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ABSTRACT 

 

MICROBIAL ECOLOGY OF ENDOPHYTIC BACTERIA IN ZEA SPECIES 

AS INFLUENCED BY PLANT GENOTYPE, SEED ORIGIN, AND SOIL 

ENVIRONMENT 

 

David Morris Johnston Monje                                                              Advisor:    

University of Guelph, 2011                         Associate Professor Manish N. Raizda 
 

 

Endophytes are organisms that live inside plants without causing disease and 

include microbes that benefit their hosts by aiding in nutrient acquisition and 

pathogen control. This thesis concerns the endophytes of the genus Zea which 

includes modern maize (Zea mays L.). Beginning 9,000 years ago, maize was 

domesticated from wild grasses in Mexico (teosintes), bred into diverse varieties 

and moved to new soils throughout the Americas. The impact of these long-term 

changes on the associated endophytic communities has not been examined. 

Furthermore, today, maize is routinely transplanted around the world to facilitate 

breeding, but the short-term impact of switching soils on endophyte composition 

is not known. I attempted to answer the first question by surveying the bacterial 

endophytes that inhabit 14 diverse ancestral, ancient and modern Zea 

genotypes. To answer the second question, three extreme Zea genotypes, 

ancestral, intermediate and modern, were grown side by side on two extreme 

soils that span the tropical-to-temperate migration route of maize. Endophyte 

populations from seeds, roots and shoots were DNA fingerprinted using terminal 

restriction length polymorphism (TRFLP) of 16S rDNA. To understand microbial 
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functions, bacteria were cultured and tested for >13 in vitro traits including 

nitrogen fixation, phosphate solubilization, plant hormone production and 

antibiosis. Relationships between endophyte communities were analyzed using 

principle component analysis (PCA) and Sᴓrensen’s similarity index. The results 

show that different Zea tissues and genotypes have diverse endophytic 

communities. The community composition of seed endophytes correlates with 

host phylogeny suggesting that as humans bred maize, they inadvertently 

impacted its microbial inhabitants, though the change was gradual. Soil 

swapping and growth on sterile sand confirm that shoot and root endophyte 

communities in juvenile plants are primarily inherited. However, a given maize 

genotype can also select and take up the same microbes (based on TRFLP) from 

geographically diverse soils. These latter results show that the endophyte 

communities of Zea plants are significantly buffered from the short-term effects 

of migration. A few microbes and microbial traits are conserved across all Zea 

genotypes and soil treatments, suggestive of a core taxonomic and functional 

microbiota for this agriculturally important genus. 
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Chapter 1: General Introduction 

1.1: Background  
 Bacteria are believed to have been the dominant life form on this earth for 

the first three billion years of the biosphere’s history (DeLong et al. 2001). Over 

this time, they have evolved de novo some of the genetic diversity present on 

Earth today in the form of countless different genes - a metagenome of 

knowledge on how to function in any given environment (Verstraete et al. 2007). 

That microbes are successful life-forms is evidenced by their survival in every 

environment on this planet, prompting the Dutch microbiologist Martinus 

Beijerinck to famously pronounce, “Everything is everywhere, but the 

environment selects”. As microbial and genetic technologies advance, 

researchers are increasingly appreciating the significance of this paradigm as the 

diversity and complexity of microbial ecosystems become more understood 

(O'Malley 2008). In contrast to the vast diversity of microbes in the environment, 

eukaryotic hosts such as plants create a more restricted niche for microbes to 

inhabit (Bacon et al. 2006). To gain access to such new habitats, some microbes 

established non-pathogenic relationships on plant surfaces and within plant 

bodies, evolving specialized processes to enhance their survival and to 

communicate with their hosts (Saikkonen et al. 2004). Microbes (bacteria, 

archaea, and fungi) that inhabit the interior of the plant body without causing 

disease are known as endophytes (Rosenblueth et al. 2006).  

 Major benefits for host plants partnering with endophytic microbes can 

include enhanced nutrition and improved tolerance to biotic and abiotic stress 

(Rosenblueth et al. 2006). Microbes are able to help weather, decompose or 

solubilise minerals in rock, or organic debris, making them available for plants. 

Other endophytes are able to biologically convert atmospheric nitrogen gas to 

fixed forms of nitrogen usable for their hosts. By colonizing plant surfaces and 

interior spaces, co-operative or commensal bacteria may competitively exclude 
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disease-causing microbes from successful colonization. Finally, some endophytes 

have been shown to produce significant levels of secondary metabolites which 

help deter insect and mammalian herbivores (Clay 1988).  Bacteria inhabiting 

multicellular hosts exist as inter-related communities that can reflect and can be 

affected by the selective pressures imposed on them by their niche. Remarkably, 

a microbial community may possess many more genes than the host, extending 

its metabolic complexity and ecological fitness (Versalovic et al. 2006). For 

example, obesity in humans has been associated with phylum-level changes in 

the gut microbial community and changes in genes and metabolic pathways 

expressed by these bacteria (Turnbaugh et al. 2009). Indeed, the recently 

proposed holobiont theory of evolution proposes that natural selection acts not 

only on the multi-cellular host and its genome, but on the entire assembly of 

associated microbes and host together as one “super-organism” (Zilber-

Rosenberg et al. 2008). Drawing connections between microbial ecology and 

host fitness/health is a major anticipated benefit driving large microbial 

community research projects like the NIH Human Microbiome Project (Peterson 

et al. 2009) and the National Science Foundation project, “Defining Plant-

Associated Metagenomes”, focused on extensively defining the microbiology of 

maize and Arabidopsis rhizospheres. One important step in understanding the 

function of these microbial communities with respect to their hosts, is the 

definition of a core microbiome, defined as the most common phylogenetic 

and/or functional subset of microbes in a host associated community (Tap et al. 

2009; Turnbaugh et al. 2009).  A core microbiome is likely to be so important 

and well adapted to a niche that it might be considered to be a microbial “ground 

state”; deviations from this core may yield valuable diagnostic information about 

the host and insights into possible treatments or amendments required to 

optimize host health.  

 Moving from the community to understanding an individual strain requires 

culturing of microbes to enable ecological and phenotypic study and evaluation 
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of biotechnological potential (Bull 2004c). Different microbes are likely to have 

different ecological functions within a plant associated community, and are also 

likely to have different colonization and survival dynamics. Bioprospecting for 

novel or rare microbes in association with eukaryotic hosts (which are specialized 

niches for microbe diversity) is a promising approach for the discovery of 

beneficial but rare strains or genes (Strobel et al. 2003; Bull 2004a). For 

example, although E. coli is a species of bacteria commonly found in mammalian 

intestines, the isolation of a unique pathogen-fighting strain from a disease 

resistant soldier in World War I allowed the development of a probiotic treatment 

for human disease which has been sold under the trademark name Mutaflor® 

for almost one hundred years (Schulze et al. 2006). A strain of Bacillus 

mojavensis (Patent No. 5,994,117; ATCC 55732), normally isolated from desert 

soils, was also found inhabiting maize kernels from northern Italy and observed 

to establish itself endophytically within maize plants, where it enhanced plant 

growth and provided protection against Fusarium fungal infection (Bacon et al. 

2002). In plants, lowering of ethylene levels through the degradation of the 

precursor, 1-aminocyclopropane-1- carboxylate (ACC) via bacterial ACC 

deaminase, has been shown to promote plant growth under stress conditions; an 

effect which can be replicated by bacteria or plants expressing the ACC 

deaminase transgene (Glick et al. 2007b). The isolation and identification of 

Bacillus thuringiensis from diseased flour moths and as the causative agent of a 

silk worm disease at the start of the 20th century (Roh et al. 2007), led to the 

strain’s use as a whole cell biopesticide, and eventually to the discovery of the 

responsible insecticidal CRY proteins and their genes, which have been 

transgenically inserted into endophytic bacteria (Tomasino et al. 1995; Salles et 

al. 2000), insect viruses and many species of agricultural plants (Roh et al. 

2007).   

 Numerous studies have focused on characterizing the endophytic 

communities of plants (Rosenblueth et al. 2006). Agriculturally, the plant genus 
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Zea is of particular interest as it includes maize or corn (Zea mays L.), one of the 

world’s three most important crops. Zea mays may be divided into wild/ancestral, 

ancient and modern genotypes. For millions of years, the ancestors of modern 

maize grew as wild plants (called teosinte) in the highlands of Southern Mexico. 

Like other wild plants, the various species of teosintes had to compete for 

resources and tolerate abiotic and biotic stress, while maintaining reproductive 

fitness  (Raven et al. 1999).  It is tempting to speculate that teosintes may have 

co-evolved with a cohort of associated microbes as part of their ecological 

adaptation strategy. Stems of one species of teosinte, Zea luxurians, were found 

to host a nitrogen-fixing microbe, Klebsiella pneumoniae (Palus et al. 1996). 

Nitrogen fixing Burkholderia spp. were noted to inhabit teosinte plants near 

Cuernavaca, Mexico (Estrada et al. 2002). No other research on other mutualistic 

microbes in the teosintes has been reported. 

 About 9,000 years ago, it is thought that humans living in or near the 

modern day Mexican state of Oaxaca began to domesticate the teosinte that is 

known today as Parviglumis (Zea mays ssp. parviglumis) (Matsuoka et al. 2002). 

This process involved great physiological and ecological changes for the plant, 

most important of which were the loss of protective structures around its seed 

(the fruitcase), the compensatory breeding of husk leaves around the cob which 

also prevented seed germination in the absence of human dehusking, and the 

loss of seed dispersal abilities, all of which caused the reproductive fitness of 

domesticated maize to become directly tied to humans (Wilkes 1995). As a 

cultigen, domesticated maize became the most important crop of pre-Columbian, 

North American agriculture (Benz et al. 2006), subsequently adapted by breeding 

to a greater diversity of uses and environments than its ancestor (Ruiz Corral et 

al. 2008). Domesticated maize has dispersed to habitats and climate zones 

where no traces of its wild ancestor have ever been found (Vigouroux et al. 

2008).  
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 Breeding of maize for adaptation to local environments and to serve the 

interests of indigenous peoples throughout the Americas, has created a diversity 

of traditional varieties (landraces). Growing a Mexican landrace, Tsaa poo’p 

Mook, in soil collected from maize rhizospheres in a traditionally cultivated, no-

input farm in Oaxaca, Mexico, Mexican researchers claim the discovery of an 

ancestral maize-Burkholderia symbiosis (Estrada et al. 2002). A similar study 

including Mexican landraces grown in geographically distinct parts of Mexico 

suggested nitrogen-fixing Burkholderia spp. are widespread soil inhabiting 

endophytes, capable of colonizing different genotypes of maize (Estrada-De Los 

Santos et al. 2001). Mimicking the ancient milpa intercropping system, two 

landraces of maize called Cholula and San Miguel Acuexcomac were planted with 

Phaseolus vulgaris in two locations in Mexico and shown to be infected by 

Rhizobium etli; soil inhabiting, nitrogen fixing endophytes normally found 

associated with common bean (Rosenblueth et al. 2004). These studies suggest 

Burkholderia and Rhizobium spp. are soil derived maize endophytes that can 

colonize landraces grown in Mexico under traditional forms of agriculture. The 

scientists involved assume these are ancestral plant-microbe relationships that 

have not been altered by the process of domestication (Estrada et al. 2002). It 

has been shown however that maize domestication did constrain the evolution of 

the fungal maize pathogen, Ustilago maydis, which went through a dramatic 

genetic bottle-neck about 9,000 years ago (Munkacsi et al. 2008). 

 Modern maize is the most cultivated plant in North America, with 

42,334,679 hectares harvested in 2009 (FAOSTAT 2011). Though development 

of new maize varieties remains based on human needs, it is increasingly geared 

towards industrial farming for animal feed (Barrière et al. 1997) and chemical 

production (Vermerris et al. 2007). In North America, most maize breeding is 

carried out by private companies rather than farmers, with over 90% of variety 

development in the United States being done by commercial breeders (Frey 

1996) and 85% of total acreage in 2009 being planted with transgenic varieties 
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(GMO-Compass 2011). Breeding for enhanced disease resistance may have 

increased levels of antimicrobial compounds called benzoxazinoids in maize; the 

presence of these compounds has been shown to affect populations of fungal 

endophytes (Saunders et al. 2009). Agronomic practices have dramatically 

changed from the traditional low input forms of agriculture, with field 

preparation, planting, fertilization, fumigation, and harvesting performed by 

machine. Not surprisingly, modern agriculture has been shown to have important 

effects on the microbes in these ecosystems (Kennedy et al. 1995). For example, 

application of nitrogen fertilizers has been shown to reduce populations of 

nitrogen fixing endophytes in roots of young maize plants (Roesch et al. 2006). 

Mineral fertilization, rather than organic fertilization has also been shown to 

destabilize and reduce the diversity of endophytic methanotrophs in maize roots 

(Seghers et al. 2004).  

 Many general surveys have been conducted on the bacterial endophytes 

inhabiting maize, but these studies have not focused on the effects of host 

domestication, breeding or migration on endophytic communities (Fisher et al. 

1992; Hinton et al. 1995; McInroy et al. 1995b; McInroy et al. 1995a; Palus et al. 

1996; Chelius et al. 2002; Zinniel et al. 2002; Caballero-Mellado et al. 2004; Reis 

et al. 2004; Rosenblueth et al. 2004; Seghers et al. 2004; Nassar et al. 2005; 

Perin et al. 2006; Rai et al. 2007; Rijavec et al. 2007; Roesch et al. 2007a; 

Ersayin Yasinok et al. 2008; Figueiredo et al. 2009; Montañez et al. 2009). These 

surveys have shown that a diversity of maize tissues can contain bacterial 

endophytes, but that usually roots are the most heavily colonized organ. These 

studies have also identified a large number of bacterial genera as potential 

endophytes of modern maize, including: Agrobacterium, Arthrobacter , 

Azospirillum, Bacillus, Brevundimonas, Burkholderia, Cellulomonas, Clavibacter, 

Enterobacter, Klebsiella, Herbaspirillum, Methylobacterium, Microbacterium, 

Pantoea, Pseudomonas, Rhizobium, Rhanella, and Runella. As these surveys 

depended on analyzing culturable isolates from surface sterilized tissues, they 
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may have systematically missed any unculturable maize endophytes. However, in 

a systematic survey of the roots of a commercial maize hybrid, Pioneer 3751, a 

culture-independent survey was undertaken in parallel to culturing (Chelius et al. 

2001): root DNA was extracted and PCR was used to amplify, clone and 

sequence bacterial 16S rDNA for taxonomic identification of the endophyte 

community (Chelius et al. 2001). In contrast to their culture collection which was 

dominated by actinobacteria such as Microbacterium, the largest group of cloned 

sequences represented α-proteobacteria such as Rhizobium spp. In addition to 

the above genera, the Chelius and Triplett study identified other bacteria as 

potential endophytes:  

the α-proteobacteria: Bosea, Bradyrhizobium, Caulobacter, Mesorhizobium, 

Rhodopseudomonas, Sphingomonas, and Xanthobacter; the β-proteobacteria: 

Matsuebacter, Duganella, and Ralstonia; the δ- and γ-proteobacteria: 

Chondromyces, Fraturia, and Strenotrophomonas; the Gram-positive bacteria: 

Paenibacillus and  Clostridium; the Cytophagales: Pedobacter, Flavobacterium 

and Chryseobacterium;  the Actinobacteria: Rathayibacter, Kocuria, 

Micromonospora and Amycolatopsis; and even sequences from the newly 

discovered phylum Nitrospira, and the uncultured OP10 division of bacteria. A 

similar culture-independent strategy was used to study the nitrogen fixing 

portion of the maize endophytic community in Brazilian grown plants (Roesch et 

al. 2007a). By targeting the bacterial nifH gene using conserved primers, the 

researchers generated a function-based clone library that contained nifH 

sequences from Azospirillum, Azotobacter, Dechloromonas, Herbaspirillum, 

Ideonella, Klebsiella, Methylosinus, Raoultella, and Rhizobium. It is useful to 

know the potential phylogenetic and functional diversity of these microbes in 

plants growing under normal field conditions, but more work has to be done to 

understand the dynamics of these endophytic populations: especially how they 

contribute to plant health, what a normal or core endophytic community looks 

like, what members are the most important or useful, what mechanisms are used 
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by plants and microbes to communicate and interact, and what are the important 

factors controlling endophyte community structure and function.  

   

1.2: Hypothesis  
Domestication, breeding, and movement of maize to new environments has 

altered the community of bacterial endophytes associated with these plants.  

 

1.3: Objectives 
1.3.1. Evaluate the long-term impact of domestication, breeding, and migration, 

on the seed associated bacterial endophytes of Zea, by cataloguing endophytic 

communities and their functions in a diversity panel of ancestral, ancient and 

modern maize genotypes.  

 

1.3.2. Evaluate the short-term impact of switching soils on the bacterial 

endophyte communities of Zea plants by growing extreme maize genotypes, 

ancestral and modern, side by side in two extreme soils of the Americas: a wild 

Mexican soil associated with ancestral maize (teosinte) and a Canadian soil 

associated with industrial maize agriculture. 
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Chapter 2: Plant and Endophyte Relationships: 

Nutrient Management (a literature review) 
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2.1: Abstract  

 Endophytes are fungi and bacteria that live inside plants without causing 

disease. Endophytic associations date back to the first land plants and have 

contributed to their survival and evolution. An endophytic strain can infect 

multiple host genera yet exhibits genotype specificity within a species. Most 

endophytes originate from environmental infection, although a number can be 

transmitted via seed or vegetative propagation.  Here we review how endophytes 

contribute to plant nutrient use efficiency (NUE) and their current and potential 

applications to agriculture. Endophytes can improve plant NUE by several 

mechanisms including formation of extra-root hyphae for nutrient absorption; 

stimulating root growth; altering plant metabolism to promote nitrogen and 

phosphate uptake; nitrogen fixation; and modifying soil directly or altering root 

exudates. Although many endophytic strains have been discovered, commercial 

endophytic inoculants for agriculture are limited to arbuscular mycorrhizae, 

rhizobia and Azospirillium; beneficial Clavicipitaceous fungi are also sold in the 

form of infected grass seed. Wider adoption of endophyte inoculants has been 

prevented by cheap synthetic fertilizers, variable responses by the endophyte 

depending on host genotype and environment, competition from endogenous 

microbes, host genotype specificity, poor establishment and persistence. 

Endophytes do have significant potential to improve agriculture, but this will 

require further discovery of novel endophytes, genetic improvement of both 

endophytes and their hosts, standardized testing and formulation. Novel genes 

and metabolites from endophytes represent an additional largely untapped 

resource for future agricultural biotechnology.  

 

2.2: Plant Nutrient Management and Agricultural Productivity 

 Application of the principles of soil fertility and plant nutrition in 

combination with irrigation, farm mechanization, and genetic improvement of 
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crop plants has allowed farmers to coax greater yields from their plants than 

ever before in what has been termed the Green Revolution. Chemical fertilizer is 

believed by Borlaug and Dowswell (Borlaug et al. 1994) to have been responsible 

for up to 50% of increases in crop yields worldwide during the 20th century. 

There is a strong positive correlation between N and P application from 1960 to 

2000 and global cereal production,  N and P fertilization increasing 7 and 3.5 

times respectively, while cereal production has doubled (Tilman et al. 2002). 

Such increases in agricultural productivity were absolutely necessary to feed an 

exponentially growing world population which quadrupled to 6 billion during the 

20th century. Further increases in agricultural productivity are now needed as 

world population is expected to reach 9 billion by 2050, with N and P use 

expected to increase another threefold unless there are increases in plant 

nutrient use efficiency (Tilman et al. 2002). Required as it may be, further 

growth in productivity presents a problem for agriculture for multiple reasons: 

most of the world’s best farmland is already under cultivation; the remaining land 

is being eroded or marginal; there are concerns about climate change; water in 

some regions is being scare; yield potential from Green Revolution technologies 

has either stagnated or been reached in many regions of the world; and nutrient 

pollution from agricultural practices has reached unacceptable levels. Nutrient 

pollution from fertilizer comes mainly from run-off on farms that is the result of 

overfertilization and poor uptake by plants: only 30–50% of applied N and about 

45% of P is taken up by crops (Tilman et al. 2002). Work to improve nutrient use 

efficiency (NUE) has included development of precision fertilization techniques, 

alternate land management, the breeding of more efficient crop plants, and 

research into microbial nutrient cycling. This review will discuss the role that 

bacteria and fungi residing within crop plants may play in improving NUE and 

help address humanity’s need to sustainably increase agricultural production.  

Because of the crucial role microbes appear to have played in land plant 

evolution, improved understanding of their function and potential will allow 

http://www.informaworld.com/smpp/section?content=a725716555&fulltext=713240928
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development of biotechnologies to increase nutrient-use efficiency in modern 

plant agriculture. 

 The term “endophyte” was coined by Heinrich Anton de Bary in 1866 and 

is derived from the Greek words endon (within) and phyte (plant) (Bacon et al. 

2000). The term usually refers to non-pathogenic bacteria and fungi found in 

plant tissue, but sometimes is also used to refer to mycorrhizal fungi found in 

plant roots (Tadych et al. 2009). The first endophytes may have already been 

present in early algae colonizing intertidal zones, or may have begun to colonize 

plants 500-700 million years ago when molecular studies estimate the first plants 

came on land (Heckman et al. 2001). These early plants were subject to 

conditions of strong solar radiation, temperature fluctuations, dehydration, and 

poor mineral nutrition, but they found well-adapted photosynthetic prokaryotes, 

fungi, and possibly lichens already growing in this new environment. Ancient 

fungi and bacteria would have found the internal spaces of these large, 

multicellular phototrophs an attractive habitat providing them nourishment and 

sheltering them from abiotic stress, competition and predation. Beneficial effects 

on the host would likely have evolved later as endophytes increasing host fitness, 

size and survival would have had a richer and more stable environment in which 

to live and reproduce. An example of such an early relationship may be seen in 

the extant, tidal zone-inhabiting brown alga, Ascophyllum nodosum, which 

resists dessication with help from its endophyte, Mycosphaerella ascophylli 

(Selosse et al. 1998). It has also been hypothesized that mycorrhiza evolved 

from established fungal endophytes that developed external hyphae that 

enhanced host fitness through mineral scavenging in exchange for fixed carbon 

(Brundrett 2002). This ancient vesicular arbuscular mycorrhiza-plant symbiosis 

appears to have been very important in early land plant evolution, as the earliest 

convincing fossil evidence of plants from 435 million years ago already show 

extensive colonization by fungal mycorrhiza (Selosse et al. 1998). Mycorrhizal 

associations are found today in over 90% of plant species (Selosse et al. 1998). 
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Plants eventually developed their own dedicated nutrient absorbing organs 

(roots); specialized root systems including extended root hairs are thought to be 

the reason why 10% of plants today are non-mycorrhizal (e.g. Brassicaceae) 

(Selosse et al. 1998).  Interestingly, it is believed that all plants are still host to 

at least one type of endophyte. Root nodule-forming bacteria are the best 

understood prokaryotic endophytes, which fix atmospheric nitrogen into 

ammonia in dedicated symbiosis organs called nodules in exchange for plant 

supplied sugars and micro-aerobic conditions. This is believed to have evolved 59 

million years ago in ancestral legumes which may have co-opted genes involved 

in the mycorrhizal symbiosis to help control bacterial root infections at the site of 

wounding or lateral root emergence (Sprent et al. 2007). Countless endophytes, 

are believed to still exist undiscovered or poorly understood in nature, and thus 

pose a huge potential source of novel mechanisms and genetics which may be 

co-opted for the improvement of plant agricultural practices. The rest of this 

review will be concerned with known mechanisms that endophytes use to 

improve plant NUE and potential avenues of future research. As N and P are the 

most limiting nutrients for plant growth, we will focus on endophytic mechanisms 

that increase their procurement. Where possible, the review will highlight 

instances of successful application of endophytes for improved plant nutrient 

management in agriculture.  

 

2.3: Endophyte nutrient uptake  

 Early land plants had to evolve the ability to absorb mineral nutrients from 

soil in contrast to aquatic plants which absorb nutrients by diffusion from water. 

Early bryophyte-like plants (e.g. mosses) did not have true root systems, and 

thus it is possible that ancient mycorrhizal hyphae served this function in early 

land plant evolution (Brundrett 2002). The ancient fungal partner was almost 

certainly in the phylum Glomeromycota as the AM partner in 90% of modern 
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land plants are Glomus species. There are 200 species of this fungus today with 

features that include obligate biotrophy, propagation via soil spores and inability 

to be cultured independently of compatible host roots. The angiosperm species 

involved in these symbioses range from trees to domesticated grasses to 

parasitic, non-photosynthesizing plants. In exchange for up to 20% of the plant’s 

carbon, AM are able to increase the plant’s supply of P, N, Zn, Cu, Ni, S, Mn, B, 

Fe, Ca, and K (Clark et al. 2000), primarily by exploring the soil volume more 

efficiently than roots because hyphae grow faster, are thinner, and branch more 

extensively. AM associations can increase the nutrient absorptive area up to 100 

times relative to root length, with external mycelia weighing as much as 3% of 

the total root (Hetrick 1991).  This is especially valuable for scavenging immobile 

minerals such as P and Zn, considered the most important macro and micro 

nutrients provided to plants by AM fungi.  

 Plant species vary in their dependence on AM fungi for assistance in 

nutrient acquisition and also vary in the extent to which their growth visibly 

responds to AM colonization in soils (Lambers et al. 2008). For example, uptake 

of P per root length was 4-fold (Nurlaeny et al. 1996) higher in maize compared 

to non-AM plants when grown in two tropical soils at different soil pH, whereas 

under similar conditions soybean had nearly a 3-fold increase in P uptake 

compared to non-AM plants. In a different experiment, Linum usitatissimum 

(flax) inoculated with either Gigaspora rosea or Glomus intraradices AM 

accumulated greater biomass and took up more P, while Solanum lycopersicum 

(tomato) showed a decrease in biomass and lower P uptake (Smith et al. 2003).   

 AM are relatively unimportant for increasing N uptake of plant, as most 

nitrogen in soils is found as diffusible water soluble nitrate which is easy for 

plants to absorb through roots, and which AM appear unable to transfer to the 

plant (Yoko et al. 2005). On the other hand, ammonium is the most common 

form of synthetic nitrogen fertilizer, is the breakdown product of organic 
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decomposition, is fairly immobile in soils, and has been shown to be readily 

absorbed and translocated to maize through AM association (Yoko et al. 2005). 

There is evidence that AM form below ground hyphal networks connecting 

neighbouring roots (He et al. 2003), allowing the transfer of N from plant to 

plant, but how this affects plant communities in agricultural settings is not well 

understood. Although AM are generally thought to have no saprophytic abilities, 

it has been shown that at least some species of AM are able to enhance 

decomposition of organics and transfer liberated ammonium to their plant host 

(Hodge et al. 2001). 

 The ability of AM to improve NUE in production agriculture seems to be 

dependent on a number of factors. When grown in soils with abundant P and Zn, 

AM appear to be unimportant or even detrimental to plant growth as they 

become drains on plant carbon without benefits to the plant (Ryan et al. 2002). 

This might predict that a crop variety adapted to high soil nutrients would be less 

responsive to AM than a variety adapted to low soil nutrients. However, in a test 

of AM colonization on European maize (high fertilizer input) and African maize 

(low fertilizer input) it was shown that although the African variety grew better at 

low P, it was almost insensitive to AM infection (Wright et al. 2005), while it 

greatly benefited the European variety. Indeed, there appears to be tremendous 

variation within modern varieties of a crop species with respect to the impact of 

AM (Sawers et al. 2008); the beneficial effects of AM are likely inversely 

correlated with the root branching and ability to absorb P from soil itself. Due to 

this variation, experiments should be conducted to validate how a particular 

variety will respond to AM colonization under field conditions. As improved 

varieties of crops have been bred to respond to high fertilization levels and resist 

fungal pathogens, the genetic potential of AM to improve high production 

agriculture may be limited (Ryan et al. 2002) and would require targeting by 

breeding programs to grow under low inputs and increased AM response (Rengel 

2002). 
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 As early as 50 million years ago three other major types of mycorrhizal 

relationships developed in addition to AM, again increasing host nutrient 

absorption area, but also allowing access to different organic sources of N and P 

that septate fungi can digest and absorb.  Ectomycorrhizal plants, including many 

tree and shrub species (e.g. pine trees) associate with 6000 different species of 

septate basidiomycetes, ascomycetes, and zygomycetes. Secondly, orchids 

associate with basidiomycete mycorrhiza and interestingly, can parasitize the 

fungus as a carbon source. Finally, ericoid plants (e.g. tea) associate with 

ascomycete mycorrhiza. These three types of mycorrhizae are able to digest 

organic compounds by secreting extracellular enzymes including carboxylases 

and phosphatases to attack and liberate N and P from dead plant cells and other 

soil organisms (Lambers et al. 2008). Carboxylases have also been shown to 

associate with Al in the soil to form acidic complexes that weather calcium-rich 

rock, thereby releasing Ca that is taken up by the mycorrhiza (Lambers et al. 

2008). Although these microbes are important in enhancing nutrient uptake by 

some plants, they will not be considered further in this review due to their non-

endophytic origin.  

 Besides mycorrhiza, fungal endophytes are classified as belonging to the 

Clavicipitaceae family (class 1) or as nonclavicipitaceous (class 2, 3, 4) 

(Rodriguez et al. 2009). Clavicipitaceae are a large fungal group consisting of 

obligate biotrophs and necrotrophs that colonize plants, insects and other fungi. 

However, they do not have a mycorrhizal habit. Class 4 endophytes, also known 

as dark septate endophytes (DSE), are fungi that intra- and intercellularly 

colonize roots with dark, melanised hyphae that have been shown in one study 

to exit the root and explore soil to aid in plant mineral nutrition, specifically P 

(Mandyam et al. 2005). DSE have been reported in over 600 different plant 

species and are found worldwide, often coexisting with mycorrhizal fungi, 

although there are numerous non-mycorrhizal plant roots which have been found 

to contain DSE. DSE may improve phosphorous supply to the host and appear to 
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replace AM and ectomycorrhizal fungi at sites with extreme environmental 

conditions (Mandyam et al. 2005). While some DSE are able to secrete 

phytohormones which elicit plant growth responses, it is likely that their newly 

discovered mycorrhizal habit, combined with their saprophytic capabilities, are 

the main mechanism of DSE-enhanced nutrient uptake. Although not all plants 

harbouring DSE are observed to have enhanced NUE, there are several studies 

showing DSE are able to improve nutrient levels in plants.  For example, DSE 

isolated from roots of a Carex species (sedge) were used to re-innoculate DSE-

free plants of that same species and resulted in increased biomass and P content 

(Haselwandter et al. 1982). Inoculation of Pinus contorta with the DSE 

Phialocephala fortinii resulted in increased levels of leaf P, enhanced N uptake 

from soil, and higher plant biomass (Jumpponen et al. 1998). Inoculation of 

Phialophora graminicola onto the grass Vulpia ciliate likewise was observed to 

increase plant biomass and elevate levels of N and P (Newsham 1999). 

Approximately 99% of soil P is tied up in organic sources, and DSE may be able 

to mineralize it for uptake and use by plants, but their ability to do this has not 

yet been explicitly demonstrated. DSE have however been shown to secrete a 

number of degrading enzymes which may allow these fungi to access organic 

pools of nutrients for plant hosts. Among these enzymes are cellulases, laccases, 

amylases, lipases, pectinases, xylanases, proteolytic enzymes, tyrosinases, and 

polyphenol oxidases (Mandyam et al. 2005). Enzymatic solubilisation of insoluble 

P may explain how Aspergillus ustus was also able to increase plant biomass and 

raise the P content of its host, Arctostaphylos canescens (fourwing saltbrush), 

grown on rock- and tri-calcium phosphate sources which are insoluble in soil and 

unavailable to plant roots for uptake (Mandyam et al. 2005). 
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2.4: Enhancing Root Growth  

 A key mechanism underlying endophytic improvement of NUE is 

modulation of root growth. There are two key root system traits which can 

increase NUE if they are enhanced: root branching and root hair production, the 

latter which can account for up to 70% of total root length. Though root 

development is genetically programmed, many endophytes are able to modulate 

root size and structure (Schulz 2006). Specifically, plant growth promoting 

rhizobacteria (PGPR) and endophytes including Gluconacetobacter, Azospirillum, 

Azotobacter, Bacillus, Burkholderia, Herbaspirillum and Pseudomonas species, 

have been observed to improve plant growth through stimulation of root 

development (Dobbelaere et al. 2007). Class 1 fungal endophytes like 

Neotyphodium coenophialum stimulate the development of extensive root 

systems and longer root hairs, resulting in more efficient absorption of soil P 

(Malinowski et al. 2000). There are also several examples of class 2 and 4 

endophytes stimulating plant root development, while the hyper-diverse class 3 

group usually exists within plant tissues without affecting plant growth 

(Rodriguez et al. 2009). In addition to scavenging for nutrients, AM are able to 

increase lateral root formation through as yet unknown diffusible signals (Berta 

et al. 2002). There are different mechanisms by which endophytes modify root 

development, but most appear to produce or block plant hormones including 

auxin, ethylene, cytokinin and gibberellin.  

 By far the most common mechanism that endophytes use to stimulate 

root growth is through secretion of auxin within the plant (Spaepen et al. 2007). 

Indole-3-acetic acid (IAA) is the most common plant auxin and can affect almost 

every aspect of plant development including cell enlargement and division, tissue 

differentiation, and responses to light and gravity. IAA is known to stimulate the 

elongation of primary roots when applied at low concentrations, but at higher 

concentrations induces ethylene production and inhibits primary root elongation 
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to reduce root depth, but simultaneously induces initiation of lateral and 

adventitious roots and root hairs, which serve to increase root surface area. 

These phenomena are illustrated in auxin resistant Arabidopsis mutants axr1 and 

axr2 which produce fewer lateral roots than the wild type, while in Arabidopsis 

auxin over-producing mutants, rooty and superroot, there is a dramatic increase 

in the formation of lateral roots and root hairs (Boerjan et al. 1995; Taiz et al. 

1998).  Microbial biosynthesis of auxin was initially discovered in Agrobacterium 

where it plays a role in gall formation and pathogenesis, but since then many 

non-pathogenic bacteria and fungi have been shown to synthesize auxin using 

up to six different genetic pathways (Spaepen et al. 2007).  

 Endophytes producing IAA are often found to promote root growth in an 

auxin dependant manner, although exact results on host roots depends on the 

amount of auxin produced, the presence of other interacting hormones, and 

plant sensitivity to IAA. For example, Pseudomonas putida GR12-2 is able to 

stimulate up to 50% greater root elongation and adventitious root formation in 

mung bean, but this trait was reduced in ipdc insertion mutants deficient in auxin 

production (Patten et al. 2002). The broad host range bacterial endophyte, 

Burkholderia phytofirmans PsNJ, can greatly stimulate root and shoot 

development in Arabidopsis, but plant auxin insensitive mutants showed no 

growth response to inoculation with the strain (Gonzalez et al. 2009). In a study 

of root promoting endophytic bacteria from Solanum nigrum and Nicotiana 

attenuate in Germany, most positive isolates were found to produce IAA (Long et 

al. 2008), but high levels of IAA production by certain strains, or external 

supplementation, resulted in root inhibition. In poplar cuttings, root initiation, 

branching, and biomass were increased after inoculation with poplar endophytes, 

Enterobacter spp. strain 638, Pseudomonas putida W619, and Serratia 

proteamaculans 568, all of which were found to secrete IAA in vitro, albeit at 

different levels (Taghavi et al. 2009). An endophytic yeast that colonizes maize 

roots, Williopsis saturnus, was shown to produce large amounts of IAA as well as 
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another auxin, indole-3-pyruvic acid (IPYA), stimulating both shoot biomass and 

root elongation in inoculated corn plants (Nassar et al. 2005).  Another fungal 

endophyte, Piriformospora indica, isolated from a low nutrient desert soil in 

Rajasthan, India, has been shown to stimulate growth of a wide range of hosts, 

including Arabidopsis, Zea mays, Nicotiana tabacum, Populus tremula, Oryza 

sativa, Glycine max, and even several species of terrestrial orchids (Schäfer et al. 

2009). P. indica colonized roots have higher biomass and are highly branched, 

resulting in plants with increased yield and nutrient use efficiency -- effects 

which were attributed to its ability to produce IAA (Sirrenberg et al. 2007), 

though the fungus has also been shown to inactivate (conjugate) auxin at high 

concentrations (Vadassery et al. 2008).  Infection by tall fescue with 

Neotyphodium coenophialum in P-deficient soils resulted in roots with a smaller 

diameter (11 %) and increased root hair length (17 %) when compared to 

uninfected plants, which the authors believe is explained by its production of IAA 

(Malinowski et al. 1999). This is echoed in the results of field trials with the 

auxin- and gibberellin-secreting endophyte inoculant, Rhizobium leguminosarum 

bv. trifolii E11, which was able to significantly increased rice grain yield, 

agronomic fertilizer N-use efficiency and harvest index in certain varieties due to 

root system optimization (Yanni et al. 2001).  

 Another important mechanism of endophyte-dependent root growth 

promotion is through the reduction of the volatile plant hormone, ethylene. 

Ethylene that is synthesized by plants upon exposure to abiotic or biotic 

environmental stress is called stress ethylene and is thought to initiate many 

plant stress symptoms including senescence, chlorosis and organ abscission 

which reduce plant productivity and survival (Glick et al. 2007a). Ethylene affects 

roots by inhibiting elongation, promoting lateral root growth and stimulating root 

hair formation (Bernard 2005). In this way, ethylene in roots antagonizes auxin 

function and reduces root surface area available for nutrient absorption. For 

example, the endophytic fungus Sebacina vermifera promotes root and shoot 
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growth in Nicotiana attenuate by inhibiting plant ethylene signalling via an 

unknown mechanism (Barazani et al. 2007). Rhizosphere-inhabiting bacteria can 

also affect plant ethylene by secreting 1-aminocyclopropane-1-carboxylate 

deaminase (ACC deaminase) which breaks down the ethylene precursor ACC into 

α-ketobutyrate and ammonia, the latter which is then used as a reduced nitrogen 

source by these soil-inhabiting microbes (Bernard 2005).  

 Endophytic examples of ACC deaminase have only recently begun to be 

found but it appears to be an important mechanism in plant growth promotion 

similar to rhizosphere bacteria. Burkholderia phytofirmans PsJN is a strongly 

growth promoting endophytic bacteria, first isolated from pathogen infected 

onion (Sessitsch et al. 2005). When the ACC deaminase gene in B. phytofirmans 

was mutated, the microbe’s ability to promote the elongation of the roots of 

canola seedlings was reduced (Sun et al. 2009). Similarly, isolation of root 

endophytes from Solanum nigrum (black nightshade) in Germany, showed most 

strains were able to produce IAA and ACC deaminase, increasing root length and 

reducing seedling emission of ethylene (Long et al. 2008). These same isolates 

show the importance of host species, as they were not able to promote root 

growth in Nicotiana attenuate. Many other examples exist of endophytic bacteria 

possessing ACC deaminase, but their effects of root growth have not been 

demonstrated. For example, in an experiment with potatoes, all shoot endophyte 

communities in several different potato genotypes contained a high proportion of 

ACC deaminase-producing endophytes such as Klebsiella spp., Pseudomonas 

fluorescens, Pantoea spp., and Erwinia persicina (Rasche et al. 2006a). ACC 

deaminase activity appears to be a widespread trait amongst rhizobia, as a 

survey of 233 strains from Saskatchewan, Canada, yielded 27 possessing this 

gene, mostly Rhizobium leguminosarum (Duan et al. 2009). Whether rhizobia 

possessing this enzyme are able to stimuli root growth directly has not been 

shown, but Rhizobium expressing ACC deaminase are more effective at forming 

root nodules on legumes. Rhizobium leguminosarum bv. viciae contains one copy 
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of ACC deaminase which when mutated reduces its ability to nodulate Pisum 

sativum L. cv. Sparkle (pea) (Ma et al. 2003). This ACC deaminase gene from 

Rhizobium leguminosarum bv. viciae was introduced into Sinorhizobium meliloti, 

which does not produce this enzyme, where it showed 35 to 40% greater 

efficiency in nodulating Medicago sativa (alfalfa) (Ma et al. 2004).  

 Plants growing in stress-inducing substrate, including water-logged or 

polluted soils, have been shown to be inhibited in root growth due to stress 

ethylene (Glick et al. 2007a). In some of these environments, ACC deaminase-

containing endophytes have been shown to prevent plant growth inhibition. Root 

flooding can induce production of large amounts of ethylene in stressed roots, 

and here it has been shown that tomato plants treated with the rhizobacteria, 

Enterobacter cloacae UW4, E. cloacae CAL2, and Pseudomonas putida 

ATCC17399/pRKACC, all were substantially more tolerant to nine days of flooding 

than untreated plants (Grichko et al. 2001a).  Tomatoes transformed with a 

constitutively expressed bacterial ACC deaminase gene were also more tolerant 

to flooding stress, than untransformed plants (Grichko et al. 2001b). Soil 

contaminated with heavy metals can also cause significant plant stress leading to 

overproduction of ethylene; a condition which can be ameliorated by ACC 

deaminase expressing bacteria. For example, root growth promoting endophytes 

were isolated from Brassica napus roots growing in lead-contaminated soil, 

including Pseudomonas fluorescens G10 and Microbacterium spp. G16 (Sheng et 

al. 2008). These strains could both enhance plant lead tolerance and produce 

ACC deaminase. A similar study of the halophyte plant Prosopis strombulifera 

growing under high salt conditions yielded 6 of 29 strains bearing ACC 

deaminase activity (Sgroy et al. 2009). Though ACC deaminase-expressing 

endophytes are very important when roots are producing high levels of ethylene, 

they may not confer much benefit to plants growing under ideal conditions 

(Bernard 2005). 
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 Other microbially produced phytohormones, including cytokinins and 

gibberellins (GA), can alter growth but have not been widely reported as root 

specific growth promoting mechanisms by endophytes (Tanimoto 2005). GA is 

involved in seed germination, seedling emergence, stem and leaf growth, floral 

induction, flower and fruit growth, and most importantly, promotion of root 

growth and root hair abundance (Bottini et al. 2004). Though subsequently 

discovered in plants and bacteria, GA was first discovered in culture filtrates of 

the fungal pathogen Fusarium moniliforme which causes rice shoots to elongate 

and lodge (Bottini et al. 2004). Two endophytic Fusarium spp. isolated from the 

medicinal plant, Euphorbia pekinensis, were able to enhance root development of 

this plant via external secretion of GA and auxin (Dai et al. 2010). Likewise, it 

has been found that indigenous Rhizobium leguminosarum bv. trifoli promotes 

root and shoot growth by producing auxin and GA, improving seedling vigor and 

increasing grain yield in rice grown in the Egyptian Nile delta (Yanni et al. 2001). 

Another example of root enhancement through GA comes from two growth 

promoting strains of Bacillus, B. pumilus and B. licheniformis, which were 

isolated from the rhizosphere of alder (Alnus glutinosa L. Gaertn) and shown to 

stimulate root growth and plant yield through production of GA (Gutiérrez-

Mañero et al. 2001). Increased root biomass of maize seedlings coincided with 

elevated levels of GA3 (as measured by capillary gas chromatography) inoculated 

with different strains of endophytic Azospirillum brazilensis and A. lipoferum 

(Lucangeli et al. 1997). This result was repeated in maize and soybean seedlings 

using strains of GA-secreting Azospirillum brasilense Az39 and Brayrhizobium 

japonicum E109, although the authors note that root biomass increased without 

increases in root elongation or branching (Cassán et al. 2009). Many types of 

nodule-forming Rhizobium  have been shown to produce IAA, cytokinin, and GA, 

as well as ethylene and abscissic acid, but the exact purpose of these substances 

in their exudates, and the importance of their ratios, are not yet well understood 

(Boiero et al. 2007).  
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 Cytokinins are known to stimulate cell division, trigger cell expansion, 

promote stomatal opening, stimulate shoot growth and decrease root growth. It 

has been reported as an exudate of many bacteria, but its importance as a 

mechanism of plant growth promotion by bacteria has only been demonstrated 

in a few examples (García de Salamone et al. 2001). In rhizobial strains, 

cytokinins have been shown to be important in nodule formation (Frugier et al. 

2008). One study of a Bacillus megaterium strain that promoted growth of 

Arabidopsis thaliana and Phaseolus vulgaris seedlings showed that plant 

cytokinin receptor mutants were defective in the root growth promotion response 

(Ortíz-Castro et al. 2008b). Arabidopsis growth promotion assays after 

inoculation with the endophytic fungus Piriformospora indica (noted above) 

suggest that cytokinin secretion, possibly in addition to auxin secretion, is 

responsible for its root growth promotion abilities in plants (Vadassery et al. 

2008).  

 A few non-hormone metabolites secreted by microbes appear to modify 

root architecture as well. Under low oxygen conditions, rhizobacteria emitting the 

volatile glucose metabolites, acetoin and 2,3 butanediol, have been shown to 

stimulate Arabidopsis root growth (Ryu et al. 2003), and this mechanism seems 

to act through ethylene and cytokinin pathways as indicated by mutant studies 

using Arabidopsis mutants ein2 and cre1, respectively (Ping et al. 2004).  On the 

other hand, microarray analysis of the effects of acetoin and 2,3 butanediol on 

Arabidopsis plants suggests these volatiles involve a wide range of mechanisms 

including cell wall modifications, primary and secondary metabolism, stress 

responses, and hormone regulation (Zhang et al. 2007). One of these responses 

appears to be enhanced basipetal auxin transport, resulting in elevated root 

auxin concentrations responsible for root growth promotion. Although acetoin or 

butanediol production within plant tissues by endophytes may elicit these 

responses, there are still no reports of these mechanisms at work within the 

endophytic niche.  



25 

 

 Another important non-hormone metabolite class important for plant 

growth by microbes are the N-acyl-homoserine lactones (AHLs); bacterial 

population size-dependent signals that have been shown to be important for cell-

to-cell communication in many microbes including endophytes. It was found that 

a range of different AHLs were able to affect Arabidopsis primary root growth, 

increase lateral root formation and stimulate root hair development, in a manner 

similar to that observed for auxin, but in an auxin-independent manner (Ortíz-

Castro et al. 2008a). Because only purified AHLs were used in the above study, 

we can only speculate that endophytes producing AHLs may similarly affect root 

development. 

 AM fungi are known to stimulate root branching, possibly as a way to 

increase colonisable root area, and are thought to do so by secreting a diffusible 

‘myc factor’ which has yet to be identified (Oláh et al. 2005). This factor was 

discovered by growing Gigaspora margarita and Gigaspora intraradices together 

with Medicago truculata, but separated from physical contact with roots by 

cellophane membranes. The ‘myc factor’ was able to stimulate plant nodulation 

genes as well as significant lateral root formation, without inhibiting primary root 

elongation as would be expected in response to an increase in auxin (Kosuta et 

al. 2003). Root morphology changes (Berta et al. 2002) triggered by AM 

colonization  can correlate to changes in levels of plant auxin (Ludwig-Müller et 

al. 2007), abscissic acid (Herrera Medina et al. 2007) and jasmonic acid (Tejeda-

Sartorius et al. 2008) but how these changes are triggered is still not known. 

 A final non-hormone metabolite important for plant growth promotion by 

bacteria is the antibiotic 2,4-diacetylphloroglucinol (DAPG) which is produced by 

Pseudomonas fluorescens isolates containing the phlD gene (Brazelton et al. 

2008). DAPG has been shown to inhibit primary root growth, while stimulating 

lateral root production in tomato seedlings through alteration of auxin signalling 

(Brazelton et al. 2008). Treatment of corn seed in acidic soil with DAPG 
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producing Pseudomonads results in enhanced vigour and increased absorption of 

P and Mg while reducing Al accumulation (Raudales et al. 2009).  

 Other endophyte-encoded root growth enhancing mechanisms 

undoubtedly exist but have yet to be identified or fully understood. For example, 

by using auxin and ethylene Arabidopsis mutants, it has been shown that root 

growth promotion of Arabidopsis thaliana by a strain of Bacillus megaterium is 

accomplished by a hormone independent pathway (López-Bucio et al. 2007).  

Although there is some evidence that growth promotion induced by B. 

phytofirmans is auxin mediated, nadC mutants defective in quinolinate 

phosphoribosyltransferase (QAPRTase), an enzyme of the pyridine nucleotide 

pathway, lose their growth promotion ability and this may point to another set of 

unknown molecules involved in root growth stimulation (Wang et al. 2006).   

 

2.5: Nitrogen Fixation 

 Even though 78% of the Earth's atmosphere is made up of nitrogen in the 

form of N2, nitrogen is generally the most limiting soil nutrient for plant growth 

and cannot be converted into biologically accessible forms except by a few 

groups of prokaryotes, including eubacteria, cyanobacteria and actinomycetes. 

These microbes (diazotropohs) use fixed carbon from plants to drive the energy-

intensive, oxygen-sensitive process of breaking the N2 triple bond, creating 

ammonia (biological nitrogen fixation, BNF). Because of the requirement for fixed 

carbon, it is not surprising to find elevated numbers of diazotrophic bacteria in 

carbon-rich plant rhizospheres. In the rhizosphere, ammonia can be oxidized by 

soil microbes into nitrates and assimilated into amino acids, but it can also be 

leached or reduced back into nitrogen gas and lost. Thus a closer physical 

interaction between plant and diazotroph would likely benefit the host by 

capturing more of the fixed nitrogen. Endophytic nitrogen fixation is a well 

known phenomenon in plants that form nodules which are basically specialized 
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microbial fermentation organs on roots or stems. These structures are the result 

of an infection and signalling process between endophyte and plant, which 

results in increased nitrogen to the plant by creating a low oxygen/high sugar 

environment to permit N-fixation (Lambers et al. 2008). This association is found 

in four related orders within the Eurosid angiosperms, which includes thousands 

of plant species, and is believed to have evolved once (and been lost in many 

groups since then) about 59 million years ago during a time of elevated 

atmospheric CO2 (Sprent et al. 2007). Interestingly, it has been shown that there 

are several genes shared between mycorrhizal and root nodule associations, 

including receptors, suggesting this evolutionary event co-opted the mechanisms 

responsible for the ancestral mycorhizal-root association to establish the first 

nodules (Sprent et al. 2007).  

 Depending on host plant, nodules are infected with gram positive 

(actinorhizal) or gram negative (rhizobial) bacteria, but nodule formation and 

function involve a similar set of plant-microbe signals coded for by genes that 

appear to have been transferred horizontally between many different 

proteobacterial strains (Pedrosa et al. 2002).  Next to graminaceous grasses like 

maize, legumes are the largest and most agronomically important group of 

plants, largely due to the ability of 88% of the 19,000 species described to form 

nitrogen fixing nodules making them largely nitrogen independent in agricultural 

settings (Graham et al. 2003). Soybeans are the world’s most grown legume and 

can be nodulated by Bradyrhizobium japonicum, B. elkanii and B. liaoningense, 

Mesorhizobium tianshanense, Sinorhizobium fredii and S. xinjiangense, with 

different growth rates and N fixing capacity; worldwide average N fixation in 

soybeans by these microbes is estimated at 142 kg N/ha (Ruiz Sainz et al. 2005). 

Legume nitrogen fixation has been reviewed extensively (Peoples et al. 2009) so 

the focus here will be on the lesser known associative BNF by non-nodule 

forming endophytes.  
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 There is fossil evidence suggesting that the earliest endophytic nitrogen 

fixing associations began 400 million years ago between a filamentous, stomatal 

colonizing cyanobacteria and an early plant (Krings et al. 2009). As it is believed 

that endophytes exist within every plant species, the potential for endophytic 

BNF may be underexploited; almost all cultivated crops except for legumes 

require large inputs of synthetic N. In the case of the world’s three most 

important cereals, wheat (Triticum aestivum), rice (Oryza sativa) and maize (Zea 

mays), they require 20-40 kg N ha-1 to be taken up for each tonne of grain 

produced (Peoples et al. 1995). It has been said by some that creating nitrogen 

fixing cereals is the “Holy Grail” of agricultural research, and there have been 

serious attempts to make progress towards that goal; one example is the New 

Frontier Project (1994) of the International Rice Research Institute (IRRI) to 

coordinate worldwide research into rice–bacteria associations for increasing the 

BNF and N use efficiency of rice. Much of this related research has been focused 

on transferring nodule formation to cereals with very limited success; more 

promising, the nodulating bacteria can exist endophytically in non-legume plants 

where they may fix nitrogen (Triplett 2007). For example, Rhizobium etli, which 

normally forms nitrogen-fixing nodules on Phaseolus vulgaris (common bean), 

has been found to be an effective endophytic colonizer of maize plants 

(Rosenblueth et al. 2004), where it has been shown to increase the dry weight of 

some Mexican landraces possibly (Gutierrez-Zamora et al. 2001). Wheat has also 

been shown to benefit from inoculation with Rhizobium leguminosarum, and 15N 

tracer techniques show that under low nitrogen fertilization (50 kg N/ha), 

inoculated plants were able to fix 29% of the nitrogen they accumulated in 

shoots, whereas uninoculated plants fixed none (Horst et al. 2002).  In addition 

to Rhizobium, it is interesting to realize that cereals have been found to contain 

many other diazotrophic endophytes as well: these include Azospirillum, 

Azotobacter, Brevundimonas, Herbaspirrilum, Ideonella, Klebsiella, Methylosinus, 

Pantoea, Pseudomonas, Raoultella, and Rhanella, in maize (Roesch et al. 2008), 
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and Azospirillum Brevundimonas, Enterobacter, Herbaspirillum, Ideonella, 

Pantoea, Pseudomonas, and Rheinheimera, in rice (Mano et al. 2008). Indirect 

studies have estimated a contribution by endophytic bacteria to plant BNF as a 

percentage of total plant N, as being up to 33% in maize (Montañez et al. 2009), 

up to 21% in some Asian rice varieties (Shrestha et al. 1996), and up to 49% in 

wheat inoculated with maize endophyte Klebsiella pneumoniae 342 (Iniguez et 

al. 2004). These estimates do show that endophtyic N-fixation can occur in these 

cereals in the absence of nodules. However, the surprisingly large percentages 

may reflect technical challenges in making such assessments: these studies 

involved radiolabelling of nitrogen fertilizer, subsequently quantifying the 

radiolabel in the plant as a percentage of the total nitrogen, and then 

extrapolating the non-radiolabeled portion as coming from N2-derived BNF. 

Furthermore, studies which show high endophyte BNF are typically conducted in 

pots with considerable inoculum, whereas in the field, endophyte BNF is typically 

considerably less (Iniguez et al. 2004). Many experiments fail to use nitrogen 

fixation mutants (nif--) as a controls to verify BNF. nif- mutants in the K. 

pneumoniae 342 wheat failed to cause plant growth promotion, demonstrating 

that BNF may be an important process in cereals (Iniguez et al. 2004).   

 There are many other important non-nodule plant-endophyte relationships 

which result in high levels of BNF and may provide agriculture with novel 

diazotrophs. Diazotrophic cyanobacterial endophytes are believed to have been 

much more common in ancient plants, with amazing fossil evidence suggesting 

they colonized plants through stomata and co-existed with mycorhiza as early as 

400 million years ago (Krings et al. 2009). Amongst extant angiosperms, only the 

giant Gunnera (giant rhubarb, dinosaur food) still maintains cyanobacterial 

endophytes which colonize the plant through glands on its stem (Bergman et al. 

1992).  These bacteria invade plant cells where they become intracellular 

symbionts that are oxygen resistant and N fixing, yielding up to 72 kg N/ha/yr as 

estimated for G. arenaria (Bergman 2002).  

http://apsjournals.apsnet.org/doi/abs/10.1094/MPMI.2004.17.10.1078


30 

 

 More promising diaztrophs for agricultural applications are culturable 

nitrogen fixing endosymbionts from angiosperms growing under very low natural 

levels of nitrogen. Dune grasses such as Ammophila arenaria and Elymus mollis 

grow effectively on nitrogen poor sand, and have been shown to enjoy high 

levels of endophytic nitrogen fixation from diazotrophic endophytes including 

Pseudomonas spp., Stenotromonas maltophilia, Enterobacter spp., Pantoea spp., 

Burkholderia spp., Xanthomonas spp., Agrobacterium spp. and Sphingomonas 

spp. (Dalton et al. 2004; Dalton et al. 2006). Cacti can grow without soil on rocky 

cliffs, large rocks, and ancient lava flows in hot desert areas of the Baja 

California Peninsula of Mexico; they have been shown to depend on endophytic 

bacteria for their mineral nutrition including nitrogen fixation (Puente et al. 

2009). Some types of bamboo are also able to grow under low nitrogen 

conditions and may depend on large populations of diazatrophic endophytes for 

nitrogen (Wei et al. 2007). Miscanthus sinensis, a promising second generation 

biofuel crop, is a widespread perennial grass that is often the primary colonist on 

fresh volcanic mudflows possessing very low levels of soil nitrogen; Miscanthus 

has been found to contain a community of nitrogen fixing endophytes dominated 

by Clostridium spp (Miyamoto et al. 2004).  Poplar trees are also colonists of 

disturbed and low nutrient soils, so there is much interest in their ability to gain 

fixed nitrogen from diazatrophic endophtyes including Burkholderia, Rahnella 

spp., Enterobacter spp., Acinetobacter, Herbaspirillum, Stenotrophomonas, 

Sphingomonas, and Pseudomonas spp. (Doty et al. 2009).  

 Amongst endophytic plant-diazotroph relationships, the kallar grass--

Azoarcus spp. strain BH72 interaction and the sugarcane--Gluconacetobacter 

diazotrophicus interaction, have attracted the most attention as well as full 

genome sequencing projects. Kallar grass (Leptochloa fusca L. Kunth) is a 

pioneer plant on salty, alkaline, low nutrient soils in the Punjab of Pakistan 

(Hurek et al. 2003). Azoarcus spp. strain BH72 was isolated as the predominant 

nitrogen fixing endophyte in kallar grass, estimated at 109 bacteria per gram of 
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root dry weight; interestingly these microbes are not found in surrounding soils 

suggesting they are dependent on the kallar grass host for survival and 

propagation. By studying patterns of nifH expression in kallar and wild rice, it has 

also been shown that these microbes exist in different grass hosts, but that the 

majority of the actively fixing population exists in a non-culturable state. This 

activity can be substantial and is estimated to account for up to 34 kg of 

N/ha/year, equivalent to 50% of what is generally applied to traditional rice 

farms.  However, the most effective example of non-nodule based endophytic 

nitrogen fixation occurs in sugarcane, at a rate of 150 kg of N ha/year (or about 

60% of its total N) as estimated by N15 isotope and N balance studies (Boddey et 

al. 1995). Sugarcane (Saccharum officinarum) is believed to have originated in 

New Guinea, but since 327 BC has spread throughout the worldwide tropics 

where it is often grown vegetatively in ratoon farming for production of sugar 

(Reis et al. 2007).  It is generally unresponsive to external nitrogen fertilization 

and has been cropped in Brazil for centuries without any significant input of 

nitrogen either in chemical or organic forms. A number of diazotrophic 

endophytes have been isolated from sugarcane, including Burkholderia 

brasilensis, Burkholderia tropicalis, Herbaspirillum rubrisubalbicans and 

Gluconacetobacter diazotrophicus, and these together seem to work together to 

fix the greatest amount of nitrogen in micropropagated sugarcane (Oliveira et al. 

2002). G. diazotrophicus has been found in many different tropical plant species 

including sweet potato, coffee, pineapple, Eleusine coracana grass, tea, mango, 

and finger millet where it is assumed to also play an important role in host BNF 

(Muthukumarasamy et al. 2002).     

 G. diazotrophicus does not survive well in soil and grows optimally at 

conditions of 10% sucrose and at pH 5.5 which are similar to conditions inside 

cane stems. Its nitrogen fixing activity is largely insensitive to nitrate and 

ammonium concentrations at 10% sucrose, suggesting it continues to fix 

nitrogen in stems even while the plant may be taking N up from the soil. Most 



32 

 

interestingly, in vitro growth of G. diazotrophicus with yeast shows that more 

than half the fixed N2 is secreted and usable by the fungus, suggesting that this 

fixed nitrogen would also be bioavailable to a plant host (Cojho et al. 1993). 

Experiments investigating the influence of genotype and soil nutrient influence 

on BNF in sugarcane have confirmed here again that different plant genotypes 

respond variably to diazotrophic endophyte colonization, and that the bacterial 

communities and BNF are reduced in response to N fertilizer application, elevated 

oxygen levels, and lower concentrations of sucrose.  

 

2.6: Other Endophytic Mechanisms Affecting Plant Nutrient Status 

 Some endophytes appear to posses the ability to manipulate host plant 

metabolism to increase nutrient uptake and change nutrient homeostasis.  When 

the AM fungus Glomus intraradices colonizes maize roots, one host response is 

to downregulate its own nitrate reductase, allowing the more efficient fungus to 

reduce all of the N assimilate (Kaldorf et al. 1998). On the other hand, infection 

of tomato roots with Glomus intraradices Sy167 upregulates expression of the 

high affinity nitrate transporter LeNRT2.3 in roots, stimulating greater plant 

uptake of nitrate (Hildebrandt et al. 2002). Broomsedge (Andropogon virginicus 

L.) grass infected by two AM fungi and growing in low P sand has higher 

phosphorus use efficiency at low Pi concentrations and maintains constant levels 

of tissue P not only by enhancing P uptake, but also by altering plant patterns of 

P allocation and use (Ning et al. 2001). How mycorrhiza induce these changes in 

plant nutrient homeostasis is not known. The fungal endophyte Piriformospora 

indica can colonize the interior of a number of different plant species roots, 

where it promotes plant growth. In Arabidopsis and tobacco roots, P. indica 

stimulates N uptake/ nitrate reduction/accumulation by activating a host 

transcription factor which upregulates P. indica-responsive nitrate reductase and 

the starch-degrading enzyme glucan-water dikinase (SEX1) (Sherameti et al. 
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2005). Tall fescue (Festuca arundinacea) grown with the fungal endophyte 

Neotyphodium coenophialum is able to take up greater amounts of soil nitrate 

and accumulate more amino acids in its shoot, especially arginine in leaves 

(Lyons et al. 1990). Faced with competition for N between the plant and its 

endophyte, it appears that the plant increases its own sink demand for N by 

upregulating the shoot glutamine synthetase activity (by 32%). Similarly, tall 

fescue (Festuca arundinacea Schreb.) plants infected with the fungal endophyte 

Neotyphodium coenophialum (Morgan-Jones and Gams) experience elevated 

plant growth and increased tissue P content, suggesting that N. coenophialum is 

an additional P sink and stimulates the plant to increase its P uptake (Malinowski 

et al. 1998). In poplar infected with a nitrogen-fixing endophytic Paenibacillus 

strain, the plant’s metabolic signature was altered, increasing asparagine and 

urea levels while reducing TCA sugars and organic acids (Scherling et al. 2009). 

Opposite to the above strategies, reduced levels of nitrate and amino acids in 

plant tissues have been reported in Lolium perenne infected with Neotyphodium 

lolii (Rasmussen et al. 2008); it is hypothesized that these nutrient reductions 

make the plant less attractive for herbivores.  

 Some of the signals used by endophytes to affect their hosts are starting 

to be discovered: Epichloë festucae releases reactive oxygen species (ROS) to 

communicate with its grass host Lolium perenne; when ROS levels are altered, 

the relationship switches from mutualistic to antagonistic, resulting in sickness 

and death of the plant (Tanaka et al. 2006). A different elicitor was found in 

culture filtrates of growth promoting microbe Bacillus thuringiensis NEB17, which 

contain a novel bacteriocin protein called thurigen which enhances both soybean 

and corn biomass (Lee et al. 2009). Pseudomonas fluorescens B16 is a growth 

promoting rhizobacteria that produces pyrroloquinoline quinine under low-

nutrient conditions; bacterial mutant studies using a cucumber seedling bioassay 

showed this compound to be responsible for the observed plant growth 

promotion (Choi et al. 2008).  It has long been known that Nod factors secreted 
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by rhizobia are important in nodule formation, but these metabolites are also 

able to affect other changes in the plant such as increased uptake of calcium in 

soybean roots through unknown mechanisms (Supanjani et al. 2006). Treatment 

of seeds of Zea mays (corn), Oryza sativa (rice), Beta vulgaris (sugarbeet), 

Glycine max (soybean), Phaseolus vulgaris (bean) and Gossypium hirsutum 

(cotton), with Nod factor BjV of Bradyrhizobium japonicum 532C resulted in 

enhanced seed germination and early growth under lab and field conditions 

which can allow the developing seedlings optimal access to nutrients in the 

rhizosphere (Prithiviraj et al. 2003). Transgenic rice overexpressing an early 

nodulin gene ortholog, OsENOD93-1, had higher shoot dry biomass, seed yield, 

total amino acids, and total N in roots (Bi et al. 2009). While the function of this 

gene is unknown, given its homology to legume genes involved in nodule 

formation, it is interesting to speculate that non-legume plants may have an 

ancient bacterial-dependent plant growth promotion pathway.  

 Modification of the soil via exudates is an important way that roots may 

increase the availability of nutrients. Plants have been shown to secrete up to 

40% of their fixed carbon through their root systems as amino acids, organic 

acids, sugars, phenolics, mucilage, proteins and an array of additional secondary 

metabolites which may aid in optimizing their rhizospheres chemically and 

microbially (Badri et al. 2009). An example of altered exudates affecting plant 

nutrition was seen by infecting tall fescue (Festuca arundinacea Shreb.) with 

Neotyphodium coenophialum (Morgan-Jones and Gams) fungus which was 

observed to stimulate uptake and transport of greater P, Ca, Zn and Cu in roots 

grown in low P nutrient solution (Malinowski et al. 2000). This effect was specific 

to the plant DN2 genotype and appeared to be related to root growth 

reprogramming and an altered pattern of acid exudation by roots. N. 

coenophialum infection has been shown to increase fescue release of organic 

carbon from its roots, resulting in higher microbial activity and respiration 

stimulated by changes in root secretions (Van Hecke et al. 2005). P-deprived tall 
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fescue infected by this endophyte can also increase root exudation of phenolics 

by 7%, which results in a 375% increase in the rate of soil Fe3+ reduction, a 

necessary step in iron uptake (Fe2+) by plants (Malinowski et al. 1998). Under 

specific conditions, soil C and N pools can also be increased by endophyte 

infection of tall fescue, caused by either a reduction in soil microbial respiration 

(Franzluebbers et al. 2005) and/or a reduction in specific species of carbon-

consuming rhizobacteria (Jenkins et al. 2006). This may be caused by altered 

patterns of root exudation, or it may be caused by a build of up of endophyte-

derived alkaloids in the soil (Franzluebbers et al. 1999). In addition to 

Neotyphodium, AM fungi have also been shown to alter plant exudates into the 

soil, including reducing the levels of total sugars exuded from roots, altering the 

proportions of exuded amino acids, reducing K+ and P leakage, and increasing 

the release of nitrogen, phenolics and gibberellins (Jones et al. 2004). 

 In contrast to Neotyphodium endophytes which modify soils from within 

their plant hosts, AM-like fungi are able to grow out from roots and able to 

modify soil directly. As mentioned previously, at least one species of AM seems 

to be able to enhance the degradation of organic N (Hodge et al. 2001; Leigh et 

al. 2009) but how it does this is not known. Some AM are able to affect the 

behaviour of other soil microbes: Glomus mosseae inoculation on diverse plant 

species resulted in metabolic stimulation of bacterial rhizosphere populations 

including various groups of uncultured bacteria and Paenibacillus species, likely 

through altered exudates patterns into soil (Artursson et al. 2005). AM fungi 

themselves directly release large amounts of glycoprotein called glomalin into the 

soil, which may serve to aggregate soil particles, increase water retention, 

chelate iron, or serve as an energy source for soil microbes (Jones et al. 2004). A 

different study on the effect of mycelial exudates from the AM fungus Glomus 

spp. MUCL 43205, showed it induced increases in soil populations of several 

Gammaproteobacteria, including a group of Enterobacteriaceae although what 

functional changes resulted in the rhizosphere are not clear (Toljander et al. 
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2007). Likewise, the nearly ubiquitous root colonizing fungi known as dark 

septate endophytes, have been shown to produce hyphae that exit the plant root 

and absorb organically bound mineral nutrients. These fungi have been shown to 

secrete cellulases, laccases, amylases, lipases, pectinases, xylanases, proteolytic 

enzymes, tyrosinases, and polyphenol oxidases, but it is not yet known whether 

these enzymes are secreted into the soil to aid in nutrient absorption (Mandyam 

et al. 2005).  

 As a final mechanism, some soil rhizosphere bacteria and fungi that can 

exist as endophytes within roots, are able to mineralize organic or insoluble 

forms of N and P. As it has rarely been shown that endophytes exit the root to 

directly affect the soil, it is not clear how such apparent phosphate solubilisation 

or organic compound degradation could occur. For example, in a study of 

soybean endophytes, it was found that 49% were able to solubilize mineral 

phosphate, as compared to 52% of the leaf epiphytic bacteria, although it was 

not shown whether the endophytes travelled to plant surfaces or soil where 

phosphate solubilisation would be important (Kuklinsky-Sobral et al. 2004). In 

lettuce and maize, seed inoculation with phosphate solubilizing strains of 

Rhizobium leguminosarum bv. phaseoli was shown to increase their P content by 

6% and 8%, respectively, under field conditions, although it was not 

demonstrated that these normally nodule-inhabiting bacteria establish an 

endophytic lifestyle within these plants (Chabot et al. 1996). There are a few 

examples where validated endophytes have been shown to exit the plant to 

improve nutrient bioavailability in the soil. For example, orchid seeds, which are 

small and nutrient-poor for embryo development, possess endophytic 

Rhizoctonia fungi that grow out of the seed and enzymatically degrade the 

surrounding substrate to provide the embryo with nutrients for growth (Stone et 

al. 2000).  Similarly, the cardon cactus (Pachycereus pringlei) can grow on bare 

rock in Northern Mexico with help from its seed transmitted endophytes (mostly 

Bacillus spp., Klebsiella spp., Staphylococcus spp.) which appear to exit the seed 
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to colonize and weather rock, liberating vital minerals for the developing seedling 

(Puente et al. 2009). These cardon cactus-associated bacteria likely solubilize 

inorganic phosphates by releasing organic acids such as gluconic acid or 2-

ketogluconic acid, or may mineralize organic phosphates by secreting 

extracellular phosphatases (Rodríguez et al. 1999).  

 

2.7: Application of Endophytes to Agriculture 

 Applications of endophytes to agriculture have traditionally taken the form 

of soil or seed inoculation. Externally inhabiting endophytes have the ability to 

gain entry to their hosts, from the specialized signalling rhizobia and mycorrhiza 

use to form symbiosomes, to more basic crack entry such as that observed by K. 

pneumoniae 342 at lateral root junctions (Dong et al. 2003). To be effective, 

inoculations should be properly planned and steps should first be taken to assess 

whether there are beneficial endophytes already present in the soil, how the 

microbes of interest might persist and compete, and whether these are able to 

promote improved mineral nutrition of the plant of interest under the expected 

growing conditions. Early attempts at soil inoculation followed this principle, but 

were usually as simple as taking “infected soil” from fields with well nodulated 

legumes to fields where legumes had not been grown before. Commercial 

production and sale of microbial inoculants became possible in 1895, when 

Nobbe and Hiltner were awarded the first patents for the application of pure 

cultures of rhizobia on legumes, and resulted in the first commercial microbial 

inoculant called ‘Nitragin’ in the United States (Pueppke 2005). The United States 

and Brazil have benefited immensely from BNF through inoculation with efficient 

strains of rhizobia in soybean production; these nations are the first and second 

largest soybean producers in the world, with high yields in 2007 (both ~2800 

kg/ha) (FAOSTAT) that remain relatively independent of nitrogen fertilization 

thanks to stable, efficient nodule forming populations of Bradyrhizobium 
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japonicum and B. elkanii. In Brazil, where soybeans are usually grown without N 

inputs, imported inoculants of B. japonicum have evolved in soils to become 

super inoculating strains; one such example is CPAC7 which persists well in soils, 

competes well to form nodules, and re-uptakes hydrogen gas (Hup+), a waste 

product of nitrogen fixation (Ruiz Sainz et al. 2005). In 2007, average soybeans 

yields in China (1450 kg/ha, FAOSTAT) were only 50% of that in Brazil and USA 

despite being the center of origin for soybeans. The poor production of soybeans 

in China may be caused by poor BNF, with 22% of nodules in some areas 

containing ineffective nodules (Ruiz Sainz et al. 2005). Many Chinese soils have 

high native rhizobial microbe counts (in the range of 104 bacteria/g of soil) and 

would not be expected to allow introduced inoculants to take hold. Nevertheless, 

experiments using B. japonicum strains as soil inoculants in different parts of 

China show it is possible to displace native rhizobia in soybean nodules and 

produce yield increases of 6-33% (Ruiz Sainz et al. 2005). Natural inoculation of 

non-host plants by native rhizobia may also play important roles in agriculture, 

as rice grown in rotation with Egyptian clover is naturally colonized by nodule 

forming R. trifolii, reducing N application to one third of the recommended dose 

without decreasing grain yields (Yanni et al. 2001). Rhizobial inoculants for 

legumes are a well established and widely sold agricultural product, and 

formulations such as Novozyme’s TAGTEAM® are taking the known nitrogen 

fixation potential of Rhizobium and combining it with the effects of accessory 

microbes, like the phosphate solubilising soil fungus, Penicillium bilaii. A clear 

direction for the future application of endophytes to inoculants will be this kind of 

microbial synergism; for example, it was shown that mixing Bacillus thuringiensis 

KR1 (isolated from nodules on kudzu vines) with Bradyrhizobium japonicum SB1 

yielded significantly greater nodule number and plant biomass, than inoculation 

with the Bradyrhizobium alone (Mishra et al. 2009). A different approach used by 

EMD Crop Bioscience is to include Nod factors in their Optimize 400® seed 

inoculant, mixing live Bradyrhizobium japonicum endophytes with their patented 

http://www.emdcropbioscience.com/products/product_detail.cfm?PROD_ID=24
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formulation of lipo-chitooligosaccharide, which stimulates early seed germination 

and enhances root branching and development.  

 AM fungi have obviously played an important role in plant nutrition over 

evolutionary time, but several factors limit their usefulness in production 

agriculture: different plant cultivars react differently to AM colonization; high soil 

nutrient levels (especially P) can inhibit AM colonization and functioning; and 

certain agricultural practices such as fungicide treatment and tillage can disrupt 

AM populations in soils (Ryan et al. 2002). Natural populations of AM can be 

found in almost any soil, and have likely evolved to occupy specific habitats over 

millions of years, with some taxa being restricted by factors such as pH and 

temperature, while others appear to have cosmopolitan distribution and 

physiological flexibility. AM form hyphal networks that can function to distribute 

nutrients and carbon between plants, buffering plant communities against 

nutrient stresses that affect individual plants; how this might operate and be 

exploited in agricultural systems is not well understood. Soils that have had their 

native AM disrupted by tillage, chemical application, extended fallow periods, or 

planting with fungicide-exuding plants (such as Brassicaceae), will likely have low 

levels of AM available to colonize crop plants. As AM are obligate biotrophs, 

production of inocula is not possible without plant material, complicating mass 

production of AM inoculants. AM inocula can be as simple as a mixture of soil, 

roots, hyphae, AM spores, and any number of contaminating microbes from pot 

cultures, while newer techniques allow the growth of root cell cultures to support 

the growth of pure AM cultures. There are a number of AM mycorhizal inoculants 

out there such as BuRIZE  (containing Glomus intraradices) made by 

BioScientific, or Bio-organic’s Endomycorrhizal Inoculant containing a blend of 

Glomus aggregatum, G. clarum, G. deserticola, G. intraradices, G. monosporus, 

G. mosseae, Gigaspora margarita and Paraglomus brasilianum. Mycorrhizal 

Applications sells a range of mycorrhizal inoculants in powder, granular, liquid, 

gel or tablet forms, and in blends of AM plus ectomycorrhiza, PGPR, and 

http://www.emdcropbioscience.com/LCOpromoter/index.html
http://www.biosci.com/burize.htm
http://www.bio-organics.com/Mycorrhizae_Products.html
http://www.mycorrhizae.com/index.php?cid=555
http://www.mycorrhizae.com/index.php?cid=555
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trichoderma. The effect of combining the enhanced nutrient absorption 

capabilities of AM with root growth promotion can result in synergistic NUE, 

although endophyte/host/environmental interactions seem to greatly affect the 

outcome of the relationship (Adesemoye et al. 2008). There are studies showing 

co-inoculation of AM and rhizobia can result in higher root biomass, N/P/K 

uptake, higher nodule formation, and greater N fixation in legumes, than 

inoculation with either microbe individually (Chalk et al. 2006), but there do not 

appear to be commercial blends of these microbes yet available.  

 Clavicipitaceous endophytes, especially Epichloë and Neotyphodium 

species, are able to promote the growth and stress resistance of grasses under 

biotic and abiotic stresses, including low soil nutrients (Kuldau et al. 2008). They 

intercellularly colonize shoot portions of plants where they are often seen to help 

in protecting their host from predation through the production of toxic secondary 

metabolites, as well as aiding in abiotic stress resistance through multiple 

mechanisms. The fact that they are naturally transmitted to seeds has provided a 

convenient way for distribution of endophyte-infected plants. A wide range of 

commercially important grass species can be bought as “endophyte enhanced” 

seed.  One of the most widely distributed endophyte infected plants in the US is 

Kentucky 31. This variety was obtained from a vigorous stand of tall fescue on a 

Kentucky farm in 1931 and widely planted for livestock forage and erosion 

control until it was recognized to cause toxicity problems in grazing livestock 

(Patriquin 2004). Seeds of this grass were found to contain ergot-alkaloid 

producing Neotyphodium coenophialum endophytes, which is also responsible for 

much of the stress resistance in this vigorous grass. For forage applications, this 

variety has been replaced by Jesup tall fescue infected by non ergot-alkaloid 

producing MaxQ endophytes (strains AR502 and AR542 of Neotyphodium 

coenophialum), which maintains endophyte-conferred growth promotion, without 

the problem of toxicity to grazing livestock (Bouton et al. 2003). As many grasses 

are used for turf and not forage, there are still many seeds sold containing ergot-

http://www.fescue.com/info/maxq.html
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alkaloid endophytes. This includes grasses like Turf-Type Perennial Ryegrass, 

Chewings, Creeping Red, Hard and other fine fescue species. While some of 

these species of fungal endophytes are known to occur in other agriculturally 

important grasses like rice, wheat, and corn, there has been little effort to 

develop these for improving NUE.  

 Azospirillum spp. are rhizosphere inhabitants that are also sometimes 

found as endophytes in plant roots. Azospirilla are capable of nitrogen fixation 

and secretion of hormones which stimulate root development, improving nutrient 

uptake in a wide variety of species (Bashan et al. 2004). Azospirillum inoculants 

are recommended for maize, wheat, barley, sorghum, pear millet and forage 

crops, where their average benefit from soil inoculation is equivalent to 15–20 

kg/ha of applied N, improving grain yield of cereals by 5–20%, millets by 30% 

and forage crops by over 50% (Mahajan et al. 2009). Examples of commercially 

available Azospirillum inoculants include Biopromoter, sold by Manidharma 

Biotech, Nitrofix sold by Ruchi Biochemicals, and Bio N sold by FNCA in the 

Phillippines.  Azospirillum can also be found blended with other microbes such as 

phosphate solubilising rhizosphere microbes: one example is EMAS sold by FNCA 

in Indonesia for inoculation on tea, rubber, cocoa, oil palm, sugarcane, rice, 

maize and potato. 

 A few other examples of endophyte inoculants exist in tropical countries 

where biofertilizers are viewed as economically attractive alternatives or 

supplements to chemical fertilizers (Uribe et al. 2010).  Endophytic strains of 

Pseudomonas fluorescens are sold in India by Mani Dharma Biotech which 

promote root growth, while FOSFORINA is a strain of P. fluorescens distributed in 

Cuba to reduce the need for mineral phosphorus applications by solubilising 

phosphate in plant rhizospheres.  BIOGRO is a biofertilizer mixture containing a 

strain of P. fluorescens, two bacilli and a soil yeast isolated from rice 

rhizospheres in Vietnam; they were selected for their ability to fix nitrogen, 

http://www.omafra.gov.on.ca/english/crops/facts/endophyt.htm#role
http://www.indiamart.com/manidharmabiotech/biofertilizers.html#pseudomonas-fluorescens-bacteria
http://www.ruchigroup.net/ruchi-nitrofix-azospirillum.html
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solubilise mineral phosphate, and secrete antibiotic compounds (Cong et al.). 

This blend has been shown to significantly increase grain and straw yields, total 

N uptake, and grain concentration of N: farmers using this product in Vietnam 

were able to reduce their N application by 43 kg N/ha while increasing rice yields 

(Cong et al.). A different blend of unidentified rhizosphere and endophytic 

bacteria is marketed in Pakistan under the name BIOPOWER, with claims that 

use of the product in combination with half the recommended N-fertilizer will 

result in considerable yield increase (Hafeez et al. 2008). While there is much 

lab, greenhouse and field evidence that other endophytes can increase the NUE 

of commercially important crops like rice, corn, sugarcane and wheat, fully 

developed commercial products and inoculation practices have not been 

developed for a large number of endophytes.  

 To continue the development of endophytes for agricultural application, 

discovery of novel strains will be a fruitful endeavour which may result in new 

species that can be directly used in agriculture, or at least provide us with 

important additional information about how endophytes can influence and 

improve plant NUE. If every plant harbours at least one novel endophyte, then 

there are still about 300,000 undiscovered endophytes in the world! Wild plants 

may grow in nutrient poor environments enriched in endophytes that help their 

hosts to acquire nutrients or resist stresses not found in domesticated crops 

growing under optimized conditions. For example, plants have been shown to 

enrich their endophytic communities for hydrocarbon metabolizers when grown 

in petroleum contaminated soil (Siciliano et al. 2001). Fungal endophytes 

conferring specific stress resistance have also been shown to infect hosts in an 

environmentally determined manner for salt, drought, and disease resistance 

(Rodriguez et al. 2008b), suggesting that habitat-adapted symbiosis may be a 

trait which can be selected for. Work with AM infecting genetically diverse wheat 

has shown that host genetics can affect the benefits conferred by the association 

(Hetrick et al. 1992). Furthermore, the expression of certain plant ethylene 
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regulatory genes has been shown to correlate negatively to the success of 

diazotrophic endophytic associations in sugar cane (Vinagre et al. 2006). Wild 

crop relatives may have genetic makeups that sponsor residence of a different 

endophytic population and may be important for plant breeding programs. Rare 

or endemic species of plants may also contain novel strains of endophytes that 

may be transferred to crop plants for agronomic benefit.  

 One important future direction of endophyte research will be the 

dissection, isolation, upregulation and genetic transfer of beneficial mechanisms 

from endophytes, to other microbes or even to plants. A large number of 

endophyte genomes are now available or are being sequenced, including the 

kallar grass endophyte Azoarcus sp BH72 (Krause et al. 2006), sugarcane 

endophytes Gluconacetobacter diazotrophicus Pal5 (Bertalan et al. 2009) and 

Herbaspirillum seropedicae Z67, corn endophyte Klebsiella pneumoniae 342 

(Fouts et al. 2008), rice endophyte Azospirillum sp. B510 (Kaneko et al. 2009), 

tall fescue endophytes Epichloe festucae, Neotyphodium coenophialum and 

Neotyphodium lolii, onion endophyte Burkholderia phytofirmans PsJN, AM 

Glomus intraradices (Martin et al. 2008), and several rhizobial and frankia 

nodule-forming bacteria. Several poplar endophytes have been also been 

sequenced including Enterobacter sp. strain 638, Pseudomonas putida W619, 

Serratia proteamaculans 568 and Stenotrophomonas maltophilia R551-3; the 

genome sequences suggest that these microbes possess the growth promoting 

mechanisms of acetoin production, IAA synthesis and GABA metabolism, but no 

functional ACC deaminase (Taghavi et al. 2009).  As some endophytes live within 

plants in unculturable states, it may be important to undertake metagenomic 

approaches to acquire a more complete picture of the endophytic community; 

this is being done for rice in an ambitious project to sequence 100 Mb of 

endophyte DNA extracted from inside rice plants. Isolation of the genes involved 

in these mechanisms may allow for their pyramiding within endophytes or their 

transfer into plants for enhanced NUE. Transfer of ACC deaminase from 

http://genamics.com/cgi-bin/genamics/genomes/genomesearch.cgi?field=ID&query=798
http://genamics.com/cgi-bin/genamics/genomes/genomesearch.cgi?field=ID&query=1147
http://genamics.com/cgi-bin/genamics/genomes/genomesearch.cgi?field=ID&query=1147
http://genamics.com/cgi-bin/genamics/genomes/genomesearch.cgi?field=ID&query=1148
http://genome.jgi-psf.org/burpp/burpp.info.html
http://genome.jgi-psf.org/ricen/ricen.info.html
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Enterobacter cloacae into rhizospheric Azospirrilum brasilensis increased the root 

elongation potential of this strain in tomato and canola (Holguin et al. 2001), 

suggesting that similar transgenic techniques may increase the root growth 

promoting ability of endophytic strains.  This has been shown to be an effective 

technique in nodule forming rhizobia: ACC deaminase genes from Sinorhizobium 

sp. BL3 were introduced into Rhizobium sp. strain TAL1145, increasing its ACC 

deaminase activity, resulting in nodules with greater number and sizes, and 

producing higher root mass on the tree legume Leucaena leucocephala (Tittabutr 

et al. 2008). Root stimulation by transgenic auxin production in endophytes may 

also enhance root development: the entire tryptophan monooxygenase pathway 

was introduced into Pseudomonas fluorescencs strain CHA0 elevating synthesis 

of IAA, and stimulating an increase in root fresh weight of cucumber by 17–36% 

in natural soil (Beyeler et al. 1999). Constitutive overexpression of the nitrogen 

fixing transcriptional regulator nifA was shown to significantly increase N fixation 

by endophytic Enterobacter gergoviae 57-7 in planta, and may be a useful trait 

to introduce into other diazotrophic endophytes (An et al. 2007).  Another 

strategy to increase endophytic N fixation has been to add an additional copy of 

the nifHDK operon under a stronger nifH promoter, allowing Rhizobium etli to 

have increase its nitrogenase activity up to 58%, and to increase its host plant’s 

weight by 38%, nitrogen content by 15%, and increased seed yield by 36% 

(Peralta et al. 2004). Novel genes from endophytes may be used to make 

transgenic plants with improved NUE: tomato plants constitutively expressing 

bacterial ACC deaminase are able to better tolerate flooding and heavy metal 

stress (Grichko et al. 2000), while Nicotiana tabacum plants expressing a phytase 

gene from the soil fungus Aspergillus niger accumulated up to 52% more P than 

controls when grown in soils amended with either phytate or phosphate and lime 

(George et al. 2005). Many other transferable, genetic mechanisms to improve 

plant NUE by endophytes must exist in the countless undiscovered or 

understudied endophytes and will hopefully lead to genetically enhanced 



45 

 

inoculants in the future. Despite much investment and some promising 

experiments, only one genetically modified endophyte has thus far been 

commercially released: strain RMBPC-2 of Sinorhizobium meliloti, sold by the 

American company, Research Seeds Inc., has been modified with genes to 

enhance C4-dicarboxylic acid uptake and nitrogen fixation in symbiosis with 

alfalfa.  

 

2.8: Conclusions 

 Industrial fertilizer use has permitted large increases in global agricultural 

production but this is not a sustainable solution to meet future food demands. 

Endophytes naturally occur in plant species and have significant potential to 

improve nutrient use efficiency (NUE). Endophytic associations that benefited 

NUE likely evolved as early as 400 million years ago (mya) in the form of 

mycorrhiza that assisted the first rootless land plants to absorb nutrients. The 

plant genetic machinery required for this association has likely persisted in most 

lineages of modern land plants. Interestingly, nodule-forming plants co-opted 

some of these genes to enable rhizobial symbioses. There are many species of 

endophytic fungi and bacteria where the underlying genetics of the association 

are not understood. An endophyte can colonize multiple genera yet exhibits 

genotype host specificity within a plant species. While many endophytes gain 

access to plants from the environment (e.g. soils), inter-generational 

transmission can occur via seed (i.e. Clavicipitaceous fungi) or by vegetative 

plant propagation (e.g. in sugarcane). Endophytes improve plant NUE using a 

diversity of mechanisms which include formation of extra-root hyphae for 

nutrient absorption; stimulation of root growth by manipulating levels of 

phytohormones (e.g. auxin, ethylene) and other metabolites (e.g. acetoin); 

altering plant metabolism to stimulate higher nitrogen and phosphate uptake; 

nitrogen fixation by both nodulating and non-nodulating endophytes; 

http://www.epa.gov/oppt/biotech/pubs/factdft6.htm
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modification of soil directly by endophytes or indirectly by changing root 

exudates profiles. Estimates of the contributions of nitrogen-fixing endophytes to 

plant nitrogen supply may vary widely in the literature because of methodological 

differences. The beneficial traits exhibited by an endophyte can change in 

different hosts or environments which currently limits the utility of endophytes in 

agriculture. Nevertheless, many endophyte-based inoculants are popular 

commercially, primarily in developing nations, including AM, rhizobia and 

Azospirillium; Clavicipitaceous fungi are available as infected seeds. Endophytic 

metabolites are also commercially available to enhance NUE. Several challenges 

have prevented wider adoption of endophyte inoculants, including competition 

from endogenous microbes, host genotype specificity, establishment and 

persistence. Though many species of endophyes exist, few have been explored 

commercially.  Endophytes represent a significant, largely untapped genetic 

resource, to aid future efforts in plant biotechnology; recent whole genome 

sequencing efforts may accelerate progress in this area. 
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Chapter 3: Conservation and Diversity of Seed Associated 
Endophytes in Zea Across Boundaries of Evolution, 
Ethnography and Ecology  
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3.1: Abstract  
 Endophytes are non-pathogenic microbes that live inside a host plant. We 

hypothesized that endophytic species were conserved in the agriculturally 

important plant genus Zea as it became domesticated from its wild ancestors 

(teosinte) to modern maize (corn) and moved from Mexico to Canada. Kernels 

from populations of four different teosintes and 10 different maize varieties were 

screened for endophytic bacteria by culturing, cloning and DNA fingerprinting 

using terminal restriction fragment length polymorphism (TRFLP) of 16S rDNA. 

Principle component analysis (PCA) of TRFLP data showed that seed endophyte 

community composition varied in relation to plant host phylogeny. However, 

there was a core microbiota of endophytes that was conserved in Zea seeds 

across boundaries of evolution, ethnography and ecology. The majority of seed 

endophytes in the wild ancestor persist today in domesticated maize, though 

ancient selection against the hard fruitcase surrounding seeds may have altered 

the abundance of endophytes. Four TRFLP signals including two predicted to 

represent Clostridium and Paenibacillus species were conserved across all Zea 

genotypes, while culturing showed that Enterobacter, Methylobacteria, Pantoea 

and Pseudomonas species were widespread. Twenty-six different bacterial 

genera were cultured from Zea, and these were evaluated for their ability to 

stimulate plant growth, grow on nitrogen-free media, solubilize phosphate, 

sequester iron, secrete RNAse, antagonize pathogens, catabolize the precursor of 

ethylene, produce auxin and acetoin/butanediol. Of these traits, phosphate 

solubilization and production of acetoin/butanediol were the most commonly 

observed. An isolate from the giant Mexican landrace Mixteco, with 100% 

identity to Burkholderia phytofirmans, significantly promoted shoot potato 

biomass. GFP tagging and maize stem injection confirmed that several seed 

endophytes could spread systemically through the plant. One seed isolate, 

Enterobacter asburiae, was able to exit the root and colonize the rhizosphere. 
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Conservation and diversity in Zea--microbe relationships are discussed in the 

context of ecology, crop domestication, selection and migration. 

 

3.2: Introduction  
 The first plants began colonizing land as early as 700 million years ago 

and like lichens, are hypothesized to have depended and co-evolved with 

microbes for stress tolerance and nutrient acquisition (Selosse et al. 1998). 

Endophytes are microbes that can be found living inside plant tissues, where 

they can live commensally or execute beneficial functions for the host 

(Rosenblueth et al. 2006). It is plausible that every plant species harbours 

endophytes, and indeed seeds of many plant species have been reported 

harbouring endophytes (Mundt et al. 1976; Kremer 1987; Schardl et al. 2004). 

Plant seeds usually fall to the soil, a microbially rich habitat, and lie dormant 

waiting for environmental cues to germinate, possibly recruiting surface microbes 

to help protect against degradation or predation (Dalling et al. 2011).  As seeds 

begin to germinate, seed endophytes may be important founders of the seedling 

microbial community as shown in rice (Mano et al. 2006a; Kaga et al. 2009), 

eucalyptus (Ferreira et al. 2008) and maize (Rijavec et al. 2007). Seeds are of 

particular interest as they may transmit endophytes vertically from generation to 

generation.  

 Seeds of the genus Zea have changed dramatically over time and this may 

have also dramatically altered associated microbial communities. Maize (Zea 

mays ssp. mays) is a giant grass that was domesticated from wild grasses 

(teosintes) about 9,000 years ago, in south-western Mexico (Matsuoka et al. 

2002). This process involved seed enlargement, elimination of the protective 

hard fruit case surrounding the seed, enhancement of husk leaves to protect an 

enlarged cob, development of non-shattering structures (rachids) to keep seed 

on the cob, the switching of seed placement on the plant and reduced shoot 
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branching to permit greater nutrient allocation to seeds (Wilkes 2004). These 

changes so profoundly affected seed dispersal and germination that 

domesticated maize can no longer survive in the wild, intimately tying maize 

genetics to human selection and migration. While the wild teosinte relatives of 

maize are today mostly found in the mountains of Mexico and Central America, 

maize landraces were adapted by pre-Columbian peoples to diverse geographies 

including the temperate Gaspe Peninsula in Canada, the deserts of northern 

Mexico, the humid islands of the Caribbean, and the Andes mountains in South 

America (Turrent et al. 2004; Ruiz Corral et al. 2008).  Numerous studies exist 

on the endophytes of maize (Fisher et al. 1992; Hinton et al. 1995; McInroy et 

al. 1995b; McInroy et al. 1995a; Palus et al. 1996; Chelius et al. 2002; Zinniel et 

al. 2002; Caballero-Mellado et al. 2004; Reis et al. 2004; Rosenblueth et al. 

2004; Seghers et al. 2004; Nassar et al. 2005; Perin et al. 2006; Rai et al. 2007; 

Rijavec et al. 2007; Roesch et al. 2007a; Ersayin Yasinok et al. 2008; Figueiredo 

et al. 2009; Montañez et al. 2009) but these have not focused on seeds nor on 

the effects of human selection and migration on maize to new environments. In 

contrast, comprehensive studies in animal systems have shown that differences 

in mammal gut microbe populations correlate with host phylogeny rather than 

external animal environment (Ley et al. 2008a; Ley et al. 2008b). 

 To study the effect of Zea evolution, genetic selection and migration on 

bacterial seed endophytes, a diversity panel of seeds were chosen based on their 

evolutionary relationships and adaptations to diverse environments (Figure 3.1 

and Appendix 3). A Zea species microsatellite study (Matsuoka et al. 2002) 
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Figure 3.1: Genetic and geographic relationships of Zea genotypes used in this study. 
A microsatellite based dendogram shows the known genetic relationship between 
genotypes, (adapted from (Matsuoka et al. 2002)), while dotted lines show where 
seed originate. Group 1 maize landraces grow in semi-hot temperatures of 14-21°C 
under either semi-dry conditions (540 to 640 mm) (1A) or semi-wet conditions (over 
650 mm)(1B). Group 2 landraces grow in hot temperatures (20 to 27°C) and semi-
wet growing seasons (500 to 870 mm of precipitation). Group 3 landraces grow in 
very hot (24.5–27.5°C) and wet (990–1360 mm) growing seasons. Group 4 plants are 
found mostly at mid elevations in Western Mexico (1200–1800 m) and form very 
large and numerous kernels.  Group 5 plants are temperate landraces. The asterisk 
indicates seed used were not actually grown at this location; see Appendix 3. 
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placed Zea mays ssp. parviglumis as the primary ancestor of domesticated corn, 

making Parviglumis of special evolutionary interest. Another teosinte from the 

mountains of Mexico, Zea mays ssp. mexicana, was included as it is thought to 

have contributed up to 12% of maize alleles through outcrossing (Matsuoka et 

al. 2002). Seeds of two other more divergent teosintes were included as 

outgroups, Zea diploperennis, a perennial relative of maize from the mountains 

of Jalisco, Mexico, and Zea nicaraguensis (Iltis et al. 2000), an endangered, 

swamp inhabiting variety from Nicaragua. As Mexican maize landraces have been 

organized into four main ecological groupings (Ruiz Corral et al. 2008), an effort 

was made to include one from each (Figure 3.1). Two maize landraces grown in 

the Mexican state of Oaxaca near the proposed area of corn domestication, 

Mixteco and Bolita, were included as examples of ancestral maize given their 

position at the base of the maize lineage (Matsuoka et al. 2002). Mixteco (similar 

to the more famous Oloton landrace) was of particular interest because of its 

giant stature under low nutrient conditions which has previously been speculated 

to be attributable to the activity of beneficial endophytes (Dalton et al. 2006). 

The large seeds of another giant maize plant, Jala, was included in the study as 

Jala is prized by local peoples in the Mexican state of Jalisco for having the 

largest cobs in the world (up to 36 cm long); the plants are grown on rich 

volcanic soils (Rice 2007). The maize landraces Chapalote (a northern Mexican 

popcorn) and Nal-Tel (a distinctive Yucatan variety found in ancient Mayan art) 

were included as they are considered to be “ancient indigenous varieties” 

(Turrent et al. 2004) that may maintain ancestral microbial associations. As 

maize migrated northwards with humans, varieties were selected to adapt to 

new environments, resulting in new landraces such as the northern Mexican 

Cristalino de Chihuahua (Matsuoka et al. 2002), and ultimately the Canadian 

landrace Gaspe Flint, a dwarf variety that flowers under the long day temperate 

conditions of its northern climate and matures early before the onset of frost. 

Two other temperate varieties were included which might show the effects of 
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modern breeding on maize: Pioneer 3751 is an elite hybrid cultivar that was 

previously used for endophyte studies (Chelius et al. 2001), while B73 is an 

inbred yellow dent variety from the North American corn belt that was recently 

used in the sequencing of the maize genome (Schnable et al. 2009). 

 In this study we investigated interactions between Zea genotype, seed 

source, and endophytic microbiota using culturing and culture independant 

methods to evaluate both microbial diversity and activity. We observed that seed 

bacterial communities varied with Zea phylogeny, but there was also a core 

microbiota that was conserved across Zea genotypes.  

 

3.3: Results 
 

Seed endophytes reflect Zea phylogenetic relationships 

PCA of covariance was performed on seed and stem 16S rDNA TRFLP results 

(Appendix 4) to statistically evaluate if endophyte community composition 

reflects evolutionary and/or ecological relationships of their host plants (Figure 

3.2). Endophytes from first generation seed obtained from plants growing in 

different geographic environments show a striking pattern of covariation that 

recapitulates the phylogenetic pattern of their Zea hosts (Figure 3.1, 3.2A). 

Endophytes from distinct Zea species (Diploperennis and Nicaraguensis) were 

placed at one end of the spectrum, followed by the direct ancestors of modern 

maize (Parviglumis and Mexicana), then ancestral subspecies (Bolita and 

Mixteco), terminating in more derived (Chapalote and Cristalino) and temperate 

landraces (Gaspe). Mature second generation seed obtained from plants growing 

in the same temperate field were obtained from only a subset of genotypes, and 

their endophytes showed a similar pattern of covariation to first generation seed 

except that Chapalote appeared as an outlier (Figure 3.2B). Unlike seeds, 
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endophytes in second generation stems appeared random with respect to Zea 

evolution (Figure 3.2C).  

 With respect to the ecology of Zea mays hosts, temperate seeds (Gaspe, 

Pioneer, B73) but not stems tended to harbour distinct endophytic communities 

compared to tropical plant genotypes (all others) (Figure 3.2A, B). Generation 2 

seed was of special interest as it maintained the temperate and tropical 

groupings in spite of the parent plants being grown in the same temperate 

environment (Figure 3.2B). Within the tropical Zea mays varieties, no patterns 

based on the ecological groupings of the host plants was observed. For example, 

in both Generation 1 seed and Generation 2 seeds, endophytes from the two 

extreme ecological zones (Zone 1A, Tuxpeno, Cristalino; Zone 3, Nal Tel, 

Mixteco) did not form distinct groups (Figure 3.2A,B).  

 

There is conservation of seed endophytes in Zea across boundaries of 
evolution, ethnography and ecology  

 The Generation 1 seed came from a diversity of Zea species and 

subspecies from parents grown in different geographic locations across North 

America and Europe. In Generation 2, these seed all came from parents growing 

in a maize field in Canada. In spite of these differences, TRFLP analysis showed 

that there were four 16S peaks conserved across Zea groups in both Generation 

1 and Generation 2 seeds (Figure 3.3A,B, Appendix 4). Cultured isolates and 16S 

PCR clones from seed DNA were sequenced and used to predict taxonomic 

identities which were then matched in silico to TRFLP fragment sizes (Figure 3.6 

and Appendix 4, 5, 6). When neither clone nor culture 16S information was 

available, forward and reverse TRFLP fragments were submitted to the APLAUS+ 

bacterial TRFLP prediction program to predict microbial identity (Shyu et al. 

2007). The peak sizes of the conserved set and their predicted taxonomic 

identities were: 27 bp (unidentified), 86 bp (unidentified), 511/512 bp 
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Figure 3.2: (Previous page) Relationships of endophytic microbial communities 
between Zea genotypes based on principle component analysis (PCA) of bacterial 16S 
rDNA terminal fragment length polymorphism (TRFLP) fingerprints. PCA for first 
generation seeds (A), second generation seeds (B), and stems (C) are shown. Vectors 
are drawn in red and represent the different Zea genotype samples. Diagrams are 
biplots of the first and second principle components, and are based on covariance 
between samples for differently sized forward and reverse terminal fragments (not 
shown). Angles between vectors represent the degree of covariance between 
samples, and are summarized on the vertical bars next to each biplot. The genotypes 
Nal-Tel, Tuxpeno, Jala, Pioneer 3751, and B73, lack phylogenetic support in this 
study, so they are omitted from vector angle bars on the right. 
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(99% to Clostridium beijerinckii) and 521 bp (100% to Paenibacillus sp. IHB B 

2257). Their frequencies amongst Zea genotypes were as follows: 27 bp (Seed 

1, 11/14 Zea genotypes; Seed 2, 7/9 Zea genotypes), 86 bp (Seed 1, 14/14; 

Seed 2, 6/9)(Figure 5A), 511/512 bp (Seed 1, 14/14; Seed 2, 5/9)(Figure 3.5H) 

and 521 bp (Seed 1, 11/14; Seed 2, 6/9)(Figure 3.5I). TRFLP peak 726 bp was 

also conserved across Zea subgroups in Generation 1 seed (8/14) and stems 

(13/13) but less so in Generation 2 seed (5/13)(Figure 3.5J). Peak 726 bp is 

predicted to represent Burkholderia or Herbaspirillum spp. based on APLAUS+. 

Culturing also showed that Methylobacteria, Pantoea and Pseudomonas were 

conserved across all Zea groups in Generation 1 seed, while only Enterobacter 

species were isolated from all groups of Zea seed in Generation 2 (Figure 3.6); 

there was also a predicted Methylobacteria/Psuedomonas TRFLP peak (338/339 

bp) which was conserved in stems (but not seeds) across Zea genotypes (Figure 

3.4; Figure 3.5G).  

 

Seed migration may affect seed endophyte communities 

 The Generation 1 to Generation 2 migration experiment mimicked modern 

breeding in which crop seeds are routinely moved around the world. In 

domesticated maize (n=6), the percentage of TRFLP peaks observed in 

Generation 1 seed that persisted in Generation 2 seed following migration was 

13-22% with the exception of  
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Figure 3.3: (Previous page) Profiles of endophytic microbial communities present in 
seeds of diverse Zea genotypes. Shown are profiles of (A) first generation seeds and 
(B) second generation seeds using bacterial DNA fingerprinting (16S rDNA TRFLP). 
Each peak is the fluorescence intensity average of 3 TRFLP amplifications from 15 
pooled seed, a semi-quantitative indicator of microbial titre. The immediate parents 
of Generation 1 seeds were grown in diverse geographic locations as indicated in 
Figure 3.1 and Appendix 3, while all Generation 2 seeds came from Generation 1 
seeds planted in a common field in Guelph, Canada. 16S rDNA amplicons were first 
generated using forward primers 799f/1492rh and then were restricted using DdeI. 
Small fragments and those corresponding to 16S chloroplast rDNA or 18S rDNA were 
removed. In Generation 2, a few genotypes did not produce mature seed and were 
not included. 
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Figure 3.4: Profiles of endophytic microbial communities present in stems of diverse 
Zea genotypes using bacterial DNA fingerprinting (16S rDNA TRFLP). Each peak is the 
fluorescence intensity average of 3 TRFLP amplifications from 10 pooled samples, a 
semi-quantitative indicator of microbial titre. All samples were taken from basal stem 
region of plants of Generation 1 seeds grown in a common field in Guelph, Canada. 
16S rDNA amplicons were generated using forward primers 799f/1492rh followed by 
restriction using DdeI. Small fragments and those corresponding to 16S chloroplast 
rDNA or 18S rDNA were removed. Landrace Gaspe Flint stems died before harvest 
and were not included.  
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 Figure 3.5: TRFLP profiles of specific fragment sizes from different Zea seed and 
stem samples. Each panel shows the TRFLP fluorescence intensities for a given 
bacterial 16S rDNA forward size fragment in pooled Generation 1 seeds (black), their 
pooled stems (green) and subsequent pooled Generation 2 seeds (red). 
Corresponding 16S rDNA clones were sequenced and the predicted taxonomic 
identifications are indicated. Shown are transmission patterns for the following 
TRFLP forward size fragments: (A) 86 bp, (B) 92 bp, (C) 187 bp, (D) 239 bp, (E) 255 
bp, (F) 258 bp, (G) 338 bp, (H) 512 bp, (I) 521 bp, (J) 726 bp.   
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Cristalino which was 44% (Figure 3.3A, B; Appendix 4). There were also 

differences in the culturable bacteria between generation 1 and 2 seed (Figure 

3.6), with only 9 genera observed in generation 2 seed as opposed to 26 in 

generation 1 seed.  

 

There is a highly conserved stem microbiota across Zea 

 Stems base samples had TRFLP peaks that were shared across Zea 

subgroups including 27 bp (present in 12/13 Zea genotypes), 86 bp (12/13), 

89/90 bp (12/13), 92/93 bp (11/13), 158/159 bp (8/13), 225/226 bp (10/13), 

235/236 bp (12/13), 239/240 bp (13/13), 254/255 bp (13/13), 258/259 bp 

(12/13), 338/339 bp (10/13), 726 bp (13/13) (Figure 3.4 and Appendix 4). The 

predicted taxonomic identities were as follows: 27bp (unidentified), 86 bp 

(unidentified), 89/90 bp (97% to Citrobacter freundii), 92/93 bp (uncultured 

bacterium), 158/159 bp (uncultured bacterium), 225/226 bp (Hafnia, 

Enterobacter, Klebsiella, or Pantoea species), 235/236 bp (predicted to be an 

uncultured Clostridium sp.), 239/240 bp (Enterobacter and Pantoea species), 

254/255 bp (uncultured bacterium), 258/259 bp (Enterobacter and Pantoea 

species), 338/339 bp (Psuedomonas, Methylobacterium and Luteibacter species), 

726 bp (predicted to be Burkholderia/Herbaspirillum species) (Figures 3.4, 3.5; 

Appendix 4).  

 

Endophyte communities in different plant tissues are distinct 

 We asked whether there were distinct microbiotas in seeds compared to 

stem tissues. There was no significant difference in the number of TRFLP peaks 

observed in seeds versus stems integrating all genotypes (p>0.05, Mann-

Whitney). However, of  
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Figure 3.6: Examples of microbes cultured on diverse media (LGI, R2A, and PDA) 
from Zea seed pools followed by genus level taxonomic identification of all unique 
colonies. For each genus (row), a yellow box indicates successful culturing of that 
genus from Generation 1 seed, blue indicates culturing from Generation 2 seed, and 
green indicates culturing from both generations. Taxonomic identification was based 
on sequencing of 16S rDNA. Predicted 16S rDNA DdeI forward cleavage product 
fragment sizes are indicated for each genus from both cultures (black text) and from 
PCR clone libraries (red text).  
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TRFLP peaks observed in Generation 1 and/or 2 seeds in more than one 

genotype, 47% (26/55) were not found in stem tissue (Figure 3.3, 3.4, 3.5; 

Appendix 4). Of TRFLP peaks observed in stems of more than one genotype, 

29% (11/38) were not observed in seeds. Included in the unique seed microbiota 

were a 31 bp peak, a 229/230 bp peak (predicted to be Burkholderia or Pantoea) 

and peaks 513-515 bp. The unique stem community included a 335 bp peak, a 

365 bp peak and a 727 bp peak (genus Burkholderia, Clostridium or 

Sphingobacterium, based on APLAUS+); no bacteria having predicted TRFLP 

peaks of this size were cultured from seeds (Figure 3.6).  

 

There was no significant difference in the amount of endophytic 

diversity observed in wild versus domesticated Zea species  

 We asked whether there was a greater diversity of endophytes in wild 

teosinte plants than their domesticated counterparts. There was no significant 

difference in the number of TRFLP peaks in either Generation 1 seeds or stems 

comparing teosinte (n=4) to domesticated maize (n=10) (p=0.41, t-test). There 

was also no significant difference in the number genera of microbes cultured in 

Generation 1 seeds between these groups (P=0.16, t-test). 

 

There are Zea species-specific endophytes   

 A host speciation barrier might prevent exchange of seed endophytes and 

allow for selection of unique microbiotas. All plant genotypes used in this study 

belonged to the species Z. mays except for Z. diploperennis and Z. 

nicaraguensis. Three TRFLP peaks were found at a significantly higher frequency 

in the Z. mays subgroup (n=20) than the non-Z.mays group (n=3) (P<0.05, 

Fisher’s Exact Test): 187/188 bp (Chloroflexi based on APLAUS+ prediction) 
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(Figure 3.5C, Appendix 4), 369/370 bp (Bradyrhizobium or uncultured bacterium 

TX1A85 based on APLAUS+) and 521 bp (99% to Paenibacillus caespitis) (Figure 

3.5I; Appendix 5, 6). These peaks were not found in any Z. diploperennis or Z. 

nicaraguensis generation 1 or 2 seeds or stems, nor were culturable or found in 

clone sequence libraries (Figure 3.3, 3.4, 3.6; Appendix 5, 6). In contrast, their 

frequencies of occurrence in Generation 1 and 2 seeds belonging to Z. mays 

genotypes were high: 187/188 bp (13/20 PCR attempts), 369/370 bp (15/20) 

and 521 bp (17/20). Reciprocally, seven TRFLP seed peaks were unique to Z. 

diploperennis and one to Z. nicaraguensis (Appendix 4).  

 

Endophytes in the wild ancestor persist in domesticated maize  

 The closest wild relatives of domesticated maize are Z. mays ssp. 

parviglumis and ssp. mexicana. We asked what percentage of endophytes found 

in these genotypes persist in any of the domesticated progeny (Z. mays ssp. 

mays) included in this study. Interestingly, 76% of TRFLP peaks observed in 

Parviglumis seeds, and 79% in stems were observed in at least one pool of 

domesticated maize.  For Mexicana, 78% and 92% of seed and stem 

endophytes, respectively, were retained in at least one domesticated maize 

genotype. In terms of culturing, 4/7 and 6/7 genera of seed endophytes in 

Parviglumis and Mexicana, were also found in at least one domesticated maize 

(Figure 3.6). This data cannot distinguish ancestral endophytes that persisted 

during domestication versus endophytes that were coincidentally gained by 

Parviglumis/Mexica and/or modern maize after domestication. In either scenario 

however there is no evidence for a major selection sweep for endophytes caused 

by maize domestication, for example no evidence that host specificity was 

drastically altered genetically. In spite of this apparent lack of a selective sweep, 

neither Klebsiella or Stenotrophomonas, genera found in both Parviglumis and 
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Mexicana, were ever cultured in any of the 10 domesticated genotypes (Figure 

3.6). 

 

Loss of the fruitcase during crop domestication may have altered the 
abundance of specific seed endophytes  

 During maize domestication, a protective, outer fruitcase and leafy glume 

were selected against by ancient peoples to permit processing of the seed 

(Figure 3.1) (Wang et al. 2005). We asked if there was any difference in the 

microbiotas of seeds with fruitcases (Diploperennis, Nicaraguensis, Mexicana, 

Parviglumis) or without fruitcases (all others). In terms of frequency, three 

TRFLP fragment groups were significantly over-represented (P<0.005, Fisher’s 

Exact Test) in Zea species with fruitcases (n=7) than those without (n=16) 

(Figure 3.3A, B, 3.5 and Appendix 4). These were peaks 238/239/240 bp and 

258/259 bp (both predicted to be Enterobacter and/or Pantoea based on 16S 

rDNA sequencing) and peak 255 bp (predicted by APLAUS+ to be uncultured 

Methanogen HAW-R60-B-745d-E) (Krakat et al. 2010). The corresponding TRFLP 

peaks in teosinte were some of the largest observed in any seeds (Figure 

3.3A,B). Domestication may have caused reductions in the titre of these bacteria 

in seeds, but not their elimination, as they were culturable from domesticated 

maize seeds (Figure 3.6) and were detectable in stems by TRFLP profiling (Figure 

3.4).  

 

Most Zea genotypes possess endophytes that solubilize phosphate, 
secrete acetoin and may fix nitrogen 

 A number of traits were assayed for (Figure 3.7A-F) and ranked based on 

how widespread they were amongst Zea genotypes. The most common 

endophytic traits were phosphate solubilization (found in 12/14 Zea genotypes),  
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Figure 3.7 (previous page): Analysis of functional traits of endophytes cultured from 
Zea seed. Shown are (A-F) select examples of trait assays and (G) the complete 
summary grouped by Zea genotype. Examples of assays include (A) antagonism to E. 
coli; (B) growth in nitrogren free LGI media with only ACC as a nitrogen source; (C) 
growth promotion of tissue cultured potato one month after inoculation with (from L-
R) Enterobacter cloacae, Cellulomonas denverensis, sterile buffer, or Burkholderia 
phytofirmans;  (D) ability to solubilise tricalcium phosphate;  (E) acetoin and 
butanediol production; and (F) extracellular digestion of cellulose.  For panel (G), 
light yellow shading indicates that  <25% of isolates from the Zea genotype 
indicated exhibited the trait, deep yellow indicates 25-50%, orange indicates 50-
75%, and red indicates 75-100%. 

 

 

 

 

 

 

 

 

 

 

 



69 

 

 

 

 

  

Figure 3.8: Summary of functional traits exhibited by cultured seed endophytes 
grouped by bacterial genus. Light yellow shading indicates that  <25% of isolates 
from the Zea genotype indicated exhibited the trait, deep yellow indicates 25-50%, 
orange indicates 50-75%, and red indicates 75-100%. A more detailed listing by 
isolate is included in Appendix 7. 

 

 

 

 



70 

 

followed by acetoin production (12/14), cellulase and/or pectinase secretion 

(12/14) and growth on nitrogen-free media (11/14) (Figure 3.7G; Appendix 7). 

Moderately conserved endophytic traits found across Zea subgroups were ACC 

deaminase activity (8/14), antibiosis against bacteria (8/14) or yeast (8/14) and 

RNase secretion (8/14). Rare endophytic traits were auxin production (3/14) and 

siderophore secretion (3/14).  Interestingly three genera of microbes which were 

widely culturable across Zea (Figure 3.6), Enterobacter, Pantoea and 

Pseudomonas, were found to significantly contribute to the most conserved 

endophytic traits (Figure 3.8). Of 63 isolates that solubilised phosphate, 51 

belonged to these genera. Similarly, 28/49 acetoin producers belonged to 

Enterobacter and Pantoea. Finally, 18/27 bacteria that could grow on nitrogen-

free media belonged to Enterobacter and Pseudomonas. 

 

Zea endophytes can cause organ growth promotion or increase the 
root:shoot biomass allocation in potato 

 A previously reported plant bioassay was used to test the ability of the 

endophytes to stunt or promote plant growth using inoculated tissue cultures of 

potato (Solanum tuberosum cv. Kennebec) (Conn et al. 1997). Endophytes from 

most Zea genotypes stunted growth of potato shoots (51/91) or roots (59/91), 

but two microbial isolates significantly stimulated potato biomass accumulation of 

shoots or roots (Figure 3.7C, 3.8). The shoot growth promoting microbe was 

cultured from the maize landrace Mixteco and was identified as Burkholderia 

phytofirmans PsJN (100%); it increasedshoot biomass significantly (Mann-

Whitney-Wilcoxon, p=0.009) by ~70% compared to the buffer control (Figure 

3.7C, 3.8; Appendix 7). Mixteco is of interest because it has a giant shoot 

(Dalton et al. 2006) raising the possibility that B. phytofirmans contributes to this 

trait. The other giant maize genotype in this study was Jala (Rice 2007). The sole 

cultivatable seed endophyte from Jala was Pantoea ananatis (99%) which was 
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the only Pantoea able to grow on low nitrogen LGI media (Figure 3.8) suggestive 

of N-fixation activity. P. ananatis was also the only endophyte in any Z. mays 

genotype to produce auxin (Figure 3.8), a trait associated with root growth 

(Nassar et al. 2005). P. ananatis did not however cause potato growth promotion 

(Figure 3.8). The potato root growth promoting strain was Hafnia alvei (100%) 

from Chapalote seeds; it increased root biomass significantly (Mann-Whitney-

Wilcoxon, p=0.036) by ~2-fold compared to the buffer control (Figure 3.8; 

Appendix 7). 

 Plants can adapt to low nutrient stress by decreasing their biomass 

allocation to shoots, while maintaining root biomass, resulting in a higher 

root:shoot biomass ratio (Ågren et al. 2003). This strategy maintains nutrient 

scavenging by roots, but with less nutrient requirements for shoot growth. We 

observed that a single microbe, Paenibacillus caespitis, from Nal-tel seeds, 

significantly reduced potato shoot biomass (Mann-Whitney-Wilcoxon, p=0.036) 

without significantly reducing the root biomass (Mann-Whitney-Wilcoxon, 

p>0.999), nearly doubling the root:shoot ratio (0.41) compared to the buffer 

control (0.23) (Figure 3.8; Appendix 7).  

 

The majority of Zea seed endophytes are gamma-proteobacteria 

 In order to gain a more complete view of the diversity of Zea seed 

endophyte diversity, 16S sequences from all clones and cultured isolates were 

aligned and trimmed to a region pertaining to basepairs 867-1458 on an E. coli 

K12 reference 16S sequence, and this alignment was then used to construct a 

UPGMA tree (Figure 3.9). This phylogenetic analysis shows γ-proteobacteria to 

be the most abundant class of microbe observed in this study, with Enterobacter 

and Panteoa as the most common genera. Also represented were the classes α-

proteobacteria, β-proteobacteria, Bacilli, Actinobacteria, Clostridia, and an  
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Figure 3.9: A phylogenetic tree of bacterial 16S rDNA sequences from Zea seed 
endophyte clones and cultured isolates. A multisequence alignment of the 16S region 
bounded by basepairs 867-1458 on an E. coli K12 reference sequence was used to 
generate a UPGMA tree. Included are sequences from clones 
(UnculturedbacteriumDJMX) and cultured isolates (Genus<StrainDJM-Plate#>) 
which are identified in Tables S2 and S3. Bacterial classes are labelled in red letters 
at major branch points. 
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Figure 3.10: Persistence and migration of Zea seed endophytes in stems, roots and 
the rhizosphere. The 11 species of endophytes indicated were successfully tagged 
with GFP (pDSK-GFPuv, KanR) (out of 124 isolates attempted) and injected into 
maize stems. The 6 endophytes indicated migrated to roots and persisted for >5 days 
as shown by fluorescence microscopy and culturing from macerated root tissues onto 
R2A-Kanamycin media. For microscopy, the stem region just below crown roots of 
two injected plants was sectioned into approximately 30 slices and screened for GFP 
bacteria; if any microbes were seen, it was only in 3-5 of these slides. (A) Panteoa 
agglomerans shown spilling out of a metaxylem vessel. (B) Enterobacter asburiae 
spilling of root vascular tissue. (C) Culturing confirmed that E. asburiae was present 
in the roots of two plants (top two quandrants) as well as their rhizospheres (bottom 
two quadrants). 
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unknown class. Amongst classes Clostridia and the unkown class, there was only 
representation in the clone library. Conversly, the class Actinobacteria was only 
represented by cultured isolates, not cloned sequences. 

 

GFP tagged microbes can be observed in vascular tissue and 
rhizosphere 

 A number of seed endophytes had functions that suggested they might be 

important in the roots and rhizosphere (ie. phosphate solubilisation). To track 

seed endophytes in the maize plant body, 11 species of endophytes that had 

been successfully transformed with a broad host range constitutive GFP 

expressing vector pDSK-GFPuv (Wang et al. 2007) were injected into the stems 

of Pioneer 3751 plants (Figure 3.10). After 5 days of growth, plant roots were 

sampled for microbes using microscopy and culturing on selective agar media. 

Panteoa agglomerans isolated from B73 was observed in metaxylem vessels 

(Figure 3.10A) and Enterobacter asburiae  isolated from Diploperennis was 

observed in phloem cells at the base of plant stems (Figure 3.10B) 

demonstrating their ability to move systemically through vascular tissues. The 

plate recovery method also showed that these and several additional microbes 

could migrate to roots, including Citrobacter freundii from Nicaraguensis, 

Klebsiella pneumoniae 342 from Nicaraguensis, E. coli NBRI1707 from Chapalote, 

and Xanthomonas campestris from B73 (Figure 3.10C). These results also 

confirm that these microbes were endophytes.  

 To evaluate the ability of the endophytes to exit the plant and colonize the 

surrounding rhizosphere, injections were made into stems of plants growing on 

agar in test tubes, and rhizosphere rinses were taken for plating. Interestingly, 

two isolates of E. asburiae were observed to colonize the rhizosphere from inside 

the plant (Figure 3.10C).  
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3.4: Discussion 

 This study was an attempt to understand the ecology of Zea seed 

endophytes. We used culture dependent and culture independent approaches to 

gain a complex picture of bacterial diversity and conservation amongst diverse 

Zea seeds and environments.  Using TRFLP, we found Zea genotype-specific 

endophytes (Figure 3.3, 3.5, Appendix 4) and observed that seed endophyte 

diversity reflects the phylogenetic relationships of its Zea hosts (Figure 3.2A, 

3.2B). We also observed conservation of seed endophytes in Zea across 

boundaries of evolution, ethnography and ecology (Figure 3.3A,B, Appendix 4). 

Interestingly, endophytes in the wild ancestor persist today in domesticated 

maize (Figure 3.3A,B), though loss of the fruitcase during crop domestication 

may have altered the abundance of specific seed endophytes (Figure 3.3A,B). 

Many Zea seed endophytes solubilize phosphate, secrete acetoin and may fix 

nitrogen (Figure 3.7G) and a subset that were GFP tagged could be observed to 

migrate systemically to the root (Figure 3.10) and even rhizosphere (Figure 

3.10). We observed that endophyte communities in stem tissues are distinct from 

seeds but are highly similar across Zea genotypes (Figure 3.2C, 3.4). 

 

Conservation of microbial genera across Zea seed varieties   

 Maize was domesticated in southern Mexico from wild teosinte grasses 

(Matsuoka et al. 2002) and subsequently became absolutely dependent on 

humans to propagate (Vollbrecht et al. 2005). Despite 9,000 years of divergent 

selection and breeding by indigenous peoples and modern breeders, we 

observed that maize seeds have maintained a shared set of associated bacteria 

with their wild ancestors and with one another. TRFLP analysis of seeds (Fig 

3.3A,B, Appendix 4) suggests that at least 4 bacterial groups including 

Clostridium spp. and Paenibacillus spp. are conserved across Zea groups despite 
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differences in their genetics, geographic origin, and human use (Appendix 3). 

Our data suggests that the conserved bacteria are vertically transmitted between 

seed generations even following cross-continental migration (Figure 3.1). Our 

data does not exclude the possibility that other lesser abundant microbes may 

also be conserved [e.g., Burkholderia/Herbaspirillum (726 bp), Figure 3.5J], as 

TRFLP PCR only amplifies abundant targets (>1% of the sample) (Smalla 2004). 

For example, Pantoea and Enterobacter ssp. appeared to be absent from nearly 

all maize seed based on TRFLP, but were in fact cultured from all groups of Zea 

seed (Figure 3.6). Metagenomic studies refer to conserved bacterial groups as 

the core microbiota of an organism, associated with healthy host functioning 

(Sekelja et al. 2010). Conserved, vertically transmitted endophytes suggest an 

evolved form of mutualism or benign parasitism with their host plants (Ewald 

1987). Previous studies in other plants have also suggested the existence of core 

plant-associated microbiota (Delmotte et al. 2009; Inceoglu et al. 2010). 

Endophytic diversity has been reported in maize and teosinte (Fisher et al. 1992; 

Hinton et al. 1995; McInroy et al. 1995b; McInroy et al. 1995a; Palus et al. 1996; 

Chelius et al. 2002; Zinniel et al. 2002; Caballero-Mellado et al. 2004; Reis et al. 

2004; Rosenblueth et al. 2004; Seghers et al. 2004; Nassar et al. 2005; Perin et 

al. 2006; Rai et al. 2007; Rijavec et al. 2007; Roesch et al. 2007a; Ersayin 

Yasinok et al. 2008; Figueiredo et al. 2009; Montañez et al. 2009) but to our 

knowledge, this is the first report to suggest the existence of a core microbiota in 

Zea seeds.  

 

Host phylogenetic relationships determine the relatedness of resident 
bacterial communities  

 A major finding of this study is that Zea seed associated bacterial 

communities vary in accordance to host phylogeny (Figure 3.2A,B) similar to 

what has been shown in mammals by analysis of their microbial gut communities 
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(Ley et al. 2008a; Ley et al. 2008b). During domestication, phylogenetic change 

in Zea involved selection against the fruitcase and glume tissues that protected 

ancestral seeds (Wang et al. 2005) which our results suggest may have altered 

endophyte titers (Figure 3.3A,B, Figure 3.6). Based on a previous study 

(Munkacsi et al. 2008), domestication was suggested to have altered seed-

pathogen relationships: Ustilago maydis, an edible, obligate fungal pathogen of 

maize seeds, was shown to have undergone a dramatic genetic bottleneck 9,000 

years ago at the time of maize domestication. In this study, we found no 

evidence for a major selection sweep during domestication with respect to seed 

endophyte community composition. Instead, humans appear to have gradually 

altered seed associated microbial communities, perhaps by altering the seed 

habitat: ancestral maize seeds were small and hard in comparison to the diverse, 

large, starchy kernels (Holst et al. 2007) used today in a variety of indigenous 

foods (Mauricio et al. 2004; Gonzalez et al. 2007; Nabhan et al. 2008) (Figure 

3.1). Today, subsistence maize farmers in Mexico are known to select planting 

materials based on seed size and health rather than plant traits (Bellon et al. 

1994). By choosing the largest, healthiest seeds, indigenous farmers may have 

selected against associated pathogens (Gibson et al. 2005) and may have 

inadvertently caused shifts in seed endophyte populations. Modern breeding may 

have similarly shifted plant-associated microbial populations. For example, 

modern maize cultivars have been selected for increased benzoxazinoid (BX) 

production to combat insects and microbes, which is inferred to have altered 

fungal endophyte populations of Fusarium that are resistant to fungicidal BX 

byproducts (Saunders et al. 2009). With respect to the impact of modern 

breeding on pathogens, introgression of the plant male sterility allele cms-t into 

85% of US maize acreage in the 1950s and 1960s, resulted in infections by a 

new strain of the pathogen Bipolaris maydis (race T), causing the Southern Corn 

Blight with ~$1 billion in associated losses during the 1970’s (Levings et al. 

1992).  
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 Given that host genotype is the critical factor regulating seed endophyte 

communities, it suggests developing Zea seeds are sheltered from infection by 

environmental microbes. Zea seeds develop within a maternally derived seed 

coat, which is further surounded by maternally derived tissues, including the 

fruitcase and glumes of teosinte, and the cob husk leaves of maize. It may be 

that specialized microbes colonizing these maternal tissue surfaces infect 

developing seeds similar to what has been observed in mammals: mice (Dubos 

et al. 1960) and human fetuses (Dominguez-Bello et al. 2010) that initially 

develop in microbe-free wombs are colonized by differently composed microbe 

gut communities when they pass through the maternal vaginal canal compared 

to babies born by Caesarian section. In plants, it is also possible that bacterial 

seed endophytes are transmitted through direct vascular connections from the 

maternal parent, similar to the bacterial pathogen, Pantoea stewartii, which 

systemically spreads in maize from the shoot vasculature through the chalazal 

and into the seed endosperm (Block et al. 1998). Vertical transmission of 

bacteria would also be possible by colonization of shoot meristems.  For 

example, the fungal endophytes Neotyphodium and Epichloe have been shown 

to be vertically transmitted through grass seed by initially infecting shoot apical 

meristems, which later become reproductive meristems; the endophytes persist 

as these cells give rise to ovules and seed (Schardl et al. 2004; Christensen et al. 

2007). Methylobacteria, prominent in this study, have been shown to 

intracellularly colonize pine meristems (Pirttilä et al. 2000), while a number of 

different bacteria including Bacillus, Brevundimonas, Enterobacter, 

Microbacterium, and Pantoea species have been isolated from shoot meristems 

in papaya (Thomas et al. 2007).  Finally, endophytes might be transferred 

through gametes directly: Enterobacter cloacae has been shown to be an 

endophyte of pollen grains of several species of Mediterranean pine (Madmony 

et al. 2005). Any of these mechanisms may explain the strong effect of host 

phylogeny on seed endophyte populations observed in this study. 
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 Finally, selection for plant body traits may also have altered endophytes 

found in seeds, the latter acting as vectors for vertical transmission of vegetative 

tissue endophytes. For example, one study showed it was possible to breed 

maize for improved microbial nitrogen fixation in roots (Ela et al. 1982). We did 

observe that a significant percentage of endophytes are shared by both stems 

and seeds (Figure 3.3, 3.4; Appendix 4), and that some seed microbes can 

migrate to roots (Figure 3.10). However, we did not observe a 

phylogenetic:endophyte correlation in stem tissues (Figure 3.2C). This may 

suggest stem endophytes of Zea do not have phenotypic effects on that tissue 

and thus have not have been targets for evolutionary selection. Important 

caveats should be mentioned here however: as only the basal section of stems 

was sampled from each plant, it may be difficult to extrapolate our results to the 

whole shoot. Bacterial titers may vary stochastically between host shoots, and 

the TRFLP assay would be biased for the dominant microbial groups (Figure 3.4).  

 

Microbial ecology of Zea seed endophytes 

 We had hypothesized there would be trait differences between microbes 

isolated from different Zea species based on the ecological niche of each host. 

However, across diverse Zea genotypes, the culturable endophyte community 

expressed a diverse range of phenotypes which were largely shared, including 

phosphate solubilization, growth on nitrogen-free media, and ability to produce 

acetoin or butanediol, which may serve as a strong growth promotion signal to 

the host plant (Ryu et al. 2003) (Figure 3.7). Since plants are composed of 

cellulose and pectin, it was not surprising to observe that ~30% of isolates 

secrete cellulose and pectinase (Figure 3.7). Cellulase is believed to be important 

in the endophytic colonization process by some types of bacteria (Quadt-

Hallmann et al. 1997). As a cautionary note, similar to a previous study (Chelius 

et al. 2001), it was disappointing, but not surprising that many of the bacteria 
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observed by TRFLP (167 peaks) were not represented in the culture collection 

(31 genera), which perhaps limited our ability to resolve functional differences 

between host-specific communities of microbes.  

 The conserved suite of endophyte traits observed may reflect common 

needs of Zea seeds and their spermosphere, the soil surrounding germinating 

seed (Nelson 2004). Most seeds spend part of their life cycle in soil. Seed 

associated microbes can play a role in promoting or resisting decay of the seed 

and preparing the surrounding soil environment for germination (Chee-Sanford 

et al. 2006). As seeds imbibe water during germination, they begin to secrete 

chemical exudates which are used as signals and energy sources by microbes, 

which quickly colonize the spermosphere, rhizosphere, and emerging seedling, 

where they can again antagonize pathogens, mineralize nutrients from the soil, 

promote germination and growth by producing hormones (Nelson 2004). This 

concept is illustrated by cardon cactus, which can grow on bare rock, but has 

reduced seedling growth in the absence of bacterial seed endophytes (Puente et 

al. 2009). The cactus endopohytes have been shown to provide the majority of 

nutrients to seedlings by enzymatically degrading rock and solubilising phosphate 

for the plant (Puente et al. 2009).  

 The most abundant culturable seed endophytes in this study belonged to 

a small number of genera. The most culturable bacteria belonged to the genus 

Enterobacter (Figure 3.6) which were observed to survive on nitrogen free 

media, solubilise phosphate, produce acetoin and included 4/6 auxin producers 

in the study (Figure 3.8). These functions suggest that Enterobacter may help 

maize roots develop and acquire important nutrients from the soil. In seeds, 

Enterobacter cloaceae has been shown to be a very competitive and fast growing 

spermosphere colonist, which helps protect developing seedlings from pathogens 

by quickly consuming seed exudates, blocking their use by other microbes 

(Nelson 2004).  
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 Enterobacter spp. are very closely related phylogenetically to Pantoea, the 

latter being the second most abundant group of endophytes observed in this 

study (Figure 3.6); both groups have previously been shown to be commonly 

culturable endophytes (Torres et al. 2008). In this study, though 50% of 

Enterobacter spp. were potential nitrogen fixers, only 1/17 Pantoea spp. 

exhibited this trait although more Pantoea had ACC deaminase activity (Figure 

3.8). Pantoea spp. are usually considered as plant pathogens responsible for soft 

rot (Toth et al. 2003; Coutinho et al. 2009) which interestingly can also cause 

human disease (Cruz et al. 2007). Conversely, other Pantoea spp. are 

commensal or beneficial endophytes (Feng et al. 2006) that may be important in 

protecting seeds from fungal infection (Rijavec et al. 2007).  

 The third most commonly isolated endophytes belonged to Pseudomonas, 

of which a disproportionate number of isolates exhibited growth on a nitrogen 

free medium, had ACC deaminase activity, and produced RNase, cellulase and 

pectinase (Figure 3.8).  However, Pseudomonas spp. showed low acetoin and no 

auxin production, suggesting they are not involved in manipulating Zea 

hormones. Previous studies have shown that Pseudomonas ssp. are common 

soil, rhizosphere and endosphere inhabitants, with roles ranging from soil disease 

suppression by chelation of available iron (Kloepper et al. 1980), root growth 

stimulation through ACC deaminase activity (Glick 2005), and plant growth 

promotion (Preston 2004). Pseudomonas spp. have also been shown to be 

important plant pathogens which can disrupt other plant endophytes causing 

indirect effects on plant health (Andreote et al. 2009). 

 Methylobacteria, easily identifiable as pink colonies, were also widely 

cultured from diverse maize genotypes (Figure 3.6) but were slow growers in our 

study. Methylobacteria are named for their phyllosophere habit of metabolizing 

volatile methanol emitted from stomata (Romanovskaia et al. 2001; Abanda-

Nkpwatt et al. 2006) and may thus be able to modulate airborne signals emitted 
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by plants. In previous studies, some Methylobacteria ssp. were shown to be 

xylem (Gai et al. 2009) and seed endophytes (Mano et al. 2006a) and were able 

to fix nitrogen, antagonize pathogens, promote seedling germination and plant 

growth through ACC deaminase activity and hormone production (Lidstrom et al. 

2002; Ryu et al. 2006). 

 

Do endophytes contribute to unique Zea traits? 

 Of particular interest in this study was to functionally characterize 

endophytes found in wild Zea species (teosintes) in addition to two giant maize 

landraces, Mixteco and Jala. As teosintes grow without inputs provided by 

humans, we expected their endophytes to be enriched in nutrient acquisition and 

biocontrol functions. The endophytes of two of the teosintes, Diploperennis and 

Nicaraguensis, appeared to be over-represented for antibiosis activities, growth 

on nitrogen free media, and ability to produce siderophores and auxin, but this 

was less obvious in the remaining teosintes, Mexicana and Parviglumis (Figure 

3.7G). Furthermore, the microbial titres of all 4 teosinte seeds were high relative 

to the titres observed in maize seed (Figure 3.3B; Figure 3.6). The 

bleach/ethanol treatment used to surface sterilize maize seeds was found to be 

insufficient to sterilize teosinte seeds (data not shown), suggesting that the 

teosinte fruitcase helps protect and house microbes. 

 Out of 91 microbial isolates tested, only 6 produced auxin. Four of the six 

auxin-producing endophytes were cultured from Nicaraguensis 

(Stenotrophomonas maltophilia, Enterobacter asburiae, and two isolates of 

Enterobacter hormaechei, Figure 3.7G). Nicaraguensis is a unique Zea genotype 

known to be highly flood tolerant as it inhabits seasonally flooded coastal plains 

and estuaries in its native Nicaragua (Iltis et al. 2000). Flood tolerance in 

Nicaraguensis is conferred by specialized root traits including the presence of 
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aerenchyma for oxygen transport to roots (Mano et al. 2006b) as well as the 

formation of adventitious roots which can grow in the air or at the soil surface 

(Mano et al. 2009). As adventitious root formation is strongly induced by auxin 

(de Klerk et al. 1999) our results may reflect natural selection on Nicaraguensis 

for auxin producing endophytes. The fifth auxin producing endophyte was 

isolated from Diploperennis (Enterobacter hormaechei, Appendix 7). 

Diploperennis was a unique Zea genotype in this study as it is perennial (Iltis et 

al. 1979). A large, persistent root system is a well known adaptation for 

perennialism (Iltis et al. 1979), and one possibility is that it was enhanced in 

Diploperennis by the auxin producing endophyte. The last auxin producing 

endophyte was cultured from the seeds of Jala (Pantoae ananatis), the only one 

we found in maize (Figure 3.7G). Jala is known locally in the Mexican state of 

Jalisco as “maiz de humedo” (moist-soil maize) (Rice 2007), and thus may also 

benefit from root growth promoting endophytes. As noted above, we were 

particularly interested in Jala because it is a giant corn plant; in fact it may be 

the world’s tallest maize, growing as high as 6m, the grain harvested by 

horseback (Rice 2007). A plant with a large shoot would benefit from an auxin 

producing endophyte by promoting root growth for enhanced anchorage and 

nutrient acquisition. 

 Of major interest in this study was the ability of isolates to promote plant 

growth. The only Zea seed endophyte that reproducibly promoted shoot growth 

in a potato bioassay was isolated from Mixteco (Burkholderia phytofirmans) 

(Figure 3.7G). Mixteco was the other giant maize in this study. B. phytofirmans is 

a known plant growth promoting endophyte (Sessitsch et al. 2005) which has 

been fully sequenced and until now was only ever isolated from sphagnum moss, 

onion, and rice (Compant et al. 2008b). Although many isolates displayed 

potentially beneficial traits in vitro, most of the other isolates tested appeared to 

stunt potato root and shoot biomass (Figure 3.8). This may not reflect the 

behaviour of these endophytes inside Zea seed or plants, as it has been 
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previously observed that endophytes confer growth promotion in a host-specific 

manner (Long et al. 2008). Zea and potato are also very different genetically, 

being separated by >100 million years of evolution (Raven et al. 1999). For 

example, from Nicaraguensis seed we isolated a strain with 100% identity to 

Klebsiella pneumoniae 342, a growth promoter of corn under field conditions 

(Riggs et al. 2001), but it caused growth inhibition of gnotobiotic potatoes. A 

gnotobiotic corn growth promotion assay does not yet exist, but would be useful 

for future experiments in this area. 

 

Zea seed endophytes can colonize the roots and rhizosphere 

 We tagged seed associated microbes with GFP and injected them into 

shoots in order to confirm their endophyte behavior. Several of the microbes 

were able to persist and systemically travel to the roots, confirming that they are 

endophytes (Figure 3.10A,B). Of particular interest was Enterobacter asburaie, a 

previously reported endophyte (Quadt-Hallmann et al. 1996; Asis et al. 2004) 

which was also able to exit the plant and colonize the rhizosphere (Figure 3.8C). 

This is a previously unreported endophytic behaviour and suggests a way that 

plant may inoculate their rhizospheres with microbes, in addition to secreting 

compounds into the soil. An explanation of how  E. asburiae was able to exit the 

plant may be provided by its cellulase activity (Appendix 7), as a previous study 

reported that it had the ability to bore holes in cotton to facilitate endophytic 

colonization (Quadt-Hallmann et al. 1997). E. asburiae was also the strongest of 

the auxin producers isolated from Nicaraguensis (Appendix 7), consistent with a 

previous study showing it to secrete auxin in cowpea (Deepa et al. 2010). E. 

asburiae was also able to grown on nitrogen free media (Appendix 7). Similar to 

many other seed associated microbes isolated in this study, it was able to 

solubilize phosphate (Appendix 7), a trait that would only be beneficial to the 

plant if the microbe could inhabit the rhizosphere. Though phosphate 
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solubilization can be conferred by weak acid production, under highly buffered 

conditions in the rhizosphere of pigeon pea, the only isolates observed with this 

ability were E. asburiae (Gyaneshwar et al. 1999). These results show that some 

seed associated microbes are competent to colonize the vegetative organs of the 

plant and may even be able to exit the plant and colonize the rhizosphere. 

 In conclusion, it was observed that Zea has a core microbiota that is 

conserved across maize evolution, domestication and migration. However, this 

study has also demonstrated that seeds are a good source to discover host 

genotype-specific endophytes. All of these endophytes displayed a range of 

functions in vitro and future in planta studies will be needed to determine how 

they contribute to the life cycles of their hosts. 

 

3.5: Methods  

Sources of first generation seeds 

 The immediate parents of the seeds came from different geographic 

locations (Appendix 3). Except if noted, all seeds were obtained from the 

International Maize and Wheat Improvement Center (CIMMYT) (Texcoco, 

Mexico) and accession numbers are provided (Appendix 3). Pioneer 3751 seed 

were treated with both MaximXL, a fungicide that controls Pythium and 

Rhizoctonia and ApronXL which controls Pythium and Phytophthora. 

 

Sources of first generation stems and second generation seeds 

 To investigate the effect of environment on Zea associated microbes, all 

genotypes were grown in a common garden. Ten plants per genotype were 

germinated in Petri dishes under wet paper towels, transferred individually to 

biodegradable, pressed cow manure pots, and filled with composted cow manure 

http://www.cimmyt.org/
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as soil. These were watered daily with tap water in a growth room maintained at 

28˚C with a 10 hour photoperiod to ensure that the Mexican varieties (short day 

plants) would flower in the field. Following 30 days, plants in pots were 

transplanted in a randomized plot design to a corn field near Guelph, Canada, at 

GPS coordinates: latitude, 43.49556918428844 and longitude -

80.32565832138062. At the time of seed harvest in late fall, 10 cm long stem 

sections from all plants were taken from just above the top crown root. No stem 

samples were obtainable from Gaspe, nor Generation 2 seed from Jala, Mixteco, 

Nal-Tel, Tuxpeno or Zea nicaraguensis. 

 

Seed and stem surface sterilization 

 To soften seed and revive endophytic populations, 15 seeds per genotype 

were soaked in distilled water for 48 hours, drained, and seeds washed in 0.1% 

Triton X-100  detergent for 10 min with shaking. This water was drained, and 

seeds washed with 3% sodium hypochlorite for 10 min. The bleach was drained, 

and a 3% sodium hypochlorite wash repeated for an additional 10 min. The 

seeds were then drained and rinsed with autoclaved, distilled water, before being 

washed for 10 min in 95% ethanol for 10 min. The ethanol wash was drained, 

and seeds rinsed three times with autoclaved, distilled water. To check for 

surface sterility, 5 seeds per treatment were momentarily placed on sterile R2A 

agar plates and these plates incubated for 10 days at 25˚C.   

 As stem sections were much larger than seeds, they were individually 

surface sterilized by immersion in 95% ethanol for 3 minutes, removed from the 

ethanol bath with forceps, and flamed. This step was repeated twice for each 

stem section.  
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Bacterial extraction 

 In order to extract bacteria from surface sterilized samples, 15 

seeds/genotype were ground in an autoclaved mortar and pestle to which was 

added 1 ml of 50 mM Na2HPO4 buffer per gram of seed dry weight (teosintes 

received 2 ml/g). 1 ml of this mixture was added to an Eppendorf tube and 

frozen for later DNA extraction; for culturing, 50 µl was serially diluted three 

times in 450 µl of 50 mM Na2HPO4 buffer, resulting in 10X, 100X, and 1000X 

dilutions. 

 Clean stems were ground in a flame-sterilized Waring blender resulting in 

a woody pulp, to which 0.5 ml of 50 mM Na2HPO4 buffer was added per gram of 

tissue. 1 ml was frozen and used for DNA extraction. 

 

DNA extraction and Terminal Restriction Fragment Length 
Polymorphism  

 Total DNA was extracted from 1 ml of extract using DNeasy Plant Mini Kits 

(Qiagen, USA), and eluted in water. DNA was quantified (Nanodrop, Thermo 

Scientific, USA). A PCR mastermix was made with the following components per 

25 µl volume: 2.5 µl Standard Taq Buffer (New England Biolabs), 0.5 µl of 25 

mM dNTP mix, 0.5 µl of 10 mM 27F-Degen primer with sequence 

AGRRTTYGATYMTGGYTYAG (Frank et al. 2008), 0.5 µl of 10 mM 1492r primer 

with sequence GGTTACCTTGTTACGACTT(Frank et al. 2008), 0.25 µl of 50 mM 

MgCl2, 0.25 µl of Standard Taq (New England Biolabs), 50 ng of total DNA, and 

double distilled water up to 25 µl total. Amplification was for 35 cycles in a 

PTC200 DNA Thermal Cycler (MJ Scientific, USA) using the following program: 

96⁰C for 3 min, 35X (94⁰C for 30 sec, 48⁰C for 30 sec, 72⁰C for 1:30 min), 72⁰C 

for 7 min. 
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 Using the same conditions as above, 1.5 µl of the above PCR product was 

used as a template in a nested, fluorescently labelled PCR reaction. For the 

nested PCR, primer 799f with sequence AACMGGATTAGATACCCKG  (Chelius et 

al. 2001) was labelled with 6FAM, and 1492rh with sequence 

HGGHTACCTTGTTACGACTT was labelled with Max550, both by Integrated DNA 

Technologies (USA). 1.5 µl of the labelled PCR product was then added to 8.5 µl 

restriction mixture [1U DdeI (NEB), 1X Buffer 3 (NEB)] and incubated in 

darkness at 37⁰C for 16 hours before sequencing gel analysis using a 3730 DNA 

Analyzer alongside GeneScan 1200 LIZ Size Standards (Applied Biosystems, 

USA).  TRFLP amplification and restriction was repeated three times for all seed 

and stem samples.  

 

TRFLP analysis 

 TRFLP results were analyzed using Peak Scanner software (Applied 

Biosystems, USA) using default settings with a modified fragment peak height 

cut off of 35 fluorescence units. The forward and reverse fragment sizes plus 

peak heights were exported to Microsoft Excel. Primer dimers, chloroplast 16S 

rDNA and 18S rDNA fragments were removed (peaks 1-19, 40, 50, 51, 356, 357, 

358, 362, 513, 515, 526 bp).  

 To generate pseudo TRFLP profiles for display, only forward fragements 

were used. The TRFLP fragment intensity for each peak was calculated for each 

PCR trial by subtracting the water control intensity; the results from all PCR trials 

were then averaged.  For PCA, both forward and reverse fragments were used. 

The analysis used the frequency of PCR trials with which each peak was detected 

rather than peak intensity. PCA of covariance was done using GGEbiplot software 

(Canada). 

 

http://www.idtdna.com/Home/Home.aspx
http://www.idtdna.com/Home/Home.aspx
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=catNavigate2&catID=603624


89 

 

Seed bacterial 16S rDNA clone library generation and sequencing 

 10 µl of each nested PCR product was run on an electrophoresis gel, and 

the 693 bp band was gel extracted and ligated to PCR cloning vector, pDRIVE 

(Qiagen, USA). 48 clones from each transformation were screened by colony PCR 

using plasmid primers M13 Forward and M13 Reverse, combined with amplified 

ribosomal DNA restriction analysis (ARDRA, (Gich et al. 2000)) with DdeI. Clones 

with distinct restriction patterns were subjected to colony PCR sequencing, and 

reads were BLAST searched against bacterial 16S in Genbank (Altschul et al. 

1990). 127 clone sequences longer than two hundred base pairs were submitted 

to Genbank and received accession numbers JF753273 to JF753400. To predict 

fragment sizes from clones and cultures, sequences were submitted to the in 

silico TRFLP analysis program TRiFLe (Junier et al. 2008).  

 

Endophyte culturing and 16S rDNA identification 

 50 µl of 10X and 1000X dilutions of each plant tissue extract was spread 

on three different types of agar media: LGI (50 g sucrose, 0.01 g FeCl3-6H2O,  

0.8 g K3PO4, 0.2 g MgSO4-7H20, 0.002 g Na2MoO4-2H2O, Agar 7.5 g/l, pH 7.5) for 

diazotrophic bacteria; R2A (#17209, Sigma) media for oligotrophic bacteria, and 

potato dextrose agar (PDA) (#70139, Sigma) for copiotrophic bacteria and fungi. 

To prevent fungal growth on R2A and LGI plates, 20 µl of 100 mM 

cyclohexamide was spread on the surface of plates before inoculation. Plates 

were incubated at 25 ⁰C for 10 days.  

 Unique bacteria from each plate were chosen based on colony colour and 

morphology. For identification, colony PCR was undertaken as above using 

primers 27f-Degen and 1492r; when a clean 1465 bp amplicon was present, 1 µl 

was used directly as template in a sequencing reaction. The sequencing reaction 

used primer 787f (AATAGATACCCNGGTAG), with an annealing temperature of 
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49⁰C, and standard BigDye reaction conditions (Applied Biosystems, USA). If 

necessary, amplicons were gel purified before sequencing. Reads were BLAST 

searched against  bacterial 16S Genbank (Altschul et al. 1990). 152 isolate 

sequences longer than two hundred base pairs were submitted to Genbank and 

received accession numbers JF753401 to JF753552. 

 

Bacterial phenotyping 

 Each endophyte was subjected to thirteen phenotypic tests using 96 well 

replica plating when possible. All tests were performed in duplicate, except the 

plant growth promotion assay which was carried out in triplicate.  

Plant growth promotion assay: We assayed for growth effects of each 

bacteria on nodal explants of potato (Solanum tuberosum cv. Kennebec) (Conn 

et al. 1997). For potato growth, potato nodal cutting media (PNCM) was 

prepared [4.4 g/L of MS Basal Salts with Minimal Organics (#M6899, Sigma), 15 

g/L of sucrose, 7.5 g/L of agar, and a pH of 6] and 10 mL poured into 22x150 

mm tissue culture tubes. Bacterial colonies were resuspended in 50 mM Na2HPO4 

(pH 7) to an OD600 of 0.2, and 100 µl injected onto each plantlet. Triplicate tubes 

were incubated for 30 days in a growth chamber with 50% humidity, 16 hour 

photoperiod (100 µM m-2 sec-1 with incandescent and fluorescent lights), with 

24⁰C day and 16⁰C night. After 30 days, agar was removed from roots, and fresh 

weights of roots and shoots recorded compared to the mean of 9 buffer treated 

plantlets.  

Growth on nitrogen free LGI media: Bacteria possessing the ability to 

convert gasesous nitrogen into biologically available ammonia may be able to 

grow and produce visible blooms in liquid media free of nitrogen. All glassware 

was cleaned with 6M HCl before media preparation. A new 96 deep-well plate 

(2ml well volume) was filled with 1ml/well of sterile LGI broth [per L, 50 g 

http://www.uoguelph.ca/~genomics/ProtocolsCBSWB.doc
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Sucrose, 0.01g FeCl3-6H2O, 0.8g K3PO4, 0.2g MgSO4-7H2O, 0.002g Na2MoO4-

2H2O, pH 7.5]. Bacteria were inoculated with a flame-sterilized 96 pin replicator. 

The plate was sealed with a breathable membrane, incubated at 25⁰C with 

gentle shaking for 5 days, and OD600 readings taken.  

ACC Deaminase Activity: Microbes were assayed for ACC deaminase activity 

by checking for visible blooms when grown on liquid media containing ACC as 

the only source of nitrogen. Prior to media preparation all glassware was cleaned 

with 6M HCl. A 2M filter sterilized solution of ACC (#1373A, Research Organics, 

USA) was prepared in water. 1 µl/mL of this was added to autoclaved LGI broth 

(see above), and 1 mL aliquots were placed in a new 96 well plate. The plate 

was sealed with a breathable membrane, incubated at 25⁰C with gentle shaking 

for 5 days, and OD600 readings taken. Only wells that were significantly more 

turbid than their corresponding nitrogen free LGI wells were considered to 

display ACC deaminase activity. 

Mineral Phosphate Solubilization: Bacteria secreting acid or phosphatases 

are able to create clear halos around colonies on media containing precipitate of 

tricalcium phosphate (Rodriguez et al. 2001). This was prepared as follows: 10 

g/L glucose, 0.373 g/L NH4NO3, 0.41 g/L MgSO4, 0.295 g/L NaCl, 0.003 FeCl3, 

0.7 g/L Ca3HPO4 and 20 g/L Agar, pH 6, then autoclaved and poured into 150 

mm plates. After 3 days of growth at 25⁰C in darkness, clear halos were 

measured around colonies able to solubilize the tricalcium phosphate.  

RNAse activity: RNA polymers longer than a few base pairs can be precipitated 

by addition of acid, forming opaque white deposits in clear agar plates. 1.5 g of 

torula yeast RNA (#R6625, Sigma) (Hole et al. 2004) was dissolved in 1 mL of 

0.1 M Na2HPO4 at pH 8, filter sterilized and added to 250 mL of autoclaved R2A 

agar media which was poured into 150 mm plates. The bacterial endophytes 

from a glycerol stock plate were inoculated using a flame-sterilized 96 pin 

replicator, and incubated at 25⁰C for 3 days. On day three, plates were flooded 

http://www.resorg.com/
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with 70% perchloric acid (#311421, Sigma) for 15 minutes and scored for clear 

halo production around colonies. 

Acetoin and diacetyl production: Some genera of bacteria such as 

Enterobacter and Klebsiella avoid acidic fermentation of glucose by generating 3-

hydroxybutanone and 2,3-butanediol instead of acetate or citrate. To detect 

generation of these products, addition of α-naphthol and a strong base allows a 

red molecular complex to form. This method is an adapted form of a plate based 

Vogues-Proskaur test (Phalip et al. 1994). 1ml of autoclaved R2A broth 

supplemented with 0.5% glucose was aliquoted into a 96 deep well plate (#07-

200-700, Fisher). The bacterial endophytes from a glycerol stock plate were 

inoculated using a flame-sterilized 96 pin replicator, sealed with a breathable 

membrane, then incubated for 5 days with shaking (200 rpm) at 25⁰C. At day 5, 

100 µl aliquots of culture were removed and placed into a 96 well white 

fluorometer plate, along with 100 µl/well of Barritt's Reagents A and B which 

were prepared by mixing 5 g/L creatine mixed 3:1 (v/v) with freshly prepared ∝-

naphthol (75 g/L in 2.5 M sodium hydroxide). After 15 minutes, plates were 

scored for red or pink colouration against a copper coloured negative control.  

Auxin production: Indole containing IAA is able to generate a pinkish 

chromophore under acidic conditions in the presence of ferric choride. R2A agar 

media, supplemented with L-tryptophan to a final concentration of 5 mM, was 

autoclaved and poured into 150 mm plates (Bric et al. 1991). Using a 96 pin 

plate replicator, all seed endophytes were inoculated onto the fresh plate from a 

96 well plate glycerol stock. The plate was incubated at 25⁰C for 3 days, then 

overlaid with a nitrocellulose membrane, and put in a fridge at 4⁰C overnight, 

allowing bacteria and their metabolites to infiltrate into the paper. The next day, 

the nitrocellulose membrane was removed and placed for 30 min on Whatman 

#2 filter papers saturated with Salkowski reagent (0.01M ferric chloride in 35% 
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perchloric acid, #311421, Sigma). Dark pink halos around colonies were 

visualized in the membrane by background illumination using a light table.  

Siderophore production: This assay is based on a competition for iron 

between the ferric complex of an indicator dye, chrome azurol S (CAS), and a 

chelator or siderophore produced by microorganisms. The iron is removed from 

CAS by the siderophore, which apparently has a higher affinity for iron (III). The 

positive reaction results in a color change of CAS reagent (usually from blue to 

orange). To ensure no contaminating iron was carried over from previous 

experiments, all glassware was deferrated with 6 M HCl and water prior to media 

preparation (Cox 1994). In this cleaned glassware, R2A agar media, which is iron 

limited, was prepared and poured into 150 mm Petri dishes and inoculated with 

bacteria using a 96 pin plate replicator. After 3 days of incubation at 25⁰C, plates 

were overlaid with O-CAS overlay (Perez-Miranda et al. 2007).  Again using the 

cleaned glassware,1 liter of O-CAS overlay was made by mixing 60.5 mg of 

Chrome azurol S (CAS), 72.9 mg of hexadecyltrimethyl ammonium bromide 

(HDTMA), 30.24 g of finely crushed Piperazine-1,4-bis-2-ethanesulfonic acid 

(PIPES) with 10 ml of 1 mM FeCl3·6H2O in 10 mM HCl solvent. The PIPES had to 

be finely powdered and mixed gently with stirring (not shaking) to avoid 

producing bubbles, until a dark blue colour was achieved. Melted 1% agarose 

was then added to pre-warmed O-CAS just prior pouring the overlay in a 

proportion of 1:3 (v/v). After 15 minutes, colour change was scored by looking 

for purple halos (catechol type siderophores) or orange colonies (hydroxamate 

siderophores).  

Pectinase activity: Iodine reacts with pectin to form a dark blue-colored 

complex, leaving clear halos as evidence of extracellular enzyme activity. 

Adapting a previous protocol (Soares et al. 1999) 0.2%(w/v) of citrus pectin 

(#76280, Sigma) and 0.1% triton X-100 were added to R2A media, autoclaved 

and poured into 150 mm plates. Bacteria were inoculated using a 96 pin plate 
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replicator. After 3 days of culturing in the darkness at 25⁰C, pectinase activity 

was visualized by flooding the plate with Gram's iodine. Positive colonies were 

surrounded by clear halos. 

Cellulase activity: Iodine reacts with cellulose to form a dark blue-colored 

complex, leaving clear halos as evidence of extracellular enzyme activity. 

Adapting a previous protocol (Kasana et al. 2008),  0.2% carboxymethylcellulose 

(CMC) sodium salt (#C5678, Sigma) and 0.1% triton X-100 were added to R2A 

media, autoclaved and poured into 150 mm plates. Bacteria were inoculated 

using a 96 pin plate replicator. After 3 days of culturing in the darkness at 25⁰C, 

cellulose activity was visualized by flooding the plate with Gram's iodine. Positive 

colonies were surrounded by clear halos. 

Antibiosis: Microbes secreting antibiotic or possessing some other antimicrobial 

activity inhibit the growth of other microbes in their immediate vicinity, creating 

a clear halo where no test organism grows. Bacteria were inoculated using a 96 

pin plate replicator onto 150 mm Petri dishes containing R2A agar, then grown 

for 3 days at 25⁰C. At this time, colonies of either E. coli DH5α (gram negative 

tester), Bacillus subtillus ssp. subtilis  (gram positive tester), or yeast strain 

AH109 (fungal tester) were resuspended in 1 mL of 50 mM Na2HPO4 buffer to an 

OD600 of 0.2, and 30 µl of this was mixed with 30 mL of warm LB agar. This was 

quickly poured completely over an endophyte array plate, allowed to solidify and 

incubated at 37⁰C for 16 hours. Antibiosis was scored by looking for clear halos 

around endophyte colonies.  

 

GFP tagging, plant inoculations and microscopy 

 Broad scale GFP tagging was attempted with broad-host vector pDSK-

GFPuv (Wang et al. 2007). Electrocompetent endophytes were prepared using 

standard procedures except SOC was substituted with R2A broth; strains 
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displaying poor growth were allowed to grow up to 5 days or until cultures 

appeared to have reached an OD600 of 0.5-1.0. For electroporation, 1 ml of cold 

R2A (plus 0.5% glucose) media instead of LB/SOC was added to the cuvette 

following electroporation; cultures were shaken at 37˚C for 2 hours before 

plating onto R2A agar with 50 µg/ml Kanamycin.  

 To verify endophyte habit and ability to migrate to roots, GFP-tagged 

endophyte cultures were resuspended in 50 mM Na2HPO4 buffer (OD600 of 0.2), 

and 20 µl was inoculated into stems of 5-leaf-tip staged maize plants (Pioneer 

3751) 10 cm about the soil. Plants were grown in Turface clay media with 

Hoagland’s solution. For each inoculation, the tip of an Exacto knife was inserted 

into the stem, removed, and then each culture was injected using a standard 20 

µl pipette tip. Five days later, roots of injected plants were macerated in sterile 

mortars and pestles, mixed with 10 ml of 50 mM Na2HPO4 buffer, and 100 µl 

spread onto R2A agar containing 50 µg/ml Kanamycin for GFP visualization. This 

test was repeated twice for all transformed endophytes.  

 For microscope analysis, and to test the ability of endophytes to colonize 

the rhizosphere from inside the plant, endophyte injection was repeated using 3-

leaf-tip stage maize seedlings (Pioneer 3751) growing in glass tubes (22 x 150 

mm) containing 20 ml of sucrose-free PNCM agar (see above). Inoculations were 

as above except 10 µl of each endophyte culture (OD600 = 0.2) was used. Five 

days later, seedlings were removed. To each tube, 2 ml of 50 mM Na2HPO4 

buffer was added to the remaining agar, swirled and then decanted onto R2A 

agar containing 50 µg/ml Kanamycin. Roots were again macerated as above and 

plated onto R2A agar containing 50 µg/ml Kanamycin.  

 Hand sections of the root region just below crown root emergence zone 

and above the hilum were taken, stained with 5 mM propidium iodide (Sigma) 

and screened for GFP expression using a Leica fluorescent microscope and 

Northern Eclipse software.  
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on the Endophytic Bacterial Communities of Wild, 
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Mexican and Canadian Soils on the Endophytic Bacterial Communities of Wild, 

Ancient and Modern Maize. (Pending submission to BMC Biology) 

4.1: Abstract  

 Endophytes are potentially beneficial microbes that can live within plants 

without causing disease. To facilitate breeding, crops such as maize (Zea mays 

L.), including their wild relatives and locally adapted landraces, are shifted 

around the world far from their native habitats. Geographically distant soils 

contain highly diverse populations of microbes including endophytes which are 

assumed to be taken up by plants. If true, then as crops are being 

geographically shifted, their endophytic communities are being significantly 

altered. Juvenile plants would be ideal targets for soil microbes, allowing them to 

become founding members of the endophyte communities. To determine the 

impact of swapping soils on the endophyte communities of juvenile plants, wild, 

exotic and modern genotypes of Zea mays were grown side by side on two 

extreme soil habitats -- a tropical Mexican soil associated with the wild ancestor 

of maize, and a temperate, Canadian soil associated with modern, industrial 

maize agriculture. The bacterial endophyte communities of young plants were 

catalogued by culturing and bacterial 16S rDNA fingerprinting using terminal 

restriction fragment length polymorphism (TRFLP) and compared using 

Sᴓrensen’s similarity index. Surprisingly, the endophyte communities of juvenile 

plants growing on the Mexican soil were up to 81% similar to those growing on 

the Canadian soil. Two major reasons explained this high similarity. First, 45-

64% of endophytes in juvenile plants showed evidence of vertical transmission 

(inheritance) rather than a soil origin: these microbes were found in parental 

seeds and/or plants grown on sterile sand. Second, though 10-37% of the 

shared endophytes appeared to originate from soil, the plants were able to select 
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the same microbes from geographically distant soils despite the vast diversity of 

microbes available. The traits exhibited by the microbial communities of the two 

sets of plants were also highly similar, including those involved in nutrient 

acquisition. Interestingly, the microbes supplied by vertical transmission alone 

appeared sufficient to supply seedlings with the diversity of functions observed in 

soil-grown plants. These results suggest that juvenile plants select which soil 

microbes they take up, and can substantially buffer their endophytic communities 

against the effects of migration.  

 

4.2: Introduction  

 Endophytic microbes live non-pathogenically inside their hosts where they 

can perform a number of beneficial functions for the plant, including nutrient 

acquisition, plant hormone production and antagonism to pathogens 

(Rosenblueth et al. 2006; Johnston-Monje et al. 2011). In return, endophytes 

benefit from plants by gaining access to nutrients and protection from outside 

competition and predation (McCully 2001). There may be two sources of 

endophytes: the surrounding environment and those inherited (Hallmann et al. 

1997). Soil is considered to be the major environmental source of bacteria found 

inside plants (Mahaffee et al. 1997; Rasche et al. 2006b; Van Overbeek et al. 

2008; Long et al. 2010)  and it is thus not surprising that roots are usually the 

most heavily colonized plant organ (Hallmann et al. 2006). Textbook examples of 

soil derived endophytes include vesicular arbuscular mycrorhiza (Brundrett 2002) 

and nodule forming rhizobia (Slattery et al. 2001). A critical stage for soil 

microbes to gain access to plants would be during germination and early 

development, becoming founders of the endophyte community of the adult plant 

and possibly its progeny.  

 Contrary to an environmental source, there is evidence that bacterial 

endophytes can be inherited from one generation to the next through seed 
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(Mundt et al. 1976; Adams et al. 2002; Schardl et al. 2004; Cankar et al. 2005; 

Okunishi et al. 2005; Mano et al. 2006a; Christensen et al. 2007; Rijavec et al. 

2007; Ferreira et al. 2008; Kaga et al. 2009; Puente et al. 2009). This behaviour 

would obviously be advantageous for microbes that could be the first to colonize 

a seedling, ensuring effective colonization of the new niche. While vertical 

transmission would promote long term survival of endophytes in plants, it is clear 

that not all endophytic microbes are able to do this, as rhizobia must re-infect 

legume roots every generation (Dowling et al. 1986).  

 Understanding whether endophytes in young plants are primarily inherited 

or selected from a local soil has relevance to modern agriculture. Today, crop 

genotypes, including their wild and exotic relatives, are shifted around the world 

to facilitate breeding. As plants are moved, they must grow in new soils they 

may not be adapted to. Soil is considered to be the most microbially diverse 

habitat on earth (Daniel 2005), and microbial communities from different 

locations can be especially distinct: in the largest retrieval of soil bacterial 

sequences ever conducted, bacterial communities from geographically distant 

soils within the Americas were observed to share only 4% similarity at the 

operational taxonomic unit (OTU) level (Fulthorpe et al. 2008). If young plants 

take up microbes and use soils as a “marketplace” for endophytes (Long et al. 

2010), then as crops are moved around the world, their endophytic communities 

may be significantly altered. For example, though soybeans take up nitrogen-

fixing Rhizobium from Asian soils near their site of domestication (Ruiz Sainz et 

al. 2005), efficient strains of these bacteria did not exist in North or South 

American soils, which fostered the development of soil and seed inoculant 

technologies for this crop (Catroux et al. 1992; Alves et al. 2003; Pueppke 2005; 

Hartmann et al. 2008).  

 Zea mays spp. mays (maize/corn) is one of the world’s three most 

important food crops and is an example of a cultigen in which wild, exotic and 
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modern genotypes are shifted around the world to facilitate breeding programs 

(Warburton et al. 2008). Evidence suggests that maize does take up endophytes 

from soils it is adapted to grow on, and hence would be affected by migration: 

for example, an endophytic strain of nitrogen-fixing Burkholderia could only be 

isolated from a Mexican maize landrace when it was inoculated with its native 

agricultural soil (Estrada et al. 2002). Though teosintes have traditionally covered 

hundreds of square kilometres of the western escarpment of Mexico and 

Guatemala (Wilkes 2004), the only significant natural population of Parviglumis 

left is in the Balsas River valley of Mexico (Wilkes 2007). Although we can only 

assume that teosinte in its native Mexican ecosystem maintains diverse ancestral 

relationships with environmental microbes, imminent habitat loss makes 

investigating this possibility all the more pressing (Bull 2004b). 

 Following domestication, maize was taken by pre-Columbian peoples from 

Mexico to North and South America where it was adapted by indigenous farmers 

into genetically distinct “exotic” landraces, each suited for the local environment, 

soil type and human culture (Matsuoka et al. 2002).  For thousands of years, 

these domesticated maize landraces came to dominate the landscape; 

Christopher Columbus mentions arriving on the continent to see massive corn 

fields 30 km long (Troyer 2004). One of the most ancient surviving exotic 

landraces, a giant plant called Mixteco (related to Oloton varieties), is still grown 

by Mexican farmers on acidic, nutrient poor, high-altitude soils and may 

represent a “missing link” between wild and domesticated maize (Matsuoka et al. 

2002). 

 In contrast to geographically specific landraces, modern maize hybrids are 

the result of commercial breeding programs where the goal is to have stable 

yields across a diversity of soil types and environments (Tollenaar et al. 2002).  

Most of this breeding is now done under high input conditions, by companies 

rather than local farmers, with as much as 94% of breeding in the United States 
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conducted by the private sector (Frey 1996). Pioneer 3751 is an example of a 

modern maize hybrid that is grown on diverse temperate soils around the world 

including Canada, the United States and Europe. Pioneer 3751 growing on an 

agricultural soil in Wisconsin has been shown to contain at least 74 different 

phylotypes of bacteria within its roots (Chelius et al. 2001).   

 The objective of this study was to determine the impact of swapping soils 

on the endophyte communities of genetically diverse juvenile maize plants, 

including wild, exotic and modern genotypes. Seeds representing each category, 

Parviglumis, Mixteco and Pioneer 3751, respectively, were germinated and grown 

side by side in a greenhouse in pots containing two extremely different soils, 

from Mexico and Canada. The Mexican soil was tropical, excavated from the 

rhizospheres of Parviglumis plants growing in the wild in the Balsas River basin. 

The Canadian soil was temperate, excavated from the rhizospheres of 

commercial hybrid maize plants growing in a maize/soybean field that had been 

treated for >30 years with industrial chemicals (i.e. fertilizers, herbicides, 

pesticides) that are able to have inadvertent impacts on soil microbial 

communities (Kibblewhite et al. 2008) (Figure 4.1). Plants were also grown in 

sterile sand as a control to determine which endophytes were non-soil derived. 

Bacterial endophytic flora were studied using both culture and culture 

independant analysis. We expected juvenile Parviglumis to take up very distinct 

microbes from its native soil in contrast to the chemically-treated temperate soil, 

and vice versa for Pioneer 3751, with Mixteco being intermediate. Surprisingly, 

the results showed that swapping soils affected only a minority of the 

endophytes observed at the juvenile stage with no obvious impact on the 

functional traits exhibited by the various microbial communities. A major 

underlying reason was that a majority of the endophytes were likely non-soil 

derived but rather inherited as they were present in sand-grown plants and/or 

parental seed. It also appears that young plants of a given maize genotype could 

select and take up the same microbes from the two soils despite the two soils 
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being separated by thousands of kilometres and belonging to distinct 

ecosystems. 

 

4.3: Results   

Bacterial endophyte communities are more influenced by host tissue 
type and genotype than soil/sand treatment 

 Plants were grown to the 5 leaf stage (about twenty days), root and shoot 

tissues separated, surface sterilized and ground in a mortar and pestle for DNA 

extraction and bacterial culturing. Bacterial DNA fingerprinting employed TRFLP 

analysis of 16S rDNA fragment sizes which were matched to sequenced 16S 

rDNA from cultured endophytes to assign taxonomic identities (Appendix 9). 

TRFLP analysis of Zea plants grown on different soils showed obvious differences 

in the endophyte community composition between root and shoot tissues (Figure 

4.2). Principal component analysis (PCA) of covariance of the 16S rDNA TRFLP 

data (counts of occurrence in 6 PCR trials, Appendix 9), showed that endophytes 

clustered initially based on organ type (Figure 4.3A). Consistent with the 

observation that many endophytes might be tissue specific, β diversity analysis 

using Sᴓrensen’s similarity index (QS) showed that bacterial endophyte 

communities were significantly more similar between the same tissue across 

different host genotypes (roots, QS range=0.63-0.78; shoots, QS range=0.70-

0.81)  
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Figure 4.1: Seeds, plants, and substrates used in this study. (A) The three juvenile 
plant genotypes at the five leaf stage growing in Canadian soil are shown (from L to 
R):  teosinte, Parviglumis (red stakes), Mexican landrace Mixteco (blue stakes), and 
the commercial temperate hybrid Pioneer 3751 (purple stakes). (B) Examples of seed 
are shown (from L to R): Parviglumis, Mixteco, and Pioneer 3751. (C) Substrates are 
shown (from L to R): sterilized sand, Canadian agricultural soil, and Mexican non-
agricultural soil. For a physical and chemical comparisons of Canadian and Mexican 
soil, see Appendix 8. 
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than between root versus shoot tissue within the same host genotype (QS 

range=0.49-0.57) (Mann Whitney p=0.024). 

 Host genotype had a stronger effect on the associated endophyte 

community composition in roots compared to shoots, with no obvious clustering 

pattern discernable in shoot tissues (Figure 4.3A,B). Surprisingly, soil substrate 

had the least influence on microbial community composition (Figure 4.3A). When 

host genotype was ignored, it confirmed the low influence of substrate type, with 

the exception of sterile sand-grown shoots which had a more distinct endophyte 

population than shoots grown on the two soils (Figure 4.3C). Unexpectedly, 

endophytes from roots grown on sterile sand clustered with those from plants 

growing on living soil within each genotype (Figure 4.3C). The different soil 

treatments did not dramatically alter plant biomass accumulation (Appendix 10), 

suggesting that observed changes in endophyte communities were not an 

indirect consequence of altered host growth.  

 

Zea endophyte communities in plants growing on geographically 
distinct soils are surprisingly similar  

 At the onset of this study, we expected the Canadian agricultural soil and 

the Mexican wild soil to cause differences in the Zea endophyte communities 

given their geographic distance the distinct ecosystems to which the soils 

belonged. We also observed significant physico-chemical differences between the 

Mexican and Canadian soil samples (Appendix 8). Moreover, this study included 

wild Mexican and domesticated temperate Zea genotypes which we assumed 

would select for distinct endophytes from their respective soils. Despite these 

differences, when plants were grown on these two soils side by side in the same 

controlled environment, bacterial endophyte communities tightly clustered on the 
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two soil types regardless of host genotype, as already noted (Figure 4.3C). 

Sᴓrensen’s similarity index using TRFLP data showed that the plant endophyte 

communities were up to 81% similar between plants grown on Mexican and 

Canadian soil (QS range = 0.60-0.81 for the three Zea genotypes)(Figure 4.4A-

C). The cultured communities were also similar between plants grown on the two 

soils (QS = 0.71) (Figure 4.5). This apparent buffering against the effects of 

migration did not appear to be the result of either crop domestication nor 

modern breeding, as the endophyte communities of the wild relative, Parviglumis 

also overlapped by 77% between the two soil types at the whole plant level (QS 

= 0.77) (Figure 4.4A). 

 

Several endophytes are conserved across all treatment and host 
genotype combinations tested.  

 The unexpected high similarity of the endophyte communities of Zea 

plants grown on Mexican versus Canadian soil suggested that the majority of 

endophytes were not taken up from local soils. Of 70 different TRFLP peaks 

observed at the whole plant level, 9 were conserved across all 9 host genotype 

and soil/sand combinations (Figure 4.4D; Appendix 9) suggesting that they were 

vertically transmitted and of ancestral origin. The conserved peaks and their 

predicted genus identities based on either 16S rDNA sequencing of cultures or 

APLAUS+ were: 27 bp, 32 bp (Acidobacteria), 53 bp (Pediococcus), 91 bp 

(uncultured compost bacterium), 187/188 bp (Chloroflexi), 225/226 bp 

(Enterobacter or Pantoea), and 229 bp (Burkholderia or Azospirillum). 
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Figure 4.2: Profiles of the endophytic microbial communities inhabiting young Zea 
plants based on a culture-independent approach. Shown are bacterial DNA fingerprint 
profiles (16S rDNA TRFLP) of (A) shoot tissues and (B) root tissues growing in 
different soils. Each peak is the fluorescence intensity average of six TRFLP 
amplifications from three pools of five plants, a semi-quantitative indicator of 
microbial titre. Mixteco plants grown in sand are the average of four TRFLP 
amplifications from two pools of 5 plants. 16S rDNA amplicons were first generated 
using forward primers 799f/1492rh and then were restricted using DdeI. Small 
fragments and those corresponding to 16S chloroplast rDNA or 18S rDNA were 
removed from the display. 
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Figure 4.3: Clustering relationships between endophytic microbial communities based 
on principal component analysis (PCA) of bacterial DNA fingerprints (Forward and 
reverse 16S rDNA TRFLP peaks). Shown are how endophytic communities cluster 
when: (A) host genotype, tissue type, and soil treatment are noted; (B) when 
substrate type is ignored; and (C) when host genotype is ignored. Results are 
displayed as biplots of the first and second principal components, with vectors 
representing the different samples; vector length represents the amount of difference 
in that sample and angles between vectors represent the degree of variance between 
samples and are summarized on the vertical bar next to the main biplot in (A). 
Abbreviations: PI, Parviglumis; MI, Mixteco; PA, Pioneer 3751; Can, Canadian soil; 
Mex, Mexican soil; sand, sterile sand.  
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 Culturing on oligotropic R2A media from both roots and shoots identified 

30 genera of which several were highly conserved across all soil/sand treatment 

and host genotype combinations including Enterobacter (225, 226, 259 bp), 

Microbacterium (712, 713, 714 bp) and Paenibacillus (339, 341, 349, 518, 521 

bp), followed by Pantoea species (226, 227, 259 bp), Stenotrophomonas (340, 

341 bp) and Bacillus (46 bp) (Figure 4.5). As Enterobacter or Pantoea (225, 226 

bp) were identified as conserved by both methods, they seem to be tightly 

associated with Zea across diverse environments.  

 

The majority of endophytes in plants growing on soil were also present 
in sand-grown plants  

 The extent of possible vertical transmission of endopytes was further 

investigated. Of the TRFLP peaks observed on soil-grown plants, 46% were also 

observed when the same genotype was grown on sterile sand (38-54% range) 

(Figure 4.4E-J). Sᴓrensen’s similarity index using TRFLP data confirmed that the 

plant endophyte communities were on average ~50% similar between sand and 

soil grown plants (QS = 0.43-0.61 for the three Zea genotypes). Sᴓrensen’s 

similarity index showed that the cultured community was also ~50% similar 

between sand and soil grown plants (QS = 0.48 and 0.53).  
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Figure 4.4: Relatedness and origin of endophytes present in young Zea plants grown 
on different substrates. Shown is the relatedness of bacterial endophyte communities 
from plants grown on Mexican soil versus Canadian soil for: (A) Parviglumis, (B) 
Mixteco, and (C) Pioneer 3751, based on Sᴓrensen’s similarity index of bacterial DNA 
fingerprints (16S rDNA TRFLP peaks). (D) The number of highly conserved TRFLP 
fragment peaks that co-occurred in all substrate treatments and host genotypes is 
shown. (E-J) Co-occurrence of endophytes from soil-grown plants to indicate what 
percentage of endophytes were vertically transmitted (inherited, present in sand or 
seed or both), taken up from both soils (shared Mexican and Canadian) or unknown 
(either taken up from only one soil or incomplete TRFLP sampling). Shown is the 
presumed endophyte origin for (E-G) plants grown on Canadian soil or (H-J) on 
Mexican soil. 
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Endophytes present in both parental seeds and sterile sand-grown 
plants confirm their vertical transmission 

 Further confirmation of vertical transmission of endophytes would be their 

presence in the original seed batch used in this study. Bacterial titres were 

expected to be low in seeds. Nevertheless, 24% of TRFLP peaks present in 

plants were shared with their surface sterilized parental seeds (12-33% range) 

(Figure 4.4E-J; Appendix 9 and 11). A total of 9-23% of TRFLP peaks present in 

soil were present in both parental seeds and sand-grown plants, identifying these 

as highly likely to be vertically transmitted. A few of these shared sand-seed 

peaks included the highly conserved peaks described earlier (27 bp, 53 bp, 

225/226 bp) (Figure 4.4D) in addition to peaks at 258 bp (Enterobacter or 

Pantoea) and 725/726 bp (Janthinobacterium, Herbaspirillum or Burkholderia) in 

Parviglumis, and peaks 511/512 bp (Clostridium or Azospirillum) and 521 

(Paenibacillus) in both Parviglumis and Pioneer (Appendix 9 and 11).  Four out of 

the 9 genera cultured on sand from Parviglumis were also cultured from seed; 

these were: Enterobacter, Klebsiella, Pantoea, and Stenotrophomonas. (Appendix 

11).  None of the genera cultured on sand from Mixteco or Pioneer were cultured 

from seeds. In summary, a total of 50-54% of TRFLP peaks present in soil-grown 

Parviglumis plants had evidence of vertical transmission, compared to 45-48% in 

Mixteco and 51-64% in Pioneer (Figure 4.4E-J).  
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Figure 4.5: Summary of the taxonomic identification of microbes cultured in this 
study. Top panel: Examples of R2A plate cultures of extracts from roots and shoots of 
Parviglumis when grown on different substrates. Botton panel: Taxonomic 
identification of cultured microbes based on sequencing of 16S rDNA from each 
colony. A black box indicates successful culturing of that genus. To enable 
comparisons to TRFLP results, the 16S rDNA sequences were virtually digested and 
the peak sizes are shown in the right column (predicted 16S rDNA DdeI forward 
cleavage product fragment sizes). More details on bacterial isolates are found in 
Appendix 13. 
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Both Mexican and Canadian soils can be donors of the same Zea 

endophytes  

 Endophytes likely explained by vertical transmission did not appear to 

account for all of the shared endophytes in plants growing on Mexican and 

Canadian soils. We hypothesized that the missing fraction were soil microbes 

common to both Canadian and Mexican soils that were taken up by Zea plants. 

TRFLP peaks were identified that were present in plants growing on both soils 

but not on sand and not present in parental seed. On Canadian soil, 29%, 34% 

and 10% of soil peaks met this criteria in Parviglumis, Mixteco and Pioneer, 

respectively; on Mexican soil, it was 25%, 37% and 11%, respectively (Figure 

4.4E-J). Only a single pair of peaks at 380/381 bp (Brevundimonas) was common 

to all three Zea genotypes growing on soil, but not found in sand grown plants, 

nor seeds. The remaining “general” soil peaks were more host specific. The 

shared Canadian-Mexican soil associated peaks in Parviglumis included: 65 bp 

(Mycobacterium or Sphingobacteria), 126 bp (Streptomyces), and 340 bp 

(Cohnella, Stenotrophomonas, or Pseudomonas). The shared Canadian-Mexican 

soil associated peaks in Mixteco included: 65 bp (Mycobacterium or 

Sphingobacteria), 70 bp (Lysobacter or Pseudomonas), 216 bp (Deinococcus), 

259 bp (Enterobacter or Pantoea), 337 bp (Rhizobium), 521 bp (Paenibacillus) 

and 726 bp (Herbaspirillum, Janthinobacterium) (Appendix 9, 11). Finally, the 

shared Canadian-Mexican soil associated peaks in Pioneer included a peak at 258 

bp (Serratia or Pantoea) (Appendix 9). Bacterial culturing suggested only that 

Burkholderia in Parviglumis, Pseudomonas in Mixteco, and Agrobacterium in 

Pioneer may be common soil derived endophytes (Figure 4.5).  
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The in vitro functions of Zea endophytic communities are similarly 
more influenced by host genotype than the surrounding soil/sand 
treatment       

 Finally, using the cultured microbial collections, we asked whether the 

functional traits exhibited by Zea endophytic communities were affected by the 

surrounding soil/sand treatment. Eighteen functional traits were chosen that 

could potentially influence host growth and/or health, including mineral nutrition 

(phosphate solubilisation [Figure 4.6A]; growth on nitrogen-free media as an 

indicator of biological nitrogen fixation; and siderophore production); synthesis of 

the root growth stimulating hormone auxin (Nassar et al. 2005); synthesis of 

ACC deaminase (which catabolizes the precursor of the plant stress hormone 

ethylene) (Glick 2005); and production of acetoin/butanediol (which alters 

synthesis of the plant hormones, ethylene and cytokinin [Figure 4.6B]) (Ryu et 

al. 2003; Ping et al. 2004). The ability of Zea endophytes to promote plant 

growth was tested by measuring potato biomass after inoculation with different 

isolates (Figure 4.6C). Also selected were assays that detected antagonism 

against potential plant pathogens, including bacteria (E.coli, Bacillus subtilis), 

fungus (yeast) and viruses (RNAase secretion). Finally, pectinase and cellulase 

activities were tested, since endophytes live in a niche consisting of pectin and 

cellulose. Bacterial isolates were scored as having activity (1) or not (0) (Figure 

4.6D, Appendix 12, 13).  

 PCA of in vitro bacterial traits was undertaken to determine whether host 

genotype or soil were able to select for different microbial functions. The 

influence of host tissue type was ignored given that the dataset was biased for 

root endophytes, with many fewer bacteria cultured from shoots. The PCA 

results showed that host genotype had more influence on the types of traits 

exhibited by members of an endophyte community than soil type (Figure 4.7A). 

For example, Mixteco grown on all three soil treatments had a higher probability 

of having endophytes that caused growth promotion in potatoes rather than  
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Figure 4.6: Analysis of functional traits of bacterial endophytes cultured from Zea 
plants. Shown are (A-C) select examples of trait assays and (D) the complete 
summary of observed traits organized by Zea genotype and substrate treatment. 
Examples of assays are (A) the ability of microbes to solubilise tricalcium phosphate 
(indicated by a clear halo); (B) acetoin and butanediol production (indicated by red 
colour); (C) growth promotion of tissue cultured potato one month after inoculation 
with (from L-R) Klebsiella pneumoniae, sterile buffer, or Methylobacterium oryzae. 
For panel (D), isolates were scored as either having activity (1) or not (0) and hence 
the numbers indicate the number of isolates from that cultured community that 
express the trait noted. Light yellow shading indicates that <25% of isolates 
exhibited the trait, deep yellow indicates 25-50%, orange indicates 50-75%, and red 
indicates 75-100%. 
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Figure 4.7: Clustering relationships between endophytic communities based on the 
functional traits they express. Shown are how endophytic communities cluster with 
respect to their functions: (A) when tissue type is ignored; (B) when substrate and 
tissue type are ignored: and (C) when host tissue type and genotype are ignored. 
Clustering is based on principle component analysis (PCA) of in vitro functional traits 
using cultured microbes. Microbial functions were converted into a binary score, as 
either expressing a particular trait such as phosphate solubilization (score=1) or not 
expressing that trait (score=0). Results are displayed as biplots of the first and 
second principle components, with vectors representing the different samples; vector 
length represents the amount of difference in that sample and angles between 
vectors represent the degree of variance between samples. Abbreviations: PI, 
Parviglumis; MI, Mixteco; PA, Pioneer 3751; Canada, Canadian soil; Mexico, Mexican 
soil; sand, sterile sand. 
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stunting (Figure 4.6D). As Mixteco is a giant plant growing in low nutrient soils, 

growth promoting endophytes may play a role in the life strategy of the plant.  

 Within a genotype, based on PCA, the functions of the bacterial 

communities were more similar between plants grown on Mexican versus 

Canadian soil, than between soil and sand (Figure 4.7A, C). Low nutrient sand 

was predicted to select for growth of microbes with compensatory traits; 

although the effects were subtle, the endophyte community of sand grown 

plants had slightly elevated numbers of nitrogen fixing and phosphate solubilising 

microbes, in addition to those that secreted cellulase (Figure 4.6D). In general 

however, the endophytes of soil-grown plants exhibited the same traits as those 

grown on sand (Figure 4.6D). 

 

4.4: Discussion  
 Modern maize was domesticated in Mexico from its Parviglumis ancestor, 

subsequently migrated across the Americas, and in modern times is grown on 

diverse soils around the world. Soils are a reservoir of microbes that could act to 

contribute and/or disrupt native microbial inhabitants, particularly if soil microbes 

gain access to young plants as they can be founders of the endophytic 

communities of adult plants and their progeny. By germinating three maize 

genotypes spanning 9,000 years from before domestication, to ancient and 

modern agriculture, on highly distinct soils and sterile sand (Figure 4.1), this 

study suggests that the composition of bacterial endophyte communities of 

diverse plants (Figure 4.2) are partially buffered against migration. Multivariate 

analysis showed that plant tissue type, and host genotype were more important 

than soil type in influencing endophyte community composition (Figure 4.3). 

Surprisingly, endophyte communities in plants growing on wild Mexican soil 

compared to chemically treated Canadian soil, were up to 81% similar (Figure 

4.4A-C). This similarity could be explained by two factors. First, 45-64% of 
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endophytes in juvenile Zea plants showed evidence of vertical transmission 

rather than a soil origin (Figure 4.4D-J). Second, despite the Canadian and 

Mexican soils being thousands of kilometres apart and belonging to distinct 

ecosystems, they appeared to be common sources of 10-37% of the endophytes 

observed (Figure 4.4D-J). Using cultured microbes (Figure 4.5), analysis of 

bacterial functional traits (Figure 4.6) similarly showed that soil type had little 

influence on the traits observed in the endophyte community of juvenile plants 

(Figure 4.7) with most traits also observed in sterile sand-grown plants 

suggesting they were vertically transmitted.  

 

Only a fraction of Zea endophytes are specific to a soil type 

 Soils in different regions of the Americas have been shown to have highly 

distinct microbial communities (Fulthorpe et al. 2008). Soils have been shown to 

determine bacterial community composition in the rhizosphere (Normander et al. 

2000; Singh et al. 2007; Berg et al. 2009) and likely because there is less 

research on the factors driving endophyte community structure, conventional 

thought has assumed that local soil would similarly be the major source of plant 

endophytes (Long et al. 2010). Plants have been viewed as microbial “traps”, 

able to extract endophytes from the  soils they are growing on (Estrada et al. 

2002). For example, maize landraces grown in soils infected with Rhizobium etli 

from intercropped beans were shown to take up these micobes (Rosenblueth et 

al. 2004), supporting this view. In fact, maize root diazotrophs were shown to be 

more related to nearby soil communities than to those in shoots of the same 

plants (Roesch et al. 2007b). Cracks at lateral roots have been suggested as the 

mechanism of systemic endophyte infection (Cocking 2001) including for the 

endophytes Herbaspirillum seropedicae (James et al. 2002), Klebsiella 

pneumoniae 342 (Dong et al. 2003) and Burkholderia phytofirmans (Compant et 

al. 2008a). In tomato growing on non-soil substrates, Pseudomads isolated from 
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the root surface were shown to enter the endosphere upon inoculation (Van Peer 

et al. 1990). 

 Based on the above studies, we had hypothesized that three week old Zea 

plants grown on Mexican versus Canadian soils would have dramatically different 

populations of endophytes, exhibiting different functions. The specific Mexican 

soil sample used was chosen because it was taken from the wild, supporting the 

growth of Parviglumis plants. Two of the host genotypes used in this study were 

adapted to tropical Mexican soils and we assumed that these indigenous plants 

co-evolved with their soil microbes. In contrast, the Canadian soil came from a 

long-term commercial maize field treated with fertilizers, pesticides and using 

conventional tillage, used to grow modern temperate maize such as the Pioneer 

genotype used in this study. Previous research has shown that agrochemicals 

including synthetic fertilizers affect endophytic populations of nitrogen fixing 

bacteria (Roesch et al. 2006) and type I methanotrophic in maize (Seghers et al. 

2004) as well as the culturable endophyte community from tobacco (Long et al. 

2010). Unlike the Canadian soil, the Mexican soil also contained high 

concentrations of heavy metals such as arsenic and aluminum (Appendix 8). A 

previous study of tobacco cultivated on soil contaminated with cadmium showed 

that the endophytic communities were enriched in cadmium-tolerant microbes 

(Mastretta et al. 2009). Despite all of these differences, we did not observe 

dramatically different populations of endophytes in plants growing on Mexican 

versus Canadian soils (Figure 4.3C) nor large differences in the traits they 

exhibited (Figure 4.7C). TRFLP analysis showed that only an average of 24% of 

microbes (range 17-38%) appeared to be unique to either the Mexican or 

Canadian soil (Figure 4.4D-J). Even this soil type-specific fraction may be an 

over-estimate as it included any microbe from soil-grown plants that was not 

shared by at least another community. For comparison, 31% of the bacterial 

community found in sand-grown plants were similarly not observed in seeds or 

soil-grown plants, suggesting that many of the unique microbes might be low-
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titre and hence subject to stochastic variation in sampling. It is important to note 

that if a host genotype selected microbes from a specific soil, it would have 

caused each genotype-soil treatment combination to be unique and neither 

contribute to clustering by genotype nor soil treatment in the PCA (Figure 4.3). 

 

Canadian and Mexican soils are sources of common Zea endophytes 

 In contrast to the presumed microbial uniqueness of Canadian versus 

Mexican soils, it appears that both soils were donors of common Zea 

endophytes, averaging 27% of the endophytic bacterial communities found in 

these plants (Figure 4.4). For example, one ubiquitous soil-derived bacteria, 

predicted to be Brevundimonas (peak 380/381 bp), was observed in all three Zea 

genotypes of both Mexican and Canadian grown plants but did not appear in 

seeds or sand-grown plants (Appendix 11). Unlike Brevundimonas, most of the 

ubiquitous soil-derived microbes appeared to be taken up in a host-specific 

manner (Appendix 9). Such genotype-specific microbes shared between soils 

would have contributed to host genotype influencing endophyte community 

structure rather than soil type (Figure 4.3A). The presence of common 

endophytes originating from Canadian and Mexican soils are somewhat 

surprising given that only 4% of bacteria have been found to be common to 

geographically distant soils across the Americas (Fulthorpe et al. 2008). Our data 

suggests that the shared soil fraction includes many Zea endophytes. For 

example, Proteobacteria account for up to 37% of all maize root endophytes, 

and are commonly observed in diverse soils, including both tropical and 

temperate soils (Chelius et al. 2001). In this study, the temperate and tropical 

soils were excavated 10 cm away from Zea plants which may have further 

increased the community relatedness of the samples (Wall et al. 1999).   
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Vertical transmission is a major source of Zea endophytes 

 In contrast to a soil origin, in this study, an average of 64% of 

endophytes in juvenile Zea plants showed evidence of vertical transmission 

(Figure 4.4), which most likely explains the strong effect of genotype on 

influencing endophyte communities (Figure 4.3A). For microbes to be transmitted 

vertically, they must inhabit seeds, an association which we have recently shown 

is be strongly influenced by genotype in maize (Johnston-Monje and Raizada, 

submitted). In rice, seed-associated endophytes have been shown to become the 

dominant microbes in mature plants (Kaga et al. 2009). Endophytic bacteria in 

seeds of giant cardon cactus have been shown to subsequently enhance seedling 

development by solubilising rock nutrients (Puente et al. 2009) while microbes 

from tobacco seeds were shown to alleviate heavy metal stress in maturing 

plants (Mastretta et al. 2009). To mimic nature, Zea seeds in this study were not 

surface sterilized before being planted, allowing for bacteria living on and 

underneath the surface of the seed to persist and potentially colonize the 

germinating seedling before soil inhabiting endophytes could. Early bacterial 

colonists of eukaryotic hosts have been shown to exert a “barrier effect” against 

invading microbes (Raibaud et al. 1980; Bacilio-Jimenez et al. 2001; Ait Barka et 

al. 2002) which may explain why soil was not as important a source of 

endophytes as originally assumed. Indeed, ancient versus modern wheat 

varieties grown on the same soils were shown to have distinct bacterial 

communities (Germida et al. 2001). It could be argued that if plant roots were 

not gate keepers against soil microbes, plants would be overwhelmed.  

 Though the focus of this study was to examine founder microbes in 

juvenile plants, it is possible that later growth stages might have allowed more 

time for soil-derived colonization of plant tissues. Previous studies have shown 

that endophyte communities can vary by growth stage (Van Overbeek et al. 

2008), becoming more similar to the rhizosphere community as plants mature 
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(Berg et al. 2009), whereas other studies have shown that young plants show 

peak similarity between rhizosphere and endophyte communities (Mahaffee et al. 

1997). Another caveat is that some TRFLP peaks appeared to be vertically 

transmitted in one host genotype because it was retrieved from sand-grown 

plants, but soil derived in another genotype (e.g. 726 bp), because it was not 

detected on sand. Future studies may benefit from increased sampling, 

additional PCR replication and larger numbers of biological replicates. 

 

Modern crop breeding for yield stability across diverse environments 
may have reduced uptake of soil microbes 

 Only the endophytes that were shared by plants growing on the two soils, 

but not found in seeds or sand-grown plants, could be definitely ascribed as 

being derived from soil. Interestingly, Pioneer 3751, a genotype bred for yield 

stability across diverse temperate environments, was observed definitively to 

take up only ~10% of its endophytes from soil compared to 27-36% for 

Parviglumis and Mixteco (Figure 4.4). One possibility is that modern breeding 

may have caused crop plants to be more selective for which microbes can be 

taken up from the soil, particularly at juvenile stages, thus contributing to yield 

stability across environments. Future experiments involving a greater number of 

modern and older genotypes will be required to properly test this plausible 

hypothesis.  

 

4.5: Conclusion 

 As crops are moved around the world today to facilitate breeding, 

including their wild relatives, locally adapted landraces and modern genotypes, 

we asked whether such migration to new soils alters the microbes observed 

inside juvenile plants; such microbes could become founders of the endophytic 



123 

 

community of the adult plant as it grows and possibly also gain access to its 

progeny. We tested the effects of growing maize genotypes spanning 9,000 

years of evolution, on a wild, tropical Mexican soil versus a high-input, Canadian 

agricultural soil. We assumed that wild plants co-evolved with the microbes in 

their environment and thus expected to observe dramatically different endophyte 

communities when the wild Mexican plant, Parviglumis, was grown on Canadian 

soil compared to its native Mexican soil. Similarly, we expected Pioneer 3751, a 

temperate commercial variety of maize grown on an industrially farmed soil, to 

have different microbes when grown on its adapted substrate than on soil from 

the wild tropics. Instead, the endophytic bacterial communities were up to 81% 

similar when comparing juvenile plants grown side by side on the two soils. Host 

genotype was found to be important in determining the structure of endophyte 

communities. Geographically distinct soils did not appear to be dramatically 

distinct reservoirs of endophytes nor donate endophytes with distinct functions. 

The majority of endophytes present in young plants appeared to be inherited 

through seeds, or if they originated from soil, then the same microbes appeared 

to be selected from diverse soils in a host-specific manner. These results suggest 

that young plants may act as “gate-keepers” towards soil microbes, buffering 

their endophytic communities against the effects of migration, at the critical 

juvenile stage of development when microbes would compete to occupy the 

whole plant niche. 

   

 

4.6: Methods 
Sources of seed 

 Zea mays spp. parviglumis (#11355) and Zea mays ssp. mays  var. 

Mixteco (#24143) were obtained from the International Maize  and Wheat 

Improvement Center (CIMMYT) (Texcoco, Mexico) with the Bank Accession 

http://www.cimmyt.org/
http://www.cimmyt.org/
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Numbers noted in brackets.  CIMMYT seed were treated with Semevin350 

(insecticide), Tecto60 (nematocide), and ApronXL (fungicide). Pioneer 3751 seed 

(Pioneer Hi-Bred T3SZZA11015.00) was kindly provided by Pioneer from a 

nursery in Szarvas, Hungary. Seeds were treated with MaximXL (fungicide) and 

ApronXL (fungicide).  

 

Sources of soil 

 Sterile Sand: Nepheline syenite (cas# 37244-96-5, Unimin Canada Ltd, 

Blue Mountain, Canada), a chemically inert sand, was sterilized by autoclaving at 

121⁰C for an hour. 

 Canadian Soil: A temperate, agricultural silt loam soil was excavated from 

near 10 maize plants in a long term maize rotation experiment (Meyer-Aurich et 

al. 2006) in Elora, Ontario, Canada, at GPS coordinates 43.641044, -80.405674 

on November 4, 2009. 

 Mexican soil: A tropical, non-agricultural clay loam soil was excavated 

from the rhizospheres of 10 Parviglumis plants growing in a wild field near 

Mazatlan, Guerrero, Mexico, at GPS coordinates 17.435517,-99.474068 on 

October 23, 2009. This soil is from the Balsas River basin and is part of the last 

wild habitat of Parviglumis (Serratos et al. 1997). 

 The physico-chemical properties of the two soils were analyzed at 

University of Guelph Lab Services (Appendix 8). 

 

Plant experimental design and growth conditions 

 To promote germination of teosinte, seeds were heat treated in a dry 

incubator at 40⁰C for one week. All seeds were soaked in distilled water for 24 
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hours at room temperature to promote germination. For each replicate, five 

seeds of each genotype were planted in 10 cm wide, 10 cm deep pots containing 

either soil or sand. There were 3 replicates per genotype, per soil treatment 

(Figure 4.1) with the exception of Mixteco on sand which was only replicated 

twice due to limited seed. Pots were placed randomly in the growth chamber and 

watered every 24 hours with 50 ml of distilled, autoclaved water. Plants were 

grown to the 5 leaf tip stage (18 days) in a growth chamber with 50% humidity, 

16 hour photoperiod (200 µM m-2 sec-1 at pot height with incandescent and 

fluorescent lights), with 28⁰C day and 23⁰C night. To ensure that the different 

substrate treatments were not significantly affecting plant growth, fresh tissue 

weights were recorded at harvest. 

 

Root and shoot surface sterilization 

 Pots with plants at the 5 leaf stage (about 20 days old) were carefully 

shaken free of soil, cut at the root/shoot boundary, washed clean of soil under 

tap water, placed into 500 ml Erlenmeyer flasks and washed in 0.1% Triton X-

100 detergent for 10 min with shaking. The water was drained, and samples 

then washed with 3% sodium hypochlorite for 10 min. The bleach was drained, 

and washed again in 3% sodium hypochlorite for an additional 10 min. The 

samples were then drained and rinsed with autoclaved, distilled water, before 

being washed in 95% ethanol for 10 min. The ethanol was removed, and 

samples rinsed three times with autoclaved, distilled water. To check for surface 

sterility, one piece of tissue per treatment was transiently placed on sterile R2A 

agar plates which were incubated for 10 days at 25˚C. 
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Bacterial extraction from roots and shoots 

 Surface sterilized tissues were ground in an autoclaved mortar and pestle 

to which was added 1 ml of 50 mM Na2HPO4 buffer per gram of fresh tissue. 1 ml 

of this mixture was added to an Eppendorf tube and frozen for later DNA 

extraction; for culturing, 50 µl was serially diluted three times in 450 µl of 50 mM 

Na2HPO4 buffer, resulting in 10X, 100X, and 1000X dilutions. For later culturing, 

400 µl was mixed with 250 µl of 80% glycerol and frozen at -80⁰C.   

 

DNA extraction and Terminal Restriction Fragment Length 
Polymorphism (TRFLP) from roots and shoots 

 Total DNA was extracted from 1 ml of tissue extract using DNeasy Plant 

Mini Kits (Qiagen, USA), and eluted in water. DNA was quantified (Nanodrop, 

Thermo Scientific, USA). A PCR mastermix was made with the following 

components per 25 µl volume: 2.5 µl Standard Taq Buffer (New England 

Biolabs), 0.5 µl of 25 mM dNTP mix, 0.5 µl of 10 mM 27F-Degen primer with 

sequence AGRRTTYGATYMTGGYTYAG (Frank et al. 2008), 0.5 µl of 10 mM 1492r 

primer with sequence GGTTACCTTGTTACGACTT (Frank et al. 2008), 0.25 µl of 

50 mM MgCl2, 0.25 µl of Standard Taq (New England Biolabs), 50 ng of total 

DNA, and double distilled water up to 25 µl total. Amplification was for 35 cycles 

in a PTC200 DNA Thermal Cycler (MJ Scientific, USA) using the following 

program: 96⁰C for 3 min, 35X (94⁰C for 30 sec, 48⁰C for 30 sec, 72⁰C for 1:30 

min), 72⁰C for 7 min. 

 Using the same conditions as above, 1.5 µl of the above PCR product was 

used as a template in a nested, fluorescently labelled PCR reaction. For the 

nested PCR, primer 799f with sequence AACMGGATTAGATACCCKG  (Chelius et 

al. 2001) was labelled with 6FAM, and 1492rh with sequence 

HGGHTACCTTGTTACGACTT was labelled with Max550, both by Integrated DNA 

http://www.idtdna.com/Home/Home.aspx
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Technologies (USA). 1.5 µl of the labelled PCR product was then added to 8.5 µl 

restriction mixture [1U DdeI (NEB), 1X Buffer 3 (NEB)] and incubated in 

darkness at 37⁰C for 16 hours before sequencing gel analysis using a 3730 DNA 

Analyzer alongside GeneScan 1200 LIZ Size Standards (Applied Biosystems, 

USA).  

 There were 3 biological replicates per genotype/treatment combination. 

For each biological replicate, TRFLP amplification and restriction was repeated 

twice (two technical replicates).  Per tissue, each genotype/treatment 

combination thus underwent up to 6 TRFLP PCR trials. 

 

TRFLP analysis 

 TRFLP results were analyzed using Peak Scanner software (Applied 

Biosystems, USA) using default settings with a modified fragment peak height 

cut off of 35 fluorescence units. The forward and reverse fragment sizes plus 

peak heights were exported to Microsoft Excel. Primer dimer fragments were 

removed (peaks 1-26 bp).  

 To generate pseudo TRFLP profiles for display (Fig. 4.2), only forward 

fragments were used. The TRFLP fragment intensity for each peak was 

calculated for each PCR trial by subtracting the water control intensity; the 

results from all PCR trials were then averaged. To generate predictions for the 

identity of different TRFLP fragment sizes, 16S sequences from cultured bacterial 

isolates  were submitted to the in silico TRFLP analysis program TRiFLe (Junier et 

al. 2008). Additional TRFLP fragment size predictions were generated using the 

TRFLP analysis program APLAUS+ (Shyu et al. 2007). 

 For PCA, both forward and reverse fragments were used. To reduce 

experimental noise inherent in TRFLP analysis (Culman et al. 2008) a fragment 

size category was only included if it amplified more than once, and data was 

https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=catNavigate2&catID=603624
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formatted as presence/absence counts of PCR trials (0 to 6) in which each peak 

was detected. PCA of covariance was done using GGEbiplot software (Canada). 

 Measurements of similarity between microbial communities as indicated by 

TRFLP were made using the Sᴓrensen’s similarity index (QS), an indicator of 

Beta diversity useful in comparison between microbial communities (Culman et 

al. 2008), with the formula:  

                                          QS = 2c / (S1 +S2) 

where S1 = total number of species in Community 1, S2 is total number of 

species in Community 2, and c is the number of species common to the two 

communities. 

 

Endophyte culturing and 16S rDNA identification from roots and shoots 

 100 µl of a 1:10 dilution of glycerol stock from each tissue extraction was 

spread on R2A agar media (#17209, Sigma) media for oligotrophic bacteria. 

Plates were incubated at 25⁰C for 10 days.  

 Unique bacteria from each plate were chosen based on colony colour and 

morphology. For identification, colony PCR was undertaken as above using 

primers 27f-Degen and 1492r; when a clean 1465 bp amplicon was present, 1 µl 

was used directly as template in a sequencing reaction. The sequencing reaction 

used primer 787f (AATAGATACCCNGGTAG), with an annealing temperature of 

49⁰C, and standard BigDye reaction conditions (Applied Biosystems, USA). If 

necessary, amplicons were gel purified before sequencing. Reads were BLAST 

searched against Genbank (Altschul et al. 1990) and 105 of these sequences 

which were over 200 bp long were submitted to Genbank, receiving accession 

numbers JF776463-JF776567.  

 

http://www.uoguelph.ca/~genomics/ProtocolsCBSWB.doc
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Bacterial phenotyping and analysis 

 Each endophyte was subjected to thirteen phenotypic tests using 96 well 

replica plating when possible. All tests were performed in duplicate, except for 

the plant growth promotion assay which was carried out in triplicate. The 

different protocols are described already described in Chapter 3. PCA of 

covariance was done on bacterial traits using GGEbiplot software (Canada). 

 

Seed sterilization, TRFLP and culture methods  

 All methods were the same as those employed for shoots and roots with 

the following exceptions. Pools of fifteen seeds per genotype were soaked in 

distilled water for 48 hours before surface sterilization with bleach and ethanol as 

above. To verify surface sterility, 5 seeds per treatment were transiently placed 

on sterile R2A agar plates, and the plates were incubated for 10 days at 25˚C. 

Sterilized seed were then ground in an autoclaved mortar and pestle to which 

was added 1 ml of 50 mM Na2HPO4 buffer per gram of seed dry weight 

(Parviglumis received 2 ml/g). 1 ml of this mixture was added to an Eppendorf 

tube and frozen for DNA extraction; for culturing, 50 µl was serially diluted three 

times in 450 µl of 50 mM Na2HPO4 buffer, resulting in 10X, 100X, and 1000X 

dilutions. 100X and 1000X dilutions were spread on R2A (#17209, Sigma) media 

for culturing of oligotrophic bacteria. DNA from pooled seed was subjected to 

three PCR trials using the same primers, PCR, and restriction conditions as 

above.  
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Chapter 5: General discussion 

 The present study was motivated to test the hypothesis, “Domestication, 

breeding, and movement of Zea mays to new environments has altered the 

community of bacterial endophytes associated with these plants.” There is 

support for this hypothesis, and the differences appear mostly to involve changes 

in abundance of certain groups of bacteria correlated to changes in genotype. 

Specific details, caveats, and future experiments will be further elaborated by 

hypothesis and objective.  

 

5.1: Objective 1 - Impact on seed endophyte communities 
 The genetic history of modern maize is well characterized (Matsuoka et al. 

2002; Vigouroux et al. 2008) and is an excellent model system for understanding 

how domestication, migration and long-term human selection have impacted 

plant genomes (Gore et al. 2009). In this thesis, I took advantage of this 

previous research and selected well characterized Zea germplasm to understand 

how associated endophytic communities are altered as a crop is domesticated by 

humans, heavily bred, diversified and migrated to new environments. The effects 

of these processes on endophyte community composition have not been 

systematically characterized in any crop. As seeds are responsible for vertical 

transmission of microbes, I focused on cataloguing bacterial endophytes in seeds 

of 14 ancestral, ancient and modern Zea genotypes using bacterial 16S rDNA 

fingerprinting (TRFLP), a culture-independent approach. The parents of these 

seeds were grown at multiple field sites primarily in Mexico. When the resulting 

seed bacterial communities were analyzed using multivariate analysis (PCA), it 

showed that host genotype was the primary determinant of community 

composition. PCA analysis showed that endophyte communities in diverse Zea 

seeds are related to one another based on the phylogenetic relationships of their 

hosts, a novel finding. The endophytes of the wild teosinte species Zea 
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diploperenis and Zea nicaraguensis clustered at one end of the spectrum 

followed by the direct teosinte ancestors of modern maize (Z. mays ssp. 

mexicana and Z. mays ssp. parviglumis), then genotypes of domesticated maize 

(Z.mays ssp. mays) including Mexican landraces mixed with temperate lines, and 

finally, the endophyte community of the Canadian landrace Gaspe Flint (within Z. 

mays ssp. mays) which was at the distal end of the spectrum, furthest from the 

site of maize domestication in Mexico. This result shows that as humans selected 

maize over the last 9,000 years, they also gradually altered its microbial 

inhabitants, an interesting observation that has not been demonstrated in the 

literature. When Zea genotypes were subsequently grown in the same field in 

Canada, and the subsequent seeds analyzed for their bacterial endophytes, the 

same phylogenetic relationships were observed between next-generation seeds, 

suggesting that Zea genotypes are able to somehow maintain the structure of 

their seed endophyte communities despite the environment they are grown in. 

This result again confirms the importance of host genotype in determining 

endophyte community structure. 

 Amongst Zea seed communities, 4 TRFLP fragment sizes were observed to 

be highly conserved in all host genotypes. Two of these conserved peaks were 

identified as belonging to Paenibacillus and Clostridium by comparison to 

sequenced 16S rDNA clones from an amplified bacterial clone library generated 

in parallel. These TRFLPs are suggestive of a core microbiome present across the 

seeds of the genus Zea, another novel finding. Furthermore, a large proportion 

of endophytes appear to have been retained by maize after domestication, as 

76% of TRFLP peaks observed in ancestral Parviglumis seeds (Z. mays ssp. 

parviglumis) were also observed in at least one other genotype of maize; two of 

these were exclusive to Z. mays and were predicted to be Chloroflexi and 

Bradyrhizobium spp.; also potential candidates of a core maize seed microbiome. 

By counting diversity of TRFLP peaks, there was not a significant change in the 

diversity of seed endophytes following domestication. A recent study comparing 
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maize to Parviglumis found that all major cellular aspects of seed development 

are still shared between the modern plant and its ancestor (Dermastia et al. 

2009) which may describe mechanisms or specialized niches such conserved 

microbes utilize to spread from one generation to the next.   

 Despite conservation in the type of TRFLP peaks observed in different Zea 

genotypes, the seed endophyte communities of some teosinte genotypes 

appeared to have elevated titres of certain microbial groups, including several 

predicted to be Enterobacter and/or Pantoea, peak 255 bp predicted to be an 

uncultured Methanogen, and peak 726 bp predicted to be either Burkholderia 

and/or Herbaspirillum. The presence of a fruitcase surrounding teosinte seeds 

may explain the elevated numbers of these bacteria, perhaps creating a 

protective niche for them.  

 Though PCR based amplification and TRFLP analysis of microbial DNA 

from seeds did provide useful information about endophyte communities, it is 

important to note that there was significant plant mitochondrial DNA 

contamination and the approach required a large number of PCR cycles to 

generate visible products. Future TRFLP analysis trials may be well advised to 

attempt to reduce interfering plant DNA sequences with a technique such as 

suicide PCR (Green et al. 2005), which should increase the sensitivity of the 

technique for the template of interest. In contrast to TRFLP profiling, parallel 

culturing of microbes showed an unpredictable level of variation between 

genotypes making it difficult to draw any conclusions about the nature of 

cultarable seed endophyte communities.   

 

5.2: Objective 2 - Impact on plant endophyte communities  
 Today, crop germplasm is moved around the world to facilitate modern 

breeding with increasing interest in exotic landraces and wild relatives as sources 
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of novel alleles (Zamir 2001; Vigouroux et al. 2008). I found this to be of interest 

as it has been assumed that plants take up large numbers of microbes from local 

soils. Indeed, soil has recently been referred to as a “marketplace” for 

endophytes by a major plant ecology lab (Long et al. 2010). If true, then modern 

breeding programs are dramatically altering the structures of crop endophytic 

communities. To test this hypothesis, I selected 3 extreme genotypes, ancestral 

Parviglumis, a Mexican landrace and a modern temperate hybrid, representing 

9,000 years of maize evolution. I grew these plants indoors in two extreme soils 

side by side: one soil was excavated from a high-input industrial maize field in 

Canada, and the second was excavated from a wild field in Mexico supporting 

growth of Parviglumis. Even assuming that plants are “gatekeepers” of the soil 

microbes they take up, given that plants and microbes co-evolve, I expected that 

Parviglumis plants would have dramatically different root (and shoot) endophytes 

when growing on its native soil compared to Canadian soil; and similarly that a 

temperate hybrid bred under high-input conditions (Pioneer 3751) would take up 

different endophytes from a temperate, fertilized soil than a wild Mexican soil. To 

my surprise, the endophytic communities of the three Zea genotypes were up to 

81% similar between plants growing on Canadian versus Mexican soil, based on 

TRFLP analysis. Functionally, the traits exhibited by plants growing on the two 

soil types were also very similar. Consistent with this result, multivariate analysis 

(PCA) showed that bacterial community composition and functional traits were 

much more defined by host genotype than soil type. Although I did not directly 

analyze the soil samples for microbial differences, a previous study which 

reported the largest soil bacterial sequence retrieval ever attempted, found that 

at least 74% of bacterial species were distinct between temperate and tropical 

soils, with only 4% being considered as common (Fulthorpe et al. 2008).  

 Combined, the above results suggested that most endophytes were either 

inherited through seeds, as suggested by my first study, and/or that plants were 

selectively taking up similar microbes common to both soils. I compared the 
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microbial communities observed in roots and shoots to seeds to quantify 

inheritance, and I also grew plants in parallel on sterile sand for the same 

reason. Approximately 50% of TRFLP peaks could be attributed directly or 

indirectly as being inherited through seed, apparently unaffected by the microbes 

living in soils. Nine of these vertically transmitted peaks were observed in all 

three Zea genotypes including peaks at: 27 bp, 32 bp (Acidobacteria), 53 bp 

(Pediococcus), 91 bp (uncultured compost bacterium), 187/188 bp (Chloroflexi), 

225/226 bp (Enterobacter or Pantoea), and 229 bp (Burkholderia or 

Azospirillum). A direct comparison of this core microbiota could not be made to 

the first study which concerned seed endophytes, whereas these peaks were 

found in roots and shoots.  

 There was also a significant fraction of endophytes that were not vertically 

transmitted and yet shared by plants growing on both soil types, suggesting that 

Zea plants could select and take up the same microbes from geographically 

diverse soils, a very interesting finding. Of the three genotypes, the modern 

hybrid Pioneer 3751, had the lowest fraction of endophytes (10%) that could be 

attributable to a soil origin, compared to 27% and 36% in Parviglumis and 

Mixteco, respectively. As an important goal of modern maize breeding programs 

is increasing yield stability (Tollenaar et al. 2002), it is possible that the 

apparently enhanced selectivity to soil microbial entry by Pioneer is partially 

responsible for this difference. This observation requires further investigation, 

comparing multiple modern genotypes with multiple ancestral Zea genotypes. 

 There were two important caveats to the soil-swap study. First, I only 

analyzed juvenile plants at the 5 leaf tip stage. A soil-endophyte study could be 

conducted on more mature plants to follow endophytic populations over the life 

span of the plant. Second, the soils included in this study both supported the 

growth of Zea plants when they were sampled, and may thus have been similarly 

inoculated with Zea endophytes from previous generations. Repeating this 
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experiment with soil that has never hosted Zea or other grass species may clarify 

the impact of ”virgin” soil microbial communities on plant endophyte community 

structure. 

 

 5.3: Comparison of endophyte functions in seeds versus plants 
 As endophytes are in a position to complement and affect plant growth, it 

was logical to screen isolates for functions which might affect their hosts. 

Verification of endophytic habit was also attempted by tagging endophytes with 

constitutively expressed GFP plasmids. Screening involved 9 agar plate-based 

screens, three 96 well plate liquid broth assays, and a gnotobiotic potato based 

growth promotion assay. The culturable Zea seed community appeared to be 

enriched for acetoin production, phosphate solubilisation, nitrogen fixation, and 

cellulase/pectinase secretion. Isolates from plants were also rich in acetoin 

production, phosphate solubilisation and nitrogen fixation, but had a higher 

proportion of bacteria having ACC deaminase activity than seeds. Multivariate 

analysis (PCA) of microbe functions from seeds was not informative because of 

the low diversity of cultured isolates from several maize lines, whereas PCA of 

isolates from young plants was shown to correlate with plant genotype. It seems 

reasonable to surmise that in addition to regulating the population structure of 

their endophyte communities, Zea plants have the genetic potential to select for 

functionally different endophytic microbes.  A breeding experiment in maize has 

shown that associative bacterial nitrogen fixation is dependent on host genetics 

(Ela et al. 1982), so it is possible to assume other traits such as ACC deaminase 

production or phosphate solubilisation in bacterial endophytes may be similarly 

dependent on the host.  
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5.4: Both seeds and plants contain endophytes not previously 
reported in maize 
 Amongst bacteria cultured in this study from seeds, several appear to be 

previously undescribed as endophytes occurring in maize including Citrobacter, 

Dienococcus, Escherichia, Hafnia, Luteibacter, Micrococcus, Rhodococcus, 

Staphylococcus, and Streptomyces. From inside juvenile plants, novel cultured 

genera included Cohnella, Cupravidus, Delftia, Flexibacter, Janthinobacterium, 

Kytococcus, Lysobacter, Mycobacter, Pandorea, and Sphingobium. Strains 

identified as 100% similar at the 16S rDNA level to the well researched maize 

endophytes Klebsiella pneumoniae 342 (Fouts et al. 2008) and Bacillus 

mojavensis (Bacon et al. 2002) were cultured in these experiments, supporting 

the endophytic nature of the community being sampled. Another well researched 

endophyte,  Burkholderia phytofirmans PsNJ (Sessitsch et al. 2005), was isolated 

from seeds of Diploperennis teosinte,  and the landraces, Chapalote and Mixteco. 

While B. phytofirmans has been described as an endophyte in a few other 

species (Compant et al. 2008b), this strongly growth promoting strain has never 

before been reported in maize. 

 

5.5: Advantages and disadvantages of using TRFLP 
 In comparison to cultures, identifying rare isolates using TRFLP is not as 

straightforward.  TRFLP signals are potentially representative of more than one 

species or even genera of bacteria (for example 225/226 and 258/259 bp could 

represent both Enterobacter and/or Pantoea spp.) and many of the fragments 

identified could not be matched to clones, cultures or even APLAUS+ predictions. 

Nevertheless, some interesting patterns were observed using TRFLP. First of all, 

there were many more TRFLP signals detected than bacterial genera cultured, 

suggesting TRFLP is a more sensitive method for surveying microbial diversity 

than culturing. As in other studies, this DNA-based approach also appeared to 

sample a different population than bacterial culturing (Chelius et al. 2001), re-
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enforcing the importance of combining culture-dependent and culture-

independent approaches for the study of microbial communities. For example, 

using TRFLP combined with clone library sequencing, it was possible to deduce 

that Clostridium spp. are part of a core seed microbiota, while because they are 

obligate anaerobes, no Clostridium spp. were ever cultured in these studies. 

Furthermore, TRFLP profiles allow some idea of the relative abundance of 

microbes in samples whereas culturing was not as useful in this regard (at least 

for individual genera). For example, culturing showed there to be Pantoea and 

Enterobacter spp. in both generations of teosinte and maize seeds, while TRFLP 

showed that teosinte seeds had significantly larger titres of these microbes than 

maize; so much so that many maize seed did not register as having any of these 

bacteria at all.  In order to enhance the value of TRFLP analysis in future 

experiments, larger scale clone library sequencing may help increase the number 

of species identified.  

5.6: Discussion of Appendix 1 - Transgenic endophyte mediated 
plant growth promotion  
 As a side project, I hypothesized that it would be possible to use Zea 

endophytes as delivery vehicles in maize for transgenes, similar to the use of 

viruses for transient transfection assays in tobacco (Velásquez et al. 2009). It 

was not obvious which plasmids or promoters would work in any of the 

endophytes, let alone in diverse endophytes. However, I constructed and 

successfully tested an arabinose inducible plasmid system in several Zea 

endophytes (Appendix 1). Plasmids were built using a pDRIVE backbone which 

contains a high copy, pUC origin of replication, likely limiting the taxonomic 

flexibility of these plasmids to members of the Enterobacteriaceae (Sambrook et 

al. 2001). In order to control transgene expression using a convenient and 

biologically relevant compound, I cloned from E. coli DH5α the previously 

described arabinose inducible promoter araBAD (Guzman et al. 1995). Within E. 

coli  JM109, this promoter was shown in vitro to be able to inducibly drive 
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expression of GFP and ACC deaminase from P. putida UW4 (Cheng et al. 2007) 

and budBC from K. pneumoniae 342 (Wardwell et al. 2001), resulting in visible 

GFP fluorescence, growth on nitrogen free media with only ACC as a nitrogen 

source, and the production of acetoin or 2,3-butanediol, respectively. I selected 

tested all three of these constructs on tissue cultured potatoes, hoping to 

observe altered growth phenotypes.  

 As shown in Appendix 1, electroporation of arabinose inducible GFP 

containing plasmids was successful into multiple Zea endophytes belonging to 

Enterobacteriaceae including E. coli, Citrobacter, and Pantoea; all of these 

showed arabinose inducibility. Inducible GFP expression from these bacteria was 

confirmed by fluorescence microscopy. With respect to the other reporters, 

potato based growth promotion assays were unable to prove that either 

transgenic E. coli JM109 (a lab strain), E. coli NBRI101 (a Zea endophytic strain), 

or Pantoea ananatis (a Zea endophytic strain), could alter plant biomass 

accumulation by transgene expression. There was evidence of the promoter 

being leaky, as GFP fluorescence and acetoin production were detected in E. coli 

JM109 in the absence of arabinose.  Further experiments in this area might 

include testing these plasmids in other bacteria, altering growth conditions to 

enhance phenotypes (i.e. add ethylene to the tubes to stress plant growth), 

measurement of other parameters such as plant gas emissions, and construction 

of other control plasmids to show more easily interpretable results. For example, 

inducible production of a plant toxin by an endophyte should result in very clear 

plant growth inhibition, which would demonstrate that endophyte expressed 

transgenes can be used to alter plant growth.  
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5.7: Discussion of Appendix 2 - Elucidation of a novel growth 

promoting mechanism and its associated genes 

 The potato root growth promoting rhizobacteria, Gluconacetobacter 

azotocaptans DS1, was originally isolated from maize roots (Mehnaz et al. 2006). 

As its mechanism of growth promotion was not known, I undertook a functional 

genomics approach to identify and isolate the genes involved (Appendix 2). A 

700+ BAC clone library was constructed and hosted in a lab strain of E. coli. To 

screen this library, I decided to use an assay previously used in a similar screen 

of transposon mutated Burkholderia phytofirmans (Wang et al. 2006). 100 BAC 

containing E. coli clones were inoculated in triplicate on tissue cultured potato 

plants, which were screened after a month of growth for induced changes in 

biomass accumulation. After an initially strong positive result from BAC clone 1O1 

was subsequently found to be unreproducible in multiple trials, an experiment 

was undertaken to understand the reason to help improve future protocols. The 

K12 E. coli strain used is adapted to temperatures of 37⁰C and may have 

behaved unfavourably at the temperatures of 18-24⁰C used in this assay (van 

Elsas et al. 2011). Another factor in plasmid stability is the presence of selective 

antibiotics, which could not be used in this assay because of toxicity to plants. 

Interestingly, but unexpectedly, my plasmid stability trial revealed that the 100 

kb inserts in every BAC clone were unstable and ejected after only 8 days into 

the 30 day growth promotion assay. While inserts were lost, both the empty 

plasmids and lab strain of E. coli appeared to have survived intact for the full 30 

days of the assay. Very similar results have previously been reported for E. coli 

with antibiotic resistant plasmids growing in soil without selection pressure 

(Godwin et al. 1979). Optimization of the assay to improve insert stability for the 

entire 30 days of the assay would be an obvious line of future experiments. 

Alternatively, high throughput and rapid (less than 8 days long) screening of BAC 

containing E. coli clones on agar plates containing antibiotics and incubated at 
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37⁰C  may allow for successful screening of simpler transgenic functions such as 

phosphate solubilisation. 

 

5.8: Perspectives and Future Work 

 This thesis was concered primarily with the microbial ecology of Zea 

species bacterial endophytes.  A secondary goal was to evaluate the utility of 

endophytic microbes to affect and improve plant growth.  

 In order to set a foundation for future studies, I attempted a survey of the 

bacteria found in Zea mays and some related species which resulted in a 

collection of seed and plant endophytes which may prove useful in future 

studies, especially with a view to their development as maize probiotics. When 

this was combined with a culture-independant evaluation of endophyte diversity, 

it was possible to begin describing a core microbiota. Knowing which microbes 

are the “normal” or most common members of the Zea seed, root, or shoot will 

allow future work to reference this state of normalcy. For example, the most 

commonly cultured and cloned seed endophytes were γ-proteobacteria, 

especially Pantoea and Enterobacter spp. The potato based bioassay I used, 

suggested that pure cultures of these microbes inhibit plant growth, although 

they are not obvious pathogens and possess some traits such as nitrogen fixation 

which may aid host growth. As shown by PCA of 16S TRFLP, there was coherent 

variation in taxonomic groups of bacteria between seed and plant genotypes, 

which suggests that taxonomic information about endophytic communities (as 

opposed to metabolic genes for example) can yield useful information about the 

host plant. If strong functional predictions can be made about the role of 

different bacterial endophytes, it may be possible to evaluate plant health or 

capacity for plant-microbe associations based on the taxonomic composition of 

its endophytic community. By extention, it may also be possible to optimize 

endophyte community profiles through the application of external treatments or 
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changes to the growing conditions of the plants. Before such technologies are 

possible, it will be necessary to carefully observe bacterial ecology inside the host 

plant, in mixed culture under natural conditions and establish what the bacterial 

contributions to host survival are using techniques such as selective elimination 

using antibiotics. Cultured strains may find use as biofertilizers if further 

experiments show their absence in field grown plants, and further show their 

ability to colonize and somehow improve host growth after application. As this 

study was limited to in vitro studies of cultured isolates, I was not able to directly 

show what function these microbes have in the lifecycle of maize plants. I was 

however able to show which taxonomic groups are most abundant in Zea seeds, 

roots, and shoots. Before more ecologically relevant functional studies are 

conducted, it will be difficult to extrapolate what their actual roles are in a plant’s 

life or evaluate their potential as biofertilizers.  

 Of significant interest in the ecology of these bacteria was the observation 

that a majority of bacterial endophytes are inherited from generation to 

generation through seed. This is similar to human babies, which appear to 

acquire most of their associated microbes from their mother as they are being 

born. This raises interesting caveats about developing biofertilizers from bacterial 

isolates, as in many cases they may already be present in seed and likely 

colonize developing plants without a need for additional innoculant. Genera such 

as Clostridium and Paenibacillus  appear to be part of a core seed microbiota, 

and are thus unlikely to provide any additional benefit if additional populations 

are applied externally to seed. On the other hand, the discovery that there are 

detectable, heritable populations of bacteria associated with Zea seed suggests 

that seed innoculants may be a biologically relevant technology for maize 

agriculture as long as under-represented strains can be selected.  

 The results of the soil experiment suggest that seed derived endophytes 

can be more important than environmentally acquired bacteria, further implying 



143 

 

that seed inoculants may be a more effective way to deliver endophytic 

biofertilizers than soil inoculants would be. Rather than originating from the 

environment, it was quite surprising to observe a strain of Enterobacter asburiae 

exiting maize roots and colonizing the rhizosphere; further experiments will 

obviously have to be done to observe whether other species of endophyte are 

able to behave this way, and additional work will hopefully elucidate whether 

these microbes are able to contribute to plant growth after colonizing this distinct 

niche. A major line of further investigation will involve further testing of rare or 

non-persistant bacterial endophytes for their ability to stabily colonize plants, 

survive inside them and aid the growth of developing seedlings. Additional 

experiments to understand how exactly seed endophytes proliferate and colonize 

the developing seedling will be crucial to better understand how to manage plant 

germination and development to promote optimal populations of endophytic 

bacteria. Furthermore, it would be interesting to follow the inheritance patterns 

of different bacterial genera over a greater number of generations, and ask 

how/why does the structure of the endophytic community change over time and 

in different tissues of the plant.  

 It was curious to observe that different above ground samples (stems and 

shoots) did not appear to posses discernably different bacterial endophyte 

populations, while roots and seeds had endophytic populations that varied in 

accordance with plant genotype. It was also interesting to observe that the 

commercial hybrid Pioneer 3751 appeared to take up a lower proportion of 

bacteria from the soil, as opposed to the Mexican landrace Mixteco or the 

teosinte Parviglumis. I did indirectly establish by PCA of TRFLP that plant 

genotype is able to regulate the make up of seed and root endophytic 

populations, and that genetic differences in Zea plants can somehow control 

which microbes are able to gain entry to the plant. How Zea plants regulate 

entry of bacteria into their vegetative organs, or influence levels and diversity of 

endophyte communities was not addressed during this thesis, but would make 
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for fascinating future investigation. Elucidating the mechanisms and genes used 

by Zea plants to regulate these populations of microbe may lead to breeding or 

other biotechnological approaches to optimize the nature of endophytic 

populations from the perspective of plant genetics.  

 Discovering and engineering novel endophytic bacteria was attempted 

during this thesis, with mixed results. During the culture based survey of 

endophytes, several previously identified endophytes were re-isolated from Zea 

samples, affirming the validity of the techniques used. These included the growth 

promoting bacteria, Burkholderia phytofirmans, Klebsiella pneumoniae, and 

Bacillus mojavensis. A large number of isolates appeared to be rare, only being 

isolated once from one sample and not observed in TRFLP. Examples of these 

included Brevibacillus, Streptomyces, Bradyrhizobium, Mesorhizobium, Cohnella, 

Curtobacterium, Pandorea and Deinococcus. Endophyte inoculants would likely 

be useful if they supply bacteria not already present in plants, so special 

attention should be paid to better understanding these rare isolates. Some of the 

strains such as Burkholderia phytofirmans were predicted to provide growth 

promotion to Zea plants after positive results in the gnotobiotic potato bioassay, 

but most bacteria appeared to stunt plant growth, calling into question the 

usefulness of the potato bioassay used in this study. Attempts to discover novel 

growth promoting mechanisms and genes were met with limited success, but 

future work will hopefully refine the BAC screen used or find alternative methods 

for gene discovery. Likewise, genetic modification of endophytes is possible and 

useful as constitutive and arabinose inducible GFP tagging has proven, but 

additional control experiments will have to be done to understand basic aspects 

of endophyte-host interactions before we can expect to successfully alter 

endophyte effects on plant hosts. For example, proving that Pantoea ananatis is 

able to hurt plant growth by producing significant levels of a plasmid encoded 

toxin would be a very good way to support further experiments testing its 

transgenic production of growth promoting compounds such as acetoin or auxin. 
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In the future, genetically modified inoculants of rare bacteria may be developed 

which could contribute to a successful integrated ecological agriculture.  
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Appendices 

 

Appendix 1: Development of an inducible, plasmid-based 
transgene testing system for endophytic bacteria of Zea 
plants 
 

Abstract 

 As a first step to being able to use endophytic microbes as a delivery 

vehicle to test the functions of transgenes in maize rapidly, I engineered an 

inducible expression system in Zea bacterial endophytes, driving transgenes 

known to alter plant growth. Three different expression plasmids were 

constructed by fusing the arabinose inducible E. coli DH5α promoter araBAD with 

GFPuv, ACC Deaminase, and budBC in a pDRIVE backbone. These were 

electroporated into a number of Zea endophytes previously isolated from seed. 

Using GFP fluorescence as a reporter of gene expression allowed confirmation 

that these bacteria could colonize the interior of potato plants and receive 

enough arabinose to express an araBAD inducible gene. While expression of ACC 

deaminase or budBC in E. coli JM109 was able to confer novel genotypes to the 

host bacteria in vitro, expression in the endophytes, E. coli NBRI1707 and P. 

ananatis, did not have any measurable effect on plant biomass accumulation 

under the conditions tested. Further optimization of bioassay parameters may 

allow accurate testing of plant-growth altering transgenes in endophytes.   

 

Introduction 

 Endophytic bacteria and fungi live inside plants without causing significant 

disease to the host. Often and through numerous genetically controlled 



168 

 

mechanisms, endophytes are thought to contribute to the health and growth of 

the plant (Rosenblueth et al. 2006). Like the human body which is host to at 

least ten times more bacterial cells than human cells (Turnbaugh et al. 2007), 

plants are closely associated with a great diversity of bacteria (Bacon et al. 2006) 

and fungi (Rodriguez et al. 2008a) which add to the metabolic complexity and 

fitness of the host.  Understanding the diversity and ecological role these 

endophytic communities play in the life of the plant is of importance to ecology 

and plant science and may yield numerous discoveries which may also help 

improve the productivity and sustainability of agriculture.  

 Discovery of plant growth promoting strains of bacteria is one aspect of 

this research which may yield dramatic results in coming years. For example, 

bacterial strains isolated from switchgrass, maize, and sugarcane have been 

shown to increase yields in inoculated plants (Riggs et al. 2000) and  may prove 

valuable in enhancing production of biomass and food.  Discovery of the 

mechanisms and underlying genes controlling these processes may further allow 

molecular breeding of microbial inoculants or transgenic plants expressing these 

traits. The CRY gene from Bacillus thuringensis has been introduced into many 

different plant species to control against insect predators (Romeis et al. 2006) 

and has also been shown to be effective in insect control when expressed in 

endophytic bacteria including Clavibacter spp. (Tomasino et al. 1995), 

Gluconacetobacter diazotrophicus, and Herbaspirillum seropedicae (Salles et al. 

2000). To create a convenient and biologically relevant test for transgene 

function in endophytic bacteria within a living plant, I built an arabinose inducible 

construct driving GFPuv expression in the vector pDRIVE. Replacement of the 

GFPuv cassette with a transgene of interest allows easy electroporation of the 

construct into a range of gram negative endophytic bacteria as well as 

expression of the gene within gnotobiotically grown potatoes for up to a month. 

Testing of ACC deaminase and budBC by assaying for growth promotion in 

potato yielded inconclusive results; however future work optimizing this assay 
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may allow this method to be useful in testing gene function in plants using 

endophytes instead of making stable transgenic plants.  

 

 

Results and Discussion 

Plasmid Construction 

 In order to construct a set of plasmids which could be used to inducibly 

express genes of interest in vitro or in planta, a set of plasmids was built in the 

cloning vector, pDRIVE (Figure 1). Restriction sites were chosen to partially 

comply with best practice recommendations set out by the International 

Genetically Engineered Machines (iGEM) competition, whereby the different DNA 

fragments were designed to be flanked by iGEM-compatible EcoRI and XbaI sites 

on the 5’ end, and SpeI and PstI sites on the 3’ end (Knight 2003). Initially, the 

reporter gene GFPuv was amplified by PCR from the plasmid pDSK-GFPuv, and 

ligated directly into pDRIVE (Figure 1B). Plasmids containing GFPuv inserted 

backwards in the cloning site were selected, and cut with XbaI and NdeI to insert 

the arabinose inducible promoter araBAD, which was PCR amplified from E. coli 

DH5α (Figure 1C). The araBAD bacterial promoter is well studied, is induced by 

the presence of arabinose, and repressed by the presence of glucose (Guzman et 

al. 1995). Because it is effectively turned off in the absence of arabinose, this 

facilitates in vitro gene cloning in the case of toxic gene products, and is relevant 

to an endophytic lifestyle as it is likely to be turned on naturally inside plants 

which are composed primarily of carbohydrates, including arabinose.  

 To check for construct function before further cloning, arabinose inducible 

expression of GFPuv was confirmed before GFPuv was cut out with NdeI and 

SpeI and replaced with either ACC deaminase from P. putida UW4 or the budBC 
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operon from K. pneumoniae 342 (Figure 1D). Reduction of plant ethylene levels 

by bacterial ACC deaminase activity (Glick 2005) and production of acetoin by 

bacterial fermentation of glucose (Ping et al. 2004) have both been shown to 

promote plant health and growth, so these were chosen as good candidates of 

proof of function for an endophyte being able to express a plant growth altering 

transgene.  

 

Figure 1: pDRIVE derived plasmids constructs. A) The pDRIVE plasmid as purchased 
from Qiagen; B) the pDRIVE cloning vector with GFPuv inserted in a backwards 
orientation in the lacZ cloning site; C) pDRIVE::GFPuv fused to the araBAD promoter; 
D) ligation of ACC Deaminase or budBC into pDRIVE::araBAD at NdeI and SpeI sites.  
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Plasmid testing in vitro 

 The finished plasmids were transformed into chemically competent E. coli 

JM109 via the standard heat shock procedure, and assayed for their ability to 

inducibly alter the phenotypes of their bacterial hosts (Figure2). Inducible GFP 

expression was tested on LB agar plates with or without arabinose (Figure 2A), 

ACC deaminase activity was tested by growing bacteria in broth with ACC as the 

sole nitrogen source (Figure 2B), and acetoin production was tested by growing 

bacteria in LB broth supplemented with glucose to check colorimetrically for 

acetoin production after addition of Barrit’s reagents (Figure 2C). All three 

plasmids were able to show a significantly inducible positive result in E. coli 

JM109, showing strong GFP fluorescence, increased growth with only ACC as a 

nitrogen source (as measured by an increased bacterial OD600), and red colour 

production when grown in LB broth with sucrose and tested with Barrit’s 

reagents indicating acetoin production (Figure 2). Interestingly, there was also 

weak expression of GFPuv, and what appeared to be enhanced production of 

acetoin by the budBC operon in the presence of glucose and without arabinose 

present.  Leaky expression of the araBAD promoter is known in E. coli, although 

the presence of glucose is supposed to further repress araBAD transcriptional 

activity (Guzman et al. 1995). The constructs tested did not obviously alter E. coli 

JM109 growth under either induced or non-induced conditions, suggesting the 

genes tested did not significantly interfere with bacterial growth.   

 

Plasmid testing in different maize seed endophytes 

 To test whether the pDRIVE plasmid could be hosted by naturally 

occurring plant endophytes, and be used for inducible gene expression, 

araBAD::GFPuv in pDRIVE was electroporated into a number of maize seed 

endophytes which had been previously shown to be transformable by 
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electroporation. Transformed bacteria were screened on kanamycin containing 

agar plates with different arabinose concentrations (Figure 3). Endophytes grown 

on both R2A media (Figure 3A) and LB (Figure 3B) showed similar patterns of 

GFP expression with no significant leaky GFP expression in the absence of 

arabinose except for Citrobacter freundii grown on R2A (Figure 3A). Pantoea 

agglomerans (1A1), E. coli NBR1707 (1A8), and E. coli NBR1707 (1C4) showed 

weak GFP expression in response to arabinose, but the former two did appear to 

increase expression at levels of arabinose in excess of 1,000 µg/ml. P. ananatis 

(1F7) and C. freundii (1G6) both showed very strong GFP expression at 500 

µg/ml of arabinose, but did not increase GFP fluorescence at higher arabinose 

concentrations suggesting at saturated response. P. agglomerans (1C8) and the 

three tested Enterobacter stains were able to host the plasmid and express 

kanamycin resistance, but did not display any GFP fluorescence under any 

concentration of arabinose tested, suggesting they either are not able to take up 

and metabolize arabinose, or do not possess the machinery to initiate 

transcription from the araBAD promoter. 
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Figure 2: Assaying constructs for arabinose controlled gene expression and 
transgenic phenotype in E. coli JM109. A) GFPuv  expression from 
pDRIVE::araBAD::GFPuv; B) ACC deaminase expression as measured by the average 
of OD600 readings of cultures grown for 5 days; and C) budBC expression as measured 
by pink/red colour development in the Voges-Proskauer test. Each column had 
arabinose (+) or no arabinose (-) / and transgene construct (+) or empty pDRIVE (-).  

 

 

Plasmid construct testing in planta using different maize seed 

endophytes as expression vectors 

 To further evaluate plasmid stability and gene expression by endophytes 

living inside a plant, endophytes containing araBAD::GFP were inoculated onto 

gnotobiotically grown potato plants, and these were screened for GFP 

fluorescence both outside the plant (Figure 4) and inside the plant (Figure 5). 

After the 30 day duration of the assay, almost all tubes treated with control, 

constitutively expressed GFP endophytes (from the pDSK-GFPuv plasmid) still 



174 

 

had strongly visible GFP fluorescence, with the exception of E. coli JM109 and 

Pantoea ananatis (1F7)(Figure 4A). It is not clear whether these microbes lost 

the plasmid or were simply present at such low levels in the media and root 

tissue so as not to appear non-fluorescent. It is worthwhile to note that all 

plantlets were completely submerged in bacterial suspension, and yet only some 

microbes were able to migrate and efficiently colonize the media (E. asburiae, C. 

freundii, and K. pneumoniae 342) while others appeared unable to live very far 

away from the plant (E. coli NBRI1707, P. agglomerans) (Figure 4A). In contrast, 

bacteria containing araBAD::GFP showed weaker, more diffuse GFP fluorescence 

throughout the media, although neither E. coli JM109, E. coli NBRI1707 (1C4), 

nor E. asburiae (1E10) had any visible GFP fluorescence. Surprisingly, P. ananatis 

inoculated onto potatoes grown on media containing arabinose did appear to 

colonize the media well and emit visible amounts of arabinose inducible GFP 

fluorescence. This may suggest the presence of arabinose in the media. 

Alternatively, the type of plasmid (Andreote et al. 2004) may be able to change 

an endophyte’s growth pattern. o evaluate endophytic gene expression, 

araBAD::GFP inoculated potato stems were hand sectioned, mounted on slides 

and immediately screened for GFP fluorescence under a microscope with UV light 

(Figure 5).  As E. coli JM109 is a mutated lab strain of bacteria originally isolated 

from mammalian intestines (Yanisch-Perron et al. 1985) and did not show any 

GFP fluorescence in plantlet rhizospheres, it was not surprising to see a complete 

absence of green fluorescence inside JM109 treated potato stem sections (Figure 

5A).  E. coli NBRI1707 (1A8, 1C4) and C. freundii all had similar detectable 

patterns of colonization  
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Figure 3: Arabinose response in different Zea seed endophytes as measured by GFP 
fluorescence. A) Endophytes were replica plated on R2A media for 24 hours at 37⁰C; 
B) endophytes were replica plated on LB media for 24 hours at 37⁰C.  

 

and arabinose inducible GFP fluorescence inside plants, apparently living in 

between and on top of nearly every visible cell type inside the stem (Figure 

5B,C,E). P. ananatis and K. pneumoniae differed in their pattern of colonization 

and/or GFP transcription, with detectable green light only observed on small 

pustules on the stem surface of P. ananatis treated plants (Figure 5D) or at the 

site of lateral root/shoot emergence in K. pneumoniae 342 treated plants (Figure 

5F). K. pneumoniae 342 has previously been described reported to congregate at 

sites of lateral root emergence, suggesting this is a common mechanism this 

species uses to gain entry to vegetative tissues (Dong et al. 2003). 

 As a final test of the plasmid constructs, all three vectors (araBAD::GFP, 

araBAD::ACCDeaminase, araBAD::budBC) were electroporated into E. coli JM109 

and into the endophytes E. coli NBRI1707 (1A8) and P. ananatis (1F7), and these 

were used to inocululate gnotobiotic potatoes grown on a high arabinose media 
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to ensure strong transgene expression. After one month of growth, plants were 

harvested and weighed (Figure 6). Based on this one trial, plants did not appear 

to reflect any differences in biomass that could be correlated to transgene 

activity. While this is a disappointing result, it may be that changes in ethylene 

accumulation or growth hormone production in response to microbially produced 

acetoin may not impact plant growth under these conditions. Although both ACC 

deaminase and acetoin metabolic genes have been observed in endophytic 

bacteria (Bertalan et al. 2009; Kaneko et al. 2009; Taghavi et al. 2009), there 

are only a few examples implicating endophytic ACC deaminase being important 

for modulation of plant growth (Onofre-Lemus et al. 2009; Sun et al. 2009) and 

none for acetoin production. It may be that endophytic expression of these 

genes is not able to change potato growth under these conditions, or perhaps 

expression of these genes in these two particular endophytes was not sufficient 

to change plant growth. The potato bioassay used was the only gnotobiotic 

assay available for this study, but it may also be inappropriate for the testing of 

endophytes isolated from Zea species seed. Further research to optimize this 

bioassay may allow us to use this system to study transgenic endophyte growth 

altering traits. Alternatively, screening of more direct plant growth altering 

mechanisms such as auxin production or cellulase secretion may be able to show 

whether this assay can be used for transgenic endophyte testing. Finally, the 

development of a corn or monocot gnotobiotic bacterial bioassay will be more 

biologically relevant for testing of endophytes isolated from Zea species and 

would be an important tool for further work in this field.  
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Figure 4: Endophyte ecology after 30 days on gnotobiotically grown potatoes as 
visualized by GFP fluorescence. A) tubes of potatoes dipped in E. coli JM109 and a 
range of maize seed endophytes containing pDSK-GFPuv;   B) PNCM media plus 500 
µg/ml arabinose in tubes of potatoes dipped in E. coli JM109 and the same types of 
maize seed endophytes containing pDRIVE::araBAD::GFPuv.  



178 

 

 

Figure 5: In planta microscopic observation of arabinose inducible GFP constructs in 
different bacteria inoculated on potato grown on PCNM plus arabinose for 30 days.  
A) E. coli JM109, B) E. coli NBRI1707 [1A8], C) E. coli NBRI1707 [1C4], D) Pantoea 
ananatis [1F7], E) Citrobacter freundii [1G6], and  F) K. pneumoniae 342.  
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Figure 6: In planta testing of the effect on the mean potato shoot and root biomass of 
transgenic endophytes expressing GFPuv, ACC Deaminase, or budBC. Plantlets were 
inoculated with bacteria by dipping, and grown on sucrose-free PCNM plus 1000 
µg/ml arabinose for 30 days before weighing.  Each value is the mean of three 
replicates  (n=3). 

 

Conclusions 

 To inducibly express plant growth altering genes in endophytes living 

within plants and not on agar plates during the cloning process, I successfully 

constructed and tested pDRIVE derivatives containing GFPuv, ACC Deaminase, 

and budBC transgenes under the control of the arabinose inducible E. coli DH5α 

promoter araBAD. These were electroporated into a number of Zea endophytes 

previously isolated from seed. Visualization of GFP fluorescence confirmed that 

could the endophytes could colonize the interior of potatoes and receive enough 

arabinose to express an araBAD inducible gene. Unfortunately, neither inducible 

expression of ACC deaminase or budBC in either E. coli NBRI1707 or P. ananatis 
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seemed to have any effect on plant biomass accumulation under the conditions 

used in preliminary experiments. Further optimization of bioassay parameters 

may be necessary to accurately test plant growth altering transgenes expressed 

in endophytes.   

 

Methods 

Sources of plasmids and bacterial strains 

 The cloning plasmid pDRIVE was purchased as part of the Qiagen PCR 

Cloning Kit (Qiagen, USA). The plasmid pDSK-GFPuv (Wang et al. 2007) was 

kindly provided by Dr. Keri Wang of The Samuel Noble Foundation, USA. The 

gene ACC deaminase (Cheng et al. 2007) was cloned from Pseudomonas putida 

UW4 (Cheng et al. 2007) provided by Dr. Bernard Glick of the University of 

Waterloo, Canada. The budBC operon (Blomquist et al. 1993) was cloned from 

Klebsiella pneumoniae 342 (Fouts et al. 2008) provided by Dr. Erick Triplett of 

the University of Florida, USA. Gnotobiotic potatoes were provided by Dr. George 

Lazarovits of Agriculture and Agrifood Canada, London, ON.  

 

Primers and DNA amplification 

 Primers were designed manually using Bioedit sequence alignment 

software (Tom Hall, USA) and checked in silico using AmplifX (Nicolas Jullien, 

France). Primers were ordered from Integrated DNA Technologies (IDT Inc., 

USA). Primers used in this study are listed below: 

• GFPuv Rev (GACTTACTGGGGATCAAGCCTG) 

• GFPuv Fwd (CACTGGAGTTGTCCCAATTC) 
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• araBAD promoter Fwd (CCTcTagAATGGACGAAGCAGGGATTC) 

introduced an XbaI site into the 5’ end of the promoter.  

• araBAD promoter Rev 

(CCCTGCAGActagTCATATGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTC

) introduced NdeI, SpeI and PstI sites into the promoter near the start 

codon.  

• K. pneumonia 342 acetolactate synthase (budB) Fwd 

(GTctAGaGGTTCAtATGGACAAACAGTATCCGG) introduced XbaI and NdeI 

sites around the start codon of this gene. 

• K. pneumonia 342 acetoin dehydrogenase (budC) Rev 

(CATTaCtAGtAGGAAGTCGAGTTCTTC) introduced an SpeI site after the 

stop codon of budC. 

• P. putida UW4 ACC D Fwd NdeI 

(GGTCCATATGCAGGCGGTTGAAAATATG) introduced an NdeI site in the 

start codon of this gene. 

• P. putida UW4 ACC D Rev SpeI 

(GGCGaCtAGtTCAGCCGTTGCGAAACAGGAAGC) introduced an SpeI site 

after the stop codon of this gene.  

 Genomic DNA was extracted from 2 ml of pelleted bacteria using a 

DNeasy Plant Mini Kit (Qiagen, USA), and eluted in water. Plasmid DNA was 

extracted from 2 ml of pelleted bacteria using a Quantum Prep Plasmid Miniprep 

Kit  (BioRad, USA), and eluted in water.  DNA was quantified (Nanodrop, Thermo 

Scientific, USA). Fragments were amplified in a proofreading Phusion PCR 

mastermix with the following components per 50 µl volume: 5x Phusion® HF 

Buffer (10 μl), 0.5 µl of 25 mM dNTP mix, 0.5 µl of 10 mM Forward primer, 0.5 µl 

of 10 mM Reverse primer, 0.25 µl of 50 mM MgCl2, 0.25 µl of Phusion High-

Fidelity DNA Polymerase (New England Biolabs), 50 ng of total DNA, and double 

distilled water up to 50 µl total. Amplification was for 35 cycles in a PTC200 DNA 

http://www3.bio-rad.com/B2B/BioRad/product/br_category.jsp?BV_SessionID=@@@@2143668688.1297334088@@@@&BV_EngineID=cccfademkgfidkjcfngcfkmdhkkdfll.0&divName=Life+Science+Research&loggedIn=false&serviceLevel=Lit+Request&lang=English&csel=LY&catLevel=6&catOID=-26437&isPA=false&categoryPath=%2FCatalogs%2FLife+Science+Research%2FNucleic+Acid+Sample+Preparation+and+Purification%2FPlasmid+Purification%2FQuantum+Prep+Plasmid+Purification+Kits%2FQuantum+Prep+Plasmid+Miniprep+Kit
http://www3.bio-rad.com/B2B/BioRad/product/br_category.jsp?BV_SessionID=@@@@2143668688.1297334088@@@@&BV_EngineID=cccfademkgfidkjcfngcfkmdhkkdfll.0&divName=Life+Science+Research&loggedIn=false&serviceLevel=Lit+Request&lang=English&csel=LY&catLevel=6&catOID=-26437&isPA=false&categoryPath=%2FCatalogs%2FLife+Science+Research%2FNucleic+Acid+Sample+Preparation+and+Purification%2FPlasmid+Purification%2FQuantum+Prep+Plasmid+Purification+Kits%2FQuantum+Prep+Plasmid+Miniprep+Kit
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Thermal Cycler (MJ Scientific, USA) using the following program: 98⁰C for 30 sec, 

35X (98⁰C for 10 sec, 50⁰C for 30 sec, 72⁰C for 1:15 min), 72⁰C for 7 min. 

 

Cloning and plasmid construction  

 Stages in this cloning process are shown in Figure 1. GFPuv was amplified 

from the plasmid pDSK-GFPuv and the PCR product directly cloned into cloning 

vector pDRIVE (Qiagen, USA) as per manufacturer instructions.  Transformed 

colonies were then screened for GFPuv fragments inserted backwards relative to 

the direction of the lacZ gene (GFPuv start codon next to the pDRIVE XbaI 

restriction site). Plasmids from this clone were purified and restricted for 12 

hours with NdeI and XbaI (New England Biolabs), then enzyme purified with 

Qiaquick PCR Purification Kits (Qiagen, USA). The araBAD promoter was 

amplified from genomic DNA of E.coli JM109, and the PCR product directly 

restricted with NdeI and SpeI (New England Biolabs) before being purified and 

ligated overnight at 4⁰C to the linearized pDRIVE::GFPuv vector using T4 DNA 

ligase (New England Biolabs). Successful transformants emitted green light when 

cultured on LB amended with 500 ug/ml of L-arabinose (Sigma, USA). Plasmid 

DNA from overnight cultures of these colonies were purified and restricted with 

NdeI and SpeI, gel purified, and ligated to ACC deaminase (PCR amplified from 

gDNA of Pseudomonas putida UW4) or the budBC operon (PCR amplified from 

genomic DNA of Klebsiella pneumoniae 342) at NdeI and SpeI sites. 

 

Electroporation into E. coli JM109 and endophytes 

 pDRIVE (Qiagen, USA) containing the araBAD promoter fused to GFPuv 

was electroporated into a range of seed endophytes shown in Chapter 2 to be 

able to take up and express GFP from the plasmid pDSK-GFPuv (Wang et al. 

2007). These isolates included strains of Citrobacter freundii, Enterobacter 
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asburiae, Enterobacter hormachei, E. coli NBRI1707, Pantoea ananatis, Pantoea 

agglomerans,  and Xanthomonas campestris. Chemically competent E. coli JM109 

was transformed with plasmid DNA using standard heat shock procedures. 

Electrocompetent endophytes were prepared using standard procedures except 

SOC was substituted with R2A broth; strains displaying poor growth were 

allowed to grow up to 5 days or until cultures appeared to have reached an 

OD600 of 0.5-1.0. For electroporation, 1 ml of cold R2A (plus 0.5% glucose) 

media instead of LB/SOC was added to the cuvette following electroporation; 

cultures were shaken at 37˚C for 2 hours before plating onto R2A agar with 50 

µg/ml Kanamycin.  

 

Construct testing in E. coli JM109 and Zea seed endophytes 

 To test the ability of the araBAD promoter to drive expression of GFPuv in 

E. coli JM109 and other bacteria, LB and R2A agar media were supplemented 

with varying concentrations of L-arabinose (A3256, Sigma). Agar plates with 0, 

500, 1000, 2000, 5000, and 10000 ug/ml concentrations of L-arabinose were 

inoculated with pDRIVE::araBAD::GFPuv transformed strains of E. coli JM109, 

Citrobacter freundii, Enterobacter asburiae, Enterobacter hormachei, E. coli 

NBRI1707, Pantoea ananatis, Pantoea agglomerans,  and Xanthomonas 

campestris. Plates were grown overnight at 37˚C before being visualized for GFP 

emission. 

 To test the construct for ACC deaminase activity, E. coli JM109 was assayed for 

growth with ACC as the sole source of nitrogen. Prior to media preparation all 

glassware was cleaned with 6M HCl. A 1 M filter sterilized solution of ACC 

(#1373A, Research Organics, USA) was prepared in water. Nitrogen LGI broth 

[per L, 50 g Sucrose, 0.01g FeCl3-6H2O, 0.8g K3PO4, 0.2g MgSO4-7H2O, 0.002g 

Na2MoO4-2H2O, pH 7.5] was mixed in a 1:1 ratio with nitrogen free M9 minimal 

http://www.resorg.com/
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broth (Sambrook et al. 2001). To a portion of this blended broth was added 10% 

(w/v) L-arabinose before sterilization by autoclaving. 2 ml broth aliquots were 

placed in new 15 ml culture tubes. After tubes cooled, 100 µl/mlml of the heat 

labile, filter sterilized ACC was added. Tubes were then inoculated in triplicate 

with 100 µl of OD600 = 0.2 E. coli JM109 cells transformed with 

pDRIVE::araBAD::GFPuv or pDRIVE::araBAD::ACCDeaminase from LB grown 

overnight cultures after pelleting, triple water washing and resuspension in 

water. Tubes were sealed, incubated at 37⁰C with gentle shaking for 5 days, 

OD600 readings taken and these were averaged.  

 To test for acetoin production, E. coli was assayed for its ability to give a 

positive reaction to the Vogues-Proskauer test. Standard LB media was prepared 

containing 10% glucose and some with 10% arabinose, then 2 mlml aliquots 

were placed in new 15 ml culture tubes. Tubes were then inoculated in triplicate 

with 200 µlof OD600 = 0.2 E. coli JM109 containing pDRIVE::araBAD::GFPuv or 

pDRIVE::araBAD::budBC transformed cells from LB grown overnight cultures 

after pelleting, triple water washing and resuspension in water. Tubes were 

sealed, incubated at 37⁰C with gentle shaking for 2 days. At day 2, 100 µl 

aliquots of culture were removed and placed into a 96-well white fluorometer 

plate, along with 100 µl/well of Barritt's Reagents A and B which were prepared 

by mixing 5 g/l creatine mixed 3:1 (v/v) with freshly prepared ∝-naphthol (75 g/l 

in 2.5 M sodium hydroxide). After 15 minutes, wells were scored for red or pink 

colouration against a copper coloured negative control.  

 

Assaying plasmid function in planta 

 To test the ability of endophytes to maintain the pDRIVE plasmid and 

express GFPuv in planta, transformed endophytes were applied to gnotobiotically 

grown potatoes. Briefly, arabinose amended potato nodal cutting media (PNCM) 
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was prepared, with 4.4 g/l of MS Basal Salts with Minimal Organics (#M6899, 

Sigma), 15 g/l of sucrose, 1 g/l arabinose, 7.5 g/l of agar, and a pH of 6] and 10 

ml poured into 22x150 mm tissue culture tubes. Bacterial colonies were 

resuspended in 50 mM Na2HPO4 (pH 7) to an OD600 of 0.2, and 100 µl injected 

onto each plantlet. Triplicate tubes were incubated for 30 days in a growth 

chamber with 50% humidity, 16 hour photoperiod (100 µM m-2 sec-1 with 

incandescent and fluorescent lights), with 24⁰C day and 16⁰C night. After 30 

days, tubes were visualized for external GFP emission, and plant shoots were 

hand sectioned for fluorescence microscopy to visualize GFP fluorescence.  

 To test pDRIVE::araBAD::ACCDeaminase and pDRIVE::araBAD::budBC 

transgenes in planta, plants were grown in PNCM made without sucrose and 

1000 ug/ml arabinose instead. After 30 days of growth under the same 

conditions as above, plants were separated into root and shoot portions and 

weighed.  
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Appendix 2: BAC-based screening of plant root growth 
promoting genes in Gluconacetobacter azotocaptans DS1 
using an in vitro potato bioassay 
 

Abstract 

 Some plant associated bacteria have the ability to enhance plant growth 

or health. The maize rhizosphere bacteria Gluconacetobacter azotocaptans DS1 

has the ability to promote both maize and potato root growth under field and lab 

conditions, but the mechanism(s) involved in this effect is unknown. To attempt 

to identify and isolate the genes involved, a large 100 kb insert BAC library was 

constructed in E. coli DH10BT1 and partially screened in a controlled potato 

growth promotion bioassay. Initial results suggested several clones could 

promote potato root growth, but re-screening these showed the results to be 

unreproducible. Testing of BAC and bacterial behaviour in the bioassay showed 

that BAC inserts were not stable for the duration of the thirty day assay, 

suggesting significant optimization might be needed to successfully utilize this 

test for bacterial functional genomics in the future.  

 

Introduction 

 Plant-microbial relationships involve the genetically controlled exchange of 

information between organisms which can result in antagonistic, neutral, or 

beneficial outcomes for the plant. Agricultural science has typically focused on 

understanding how microbes cause plant disease, but there is increasing interest 

about how microbes are able to contribute to the growth and health of plants 

(Fuentes-Ramirez et al. 2006). Some endophytic bacteria have may help the 

plant by converting nitrogen in the atmosphere to ammonia in exchange for 

carbohydrates from plants (Dalton et al. 2006) while others are able to produce a 

variety of hormones (Costacurta et al. 1995) or other small molecules which may 
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affect plant growth (Strobel et al. 2003). In some cases, bacteria are able to 

alter levels of plant hormones indirectly; for example the rhizobacteria 

Pseudomonas putida UW4 is able to enzymatically degrade the precursor of the 

plant stress hormone ethylene and thus promote root growth under stressful 

conditions (Cheng et al. 2007). To discover novel mechanisms that bacteria use 

to influence plant growth, the protein or metabolite and its underlying genes 

must be identified. A promising technique to achieve this goal is bacterial 

functional genomics which involves the construction of a plasmid based library of 

genomic fragments of the bacteria of interest, and their transgenic expression in 

a surrogate host such as E. coli (Rondon et al. 1999).  

 In this study, I attempted to isolate a growth promoting gene or operon 

from the maize and potato root growth promoting strain Gluconacetobacter 

azotocaptans DS1 (Mehnaz et al. 2006). A library of BAC clones containing G. 

acotocaptans inserts was constructed in E.coli, and inoculated on gnotobiotic 

potato explants, which were then screened for growth effects (Figure 1). 

Although initial results were promising, subsequent trials were not able to 

replicate the growth promotion effect observed in certain clones, possibly 

because of BAC instability during the month long plant bioassay. Further 

bioassay optimization, to increase BAC stability and favour E. coli growth, may 

allow future experiments to use this bacterial functional genomics approach to 

successfully isolate the gene or genes of interest.  

 

Results and Discussion 

 

Small Scale Library Screening  

 A BAC library of 700 clones of G. azotocaptans inserts in E.coli was 

constructed and arrayed into two 384 well plates.  In a preliminary test, six BAC 
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clones were tested for their ability to promote potato root growth. From Plate 1, 

six clones from column one, rows A, C, E, G, I, and O, were inoculated into test 

tubes containing 2 ml LB (without antibiotic) and grown overnight with shaking  

 

Figure 1: Experimental workflow for constructing and expressing BAC inserts of G. 
azotocaptans DS1 in E.coli for inoculation on potato gnotobiotic explants. 

 

at 37⁰C. An unusual butterscotch-like smell was noticed in overnight cultures of 

BAC clone 1O1. Two weeks following inoculation on potato plantlets, photos of 

plants were taken, and already it was evident that all three plants inoculated 

with isolate 1O1 were larger than plants inoculated with other BAC clones (Figure 

2A). After a full 30 days of growth, plants were again photographed (Figure 2B) 

and their roots and shoots weighed. The median weight of each group of three 
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plants is shown (Figure 2C). Again, BAC 1O1 plants appeared larger, having taller 

shoots and longer roots than plants treated with other E. coli clones or even 

sterile buffer. Root and shoot biomass of BAC 1O1 treated plants was also larger 

than uninoculated or E. coli treated plants.  

 

Large Scale Library Screening  

 In the first round of large scale screening, 92 BAC clones were screened 

for potato growth promotion effects. Again, clones were inoculated in sterile LB 

(this time with 25 ng/mL of chloramphenicol), grown overnight at 37⁰C, and 

inoculated onto potato plantlets by dipping the plants. After 30 days of growth, 

root and shoot biomass were weighed and averaged (Figure 3A). It was evident 

that G. azotocaptans DS1 treated potatoes had larger roots and shoots than 

uninoculated plants.  Despite much variation in the biomass of BAC treated 

plants, a select few appeared to result in elevated root or shoot biomass 

readings. Unfortunately, BAC 1O1-treated plants did not show the same growth 

promotion effect previously observed. To verify reproducibility of results, the 12 

potential growth promoting BACs (Figure 3A) were rescreened for their ability to 

alter potato growth (Figure 3B). Although BAC 1O1 did have an average shoot 

biomass that was larger than the uninoculated control, none of the putative 

positive BACs, including BAC 1O1 caused an increase in root biomass, the trait 

associated with G. azotocaptans DS1. BAC 1O1 was re-screened a third time, but 

with three replicates, each consisting of three plants (a total of nine plants). 

Once again, no BAC 1O1 treated plants developed significantly larger roots than 

bacteria-free plants (Figure 3C), strongly suggesting that the earlier positive 

results were due to experimental variation, not a lack of replicates. 
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BAC Stability Testing   

 Variable plasmid stability and hence transgene expression are known 

issues in fermentation biotechnology (Kumar et al. 1991). Although E. coli 

containing BAC 1O1 as well as a few other BAC candidates did appear to 

promote potato growth in one trial, this was not reproducible. Hence, one 

possibility is that BAC stability was low and variable during the long 30 day 

bioassay. The plant tissue culture media PNCM did not contain antibiotics which 

might be required for BAC maintenance. Another possibility is that while the BAC 

backbones might have been retained, the very large 100 kb inserts might have 

been unstable and selected against by the host bacteria. Finally, the E. coli host 

strain is a laboratory mutant and may not have been capable of surviving for 30 

days on plant roots. To test these hypotheses, I selected an E.coli  clone 

containing an insert-free BAC (chloramphenicol+, with an uninterrupted lacZ 

gene making a blue colour when grown on X-gal) and BAC 1O1 

(chloramphenicol+, containing an insert interrupting its lacZ gene and producing 

a white colony when grown on X-gal) and grew overnights of these in LB broth 

with or without selective antibiotics. These were then inoculated on two plants 

each. At different time intervals after inoculation (1 day, 3 days, 8 days, and 30 

days), plant tissues were ground up in a sterile mortar and pestle, and the 

resulting macerates were spread on agar plates containing X-gal and 

chloramphenicol to check simultaneously for BAC maintenance (number of 

chloramphenicol resistant colonies) and insert stability (ratio of white:blue 

colonies) (Figure 4). The assay showed that this E. coli strain containing BACs 

could survive under assay conditions for at least 30 days, and that a significant 

number of bacteria could maintain BACs for at least 30 days. However, as 

evidenced by the presence of blue colonies at 8 days on BAC 1O1 plates, BACs 

containing large inserts were unstable in this potato bioassay, resulting in the 

elimination of inserts and the reconstitution of lacZ.  Bacterial plates from BAC 

1O1 inoculated plants at three days did now have any blue colonies suggesting 
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inserts can be stable for at least three days in this bioassay (data not shown). 

Finally, antibiotics in the overnight culture also did not appear to affect long term 

insert stability. 

 The poor insert stability may explain the difficulty of observing positive 

results in the growth promotion trials. If most E. coli cells only maintain inserts 

for up to a week, there is only a window of up to a week for BACs to affect plant 

growth. It is possible that experimental variation allowed BAC 1O1, in the initial 

small scale BAC screen, to express growth altering genes during this critical 

window. A one week plant bioassay is thus needed. Alternatively, future 

improvement should focus on improving BAC insert stability (Kumar et al. 1991). 

Insert instability has previously been reported in plasmids of E. coli growing 

under non-selective conditions, resulting in gene loss and plasmid segmentation, 

allowing host bacteria a fitness advantage and increased growth rate (Godwin et 

al. 1979). Low levels of chloramphenicol in the PNCM would help select for 

maintenance of BACs, although this antibiotic is toxic to plant chloroplasts (Ellis 

1969) and would undoubtedly confound interpretation. Alternatively, it is possible 

that different BAC bacterial hosts would increase insert stability. The K12 lab 

strain of E. coli used in this experiment was originally derived from mammalian 

intestines (Schulze et al. 2006) and had evolved to operate optimally at an 

ambient temperature of 37⁰C (Casadaban et al. 1980) rather than at between 18 

to 24⁰C in a potato rhizosphere. Temperature has been shown to affect E. coli 

survival in the environment (van Elsas et al. 2011) and is a well known factor in 

plasmid stability as bacteria can be “cured” of plasmids by increasing 

temperatures as little as 5⁰C from the optimum (Trevors 1986). However, certain 

strains of E. coli have been shown to be better than others at surviving in non-

sterile soil while stably maintaining plasmids (Devanas et al. 1986). Optimizing 

strain selection, bioassay temperature, or vector selection may all help improve 

efforts to isolate novel plant growth promoting genes. 
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Figure 2: Preliminary small scale screen for potato plant growth promoting BACs in E. 
coli. A) Plantlets in PNCM two weeks after inoculation with the indicated BAC clones. 
B) Plant growth 30 days after inoculation with E.coli containing BAC 1A1 (empty BAC 
control) or BAC1O1, compared to an uninoculated control. C) Median weights of 
potato roots and shoots inoculated with different BAC clones in E. coli. 

C 

B 

A 
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Figure 3: Large scale screen for potato shoot and root growth promotion effects by G. 
azotocaptans BAC clones in E.coli 30 days after inoculation. A) Large primary screen 
of 92 BAC clones. No bacteria and E.coli containing an empty BAC vector (BAC 1A1) 
were included as negative controls; G. azotocaptans was the positive control. Shown 
is the mean of 3 plantlets. B) Secondary screen of promising BAC clones identified in 
the large primary screen, using 3 plantlets. C) Parallel secondary screen to verify the 
ability of BAC 1O1 to promote potato root growth, using 9 plantlets.   

 

Conclusions 

 The corn rhizosphere bacteria Gluconacetobacter azotocaptans DS1 was 

previously reported to promote both corn and potato root growth under field and 

lab conditions, but the mechanism involved in this effect is unknown. After 

screening 92 large 100 kb insert BAC clones, a few positive results were 

observed to promote the growth of potato plants in vitro, but ultimately, no 

reproducible, growth promoting BAC clone was found. The plant bioassay was 30 
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days long without BAC antibiotic selection, creating the possibility that the BACs 

were prematurely lost. A test for BAC stability showed that the BACs could be 

stably maintained for at least 30 days in the bioassay; however, an additional 

test for insert stability showed that the majority of BAC inserts were lost by 8 

days. Steps to compensate for this instability may include shortening the assay 

to less than 8 days, inclusion of antibiotics in the plant bioassay media, hosting 

BACs in better adapted bacterial strains or species, and/or incubating 

plant/microbe combinations at higher temperatures. Rescreening the library 

under conditions optimized for BAC insert stability may allow discovery and 

isolation of G. azotocaptans DS1 plant growth promotion genes in the future. 

This study may be of use to other laboratories conducting similar genetic 

screens.

 

Figure 4:  Tests of the ability of E. coli to maintain BACs and their inserts over the 30 
day duration of the potato bioassay. Plantlets were inoculated with E. coli containing 
either an empty BAC (chloramphenicol+, uninterrupted lacZ, blue colour) or BAC 1O1 
which contained an insert (chloramphenicol+, interrupted lacZ, white colour). At 
different time intervals after inoculation (1, 8 and 30 days), plants were macerated 
and spread onto chloramphenicol/Xgal/IPTG containing plates to evaluate BAC and 
insert stability. 30 day old plants were subdivided and plated as shoot (left) and root 
(right). 
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Methods 

Bacteria and Plant Sources 

 The root growth promoting strain, Gluconacetobacter azotocaptans DS1 

(Mehnaz et al. 2006), and the potato tissue cultures used in this study were 

provided by Dr. George Lazarovits of Agriculture and Agri-Food Canada, London, 

Canada. 

 

BAC Library Construction 

 It was predicted that G. azotocaptans would have a 4 Mb genome size 

based on the genome size of the related Gluconacetobacter diazotrophicus 

(Giongo et al. 2010). The predicted genome size was used to estimate the 

number of clones needed to screen plants for growth promotion effects using the 

equation: 

                                        N=ln (1-P) / ln (1-f)  

where N represents the required number of BACs needed to ensure proper 

coverage of the genome; P is the probability that the trait being screened is 

present in at least one clone in the library; and f represents the proportion of the 

genome contained in one clone (Clarke et al. 1976). To have a 99% probability 

that every portion of the genome is tested in a plant bioassay at least once, it 

was calculated that 182 BAC clones would need to be screened, with an average 

insert size of 100 kb.  

 A 760-clone BAC library from G. azotocaptans genomic DNA was 

constructed by the company, American Gene C.T. LLC (USA). Briefly, two liters of 

G. azotocaptans DS1 was grown with shaking for a week at 25⁰C in nitrogen free 

LGI broth, pelleted by centrifugation, snap frozen in liquid nitrogen, and sent to 

the company American Gene CT for BAC library construction. 100 kb fragments  
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were digested using HindIII, separated by pulsefield gel electrophoresis, ligated 

into pCopy Control BACs and transformed into E. coli strain DH10BT1. BAC 

clones were arrayed into 384 well plates and flash frozen prior to shipment.  

  

BAC Library Screening 

 BAC clones containing G. azotocaptans inserts in E. coli were inoculated 

onto gnotobiotically grown potatoes which was used as the root growth 

promotion bioassay (Wang et al. 2006). The media used was potato nodal 

cutting media (PNCM) [4.4 g/L of MS Basal Salts with Minimal Organics 

(#M6899, Sigma), 15 g/L of sucrose, 7.5 g/L of agar, and a pH of 6] poured 10 

ml deep into autoclaved 22x150 mm tissue culture tubes. Different BAC isolates 

were inoculated into 1 ml of LB broth amended with 1 ml of 15 µg/ml 

chloramphenicol, 50 mM Na2HPO4 (pH 7) and grown overnight to an OD600 of 

0.2. For inoculation, plants were freshly cut, and 24 hours later removed from 

the tubes and completely submerged in the overnight cultures, then placed back 

into the tube. Triplicate tubes were randomized and incubated for 30 days in a 

growth chamber with 50% humidity, 16 hour photoperiod (100 µM m-2 sec-1 with 

incandescent and fluorescent lights), at 24⁰C day and 16⁰C night. After 30 days 

of growth, plants were photographed, separated into root and shoot portions, 

blotted dry and individually weighed.  

 

BAC Stability Testing 

 To test BAC insert stability in the month-long gnotobiotic potato assay, an 

empty BAC (with an uninterrupted lacZ gene) as well as a positive control, BAC 

clone 1O1 (which interrupted lacZ), were inoculated in duplicate onto 24 tubes of 

potato explants following overnight growth with or without selective 

chloramphenicol,. After 1 day, 3 days, 8 days, and 30 days, three plants per 
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treatment were removed from the tubes, ground into a pulp using an autoclaved 

mortar and pestle, and mixed with 1 ml of autoclaved dH2O. The microbial 

dilution was then spread onto LB plates containing 15 µg/ml chloramphenicol LB 

agar plates, surface treated with 20 µl of 20 mg/ml 5-bromo-4-chloro-3-indolyl-

beta-D-galactopyranoside (X-gal)(B4252, Sigma) and 20 µl of 20 mg/ml isopropyl 

beta-D-thiogalactopyranoside (IPTG) (I5502, Sigma). Plates were grown for 16 

hours at 37⁰C in darkness, placed at 4⁰C for 16 hours, and then visualized for 

blue or white colony colour. 
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Appendix 3: Seed source, origin, and human use. 
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Appendix 4: Detailed summary of 16S rDNA TRFLP fragments in seeds and stems 
displayed as presence or absence.  

 



203 

 



204 

 

 

 

 

 

 

 

 

 



205 

 

Appendix 5: Bacterial 16S rDNA sequences amplified, cloned, and sequenced 
from seed DNA. Shown is the identity of the best match with Genbank, the 
percentage identity, and the predicted DdeI forward fragment size. 
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Appendix 6: Bacterial 16S rDNA sequences of cultured isolates from different 
seed accesions. Shown are which generation seeds came from (gen), plate 
tracking number (plate), what seed it was isolated from, whether it could host 
the plasmid pDFK-GFPuv, what the closest Genback match was, predicted 
forward and reverse fragment sizes, and closest species ID.  
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Appendix 7: In vitro functional traits of cultured seed endophytes. Seed type, 
plate ID, media type, and closest homology are shown. Functions were scored 
from 0 (no response) to 111 (large response).      
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Appendix 8: Physical and elemental characteristics of Canadian and Mexican   
soils used in this study. 

  Canadian Silt Loam Mexican Clay Loam 
pH  7.7 7.5 
Gravel 0.70% 15.20% 
Sand 31.70% 36.20% 
Silt 52.90% 31.70% 
Clay  15.40% 32.10% 
Extractable Phosphorus 25 mg/L 4.7 mg/L 
Extractable Potasium  110 mg/L 180 mg/L 
Total Carbon 2.28% 3.76% 
Total Nitrogen 0.22% 0.31% 
Total Sulphur 0.03% <0.02% 
Total Iron 17,000 µg/g 26,000 µg/g 
Total Magnesium 5,100 µg/g 7,400 µg/g 
Total Manganese 550 µg/g 800 µg/g 
Total Calcium 7,800 µg/g 16,000 µg/g 
Total Molybdenum 0.82 µg/g  8.4 µg/g 
Total Vanadium 33 µg/g 70 µg/g  
Total Arsenic 4.5 µg/g  260 µg/g  
Total Aluminium 14,000 µg/g 37,000 µg/g 
Total Zinc 69 µg/g  130 µg/g 
Total Lead 17 µg/g  88 µg/g  
Total Cadmium 0.35  µg/g 2.1  µg/g 

 

 

 

 

 

 



213 

 

Appendix 9: Summary of endophytic bacteria present in shoots and roots of young Zea 
plants grown in different substrates. Shown are presence/absence counts of bacterial 
DNA fingerprints based on 16S rDNA TRFLP fragments. Fragment peaks were included 
only if at least one sample had 2 of its 6 PCR trials having positive results. Potential 
fragment identities were determined by sequencing 16S rDNA amplified from isolates or 
by APLAUS+. 
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Appendix 10: Mean fresh weight of roots and shoots of Parviglumis, Mixteco, and 
Pioneer plants grown in controlled conditions within a growth chamber either on 
sterile sand, Canadian soil, or Mexican soil. 
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Appendix 11: Detailed summary of endophytic bacteria present in Zea seeds to 
indicate which microbes might be vertically transmitted (inherited). Both culture-
dependent and culture-independent methods were used. Surface sterilized seed 
were ground into a paste, and (A) spread onto R2A plates for culturing followed 
by 16S rDNA sequencing of the colonies. (B) Alternatively, DNA fingerprinting 
was employed using 16S rDNA amplification by TRFLP. To make comparisons, 
lists of endophytes present in plants grown on sand or soil are included. 
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Appendix 12: Summary of functional traits exhibited by cultured vegetative tissue 
endophytes organized by bacterial genus. Light yellow shading indicates that  
<25% of isolates from the Zea genotype indicated exhibited the trait, deep 
yellow indicates 25-50%, orange indicates 50-75%, and red indicates 75-100%.  
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Appendix 13: Source tissue, identieis based on 16S rDNA homology, TRFLP 
fragment sizes, and in vitro functional traits of cultured Zea root and shoot 
endophytes. Functions were scored from 0 (nothing) to 111 (large response). 
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