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Overview of Nitrogen Fixation 

Nitrogen fixation is one of the most important biochemical processes required for 

life. Nitrogen is an element essential to life, as it is present in all amino acids and nucleic 

acids, which is present in all protein and DNA/RNA, respectively. However, while 

nitrogen is by far the most abundant element in the atmosphere of the earth (79% 

abundance), it cannot be readily used by life because it exists in a very stable diatomic 

state with two nitrogen atoms connected to each other by a triple bond. A large amount of 

energy is required to reduce this molecule, making the nitrogen molecule almost inert. 

Nitrogen can only be utilized by life in the metabolic pathways leading to amino and 

nucleic acids if it is first converted into a more accessible form like ammonium and 

nitrate ions. Nitrogen is thus often the limiting factor in the growth of organisms. 

The only organisms that can fix atmospheric nitrogen to ammonium are some 

prokaryotes [10]. Nitrogen is also reduced to ammonia by the high temperatures 

produced in lightning strikes. Nitrogen is reduced to ammonia industrially as well, using 

the Haber-Bosch process, which was invented in 1909 [10]. In this process, high pressure 

is used with an iron catalyst under intermediate temperature conditions to favor product 

formation [10], Nitrogen that is fixed industrially is used in fertilizer and contributes 

greatly to the nitrogen cycle and the biosphere. Before industrial nitrogen fixation 

became possible, however, most of the biosphere was dependent on the nitrogen cycle 

mediated by nitrogen-fixing bacteria, which can be free-living or symbiotic [10]. 



Symbiotic Nitrogen Fixation 

Of particular interest here are the nitrogen-fixing root nodules that develop when 

the bacterium Sinorhizobium meliloti enters an intimate symbiosis with the model legume 

Medicago truncatula. Legumes are plants in the family Leguminosae that are unique in 

that some species have the ability to enter into a symbiosis with rhizobia bacteria, which 

can fix nitrogen. This symbiosis is mutualistic in nature - the rhizobia supply the plant 

with fixed nitrogen while the plant supplies the rhizobia with reduced carbon used as an 

energy source. The bacteria fix nitrogen in root nodules that develop in the plant after 

infection [2], This symbiotic relationship is biochemically complex, and a great deal of 

research has been done and effort expended to unravel the mechanisms behind it [1-9]. 

Much research has been focused on the symbiosis between the model legume Medicago 

truncatula and the bacterium Sinorhizobium meliloti. 

The development of root nodules is energetically costly to the plant, and as such 

the plant will not enter into a symbiosis with the rhizobia unless it has a significant 

nitrogen deficiency [3]. Research has shown that the process of the development of 

nitrogen fixing root nodules begins with an exchange of signals between the rhizobia and 

the plants [1,3]. The host plant releases flavonoid compounds, which stimulate the 

bacteria to express specific nod genes, which initiate the production and release of 

specific lipo-chitooligosaccharides, called Nod factors [1]. The bacterial Nod factors then 

signal back to the plant and stimulate cortical cell division and deformation of root hairs 

[1,2]. The deformed root hairs begin to bend back on themselves as the growth of the 

plant cell wall is altered. The rhizobial derived Nod factors cause the root hairs to curl 



back upon themselves, forming a "shepherd's crook" structure. To cause full 360 degree 

curling, living rhizobia are required to supply a continuous amount of Nod factor. 

Bacteria that initiated the root hair deformation become trapped in the curled root hairs 

and initiate infection threads. Infection threads form as tube-like ingrowths of the plant 

cell walls, which allow living rhizobia to enter into the root [2,3]. The rhizobia grow and 

divide within the infection threads [2], Nod factor signaling induces cortical cells to re-

enter the cell cycle [2]. Cytoplasmic bridges predetermine the path that the infections 

threads travel in the root. The growth of transcellular infection threads is guided by the 

cytoskeleton as new cell wall material, similar to phragmoplasts, is laid down in cortical 

cells that have re-entered the cell cycle [2]. This is an essential entry mechanism for the 

rhizobia, because the rigid plant cell walls would otherwise form a formidable barrier to 

invasion. Eventually the rhizobia enter the host plant cells by endocytosis in areas where 

the walls of the infection threads thin to allow direct contact with the host plasma 

membrane [2]. Once inside the cells in symbiosomes, the rhizobia differentiate into 

nitrogen fixing bacteroids as the root nodule matures [2], 

Many mutants of Medicago truncatula and other legumes have been identified 

that have significant defects in the process of symbiosis. Medicago truncatula has 

specifically been chosen as a model organism because it is diploid and has a relatively 

small genome, which makes genetic studies much easier [6]. Studying symbiotic mutants 

is invaluable because it allows for a detailed understanding of the mechanisms behind 

root nodule development by identifying mutants that have defects in early or later stages 

of nodule organogenesis. Other mutants of Medicago have been found that form large 

numbers of nodules even when nitrogen is present, or form nodules only in a single dense 



area of the root [4]. Conversely, the Medicago truncatula mutant, lin (short for lumpy 

infections), demonstrated a 4-fold decrease in the number of infections [8]. It has been 

shown that in the lin mutant, all infections stop in the root epidermis, and the root nodule 

primordia consequently do not mature [8]. The lin mutant shows that the invasion of the 

infection thread is likely necessary for root nodule development [9]. Yet another mutant 

in which infections do not develop at all has been shown to have a defect in a gene that 

codes for a calcium and calmodulin dependent protein kinase that functions in the Nod 

factor signaling process early on, thus preventing infection threads from forming [5], 

Of particular interest is the Medicago truncatula mutant, nip (numerous infections 

and polyphenols), which forms abnormal lateral roots and small root nodules that are 

blocked at an early developmental stage [7], Research revealed that the infection threads 

in nip proliferated abnormally [7]. The rhizobia, if they were deposited into the host cells 

at all, failed to differentiate [7]. nip nodules were observed to accumulate a brown 

pigment, which was shown through histochemical staining to contain an abundance of 

polyphenolics [7]. An elevated host defense response was also observed [7]. Allelism 

tests demonstrated that the mutation was at a new locus, NIP. The nip mutant is allelic to 

latd, another Medicago truncatula mutant with a similar phenotype [9]. Identification of 

NIP will give further insight into the relationship between root nodule development, 

lateral root development, and host defense responses. 



Physical and Genetic Mapping 

In order to identify the NIP locus, new genetic markers with close proximity to 

the locus must be developed. A genetic marker can be a polymorphic sequence of DNA 

that can be used for genotyping. New genetic markers will further aid in the construction 

of a genetic map. A genetic map is a map based on the frequencies of recombination 

between genetic markers during crossover of homologous chromosomes [10]. Crossing 

over is the exchange of genetic material between homologous chromosomes during 

meiosis [10]. It is a natural process that occurs randomly along the chromosome, and 

serves the purpose of increasing the genetic diversity of offspring [10]. Crossing over, or 

recombination, can be used in the construction of a genetic map. Since recombination 

occurs randomly along a chromosome, it is assumed that the frequency of recombination 

between two genetic loci is related to the distance between them [10]. The further apart 

two loci are, the higher the recombination frequency [10]. In this way, two loci that are 

located very close together along a chromosome will typically segregate together and be 

inherited together, as the likelihood of recombination between them is extremely small 

[10]. In such a case, the loci are said to be genetically linked. 

A physical map is used to aid in obtaining and sequencing long stretches of 

relevant DNA. A physical map can be constructed in several ways, including by 

determining how DNA in a group of BAC clones overlaps. BAC is short for "bacterial 

artificial chromosome", and refers to a fertility plasmid used for cloning and transforming 

bacteria [14], 
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A small stretch of an organism's DNA can be inserted into a BAC to be stored 

and amplified in the bacteria, as the bacteria (usually E. coli) divide [10]. An entire 

genome of an organism can be inserted into various BACs using modem cloning 

techniques and restriction enzymes, producing a library of bacterial clones representative 

of that organism [10]. Restriction enzymes are proteins that cut DNA into fragments [10]. 

By using a method called chromosome walking, a type of map of the genome called a 

physical map can be constructed by determining how the genome fragments overlap with 

each other, without actually having to sequence the entire DNA of the fragments. The 

overlapping fragments are arranged into a contig, which is simply a set of overlapping 

DNA fragments derived from a single genetic source [10], Yi-Ching Lee developed the 

physical map of linkage group 1 to aid in the identification of NIP [13]. Both genetic 

mapping and physical mapping were essential in the positional cloning of the NIP gene. 

While the genetic map can narrow down the location of the NIP locus, the physical map 

is required to actually identify and clone the gene. 

A genetic mapping project is a large and tedious undertaking that can often take 

many years to complete. A genetic map is often a precursor to a genome project. For 

Medicago truncatula, the genome project is being driven by genetic and physical maps. 

The nip mutant is in the A17 genetic background of M. truncatula [7]. The nip mutant 

was generated from A17 plants through ethyl methane sulfonate mutagenesis [7], Ethyl 

methane sulfonate causes random genetic mutations through nucleotide substitution by 

alkylation of guanine. This usually produces only single nucleotide polymorphisms, nip 

was crossed to A20 in order to start the genetic mapping project [7]. The wild-type NIP 

plants are in the A20 ecotype background of M. truncatula [7]. The wild-type NIP DNA 



should co-segregate with A20 DNA, while the mutant nip DNA should co-segregate with 

A17 DNA. These two ecotypes form the basis of the genetic map; they can be 

distinguished between each other by polymorphic DNA. Crossing nip with the wild-type 

(NIP/NIP) plant in the A20 ecotype background produced the F1 generation. Since 

Medicago truncatula is diploid, it has a pair of chromosomes for each chromosome - one 

inherited from each parent. Because the parents of this cross were both homozygous 

(NIP/NIP x nip/nip), all of the offspring were consequently heterozygous (NIP/nip). Self-

crossing the F1 generation produced the F2 generation, which followed the typically 

Mendelian inheritance pattern of 3:1 wild type NIP to nip. One fourth of the offspring 

were nip. This is because each chromosome segregates independently of each other 

during meiosis, which is the formation of haploid gametes (egg and pollen). These 

haploid gametes each have inherited only one chromosome from each pair. 

Consequently, during fertilization there are only four different possible outcomes for the 

genotype - either a wild type egg combining with a wild type pollen to produce a 

homozygous NIP/NIP plant with % probability, a nip egg combining with a wild type 

pollen to produce a heterozygous NIP/nip plant with Vi probability, and two mutant nip 

gametes combining to produce a homozygous nip/nip plant with % probability. 

The next step in determining M P ' s map position was to analyze the phenotype of 

the F2 generation plants. Observing the nodulation and lateral root phenotypes identified 

the plants that were phenotypically wild type from the plants that were nip. Leaves were 

taken from all plants, labeled, and stored for future DNA extraction. After DNA 

extraction was carried out, PCR was performed with the useful genetic markers, followed 

by gel electrophoresis and genotyping of every plant at each marker. 
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By comparing the genotypes at different markers, it can be seen which plants have 

useful recombinations along the contig. For example, if it was determined that a plant is 

homozygous A20/A20 at one marker, and heterozygous A17/A20 at a second marker, 

and these markers are known to be located close together on the same chromosome, this 

indicates that a recombination event has occurred along one chromosome, between the 

two markers. If the stretch of DNA containing the NIP gene was heterozygous, the plant 

would be phenotypically wild-type because two recessive nip alleles are required for the 

mutant phenotype to be seen. The plant would be genotypically heterozygous. In this 

case, one chromosome contains A20 wildtype DNA, while the other has A17 and A20 

DNA. Even if the nip allele was located in the A17 stretch of DNA, the mutant phenotype 

would not be seen. Testing the genotype at different genetic markers only gives you 

information as to the ecotype origin of the DNA at those loci. To determine if the NIP 

locus itself is homozygous NIP/NIP or heterozygous NIP/nip, it is necessary to self-cross 

the plants and observe the phenotype patterns of their progeny. Conversely, in the event 

that a plant was heterozygous A17/A20 at one marker, and homozygous A17/A17 at the 

second marker, and if the phenotype of the plant was nip, then this information tells us 

that the NIP gene is located on one side of the site of recombination. 

Recombinant plants from the F2 generation that were homozygous A20 at one 

marker and heterozygous at another were propagated further to produce the F3 generation 

of plants in order to help determine the relative position of the NIP locus. F2 plants that 

were heterozygous at the genetic markers flanking NIP were also propagated to help 

increase the number of potentially valuable recombinants. When recombinant plants were 
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identified in the F3 population, their phenotype was observed and their genotype was 

analyzed at various genetic markers. 

Through the use of multiple markers and valuable recombinants, it is possible to 

narrow down the location of the NIP gene until it can be absolutely identified by DNA 

sequencing. This becomes increasingly difficult as new markers are developed that are 

closer to the likely location of a gene. This is because the closer that two loci are 

together, the lower the recombination frequency is between them and the less likely that 

valuable recombinants will be obtained. As the location of a gene is narrowed with a 

genetic map, the physical map is used to help identify potential candidate genes. 
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Figure 1: This is the genetic map which shows the relative locations of genetic markers 

in linkage group 1. It will be referred to in the following results section when discussing 

the location of NIP, as it is easier to visually interpret the genotype data with some sort of 

spatial reference to the locations of the individual genetic markers. The figure shows that 

the suggested location of NIP has been narrowed down based on genotype data. The two 

hatches between 1G13 and 807 denote a break in the physical map where repeating DNA 

sequence made us unable to physically connect the two ends of the map. 
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Figure 2: The above physical map of linkage group 1 in the area around 164n9 was 

constructed by Yi Ching Lee. The red bar at the bottom is the 164n9 BAC which was the 

starting point for the physical map. It will be referred to in the following results section 

when discussing the location of NIP. The yellow bars are BACs that have been placed 

along the contig. The blue bars are BACs that have been sequenced. The red stars denote 

PCR markers that were used to determine how the BACs overlap and to construct the 

map. The lines make it easy to tell where each PCR marker is shared by other BACs. 
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MATERIALS/METHODS 

All plants were grown in caissons until they were ready to be phenotyped by 

observing their nodules for mutant characteristics and their leaves were taken for DNA 

extraction [as in 7]. A caisson is a relatively watertight device used to grow plants 

aeroponically. It is composed of a modified bin covered by a lid which holds the plants 

with their roots exposed inside. Inside of the bin is a motor for vaporizing the liquid. The 

caisson allowed the plants to be misted by a media containing all essential nutrients 

except for nitrogen [12]. They were grown in growth rooms at 22 °C, with a cycle of 16 h 

of light and 8 h of dark [as in 7]. The plants were inoculated with Sinorhizobium meliloti 

5 days later [as in 7]. After plants were phenotyped, the plants were transferred to pots 

and stored in the growth room for future use. 

The DNA extractions were carried out using 2x CTAB reagent, which is 100 mM 

Tris HC1 pH 8, 2% w/v cetyl trimethylammonium bromide (CTAB), 1.4 M NaCl, 20 mM 

EDTA pH 8, 2% polyvinylpyrrolidone (PVP), 0.2% w/v beta-mercaptoethanol (BME) 

added before use as a reducing agent, heated to 65 degrees Celsius. CTAB is a quaternary 

ammonium salt that acts as a surfactant and is used as buffer in the process of extracting 

DNA. Liquid nitrogen was poured onto a trifoliate leaf to freeze it, and then it was finely 

crushed using a pestle in Eppendorf tubes. 700 ul of the 65 °C CTAB solution was then 

added to the crushed leaf powder, and the powder was brought into solution. The tubes 

were heated at 65 °C for 10-30 minutes. After heating, 570 ul of a chloroform/isoamyl 

alcohol mixture (24:1) was added, followed by gentle vortexing. The tubes were then 

placed in a micro centrifuge at 13,000 rpm for 5 minutes. The top (aqueous) layer was 
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removed from each tube and transferred to new Eppendorf tubes, and 0.7 volumes of 

isopropanol was added to each tube. The tubes were then spun again at 13,000 RPM for 

10 minutes. The isopropanol supernatant was removed, followed by adding 500 ul of ice 

cold 70% ethanol. A DNA pellet was left at the bottom of the tubes after again 

centrifuging for 5 minutes at the same rpm and removing the ethanol supernatant. The 

final extraction steps were spinning the tubes in the centrifuge at 13,000 rpm for 30 

seconds, followed by air drying of the pellets for an hour and resuspension in 20 ul of TE 

buffer. TE buffer is a common buffer used in DNA extraction procedures, and is 

composed of 10 mM Tris pH 8.0 and 1 mM EDTA (ethylenediaminetetraaceticacid). 

Once the DNA had been extracted, the technique of polymerase chain reaction 

(PCR) could be performed on it. PCR selectively amplifies a certain stretch of DNA 

using two complementary primers using a heat-stable DNA polymerase enzyme, and 

nucleotides as raw material. PCR serves a variety of uses, but in our case the purpose of it 

was usually to greatly amplify particular DNA regions used as genetic markers so that we 

could genotype the plant. The PCR protocols varied and depended on the particular 

primer sets being tested for genotyping. The specific protocols and conditions are given 

below for each genetic marker. 

After PCR was carried out, genotyping was accomplished by running the samples 

on a 2.0% agarose gel or a 40% polyacrylamide gel in lx TBE buffer. TBE is a buffer 

solution containing 89 mM Tris, 89 mM boric acid, and 2 mM EDTA at pH 8.1-8.2. The 

type of gel utilized depended on size characteristics of the marker - if the size difference 

between the two A17 and A20 bands was small, running on a polyacrylamide gel was 

necessary. The gels were stained with ethidium bromide and visualized under UV light. 
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2.0% agarose gels were made typically in 150 ml stock by mixing 3 g of agarose 

with 150 mis of lx TBE buffer. After suspension, the mixture was heated in the 

microwave for about a minute with frequent stops for gently shaking. After a 10 minute 

cooling period, the gels were ready to be poured into the mold. 

Polyacrylamide gels were made by first mixing 36 mis of ddH20, 12 mis of 5x 

TBE buffer, and 12 mis of 40% Acylamideibis (29:1). A vigorous, 10-15 minute 

degassing step followed, which was of vital importance to prevent air bubbles from 

forming in the gel during the polymerization process. After degassing, 0.072 g of 

Ammonium persulfate was added to the solution, which was then gently mixed. Finally, 

15 ul of TEMED (N, N, N', N'-tetramethylethylenediamine), a cross-linking agent that 

functions via a free radical mechanism, was added to the solution. Because of the radical 

nature of the reaction, the solution must be quickly poured into the mold as 

polymerization begins rapidly. After 20 minutes, the polyacrylamide gels were fully 

polymerized and ready for use with electrophoresis. 

Electrophoresis is the movement and separation by size of charged molecules (in 

this case, DNA) in an electric field. Electrophoresis was carried out by submerging the 

gels in lx TBE buffer and connecting the positive and negative electrodes to a power 

supply. Agarose gels were run at 100 V and acrylamide gels were run at 200 V. The 

negatively charged strands of DNA migrated away from the negative electrode and 

towards the positive electrode, separating out by size as they moved through the sieve-

like molecular structure of the agarose or acrylamide gels. The larger strands of DNA 

move slower than the smaller strands. A standard 1 kb ladder containing DNA strands of 
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known sizes was run along with the samples, usually in the first lane of the gel, so that an 

accurate size comparison could be made. 

Data Genotyping Spreadsheet 

The process of genotyping and constructing a genetic map would be impossible 

without keeping meticulous records along the way. When the plants are initially removed 

from the caisson and placed in pots, their phenotypes are identified and recorded in a data 

spreadsheet. After testing with the duplex marker reactions, recombinant plants are tested 

further with additional markers while non-recombinant plants are disposed of. The 

genotype data acquired from testing with each marker is placed in the data spreadsheet, 

along with the phenotypes and the parents of the plants. Taken together, the phenotype 

and genotype allow for the construction of the genetic map. 

Making Agarose and Acrylamide Gels 

2.0% Agarose gels were made by adding 150 ml of lx TBE buffer to 3g of 

agarose powder in a bottle, and then microwaving the solution for intervals of ten 

seconds and shaking until it became clear. The solution was then allowed to cool for 15 

minutes before pouring into a gel mold. 

40% Acrylamide gels were made by first mixing 12 mis of 5x TBE, 36 mis of 

double distilled H2O (dd H20), and 12 mis of 40% Acrylamide : bis-acrylamide 29:1 in a 

flask. The solution was then de gassed under a vacuum to remove all air bubbles so that 
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they would not leave the solution during the polymerization step. 0.072 g of Ammonium 

persulfate was then added to the solution, followed by 15 ul of TEMED 

(tetramethylethylenediamine). The solution was then rapidly poured into a gel mold 

because TEMED initiates polymerization immediately. 

Primer Sequences 

h2_23cl6 F 5'-ttt ccc aat aga tcc aca tgc 

h2_23cl6 R 5'-cac tea tgg tct caa gcc aa 

146017 OIF 5'-gtc cgt gga ttg att aac agt c 

146017 01R 5'-ttg gaa tgt gtt ctg cat caa g 

4L4 S-2F 5'-get tga aga aga aat taa aac ctc 

4L4S-1R 5'-taa ggt aac gtt tgg cct ga 

78L20 S-1F 5'-act teg gtg aat gat cag gac 

78L20 S-1R 5'-gga gat aat tgt ggg ttg get a 

78L20 M-3-F 5'-egg taa agt gcc tct acc aag 

78L20 M-l-R 5'-gtt ggt taa egg egg aat aa 

h2_164n9 aF 5'-cca ctt ccc aca acc tct gt 

h2_164n9 aR 5'-cac cct ttc tgg gtt gag aa 

1G13 37436 4F 5'-gag aga gac cga gac ggt aag a 

1G13 37436 4R 5'-agt ggg get gga ttg tat ttt a 
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7m9 F 5'-gtc gtg cat gaa tta ttg tea cac 

7m9R 5'-tca teg taa gag tga act tct age 

PCR Conditions and Thermocycler Protocols 

For all of the following PCR reactions, the composition of the thermopol buffer is 

20 mM Tris-HCl, 10 mM (NH4)2S04,10 mM KC1, 2 mM MgS04,and 0.1 % Triton X-

100. All reactions were made with double de-ionized molecular biology grade water. 

23cI6/146017 PCR conditions: 

The following PCR protocol was perfected by Viktoriya Morris. Multiples of 15.125 ul 

of H2O, 2.25 ul of lOx concentrated thermopol buffer, 1.8 ul of 2.5 mM dNTPS, 0.98 ul of 

5 uM 146017 01F and 01R (F+R primers), 0.675 ul of 5uM h2_23C16 (F+R primers), 

and 0.85 units Taq DNA polymerase enzyme were added to an Eppendorf tube to form 

the master mix solution. 18 ul of the master mix solution was aliquoted to each PCR 

reaction tube, and 2 ul of 20x diluted DNA was added. The PCR reaction tubes were 

placed in the thermocycler and were first heated to 94 degrees C for 4 minutes, then 

entered 35 cycles of heating at 94 degrees C for 30 seconds to separate the DNA strands, 

cooling to 54.5 degrees C for 30 seconds to anneal the primers, and heating to 72 degrees 

C for 30 seconds for the elongation phase. The last two steps of the reaction were 
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incubation of the tubes at 72 degrees C for 7 minutes and cooling them to 4 degrees C 

until removal. 

4L4 PCR conditions: 

Multiples of 14.9 ul of H20,2.0 ul of lOx concentrated thermopol buffer, 2.0 ul of 2.5 

mM dNTPS, 1.0 ul of 5 uM 4L4 S-2F and 5 uM S-1R (F+R primers), and 0.75 units Taq 

DNA polymerase enzyme were added to an Eppendorf tube to form the master mix 

solution. 18 ul of the master mix solution was aliquoted to each PCR reaction tube, and 2 

ul of 20x diluted DNA was added. The PCR reaction tubes were placed in the 

thermocycler and were first heated to 94 degrees C for 4 minutes, then entered 35 cycles 

of heating at 94 degrees C for 30 seconds to separate the DNA strands, cooling to 51 

degrees C for 25 seconds to anneal the primers, and heating to 72 degrees C for 50 

seconds for the elongation phase. The last two steps of the reaction were incubation of the 

tubes at 72 degrees C for 10 minutes and cooling them to 4 degrees C until removal. 

78L20 PCR conditions: 

Multiples of 13.5 ul of H20,2.0 ul of lOx concentrated thermopol buffer, 1.6 ul of 2.5 

mM dNTPS, 0.8 ul of 5 uM 78L20 S-1F and 5 uM 78L20 S-1R (F+R primers) or 0.8 ul 

of 5uM 78L20 M-3-F and 5uM 78L20 M-l-R, and 0.5 units Taq DNA polymerase 

enzyme were added to an Eppendorf tube to form the master mix solution. 18 ul of the 
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master mix solution was aliquoted to each PCR reaction tube, and 2 ul of 20x diluted 

DNA was added. The PCR reaction tubes were placed in the thermocycler and were first 

heated to 94 degrees C for 4 minutes, then entered 35 cycles of heating at 94 degrees C 

for 30 seconds to separate the DNA strands, cooling to 52 degrees C for 30 seconds to 

anneal the primers, and heating to 72 degrees C for 1 minute for the elongation phase. 

The last two steps of the reaction were incubation of the tubes at 72 degrees C for 4 

minutes and cooling them to 4 degrees C until removal. 

164n9 PCR conditions: 

Multiples of 12.95 ul of H2O, 2.0 ul of lOx thermopol buffer, 1.6 ul of 2.5 mM dNTPS, 

0.9 ul of 5 uM h2_164n9 aF and 5 uM h2_164n9 aR (F+R primers), and 0.75 units Taq 

DNA polymerase enzyme were added to an Eppendorf tube to form the master mix 

solution. 18 ul of the master mix solution was aliquoted to each PCR reaction tube, and 2 

ul of 20x diluted DNA was added. The PCR reaction tubes were placed in the 

thermocycler and were first heated to 94 degrees C for 5 minutes, then entered 35 cycles 

of heating at 94 degrees C for 30 seconds to separate the DNA strands, cooling to 52 

degrees C for 25 seconds to anneal the primers, and heating to 72 degrees C for 40 

seconds for the elongation phase. The last two steps of the reaction were incubation of the 

tubes at 72 degrees C for 10 minutes and cooling them to 4 degrees C until removal. 

1G13 PCR conditions: 
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Multiples of 13.0 ul of H20,2.0 ul of lOx concentrated thermopol buffer, 1.6 ul of 2.5 

mM dNTPS, 1.3 ul of 5 uM 1G13 37436 4F+4R (F+R primers), and 0.5 units Taq DNA 

polymerase enzyme were added to an Eppendorf tube to form the master mix solution. 18 

ul of the master mix solution was aliquoted to each PCR reaction tube, and 2 ul of 20x 

diluted DNA was added. The PCR reaction tubes were placed in the thermocycler and 

were first heated to 94 degrees C for 4 minutes, then entered 35 cycles of heating at 94 

degrees C for 30 seconds to separate the DNA strands, cooling to 52 degrees C for 30 

seconds to anneal the primers, and heating to 72 degrees C for 1 minute for the 

elongation phase. The last two steps of the reaction were incubation of the tubes at 72 

degrees C for 4 minutes and cooling them to 4 degrees C until removal. 

7m9 PCR conditions: 

Multiples of 13.8 ul of H20,2.0 ul of lOx concentrated thermopol buffer, 1.6 ul of 2.5 

mM dNTPS, 0.5 ul of 5 uM 7m9 (F+R primers), and 0.5 units Taq DNA polymerase 

enzyme were added to an Eppendorf tube to form the master mix solution. 18 ul of the 

master mix solution was aliquoted to each PCR reaction tube, and 2 ul of 20x diluted 

DNA was added. The PCR reaction tubes were placed in the thermocycler and were first 

heated to 94 degrees C for 4 minutes, then entered 35 cycles of heating at 94 degrees C 

for 30 seconds to separate the DNA strands, cooling to 54 degrees C for 30 seconds to 

anneal the primers, and heating to 72 degrees C for 1 minute for the elongation phase. 
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The last two steps of the reaction were incubation of the tubes at 72 degrees C for 4 

minutes and cooling them to 4 degrees C until removal. 

4L4/7m9 duplex PCR conditions: 

Multiples of 12.6 ul of H20,2.0 ul of lOx concentrated thermopol buffer, 2.0 ul of 2.5 

mM dNTPS, 1.0 ul of 5 uM 4L4 S-2F and 5 uM S-1R (F+R primers), 0.3 ul of 5 uM 7m9 

(F+R primers), and 0.5 units Taq DNA polymerase enzyme were added to an Eppendorf 

tube to form the master mix solution. 18 ul of the master mix solution was aliquoted to 

each PCR reaction tube, and 2 ul of 20x diluted DNA was added. The PCR reaction tubes 

were placed in the thermocycler and were first heated to 94 degrees C for 5 minutes, then 

entered 35 cycles of heating at 94 degrees C for 30 seconds to separate the DNA strands, 

cooling to 52.5 degrees C for 30 seconds to anneal the primers, and heating to 72 degrees 

C for 1 minute for the elongation phase. The last two steps of the reaction were 

incubation of the tubes at 72 degrees C for 7 minutes and cooling them to 4 degrees C 

until removal. 
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RESULTS 

The first step in the development of new genetic markers is to design new primers 

for use in PCR. Primers are short synthetic oligonucleotide sequences that are designed to 

be complementary to a region of target DNA. The primers were designed using the 

oligoperfect designer program at www.invitrogen.com [11]. Some purified PCR product 

from A17 and A20 was sent out for DNA sequencing. The DNA sequence of A17 and 

A20 products was then analyzed for polymorphisms. To identify polymorphisms in the 

DNA, several tools are necessary. The BLAST program at http://www.ncbi.nlm.nih.gov/ 

is a powerful tool for aligning two nucleotide sequences. The DNA that was sequenced 

and sent back to the lab comes in two types of files - a fasta text file and a chromatogram 

file. The A17 and A20 sequence text from the fasta file was simply copied and pasted in 

the BLAST program, which then automatically aligns the two sequences and searches for 

polymorphisms. If any polymorphisms are identified, their existence and location was 

then confirmed manually by comparing the two A17 and A20 chromatograms [see Figure 

4]. Figure 4 shows an example of a single nucleotide polymorphism (SNP) that was 

found on 78L20. The 78L20 M-3-F and M-l-R markers were developed from a simple 

sequence repeat polymorphism, and not a SNP. If no polymorphisms are present, the 

sequence is consequently not useful as a marker. 

http://www.invitrogen.com
http://www.ncbi.nlm.nih.gov/
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I IIG GA I I IC A A C G C A C G C A TC I CCCCCAAA A AGACGG A17 

1 I 1 1G G A I 1 ICGACGCACGCA 1C 1 CCCCCGAAAAGACQ 
180 A 190 :00 A 210 A20 

Figure 3 - Above: Example of single nucleotide 
polymorphisms in the 78L20 marker in A17 and A20 

1 I ITGCATT TCGACCCACCC AK K C C C C G A A A A G A ̂  
WO mi MO 210 Heterozygote 

Figure 4 - Example of a heterozygous plant from the 
A20 background 

The next step in the development of new genetic markers is to optimize their 

utility. Size polymorphisms are easier to detect than single nucleotide polymorphisms 

because size polymorphisms separate well using electrophoresis. A size polymorphism is 

a short insert or deletion of DNA [10]. If a small size polymorphism is present, new 

primers will be designed to detect it with polyacrylamide gel electrophoresis. PCR is used 
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with the relevant recombinant plants, and genotyping is carried out. The entire process 

was repeated as necessary to optimize the new markers that are developed. 

Simply identifying a polymorphism along the DNA sequence, and then designing 

new primers to detect that polymorphism on a gel, is not enough to facilitate use as a 

reliable genetic marker. The markers must be tested for co-segregation with nip and other 

markers, to make sure that they are in fact along the chromosome where they were 

predicted to be from the physical map. Potential markers are tested against multiple 

plants of known phenotype - either A20 wild type or A17 nip, as well as several 

recombinants. Repeatability is vital to science, and if the genotype and phenotype match 

across the board, then it is safe to assume that the marker can be utilized for future 

genotyping. Throughout the course of the mapping project, many essential genetic 

markers were developed in this way. 

RELEVANT GENETIC MARKERS 

23cl6/146017 

The 23c 16 and 146017 markers were the first markers used on new plants for the 

testing of recombinations during the majority of the genotyping project. They were used 

in a duplex reaction that was efficient and extremely useful, as 23c 16 and 146017 flank 

the NIP locus on the centromeric and telomeric sides. Therefore, if the genotype differed 

between 23c 16 and 146017 for a given plant, then a recombination event had occurred 
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along the chromosome, which may or may not be useful, depending on its location. If the 

genotype was the same at both markers, then no recombination was present, and that 

particular plant was consequently not useful for contributing to the mapping project. It 

was necessary, therefore, to use 23c 16 and 146017 to rapidly identify which plants were 

recombinants early on, so that time and effort could be allocated accordingly. 

Genotyping with the 23c 16/146017 duplex markers: 

The purpose of the 23c 16/146017 duplex reaction was to determine if a 

recombination event had occurred between the 23c 16 and 146017 genetic markers. The 

first three lanes in all gels that were run were controls [see Figure 5]. 23c 16 forms a 300 

bp band in the upper row, and 146017 forms a 220 bp band in the bottom row [see Figure 

5]. Lane 1 was A17 DNA, lane 2 was A20 DNA, and Lane 3 was a mixture of A17 and 

A20 DNA, which produced a mock heterozygous genotype for comparison. It can be 

seen from the Figure 5 duplex gel photos what a typical gel looks like. It can be seen in 

Figure 5 that lane 4 contains DNA from a recombinant plant. 23c 16 shows a 

heterozygous genotype, while 146017 shows an A17 genotype [see Figure 5]. 
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1 | 2 | 3 | 4 | 5 | 6 | 7 | 8 |9 | 10 | 11 |12 |13|14|15 |16 |17|18|19| 20 

700 bp 
500 bp 

300 bp 

200 bp 

100 bp 

<-23cl6 

<-146017 

Figure 5 — 23c 16/146017 duplex polyacrylamide gel. Lane 1 is A17, lane 2 is A20, and lane 3 is mock 

heterozygous. Lane 4 is plant # 4948, and the genotype is H at 23C16 and A17 at 146017. Lane 5 is plant # 

4945, and the genotype is H/H. Lane 6 is plant # 4952, and the genotype is H/H. Lane 7 is plant # 4959, 

and the genotype is H/H. Lane 8 is plant # 4946, and the genotype is H/H. Lane 9 is plant # 4953, and the 

genotype is H/H. Lane 10 is plant # 5030, and the genotype is indeterminate. Lane 11 is plant # 5043, and 

the genotype is indeterminate. Lane 12 is plant # 5071, and the genotype is A17 at 23C16 and A20 at 

146017. Lane 13 is plant # 5079, and the genotype is H/H. Lane 14 is plant # 5081, and the genotype is 

H/H. Lane 15 is plant # 5082, and the genotype is indeterminate. Lane 16 is plant # 4843, and the genotype 

is H at 23C16 and indeterminate at 146017. Lane 17 is plant # 4852, and the genotype is indeterminate. 

Lane 18 is plant # 4853, and the genotype is H/H. Lane 19 is plant # 4858 5x concentration, and the 

genotype is H/H. Lane 20 is plant # 4858 20x concentration, and the genotype is H/H. 
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4L4 

After initial genotyping with the 23c 16/146017 reaction and identification of 

recombinant plants, the next marker tested on the plants with a recombination event 

between 23c 16 and 146017 was the 4L4 marker. The 4L4 marker is located at a position 

along the contig in between 23c 16 and 146017, which helps to give a relative idea as to 

where the recombination event occurred (ie: either towards 23c 16 or towards 146017), 

depending on the genotype at 4L4. The 4L4 marker forms bands at 640 bp and 720 bp, 

which is a significant enough size difference to run it on an agarose gel. Additionally, the 

4L4 PCR reaction is particularly versatile and hardly ever fails, making it an 

exceptionally useful marker. 

Genotyping with the 4L4 marker: 

The purpose of the 4L4 reaction was to determine the genotype at the 4L4 marker, 

and use that information with the data gathered from the 23c 16/146017 duplex reaction to 

determine whether the recombination event was centromeric or telomeric to 4L4. The 

first three lanes in Figure 6 are A17, A20, and heterozygous genotypes, respectively [see 

Figure 6]. The 4L4 marker forms bands at 640 bp and 720 bp. The gel can be easily 

genotyped compared with other markers, there are few if any extra bands and the 4L4 

bands themselves are intense and unambiguous [see Figure 6]. 
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1 | 2 | 3 | 4 | 5 | 6 |7 | 8 |9 | 10 | 11 |12 |13|14|15 |16 

V . . i V« C 7 

A 2 0 -> 

A 1 7 -> 

m ** m m m m 

1000 bp 

900 bp 

700 bp 

600 bp 

500 bp 

300 bp 

F i g u r e 6 — A 4L4 2.0% agarose gel. Lane 1 is A17, lane 2 is A20, and lane 3 is mock heterozygous. 

Lane 4 is plant # 5034, and the genotype is A20. Lane 5 is plant # 5085, and the genotype is H. Lane 6 is 

plant #5104, and the genotype is A20. Lane 7 is plant # 5068, and the genotype is A20. Lane 8 is plant # 

5110, and the genotype is A20. Lane 9 is plant # 5124, and the genotype is A20. Lane 10 is plant #5103, 

and the genotype is A20. Lane 11 is plant # 4534, and the genotype is A20. Lane 12 is plant # 5105, and the 

genotype is A20. Lane 13 is plant # 5069, and the genotype is A20. Lane 14 is plant # 5092, and the 

genotype is H. Lane 15 contains no DNA and lane 16 contains a standard 1 kb ladder. 
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78L20 

The 78L20 markers were developed after DNA sequencing and identification of 

several closely located simple sequence repeats (SSRs) within the sequence. SSRs are 

polymorphic loci containing short (1-6) repeats of DNA base pairs. The cumulative 

mapping data indicated that NIP lay somewhere near or on the 78L20 BAC and between 

78L20 and 4L4, and so developing a reliable 78L20 marker was a necessity. 

Polymorphisms were identified on 78L20 that were utilized in developing the 78L20 S-

1F and S-1R primers and the 78L20 M-3-F and M-l-R primers. The 78L20 markers must 

be run on a polyacrylamide gel, because of the small size difference between the bands. 

Genotyping with the 78L20 marker: 

The purpose of the 78L20 reaction was to determine the genotype at the 78L20 

marker, and use that information with the data gathered from the 4L4 and 23 c 16/146017 

duplex reaction to determine whether the recombination event was centromeric or 

telomeric to 78L20. Figure 7 shows a 78L20 marker gel. Lanes 1-3 are A17, A20, and 

heterozygous DNA [see Figure 7]. For the purposes of genotyping, the bottommost band 

is used, as it is usually the brightest, although the one directly above it is equally as bright 

in the gel photo [Figure 7]. It can be seen that the A17 and A20 bands are very close 

together in size, which is why 78L20 must be genotyped with a polyacrylamide gel, and 

typically be allowed to run on the gel for an extended period of time to get better band 

separation. These bands are roughly 220 bp in size [Figure 7], 
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3 141 5 1 6 9 I 10 I 11 I 1 2 I 1 3 I 1 4 1 15 I 16 

7 0 0 b p 

5 0 0 b p 

3 0 0 b p 

2 0 0 b p 

Figure 7 — A 78L20 polyacrylamide gel. Lane 1 is A17, lane 2 is A20, and lane 3 is mock heterozygous. 

Lane 4 is plant # 5034, and the genotype is A20. Lane 5 is plant # 5085, and the genotype is H. Lane 6 is 

plant #5104, and the genotype is A20. Lane 7 is plant # 5068, and the genotype is A20. Lane 8 is plant # 

5110, and the genotype is A20. Lane 9 is plant #5124, and the genotype is A20. Lane 10 is plant #5103, 

and the genotype is A20. Lane 11 is plant # 4534, and the genotype is A20. Lane 12 is plant # 5105, and the 

genotype is A20. Lane 13 is plant # 5069, and the genotype is A20. Lane 14 is plant # 5092, and the 

genotype is H. Lanes 15 and 16 contain no DNA. 
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164n9 

164n9 is a marker that is located between 4L4 and 78L20. The 164n9 PCR 

product is about 200 bp in size in both A17 and A20, although A17 is slightly larger. 

Genotyping with 164n9 of valuable recombinant plants was performed after genotyping 

with 4L4 and 78L20, because it could further help to narrow down the location of the 

crossover. 

Genotyping with the 164n9 marker: 

The purpose of the 164n9 reaction was to determine the genotype at the 164n9 

marker, and use that information with the data gathered from the 7m9,4L4, and 

23cl6/146017 duplex reactions to determine whether the recombination event was 

centromeric or telomeric to 164n9. 164n9 must be run on an acrylamide gel, like 78L20, 

due to the small size difference between the A17 and A20 bands [Figure 8]. Lanes 1-3 are 

A17, A20, and heterozygous DNA [Figure 8]. The bands are about 200 bp in length. The 

bottom and brightest bands are the ones used in genotyping. 



7 0 0 b p 

5 0 0 b p 
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1 1 2 1 3 I 4 I 5 I 6 I 7 I 8 I 9 I 10 1 11I 12 I 13 I 14 

2 0 0 b p 
A17 H 
— A20 • » 

F i g u r e 8 — A 164n9 polyacrylamide gel. Lane 1 is A17, lane 2 is A20, and lane 3 is mock heterozygous. 

Lane 4 is plant # 5034, and the genotype is A20. Lane 5 is plant # 5085, and the genotype is H. Lane 6 is 

plant #5104, and the genotype is A20. Lane 7 is plant # 5068, and the genotype is A20. Lane 8 is plant # 

5110, and the genotype is A20. Lane 9 is plant #5124, and the genotype is A20. Lane 10 is plant #5103, 

and the genotype is A20. Lane 11 is plant # 4534, and the genotype is A20. Lane 12 is plant #5105, and the 

genotype is A20. Lane 13 is plant # 5069, and the genotype is A20. Lane 14 is plant # 5092, and the 

genotype is H. 
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1G13 

1G13 was a marker that was developed late in the mapping project, but saw little 

use because the PCR reaction itself worked only within a very narrow temperature range, 

seldom worked correctly, and when it did produced many non-specific bands. 

Genotyping with the 1G13 marker: 

The purpose of the 1G13 reaction was to determine the genotype at the 1G13 

marker, and use that information with the data gathered from the 4L4, 78L20, 164n9, and 

23cl6/146017 duplex reaction to determine the relative location of the recombinations in 

recombinant plants. Lanes 1-3 are A17, A20, and heterozygous DNA. The bands used in 

genotyping are about 400 base pairs in length, and are the darkest bands on the following 

gel [see Figure 9]. The extra bands on the gel are due to non-specific binding of the 

primers, which is one aspect that makes 1G13 particularly difficult to use. Nonetheless, 

by looking at the bands around 400 bp in size starting with lane 2, A17, A20, and 

heterozygous genotypes can clearly be seen, followed by three heterozygous genotypes in 

lanes 4-7 [see Figure 9]. Lanes 8 and 10 demonstrate another difficulty of genotyping 

with this marker. Although they may appear heterozygous at first glance, in actuality lane 

8 is A20 and lane 10 is A17 [see Figure 9], The darker of the two bands is used to discern 
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the genotype. Following this logic, lane 9 is A20, lane 11 is A17, lane 12 is heterozygous, 

lane 13 is indeterminate, and lane 14 is A17 [see Figure 9]. 

1 I 2 I 3 I 4 I 5 8 1 9 I 10 I 11 I 12 I 13 I 14 

700 bp 
500 bp 

300 bp 

200 bp 

A17 A20 H H H H H A20 A1 

Figure 9 — A 1G13 polyacrylamide gel. Lane 1 contains a 700 bp ladder. Lane 2 is A17, lane 3 is A20, 

and lane 4 is mock heterozygous. Lane 5 contains plant #1591 and is H. Lane 6 contains plant # 1682 and 

is H. Lane 7 contains plant # 1703 and is H. Lane 8 contains plant # 1737 and is A20. Lane 9 contains plant 

# 1746 and is A20. Lane 10 contains plant # 4900 and is A17. Lane 11 contains plant #4913 and is A17. 

Lane 12 contains plant # 5000 and is H. Lane 13 contains plant #5010 and is indeterminate. Lane 14 

contains plant # 4986 and is A17. 
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7m9 and 4L4/7m9 duplex 

The 4L4/7m9 duplex replaced the 23cl6/146017 duplex in utility, as it allowed 

immediate identification of recombinant plants within the relevant area of the 

chromosome that had already been narrowed down due to the data acquired from the 

mapping project. Before this, both 4L4 and 7m9 had to be carried out in separate PCR 

reactions and run on separate gels. The duplex reaction was much more efficient. 

Genotyping with the 4L4/7m9 duplex: 

The purpose of the 7m9/4L4 duplex reaction was to determine the genotype at the 

7m9 and 4L4 markers, and use that information with the data gathered from the other 

markers to determine the relative location of the recombination. Lanes 1-3 contain A17, 

A20, and heterozygous DNA [see Figure 10]. The top bands are the 4L4 marker, while 

the bottom bands are the 7m9 marker. The gel is read in the same way that the 

23c16/146017 gels are - a different genotype at the two markers denotes a crossover 

between them. The 4L4 marker forms bands at 640 bp for A17 and 720 bp for A20. The 

7m9 marker forms bands at around 490 bp for A17 and 500 bp for A20. 
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8 I 9 I 10 I 11 

1000 bp 

900 bp 
700 bp 

600 bp 

500 bp 

300 bp 

<-4L4 

«-7m9 

Figure 10 - A 4L4/7m9 duplex 2.5% SBE gel. The gel is divided into two parts, with the lanes each 

containing different DNA on the top part of the gel and the bottom. Lane 1 is A17, lane 2 is A20, and lane 

3 is mock heterozygous DNA, however the PCR reaction did not work in this lane. In lane 2, the A20 band 

for 7m9 is barely visible, but its location can be inferred from the bands in the other lanes. Lane 4 contains 

plant # 4898 and is A20 at 4L4 and A20 at 7m9. Lane 5 contains plant # 4899 and is A17 at 4L4 and A17 

at 7m9. Lane 6 contains plant # 4900 and is A17 at 4L4 and A17 at 7m9. Lane 7 contains plant # 4901 and 

is A17 at 4L4 and A17 at 7m9. Lane 8 contains plant # 4902 and is A20 at 4L4 and A20 at 7m9. Lane 9 

contains plant # 4903 and is H at 4L4 and H at 7m9. Lane 10 contains plant # 4904 and is H at 4L4 and H 

at 7m9. Lane 11 contains plant # 4905 and is A17 at 4L4 and A17 at 7m9. 
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DISCUSSION: 

The cumulative data gathered from the genotyping project implied that the NIP 

locus is somewhere in between 78L20 and 164n9. Although it would be redundant and 

unnecessary to put all of the data here that led to this conclusion, it can be seen from the 

following data how the relative location of NIP can be generalized based on the 

phenotype and genotype of the recombinant plants [Figure 11]. The phenotype and 

number of the plant in the mapping population are given on the left hand side of the table, 

while the genotype at each marker is given on the right. ENBP, 2D 12, and 80720 are 

genetic markers that were used during the genotyping project, but were not a part of this 

thesis work. The markers are oriented in the table based on their location in the physical 

map, making it easier to see where the recombination event occurred. 

As already mentioned, the F1 generation was self-crossed to produce the F2 

generation of plants. Recombinant plants from the F2 generation that were identified 

from the 23cl6/146017 duplex reaction as having an A20 genotype at one marker and a 

heterozygous genotype at the other marker were further propagated to narrow down the 

location of the NIP locus. In order to further increase the number of recombinant plants, 

plants in the F2 generation that were heterozygous at both 146017 and 23c 16 were 

propagated. These crosses produced the F3 generation of plants. All of the plants in the 

following data belong to the F3 generation. 
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Notes 146o17 ENBP 2D12 Pnenotypi 
confirmed/ 
confirmed 
confirmed 

confirmed 
confirmed/ 
confirmed 
Confirmed 
confirmed 

Confirmed 
dead/3 po 

Confirmed 
confirmed 
confirmed 
confirmed 
REDO 

confirmed' 

confirmed 
confirmed/ 

confirmed 
confirmed 

confirmed 

164N9 78L20 80720 23c16d 
A17 A17 

A17 A17 A17 
A17 A17 A17 
A17 A17 A17 

A17 A17 A17 
A17 A17 A17 A17 

A17 A17 A17 
A17 A17 A17 
A17 A17 A17 

A17 

A17 A17 A17 

A17 A17 A17 

A17 A17 A17 
A17 A17 A17 A17 

A17 

A17 II IIA17 A17 

F i g u r e 11 — Genotype data showing crossovers in F3 generation plants between 4L4 and 164n9. On the 

left the phenotype of the plant is labeled in yellow if it is mutant nip, red if it is wild type, and blue if it is 

wild type but the genotype was determined to be heterozygous. Next to the phenotype column is the plant # 

from the population. The Notes column shows that this data has been reproduced more than once. The 

remaining columns show the genotype of each plant at the genetic markers 146017, ENBP, 2D 12, 4L4, 

164n9, 78L20, 80720, and 23cl6. The genotype at 164n9 for plants # 3497 and 3519 doesn't make sense 

given the genotypes of the other plants and the fact that plants #3035-3521 came from the same parents. It 

is likely due to someone mixing up the seeds. 

The above data is presented in color for easy identification. A17 is labeled in 

yellow, A20 is in red, and heterozygous is labeled blue. Refer first to plants numbered 

3035-3521 [Figure 11]. All of these plants have a mutant nip phenotype and come from 

the same parents. During meiosis in the F1 generation, a rare recombination event 

occurred in the chromosomal area of interest. Upon self-crossing again, a few plants 

within the F3 generation have A17 and A20 homozygous recombinant chromosomes. 
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Their genotype at each marker reveals that a crossover event has occurred between 164n9 

and 4L4, with the plants being either heterozygous or homozygous A20 at 4L4, 2D 12, 

ENBP, and 146017 and homozygous A17 at 78L20, 80720, and 23cl6 [see Figure 11]. 

Plants number 3497 and 3519 display a strange situation in which the recombination is 

located between 164n9 and 78L20, despite originating from the same parents as the other 

plants [see Figure 11]. This was confirmed by repeated genotyping. This was likely the 

result of someone accidentally mixing up or mislabeling the plants during crossing. 

Regardless, the data gathered from these plants and the others indicate that the location of 

NIP is anywhere either on 164n9 or further down towards 23c 16. 

Now, observe plants numbered 3207-3212 [Figure 11]. These plants are also in 

the F3 generation and have a recombination between 4L4 and 164n9 as well; however, 

they are homozygous A17 towards 146017 and either heterozygous or homozygous A20 

towards 23c 16. Because these plants all have wild type phenotypes, it can once again be 

surmised that the location of NIP is in fact between 164n9 and 23c 16. 

Plants 3393 and 3399 from the F3 generation in the following data have a 

recombination between 78L29 and 807, such that they are homozygous A17 at 78L20, 

164n9,4L4, 2D12, ENBP and 146017 and homozygous A20 at 80720 and 23cl6 [Figure 

12]. Because the phenotype of the plants is mutant nip, and because it was already 

indicated from the previous data shown that the NIP locus is somewhere either on or 

beyond 164n9, this data implies that the location of NIP is either on 164n9, 78L20, or 

somewhere between 78L20 and 80720, before the location of the crossover. 
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Phenotyp plant# Notes 146o17 ENBP 2D12 4L4 164N9 78L20 80720 23c16d 
confirmed' 
confirmed 
confirmed 
confirmed 
confirmed' 
confirmed 

confirmed' 
confirmed 

confirmed 
confirmed' 

F i g u r e 1 2 — Genotype data showing crossovers in F3 generation plants between 78L20 and 80720. On 

the left the phenotype of the plant is labeled in yellow if it is mutant nip, red if it is wild type, and blue if it 

is wild type but the genotype was determined to be heterozygous. Next to the phenotype column is the plant 

# from the population. The Notes column shows that this data has been reproduced more than once. The 

remaining columns show the genotype of each plant at the genetic markers 146017, ENBP, 2D 12,4L4, 

164n9, 78L20, 80720, and 23c 16. 

The following data shows F3 generation plants with a recombination between 

78L20 and 7m9 [see Figure 13]. The 7m9 marker is located on the telomeric side of 807. 

The 807 PCR reaction was troublesome and seldom worked, and the 7m9 reaction was 

found to be much more reliable. The data shows a similar indication that the NIP locus is 

somewhere either on 164n9, 78L20, or between 78L20 and 7m9/807 [see Figure 13]. 
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1 

5104 

notes plate f 
43 
43 

CONFIRMED 43.50 

7BL20 7m9 

F i g u r e 13 — Genotype data showing crossovers in F3 generation plants between 78L20 and 7m9. The 

plant # is in the column on the far left. The next column shows that the phenotype for all three plants is 

wild type, despite part of the chromosome containing A17 DNA after the location of the crossover. The 

remaining columns show the plate # that the DNA was stored on, followed by the genotype of the plants at 

the genetic markers 146017, 23cl6, 164n9, 4L4, 78L20, and 7m9. 

Since the location of NIP has been narrowed down to a manageable area of the 

chromosome, utilization of genome sequencing and the identification of candidate genes 

is the next step in identifying the NIP gene. A polymorphism within an open reading 

frame (transcribed region) of a potential gene is a likely indicator that that gene is in fact 

NIP; however, certainty of that is not possible without complementation of the mutant 

phenotype. To complement NIP, the wild type version of the gene must be transformed 

into the mutant nip plants. If the mutant phenotype is corrected, then this indicates that 

the gene is in fact NIP. 

Besides complementation, future work with NIP includes analysis of the protein 

sequence with known homologues in Medicago truncatula and closely related species 

such as Arabidopsis thaliana. A. thaliana is the most studied plant, its genome is 

completely sequenced and plants with functional knock outs in any gene can be ordered 

from academic labs. Most importantly, A. thaliana does not have the ability to form root 

nodules and fix nitrogen. The NIP homologues in A. thaliana must perform some normal 
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function unrelated to root nodule formation. Genes in Arabidopsis that are close 

homologues to NIP can be knocked out, and their phenotypes can be observed and 

compared to nip in M. truncatula. This should give a general idea as to the function of the 

NIP gene, but further experiments are necessary to confirm that function. 

Identifying the NIP gene via the mapping project is just the first step in a long 

process of ascertaining the normal function of that gene in the wild type plant and its 

ultimate role in the process of nodulation. Often when one question is answered in 

genetics, many more become apparent, and although the process of genetic mapping is 

tedious - it is highly rewarding when the big picture of genetics and gene function 

becomes clear. 
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