed up nitrogen cycling by promoting plant growth and 

providing a more favorable environment for microbial decomposers. The waste of 

herbivores is also an available source of nitrogen for plants (Knops et al. 2002).  
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Figure 2.2 The major pathways of nitrogen inputs and losses (Knops et al. 2002). 

2.6 Alfalfa’s Contribution to the Cycling of Nitrogen in Agricultural Systems 

      Because of the increasing cost and negative impacts of synthetic nitrogen fertilizers 

on the environment, alfalfa, as well as other legumes, play an important role in global 

crop production. Alfalfa forage contains about 17.5% crude protein and 2.8% nitrogen. 

Approximately 76.5% of the total nitrogen in the herbage is derived via symbiotic 

fixation (Peterson and Russele 1991). Vance (1998) reported that alfalfa can fix up to 180 

kg nitrogen per hectare per season. Alfalfa forms a deep and extensive root system and it 

has the capacity to absorb water and nutrients from the deep soil. This root system is very 

efficient in intercepting residual soil nitrogen. Biological nitrogen fixation by alfalfa is 

attributed to an association with nitrogen fixing bacteria, rhizobia. The total nitrogen 

content of soil increases during alfalfa growth. It has been suggested that about 56 kg of 

nitrogen per hectare is added to the soil each year (Peterson and Russele 1991). The 

nitrogen fixed by alfalfa is also available to subsequent crops in the rotation, as crop 
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residues break down (McNeil 2010). Therefore nitrogen fixation by alfalfa provides a 

significant source of nitrogen to the agri-ecosystem.  

 

2.7 Rhizobia 

      Rhizobia are soil bacteria that have the ability to fix nitrogen after establishing 

symbiotic association with root nodules of legumes (Figure 2.3). Rhizobia are gram 

negative, motile, non-sporulating rods (Long 1996). They are now known to be 

phylogenetically diverse and include members of the genera Rhizobium, Bradyrhizobium, 

Sinorhizobium, Mesorhizobium, and Azorhizobium (Mulder et al. 2005). Most of these 

bacterial species are in the family Rhizobiacea. The genus Rhizobium was the first named, 

and it currently consists of 22 species. The genus Sinorhizobium was first described in 

1988 (Weir 2012). The Rhizobium-Legume symbiosis is characterized by a high level of 

host specificity. The host range of rhizobia may be narrow, for instance, the species of 

bacteria Sinorhizobium meliloti that forms nodules with alfalfa will not nodulate dry bean 

or soybean (Gough 2003). The host range could be broad as well, for example, Rhizobium 

sp. NGR 234 forms nodules with over 35 genera of legumes (Mulder et al. 2005). Nodule 

shape varies from spherical to elongate.  
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Figure 2.3 Nodules on alfalfa roots caused by Sinorhizobium meliloti. 

      The rhizobia that nodulate Medicago, Melilotus, and Trigonella species, are currently 

in the genus Sinorhizobium which contains two sister species Sinorhizobium meliloti 

(formerly Rhizobium meliloti; Garau et al. 2005) and Sinorhizobiun medicae (Barran et al. 

2002; Bailly et al. 2006). Sinorhizobium meliloti strain 1021 is one of the most well-

studied and best characterized rhizobia. Its genome consists of three large replicons: a 

chromosome and two megaplasmids. These three replicons have also been sequenced 

(Capela et al. 2001).  

 

2.8 Rhizobium-Legume Symbiosis 

      Legumes interact with rhizobia that convert atmospheric nitrogen into forms that are 

assimilated by plants. The interaction is an endosymbiosis because rhizobia enter legume 

cells (Cooper 2007). The host plant requires that rhizobia produce signal molecules, Nod 
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factors, to identify themselves, in order to prevent pathogens from entering by similar 

mechanisms (Smit 2007).  Once rhizobia enter the root of the host plant, cortical cells 

previously differentiated have to be reactivated and enter the cell cycle so that a nodule 

primordium is formed. Release of rhizobia into primordium cells results in their 

differentiation into a nodule (Gage 2002). The nodules can be classified into two types, 

indeterminate nodules (S. meliloti and M. truncatula) and determinate nodules 

(Mesorhizobium loti and Lotus japonicus; Jones et al. 2007). Indeterminate nodules are 

cylindrical and elongated due to a persistent apical meristem. Nodule organogenesis 

begins with cell division in the inner cortex and pericycle of the root. The mature 

indeterminate nodule consists of several zones: Ι, meristem; ΙΙ, infection; II-III, interzone; 

III, nitrogen fixation; IV, senescence (Figure 2.4). Determinate nodules are relatively 

spherical, do not have the persistent meristem and the cell division begins in the outer 

cortex (Mulder et al. 2005). Nodulation is generally initiated only in a susceptible region 

of the root, behind the root tips. With the development of nodules, the susceptible root 

region loses susceptibility. As a result the number of nodules going to be formed is 

controlled.  

 

Figure 2.4 The development of an indeterminate nodule. The arrow shows the formation of pre-

infection threads (Mulder et al. 2005). 
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      The first step of the nodulation is signal exchange, which allows the rhzobia to enter 

the plant root hair cells. The infection process and the induction of cortical cell divisions 

are caused by Nod factors secreted by rhizobia when they colonize the root of the host 

plant (Smit 2007). Nod factors are lipochitoologosaccharide (LCOs) compounds 

produced by rhizobia. This process is signaled by flavonoids which are aromatic 

compounds (2-phenyl-1, 4-benzopyrone derivatives) secreted in the root exudates of 

legumes. They are the first signals to be exchanged during symbiosis (Figure 2.5a) (Jones 

et al. 2007). Flavonoids bind to bacterial NodD proteins, which are transcriptional 

regulators which in turn induce the transcription of other rhizobial genes (Perret et al. 

2000). Among these induced rhizobial genes there are several nod genes encoding 

enzymes required for the production of Nod factors, which initiate several responses 

required for bacterial invasion of the plant host (Oldroyd and Downie 2004). The first 

response to Nod factor is an increase of calcium in root hairs, followed by calcium 

spiking and the modification to the root hair cytoskeleton. Then Nod factors cause the 

curling of the root hairs, which traps rhizobia within colonized curled root hairs (CCRH) 

(Figure 2.5a). At the same time, Nod factors stimulate root cortex cells to reinitiate 

mitosis to form the nodule primordium and induce cells that will receive the rhizobia 

(Gage 2004).  

      Before rhizobia can fix nitrogen they must be internalized by host cells in the root 

cortex (Perret et al. 2000). The bacteria penetrate host tissue by newly formed tubular 

structures known as infection threads. These structures are formed by trapped bacteria at 

the root hair tip. They produce both Nod factors and a symbiotically active 
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expolysaccharides to induce the ingrowth of the root hair cell membrane, which results in 

bacterial invasion (Figure 2.5b) (Gage 2004; Jones et al. 2007).   

      Once rhizobia enter the host root, they are internalized by cortical cells and a niche is 

formed within those cells. Each bacterial cell is endocytosed by a target cell in an 

endocytic membrane, and this entire unit is called symbiosome (Brewin 2004). Within 

this unit, the internalized bacteria then develop into bacteroids, a differentiated form that 

is capable of nitrogen fixation (Figure 2.5c). This process requires a constant carbon 

supply to provide metabolites and energy (Jones et al. 2007). Once the differentiation 

program is completed, bacteria synthesize enzymes of the nitrogenase complex and begin 

fixing nitrogen. Since the nitrogenase is oxygen-sensitive, the presence of oxygen in the 

symbiosomes would reduce the activity of the enzyme. Legumes produce leghemoglobin, 

which shows red color in nodules, to carry away free oxygen in the cytoplasm of infected 

plant cells to ensure the proper function of the enzyme activity (Fischer 1994).  
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Figure 2.5 Rhizobium-legume symbiosis: (a) the initial signals exchange between Sinorhizobium 

meliloti and Medicago truncatula, Nod factors cause plant cortical cell division and root hair 

curling, (b) root hair invasion by Sinorhizobium meliloti, and (c) endocytosis of bacteria and 

bacteroid differentiation. The figures are modified based on Jones et al. 2007. 
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2.9 Factors Affecting Nodulation  

2.9.1 nod Genes Expression  

      The nod genes are induced by signal molecules, usually flavonoids in the root 

exudates. They encode proteins that are involved in the production of the Nod factors 

(Mulder et al. 2005). The early stages of alfalfa nodule formation include bacterial 

stimulation of cortical cell divisions and bacterial invasion of the host root hairs (Cooper 

2007). At least three sets of S. meliloti nod genes are involved in these early stages of 

nodule formation. One set is nodABC, which present in all Sinorhizobium speicies. The 

second set of nodulation genes in S. meliloti includes nodFE, nodH, nodG, nodPQ and 

others. They are not necessarily present in all Sinorhizobium speicies and these genes 

affect the rate and frequency of nodule formation and influence the host range of the 

bacteria. The third set of nodulation genes, exo genes, is also required for normal nodule 

development. Most exo gene mutations of S. meliloti prevent normal bacterial invasion of 

the plant root (Finan et al. 1985). The genes of the nodABC operon encode the proteins, 

which are essential to make the core structure of Nod factors. Other nod genes make 

modifications to Nod factors that impart host specificity, including the addition of fucosyl, 

sulphuryl, acetyl, methyl, carbamoyl, and arabinosyl residues. They also introduce 

differences in the acyl chain (Perret et al. 2000). A family of regulatory genes, nodD, has 

been identified in all Sinorhizobium species. Expression of nodABC, nodFE, and nodH is 

induced by exudates of legume roots; this activation requires a nodD gene product 

(Mulligan and Long 1989; Long 1996). There are three nodD genes in S. meliloti, 

designated nodD1, nodD2, and nodD3 (Honma and Ausubel 1987). nodD3 requires a 

second gene, syrM (symbiotic regulator), for activating function. syrM can affect both the 
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expression of the nod genes and the expression or activity of the exo genes required for 

invasion of the plant roots (Mulligan and Long 1989). 

 

2.9.2. Nod Factors  

      During early stages of the legume-rhizobia interaction, nodulation (Nod) factors are 

produced by rhizobia. Nod factors are lipochitooligosaccharides (LCOs). The first 

structural formula of a Nod factor from S. meliloti was reported in 1990 (Lerouge et al. 

1990). They are composed of a β-1, 4-linked N-acetyl-D-glucosamine backbone with 

various functional group substitutions at the terminal or non-terminal residues (there 

usually 4 or 5 residues in total) (Long 1996). Nod factors are N-acylated at the non-

reducing terminal residues. Different Nod factors contain different chemical substitutions 

on the sugar residues and /or variations in the structure of the acyl chains (Badri et al. 

2009). For instance, the major Nod factor synthesized by S. meliloti consists of tetra-N-

accetylglucosamine, acylated with a C16:2Δ2, 9 fatty acid, O-acetylated on C6 of the 

terminal non-reducing sugar, and O-sulfated on C6 of the reducing sugar (NodSm-IV, Ac, 

S, C16:2) (Mulder et al. 2006). Nod factors are essential signals in nodulation and 

without nod factors rhizobia cannot enter legume roots (Relic et al. 1994). The Nod 

factors are key determinants of host specificity, infection and nodule organogenesis, 

which stimulate physiological action at very low concentrations (10
-12

 - 10
-9

 M) (Dénarié 

et al. 1996). Nod factors initiate several symbiotic responses in the epidermal, cortical 

and pericycle cells of the host plants during nodulation. In epidermal cells of the host 

plant, Nod factors initiate biochemical responses including ion fluxes, membrane 

depolarization and calcium spiking. Nod factors also stimulate morphological changes 

http://en.wikipedia.org/wiki/Functional_group
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including root hair swelling, root hair branching and root hair curling. For legumes 

producing indeterminate nodules, Nod factors initiate cortical cell divisions in the inner 

cortex and pericycle (Jones et al. 2007). Nod factors are recognized by a specific class of 

receptor kinases called Lysin motifs (LysM) on the plant cell membranes. The M. 

truncatula Nod factor perception (MtNFP) is a member of the LysM family of receptors. 

NFP is the sole gene identified in M. truncatula, which is required for root hair curling 

and the induction of transcriptional changes in response to Nod factor (Mulder et al. 

2006). Many rhizobia produce more than one type of Nod factor. Purified Nod factor can 

initiate several signaling responses without the presence of rhizobia (Barnett and Fisher 

2006).  

 

2.9.3 Phytohormones  

      Plant growth hormones, auxin, cytokinin, gibberellin, and ABA, are present in the 

nodules. The concentrations of these hormones are higher than in the uninfected root 

tissues. Thus it appears plant growth hormones play a role in the nodulation.  Ethylene is 

known as a potent inhibitor of nodulation, and acts at the early stages of nodulation 

(Hirsch and Fang 1994). Ethylene also plays a role in controlling the nodule number 

(Mulder et al. 2005). In M. truncatula, increasing the concentration of ethylene 

precursors 1-aminocyclopropane-1-carboxylic acid (ACC) decreases both the nodule 

number and the initiation of infection threads, while increasing the concentration of 

aminoethoxyvinylglycine (AVG), which is an ethylene synthesis inhibitor, increasing the 

number of nodules and infection threads (Oldroyd et al. 2001). Inhibition of polar auxin 

transport is an early step in nodulation and is controlled by Nod factors. It is suggested 
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that Nod factors cause an increase in both auxins and cytokinins in the progenitor cells of 

nodules. Auxin and cytokinin interact in nodule organogenesis to initiate cell division and 

the formation of nodule primordia (Mulder et al. 2005). Due to an exogenous auxin 

transport inhibitor, the ratio of these two hormones could be unbalanced. An increase in 

the cytokinin/auxin ratio is suggested by the observation that cytokinins applied to roots 

induced divisions in cortical cells (Relid et al. 1993). Similarly, S. meliloti 

transconjugants carrying the tzs (trans-zeatin secretion) gene of Agrobacterium 

tumefaciens, and presumably secreting cytokinin, induced bacteria-free nodules on alfalfa 

(Cooper and Long 1994).  

      There are at least two explanations regarding the relationship between Nod factor and 

nodule organogenesis. One suggests that the Nod factor acts as a hormone to activate cell 

divisions and the formation of nodule primordia. The second hypothesis suggests that 

there is a change in the endogenous hormone balance caused by Nod factor treatment 

(Hirsch and Fang 1994).  

 

2.9.4 Root Exudates and Nodulation 

      Plants release a large variety of organic and inorganic compounds in the root exudates, 

which are involved in complex communication processes in the rhizosphere (Seigler 

1998). Root exudates influence the soil microbial community, modify soil properties, 

inhibit the growth of neighboring plants and enhance beneficial symbiotic associations 

(Long 1996; Sanon et al. 2009). The composition of root exudates include sugars, 

polysaccharides, amino acids, aliphatic acids, aromatic acids, fatty acids, sterols, 

phenolics, enzymes, vitamins, plant growth regulators and other secondary metabolites 
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(Bertin et al. 2003; Prithiviraj et al. 2007). Many of those secondary metabolites have 

been shown to be of ecological significance because they are toxic to insects and plant 

pathogens, or because they act as signalling molecules, in the air as well as in the 

rhizosphere (Bouwmeester et al. 2007). Among these compounds, flavonoids are known 

to act as key signaling molecules for plant microbe interactions in the soil. Flavonoids are 

synthesized by the phenylpropanoid pathway and the acetate-malonate pathway. They act 

as inducers of nod genes of rhizobia, which are essential for the synthesis of Nod factors, 

when released from seed coats or roots of legumes (Cooper 2007). About 30 nod gene-

inducing flavonoids have been isolated from nine legume genera. They are either 

glycones or aglycones from flavonoid subclasses including chalcones, flavones, 

flavanones, isoflavones and coumestans (Cooper 2004).   In the legume-rhizobia 

symbiosis, flavonoids attract rhizobial bacteria and act as specific inducers of rhizobial 

nod genes, which are involved in the synthesis of Nod factors. In roots of legumes Nod 

factors induce the synthesis of flavonoids and eventually in the secretion of more 

flavonoids by the root, which further stimulate the production of Nod factors by the 

bacteria (Steinkellner et al. 2007). Transcription of nod genes is required for Nod factor 

synthesis and is usually mediated by NodD proteins, which are members of the LysR 

family of transcriptional regulators. Flavonoids bind to NodD in the promoter site 

therefore initiate gene transcription (Jones et al. 2007). The first molecule showing nod 

gene-inducing activity in S. meliloti was isolated from alfalfa seeds and identified as 3’, 

4’, 5, 7-tetrahydroxyflavone. This compound is known as luteolin (Peters et al. 1986). 

The dominant flavonoid released from alfalfa seeds was identified as quercetin-3-O-

galactoside. However, this flavonoid does not induce nod genes. Low concentrations (1-
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10 mM) of this compound and other flavonoids, including luteolin-7-O-glucoside, 

aglycones, quercetin, and luteolin, can increase the growth rate of S. meliloti (Hartwig et 

al. 1991).  

 

2.9.5 Environmental Factors  

      Environmental stresses are generally limiting factors to symbiotic nitrogen fixation. If 

the soil nutrients and pH are adequate, the major factors affecting nitrogen fixation 

efficiency are temperature, light, and moisture. Other factors that affect nitrogen fixation 

include high soil nitrogen, phosphorus deficiency, high soil salinity, and soil acidity (Al-

Falih 2002).  

      Legumes need more energy to fix N biologically than take up N from soil. Therefore 

the presence of mineral N in the soil inhibits legume nodulation, nodule establishment 

and nitrogenase activity. However, in some circumstances, certain concentrations of N in 

the soil, normally less than 4 mM for ammonium and less than 2 mM for nitrate, 

stimulates nodule establishment and N fixation. This low concentration of N is termed 

“starter N” (Liu et al. 2011). 

      Nodulation is obviously affected at low pH in alfalfa (Jo et al. 1980). Under soil 

acidity conditions, nodules formed by the rhizobia may not have the ability to fix nitrogen 

or the fixation rate may be inadequate (Mohammadi et al. 2012). S. meliloti usually does 

not grow below pH 5.3. Brockwell et al. (1991) reported a nearly 10
-3

 decrease in the 

number of S. meliloti in soils with a pH<6 compared to those with a pH>7.0. Acid soils 

often contain low concentrations of phosphate and Ca, as well as high concentration of 

heavy metals that adversely affect the process of nodulation. At low pH, even the 
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rhizobial numbers are high, nodulation of alfalfa is reduced (Al-Falih 2002) suggest that 

acidity reduce the efficiency of nodulation.   

      Many soils are rich in salt and have high pH values. The predominant salts in the soil 

are sulphates and chlorides of sodium, calcium, potassium, and magnesium. These areas 

are often considered undesirable for legumes (Al-Falih 2002). Alfalfa is a salt tolerant 

legume, however, the tolerance varies with different salts. For instance, potassium 

chloride has a more negative effect on alfalfa nodulation than magnesium chloride 

(Eaglesham and Ayanaba 1984).   

      Soil temperature is one of controlling factors for nodulation. Rhizobia species show 

varying susceptibility to high temperatures. The optimum temperatures for rhizobia 

growth among different strains and species vary between 25-35 
o
C. The maximum 

temperatures for N fixation differ among species usually from 35 to 40 
o
C and minimum 

temperatures from 2 to 10 
o
C (Liu et al. 2011). It appears that every legume and 

rhizobium combination has an optimum temperature relationship (Mohammadi et al. 

2012).  

      Similar to soil temperature, soil moisture controls N fixation through nodulation and 

gas permeability (Liu et al. 2011).Under drought conditions, the number of rhizobia in 

soils is reduced, and both nitrogen fixation and respiration of nodules are inhibited. 

Excessive moisture in the soil prevents the development of root hair and sites of 

nodulation, and influence on the oxygen diffusion in the plant root system (Al-Falih 

2002). 
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2.10 Seaweed  

      There are about 9,000 species of marine macro-algae, included in the brown, green, 

and red algae (Phaeophyta, Chlorophyta, and Rhodophyta, respectively) groups, based on 

their pigments, such as chlorophylls, carotenoids and phycobilins (Khan et al. 2009). 

Seaweeds are one of the most important marine resources and have long been used as 

human food, fodder, manure, and raw materials for some industries (Sathya et al. 2010). 

Some seaweed products exhibit crop growth-stimulating properties. Application of 

seaweed products is now becoming an accepted practice in horticulture, because of its 

beneficial effects (Fornes et al. 2002). Seaweed application increases plant growth, yield 

and quality, at least in part as the extract contains carbohydrates, plant hormones 

(Abscisic acid, Auxins, Cytokinins, and Gibberellins), hormone-like plant growth 

regulators (Betaines, Brassinosterols, Jasmonates, Polyamines, Salicylates, and Signal 

peptides), trace elements (Fe, Cu, Zn, Co, Mo, Mn, and Ni), vitamins and amino acids 

(Challen and Hemingway 1965; Khan et al. 2009; Craigie 2010). It has been shown that 

seaweed components affect cellular metabolism in plants.  Seaweed extracts also have 

been reported to increase the uptake of nutrient elements from the soil, and enhance plant 

resistance to pests and disease (Beryln and Russo1990; Verkleij 1992). There are a 

number of commercial seaweed products that can be used in agriculture and horticulture, 

which are presented in Table 2.1. 
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Table 2.1. Commercial seaweed products used in agriculture and horticulture (Khan et al. 2009). 

 

      Among brown seaweeds, Ascophyllum nodosum (L.) Le Jol. is the most researched 

(Khan et al. 2008; Khan et al. 2012). It is distributed largely in the cold waters of the 

North Atlantic Ocean extending from eastern Canada to parts of northern Europe 

(Cardozo et al. 2007). A. nodosum contains polysaccharides such as laminaran, fucoidan, 

and alginate (Lane et al. 2006). Among these three polysaccharides, laminaran and 

fucoidan exhibit a wide range of biological activities. Laminaran stimulates natural 

defense responses in plants (Fritig et al. 1998). Cytokinins, auxins and auxin-like 

compounds have been detected in A. nodosum extract. Extracts of A. nodosum (ANE) had 

as much as 50 mg IAA per gram of dry extract (Kingman and Moore 1982). ANE 

contains various betaines and betaine-like compounds, such as Glycine betaine, γ-amino 

butyric acid betaine, δ-aminovaleric acid betaine and laminine (Blunden et al. 1986; Khan 
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et al. 2009). They are N-methylated compounds, which are cytoplasmic osmoticants 

physiologically (Craigie 2010). Betaines protect against osmotic, drought, frost, high 

salinity and high temperature stresses. It is also suggested that betaines may work as a 

nitrogen source when provided in low concentrations (Khan et al. 2009). Foliar and soil 

application of ANE to plants stimulates shoot growth and branching (Temple and Bomke 

1989), enhances endogenous antioxidant activity ( Zhang and Ervin 2004; Di et al. 2011), 

increases root growth and crop yield, and resistance to biotic and abiotic stresses 

(Rayorath et al. 2008b, 2009; Khan et al. 2009). The organic and inorganic composition 

and elemental analysis of the commercial ANE is presented in Table 2.2  

 

Table 2.2. The total organic and inorganic composition and elemental analysis of Ascophyllum       

nodosum extract (ANE) (Acadian Seaplants Limited, technical information). 

 

 

Composition ANE (dry powder) 

Organic Matter 45-55 % 

           Alginic acid 12-16 % 

           Fucose Polymers 13-17 % 

           Mannitol 4-6 % 

           Amino Acids 4-6 % 

 

Other Organic compounds 10-12 % 

Ash 45-55 % 

           Nitrogen 0.8-1.5 % 

           Phosphorus 0.5-1.0 % 

           Potassium 14-18 % 

           Calcium 0.3-0.6 % 

           Iron 75-250 ppm 

           Magnesium 0.2-0.5 % 

           Manganese 8-12 ppm 

           Sodium 3.0-5.0 % 

           Sulfur 1.0-2.0 % 

           Zinc 10-25 ppm 
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Chapter 3.0 Hypothesis and Objectives 

3.1 General Hypothesis  

Application of seaweed extract to alfalfa plants will increase the nitrogen fixation 

potential of alfalfa by altering physiological and molecular processes both under 

greenhouse and field conditions. 

 

3.2 Objectives 

1) To evaluate application of seaweed extracts on the development of nitrogen fixing root 

nodules, vigor and yield of alfalfa under greenhouse and field conditions.  

2) To investigate the mechanism(s) by which seaweed extracts improve the rhizobium-

legume symbiosis.   
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Chapter 4.0 Materials and Methods 

      Seeds of Medicago sativa L. (Alfalfa) cv. Caribou were obtained from the 

Department of Plant and Animal Sciences, Nova Scotia Agricultural College, Truro, 

Nova Scotia. Sinorhizobium meliloti strain 1021 was a kind gift from Dr. Trevor Charles, 

Department of Biology, University of Waterloo, Ontario, Canada. The bacterial culture of 

NodC::LacZ construct of S.meliloti (JM57) was a kind gift from Sharon R. Long, 

Department of Biological Sciences, Stanford University, Stanford, California, USA. The 

culture was maintained on tryptone/yeast extract (TY) media (Vincent 1970) containing 

200 μg mL
-1

 streptomycin. The commercial inoculant of S. meliloti strain NRG-185-1 for 

the field experiments was purchased from the store TRA Cash & Carry (Truro, NS). 

Soluble extract of Ascophyllum nodosum (ANE) powder was provided by Acadian 

Seaplants Limited, Dartmouth, Nova Scotia, Canada. All chemicals (Table 4.1) needed 

for Long Ashton Standard Nutrient Solution (LANS) were purchased from Fisher 

Scientific (Ottawa, ON). All the other chemicals and reagents were of analytical grade 

and were purchased from Sigma Aldrich (Oakville, ON, Canada), unless otherwise stated. 
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Table 4.1. Concentrations of stock solutions for the Long Ashton Standard Nutrient Solution 

Compound Stock 

Conc’n 

(% w/v) 

LANS 

Dilution 

(mL/L) 

LANS 0.1 

x 

Dilution 

(mL/L) 

LANS-M 

SSEP 0.1 x 

Dilution 

(mL/L) 

LANS-M 

pH8 

0.1 x 

Dilution 

(mL/L) 

KNO3 

 

2.02 20 2 2 2 

Ca(NO3)2 

4H2O 

 

4.72 20 2 0.4 0.4 

MgSO4 7H2O 

 

1.84 20 2 2 2 

NaH2PO4 H2O 

 

1.84 10 1 1 0.15 

Fe-citrate H2O 

 

0.25 5 0.5 0.5 0.5 

MnSO4 H2O 

 

0.034 5 0.5 0.5 0.5 

CuSO4 5H2O 

 

0.0125 1 0.1 0.1 0.1 

ZnSO4 7H2O 

 

0.058 1 0.1 0.1 0.1 

H3BO3 

 

0.186 1 0.1 0.1 0.1 

Na2MoO4 

2H2O 

 

0.0121 1 0.1 0.1 0.1 

NaCl 

 

0.585 1 0.1 0.1 0.1 

CoSO4 7H2O 

 

0.0053 1 0.1 0.1 0.1 

KCl 

 

6.24 - - 2 2 

KOH 

 

4.72 - - 2 2 

 

4.1 Greenhouse Experiments 

4.1.1 Plant Growth Assay  

      This experiment was carried out to study the effects of ANE on nodulation and 

growth of alfalfa plants under greenhouse conditions. Alfalfa seeds were planted at a 1.5 
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cm depth in plastic pots (10.2 cm diameter; 3 seeds per pot) containing sterile vermiculite. 

Pots were kept under greenhouse condition set at 22/18 °C day/night temperature, 16:8 

photoperiod, light intensity 200-300 μmol m
-2

s
-1

, and a relative humidity of 75%. Plants 

were thinned to 1 seedling per pot after germination. Nitrogen free Hoagland’s solution 

was applied one week after seeding, followed by application at every 3
rd

 day at the rate of 

100 mL per pot. Solutions of ANE were prepared by dissolving 0.1 g, 0.5 g, 1.0 g, or 2.0 

g soluble powder in 1.0 L distilled water with continuous stirring for 10 min. The 

experimental plants were irrigated with various ANE concentrations at the rate of 50 mL 

per plant on day 10 after seeding, as described by Khan et al. (2008). No ANE (only 

water) was used as the control. Two days after the ANE treatments, the plants were 

inoculated with S. meliloti 1021 OD600 0.1 cell suspension at the rate of 1 mL per plant.  

      Thirty two days after ANE treatment (six week old plants), plants were harvested for 

the observation of nodule formation and growth parameters. Plants were gently removed 

from vermiculite and washed with tap water. Total number of nodules and functional 

nodules (pink or red color due the presence of leghemoglobin) were counted. Root length 

was measured by WinRhizo (Regent Instruments Inc. Quebec, Canada) and leaf area was 

measured by WinFoliar (Regent Instruments Inc. Quebec, Canada). Roots and shoots 

were separately put into paper envelops and dried in an oven at 60 °C. Root dry weight 

and shoot dry weight were measured after 3 days of drying. The experiment was 

conducted following a randomized complete block design with 5 replications for each 

treatment and was repeated 3 times. 
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4.1.2 Seed Priming Assay 

      This experiment was conducted to study the effect of ANE on the growth of alfalfa 

under salinization conditions in the greenhouse. Seeds of alfalfa were soaked in different 

concentrations of ANE (0, 0.25, 0.5, and 1 g L
-1

) for 12 h and were then held at room 

temperature until dry. Alfalfa seeds were then planted at a 1.5 cm depth in plastic pots 

(10.2 cm diameter; 2 seeds per pot) containing Pro-mix applied with 100 mM NaCl. They 

were thinned to 1 plant per pot after germination. Pots were placed under greenhouse 

conditions, as already described for the plant growth assay. One week after germination, 

plants were inoculated with S. meliloti 1021 OD600 0.1 cell suspension (1 mL per plant). 

Application of nitrogen free Hoagland’s solution was initiated one week after planting 

and then applied every 3 days at the rate of 100 mL per pot. Plants were grown for 3 

weeks and then harvested for whole plant length measurement with a ruler. This 

experiment was conducted following a randomized complete block design with 5 

replications for each treatment and was repeated 3 times. 

 

4.1.3 Seed Pelleting Assay 

      This experiment was carried to study the effect of ANE on the early stages of alfalfa 

growth under greenhouse conditions. Seeds of alfalfa were pelleted with a thin layer of 5% 

carboxymethyl cellulose, as a sticking agent, and then treated with different 

concentrations of the mixture of powdered ANE and talc (25%, 50%, 75%, and 100% 

ANE) (Figure 4.1). They were planted 1.5 cm deep in plastic pots (10.2 cm diameter; 2 

seeds per pot) containing Pro-mix. They were thinned to 1 plant per pot after germination. 

Pots were grown under the greenhouse conditions as already described for the plant 
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growth assay. Plants were harvested 5, 10, and 15 days after planting. They were gently 

removed from Pro-mix and washed with tap water. Root length was measured by 

WinRhizo and leaf area was measured by WinFoliar. This experiment was conducted 

following a randomized complete block design with 15 replications for each treatment 

and was repeated 3 times. 

 

Figure 4.1 Alfalfa seeds pelleted with different concentrations of the mixture of powdered ANE 

and talc.  

 

4.2 Laboratory Experiments 

4.2.1 Root Hair Deformation Assay 

      The in vitro root hair deformation assay was conducted to investigate the ability of 

ANE to elicit root hair deformation in alfalfa roots. The root hair deformation assay 

described by Prithiviraj et al. (2000) was used. Alfalfa seeds were surface sterilized in 70% 

ethanol (EtOH) for 1 min and then shaken for 30 min at 100 rpm in 50 mL 2.6% (w/v) 

sodium hypochlorite containing 100 μL Tween-20. The seeds were then rinsed in sterile 

distilled water for 5 times. Seeds were planted on half-strength Murashige and Skoog 
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basal medium (pH 5.8), which contained 1% (w/v) sucrose and 0.8% (w/v) agar in Petri 

dishes (9 cm diameter), at a rate of 5 seeds per plate. Lateral roots of ten-day-old alfalfa 

seedlings were treated with 50 μL of various concentrations of ANE (0, 0.1, 0.5, 1, or 2 g 

L
-1

) by root irrigation. ANE solutions were filter sterilized using a 0.22 μm SFCA syringe 

filter (Corning Inc. NY, USA). One day after the ANE treatments, the roots were 

inoculated with 20 μLS. meliloti 1021 OD600 0.1 cell suspension per plant. Plates were 

kept in the dark at 20 ± 2 °C for incubation. Root hair deformation was observed 6, 12, 

and 24 h post inoculation. Roots of alfalfa were gently cut from plants using a sterilized 

blade and washed with sterile distilled water. They were placed on a microscope slide and 

number of deformed root hairs was observed under a light microscope. For this 

experiment, each petri dish (with 5 plants) is a replicate. The experiment was repeated 2 

times with 3 replications per treatment.  

 

4.2.2 β-Galactosidase Assay 

      S.meliloti JM57 is the rhizobial strain carrying the pRmM57 plasmid which has the 

nodC-lacZ fusion (Mulligan and Long 1985). Assay for β-Galactosidase activity was 

performed to investigate the effect of ANE on the translational fusion NodC::LacZ 

expression. 

 

4.2.2.1. Qualification of the β-galactosidase Activity 

      Different inducer-responses can be measured indirectly by using S.meliloti JM57 

NodC gene expression activity, based on the amount of β-galactosidase activity. Bacteria 

were grown on minimal medium (Hartwig et al. 1991) supplemented with 50 μg mL
-1
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spectinomycin and 20 mg mL
-1

 X-Gal in Petri dishes (6 cm diameter). The X-Gal 

substrate indicated the expression of β-galactosidase activity due to lacZ gene activity, 

where X-Gal is cleaved by β-galactosidase producing 5-bromo-4-chloro-3-hydroxyindole 

and galactose. The former is then oxidized resulting in an insoluble blue pigment. 

Therefore, blue colonies with functional lacZ genes were visually detectable. Media were 

supplemented with different concentrations of ANE (0, 0.1, 0.3, or 0.5 g L
-1

) and 10 μM 

luteolin in the medium was used as the positive control. All ANE were sterilized using 

sterile syringe filters. The plates were incubated with 50 μL of the culture and kept in the 

incubator at 28 
o
C. Observations were taken after one week. 

 

4.2.2.2. Quantification of the β-galactosidase Activity 

      S. meliloti JM57 were grown in liquid minimal medium overnight at 30
o
C. 

Approximately 20 to 50 μL of the overnight culture was added to the fresh minimal 

medium containing ANE 0, 0.1, 0.3, or 0.5 g L
-1

 or 10 μM luteolin used as the positive 

control. They were shaken until bacteria had grown to the mid- or late-log phase: 2-5 × 

10
7
 cells mL

-1
 (OD600=0.5 to 1.0) in minimal medium. The cells were centrifuged 5 min 

at 2500 rpm in a tabletop centrifuge. The cell pellets were then resuspended in an equal 

volume of Z buffer (Miller 1972) and placed on ice. Observations were recorded at 600 

nm using a spectrophotometer (Shimadzu UV-1700, Shimadzu Corp., Tokyo). Samples 

(0.5 mL) were taken and mixed with 0.5 mL Z buffer; one drop of 0.1% SDS and 2 drops 

of chloroform were added, vortexed for 15 sec and equilibrated for 15 min in a 30 
o
C in a 

water bath. The samples were assayed at 30 °C for β-galactosidase using ortho-

nitrophenylgalactoside (ONPG) substrate, as described by Miller (Miller 1972). Before 
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determining the optical density at 420 nm, the samples were centrifuged for 5 min at 

2500 rpm. The β-galactosidase activity was measured as “Miller Units” calculated with 

the following equation: 

              
                          

           
 

Where:  

OD420 is the absorbance of the yellow o-nitrophenol,  

OD550 is the scatter from cell debris, which, when multiplied by 1.75 approximates the 

scatter observed at 420 nm,  

t = reaction time in minutes,  

v = volume of culture assayed in milliliters,  

OD600 reflects cell density. 

This experiment was conducted 3 times with 3 replications per treatment. 

 

4.3 Field Experiments 

4.3.1 Site Description and Treatments 

      The field experiment was conducted in 2009 and 2010 to determine the effect of A. 

nodosum extract on nodulation and growth of alfalfa. The experiment was set up at two 

sites, including the AgriTech Park Field of the Nova Scotia Agricultural College (NSAC; 

Truro Trial), Truro, NS, and the Nappan Research Farm of Agricultural and Agri-Food 

Canada (AAFC; Nappan Trial), Nappan, NS. The native soil at the Truro trial site is a 

very rapidly draining sandy soil (Webb 1991). The climate conditions are cool, humid 

and temperate. The whole year average daily temperature was 6.1°C and annual 

precipitation was 1169 mm (averages calculated from 1971‐2000; Environment Canada 
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2010). Meteorological conditions were recorded via Environment Canada’s weather 

monitoring station in nearby Debert, Nova Scotia. The soil in for Nappan trial was a 

coarse loamy till (<18% clay), 50 – 80 cm deep with a 2‐5% slope (Webb and Langille 

1995), which had the following soil analysis: pH = 6.4, organic matter (OM) % = 3.1, 

total N% = 0.0657, P2O5 = 675 kg ha
-1

, K2O = 185 kg ha
-1

. The climate conditions were 

cool and humid. The whole year average daily temperature was 5.8°C and annual 

precipitation was 1175 mm (averages calculated from 1971‐2000; Environment Canada 

2010). Meteorological conditions were recorded via Environment Canada’s weather 

monitoring station on site at the Nappan Research Station, Agriculture and Agri-Food 

Canada. Fertilizer 3-15-6 Boron 03 was applied before planting at a rate of 290 kg ha
-1

 at 

the Nappan Trial on June 4
th

, 2009, and fertilizer application was done at the Truro Trial 

site on June 5
th

, 2009. These were the only dates fertilizer was applied during this 

experiment. The experiment was conducted following a 6 × 6 Latin Square Design with 6 

treatments (LANS as control; ANE 0, 1, 2, 3, 4 g L
-1

). The area of each plot was 1.5 × 6 

m and two more plots were set up at each side as guard to avoid edge effects (Figure 

4.2a). The Nappan Trail was seeded on June 4
th

, 2009, whereas the Truro Trial was 

seeded on June 5
th

, 2009. Both trials were seeded using a plot drill (Figure 4.2b). The 

seeding rate at both sites was 14 kg ha
-1

. Hand weeding was used whenever weed control 

was required. Seeds of alfalfa were mixed with S. meliloti inoculant at a rate of 14.2 g 

inoculant per 22.7 kg seeds, before seeding. Treatments (25 L for each plot) were applied 

using a watering can for root irrigation (Figure 4.2c); these were applied once a month for 

three months. The first application of treatments was done on June 26
th

, 2009 and June 

29
th

, 2009 for the Nappan and Truro trials, respectively.  
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Figure 4.2 Field site design and treatments: (a) 6 × 6 Latin Square Design experiment, (b) the 

plot drill used for seeding, and (c) watering cans used for ANE application as root irrigation.  

 

4.3.2 Data Collection  

      Plants were harvested for yield determination during the establishment and post 

establishment years (2009 and 2010, respectively). A total of 10 plants from each plot 

were excavated using a shovel to about 15-20 cm depth before each harvest. These 

samples were thoroughly washed using tap water. Total numbers of functional nodules 

were counted based on 5 plants per plot. Total length of the tap root, secondary roots and 

root hairs were measured by WinRhizo based on 5 plants per plot. Total surface area of 

leaves was measured by WinFoliar based on 5 plants per plot. Roots and shoots were 

separated and put in paper bags and dried in a forced air drying oven at 60 
o
C for three 

days. They were then weighed based on 10 plants per plot. Because of severe weed 
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problems at the Truro Trial site, plants were not sampled for the observation of plant 

growth parameters. They were only harvested for the yield analysis. For the 

establishment year, the Nappan trial was first harvested on July 24
th

, 2009 and the Truro 

Trial was first harvested on July 29
th

, 2009; harvests were conducted with a Haldrup 

grass harvester F-55 (Kincaid Equipment Manufacturing, Haven, USA) (Figure 4.3). The 

yield of each plot was weighed and a small amount of leaves (2-3 g) from each plot were 

ground for the mineral element analysis. The second harvest was done on August 28
th

, 

2009 for the Nappan Trial and September 3
rd

, 2009 for the Truro Trial. At the Truro site, 

for the second harvest, there was not enough forage to do a machine harvest, therefore a 

rectangular 0.25 m
2
 quadrate was used for sampling. For the post establishment year, the 

Nappan trial was first harvested on July 19
th

, 2010 and the Truro Trial was first harvested 

on July 23
rd

, 2010 by haldrup. The second harvest was done on September 1
st
, 2010 for 

the Nappan Trial and September 3
rd

, 2010 for the Truro Trial. 
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Figure 4.3 Haldrup used for alfalfa harvesting. 

 

4.3.3 Mineral Element Analysis          

      After drying, alfalfa leaves were ground to a fine powder by using a mortar and pestle.  

Concentrations of the following minerals nitrogen (N), sodium (Na), potassium (K), 

calcium (Ca), magnesium (Mg), iron (Fe), copper (Cu), manganese (Mn), and 

Phosphorous (P) were determined at the Nova Scotia Agriculture Laboratory Services, 

Harlow Institute, Truro, N.S. by the AOAC method 968.08 (radial ICP). 

 

4.4 Statistical Analysis          

      Experimental data were analyzed by one-way analysis of variance (ANOVA) and 

differences between the control and ANE-treated plates were analyzed by Tukey’s 

Honestly Significant Differences (HSD) Test with P≤0.05 using CoStat statistical 
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software (CoHort Software, Monterey, CA).The medium was supplemented with 0 g L
-1

 

ANE, which meant that they received an equal amount of sterilized distilled water in the 

extract treatment, and these were considered as control plants. Field data were analyzed 

using GenStat statistical software (Payne 2002) and the Standard Error of the Mean (SEM) 

for comparison of means was calculated at a probability level of P < 0.05. Polynomial 

contrasts were used to detect differences between the levels of treatments and an 

orthogonal contrast to evaluate the difference between the control and all other treatments. 

All the graphs were generated using SigmaPlot software version 12.0 (Systat Software, 

San Jose, CA). 
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Chapter 5.0 Results  

5.1 Greenhouse Experiments 

5.1.1 Plant Growth Assay  

      Plants treated with ANE at 1 g L
-1

 exhibited a significant increase in the number of 

nodules, over the control plants (Figure 5.1). The average number of nodules for control 

plants was 42, whereas it was 74 in plants treated with 1 g L
-1

 ANE. The average number 

of functional nodules of control plants was 39, whereas it was 44, 61, and 54 in plants 

treated with 0.5, 1, and 2 g L
-1

 ANE, respectively. However, no statistical difference in 

the number of functional nodules between the control and ANE-treated plants was 

observed (Figure 5.1).    

      Plants treated with 2 g L
-1

 ANE exhibited a significant increase in leaf area over the 

untreated plants (Figure 5.2); it was 87 cm
2
 for 2 g L

-1
 ANE-treated plants while controls 

only had 71 cm
2 

leaf areas. Other treatments did not significantly influence the leaf area 

as compared to the untreated control plants. 

      The average root length of control plants was 413 cm, whereas the values were 482, 

500, 459, and 506 cm in plants treated with 0.1, 0.5, 1, and 2 g L
-1

 ANE, respectively. 

The results showed increased trends of total root length in ANE treated plants compared 

to untreated plants (Figure 5.3). However, there was no significant difference observed 

between untreated and ANE-treated plants for root length.  

    Similarly, there was no significant difference found between untreated control and 

ANE-treated alfalfa in root dry weights and shoot dry weights. The average number of 

root dry weight of control plants was 0.31 g, whereas it was 0.28, 0.32, 0.33 and 0.41 g in 

plants treated with 0.1, 0.5, 1, and 2 g L
-1

 ANE, respectively (Figure 5.4). The average 
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number of shoot dry weight of control plants was 0.51 g, whereas it was 0.50, 0.45, 0.60 

and 0.56 g in plants treated with 0.1, 0.5, 1, and 2 g L
-1

 ANE, respectively (Figure 5.5). 

 

Figure 5.1.The effect of different concentrations of ANE on the number of nodules and number 

of functional nodules of alfalfa. Each value represents an average of 5 replicates. Bars indicate 

standard error. 

 

 

 



42 

 

 

Figure 5.2.The effect of different concentrations of ANE on the leaf area of alfalfa. Each value 

represents an average of 5 replicates. Bars indicate standard error. 

 

 

Figure 5.3.The effect of different concentrations of ANE on the root length in alfalfa. Each value 

represents an average of 5 replicates. Bars indicate standard error. 
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Figure 5.4.The effect of different concentrations of ANE on the root dry weight in alfalfa. Each 

value represents an average of 5 replicates. Bars indicate standard error. 

 

 

Figure 5.5.The effect of different concentrations of ANE on the shoot dry weight of alfalfa. Each 

value represents an average of 5 replicates. Bars indicate standard error. 
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5.1.2 Seed Priming Assay 

      Compared to untreated control plants, alfalfa treated with 0.5 g L
-1

 ANE had a 

significantly higher length of the whole plant (Figure 5.6). The total length of the control 

plants was 3.74 cm, whereas it was 4.34 cm in plants treated with 0.5 g L
-1

 ANE. Other 

treatments showed no significant influences on alfalfa length. The average values of 

alfalfa total length were 3.91 and 4.23 cm in ANE 0.25 and 1 g L
-1

 treated plants, 

respectively. However, the results showed increased trends of alfalfa total length in ANE 

treated plants compared to untreated controls.  

 

Figure 5.6.The effect of different concentrations of ANE on the alfalfa length. Each value 

represents an average of 15 replicates. Bars indicate standard error. 
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5.1.3 Seed Pelleting Assay 

      Compared to control plants, 75% ANE had a negative effect on total root length of 

alfalfa 5 days after planting. Alfalfa treated with 25% and 100% ANE exhibited 

significant increases in root length over the control plants 10 and 15 days after planting 

(Figure 5.7). The root length was 10.98 cm in control plants 10 days after planting while 

it was 14.25 and 15.42 cm in plants treated with 25% and 100% ANE. Other treatments 

had numerical increases in the mean value of root length as compared to controls 10 days 

after planting, though there were no statistical differences. The average root length was 

17.44 cm in control plants 15 days after planting, while the root length in 25% and 100% 

ANE treated plants were 22.08 and 21.26 cm, respectively. Compared to control plants, 

50% ANE had a negative effect on total leaf area of alfalfa 5 days after planting. 

However, plants treated with ANE all showed significant increases in leaf area as 

compared to controls 10 days after planting (Figure 5.8). The average leaf areas in 25%, 

50%, 75%, and 100% ANE treated plants significantly increased and were 5.99, 4.78, 

4.79, and 5.87 cm
2
, respectively compared to the 3.48 cm

2
 in the control. There was no 

significant difference observed between control and ANE-treated alfalfa 15 days after 

planting.  
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Figure 5.7.The effect of seed pelleting with different concentrations of ANE on root length of 

alfalfa. Each value represents an average of 15 replicates. Bars indicate standard error. 

 
Figure 5.8.The effect of seed pelleting with different concentrations of ANE on leaf area of 

alfalfa. Each value represents an average of 15 replicates. Bars indicate standard error. 
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5.2 Laboratory Experiments 

5.2.1 Root Hair Deformation Assay 

      ANE treatments had a significant influence on root hair deformation as compared to 

control plants 6 and 12 h post inoculation (Figure 5.9). Only 4% deformed root hairs was 

observed 6 h post inoculation in control plants, while 40% deformed root hairs was 

observed in ANE 0.5 g L
-1

 treated alfalfa. The percentage of the deformed root hairs in 

control plants increased to 24% 12 h post inoculation, while ANE 0.5 g L
-1

 treated alfalfa 

still had the most deformed root hairs with 42%. Though no significant increases were 

observed for controls and treated plants 24 h post inoculation, the results showed a 

similar trend as in 6 and 12 h post inoculation. Alfalfa treated with 0.5 g L
-1

 ANE 

exhibited a highest mean value of deformed root hairs with 50%. The number of 

deformed root hairs then decreased with the increased concentration of ANE.

 

Figure 5.9.The effect of different concentrations of ANE on the root hair deformation of alfalfa. 

Each value represents an average of 3 replicates. Bars indicate standard error. 
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5.2.2 β-Galactosidase Assay 

5.2.2.1 Qualification of the β-galactosidase Activity 

      Qualification of the β-galactosidase activity is shown in figure 5.10. Bacterial 

colonies were white on control plates, which indicated no or undetectable expression of 

nodC genes. Bacterial colonies turned blue on ANE-treated plates and luteolin (positive 

control) plates. With the increased concentration of ANE, the color of bacterial colonies 

turned darker, which suggested that higher concentration of ANE induced higher 

expression of nodC genes. However, as the concentration of ANE added to the minimal 

medium increased, the color of the medium also turned darker due to the color of the 

seaweed powder. The color of bacterial colonies could be the reflection of the 

background. Therefore, quantification of the β-galactosidase activity was conducted to 

confirm the results found from this experiment.  

 

         Control               0.1 g L
-1

              0.3 g L
-1

              0.5 g L
-1

            Luteolin 

Figure 5.10. Qualification of the β-galactosidase activity of S. meliloti JM57 grown on minimal 

medium supplemented with different concentrations of ANE (0, 0.1, 0.3, and 0.5 g L
-1

) and 

luteolin. 

 

5.2.2.2 Quantification of the β-galactosidase Activity 

      The results of qualification of the β-galactosidase activity were confirmed by the 

quantification of the β-galactosidase activity. Although the number of Miller units was 

higher in the luteolin treatment than in ANE treatments, ANE treatment at 0.5 g L
-1
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significantly increased, almost 2-fold the number of Miller units as compared to controls 

(Figure 5.11).  

 

                  Control                 0.1 g L
-1

               0.3 g L
-1

              0.5 g L
-1

             Luteolin    

Figure 5.11. Quantification of the β-galactosidase activity of S. meliloti JM57 grown in liquid 

minimal medium supplemented with different concentrations of ANE (0, 0.1, 0.3, and 0.5 g L
-1

) 

and luteolin. Each value represents an average of 3 replicates. Bars indicate standard error.  

 

5.3 Field Experiments 

5.3.1 Meteorological Conditions 

      The average daily temperatures measured for Nappan, NS during the study period did 

not frequently deviate from climate normal air temperatures (Figure 5.12a). The months 

of July and September in the year 2010 were slightly warmer than climate normals. 

Average monthly temperatures monitored during the growing seasons of 2009 and 2010 

for Nappan were 15.4 and 15.2 °C (June), 17.5 and 19.9 °C (July), 18.6 and 18.4 °C 

(August), and 13.1 and 15.3 °C (September). The total precipitation received during the 

study period from June until September was 425 mm in the year 2009 and 422 mm in the 
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year 2010. In the year 2009, more than 60% of precipitation fell in July and August 

which was much more than average rainfall levels. In the year 2010, approximately 70% 

of precipitation fell in June and July. Rainfall was much less in August compared to 

climate averages (Figure 5.12b).   
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Figure 5.12. Weather conditions in Nappan, NS in 2009 and 2010 compared to average climate 

conditions 1971-2000: (a) normal vs. 2009 vs. 2010 temperature, and (b) normal vs. 2009 vs. 

2010 precipitation (Data obtained from Environment Canada: 

http://www.climate.weatheroffice.gc.ca/).  

a 

b 



52 

 

5.3.2 Dry Matter Yield 

      The average dry matter yield in 2009 was 2.29 t ha
-1

. The average dry matter yield in 

2010 was 4.78 t ha
-1

. In 2009, the plots treated with 1 g L
-1

 ANE had the highest yield at 

2.43 t ha
-1

 while the highest yield in 2010 was 5.37 t ha
-1

 from the plots treated with 4 g 

L
-1

 ANE. Control and 0 g L
-1

 treatments were the least productive in years 2009 and 2010 

(Figure 5.13). However, there were no significant differences observed between control 

and ANE-treated plant or among ANE treatments. 

 
 
Figure 5.13. Mean annual dry matter yield during the establishment year (2009) and the post 

establishment year (2010) of alfalfa plots treated by varying rates of ANE.   

 

 



53 

 

5.3.3 Total Number of the Functional Nodules 

      Not many nodules were collected in either 2009 or 2010 due to the tough soil 

conditions when sampling by using a shovel. Only about 15 cm roots could be excavated. 

The average of the total number of functional nodules per plant in 2009 and 2010 was 16 

and 13, respectively. There was no significant difference between control and treatments 

in both years 2009 and 2010 (Figure 5.14).  No significant differences among each 

treatment were observed in the year 2009. However, in year 2010 there was a significant 

difference among treatments (P = 0.01) and ANE 1 g L
-1

 treatment produced the greatest 

number of the functional nodules while 0 g L
-1

 ANE treatment (water) was the least 

productive.  
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2009, (Ctrl vs Drench); p = NS

2010, (Ctrl vs Drench); p =  NS

2009, Quad; p = NS

2010, Quad; p = 0.010
 

Figure 5.14.  Mean total number of functional nodules per plant during the establishment year 

(2009) and the post establishment year (2010) of alfalfa plots treated by varying rates of ANE.  

 

5.3.4 Total Root Length 

      The average total root length per plant in years 2009 and 2010 were102.19 cm and 

166.75 cm, respectively. The statistical analysis showed no significant differences on 

average total root length among control or treatments in the year 2009 (Figure 5.15). On 

the contrary, the ANE treatments significantly (P<0.001) altered the root length 

compared to the control in the year 2010. The treatment ANE 3 g L
-1

 caused a statistically 

increase in average root length (212.20 cm) compared to the control (124.93 cm).  
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2009, (Ctrl vs Drench); p = NS
2010, (Ctrl vs Drench); p < 0.001  

Figure 5.15.  Mean total root length per plant during the establishment year (2009) and the post 

establishment year (2010) of alfalfa plots treated by varying rates of ANE. 

 

5.3.5 Total Leaf Area 

      The average total leaf area per plant in years 2009 and 2010 were 87.34 cm
2
 and 

213.54 cm
2
, respectively. There were not statistical differences between control and 

ANE-treated alfalfa or among ANE treatments in the year 2009 (Figure 5.16). In 2010, a 

significant difference between control and treatments (P = 0.002) was observed for the 

ANE 1 g L
-1

 treated plants where they showed an increase in the average leaf area 

(291.03 cm
2
) compared to the control ( 124.90 cm

2
 ).   
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2009, (Ctrl vs Drench); p = NS
2010, (Ctrl vs Drench); p =  0.002
2009, Quad; p = NS
2010, Quad; p = 0.011

 

Figure 5.16.  Mean total leaf area per plant during the establishment year (2009) and the post 

establishment year (2010) of alfalfa plots treated by varying rates of ANE. 

 

5.3.6 Root Dry Weight  

      The average root dry weight per plant in the years 2009 and 2010 were 0.32 and 1.81 

g, respectively. Statistical analysis of average root dry weight showed no significant 

difference between control and other treatments or among treatments in either the years 

2009 or 2010 (Figure 5.17). 
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Figure 5.17. Mean root dry weight per plant during the establishment year (2009) and the post 

establishment year (2010) of alfalfa plots treated by varying rates of ANE. 

 

5.3.7 Shoot Dry Weight  

      The average shoot dry weight per plant in the years 2009 and 2010 were 0.91 and 

4.21 g, respectively. Similarly to root day weight, there were no significant differences 

between control and ANE-treated plant or among ANE treatments in either 2009 or 2010 

(Figure 5.18).  
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Figure 5.18. Mean shoot dry weight per plant during the establishment year (2009) and the post 

establishment year (2010) of alfalfa plots treated by varying rates of ANE. 

 

5.3.8 Mineral Element Analysis 

      The macro and micro-element concentrations in ANE-treated and control plants are 

shown in Table 5.1. They were not significantly influenced by ANE treatments. However, 

alfalfa treated with 1 g L
-1

 ANE had more K, Fe, Mn, and Cu content compared to the 

control and other ANE treatments.   
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Table 5.1. Effects of different concentrations of ANE on some mineral elements (dry weight 

basis) in alfalfa leaves
 a 

 

Trt N P K Ca Mg Na Fe Mn Cu 

 (mg/g) (mg/g) (mg/g) (mg/g) (mg/g) (mg/g) (µg/g) (µg/g) (µg/g) 

Control 43.6a 3.6a 23.5a 22.6a 4.9a 0.6a 282.3a 80.6a 12.2a 

0 g L-1 43.5a 3.7a 23.2a 22.0a 4.6a 0.7a 403.9a 80.3a 12.8a 

1 g L-1 43.2a 3.5a 26.1a 22.0a 4.6a 0.6a 542.1a 91.1a 13.0a 

2 g L-1 44.8a 3.6a 25.3a 23.2a 4.9a 0.5a 350.1a 84.9a 12.1a 

3 g L-1 45.6a 3.6a 23.6a 22.0a 4.7a 0.6a 395.6a 85.2a 12.1a 

4 g L-1 43.4a 3.5a 25.0a 22.3a 4.7a 0.6a 299.9a 78.6a 11.5a 

a
 Values in the same column with the same letters are not significantly different (P < 0.05). 
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Chapter 6.0 Discussion 

      Given the currently increasing global population, there is a need for increased world 

food production. Plants play an important role as a food source for humans and a feed 

source for animals. In order to satisfy these demands, fertilizers, herbicides, pesticides, 

fungicides, and plant breeding have frequently been used to improve the quality and 

production of plants. However, there are serious concerns about the negative impacts of 

chemical products on human health and the ecosystem. From this perspective, it is 

important to explore the potential of naturally occurring plant-based products, such as 

biostimulants (e.g. substances extracts from marine algae), that can improve the growth 

and yield of plants with minimal adverse environmental impact. 

      A number of different algae have long been used to increase crop productivity when 

applied to soils as soil conditioning agents. The current commercial extracts are 

manufactured mainly from the brown seaweeds Ascophyllum nodosum, Laminaria spp., 

Ecklonia maxima, Sargassum spp., and Durvillaea spp. (Craigie 2010). Several studies 

have suggested that seaweed extracts have beneficial effects on plant growth, yield and 

biotic and abiotic stress tolerance due to the supply of essential nutrients, plant hormones 

and plant growth regulators contained in the seaweed extracts, and to improved soil 

texture and water holding capacity (Craigie 2010; Khan et al. 2012). Plants treated with 

seaweed extracts exhibit a wide range of responses, for instance, improved root 

development, growth and yield, leaf content of nutrients, resistance to biotic and abiotic 

stresses, have been well described in lots of studies (Temple and Bomke 1989; Verkleij 

1992; Hong et al. 2007; Khan et al. 2009; Sunarpi et al. 2010). 
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      Ascophyllum nodosum, one of approximately 2,000 species of brown seaweeds, is the 

most researched seaweed (Khan et al. 2009). Extracts of A. nodosum (ANE) have been 

used as fertilizers, biostimulants, and soil conditioners for a long time (Khan et al. 2012). 

Numerous studies have reported that ANE increase plant growth, yield and quality, fruit 

quality, improve the uptake of nutrient elements from soil, enhance phenolic antioxidant 

content in plants, impart plant resistance to pests and diseases, and mitigate the effects of 

environmental stresses such as salinity and freezing (Beryln and Russo1990; Verkleij 

1992; Nabati et al. 1994; Rayorath et al. 2008b, 2009; Khan et al. 2009; Abdel-Mawgoud 

et al. 2010; Di et al. 2011). The mechanisms by which ANE affects plant metabolism are 

probably due to the carbohydrates, plant hormones, hormone-like plant growth regulators, 

trace elements, vitamins and amino acids contained in extracts (Challen and Hemingway 

1965; Khan et al. 2009; Craigie 2010). These components affect cellular metabolism in 

plants associated with stress tolerance may be the cause of the increase plant growth. 

Temple and Bomke (1989) reported that foliar and soil application of ANE stimulated 

shoot growth and branching in bean crop. Khan et al. (2008) reported that ANE improved 

root nodulation in alfalfa. Rayorath et al. (2008a) also indicated that ANE promoted root 

and shoot growth in Arabidopsis. However, the physiological and molecular mechanisms 

responsible for the improvement in plants remain unclear.  

      Among 60 plant species in the genus Medicago, M. sativa (alfalfa) is the most widely 

cultivated perennial species. This crop predominates, among the legumes, in the supply of 

feed for livestock in Nova Scotia and other places. Alfalfa forage has about 17.5% crude 

protein and 2.8% nitrogen. Approximately 76.5% of the total nitrogen in the herbage is 

derived from symbiotic fixation (Peterson and Russele 1991). The present studies were 
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carried out to investigate the effect of ANE in growth and nodulation of alfalfa both in 

the greenhouse and under soil conditions. Moreover, the physiological and molecular 

basis of the growth improvement was studied.   

      The results of this thesis research demonstrated that application of ANE imparts 

effects on nodulation and growth of alfalfa, under both greenhouse and field conditions. 

Plant growth assay revealed that plants treated with ANE at 1 g L
-1

 exhibited a 1.8-fold 

increase in the number of nodule over the control plants. However, no significant 

difference was found on the number of functional nodules between control and ANE-

treated plants. Alfalfa treated with 2 g L
-1

 ANE exhibited a significant increase in leaf 

area as compared to controls. No statistical differences were observed on the root length, 

root and shoot dry weight compared to control. Some concentrations of ANE (e. g. Figure 

5.2) even had negative effects on alfalfa growth. The results here were different from a 

study conducted by Khan et al. (2008). They found that root irrigation with ANE 

significantly improved the total number of functional nodules and root dry weight of 

alfalfa. It is reported that under near optimal conditions, plants may have least response to 

seaweed products (Craigie 2010). Under certain conditions, such as adequate nutrient 

availability, seaweed extracts may even be inhibitory (Reitz and Trumble 1996). Reitz 

and Trumble (1996) also pointed out a particular ANE was not beneficial for stimulating 

the plant growth.   

      Soil salinization is one of the most important environmental factors affecting plant 

growth and yield all over the world. In legumes, high salinity suppresses photosynthesis 

and reduces the dry mass of shoots, roots, and nodules (Ibragimova et al. 2006). Since 

plants may have least response to seaweed products under ideal growth conditions, the 
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effect of ANE on the growth of alfalfa was evaluated in the greenhouse under the salt 

stress condition. In this study, alfalfa treated with 0.5 g L
-1

 ANE exhibited a significant 

increase in total length as compared to control plants. Nabati et al. (1994) also reported 

that in saline environment, seaweed extracts enhanced the growth and foliage weight, and 

stimulated rooting in Kentucky bluegrass. This improvement might be a result of an 

increase in the biosynthesis of endogenous cytokinins and betaine stimulated by ANE. 

Higher cytokinin concentrations in root systems help the transport of essential substances 

from roots to whole plants where they are needed (Nelson and Van Standen 1984). 

Betaines protect against drought, frost, high salinity or high temperature stresses in plants 

(Khan et al. 2009). 

      Seed pelleting with different coating materials is used to protect against unfavorable 

soil conditions. In legumes, seed pelleting with lime and gypsum increase nodulation, 

shoot and root growth in the saline alkali soil due to the protective influences (Chhonkar 

et al. 1971). Our seed pelleting assay showed ANE (75% and 50%) had a negative effect 

on root length and leaf area 5 days after planting. However, there was a significant 

increase in root length in ANE coated plants (25% and 100% ANE) 10 and 15 days after 

planting. It was interesting to find a similar pattern in root length 10 and 15 days after 

planting that lower concentration of ANE (25%) and higher concentration of ANE (100%) 

had significant effects on plants, whereas 50% and 75% ANE did not influence on alfalfa. 

The reason was unclear. ANE treatments also improved the leaf area of alfalfa 10 days 

after planting. However, there was no significant difference in leaf area between control 

and ANE-treated plants 15 days after planting. The significant increase in root length of 

ANE-treated plants is probably, at least in part, attributed to the increase of endogenous 
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plant hormones stimulated by ANE when seeds start to germinate (Reitz and Trumble 

1996). This suggests that ANE treatment through seed pelleting may induce specific 

systemic physiological responses leading to promotion of root length and leaf area.  

      The ANE treatments were applied as root irrigation or seed treatment, but resulted in 

an enhancement of growth at the whole plant level. These physiological, biochemical and 

molecular changes in extract treated plants were investigated using a combination of 

biochemical and molecular analyses.  

      Root hair deformation is frequently used to study the activity of Nod factors since it is 

a simple and rapid assay. Nod factors trigger the root hair deformation at early stage of 

nodulation. It is reported that 5 to 10 min of Nod factor-root interaction is sufficient to 

induce root hair deformation in vetch (Heidstra et al. 1994). In this study, alfalfa treated 

with ANE at 0.5 g L
-1

 had approximately 40% deformed root hairs 6 h post inoculation, 

whereas control plants only had 4% deformed root hairs. Other treatments also caused 3 

to 6-fold increases in deformed root hairs. The results of 6, 12, and 24 h post inoculation 

were following a similar trend that most deformed root hairs were observed in ANE 0.5 g 

L
-1

 treated alfalfa. The number then decreased with the increased concentration of ANE 

(Figure 5.9). It is reported that when alfalfa plant roots were treated with ANE before 

Sinorhizobium meliloti inoculation, the number of bacteria present or attached to the root 

hairs increased (Khan et al. 2012). This could be due to the stimulation by ANE treatment 

of the alfalfa roots to produce specific secondary metabolites, flavonoids for instance, 

thus attracting S. meliloti to the root hairs and accelerating root hair deformation. The 

increase in the number of deformed root hairs also suggested that ANE may contain 

compounds, which are able to induce nod genes expression and therefore stimulate the 
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synthesis of Nod factors secreted by S.meliloti. In order to confirm this hypothesis, a β-

galactosidase assay was conducted to investigate the molecular basis of ANE effects on 

nodulation in alfalfa, specifically on the expression of nodC genes of the associated 

rhizobia. The rhizobium-legume symbiosis begins with a signal molecule exchange 

process between the two potential partners. Flavonoids secreted by the roots of legumes 

trigger the expression of the nod genes, resulting in the synthesis of Nod factors. Both 

qualitative and quantitative analysis of the β-galactosidase activity revealed that ANE 

treatments at 0.5 g L
-1

 significantly increased the expression of nodC genes, which 

encode the proteins essential to make the core Nod factors structure, as compared to 

controls. The results here were consistent with the results from root hair deformation 

assay. β-galactosidase results suggested that ANE may act in a way similar to flavonoids 

in the rhizobium-legume symbiosis. However, further studies are needed to determine the 

nature of the chemical(s) present in the ANE. 

      The average daily temperatures measured for Nappan, NS during the field study 

period did not frequently deviate from climate normal air temperature. The total 

precipitation received during the study period at the Nappan site was almost the same in 

years 2009 and 2010, although slightly more than climate averages. In the establishment 

year (2009), statistical analysis showed that ANE treatments did not significantly modify 

the nodulation and growth of alfalfa. However, in the post-establishment year (2010), 

results showed that ANE treatments increased the total number of functional nodules, 

total root length and total leaf area. No significant differences were observed in the total 

dry matter yield, root and shoot dry weight. In 2010, alfalfa treated with ANE 3 g L
-1

 

exhibited a significant increase in total root length (Figure 5.15), whereas ANE did not 
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influence on root dry weight (Figure 5.17). The discrepancy could be due to the different 

sampling sizes. The total root length was measured based on 5 plants per plot, while the 

roots were weighed based on 10 plants per plot. Similarly, alfalfa treated with ANE 1 g L
-

1
 exhibited a significant increase in total leaf area (Figure 5.16), the results were based on 

5 plants per plot, whereas ANE did not influence on shoot dry weight (Figure 5.18) based 

on 10 plants per plot. The statistical analyses were summarized in Appendix. 

      Rathore et al. (2009) found that the application of Kappaphycus alvarezii extract, a 

species of red alga, enhanced the growth parameters measured for soybean, e.g. plant 

height, number of plants per square meter, number of branches per plant and yield. They 

also reported that with increasing concentration of seaweed extract, those growth 

parameters gradually increased. Similar results were also found in rice (Sunarpi et al. 

2010) and watermelon (Abdel-Mawgoud et al. 2010). As mentioned before, under 

different conditions, seaweed products are not beneficial on plants, or may even be 

inhibitory. The different degree of response caused by seaweed extract application could 

be due to application rates, frequency and timing of the treatments in different season, 

geographical location and local environmental conditions (Craigie 2010). Under 

greenhouse conditions, high concentrations of ANE ( > 5 g L
-1

) have negative impacts on 

plants, probably because they contain large amounts of sodium and potassium. Under 

field conditions, there are too many variables that cannot be controlled, such as climate 

factors, soil conditions and biotic factors, therefore lower concentrations of ANE may not 

have significant effects on plant growth and development. 

      In the field study, ANE at 1 g L
-1

 significantly increased the total number of 

functional nodules and total leaf area on alfalfa in 2010. ANE at 3 g L
-1

 significantly 
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improved the total root length. Earlier experiment in our laboratory showed that ANE at 1 

g L
-1

 significantly improved the total number of functional nodules (up to 100/plant), and 

root dry weights of alfalfa in the greenhouse (Khan et al. 2008; Khan et al. 2012). In the 

present work, no significant effect of ANE was found in regard to root dry weights 

between the control and other treatments. Although ANE treatment showed a significant 

increase in the total number of functional nodules, the numbers excavated per plant were 

very low (average 14/plant). There were numerous nodules remained in the soil. The 

difference between previous findings and our results here was due to the specific root 

growth habits of alfalfa in the field and the soil conditions. Alfalfa is able to form a deep 

and extensive root system, penetrating to 3 to 5 m into the soil in order to bring up water 

and nutrients. The taproots near the soil surface could reach 5 to 10 mm in diameter. 

About 30 to 50 cm under the soil surface, abundant lateral roots usually grow parallel 

with the soil surface up to 30 cm and therefore the soil could be all occupied by the roots 

of alfalfa. Nodules could be present throughout the whole root system but abundant 

nodules are found in the surface 50 to 60 cm of soil (Burton 1972). Meanwhile, the soil 

was dry and tough with lots of small rocks when samples were excavated. Only about 15 

cm roots could be excavated. Taken all together, this root habits in the field and the soil 

texture increased the difficulties of simple sampling with a shovel.         

      Previous studies have found that the application of seaweed extract significantly 

increases the macro and micro-element concentrations in plants. Rathore et al. (2009) 

reported that using seaweed extract from Kappaphycus alvarezii increased N, P, and K 

uptake by soybean. Butler and Hunter (2006) found the application of ANE increased leaf 

tissue N, P, K, and Fe in turfgrass. Chouliaras et al. (2009) reported that ANE increased 
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K, Fe, and Cu in olive leaves. Previous studies in our laboratory also showed that ANE 

application at 1 g L
-1

 significantly increased K and Fe concentrations in spinach leaves 

(unpublished data). However, our results showed no significant increase of the macro- 

and micro-element concentrations in ANE treated alfalfa leaves. 

      The application of ANE influences growth parameters, for instance, number of 

functional nodules, root length, and leaf area of alfalfa. The difficulties of the field study 

came from the soil conditions, weather conditions, plant habits, the determination of the 

concentration and amount of ANE used in the study, and the methods used for sampling 

and plant cleaning.   

      In conclusion, we found that ANE-modulated specific metabolic pathways both in 

alfalfa and the bacterium, resulting in enhanced rhizobium-legume symbiosis. The effect 

of ANE on alfalfa is probably due to its numerous components such as carbohydrates, 

plant hormones, hormone-like plant growth regulators, trace elements, vitamins and 

amino acids. This naturally occurring plant-based product can improve the growth and 

yield of plants but have less adverse environmental impact thus the investigations into the 

mechanism(s) by which ANE treatment may exert such beneficial effects on alfalfa have 

to be further extended. Although ANE treatment has no direct effect on the growth 

number of bacteria (Khan et al. 2012), it does have an influence on the induction of nodC 

gene expression. Analysis of the effect of ANE on Nod factors and other nod genes, such 

as nodD, as well as early nodulin genes induced in alfalfa (e.g. Enod11 and Enod12 gene) 

should be further studied.  
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Appendix:  Field ANOVA Table  

Treatment DM Yield 

 t ha
-1

 

# Of Functional 

Nodule 

Root Length  

 cm 

Leaf Area   

 cm
2
 

Root DW          

g 

Shoot DW    

  g 

2009 2010 2009 2010 2009 2010 2009 2010 2009 2010 2009 2010 

Control 

0 g L
-1

 

1 g L
-1

 

2 g L
-1

 

3 g L
-1

 

4 g L
-1

 

2.20 

2.22 

2.43 

2.29 

2.25 

2.35 

4.60 

4.35 

4.77 

4.68 

4.89 

5.37 

16 

15 

16 

17 

16 

16 

13 

10 

14 

14 

12 

12 

110.12 

102.30 

97.05 

110.33 

99.42 

93.90 

124.93 

173.48 

170.93 

171.42 

212.20 

147.53 

92.97 

73.48 

88.76 

95.81 

80.28 

92.71 

124.90 

210.00 

291.03 

233.40 

263.17 

158.77 

0.29 

0.35 

0.32 

0.32 

0.28 

0.34 

1.89 

1.86 

1.71 

1.69 

1.81 

1.89 

0.85 

0.90 

0.86 

0.95 

0.79 

1.09 

3.95 

3.88 

3.84 

3.74 

4.88 

4.96 

Mean 2.29 4.78 16 13 102.19 166.75 87.34 213.54 0.32 1.81 0.91 4.21 

SEM 0.161 0.423 1.120 0.954 10.575 11.445 7.967 27.157 0.030 0.183 0.089 0.704 

F prob.  

Ctrl VS 

SWT 

NS NS NS NS NS 0.001 NS 0.002 NS NS NS NS 

Lin SWT NS NS NS NS NS NS NS NS NS NS NS NS 

Quad SWT NS NS NS 0.010 NS NS NS 0.011 NS NS NS NS 
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