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were grown in medium with fixed N. In N-deficient conditions, sugarcane inoculated with 

wild type strains grew better and had higher total N content than either uninoculated or 

plants inoculated Avith Nif' mutants. When N was not limiting, growth enhancement was 

observed in plants inoculated with either wild type or the Nif'mutants. These results 

suggest that depending on the nitrogen condition, A. diazotrophicus promotes sugarcane 

growth via nitrogen fixation and other growth promoting factor. The results also 

indicated a possible strain-cultivar specificity in growth promotion. 

A. diazotrophicus colonized other grasses through different entry sites but was 

limited in the root. Under N-deficient conditions, wild type strain but not the Nif'mutant 

promoted rice seedling growth indicating the beneficial effects of^. diazotrophicus to 

other grasses. 
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1. Rationale and Significance 

Modern day agriculture relies heavily on the use of chemical fertilizers. Synthetic 

nitrogen use has increased 10-fold over the last 40 years, representing worldwide cost of 

over $20 billion (114). Cultivation of monocot crops which include the grasses and 

cereals rank high in nitrogen fertilizer usage. In 1995,37 million tons of nitrogen fertilizer 

was applied to cereals worldwide, 85 % of which were used for wheat, rice, and maize 

(147). Sugarcane, a grass, is among the top ten crops requiring fertilizer applications of 

200 kg/ha and more (147). Industrial production of nitrogen fertilizer consumes large 

amounts of non-renewable natural gas. The production of one ton of ammonia fertilizer 

requires 22,000 cubic feet of natural gas (55). The process also releases carbon dioxide 

which probably hastens global warming (161). In addition, chemical fertilizers can drain 

into ground water, streams, and rivers, risking human and animal health. With the 

increasing concern with environmental pollution, energy conservation, and global 

warming, alternative ways of reducing the use of chemical fertilizers are being sought. 

Biological nitrogen fixation (BNF) offers a promising alternative in achieving 

environmentally safe and economical Arming systems. Exploiting the use of 

nitrogen-fixing bacteria can lessen dependence on chemical nitrogen fertilizers. 

The most well-known nitrogen-fixing bacteria are species of Rhizobhan and 
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Brcufyrhizobium which form symbiotic relationships with leguminous plants. The 

association of rhizobia with legumes is perhaps the most important and established 

symbiosis in agriculture (28). The potential of extending this symbiosis to other plants 

especially in important monocot crops like rice have been explored for many years and 

continue to be the focus of many research programs (93, 134). Proposals for constructing 

'nitrogen-fixing' cereals include transfer of nif genes into cereals, widening the host range 

of riiizobia, and inducing nitrogen-fixing nodules (para-nodules) with enzymes and auxins 

(134). An alternative to these approaches is the exploration of naturally occurring 

nitrogen fixers in cereals and grasses. In particular. Dr. Johanna Dobereiner and her co­

workers in Brazil have isolated a number of diazotrophic bacteria fi'om tropical grasses 

including species of Azospirillum, Beijerinckia, Derxia, mdAzotobacter (46, 47, 48). 

While most of these bacteria were commonly found in the rhizosphere and on the surface 

of plants with which they associate, bacterial species were also more recently discovered 

to colonize plants endophytically (9). One such endophytic diazotroph is Acetobacter 

eUazotrophicus, a gram-negative, rod-sh£^)ed, acid tolerant bacteriimi associated with 

sugarcane (35). To date, A. diazotrophicus is the only known nitrogen-fixing member of 

the genus Acetobacter. The relatively high numbers of^. diazotrophicus isolated firom 

sur&ce-sterilized stems, leaves, and roots of sugarcane, as well as microscopic studies 

confirmed the endophytic nature of this diazotrophic bacterium (3S, 82, 143). Since its 

initial isolation in Brazil, A. diazotrophicus has also been isolated fi'om sugarcane growing 

in Australia, Cuba, Argentina, Mexico, Uruguay, and more recently in the USA (5, 14, S3, 
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62, 102, 103, 104). The correlation between the presence of this bacterium inside 

sugarcane grown for years with low N input and the high BNF in sugarcane estimated by 

'̂N-isotope dilution experiments strongly suggest that A. diazotrophicus might contribute 

significant fixed N for plant growth (27, 157). However, since other diazotrophs have 

been isolated fi'om sugarcane and there may be others that are unculturable, it is still not 

certain whether ^4. diazotrophicus is truly responsible for the observed BNF in sugarcane. 

It must also be established whether A. diazotrophicus directly benefits the growth of 

sugarcane, and if so, whether fixed N is transferred to the plant or whether other growth-

promoting factors are involved. In the past, several grass-associated bacteria have been 

documented to promote plant growth but it was never established that the transfer of fixed 

N fi'om bacteria to plants is the mechanism for growth promotion. In the case of 

Azospirillum brasilense, the best studied associative diazotroph, there is strong evidence 

that production of the plant growth hormone lAA is responsible for growth enhancement 

(10, 115). 

The focus of the work described in this dissertation is to determine if BNF by A. 

diazotrophicus contributes significant fixed N for sugarcane nutrition. An initial objective 

includes the isolation of bacterial genes responsible for nitrogen fixation and their analysis. 

This strategy led to the isolation of nifHDK, the structural genes encoding the protein 

subunits of the nitrogenase enzyme. The determination and subsequent analysis of the 

complete nucleotide sequence of the A. diazotrophicus nifHDK genes established the 

phylogenetic relationship of A. diazotrophicus with other nitrogen-fixing bacteria. 
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Phylogenetic analysis of the nifH, nifD, and nifK gene products confirmed the close 

relationship of A. diazotrophicus with other members of the a-proteobacteria subgroup 

as depicted in the 16S rRNA tree. This suggests that genes for nitrogen fixation can be 

used to infer the phylogenetic relationships of diazotrophic bacteria. The availability of 

the mfHDK sequence will allow the design of primers which can be used for the 

identification of others, diazotrophicus in other habitats. Additionally, the sequence of 

the mfHDK genes might be used to determine if nif genes evolved in similar fashion in A. 

diazotrophicus strains and if parallel evolution between endophytic nitrogen fixers and 

their hosts occurred as has been shown for the rhizobia-legume association (72, 156). 

This work also reports the successful genetic manipulation of /?(/'genes in 

Acetobacter diazotrophicus. Optimum conditions for conjugation and electroporation for 

genetic manipulation of A. diazotrophicus were established. In particular, this work 

described the construction of Nif' mutants of A. diazotrophicus which are essential in 

defining the role of BNF in the A. diazotrophicus-sagdscaD& association. Conditions for 

inoculation of sterile tissue-cultured plants were established and consistent, mostly 

reproducible results were obtained under controlled conditions. These techniques can be 

applied to answer other fundamental questions concerning the association. To our 

knoweldge, this is the first demonstration of significant growth stimulation of a monocot 

plant by a diazotrophic bacteria through nitrogen fixation under controlled conditions. 

Results of inoculation experiments fi'om this wodc also indicate the involvement of 

growth-promoting &ctors initiating a new research avenue focusing on phytohormones. 
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The work described in this dissertation also represents the first direct evidence of active 

nitrogen fixation by A. diazotropicus inside sugarcane plants. Additionally, the 

endophytic nature of A. dicaotrophicus was confirmed by electron microscopy and use of 

marker genes. A preliminary study of the extension of this association to other grass 

crops was undertaken by inoculation experiments with rice, maize, and wheat. These 

demonstrate that A. dicaotrophicus has the potential to associate with and promote the 

growth of other monocots. The techniques established for inoculation and examination of 

other grass plants will be valuable in evaluating the beneficial effects of A. dicaotrophicus 

in other crops. The availability of marked strains constructed in this woiic will make it 

possible to study the colonization, movement, and other interactions of A. dicaotrophicus 

with sugarcane and other plants. 

2. Review of Literature 

2.1. Biological Nitrogen Fbcation (BNF) 

Nitrogen is essential to all organisms for synthesis of proteins, nucleic acids, and 

other nitrogen-containing compounds. The interconversion of different nitrogen forms 

through various physical and biological processes is shown in the nitrogen cycle (Fig. 1). 

Molecular N (Nj) makes up 78% of the earth's atmosphere; however, Nj is chemically 

inert and cannot serve the needs of most organisms. For agricultural crops, the problem is 

solved by the exogenous application of nitrogen fertilizers. Anmionia, produced fi'om the 
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industiy-based Haber process, is the major source of nitrogen fertilizers (145). Because of 

the unreactive nature of nitrogen, the Haber process requires the reaction of N2 and at 

high pressure and temperature to form ammonia. This process is efBcient but expensive, 

requiring high amounts of natural gas to generate the needed high pressure and 

temperature. In contrast, some Eubacteria and Archaebacteria can readily convert 

atmospheric Nj into NH3 under normal temperatures and pressures. Bacteria capable of 

fixing nitrogen are called diazotrophs (Nj eating) (121). They can be found in diverse, 

even exotic habitats. Some are fi'ee-living in the soil while many have symbiotic 

associations with plants (9, 57). Although only a relatively small number of bacterial 

species can fix nitrogen, diazotrophy is widely distributed among prokaryotes belonging to 

different phylogenetic groups (170). As such, it is still being debated whether the ability 

to fix nitrogen is a primitive prokaiyotic trait which was lost during the course of 

evolution or a new trait more recently acquired by members of the Eubacteria and 

Archaebacteria which spread through lateral gene transfer. 

2.1.1. Nitrogenase 

All known diazotrophs contain the enzyme nitrogenase, which catalyzes the 

conversion of the triple-bonded Nj into NH3. Nitrogenase is irreversibly damaged by 

aq}osure to o^gen and the first nitrogen-fixers isolated were anaerobes (120). While this 

supports the theory that nitrogen fixation is an ancient trait which emerged as a 

consequence of the primitive anoxic atmosphere of the earth, the wide-spread occurrence 
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gene regulation in diazotrophs. Environmental factors are important to determine if nif 

genes are to be expressed or not. In the presence of excess NH4^ nitrogen fixation is 

unnecessary, and nitrogenase synthesis is halted in all diazotrophs examined (reviewed in 

135). In addition, excess O2 which destroys nitrogenase also prevents the transcription of 

nif genes (58, 86, 99). How a bacterial cell perceives these environmental signals for 

conservation of energy and protection of its nitrogenase enzyme is still poorly understood 

in many diaoztrophs and is the focus of many research laboratories around the world. 

From what is known in the two most studied diazotrophs, Klebsiella pneumoniae and 

Azotobacter vinelandii, the genetic regulatory mechanisms involved are complicated. The 

sensing mechanism is a web of interconnected cascades involving not only nif genes but 

other genes and gene products involved in general bacterial metabolism (112). Regulation 

is even more complicated in diazotrophs which have alternative nitrogenases and for those 

which associate with plants such as species of Rhizobium, FranJda, and other 

^anobacterial endosymbionts. In some instances, it is postulated that such complications 

and the high energy requiremem present an evolutionary obstacle for other organisms to 

acquire the ability to fix nitrogen (120). 

2.1.2. nif genes 

Conventional nitrogenase is a complex enzyme consisting of two protein subunits; 

an iron-containing protein, also referred to as Fe protein or dinitrogenase reductase and a 

molybdenum-iron protein (MoFe protein or dinitrogenase). There are approximately 20 
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genes referred to as nif genes which are needed for the synthesis, assembly, and proper 

functioning of nitrogenase (reviewed in 44). The list of known genes and their functions 

are listed in Table 1. The identity of nif genes and their functions were first established in 

Klebsiella pneumoniae, an enteric bacteria closely related to E. coli (90). Later, the nif 

gene arrangement and activity of nif gene products were established for another y-

proteobacteria, Azotobacter vinelandii and an a-proteobacteria, Rhodobacter capsulatm 

(80, 108). Similar nif genes can be found in other diazotrophs; however, the arrangement 

and organization of the genes and their location in the genome differ slightly or 

significantly among these organisms. For example, while in K. pneumoniae, all of the nif 

genes are contiguous and clustered in one region of the chromosome, A. vinelandii 

carries two unlinked nif clusters (80). In R. capsulatus, nitrogen fixation genes are 

located in three unlinked regions of the chromosome (60, 96, 108, 165). In other cases, 

e.g. in Rhizobium, the nif genes are interspersed with genes involve in nodulation and are 

usually plasmid-bome (77, 140). 

2.1.3. mfHDK 

The most conserved of the nif genes are nifHDK which encode the three 

polypeptide subunits of nitrogenase en^rme. nifH, the most conserved of the three, 

encodes the homodimer Fe protein which has a molecular weight of about 30,000 daltons 
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(44). nifD and niJK encode the two alpha and two beta subunits of the tetrameric MoFe 

protein, respectively. NifD has a molecular weight of about 56,000 daltons and NifK is 

about 60,000 daltons (44). Other nif genes are required for the catalytic activity of the 

nitrogenase enzyma In K. pneumoniae and A. vmelandii the product of nifM is required 

to make the Fe protein active but it is not known how the nifM geat product modifies 

NifH (89, 118). The more complex MoFe protein, the site of nitrogen binding and 

substrate reduction, requires other gene products for its full maturation and activity (Table 

I). Mutations in niJHDK genes often result in the loss of diazotrophic capability of the 

mutants while mutations in the other nif genes may or may not affect diazotrophic growth. 

The complete sequence of nifHDK for most organisms have been established. 

Remaiicable homology can be found in the nifHDK sequences of evolutionary diverse 

diazotrophs both at the DNA and protein levels. Ruvkun and Ausubel (137) used K. 

pneumoniae nifHDK genes as probes in hybridization studies that first showed the 

interspecies homology of nitrogenase genes. This technique &cilitated the identification 

and cloning of the nifHDK genes of many other nitrogen-fixing bacteria (56, 71, 126, 

140). Moreover, the nitrogenase components fi'om different bacteria are able to 

complement each other to form more or less enzymatically active hybrid complexes (44, 

137). Analysis of the primary anuno acid sequences of the nifH, nifD, and nifK gene 

products also revealed identical conserved residues present in all known nitrogenase 

subunits (44, 142). The alignment of NifH, NifD, and NifK sequences firom selected 

diazotrophs is shown in Fig. 2. It can be seen fi'om the alignments that NifH sequences 
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are more highly conserved than either NifD or NifK. Also, not all of the conserved 

residues can be found in the archaebacterial sequences. Mutations in the conserved 

regions resulted in either complete or partial elimination of diazotrophic growth while 

some are involved in the lowered stability of nitrogenase in crude extracts (44, 132). 

Although the nifHDK gene sequences are highly conserved, some notable 

differences exist in their location and organization among bacteria (Fig. 3). For «cample, 

while in most bacteria the three structural genes are contiguous and transcribed as part of 

a single operon, in some cases nifH can be distant and separated from nifD and niflC as in 

the case of Braufyrhizobiwn japonicum (1). Interestingly, there has been no report so far 

of the separation of nifD and nifK. In other bacteria like Clostriddwn pastevrianum and 

Anabaena spp., multiple copies of nifH exist (37, 131, 153, 162). A conmion theme 

among proteobacterial diazotrophs is the characteristic of the promoter region just 

upstream of the first transcribed nucleotide is recognized by and has the consensus 

sequence TGG-Ng-TTGCA (112). This promoter sequence is unlike the characteristic 

sequence found in the -35, -10 regions of procaryotic promoters recognized by 

Along with the conserved promoter region, a conserved motif with the sequence TGT-

Nio-ACA has also been found in almost all diazotrophs. This sequence located between 

80 to 150 bp upstream of the transcript known as the upstream activator sequence (UAS) 

is believed to be the binding site for NifA, the transcnntional activator of nif genes (112). 
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2.1.4. Alternative nitrogenase 

An interesting discovery is that some diazotrophs have nitrogenases which do not 

contain molybdenimi (20, 21). The alternative nitrogenases were found by deleting the 

conventional Mo-Fe encoding rtifHDK genes and looking for growth of mutants in 

medium containing either vanadium or Fe or both, in the absence of molybdenum. 

Ahemative nitrogenases have been found in species of Azotobacter and Rhodobacter (21, 

84, 139). hi A. vinelandii and A. chroococctm, a nitrogenase containing vanadium 

instead of molybdenum was also characterized (90, 133). A Va-nitrogenase has also been 

found in Clostridium spp., Anabaena variabilis, and the dxc\aiA)ZCtensiMethanoxtrcina 

spp. (45, 91, 138). The genes encoding the vanadium and alternative nitrogenases, vnf 

and arrf^ respectively, are distinct from the nifllDK genes encoding the Mo-nitrogenases 

(21, 84). In A. vinelandii, some common nif genes are needed by all three enzymes to 

fimction properly (88). The sequence of vnJHDK and ar0IDK gene products resemble 

those of many archaeal nitrogenase gene products and are believed to be paralogous to the 

nifHDK gene products (74, 84, 170). It is not known -why Azotobacter species have 

alternate nitrogenases. One hypothesis is that Azotobacter species are ubiquitous in nature 

and may be found in environments with varying amounts of metals. The alternative 

nitrogenase may be useful in cases where molybdenum or vanadium is deficient. This 

hypothesis remains to be tested in other diazotrophs with alternative nitrogenases. 
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Fig. 3. Organization and arrangement of mfHDK and adjacent nif genes in different 

diazotrophs. (A) Rhizobiwn meliloti\ (B) Klebsiella pneumoniae-, (C) Azotobacter 

vinelandii\ (D) Bradyrhizobium japanicwn\ (E) Rhodobacter capsulatus:, (F) Clostridium 

pasteurianum-, (G) Acetobacier diazotrophicusr, (H) Azospirillum brasilense. Arrows 

represent direction of known and proposed transcription. 
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2.2. Sugarcane 

2.2.1. Botany 

Sugarcane is one of the oldest and most important crops in the world. It is a tall 

perennial grass that thrives well in the tropical and sub-tropical regions of the wodd (Fig. 

4A). Most sugarcane varieties can grow up to 3-4 meters with the characteristic 

unbranched stem. Sugar is extracted from the thick stems or canes and is the main reason 

for growing sugarcane (Fig. 4B). The solid stem is differentiated into joints, each 

comprising a node and an intemode (Fig. 5). Depending on the variety and the growing 

conditions, the intemodes can vary in length from 5-25 cm with a diameter of 1.5 - 6 cm 

(22). The shape, color, and hardiness of the stem will also differ among sugarcane 

varieties (ISg). In the node, small buds can be found appressed to the stem on alternate 

sides of the stem (Fig. 5). Stem cuttings called setts or seed pieces, each having two or 

more buds, are used to propagate sugarcane. The buds develop to give primary stems, the 

basal buds of which give rise to secondary stems, tertiary stems, etc., forming multiple 

tillers originating from the base (Fig. 6). The stems are covered with a hard, waxy 

epidermis or rind which surrounds a mass of softer tissues interspersed with fibers forming 

a tube-like structure. The wax prevents loss of water by evaporation while the rind gives 

strength and rigidity to the stem (158). 

A cross section of the sugarcane stem will reveal the widely spaced vascular 

bundles scattered throughout the middle of the section (Fig. 7). In the periphery, the 
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bundles are smaller and arranged closer with each other forming a solid ring. The matrix 

of an intemode is composed of the parenchyma cells in which the vascular bundles are 

embedded. The parenchyma cells are thin-walled cells separated by smaller intercellular 

space. These cells which increase in size towards the center are the storage organ for the 

sweet juice. The ejctreme top of the stem consist of the growing point covered by the 

youngest leaves. These tapering portions of the stems have low sugar content and are 

usually not used for sugar extraction (158). However, they can be used as a source of 

planting material especially for tissue culture as they contain the fastest growing 

meristematic cells (78). 

2.2.2. Origin 

Modem sugarcane varieties are species and hybrids of the genus Saccharum and 

belongs to the family Poaceae, sub&mily Panicoideae, tribe Andropogoneae and subtribe 

Saccharininae. All Saccharum species are high polyploids with no known diploids (122). 

Although the origin of the cultivated cane S. officinarum seems uncertain, it is likely that 

it evolved from S. robustum (2n=80) by introgression from other genera based on 

morphology and chromosome number (3). The earliest S. officinarum plants may have 

originated in the Indo-Myanmar-China border with the New Guinea area as the center of 

diversity of 80-chromosome clones (43). It is believed that among the wild canes found in 

swamps and uplands, the widely distributed S. spontaneum L. contributed substantially 
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towards the development of modern sugarcane hybrids (4). 

The early S. offtciruman are called 'noble canes' and are popular garden canes 

low in fiber but high in sucrose. These are generally used for chewing and sugar making. 

However, by 1925, the noble cane era had ended due to serious diseases and the process 

of cane nobilization started (22). The nobilization of sugarcane started in Java and 

Barbados and there are now about 25 breeding programmes in existence with the general 

objective of developing varieties with high sugar content of the noble canes and the 

hardiness, disease resistance, and ratooning capacity of the other cane types (4, 22). The 

'nobilized' canes are derived fi'om backcrossing S. spontaneum with the noble parent, S. 

officinanm. 

2.2.3. Production and Uses 

Sugarcane production has steadily increased over the past decades. The trends in 

harvested area, cane yield and sugarcane production over a 10 year period is presented in 

Fig. 8 A and production by continents is shown in Fig. 8B. Brazil and India are the top 

two sugarcane producers by country. Although the popularity of artificial sweeteners 

threatened the industry, natural cane sugar is still favored because it is a safer and cheaper 

source of calories, particularly in developmg countries (22). Other uses for sugarcane 

have emerged in the last century and are becoming as equally important as sugar 

production. In the near future, sugarcane is predicted to be known as alcohol cane. 
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2.3.1. Definition and Examples 

Defined literally, the term endophytes refer to organisms that live inside the plants 

("endo" - within, "phyte" = plant). The term is more traditionally used to refer to fungi 

which invade the stems and the leaves of plants without causing disease or showing 

symptom of a disease. Some of the well-known endophytic fungi have mutualistic 

associations in that they offer some protection fi-om herbivory and insect predation to their 

host plants (38). Recently, several scientists called for widening the concept of 

endophytes to emphasize that the definition should include bacteria (36, 166). Bacterial 

endophytes include those bacteria which do not cause any visible harm to the plant and 

can be isolated fi-om surface-disinfected plant tissue or extracted fi'om inside the plant. 

This definition encompasses all isolated bacteria, whether or not th^ contribute some 

ecological benefits to the plants or are just passive residents of the plant. Bacterial 

endophytes have been isolated fi'om different parts of plants belonging to different fantiilies 

including important agricultural crops and forest trees. The most common species of 

known bacterial endophytes are in the g&asnLPseudomonas, Erwinia, and Bacillus (Table 

2) which also include some plant pathogenic members. As shown in Table 2, different 

species of bacterial endophytes can be isolated fi'om monocot and dicot hosts and firom 

each plant species. 

2.3.2. Mode of Entry and Localization 
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The proposed route of entry for bacterial endophytes is not different from those of 

plant pathogenic bacteria. As for pathogenic bacteria, the most conmion points of entry 

for bacterial endophytes are wounds either induced by biotic or abiotic factors (2). In 

addition to providing entry points, wounds also allow leakage of plant exudates which 

bacteria can use as food source and may serve as chemo- attractants to potential invaders 

(68). However, wounds are not absolutely required for endophytes to enter plants as in 

the case of Enterobacter absuriae which penetrated cotton seedlings before the 

emergence of lateral roots (125). Bacterial endophytes can also enter plants through 

active penetration by producing pectolytic and cellulolytic enzymes (76, 92). The 

activities of these enzymes are likely regulated to ensure that enzymatic degradation of the 

plant cell wall does not advance beyond the initial penetration event. Most bacterial 

endophytes are found in the intercellular spaces of the plants, although a few are known to 

colonize plant cells intracellularly like some Psedomorms spp. in potato (61) and Azoarctts 

spp. in kallar grass (127). Other plants which harbor intracellular endophytes include 

^^eat (64), common bean (106), rice (169), and cotton (125). Bacterial colonization of 

the vascular system has also been reported for many plants (63, 68, 76, 81, 82). It is not 

known whether the vascular system only serves as a transportation conduit or if bacterial 

endophytes actually multiply within the vascular tissue. The numbers of bacteria found 

inside the vascular tissue are relatively lower than those found in the intercellular space 

(81, 82, 143). Bacterial preferences for colonization sites are believed to be strain and 
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species specific (68). The mechanism of how the host differentiates an endophyte fi-om a 

pathogen or how the endophyte evades the host's defense response are not well-

understood and is now one of the &stest growing areas of research. Once inside the plant, 

some endophytes colonize specific parts of the plant (e.g. Enterobacter absuriae in bean, 

106) while others spread systemically (e.g. Erwinia sp. in cotton, 113). Whether they 

move or not is also dependent on the species or strain of bacteria involved and the plant 

parts involved. There are two key points in the colonization pattern of bacterial 

endophytes which probably aid in differentiating them fi-om plant pathogens. One is that 

their colonization is spatially limited such that even if their population is high inside the 

plant or th^ can spread systemically, their site of colonization is limited and does not 

interfere with the normal processes of the plant. Unlike pathogens, plugging of the xylem 

vessels or blocking of movement of photosynthates has not been observed with 

endophytes. The other important observation is that the bacterial endophyte population 

inside the plant is highly maintained and often reach a constant density (68). It is likely 

that plant age and environmental &ctors aSect the population of endophytes inside the 

plant. However, more work is needed to establish the mechanism of population control 

exerted by the plant. It is also unknown what kind of selection pressure determines the 

optimum number and type of endophytes a plant can host. 

2.3.3. Beneficial Effects of Endophytes 
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Although the majority of bacterial endophytes are not known to provide ecological 

benefits to their host plants, there are a number in which beneficial effects have been 

established. The most common benefit is that of plant growth promotion. Some 

endophytes can directly affect plant growth by production of growth hormones such as 

ethylene, auxins, and cytokinins (11). Other bacterial endophytes can fix nitrogen and 

potentially supply plants with additional nitrogen (9, 25). Examples of nitrogen-fixing 

bacterial endophytes and their characteristics are discussed in the next sections. It should 

be noted that some nitrogen-fixing bacterial endophytes can also produce phytohormones, 

thus providing dual benefits to their host plants (11, 12, 62). There are bacterial 

endophytes which can indirectly affect growth of plants by suppressing deleterious 

microflora (150). Axenically-grown plants are believed to have low survival fi'equency 

under field conditions for lack of endophytes that can compete with deleterious soil 

pathogens or metabolize toxic substances in the soil (61). In one case, 'bacterization' with 

a strain of Pseudomonas sp. significantly increased field survival of in-vitro grown potato 

plantlets by as much as 62% over non-bacterized control plants (100). Bacterial 

endophytes can also benefit their host plants by producing anti-fiingal and anti-bacterial 

metabolites against potential pathogens (73). Several bacterial endophytes showed 

positive suppression of some fiuigal and bacterial pathogens, and even nematodes (69, 

159). There are also reports of enhanced host defense in the presence of bacterial 

endophytes. For ĉample, inoculation with the bacterial endophyte Bacillus pumilis. 
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resulted in pea cells forming amorphous wall appositions which distorted the advancing 

hyphae of Fusarium oxysporum f sp. pisi (16). 

In the future, bacterial endophytes might be used for a variety of practical 

applications including hardening of axenic plants, induction of broad systemic resistance, 

and seed treatment to increase germination and survival of plants. Their use as delivery 

systems for biopesticides should also be explored further. One commercial product, 

InCide, is Clavibacter xyli subsp. cynodontis genetically engineered to &q)ress the Bt 

delta-endotoxin for the control of com borers (155). Its use is being expanded to include 

control of other lepidopteran and coleopteran insect pests and to deliver fungicides for 

disease control. Although, more research is needed to establish the wide use of 

endophyte- based pesticides, it offers an environmental fiiendly, convenient, and low cost 

alternative to chemicals. In addition, these biopesticides should work for the duration of 

the life of the host plant (155). 

2.4. Nitrogen-Fixing Bacterial Endophytes 

Nitrogen-fixing bacteria can be classified based on their value to other organisms. 

In the past, the loose categories include: (1) fi'ee-living, for those diazotrophs which fix 

nitrogen for their own benefit (i.e. A. vinelandii, K. pneumoniae)., (2) symbiotic, 

diazotrophs which provide their partner with fixed nitrogen (i.e. Rhizobium, 

(^ancbacteria); (3) associative refers to diazotrophs which are associated with plants. 
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mainly grasses, sometimes forming a loose mutualistic association. Unlike the symbionts, 

the associative diazotrophs do not form nodules or any other structures with similar 

function (57). It has so far not been established whether any can provide plant partners 

with fixed nitrogen. The most well-known of the symbiotic diazotrophs are members of 

the rfaizobia &mily which associate with leguminous plants. Approximately 90 percent of 

all species of the family Leguminosae examined have root nodules in which fixation occurs 

(114). Other important non-legumes are associated with diazotrophic cyanobacteria and 

actinomycetes. Predominant of these are trees and shrubs of the genera Alnus (alder), 

Myrica (bog myrtle), Eleagnus, and Casuarina (114). These plants are typically pioneer 

plants on nitrogen-deficient soils. 

Although it was long believed that grasses are devoid of nitrogen-fixers, 

improvements in methods of assaying nitrogen-fixation in the 1960s helped to disprove 

this idea. The discovery of new species of nitrogen-fixing bacteria associated with grasses 

in the last two decades opened up new possibilities of exploiting BNF in cereals (9). The 

extension of BNF beyond the legume symbiosis is now actively being pursued by a number 

of laboratories around the world. The traditional classification of diazotrophs mentioned 

had to be revised to emphasize the unique association between the new group of 

nitrogen-fixing bacteria and their grass hosts. The newly recognized species of nitrogen-

fixing bacteria are predominantly isolated fi'om the interior of plants and are therefore 

called endophytic diazotrophs to contrast them with those that are found mainly in the 







made in mcnitoring microbial populations in the environment, it is still difficult to measure 

bacterial populations over time under natural conditions to assay long term survival. In 

addition, as some of the bacteria listed as obligate have not been fiilly examined with 

regards to their survival ability in the soil or outside the plant, their classification as 

obligate may only be temporary. Indeed a recent study showed that although 

Herbaspirillum spp. are considered obligate endophytes, one species, H. 

rubrisubalbicans has the potential to survive on the leaf surfaces of a compatible host 21 

days after inoculation (116). In addition, species of the known rhizosphere bacteria 

Klebsiella were recently isolated fi-om surface-sterilized com stems (117). It should also 

be emphasized that the obligate endophytes can be maintained in pure culture. 

Nevertheless, based on these definitions, Acetobacter diazotrophicus is an example of an 

obligate endophytic diazotroph and its other unique characteristics are discussed below. 

2.5. Acetobacter diazotrophicus 

2.5.1. Isolation and Characteristics 

Sugarcane is cultivated in 4.2 million hectares of land in Brazil, 75 % of which is 

used for ethanol fuel production (49). Most of the land area has been continuously used 

for sugarcane cropping for centuries with low N input and although total plant biomass is 

removed at each harvest, soil N content has not been depleted and yields have remained 

stable (157). This was the first indication that sugarcane might be benefitting fi-om BNF 
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and led to serious investigations of the responsible nitrogen-fixing bacteria. N balance and 

dilution experiments would later estimate that up to 60 - 80 % of the total nitrogen in 

selected sugarcane varieties can be obtained fi-om BNF (25, 27, 105, 157). These 

experiments also validated the recommendation to use certain sugarcane cultivars and 

avoid unnecessary application of nitrogen fertilizers in some areas in Brazil (27). Although 

the early efforts of Dr. Dobereiner and other scientists in the 1950s up to the 1980s to 

isolate nitrogen-fixing bacteria fi'om sugarcane tissues were successfiil, none of the 

isolated diazotrophs were present in high enough population to account for the observed 

high BNF. These early diazotrophs include species of Beijerinckia, Erwinia  ̂ Azotobacter, 

Derxia, Enterobacter, and Azospirillum (47, 48, 50, 124). 

It was in 1988 that a new species of Nj-fixing bacteria was isolated fi'om within the 

sugarcane roots and stems in large numbers (35). The unique and uiteresting bacteria, 

originally called Saccharobacter nitrocaptans, was isolated fi-om surface-sterilized 

sugarcane roots and stems, using semi-solid medium made with sugar cane juice. Later, 

the xass)&Acetobacter diazotrophicus was proposed for this new species (66). To date, it 

is the only known diazotrophic species of the genus Acelobacter. The cells of A. 

diazotrophicus stain Gram-negative and are straight rods with rounded ends with 

dimensions of 0.7-0.9 by 1- 2 ^m (Fig. 9A). The ceUs are motile with peritrichous or 

lateral flagella (Fig. 9B). The cells can occur singly, in pairs, or in chains and do not form 

endospores. A. diazotrophicus forms distinct dark brown colonies with entire lighter 





brown margins when grown in solid potato agar supplemented with 10 % sucrose (Fig. 

lOA) while dark orange colonies appeared after several days when grown in nitrogen-

poor media with bromthymol blue (Fig. lOB). When grown in vials with semi-solid media 

containing 10% sucrose, A. diazotrophicus initially grows by forming a thin veil at the 

bottom of the vial (148). This veil then migrates to the surfece of the media and 

eventually becomes a thick pellicle. If bromthymol blue is added to the media, the pellicle 

growth turns dark yellow to orange while the media below becomes colorless (Fig. 11). 

The best carbon source is sucrose but it can also grow in fixictose, galactose, and 

glucose. Glucose metabolism probably proceeds exclusively via the pentose phosphate 

pathway (8). Mannitol, ethanol, and glycerol can also be used but A. diazotrophicus 

cannot grow on dicarboxylic acids or maltose probably due to the lack of transport 

mechanisms for these compounds (5). The optimum temperature for growth is 30 C and 

the optimum pH is 5.5 (148). Oxygen is absolutely required for growth, but it can also 

grow under microaerobic condition. However, nitrogen fixation occurs only under 

microaerobic conditions. It grows very well in semi-solid media even without a nitrogen 

source but it cannot grow in liquid culture unless a starter dose of nitrogen is supplied 

(148). Interestingly, recent results of Fisher and Newton (59) showed that starter dose of 

N is unnecessary and even inhibitory to nitrogen fixation. Compared with other 

microaerobic diazotrophs like Azospirillum spp., A. diazotrophicus is considered more 

tolerant to Oj (69). Studies have shown that it can still fix nitrogen at a pOj of 4% in the 
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presence of 10% sucrose (25, 129). However, in one study which measured nifH-gusA 

expression and acetylene reduction, A. diazotrophicus was found to be just as sensitive to 

O2 as the oxSasc Azospirillum spp. (160). 

A. diazotrophicus also has unusual characteristics which sets it apart from other 

diazotrophic bacteria. It has a high acid tolerance with the ability to grow and fix N even 

at pH 3.0 and below (148). It fails to grow in media with pH of 7.0. In addition, it has an 

unusual preference for high sucrose, using it as a sole carbon source and growing at 

concentrations of sucrose as high as 30%. Howy4. <iSra7o£ro/7/r/cz/5 can withstand the 

osmotic stress caused by the high sucrose concentration is unknown but does not 

apparently involve the intracellular accumulation of organic osmolytes (69, 129). It is 

possible that it possesses a mechanism similar to that of the related species, Zymomonas 

mobilis, in which osmoregulation is achieved by high glucose import rates (149). 

Interestingly, recent reports showed that A. diazotrophicus is actually unable to transport 

or respire sucrose (S) but can grow on sucrose by secreting extracellular enzymes that 

hydrolyze sucrose into fructose and glucose. One such exoenzyme, levansucrase, was 

recently isolated from culture supematants of A diazotrophicus (6). Levansucrase can 

break down sucrose releasing fructo-oligosaccharides and levan. Disruption of the gene 

encoding levansucrase, IsdA, resulted in mutants which were unable to grow in sucrose 

suggesting that levansucrase is the key enzyme for sucrose metabolism in A. 

diazotrophicus (6). Another interesting feature which is relevant to agriculture is that A. 



69 

diazotrophicus does not possess a nitrate reductase. It cannot grow on nitrate as the sole 

nitrogen source and its nitrogen-fixing ability is not inhibited by the presence of nitrate. 

The implication here is that A. diazotrophicus can continue fixing nitrogen inside the plant 

even when nitrate-containing fertilizers are applied to the plant. In addition, the 

nitrogenase activity of A. diazotrophicus is only partially inhibited by ammonium, with 

inhibition decreasing at high sucrose concentrations (129). 

Confirmation of the endophytic nature of A. diazotrophicus came fi-om various 

studies involving researchers around the world. A. diazotrophicus has been isolated fi'om 

within surface-sterilized roots, stems, and leaves of sugarcane and other sucrose-rich 

plants (14, 33, 62, 82, 83, 119, 128, 143) or in the apoplastic fluid of alcohol-flamed 

sugarcane stems (53). It has never been found in the soil between rows of sugarcane 

plants or in the roots and rhizosphere of grass weeds growing in the same field (46, 101, 

103). It was reported to be present in low concentrations in the riiizosphere of sugarcane 

possibly due to sucrose exuded into the soil or to small pieces of roots being included in 

the rfaizosphere soil during sampling (9, 47, 103). More recently, Caruso and Baldani (34) 

monitored the population of introduced A. diazotrophicus tagged with lacZ and found 

that it declined rapidly within days of introduction. Studies involving electron microscopy 

also confirmed the location of^. diazotrophicus in the apoplast and xylem vessels of 

sugarcane (S3, 82, 143). 



2.5.2. Transmission and Plant Infection 

The mode by which A. diazotrophicus is transmitted from plant to plant in the 

field is not known. It is likely that the bacteria can be carried Avithin setts, pieces of 

sugarcane stems used for propagation. Dong et al. (53) showed that A. diazotrophicus 

could be re-isolated from second generation setts and retain the same level of acetylene 

reduction activity. This is not surprising as this method of vegetative propagation has 

also been implicated in the spread of many xylem-inhabiting organisms, some of which are 

pathogenic to sugarcane (40, 65). Heat treatments of setts in commercial sugarcane 

production in which the setts are exposed to temperature of 50 C for 2 hours usually 

reduced the risk of transmitting pathogens, but this practice apparently has no effect on A. 

diazotrophicus (128). On the other hand, this may be a milder treatment compared with 

pre-harvest burning of fields which facilitate cane cutting (168). This practice has been 

routinely performed for years now in many countries, including Brazil where A. 

diazotrophicus was first isolated. Bacteria within sugarcane stems are probably protected 

from heat. 

Transmission of A. dizotrophicus may also be mediated by mycorrhizal fimgi. 

Initial experiments to infect sugarcane plants with liquid inoculum of^. diazotrophicus in 

greenhouse &iled (119). This is presumably because A. diazotrophicus cells die in 

conditions where sucrose is limiting. However, Paula et al. (119) successfiilly infected 

sugarcane, sweet potato and sweet sorghum with A. diazotrophicus when it was co-
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inoculated with the mycorrhizal fungus Glomus clanm. Similar results were obtained 

with Gigaspora gigantea (15). It has been suggested that the spores of mycorrhizal fimgi 

could contain the bacteria; spore germination and penetration of the root surface could 

introduce them into the plant. That mycorrhizal spores carry bacteria on their surface is 

not uncommon. Several authors have isolated diazotrophic bacteria on the sur&ce of 

n^corrhizal spores and in some cases, the bacteria were residing intracellularly in the 

spores (19). In one such association where the flingal endosymbiont was a species of the 

(^anobacterium Nostoc, nitrogenase activity of the fungal spores was directly demostrated 

through acetylene reduction (97). It is speculated that the association between some 

diazotrophic bacteria and mycorrhizal spores is mutualistic with the diazotrophic bacteria 

supplying fixed N during sporocarp and spore formation i^^e the fungus supplies 

phosphorus needed for the high ATP demands of nitrogen-fixation. Of great interest was 

the observed effect of co-inoculation of sweet sorghum; plants co-inoculated with 

mycorrhiza and A. diazotrophicus had greater N content, root length and branching than 

plants inoculated with mycorrhiza alone (79). This unique mode of infection of plants has 

great implications in agriculture since it suggests the potential of microorganisms to 

reduce dependence on both phosphorus and nitrogen fertilizers. In addition, it is a 

reminder not to overlook microbial compatibility when considering plant-microbe 

interactions. Of interest as well, is the observation that populations of mycorrhizal fungi 

and diazotrophic bacteria decrease when plants are supplied with high phosphorus and 
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nitrogen, respectively (151). It is possible that high application of either phosphorus or 

nitrogen in modem-bred crops diminishes the potential benefits derived from both 

mycorrhizal fungi and diazotrophic bacteria. 

The isolation of A. diazotrophicus and oxher Acetobacter spp. from the pink 

sugarcane mealy bug, Saccharococcus sacchari, may represent another way of 

transmission of this bacteria from plant to plant (7). Caballero et al. (32) also recently 

isolated A. diazotrophicus from sur&ce-sterilized and crushed mealy bugs collected from 

sugarcane varieties in Brazil and Mexico. The sugarcane leafhopper {Perkinsiella 

scuxaricidaX a xylem feeder, was also shown to harbor A. diazotrophicus in its gut (7). 

In contrast, non-sap feeders such as ants, linear bugs, and flies did not contain A. 

diazotrophicus (7, 141). The potential of sap-feeding insects to carry/4. diazotrophicus 

is not surprising as insects are known vectors of bacteria and other microorganisms. The 

hon^ dew produced by the pink mealybugs is rich in fructose and glucose with a low pH 

of 2.9 to 3.2 making the insect's gut an ideal environment for the survival of A. 

diazotrophicus outside of a plant host (7). However, it has not been demonstrated that 

infection of endophyte-free sugarcane plants can occur upon feeding of mealy bugs 

carrying A. diazotrophicus. It is also not known whether .^4. diazotrophicus can multiply 

inside the insect, can persist throughout the insect life Qrcle, or can be maternally passed 

on to the next generation. Caballero-Mellado et al. (32) were able to isolate A. 

diamtrophicus from only 38% of the mealy bugs examined. In insect vectors of plant 
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such occurrence (14). There are also reports of the presence of structures resembling 

infection threads for bacteria which entered the root tip cells, similar to those observed in 

the /2A/zo6/tfm-legume symbiosis (14). James et al. (82) surmised that bacteria which 

entered through such structures appeared to be lysed by the host upon entry suggesting 

that this is probably not a common way for diazotrophicus to enter into the plant. It is 

also possible that such entry may have elicited a defensive response from the plant. An 

intraceUular location of A. diazotrophicus in sugarcane cells reported by some authors 

(15, 62) has not been unequivocally established or accepted. 

2.5.4. Presence in Xylem Vessels 

The location of A. diazotrophicus in the xylem of sugarcane plants is presently 

being debated. Several studies have shown that A. diazotrophicus can be found in the 

xylem vessels (Fig. 13), but in contrast to their high numbers in the intercellular spaces, 

there are many fewer cells present (62, 82, 83, 128, 143). The numbers reported are very 

low, and unlike plant pathogens, cannot significantly block the xylem vessels and harm the 

plant. It can be argued that the bacterial cells seen in the xylem vessels might have been 

introduced during sample preparation for electron microscopy. However, the presence of 

bacteria in j^lem vessels is not uncommon (13, 63, 76, 123, also see preceding section on 

endophytes). Dong et al. (52) concluded that A. diazotrophicus caimot inhabit the xylem 

apoplast because of three principal reasons; (1) the xylem is nutrient-poor and its lignified 
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and suberized nature impedes movement of sucrose from the stem apoplast; (2) the xylem 

is discontinuous and movement of the bacteria along the cane will be limited, and (3) it can 

stimulate a strong defense response from the plant. The apoplastic fluid of the 

parenchyma cells contains about 13 % sucrose and is thought to be the ideal habitat for A. 

diazotrophicus (53, 82). Indeed, the highest concentration of A. diazotrophicus is usually 

found in this area. In contrast, the sucrose content of the xylem vessel had been reported 

by different groups, ranging from 0-9% (29, 70). It should be pointed out that the 

sucrose content of sugarcane can be affected by diverse factors including varietal 

differences, age of plant, and environmental conditions such as moisture and fertility of the 

soil (101). Even within the cane, the sucrose level will vary in the different nodes (4, 

158). It is therefore not surprising that published estimates range widely. These 

variations in the sucrose content of the cane can also explain the heterogenous distribution 

of A. diazotrophicus (62, 141). It has been shown that ̂ 4. diazotrophicus caa.d\:̂  ffov/ 

and fix nitrogen in the presence of 1% sucrose, although fixation is lower than in 10% 

sucrose (27, 129). At 10% sucrose A. diazotrophicus is more oxygen-tolerant than when 

grown with 1% (129). The cells of A. diazotrophicus in the xylem vessels may be few 

and clumping not usually seen, but the low oxygen tension in the xylem vessels can allow 

for nitrogen fixation to take place. Therefore, even if the xylem vessels do not contain 

high amounts of sucrose, A. diazotrophicus can still potentially 'live' in this environment, 

alb^ pediaps not its first choice. Although A. diazotrophicus apparently prefers sucrose-



rich plants, reports of its isolation from other plants not traditionally known as sucrose-

rich plants such as coffee and tea are of great interest (83, 109). In addition, the hon^ 

dew of insects like leafhoppers are low in sucrose, but high in other sugars which can also 

be utilized by ddcaotrophicus. 

The sugarcane variety Ja 60-5 used by Dong et al. (52, 53), may have xylem vessel 

discontinuities but this trait is not universal for all sugarcane varieties. For example, 

SP70-1143, the variety used in the experiments of this dissertation, likely possess 

continuous xylem vessels which could allow longitudinal movement of the bacteria (39). 

Movement of the bacteria from the site of inoculation to other parts of the plants are 

documented (68). The prevailing idea is that the bacteria are transported through the 

conducting elements or apoplast. The question remains whether the bacteria actively 

move within the plant or whether capillary action forces translocate them. Whether 

hydrolytic enzymes are produced by A. diazotrophicus has not been reported. Such 

en^ones when present can be used to gain entry to plant cells as in the case of another 

diazotrophic endophyte, sp. (76, 127). 

The pathogenic reaction is governed by the compatibility of the pathogen and the 

host plant. It is possible that the pathogenic reaction observed by Dong et ai. (52, 53) 

may be due to the compatibility of the sugarcane clone and that of the A. diazotrophicus 

strain used in their experiments. This is not unheard of in diazotrophic endophytes of 

sugarcane. For example, sugarcane cultivars can vary in their reaction to the diazotroph 
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H. rubrisubalbicans{%\, \\6). In susceptible cultivars, /T/Arawte/&/carescan 

massively colonize the xylem and intercellular spaces and elicit typical mottled stripe 

symptoms upon inoculation. In contrast, in resistant cultivars like SP70-1143 such 

symptoms did not develop and the bacteria were limited in their colonization of the 

vascular tissue. The prevailing environmental conditions can also affect the development 

of the disease and different methods of inoculation can also elicit different responses from 

the plant. In the aq}eriment described by Dong et al. (52), the concentration of the 

inoculum used was not reported. An inoculum overioad can often lead to a disease 

reaction even for resistant plants (2). Although the population of endophytic bacteria 

inside the plants has been observed to reach a plateau suggesting that plants can somehow 

regulate the population of the endophytes, such an overload can trigger defense response 

from the plant. In addition, the optimum endoph>te-carTying capacity for a plant will 

depend on the plant age, the environment, and the strain of the bacteria (68). In the 

previous isolation experiment reported by the same group, they were only able to isolate 

10* cells/ gram fresh weight (53). This is considerably lower than what others have 

reported (82, 128, 143). However, if this particular sugarcane clone can only host that 

number of bacteria, then inoculating it with more than this can represent a stress and may 

result to a pathogenic reaction. It is also not clear from their methods if the sugarcane 

were left in the bacterial suspension throughout the duration of the experiment. Usually, 

successful bacterial inoculation of setts can be achieved after 30 mins of immersion in 
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bacterial suspensions (40). Immersion in bacterial suspension for five days will be an 

unusual condition for sugarcane and would represent predisposing &ctor for disease 

development. Another comment on the experimental procedure of Dong et ai. (52,53) is 

that Koch's postulates were not completed. The re-isolation and subsequent identification 

of A. diazotrophicus fi-om the diseased sugarcane plants were never carried out nor was 

the initial sterility of the plants established in their experiment. These are crucial steps in 

establishing pathogenicity especially because control plants were reported to be infected 

with fungi a week after inoculation. 

Considering all results, it is not improbable that A. diazotrophicus is present in the 

xylem vessels as well as in intercellular spaces throughout the stems and roots. Whether 

or not A. diazotrophicus is in the TQrlem may be specific to the sugarcane cultivar, bacterial 

strain, the conditions for growing, and the interaction of these and environmental factors. 

All the published reports nevertheless agree that A. diazotrophicus colonizes the 

intercellular spaces of sugarcane plants. It will be interesting to learn the location of 

bacteria in the other plants fi'om which they were reported to be isolated. 

2.5.5. Genetic diversity 

The isolation A. diazotrophicus fi'om sugarcane cultivars growing in regions 

representing all continents of the worid revealed the world-wide distribution of this 

endophytic diazotroph. At first, this implied the specific association of A. diazotrophcius 
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and sugarcane and the possible parallel evolution of the sugarcane plant with its 

endophtyic bacterium. However, it should be noted that not all sugarcane cultivars 

examined have this bacterium and that more recently, A. diazotrophicus has been isolated 

from other plants including coffee, sweet potato, Cameroon grass, tea, and even banana 

(46, 83, 109, 119). Initially, it was also believed that A. diazotrophicus could only be 

found in vegetatively propagated plants but again recent studies reported the isolation of 

this bacterium from other plants not traditionally propagated asexually. The requirement 

for high sucrose content is also not strictly considered as some of the other host plants are 

not sucrose-rich. The plants also belong to different unrelated plant families. Also to 

date, A. diazotrophicus has not been isolated from other C4 grasses related to sugarcane 

(93, 94). The unifying factor in aU the reported isolations of^. diazotrophicus from 

plants is its endophytic nature. There were two reported cases of rhizosphere isolation of 

A. diazotrophicus (83, 109) but the true identity of these isolates has yet to be established 

using more precise methods that can distinguish at the species level. A list of isolated A. 

diazotrophicus strains is given in Table 6. This list might grow as plants of different 

fiimilies are examined. That A. diazotrophicus has been found in several unrelated 

cultivated crops is very interesting. It will be important to determine the genetic 

relatedness of the isolates from sugarcane and from other plants before analyzing 

applications oiA. diazotrophicus in agriculture. Caballero-Mellado et al. (33) used 

multilocus enzyme profiles, plasmid, and nifHDK patterns of isolates in Mexico and Brazil 
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to determine that populations of A. diazotrophicus are clonal. The low genetic diversity 

found in A. diazotrophicus also parallels the low genetic diversity and clonal nature of 

sugarcane cultivars around the world. Maternal lineages of Saccharum spp. and related 

species were shown to form a monophyletic group displa\dng little variation, hence, the 

existence of a world-wide cytoplasmic monoculture of sugarcane (3, 42). It is interesting 

that low genetic variation in the chloroplast genome of Saccahrum species also extends to 

related plants in the Saccharum complex (146). Although this is surprising for plants with 

diverse chromosome number and proposed geographic origin, it can be explained by the 

recent evolution of this group of plants. Interestingly, A. diazotrophicus was also 

proposed to have recently evolved (127). This may represent a co-evolution event of the 

host plant and its endophyte as in the case of the Rhizobium-\&stxm.t symbiosis (156). The 

similar maternal host background of sugarcane may have provided the same selection 

pressure for A. diazotrophicus strains inhabiting sugarcane. This needs to be tested 

further in light of evidence that A. diazotrophicus has only been found in Saccharum spp., 

and not in any other members of the Saccharum complex. For example, in recent studies 

of energy grasses including the sgede&Miscanthus, a sugarcane relative, A. 

(tazotrophicus were not found to be present, although other endophytic diazotrophs were 

isolated (95). The presence of ^4. in other plants unrelated to 

sugarcane will also need a different explanation with respect to host-range c^ability. One 

complication in determining the evolution of sugarcane and its relatives is its asexual 



propagation. Human activities have played a major role in the selection, dispersal, and 

vegetative propagation of particular genotypes of sugarcane. Thus, it is not uncommon to 

find the same variety of sugarcane being cultivated in different parts of the world. 

Periiaps, even if growth and environmental conditions differ, A. diazotrophicus within 

the sugarcane is in a protective habitat not affected by such external factors. However, 

one interesting variation is the presence of plasmids in some strains of A. diazotrophicus. 

The fimctions of these plasmids are currently unknown and to date no functional genes 

have been isolated from such plasmids. Some strains harbor two to three plasmids with 

size ranging from 2 to 170 kb (33). The presence of strains without plasmids suggest that 

the fundamental characters common to all A. diazotrophicus strains are not plasmid 

encoded. More importantly, it was established that nitrogen fixation genes are not located 

on plasmids. Hybridization experiments with these plasmids confirmed the chromosome 

location of nif genes (33, 152). There is also an observed conservation in the size of 

plasmids isolated from certain strains (33). The role of these plasmids in A. 

diazotrophicus is intriguing and probably provide some fitness advantage to A. 

diazotrophicus under certain conditions. The recent report of a genetically distinct group 

of A. diazotrophicus isolated from sugarcane growing in the USA (102) provides other 

evidence for the need to seriously look at genetic diversity of this organism. This study 

was based on genomic fingerprinting using BOX, ERIC, and REP PCR. Studies of other 
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traits and genes will help determine if greater genetic diversity exists in A. diazotrophicus 

isolates than is currently realized. The use of 16S rRNA and nifH gene sequences may not 

be ideal for detennining diversity as these genes are highly conserved (165). There is also 

a need for consensus methods that will show genetic polymorphism in A. diazotrophicus 

isolates. At present, the use of different methods of studying genetic diversity arrives at 

different conclusions. Better and more accurate measures of genetic diversity within and 

among A. diazotrophicus isolates becomes even more important because of the recent 

report of its isolation from other crops. That there may be isolates which fix more 

nitrogen, produce more plant-growth promoting hormones, or are better adapted to grow 

within one plant or a particular environment than others will need to be determined to gain 

the maximum applied benefit from this association. 

2.6. Methods of Evaluating Nitrogen Fixation in Plants 

The following sections will review the common methods used for evaluating 

nitrogen fixation in plant systems and their advantages and limitations. It should be noted 

that these techniques have also been applied to other systems including soil and aquatic or 

marine habitats where diazotrophs have been found. Also, many more methods of 

evaluating nitrogen fixation in other systems are available and detailed in Bergersen (18) 

and the references therein. 
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2.6.1. Nitrogen accumulation method 

This is the oldest and most conventional method of showing the contribution of 

nitrogen fixation to plant growth and estimating the rate of nitrogen fixation in a system. 

The basic idea is that the fixed atmospheric N should contribute to a measurable increase 

in the nitrogen content of the plant. This is accomplished by determining the increase over 

time of the total N in plants and by comparing the differences in the N accumulation 

between nitrogen-fixing and non-fixing control plants. The total N content of the plant 

can be analyzed by two methods - Kjeldahl digestion and Dumas technique (18). Both of 

these methods require that the plant material be dried, ground, and milled to obtain a 

homogenous sample. Briefly, in the Kjeldahl method also termed as wet digestion, the 

plant N is first converted to NH4* by digestion in hot concentrated H2SO4 in the presence 

of a catalyst. The resulting NH/ is separated fi'om the digest by either steam distillation 

or overnight difiusion. Traditionally, the amount of NH3 recovered is estimated by 

titration or colorimetric method. Details of the procedures involved in these steps are 

outlined in Bergersen (18). A modem version of this technique involved the oxidation of 

the NH4^ under vacuum after recovery fi'om the distillate (164). The oxidation with 

hypobromite released Nj gas and this gas is analyzed by mass spectrometer. The main 

disadvantage of the Kjeldahl method is that it is labor-intensive and requires several 

hazardous solutions. Also, this method needs to be modified to accurately measure the 

amount of N in materials rich in NO, as the digestion step is known to result in significant 
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loss of NO3 (164). Although, this is usually not a problem with plant materials, this needs 

to be considered in analyzing plants in which the NO, content is not known. The Dumas 

technique is an oxidative method which involves the combustion of the dried plant sample 

in the presence of copper oxide. In most cases, the dried plant materials are sealed in an 

evacuated quartz tube and are contained in tin foil to aid the combustion. The gases 

produced after combustion, N2 and COj, are separated cryogenically or some other way, 

and the pure N2 gas is then introduced into the mass spectrometer (144). With the 

availability of instnmients designed to meet the needs of specific laboratories, this is now 

the method of choice. Most of the current commercial instruments reduced the labor 

requirement in the analysis by automating combustion, mass spectrometer analysis, and 

final data computation. The major disadvantage of this method is that incomplete 

combustion of the plant material may result in contaminating gases which cannot be 

readily separated fi'om N2 gas (144). This poses a big problem for materials with high C:N 

ratio. Gas chromatography instruments used together with the mass spectrometer may 

detect the contamination, however, they may not be sensitive enough to detect small 

amounts of CO, which when present even in trace amounts can produce artifiicts. 

Overall the method of determining the total N represents a convenient and direct 

way of measuring BNF but its utility may be limited to simple systems in which the 

interaction of other factors can be isolated (18). Analysis of the data obtained is more 

complicated when studies involved natural ecosystems where N inputs can be incorporated 



89 

into many diverse biological products, the precise N content of which may be di£5cult to 

determine (164). It may also not be sensitive enough in estimating the benefits of BNF to 

a plant where the increase in the nitrogen content is only small. In some cases, the natural 

loss of N fi-om the plant-soil systems such as leaching and denitrification may diminish the 

net gain (18). In a natural ecosystem, the precision of the methods used and analytical 

errors can complicate the measurement. It is also worth noting that biological material 

varies significantly in their inherent nitrogen content and cannot be validly compared 

across the board (164). 

2.6.2. Acetylene reduction method 

Nitrogenase can reduce other N=N analogues such as acetylene (CH=CH) and 

cyanide (C=N). This is the basis for the acetylene reduction assay (ARA). The product of 

acetylene reduction is ethylene, which can be easily measured in the laboratory by gas 

chromatography. It is a popular choice for detecting nitrogen fixation and for making 

comparative studies of different nitrogen-fixing systems because it is relatively 

inexpensive, easy to perform, sensitive, and yields fast results. Although ARA is very 

usefiil for qualitative studies of nitrogen fixation, it can only be used for short duration 

experiments (23). ARA is not suitable for experiments involving a long time fiame due to 

the inherent sensitivity of nitrogen fixation systems to environmental conditions 0-e. 

changes in the OT^gen concentration) (51). For example, interpretations of data obtained 
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depends on the direct comparison between the fixing and the non-fixing plant. The non-

fixing reference plant should have the same growing period and growth requirements 

including temperature, water and light as the fixing plants because they be must be planted 

and harvested at the same time (164). Additionally, the roots of the non-fixing plants 

should have the same growth habit as the fixing plant for it to have equal access to the 

same label. Such plant may be hard to identify. To date, Sudan grass, perennial rye 

grass, and Brachiara spp. (26, 157) have been used as reference non-fixing plants. The 

working assumption in isotope dilution experiments is that the label is uniformly 

distributed in the soil. However, conditions during the application of the fertilizers like 

strong winds and high temperatures causing ammonia volatilization can cause patchy 

patterns of distribution (17, 164). In addition, as pointed out by several authors, ''N 

enrichment of the soil changes with time and space and as such is out of the control of the 

experimenter (144, 164). It is also important to avoid applying too much N to the soil 

because high concentration of mineral N in the soil can inhibit nitrogen fixation. Although 

this technique can be viewed as uncertain, its simplicity and reliability provided that strict 

adho'ence to the requirements are met makes it the method of choice for field studies 

involving long term data collection. Another application of isotope dilution technique is 

that it can demonstrate the fate of fixed N among different plant parts as affected by other 

biological processes. For example, the use of isotope dilution technique have established 
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The structural genes of the A. diazotrophicus genes for nitrogenase enzymes, nifHDK, 

were isolated and sequencec. Fhe nucleotide and derived amino acid sequence of the 

genes were analyzed to investigate any unique features and establish the relatedness of A. 

diazotrophicus with other diazotrophic bacteria, including those which can be isolated 

from sugarcane. Once the genes were isolated and it was determined that it is unlikely 

that other copies of the genes were present, nifD was specifically disrupted by inserting a 

gene cassette within its coding region causing transcription to cease. The mutation was 

introduced back into A. diazotrophicus by conjugation or electroporation. The resulting 

Nif" mutants were used in inoculation experiments involving sterile tissue-cultured 

sugarcane plantlets. The growth of plants inoculated with wild type and >nf' mutants were 

compared over time in the growth chamber, greenhouse, and field in three independent 

experiments. A. diazotrophicus colonization of sugarcane and other grass crops was also 

investigated and lastly, the effects of inoculation on the growth of other grass crops were 

determined. 

3.1. Analysis of nif and regulatory genes in Acetobacter diazotrophicus (^pendbc A) 

In order to isolate the niJHDK genes of ^4. diazotrophicus, I made a gene library in 

the lambda cloning vector EMBL3. Since this had not been done before in A. 

diazotrophicus, I had to optimize the conditions for chromosomal DNA extraction and 
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subsequent manipulation. I screened the phage library using the nifHDK genes of another 

diazotroph, Azospirillim brasilense, as probe in colony hybridization &q)eriments. I 

isolated the hybridizing phage clone(s), purified it and analyzed its restriction pattern. 

Once the firigment containing the nifHDK genes was localized, I subcloned it into 

bacterial vectors for sequencing. I made a deletion library of this subclone and sequenced 

the 4 kb HindSS. fi:agment containing the nifHDK genes. The partial sequence of nifH was 

the first to be established. This sequence and its analysis is presented in this paper. At the 

same time, that I was making the phage library, a post-doc in the lab. Dr. Dietmar 

Meletzus, and a graduate student who is part of our Brazilian collaborator group, Katia 

Teixeira, also made a cosmid library fi'om which the other genes reported in this paper 

were isolated. 

3.2. Contributions of the bacterial endophyte Acetobacter diazotrophicus to sugarcane 

nutrition: a preliminary study (Appendbc B) 

The sequence oinifD was determined in this paper and analysis of its sequence 

was also presented. Once the nifHDK genes were isolated and it was established that no 

other copies of these genes were present in A. diazotrophicus, I proceeded to disrupt the 

nifD gene by inserting a kan:i//(aL4 gene cassette into the coding region of nifD. I cloned 

this construct into a wide host range vector and introduced it back into A. diazotrophicus 
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through tri-parental mating with a helper plasmid. I optimized the conditions for 

successful conjugation and determined the antibiotic concentration to use for selection of 

transconjugants. I isolated transconjugants resistant to kanamycin and checked their Nif' 

phenotype by their inability to grow in N-free media and using an acetylene reduction 

assay. I also confirmed the insertion of the disrupted ntfD gene in to the chromosome of 

A. diazotrophicus by Southern hybridization using the wild type nifHDK genes as probe. 

Once the phenotypes of the mutants were confirmed, I planned my sugarcane inoculation 

experiments. 

Since this project was part of a collaborative grant between our lab and that of 

Brazilian scientists, I went to Brazil to learn the basics of inoculation and growing 

sugarcane. Dr. Jose Ivo Baldani and another student Mr. Andre de Oliviera assisted me in 

setting up the inoculation experiments with the sugarcane plants they had. I also learned 

fi-om them how to assess colonization of inoculated plants using the Most Probable 

Number technique and electron microscopy. 

Back in the US, I needed sterile sugarcane plants for my inoculation experiments 

and plants propagated fi'om tissue culture was the best option to ensure sterility. To leam 

the techniques of sugarcane tissue culture, I contacted Dr. James Irvine at the T&cas A 

and M University Agricultural Center in Weslaco, Texas, an expert in sugarcane 

micropropagation. He agreed to instruct me in his lab and I spent a week there learning 

tissue culture. Once I had starter plants, I was able to propagate and multiply the 
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sugarcane plantlets using the set-up I established in the lab. The results of preliminary 

inoculation experiments using these plants are presented in this paper. 

3.3. Molecular and phylogenetic analyses of the nitrogenase structural genes (nifHDK) in 

the sugarcane endophyte Acetobacter diazotrophicus (Appendix C). 

This paper reports the complete sequence of the nifHDK genes of A. 

diazotrophicus. In order to complete the sequence, in addition to the deletion library I 

constructed, I also designed primers and subcloned additional clones from my phage 

library and the cosmid library made by Katia Teixeria. The sequences were analyzed in 

detail including the promoter, intergenic, and downstream regions of the genes. I analyzed 

the codon usage and bias in these genes and compared the data with another A. 

diazolrophicus gene, IsdA, encoding levansucrase. I performed separate phylogenetic 

analyses of the NifH, NifD, and NifK deduced amino acid sequences using different 

methods. The genetic relatedness of A. diazotrophicus with other proteobacteria 

especially to the members of the a-subgroup based on nifHDK was established in this 

paper. In addition, the nifD mutation was explained in detail and another strategy for 

disrupting nifD using the lacZ gene was also described. 







with^. diazotrophicus for 14 days in a modified growth medium without sucrose and 

limited nutrients. After the co-culture period, the plants were transferred in sterile sand 

and incubated in the growth chamber or greenhouse for another 30 days. The efifect of A. 

diazotraphicus inoculation on the growth of rice, wheat, and com are presented in this 

paper. 
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n. PRESENT STUDY 

1. Significant Results 

The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the most important findings 

in these papers. 

1.1. Analysis of nif and regulatory genes in Acetobacter diazotrophicus (Appendix A) 

a. The nifH gene of A. diazotrophicus is highly homologous to the nifil gene 

oi Azospirilhm brasilense and other members of the a-subgroup of 

proteobacteria. 

b. Conserved residues present in aU known nifH gene sequences were also 

found in A. diazotrophicus nifH gene. 

c. nifHDK were located adjacent to each other suggesting that they are part 

of a single operon as has been observed in other diazotrophic 

proteobacteria. 

1.2. Contributions of the bacterial endophyte Acetobacter diazotrophicus to sugarcane 

nutrition: A preliminary study (Appendbc B) 

dL Mutation in the nifD gene resulted in A. diazotrophicus mutants which lost 

the ability to fix nitrogen. There were no other observable phenotypic 
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difierences between the NiT mutants and the wild type strain. 

b. nifD mutants are able to colonize sugarcane plants as well as wild type 

strains. 

c. The endophytic nature qIA. diazotrophicus was confirmed through 

electron microscopy which showed the presence of bacteria in the 

intercellular spaces of the root and stems as well as in the ^Qrlem vessels. 

d. A. diazotrophicus wild type strains enhanced the growth of sugarcane 

plants grown for 30 days in the growth chamber under N-deficient 

conditions but not the nifD mutant strains suggesting that nitrogen fixation 

is involved in the growth stimulation. Plants inoculated with wild type 

strains were significantly taller than either plants inoculated with the nifD 

mutant or uninoculated plants. 

e. When plants were grown in N-sufScient conditions, both wild type and 

nifD mutants enhanced plant growth suggesting that A. diazotrophicus can 

enhance plant groAvth via another factor in addition to nitrogen fixation. 

Inoculated plants were significantly taller than uninoculated plants. 

1.3. Molecular and phylogenetic analyses of the nitrogenase structural genes (riifHDK) in 

the sugarcane endophyte Acetobacter diazotrophicus (Appendix C) 

a. Typical features common to all NifHDK sequences including highly 
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1.4. Sugarcane growth stimulation by the nitrogen-fixing bacterial endophyte Acetobacter 

diazotrophicus (Appendix D) 

a. Wild type and nifD mutant strains colonized sugarcane plants equally well 

and persisted in mature plants. 

b. Sugarcane plants inoculated with wild type A. diazotrophicus strains grew 

better and had higher total N content 60 days after planting than plants 

inoculated with the Nif' mutants or uninoculated plants under N -deficient 

condition establishing that the transfer of fixed N fi-om A. diazotrophicus to 

sugarcane is a mechanism for plant growth promotion. 

c. When N is not limiting, growth enhancement was also observed in plants 

inoculated with wild type and NiT mutants, although not always 

significantly different fi-om uninoculated plants suggesting an effect of 

another growth factor in addition to biological nitrogen fixation. 

d. ''Nj incorporation demonstrated that only wild type A. diazotrophicus 

strains but not the NiT mutants can actively fix nitrogen inside sugarcane. 

e. The effect of A. diazotrophicus inoculation can be sustained throughout the 

different growth stages of sugarcane, even when plants are transferred to 

the field. 

f A. diazotrophicus affects sucrose content of mature canes which may be 

related to nitrogen fixation. 
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g. Differences in the growth response of sugarcane SP70-1143 with two wild 

type A. diazotrophicus strains were observed suggesting a strain-cultivar 

specificity in the A. diazotrophicus-sagaxcan& association. 

h. Inoculation methods and plant growth conditions used in these experiments 

yielded reproducible results. 

1.5. Colonization and growth enhancement of other grasses by Acetobacter 

diazotrophicus, an endophytic diazotroph of sugarcane (Appendix E) 

a. A. diazotrophicus was able to colonize rice, wheat, and maize. 

b. Co-culturing of A. diazotrophicus with germinated seedlings resulted in 

successfiil establishment of bacteria-grass associations. 

c. Differences in the mode of entry of A. diazotrophicus in the other grasses 

and that of sugarcane were observed. 

d. A. diazotrophicus can establish an association with these other grasses, 

however, the bacterial populations were much lower than those observed in 

sugarcane. 

e. A. diazotrophicus can stimulate the growth of rice plants grown up to 30 

days in the growth chamber but no growth stimulation was observed in 

wheat suggesting specific bacteria-host plant interactions. 
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2. Summary and Concluding Remarks 

The Acetobacter diazotrophicus-sa ĉan  ̂association represents a new kind of 

symbiosis between a diazotroph and a monocot. The results of this dissertation 

established that A. diazotrophicus can promote the growth of sugarcane plants under 

controlled conditions in the growth chamber and greenhouse. Additionally, growth 

promotion can be sustained under field conditions. Plants remain significantly colonized 

by the strains used for inoculation while none of the strains used were ever found in 

uninoculated plants even after several months of field growth. An experimental system 

which used sterile sugarcane plants was also developed which can be used to test other 

hypotheses relating to the beneficial efifects of.^. diazotrophicus to sugarcane growth. It 

was also demonstrated that A. diazotrophicus actively fixes nitrogen inside sugarcane 

plants and that nitrogen fixation is suppressed in the presence of excess fixed N. The 

results of'̂ 2 incorporation experiments and the use of Nif* mutants indicated a role for 

BNF in sugarcane growth promotion. However, that this is the main mechanism of 

growth promotion was not positively shown. The possible involvement of other growth 

promoting factors in the A.diazotrophicus-sagarcane association was first demonstrated in 

this dissertation and can now be tested using the same experimental system. A. 

diazotrophicus was also shown to colonize other grasses such as rice, maize, and wheat, 

but unlike in sugarcane, A. diazotrophicus failed to persist in these other hosts. The 
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potential of A. diazotrophicus to increase the height of inoculated rice plants was also 

demonstrated. Unlike the Rhizobium-Iegume symbiosis, no special structures like nodules 

are evident in sugarcane or in the other grass crops examined. The distribution of A. 

diazotrophicus in sugarcane indicates that it can colonize specific niches allowing 

nitrogen fixation or production of other growth Actors to proceed and the products to be 

effectively provided to the plant. 

While the significant findings of the studies described in this dissertation 

contributed to the general understanding of the beneficial association between A. 

diazotrophicus and sugarcane, it leads to more questions and new areas of research. 

Some of the fiindamental questions concerning the colonization process and the factors 

involved in the endophytic establishment, effective biological nitrogen fixation, and growth 

stimulation of sugarcane and other grass crops can be addressed using similar 

methodology and techniques developed in this dissertation. For example, N balance and 

isotope dilution experiments can be performed using sterile sugarcane plants 

inoculated with wild type and Nif'mutant strains as described in this dissertation. There is 

also a need to develop an experimental system which can directly measure the amount of 

fibced N contributed by A. diazotrophicus to sugarcane plants. Together with the use of 

Nif* and lAA' mutants, such a system will be instrumental in defining the role of BNF in 

this association. The experiments described in this dissertation can also be refined to 

include treatments in which plants inoculated with wild type or ^fif' mutant strains are 
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supplied with different levels of added fixed N. The results fi-om such experiment can 

indicate the relationship between amount of fixed N and growth promotion by both 

strains, and at what N condition can the most benefit of the association be obtained. 

Additionally, sugarcane plants can be grown in the presence of plant hormones to 

determine if additional growth promotion can be obtained and if in their presence the Nif~ 

mutants can enhance sugarcane growth under N-limiting conditions. Differences in the 

efiBciency of different A. diazotrophicus strains to fix nitrogen inside sugarcane plants can 

be determined using '̂ 2 incorporation experiment. There may be strains which are better 

nitrogen fixers inside plants. It will be important to look at specific combinations of 

strains and plant cultivars to obtain the most applied benefits fi'om this unique association. 

The significance of plant growth promoting factors in the enhancement of sugarcane 

growth by A. diazotrophicus will have to be explored in fijture research. To this end, A. 

diazotrophicus mutants specifically lacking the ability to produce phytohormones or other 

growth-promoting factors can be constructed and used in similar inoculation experiments 

descnbed in this dissertation. Similarly, the possible growth enhancing efifects of A. 

diamtrophicus on rice and other cereals need fiirther investigation. The results should 

provide insights into how endophytic colonization by ^4. diazotrophicus might benefit 

other grass and cereal crops ultimately lessening dependence on chemical nitrogen 

fertilizers. 
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unusual bacterium which can grow and fix N at low pH and high sucrose 

concentrations was first isolated &om inside surface-sterilized stems and roots of 

sugarcane growing in Brazil (12). Since its initial isolation in Brazil, it has also been 

found in sugarcane growing in Mexico, Argentina, Cuba, and Australia (6, 18, 24, 36). 

This worldwide distribution suggests that the association between sugarcane and A. 

diazotrophicus is widespread and probably beneficial (49). 

Based on the 16S rRNA analysis, A. diazotrophicus is most closely related to 

Rhizobium spp., Azospirillvm, and other members of the a-subgroup of proteobacteria 

(26, 66). The similarity of the 16S rRNA sequence in nitrogen-fixing members of the a-

subgroup is also reflected in the comparison of their NifH sequences. The NifD and NifK 

proteins are not as evolutionarily highly conserved as NifH and thus may be more useful 

in discriminating among and between closely related bacteria. In addition, because nifD 

and niJK are longer than niJH, more information is available to infer phylogenies. 

Analysis of the nifHDK sequence of A. diazotrophicus is important for 

identifying any unique features with respect to nitrogen fixation and to establish a 

possibly more exact phylogenetic relationship of A. diazotrophicus with other 

diazotrophs. In addition, isolation of the nifHDK genes has allowed the construction of 

mutants specifically lacking the nitrogenase enzyme. Furthermore, the availability of the 

A. diazotrophicus nifHDK sequence can lead to the development of genus-specific 

molecular probes that can be used for bacterial strain identification and detection in other 

habitats. 
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multi-alignment program CLUSTAL W (29), with refinement by eye. Regions that 

were difficult to align were not included in the phylogenetic analyses. 

The amino acid sequences were subjected to maximum parsimony analysis to find 

the most parsimonious tree with the software package PAUP* version 4.0.0 d64 for 

Macintosh (56) using the heuristic search method. The starting trees were obtained via 

stepwise addition with simple addition sequence in effect. The branch-swapping 

algorithm was set to tree-bisection -reconnection (TBR) with no topological constraints 

enforced. The MULPARS option was in effect while the steepest descent option was not 

used. The aligned amino acid sequences were also analyzed using the distance method 

provided in the PAUP*" package. Heuristic searches with the optimal criterion set to 

distance with the objective function as minimum evolution and unweighted least squares 

were performed. In both distance analyses, the distance measure used is the mean 

character difference. The starting trees were obtained via neighbor-joining with TBR as 

the branch swapping algorithnL All the other settings were the same as with the 

maximum parsimony analysis. Trees obtained from the neighbor-joining search method 

were also compared with the trees obtained from parsimony and the distance analyses. In 

all analyses, the characters were treated as unordered and of equal weights. The order of 

the sequences was rearranged in the data set several times to check if the order of isolates 

would affect the topology of the generated trees. The nifHDK gene products from the 

archaebacteriaA/e/Aanosarc/na barkeri, Methanococcus ihermolithotrophicus^ andM 

thermoautotrichum were defined as outgroups in each case. Bootstrapping (20) was 

performed in all analyses using PAUP* to test the reliability of the tree branch points. For 
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revealed the features typically observed in other diazotrophic bacteria. In particular, 

NifH contains the five cysteine residues found in corresponding positions in all known 

NifH proteins as well as the conserved residues surrounding these conserved Cys 

residues. Also, conserved motifs for ADP-ribosylation (Gly-Arg-Gly-Val- Ile-Thr) and 

ATP binding (Gly-X-Gly-X-X-GIy-Lys-Ser) are apparent in the niiddle and near the N-

terminus of the sequence, respectively (48). As reported for other NifH proteins, there is 

no Trp residue in the NifH sequence of A. cSazotrophicus. The conserved motifs found in 

all known NifD and NifK proteins are also present including the conserved cysteine 

residues important for P cluster formation and Fe-Mo co&ctor binding (17). 

Interestingly, the sequence of approximately 43 amino acids at the N-terminus of NifK is 

highly dissimilar to that of any other available NifK sequences. 

The individual nifHDK gene products are most similar to those from Rhizobhan 

leguminosantm bv. phaseoli (NifH: 94% identity), Herbaspirillum seropedicae (NifD: 

82% identity), and Brcufyrhizobium jcqponicum (NifK: 77% identity) (Table 5). 

G + C content and codon usage based on nifHDK 

The nifHDK genes of A. diazotrophicus have an overall G + C content of 61 % 

(nifH: 64 %, n^\ 59 %, nifK: 60 %), which is similar to the overall GC content of 

Acetobacter species (51-65 %) (55) and to that of IsdA (62 %). The high G + C content is 

also reflected in the unusual codon usage observed in the nifHDK ORFs (Table 3). 

Overall, there is a stronger GC bias in the third base codons of the three nitrogenase 

structural genes compared with IsdA. Similar codon bias has been observed m the 
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nifHDK genes of A. brasilense and A. vinelandii (16, 31). Of the stop codons, only 

UGA was used in these three nif genes. Additionally, the codon UGC was the only Cys 

codon used in nifHDK. With synonymous codons ending in A or T, there are more 

codons ending in A than T in A. diazotrophicus (Table 3). 

Phylogenetic Analyses 

Previous phylogenetic analyses of NifH, NifD, and NifK sequences have relied on 

one or two different methods with varying results. The four different methods of 

phylogenetic analyses used in this study - maximum parsimony, two different distance 

analyses (minimum evolution and unweighted least squares), and neighbor-joining 

methods - consistently placed A. diazotrophicus within the a-proteobacteria clade and 

support its close relationship with R. legumhiosanm bv. phaseoli, B. japomcum, and a 3-

proteobacteria member, H. seropedicae. The following sections describe the placement of 

A. diazotrophicus in the resulting phylogenetic trees based on NifH, NifD, and NifK. 

The overall topologies of the trees with respect to relationships between previously 

anal)rzed diazotrophs were largely consistent with those found by others using different 

methods of analyses and numbers of taxa (23, 30,41, 60, 61). 

Phylogeny of NifH 

The phylogenetic tree obtained based on NifH sequences is shown in Fig. 3a. In 

all four analyses the topology and placement of the different taxa were the same. In 

addition, inclusion of regions that were difficult to align did not change the topology of 
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the shortest tree obtained. In this tree, A. diazotrophicus is placed within the a-

proteobacteria clade together with R. ccqpsuUxtus, A. brasilenese, R. meliloti, and R. 

leguminosarum, bv. phaseoli. This placement reflects its position on the 16S rRNA gene 

tree (43). A subgroup consisting of^. diazotrophicus, A. brasilense, and the two 

Rhizobivm spp. separates from R. capsulatus with relatively high bootstrap values. There 

is also strong support for the separation of A. brasilense from the^. 

diazotrophicuslRhizobium cluster. Although the two Rhizobium species are always 

together in all the trees generated forming a tight subgroup that separates them from A. 

diazotrophicus, their close relationship withi4. diazotrophicus is well-supported. This is 

in contrast with the results of Franke et al. (23) which indicated a closer relationship 

betweendiazotrophicus and^. brasilense than between^, diazotrophicus and 

Rhizobium spp. This may be due to the short length of the niJH (302 bp) sequence used in 

their analysis. 

The separation of the archaebacteria from the rest of the eubacteria is well 

supported by all four methods of analysis of NifH proteins with bootstrap values of 96-

100 %. In addition, the separation of Clostridium pasteurianum, a firmicute, from the 

other eubacteria is also supported in the NifH tree. As expected, the members of the y-

proteobacteria form a distinct clade separate from members of the a- and ^-subdivisions. 

Although Frankia alni is only distantly related to the cyanobacteria according to 16S 

rRNA analysis, it is grouped with the cyanobacteria N. commune and Anabaemx sp. in the 

NifH tree and theFronA/a-cyanobacteria clade is included in the proteobacteria clade, as 

previously reported (30,41). The ^proteobacteria, H. ̂ opedicae and the y-
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proteobacteria, Thiobacillus ferrooxidcms are also placed within the a-proteobacteria 

clade in terms of NifH relatedness. Furthermore, B. japonicum is within this subgroup 

and is clustered with T. ferroxidans, separate from the H. seropedicae. 

Phylogeny of NifD 

The result of the phyiogenetic analyses using NifD is shown in Fig. 3b. Inclusion 

of regions that were difficult to align did not change the topology of the tree in all 

analyses. Similarities between the NifD and NifH trees are apparent: (1) C pasteuricanan 

lies outside the proteobacterial clade; (2) the cyanobacteria are foimd within the 

proteobacterial clade; (3)7! ferroooddans and H.seropediace are located within the a-

proteobacterial clade; and (4) H. seropedicae was clustered "wiiAiB.jcqHimcum. In 

contrast with the NifH tree, A. diazotrophicus is clustered with R. capsulatus and not with 

Rhizobium, and Frankia is not grouped with the cyanobacteria. Interestingly, the other 3-

proteobacteria, Alcaligenesfaecalis, was grouped with the y-proteobacteria. Also in this 

tree, the archaebacteriaM thermoautotrophicum NifD protein and the A. chroococcum 

alternative protein, VnfD, are separated 100% of the bootstrap replicates in all four 

analyses from the eubacteria clade. Based on NifD, the results of maximum parsimony 

were different from those of the other analyses. With maximum parsimony, the clade 

consisting of the two cyanobacteria, all of the a-proteobacteria, 7! ferroxidans, onAH. 

seropedicae forms a more coherent monophyletic group with less branching. 
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Phytogeny of NifK 

Fig. 3 c shows the consensus phylogenetic tree constructed based on NifK. The 

overall topology of trees obtained for all the analyses are similar even with the inclusion 

of regions which are difficult to align. In this tree, there are four distinct groups. The 

proteobacterial clade, supported by 55-100 % of the bootstnq) replicates in the four 

analyses, is divided into two distinct groups. One subgroup with 100% bootstrap value 

consists of the y-proteobacteria A. vinelaruUi NifK and K. pneumoniae NifK. A. 

dicaotrophicus belongs to the second proteobacterial subgroup withi4. brasilense, H. 

seropedicae, T. ferraxidans^ B. japonicum, Rhizobivm sp. strain ANU 289 and 

Brcufyrhizobium sp. The P-proteobacteria, H. serop&Mcae and y-proteobacteria T. 

ferrooxidcms, form a subgroup supported by 55-88% of the bootstrap replicates. A. 

diazotrophicus and A. brasilense form successive sister groups to the P-

proteobacteria/rhizobia clade supported by 55-81% and 54-97% of the bootstnq) 

replicates, respectively. F. alni and the cyanobacterium Anahaena comprise a second 

loose group which form successive sister groups to a monophyletic proteobacterial group. 

The third group supported by 87 -91 % of the bootstrap replicates consists of the two 

archaebacteria, M. thermoautolrophiam andM thermolithotrophicus, and the VnfKs of 

A. chroococcum andy4. vinelanddi. Interestingly, the separation of the two archa^acteria 

from the Azotobacter VnfK clade is only supported by 56% of the bootstrap replicates in 

the distance analysis with minimum evolution as the objective function. With maximum 

parsimony, an alternate branching pattern was recognized in which 66% of the bootstr^ 

replicates supported the inclusion ofM thermolitraphicus in Xb/t Amtobacter WnSK. clade 
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identity values between amino acid pairs range from 67-97 %. In contrast, the 

identity values found between NifD pairs range from 37-96 % and for NifK, the range is 

from 34-94 %. The three structural proteins of A. diazotrophicus share highest similarity 

values with those of Rhizobitm, Brcufyrhizobhan^ and Herbaspirillum species, 

diazotrophs which associate with plants and are known symbionts. H. seropedicae is also 

an endophyte of sugarcane and can be isolated with A. cSazotrophicus in some sugarcane 

cultivars (5, 32). However, the very high level of similarity between A. diazotrophicus 

and H. seropedicae was only observed with NifD. This could indicate that the acquisition 

of the different structural genes in these two diazotrophs did not occur at the same time, 

that the genes might have been derived from different original sources, or that the rate of 

evolution of the three genes is not the same. 

The three phylogenetic trees constructed based on NiflH, NifD, and NifK have the 

same overall topology. Although some of the branching orders differ slightly, the general 

groupings established and the branching pattern of the trees are very similar. With some 

exceptions the trees based on the three nitrogenase structural genes were largely 

congruent with the 16S rRNA tree (43,65). It is interesting to note that the different 

methods of analysis used in this study - parsimony, distance, and neighbor-joining 

methods, generated trees with very similar branching patterns. This indicates that the 

data set analyzed is robust and that a high level of confidence can be placed on the 

generated phylogenetic trees. 

In all the trees, A. iSazotrophicus was placed within the cluster of a-

proteobacteria. It is also apparent that it is closely related with Rhizobium spp., A. 
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and sweet potato (5,33), plants which belong to different families and unrelated to 

sugarcane. Similar isolation experiments involving more samples and other plant genera 

will be needed to ascertain the specificity in the evolution of the A. diazotrophicus-

sugarcane {Saccharum) association. 

The presence of A. diazotrophicus may be beneficial to sugarcane. Nif' mutants 

of A. diazotrophicus are important to test this hypothesis. This paper represents the first 

report of the construction of such mutants in A. diazotrophicus. All of the mutants were 

completely Nif* with no other observable phenotypic deviations fi'om the wild type. The 

complete elimination of nitrogenase activity in these mutants confirmed the results of 

earlier Southern hybridizations which suggested that there were no other copies of 

nifHDK genes in the^^. diazotrophicus genome. Moreover, these mutants provided 

evidence that alternative nitrogenases are not present in.^. diazotrophicus because the Nif 

' mutants failed to grow in culture medium deficient in Mo with or without vanadium 

(50). Several repeated PGR amplification reactions of A. diazotrophicus chromosome 

with a/?/* and vT^primers also failed to yield any products and no band was detected in 

Southern hybridization experiments using R. capsulatus anf gene as probe (50). These 

Nif mutants have been and are currently being used to assess whether ̂ 4. diazotrophicus 

provides significant fixed N to sugarcane. In a preliminary study (49), growth stimulation 

was observed in young sugarcane plantlets inoculated with wild type but not with Nif 

mutants under N-deficient conditions. Interestingly, A. diazotrophicus may have other 

possible beneficial effects to sugarcane since when N was not limiting, similar growth 



stimulation effects were observed with plants inoculated with wild type and with the 

Nif mutants. 
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Fig. 1. Restriction map of £MBL3-Ad200 and pMS204. The locations of the aphv.uidA and 

/acZ; ;kan cassettes and their direction of insertion are shown by triangles and arrows, 

respectively. Additional clones used for sequencing are also shown. The BglQ. site in pKT33 is 

part of pLAFR3 and XhtBamYQ. site in pMS219 is lost and replaced by Pstl from pBS-KS. The 

direction of transcription (->) of nifHDK genes is also indicated. Abbreviations for restriction 

sites: B, BaniHL, Bg, BgHl, C, C/al; E, EcdBtJL,; P, PstV, S, Smal, St, Stul 
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APPENDIX D. SEVnXA, M., BURRIS, R., AND KENNEDY, C. 1999. 

SUGARCANE GROWTH PROMOTION BY THE NITROGEN-FIXING BACTERIAL 

EmOPWfTEACETOBACTERDIAZOTROPHICUS. (TO BE SUBMITTED). 
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Introduction 

Sugarcane {Sacchanim spp.) is a taU perennial crop traditionally cultivated mainly 

for commercial sugar production. Non-traditional uses of sugarcane have recently become 

popular including generation of ethanol from sugar fermentation as a source of altonative 

fiiel. In Brazil, four million vehicles currently run on 95 % ethanol while all other cars use 

gasohol with 10 to 20% ethanol (Boddey, 1995). Other sugarcane products include 

bagasse, paper, fiber, and animal feeds (Hunsigi, 1993). Therefore, despite competition 

fi'om other sugar crops and artificial sweeteners, sugarcane production has steadily 

increased over the past decade. 

In many countries, sugarcane production depends on high levels of nitrogen 

fertilizers for optimum growth and yield. Certain sugarcane varieties in Brazil can be 

grown to high yield with low N inputs (Boddey et al., 1991; Boddey, 1995). In addition, 

the N reserve of the soil was not diminished after decades of continuous sugarcane 

cultivation and removal of plant biomass at each harvest (Urquiaga et al., 1992). These 

observations suggested that sugarcane may be obtaining a substantial portion of its 

nitrogen requirement via biological nitrogen fixation (BNF). Studies of isotope 

dilution and N balance in several sugarcane varieties confinned their ability to obtain large 

amounts of atmospheric N through plant-associated BNF. It is estimated that up to 80% 

of the total N of sugarcane (equivalent to 200 kg N/ha^ear) can be attributed to BNF 

(Urquiaga et al., 1992; Bodd^, 1995). 
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Although nitrogen-fixing bacteria have been isolated fi-om the rhizosphere and 

external surfaces of sugarcane, these bacteria are not present in sufficient numbers to 

account for the high BNF observed in sugarcane. Some of these bacteria have been 

identified as species of Beijermckta, Erwinia, Bacillus, Azotobacter, Derxia, and 

Azospirillum (Dobereiner et al., 1988; Baldani et al., 1997). A new species of nitrogen 

fixing bacteria, Acetobacter diazotrophicus, was isolated in large numbers fi'om within 

surface-sterUized roots and stems of sugarcane (Cavalcante and Dobereiner, 1988). This 

gram-negative, rod-shaped, and acidophilic diazotroph was not detected in the soil 

between rows of sugarcane, in weed species growing with sugarcane in the same field, and 

has low survival ability in the soil (Li and McRae, 1991; Dobereiner et al., 1988; Baldani 

et al., 1997). The endophytic nature of this bacterium has been confirmed with electron 

microscopy studies in which the bacteria were found in the intercellular spaces of the 

roots and stems as well as within xylem vessels (James et al., 1994; Dong et al., Sevilla et 

al., 1998). A. diazotrophicus can grow and fix Nz in 30% sucrose and at pH as low as 3 

(Stephan et al., 1991). A. diazotrophicus has been isolated also fi'om other sugarcane-

growing countries including Mexico, Australia, Argentina, Cuba, and more recently, the 

USA (Fuentes-Ramirez et al., 1993; Li and McRae, 1991; Bellone et al., 1997; Dong et 

al., 1994; Liang and Damann, 1998). The worldwide occurrence of endophytic^. 

diazotrophicus in sugarcane plants suggests a beneficial association between a diazotroph 

and a grass species and A. diazotrophicus has become a strong candidate for the obsoved 
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high BNF in sugarcane. In many previous studies of grass-associated diazotrophic 

bacteria, significant plant growth promotion has been often observed. However, it was 

never unequivocally established that the benefit to plant growth occurs via transfer of fixed 

N from the diazotroph. In the case of the best studied associative diazotroph, 

Azospirillvm brasilense, evidence is strong that the production of the plant hormone 

indole acetic acid (lAA) is responsible for its ability to promote plant growth (Barbieri et 

al., 1991; Okon and Labandera-Gonzales, 1994). 

In order to directly determine whether^, diazotrophicus contributes significant 

fixed N to sugarcane, nifDwaph, uidA mutants of A. diazotrophicus have been 

constructed (Sevilla and Kennedy, submitted). The only phenotype of these mutants is an 

inability to fix nitrogen. The wild type strain PAIS and the Nif mutant were used to 

inoculate sterile sugarcane plantlets prepared from meristem tissue culture. Preliminary 

results indicated a significant increase in the height of plants inoculated with the wild type 

strain compared with the niJD mutant or uninoculated plants measured 30 days after 

planting in sterile sand supplied with N-deficient nutrient medium (Sevilla et al., 1998). In 

N-sufi5cient growth conditions, plants inoculated with either the wild type or nifD mutant 

were 20 % taller than uninoculated plants. These results suggested that A. diazotrophicus 

can benefit sugarcane growth in two ways, by transfer of bacterially fixed N and probably 

by production of some other plant growth promoting &ctor(s). These experiments have 

now been extended to include longer growth times and measurements of plant weight and 

total N incorporation. In addition, ^^2 incorporation experiments were carried out. The 







207 

Three separate inoculation experiments were performed in which plant growth 

and/or bacterial colonization were monitored at different stages; ten days after inoculation 

in baby food jars, 30 days after planting (DAP) in a growth chamber, 60 DAP in the 

greenhouse, and harvest at 240 DAP in the field. 

Inoculation was performed using the method of James et al. (1994) with some 

modifications. Two days before inoculation, rooted plants of uniform height 

(approximately 6 cm) and root mass were washed with MS media without N and 

transferred into MS media without N. On the day of inoculation, the plantlets were 

separated by tearing them into 4-5 individual sub-plantlets of approximately equal root 

mass. These were placed in baby food jars containing 40 mis MS media with or without 

nitrogen (N). 100 |il of wild type or mutant bacterial inoculum was added to the medium 

for inoculation. Control plants received 100 |il of LGI salt solution. Plants were chosen 

at random for inoculation. Inoculated plants were kept on growth shelves at 28 C with 12 

hr light and dark diurnal cycle. Ten days after inoculation, plants firom each treatment 

were examined for colonization by SEM and TEM, and by Most Probable Nimiber 

(MPN) estimation (Postgate, 1969). 

Growth chamber experiments 
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Ten days after inoculation, sugarcane plantlets were transferred to sterile silica 

sand (grain # 20) in conical containers sterilized by bleach. All sand used in the 

experiment was autoclaved for 60 minutes at 121 C and then autoclaved again for another 

45 minutes after the sand had cooled for one day and dried in a 65 C oven. The plants 

were incubated in a growth chamber at 28 C with 12 hr light and dark cycles. On the first 

two days of transfer in the growth chamber, the plants were covered with clear plastic 

bags to maintain high humidity. Plants were watered with 40 mis of MS medium once 

every two weeks and with 40 ml of sterile distilled water as needed. Thirty days after 

inoculation, plant height data and MPN bacterial counts were measured. The identity of 

bacteria isolated from inoculated plants were tested by growing in LGI media with 10% 

sucrose acidified to pH 4.5 with or without kanamycin and by their ability to grow in N-

fi'ee media and reduce acetylene to ethylene. In addition, A. diazotrophicus specific 

primers were used in PCR reactions to amplify the 23 S rRNA of isolated bacteria. 

Greenhouse experiments 

Plants were transferred 30 DAP to 1 gallon bleached and washed pots containing 

pasteurized silica sand. Pots were randomly arranged on benches in the greenhouse and 

watered by automatic drip irrigation twice a day (Fig. IB). Once each week, 250 mis of 

half strength MS nutrient solution with or without N was added to each plant. After 30 

days, plant heights were measured and the plants were harvested and separated into roots 

and shoots. The separated parts were dried to constant weight in a 70 C drying oven. 
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Total N content of the plants was determined using an NCS analyzer (Carbo Erba 

NA1500) performed by the Soil and Plant Analysis Lab of the University of Arizona. Two 

plants from each treatment were used for SEM and MPN counts and other identification 

tests as in the growth chamber &q}eriment. The remaining plants were transferred to the 

field. 

Field experiments 

Plants growing in the greenhouse were transplanted to the field at the Campus 

Agricultural Center of the University of Arizona, Campbell Avenue, Tucson, AZ. The 

field plot has sandy clay loam with available nitrogen content (NO3) of 106 ppm. The 

experimental field was planted using a completely randomized design. Plants were spaced 

30 inches apart within rows and the distance between rows was 4 feet. The field was 

flood irrigated once a week with no fiirther addition of fertilizers. The plots were 

routinely checked for insects and disease symptoms as well as damage by other animals. 

Soil samples and insects were periodically taken from the field plots and checked for the 

presence of A. diazotrophicus. The plants were harvested after sbc months (Fig. 2). Fresh 

cane weight and dry weight of the remaining top green leaves were measured. 

Most Probable Number (MPN) and plate counts 
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To determine the concentration of A. diazotrophicus wild type and mutant strains 

inside sugarcane plants in each stage of the experiment, the Most Probable Number 

(MPN) (Postgate, 1969) and plate counts were used. Plants were washed twice in 

distilled water to remove soil and other debris adhering to the surface. The weights of 

tissue cultured plants growing in baby food jars were determined and recorded. Plants 

from the growth chamber, greenhouse, and field were sectioned to obtain portions 

representing roots, stems, and leaves with fresh weights of approximately 1 gm. Tissue 

cultured plants were surface sterilized using 1% chloramine T for five mins. followed by 3 

washes of sterile distilled water. Other plants were surface sterilized by soaking in 70% 

ethanol for 2 sec and 10% bleach for 10 mins, followed by 3 washes in sterile distilled 

water (5 mins per wash). Plant tissue samples were macerated using a glass tissue 

homogenizer or Waring blender in 9 mis of distilled water or 25 % LGI salt solution until 

no big tissue particles could be seen. The resulting homogenate was serially diluted in 25 

% LGI salt solution. 100 ul of the diluted homogenates were either spread onto acidified 

LGI plates or inoculated into glass vials containing 6 mis of semi-solid LGI media with or 

without N, and with or without kanamycin. For MPN counts, 3 vials for each dilution 

were inoculated with 3 replications for each dilution and treatment. All inoculated media 

were incubated at 30 C for 5-7 days. Colonies growing on the plates were counted and 

positive vials showing ^ical A. diazotrophicus pellicle and growth were scored using the 

McGrady tables (Postgate, 1969). 
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Acetylene reduction assays 

Acetylene reduction assays were performed by replacing the caps of the vials with 

a rubber stopper and injecting 1 ml of freshly-generated acetylene into the vials. After 2 

hours of incubation at 30 C, 0.5 ml gas samples from the vials were checked for the 

presence of ethylene. Ethylene was detected on a Shimadzu gas chromatograph fitted with 

a 50 cm Poropak column and a hydrogen ionization detector. Uninoculated vials served 

as controls and pure ethylene gas was used as standard. 

Scanning microscopy 

Sugarcane plants were hand sectioned to obtain 2-3 mm^ segments. Roots, stems, 

and leaf sections were fixed separately in a solution containing 4 % formaldehyde and 1% 

glutaraldehyde (v/v) in 0. IM phosphate buffer, pH 7.2 for 24 hrs (Trump, 1978). 

The sections were then rinsed in 0.15 M phosphate biiffer twice before post-fixation with 

1% (w/v) osmium tetroxide for 1 hr. Samples were rinsed in distilled water 3x and stained 

in 2% uranyl acetate for 30 min prior to dehydration in a graded ethanol series. The plant 

segments were freeze fi^ctured in liquid nitrogen and then critically point dried in a 

Polaron critical point drier (Energy beam Sciences, Agawam, MA) prior to mounting and 

coating with gold in Anatech Technics Hummer 1 sputter coater. Sections were examined 

under scanning electron microscope (WB6, Topcon/Intemational Instruments) operating 

at 10 kV. Some plant materials were fixed and prepared as above but with less time using 
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a 34350 Laboratory Microwave Processor (Ted Pella, Inc) as outlined in Gibberson et al. 

(1997). 

Transmission EM and immunogold labelling 

Sugarcane plants for transmission electron microscopy were treated the same way 

as for SEM except that plant segments were fixed in 0.1 M phosphate buffer with 2% 

formaldehyde and 0.5% glutaraldehyde (v/v). After dehydration in the ethanol series, 

segments were embedded in LR White acrylic resin, with two days of infiltration, followed 

by curing at 75 C for 8 hrs. Shorter preparation times was also obtained with the 

microwave technique (CSibberson et al., 1997) as described for SEM. Semi-thin and uhra-

thin sections were cut using MT-6000 microtome (Research Manufacturing Corp., 

Tucson, AZ). Sections were collected on pyroxylin-coated nickel grids and stained for 10 

min in uranyl acetate before being viewed under Philips 420 TEM. Immunogold labelling 

was performed Avith the microwave technique as described in Gibberson et al. (1997) with 

some modifications (David Bentley, personal commimications). Polyclonal antiserimi 

raised against Azotobacter vinelcmdii nitrogenase enzyme was diluted 1:400 in phosphate 

buffered saline, pH 7.0 with 0.1% Tween 20 (v/v). Sections on grids were immersed in 

the same buffer used for diluting the antibody for 2.5 min followed by incubation in the 

diluted primary antibody to A. diazotrophicus. After washing with the blocking buffer, the 

grids were incubated in 5 nm goat anti-rabbit gold for another 2.5 min. The grids were 

washed in phosphate buffer saline, followed by immersion in 0.1 M phosphate buffer with 
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4% formaldehyde and 1% glutaraldehyde (v/v) for 1 minute, and then into distilled water 

before staining with 2% uranyl acetate for 10 min. 

For examination of bacterial morphology and flagellation under electron 

microscope, grids were carefully floated on top of bacterial suspension drops for 1 minute. 

The grids were then negatively stained with 2% uranyl acetate at pH 3.5 , and washed 3x 

with distilled water and examined in the transmission electron microscope (Philips 420) at 

80 Kv. 

PCR using A. diazotrophicus-spteific 23S rRNA primers 

PCR reactions using the species-specific primer pairs AD and 1440 derived fi-om 

the variable region of A. diazotrophicus 23 S rDNA were performed as described in 

Kirchofif et al. (1998) with some modifications. DNA was directly amplified fi'om colonies 

growing on DYGS or LGI plates. 24 hour old colonies were transferred with a toothpick 

to microfuge tubes containing 40 ul of sterile distilled water. Each bacterial suspension 

was boiled for 10 minutes and 2 ul of the suspension was mixed with the other PCR 

reactants in PCR tubes. Each 25 ul PCR reaction contained 50 pmol each of the two 

primers, 2 mM MgCIz, 1.25 mM each of the four dNTPs, and 1.5 U of Taq polymerase. 

The reaction was overlaid with 40 ul of mineral oil to prevent evaporation. The following 

temperature profile was used: initial denaturation step at 95 C for 5 min followed by 30 

cycles of 93 C for 1 min, 50 C for 1.5 min, 72 C for 1.5 min, followed by a final »ctension 

step of 10 min at 72 C. The amplification products were analyzed by electrophoresis in 
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Analyses were performed using the PROC GLM procedure of the computer program 

SAS (Statistical Analysis Systems, SAS Institute, Cary, NC). Mean separations were 

determined by Waller-Duncan k ratio t test (K ratio=100). Data were analyzed for each 

date and experiment separately. 

Results 

Colonization of sugarcane plants 

Both wOd type and mutant i4. diazotrophicus strains colonized sugarcane plants. 

The wild type strain PAIS somewhat colonized plants better than the mutant strain 

MAd3 A as evidenced by the number of bacteria recovered from inoculated plants 10 days 

after inoculation and at 30 DAP (Table 1). In addition, the NiT mutants persisted in field 

grown plants in similar numbers as the wild type strains (240 DAP, Table 1). The same 

pattern of colonization was found in these two strains. Th^ were found mostly in the 

intercellular spaces of the roots and stems while in some cases, they were also seen in the 

xylem vessels (Fig. 4). A. dicaotrophicus cells were commonly found in microcolonies 

inside the stems, with obvious clumping and the present of a mucilaginous type material 

which seem to hold the cells together (Figs. 4£ and 4F). Bacterial cells were often found 

concentrated in the root cracks created by the emerging lateral roots (Fig 4G) as observed 

by others (James et al., 1994). This is presumably how they enter the plants. Mutant and 

wild type A. diazotrophicus were also re-isolated from the sugarcane plants growing in the 
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field 240 days after planting. Bacteria in greenhouse plants cannot be counted accurately 

due to the difiSculty encountered in macerating these plants. Nevertheless, the 

characteristics of the isolated bacteria fi'om these plants were identical to A. 

diazotrophicus wild type and mutant strains based on the different tests mentioned. 

Evaluation of bacteria isolated from inoculated sugarcane plants 

NiT mutants isolated fi'om plants at all stages retained their kanamycin resistance 

and were unable to grow in media without nitrogen (Fig. 5 A). Acetylene reduction assays 

confirmed the inability of these mutants to fix N (Table 1). There was no difference 

observed in the growth and morphology of both mutants and wild type after re-isolation 

fi'om sugarcane plants (Fig. SB). The identity of the isolated bacteria was also confirmed 

by the presence of a 400 bp amplification product using the 23 S rRNA primers in all 

bacteria isolated, wild type or mutant. (Fig. 6). Direct amplification reactions of 

inoculated plant material failed to yield any product and all subsequent amplifications were 

performed using cultures of bacteria isolated fi'om plants. Immunogold-labelling using 

antibody against nitrogenase showed that only the wild type A. diazotrophicus expressed 

the enzyme inside the sugarcane (Fig. 7). A. diazotrophicus was not isolated fi'om the 

sand in growth chamber and greenhouse pots or field soil. Insects collected fi'om the field 

also failed to yield A. diazotrophicus after plating on selective plates (data not shown). At 

no growth stages was A. diazotrophicus isolated fi'om the uninoculated control plants. 
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than those plants without N. 

Plant height, number of tillers, and number of leaves, 60 DAP 

At 60 DAP, significant differences were also found among the treatments (P < 

0.0001) regardless of the N conditions (Fig. 11). When N was not limiting, the tallest 

plants were almost always those inoculated with PA15. In experiments 2 and 3, the height 

of these plants were also significantly different fi'om the height of uninoculated plants. 

Under N-su€Qcient conditions, it was only in experiment 1 that wild type inoculated plants 

were significantly different fi-om uninoculated plants (Fig. 12). 

The differences in the number of tillers (Fig. 13), height of the tallest tiller (Fig. 

14), and number of leaves (Fig. 15) in inoculated and uninoculated plants were not highly 

significant when the + N and - N plants were considered separately. Among the - N 

plants, the number of tillers significantly varied only in experiment 2 where plants 

inoculated with PAIS and MAd3 A were observed to have more tillers than any of the 

other treatments (P < 0.0001). Among the + N plants, PPe4 had significantly more tillers 

than any of the other treatments in both experiments 2 and 3. Interestingly, plants 

inoculated with M4 (Nif") had significantly fewer tillers and leaves compared with 

uninoculated plants in the + N treatments (ecperiment 2). 

Plant biomass, 60 DAP 

The effects of inoculation with .<4. diazotrophicus wild type and NiT mutants on 
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mutants appear to behave differently. 

When shoots were analyzed, it was again observed that all inoculated plants appear 

to have higher weights compared with uninoculated plants in both -N and + N conditions 

(Fig. 17). However, in experiment 1 the difference in the weights were not statistically 

significant. In the two other experiments, when N is not limiting, plants inoculated with 

PAIS have significantly higher weights than either uninoculated or MAd3 A inoculated 

plants. In experiment 2, plants inoculated with MAd3A were not significantly different 

firom uninoculated plants and plants inoculated with PPe4 or M4. In experiment 3, plants 

inoculated with MAd3 A had significantly higher weight than uninoculated plants but 

significantly lower than those of PPe4 or M4. When N is not limiting, ecperiment 2 

showed no significant differences among the treatments except between that of MAd3 A 

inoculated plants and uninoculated control plants. In experiment 3, all inoculated plants 

showed significantly higher weights than uninoculated plants. The same trends were 

observed when the total plant dry weights were considered (Fig. 19). 

Total N 

The total N content of the separated roots and shoots of plants were determined 

60 DAP. Analysis of variance revealed highly significant differences among the treatments 

(P < 0.0001) however, when the treatments within - N and + N conditions were 

compared with each other, statistical significance varied. As shown in Figs. 20 and 21, the 

mean total N of plant roots and shoots were increased by inoculation with either wild 
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Field experiments 

The effect of inoculation on fresh cane weight and dry weight of leaves of 

sugarcane grown up to 6 months in the field are shown in Figs. 22 and 23. In general, 

inoculation resulted in the increase of the cane weights with plants inoculated with wild 

type strains giving higher weights compared with plants inoculated with the Nif' mutants 

and uninoculated plants. When N was limiting in the greenhouse growth before 

transplanting to the field, plants inoculated with PAIS always had significantly higher 

weight than uninoculated plants while when N is not limiting, this was only true in 

«q)eriment 2. On the other hand, plants inoculated with PPe4 were significantly heavier 

than plants inoculated with either mutants or uninoculated plants in experiment 1. While 

the differences in fresh cane weight among uninoculated and plants inoculated with PAIS 

were statistically significant, the differences in the weights of plants inoculated with wild 

type and mutant strains were not always statistically significant (P < 0.0002). However, in 

all cases, inoculation with the mutant strains did not result in a significant increase in the 

weight of canes. 

As shown in Fig. 24, inoculation withi4. dicaotrophicus wild type and mutant 

strains resulted in higher dry weight of leaves, however the differences were not high 

enough to be statistically significant from the uninoculated plants (P < 0.0138). The 

highest values were obtained with plants supplied with N and inoculated with PAIS. This 

treatment also had significantly higher leaf diy weights compared with uninoculated plants 

grown without N. 
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N was incorporated into the shoots than in the roots with PA15 obtaining 67% and PPe4 

84% from the '̂ 2 enriched atmosphere. 

Discussion 

Reports of enhanced growth of grasses in the presence of associative nitrogen-

fixing bacteria are numerous. However, in no case was it shown that growth stimulation 

was caused by direct transfer of fixed nitrogen from the diazotroph to its plant partner. In 

this study, mutants specifically lacking the ability to fix nitrogen were used to evaluate the 

beneficial effects oiAcetobacter ddcaotrophicus to sugarcane growth. The results of 

preliminary experiments (Sevilla et al., 1998) indicating thati4. diazotrophicus enhanced 

the growth of young sugarcane plants in two ways were confirmed in this study. By using 

sterile plants free of bacteria it was demonstrated thati4. diazotrophicus by itself can 

stimulate plant growth. However, that other diazotrophic bacteria may also stimulate 

plant growth or that synergistic effects of all the diazotrophs may be more beneficial than 

inoculation with any one particular diazotroph cannot be discounted. More importantly, 

results of the present study indicate that the beneficial effects oiA. diazotrophicus can also 

be demonstrated in more mature plants under controlled conditions and in the field. 

In the three experiments, different sets of meristem tissue-cultured sugarcane 

plants rooted at different times were used. Although these plants probably represent a 

clonal population, morphologic, qrtogenetic, and enzymatic variations are known to 

frequently occur in sugarcane plants differentiated from tissue culture (Irvine, 1984; Heinz 
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and Mee, 1971; Vasil et al., 1983). While there were no gross morphological variations 

detected in the tissue-cultured plants used in this study and similar sized plantlets were 

used in all inoculation experiments, it is nevertheless possible that other variables may 

have occurred to explain the variation in plant responses observed in the three independent 

experiments. These variables might also caused the different mortality rates in the three 

batches of plants: approximately 45, 30, and 10% for experiments 1, 2, and 3 respectively. 

In addition, the plants were transferred in the greenhouse at different months in which 

fluctuations in photoperiod and temperature could have affected growth as reported for 

sugarcane (Yadava, 1993). Regardless, inoculation of sugarcane SP70-1143 with A. 

diazotrophicus consistently resulted in better growth of plants across ^cperiments 

although differences were not always highly significant in all the parameters measured. 

Nevertheless, under N limiting condition, when the number of times plants inoculated with 

PAIS and PPe4 grew significantly better than uninoculated plants in all three experiments 

is considered, our data demonstrate the beneficial effects of inoculation with wild type^^. 

diazotrophicus (Table 4). On the other hand, the number of times the NiT mutants 

enhanced plant growth significantly over uninoculated plants were few in comparison. If 

the wild Xy^t-nifD mutant combination of PAIS and MAd3 A are considered, the 

differences in inoculation response were more evident in plant biomass and total N content 

of plants (Tables Sa and 5b). These results, combined with the observation that plants 

inoculated Avith MAd3 A were not significantly different fi'om uninoculated plants in most 

cases, suggest that transfer of biologically fixed nitrogen under N limiting condition is a 
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benefit of A. diazotrophicus inoculation. The data further suggest that the production of 

other growth factors may be secondary to the effects of nitrogen fixation. For example, 

the role of indole acetic acid in root elongation was not seen with MAd3A inoculation 

even though this Nif' mutant will have the same amount of lAA as the wild type PAIS. In 

addition, no gross morphological differences were observed between the roots of plants 

inoculated with PAIS and PPe4 or between the roots of uninoculated and inoculated plants 

suggesting that the reported differences in the levels of lAA if true in these experiments 

had little effect on root morphology. However since nothing is known about lAA 

production by A. diazotrophicus inside sugarcane plants or if the lAA produced in culture 

can cause growth enhancement, it is premature to assume its role or the magnitude of its 

effect in this association. Also, gibberellins were recently isolated fi-om chemically defined 

cultures of A. diazotrophicus (Bastian et al., 1998). It is therefore possible that other 

hormones besides lAA may also affect plant growth. Clearly, the role of phytohormones 

produced by A. diazotrophicus in sugarcane growth promotion must be studied in future 

experiments involving mutants specifically lacking the ability to produce these hormones. 

In plants inoculated with Azospirillum, improved root growth and function were 

also proposed as a possible mechanism for growth promotion (Fallik et al., 1994). In the 

case ofi4. diazotrophicus, inoculation with the Nif'mutant MAd3A did not improve root 

weight of plants compared with uninoculated plants in two of the eqjeriments and yet 

their shoot weights were enhanced compared with uninoculated plants indicating that a 

general improvement in root growth is not the main mechanism for growth promotion. 
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necessarily mean that these two strains prefer different niches inside sugarcane, it has been 

reported that the isolation frequency of different Mexican strains of A. diazotrophicus vary 

within the stem of different sugarcane cultivars. Also, different strains of bacterial 

endophytes are icnown to differ in their preference of colonization site (Hallman et al., 

1997). In the present study, the total number of PA15 and PPe4 cells per gram plant tissue 

were similar in inoculated plants but the actual distribution of PAIS and PPe4 in the roots 

and shoots was not determined. However, it was observed that root sections of plants 

inoculated with PAIS always had higher bacterial concentrations than those from plants 

inoculated with PPe4 as judged by electron microscopy (data not shown). Although it 

can be argued that this may be an artifact of sample preparation, this could acplain the 

lower N content and incorporation in the roots of plants inoculated with PPe4 

compared with plants inoculated with PAIS. It is possible that the niche occupied within 

the plant by these two strains may be related to the difference in their lAA production. 

However, other factors may also be involved such as the differences in their capsular 

polysaccharide composition as reported to occur in diazotrophicus strains (Stephan et 

al., 199S). It may be important to consider the preferred site of the different strains in 

designing future &q)eriments, and this hypothesis can be tested by repeating these 

experiments using PAIS, PPe4, and other ^4. diazotrophicus strains. 

The differential plant response to the two A. diazotrophicus wild type strains may 

also be the result of specific host-endophyte interactions. The sugarcane cultivar used in 

this study, SP70-1143, had the highest BNF activity based on N balance and isotope 
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dilution studies among ten varieties tested (Boddey, 199S). It has been recommended to 

farmers for cultivation in Brazil without application of N fertilizers. It was originally bred 

in Sao Paulo and is the second most planted variety in that state (Machado and Bumquist, 

1986). In our study, better growth stimulation of this cultivar was obtained with 

inoculation with PAIS than with PPe4 although both wild types did not differ in their 

colonization ability. Although A. diazotrophicus strains have limited genetic diversity 

(Caballero-Mellado and Martinez-Romero, 1994) it is possible that the efSciency of strains 

in enhancing plant growth will vary depending on the host and the prevailing 

environmental conditions. That some strains are more efiScient nitrogen-fixers in some 

sugarcane host backgrounds will have to be established through testing of other A. 

diazotrophicus strain-sugarcane cultivar combinations. It is known that strains of 

Rhizobium spp. vary in their ef5ciency to nodulate host legume varieties grown under 

different conditions. Strains of Herbaspirillum spp., another endophytic diazotroph of 

sugarcane, was also recently shown to vary widely in ability to enhance growth of 

axenically-grown rice plants (Baldani et a!., 1995). Although in this study there was no 

difference in the ability of the two wild type strains to colonize SP70-1143, it will be 

interesting to see if there will be differences when other sugarcane varieties are used. In 

one inoculation study using two rice cultivars, A. diazotrophicus strain PAIS colonized 

one cultivar better than the other suggesting bacterial preference to a specific host 

genotype (Rolfe et al., 1997). With more strains of A. diazotrophicus being isolated fi'om 

different parts of the world and plant species, this area warrants more attention for the fijU 
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exploitation of the benefits of A. diazotrophicus. 

Another difference between the two wild type strains used in this study is that 

while PAIS is devoid of plasmids, PPe4 has two plasmids (Teixeira et al., 1994). These 

plasmids are apparently not essential for nitrogen fibcation or lAA production but similar 

sized plasmids had been found in other strains of A. diazotrophicus indicating some degree 

of conservation (Caballero-Mellado and Martinez-Romero, 1994). Although plasmids are 

known to play important roles in bacterial-plant interactions (Rosenberg et al., 1981; 

Comai et al., 1983), their significance in the interaction of A. diazotrophicus with 

sugarcane and other plants remains to be established. 

There were no differences observed in the ability of the wild type and Nif mutants 

to colonize sugarcane plants. Populations of similar size were always isolated fi'om 

inoculated sugarcane plants even fi'om plants grown in the field. This suggests that 

nitrogen fixation is not a prerequisite for endophytic growth within sugarcane. In 

contrast, Nif mutants of Azoarcus lost the ability to persist in the rhizosphere and could 

not colonize Kallar grass as well as wild type (Hurek et al., 1998). However, in the 

present study, the two nifD mutants used, MAd3 A and M4, elicited different plant 

responses. The only difference between these mutants is that MAd3 A had the wild type 

nifD gene completely replaced with a disrupted vifD while M4 still retained a copy of the 

wild type nijD gene but without any promoter. There were no phenotypic differences 

found between these two mutants and they were able to colonize plants in nimibers similar 

to their corresponding wild type strains. Th^ were found at the same concentration 
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inside the plant and they retained their Icanamycin resistance (Table 1). Both acetylene 

reduction assay and '̂ 2 incorporation showed that neither were able to fix nitrogen in 

culture and in planta. The mutants also retained all of their original properties after 

passage in the plant. There were clear differences between plants inoculated with MAd3A 

and PAIS. In contrast, plants inoculated with M4 were often not significantly different 

fi'om plants inoculated with its wild type counterpart, PPe4. In some cases, M4 

consistently behaved like a wild type strain eliciting the same level if not better growth 

promotion response. This efifect was lost however when the plants were transferred to 

field conditions (see discussion below). The behavior of M4 cannot be explained by 

reversion to wild type because the re-isolated bacteria were still kanamycin resistant and 

Nif. Additionally, in vitro tests in which M4 was grown for five generations in the 

absence of kanamycin showed that the kanamycin resistance was stable and not lost even 

without selection pressure, a similar scenario inside the plant (Fig. 27). The reason jfor the 

ability of M4 to stimulate sugarcane growth despite it being >nf' is not known but 

certainly warrants a closer explanation. 

The experiments described here show thati4. diazotrophicus enhanced sugarcane 

growth in controlled conditions of the growth chamber and greenhouse. We also wanted 

to determine whether such benefits were sustained in sugarcane cultivated in the field. 

Therefore, some plants pre-grown in the greenhouse were transferred to the field. The 

sugarcane plants were grown for another 6 months without any fertilization. The fi'esh 

cane weight of the harvested sugarcane plants revealed that early inoculation with wild 
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type A. diazotrophicus but not with the NiT mutants resulted in plants with heavier canes 

compared with uninoculated plants pre-grown in either - N and +N conditions. 

Specifically, inoculation with the wild type PAIS resulted in significantly heavier canes 

compared with uninoculated plants regardless of the N condition. This is not surprising 

since excess N can actually suppress nitrogen fixation. Interestingly, plants inoculated 

with M4 had the lowest cane weight, although initial growth of these plants in the 

greenhouse were sometimes comparable with the wild type-inoculated plants. The dry 

weight of the green leaves of all field-grown sugarcane plants did not vary significantly 

among treatments. However, plants inoculated with PAIS had the highest dry weight of 

green leaves in both N conditions in the two experiments. Although the number of plants 

examined in this field experiment was low and the plants were not grown to fiill maturity, 

the data indicated that the benefits of A. diazotrophicus inoculation through biological 

nitrogen fixation and other mechanisms can be utilized in field cultivation of sugarcane. 

This is an important consideration because, in many cases, the efficiency of a bacterial 

strain in the laboratory and greenhouse are often diminished when tested in the field. It 

will be interesting to see the effect of inoculation on the first and second ratoons in which 

response to N application were shown to be more dramatic than plant cane response 

(Wiedenfeld, 1997). 

The re-isolation of ^4. diazotrophicus wild type and mutant strains fi'om inoculated 

field-grown sugarcane demonstrated the persistence of this bacteria within sugarcane 

plants. The lower number of bacteria recovered compared with earlier re-isolations (30 
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DAP data) may be related to the preferential distribution of A. diazotrophicus within 

sugarcane stem. The samples used for isolation of bacteria were pooled from different 

parts of the cane. Fuentes-Ramirez et al. (1993) observed that more A. diazotrophicus 

can be isolated from the apical regions compared with the basal and intermediate regions 

of the cane. As the objective was to check for the presence and persistence of A. 

diazotrophicus in mature sugarcane plants, the frequency of isolation within the different 

parts of the cane was not determined in this study. It should also be noted that A. 

diazotrophicus was not isolated from the soil in the field or from insects captured in the 

sugarcane field (data not shown). A. diazotrophicus had been isolated from pink 

sugarcane mealy bugs (Saccharococcus sacchari) and leafiioppers (Perkinsiella 

saccharicida Kirk) (Asbolt and Dikerman, 1990; Caballero-Mellado et al., 1995). 

However, these insect species were not captured from the sugarcane field in this study 

perhaps because this was the first time that sugarcane has been planted in this area. There 

were also no A. diazotrophicus isolated from uninoculated plants. This is not surprising as 

up to now, the only confirmed way of natural spread of A. diazotrophicus is through 

vegetative propagation of setts (Dong et al,, 1994). Although, they have been isolated 

from the insects mentioned, it has not been shown that these insects can actually transmit 

A. diazotrophicus from plant to plant. The close spacing of the sugarcane plants also 

allowed their roots to grow very close together and yet the uninoculated plants did not get 

contaminated with A. diazotrophicus from the inoculated plants. This implied that root to 

root infection is not a potential mode of transmission for A. diazotrophicus in the field. 
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This may need further verification in light of recent reports suggesting the role of 

mycorrhizal fungi in bacterial infection (Paula et al., 1991; Bellone et al., 1997). 

The effect of inoculation on the sucrose content of field-grown sugarcane plants 

was also determined for experiment 2. Although, only a small number of samples were 

analyzed (three per treatment), inoculation with./4. diazotrophicus appeared to affect the 

sucrose content. However, the overall effect cannot be «q)lained by nitrogen fixation or 

production of lAA alone. Increased soil N is negatively correlated with stalk sucrose 

content and late application of N fertilizers can result in decreased sucrose content in 

sugarcane (Wiedenfeld, 1995; 1997). In this study, when the sucrose content and fi-esh 

weight of canes were analyzed, a negative correlation was also found, however it is not 

significant, perhaps due to the small number of samples. Nevertheless, the experiment 

suggested that under N limiting conditions, plants inoculated with PAIS were probably 

continuously provided with N. At 8 months, when growth should be slowing down, these 

plants were still actively converting their photosynthates to cellulose instead of storing 

them into sugar. This is reflected in the high fi'esh cane weight and dry leaf weights of 

these plants. Normally at this stage, invertase activity should decrease and sucrose 

entering the intemodes is stored rather than converted to cellulose for cell walls 

(Venkataramana et al., 1990). On the other hand, plants inoculated with the Nif mutants 

did not receive N fi-om nitrogen fixation, and stored sugar as expected. Plants inoculated 

with MAd3 A had significantly lower fi'esh cane weight and leaf weight than PAIS 

inoculated plants but had significantly higher sucrose content. It should be emphasized 
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that although increased N in sugarcane results in low sucrose content, the effects were 

small compared with increased cane yield and therefore total sugar yield is still increased 

with N application (Wiedenfeld, 1997). When plants were supplied with fixed N nitrogen 

fixation was suppressed and plants were forced to store sugar. This is reflected in the 

increased sucrose content of plants inoculated with PAIS and supplied with N, and also 

with mutant-inoculated plants in which the sucrose content was not affected by addition of 

N. In the case of the mutants, there was no significant improvement in either cane weight 

or sucrose content when N was supplied. It is possible that these plants were so N-

starved that any small amount of N supplied did not result in any major detectable effect. 

As racplained above, there was a difference in the response to PAIS and PPe4 inoculation 

and this was again detected in the results of the sucrose analysis. The continuous nitrogen 

fixation by PPe4 did not seem to inhibit sucrose storage as much as PAIS when N was 

limiting, although when N was added, plants had lower sucrose content. It is possible that 

the low lAA production of this strain affected the growth of the plants, thus, plants 

inoculated with PAIS, a high LAA producer, grew better. Indeed, the fi'esh cane and leaf 

weights of plants inoculated with PPe4 were considerably lower than plants inoculated 

with PAIS. The same argument can be said about its NiT mutant, M4. The growth of 

plants inoculated with M4 in the field was eq)ected with inoculation of a mutant with no 

ability to fix N and is a low lAA producer. There was no difference detected in the 

sucrose content of uninoculated plants in both - N and + N conditions. This is consistent 

with their firesh cane and leaf weights which were also not significantly different fi'om each 
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other. This is a surprising result as one would expect an improvement in growth with the 

addition of N, as been the case in the growth chamber and greenhouse &cperiments. While 

it is tempting to conclude that because uninoculated plants behaved similarly under field 

conditions regardless of the N condition, A. diazotrophicus is more beneficial to plants 

than application of N fertilizers under field conditions, analysis of more samples is first 

warranted. There is also a need to measure sucrose on the dry weight basis to more 

accurately estimate the concentration of sucrose in canes with varying water and fiber 

content since changes in these two other components will also change the sucrose content 

(Alexander, 1973; Dr. J. Irvine, pers. communication). In addition, it should be pointed 

out that sucrose concentration in sugarcane tends to vaiy naturally during the cropping 

season and is sensitive to environmental conditions (Legendre, 1975). It should be noted 

that the sugarcane plants in this study were harvested before fiiU maturity and therefore 

the sucrose content reported may not reflect the final sucrose content of the cane. 

In summary, we have shown that inoculation with A. diazotrophicus enhanced the 

growth of sugarcane variety SP 70-1143 in the growth chamber, greenhouse, and even 

under field conditions. The results indicated that one mechanism of plant growth 

enhancement is the transfer of biologically fixed nitrogen fi-om the diazotroph to sugarcane 

as evidenced by the significant growth difference between plants inoculated with wild type 

strains and NiT mutants under N-d^cient conditions, and the similar results obtained with 

Mf'mutants and uninoculated plants. Also, only the plants inoculated with wild type 

strains were able to incorporate significant ^^2- However, since there are cases in which 



240 

the difference in growth enhancement between mutant and wild type inoculations were not 

significant, the involvement of other factors cannot be excluded. The effect of this other 

factor was more pronounced when N is not limiting. We do not discount the possibility 

that an interaction between nitrogen fixation and these other factors may be responsible 

for the improved plant growth. That the production of plant growth promoting regulators 

by A. diazotrophicus are involved in growth promotion will have to be established in 

future experiments. In addition, the two A. diazotrophicus wild type strains used elicited 

different plant responses suggesting that the degree of growth promotion may depend on 

the strain and host variety combination. 
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APPENDIX E. SEVILLA, M. AND KENNEDY, C. 1999. COLONIZATION AND 

GROWTH PROMOTION OF OTHER GRASSES BY ACETOBACTER 

DIAZOTROPHICUS, AN ENDOPHYTIC DIAZOTROPH OF SUGARCANE. (TO BE 

SUBMITTED). 



283 

Abstract 

The potential of Acetobacter diazotrophicus to colonize and promote the growth 

of rice, maize, and wheat was investigated using strains tagged with a constitutively 

0q)ressed uidA gene. A. diazotrophicus was able to colonize maize, rice, and wheat, but 

the colonization was apparently restricted to root tissues. Differences in the colonization 

patterns and persistence of A. diazotrophicus inside these plants were also observed. 

Inoculation with A. diazotrophicus did not enhance the growth of wheat seedlings. Rice 

seedlings inoculated with the wild type strain were significantly taller than plants 

inoculated Avith the Nif' mutant or uninoculated plants under N-deficient conditions 

consistent with growth promotion through nitrogen fixation. When N was not limiting, 

there were no significant differences observed among inoculated and iminoculated rice 

seedlings indicating that growth promotion was suppressed in the presence of sufScient N. 

Two fluorescent markers, gfp and cobA  ̂ were not sufiBciently expressed in A. 

diazotrophicus for their use in characterizing colonization of plant hosts. 
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Introduction 

The recent isolation and study of endophytic nitrogen-fixing bacteria from several 

grasses (2) represents an exciting period in the field of nitrogen fixation. These 

diazotrophs offer a promising tool by which synthetic nitrogen fertilizer use might be 

reduced in the cultivation of important cereal crops. The association between endophytic 

diazotrophs and their host grass may parallel in some respects the Rhizobium-legume 

symbioses, in which the bacteria are provided with photosynthate by the plant in exchange 

for fixed nitrogen. However, unlike in the legume symbioses, specialized structures similar 

to nodules or other gross morphological changes are not found in grasses colonized by 

these diazotrophic bacteria. Although this characteristic represents a unique and 

interesting aspect of the association, it also poses di£5culties in understanding the 

mechanism by which these bacteria colonize grasses. This is particularly important for 

feasibility studies concerning whether these endophytes might be used for inoculation of 

other cereal crops. Current techniques used to detect and isolate endophytes in plants 

mostly involve destructive methods such as maceration and centrifiigation of surface-

sterilized plant tissues (17). While these methods can give estimates of bacterial 

populations and extent of colonization, they fail to describe the sites of infection or the 

colonization process. Another method is the use of electron microscopy which has been 

successfiil in showing in situ infection sites (11, 18, 33). However, preparation of samples 

for electron microscopy are tedious and time-consuming and therefore cannot be used in 

routine ^camination of several plant samples. 
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Kennedy (32). 

A. diazotrophicus cells carrying pMS600 were selected on DYGS (36) with 

choramphenicol (500 ^g/ml), strepromycin (50 jig/ml), and X-gluc (50 ng/ml). The ability 

of^. diazotrophicus cells to fix nitrogen and grow inN-free media were not affected by 

the insertion of the plasmid. The stability of the plasmid in A. diazotropicus was tested by 

growing ceils for five generations in media without antibiotics followed by growing in 

media with antibiotics. 

1.2. gfp 

The plasmid carrying the GFP-mut2, a more highly fluorescent derivative of GFP 

than the wild type, (9) was cut with Hindis, and the entire plasmid was inserted into the 

Hindni site of pKT230 (1). The resulting co-integrate, pHSK230 (Fig. IB), was used to 

transform E. coli cells with selection on LB with streptomycin (25 ^g/ml) and ampicillin 

(50 ^g/ml) and then introduced into A. diazotrophicus by conjugation (32). A. 

diazotrophicus cells carrying pHSK230 gene were selected on DYGS plates containing 

streptomycin (50 |ig/ml) and ampicillin (200 fig/ml). The Amp*^ and Sm^ cells were 

checked for fluorescence under UV illumination. 

In a separate experiment, plasmid pTB93F, which was successiiilly used to 

visualize R. meliloti cells inside alfalfa nodules (14), was introduced into A. 

diazotrophicus by electroporation. A. diazotrophicus cells &q)ressing GFP were selected 
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on DYGS piates with 60 pig/ml of spectinomycin and 500 ^g/ml of chloramphenicol. The 

transformed cells were examined under a fluorescence microscope (Leitz Diaplan, Leica) 

with the excitation filter set at 470 - 490 nm. 

13. cobA 

Uroporphyrinogen III methyltransferase catalyzes the S-adenosyl-I-methionine 

(SAM)- dependent addition of two methyl groups to uroporphyrinogen HI yielding 

porphyrinoid compounds (sirohydrochlorin and trimethylpyrrocorphin) which fluoresce 

bright red under UV (28). These compounds are intermediates in heme and vitamin B12 

biosynthetic pathways. We also investigated the use of this gene to tag .4. diazotrophicus. 

The plasmid pISA417 containing the cobA gene bom Propionibacteriwn freudenreichii 

(28) was linearized with EcdSl and then ligated into the EcdM. site of pKT230. E. coli 

cells were transformed with the resulting co-integrate, pMSKC4 (Fig. IC), and introduced 

into A. diazotrophicus by conjugation (32). Transconjugants were selected on DYGS 

plates with ampidllin (200 )ig/ml) and kanamycin (200 ^g/ml). Cells were examined for 

fluorescence under UV. 

2. Plant material 

Sterile sugarcane plants were obtained fi-om meristem tissue culture as described in 

Sevilla et al. (33). Seeds of rice (cv. Maratelli) and maize (line VA99+) were surface 

sterilized by soaking in 95% ethanol for 10 mins, followed by soaking in 10% bleach with 
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0.05% Tween 20 v/v for 10 mins and rinsing with sterile distilled water three times with 

10-15 mins for each wash. Wheat seeds (cv. Penawawa) were surface sterilized by soaking 

in 75% bleach for two minutes and rinsing with sterile distilled water five times with 1 min 

for each wash (Dr. E. Pierson, pers. communication). All seeds were plated on water agar 

and LB and kept in the dark at 28 C for germination. The plates were checked periodically 

for contamination and all contaminated seeds were discarded. Germinated seeds were 

immediately transferred into magenta boxes containing a modified 1/10"* strength sucrose-

free MS media with or without N and solidified with 0.7% agar (25; Dr. J. Irvine, pers. 

communication). These plants were kept in growth shelves at 28 C with 12 hr light and 

dark diurnal cycle. 

3. Inoculation 

Bacterial inoculum of^. diazotrophicusviM type strain (PA15) and tagged strains 

- PA15:;i//aM, PAlSr.gf^, and PA15:;coM were prepared as described in Sevilla et al. (31). 

Sugarcane plantlets were inoculated as previously described (31). Germinated seedlings 

of wheat, rice, and maize growing in MS media were inoculated by directly placing 100 fil 

of the bacterial inoculum into the seeds. Inoculated seedlings were grown in the growth 

shelves with the same conditions described above for 14 days. Bacterial inoculum was 

prepared and its concentration adjusted as previously described (31). Control plants were 

inoculated with 100 )xl of LGI salt solution (31). Plants were checked for colonization at 

two day intervals up to 14 days. 
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4. Evaluation of colonization 

Histochemical analyis of plants for uidA expression was performed by staining 

whole plants or excised parts for 16 hrs in 0.1 M phosphate buffer, pH 7.0 with 1 mM X-

gluc and 0.1 % Triton X-100. Plants were stained in the dark at 37 C with gentle agitation 

and then examined for blue color under the microscope. When necessary, plants were 

destained in 10% bleach for 5-10 mins before examination. Plants inoculated with 

PA15::^ and VMSwcobA were sectioned and examined by fluorescence microscopy. 

5. Evaluation of inoculation effect 

Rice, wheat, and maize plants were inoculated withy4. diazotrophicus wild type as 

described above. For comparison, plants were also inoculated with a Nif mutant, 

MAd3A (32). Ten days after inoculation, rice and wheat seedlings were transferred in 

bleached and washed conical pots with sterile sand and grown for 30 days in the growth 

chamber with the same conditions as the growth shelves. Maize seedlings were directly 

transferred into pots with sterile sand in the greenhouse. Plants were irrigated with half 

strength MS media once every week with or without N and with distilled water when 

necessary. Numbers of bacteria inside the plants were determined by the Most Probable 

Number and the identity of re-isolated bacteria was confirmed as described previously 

(31). 
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Results and Discussion 

1. Expression of marker genes in A, diazotrophicus 

High levels of ^ression of the three genes from the Kan^ constitutive promoter in 

pKT230 were observed in transformed E. coli cells. £1 coli cells carrying the co-

integrates, pHSK230 (gfp) and pMSKC4 {cobA) fluoresced green and red, respectively, 

when illuminated by UV light (Fig. 2A). In addition, when cells were centrifiiged, the cell 

pellet showed the distinctive colors of the marker genes they carried suggesting high levels 

of expression of these genes. Cells with pMSKC4 were red while those carrying 

pHSK230 were yellow green (Fig. 2B). However, in A. diazotrophicus, uidA, gfp, and 

cobA genes were not expressed very well despite the strong kanamycin promoter and the 

relatively high copy number of pKT230. When illuminated under UV, A. diazotrophicus 

cells carrying the fluorescent tags were not as fluorescent as E. coli transformants carrying 

these plasmids and A. diazotrophicus cells with uidA did not give the same intensity of 

blue color as E coli cells in X-gluc plates (not shown). The reason for the quenching of 

the fluorescence or blue color is unknown but similar observations have been made with 

lacZ expression in A. dicaotrophicus (16). A. diazotrophicus produces copious amounts of 

exopolysaccharide especially when grown in high sucrose concentrations. It is possible 

that the EPS produced by A. diazotrophicus prevents the chromogenic X-gluc from 

entering the bacterial cell. Analysis of GUS activity requires the penetration of the 

substrate X-gluc to the site of localization, and the precipitation of the product of 
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hydrolysis at this site (19). When the sucrose and glucose concentrations of the culture 

media were decreased to reduce the production of EPS, a slight increase in the intensity of 

the blue color was achieved but no change in fluorescence was observed (26). The 

optimum starting pH for.^. diazotrophicus gorwth is 5.S and this organism also acidifies 

its medium to a much lower pH (36). This low pH may be inhibitory to gene expression 

and may also afifect the breakdown of the substrates used (X-gluc) or gene products 

examined (CobA, Gfp) in this study. CobA was reported to have optimum activity at pH 

8.0 in Salmonella typhimuritm (37). With Gfp, this low pH may result in ineflBcient 

folding and chromophore formation of the protein (Dr. D. Galbraith, pers. 

communication). However, when^. diazotrophicus was grown in media with pH close to 

7.0 and or in mannitol-containing medium which is not easily acidified by A. 

diazotrophicus, only a slight increase in fluorescence was observed (26) suggesting that 

other factors may be involved as well. 

Logarithmic-stage Azoarcus cells carrying gfp constructs fluoresced brighter than 

did cells in lag-phase while stationaiy-stage cells did not fluoresce at all (12). No 

difference in fluorescence was observed when actively growing cells of A. diazotrophicus 

were compared with cells in the stationary stage (not shown) indicating that fluorescence 

is not affected by the age of the cells. Analysis of the A. diazotrophicus niJHDK and IsdA 

genes, coding for nitrogenase and levan sucrase, respectively, revealed a higher GC 

content than the GC content of gfp (32). This different codon usage may contribute to the 

low levels of expression in A. diazotrophicus. In addition, poor GFP fluorescence has 
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been observed in other Gram-negative bacteria indicating the need for careful optimization 

of conditions for bestg^ oqiression ui each bacterial species (12, 23). 

When A. diazotrophicus cells carrying any of the three plasmids were grown in the 

absence of antibiotics and then plated on media with and without antibiotics, the 

proportion of antibiotic resistant cells declined at each generation. The curve shown in 

Fig. 3 for PA15 (pMS600::tfMM) was typical for all three marked strains. This suggested 

that the constructed plasmids cannot be maintained stably in A. diazotrophicus in the 

absence of a selection pressure. Although other strains of A. dicaotrophicus have 

uidigenous plasmids, PAIS has none. The function of plasmids in^. diazotrophicus is not 

known but it appeared that this character is strain-specific and unrelated to either nitrogen 

fixation or lAA production (13, 38). It is possible that there are genetic barriers in strain 

PAIS which prevent it fi'om maintaining plasmids. A. diazotrophicus cells carrying the 

other plasmid, pTB93F, also did not fluoresce very brightly and were similarly 

unstable with respect to plasmid maintenance (data not shown). Nevertheless, all tagged 

PAIS strains were used in preliminary inoculations using sugarcane to determine if there 

would be a difference when the genes are expressed in planta. R. meliloti cells carrying 

pTB93F fluoresced brighter inside the nodules may to be related to the low OTQrgen 

tension in these nodules (14). 

2. Expression of marker genes in planta 

A preliminary experiment in sugarcane revealed that only uidA (Gus) was 
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expressed inside the plant. Sugarcane plants incubated up to 14 days after inoculation still 

showed intense blue color after staining with X-gluc indicating that the plasmid was more 

stable inside the plant. The contrasting behavior of plasmid maintenance outside and inside 

the plants in the absence of selection pressures is interesting and indicated that A. 

diazotrophicus might behave differently inside the plants. In contrast, gfp and cobA genes 

were not expressed and A. diazotrophicus cells progressively lost fluorescence after 

several sub-cultures even when the medium contained antibiotics. Interestingly, plasmids 

with the expected size and restriction sites were isolated from bacteria in these plants (data 

not shown). Thus, the loss of fluorescence cannot be eq)lained by the loss of plasmids in 

these bacteria. However, even if plasmids of correct size were obtained, it is still likely 

that some other modifications in the plasmids were not detected and such modifications 

may account for the loss of fluorescence. Plasmid modifications may not always change 

the plasmid size as in the case of the Rhizobhim phaseoli pSym plasmid in which deletions 

did not result in detectable size reduction because some regions of the plasmid were 

simultaneously amplified (34). It was also not determined, e.g. by using Northern blot 

analysis, whether^ and cob A were transcribed inside the plants. Although these genes 

are expressed via a constitutive promoter, there are no reported studies of gene expression 

in A. diazotrophicus inside the plant. Because only the uidA gene was repressed in plants, 

A. diazotrophicus cells carrying the uidA gene was used in all subsequent plant 

inoculation experiments. 
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3. Plant colonization 

In all experiments, uninoculated plants and those inoculated with wild type PAIS 

did not show any blue color. 

3.1. Sugarcane 

Sugarcane plants inoculated with PA15:;u/<£4 showed a characteristic blue color 

when stained with X-gluc while uninoculated plants and plants inoculated with the wild 

type PAIS did not show any blue staining. Examination of the roots two days after 

inoculation revealed intense blue staining on tear wounds created by separating the 

sugarcane plantlets before inoculation and wounds caused by emerging lateral roots (Fig. 

4A) which confirmed our earlier observations as well as those of others that A. 

diazotrophicus gains entry into micropropagated sugarcane plantlets through these 

wounds (18, 31). After 8 days, blue color was also observed in other parts of the plants 

including areas immediately above the root stem junction (Fig. 5 A). At 14 days. A, 

diazotrophicus was also observed in the leaves of the sugarcane plantlets (Fig. SB). 

Sugarcane plants grown in N-deficient condition appeared to be colonized earlier and 

better than plants grown with N (not shown). However, later lamination of plants 

showed no significant difference in the extent of staining of inoculated plants suggesting 

that A. diazotrophicus colonized micropropagated plants equally well regardless of the N 

condition. Similar results were obtained with Azospirillum brasilense in wheat 

colonization studies (39). This observation also confirmed our earlier results in which we 













can be established for at least up to 40 days after inoculation. 

Under N limiting conditions, inoculation with A. diazotrophiais wild type strain 

resulted in the significant increase in the height of plants compared with uninoculated or 

plants inoculated with the Nif* mutant (Table 1). This suggests that A. diazotrophicus can 

enhance the growth of rice and that growth promotion may be related to transfer of 

biologically fixed N. The same results were obtained in sugarcane inoculation (33). 

However, when plants were grown in the presence of N, there was no significant increase 

in the height of inoculated plants compared with uninoculated plants, suggesting that A. 

diazotrophicus did not affect plant growth when fixed N is sufficient. This may be related 

to the suppression of nitrogen fixation in the presence of added N as seen previously in 

sugarcane (31). Interestingly, in sugarcane, when N is sufficient, significant increases in 

the height of plants were usually observed in inoculated plants regardless of whether the 

inoculum was the wild type or Nif mutant (33). As described earlier, these results 

suggested that other growth factors were involved in .̂ diazotrophicus growth promotion 

of sugarcane in addition to nitrogen fixation. That the effect of this other factor was not 

seen in rice may indicate a specific interaction of A. diazotrophicus with its host plant. 

When the root lengths were measured, there were no significant differences 

observed in uninoculated and inoculated plants (Table 1). However, visual inspection of 

the root mass suggested a positive effect in inoculated plants compared to uninoculated 

plants under N-deficient conditions (Fig. 9). In addition, differences were seen between 

plants inoculated with wild type and plants inoculated with the Nif mutant. There were 
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Table 1. Effect of A. diazotrophicus inoculation on plant height and root length of rice 
seedlings 30 days after planting1

. 

Treatment Number of bacteria/gram Height ( cm )3 Root length 
fresh tissue2 (cm) 

0-N 0 12.80d (6) 17.00c 

PAIS - N 14.5 X 103 19.00c (9) 19.00bc 

MAd3A-N 5.9 X 103 12.07d (7) 18.67bc 

O+N 0 29.08b (6) 26.83a 

PAIS +N 12.5 X 103 32.94ab (8) 21.86ab 

MAd3A+N 5.3 X 103 35.58ab (7) 23.00ab 
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1Means in the same column followed by the same letter are not significantly different; 
multiple comparisons performed with Student-Newman-Keuls Method, P = < 0.0001. 

2Determined by Most Probable Number (MPN); means of two plants. 
3Number in parenthesis represents number of plants in each treatment. 



Table 2. Effect of A. diazotrophicus inoculation on height of wheat, 30 days after 
planting1

. 

Treatment Number of bacteria/ gram Height ( cm )3 
fresh tissue2 

0-N 0 20.87 

PA15 - N 6.5 X 102 18.83 

MAd3A-N 5.0 X 102 15.00 

O+N 0 24.38 

PA15 +N 9.0 X 102 24.13 

MAd3A+N 6.5 X 102 23 .25 

1Differences in height are not significantly different, P= 0 .187. 
2Determined by Most Probable Number (MPN); means of two plants. 
3Values represent means of five plants. 
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A 

Fig. 2. E. coli cells transformed with pHSK.230 Wf!) and pMSKC4 (cobA) . (A) 

Fluorescing cells under UV illumination. (B) Cell pellets showing characteristic color of 

expressed genes, g=gfp, c=cobA, and u=untransformed cells. 
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Fig, 3. Maintenance of pMS600 (uidA) in A. diazotrophicus in the absence of selection. Typical results from an experiment 

done to determine plasmid stability are shown. A. diazotrophicus PAlS/pMS600 was grown overnight in DYGS with 

chloramphenicol (Cm) and streptomycin (Sm) and diluted the next day into DYGS without antibiotics. The culture was allowed 

to grow to saturation and then diluted; this was done for five consecutive times in each experiment. The proportion of Cm and 

Sm resistant bacterial cells was determined by plating at the indicated times s» 



Rg. 4. UidA (Gus) expression in sugarcane plantlets. (A) Blue colors can be seen on tear 

wounds, two days after inoculation; (B) Sugarcane roots are heavily colonized hy A. 

cHazotrophicus but root hairs are not (arrows). 



Fig. 5. Inoculated sugarcane plantlets expressing uidA gene (arrows). (A) Young shoot, 8 days after inoculation. (B) Leaf 14 

days after inoculation.  ̂
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Fig. 6. Maize root and root hairs colonized hy A. dicaotrophicus. 
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Fig. 7. A. cSazotrophicus colonization of rice and wheat. (A) Rice roots showing heavy 

colonization. (B) Bactenai cells concentrated on lateral root onergence points in rice. 



Fig. 7. A. (Mazotrophicus colonization of rice and wheat. (C) Colonization of rice root 

epidermal cells. (D) Colonized wheat root tip showing intoise blue color. 



Fig. 8. Effect of A. diazotrophicus inoculatioa on maize. Eaily flowering in maize 

inoculated with wild type (wt) A. dkaotrophicus but not with ̂ ^f'mutant (m) or 

uninoculated plants (0) was observed. 
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Fig. 9. Effect of A. diazotrophicus inoculation on root mass of rice seedlings. (A) plants 

under N-limiting conditions. (B) plants supplied with fixed nitrogen. 
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