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Abstract 

Forage legumes play a crucial role in agriculture due to their symbiotic nitrogen fixation (SNF) 

ability by forming a symbiotic relationship with soil rhizobia, providing high-quality forage to 

livestock and improving soil health. The changing global climate is predicted to increase the 

frequency and intensity of drought, a known stress factor that negatively impacts forage legumes. 

Furthermore, forage legumes frequently undergo defoliation stress through pests and grazing in 

managed agricultural systems, which changes the source-sink relationship between above-ground 

and below-ground tissues. We hypothesize that the influence of drought and defoliation can 

potentially influence root nodulation, plant growth, SNF, and nitrogen rhizodeposition in forage 

legumes. In addition, the changes in plant physiology and biochemical processes induced by these 

stress factors can influence the soil microbiome and enzyme activities. The main objective of this 

project is to evaluate the effects of drought and defoliation stresses on plant growth, plant 

physiological responses, SNF, and their consequential influence on soil enzyme and microbial 

dynamics in forage legumes. Two separate greenhouse pot experiments were conducted using 

alfalfa (Medicago sativa L.) and red clover (Trifolium pretense L.) to evaluate the effect of drought 

and defoliation stresses on the above parameters. Alfalfa and red clover seedlings were inoculated 

with Sinorhizobium meliloti 1021 and Rhizobium leguminosarum biovar trifolii Mj43, respectively, 

and were grown until the flowering stage before applying drought and defoliation treatments. 

Drought study was conducted by maintaining soil moisture at 20% field capacity (FC) (severe 

drought), 40% FC (moderate drought), and 80% FC (well-watered) for three weeks. Defoliation 

treatments were simulated by trimming half of the above-ground biomass (mild defoliation) or 

leaving only 2 cm stubble under severe defoliation treatment. Overall, drought and defoliation 

significantly reduced nodulation in alfalfa and red clover. Drought negatively affected both shoot 



iii 

 

and root biomass, while defoliation only negatively influenced root biomass while improving the 

final total shoot biomass. Drought was also found to reduce SNF, while SNF was reduced only in 

red clover following defoliation. On the other hand, soil available nitrogen was increased following 

severe drought stress and defoliation. In addition, drought significantly reduced N-acetyl-

glucosaminidase and β-D cellobiosidase enzyme activities in alfalfa and red clover soil, 

respectively. On the contrary, defoliation positively influenced β-1, 4-glucosidase, β-D-

cellobiosidase, and phosphatase enzyme activities in soil under both forage legumes. Lastly, 

microbiome data showed shifts in the relative abundance of some key bacterial taxa under drought 

and defoliation stresses. Overall results suggest that drought and defoliation induced varied 

influences on SNF and plant growth, eliciting different effects on nutrient cycling enzyme 

activities, soil nitrogen availability, and shifts in soil microbial diversity. 

 

Keywords: forage legumes, drought, defoliation, nodulation, symbiotic nitrogen fixation, soil 
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Chapter 1 – Literature review 

 

1.1. Importance of legumes in agriculture 

Effective management of nitrogen (N) in the cropping system has become a priority 

worldwide due to the risk of environmental pollution linked with synthetic N fertilizer. The 

excessive use of inorganic N fertilizer can lead to nitrate leaching into the groundwater (Camargo 

and Alonso, 2006) and an increase in greenhouse gas emissions due to denitrification (Follett and 

Delgado, 2002). Consumption of contaminated water will inevitably cause serious health problems 

for both humans and animals. These issues bring about the popularity of conservative sustainable 

agriculture practices. In sustainable agriculture, there is greater interest in using legumes as an 

alternative N source through biological nitrogen fixation (BNF) for achieving sustainable crop and 

livestock production and ecosystem services (Rochon et al., 2004). Legumes contribute by 

fulfilling multiple services: 

(i) Food-system level: Both humans and livestock rely on legumes as a cheap source of plant-based 

proteins (Tharanathan and Mahadevamma, 2003). Legumes are among the world’s most cultivated 

crops globally, third only to cereals and oilseeds (Popelka et al., 2004; Gogoi et al., 2018). They 

can be divided into two groups based on their capacity to be grown in different seasons, mainly 

cool-season and warm-season legumes (Sita et al., 2017). Species of this family are of paramount 

importance in nutritional security, especially in developing countries, where legumes are 

considered the “poor man’s meat” as a significant source of protein and other nutrients 

(Tharanathan and Mahadevamma, 2003; Gogoi et al., 2018; Nadon and Jackson, 2020). The 

average protein content of legumes varies between ~18-25% depending on the genotype, growth 

environment, and cultural practices (Tharanathan and Mahadevamma, 2003; Singh, 2010). 

Legumes are also rich in biopeptides, copper, cysteine, folic acid, isoflavonoids, lecithin, 

manganese, methionine, phosphorus, potassium, threonine, tocopherols, tryptophan, zinc, and 

other fatty acids (Singh, 2010; Meena and Lal, 2018). 

(ii) Production level: Nitrogen-rich plants such as forage legumes and pulses are usually used in 

crop rotations to supply N (Chalk, 1998). This context allows legumes suited for inclusion in low-

input and low-greenhouse gas emission systems (Lemke et al., 2007; Farooq et al., 2016; Gogoi et 

al., 2018). Legume’s ability to fix N2 biologically in symbiosis with soil rhizobia contributes to its 

importance for crop rotation to fulfill the N requirement for succeeding crops, thus improving soil 
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quality and sustaining environmental balance (Giller, 2001; Courty et al., 2014; Sita et al., 2017; 

Gogoi et al., 2018). In addition, legumes produce high amounts of proteins because of their 

capacity to fix atmospheric N2, which is then assimilated into amino acids and proteins (Nadon 

and Jackson, 2020). Nitrogen fixed by forage legumes under legume/grass systems ranges from 

13 to 682 kg N ha-1 yr-1 (Ledgard and Steele, 1992; Wagner, 2011). 

(iii) Cropping system level: Legumes are used in crop rotations to play a role as diversification 

crops based on systems dominated by a few notable species such as clovers, alfalfa, vetches, and 

grain legumes such as soybeans and peas. A diverse line of crops breaks pest and disease cycles, 

improving soil microbial community structures for crop defence and contributing to nutrient 

cycling and nutrient supply, reducing inputs in nutrient-deficit soils (Emerich et al., 2009; Köpke 

and Nemecek, 2010; Voisin et al., 2013). 

 

1.2. Biological Nitrogen Fixation 

1.2.1. Biological nitrogen fixation in forage legumes 

Nitrogen is an essential macronutrient for growth and development in living organisms. It 

is a  key element in the nucleic acids DNA and RNA, which are biological molecules that dictate 

the form and functions of all living things. In plants, it plays an important role in growth: a dearth 

of N leads to stunted growth, leading to low yield; but an excessive amount of N can be toxic to 

plants (Britto and Kronzuker, 2002). Thus, N is one of the most limiting factors for plants. Nitrogen 

is, in fact, most abundant in the Earth’s atmosphere. However, although 78% of the earth's 

atmosphere contains N2 gas, it is not in available form due to the strong triple bonds between the 

two N atoms (Graham and Vance, 2000; Kumar et al., 2020). Furthermore, it is one of the most 

critical limiting nutrients in the soil for crop production (Soumare et al., 2020). Some prokaryotic 

organisms have the ability to fix atmospheric N2 in tandem with an anaerobic enzyme called 

nitrogenase. Nitrogenase is a multimeric protein complex that is composed of two proteins of 

differing sizes: molybdoferredoxin (Mo-Fe) protein (dinitrogenase) and azoferredoxin (Fe) protein 

(dinitrogenase reductase) (Kumar et al., 2020). Biological N fixation is an energy-intensive process 

requiring 16 high-energy adenosine triphosphate (ATP) to reduce each mole of N2 into two NH3. 

An additional 12 ATP molecules are used to assimilate and transport plant-usable nitrogen form, 

totaling 28 ATP molecules. The stoichiometry of biological N fixation under optimum conditions 

can be expressed as: 
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N2 + 8H+ + 8e− + 16 ATP → 2NH3 + H2 + 16ADP + 16 Pi (Kumar et al., 2020) 

Some N2-fixing bacteria are free-living, forming the non-symbiotic category of N-fixation 

systems, some are associative fixers, and others form symbiotic relationships. One of the 

prominent symbiotic forms of N fixation is legume-rhizobia symbiosis. Legume plants form knob-

like structures in roots called nodules that house the N-fixing bacteria. Root nodules are formed 

from the successful infection of the root cortex by N-fixing bacteria such as Rhizobium. The 

enzyme nitrogenase previously described is highly sensitive to oxygen (O2), whereas the symbiotic 

bacteria are strictly aerobic. Legumes have developed two adaptations to protect nitrogenase from 

O2 while supplying adequate O2 for rhizobia in root nodules: the formation of the oxygen diffusion 

barrier into the nodule and the production of oxygen carrier proteins called leghaemoglobin 

(Gordon et al., 2001; Hossain et al., 2017). 

 

1.2.2. Nodulation process 

Plant root nodule houses the bacteroid responsible for specific plants like legumes to be 

able to fix atmospheric N2. This root organ is formed through the symbiosis of legumes with the 

rhizobia bacteria. The establishment of this mutualistic relationship begins with the signal 

exchange mechanism orchestrated by the rhizobia and host plants through flavonoids and 

isoflavonoids secreted by the host plant in the rhizosphere, recognized by compatible rhizobia 

species. Germinating seeds or roots secrete specific flavonoids that interact with the rhizobia NodD 

bacterial protein family (Maj et al., 2010; Cesco et al., 2010). Multimers of NodD will bind to the 

promoter regions and induce the expression of nodulation genes (nod genes) (Jones et al., 2007). 

Once the nod genes are activated, the bacteria produce specific lipochito-oligosaccharides 

(nod factors) to induce rhizobia-to-plant signal exchange (Kondorosi et al., 2013). 

Nod factors are essential signalling molecules produced by the products of these nod genes. 

Nod factors usually consist of three to five 1,4 N-acetyl-D-glucosamine with a long lipid acyl 

group attached to the nonreducing end of the backbone (Gage, 2004). Nod factors from different 

rhizobia species have been identified. They differ in terms of the length and saturation of the acyl 

group, the number of glucosamine residues, and the nature of specific modifications on the 

backbones (Dénarié et al., 1996; Downie, 2005). These variations allowed the species specificity 

that is observed in this symbiosis. 
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Nod factors are perceived by the host plant by specific LysM receptor kinases in the root 

epidermal cells at concentrations as low as 10-12 M (Oldroyd and Downie, 2004). The binding of 

these nod factors to the LysM domains results in the downstream genetic and metabolic signalling 

cascades mediated, in part, by the rapid influx of Ca2+ (Charpentier and Oldroyd, 2013). This 

cascade induces many plant responses, such as root hair deformation and pre-infection structures, 

to trap the rhizobia in the cell wall (Gage, 2004). This close association allows the directional 

supply of signalling molecules from the bacteria to signal the formation of an infection thread that 

grows and directs the rhizobia toward the inner root cortex (Jones et al., 2007). The signalling 

cascades also result in the increased division of the cortical cells, leading to composite structures 

forming the nodule primordium (Gage, 2004). The infection thread allows the bacteria to penetrate 

the dividing cortical cells (Oldroyd, 2013). Inside the infected cells, the rhizobia begin replication. 

While replicating, they are encapsulated by the plant-derived membrane called the peribacteriod 

membrane (PBM), forming a facultative organelle called symbiosome. The bacteria then 

differentiate into nitrogen-fixing endosymbiotic bacteroids (Jones et al., 2007; Oldroyd, 2013). 

 

1.2.3. Nitrogen fixation and nitrogen exportation 

Symbiotic interactions between the leguminous plants and compatible rhizobia play a 

crucial role in the soil-N pool of agroecosystems, promoting sustainability. This nodule symbiosis 

allows legumes access to atmospheric N2 and converts them into bio-assimilable forms of N, 

ammonia (NH3), or ammonium (NH4
+) (White et al., 2007; Udvardi and Poole, 2013). Aside from 

allowing legumes to fix N2, legumes are able to produce and store high amounts of proteins since 

amino acids require biological N sources (Nadon and Jackson, 2020). This context underlines the 

importance of symbiotic nitrogen fixation (SNF) in enabling legumes to provide protein-rich food 

sources for humans in developing countries and animal feed in well-to-do sectors of society 

(Graham and Vance, 2003). Through SNF, legumes are enabled to deposit organic fertilizer into 

the soil through above-ground litter decomposition and rhizodeposition via root exudates 

(Thilakarathna et al., 2016).  

Inside the nodule, the resulting ammonia/ammonium is assimilated mainly into the amides 

(e.g. asparagine and glutamine, or as the ureides (e.g., allantoin and allantoic acid)) (Atkins et al., 

1982; White et al., 2007). The saturation of assimilated amino acids within the nodule results in 

negative feedback affecting N fixation. In order to maintain N fixation, amino acids need to be 
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exported to other deprived plant tissues (Carter and Tegeder, 2016). After synthesis, amino acids 

are transported from the nodule via the xylem into the shoot (Atkins et al., 1982; Tegeder, 2014). 

Amides are the dominant N form transported in legumes categorized as amide exporters. In 

contrast, ureides are the main N form exported by ureide-exporters (Unkovich et al., 2008). 

Typically, legumes originating in the temperate regions (e.g., alfalfa, peas, lentils) are amide-

exporters, whereas those originating in the tropics and subtropics (e.g., soybeans, cowpeas) 

dominantly export the ureide N transport forms (Atkins and Smith, 2007; Unkovich et al., 2008; 

Tegeder, 2014). 

 

1.3. Nitrogen rhizodeposition 

1.3.1. Rhizosphere 

The soil is described as a stimulating living environment that provides life-sustaining 

nourishment and ecosystem services to support the diversification of macro- and micro-fauna and 

flora (Doran et al., 2000; Idowu et al., 2020). The rhizosphere, first described in 1804 by Lorentz 

Hiltner, originates in part from the Greek word “rhiza,” which means root (McNear Jr., 2013). The 

rhizosphere is the environment immediately near the vicinity of the plant’s roots. This environment 

is rich in nutrients readily available in the soil and nutrients released by the plant through its roots. 

This environment is influenced by the chemicals excreted by plant roots and the activities of 

microbial communities in the particular microzone (Koo et al., 2005). The rhizosphere has been 

further divided into three different zones. The endorhizosphere is the innermost portion of the 

rhizosphere that includes a portion of the root cortex. The endodermis is where microorganisms 

occupy the “free spaces” between cells called the apoplastic space. The rhizoplane is the median 

section of the rhizosphere, where it involves the root surface and the adjacent soil and exudates. 

The ectorhizosphere is the portion that extends from the rhizoplane into the soil surrounding the 

roots. Rhizosphere cannot be directly qualified by size or shape but instead quantified via 

analyzing gradients of chemical, biological, and physical attributes that change proportionately as 

the roots grow. 

 

1.3.2. Nitrogen rhizodeposition pathways 

Rhizodeposition is the release of compounds usually distinguished as root exudates into 

the surrounding soil (Walker et al. 2003), first coined to describe carbon (C) release (Lynch and 



6 

 

Whipps, 1990). Nitrogen rhizodeposition explicitly details N movement into the soil, which 

underlies the role of rhizodeposition in below-ground N transfer from legumes to non-legumes in 

the agroecosystems. Considering less N than carbon is released through rhizodeposits, the 

composition and amount of released compounds vary between legume species and even in their 

life stages (Bais et al., 2006), which are also affected by the growth conditions (McNeill et al., 

1997). The potential N rhizodeposition pathways are root exudation and N release through the 

decomposition and senescence of below-ground tissues (Fig. 1.1) (Wichern et al., 2008; Fustec et 

al., 2010). 

 

 

Figure 1.1 Several below-ground nitrogen rhizodeposition mechanisms in legumes (root exudates 

and decomposition of roots and nodules). 

 

1.3.2.1. Nitrogen rhizodeposition through decomposition and senescence of root and nodule 

tissues 

Senescing root and nodule tissues are a significant source of fixed N transferred into the 

soil (Fustec, 2010). No reliable quantitative methodologies distinguish N transfer due to decay and 

senescence from exudated N forms. The decomposition of plant tissues is the top and main 

pathway of N rhizodeposition (Dubach and Ruselle, 1994; Sierra et al., 2007). Nevertheless, N 
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rhizodeposition may vary significantly between legume species and the tissue origin (Ta and Faris, 

1987). Although little quantitative data is available, quantification of below-ground N transfer via 

decay of roots and nodules in legumes by Ledgard and Steele (1992) estimated that about 3 to 102 

kg N ha-1 yr-1 could be transferred through this pathway. Dubach and Russelle (1994) found out 

that the decomposing roots of alfalfa (Medicago sativa L.) release more N than their nodules. An 

opposite trend was observed in birdsfoot trefoil (Lotus corniculatus L.) (Vance et al., 1979). 

Although tissue decay and senescence are considered the main N transfer pathways and contribute 

significantly to the soil N pool compared to root exudates, these pathways requires additional 

external help (e.g., macro and micro herbivores, microbes, enzymes) to decompose and cycle 

nutrients. As a result of this extra requirement, this pathway is a slow process and primarily 

contributes to the later plant growth stages (Louarn et al., 2015).  

 

1.3.2.2. Nitrogen rhizodeposition through root exudates 

Root exudates commonly come in the form of soluble metabolites (e.g. sugars, amino acids, 

and organic acids) (Canarini et al., 2019). They can be released as low-molecular-weight 

compounds that are easily decomposed (e.g., amino acids, organic acids, phenolics, and other 

secondary metabolites) (Bertin et al., 2003; Bais et al., 2006; Marschner, 2012) or high-molecular-

weight compounds (e.g., enzymes, mucilage, protein) (Walker et al., 2003; Badri and Vivanco, 

2009; Canarini et al., 2019). These compounds can be released actively or passively (Dennis et al., 

2010) and may also include compounds released from senescing roots (Neumann and Römheld, 

2007). Plants have exhibited a higher control level over high-molecular-weight compounds than 

low-molecular-weight compounds, but are generally considered a passive process (Phillips et al., 

2004; Badri and Vivanco, 2009; Chaparro et al., 2013). Specific transporters are also involved in 

releasing root exudates, mainly an ATP-binding cassette and the multidrug and toxic compound 

extrusion families (Badri and Vivanco, 2009; Weston et al., 2012). The primary forms of low-

molecular-weight N-containing compounds are ammonium and amino acids (Paynel et al., 2008; 

Lesuffleur et al., 2013). Root exudates contain different  amino acids, including alanine, arginine, 

aspartate, asparagine, glutamate, glutamine, glycine, isoleucine, leucine, lysine, methionine, 

phenylalanine, serine, tyrosine, and valine, with glycine and serine being the dominant forms 

recovered from various species like in alfalfa and clovers (Lesuffleur et al. 2007; Paynel et al., 

2001, 2008). Similar to other forms of rhizodeposition, root exudation is influenced by abiotic 
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factors such as defoliation (Ayres et al., 2007) and biotic factors (e.g., plant species, herbivores, 

microbes) (Bais et al., 2006). 

 

1.4. Soil microbiome and enzyme activity 

The soil is so astoundingly abundant in microorganisms (e.g., bacteria, fungi, archaea, 

protozoa, viruses) that bacteria alone comprise 15% of the total living biomass on earth (Bar-On 

2018). A specific microbial community termed “microbiome” was first coined by Lederberg and 

McCray (2001), which is defined as a “set of resident microorganisms that inhabit a given 

host/environment.” The soil microbiome is responsible for the biogeochemical cycling of nutrients 

and other valuable elements necessary for biological life (Wang et al., 2020; Trasar-Cepeda et al., 

2008; Kabiri et al., 2016). Much like the source-sink context in plants, soil is a major source of 

beneficial microbes (Dias, 1996) and, thus, a foundation of ecosystem health. In plants, particular 

microbial members can assemble in the rhizosphere and be preferentially recruited by the plant 

into its roots (Edwards et al., 2015; Finkel et al., 2017). These recruited microorganisms carry out 

multiple plant growth-promoting activities, including fixation (e.g., N-fixation), mineralization, 

solubilization (e.g., phosphate), mobilization of nutrients, stimulating the production of growth 

hormones (e.g., auxin and gibberellin), and generating/triggering plant disease defences (Santos et 

al., 2021; Trivedi et al., 2021). Most of these agendas are augmented and made possible through 

the release of enzymes by specific microbes (Kanté et al., 2021), which are also part of the 

foundation of soil health (Alkorta et al., 2003; Adentuji et al., 2020). Enzyme activities depend 

highly on the amount of enzyme-substrate released and resource availability (Kwiatkowski et al., 

2020; Mndzebele et al., 2020; Harasim et al., 2020). It is noted that enzyme activities in the 

rhizosphere are higher compared with bulk soil due to the high occurrence of plant-microbe 

interactions that can be observed within that microecosystem (Vandana et al., 2021), making 

enzymes an excellent biological indicator in agriculture (Dick et al., 1997; Gianfreda et al., 2015; 

Egamberdieva et al., 2010).  

 

1.5. Abiotic and biotic stress on forage legume 

Based on climate predictions, the rising global temperature may and will impact the earth’s 

hydrologic cycle, influencing drought occurrences (Sheffield and Wood, 2008). Drought is an 

increasing threat that will significantly negatively affect crop production (Lesk et al., 2016; Kunert 
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et al., 2016). On the other hand, the mismanagement of grazing in controlled pastures and the 

influence of uncontrollable variables involved in foliar damage result in the loss of productivity. 

The removal or damage of above-ground tissues causes an imbalance in resource allocation 

between above- and below-ground biomass (Gordon et al., 1990; Richards, 1993).  Independently, 

defoliation and drought cause many deleterious effects not only to legume plants but also to other 

players related to plant function and growth. 

  

1.5.1. Defoliation and drought on nodulation and symbiotic nitrogen fixation 

Drought directly influences the initiation of the nodulation process by disturbing the 

communication between the soil rhizobia bacteria and the legume roots. The lack of soil moisture 

impedes the sending and recognition of signalling molecules, resulting in poor nodulation and 

reduced N fixation (Miransari et al. 2013). Secondly, drought significantly reduces the 

survivability and the abundance of indigenous and externally inoculated rhizobia in the soil, 

resulting in poor nodulation (Thilakarathna and Raizada, 2017). The nitrogenase enzyme is the 

key player involved in the N fixation process. However, this enzyme is susceptible to oxygen and 

will inevitably stop functioning when exposed to high oxygen concentrations (Sulieman and Tran, 

2016). The root nodules of the legumes are capable of maintaining a microaerobic environment 

(Serraj et al., 1999; Serraj 2003). However, defoliation and drought stress cause the loss of turgor 

and cell volume, limiting oxygen diffusion and disrupting the microaerobic environment, resulting 

in the inhibition of nitrogenase activity (Serraj et al. 1999; Serraj 2003; González et al. 2015; 

Sulieman and Tran, 2016). Defoliation also directly influences the existing nodules by restricting 

the supply of photosynthates, inducing nodule senescence (King and Purcell, 2001). There are two 

known main mechanisms that result in low N fixation in legumes; oxygen limitation in nodules, 

and carbon shortage for respiration. 

As noted previously, BNF in legume-rhizobia symbiosis requires a microaerobic 

environment in the nodule due to the nitrogenase enzyme's anaerobic characteristics and the 

nodulating bacteria's aerobic characteristic. Nitrogenase is irreversibly inactivated if exposed to 

high oxygen concentrations (Sulieman and Tran, 2016). The inhibition of nitrogenase activity 

under water deficit and defoliation is linked to oxygen limitation of nitrogenase-linked respiration 

(Del Castillo et al., 1994; Hartwig and Nӧsberger, 1994). It is suggested that during drought stress 

or following defoliation, the legume nodule tissues begin to senesce and cell permeability 
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increases, which limits the oxygen diffusion to the central zone of the nodule (Pankhurst and 

Sprent, 1975; Serraj et al., 1999; Serraj, 2003). Furthermore, drought conditions induce ABA 

synthesis (Ren et al., 2007), while defoliation increases its accumulation (Gómez-Cadenas et al., 

2000; Iglesias et al., 2003), the upregulation of this hormone consequently reduces the synthesis 

of leghaemoglobin and dramatically increasing the oxygen diffusion resistance into the nodules 

(González et al. 2001). 

Furthermore, the reduction of N fixation under drought and following defoliation is caused 

by the reduction in nodule carbon flux (Arrese-igol et al., 1999). The inhibition of nodule sucrose 

synthase relates to the shortage of carbon substrate essential for SNF (González et al. 2015; Kunert 

et al. 2016). Sucrose is the main carbon source supplied from photosynthates to the bacteroid in 

legume nodules to facilitate SNF. The sucrose synthase enzyme catalyzes the process of breaking 

down sucrose into hexose, catabolizes it next into phosphoenolpyruvate, and then finally converts 

it into oxaloacetate by PEP carboxylase (Sulieman and Tran, 2016). The enzyme malate 

dehydrogenase reduces oxaloacetate into malate, producing NAD+ (Vance and Gantt, 1992). 

During drought and at defoliation, both sucrose supply and sucrose synthase activity significantly 

decline, affecting bacteroid respiration (González et al. 2015; Kunert et al. 2016). 

 

1.5.2. Abiotic and biotic stress on legume growth 

1.5.2.1. Drought on forage legume growth 

Among abiotic factors, drought is one of the most deleterious stress factors that can affect 

plant growth. The loss of turgor and cell volume under drought stress is equated to cell dehydration. 

This reduction in plasticity under water deficit results in a reduction in cell expansion and cellular 

division and a reduction in water and nutrient uptake, all of which will affect leaf size, limiting 

stem and root growth (Kaushal and Wani, 2016). In addition, drought induces stomatal closure to 

conserve internal moisture, consequently reducing photosynthesis (Liu et al., 2005; Mak et al., 

2014). In response, plants allocate resources for root growth to access deep-seated water (Kaspar 

et al., 1984), thus causing an imbalance in biomass partitioning in favor of the roots, increasing 

root:shoot ratio (Manavalan et al., 2009). 
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1.5.2.2. Defoliation on forage legume growth 

The effect of defoliation of plant growth is based on the source-sink interaction between 

the above- and below-ground organs and tissues. Following defoliation, there is a necessity to re-

allocate carbon and N sources to the remaining above-ground biomass to sustain the regrowth of 

photosynthetic tissues, all the while maintaining copious partitioning to root and nodule to 

maintain respiration and nutrient uptake (Aranjuelo et al., 2015; Xu et al., 2013). Furthermore, 

removing the above-ground mass constitutes the loss of photosynthetic tissues, resulting in the 

reduction of the plant’s photosynthetic capacity. This reduction restricts the flow of photosynthates 

into the roots and nodules (King and Purcell, 2001), thus promoting below-ground tissue 

senescence, which consequently affects N availability through reduced N fixation and increased 

N release into the soil (Hamilton et al., 2008; Carrillo et al., 2011; Thilakarathna and Raizada, 

2019). 

 

1.5.3. Abiotic and biotic stress on soil microbiome and enzyme activity  

In the context of soil-based plant production, plants are generally in close proximity to soil 

microbes living closely with their root system in the rhizosphere area (Berg et al., 2016). Next to 

the soil, the root system is the main source of nutrients for microbes associated with plants, made 

available through rhizodeposition and cycling by specific enzymes. One of the main roles of soil 

microbes is to cycle nutrients and organic matter turnover (Gattinger et al., 2008; Condron et al., 

2010). They facilitate this ecological function by releasing specific extracellular enzymes to 

catalyze various reactions (Bowles et al., 2014; Rao et al., 2014; Adetunji et al., 2020). The main 

factor influencing extracellular enzyme activity is the condition and abundance of soil microbes. 

The strong affiliation microbes have with the root system suggests that any changes in exudation, 

growth patterns, and overall health of roots and nodules in response to defoliation and drought 

stress will unequivocally alter bacterial community structure (Preece and Peñuelas, 2016; Jones et 

al., 2009; Hamilton et al., 2008; Carrillo et al., 2011). Furthermore, any changes in plant biomass 

and physiology brought about by either defoliation or drought stress influence plant-microbe 

interaction (Gattinger et al., 2008; Gaiero et al., 2013; Berg et al., 2014). The manner of 

rhizodeposition is uniquely different from one plant species to another (Cavaglieri et al., 2009), 

which is further differentiated depending on the plant’s growth stage and health (Chaparro et al., 

2013, 2014). Exudates are the main determinant of plant-microbe interaction as they contain 



12 

 

limiting growth nutrients necessary for the proliferation of microbes (Kanté et al., 2021; 

Macdonald et al., 2006; Ma et al., 2018). However, it is also important to note that the diversity of 

microbes in terms of physiology and morphology can determine their survivability and their 

response under plant stress (Huber et al., 2022; Ma et al., 2018). 

 

1.5.3.1. Drought on soil microbiome and enzyme activity 

Drought has a profound influence on the N dynamics in both the plant and the soil. Under 

drought, the structural integrity of the root cell wall is weakened, increasing cell permeability and 

influencing the type and amount of exudates released (Brophy and Heichel, 1989). Drought also 

promotes root and nodule senescence, facilitating the exudation of root exudates (Gogorcena et 

al., 1995; Mhadhbi et al., 2011). The abundance of exudates in the bulk soil and rhizosphere 

promotes the proliferation of microbes, which consequently improves enzyme activity. Aside from 

microbial-cell-released enzyme, exudates and lysed root tissue also release enzyme into the soil 

(Harvey et al., 2002; Chroma et al., 2002; Gramss et al., 1999). 

 

1.5.3.2. Defoliation on soil microbiome and enzyme activity 

Following defoliation, there is a general preference for reallocating nutrient reserves into 

the above-ground part to sustain the regrowth of photosynthetic tissues (Xu et al., 2013). This 

starves the below-ground tissues and decreases labile C sources (Fierer et al., 2007). These 

conditions promote oligotrophic bacterial taxa, which thrive under low C availability. However, 

following severe defoliation intensity, the majority of the reserves are transferred to the below-

ground tissues (Aranjuelo et al., 2015; Hamilton et al., 2008; Wilson et al., 2018). The surplus of 

nutrients in the roots is then released into the soil as defoliation also induces root and nodule 

senescence (Hamilton et al., 2008; Carrillo et al., 2011; Thilakarathna and Raizada, 2019). The 

increased soil available nutrients cause the shift in the enrichment of copiotrophic bacterial taxa, 

which prefers the abundance of C sources (Ma et al., 2018). 

1.5. Research hypothesis 

Drought and defoliation stress negatively affect forage legume growth, plant 

physiological parameters, nodulation, symbiotic nitrogen fixation, consequently affecting soil 

enzyme activities and microbial dynamics.  
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1.6. Research objectives 

The main objective of these research projects is to understand the effects of drought and 

defoliation stress on forage legume growth, plant physiological responses, symbiotic nitrogen 

fixation, and their consequential influence on soil enzyme and microbial dynamics in forage 

legumes.  

 

The specific objectives of this research are: 

1. Evaluate the effects of drought stress (mild and severe) on plant physiological parameters, 

plant biomass, root phenotypic traits, nodulation, symbiotic nitrogen fixation, and changes in 

soil nitrogen availability, extracellular enzyme activities, and soil bacterial community in 

alfalfa and red clover.  

2. Evaluate the effects of defoliation stress (mild and severe) on plant physiological parameters, 

plant biomass, root phenotypic traits, nodulation, symbiotic nitrogen fixation, and changes in 

soil nitrogen availability, extracellular enzyme activities, and soil bacterial community in 

alfalfa and red clover.  
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Chapter 2 - Effect of drought stress on symbiotic nitrogen fixation, soil nitrogen availability 

and soil microbial diversity in forage legumes 

 

Abstract 

Forage legumes form mutualistic interactions with specialized soil rhizobia bacteria that inhabit 

root nodules and fix atmospheric nitrogen. However, legumes are sensitive to drought stress, which 

can interrupt nodulation and symbiotic nitrogen fixation (SNF). We hypothesize that drought-

impaired SNF may influence soil nitrogen availability and soil microbial diversity. Here, we 

evaluated the effects of drought on nodulation, plant growth, physiological parameters, SNF, soil 

nitrogen availability, soil extracellular enzyme activity, and soil microbiome of alfalfa (Medicago 

sativa) and red clover (Trifolium pratense). The drought treatments were imposed at the flowering 

stage by maintaining soil moisture contents at 20% field capacity (FC) (severe drought), 40% FC 

(moderate drought), and 80% FC (well-watered) for three weeks. Drought significantly reduced 

nodulation, root and shoot growth, and SNF in alfalfa and red clover. Soil available nitrogen was 

significantly increased following severe drought conditions. The enzyme assays showed reduced 

activity of N-acetyl-glucosaminidase and β-D cellobiosidase enzymes under drought stress in 

alfalfa and red clover, respectively. Microbiome data showed shifts in the relative abundance of 

some key bacterial taxa under drought stress. Overall results indicate that drought has deleterious 

effects on SNF and plant growth, affecting carbon and nitrogen cycling enzymes, soil nitrogen 

availability, and soil microbial diversity. 

 

Keywords: drought, forage legumes, symbiotic nitrogen fixation, soil enzymes, available soil 

nitrogen, soil microbiome 

 

2.1 Introduction 

Legumes play a crucial role in agriculture by providing protein-rich forage to livestock and 

improving soil health as a result of their symbiotic relationship with soil Rhizobia that allows them 

to fix nitrogen (Rochon et al. 2004; Rubiales and Mikic 2015). This legume-rhizobia relationship 

allows symbiotic nitrogen fixation (SNF), whereby atmospheric N2 is reduced into bio-available 

nitrogen (i.e., ammonium) by catalysis of the nitrogenase enzyme present in rhizobial bacteria 

(Udvardi and Poole 2013). Alfalfa (Medicago sativa) and red clover (Trifolium pratense) are 
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among the top forage legumes for their high forage production, palatability, and nitrogen fixation, 

being able to fix ~ 78 to 222 kg N ha-1 yr-1 (Fageria 2014; De Haan et al. 2017). However, forage 

production and quality depend on adequate soil moisture availability (Hopkins and Prado 2007) 

and are often accompanied and influenced by various abiotic stresses (Zahran 1999; Laranjo et al. 

2014). Insufficient soil moisture can strongly influence crop growth and biochemical and 

physiological processes (Enebe and Babalola 2018), decreasing forage yields and quality (Farooq 

et al. 2009; Jaleel et al. 2009). A critical challenge in this context is the identification of underlying 

mechanisms which limit legume production and SNF under drought conditions and the resulting 

impact on soil nitrogen availability and biological parameters. 

Drought is one of the most crucial problems that hinder agricultural productivity (Lesk et 

al. 2016) and it is increasing in frequency and severity as a result of climate change (Schwalm et 

al. 2017). Therefore, there is a pressing need to focus research on improving the drought resistance 

of legumes to ensure global food security amidst climate change challenges. Drought induces 

several damaging effects on legume plants. Drought affects symbiosis initiation, where water 

deficit inhibits exchange of signaling molecules involved in host legume-rhizobia communication, 

resulting in poor nodulation and nitrogen fixation (Miransari et al. 2013). Water deficit not only 

reduces the abundance of established and introduced soil rhizobia in the soil but also their capacity 

for successful root infection, substantially reducing nodulation (Thilakarathna and Raizada 2017). 

Inhibition of nodule nitrogen fixation under drought stress is linked with carbon (C) shortage for 

rhizobia (Zargar et al. 2017), reduced nitrogenase activity due to oxygen limitation (del Castillo et 

al. 1994; Nishida and Suzaki 2018), and feedback inhibition of nitrogen fixation (Serraj et al. 2001; 

Valentine et al. 2011). Furthermore, drought stress induces cell dehydration, disrupting cell 

expansion and division, affecting leaf size, reducing stem elongation and root proliferation, 

impeding stomatal oscillations, plant water and nutrient uptake, and water-use efficiency (Kaushal 

and Wani 2016). The most common drought-induced plant responses are stomatal closure and 

reduction in photosynthesis rate (Liu et al. 2005; Mak et al. 2014). Moreover, water stress reduces 

the relative leaf expansion rate, affecting stomatal conductance and leaf turgor (Liu et al. 2005). 

Plants respond to drought by growing longer roots to reach deeper into the soil to access water 

(Kaspar et al. 1984), thus enhancing biomass partitioning to the roots and increasing root:shoot 

ratio (Manavalan et al. 2009). 
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Since plants are intimately interwoven with microbes living in and around the root system 

(Berg et al. 2016), plant physiology disruptions due to drought stress are expected to alter the plant 

microbiome and consequently, plant growth and health (Berg et al. 2014). Different plant species 

have varying rhizodeposition patterns (Cavaglieri et al. 2009), root architecture, and rooting depth, 

all of which have been shown to affect the structure of microbial communities (Chaparro et al. 

2013, 2014; Fierer et al. 2003). Changes in root architecture, root growth, nodulation, and SNF in 

response to drought affect the rhizodeposits released into the soil (Preece and Peñuelas 2016; Jones 

et al. 2009), which will then affect the microbiome in the plant-soil interface (rhizosphere). Root 

exudates induce the interaction between the roots, the soil microbes and the surrounding soil 

particles. With the input of low-molecular-weight organic substances (Burns 1982; Dennis et al. 

2010), soil microbes enriched by plant exudates play a critical role in diverse processes, including 

soil organic matter decomposition and nutrient cycling, by releasing and influencing various 

enzyme activities (Trasar-Cepeda et al. 2008; Kabiri et al. 2016; Bogati and Walczak 2022). 

Previous studies have been conducted to leverage microbial communities for sustainable 

food production (De Vries and Wallenstein 2017; De Vries et al. 2020), and recent evidence shows 

that plant-associated microbes can play a role in alleviating drought stress (Lau et al. 2012; Niu et 

al. 2018). The effects of drought stress on above-ground plant traits have also been well-studied. 

Investigating the interdependent mechanisms of above and below ground plant traits, including 

interactions with microbes and relevant feedback, is crucial to developing a sustainable crop 

management strategy considering predicted climate change. This could involve exploring 

solutions, such as legume-based crop rotations, plant breeding, or using rhizobia inoculants. 

Drought is well known to reduce legume productivity (Naya et al. 2007; Kang et al. 2011; 

Rouached et al. 2013), but mechanistic understanding of how drought impaired physiological and 

SNF parameters influences legume growth and its implications on soil health is lacking. Limited 

research has been conducted to evaluate and correlate the effects of drought stress on both above- 

and below-ground plant-growth parameters and the effect of drought-impaired SNF on soil 

nitrogen availability and soil microbial community. This study aimed to correlate the effects of 

moderate and severe drought stress on alfalfa and red clover growth and physiological response 

on legume SNF, nitrogen rhizodeposition, and its consequential influence on soil microbial and 

enzyme dynamics at the flowering stage. Specifically, we aimed to evaluate the effects of drought 

stress at the flowering stage on plant physiology, plant biomass (root and shoot), root phenotypic 
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traits, nodulation, nitrogen fixation, and changes in soil nitrogen availability, soil microbiome, and 

extracellular enzyme activities. 

 

2.2 Materials and Methods 

2.2.1 Plant growth conditions, rhizobia inoculation, and drought treatments 

Alfalfa (OAC-Minto) and red clover (Juliet Double Cut) were selected for this study based 

on their plant vigour (root and shoot growth), persistence (Christie and Bennett 1984), and 

widespread use and being representative of typical legume ecology. Seeds were surface-sterilized 

by soaking in 70% ethanol for 2 min, then in 2% NaOCl solution for 3 min and rinsed with six 

changes of distilled water. Seeds were then pregerminated on sterile moistened filter paper in the 

dark at 28 oC for two days (Thilakarathna and Raizada 2018). Seedlings were transplanted into 6.5 

L pots (21.7 cm height, 22 cm diameter) with low-density polyethylene (LPDE) plastic lining that 

were filled with a 1:2 field soil (Black Chernozem soil) and sand (QUIKRETE® Premium Play 

Sand, QUIKRETE, Atlanta, GA, USA) potting mixture, mixed using a soil mixer for 10 min. Field 

soils were collected from the wheat stubble from the University of Alberta South Campus farm, 

where large particles were removed using a 0.6 × 0.6 cm size mesh. Final soil mixture had a total 

N content of 7.36 mg/kg. Five pre-germinated seeds were transplanted into each pot. Alfalfa and 

red clover seedlings were inoculated with Sinorhizobium meliloti 1021 and Rhizobium 

leguminosarum biovar trifolii Mj43, respectively (Thilakarathna and Raizada 2019). Each plant 

was inoculated with 1 ml of the inoculum, where rhizobia cell density was adjusted to 

OD600 = 0.1. After one week of growth, extra plants were removed, leaving three plants per pot. 

To measure SNF, two weeks and three weeks after the rhizobia inoculation, each plant was labelled 

with 25 ml of 0.5 mM K15NO3 solution (10 atom% 15N; 348481-25G; Sigma Aldrich, Oakville, 

ON, Canada). Plants were supplied with 50 ml of quarter-strength N-free Hoagland’s nutrient 

solution twice per week (pH = 6.8, adjusted using KOH) (HOP03-50LT, Caisson Labs, UT). 

Throughout the experiment, plants were kept in a greenhouse maintained at at 21 ± 2 °C with a 

16/8 h light/dark photoperiod. Uninoculated legumes were grown in sterile sand-soil mix, labeled 

with 15N-fertilizer similar to the plants inoculated with rhizobia. 

Prior to conducting the experiments, the field capacity (FC) of the potting mixture was 

determined as described by Liyanage et al. 2022. Plants were introduced to drought treatments at 

the flowering stage, exposing them to 20% FC (severe drought), 40% FC (moderate drought), and 
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80% FC (well-watered) for three weeks. The specific moisture levels of the pots were achieved by 

weighing individual pots every other day and adding water to specific FC levels. Pots were 

arranged on the greenhouse bench in a randomized complete block design manner with five 

replicates per drought treatment (n = 5). 

 

2.2.2 Plant physiological parameters 

Following the three-week of drought period, the leaf chlorophyll content, linear electron 

flow (LEF), quantum yield (ΦII), and non-photochemical quenching (NPQ) were measured on 

fully expanded young leaves using a MultispeQ handheld unit (PHOTOSYNQ Inc. MI, USA). 

Three readings were taken per plant from different leaves of same maturity in a single day. All the 

readings were measured between 1:30 pm – 2:30 pm and data were synchronically saved in the 

PhotosynQ desktop software. 

 

2.2.3 Measurement of soil available nitrogen 

Following the three-week of drought treatments, three Plant Root Simulator probe pairs 

(anion and cation probes) (PRS™; Western Ag Innovations, Saskatoon, SK, Canada) were inserted 

into the soil around the plants. Soil moisture was brought back to 80% FC by applying water to 

facilitate NH4
+ and NO3

− diffusion into the probe surface. After one week of burial period under 

80% FC, PRS probes were retrieved and immediately rinsed with a milli-Q water to remove any 

soil particles attached to the probes. The probes were packaged in Ziploc bags on ice and sent to 

the Western Ag Innovations laboratory (Saskatoon, SK) for analysis. 

As for the analysis, PRS probe pairs were required to be eluted in Ziploc® bags with 17.5 

mL of 0.5 M HCl solution for 1-h to ensure that ≥ 95% of adsorbed ions are obtained for elemental 

determination. Blank probes were also analyzed to ensure no N contamination/residual on the 

probe membranes. Soil nitrogen-supply rates were expressed as mg N/10 cm2/burial period (10 

cm2 was the surface area of exchangeable resin) (Johnson et al. 2007). 

 

2.2.4 Sampling of root nodules, roots and shoots  

All the plants were harvested after retrieval of PRS probes. Plants were separated into 

shoots and roots. The root system of each plant was carefully uprooted from the soil and was 

briefly shaken to remove excess soil. Prior to root washing, 5–6 lateral root samples (each 
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measuring about ~ 12 cm) were clipped from each root system to serve as rhizosphere samples and 

were immediately kept at 4 oC in tubes containing 35 ml of phosphate buffer. The remaining root 

systems were carefully washed free of soil and stored in the fridge in Ziploc bags. Roots were 

scanned using an Epson Expression 1640 scanner (Epson Canada Ltd.), and root architecture 

analysis was conducted using WinRHIZO software (Regent Instruments Inc.), which includes root 

length, volume, and surface area (Thilakarathna et al. 2016). Root nodules were removed from the 

root system and counted as single and cluster nodules. Dry weight of the nodules, shoots, and roots 

were measured after drying them in a 60 oC oven for three days. The relative water content (RWC) 

of the shoot samples was calculated using the following formula based on fresh and dry weights 

(Basak et al. 2020): 

RWC = ((Fresh weight ‒ Dry weight)/Fresh weight) × 100% 

 

2.2.5 Sampling of bulk and rhizosphere soil 

Bulk soil samples were collected prior to the one-week recovery period, where plants 

remained at different moisture treatments. 2.5 cm diameter soil cores were collected using a metal 

corer at 12 cm depth and kept in Ziplock bags placed at -20 oC. Rhizosphere samples were prepared 

following the protocol outlined by (McPherson et al. 2018). The tubes with root clippings and 

buffer were vortexed for 2 min. Roots were removed using sterilized forceps, and the resulting 

suspensions were centrifuged at 3000 g for 5 min at room temperature. The supernatant was 

discarded, and pellets were resuspended with 1.5 ml of phosphate buffer and vortexed briefly. 

Approximately 2 ml of suspension was transferred into new 2 ml microfuge tubes and centrifuged 

at 16,000 g for 2 min at room temperature. The supernatant was discarded, and pellets were stored 

at − 20 oC. 

 

2.2.6 Extracellular enzymatic activity (EEA) assay 

An extracellular enzymatic activity (EEA) assay protocol was adapted from (Saiya-Cork 

et al. 2002) with modifications from the methods described by (German et al. 2011). 

Methylumbelliferone (MUB)-linked substrates were used to determine the activity of extracellular 

enzymes. One part of each soil sample was weighed for initial weight with moisture and then oven-

dried at 75 oC for two days for dry weight measurements. The other portion of the soil was used 

to obtain representative samples for the enzyme activity assays. Sample suspensions were prepared 
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by adding 2 g of soil to 125 ml of 50 mM acetate (C2H3NaO2; CAS:127-09-3; BP333-500; Fisher 

Scientific; Toronto, ON). The pH of the acetate buffer was adjusted to 7.4 before adding samples. 

The solutions were homogenized for 10 min using a magnetic stirrer. The resulting suspensions 

were continuously stirred using magnetic stirrers while 200 µl of aliquots were dispensed into 96-

well microplates. 

Four enzymes critical for the cycling of soil organic C, N and P nutrients, were assayed in 

this study. Soil samples were buffered to their environmental pH (7.4) with 50 mM sodium acetate 

buffer solution. The assay was facilitated using a ratio of 2 g of soil per the standard 200 µM 

substrate concentration (Saiya-Cork et al. 2002). A standard hydrolytic enzyme assay using black 

Costar 96-well plates was used to quantify the activity of the soil extracellular enzymes (Saiya-

Cork et al. 2002). Soil samples were incubated for 5 h at room temperature and were read using a 

Spectramax M3 plate reader (Molecular Devices, LLC. San Jose, CA, USA) at 365 nm excitation 

and 450 nm emission. Activities were calculated using standard equations on a per gram dry soil 

basis outlined by (German et al. 2011). Specific enzymes assayed are as follows: (1) cellulolytic 

enzymes β-1, 4-glucosidase (BG) and β-D-cellobiosidase (Cello) responsible for release of glucose 

for microbial C acquisition; (2) phosphatase enzyme phosphatase (Phos) responsible for the release 

of inorganic P; and (3) glucosaminidase enzyme N-acetyl-β glucosaminidase (NAG) which 

catalyzes the breakdown of organic matter (e.g. chitin fungal cell wall) releasing nitrogen 

compounds (Hewins et al. 2015). 

 

2.2.7 Measurement of symbiotic nitrogen fixation 

Dried shoot materials were ground using a SPEX SamplePrep 8000 M Mixer/Mill ball 

grinder for 10 min, followed by Beadruptor (Beadruptor 12 Homogenizer, Omni International Inc.) 

to turn the sample into fine powder. In order to measure 15N and total N concentration of the shoot 

samples, 5 mg of ground sample was measured and transferred into small tin capsules (8 mm × 5 

mm, D1008, standard weight, Isomass Scientific Inc.) using a microbalance (Liyanage et al. 2023). 

The capsules were arranged in a 96-well plate and sent to the Stable Isotope Facility at Agriculture 

and Agri-Food Canada, Lethbridge, for 15N isotope analysis. Samples were analyzed for 15N and 

total N% using a Finnigan Delta V Plus (Thermo Electron) Isotope Ratio Mass Spectrometer 

(IRMS) with a Flash 2000 Elemental Analyzer (Thermo Fisher Scientific). The percentage 
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nitrogen derived from the atmosphere (%Ndfa) of the shoot samples was calculated using the 

following formula according to the isotope dilution technique (Liyanage et al. 2023): 

 

%𝑁𝑑𝑓𝑎 = (1 −
atom% 15𝑁 𝑒𝑥𝑐𝑒𝑠𝑠(𝑓𝑖𝑥𝑖𝑛𝑔 𝑝𝑙𝑎𝑛𝑡)

atom% 15𝑁 𝑒𝑥𝑐𝑒𝑠𝑠(𝑛𝑜𝑛−𝑓𝑖𝑥𝑖𝑛𝑔 𝑝𝑙𝑎𝑛𝑡)
) ×  100 

 

Alfalfa and red clover plants that were not inoculated with rhizobia (hence not -nodulated) 

from the same experiments were used as the references. 

 

2.2.8 Bacterial DNA extraction, sequencing, and bioinformatics analyses 

Total DNA from bulk soil and rhizosphere soil samples were extracted using the Qiagen 

DNeasy PowerSoil Pro kit (Qiagen, Germany) following the manufacturer’s protocol. Genomic 

DNA concentration and purity were measured using a NanoDrop 2000 (NanoDrop Technologies, 

Wilmington, DE) spectrophotometer. DNA samples were then sent to Laval Genomics Platform 

(University of Laval, Quebec, Canada) for Illumina Miseq paired-end sequencing of the bacterial 

16S rRNA V3-V4 region using primers — 341F 3’-GCCTACGGGNGGCWGCAG-5’ and 806R 

3’-ACTACHVGGGTATCTAATCC-5’. The amplicon libraries were prepared using a Nextera XT 

index kit (Illumina Inc. USA) following metagenomic sequencing library preparation protocol. 

The paired-end raw reads were then quality filtered and contigs created using the Mothur pipeline 

(v.1.42) (Schloss et al. 2009). Chimeric sequences were removed using VSEARCH (Rognes et al. 

2016). Sequences were aligned and OTUs clustered using the RDP classifier database (Cole et al. 

2014). MicrobiomeAnalysts (Chong et al. 2020) was used for the succeeding bioinformatics 

analysis consisting of alpha and beta diversity, and relative abundance. To address the variability 

in sequencing depth among samples, sequences were rarified to the minimum library size (Weiss 

et al. 2017) implemented in MicrobiomeAnalysts and were used in all downstream analyses. The 

raw sequence data in this study were deposited in the NCBI Sequence Read Archive under the 

accession number PRJNA1012008. 

 

2.2.9 Data Analyses 

All statistical analyses were performed using R v.4.2.3 (R core Team 2023). The effect of 

different moisture treatments on nodulation, photosynthetic parameters, plant biomass, root 
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parameters, relative leaf chlorophyll, shoot N, C/N ratio, carbon isotope discrimination (CID), 

SNF, soil available N, soil enzyme activities, and microbial diversity and taxonomic abundances 

were analyzed using ANOVA set at p < 0.05 using the “aov” function with assumptions that the 

responses were from normal a population distribution (Shapiro-Wilk test function “shapiro.test” 

in base R) with equal variances (Levene’s test function “leveneTest” from car package v.3.1-2). 

Significant differences among treatments were determined by the Tukey test (“TukeyHSD” 

function in base R). Where assumptions of normality and homogeneity of variance were not met, 

the non-parametric Kruskal-Wallis test (“kruskal.test” function from base R) was used, followed 

by Dunn’s test) to determine significant differences (Pohlert 2022). We used principal component 

analysis (PCA) as an exploratory data analysis to visualize multivariate responses to drought 

treatments. PCA figures were generated using the autoplot function in ggplot2 v.3.3.6 with 

loading.label.repel formatting from ggfortify v.0.4.16. 

Both alpha- and beta-diversities were analyzed in the MicrobiomeAnalyst (Chong et al. 

2020) implementation. Permutational multivariate analysis of variance (PERMANOVA) using 

Bray-Curtis dissimilarity was done to identify significant differences in bacterial community 

structure impacted by drought exposure. In MicrobiomeAnalyst implementation, the p-values were 

corrected for multiple testing using the Benjamini and Hochberg’s False-Discovery Rate (FDR). 

 

2.3 Results 

2.3.1 Nodulation 

Nodulation was measured to evaluate the effect of drought on number of nodules and 

nodule dry weight. Compared to the well-watered control, the number of single nodules was 

significantly reduced at 40% FC and 20% FC in alfalfa (P < 0.01; Fig. 2.1A), while only 

significantly reduced under 20% FC in red clover (P < 0.01; Fig. 2.1B). In alfalfa, the number of 

nodule clusters was significantly reduced only under severe drought (20% FC) compared to the 

80% FC treatment (P < 0.05; Fig. 2.1C). However, the number of cluster nodules was not 

significantly different under drought treatments in red clover compared to the well-watered 

treatment (Fig. 2.1D). Comparison to the well-watered control, the total number of nodules per 

plant (single nodules and cluster nodules) was significantly reduced under both drought stress 

levels in alfalfa plants (P < 0.01; Fig. 2.1E). In contrast, there was only a significant reduction in 

total nodule number under severe drought conditions in red clover (P < 0.01; Fig. 2.1F). Lastly, 
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the nodule dry weight was not significantly different among different soil moisture treatments in 

alfalfa (Fig. 2.1G), but was significantly reduced in red clover at 20% FC compared to the 80% 

FC control (P < 0.01; Fig. 2.1H). 

 

 

Figure 2.1 The effects of three weeks of moderate (40% field capacity) and severe (20% field 

capacity) drought stress on nodulation parameters in alfalfa and red clover compared to the well-

watered control (80% field capacity). A-B Number of single nodules per plant; C-D Number of 

cluster nodules per plant; E-F Total nodule number per plant; G-H Nodule dry weight per plant. 
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FC, Field capacity. Different letters indicate significant differences between soil moisture 

treatments at p < 0.05. Each treatment comprised five replicate pots. 

 

2.3.2 Plant physiological parameters 

Plant physiological parameters were measured to understand the responses of alfalfa and 

red clover to drought stress. The relative leaf chlorophyll content (measured as SPAD units) in 

alfalfa plants was reduced under 20% FC drought treatment (20.4 SPAD) compared to 40% FC 

drought (40.8 SPAD, P < 0.01) (Fig. 2.2A). Conversely, in red clover, leaf chlorophyll content was 

significantly higher under 20% FC (52.4 SPAD) drought treatments compared to the 80% FC well-

watered plants (35.8 SPAD; P < 0.05), whereas no significant difference was observed in 40% FC 

(49.2 SPAD) compared to well-watered and severe drought treatments (Fig. 2.2B). Following three 

weeks of drought treatments, there were no significant differences in the LEF of the plants in 

response to drought (Fig. 2.2C, D). Quantum yield is the light energy being transported into 

Photosystem II (ΦII) to be actively converted into usable energy. In alfalfa, the quantum yield 

measured using the MultiSpeQ was not significantly different among the three moisture levels 

(Fig. 2.2E), while there was an increased ΦII in moderate drought compared to well-watered in 

red clover (P < 0.05; Fig. 2.2F). On the other hand, non-photochemical quenching is a defense 

response of plants to dissipate excess light energy, that is as heat, to prevent damage. The measured 

non-photochemical quenching in the alfalfa was significantly higher in plants under 20% FC 

drought treatment compared to 80% FC control plants (P < 0.05; Fig. 2.2G), while there were no 

significant differences among the three moisture treatments in red clover (Fig. 2.2H). 
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Figure 2.2 The effects of three weeks of moderate (40% field capacity) and severe drought (20% 

field capacity) stress on plant physiological parameters in alfalfa and red clover compared to the 

well-watered control (80% field capacity). A-B Leaf chlorophyl content; C-D Leaf photosynthesis 

(LEF); E-F Quantum yield (ΦII); G-H Non-photochemical Quenching (ΦNPQ). FC, Field 

capacity; Different letters indicate significant differences between soil moisture treatments at 

p < 0.05. Each treatment comprised five replicate pots. 
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2.3.3 Plant biomass and root phenotypic traits 

We measured the shoot and root growth and root architecture parameters under drought 

stress to understand how plant growth parameters related to drought impaired SNF. In alfalfa, the 

shoot dry weight was reduced by 36% under moderate drought (40% FC) and 59% under severe 

drought (20% FC) compared to the well-watered plants (80% FC) (P < 0.01; Fig. 2.3A). Similarly, 

shoot dry weight in red clover was also reduced by 38% under moderate drought and 64% under 

severe drought compared to the well-watered control (P < 0.001; Fig. 2.3B). The RWC in alfalfa 

shoots was slightly higher in well-watered plants (73.3%) compared to the plants exposed to 

moderate (70.0%) and severe drought (70.1%) (Fig. A.1A). In contrast, there was significantly 

lower shoot RWC in red clover plants exposed to moderate (54.4%) and severe drought (34.3%) 

compared to the well-watered plants (64.3%) (Fig. A.1B). Concerning root dry weight, alfalfa 

plants were significantly reduced under severe drought stress (P < 0.01; Fig. 2.3C) while both 

moderate and severe drought significantly reduced the root dry weight in red clover by 41% and 

50%, respectively (P < 0.0001; Fig. 2.3D). Although there was a declining trend for total root 

length under drought stress, root length was not significantly different between drought treatments 

and 80% FC well-watered control in alfalfa and red clover (Fig. 2.3E, F). Root surface area was 

not significantly reduced in alfalfa plants under 20% and 40% FC treatment compared to well-

watered treatment, possibly due to high variability between replicates (Fig. 2.3G). On the other 

hand, the root surface area was significantly lower in red clover plants under 40% FC and 20% FC 

compared to the well-watered plants (P < 0.05; Fig. 2.3H). Although different soil moisture 

treatments had no significant impact on root volume in red clover, 20% FC severe drought 

significantly reduced the root volume in alfalfa compared to the well-watered control (Fig. 2.3I). 

The average root diameter was significantly reduced only in red clover under 40% FC and 20% 

FC compared to the 80% FC (P < 0.0001; Fig. 2.3L). 
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Figure 2.3 The effects of three weeks of moderate (40% field capacity) and severe drought stress 

(20% field capacity) on plant biomass and root traits of alfalfa and red clover compared to the 

well-watered control (80% field capacity). A-B Shoot dry weight; C-D Root dry weight; E-F Total 

root length; G-H Root surface area; I-J Root volume; K-L Average root diameter. FC, Field 

capacity; Different letters indicate significant differences between soil moisture treatments at 

p < 0.05. Each treatment comprised five replicates pots. 

 

2.3.4 Effect of drought stress on shoot nitrogen, carbon isotope discrimination, and 

nitrogen fixation 

Alfalfa plants exposed to severe drought (20% FC) had a lower shoot N concentration 

compared to the well-watered plants (80% FC) (Fig. 2.4A). However, no changes in shoot N 

concentration were observed in red clover plants subjected to different soil moisture levels (Fig. 

2.4B). A similar pattern was observed for shoot total N content, where both drought treatments 

significantly reduced the shoot total N content in alfalfa (P < 0.01; Fig. 2.4C), while there was no 

effect on red clover (P < 0.01; Fig. 2.4D). The shoot C/N ratio was determined based on the C and 
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N concentrations of the shoot samples. Alfalfa grown under the severe drought condition had a 

higher shoot C/N ratio compared to moderate and well-watered conditions (P < 0.001; Fig. 2.4E). 

In contrast, red clovers grown under the moderate drought condition had a higher shoot C/N ratio 

compared to severe drought and well-watered control treatments although not statistically 

significant (Fig. 2.4F). The carbon isotope discrimination (CID) of the shoot sample was 

significantly lower in alfalfa under both drought treatments compared to the well-watered 

condition (P < 0.01; Fig. 2.4G) indicating higher water use efficiency under drought stress 

conditions compared to the well-watered conditions. However, there was no significant difference 

in CID in red clover plants grown under different moisture conditions (Fig. 2.4H). The N fixation 

capacity (%Ndfa) of alfalfa was not significantly different between drought and well-watered 

treatments (Fig. 2.4I). In contrast, %Ndfa was significantly lower in red clover plants subjected to 

severe drought conditions compared to well-watered conditions (P < 0.01; Fig. 2.4J). The total N 

fixation in alfalfa was significantly lower under both drought treatments compared to the well-

watered condition (P < 0.01; Fig. 2.4K), wherein only the 20% FC severe drought significantly 

reduced the total N fixed in red clover (P < 0.01; Fig. 2.4L). 
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Figure 2.4 The effects of three weeks of moderate (40% field capacity) and severe drought stress 

(20% field capacity) on shoot nitrogen, carbon isotope discrimination, and nitrogen fixation 

compared to the well-watered control (80% field capacity). A-B Shoot nitrogen concentration; C-

D Shoot total N content per plant; E-F Shoot C/N ratio; G-H Carbon isotope discrimination in 

shoots; I-J Percent (%) nitrogen derived from the atmosphere (%Ndfa); K-L Total shoot nitrogen 

fixed per plant. FC, Field capacity; Different letters indicate significant differences between soil 

moisture treatments at p < 0.05. 

 

2.3.5 Soil available nitrogen and extracellular enzyme 

Measurement of soil nitrogen and the extracellular enzyme activity is important to 

understand the effects of drought on N rhizodeposition and its influence on extracellular enzyme 

activity. The available soil nitrogen (NO3
− and NH4

+) was measured using plant root simulator 

(PRS) probes. The majority of the available nitrogen was in the form of NO3
− in both crops across 

all the moisture treatments. PRS probes retrieved a minimal amount of NH4
+ across all watering 

regimes resulting in no statistical differences among the treatments in alfalfa and red clover (Fig. 
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A.2). The available soil NO3
− and total available soil N were higher under 20% FC severe drought 

conditions compared to the well-watered control (P < 0.05; Fig. 2.5A, D). Overall results showed 

that soil extracellular enzymes have a uniform response to drought effects on their activity, with 

one exception in each trial. First, β-1, 4-glucosidase (BG) and β-D-cellobiosidase (Cello), both of 

which are carbon cycling enzymes, were not influenced by drought conditions in alfalfa (Fig. 2.5E, 

G). Although the BG activity was similar across different moisture treatments in red clover, Cello 

was observed to have decreased activity under severe drought conditions compared to well-

watered control (P < 0.01; Fig. 2.5H). Second, results showed that the phosphate hydrolyzing 

enzyme phosphatase (Phos) was not affected by drought stress in both crops (Fig. 2.5I, J). Lastly, 

the nitrogen liberating enzyme N-acetyl-β glucosaminidase (NAG) was substantially affected by 

drought treatments compared to well-watered conditions in alfalfa (P < 0.01; Fig. 2.5K), while no 

effects in NAG activity were observed under red clover (Fig. 2.5L). 

 

 

Figure 2.5 The effects of three weeks of moderate (40% field capacity) and severe drought stress 

(20% field capacity) on soil available nitrogen forms and soil carbon, nitrogen, and phosphorous 
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extracellular enzymes compared to the well-watered control (80% field capacity). A-B soil nitrate; 

C-D Total soil available nitrogen; E-F Glucosidase (Glu) activity; G-H Cellobiosidase (Cello) 

activity; (I-J) Phophatase (Phos) activity; K-L N-acetylglucosaminidase (NAG) activity. FC, Field 

capacity; Different letters indicate significant differences between soil moisture treatments at 

p < 0.05. 

 

2.3.6 Principal component analysis of different plant and soil parameters 

In the PCA biplot, the first two components accounted for 69% of total variance in the 15 

attributes considered in alfalfa (Fig. 2.6A), while 64% was accounted in red clover (Fig. 2.6B). As 

observed, drought-treated individuals clustered together, distinctly separating the three moisture 

levels from each other. The loading variables in alfalfa that were positively correlated with well-

watered condition ordination space were as follows: nodule number, nodule dry weight, shoot and 

root dry weight, root length, root volume, root surface area, CID, total nitrogen fixed, %NDFA, 

Cello, and NAG. Both SPAD and photosynthesis positively correlated with moderate drought 

conditions, while only total soil available nitrogen positively correlated with severe drought 

conditions. Furthermore, the loadings in red clover that positively correlated with well-watered 

were: nodule number, nodule dry weight, photosynthesis, root and shoot dry weight, root length, 

root volume, root surface area, %NDFA, CID, and total nitrogen fixed. Celliobiosidase was the 

only variable correlated positively with moderate drought, while SPAD and soil available nitrogen 

positively correlated with severe drought conditions in red clover. 
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Figure 2.6 Principal component analysis of nodulation parameters (nodule number, dry weight), 

physiological parameters (leaf chlorophyll content - SPAD, Photosynthesis), shoot and root 

biomass, root architecture (length, volume, surface area), root/shoot ratio, shoot N%, shoot C/N 

ratio, percent nitrogen derived from the atmosphere (%Ndfa), total N fixed, and carbon isotope 

discrimination (CID), soil available nitrogen, and extracellular enzyme activity (Cellobiosidase-

Cello, N-acetylglucosaminidase-NAG) of A alfalfa and B red clover plants grown under well-

watered (80% field capacity), moderate drought (40% field capacity), and severed drought (20% 

field capacity) conditions. DWT, dry weight. 

 

2.3.7 Microbiome Analysis 

We investigated the impact of drought on the soil and rhizosphere bacterial community 

structure of forage legumes. Actinobacteria predominated both plants’ bulk and rhizosphere soil 

at the phylum level, followed by Proteobacteria¸ Firmicutes, Acidobacteria, and an unclassified 

phylum (Fig. 2.7A, B). Performing alpha-diversity analysis in bulk soil for both plants, Shannon 

diversity indices were higher in moderate drought than in severe and well-watered treatments (Fig. 

2.8A, B), though not statistically significant. The drought impact on bacterial diversity, although 

not statistically significant, was more pronounced in the alfalfa rhizosphere showing a trend in 

lower Shannon diversity (Fig. 2.8C), as well as Chao1 and Observed indices (Fig. A.3), in drought 

treatments. In contrast, bacterial diversity in the red clover rhizosphere was not affected by drought 

(Fig. 2.8D). Furthermore, we did not observe a shift in the bacterial community in either plant due 

to drought. This was determined through permutational analysis of variance using the Bray-Curtis 

dissimilarity matrix (Kers and Saccenti 2021). For both plants, the bacterial community in the 

rhizosphere was clearly distinct from the bulk soil, reflecting the rhizosphere effect and specialist 

bacteria living in the root zone recruited by the host plant from the bulk soil (P < 0.01; Fig. A.4).  

The impact of drought on the relative abundances of some taxonomic groups was more 

evident in alfalfa bulk soil (Fig. 2.8E-G). The relative abundances of Acidobacteria were lower in 

drought treatments; in particular, moderate was significantly lower than the well-watered 

(P < 0.05; Fig. 2.8E). Conversely, the relative abundances of phylum Proteobacteria (P < 0.05; Fig. 

2.8F) and family Sphingomonadaceae (P < 0.05; Fig. 2.8G) under severe drought significantly 

increased compared to the well-watered treatments. We observed taxonomic enrichment in the 
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rhizosphere under drought on red clover only, as shown by the increase in the relative abundances 

of Nocardioidaceae (P < 0.05; Fig. 2.8H). 

 

 

Figure 2.7 Distribution and abundance analysis of bacterial communities in bulk and rhizosphere 

soil under alfalfa and red clover under different soil moisture conditions. A Alfalfa phyla relative 

abundance; B Red clover phyla relative abundance. Legend shows phylum phylogenetic level. 
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Figure 2.8 Microbiome analysis of alfalfa and red clover soil and rhizosphere samples under 

moderate (40% field capacity) and severe (20% field capacity) drought conditions, and well-

watered (80% field capacity) as control. Shannon diversity indices of alfalfa and red clover bulk 

(A-B) and rhizosphere (C-D) samples. Relative abundances: Acidobacteria (E), Proteobacteria (F), 

and Sphingomonadaceae (G) in alfalfa bulk soil; Nocardioidaeae (H) was significantly enriched 

in the red clover rhizosphere. FC, Field capacity; Different letters indicate significant differences 

between soil moisture treatments at p < 0.05. 

 



36 

 

2.4 Discussion 

Overall results indicates that drought has deleterious effects on nodulation, plant growth, 

and carbon and nitrogen cycling enzymes while positively impacting soil nitrogen availability and 

some specific soil microbial taxa. These significant changes in legume plant growth, nodulation, 

physiological parameters, and SNF and its consequential effects on soil enzymes and the microbe 

community help us to understand the overall response of legumes under drought stress. The 

greenhouse experiments described here were conducted to assess the effect of soil moisture 

limitation on two essential forage legumes, alfalfa and red clover, by using passive pot-drying by 

withholding irrigation at different field capacity levels (Poorter et al. 2012; Marchin et al. 2020). 

Faced with finite water resources, drought has been known as the most critical threat to global 

food security by constraining crop yield (Micheletto et al. 2007; Farooq et al. 2017). Furthermore, 

drought is predicted to increase in frequency and severity due to global climate change (Lesk et al. 

2016; Dey et al. 2019). Therefore, evaluating how drought stress affects forage legume growth, 

physiological parameters, symbiotic nitrogen fixation, and its consequences on soil nitrogen 

availability and microbial diversity will help to understand the system responses. 

Legume root nodulation is sensitive to drought stress, and this current study describes the 

impact of moderate and severe drought conditions on alfalfa and red clover nodulation. Overall 

results suggest that nodulation in forage legumes can be negatively affected under severe drought 

conditions. Previous studies with grain legumes also confirmed the reduction in nodulation under 

drought stress (Lumactud et al. 2023; Fernández-Luqueño et al. 2008; Marquez-Garcia et al. 2015). 

The success of root nodulation starts from a healthy rhizobia population size in the soil (Rehman 

and Nautiyal 2002), where prolonged drought conditions can reduce soil rhizobia population, thus 

reducing nodulation (Herrmann et al. 2014; Kasper et al. 2019). Drought can impair the legume-

rhizobia signaling exchange, disrupting the establishment of symbiosis (Thilakarathna and Cope 

2021; de Freitas et al. 2023). We observed varying specific responses of red clover and alfalfa to 

drought. Our results showed that the average nodule dry weight was significantly reduced under 

severe drought conditions in red clover but not in alfalfa. The ability of alfalfa plants to maintain 

their nodule mass while exhibiting a significant reduction in cluster nodules and total nodule 

number is possibly another adaptive mechanism under drought conditions (Lumactud et al. 2023). 

Specifically, alfalfa plants may have compensated by maintaining only the large nodules. 
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Leaf chlorophyll content (SPAD), linear electron flow (LEF) as proximate to 

photosynthesis, quantum yield (ΦII) and non-photochemical quenching (ΦNPQ) are the common 

photosynthetic parameters measured using the MultispeQ (Kuhlgert et al. 2016). In alfalfa, peas, 

and soybean, the rates of photosynthesis were reduced under short and prolonged (two to three 

months) drought stress by limiting the carbon influx via the stomata and reduction of chlorophyll 

content (Zargar et al. 2017; Zhang et al. 2018; Wang et al. 2018; Jacques et al. 2022). Our present 

study did not support these claims, as the photosynthesis was not significantly different among 

different FC treatments. A possible explanation for this contradictory result is that alfalfa and red 

clover may have higher drought tolerance for photosynthesis or have acclimated to drought over 

three weeks of the drought period. A determined long-term measurement linked to photosynthesis 

is the amassment of leaf chlorophyll. Interestingly, we found a significant increase in alfalfa leaf 

chlorophyll content under moderate drought stress compared to the well-watered control after three 

weeks of drought period. This increased leaf chlorophyll content may be linked to sustaining 

photosynthesis by increasing chlorophyll pigments. Furthermore, photosynthesis efficiency is 

described by ΦII and ΦNPQ. The ΦII, the energy conversion in photosystem II (PSII), has an 

inverse relation with ΦNPQ, which is the non-photochemical energy loss responsible for 

protecting PSII from photodamage (Parida et al. 2007). We report higher ΦNPQ results in lower 

ΦII, as shown in Fig. 2.2E-H. Similar results were reported by Mwale et al. (2017) in cowpea 

under drought stress. 

Drought stress can still reduce biomass production (Mouradi et al. 2016; Begum et al. 

2019), supporting our findings on the reduced shoot and root dry weight under 40% and 20% FC 

treatments. In our study, shoot biomass was reduced by 59% and 34% under severe drought stress 

in alfalfa and red clover, respectively, compared to the well-watered control plants. Similarly, root 

biomass was reduced by 40% and 30% under severe drought stress in alfalfa and red clover, 

respectively, compared to the well-watered control plants. Drought causes changes in cell 

metabolism (Vaseva et al. 2011), affecting cell elongation and enlargement, resulting in decreased 

growth (Ashraf and O’Leary 1996), which supports the significant changes in root architecture for 

both alfalfa and red clover (Fig. 2.3). 

It is widely accepted that drought significantly affects SNF in legumes, resulting in the 

decline of shoot N content. Although we found a significant reduction in %Ndfa in red clover 

under severe drought stress conditions, we did not see the same trend in alfalfa. Several factors are 
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linked to the inhibition of N2 fixation under drought. The decline in nodule sucrose synthase results 

in the shortage of carbon substrates needed to facilitate SNF (González et al. 2015; Kunert et al. 

2016). Another factor is oxygen limitation, where oxygen diffusion is limited due to loss of turgor 

and cell volume, disrupting the microaerobic environment, resulting in the inhibition of 

nitrogenase activity (Serraj et al. 1999; Serraj 2003; González et al. 2015). Furthermore, drought 

conditions induce ABA synthesis, consequently reducing the synthesis of leghaemoglobin and 

dramatically increasing the oxygen diffusion resistance into the nodules (Naya et al. 2007; 

González et al. 2015). It is important to note that the 15N dilution method used to measure SNF in 

this study provided time-integrated measurements for %Ndfa, in contrast to the acetylene reduction 

assay that provided instantaneous N2 fixation values during the drought period (Thilakarathna et 

al. 2017). Additionally, soil sterilization in non-nitrogen fixing reference plants may have imposed 

an additional variable as there is a possibility that the soil microbes consumed a small portion of 

the applied 15N fertilizer in the unsterilized soil mixture, which affects %Ndfa calculations. 

However, microbial absorbed 15N should have been turnover to the soil during the experimental 

period, making them available for plants to uptake. 

Carbon isotope discrimination was lower under both drought conditions in alfalfa and only 

under moderate drought conditions in red clover compared to well-watered conditions in our study. 

CID has been a proposed method and technique for evaluating water use efficiency (WUE) in C3 

plants like alfalfa (Raeini-Sarjaz et al. 1998). Plants under drought stress have been thought to 

utilize water more efficiently as a drought tolerance mechanism (Kaler et al. 2018). The CID is 

inversely proportionate with WUE (Hubick et al. 1986; Moghaddam et al. 2013), suggesting alfalfa 

under moderate and severe drought conditions and red clover under moderate drought stress had 

higher WUE compared to well-watered plants. 

Soil extracellular enzyme activity (EEA) strongly predicts soil health, providing the 

leading force for nutrient cycling, including C, N, and P (Burns et al. 2013). To date, the effects 

of drought on soil EEA have been controversial. A meta-analysis by (Ren et al. 2017) reports a 

steep decrease in oxidoreductase activity while a general increase in hydrolase activities under 

limited precipitation. On the other hand, Geisseler et al. (2011) concluded that soil EEAs 

significantly increased under drought conditions. Our study found that drought generally did not 

affect soil EEA except for a significant decrease in activity of NAG under both 40% and 20% FC 

treatment in alfalfa and a significant reduction of C-acquisition hydrolase (Cello) under 20% FC 
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in red clover pots. The reduction of these specific enzymes is probably correlated to the availability 

of soil organic compounds (SOC), which is a common limiting factor for microbial growth in soils. 

This variation in enzymatic activity is highly associated with plant traits. The PCA analysis shows 

that both NAG and Cello are positively correlated with root biomass and architecture. Kanté et al. 

(2021) noted that enzyme activity is directly proportional to root biomass and length, thus 

associated with root growth as it will increase rhizodeposition through sloughing-off root border 

cells (Fustec et al. 2010). Furthermore, these plant-specific changes suggest that drought and plant 

composition may affect specific enzyme classes. Studies on the effect of plant species and variety 

on enzyme activity under drought periods are suggested to cause changes in soil EEAs (Beier et 

al. 2012; Steinauer et al. 2015). Drought influences root growth and root exudation, resulting in 

changes in the microbial community structure in the soil and rhizosphere. The change in microbial 

community structure prompts changes in soil enzyme activities (Trasar-Cepeda et al. 2008; Kabiri 

et al. 2016). 

Drought affects root traits and soil nutrient availability (de Vries et al. 2020; Thilakarathna 

et al. 2016). We found an increased soil available nitrogen following severe drought stress in 

alfalfa and red clover. Among the N-containing exudates, ammonium and different amino acids 

are the major forms of N deposited by legumes contributing the majority of N retrieved in soil 

(Paynel et al. 2008; Lesuffleur et al. 2007). However, we observed that nitrate is more abundant 

in the soil than ammonium, likely due to the subsequent nitrification. Nitrate is not an N form 

actively released by legumes and thus does not naturally contribute to the soil-available N through 

active rhizodeposition. Drought induces root and nodule senescence, potentially releasing some 

organic N compounds. These organic N compounds convert into ammonium and further into 

nitrate, increasing available N in the soil following drought (Wichern et al. 2008; Fustec et al. 

2010). Finally, the fate of the released N by legumes can also undergo different pathways; re-

uptake by plants, loss through denitrification, and immobilization by soil microorganisms 

(Näsholm et al. 2009; Cameron et al. 2013). 

Although past work has shown that drought negatively impacts plant physiological 

parameters and influences the shift in microbial community composition (Naylor and Coleman-

Derr 2018; Bogati and Walczak 2022), many of these investigations have been conducted 

separately. In this study, we synergistically investigated how bacterial communities are structured 

in both the bulk and rhizosphere habitats as affected by plant physiological changes in two forage 
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legume species under drought conditions. Plants undergo several physiological changes to 

conserve water and adapt to drought stress. Here we show the effects of drought stress on plant 

physiological parameters, SNF, plant growth, and N rhizodeposition, which may then affect the 

plants’ associated bacterial communities and their recruitment in the root zone. 

The distinct separation of rhizosphere bacterial communities from the bulk soil in both 

forage legume species suggests that plant root exudates recruit a subset of bacteria from the bulk 

soil into the root zone (Finkel et al. 2017), and this recruitment is affected by a wide range of host 

and environmental conditions (Gaiero et al. 2013; Fitzpatrick et al. 2018). Here we observed plant-

host differential responses of drought effects on bacterial diversity and community composition. 

Although not statistically significant, we observed a trend in reduced bacterial diversity in alfalfa 

and red clover bulk and alfalfa rhizosphere soils, but this trend was not observed in the red clover 

rhizosphere. The negative effect of drought on bacterial diversity was previously reported (Preece 

et al. 2019). However, some previous studies indicate no effects of drought on bacterial diversity 

(Acosta-Martínez et al. 2014; Bachar et al. 2010; Tóth et al. 2017). There are several potential 

reasons why bacterial diversity was not significantly impacted. In our study, three-week drought 

exposure might not have been long enough to cause significant changes in bacterial diversity. 

Other potential reasons could be that bacteria live in complex interacting communities with other 

microbiota. Some bacteria might produce exopolysaccharides (Khan and Bano 2019) that retain 

soil moisture, facilitating microsite formation, benefitting neighbouring bacteria and thus 

preserving bacterial diversity. 

Previous studies have shown the sensitivity of Acidobacteria to drought with a decrease in 

abundance in the soil (Acosta-Martínez et al. 2014; Barnard et al. 2013; Maestre et al. 2015). Some 

studies have also demonstrated the enrichment of Acidobacteria under drought conditions (Yuste 

et al. 2014; Naylor and Coleman-Derr 2018). Acidobacteria were previously shown to be 

physiologically diverse (Huber et al. 2022); species under this group responded differently in 

varying conditions, which may be the possible reason for their differential responses in drought 

events. Genomic analysis unravelled the role of Acidobacteria in soil nitrogen cycling (Ward et al. 

2009). Thus, in our study, the reduction of the relative abundances of soil Acidobacteria under 

drought in alfalfa was likely related to the reduction of N-acetylglucosaminadase involved in 

nitrogen cycling in the soil. 
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Enrichment of Nocardioidaceae, under phylum Actinobacteria, in the red clover 

rhizosphere is consistent with the results of several studies on the enrichment of Actinobacteria 

under drought stress (Bouskill et al. 2016; Kavamura et al. 2013; Santos-Medellín et al. 2021; Xu 

et al. 2018). Several factors are thought to contribute to the enrichment of this group; 

Actinobacteria are gram-positive, and many are monoderms, where the thick peptidoglycan cell 

wall and accumulation of osmolytes make this group more tolerant to desiccation (Hartman and 

Tringe 2019). Many members of Actinobacteria are known to produce siderophores and other 

secondary metabolites; recruitment may prove beneficial to plants for survival in stressful 

conditions (Lewin et al. 2016). While red clover demonstrated enriched taxa in the rhizosphere, 

this trend was not observed in the alfalfa rhizosphere, possibly reflecting differences in exudation 

patterns under drought stress. 

While the relative abundances of N2 fixing bacterial composition were not significantly 

impacted by drought exposure in the bulk and rhizosphere soil, we observed a significant increase 

in the relative abundance of Proteobacteria (order Rhizobiales being the most abundant taxon) in 

the bulk soil of alfalfa. The members of Proteobacteria, particularly Rhizobiales, may have been 

out-competed by other taxa that have a competitive advantage in the rhizosphere under drought 

conditions. Alternatively, drought may have altered the root exudates to favor the recruitment of 

other taxa, which led to the migration of Rhizobiales to the bulk soil that was more favorable for 

their growth. 

We did not observe significant shifts in bacterial community structure subjected to drought. 

The effect of drought on microbial communities is complex and is associated with a range of 

factors, including frequency, intensity, and duration of drought (Naylor and Coleman-Derr 2018; 

Schimel 2018). The plant/soil microbiome associated with the plant host species being investigated 

in our study is likely generally tolerant to the duration of drought exposure and can bounce back 

after the exposure showing a resilient community. We recommend future research on the plant-

soil microbiome in plant developmental stages and multiple time points across various host plant 

species under longer drought exposure. 

This comprehensive study found the positive and negative effects of moderate and severe 

drought stress on aboveground (e.g., plant physiological parameters, shoot growth, shoot nitrogen, 

water use efficiency, SNF) and belowground (e.g., nodulation, root phenotypes, soil enzyme 

activities, soil N availability, soil microbiome) parameters of two forage legumes. In conclusion, 
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severe drought had significant negative effects on nodulation, root and shoot growth, and SNF. 

Soil available N was significantly increased under severe drought conditions. The extracellular 

enzyme assay showed that drought stress reduced the N-acetyl-glucosaminidase in alfalfa and β-

D cellobiosidase activity in red clover. Microbiome data showed differential responses of the two 

forage plant species under drought conditions. While drought did not affect β-diversity in either 

plant host species, α-diversity was affected in alfalfa. Furthermore, we observed a decrease in the 

relative abundances of Acidobacteria in alfalfa, whereas, enrichment of Nocardiodes in red clover. 

Overall results indicate that drought has deleterious effects on nodulation, plant growth, and carbon 

and nitrogen cycling enzyme, while positively impacting soil nitrogen availability and some 

specific soil microbial taxa. However, the impact of drought stress on nodulation, plant 

physiological parameters, SNF, soil nitrogen availability and microbial diversity was also 

dependent on the forage legume species. The current study will contribute to understanding the 

effect of drought-impaired SNF on soil nitrogen availability, microbial diversity, and relationships 

between the different traits measured. 
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Chapter 3 - Effect of defoliation intensity on symbiotic nitrogen fixation, soil nitrogen 

availability and soil microbial dynamics in forage legumes 

 

Abstract 

Forage legumes are critical for producing protein-rich high-quality pastures and for improving soil 

fertility through their ability to fix atmospheric nitrogen from the mutualistic relation with soil 

rhizobia bacteria. Forage legumes in pastures frequently undergo defoliation stress through grazing 

and mowing, which changes source-sink relationship between above-ground and below-ground 

tissues, potentially influencing key factors affecting their ability to fix nitrogen. In this greenhouse 

study, we evaluated the effects of two defoliation intensities on nodulation, root phenotypic traits, 

plant biomass, symbiotic nitrogen fixation, soil available nitrogen, soil enzyme activities, and soil 

microbial community structure of alfalfa (Medicago sativa L.) and red clover (Trifolium pretense 

L.). Plant defoliation treatments included a mild defoliation which removed half the above ground 

biomass, a severe defoliation that removed all but 2 cm of stubble and a non-defoliated control. 

Mild defoliation had a positive influence on the final shoot biomass in both legumes, but both mild 

and severe defoliation had a negative effect on nodulation and non-symbiotic root phenotypic 

traits, including root biomass. The symbiotic nitrogen fixation capacity was reduced in red clover 

under severe defoliation stress, whereas it was unaffected in alfalfa. Soil available nitrogen content 

was greater following severe defoliation in red clover compared to the mild and non-defoliation, 

but no changes were observed in alfalfa following defoliation. Severe defoliation significantly 

increased soil enzyme activities of β-1, 4-glucosidase, β-D-cellobiosidase, and phosphatase 

enzymes in both legumes. Finally, microbiome analysis showed an enrichment of the subgroup 

Gp3 from Acidobacteria following severe defoliation stress. Overall results suggest that 

defoliation intensity had a deleterious effect on root traits, a positive influence on C and phosphate 

extracellular enzyme activities, but varied influence on the shoot growth, symbiotic nitrogen 

fixation, and soil available nitrogen based on the forage legume type.  

 

Keywords: forage legumes, defoliation, symbiotic nitrogen fixation, soil enzymes, available soil 

nitrogen, soil microbiome 
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3.1 Introduction 

Forage legumes are important plants in a variety of cropping systems due to their capability 

to fix atmospheric N2 in symbiosis with rhizobia bacteria, which renders them to provide nitrogen 

(N)-rich feed for livestock and also enhance soil health (Rochon et al., 2004.; Stagnari et al., 2017). 

Forage legumes improve soil N availability through the rhizodeposition of fixed N, thus 

minimizing the need for external N inputs (Ayres et al., 2007; Pirhofer-Walzl et al. 2012; Høgh-

Jensen and Schjoerring 2001). However, plant productivity and persistence can be adversely 

influenced by defoliation, which alters the source-sink relationships between the aboveground and 

belowground parts for carbon (C) and N, favoring one over the other depending on the remaining 

photosynthetic tissues, which can influence the overall plant nitrogen fixation (Baysdorfer and 

Bassham, 1985; Black et al., 2009; Proulx and Naeve, 2009). 

Defoliation is the removal of aboveground plant tissues, mainly associated with grazing 

and pest damage (Thilakarathna et al. 2016), and alters the balance between aboveground and 

belowground biomass, influencing the efficiency of the remaining photosynthetic tissues in 

capturing sunlight for energy (Gordon et al., 1990; Richards, 1993). The reduction in 

photosynthesis due to defoliation restricts the photosynthates supply to root and nodules (King and 

Purcell, 2001) and the metabolic rate of nodules declines following defoliation which reduces N 

fixation (Aranjuelo et al., 2015). Furthermore, defoliation can set off a myriad of physico-

biochemical changes in nodules that can lead to reduced N fixation, potentially affecting other 

plant phenotypic and physiological traits. This includes reduced nitrogenase activity (del Castillo 

et al., 1994; Nishida and Suzaki, 2018), decreased oxygen permeability (Serraj 2003; González et 

al. 2015), reduction in glutamine synthetase (Jacobi et al. 1994), and enhanced tissue senescence 

(Vance et al. 1979). Defoliation can also trigger the exudation of fixed nitrogen through the root 

system of forage legumes immediately following defoliation (Thilakarathna and Raizada, 2019). 

In the long-term, senescence of belowground tissues, including roots and nodules, alters N 

availability in the rhizosphere and bulk soil (Hamilton et al., 2008; Carrillo et al., 2011; 

Thilakarathna and Raizada, 2019).  

Plant roots are the primary conduits and source of organic C and other nutrient deposition 

to soil, which become available for rhizosphere bacteria (Hu et al., 2018; Ankati and Podile, 2019). 

Plants exhibit different rhizodeposition patterns depending on species, growth stage, health, and 

stress factors (Cavaglieri et al., 2009; Chaparro et al., 2013, 2014). Defoliation-induced changes 
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in plant root growth, nodulation, and SNF, potentially influence rhizodeposition of C and N 

(Hamilton et al., 2008; Carrillo et al., 2011), which are the main growth-limiting nutrients for soil 

microorganisms (Kanté et al., 2021; Macdonald et al., 2006; Ma et al., 2018). The rhizosphere 

microbiomes play a critical role in agroecosystems and are crucial for plant health and nutrition 

(Ma et al., 2018; Berg et al., 2016; Ling et al., 2022). They are responsible for nutrient cycling and 

organic matter turnover (Bausenwein et al., 2008). Microbes drive soil biochemical processes by 

releasing enzymes that catalyze various reactions (Bowles et al., 2014; Rao et al., 2014; Adetunji 

et al., 2020) and serve as an indicator of soil health (Liu et al., 2020; Bai et al., 2021).  

Extensive research has been conducted to evaluate the effect of defoliation on the plant 

growth and above-ground physiological parameters in legume crops (Haagenson et al., 2003; 

Zhang et al., 2018; Kopture et al., 2023). However, less attention has been given to the effects of 

defoliation stress on the below-ground plant traits, and soil microbial community and biochemical 

processes, like extracellular enzyme activity. We hypothesize that defoliation impairs symbiotic 

N fixation (SNF) in forage legumes, which ultimately affects soil N availability, enzyme activities, 

and the microbial community. To this end, this study aimed to assess the effect of mild and severe 

defoliation on root growth, nodulation, SNF, extracellular enzyme activities, soil N availability, 

and soil microbiome in alfalfa and red clover.  

 

3.2 Materials and Methods 

3.2.1 Plant material and experimental design 

Seeds of alfalfa variety OAC-Minto and red clover variety Juliet Double Cut (Christie and 

Bennett, 1984) were surface sterilized with 70% ethanol for 2 min, 2% NaOCl solution for 3 min 

and washed with six changes of autoclaved distilled water (Thilakarathna et al., 2017). Seedlings 

were germinated on sterile moistened filter paper in the dark at 28 oC for two days. Five seedlings 

were planted into 6.5 L pots (21.7 cm height, 22 cm diameter) lined with low-density polyethylene 

(LPDE) plastic and filled with 1:2 field soil, collected from a wheat stubble field at the University 

of Alberta South Campus farm, and sand (QUIKRETE® Premium Play Sand, QUIKRETE, 

Atlanta, GA, USA). The soil-sand mixture was mixed for 10 minutes using a soil mixer (STOW 

mortar mixer, model M6-63). The mixture had a total N content of 7.36 mg/kg. Alfalfa and red 

clover seedlings were inoculated with 1 ml liquid inoculum of Sinorhizobium meliloti 1021 and 

Rhizobium leguminosarum biovar trifolii Mj 43, respectively (Thilakarathna and Raizada, 2018), 
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which are compatible rhizobia strains with these two forage legumes. Rhizobia inoculants were 

prepared by adjusting the optical density (OD595) to 0.1. Pots were thinned to three seedlings per 

pot after one week of growth and reinoculated with corresponding rhizobia strains to ensure 

nodulation. Five planted pots of each species were prepared with sterile soil-sand mix and were 

left uninoculated to serve as non-fixing plants in calculating the nitrogen fixation capacity.  Pots 

were arranged as randomized complete block designs with five replicates (n = 5) per defoliation 

treatment. 

All plants were supplied with 50 ml of quarter-strength N-free Hoagland’s nutrient solution 

twice per week (pH = 6.8, adjusted using KOH) (HOP03-50LT, Caisson Labs, UT). Plants were 

grown in the greenhouse at 24 ± 3°C and 16/8 h light/dark photoperiod until flowering stage. At 

the flowering stage, plants were subjected to three clipping treatments: mild defoliation (50% of 

the above-ground biomass was removed) by measuring from the base of the plant near the soil 

through halfway its shoot length and clipping the upper half, severe defoliation (almost 100% of 

the above-ground biomass was removed, leaving only 2 cm stubble from the ground level), and 

non-defoliation control (no defoliation). Defoliation treatments were imposed by clipping plants 

manually using scissors. Following defoliation treatments, plants were allowed to regrow for four 

weeks for recovery.  

 

3.2.2 Measurement of soil available nitrogen 

Plant Root Simulator (PRS) probes (PRSTM; Western Ag Innovations, Saskatoon, SK, 

Canada) were buried into the soil (3 cation and anion pairs per pot) right after the defoliation 

treatments. After one week of burial, the PRS probes were retrieved and rinsed with milli-Q water 

to remove any adhering soil particles. The probes were placed in Ziploc bags on ice and sent to 

the Western Ag Innovations laboratory (Saskatoon, SK) for available nitrogen analysis. The PRS 

probes were eluted with 17.5 mL of 0.5 M HCl solution for 1 hour for ≥95% ions retrieval required 

for elemental determination. Blank probes were analyzed to ascertain that no N contamination 

occurred. Soil nitrogen-supply rates were expressed as mg N/10 cm2/burial period (10 cm2 

representing the surface area of exchangeable resin) (Johnson et al., 2007). PRS burial was 

implemented again after four weeks of recovery for another week prior to the final harvest. 
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3.2.3 Shoot and root traits  

Plants were harvested after the four-week recovery period and separated into shoots and 

roots. The root system of each plant was carefully shaken to remove excess soil and was washed 

free of soil and stored at 4 oC in Ziploc bags. Roots were scanned with an Epson Expression 1640 

scanner (Epson Canada Ltd., Markham, ON, Canada), and root architecture traits were obtained 

using WinRHIZO software (Regent Instruments Inc., Quebec City, QC, Canada), including root 

length, volume, and surface area (Thilakarathna et al., 2016). Nodules were removed from the 

roots and separated into single and cluster nodules for counting. Plant materials were dried at 60 

oC for three days for dry weight measurements. 

 

3.2.4 Bulk and rhizosphere soil sampling 

Bulk and rhizosphere soil sampling was performed following the protocol outlined by 

McPherson et al. (2018). After the recovery period, the bulk soil samples were collected using a 

2.5 cm diameter, 12 cm long metal soil corer and stored in Ziplock bags at -20 oC. For rhizosphere 

sample collection, 5 to 6 samples of lateral roots with residual soil still covering the root surface, 

each with ~12 cm length, were randomly selected from the root system to obtain rhizosphere 

samples and are kept in 50 ml sterile plastic tubes with 35 ml phosphate buffer at 4 oC. The tubes 

containing lateral root clippings and buffer solution were vortexed for 2 min to loosen the soil. 

The roots were carefully removed, and the suspensions were centrifuged at 3000 g for 5 min at 

room temperature. Then, the supernatants were decanted, and pellets were resuspended in 1.5 ml 

phosphate buffer and vortexed. Approximately 2 ml of suspensions were transferred into new 2 

ml microfuge tubes and centrifuged at room temperature at 16,000 g for 2 min. The supernatants 

were decanted, and the remaining soil pellets were stored at -20 oC for microbial DNA extraction.  

 

3.2.5 Extracellular enzymatic activity (EEA) assay 

The extracellular enzyme activity (EEA) of the soil samples was measured following the 

protocol by Saiya-Cork et al. (2002) with modifications from German et al. (2011). The activity 

of the following four enzymes with significant roles in the cycling of soil C, N, and P were assayed: 

(1) cellulolytic enzymes β-1, 4-glucosidase (BG) and β-D-cellobiosidase (Cello) responsible for 

the release of glucose from cellobiose for microbial C acquisition; (2) phosphatase (Phos), 

responsible for the release of inorganic P from esters; and (3) glucosaminidase enzyme N-acetyl-
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β glucosaminidase (NAG), which facilitates the breakdown of organic matter such as chitin of 

fungal cell wall, releasing N compounds (Hewins et al. 2015). 

Each bulk soil sample was separated into two parts. One part was weighed for initial weight 

and oven-dried at 75 oC for two days, and then the dry weight was recorded. The other part was 

used as a representative sample for the enzyme activity assay. A 2 g soil sample was resuspended 

and buffered with 125 ml of 50 mM acetate buffer (pH = ±7.2; CH3COONa; CAS:127-09-3; 

BP333-500; Fisher Scientific; Toronto, ON, Canada). The solutions were kept homogenized using 

a magnetic stirrer. Next, 200 µl aliquots were dispensed from the suspension into black Costar 96-

well microplates. The enzyme assays were conducted using a ratio of 2 g of soil per the standard 

50 µl of 200 µM of substrate solution (Saiya-Cork et al., 2002). Blank wells received 50 µl of 

acetate buffer and 200 µl of sample suspension, while negative control wells received 50 µl of 

substrate solution and 200 µl of acetate buffer. Lastly, quench standard wells received 50 µl of 

standard MUB (10 µM 4-Methylumbelliferone), while reference standard wells received 50 µl 

standard MUB plus 200 µl acetate buffer. The assay plates were incubated for 5 h at room 

temperature and were read using a Spectramax M3 plate reader (Molecular Devices, LLC. San 

Jose, CA, USA) at 365 nm excitation and 450 nm emission. Activities were calculated on a per 

gram of dry soil basis using a standard equation (German et al., 2011). 

 

3.2.6 15N isotope analysis for nitrogen fixation measurements  

In order to measure nitrogen fixation using the 15N isotope dilution technique, all plants 

were labeled with 25 ml of 0.5 mM K15NO3 solution (10 atom% 15N; 348481-25G; Sigma Aldrich, 

Oakville, ON, Canada) following two and three weeks of growth. After each harvest, dried shoot 

materials were ground into powder using a SPEX SamplePrep 8000M Mixer/Mill ball grinder for 

10 minutes, followed by Beadruptor (Beadruptor 12 Homogenizer, Omni International Inc.). A 5 

mg subsample was measured from individual samples using a microbalance and was encapsulated 

in tin capsules (8 mm × 5 mm, D1008, standard weight, Isomass Scientific Inc.) (Liyanage et al., 

2023). The 15N and total N% of samples were analyzed using an Isotope Ratio Mass Spectrometer 

(IRMS) fitted with a Flash 2000 Elemental Analyzer (Thermo Fisher Scientific, Voltaweg, 

Netherlands) and Conflo IV (Thermo Fisher Scientific, Bremen, Germany) interface between the 

IRMS. The percentage of nitrogen derived from the atmosphere (%Ndfa) of shoot tissues was 

calculated using the following formula: 
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%𝑁𝑑𝑓𝑎 = (1 −
atom% 15𝑁 𝑒𝑥𝑐𝑒𝑠𝑠(𝑓𝑖𝑥𝑖𝑛𝑔 𝑝𝑙𝑎𝑛𝑡)

atom% 15𝑁 𝑒𝑥𝑐𝑒𝑠𝑠(𝑛𝑜𝑛−𝑓𝑖𝑥𝑖𝑛𝑔 𝑝𝑙𝑎𝑛𝑡)
) ×  100 

 

Rhizobia uninoculated alfalfa and red clover plants (non-nodulating control) from the same 

experiments were used as the non-fixing references.  

 

3.2.7 Bacterial DNA extraction, sequencing, and bioinformatics analyses 

Total DNA was extracted from the soil samples using the Qiagen Dneasy PowerSoil Pro 

kit (Qiagen, Germany). Genomic DNA concentration and purity were validated using NanoDrop 

2000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). DNA samples were sent to 

the Laval Genomics Platform (University of Laval, Quebec, Canada) for Illumina Miseq paired-

end sequencing of the bacterial 16S rRNA V3-V4 region using primers — 341F 3’-

GCCTACGGGNGGCWGCAG-5’ and 806R 3’-ACTACHVGGGTATCTAATCC-5’. Nextera 

XT index kit (Illumina Inc. USA) was used to generate the amplicon libraries, observing the 

metagenomic sequencing library preparation protocol. Mothur pipeline (v.1.42) filtered the paired-

end raw reads and produced contigs (Schloss et al., 2009). Chimeric sequences were removed 

using VSEARCH (Rognes et al., 2016). The sequences and OTUs were prepared using the RDP 

classifier database (Cole et al. 2014). MicrobiomeAnalyst (Chong et al., 2020) was used for further 

bioinformatics analysis. The sequences were rarified to the minimum library size implemented in 

MicrobiomeAnalyst (Weiss et al. 2017) to address the variability in sequencing depth among the 

samples. Raw sequences obtained from this project were deposited into the NCBI Sequence Read 

Archive under the accession number PRJNA1031707. 

 

3.2.8 Data Analysis 

Statistical analyses were performed in R v.4.23 (R core team 2023). The effect of different 

defoliation intensities on nodulation, plant biomass, root architecture, SNF, soil available N, soil 

extracellular enzyme activities, and microbial diversity and abundance were analyzed with 

ANOVA at p<0.05 with base R “aov” function after the data passed assumptions of normality and 

equal variances following Shapiro-Wilk test “shapiro.test” and Levene’s test “leveneTest” in the 

car package version 3.1-2, respectively. The differences among the defoliation treatments were 
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assessed through the Tukey test (“TukeyHSD” in base R). Principal component analysis (PCA) 

was performed to visualize the multivariate effects of defoliation intensity on mean values of 

significantly affected plant traits and soil parameters. The PCA figures were created using the 

autoplot function in ggplot2 v.3.3.6, formatted with ggfortify v.0.4.16. MicrobiomeAnalyst was 

used to analyze alpha- and beta-diversity (Chong et al. 2020). The p-values were corrected for 

multiple factor testing using the Benjamini-Hochberg’s False-Discovery Rate (FDR) in 

MicrobiomeAnalyst. Permutational multivariate analysis of variance (PERMANOVA) with Bray-

Curtis dissimilarity was performed to identify differences in bacterial communities after 

defoliation stress. 

 

3.3 Results 

3.3.1 Effect of defoliation on nodulation 

Mild and severe defoliation treatments significantly reduced the number of single nodules 

(P<0.05; Figs. 3.1A) and number of cluster nodules (P<0.05; Figs. 3.1C) in alfalfa, resulting in the 

overall reduction in total nodule number (P<0.05; Figs. 3.1E) compared to the non-defoliation 

control. In red clover, the number of single nodules and total number of nodules were significantly 

reduced under mild and severe defoliation (P<0.05; Figs. 3.1B, F), whereas the number of cluster 

nodules was reduced only under severe defoliation compared to the non-defoliated control 

(P<0.05; Figs. 3.1D). Defoliation also significantly reduced the dry weight of alfalfa nodules under 

both defoliation treatments (P<0.05; Figs. 3.1G), while only severe defoliation significantly 

reduced the dry weight in red clover nodules compared to the non-defoliated control (P<0.05; Figs. 

3.1H). 
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Figure 3.1. The effect of mild (50%) and severe defoliation (100%) on nodulation parameters in 

alfalfa and red clover compared to the non-defoliation control: (A-B) number of single nodules 

per plant; (C-D) number of cluster nodules per plant; (E-F) total nodule number per plant; (G-H) 

nodule dry weight per plant. Different letters indicate significant differences between defoliation 

treatments at p < 0.05. Each treatment comprised five replicates. 
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3.3.2 Effect of defoliation on plant biomass and root traits 

Total shoot dry weight for both mild and severe defoliation treatments was calculated by 

adding the dry weights of the first cut (defoliation) and final cut after the 4-week recovery period, 

while shoot weight for the non-defoliated control was obtained based only on shoots harvested at 

the end of the growing period. Mild defoliation increased alfalfa total shoot biomass compared to 

the non-defoliation control (P<0.05; Fig. 3.2A), while total shoot dry weight of plants severely 

defoliated was not significantly different from control and mildly defoliated plants. In contrast, red 

clover plants subjected to mild defoliation significantly increased the total shoot biomass 

compared to the severely defoliated plants (P<0.05; Fig. 3.2B). Severe defoliation significantly 

reduced the root dry weight in both alfalfa and red clover compared to the non-defoliation control 

(P<0.01; Figs. 3.2C, D). There was no significant effect of mild defoliation on alfalfa root length, 

in contrast, severe defoliation significantly reduced the root length compared to the control 

(P<0.0001; Fig. 3.2E). In red clover, root length was significantly reduced under both defoliation 

treatments compared to the control (P<0.0001; Fig. 3.2F). Defoliation stress significantly reduced 

the root surface area in both species compared to undefoliated control plants (P<0.0001; Figs. 

3.2G, H). Root volume in alfalfa was significantly reduced only under severe defoliation stress 

compared to the control (P<0.0001; Fig. 3.2I), while in red clover, both defoliation treatments 

significantly reduced the root volume (P<0.0001; Fig. 3.2J). Lastly, severe defoliation significantly 

decreased average root diameter in alfalfa (P<0.0001; Fig. 3.2K) and red clover (P<0.0001; Fig. 

3.2L) compared to non-defoliation control.  
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Figure 3.2. The effect of mild (50%) and severe defoliation (100%) on plant biomass and root 

traits of alfalfa and red clover compared to the non-defoliation control. (A-B) Shoot dry weight; 

(C-D) Root dry weight; (E-F) Total root length; (G-H) Root surface area; (I-J) Root volume; (K-

L) Average root diameter. Different letters indicate significant differences between defoliation 

treatments at p < 0.05. Each treatment comprised five replicates. 

 

3.3.3 Effect of defoliation on shoot nitrogen and nitrogen fixation 

The average %Ndfa in alfalfa and red clover shoot samples from the defoliation treatment 

(first cut) was 50% ± 3.0 and 65% ± 2.4, respectively (Fig. B.1). Defoliation treatments did not 

affect the shoot N concentration of the final harvest compared to the non-defoliated control in both 

plant species (Figs. 3.3A, B). The total shoot N content of plants subjected to defoliation treatments 

was calculated by adding data from the defoliated and the final shoot N content values. The shoot 

total N content was higher under mild defoliation compared to the control in alfalfa plants (P<0.05; 

Fig. 3.3C). In contrast, red clover total shoot N content was not influenced by the defoliation 
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treatments compared to the control (Fig. 3.3D). While there was no significant effect of defoliation 

stress on alfalfa nitrogen fixation capacity (%Ndfa) in the final shoot (Fig. 3.3E), nitrogen fixation 

was reduced significantly in red clover following the severe defoliation (P=0.01; Fig. 3.3F). 

Finally, the total shoot N fixed per plant was obtained by combining defoliated and final shoot N 

fixation values. The total shoot N fixed was significantly higher under severe defoliation compared 

to the non-defoliated control in alfalfa (P<0.05; Fig. 3.3G), while no there was significant 

difference in the total N fixed in red clover (Fig. 3.3H). 

 

 



69 

 

 

Figure 3.3. The effects of mild (50%) and severe defoliation (100%) on shoot nitrogen and 

nitrogen fixation of alfalfa and red clover compared to non-defoliation control. (A-B) Shoot 

nitrogen concentration; (C-D) Shoot total N content per plant; (E-F) Percent (%) nitrogen derived 

from the atmosphere (%Ndfa); (G-H) Total shoot nitrogen fixed per plant. Different letters indicate 

significant differences between defoliation treatments at p < 0.05. Each treatment comprised five 

replicates. 

 

3.3.4 Effect of defoliation on soil available nitrogen and soil enzyme activity 

The soil available NO3
- and NH4

+ were measured using the PRS probes and together 

represent soil available N. Nitrate was the predominant available N form in the soils under all 

treatments (Fig. B.2). Soil available N was not significantly different between different defoliation 

treatments in alfalfa following one week of defoliation and four weeks of recovery (Figs. 3.4A, 

C). In contrast, the soil available N was significantly higher in red clover following one week of 

severe defoliation (P<0.05, Fig. 3.4B) and four weeks of recovery (P<0.001; Fig. 3.4D) compared 

to mild defoliation and non-defoliation control. Defoliation increased soil C and phosphate 

extracellular enzyme activities following in both plant species. The β-1, 4-glucosidase (P<0.001; 

Figs. 3.4E, F) and β-D-cellobiosidase (P<0.001; Figs. 3.4G, H) activities were significantly higher 

under severe defoliation compared to non-defoliation control. Phosphatase activity in both plant 

species was significantly higher under moderate and severe defoliation in alfalfa (P<0.01; Fig. 

3.4I) and red clover (P<0.001; Fig. 3.4J). Lastly, N-acetyl-β glucosaminidase activity in both 

legumes was not affected by defoliation treatment (Figs. 3.4K, L). 
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Figure 3.4. The effects of mild (50%) and severe defoliation (100%) on soil available nitrogen 

and extracellular enzyme activities compared to non-defoliation control. (A-B) total soil available 

nitrogen following one week of defoliation; (C-D) total soil available nitrogen following four 

weeks of recovery; (E-F) β-1, 4-glucosidase (Glu) activity; (G-H) β-D-cellobiosidase (Cello) 

activity; (I-J) acid phosphatase (Phos) activity; (K-L) N-acetyl-β-glucosaminidase (NAG) activity. 

Different letters indicate significant differences between defoliation treatments at p < 0.05. Each 

treatment comprised five replicates. 

 

3.3.5 Principal component analysis of different plant and soil parameter 

In the PCA biplot, the two components accounted for 69.3% of the total variance in alfalfa 

(Fig. 3.5A), while 81.3% was accounted for red clover in the 14 attributes considered (Fig. 3.5B). 

For both plant species, individual plants clustered together based on defoliation treatment, and this 

pattern is especially apparent for alfalfa. In red clover, severe defoliation-treated individuals 

clustered separately from the mild and non-defoliated treatments (Fig. 3.5B). The variables in 
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alfalfa that were positively correlated with non-defoliation were nodule number, nodule dry 

weight, root dry weight, root length, root volume, and root surface area (Fig. 3.5A). The shoot dry 

weight, %NDFA, and total N fixed positively correlated with mild defoliation, while Cello, Glu, 

Phos, and soil available N positively correlated with severe defoliation (Fig. 3.5A). The variables 

in red clover that positively correlated with non-defoliation and mild defoliation were nodule 

number, nodule dry weight, root and shoot dry weight, root length, root volume, root surface area, 

%NDFA, and total N fixed (Fig. 3.5B), while soil available N, Cello, Glu and Phos were positively 

correlated with severe defoliation (Fig. 3.5B). 
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Figure 3.5. Principal component analysis of nodulation parameters (nodule number, dry weight), 

shoot and root biomass, root traits (length, volume, surface area), percent nitrogen derived from 

the atmosphere (%Ndfa), total nitrogen fixed, soil available nitrogen, soil available nitrogen at 

recovery, and extracellular enzyme activity: Cello, Glu, Phos of alfalfa (A) and red clover (B) 

plants under non-defoliation (0%), mild defoliation (50%), and severe defoliation (100%). DWT, 

dry weight; Cello, Cellobiosidase; Glu, Glucosidase; Phos, Acid Phosphatase. 

 

3.3.6 Effect of defoliation on soil microbial community structure 

Actinobacteria was predominantly abundant in both bulk and rhizosphere under both plant 

species at the phylum level, followed by Proteobacteria, Firmicutes, and Acidobacteria (Figs. 

3.6A, B). Based on alpha-diversity analysis, Shannon diversity was not significantly different 

among different defoliation treatments of alfalfa and red clover in both rhizosphere and bulk soil 

(Figs. 3.7A-D). However, the Shannon diversity index under severely defoliated alfalfa plants, 

although not statistically significant, was marginally higher in both bulk and rhizosphere compared 

to the non-defoliation control (Figs. 3.7 A, C). Furthermore, we noted that there was no shift in the 

bacterial community in either plant influenced by defoliation, as analyzed through permutational 

analysis of variance (PERMANOVA) with Bray-Curtis dissimilarity matrix (Fig. B.3). The 

bacterial community was distinct from rhizosphere to bulk soil in both legume plants (P<0.01; Fig. 

B.3). 

 The influence of defoliation intensity on the relative abundance of some taxonomic groups 

was more pronounced in alfalfa rhizosphere samples compared to alfalfa bulk and both red clover 

bulk and rhizosphere samples where we did not observe any significant differences in any taxa 

(Figs. 3.7E, F). The relative abundance of Gp3 from the Acidobacteria subgroups was significantly 

higher in the rhizosphere of severe defoliation treated plants compared to non-defoliation and mild 

defoliation treatments (P<0.01; Figs. 3.7E).  
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Figure 3.6. Distribution and abundance analysis of bacterial communities in bulk and rhizosphere 

soil under alfalfa and red clover following different simulated defoliation intensities. (A) Alfalfa 

phyla relative abundance; (B) Red clover phyla relative abundance. Legend shows phylum 

phylogenetic level. 
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Figure 3.7. Microbiome analysis of alfalfa and red clover soil and rhizosphere samples following 

mild (50%) and severe defoliation (100%) compared to non-defoliation control. (A-D) Shannon 

diversity indices of alfalfa and red clover bulk (A-B) and rhizosphere (C-D) samples. Rhizosphere 

relative abundances: Class Acidobacteria Gp3 (E). Different letters indicate significant differences 

between soil moisture treatments at p < 0.05. 

 

3.4 Discussion 

Alfalfa (Medicago sativa) and red clover (Trifolium pratense) are two important forage 

legumes in pasture production (Sleugh et al., 2000; Sanderson et al., 2013) and have been reported 

to fix significant amounts of N2 (~78 to 222 kg N ha-1 yr-1) (Fageria, 2014; De Haan et al., 2017). 

Defoliation is known to influence legume SNF by removing the source of photosynthates needed 

for the process, affecting plant growth and yield production (Rimi et al., 2014; Xu et al., 2009) and 

inducing changes in belowground dynamics between plants and soil (Marriott and Haystead, 1990; 

Chesney and Nygren, 2002; Ayres et al., 2007). Interestingly, the present study found that 

defoliation negatively affected nodulation and other root phenotypic traits, had positive effects on 

C and phosphate extracellular enzyme activities, and had a diverse influence on the shoot growth, 

SNF, and soil available nitrogen depending on the forage legume species. Hence, observing the 

response of plant phenological traits and SNF to defoliation stress will help in understanding the 

relation of the plant system response to soil health.  
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Defoliation induces nodule senescence (Chesney and Nygren, 2002), leading to the 

decreased nodule number and nodule dry weight, and our data corroborate with these previous 

observations (Aranjuelo et al., 2015; Chesney and Nygren, 2002). Defoliation stress triggers 

various plant physiological and biochemical responses, primarily due to the loss of photosynthetic 

tissues, affecting existing nodules, including: (1) reduced nitrogenase activity (Cralle and Heichel 

1981: Denison et al., 1992), (2) decreased O2 permeability which causes inactivation of 

nitrogenase (Denison et al., 1992; Nygren et al., 2000; Sulieman and Tran, 2016), and (3) increased 

activity of protease and nitrate reductase inducing senescence (Vance et al., 1979). Furthermore, 

the removal of leaves. which are the main N sinks, through defoliation leads to the accumulation 

of fixed N in roots and nodules and its eventual release into the soil due to tissue senescence (Ayres 

et al., 2004, 2007; Carrillo et al., 2011), increasing the pool of available soil N. This study found 

the same trend of increased available soil N following defoliation, suggesting that defoliation 

enhances soil N pool days or even weeks following the treatment (Ayres et al., 2007; Carrillo et 

al., 2011; Hamilton et al., 2008).  

The activity of C and P cycling enzymes was increased with defoliation, which 

corroborates with field studies examining the effects of defoliation (Hewins et al. 2016). The 

increase in C cycling enzymes, cellobiosidase and glucosidase could be attributed to the increase 

in root exudation and root decomposition induced by defoliation (Belsky 1986). As observed in 

our PCA analysis, EEAs were positively correlated with soil available N, suggesting an increase 

in root exudation following defoliation that changes microbial activity in the soil (Kuzyakov and 

Xu, 2013). Extracellular enzyme activity is correlated with root biomass due to the amount of 

nutrients that can be rhizodeposited into the soil (Kanté et al. 2021). Furthermore, both root growth 

and death can increase rhizodeposition through the sloughing-off of root border cells and tissue 

senescence, respectively (Fustec et al. 2010). Similar to C cycling enzymes, phosphatase increased 

with defoliation, which suggests increased organic P in exudates and plant tissue. Previous 

research showed that grazed plants had higher P tissue concentration, suggesting that P intake was 

enhanced following foliar damage (Li et al., 2010). It is likely that increased plant demand for P 

induced microbial activity to improve P cycling enzyme activities to match the P demand from 

both plants and microbes (Hewins et al. 2016). Lastly, NAG activity was not increased despite the 

increased available N in the soil. This can be due to a lack of enrichment of the bacterial population 

specialized in N cycling from the subgroup Gp3 of Acidobacteria (Kang et al., 2021; Ward et al., 
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2009; Belova et al., 2018) or due to the rapid mineralization of N and the temporal limitation of 

enzyme assays (Bai et al., 2021; Kang et al., 2021; Hewins et al., 2016). In the last case, either an 

In situ enzyme assay protocol or conducting sampling for EEA immediately following defoliation 

can reveal more information on the effect of defoliation on soil enzyme activity. Additionally, 

defoliation may have triggered a rapid release of fixed nitrogen through nodules and roots 

(Thilakarathna et al., 2019), causing enrichment of available nitrogen in the soil that plants and 

microbes can readily use. 

Our study showed that mild defoliation significantly increased the total plant biomass. 

After being defoliated, the remaining leaf biomass and root reserves play a crucial role in allocating 

organic reserves for regrowth (Meuriot et al., 2004). Recovery from defoliation necessitates the 

mobilization of both C and N resources, and alfalfa was shown to rely heavily on endogenous N 

pools to support regrowth (Ourry et al., 1994; Meuriot et al., 2005; Teixeira et al., 2007). The 

results from the present study also showed increased shoot N content in alfalfa following mild 

defoliation treatment and no changes in N fixation capacity (%Ndfa) under different defoliation 

treatments, suggesting movement of N from belowground tissues. On the other hand, root dry 

weight of alfalfa and red clover was reduced, and their root architecture altered following 

defoliation stress, possibly due to the reallocation of C resources for shoot regrowth of the 

remaining above-ground tissues or the loss of resources likely through increased rhizodeposition 

and tissue senescence (Davidson and Milthorpe, 1966; Richards 1993). 

 Many studies have pointed out that plants exert selection pressures on soil microbes, 

directly and indirectly through their belowground tissues (Hamilton and Frank 2001; Dennis et al. 

2010; Huang et al. 2014; Shi et al. 2015). This study investigated how defoliation of two forage 

legumes influenced the distinct differences observed in the beta diversity of the bacterial 

community structure between bulk and rhizosphere environments. Plants respond to defoliation by 

changing the source-sink dynamics between their aboveground and belowground tissues, 

especially in relation to photosynthates (Keoghan 1982; Baysdorfer and Bassham 1985; Black et 

al. 2009; Proulx and Naeve 2009). The effects of defoliation stress on plant growth and the 

consequential influence on C and N rhizodeposition can subsequently affect the root-associated 

bacterial communities, as indicated by our study.  

Many organic byproducts of photosynthesis are translocated and released by the roots and 

root organs through rhizodeposition (Dennis et al. 2010). Root-derived C compounds, along with 
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other N and P containing compounds, are the primary constituents of rhizodeposits (Hu et al., 

2018; Ankati and Podile, 2019). As these nutrients are growth-limiting, they are strong 

determinants of the structure of soil microbes (Marilley et al., 1998; Shi et al., 2015; Dennis et al., 

2010). Defoliation plays a role in affecting the amount of rhizodeposits transferred into the 

rhizosphere and surrounding soil. Studies have shown that mild defoliation induces the reallocation 

of resources to the remaining crown for regrowth. On the other hand, severe foliar damage 

promotes the allocation of the residual C to the roots and its eventual loss through rhizodeposition 

and tissue senescence (Aranjuelo et al., 2015; Hamilton et al., 2008; Wilson et al., 2018), 

increasing the soil resource pool.  

Resource availability through rhizodeposits is a major driver of soil microbial assembly 

(Corel et al. 2016). The evident separation of bulk soil bacterial communities from the rhizosphere 

in red clover suggests that the rhizodeposits drive the recruitment of a subset of bacteria from the 

bulk soil into the rhizosphere (Finkel et al. 2017), and that this interaction can be influenced by a 

multitude of host-specific and environmental conditions (Gaiero et al. 2013; Fitzpatrick et al. 

2018). Here, we observed a trend that bacterial diversity in bulk soil and rhizosphere in both 

legume plants was higher following defoliation, although not statistically significant. The positive 

effect of defoliation intensity linked to resource availability in the rhizosphere and surrounding 

soil environment (Hamilton and Frank 2001; Kuzyakov et al. 2007; Ma et al. 2018; Tian et al., 

2019). The increased abundance of Acidobacteria subgroup Gp3 in the rhizosphere following 

severe defoliation corroborates with the findings of Ma et al. (2018). This is associated with their 

oligotrophic nature, where these microbes are known to thrive in soil ecosystems under low C 

availability (Fierer et al. 2007; Xun et al. 2016). Members of the Acidobacteria phylum are noted 

to have high plasticity and thus are physiologically diverse (Huber et al., 2022). Also, bacterial 

species under in the Acidobacteria are crucial players in N cycling (Ward et al., 2009). 

Defoliation's impact on this microbial taxon’s abundance is linked to the preferential allocation of 

C-rich photosynthates to above-ground tissues to sustain foliar growth or loss of C resources in 

the tissues through deposition and senescence (Aranjuelo et al., 2015; Xu et al. 2013; Moot et al. 

2021), limiting provisions to below-ground tissue, which promotes oligotrophs in the rhizosphere. 

This research found some positive and negative effects of mild and severe defoliation on 

aboveground (e.g., shoot growth, shoot nitrogen, SNF) and belowground (e.g., nodulation, root 

phenotypes, soil enzyme activities, soil N availability, soil microbiome) parameters of two 
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important forage legumes. Generally, defoliation had negative effects on nodulation, root growth 

in both legumes, and SNF of red clover. Soil available N following defoliation and after recovery 

was significantly increased in red clover. The extracellular enzyme assay showed that defoliation 

increased the activities of β-1, 4-glucosidase, β-D-cellobiosidase and phosphatase enzyme in both 

forage legumes, suggesting an increased C and P source exudation into the soil. Microbiome 

analysis showed differential responses of the two forage plant species under defoliation stress 

conditions. The alpha- and beta-diversity of soil bacteria were not significantly affected by 

defoliation stress. However, we observed the enrichment in the relative abundance of 

Acidobacteria Gp3 in the alfalfa rhizosphere. The overall results indicate that defoliation causes 

negative effects on nodulation and root growth, while positively influencing soil N availability, 

likely through increased tissue senescence and exudation, total shoot biomass and specific soil 

microbial taxa.  
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Chapter 4 – General discussion 

 

Forage legumes have been crucial players in achieving sustainable agriculture because of their 

ability to fix, store, and transfer biological N into the soil and adjacent plants (Rochon et al., 2004; 

Rubiales and Mikic, 2015). In addition to the ecological services they provide, they are proficient 

in protein production for animal consumption (Tharanathan and Mahadevamma, 2003). The 

effective use of forage legumes in traditional farming, however, is hindered by abiotic and biotic 

stress factors (Zahran, 1999; Laranjo et al., 2014; Kasper et al., 2019; Thilakarathna et al., 2016; 

Lesk et al., 2016), which can limit the benefits growers and consumers can gain.  

Drought has been known as the most critical abiotic threat to food security globally by 

constraining crop yield (Micheletto et al., 2007; Farooq et al., 2016; Ortiz-Bobea et al., 2021). 

Plants, in general, rely on water to perform different biochemical and physiological processes, and 

soil moisture limitation can influence these variables, resulting in reduced forage yield and quality 

(Enebe and Babalola, 2018; Farooq et al., 2009; Jaleel et al., 2009). On the other hand, defoliation 

stress or crown damage is a biotic stress factor that forage plants will inevitably experience, from 

pest damage to anthropogenic-led activities like livestock overgrazing practices (Thilakarathna et 

al., 2016). Defoliation can strongly influence the balance of resource allocation between the above- 

and below-ground tissues, which can alter growth and yield (Gordon et al., 1990; Richards, 1993; 

King and Purcell, 2001; Aranjuelo et al., 2015). Moreover, the plant response to these stress factors 

can have a consequential influence on the below-ground plant-microbe interaction dynamics, as 

plants are closely linked to the soil microbes (Ma et al., 2018; Berg et al., 2016). Therefore, in this 

study, we separately assessed the nodulation, growth, and plant physiological responses at the 

flowering stage to drought and defoliation stress and the alteration of soil microbiome community 

structure and extracellular enzyme activities. Data from this study can be crucial in developing a 

better sustainable management strategy involving crop rotations, grazing management, and 

fertilizer management.  

Effective use of forage legumes for biological N fixation is tied to the success of the 

nodulation process. Drought and defoliation have been known to affect nodulation in legumes 

negatively (Lumactud et al., 2023; Fernández-Luqueño et al., 2008; Marquez-Garcia et al., 2015; 

Aranjuelo et al., 2015; Chesney and Nygren, 2002). This study has documented a significant 

decline in alfalfa and red clover nodule numbers following drought and defoliation stress. A 
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healthy rhizobial soil population is a prerequisite to initiating nodulation (Rehman and Nautiyal, 

2002); extended period of drought can reduce the survival of rhizobial bacteria, thus effectively 

reducing nodulation (Herrmann et al., 2014; Kasper et al., 2019). We also observed that drought 

did not affect alfalfa nodule weight, contrasting with the reduction effect on red clover nodules. In 

light of the nodule number decline, maintaining nodule weight is perhaps a form of adaptive 

response in alfalfa sto sustain the N fixation rate (Lumactud et al., 2023). On the other hand, 

defoliation influences both nodule initiation and already established nodules. The loss of 

photosynthetic tissues results in a decline in resource allocation to the roots, inducing nodule 

senescence and, consequently, the reduction in nodule number and dry weight (Chesney and 

Nygren, 2002). In addition to the decline in nodulation, the reduced resource allocation also results 

in reduced nitrogenase activity due to the disruption of O2 permeability (Denison et al., 1992; 

Nygren et al., 2000; Sulieman and Tran, 2016) and the intensifying of tissue senescence because 

of the increase in protease and nitrate reductase (Vance et al., 1979).  

Defoliation stress has an apparent adverse effect on plant physiological processes because 

of the loss of photosynthetic tissues (Gordon et al., 1990; Richards, 1993). However, during 

drought, plants have different drought tolerance mechanisms that can be influenced by moisture 

limitation. In this study, we considered four different physiological parameters related to drought 

tolerance: linear electron flow (LEF) as a proxy for photosynthesis, leaf chlorophyll content, 

quantum yield (ΦII), and non-photochemical quenching (ΦNPQ). Drought is generally considered 

to have a deleterious effect on LEF and photosynthesis rate by limiting carbon influx through the 

stomata and by reducing the amount of leaf chlorophyll (Zargar et al., 2017; Zhang C et al., 2018; 

Wang et al., 2018; Jacques et al., 2022). The results of our study did not agree with these findings 

as we reported that LEF was affected by either moderate or severe drought intensities. One possible 

explanation for these contradictory findings is that our drought intensities were insufficient to 

induce a significant adverse effect on LEF and that alfalfa and red clover plants acclimated along 

the three-week drought treatment. A parameter that has a link to photosynthesis and could explain 

the non-significant drought effect on it is the chlorophyll content. Interestingly, alfalfa leaf 

chlorophyll content has positively responded to moderate drought and was significantly improved, 

consistent with previous literature (Vadez et al., 2000; King and Purcell, 2005; Sulieman and Tran, 

2016). The increase in chlorophyll can lead to feedback inhibition of N fixation because of the 

accumulation of N in the leaves. These N forms function as chemical signal molecules inciting the 
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inhibition of SNF under drought (Neo and Layzell, 1997; Vadez et al., 2000; Serraj et al., 2001; 

King and Purcell, 2005; Gil-Quintana et al., 2013). Furthermore, ΦII and ΦNPQ are tied to 

photosynthesis efficiency. These efficiency variables have an inverse relationship, and we report 

that a higher ΦNPQ results in a lower ΦII, consistent with a study on cowpeas (Mwale et al., 2017). 

Drought is known to influence plant biomass negatively. We observed a steep decrease in 

shoot biomass of about 59% and 34% under severe drought in alfalfa and red clover, respectively. 

A similar shift was found under severe drought stress in root biomass, which was reduced by 40% 

and 30% compared to well-watered plants. These results corroborate previous studies (Mouradi et 

al., 2016; Begum et al., 2019). The reducing effect of drought on plant biomass is linked to its 

influence on plant cell metabolism, which is tied to cell growth (Vaseva et al., 2011; Ashraf and 

O’Leary, 1996). As previously mentioned, defoliation alters the balance of the source-sink relation 

of the above- and below-ground tissues. In livestock agriculture, the total shoot biomass consumed 

is an important criterion in choosing forage species. Our study reports a significant increase in 

final shoot biomass following mild defoliation intensity. This suggests that mild defoliation 

promotes shoot growth because recovery from crown damage demands that most of the nutrient 

reserves and production be reallocated toward shoot tissues to support regrowth (Ourry et al., 1994; 

Meuriot et al., 2005; Teixeira et al., 2007). This suggests an accumulation of N in the shoot tissues, 

which our study confirms by the increased shoot N content and non-significant change in N 

fixation. 

On the contrary, drought reduces SNF rates in legumes, resulting in a decline in shoot N 

content. Several factors can be at play in inhibiting N2 fixation under drought and even following 

defoliation should SNF be observed to decline. Drought and defoliation contribute to the decline 

in nodule sucrose synthase, resulting in the shortage of carbon substrates needed to facilitate SNF 

(González et al. 2015; Kunert et al. 2016). Another contributor is oxygen limitation. As previously 

stated, the nodule requires a microaerobic environment to maintain the activity of the nitrogenase 

enzyme, which deactivates in the presence of oxygen, and to sustain the respiration of the bacteroid 

(Sulieman and Tran, 2016). Drought and defoliation are found to induce senescence of nodule 

tissue by inducing the production and accumulation of the ABA hormone responsible for cell death 

(Serraj, 2003; Gómez-Cadenas et al., 2000; Iglesias et al., 2003; Ren et al., 2007), leading to the 

loss of cell turgor pressure and causing the increase of oxygen diffusion (Pankhurst and Sprent, 

1975; Serraj et al., 1999; Serraj, 2003).  
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Improving water use efficiency (WUE) is one of the critical drought tolerance mechanisms 

adopted by plants. Carbon isotope discrimination (CID) determination is an accepted method for 

evaluating WUE in C3 plants and is inversely proportionate to one another (Hubick et al., 1986; 

Moghaddam et al., 2013). A lower CID indicates improved WUE during drought stress (Kaler et 

al., 2018). Our study agrees with this as we report a lower CID under water deficit, suggesting a 

higher WUE in both plants under drought than well-watered plants. 

Soil extracellular enzyme activity (EEA) is a strong predictor for soil health, providing the 

leading force for nutrient cycling, including C, N, and P (Burns et al. 2013). The effects of drought 

on EEA varies from research to research. Some studies report a sharp decrease in oxidoreductase 

activity while there is an increase in hydrolase activities under soil drought. On the other hand, 

Geisseler et al. (2011) concluded that drought greatly increases soil EEAs. The present study 

observed that drought did not affect soil EEA except for a significant decrease in activity of NAG 

under both 40% and 20% FC treatment in alfalfa and a significant reduction of C-acquisition 

hydrolase (Cello) under 20% FC in red clover pots. On the other hand, the activity of C and P 

cycling enzymes was increased following defoliation, which corroborates with field studies on 

defoliation (Hewins et al. 2016). The increase in cellobiosidase and glucosidase could be attributed 

to the increase in C sources due root exudation and root tissue decomposition induced by 

defoliation (Belsky 1986). Like the response of C enzymes, the increase in phosphatase activity 

can be linked to the increased organic P availability from exudates and plant tissue. It was shown 

that P uptake increases following defoliation (Li et al., 2010). The probable increase in plant and 

bacteria P demand may have led to increased bacterial activity in P cycling (Hewins et al., 2016). 

The defoliation PCA analysis showed that EEAs were positively correlated with soil available N, 

suggesting an increase in root exudation following defoliation that changes microbial activity in 

the soil (Kuzyakov and Xu, 2013). Finally, NAG was observed to have not been affected by the 

defoliation treatments. This non-significant effect can be tied to the lack of Acidobacteria species 

specialized in N cycling (Kang et al., 2021; Ward et al., 2009; Belova et al., 2018) or due to the 

rapid mineralization of N (Bai et al., 2021; Kang et al., 2021; Hewins et al., 2016). In addition, 

defoliation may have triggered a rapid release of fixed nitrogen through nodules and roots tissues 

(Thilakarathna et al., 2019), causing an increase in available nitrogen in the soil that plants and 

microbes will use. 
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Soil is a hub for microorganisms, both harmful and beneficial (Bar-On, 2018; Wang et al., 

2020; Trasar-Cepeda et al., 2008; Kabiri et al., 2016). Plants can selectively recruit those with 

growth-promoting impacts through rhizodeposition of exudates in the rhizosphere (Edwards et al., 

2015; Finkel et al., 2017). These growth-promoting activities can be through enzyme activities 

induced by the release of substrates by microorganisms (Kwiatkowski et al., 2020; Mndzebele et 

al., 2020; Harasim et al., 2020). The present study has found that the increased rhizodeposition of 

exudates into the soil due to the senescence of tissues, increasing the pool of N compounds in the 

soil (Wichern et al., 2008; Fustec et al., 2010; Ayres et al., 2004, 2007; Carrillo et al., 2011). 

Accompanying these N compounds are other substances and molecules that plants can use to exert 

pressure in microorganism recruitment (Hamilton and Frank, 2001; Dennis et al., 2010; Huang et 

al., 2014; Shi et al., 2015). The noticeable distinction between the bacterial diversity of the 

rhizosphere and the bulk soil suggests that under stress, alfalfa and red clover selectively recruited 

specific bacterial species into their root zone (Finkel et al., 2017). The present study found a 

contrasting results on the abundance of Acidobacteria. Acidobacteria are susceptible to drought, 

reducing their abundance (Acosta-Martínez et al., 2014; Barnard et al., 2013; Maestre et al., 2015), 

which agrees with our findings. The decrease in abundance can be linked to the reduced N-

acetylglucosaminadase (NAG) activity involved in N cycling in the soil because it is revealed that 

Acidobacteria are prominent players in N cycling (Kang et al., 2021; Ward et al., 2009; Belova et 

al., 2018). In defoliation, on the one hand, the abundance of Acidobacteria species has increased 

due to their oligotrophic nature favoring the low labile C availability caused by the allocation of 

photosynthates to the above-ground tissue, as opposed to below-ground or the loss of C resources 

due to deposition and root senescense (Aranjuelo et al., 2015; Xu et al. 2013; Fierer et al., 2007; 

Xun et al., 2016).  

 Aside from Acidobacteria, enrichment of Nocardioidaceae from the phylum 

Actinobacteria in the drought-treated red clover rhizosphere is consistent with previous studies 

(Bouskill et al., 2016; Kavamura et al., 2013; Santos-Medellín et al., 2021; Xu et al., 2018). Their 

enrichment is likely tied to their morphology and physiology. Actinobacteria generally have thick 

peptidoglycan cell walls, being Gram-negative bacteria, and because their capacity to accumulate 

osmolytes allows them to be highly resistant to desiccation by cell dehydration (Hartman and 

Tringe, 2019). Red clover may have recruited them because of their capacity to accumulate various 
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metabolites through their siderophores in hostile environments, which can prove to be beneficial 

for drought tolerance in plants (Lewin et al., 2016). 

A greenhouse pot experiment such as this study poses some limitations that could elicit 

different results. Plants try to be resilient under drought by rooting deeper into the soil for water 

sources; thus, the size of the pot could exacerbate the deleterious effect of soil drought, which we 

have observed. A controlled environment could also hinder other changes that drought and 

defoliation could induce and since forages are typically grown on farms, plants are exposed to 

various uncontrolled variables. Another limitation of the study’s design is the parameter limitations 

that the default MultispeQ can analyze. As mentioned, plants use diverse drought tolerant 

mechanisms, and exploring other parameters, such as actual photosynthesis rate, stomatal closure, 

and gas exchange, can provide more evidence on the effects of drought on forage legumes. There 

is also a lack of a method for studying resource allocation between above- and below-ground 

tissues and observing rhizodeposition rate. Lastly, we limited our microbial study to bacteria. The 

soil is home to an amalgamation of microorganism species, such as fungal and archaea species, 

that are also known to be strongly linked with the root system of plants and are beneficial for 

alleviating the effects of stress factors. 

As a future direction, we can take a similar approach and observable parameters but use a 

more diverse forage legume variety panel. For drought studies, perhaps more varying drought 

intensities, while defoliation is a combination of intensity and frequency of trimmings. 

Furthermore, it would be more impactful to conduct field trials; that way, we can emulate how 

these varieties/species could behave in an actual field scenario under these stress factors. In line 

with this, forage legumes are usually used as mixed crops with grasses; we could design a study 

aiming to observe how these stress factors influence both beneficial and competitive relationships 

between forage legumes and grasses and their influence on the plant-soil dynamics. As suggested 

by our study, alfalfa and red clover potentially have recruited specific bacteria with growth-

promoting impact. Therefore, it will be a great future endeavor to identify the specific chemical 

compounds these species release and use to attract these microbes.  

In summary, the present study provides evidence that drought and defoliation elicit 

negative and positive alterations in plant responses at the flowering stage under stress. Both stress 

factors negatively impacted nodulation in alfalfa and red clover. Drought has an overall adverse 

effect on both shoot and root biomass, while defoliation only reduces root biomass while 
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improving the final total biomass harvested. Furthermore, drought is found to be deleterious to N-

acetyl-glucosaminidase in alfalfa soil and β-D cellobiosidase activity in red clover, which can be 

linked to the decrease in Acidobacteria species abundance under soil moisture deficit. On the other 

hand, defoliation has an enhancing effect on carbon cycling enzymes: β-1, 4-glucosidase, β-D 

cellobiosidase, and phosphate cycling enzyme phosphatase. Collectively, these findings enhance 

our understanding of the interaction between above- and below-ground parameters and will 

provide insights that can be valuable in management protocols. 
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Appendix 

Appendix – A 

 

Figure A.1. Effects of three weeks of moderate and severe drought stress on shoot relative water 

content in alfalfa and red clover plants. 
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Figure A.2. Effects of three weeks of moderate and severe drought stress on soil available 

ammonium in alfalfa and red clover soils 
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Figure A.3. Alpha diversity analysis of alfalfa and red clover bulk soil and rhizosphere under 

moderate (40% field capacity) and severe (20% field capacity) drought conditions reflected by 

Chao1 and Observed diversity indices 
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Figure A.4. Beta-diversity of alfalfa and red clover bulk and rhizosphere soils under drought 

treatment. 
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Appendix – B 

 

Figure B.1. Average percentage of nitrogen derived from the atmosphere (%Ndfa) in shoot 

samples of alfalfa and red clover at first cut.  
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Figure B.2. The effects of mild (50%) and severe defoliation (100%) on soil available nitrogen 

forms (NO3
- and NH4

+) following one week of defoliation and four weeks of recovery. (A) Alfalfa. 

(B) Red clover. The soil available NO3
- and NH4

+ were measured using the plant root simulator 

(PRS) probes. 

 

 



130 

 

 

Figure B.3. Beta-diversity of alfalfa and red clover bulk and rhizosphere soils following 

defoliation treatment. 


