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 The model legume, Medicago truncatula, is able to enter into a symbiotic 

relationship with soil bacteria, known as rhizobia.  This relationship involves a 

carbon for nitrogen exchange in which the plant provides reduced carbon from 

photosynthesis in exchange for reduced, or “fixed” atmospheric nitrogen, which 

allows the plant to thrive in nitrogen depleted soils.  Rhizobia infect and enter 

plant root organs, known as nodules, where they reside inside the plant cell in a 

novel organelle, known as the symbiosome where nitrogen fixation occurs. 

 The symbiosome is enriched in plant proteins, however, little is known 

about the mechanisms that direct plant proteins to the symbiosome.  Using the 

M. truncatula ENOD8 (MtENOD8) protein as a model to explore symbiosome 

protein targeting, 3-cis domains were identified within MtENOD8 capable of 

directing green fluorescent protein (GFP) to the symbiosome, including its N-

terminal signal peptide (SP).  The SP delivered GFP to the vacuole in the 

absence of nodules suggesting that symbiosome proteins share a common 

targeting pathway with vacuolar proteins.  A time course analysis during 

nodulation indicated that there is a nodule specific redirection of MtENOD8-SP 

from the vacuole to the symbiosome in a MtNIP/LATD dependent manner.  GFP 



expression by the MtENOD8 promoter revealed spatial discrepancy between 

promoter activity and protein localization.  In situ localization of MtENOD8 mRNA 

showed localization to infected cells, where the protein is found, suggesting 

mRNA cell-to-cell movement.   

 Expression of MtENOD8 in Arabidopsis showed that the SP did not direct 

GFP to the vacuole indicating that vacuolar targeting of MtENOD8’s SP may be 

legume specific.  Taken together, the research presented here indicates that the 

MtENOD8 symbiosome protein has evolved redundant domains for targeting, 

which has part of a common pathway with vacuolar proteins.  Observed spatial 

discrepancy between the MtENOD8 promoter and protein shows additional 

mechanisms of gene regulation through cell-to-cell mRNA movement, previously 

unknown in nodules. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 The Biological Importance of Nitrogen 

 Nitrogen is a key component of many biomolecules including DNA, amino 

acids, and co-enzymes.  Although 78% of the earth’s atmosphere is composed of 

molecular nitrogen (N2), that nitrogen is largely unavailable to most organisms 

due to its triple bond, and is the limiting factor in growth.  In order for N2 to 

become available for biological utilization, it has to be reduced, or “fixed”, into 

ammonia (NH3) or further oxidized to nitrate (NO3
-) which can be assimilated.  

There are three primary routes to nitrogen fixation: atmospheric, industrial, and 

biological.   

 Atmospheric fixation occurs when lightning in the atmosphere creates a 

highly energized electrical arc that causes N2 to destabilize and interact with 

oxygen, forming nitrates that dissolve into rain-water and are assimilated into 

ecosystems.  Industrial nitrogen fixation occurs via the Haber-Bosch process in 

which N2 and H2 gases are converted into ammonia in an energy intensive 

process.  The final way that nitrogen is reduced is through biological nitrogen 

fixation.  Certain soil-living bacteria are able to convert N2 to ammonia through 

the enzyme nitrogenase in an ATP dependent manner.  Atmospheric fixation is a 

minor contributor to nitrogen fixation and industrial and biological are the primary 

sources of bioavailable nitrogen. 
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1.2 The Haber-Bosch Process and the Green Revolution 

 Agricultural crops are often grown in nitrogen-depleted soils and require a 

supplemental source of nitrogen to thrive.  Nitrogenous fertilizer in the form of 

ammonia is industrially produced through a process known as the Haber-Bosch 

process.  First described by Fritz Haber in 1909, N2 and H2 gases are heated 

under pressures up to 200 atm and temperatures up to 550 ºC in the presence of 

an iron catalyst.  Yields up to 97% are possible by recycling un-catalyzed gases 

through the process several times (Smil, 2004). 

 Plant breeding efforts in the 1950s to produce high yield crop varieties 

coupled with the availability of industrially produced nitrogen fertilizer led to an 

increase in crop production and yield during the mid-20th century in what became 

known as the Green Revolution (Evenson and Gollin, 2003).  While the Green 

Revolution saw a rapid increase in world food production that was able to support 

and fuel a large human population boom, it also had unintended negative 

consequences (Vitousek et al., 1997; Howarth, 2008).  Excess application of 

nitrogen fertilizer on crop plants has led to an influx of nitrogen runoff into 

watersheds and has become the leading pollutant of costal rivers and bays in the 

U.S. (Howarth et al., 2002).  Consequences of excess nitrogen fertilizer include 

hypoxia, anoxia, harmful algae blooms, and dead zones. 

 Over 1% of the world’s annual energy supply is expended producing 

nitrogen fertilizer via the Haber-Bosch process (Smith, 2002).  Currently half of all 

biologically available nitrogen input into agricultural production comes from the 
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Haber-Bosch process.  With increasing costs of energy, global warming 

concerns, and ecological consequences there is a need to find alternative 

sources for nitrogen fertilizer and to replenish soil nitrogen while still being able to 

maintain the global food supply. 

 

1.3 Biological Nitrogen Fixation 

 Diazotrophs are a group of bacteria and archaea that have the ability to 

enzymatically convert atmospheric nitrogen into ammonia through a process 

known as biological nitrogen fixation (BNF).  While the Haber-Bosch process is 

widely used for chemical fertilization, an estimated 60% of nitrogen demand for 

the human population is from diazotroph mediated BNF (Smil, 2001).  The 

conversion of N2 to NH3 is carried out by the enzyme nitrogenase, which is 

composed of two metalloproteins: the iron (Fe) protein and molybdenum-iron 

(MoFe) protein (Seefeldt et al., 2009).  Breaking of molecular nitrogen’s triple 

bond is energetically very expensive, requiring at least 16 molecules of ATP per 

one fixed molecule of N2. The stoichiometry of the reaction is shown below: 

N2 + 8H+ + 16ATP + 8e-   2NH3 + H2 + 16ADP + 16P 

Nitrogenase is also highly susceptible to irreversible binding of oxygen that 

essentially knocks out its function. 

 The nitrogen fixing diazotrophs can be further broken down into two 

groups.  The first group of diazotrophs are free-living and include members of 

Clostridium, Klebsiella, Azotobacter, and others.  The second group of 
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diazotrophs are able to form symbioses with other organisms and include 

members of Rhizobia, Frankia, and Cyanobacteria.  The contribution of nitrogen 

fixed via BNF of the free-living group of diazotrophs is much less than symbiotic 

diazotrophs due to the high energy requirements of nitrogenase and the limited 

resources found within soil. 

 The greatest contribution of fixed nitrogen from BNF comes from symbiotic 

nitrogen fixation (SNF).  In SNF, the host organism provides nutrients and an 

environment conducive for BNF to the diazotroph in exchange for reduced 

nitrogen.  There are three types of nitrogen-fixing symbioses.  The first type is 

between various members of the group of soil bacteria, collectively known as 

rhizobia, and legume host plants (Capoen et al., 2011).  The second type is 

between members of Frankia and woody non-leguminous plants (HussDanell, 

1997).  The third type of symbiotic nitrogen fixing is between cyanobacteria and 

ferns, liverworts, lichens and others (Krings et al., 2009). 

 

1.4 The Legume-Rhizobia Symbiosis 

 The symbiotic relationship between legumes and rhizobia occurs in 

specialized root organs known as nodules.  Rhizobia live within the nodule where 

they provide the plant with reduced nitrogen in exchange for reduced carbon 

from photosynthesis.  This relationship allows leguminous plants to thrive in 

nitrogen depleted or poor soil and in the absence of industrially produced 

nitrogenous fertilizers. Because of this symbiosis, legumes provide many 
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agricultural benefits from their use. Crop rotation using legumes to replenish 

nitrogen-depleted soil can achieve similar quantities of replenished nitrogen 

compared to applied fertilizer (Sanchez, 2002).  Organic efforts to fertilize soil 

using leguminous soil matter or manure from livestock fed a diet including 

legumes has produced crop yields comparable to crops grown with 

supplemented fertilizer (Drinkwater et al., 1998).  Utilizing legumes to replenish 

nitrogen depleted soil in crop rotation or leguminous-based manure may help to 

provide an alternative to nitrogen fertilizer, which would have many benefits.  

 Many legumes are economically important crops used in food production 

for human consumption or for fodder for livestock.  Legumes account for 27% of 

the world’s primary crop production and contribute 33% of the dietary protein 

nitrogen consumed by humans (Graham and Vance, 2003).  Due to their value 

economically, agriculturally, and ability to thrive in nitrogen poor soils, legumes 

have been the target of much research.  By studying the legume-rhizobial 

symbiosis on a genetic and molecular level, it may be possible to engineer 

legumes to be capable of more efficient or enhanced nitrogen fixation or to even 

transfer the ability to symbiotically fix nitrogen to non-leguminous crops.  

 

1.5 Medicago truncatula as a Model Organism 

 Medicago truncatula, barrel medic, has been chosen as the model 

organism for study of legumes.  Other crop legumes, such as Medicago sativa 

(alfalfa), are ill suited to genetic study.  They are tetraploid, have a large 
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genomes with repetitive DNA, and are poorly suited to genetic transformation 

(Cook et al., 1997).  M. truncatula, on the other hand, has a relatively small 

diploid genome, is self fertile, has a short regeneration time, and is easily 

transformed using Agrobacterium species (Cook et al., 1997).  The genome of M. 

truncatula is also mostly sequenced and a gene expression atlas is available as 

a tool for expression analysis (Benedito et al., 2008).  M. truncatula also contains 

large collections of mutants as well as retrotransposon insert mutants suitable for 

reverse genetic approaches to elucidating gene function (Catoira et al., 2000; 

Tadege et al., 2005). 

 M. truncatula’s symbiotic partner is Sinorhizobium meliloti, S. meliloti is 

easily grown in lab culture and is easily genetically manipulated allowing for 

study of gene function.  Its genome has been fully sequenced and is tripartite, 

consisting of a chromosome and two symbiotic megaplasmids: pSymA and 

pSymB (Galibert et al., 2001).  The advantages of M. truncatula and S. meliloti, 

coupled together make them ideal for studying the interaction between legumes 

and rhizobia and SNF in general. 

 

1.6 Nodule Signal Transduction 

 Nodule formation between legumes and rhizobia is initiated by 

communication between the host legume and rhizobia (Figure 1.1) (Brewin, 

1991).  In low nitrogen conditions, legumes exude flavonoids into the 

rhizosphere, which act as chemo-attractants to the soil-living rhizobia.   
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Figure 1.1 Chemical communication between the host legume and rhizobia.  
Under low nitrogen conditions, the host legume exudes flavonoids which act 
as chemoattractants that are perceived by the rhizobia.  The perceived 
flavonoids activate the Nod genes, which encode proteins that ultimately 
produce Nod factor.  Nod factor is in turn perceived by the host legume, 
which activates a signal cascade and the end result is formation of a nodule. 
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 Perception of plant flavonoids by the rhizobia triggers activation of the 

rhizobial Nod genes, located on pSymA and pSymB, which encode enzymes that 

produce lipochitooligosaccharide molecules known as Nod factors (NFs) (Long, 

1996).  Nod factors are then perceived by the legume host and trigger a signal 

cascade ultimately leading to nodule formation (Figure 1.2). 

 In M. truncatula, perception of NFs occurs on root epidermal cells and is 

thought to be mediated through the MtNFP and MtLYK3/4 encoded proteins 

(Amor et al., 2003; Limpens et al., 2003; Smit et al., 2007).  MtNFP and 

MtLYK3/4 encode lysine motif (LysM) receptor-like kinases (RLKs) that are 

thought to form a heterodimer upon NF binding, activating their kinase function 

(Figure 1.3) (Arrighi et al., 2006; Oldroyd and Downie, 2008).  Upon NF binding 

to MtNFP/MtLYK3/4, Ca2+ influx occurs and calcium spiking is observed in the 

nucleus (Amor et al., 2003).  The MtDMI2 gene encodes a leucine-rich repeat 

(LRR) RLK known to be required for Ca2+ spiking (Catoira et al., 2000).  Through 

a presumed, yet unknown, second messenger, MtNFP, MtLYK3/4, and MtDMI2 

activate the potassium channel MtDMI1 located on the inner nuclear envelope 

(Ane et al., 2004; Peiter et al., 2007; Oldroyd and Downie, 2008; Capoen et al., 

2011).  It’s hypothesized that influx of K+ into the nuclear envelope creates a 

favorable electrochemical gradient allowing for Ca2+ influx into the nucleus.  Ca2+ 

spiking activates the calcium-calmodulin kinase encoded by MtDMI3, leading to 

activation of the transcription factors MtNSP1 
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Figure 1.2 Simplified overview of NF signaling in M. truncatula.  NF is 
perceived by NFP/LYK3/4 where it activates a signal transduction cascade 
ultimately resulting in inner cortical cell division and root hair curling. (Adapted 
from Oldroyd and Downie, 2008) 
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Figure 1.3 Nod factor signaling in M. truncatula.  In the epidermal root cell, NF 
is perceived by NFP/LYK3/4 and with DMI2 is thought to produce a second 
messenger molecule that translocates to the nucleus and activates DMI1.  
DMI1 transports potassium into the nuclear envelope, which facilitates release 
of calcium stores.  Release of calcium activates the CCaMK DMI3 that is able 
to activate NSP1/2 leading to transcription of ENODs.  The inner cortical cell 
LHK1 receptor then perceives cytokinin, which may be the product of ENODs 
where it is translocated to the inner cortical cells.  LHK1 activation results in 
inner cortical division.  NSP1/2 are required for cell division though a direct link 
between LHK1 and NSP1/2 has not been shown. (Adapted from Oldroyd and 
Downie, 2008)  
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and MtNSP2 (Wais et al., 2000; Cullimore and Denarie, 2003; Oldroyd and Long, 

2003; Mitra et al., 2004; Smit et al., 2005).  The gene targets of MtNSP1 and 

MtNSP2 are the early nodulins (ENODs) that play roles in other early steps in 

nodule initiation and formation (Oldroyd and Downie, 2008). 

 While NF perception occurs in the epidermal root cells, the inner cortical 

root cells begin to divide and form the nodule primordium.  Cytokinins have been 

shown to be required for this process and are perceived in the inner cortex by the 

LHK1 receptor (Figure 1.3) (Murray et al., 2007).  Cytokinins are thought to be 

produced in the epidermal cells as part of the ENOD gene activation and 

subsequently are translocated to the inner cortical cells , where they are 

perceived by LHK1 (Peiter et al., 2007).  The MtNSP1/2 transcriptional activators 

are known to be required for mediation of cytokinin perception by LHK1, though 

their gene targets remain a mystery (Oldroyd and Downie, 2008). 

 

1.7 Rhizobial Infection 

 Concurrent with cortical cell division and nodule primordium formation, the 

rhizobia and the root hair cell begin the process of bacterial infection into the root 

(Figure 1.4).  Rhizobia attach themselves to the root hair surface and begin to 

form a micro-colony (Brewin, 1991; Hirsch, 1992; Brewin, 2004).  The attached 

rhizobia continue to produce NF which stimulates root hair deformation and 

formation of the “shepherd’s crook.”  The shepherd’s crook entraps the bacteria 

where they continue to divide.  The plant root hair begins a cell wall
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Figure 1.4 Overview of rhizobial infection. A. Rhizobia attach to root hair in 
response to flavonoids produced by the plant.  B. Nod factor production by the 
rhizobia initiates root hair curling and cortical cell division indicated by shaded 
cells.  Infection thread pathway begins to be laid out by the pre-infection 
thread.  C. Shepherd’s crook formation entraps rhizobia and the infection 
thread continues to develop.  D.  Rhizobia enter the root hair into the infection 
thread and begin to travel down towards the nodule primordium.  E. Rhizobia 
travel down infection thread into the newly divided cortical cells where they are 
endocytosed by the plant plasma membrane forming symbiosomes. 
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reorganization in which the cell wall begins to grow inward and form a “tunnel” 

known as an infection thread (IT) that the bacteria enter and begin to traverse 

inward.  Infection thread initiation begins with formation of the pre-infection 

thread that lays out the pathway through the cellular layers where it traverses 

from the epidermal root hair towards the newly formed nodule primordium.  The 

bacteria within the infection thread remain extracellular relative to the plant cells 

as they traverse the cell layers towards the dividing inner cortical cells (Rae et 

al., 1992).  Once the infection thread has reached the nodule primordium, the cell 

wall thins and the rhizobia come into contact with the plant cell plasma 

membrane, forming an infection droplet (Rae et al., 1992; Brewin, 2004).  

Individual rhizobia are encapsulated by the plant-derived membrane in a process 

resembling endocytosis (Figure 1.5).  Ultimately the rhizobia reside in the 

cytoplasm of the plant cell surrounded by the plant-derived membrane, forming a 

novel organelle-like structure known as the symbiosome (Brewin, 2004). Once 

endocytosed, the rhizobia differentiate into the mature nitrogen-fixing form known 

as the bacteroid (Figure 1.5) (Brewin, 1991; Brewin, 2004). 

 

1.8 Nodule Morphology 

 As the nodule grows and develops, it differentiates into distinct zones that 

are physiologically different from one another (Figure 1.6) (Vasse et al., 1990; 

Crespi and Galvez, 2000).  The most distal region of the nodule, zone I, is also 

known as the meristematic zone.  Within zone I, cells continue to divide and the
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Figure 1.5 Diagram of rhizobial release from infection threads.  As the rhizobia 
reach the inner cortical cells comprising the nodule primordia, the cell wall 
breaks down exposing the rhizobia to the plant cell plasma membrane.  
Rhizobia swell into the membrane forming an infection droplet.  Rhizobia are 
encapsulated in a plant-derived membrane in a process resembling 
endocytosis forming immature symbiosomes.  Newly endocytosed rhizobia 
mature and elongate into bacteroids that are capable of nitrogen fixation. 
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Figure 1.6 Nodule morphology.  Nodules develop five distinct zones; the 
meristematic zone, infection zone, maturation zone, nitrogen fixation zone, 
and senescent zone.  Each zone plays a critical role in nodule function.  
Surrounding the nodule is the vascular bundle that facilitates exchange of 
nutrients between the nodule and the rest of the plant. 
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nodule continues to grow and expand outward.  There is no bacterial infection or 

invasion in the meristematic zone.  M. truncatula has indeterminate nodules, 

which have a persistent meristem that continues to divide and grow throughout 

the life of the nodule (Hirsch, 1992).  Below zone I is zone II, known as the 

infection zone, where rhizobia invade the host cells through ITs and are 

endocytosed into symbiosomes.  Proximal to zone II is the interzone II-III where 

infected cells continue to expand and the newly endocytosed rhizobia mature into 

bacteroids that are capable of nitrogen fixation.  Zone III is proximal to interzone 

II-III and is where mature bacteroids reside and is the zone where nitrogen 

fixation takes place.  The most proximal region of the nodule to the root is zone 

IV.  Zone IV is the senescent zone where bacteroids and nodule cells die and are 

recycled by the plant. 

 Surrounding the zones of the nodule is the vascular bundle containing the 

xylem and phloem that transport photosynthates and other nutrients necessary 

for the bacteroids to fix molecular nitrogen.  The nodule vascular tissue also 

transports assimilated fixed nitrogen products to the rest of the plant.  The 

vascular bundle in nodules develops under the epidermis and surrounds the 

infected zones of the nodule (Figure 1.6).  Also within the epidermal layers of the 

nodule is a variable oxygen diffusion barrier (Minchin, 1997).  Oxygen is required 

in the nodule to generate ATP through oxidative phosphorylation, however, 

oxygen is also a strong inhibitor of the nitrogen fixing enzyme nitrogenase 
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(Robson and Postgate, 1980).  Thus regulation of free oxygen within the nodule 

must be tightly controlled (Ott et al., 2009). 

 

1.9 Infected and Uninfected Cells Within the Nodule 

 Not all cells within the nodule get infected with rhizobia.  The nodule 

contains uninfected cells lacking symbiosomes that are adjacent to the infected 

cells (Figure 1.7) (Hanks et al., 1983; Vasse et al., 1990).  Little is known about 

the roles and functions of uninfected cells.  Analysis of uninfected protoplasts 

from soybean has shown that uninfected cells are rich in enzymes involved in 

ureide metabolism and purine synthesis that are used to assimilate fixed nitrogen 

(Hanks et al., 1983). While infected soybean nodule cells also contain enzymes 

required for purine synthesis, they are much more abundant in infected cells and 

it is hypothesized that amino acids or intermediates are transported to uninfected 

cells where the bulk of purine synthesis takes place (Hanks et al., 1981; Hanks et 

al., 1983).  Uninfected cells in soybean also undergo ultrastructural specialization 

to facilitate ureide metabolism (Newcomb and Tandon, 1981).  Within uninfected 

soybean nodule cells, microbodies increase in number and in size and the 

smooth ER network also undergoes considerable development (Newcomb and 

Tandon, 1981).  This is in contrast to infected cells where microbodies almost 

completely disappear and where no smooth ER is detectable.  Enzymes required 

for purine synthesis and ureide metabolism are localized to these compartments 

and may help account for the ultrastructural specialization of uninfected cells
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Figure 1.7 Not all nodule cells are infected with rhizobia.  Some cells adjacent 
to infected cells remain uninfected and are believed to help support and 
maintain the infected cells and nitrogen fixation per se. 
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(Hanks et al., 1983).  However, in M. truncatula, fixed nitrogen is assimilated into 

amino acids for transport and ureide-derived and purine-derived compounds are 

not used for nitrogen assimilation.  The function and study of M. truncatula 

uninfected cells and their role is incomplete.   

 In addition to enzymes required for nitrogen assimilation, uninfected cells 

in soybean (Glycine max) nodules have also been found to contain 

leghemoglobin (Lb) (VandenBosch and Newcomb, 1988).  Lb is an oxygen 

binding protein found in the nodules of legumes that helps to facilitate the 

transfer of oxygen needed for oxidative phosphorylation (Appleby, 1984).  Lb is 

found at a higher concentration in infected cells compared to uninfected cells 

(VandenBosch and Newcomb, 1988).  The nitrogen-fixing bacteroids have a high 

respiratory demand and Lb helps to facilitate a high oxygen flux to meet these 

demands in infected cells (Ott et al., 2009).  However, uninfected cells are rich in 

mitochondria and the presence of Lb in uninfected cells may be to also help to 

mediate oxygen flux to meet the respiratory demands of the cells (VandenBosch 

and Newcomb, 1988). 

 

1.10 M. truncatula Symbiosome Proteins 

 Symbiosomes in M. truncatula consist of a single rhizobia, or bacteroid, 

encompassed by a plant derived membrane referred to as the symbiosome 

membrane (SymM; Figure 1.8).  Between the SymM and the bacteroid 

membrane  
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Figure 1.8 Diagram of a mature symbiosome.  In M. truncatula the 
symbiosome consists of a single bacteroid surrounded by a plant derived 
membrane known as the symbiosome membrane, or SymM.  Between the 
SymM and the bacteroid membrane is an aqueous layer known as the 
symbiosome space or SymS. 
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is an aqueous layer known as the symbiosome space (SymS; Figure 1.8).  

Proteomic studies have shown that there are a number of plant-encoded proteins 

identified in the symbiosomes of legumes (Carina et al., 1999; Saalbach et al., 

2002; Catalano et al., 2004).  A number of these are transporters on the SymM 

that facilitate transport of nutrients such as ammonia, amino acids, and 

dicarboxylic acids across the SymM to the SymS and bacteroid (Udvardi and 

Day, 1997; Day et al., 2001; Masalkar et al., 2010).  The MtSYP132 syntaxin and 

MtRab7 small GTPase have been localized to the SymM and serve as SymM 

identity markers and may play roles in facilitating vesicle transport to the 

symbiosome (Catalano et al., 2007; Limpens et al., 2009).  Much less is known 

about the proteins and their functions within the SymS.  Members of the 

calmodulin-like MtCaML1-6 family of proteins have been localized to the SymS in 

M. truncatula (Liu et al., 2006) along with the MtNOD25 (Hohnjec et al., 2009) 

and MtENOD8 proteins (Coque et al., 2008).  In pea, the lectin PsNLEC-1 and 

the cysteine protease PsCyp15A have been immunolocalized to symbiosomes 

and vacuoles (Dahiya et al., 1997; Vincent and Brewin, 2000).  In peanut, peanut 

nodule lectin has also been immunolocalized to symbiosomes, vacuoles and the 

apoplast (Vandenbosch et al., 1994). 
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1.11 Protein Trafficking to the Symbiosome 

 Protein trafficking of plant proteins to the symbiosomes has been 

proposed to occur through three different pathways (Figure 1.9) (Catalano et al., 

2004).  The first proposed pathway is through protein synthesis on cytosolic free  

ribosomes, which are then translocated to the symbiosome through an N-

terminal signal peptide (SP).  The second pathway is translocation of synthesized  

proteins from the rough ER to the Golgi apparatus where they are packaged in 

vesicles destined for the symbiosome.  The third proposed pathway is vesicle-

mediated transport directly from the ER to the symbiosome. 

 The MtNOD25 protein contains a 24 amino acid SP that is sufficient to 

target GFP to the symbiosome in mature M. truncatula roots (Hohnjec et al., 

2009).  MtNOD25 was proposed to be translocated to the symbiosome via free 

ribosome translation in the cytosol (Hohnjec et al., 2009).  The importance of SP-

mediated protein trafficking to the symbiosome is evident in the Mtdnf1-1 

mutants.  These mutants have rhizobial release from infection threads, but the 

rhizobia fail to mature into the nitrogen-fixing bacteroid and are incapable of 

fixing nitrogen (Starker et al., 2006).  MtDNF1 was recently cloned and found to 

encode a subunit of a signal peptidase found in the ER, closely associated with 

symbiosomes (Wang et al., 2010).  Thus it appears that proper processing of 

SPs of proteins for their proper function is important for symbiosome 

development and function. 
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Figure 1.9 Proposed model for symbiosome trafficking of plant-derived 
proteins.  The first proposed route is direct translocation to the symbiosome of 
proteins translated on cytosolic ribosomes containing a N-terminal signal 
peptide .  The second proposed route is vesicle-mediated transport in vesicles 
derived from the ER.  The third proposed route is through the Golgi where 
proteins are then packaged in vesicles destined for the symbiosome.  
(Adapted from Catalano et al., 2004) 
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 MtENOD8 also contains a predicted putative N-terminal SP that may play 

a role in symbiosome localization.  However, the MtENOD8 SP shares no 

homology with the MtNOD25 SP or MtCaML1-6 SPs (Liu et al., 2006; Hohnjec et 

al., 2009) indicating that there must be additional domains capable of directing 

proteins to the symbiosome.   

 

1.12 Medicago truncatula ENOD8  

 ENOD8 was originally identified in alfalfa from nodules that were elicited 

by rhizobia that were unable to invade and formed “empty” nodules.  It was 

originally hypothesized to play a role in nodule morphogenesis (Dickstein et al., 

1993).  The MtENOD8 gene encodes a protein that is 381 amino acids long that 

is a member of the GDSL family of lipase and esterase genes (Dickstein et al., 

1993; Dickstein et al., 2002).  The ENOD8 gene in M. truncatula appears to have 

undergone several duplication events suggesting that it is a rapidly evolving 

gene.  The M. truncatula chromosome 1 contains a cluster of seven ENOD8-like 

genes (GenBank accession numbers: AC139354).  Within the region containing 

MtENOD8, there are a total of seven genes annotated as being GDSL enzymes 

including MtENOD8.  One of the annotated genes that is homologous to 

MtENOD8 appears to be a pseudo-gene as it lacks substantial regions of the full 

length MtENOD8 protein (Figure1.10).  Transcription analysis has shown that the 

MtENOD8.1 gene is highly expressed in nodules with MtENOD8.2 expression 

being much lower (Dickstein et al., 2002).  MtENOD8 promoter-GUS studies 
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 Figure 1.10 Alignment of annotated MtENOD8-like gene’s predicted protein 
sequences. 
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indicate that the promoter is active in the nitrogen-fixing region of the nodule 

(Coque et al., 2008).  An anti-MtENOD8 antisera was used for 

immunolocalization and showed that MtENOD8 localizes to symbiosomes 

containing nitrogen-fixing bacteroids in zone III (Coque et al., 2008).  MtENOD8 

is a readily soluble protein that has been shown to have esterase activity in vitro, 

however, its true substrate remains unknown (Pringle and Dickstein, 2004). 

 

1.13 Research Objective 

 Much research and effort has been made to elucidate the early steps of 

nodule formation and the communication between the host legume and rhizobia 

and many of the genes involved in the early stages of signal transduction have 

been elucidated (Oldroyd and Downie, 2008).  However, the mechanisms of 

symbiosome protein targeting, their regulation, and their evolutionary origin have 

not been fully explored.  Additional study of plant-derived symbiosome proteins is 

warranted to further the collective knowledge of symbiotic nitrogen fixation. 

 The aim of this research is to address several unknown aspects of plant-

derived symbiosome proteins using MtENOD8 as a model.  Plant-derived 

symbiosome proteins are unique in that they are sorted to a novel organelle only 

found in nitrogen-fixing legumes.  Of interest is determining the default 

localization of symbiosome-localized proteins in the absence of nodules.  

Determining their localization in the absence of symbiosomes will help to shed 

light on the pathways that target symbiosome proteins to the symbiosomes and 
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possibly the evolutionary origin of plant-derived protein trafficking to the 

symbiosome.  No previous study has addressed this issue. 

 Similar to MtNOD25, MtENOD8 also contains a 28 amino acid N-terminal 

signal sequence that may play a role in symbiosome targeting.  MtENOD8 may 

also contain additional sequences for protein targeting and the protein will be 

truncated to determine if any other regions of MtENOD8 are able to localize to 

the symbiosome.  Having the ability to direct proteins to the symbiosome may 

make it possible to alter metabolism and/or function of the symbiosome in an 

effort to improve and enhance the legume-rhizobial symbiosis.  The aim of this 

study was to address the possible role of MtENOD8’s SP in symbiosome 

targeting, investigate possible additional cis targeting sequences in MtENOD8, 

determine the default localization in the absence of symbiosomes, and to help 

better understand MtENOD8 regulation.   

 The MtENOD8 promoter has also been identified as being expressed in 

uninfected cells only using MtENOD8 promoter-GUS fusions (C. Pislariu, 

unpublished data), which suggests a spatial discrepancy between the promoter 

activity and protein localization.  Using pMtENOD8-GFP to investigate the spatial 

activity of the MtENOD8 promoter will provide higher resolution to confirm this 

observation. To address whether the mRNA or protein may be moving, 

MtENOD8 mRNA was localized using in situ hybridizations indicating that the 

mRNA moves in a cell-to-cell manner, previously unobserved in nodule cells. 
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 The MtENOD8 protein is legume-specific and identifying its localization in 

a non-leguminous plant may also shed light on targeting mechanisms and their 

evolutionary history.  Arabidopsis is the model plant for study.  Expression of 

MtENOD8 in Arabidopsis will provide insight as to whether its pattern of 

expression in the absence of nodules is legume specific or is a broad default 

localization among other plant species. 
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CHAPTER 2 

IDENTIFICATION OF THREE SYMBIOSOME TARGETING SEQUENCES IN    

MtENOD8 AND THEIR LOCALIZATION IN THE ABSENCE OF  

SYMBIOSOMES 

 

2.1 MtENOD8-GFP Localizes to the Symbiosome in Nodules 

 Green fluorescent protein (GFP) has successfully been used to localize 

plant-derived proteins in nodules (Catalano et al., 2007; Hohnjec et al., 2009; 

Limpens et al., 2009; Wang et al., 2010).  To indirectly visualize MtENOD8 in 

cells, GFP was fused to MtENOD8’s C-terminal end and engineered with a 10-

alanine (Ala) linker between the two proteins.  It was engineered to be expressed 

by the full length MtENOD8 promoter (Coque et al., 2008).  pMtENOD8-

MtENOD8-GFP was transformed into roots wild-type A17 plants, generating 

transgenic hairy roots, which were inoculated with S. meliloti expressing red 

fluorescent protein (RFP). 

 At 17 days post inoculation (dpi) nodules were sectioned and imaged 

using confocal microscopy.  As seen in Figure 2.1, MtENOD8-GFP fluorescence 

was observed to localize around the RFP fluorescent signal from S. meliloti 

indicating that MtENOD8-GFP successfully localized to the symbiosome, which 

is in agreement with the previously reported immunolocalization and fractionation 

of MtENOD8 (Coque et al., 2008).  This result validated the strategy of using
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Fig. 2.1 Expression of pMtENOD8-MtENOD8-GFP in transgenic M. truncatula 
nodules.  A, GFP signal from MtENOD8-GFP.  B, RFP signal from S. meliloti.  
C, Merged image of A and B.  The yellow color in panel C indicates overlap 
between GFP and RFP signals showing that MtENOD8-GFP co-localized with 
S. meliloti in the symbiosome confirming the strategy of tagging MtENOD8 
with GFP.  Scale bars = 25µm.  Images from 80µm vibratome sections. 
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GFP to localize MtENOD8 and demonstrated that MtENOD8’s ability to localize 

to the symbiosome was unaffected by the addition of GFP to its C-terminal. 

 

2.2 Expression of MtENOD8-GFP by Different Promoters 

 In addition to expressing MtENOD8-GFP under the native MtENOD8 

promoter, expression was driven by the strong, constitutive Arabidopsis  EF1α 

promoter and the M. truncatula NOD25 promoter.  The AtEF1α promoter was 

chosen over the 35S promoter for constitutive expression because the 35S 

promoter has been reported to not be truly constitutive in nodules, whereas the 

AtEF1α promoter is constitutively expressed in all nodule cell types (Auriac and 

Timmers, 2007).  At 17 dpi, nodules expressing pAtEF1α-MtENOD8-GFP, that 

were elicited by S. meliloti expressing RFP, were sectioned and examined under 

confocal microscopy.  MtENOD8-GFP localized to the symbiosome indicating 

that overexpression of MtENOD8-GFP did not alter its endogenous localization to 

the symbiosome (Figure 2.2).  Curiously, no MtENOD8-GFP was observed in 

any uninfected cells that do not contain symbiosomes even though the AtEF1α 

promoter is known to be active in all nodule cell types (Auriac and Timmers, 

2007). 

 The MtNOD25 promoter has been shown to be active only in nodule cells 

infected with rhizobia (Hohnjec et al., 2009).  Transgenic hairy roots expressing 

pMtNOD25-MtENOD8-GFP were generated, inoculated with S. meliloti 

expressing RFP, sectioned at 17 dpi, and imaged with confocal microscopy.  As  
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Fig. 2.2 Expression of pAtEF1α-MtENOD8-GFP in transgenic M. truncatula 
nodules.  A, GFP signal from MtENOD8-GFP.  B, RFP signal from S. meliloti.  
C, Merged image of A and B.  The yellow color in panel C indicates overlap 
between GFP and RFP signals showing that MtENOD8-GFP co-localized with 
S. meliloti in the symbiosome demonstrating that even when overexpressed 
MtENOD8-GFP still properly localizes.  Note that there is no GFP signal in 
uninfected cells lacking symbiosomes even though the pAtEF1α is a 
constitutive promoter active in all cell types.  Scale bars = 25µm.  Images from 
80µm vibratome sections. 
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expected for a symbiosome-localized protein under expression of an infected 

nodule cell-specific promoter, MtENOD8-GFP localized to the symbiosome 

(Figure 2.3).  These results taken together indicate that even under the 

expression of different promoters, MtENOD8-GFP still successfully localizes to 

only the symbiosome in nodule cells. 

 

2.3 MtENOD8 Contains Multiple Symbiosome Targeting Sequences 

 The MtNOD25 protein contains a 24 amino acid N-terminal SP that was 

found to be sufficient for symbiosome targeting (Hohnjec et al., 2009).  While the 

MtNOD25 SP has homology with other M. truncatula symbiosome localized 

proteins, it is only highly homologous to a subset of symbiosome localized 

proteins indicating that there must be additional amino acid sequence domains 

capable of targeting proteins to the symbiosome.  MtENOD8 contains a N-

terminal predicted SP of 28 amino acids that was hypothesized to play a role in 

symbiosome targeting and is not homologous to the MtNOD25 SP.  To 

investigate the possible role of the MtENOD8-SP in symbiosome protein 

targeting, the 28 amino acid MtENOD8-SP was fused to the N-terminal of GFP to 

investigate if it is sufficient for symbiosome targeting in nodules.   

Additionally, MtENOD8 was dissected into parts in order to determine if 

there are additional domains capable of symbiosome targeting.  The full length 

MtENOD8 cDNA encodes 381 amino acids and was split in half into N and C 

terminals encoding 191 and 190 amino acids respectively.  The SP
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Fig. 2.3 Expression of pNOD25-MtENOD8-GFP in transgenic M. truncatula 
nodules.  A, GFP signal from MtENOD8-GFP.  B, RFP signal from S. meliloti.  
C, Merged image of A and B.  The yellow color in panel C indicates overlap 
between GFP and RFP signals showing that MtENOD8-GFP co-localized with 
S. meliloti in the symbiosome demonstrating that even when overexpressed 
MtENOD8-GFP still properly localizes.  MtENOD8-GFP localizes, as expected, 
when expressed under a promoter known to be active in infected cells.  Scale 
bars = 25µm.  Images from 80µm vibratome sections. 
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consists of the first 28 amino acids, the N-terminal (NT) the next 163 amino 

acids, and the C-terminal (CT) the last 190 amino acids.  The six constructs 

tested consisted of the MtENOD8 SP, NT-CT with no SP, NT with and without 

the SP, and the CT with and without the SP (Figure 2.4).  All were engineered 

with a 10-Ala linker between them and GFP and were expressed under control of 

the AtEF1α promoter. 

 These constructs were transformed into A17 roots, generating transgenic 

hairy roots, and nodulated with S. meliloti expressing RFP and imaged at 15 dpi.  

As seen in Figure 2.5, MtENOD8-SP was able to successfully target GFP to the 

symbiosome indicating that, similar to MtNOD25-SP, it is sufficient for 

symbiosome targeting.  Interestingly, all other tested MtENOD8 truncations were 

also able to successfully deliver GFP to the symbiosome (Figures 2.6-2.10).  In a 

similar manner to the full length MtENOD8 fusion protein, no GFP fluorescence 

was detected in uninfected nodule cells in any of the truncations tested (Figures 

2.5-2.10).  While the MtENOD8-SP is sufficient for symbiosome targeting it is not 

necessary, as these results indicate that there are at least two additional 

symbiosome targeting domains are found within the MtENOD8 protein; one in the 

MtENOD8-NT region and one in the MtENOD8-CT region. 
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Fig. 2.4 Fusion constructs of MtENOD8 to the Arabidopsis  EF1a promoter.  
The full length MtENOD8 protein is 381 amino acids and was split in half into 
N and C terminals consisting of 191 and 190 amino acids, respectively.  The 
signal peptide (SP) is the first 28 amino acids, the N-terminal (NT) the next 
163 amino acids, and the C-terminal (CT) the last 193 amino acids.  All 
constructs were engineered with a 10-alanine linker between MtENOD8 and 
GFP 
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Fig. 2.5 Transgenic M. truncatula nodules at 15dpi expressing pAtEF1α-
MtENOD8-SP-GFP.  A, GFP fluorescence from MtENOD8-SP-GFP.  B, RFP 
from S. meliloti.  C, Merged image of A and B.  Yellow color in panel C 
indicates overlap of GFP and RFP signals indicating that MtENOD8-SP is 
sufficient to deliver GFP to symbiosomes.  Bars = 25µm.  Images from 80µm 
vibratome sections. 
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Fig. 2.6 Transgenic M. truncatula nodules at 15dpi expressing pAtEF1α-
MtENOD8-NT-CT-GFP.  A, GFP fluorescence from MtENOD8-NT-CT-GFP.  
B, RFP from S. meliloti.  C, Merged image of A and B.  Yellow color in panel C 
indicates overlap of GFP and RFP signals indicating that MtENOD8-NT-CT is 
sufficient to deliver GFP to symbiosomes indicating that the SP is not 
necessary for symbiosome localization.  Bars = 25µm.  Images from 80µm 
vibratome sections. 
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Fig. 2.7 Transgenic M. truncatula nodules at 15dpi expressing pAtEF1α-
MtENOD8-SP-NT-GFP.  A, GFP fluorescence from MtENOD8-SP-NT-GFP.  
B, RFP from S. meliloti.  C, Merged image of A and B.  Yellow color in panel C 
indicates overlap of GFP and RFP signals indicating that MtENOD8-SP-NT is 
sufficient to deliver GFP to symbiosomes.  Bars = 25µm.  Images from 80µm 
vibratome sections. 
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Fig. 2.8 Transgenic M. truncatula nodules at 15dpi expressing pAtEF1α-
MtENOD8-NT-GFP.  A, GFP fluorescence from MtENOD8-NT-GFP.  B, RFP 
from S. meliloti.  C, Merged image of A and B.  Yellow color in panel C 
indicates overlap of GFP and RFP signals indicating that MtENOD8-NT is 
sufficient to deliver GFP to symbiosomes.  Bars = 25µm.  Images from 80µm 
vibratome sections. 
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Fig. 2.9 Transgenic M. truncatula nodules at 15dpi expressing pAtEF1α-
MtENOD8-SP-CT-GFP.  A, GFP fluorescence from MtENOD8-SP-CT-GFP.  
B, RFP from S. meliloti.  C, Merged image of A and B.  Yellow color in panel C 
indicates overlap of GFP and RFP signals indicating that MtENOD8-SP is 
sufficient to deliver GFP to symbiosomes.  Bars = 25µm.  Images from 80µm 
vibratome sections. 
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Fig. 2.10 Transgenic M. truncatula nodules at 15dpi expressing pAtEF1α-
MtENOD8-CT-GFP.  A, GFP fluorescence from MtENOD8-CT-GFP.  B, RFP 
from S. meliloti.  C, Merged image of A and B.  Yellow color in panel C 
indicates overlap of GFP and RFP signals indicating that MtENOD8-SP is 
sufficient to deliver GFP to symbiosomes.  Bars = 25µm.  Images from 80µm 
vibratome sections. 
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2.4 MtENOD8-GFP Fails to Accumulate in Non-nodulated Root Cells  

 Having MtENOD8-GFP under control of the AtEF1α promoter allowed 

ectopic expression of MtENOD8 in the absence of nodules, which might yield 

information on the default localization.  Transgenic hairy roots were generated 

and imaged under epifluorescence to verify GFP fluorescence.  Composite hairy 

roots transformed with pAtEF1α−MtENOD8-GFP failed to have any observable 

GFP fluorescence (Figure 2.11A).  When these roots were taken through 

nodulation, at 14dpi, GFP fluorescence was readily detected in areas 

corresponding to symbiosomes (Figure 2.11B).  However, GFP fluorescence was 

still not observed in root cells adjacent to the nodule, or in epidermal or apical 

nodule cells. 

 One possibility for the lack of fluorescence was that in non-nodulated 

transgenic roots the MtENOD8-GFP fusion protein was being translated but GFP 

was incorrectly folded and, thus, non-fluorescent.  To address this possibility, 

total protein was extracted, resolved via SDS-PAGE, blotted to a membrane, and 

probed with MtENOD8 antisera.  No MtENOD8 protein was detected in protein 

extract from pAtEF1α-MtENOD8-GFP, but was readily detected in nodule extract 

(Figure 2.12A).  Total RNA was extracted from roots expressing pAtEF1α-

MtENOD8-GFP; cDNA was cloned and amplified with MtENOD8 specific primers 

and showed that MtENOD8 transcript was present in these roots (Figure 2.12B).  

To address the remote possibility that the GFP fusion protein was interfering with 
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Fig. 2.11 Epifluorescent images of A17 transgenic roots expressing pAtEF1α-
MtENOD8-GFP.  A, Non-nodulated transgenic hairy root.  No GFP 
fluorescence is observed.  B, Nodule at 14dpi.  Fluorescence is only observed 
in inner nodule cells corresponding to where symbiosomes are found.  Note 
that no fluorescence is observed in the root or in the epidermal and apical 
nodule cells.  Bars = 0.5mm.  A, whole mount; B, 80µm vibratome section. 
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Fig. 2.12 Western blot and RT-PCR analysis of non-nodulated transgenic 
roots expressing pAtEF1α-MtENOD8-GFP.  A, Western blot of total protein 
extracted from non-nodulated roots expressing pAtEF1α-MtENOD8-GFP 
(lanes 1 and 3) or wild type (A17) nodules (lanes 2 and 4).  Lanes 1 and 2, 
Coomassie stained blot.  Lanes 3 and 4, destained blot probed with anti-
MtENOD8 antisera followed by a secondary antibody.  MtENOD8 protein is 
only found in nodule extracts.  B, RT-PCR analysis of total RNA extracted from 
non-nodulated roots expressing pAtEF1α-MtENOD8-GFP (lane 1) or 
untransformed control roots (lane 2).  MtENOD8 transcript is detected in 
transgenic roots but not in wild-type control roots.  MtMsc27 used as positive 
control. 
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the stability of MtENOD8, the short epitope Myc tag was cloned to the C-terminal 

of MtENOD8 downstream of the AtEF1α promoter.  This construct was 

expressed in A17 transgenic hairy roots and total protein and RNA was 

extracted.  Protein was resolved on a gel, blotted, and probed with MtENOD8 

antisera.  Similar to previous results with the GFP fusion, no MtENOD8 protein 

was detected from transgenic root extracts (Figure 2.13A).  Primers specific for 

MtENOD8 were used to amplify cDNA obtained from extracted RNA and showed 

that MtENOD8 transcript was present (Figure 2.13B).  Thus, the lack of GFP or 

Myc tagged MtENOD8 protein accumulation was not due to lack of MtENOD8 

transcript, but was likely due to lack of translation of the mRNA or rapid 

degradation or destruction of MtENOD8 protein. 

 One pathway for protein degradation is via the 26S proteasome.  In this 

pathway, proteins destined for destruction are poly-ubiquitinylated, which marks 

them for destruction via the 26S proteasome.  It was possible that in non-

nodulated root tissue, MtENOD8 protein was being degraded via the 26S 

proteasome, preventing accumulation.  The compound MG132 is a potent 26S 

proteasome inhibitor that has been used before in M. truncatula to block 26S 

proteasome activity (Roudier et al., 2003).  Transgenic hairy roots were 

generated that expressed pAtEF1α-MtENOD8-Myc and grown either with or 

without MG132 in conditions similar to those previously used in M. truncatula 

(Roudier et al., 2003).  After 48h of MG132 treatment, total protein was extracted 

from treated and untreated control roots, resolved by SDS-PAGE, blotted, and 
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Fig. 2.13 Western blot and RT-PCR analysis of non-nodulated transgenic 
roots expressing pAtEF1α-MtENOD8-Myc.  A, Western blot of total protein 
extracted from non-nodulated roots expressing pAtEF1α-MtENOD8-Myc 
(lanes 1 and 3) or wild type (A17) nodules (lanes 2 and 4).  Lanes 1 and 2, 
Coomassie stained blot.  Lanes 3 and 4, destained blot probed with anti-
MtENOD8 antisera followed by a secondary antibody.  MtENOD8 protein is 
only found in nodule extracts.  B, RT-PCR analysis of total RNA extracted from 
non-nodulated roots expressing pAtEF1α-MtENOD8-Myc (lane 1) or wild-type 
nodules.  MtENOD8 transcript is detected in transgenic roots and nodules.  
MtMsc27 used as positive control. 
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probed with MtENOD8 antisera.  No MtENOD8 protein was detected in extracts 

from roots expressing pAtEF1α-MtENOD8-Myc that were treated or untreated 

with MG132 (Figure 2.14A).  MtENOD8-specific primers were used to amplify 

cDNA obtained from total RNA extracted from MG132 treated and untreated 

roots expressing pAtEF1α-MtENOD8-Myc.  MG132 had no effect on MtENOD8 

expression as the transcript was readily detected in treated and untreated roots 

(Figure 2.14B).  These results indicate that even when the MtENOD8 gene is 

ectopically expressed in non-nodulated transgenic roots, MtENOD8 protein fails 

to accumulate, and this lack of accumulation is likely not due to 26S proteasome 

degradation. 

 

2.5 MtENOD8-SP Directs GFP to the Vacuole in Non-nodulated Root Tissue 

 The other MtENOD8-GFP constructs were observed under 

epifluorescence microscopy in non-nodulated transgenic roots to assess whether 

these truncations were able to accumulate in root tissue and, if so to determine 

their localization in the absence of nodules.  All failed to show GFP fluorescence 

in the absence of nodules except for MtENOD8-SP-GFP (Figure 2.15).  Non-

nodulated transgenic roots expressing pAtEF1α-MtENOD8-SP-GFP were 

examined under confocal microscopy to determine the localization of the fusion 

protein.  In control roots expressing free GFP, fluorescence was confined to the 

cytoplasm (arrows, Figure 2.16A) and the nucleus (arrowheads, Figure 2.16A).  

Roots 
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Fig. 2.14 RT-PCR analysis and Western blot of non-nodulated transgenic 
roots expressing pAtEF1α-MtENOD8-Myc treated with MG132.  A, RT-PCR 
analysis of total RNA using MtENOD8 specific primers.  MtENOD8 transcript is 
readily detected in treated and untreated transgenic roots but not in empty 
vector controls.  B, Western blot of total protein extracts.  MtENOD8 protein is 
detected in nodule extracts, but not in treated or untreated roots expressing 
pAtEF1α-MtENOD8-Myc or control roots.  MG132 has no effect on MtENOD8 
ectopic expression or MtENOD8 protein accumulation in transgenic roots. 
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Fig. 2.15 Epifluorescent images of non-nodulated transgenic roots expressing 
MtENOD8-GFP truncations.  Yellow arrows indicate emerged transgenic root; 
red arrows indicate untransformed root.  A, MtENOD8-SP-GFP.  B, MtENOD8-
NT-CT-GFP.  C, MtENOD8-SP-NT-GFP.  D, MtENOD8-NT-GFP.  E, 
MtENOD8-SP-CT-GFP.  F, MtENOD8-CT-GFP. GFP fluorescence is only 
detected in MtENOD8-SP-GFP and not in any other MtENOD8 truncation. 
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expressing MtENOD8-SP-GFP showed fluorescence in the vacuole indicating 

that the addition of the 28 amino acid MtENOD8-SP was sufficient for vacuolar 

targeting (Figure 2.16B).  This suggests that MtENOD8-SP uses a trafficking 

pathway to symbiosomes that has common elements with the pathway to 

vacuoles and suggests the possibility that MtENOD8 may have a vacuolar 

evolutionary origin for its targeting mechanisms to the symbiosome. 

 

2.6 Redirection of MtENOD8-SP-GFP from the Vacuole to Symbiosome 

 The ability of MtENOD8-SP-GFP to localize to the symbiosome in mature 

nodules and vacuoles in non-nodulated root tissue suggested that there is a 

redirection of MtENOD8-SP-GFP from vacuoles to symbiosomes during 

nodulation.  To investigate when and how this redirection occurs in roots 

inoculated with rhizobia, a nodule development time course was carried out.  

Transgenic hairy roots expressing pAtEF1α−MtENOD8-SP-GFP were nodulated 

with S. meliloti expressing RFP and imaged at 4, 6, 8, and 12 dpi. 

 At 4 dpi, small nodule bumps are evident on roots.  Confocal imaging of 

80µm vibratome sections showed vacuolar GFP fluorescence in the inner cortical 

roots cells (arrow, Figure 2.17).  In cells within the developing nodule, 

fluorescence was occasionally observed in vacuoles (arrowhead, Figure 2.17), 

but was primarly observed in fluorescent puncta throughout the nodule (double 

arrowheads, Figure 2.17).  At 6 dpi, further infection thread development was 

evident and fluorescent 



 52 

Fig. 2.16 Confocal image of non-nodulated transgenic roots expressing 
pAtEF1α-GFP or pAtEF1α-MtENOD8-SP-GFP.  A, Free GFP controls.  
Fluorescence is restricted to the cytoplasm (arrows) and nucleus 
(arrowheads).  B, MtENOD8-SP-GFP.  MtENOD8-SP directs GFP to the 
vacuole in non-nodulated transgenic roots (arrows).  The lack of signal in 
some root cells in images is likely due to that cell’s contents being out of the 
confocal plane.  These images are a single confocal plane.  Bars = 20µm; 
Images from whole mounts. 
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puncta were found throughout the nodule with no vacuolar localization observed 

(Figure 2.18A).  Early stages of rhizobial release could be observed (arrow, 

Figure 2.18A).  Note that redirection of MtENOD8-SP from vacuoles to 

fluorescent puncta precedes rhizobial release into the nodule.  In inner cortical 

cells adjacent to the developing nodule at 6 dpi, GFP fluorescence continued to 

be confined to vacuoles indicating that redistribution of MtENOD8-SP-GFP from 

the vacuole to fluorescent puncta was a nodule specific event (arrows, Figure 

2.18B).  

 At 8dpi, fluorescent puncta were observed near newly released rhizobia 

and early stages of rhizobial release were evident (arrow, Figure 2.19A).  In 

apical nodule cells at 8dpi, approximately 15% of nodules examined had 

intercellular fluorescence, likely to the apoplast (arrowheads, Figure 2.19B).  

Apical cells within this region also had vacuolar fluorescence (arrow, Figure 

2.17E) and fluorescent puncta were not observed in distal nodule cells. 

 By 12dpi, rhizobial release from infection threads was evident and GFP 

fluorescence was associated with RFP fluorescence (arrow, Figure 2.20A).  

Fluorescent puncta were ubiquitous in nodule cells that were infected with 

rhizobia at 12dpi.  At higher magnification of infected nodule cells at 12dpi that 

were largely infected with rhizobia, MtENOD8-GFP was observed surrounding S. 

meliloti RFP fluorescence in immature symbiosomes (Figure 2.20B).  The results 

from the time course experiment presented here show that there is a nodule 
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specific redirection of MtENOD8-GFP from the vacuole through fluorescent 

intermediates eventually to the symbiosome.  
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Fig. 2.17 Redistribution of MtENOD8-SP-GFP to fluorescent puncta during 
nodulation.  At 4 dpi, fluorescent puncta are observed throughout the nodule 
(double arrowheads).  Some vacuolar localization is evident in the developing 
nodule (arrowhead).  In root cells adjacent to the proximal region of the 
nodule, fluorescence is confined to the vacuole (arrow).  Bar = 50 µm.  All 
images from 80 µm vibratome sections. 
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Fig. 2.18 MtENOD8-SP-GFP fluorescence in developing nodules at 6dpi.  A, 
fluorescent puncta are observed throughout the nodule.  Some rhizobial 
release is evident (arrow).  No vacuolar fluorescence is observed in the 
developing nodule.  B, Root cells adjacent to the developing nodule.  Arrows 
indicate vacuolar fluorescence showing that redistribution to fluorescent 
puncta is a nodule-specific redirection.  Bar = 50 µm.  All images from 80 µm 
vibratome sections. 
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Fig. 2.19 MtENOD8-SP-GFP fluorescence in developing nodule at 8 dpi.  A, 
Rhizobial release is evident and newly released rhizobia are surrounded by 
MtENOD8-SP-GFP fluorescent bodies (arrow).  B, In a small minority of 
nodules, some apoplastic fluorescent staining is evident in the distal and 
epidermal region of the nodule (arrowheads).  Fluorescence is also observed 
in vacuoles in epidermal cells (arrow).  Bar = 50 µm.  All images from 80 µm 
vibratome sections. 

 



 58 

Fig. 2.20 MtENOD8-SP-GFP fluorescence in developing nodules at 12 dpi. A, 
Infected rhizobia are surrounded by GFP fluorescence (arrows).  B, Higher 
magnification of a nodule at 12dpi.  GFP fluorescence from MtENOD8-SP-
GFP can be surrounding rhizobia, likely corresponding to immature 
symbiosomes.  Bar = 50 µm, A; 10 µm, B.  All images from 80 µm vibratome 
sections. 
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2.7 Localization of MtENOD8-SP-GFP in Symbiosome-Deficient Mutants 

 A number of mutants in M. truncatula that lack functional symbiosomes 

have been identified, including the Mtdnf1-1 and Mtnip-1 mutants 

(Veereshlingam et al., 2004; Starker et al., 2006). The Mtdnf1-1 mutant does not 

fix nitrogen; rhizobia are released into the nodule cell and symbiosomes form, but 

the bacteria fail to elongate and mature into bacteroids capable of fixing nitrogen.  

The MtDNF1 gene was recently cloned and found to encode a subunit of a signal 

peptidase localized to the ER and associated with symbiosomes.  MtENOD8 was 

hypothesized to be a signal peptidase target of DNF1 (Wang et al., 2010).  The 

Mtnip-1 mutant, on the other hand, is blocked at the stage of rhizobial release 

from infection threads, which are enlarged and numerous, with only rare bacterial 

release (Veereshlingam et al., 2004).  The NIP/LATD gene was recently cloned 

and found to be a member of the NRT/PTR transporter family (Yendrek et al., 

2010) and has been shown to be a nitrate transporter, but likely has additional 

functions (unpublished data). 

 Because both of these mutants are deficient in functional symbiosomes, I 

hypothesized that MtENOD8 protein may not be produced.  Total protein was 

extracted from Mtdnf1-1 and Mtnip-1 nodules, resolved on a gel, blotted, and 

probed with MtENOD8 antisera.  Interestingly, in both mutants, MtENOD8 protein 

was detected, although at much lower levels compared to WT even though 

neither mutant has functional symbiosomes (Figure 2.21).  Since MtENOD8 

protein was produced in these two mutants that lack functional 
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Fig. 2.21 Western blot of total protein extracted from wild type (A17), Mtdnf1-
1, and Mtnip nodules at 15dpi.  Blot was probed with MtENOD8 antisera 
followed by a secondary antibody.  MtENOD8 protein is readily detected in all 
nodule extracts.  However, Mtdnf1-1 and Mtnip nodules have much lower 
levels of MtENOD8 protein compared to A17. 
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symbiosomes, I was interested in where MtENOD8-SP would direct GFP in 

mutant nodules.    

  To investigate MtENOD8-SP localization in Mtdnf1-1 and Mtnip-1, 

pAtEF1α-MtENOD8-SP-GFP was transformed into each mutant generating 

transgenic hairy roots that were inoculated with S. meliloti expressing RFP and 

imaged at 15 dpi.  In the Mtdnf1-1 mutants, rhizobial release was evident as well 

as MtENOD8-SP-GFP fluorescent puncta (Figure 2.22A).  At higher 

magnification GFP from MtENOD8-SP-GFP was observed surrounding RFP from 

S. meliloti in apparent symbiosomes.  The apparent localization of MtENOD8-SP-

GFP to symbiosomes in the Mtdnf1-1 mutant indicates that symbiosome 

targeting of MtENOD8-SP-GFP was unaffected (Figure 2.22B).  Control 

transgenic Mtdnf1-1 hairy roots expressing pAtEF1α-GFP had GFP fluorescence 

confined to the cytoplasm and nucleus as expected (Figure 2.22C).  This 

suggests that MtENOD8-SP is not a target of MtDNF1 because MtENOD8-SP-

GFP was able to still successfully localize to the symbiosome. 

 Conversely in the Mtnip-1 mutant, when pAtEF1α-MtENOD8-SP-GFP was 

expressed in transgenic hairy roots, no redistribution of MtENOD8-SP from the 

vacuole was evident (Figure 2.23A-B).  Occasional small areas of apoplastic 

localization were observed (arrowheads, Figure 2.23B), but no fluorescent 

punctate intermediates were observed.  Free GFP controls had fluorescence 

restricted to the cytoplasm and nucleus (arrows, Figure 2.23C), which was not 
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Fig. 2.22 Mtdnf1-1 expressing pAtEF1α-MtENOD8-SP-GFP or pAtEF1α-GFP 
inoculated with S. meliloti expressing RFP.  A and B, pAtEF1α-MtENOD8-SP-
GFP.  C, pAtEF1α-GFP.  A, GFP fluorescent foci are present in Mtdnf1-1 
indicating that the redistribution of MtENOD8-SP is unaffected.  B, Higher 
magnification of Mtdnf1-1 nodule shows partial localization of MtENOD8-SP to 
symbiosomes.  C, Mtdnf1-1 nodule expressing pAtEF1α-GFP shows 
fluorescence in the cytoplasm and nucleus.  A and C, Bars = 50µm; B, Bar = 
10µm.  Images from 80µm vibratome sections 

 



 63 

Fig. 2.23 Mtnip-1 expressing pAtEF1α-MtENOD8-SP-GFP or pAtEF1α-GFP 
inoculated with S. meliloti expressing RFP.  A and B, pAtEF1α-MtENOD8-SP-
GFP.  C, pAtEF1α-GFP.  A, GFP fluorescence is restricted to the vacuole 
(arrows) and no fluorescent foci are observed.  B, Higher magnification of 
Mtnip nodule shows vacuolar localization (arrows) with occasional apoplastic 
fluorescence (arrowheads).  C, Mtnip nodule expressing pAtEF1α-GFP shows 
fluorescence in the cytoplasm and nucleus (arrows).  Bars = 50µm.  Images 
from 80µm vibratome sections 
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evident in nodules expressing MtENOD8-SP-GFP, confirming the vacuolar 

localization of MtENOD8-SP-GFP. 

 Thus, this data indicates that the MtNIP/LATD gene is required for 

redistribution of MtENOD8-SP-GFP from the vacuole to fluorescent intermediates 

and eventually symbiosomes, whereas MtDNF1 is not.  Because the Mtnip-1 

mutant is blocked at the stage of release and lacks redistributing fluorescent 

MtENOD8-SP-GFP intermediates, it suggests that redistribution of MtENOD8-

SP-GFP from the vacuole occurs concomitantly release from ITs or that rhizobial 

release is required from ITs for redistribution from the vacuole.   
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CHAPTER 3 

LOCALIZATION OF MtENOD8 PROMOTER ACTIVITY  

AND mRNA IN NODULES 

 

3.1 The MtENOD8 Promoter is Active in Uninfected Nodule Cells 

 MtENOD8 promoter-GUS fusion studies have shown that the MtENOD8 

promoter is active in nitrogen fixing zones within the nodule, which corresponds 

to MtENOD8 protein localization (Coque et al., 2008).  Further scrutiny of 

pMtENOD8-GUS transgenic roots, suggested that pMtENOD8 is active in 

uninfected cells and not infected nodule cells (C. Pislariu, unpublished data).  To 

further investigate this observation, a pMtENOD8-GFP construct was made, 

which would allow confocal microscopy to be used to provide higher resolution. 

 Transgenic hairy roots were generated that expressed pMtENOD8-GFP 

and inoculated with S. meliloti expressing RFP.  Nodules were sectioned at 15dpi 

and imaged under confocal microscopy.  GFP fluorescence was readily detected 

in the periphery of the nodule, the region proximal to root cells, and in areas 

within the central region of the nodule (Figure 3.1A).  Higher magnification 

showed that GFP fluorescence was restricted uninfected cells (Figure 3.1B).  

However, no co-localization of GFP and RFP signals was evident (Figure 3.1B) 

confirming that the MtENOD8 promoter was only active in non-infected cells.  

Free GFP Controls, however, had GFP fluorescence in both infected and 
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Fig. 3.1 Expression of pMtENOD8-GFP or pAtEF1α-GFP in transgenic 
nodules inoculated with RFP expressing S. meliloti at 17dpi.  A, pMtENOD8-
GFP.  GFP fluorescence is restricted to uninfected cells.  B, Higher 
magnification of Panel A.  No GFP signal is evident in any infected cells 
indicating that the pMtENOD8 promoter is active in uninfected cells only.  C, 
pAtEF1α-GFP.  GFP is ubiquitous in all cell types and is readily observed in 
both infected and uninfected cells. A, Bar = 0.5 mm; B and C, Bars = 25µm.  
Images from 80µm vibratome sections 
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uninfected cells (Figure 3.1C).  This data indicates a spatial discrepancy between 

the MtENOD8 promoter activity and MtENOD8 protein localization to the 

symbiosome. 

 

3.2 MtENOD8 mRNA Is Found in Infected Cells  

 The activity of the MtENOD8 promoter in the uninfected cells coupled with 

the symbiosome localization of MtENOD8 in infected cells indicates that there is 

a spatial discrepancy between promoter activity and the protein. Long distance 

transport through the phloem of RNAs and proteins as well as intercellular 

movement through plasmodesmata between cells of RNAs and proteins is well 

established in plants (Wu et al., 2002; Kurata et al., 2005; Corbesier et al., 2007; 

Kehr and Buhtz, 2008; Xu et al., 2011).  To investigate whether the MtENOD8 

RNA or protein was moving from uninfected cells to infected cells, mRNA was 

localized in M. truncatula nodules using in situ hybridization. 

 Previous attempts to localize MtENOD8 mRNA using in situ hybridizations 

have been unsuccessful (R. Dickstein, personal communication).  Newer 

methods, however, have since become available.  One such tool is the use of 

locked nucleic acids (LNAs).  LNAs are modified nucleic acids, which have a 

methylene bridge synthesized between the 2’ and 4’ carbon on the deoxy-ribose 

sugar (Koshkin et al., 1998).  LNAs that are incorporated into oligonucleotide 

probes have increased thermal stability of duplexes, increased target specificity, 

and can base pair with both DNA and RNA.  LNA probes have been used in 
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Arabidopsis  to successfully localize miRNAs and in legumes to localize mRNAs 

demonstrating their value as a tool for in situ localizing RNAs in plants (Valoczi et 

al., 2006; Laporte et al., 2010). 

 Two DIG labeled anti-sense probes were used to localize MtENOD8 

mRNA in nodules.  The first probe lay within the 5’ region and the second probe 

was within the 3’ region (Figure 3.2).  A DIG labeled sense probe was also used 

as a negative control (Figure 3.2).  The specificity of all three probes was 

confirmed by using BLAST to test them against the M. truncatula genome.  Using 

the first probe, corresponding to the 5’ region, MtENOD8 mRNA localized to 

infected nodule cells at 18 dpi, as well as the epidermal and meristematic regions 

(Figure 3.3).  The MtENOD8 promoter is not known to be active in the meristem 

of the nodule (Figure 3.1A) (Coque et al., 2008); nor is the protein found in the 

meristem.  Thus the functional significance of the mRNA being present in this 

location is unknown.  The second MtENOD8 anti-sense probe showed 

localization exclusively to infected cells in nodules at 12 dpi (Figure 3.4).  The 

lack of meristematic and epidermal staining with the second probe may be due to 

the first probe binding to an unknown gene target or may be due to the age 

difference in the nodules (18 dpi and 12 dpi).  The localization of the mRNA to 

the infected cells and not the uninfected cells indicates that the mRNA is moving 

from uninfected cells where it is transcribed to infected cells where it is 

translated.  While mRNA movement in plants is documented, there are no 

reported instances of mRNA cell-to-cell movement in nodules.  
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Figure 3.2 MtENOD8 cDNA sequence showing LNA probe targets.  The black 
shaded regions correspond to the anti-sense LNA probe targets.  The first is 
within the 5’ region, the second within the 3’ region of the gene.  The gray 
shaded region is the sequence of the sense control probe.  All three probes 
contained 5’ and 3’ DIG labels. 
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Fig. 3.3 In situ localization of MtENOD8 mRNA in wild-type (A17) nodules at 
18 dpi using the probe corresponding to the 5’ region of MtENOD8.  A, Cross 
section of nodule probed with MtENOD8 anti-sense probe.  MtENOD8 mRNA 
is found in the meristem, epidermal region, and in infected nodule cells.  B and 
C, Higher magnification of panel A showing infected nodule cells staining.  No 
mRNA is observed in uninfected cells where the MtENOD8 promoter is active.  
D, Higher magnification of meristematic region of panel A.  The meristematic 
region shows extensive labeling, however, the MtENOD8 promoter is not 
known to be active in this region.  A, Bar = 0.5 mm; B-D, Bars = 50µm.  
Images from 12µm microtome sections. 
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Fig. 3.4 In situ localization of MtENOD8 mRNA in nodules at 12 dpi using 
probe targeting the 3’ region of MtENOD8.  A, MtENOD8 transcript is localized 
to infected cells only and is not observed in uninfected cells, the meristem, or 
epidermal cells.  B, Higher magnification of Panel A showing MtENOD8 
transcript exclusively in infected cells, confirming results from the first probe.  
A, Bar = 0.5 mm; B, Bar = 100 µm 
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 The control MtENOD8 sense probe showed no staining in any region of 

the nodule (Figure 3.5 B, C).  A MtENOD2 anti-sense control probe localized 

exclusively to periphery of the nodule in agreement with previous reports (Figure 

3.5A) (Van De Wiel et al., 1990; Allen et al., 1991).  These two control probes 

show the specificity and validity of the in situ localization of MtENOD8 mRNA to 

infected nodule cells indicating that the mRNA likely moves from uninfected 

nodule cells where it is transcribed into infected nodule cells where it is 

translated.  

 

3.3 MtENOD8 Promoter Activity is Induced by Rhizobia that Elicit Empty Nodules 

 The MtENOD8 gene was originally identified from M. sativa nodules 

elicited by an exoA- mutant rhizobia that is able to initiate the Nod factor 

signaling pathway, but is unable to infect the host legume (Dickstein et al., 1993).  

When legume host plants are inoculated with exoA- rhizobia, nodule primordia 

are formed that give rise to nodule-like structures, which lack any invasion by the 

mutant rhizobia and are known as “empty nodules” (Leigh et al., 1985). 

 Because the MtENOD8 promoter has cell-specific activity and is only 

active in uninfected nodule cells, I wanted to investigate where the promoter was 

active in nodules that are empty, and, thus, do not have infected cells.  

Transgenic hairy roots were generated that expressed pMtENOD8-GFP or 
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Fig. 3.5 In situ localization of MtENOD2 mRNA and MtENOD8 sense probe in 
wild-type (A17) nodules at 18dpi.  A, Cross section of nodule probed with 
MtENOD2 anti-sense probe.  MtENOD2 mRNA is found in the epidermal 
areas surrounding the vascular tissue.  MtENOD2 mRNA is not found in in the 
meristematic region.  This result is in agreement with previously reported data.  
B, MtENOD8 sense probe.  No labeling is evident in any region of the nodule.  
C, Higher magnification of panel B showing no labeling.  These results confirm 
the validity of using LNA probes to in situ localize MtENOD8 mRNA.  A-B, 
Bars = 0.5mm; C, Bar = 100µm.  Images from 12µm microtome sections. 
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pAtEF1α-GFP and inoculated with exoA- S. meliloti to generate empty nodules.  

At 15dpi, nodules were sectioned and imaged under confocal microscopy.  GFP 

fluorescence from MtENOD8 expression was found throughout the cell as well as 

the inner regions of the root below the nodule and the nodule apical cells (Figure 

3.6A).  Control nodules expressing pAtEF1α-GFP had GFP fluorescence 

throughout the nodule and root as expected (Figure 3.6B).  Because the 

MtENOD8 promoter is active in empty nodules and its activity is ubiquitous 

throughout the nodule, this suggests there are two separate mechanisms 

regulating MtENOD8 promoter activity.  Activation of the promoter appears to be 

through developmental changes downstream of NF dependent nodule initiation 

and is independent of bacterial infection.  However, spatial restriction and 

specificity of the MtENOD8 promoter expression is dependent on rhizobial 

infection as in the absence of rhizobial infection seen here, pMtENOD8 activity is 

ubiquitous within the empty nodule. 

 

3.4 A Two Kilobase Portion of the MtENOD8 Promoter is Required for Proper 

Spatial Expression 

 The spatial expression of the MtENOD8 promoter in uninfected cells 

suggests that there may be regulatory regions within the promoter that facilitate 

its spatial pattern.  In an effort to determine which regions of the MtENOD8 

promoter may contain these regulatory elements, the MtENOD8 promoter was 

truncated into one and two kilobase (kb) portions upstream of GFP (Figure 3.7). 
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Fig. 3.6 Transgenic wild-type (A17) nodules at 16dpi inoculated with exoA- S. 
meliloti.  A, pMtENOD8-GFP.  GFP fluorescence is ubiquitous throughout the 
nodule and the proximal region showing that pMtENOD8 is activated through 
NF mediated developmental changes independent of rhizobial entry into ITs.  
No fluorescence is observed in the epidermal regions.  B, pAtEF1α-GFP.  
GFP fluorescence is observed throughout the nodule.  Bars = 25µm.  Images 
from 80µm vibratome sections 
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Fig. 3.7 Diagram of truncated MtENOD8 promoter constructs.  The 2 kb and 1 
kb upstream portions of pMtENOD8 were cloned upstream of GFP to 
determine which regions of pMtENOD8 are required for correct spatial 
expression. 
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These two constructs were transformed into A17 hairy roots, inoculated with S. 

meliloti expressing RFP, and imaged at 17dpi for GFP expression. 

 As shown in Figure 3.8A and B, the 2 kb portion of the MtENOD8 

promoter showed activity similar to the full length MtENOD8 promoter (Figure 3.1 

A and B).  GFP fluorescence was observed surrounding the nodule as well as 

exclusively in uninfected cells and not in infected cells.  This demonstrates that 

the 2 kb portion of the promoter is sufficient for proper spatial expression of 

MtENOD8.  When GFP fluorescence was observed under control of the 1 kb 

portion of pMtENOD8, the integrity of spatial expression was abolished (Figure 

3.9A and B).  GFP fluorescence was observed throughout the nodule including 

infected cells, epidermal cells, and even in root cells indicating that the regulatory 

region for proper pMtENOD8 activity falls within the 1 kb to 2 kb upstream portion 

of the promoter. 
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Fig. 3.8 Expression of GFP under control of the 2 kb upstream portion of 
pMtENOD8.  A, GFP fluorescence is observed in regions surrounding the 
nodule and throughout the interior region of the nodule.  B, Higher 
magnification of Panel A.  GFP fluorescence is observed exclusively in 
uninfected cells and not infected cells.  A, Bar = 0.5 mm; B, Bar = 25 µm.  
Images from 80 µm vibratome sections. 



 

  

Fig. 3.9 Expression of GFP under control of the 1 kb portion of pMtENOD8.  A, 
GFP fluorescence is observed throughout the nodule and in root cells.  B, 
Higher magnification of Panel A. GFP fluorescence is ubiquitous within the 
interior region of the cell indicating that the correct pMtENOD8 spatial 
expression is abolished in just the 1 kb region.  A, Bar = 0.5 mm; B, Bar = 25 
µm.  Images from 80 µm vibratome sections. 
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CHAPTER 4 

EXPRESSION OF MtENOD8-GFP TRUNCATIONS BY THE MtENOD8 

PROMOTER CAUSES ABERRANT LOCALIZATION 

  

 Expression of the full-length MtENOD8 cDNA fused to GFP by pMtENOD8 

was able to successfully be delivered to the symbiosome (Figure 2.1) indicating 

that attachment of GFP to MtENOD8 did not alter successful cell-to-cell 

movement of its mRNA.  In an effort to determine which regions of the MtENOD8 

mRNA are required for successful translocation from uninfected cells to infected 

cells, the 6 MtENOD8 truncations (SP, NT-CT, SP-NT, NT, SP-CT, and CT) were 

put under control of the MtENOD8 promoter and expressed in transgenic M. 

truncatula roots and nodulated with S. meliloti expressing RFP.  

 pMtENOD8 expressed MtENOD8-SP-GFP was observed in fluorescent 

foci in younger nodules similar to observations when expressed by pAtEF1 

(Figure 4.1A).  GFP was observed co-localizing with rhizobia at early stages of 

release into symbiosomes (arrows, Figure 4.1B) and eventually to immature 

symbiosomes in infected nodule cells (Figure 4.1C).  In approximately 10% of 

more than 20 nodules examined MtENOD8-SP-GFP fluorescence was restricted 

to uninfected cells and the apoplast (Figure 4.1D) showing that in some 

instances MtENOD8-SP-GFP transcript is unable to move into infected cells from 

uninfected cells. 
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Fig. 4.1 Transgenic nodules at 17dpi expressing pMtENOD8-ENOD8-SP-GFP 
inoculated with RFP expressing S. meliloti.  A, fluorescent foci are observed 
throughout the nodule.  B, GFP is seen surrounding RFP in newly released 
symbiosomes.  C, MtENOD8-SP localization to immature symbiosomes.  D, 
Nodule in which MtENOD8-SP is confined to uninfected cells suggesting its 
mRNA was unable to translocate.  A-C, Bars = 25µm; D, Bar = 50µm.  All 
images from 80µm vibratome sections. 
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MtENOD8-NT-CT-GFP was observed in symbiosomes as fluorescent foci 

throughout developing nodules, however, the nature of these foci appeared to be 

ring-like and not solid like MtENOD8-SP foci, suggesting a possible membrane 

localization (Figure 4.2A and B).  In three biological replicates, fluorescence was 

also observed near or at the membrane of nodule cells (arrows, Figure 4.2C and 

D) as well as localizing to an infection droplet membrane (arrowhead, Figure 

4.2C).  No GFP fluorescence was observed in membranes when MtENOD8-NT-

CT-GFP expression was driven by pAtEF1α.   

 MtENOD8-SP-NT-GFP had two different localization patterns within 

nodules that were observed approximately equal amounts of each.  The first 

pattern of localization was to the symbiosome and in agreement with data from 

pAtEF1α expression (Figure 4.3A and B).  However, MtENOD8-SP-NT-GFP was 

also found to localize to membranes (Figure 4.3C and D) and infection thread 

droplets (arrow, Figure 4.3D). This indicates that while localization of MtENOD8-

SP-NT-GFP to the symbiosome when expressed by pMtENOD8 was possible, 

there were other alternative localizations.  MtENOD8-NT-GFP was able to 

localize mostly to symbiosomes (Figure 4.4) when expressed under pMtENOD8.  

There were some infected cells that lacked GFP fluorescence as well as GFP 

fluorescence in some membranes of infected and uninfected cells (arrows Figure 

4.4B). 
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Fig. 4.2 Transgenic nodules at 17dpi expressing pMtENOD8-ENOD8-NT-CT-
GFP inoculated with RFP expressing S. meliloti.  A, Nodule image showing 
symbiosome localization of MtENOD8-NT-CT-GFP.  B, Nodule image showing 
fluorescent puncta throughout infected and uninfected cells.  C, Arrows 
indicate membrane localization.  D, Arrows indicate membrane localization; 
arrowhead indicates infection droplet.  MtENOD8-NT-CT-GFP localizes to 
symbiosomes and membranes of nodule cells as well as infection droplet 
membranes.  A and B, Bars = 50µm; C and D, Bars = 25µm.  All images from 
80µm vibratome sections. 
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Figure 4.3 Transgenic nodules at 17dpi expressing pMtENOD8-ENOD8-SP-
NT-GFP inoculated with RFP expressing S. meliloti.  A and B, Localization of 
MtENOD8-SP-NT-GFP to the symbiosome.  C and D, Localization of 
MtENOD8-SP-NT-GFP to membranes of nodule cells.  Arrow in panel D 
indicates localization to an infection droplet.  MtENOD8-SP-NT-GFP has two 
apparent localizations in nodules; symbiosomes and cell and infection drople 
membranes.  A and C, Bar = 50m; B and D, Bar = 25m.  All images from 
80m vibratome sections. 



 

 

Fig. 4.4 Transgenic nodules at 17dpi expressing pMtENOD8-ENOD8-NT-GFP 
inoculated with RFP expressing S. meliloti.  A, Low magnification of nodule 
cell.  GFP fluorescence is observed in infected nodule cells.  B, Higher 
magnification of panel A showing symbiosome localization.  Arrows indicate 
membrane localization of MtENOD8-NT-GFP.  A, Bar = 50µm; B, Bar = 
25 µm.  Images from 80 µm vibratome sections. 
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 pMtENOD8 controlled MtENOD8-SP-CT-GFP had two different 

localizations in nodules.  The first localization was to membranes of uninfected 

cells as well as other fluorescent puncta (Figure 4.5A and B).  No GFP 

fluorescence was detected in infected cells adjacent to uninfected cells 

suggesting that the MtENOD8-SP-CT-GFP mRNA was unable to translocate to 

infected cells.  MtENOD8-SP-CT-GFP was able to localize to some infected cells 

in some nodules (Figure 4.5C and D).  However, even in these nodules GFP 

fluorescence was not always observed in infected cells and was only able to 

occasionally localize to infected cells (Figure 4.5C and D).  Thus, it appears that 

MtENOD8-SP-CT-GFP mRNA is able to move cell-to-cell in a random and 

incomplete manner.  MtENOD8-CT-GFP was found to localize to fluorescent foci 

and nodule cell membranes as seen in Figure 4.6.  The fluorescent foci were 

observed in infected cells or cells that are forming infection droplets.  Uninfected 

cells lacked fluorescent foci (Figure 4.6B).  Localization was also observed in 

uninfected cells possibly in the cytoplasm or vacuole (arrows, Figure 4.6A). 

 Because of the localization to the membrane in the constructs, the protein 

sequences were analyzed for potential transmembrane domains using the 

TMHMM v2.0 algorithm (Krogh et al., 2001).  The only predicted transmembrane 

domain was the SP of MtENOD8 (Figure 4.7).  None of the other regions are 

predicted to be transmembrane domains.  This suggests that the truncated 

MtENOD8 proteins might be post-translationally modified or interacting with a 

membrane bound protein. 
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Fig. 4.5 Transgenic nodules at 17dpi expressing pMtENOD8-ENOD8-SP-CT-
GFP inoculated with RFP expressing S. meliloti.  A and B, Localization to the 
membrane of uninfected cells and fluorescent foci.  No GFP fluorescence is 
observed in infected nodule cells.  C and D, Alternative partial localization to 
infected nodule cells.  In some nodules MtENOD8-SP-CT-GFP is able to 
localize to infected cells.  A and C, Bar = 50µm; B and D Bar = 25 µm.  Images 
from 80 µm vibratome sections. 
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Fig. 4.6 Transgenic nodules at 17dpi expressing pMtENOD8-ENOD8-CT-GFP 
inoculated with RFP expressing S. meliloti.  A, Localization to fluorescent foci 
and membrane in nodule cells.  Arrows indicate localization to vacuole or 
cytoplasm in some uninfected nodule cells.  B, Higher magnification of A.  
Fluorescent foci are present in nodule cells with infection droples forming but 
are not found in uninfected nodule cells.  A, Bar = 50µm; B, Bar = 25µm.  
Images from 80µm vibratome sections. 
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Fig. 4.7 Transmembrane predictions for MtENOD8 truncations.  Only the SP is 
predicted as a transmembrane domain.  No other regions within MtENOD8 
contain transmembrane regions.  Protein sequences were analyzed using the 
TMHMM Server v2.0 (http://www.cbs.dtu.dk/services/TMHMM-2.0/) (Krogh et 
al., 2001). 
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CHAPTER 5 

EXPRESSION OF MtENOD8 IN ARABIDOPSIS 

 

5.1 MtENOD8-GFP and MtENOD8-Myc Fail to Accumulate in Arabidopsis 

 MtENOD8 is a legume specific protein and is targeted to the symbiosome, 

which non-leguminous plants lack.  It also fails to accumulate in the absence of 

symbiosomes when ectopically expressed in M. truncatula roots.  I wanted to 

investigate whether the MtENOD8 protein would accumulate in a non-

leguminous plant. In order to investigate whether the lack of MtENOD8 protein 

accumulation in M. truncatula non-nodulated roots was legume specific, 

MtENOD8-GFP and MtENOD8-Myc were constitutively expressed in transgenic 

Arabidopsis plants.  Arabidopsis it also is unable to form symbioses with either 

rhizobia or mycrorhizal fungi making it ideal for ectopic MtENOD8 expression.   

Transgenic plants were generated using the floral dip protocol (Clough 

and Bent, 1998) and screened for kanamycin resistance.  Three T1 plants 

expressing MtENOD8-GFP and four T1 plants expressing MtENOD8-Myc were 

chosen for further study.  Similar to M. truncatula, no GFP fluorescence was 

detected in Arabidopsis roots or leaves expressing MtENOD8-GFP (Figure 5.1).  

To determine if the GFP fusion tag was misfolded or clipped, and thus non-

fluorescent, total protein was extracted from Arabidopsis leaves as well as plants 

expressing MtENOD8-Myc.  Extracted protein was resolved on a gel, blotted to a
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Fig. 5.1 Expression of pAtEF1α-ENOD8-GFP in Arabidopsis plants.  A, 
Arabidopsis seedling root.  B, Arabidopsis seedling leaf.  No GFP fluorescence 
is detected in either roots or leaves.  Bars = 0.5 mm.  Images from whole 
mount epifluorescent microscopy. 
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membrane, and probed with MtENOD8 antisera.  No MtENOD8 protein was 

detected in any of the MtENOD8 expressing Arabidopsis plants (Figure 5.2A).  

To confirm that the plants were expressing MtENOD8, total RNA was extracted, 

first strand cDNA was synthesized from the extracted RNA, and analyzed using 

primers specific for MtENOD8.  MtENOD8 transcript was detected in all plants 

tested confirming transcription (Figure 5.2B).  The presence of MtENOD8 

transcript and the lack of protein in Arabidopsis  demonstrates that the lack of 

MtENOD8 accumulation in the absence of symbiosomes is not legume specific 

and indicates that the MtENOD8 protein can only accumulate in infected nodules. 

 

5.2 MtENOD8-SP-GFP Localizes to Fluorescent Puncta in Arabidopsis Roots, 

Leaves, and Trichomes 

 I wanted to determine where MtENOD8-SP would localize GFP in a non-

leguminous plant, such as Arabidopsis .  MtENOD8-SP is able to successfully 

deliver GFP to symbiosomes in M. truncatula infected nodules and delivers GFP 

to the vacuole in non-nodulated root cells (Chapter 2) indicating that MtENOD8-

SP has common targeting mechanism to the vacuole and symbiosome. The 

ability to target proteins to symbiosomes is unique to legumes; however, vacuolar 

targeting is not legume-specific.  Specifically, I was interested in determining if 

Arabidopsis plants expressing MtENOD8-SP-GFP were able to deliver GFP to 

the vacuole.  
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Fig. 5.2 Western blot and RT-PCR analysis on Arabidopsis plants expressing 
pAtEF1α-ENOD8-GFP or pAtEF1α-ENOD8-Myc.  A, Left – Coomassie stain 
of transferred protein extract to membrane.  Right – Cleared membrane 
probed with MtENOD8 antisera.  No MtENOD8 protein is detected.  Streak in 
lower left is spotted MtENOD8 oligopeptide as positive control.  B, RT-PCR of 
extracted total RNA.  MtENOD8 transcript is readily detected indicating that 
MtENOD8 is transcribed in transgenic Arabidopsis plants.  AtUbi10 used as a 
control.  Legend for all samples: 1 – 4: 4 different lines expressing MtENOD8-
Myc; 5-7: 3 different lines expressing MtENOD8-GFP. 
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 T1 Arabidopsis plants expressing pAtEF1α-MtENOD8-SP-GFP were 

screened for GFP fluorescence using epifluorescence microscopy.  Fluorescence 

was observed indicating that MtENOD8-SP-GFP was stable and fluorescent in 

Arabidopsis  (Figure 5.3, 5.4).  Roots and leaves were imaged with confocal 

microscopy to determine the subcellular localization of MtENOD8-SP-GFP.  In 

Arabidopsis  roots, fluorescence was observed throughout the root in punctate 

regions and the periphery of cells (Figure 5.4A).  No vacuolar fluorescence was 

observed.  In control plants expressing free GFP, roots had fluorescence in the 

cytoplasm and nucleus (Figure 5.4D).  In leaves, MtENOD8-SP-GFP 

fluorescence was observed in punctate dots and surrounding cells (Figure 5.4B).  

Free GFP control leaves had fluorescence in the cytoplasm and nucleus (Figure 

5.4E).  In trichomes, GFP fluorescence was seen in punctate dots along the 

outer portion of the cell (Figure 5.4C), which may be papillae (D. Marks, personal 

communication).  Free GFP controls in trichomes showed fluorescence 

throughout the cytoplasm and did not localize to punctate dots (Figure 5.4F). No 

vacuolar GFP fluorescence was observed in Arabidopsis  leaves. Wild type 

trichomes had no observable fluorescence using identical confocal settings 

indicating that the observed signal from MtENOD8-SP-GFP was, in fact, GFP 

fluorescence and not auto fluorescence (Figure 5.5A, B)   

 Taken together, this data shows that the full length MtENOD8 is unable to 

accumulate in plant tissues other than infected nodule cells containing
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Fig. 5.3 Arabidopsis leaf and root expressing pAtEF1α-ENOD8-SP-GFP.  A, 
Arabidopsis seedling leaf.  B, Arabidopsis seedling root.  GFP fluorescence is 
observed in both leaves and roots indicating that MtENOD8-SP-GFP 
accumulates in Arabidopsis plants.  Bars = 0.5 mm.  Images from whole 
mount epifluorescent microscopy. 
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Fig. 5.4 Arabidopsis leaf and roots expressing pAtEF1α-MtENOD8-SP-GFP or 
pAtEF1α-GFP.  A-C; pAtEF1α-MtENOD8-SP-GFP.  D and E; pAtEF1α-GFP.  
A, Root.  Fluorescence is observed in punctate dots and areas surrounding 
cells.  B, Leaf.  Fluorescence is observed in punctate dots, surrounding leaf 
cells, and in structures resembling plastids.  C, Trichome.  Fluorescence is 
observed in fluorescent dots on the periphery of the cell.  No vacuolar GFP 
fluorescence is observed in Arabidopsis plants expressing MtENOD8-SP-
GFP.  D, Root.  E, Leaf. F, Trichome.  Free GFP fluorescence is restricted to 
the cytoplasm and nucleus in control plants.  A, B, D, E, F Bars = 50 µm; C, 
Bar = 100 µm.  All images from whole mount confocal microscopy. 
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Fig. 5.5 Wild-type Col-0 trichome imaged under confocal microscopy using 
identical conditions used to capture images for trichomes expressing 
MtENOD8-SP-GFP.  A, Fluorescent image of trichome.  No fluorescence is 
visible.  B, Brightfield image of Panel A showing trichome. 
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symbiosomes.  It also shows that vacuole targeting of GFP by MtENOD8-SP is 

legume specific.   
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CHAPTER 6 

DISCUSSION 

 

 With increasing energy costs associated with synthetic nitrogen fertilizer 

and the environmental consequences of its use, study of the legume-rhizobial 

symbiosis is of great importance.  Leguminous plants are able to enter into a 

symbiotic relationship with soil-living bacteria known as rhizobia.  This is a 

mutualistic symbiosis in which the plant provides an environment and reduced 

carbon from photosynthesis in exchange for reduced atmospheric nitrogen from 

the rhizobia. Symbiotic nitrogen fixation in legumes occurs within specialized root 

organs, nodules, where the rhizobia reside in a novel organelle-like structure 

known as the symbiosome.   

 A number of plant derived proteins have been localized to the 

symbiosome in legumes (Saalbach et al., 2002; Catalano et al., 2004).  In order 

to further study mechanisms of symbiosome targeting by plant proteins and their 

evolutionary origin, the MtENOD8 gene was chosen for study.  Attachment of 

GFP to the C-terminal end of MtENOD8 did not alter its endogenous localization 

when expressed under the MtENOD8 promoter.  When constitutively expressed 

by the strong ubiquitous AtEF1 promoter, MtENOD8 also localized to the 

symbiosome.  Interestingly, GFP fluorescence was only detected in cells 

containing symbiosomes even though pAtEF1 is active in uninfected cell types.  

MtENOD8-GFP also localized to the symbiosomes when expressed by the 
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MtNOD25 promoter, shown to be active in infected cell types, which is expected 

for a symbiosome-localized protein expressed by an infected cell-specific 

promoter.  These results demonstrated the viability of tagging MtENOD8 with 

GFP to study its localization, because its endogenous localization was 

unaffected. 

 MtENOD8 contains a 28 amino acid N-terminal SP that was hypothesized 

to play a role in symbiosome localization.  Other regions of MtENOD8 were also 

investigated for their ability to localize to the symbiosome.  Six MtENOD8-GFP 

truncations were constructed and expressed under pAtEF1α: MtENOD8-SP, 

MtENOD8-NT-CT, MtENOD8-NT with and without SP, and MtENOD8-CT with 

and without SP.  All six constructs were able to successfully deliver GFP to the 

symbiosome.  This indicates that there are at least three domains, including the 

SP, within the MtENOD8 protein capable of symbiosome localization.  There is at 

least one SymS targeting domain in the NT region and one in the CT region as 

each of these, even without the SP, was able to localize to the symbiosome.  The 

exact regions of the NT and CT symbiosome targeting domains remain unknown.  

The SP domain is known and readily delivers GFP to the symbiosome indicating 

that it potentially could be used as an address label to deliver novel proteins to 

the symbiosome. 

 The symbiosome is a unique organelle to legumes and the evolutionary 

origins of symbiosome targeting are unknown.  In an effort to study the SymS 

targeting pathway and to address the evolutionary origin of MtENOD8 
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symbiosome targeting, MtENOD8-GFP was studied in non-nodulated transgenic 

roots to determine its default localization in the absence of nodules.  No GFP 

fluorescence was observed in non-nodulated transgenic hairy roots.  When 

transgenic roots were nodulated, GFP fluorescence was only observed in regions 

in the nodule that contain symbiosomes.  No GFP fluorescence was observed in 

root cells adjacent to the nodule or in nodule epidermal and apical cells.  Protein 

extracts blotted with MtENOD8 antisera in non-nodulated transgenic roots 

showed no evidence of MtENOD8 protein but RT-PCR analysis did show that 

MtENOD8 mRNA was transcribed, indicating that the translation was inhibited or 

blocked or that MtENOD8 protein was rapidly degraded in non-nodulated roots. 

 One remote possibility, though unlikely, was that GFP was somehow 

interfering with MtENOD8 stability in non-nodulated transgenic roots.  GFP was 

replaced with the Myc epitope tag at the C-terminal end of MtENOD8 and 

constitutively expressed in hairy roots.  Similar to MtENOD8-GFP, no MtENOD8 

protein was detected even though MtENOD8 transcript was present.  One 

possibility for the lack of MtENOD8 protein accumulation in non-nodulated 

transgenic roots was rapid degradation by the 26S proteasome.  The 26S 

proteasome inhibitor MG132 has been used in M. truncatula before (Roudier et 

al., 2003) and was used to investigate if MtENOD8 was rapidly being turned over 

in non-nodulated transgenic roots.  Treatment of wild-type roots expressing 

pAtEF1α-MtENOD8-Myc had no affect on MtENOD8 protein accumulation and 

MtENOD8 transcript was also unaffected.  These results collectively indicate that 
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MtENOD8 protein does not accumulate in uninfected cells that lack 

symbiosomes and the non-accumulation is unlikely due to 26S proteasome 

degradation.   

There are additional mechanisms that could account for the lack of 

MtENOD8 protein accumulation.  One possibility is that it could be rapidly 

degraded by endogenous peptidases, which may not be present in infected 

nodule cells allowing MtENOD8 to be delivered to the symbiosome.  Micro RNAs 

are also used to post-transcriptionally regulate protein expression and MtENOD8 

transcript could be a target of miRNAs, though this possibility seems unlikely as 

dsRNA products are degraded in plants, and MtENOD8 transcript would not be 

detectable.  Chaperones are often required for proper protein folding and 

misfolded proteins are usually degraded, however by a 26S proteasome.  It is 

possible that there is a nodule-specific chaperone protein that is required to 

properly fold MtENOD8 and that in the absence of this chaperone, MtENOD8 

remains misfolded or incorrectly folded and is degraded.  Further experiments 

are needed to fully understand the mechanism preventing MtENOD8 

accumulation. 

 The other MtENOD8-GFP truncations were imaged for GFP fluorescence 

in non-nodulated transgenic roots in an effort to observe their localizations in the 

absence of nodules.  None of the truncations observed had any GFP 

fluorescence except for MtENOD8-SP-GFP.  MtENOD8-SP-GFP was imaged in 

non-nodulated transgenic roots and its localization was found to be to the 
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vacuole in non-nodulated transgenic roots.  Symbiosomes have been proposed 

to be modified vacuoles or lytic compartments (Mellor, 1989).  Localization of 

MtENOD8-SP-GFP to the vacuole supports that hypothesis that symbiosome 

targeting machinery is redirected from the vacuole during nodulation.  Thus, in 

the absence of symbiosomes, vacuolar-targeting machinery would target a 

symbiosome protein to the vacuole as is seen with MtENOD8-SP-GFP.  The 

mechanism of how MtENOD8-SP-GFP reaches the vacuole is unclear.  The 

model of vacuolar targeting using N-terminal SPs is that during translation, the 

protein is directly sorted into the ER where upon translocation the SP is cleaved 

by a signal peptidase.  If MtENOD8-SP were clipped, all that would remain is 

GFP with a 10-Ala N-terminal linker, which is not known to contain vacuolar 

sorting sequences (Vitale and Raikhel, 1999; Foresti et al., 2008).  One 

possibility is that the SP is not clipped and sorting to the vacuole is just an artifact 

(Moore and Murphy, 2009).  This seems unlikely as during nodulation, 

MtENOD8-SP-GFP successfully localizes to the symbiosome; if the vacuolar 

localization was an artifact, then MtENOD8-SP-GFP might be expected to 

continue to be sorted to the vacuole and not the symbiosome in nodulated roots. 

 Localization of MtENOD8-SP-GFP to the vacuole may also explain the 

lack of protein accumulation of the full length MtENOD8 protein or the lack of 

GFP fluorescence of other MtENOD8-GFP truncations.  Because the vacuole is 

the default localization of MtENOD8-SP, the full-length protein and other 

truncations may also be translocated to the vacuole as well in non-nodulated 
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tissue.  However, due to the lytic nature of the vacuole, it is enriched with 

peptidases that help break down and degrade proteins.  Thus, it is possible that 

the other truncations are targeted to the vacuole where endogenous proteases 

rapidly degrade MtENOD8, which would explain the lack of protein accumulation 

and the lack of MtENOD8 accumulation under MG132 treatment.  MtENOD8-SP-

GFP may be stable because the SP is cleaved or is not recognized by the 

endogenous peptidases, and GFP is not degraded in vacuoles. 

 What about the ability of MtENOD8 truncations lacking the SP to also 

localize to the symbiosome?  If the symbiosome is thought to be a modified 

vacuole, then it is possible that symbiosomes would also recruit additional 

domains capable of localization to the symbiosome other than just N-terminal 

SPs.  Vacuolar sorting domains are found at N-terminal, C-terminal, and internal 

regions within proteins (Vitale and Raikhel, 1999).  Thus, cis domains within 

MtENOD8 that are able to localize to the symbiosome are a plausible mechanism 

for symbiosome protein trafficking considering the similarities between 

symbiosomes and vacuoles and the apparent overlap of the targeting machinery 

to the two compartments.  Further dissection of MtENOD8 to determine the other 

two cis symbiosome targeting domains may make it possible to predict additional 

symbiosome-localized proteins using previously unknown symbiosome targeting 

sequences. 

 A nodulation time course was undertaken to observe when and how 

redirection of MtENOD8-SP-GFP from the vacuole to symbiosome occurs.  At 

          104



 

4dpi, small bumps were evident on roots inoculated with S. meliloti, and 

MtENOD8-SP-GFP was primarily localized to ubiquitous fluorescent foci in 

developing nodule cells.  Root cells proximal to the developing nodule continued 

to have GFP fluorescence in the vacuole indicating that redistribution from the 

vacuole to fluorescent foci was nodule specific.  The identity of these foci 

remains unknown.  It is unlikely that these are vesicles as they are larger than 

typical vesicles, however, constitutive expression of MtENOD8-SP-GFP could 

cause overloading and abnormally sized vesicles.  Additional study using 

fluorescent markers and dyes, such as FM-464, which tracks endosomal 

compartments, is warranted to determine the identity of these bodies.  During the 

nodulation time course, fluorescent puncta continued to be ubiquitous in the 

developing nodule and by 8dpi, rhizobial release was evident and fluorescent foci 

were associated with newly endocytosed rhizobia.  At 12dpi, GFP was observed 

surrounding RFP expressing S. meliloti in immature symbiosomes showing that 

MtENOD8-SP-GFP was symbiosome localized before maturation.  A small 

fraction of imaged nodules had apoplastic fluorescent loading in the apical region 

of the nodule.  My interpretation of this is that the SP is likely cleaved off in the 

ER in this region and GFP is exported out of the cell as the default secretory 

pathway.  This nodulation time course shows this redirection is a nodule specific 

event and that nodules begin rerouting secretory machinery from the vacuole 

towards symbiosome formation prior to bacterial release from infection droplets. 
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 The Mtdnf1-1 and Mtnip-1 mutants lack functional symbiosomes.  In the 

Mtdnf1-1 mutant, rhizobial release occurs but symbiosome maturation is aborted 

and the symbiosomes remain immature.  In Mtnip-1, rhizobial release is blocked 

and only rare rhizobial release is evident.  Mtnip-1 is is also characterized as 

having extensive and swollen ITs.  Even though these two mutants lack 

functional symbiosomes, both were found to produce MtENOD8 protein.  

MtENOD8-SP-GFP was expressed from the constitutive AtEF1α promoter in 

both mutants.  In Mtdnf1-1 fluorescent foci were observed throughout the nodule 

and partial localization to the symbiosome was evident indicating that MtDNF1 

was not required for nodule specific redirection from the vacuole.  MtDNF1 

encodes a subunit of a signal peptidase complex required for SP cleavage and 

symbiosome maturation; MtENOD8 was proposed as a potential substrate for 

MtDNF1 (Wang et al., 2010).  The preserved ability of MtENOD8-SP-GFP to still 

localize to the symbiosome in Mtdnf1-1 suggests that MtDNF1 is not involved in 

the processing of MtENOD8’s SP.  If it were, then symbiosome localization of 

MtENOD8-SP-GFP would be expected to be defective in Mtdnf1-1 mutant 

nodules. 

 In Mtnip-1 nodules expressing MtENOD8-SP-GFP, fluorescence was 

confined to vacuoles, with occasional apoplastic staining.  No fluorescent foci 

were evident in Mtnip-1 nodules.  This shows that MtNIP/LATD is required for 

redirection from the vacuole to fluorescent intermediates.  It also suggests that in 

addition to being defective in rhizobial release, Mtnip-1 is also defective in the 
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anticipation of rhizobial release from ITs as MtENOD8-SP-GFP remains confined 

to vacuoles in Mtnip-1 nodules.  It also suggests that Mtnip-1 nodule vacuoles 

are more like root vacuoles than nodule vacuoles and that nodule vacuoles are 

different from root vacuoles.  From these results in two symbiosome mutants, 

MtENOD8-SP-GFP has been shown to be a useful marker for symbiosome and 

nodulation development. 

 The localization of MtENOD8 promoter activity was further investigated by 

using pMtENOD8-GFP in expression studies.  While pMtENOD8-GUS studies 

have shown the promoter is active in the nitrogen-fixing zone of nodules, further 

scrutiny using confocal microscopy and GFP showed that the MtENOD8 

promoter was only active in uninfected cells.  This indicates a spatial discrepancy 

between the MtENOD8 promoter activity and the MtENOD8 protein localization.  

Cell-to-cell protein and RNA movement is well established in plants, but is not 

established in nodules.  To assess whether the MtENOD8 protein or mRNA was 

moving from uninfected cells to infected cells, MtENOD8 mRNA was localized 

using a LNA probe by in situ hybridization.  MtENOD8 mRNA was localized to 

infected cells using two unique LNA probes and no evidence of mRNA in 

uninfected cells was evident.  MtENOD8 transcript was also observed in 

epidermal nodule cells and the nodule meristem with the probe that targets the 5’ 

region of MtENOD8.  The MtENOD8 promoter is not known to be active in 

meristematic region and no MtENOD8 protein is found there, calling into question 

the validity of these results.  One possibility is the probe hybridized to a target 
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other than MtENOD8.  The specificity of the probe was verified using BLAST 

against the M. truncatula genome and ESTs, however, the genome is incomplete 

so there is a chance it is hybridized to an unknown gene.  However, that 

possibility likely does not negate the localization of MtENOD8 mRNA to the 

infected cells.   

 Localization of MtENOD8 mRNA to infected cells suggests that the mRNA 

is moving from uninfected to infected cells where it is then translated into protein.  

There are no known reports of mRNA movement in nodule cells.  Nodule cells 

have extensive plasmodesmata connecting cells indicating that there is likely a 

large amount of intercellular movement of cellular components between cells 

(Brown et al., 1995).  Spatial differentiation between transcript and the site of 

translation would allow further regulatory fine-tuning of protein expression.   

 MtENOD8 was originally identified in a screen for nodule-specific genes 

present in nodules elicited by bacterial mutants that elicited “empty nodules” that 

are uninfected with rhizobia.  Because the MtENOD8 promoter shows specificity 

between infected and uninfected cells, promoter localization was investigated in 

empty nodules.  In nodules elicited with exoA- rhizobia, MtENOD8 promoter 

activity was ubiquitous throughout the interior region of nodules.  Activation of the 

promoter in the absence of bacterial infection shows that developmental changes 

downstream of NF dependent nodule initiation is sufficient for MtENOD8 

promoter activation.  However, rhizobial infection is required for proper spatial 

expression of the MtENOD8 promoter.   
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 The localization of the MtENOD8 mRNA to infected cells suggested cell-

to-cell movement of the transcript.  The full length MtENOD8-GFP when 

expressed by the MtENOD8 promoter was able to successfully localize to the 

symbiosome indicating that it could successfully translocate to infected cells.  To 

determine if the truncated regions of MtENOD8 could also successfully 

translocate to infected cells, the MtENOD8-GFP truncations were expressed 

under control of the MtENOD8 promoter to determine which regions of MtENOD8 

transcript were sufficient for movement into infected cells.  None of the constructs 

tested were able to consistently translocate into infected cells suggesting that the 

full length MtENOD8 mRNA is required to proper translocation.  In addition to 

unsuccessful translocation, all of the constructs showed aberrant localization to 

membranes of nodule cells.  MtENOD8 is a highly soluble protein and is not an 

integral membrane protein.  It is 381 amino acids and has a predicted MW of 

42.1kDa.  However, when resolved via SDS-PAGE it has an apparent MW closer 

to 55kDa.  The apparent increase in size suggests that MtENOD8 is “decorated” 

with posttranslational modifications.  MtENOD8 protein was isolated from both 

SymS and SymM extracts, suggesting some interaction with the SymM (Catalano 

et al., 2004; Coque et al., 2008).  Localization of MtENOD8-GFP truncations to 

the cell membrane and infection droplet membrane may be due to 

posttranslational modifications or interactions with other membrane proteins 

causing membrane associations.  None of the tested constructs contain any 

transmembrane domains, except for the SP.  Thus, in the absence of complete 
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MtENOD8 transcript, truncated MtENOD8 transcript is translated, post-

translationally modified, and eventually associates with the membrane.  In some 

instances there may be occasional translocation to infected cells where the 

truncation is translated and sorted to the symbiosome.   

 Why these aberrant localizations were not seen with the truncated 

MtENOD8-GFP constructs under control of pAtEF1α is unknown.  The AtEF1α 

promoter is active in all nodule cell types.  Thus, if truncated MtENOD8 mRNA 

was unable to translocate out of the uninfected cell, it might be expected to be 

observed in uninfected membranes as it is when expressed by pMtENOD8.  

However, no localization to membranes was observed under pAtEF1α 

expression.  A model is presented in Figure 6.1 detailing the proposed 

mechanism of MtENOD8 transcription, translation, and sorting to the 

symbiosome. 

 MtENOD8 protein failed to accumulate in non-nodulated M. truncatula 

roots.  To determine if this was legume specific, MtENOD8-GFP and MtENOD8-

Myc were expressed in transgenic Arabidopsis  plants.  No GFP fluorescence 

was observed and no MtENOD8 protein was detected from either the MtENOD8-

GFP or MtENOD8-Myc tagged expressing Arabidopsis  plants.  Thus, the lack of 

MtENOD8 protein accumulation is not legume specific.  This supports the idea 

that in nodules, there are other factors required for MtENOD8 accumulation.  It is 

possible that a legume specific chaperone or folding protein is required to 
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properly fold MtENOD8 and in the absence of this unknown factor, MtENOD8 is 

unstable or destroyed. 
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Fig. 6.1 Proposed model for MtENOD8 targeting to the symbiosome.  NF 
signaling activates MtENOD8 transcription where rhizobial infection regulates 
its spatial expression to uninfected nodule cells.  The MtENOD8 mRNA is 
translocated to infected cells, possibly through a symplastic or apoplastic 
route.  Once in the infected cell, it is co-translated into the ER where the 
protein is sent to the vacuole as its default pathway.  Expression of a 
functional MtNIP/LATD gene is required to direct MtENOD8 away from 
vacuolar targeting and to the symbiosome. 
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 The ability of MtENOD8-SP to direct GFP to the vacuole in non-nodulated 

transgenic M. truncatula hairy roots suggests commonalities in trafficking to the 

SymS and the vacuole and suggests a vacuolar evolutionary origin of MtENOD8 

targeting to the symbiosome.  To determine if non-leguminous plants could also 

use MtENOD8-SP to target GFP to the vacuole, MtENOD8-SP-GFP was 

expressed in Arabidopsis  and imaged for GFP fluorescence.  In roots and 

leaves, GFP fluorescence was observed in punctate dots and in areas 

surrounding root cells.  No vacuolar fluorescence was observed.  Trichomes 

were also imaged and GFP fluorescence was observed in fluorescent puncta 

along the exterior region of the cell that likely correspond to trichome papillae.  

No vacuolar fluorescence was observed in Arabidopsis  vegetative or root tissue.  

The lack of vacuolar GFP fluorescence in Arabidopsis  indicates that the 

MtENOD8-SP is not a universal vacuolar targeting sequence and may be a 

legume-specific signal peptide.  However, Arabidopsis  fails to form any 

symbioses with either rhizobia or mycorrhizal fungi, so the possibility that only 

plants predisposed for symbioses are able to use the MtENOD8-SP as a 

vacuolar targeting address cannot be ruled out. 

 

 In conclusion, the major findings of this research project are as follows: 

1) The MtENOD8 protein contains at least three cis symbiosome targeting 

domains.  The first is its N-terminal signal peptide, another is within the N-

terminal half of the protein, and the third is within the C-terminal region.  The 
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MtENOD8-SP delivers GFP to the vacuole in non-nodulated transgenic roots 

suggesting a vacuolar evolutionary origin for MtENOD8 symbiosome targeting.  

When ectopically expressed in non-nodulated root tissue, MtENOD8 protein fails 

to accumulate and is unlikely due to 26S proteasome degradation. 

2) During nodulation, MtENOD8-SP is redirected from the vacuole to 

fluorescent punctate intermediates prior to rhizobial release and eventually to the 

symbiosome.  This redirection is dependent on the MtNIP/LATD gene and 

suggests that developing nodules anticipate rhizobial release and begin a re-

organization of their secretion system protein trafficking prior to rhizobial release 

into symbiosomes. 

3) pMtENOD8 was found to be active in in uninfected nodule cells and not 

infected cells. This demonstrates a spatial discrepancy between the MtENOD8 

promoter activity and the MtENOD8 protein.  MtENOD8 mRNA was localized 

exclusively to infected cells and not uninfected cell types suggesting that the 

mRNA moves from uninfected cells where it is transcribed to infected cells where 

it is translated.  exoA- rhizobia were able to induce MtENOD8 expression 

indicating that developmental changes downstream of NF dependent nodule 

initiation are sufficient for MtENOD8 gene induction, but that rhizobial infection is 

required for proper spatial regulation and MtENOD8 protein expression or 

stability. 
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4) A 2kb region of the MtENOD8 promoter is required for proper spatial 

expression as expression by a 1kb upstream region abolished proper spatial 

regulation of pMtENOD8 activity.   

5) MtENOD8 truncations under control of pMtENOD8 showed abnormal 

localizations and only partial localization to the symbiosome.  Thus, it appears 

that the full length MtENOD8 gene is required for proper localization to the 

symbiosome when expressed by its native promoter.  The lack of successful 

symbiosome localization of truncated MtENOD8-GFP constructs under 

pMtENOD8 control may be due to incomplete movement of truncated MtENOD8 

mRNA to infected cells. 

6) When expressed in Arabidopsis , MtENOD8 protein failed to accumulate. 

This shows that the lack of accumulation of MtENOD8 protein in the absence of 

nodules was not legume specific.   

7) In Arabidopsis , MtENOD8-SP was unable to deliver GFP to the vacuole in 

root or vegetative tissue indicating that MtENOD8-SP may be a legume-specific 

vacuolar targeting address label. 

 Taken together, the work presented here demonstrates redundancy in 

symbiosome targeting sequences, a previously unknown mechanism of gene 

regulation in nodules that legumes have evolved through spatial decoupling of 

promoter activity and protein localization, and identification of a marker that will 

be a useful tool for analyzing nodule and symbiosome development in nodulation 

mutants. 
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CHAPTER 7 

MATERIALS AND METHODS 

 

7.1 Plant Material, Growth Conditions, and Rhizobial Strains 

 Wild type A17, Mtdnf1-1, and Mtnip-1 seedpods were ground to remove 

the seeds.  Seeds were scarified in concentrated sulfuric acid for 5 minutes, 

rinsed 5 times in sterilized nanopure water, surface sterilized in commercial 

bleach for 2 minutes, and rinsed 5-8 times in sterilized nanopure water.  Seeds 

were then placed on a shaker with gentle agitation and rinsed with sterilized 

nanopure water every 30 minutes for 4-6 hours to imbibe them with water.  

Seeds were placed in the dark at 4 ºC for 24 hours to 5 days for vernalization.  

After vernalization, seeds were plated on 150mm x 15mm round petri dishes 

such that no two seeds were in contact with one another.  The plated seeds were 

inverted and placed in the dark to germinate overnight. 

 Germinated seeds were transferred to aeroponic chambers and grown in 

the absence of nitrogen for 5 days in a nutrient solution consisting of: 0.52 mM 

K2SO4, 0.25 mM MgSO4, 1 mM CaCl2, 50M Na2EDTA, 30M H3BO3, 10M 

MnSO4, 0.7M ZnSO4, 0.2M CuSO4, 0.1M Na2MoO4, 0.04M CoCl2, 

23.7M FeSO4, 33.2M FeCl2, and 5.5 mM phosphate buffer (Lullien et al., 

1987). 
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 After 5 d of nitrogen starvation, plants were inoculated with S. meliloti 

Rm1021 harboring a hemA::LacZ reporter (Boivin et al., 1990) or RFP reporter 

gene (Smit et al., 2005) or S. meliloti Rm7023 (exoA-) (Leigh et al., 1985). 

 

7.2 Construction of Vectors 

 See Appendix Table 1 for all primer sequences used in this study for 

vector construction. 

 

7.2.1 MtENOD8-GFP and Myc Fusion Vectors 

 The pUC19 based vector pRD042 (unpublished) was used as a starting 

template for making modular cassettes for cloning.  pRD042 contains a p35S-

MtENOD8 cDNA-6xHis cassette.  Upstream of p35S is the pUC19 MCS, 

MtENOD8 is flanked by in frame NcoI/NheI restriction sites, and NheI/BstEII 

restriction sites flank 6xHis.  pAtEF1α-SmGFP (Auriac and Timmers, 2007) was 

used as a template for pAtEF1α, which was cloned into pRD042 using 

BamHI/NcoI restriction sites engineered into pAtEF1α creating pMHM201.  An in-

frame c-Myc tag was engineered into pMHM201 using self-complementary 

oligonucleotides containing NheI and BstEII overhangs into the NheI/BstEII sites 

within pMHM201 creating pMHM207.  A BamHI/BstEII digested fragment of 

pMHM207 containing AtEF1α -MtENOD8-c Myc was cloned into pCAMBIA2301 

creating pMHM213.  A 3047 bp fragment containing AtEF1α -MtENOD8-c Myc 

and the Tnos terminator from pMHM213 was cloned into pRedRootII (Limpens et 

          117



 

al., 2004) using HindIII/KpnI sites that were engineered into the 5’ and 3’ sites, 

respectively, creating pMHM215.  Vectors containing MtENOD8-GFP fusions 

were created by cloning eGFP from pCY44 (Yendrek et al., 2010) in-frame with 

MtENOD8 in pMHM201 using NheI and BstEII sites engineered into GFP 

creating pMHM304.  A linker encoding 10 Ala was engineered into the forward 

primer to serve as a spacer between MtENOD8 and GFP.  pRD027 (Coque et 

al., 2008) was used as a template for pMtENOD8.  pMtENOD8 was cloned into 

pMHM304 using engineered BamHI/NcoI sites creating pMHM307.  pMHM304 

and pMHM307 were each cloned into pCAMBIA2301 as BamHI/BstEII products 

creating pMHM305 and pMHM308, respectively.  

 For MtENOD8-GFP fusion truncations, all MtENOD8 variants were 

engineered containing NcoI/NheI sites at their 5’ and 3’ ends, respectively, and 

cloned into pMHM304 resulting in in-frame GFP fusions.  For MtENOD8-SP, an 

84 bp product corresponding to the first 28 amino acids of MtENOD8 was 

amplified and cloned, creating pMHM311.   A 1059 bp fragment corresponding to 

N-terminal-C-terminal (NT-CT) lacking the MtENOD8-SP was amplified and 

cloned, creating pMHM313.  The first 573 bp of MtENOD8 were chosen as the N-

terminal (NT) half (including the SP) and the last 570 bp as the C-terminal (CT) 

half.  For SP-NT the first 573 bp of MtENOD8 was cloned creating pMHM329.  

For NT only, a 489 bp fragment lacking the first 28 amino acid coding region was 

cloned, creating pMHM325.  For CT only, the 570 bp 3’ end of MtENOD8 was 

cloned, creating pMHM327.  To create SP-CT a fusion PCR strategy was used.  
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The 84 bp coding region corresponding to SP coding sequence was amplified 

using a reverse primer containing a 5’ end complementary to the first 18 bp of 

CT.  The entire CT was amplified using a forward primer that contained a 5’ end 

complementary to the last 18 bp at the SP’s 3’ end.  These PCR products were 

purified and mixed in a PCR reaction containing the SP and CT hybrid products 

and a SP forward primer and a CT reverse primer such that only SP-CT fusion 

product would be amplified.  The fused SP-CT product was cloned, creating 

pMHM331.  All constructs were cloned as BamHI/BstEII products into 

pCAMBIA2301.  The integrity of all plasmids was verified by restriction digests 

and sequencing. 

 

7.2.2 pMtENOD8 and pNOD25 Vectors 

 For pMtENOD8 expression of MtENOD8-GFP, pMtENOD8 (Coque et al., 

2008) was cloned into pMHM304 with engineered BamHI/NcoI sites, replacing 

AtEF1α.  pMtENOD8-MtENOD8-GFP was cloned into pCAMBIA2301 as a 

BamHI/BstEII fragment creating pMHM305.  For pMtENOD8-MtENOD8-GFP 

truncation studies, all truncated cassettes were cloned in as NcoI/NheI 

fragments, as described earlier, into pMHM304, replacing the full length 

MtENOD8 cDNA with truncated MtENOD8 cDNA.  pMtENOD8-MtENOD8-GFP 

truncations were cloned into pCAMBIA2301 as BamHI/BstEII fragments.  

pNOD25-NOD25-GFP (Hohnjec et al., 2009) was used as a template to clone 

the MtNOD25 promoter.  pMtNOD25 was cloned into pMHM304 with 
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BamHI/NcoI sites engineered creating pMHM323.  A BamHI/NcoI fragment 

containing pMtNOD25-MtENOD8-GFP was cloned into pCAMBIA2301 creating 

pMHM224. 

 For pMtENOD8-GFP and pMtNOD25-GFP analysis, pMtENOD8 and 

pMtNOD25 were cloned as BamHI/NcoI fragments into pMS003 (gift from M. 

Salehin), which contained a pAtEF1α-GFP cassette in a pUC19 derived vector, 

creating pMHH217 and pMHM219.  pMtENOD8-GFP and  pMtNOD25-GFP were 

cloned into pCAMBIA2301 as BamHI/BstEII fragments creating pMHM218 and 

pMHM220 respectively.  The MtENOD8 promoter was cloned as 1 and 2 kb 

fragments which were cloned as BamHI/NcoI digests into pMHM217 replacing 

the full length MtENOD8 promoter with the truncated versions upstream of GFP.  

These were cloned into pCAMBIA2301 as BamHI/BstEII fragments creating 

pMHM228 (pMtENOD8 1 kb) and pMHM232 (pMtENOD8 2 kb). 

 

  

7.3 Protein Extraction and Western Blotting 

 Total protein extraction was done by harvesting A17 and mutant nodules 

at 15 dpi and freezing them in liquid nitrogen.  Frozen tissue was ground to a 

powder under liquid nitrogen with a mortar and pestle, resuspended in 2µl of 

protein extraction buffer (PEB) containing 100mM Tris pH8.0, 100mM NaCl, 3mM 

EDTA, 2% SDS, 5% BME with 1µl protease inhibitor cocktail (Sigma-Aldrich, St. 

Louis, MO) per 100 ml of PEB, per mg of tissue, vigorously vortexed, and heated 
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at 95 ºC for 5 min.  Samples were clarified by centrifugation at 16,000g for 15 

minutes.  The supernatant was collected and protein concentration was 

determined using a RC DC Protein Assay Kit (Bio-Rad, Hercules, CA). 

 For Western blots, 30µg of total protein per lane was resolved on a 4% 

stacking acrylamide gel and 10% resolving acrylamide gel, transferred to a 

polyvinylidene fluoride (PDVF) (Millipore, Billerica, MA) membrane, stained with 

Coomassie blue, and scanned for an image.  Stained membranes were cleared 

overnight in TBS (50 mM Tris pH 7.4, 1% NaCl) buffer containing 0.3% Tween 20 

(TBST).  After being cleared of Coomassie blue, membranes were blocked in 

blocking buffer (TBST containing 5% non-fat dry milk) at 25 ºC for 1 hr.  

Membranes were incubated in blocking buffer containing 1:4000 anti-MtENOD8 

antisera (Dickstein et al., 2002) for 1 hr, rinsed for 5 minutes 5 times in TBS, 

incubated in blocking buffer containing 1:4000 goat anti-rabbit IgG alkaline 

phosphatase conjugated anti-body (Bethyl Laboratories, Montgomery, TX), and 

rinsed for 5 minutes 5 times in TBS.  Membranes were then equilibrated in 

100mM Tris pH 9.5 and developed with BCIP (50 µg/ml) and NBT (100 µg/ml) 

(Fisher Scientific, Pittsburg, PA) in buffer consisting of 100 mM Tris-HCl, pH 9.5 

and 4 mM MgCl2.  The color reaction was stopped by rinsing the blots in TBST 

for 5 minutes.  Blots were dried overnight between several pieces of blotting 

paper and scanned for an image. 
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7.4 RT-PCR 

 Total RNA from root tissue was extracted using either an Ambion PureLink 

RNA Mini Kit (Applied Biosystems, Foster City, CA) or a Qiagen RNeasy Mini Kit 

(Qiagen Inc, Valencia, CA).  RNA concentration was determined using a 

Nanodrop Spectrophotometer (Nanodrop Products, Wilmington, DE).  Two µg of 

total RNA was used to synthesize cDNA using the Promega GoTaq 2-Step RT-

qRT PCR System (Promega, Madison, WI).  Primers specific for MtENOD8 were 

used to verify MtENOD8 expression with Msc27 used as a constitutive control 

(Allison et al., 1993).  Primer sequences are in Appendix Table 2. 

 

7.5 Generation of Transgenic Hairy Roots 

 Transgenic hairy roots were generated using the method developed by 

Boisson-Dernier (Boisson-Dernier et al., 2001).  Binary vectors were transformed 

into Agrobacterium rhizogenes strain ARquaI for transformation into M. truncatula 

(Quandt et al., 1993; Wise et al., 2006).  ARquaI strains were grown overnight in 

culture tubes, plated, and grown at 28 ºC for 2d before transformation.  Seeds 

were prepared as described above and plated 24h before transformation.  For 

transformation, the tips of seedling roots were cut off using a sterilized razor 

blade so that the length of the germinated root was approximately 1 cm.  Using 

sterilized forceps, the cut seedling root tip was swiped on a plate of ARquaI 

harboring the relevant binary vector such that the cut tip was coated with 

bacteria. 
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 Seedlings were transferred to 150mm x 15mm round petri dishes 

containing modified Fahraeus media.  The modified Fahraeus media consisted 

of: 0.9 mM CaCl2, 0.5 mM MgSO4, 0.7 mM KH2PO4, 0.8 mM Na2PO4, 20 µM 

ferric citrate, 0.5 mM NH4NO3, and 100  µg/L of: MnCl2, CuSO4, ZnCl2, H3BO3, 

and NaMoO4.  Phytoblend Agar (Caisson Laboratories, Inc, Rexburg, ID) was 

added at 10g/L.  After sufficient cooing after autoclaving, kanamycin was added 

to a final concentration of 30mg/L.  Sterile filter paper was used to cover the 

seedling roots and to hold the seedlings in place.  Petri dishes containing the 

seedlings were wrapped in Parafilm (Bemis, Neenah, WI) and several incisions 

were made along the parafilm to facilitate gas exchange. 

 The lower half of the plate was wrapped in aluminum foil to help keep light 

off the roots.  After 19-24d of growth at 22 ºC with 16h/8h of light/dark, transgenic 

hairy roots were sufficiently developed for analysis.  Roots were transferred to 

aeroponic chambers and grown as described in Section 7.1 or harvested for 

protein and RNA analysis as described in Sections 7.3 and 7.4. 

 

7.6 MG132 Analysis 

 A17 roots were transformed as described in Section 7.5 with pMHM215, 

which contains pAtEF1α-MtENOD8-Myc and a DsRed selectable fluorescent 

marker.  After 26d of growth on plates, putative transgenic roots were screened 

for DsRed fluorescence; non-fluorescent roots were excised leaving only 

transgenic roots.  Transgenic roots were placed in 15 mL test tubes with 4 mL 
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liquid Fahareus media (Section 7.5) supplemented with or without 50 µM MG132 

(Cayman Chemical, Ann Arbor, MI), which has been used previously with M. 

truncatula (Roudier et al., 2003).  Plants were grown for 48h with gentle agitation.  

Total protein and RNA was extracted and analyzed for MtENOD8 protein or 

MtENOD8 transcript as described in Sections 7.3 and 7.4. 

 

7.7 Fluorescence and Confocal Microscopy 

 Transgenic hairy roots were screened for GFP fluorescence by 

epifluorescence on a Nikon e600 compound microscope equipped with a 

DXM1200F camera (Nikon Instruments Inc., Melville, NY) and X-cite 120 Fluor 

System (Exfo Life Sciences Division, Mississauga, Canada).  For confocal 

microscopy of pAtEF1α-MtENOD8-SP transformed roots, non-nodulated 

transgenic hairy root whole root sections were mounted in water, covered with a 

coverslip, and imaged using a Leica TCS SP2 AOBS (Leica Microsystems, 

Exton, PA) equipped with a 63x HCX Plan Apo objective.  For confocal 

microscopy of nodule sections, 80 µm sections were obtained from fresh tissue 

using a 1000 Plus Vibratome (Vibratome, Bannockburn, IL).  Sections were 

mounted in water and imaged using a Zeiss 200M inverted optical microscope 

(Carl Zeiss, Peabody, MA) attached to a CSU-10 Yokogawa spinning confocal 

scanner (Yokogawa, Sugar Land, TX) and Hamamatsu electron multiplier CCD 

camera (Hamamatsu, Bridgewater, NJ).  For confocal microscopy of Arabidopsis  

leaves and roots, whole mount sections were imaged using a Nikon Eclipse Ti-E 
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inverted microscope with A1rSi confocal and captured using NIS-Elements 

software (Nikon Instruments, Melville, NY). Resulting images were processed 

using ImageJ software (Abramoff et al., 2004). 

 

7.8 In situ Localization of MtENOD mRNA 

 LNA in situ localization of mRNAs in M. truncatula was carried out using 

the method developed by Valoczi et al (Valoczi et al., 2006).  A17 plants were 

grown in areroponic chambers and nodulated as described in Section 7.1.  

Nodules were harvested at 18dpi, pricked with an insulin syringe to allow full 

penetration of fixative, and placed into glass vials containing ice-cold fixative 

solution (4% paraformaldehyde and 0.1% Triton-X in PBS (130 mM NaCl, 7 mM 

Na2HPO4, 3 mM NaH2PO4) pH 6.7).  Samples were vacuum infiltrated for 30s 

and the vacuum was released.  This was repeated until the samples sunk to the 

bottom of the vial.  Samples were placed into fresh ice-cold fixative and fixed 

overnight at 4 ºC with gentle shaking.  The following morning, nodule samples 

were washed in 0.85% w/v NaCl in water (1x saline) 3 times.  Samples were then 

dehydrated with gentle shaking at 4 ºC by passing through a graded ethanol 

(EtOH) series: 30% EtOH/1x saline, 40% EtOH/1x saline, 50% EtOH/1x saline, 

60% EtOH/1x saline, 70% EtOH/1x saline, 85% EtOH/1x saline, and 95% 

EtOH/H20.  Each wash was done for 90 minutes with gentle shaking.  Samples 

were then transferred to 95% EtOH/ H2O containing 0.1% EosinY (Sigma Aldrich, 

St. Louis, MO) for 90 minutes at room temperature (RT) with gentle shaking.  The 
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staining solution was replaced with 100% EtOH, washed for 90 minutes at RT 

with gentle shaking, and repeated again with fresh 100% EtOH.  Samples were 

then passed through a graded Histoclear (National Diagnostics, Atlanta, GA) 

series at RT with gentle shaking: 25% Histoclear/EtOH, 50% Histoclear/EtOH, 

75% Histoclear/EtOH, 100% Histoclear, and 100% Histoclear.  Each step was 

done for 90 minutes. 

For embedding in wax, Histoclear was poured off leaving approximately 3-

4 mL in the vial with the nodules.  Several Paraplast X-tra wax chips (Sigma 

Aldrich, St. Louis, MO) were placed into the vial, which was transferred to 42 ºC.  

After the chips had melted, additional chips were placed into the vial.  This 

process was repeated until the volume had doubled to approximately 8 mL.  

Samples were then placed at 60 ºC overnight.  The following morning, half of the 

volume in the vial was replaced with freshly melted Paraplast X-tra.  After 8 

hours, the entire volume was replaced with freshly melted wax.  Samples were 

incubated in melted wax for 3d during which time the wax was replaced every 12 

hours with fresh wax.  After three days of embedding in wax, individual nodules 

were placed into plastic molds filled with melted wax and allowed to cool.  After at 

least 24h of cooling, 12 µm thin ribbon sections were obtained using a Leica 

Microtome RM2245 (Leica Microsystems, Buffalo Grove, IL), floated in a 42 ºC 

water bath, mounted onto Poly-Prep poly-lysine coated slides (Sigma Aldrich, St. 

Louis, MO), and dried overnight at 42 ºC. 
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The following steps were carried out at RT.  The next morning, slides were 

transferred to histoclear two times for ten minutes each time to clear the wax.  

Samples were then rehydrated through a graded EtOH series for two minutes at 

each step: 100% EtOH two times, 95% EtOH/H2O, 85% EtOH/1x saline, 70% 

EtOH/1x saline, 60% EtOH/1x saline, 50% EtOH/1x saline, 40% EtOH/1x saline, 

30% EtOH/1x saline, 1x saline.  Slides were equilibrated in 1x pronase buffer (50 

mM Tris-HCl pH 7.5, 5 mM EDTA) for two minutes and then incubated in 1x 

pronase buffer containing 0.125 µg/mL pronase from Streptomyces griseus 

(Sigma Aldrich, St. Louis, MO) for 10 minutes.  Slides were washed in 0.2% 

glycine in PBS (130 mM NaCl, 7 mM Na2HPO4, 3 mM NaH2PO4, pH 7.0) for 2 

minutes, washed 2 times for 2 minutes in PBS, post-fixed in fixative solution for 

30 minutes at RT, and rinsed 2 times for 2 minutes in PBS.  Amino groups on the 

samples were acylated to eliminate background hydrostatic binding by washing 

the slides for 10 minutes in acetylation buffer (0.5 mL acetic anhydride in 100 mL 

0.1 M triethanolamine, pH 8).  Samples were washed once in PBS and then 

saline for two minutes each time.  Samples were then dehydrated through a 

graded ethanol series as described earlier for two minutes each step at RT and 

left in 100% EtOH while the hybridization solution was prepared. 

 LNA probes specific for MtENOD2 mRNA, MtENOD8 mRNA, and an 

MtENOD8 sense probe were designed by Exiqon (Denmark).  All probes 

contained a 5’ and 3’ DIG label.  See Appendix Table 3 for LNA probe 

sequences.  For hybridization, slides were placed on a hotplate warmed to 50 ºC 
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to evaporate the EtOH.  Slides were then coated with 200 µL of hybridization 

solution (300 mM NaCl, 10 mM Tris-HCl pH 6.8, 10 mM NaHPO4 pH 6.8, 5 mM 

EDTA, 50% formamide, 10% dextran sulfate, 1x Denhardt’s solution, 1 mg/mL E. 

coli tRNA (Sigma Aldrich, St. Louis, MO), and either 40 nM of MtENOD2 probe or 

150 nM of MtENOD8 (anti-sense or sense probe), covered with a cover slip, 

placed in a humid chamber containing 50% formamide/2x SSC warmed to 42 ºC, 

and incubated overnight at 42 ºC.  A StainTray Slide Staining system was used 

for the humid chamber (Simport, Beloeil, QC, Canada).   

 The following morning, coverslips were removed and slides were 

incubated in 0.2x SSC two times at 42 ºC for one hour each time.  Slides were 

transferred to NTE buffer (500 mM NaCl, 10 mM Tris-HCl pH 7.5, 1 mM EDTA) 

for five minutes and then incubated in fresh NTE buffer containing 20 µg/mL 

RNase A at 37 ºC.  Slides were then rinsed in fresh NTE for 5 minutes, incubated 

in 0.2x SSC at 42 ºC for 1h, dipped in 1x SSC for 2 minutes, and rinsed two 

times in TBS for five minutes each time. 

 Slides were placed into blocking buffer 1 (0.5% Blocking Reagent (Roche, 

Indianapolis, IN) in 1x TBS) for thirty minutes and then transferred to blocking 

buffer 2 (1% BSA and 0.3% Triton X-100 in TBS) for thirty minutes.  Slides were 

then placed one at a time into a humidity chamber (StainTray with water) and 

covered with 0.5 mL of blocking solution 2 containing 1:2000 anti-DIG alkaline 

phosphatase and Fab fragments (Roche, Indianapolis, IN) for 1.5h.  Slides were 

then washed at least 5 times for 5 minutes each time in TBS. 

          128



 

 For color development, slides were equilibrated in SB buffer (0.1 M Tris-

HCL pH 9.5, 0.1 M NaCl, and 0.05 M MgCl2) for five minutes.  Individual slides 

were transferred to a humidity chamber (StainTray with water) and covered with 

1mL/slide of SB buffer containing 30 µL/10mL of NBT and BCIP.  The color 

reaction was carried out overnight and the intensity was checked the following 

morning.  After sufficient color development, the slides were washed in water to 

stop the reaction.  To eliminate background staining, the slides were taken 

through a graded EtOH series for 3 minutes at each step: 40% EtOH/water, 70% 

EtOH/water, 95% EtOH/water, and 100% EtOH.  The process was then repeated 

in the reverse direction starting with 100% EtOH through 40% EtOH/water for 

three minutes at each step.  Slides were then transferred to a solution of 0.25% 

Alcian blue (Sigma Aldrich, St. Louis, MO) in 3% v/v acetic acid and water to 

stain the tissue samples.  The Alcian blue stain was removed by washing slides 

several times in water and was then air-dried.  Dried slides were mounted in DPX 

(Sigma Aldrich, St. Louis, MO) mounting solution and covered with a coverslip.  

After several hours of drying, mounted slides were imaged using an Olympus 

BX50 microscope (Olympus USA, Center Valley, PA) with a mounted Nikon 

Coolpix 4300 camera (Nikon, Melville, NY). 

 

7.9 Expression of MtENOD8 in Arabidopsis 

 Transgenic Arabidopsis  plants were generated as described by Clough 

and Bent (Clough and Bent, 1998).  Arabidopsis  ecotype Col-0 seeds were 
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vapor treated by placing seeds in a centrifuge tube with the lid open in a vacuum 

infiltration container with a beaker containing 100ml of bleach and 3ml HCl.  

Seeds were left in the container for 4 hours.  After vapor treatment, seeds were 

plated in petri dishes containing 0.5x Murashige and Skoog (MS) media with 1% 

sucrose and 1% agar.  Seeds were cold-treated at 4 ºC for 3 days and then 

transferred to growth rooms and grown for 1 week.  Seedlings were transferred 

to pots with 4 per pot and grown until they started to flower. 

 Agrobacterium tumefaciens strain GV3101 was chemically transformed 

with pMHM305 (AtEF1α-MtENOD8-GFP), pMHM213 (AtEF1α-MtENOD8-Myc), 

pMHM312 (AtEF1α-MtENOD8-SP-GFP), or pMS206 (AtEF1α-GFP) (Wise et al., 

2006).  A 5mL culture of GV3101 was grown overnight in YEB media (5 g/L beef 

extract, 1 g/L yeast extract, 5 g/L peptone, 5 g/L sucrose, 0.5g/L MgCl2) at 28 ºC 

with agitation.  The following morning a small inoculant of the overnight culture 

was added to 250 mL YEB media and grown for 18-24 hours.  Cells were 

harvested by centrifugation and resuspended in infiltration media (250ml of 5% 

sucrose and 0.05% Silwet-L77). 

 Flowering plants were inverted into the Agrobacterium suspension and 

gently swirled.  Excess suspension was drained from the plants, which were then 

laid on their side in the lab in low light and covered in plastic wrap and left 

overnight.  The following morning, the plastic wrap was removed, the plants 

placed upright, and transferred back to growth rooms.  Dipped plants were grown 

out until they finished setting seed for another 4-6 weeks.  Plants were 
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sufficiently dried out and seeds were collected and placed into a dessicator for 

several days.   

 T1 seeds were treated as described above and placed on petri dishes as 

described above that contained the addition of 25 µg/ml of kanamycin.  Seeds 

were cold treated for 3d and grown for 1 week in growth rooms.  After one week, 

seedlings that were not chlorotic were transferred to 0.5X MS media containing 

1% sucrose and agar and grown vertically for one week to allow sufficient root 

development.  After 1 week of additional growth, whole mounts of seedlings were 

imaged using epifluorescent and confocal microscopy as described earlier.   

 For protein and RNA analysis, plants were grown until rosette leaves were 

well developed.  Protein and RNA was extracted from rosette leaves as 

described earlier with the exception that 1 µg of RNA from Arabidopsis  was used 

to synthesize cDNA.  Arabidopsis  ubiquitin 10 (Genbank: NM 116771.5) was 

used as a positive control for RNA (Dasgupta et al., 2011). 

 

7.10 MtENOD8 Gene Family Identification and Alignment 

 The M. truncatula BAC mth1-64n13 clone (Genbank: AC139354.7) 

corresponds to a region in chromosome 1 and contains 7 genes as being 

annotated as GDSL-like genes in the Mt3.0 Genome assembly 

(www.medicagohapmap.org).  Protein sequence alignment was done using 

Clustal Omega alignment tool (Sievers et al., 2011).  Generation of alignment 
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Figure using Clustal Omega data was done using BOXSHADE 3.21 

(http://www.ch.embnet.org/software/BOX_form.html). 

 

7.11 Transmembrane Domain Prediction 

 For transmembrane domain prediction, the MtENOD8, MtENOD8-SP, 

MtENOD8-NT-CT, MtENOD8-SP-NT, MtENOD8-NT, MtENOD8-SP-CT, and 

MtENOD8-CT protein sequences were analyzed using the TMHMM Server v2.0 

(http://www.cbs.dtu.dk/services/TMHMM-2.0/) (Krogh et al., 2001). 
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NUCLEOTIDE SEQUENCES 
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Table A.1 Primer sequences used in vector construction 

Construct Contents Primer 
Name Sequence 

    

pMHM201 AtEF1α-
MtENOD8 

EF1a 
BamHI F 

GCAGGGATCCTCTAGAGA 
AGAGTGTCATATAGATTG 

  Ef1a NcoI 
R 

ACATCCATGGTTAGAGAC 
TGTCAACAAAT 

pMHM207 
AtEF1α-
MtENOD8-
Myc 

c-Myc F 
CTAGCGGTGGAGAACAAA 
AACTTATTTCTGAAGAAGATCTTTGA
G 

  c-Myc R CTCACCTCAAAGATCTTCTTCAGA 
AATAAGTTTTTGTTCTCCAGCG 

pMHM215 
AtEF1α-
MtENOD8-
Myc 
RedRootII 

EF1a 
HindIII F 

GCTAAAGCTTTCTAGAGAAGAGTGTC
ATATAGATTG 

  
2301 
NosPolyA 
Kpn R 

GCTAGGTACCAATTCCCGATCTAGTA
ACATAGATG 

pMHM304 
AtEF1α-
MtENOD8-
GFP 

eGFP 
10Ala 
NheI F 

GCTAGCATGCGCTGCAGCCGCGGCT
GCAGCCGCGGCAGCTATGGTGAGCA
AGGGCGAGGAGCTG 

  eGFP 
BstEII R 

TAGCGGTCACCCTACTTGTACAGCTC
GTCCATGCCGAGA 

pMHM311 
AtEF1α-
MtENOD8-
SP 

E8 NcoI F GCTACCATGGCAAAAATTGACCTCTC
TAGGCACATC 

  E8 SP 
NheI R 

GCTAGCTAGCAGCAAATATTGGGGG
TGTAATACATAAAACAAG 

pMHM314 
AtEF1α-
MtENOD8-
NT CT 

E8 NT 
NcoI F 

GCTACCATGGAAACAAAGAATTGTGA
TTTTCCTGCCATATTTAGCTTT 

  E8 NheI R GCTAGCTAGCTTTTCTATAACATG 
CCCTATCTAGAGAAATAGG 

pMHM325 
AtEF1α-
MtENOD8-
NT 

E8 NT 
NcoI F 

GCTACCATGGAAACAAAGAATTGTGA
TTTTCCTGCCATATTTAGCTTT 
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  E8 NT 
NheI R 

GCTAGCTAGCTATAGTCTTGTTACCA
AAAAAGCCAATAGTAAGATC 

pMHM327 
AtEF1α-
MtENOD8-
CT 

E8 CT 
NcoI F 

GCTACCATGGGACAACAAGTAAATG
CTACTGTACCAGATATAG 

  E8 NheI R GCTAGCTAGCTTTTCTATAACATG 
CCCTATCTAGAGAAATAGG 

pMHM329 
AtEF1α-
MtENOD8-
SP-NT 

E8 NcoI F GCTACCATGGCAAAAATTGACCTCTC
TAGGCACATC 

  E8 NT 
NheI R 

GCTAGCTAGCTATAGTCTTGTTACCA
AAAAAGCCAATAGTAAGATC 

pMHM331 
AtEF1α-
MtENOD8-
SP-CT 

E8 NcoI F GCTACCATGGCAAAAATTGACCTCTC
TAGGCACATC 

  E8 Sig to 
C R 

AGTAGCATTTACTTGTTGACAATTCTT
TGTAGCAAA 

  E8 Sig to 
C F 

TTTGCTACAAAGAATTGTCAACAAGT
AAATGCTACT 

  E8 NheI R GCTAGCTAGCTTTTCTATAACATG 
CCCTATCTAGAGAAATAGG 

pMHM218 pMtENOD8
-GFP 

E8P 
BamHI F 

ATCGGATCCCACCGCACCTATTGACT
AGCA 

  E8P NcoI 
R 

GCATGCCATGGTTTTCATGAAGCAAT
AAAGGAACC 

pMHM224 
pNOD25-
MtENOD8-
GFP 

pN25 
BamHI F 

GATCGGATCCGAATGATGATGAGGA
AGAAAAAATC 

  pN25 NcoI 
R 

GATCCCATGGTTTGCTTATTGGATAA
TGAAAATGC 

pMHM228 
1kb 
pMtENOD8
-GFP 

1kb E8P 
BamHI F 

GTACGGATCCAATGAATCTAAAAAGT
AAAATTTTACTTAAAAATG 

  E8P NcoI 
R 

GCATGCCATGGTTTTCATGAAGCAAT
AAAGGAACC 

pMHM232 
2kb 
pMtENOD8
-GFP 

2kb E8P 
BamHI F 

GTACGGATCCTTTCTAAGGAAGTAAT
GTGGTTTACCTTC 

  E8P NcoI 
R 

GCATGCCATGGTTTTCATGAAGCAAT
AAAGGAACC 
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Table A.2 Sequences of primers used for RT-PCR 

Gene Primer Sequence 
   
MtENOD8 ENOD8.1 TAGCACGGAGCTTTCGAC 
 ENOD8.2 TTACAGGAGCACAACCCT 
MtMsc27 Msc27 F GGAGGTTGAGGGAAAGTGG 
 Msc27 R CACCAACAAAGAATTGAA 
AtUBQ10 UBQ1 GATCTTTGCCGGAAAACAATTGGAGGATGGT 
 UBQ2 CGACTTGTCATTAGAAAGAAAGAGATAACAGG 
 

 

Table A.3 LNA Probe Sequences 

Probe Target Probe Name Sequence 
   
MtENOD8 5’ 
anti-sense 

ENOD8 cDNA 
156 

DIG – AGAAGGTGGTGCTCGAAAGGCA 
– DIG  

MtENOD8 3’ 
anti-sense 

ENOD8 
antisense2 

DIG – ACACCAATGTTATACTCTCCT – 
DIG  

MtENOD8 Sense ENOD8 RNA DIG – TTGGATACACGGCACAGGACCA 
– DIG  

MtENOD2 anti-
sense MtENOD2 RNA DIG – ATGAGGTGGTTGGTACTCTGAT 

– DIG  
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