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Abstract: Biotechnology often is regarded strictly as transgenic research. In practice, it involves a team effort among plant breeders, genomicists, and molecular geneticists. Genetic improvement of soybean (Glycine max) began over 5000 years ago when wild soybeans (Glycine soja) were introduced into China. These ancestors of cultivated soybean exhibited a wide range of genetic diversity for traits that range from seed size and color to genes that govern oil composition.  However, the ‘gene pool’ for US varieties comes from less than 12 of the 18000 types of Glycine max. Thus, the genetic base for modern soybeans is rather narrow. For example, DNA analysis shows that wild soybeans contain desaturase genes (FAD3) are not present in domesticated soybean. When these genes are added back to Glycine max by interspecific mating, polyunsaturates are elevated to levels that create potential for expanded industrial applications with soybean oil. How can the practitioners extract and utilize untapped genetic diversity in soybean or any other crop? The answer is through biotechnology, but all genetic disciplines must work together to achieve targeted goals. For example, soybean breeders have a wide array of natural gene mutations (recessive alleles) that influence changes in fatty acid composition. Molecular genetics help identify the gene, gene product and the exact nature of the mutation in each allele. Transgenic research is necessary for 'proof of concept' and also may be used to create genetic diversity for novel traits. Genomicists provide gene markers, maps and micro-chip technology to locate selected genes in segregating populations. Such interaction accelerates breeding progress and may reduce the time for development of socially acceptable varieties by 3 to 5 years. Application of this research system is discussed for the development of agronomic soybeans with lower-palmitic acid, higher oleic acid and lower-linolenic acid concentration. In the near future, the means to create natural mutations that fine-tune regulation of metabolic enzyme activities for specific traits will be in hand. Such technical advances may eventually lessen social concern for biotechnology, through more effective use of natural genetic diversity to achieve goals now thought possible only by application of transgenes in commercial food/feed products. 
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Introduction

Considerable effort is being made to develop a socially acceptable low-saturated substitute for partially hydrogenated soybean oil. As this goal is pursued, it is apparent that Ethics is a very important guiding factor in science. If scientists try to understand and respect cultural differences, people can become better prepared, as an industry, to provide the products and services that people want.

Regrettably, opinions often are expressed that suggest there is no place in Science for sensitivity to cultural differences. Although it may be agreed that research opinions should be ‘science-based’, It should also be ensured that the ‘base’ is not too narrow. This is apparent in discussions on biotechnology. Advances in molecular genetics will reveal many wonderful things to society, but the quest for knowledge must not become one-dimensional. What is deemed true in a finite system, may not always be valid in general practice. This applies to both sides of an argument. Historically, ‘science’ has policed itself. When a contrary view is expressed, the scientific community will judge the merits of the case after a period of considered debate. With time the ‘truth’ will come out. However, if this discussion is limited by abrupt peer condemnation, the outcome most certainly diminishes the credibility of the inquisitor, and damages the integrity of ‘science’. Hence, entertaining diverse opinions in science is an essential element for progress. Appreciating the importance of diversity enables discovery of more effective ways to solve problems that are linked to social issues. So, the theme of this paper is: good things can and do happen when diverse interests, especially among scientific disciplines, come together and cooperate.

Discussion

Soybean is a good example to show how biotechnology can be used to exploit genetic diversity in any crop species. The extent of natural genetic diversity in soybean is quit broad. As an example, we may think of soybean only as having a round yellow seed, but all the seeds shown in Fig. 1 are soybeans. These differences in seed color and size are just a small demonstration of the abundance of natural genetic variation that exists in this crop species. 

The natural genetic diversity in domesticated soybean (Glycine max) traces back to its ancestor (Glycine soja) or wild soybean. About 5000 years ago, 
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Figure 1. Genetic variation for seed size and color in soybean

           Table 1. Primary Goals for Genetic Alteration of Fatty Acid Composition in Soybean

	Fatty Acid
	Normal Oil (%)
	Products

	
	
	Cooking Oil
	Margarine
	Paints

	
	
	% Crude Soybean Oil

	Saturated
	15
	7
	42
	11

	Oleic
	23
	60
	19
	12

	Linoleic
	53
	31
	37
	55

	Linolenic
	9
	2
	2
	22


All targets may be achieved by natural gene selection, and are non-GMO

wild soybean was introduced to China. Perennial breeding and selection by Chinese farmers over the millennia eventually led to the proliferation of soybean throughout the world. Today, the United States Department of Agriculture (USDA) maintains a collection of about 18,000 different types of soybean. Information on this collection is documented by the USDA germplasm resource information network1.

Only about 1500 entries in the USDA collection represent the original types of wild soybean. Some have erect growth habit, but most grow low to the ground and are viney. Nearly all wild soybean seeds are black in color, and are similar to rapeseed in seed size. It may be of interest to know that the very first modern soybean (Glycine max) varieties also had black seed. The only reason soybeans are primarily yellow today, is because that is what the Japanese market wanted. It was a difficult task, but breeders worked together, and eventually broke the strong genetic linkage between 7 genes that determined black seed coat color. In effect, they found a way to give consumers what they wanted.

Like seed color, most traits in soybean are governed by several genes, and natural mutations in those genes provide a great wealth of natural genetic diversity. Modern genetic technology helps us discover the breadth of these genetic resources. For example, statistical methods such as principal components analysis of RAPD (DNA fragment) data, graphically show the broad extent of genetic diversity in wild soybean2. This type of analysis also shows that much of this natural genetic diversity has not been used in the parentage of cultivated soybeans. This means that the genetic base of cultivated soybean is very narrow. In fact, this genetic base is limited even further by the fact that the collective sum of varieties produced respectively in Japan, China and the US represents three distinct gene pools. 

Although this narrow genetic base is a concern, there is comfort in knowing that a much larger reservoir of genes is available to support continued future improvement of soybean. However, now is the time to develop the technological methods that are needed to do a better job of extracting and using the untapped natural genetic diversity in soybean. These efforts will eventually be needed to respond more quickly to changes in consumer preferences, and will provide the flexibility needed to ensure a crop remains competitive in global markets. 

As an example, altering oil composition in response to consumer preferences is a current goal for soybean research. The primary target is the development of vegetable oil with improved flavor and frying stability (Table 1). Such oil probably will exhibit lower saturated fat, higher oleic acid and adequate levels of linoleic acid to maintain desired flavor. However, other goals also are being pursued to a lesser degree which involve the development of a highly saturated soybean oil as an ingredient for low-trans isomer margarine base stocks, and soybean oil with enhanced reactivity for industrial applications. 

Yet, regardless of the goal, cooperation among the separate disciplines of conventional breeding, genomics and molecular genetics is necessary, and this interaction is needed to produce the best result. Too often biotechnology is perceived to involve only the work of molecular geneticists. This is a very naïve view, and indicates a rather narrow base of understanding. In actuality, all three disciplines play critically important roles in the pursuit of ‘biotechnical’ objectives.

Altering ‘Drying Oil’ Properties of Soybean

For example, let’s assume that a client wants soybean oil with higher levels of linolenic acid. It is known that oil from wild soybean seed is distinguished by relatively high levels of linolenic acid. Linolenic acid concentration is determined by the activity of (-3 desaturases. It is also known that (-3 desaturase is the product of a gene described as ‘FAD3’. So, wild soybean appears to be a good genetic resource for genes that determine higher linolenic acid. This assumption is supported by the fact that a wide range of natural genetic variation for the expression of FAD3 genes is found when (-3 desaturase activity is compared among accessions of the USDA wild soybean collection. Unfortunately, a plant breeder working alone cannot be certain of why this happens, but molecular genetics can show the biological or causal basis for variation in this trait. Fig. 2 shows Southern blots of DNA fragments from FAD3 genes taken from cultivated and three different accessions of wild soybean. It is apparent that there are distinct differences in the gene structure, as determined by differences in DNA fragment size and mobility in this gel, between cultivated and wild soybeans. Distinction also may be made in the apparent FAD3 gene structure among these wild soybean lines. This information implies that there are differences in (-3 desaturase enzyme structure, and interpretation of genomic studies support the conclusion that high-linolenic acid content of wild soybean may be attributed to alternative (-3 desaturases that were lost or modified during the domestication of Glycine max.3 Now, the plant breeder is better informed and can desire a more effective experimental design to test this hypothesis.  

The proof of that hypothesis comes when plant breeders intermate Glycine soja and G. max. Such a population typically yields progeny with much greater polyunsaturate levels than normal soybean oil, but the breeder is in a better position to describe the Mendelian gene action that is responsible for this result.4 Pending consumer demand, the introduction of specific alternative (-3 desaturase genes into Glycine max may someday be used to make special soybean oils that are more attractive for industrial applications, such as inks and coatings.

Identifying Other Genes that Determine Changes in Fatty Acid Composition

Cooperation is always beneficial. As another example, plant breeders have discovered a considerable arsenal of recessive alleles that influence the level of each fatty acid in soybean oil in one way or the other (Table 2). Just for information, an allele is one strand of the two pieces of DNA that make up a gene, and there can be more than one copy of an allele in the soybean genome (soybean is an ancient auto-tetraploid). All of these genes are recessive alleles. More are found each year, either as spontaneous events or through natural gene recombination. None are transgenic. All are heritable and may be combined through hybridization to achieve changes in oil composition.

The fact that so many ‘recessive alleles’ are being discovered for fatty acid traits in soybean, makes it imperative to determine how these putative genes differ in form and function. Such knowledge will help reduce the time it takes a plant breeder to select a soybean with unique combinations of those recessive alleles. To get this information, molecular geneticists must show how these alleles actually determine a fatty acid trait. Part of this information comes from knowing the specific gene and gene product (enzyme activity) that is controlled by a given allele, and also by knowing the nature of the mutation that alters the gene product or enzyme activity. 

Molecular geneticists have developed several soybean cDNA probes for genes that encode these enzymes in fatty acid synthesis. Similar probes for many of the genes in the glycerolipid synthetic pathway also are available. Let us assume that we wish to determine the gene and type of mutation that is associated with various recessive fap alleles that determine palmitic acid concentration in soybean. A likely candidate enzyme for gene action is the 16:0-ACP thioesterase. Hence, the FAT-B probe should help determine if natural mutations, in the gene that encodes the 16:0-ACP thioesterase, have anything to do with phenotypic changes in palmitic acid concentration in soybean exhibiting fap1, fap2 and fap-nc alleles. 

After digestion with a restriction endonuclease, Fig. 3 shows the DNA fragments that hybridize to the FAT-B probe, from soybeans having normal, high or low palmitic acid. No differences in fragment size or DNA 
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Southern-blot of DNA polymorphisms that hybridize with a soybean cDNA probe for the FAD3 gene. Genomic DNA was digested with the same restriction enzyme in: Lanes 1,4,7, 10; Lanes 2,5,8,11; and Lanes 3,6,9,12

Figure 2. Differences in FAD3 gene structure among soybeans.

Table 2. Recessive alleles that determine fatty acid composition in soybean

	Phenotype
	Alleles

	
	High
	fap2     fap2b     fap4      fap5

	16:0
	Normal
	Fap

	
	Low
	fap1     fap3     fap6     fapnc

	
	High
	Fas     fasa     fasb     fasnc

	18:0
	Normal
	Fas

	
	Low
	None

	
	High
	fad-1nc     fad-2nc

	18:1
	Normal
	Fad

	
	Low
	fad-Wsoja     fad-Xsoja

	
	High
	fan-Y1soja     fan-Y2soja

	18:3
	Normal
	Fan

	
	Low
	fan     fan1     fan2     fan3     fannc


Genomic DNA from soybeans exhibiting alleles at FAP loci that determine phenotypic differences in palmitic acid concentration was hybridized with the soybean FAT-B cDNA probe. Normal 16:0 (FAP), High-16:0 (fap2), Low-16:0 (fap1 and/or fap-nc). The recessive fap1 allele contains a point mutation. The recessive fap-nc allele has a null mutation in a second copy of the gene that encodes 16:0-ACP thioesterase.
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Figure 3. Genotypic Differences in Structure of the 16:0-ACP Thioesterase Gene in Soybean.

sequence are detected in this gene from normal and high-16:0 soybeans. This suggests that the fap2 allele (for high-palmitic acid) does not encode the 16:0-ACP thioesterase.5 Although this gene from soybeans carrying the fap1 allele (for low-palmitic acid) appears to have similar fragment size compared to normal soybeans, sequence analysis shows a ‘point’ mutation in one codon (a set of three DNA nucleotides that code for a specific amino acid) at a critical position in the gene structure. This point mutation mediates the substitution of a leucine residue for a tryptophan residue at a position near the active site of the enzyme (unpublished). This subtle change causes reduced synthesis of 16:0-CoA. Hence, the recessive fap1 allele encodes the 16:0-ACP thioesterase.

The fourth panel shows that the fap-nc allele is associated with a different type of mutation in a second copy of the 16:0-ACP thioesterase gene. Part of this gene is totally missing. This is called a ‘null’ mutation. It is a natural gene deletion event. And, it is heritable, as shown in the last panel, where the recessive fap1 and fap-nc alleles for low-palmitic acid have been combined through Mendelian gene action to produce oil with very low-levels of palmitic acid, about a 4-fold reduction in 16:0 concentration compared to normal soybean oil.6

This sort of molecular genetic information helps the plant breeder choose the best parental material for a particular selection goal. It also helps the breeder avoid crosses between lines that have two or more very similar alleles; essentially that would constitute a waste of time.
Technology for Finding Genes in A Segregating Population

Making a cross and developing a segregating population starts a lengthy process of sorting out and selecting the progeny that contain desired homozygous gene combinations for a given genetic trait. This process typically involves growing all the plants in the population for at least three generations. To expedite this selection process, genomics can provide markers to help breeders find desired genes for specific traits without growing the material for several generations. These markers can be used to create a road map or genetic dictionary, of the soybean genome. Each marker defines the location and position of a gene in a given linkage group or chromosome. Soybean has 20 chromosomes.

A typical linkage map for a low-palmitic soybean that contains the fap-nc allele is shown in Fig. 4. The 
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Figure 4. Linkage map of SSR markers in the region of major QTL and QTL-likely hood plot

for the fap-nc allele on chromosome A1 in soybean

Table 3. Fatty acid composition and yielding ability of a new soybean variety exhibiting 

 low-palmitic and low-linolenic acid concentration

	Line
	Phenotype
	16:0
	18:0
	18:1
	18:2
	18:3
	Yield

	
	
	% crude oil
	bu/A

	Brim
	Normal
	11
	4
	23
	53
	9
	47

	Satelite
	Lo-Sat

Lo-Lin
	3
	3
	37
	54
	3
	51


16:0, palmitic acid; 18:0, stearic acid; 18:1, oleic acid; 18:2, linoleic acid; 18:3, linolenic acid

location of this allele on the A1 chromosome is identified by the SSR marker, Satt 684 (a product of the Monsanto Co.). One way to use this marker in a breeding program is to assemble many gene markers in a micro-satellite array. A single array may be used to test genetic variation at 250 gene loci with SSR markers and the DNA from 50 progeny lines of a soybean population that is segregating for each of the marked genes. The color of the reaction identifies progeny with homozygous and heterozygous alleles. Heterozygous genotypes may be discarded because they would continue to segregate in the next generation. This test may be performed at a very early stage of the breeding process on DNA from leaf tissue of F1 plants or DNA from F2 seed. Identification of lines with homozygous genes allows the breeder to proceed directly to pure inbred line selection by a method known as ‘single-seed descent’. This innovation can trim up to 3 years off the timeline for soybean variety development. Without markers, the breeder must grow a large enough number of plants from a segregating population to ensure selection of plants with the desired genotype. The probability of finding this line in a small number of plants is reduced as the number of genes involved increases. Hence, gene markers may significantly improve breeding efficiency.  

However, even though marker and micro-chip technology may show that a plant has the correct gene complement, there is no guarantee that those genes will always express the desired phenotype. Pyramiding genes for several different traits is often like solving a jig-saw puzzle. The new gene products must not exhibit metabolic antagonism or otherwise compromise the action of other genes in the genome. Therefore, it is important to study and understand the inheritance of specific gene combinations. This should be done in a step-wise manner with a limited number of traits. As an example, the inheritance of genes for low-palmitic plus low-linolenic acid concentration involves at least 3 different recessive alleles. These alleles have been combined in a new soybean variety, called ‘Satelite’ (Table 3). Crude oil of this line has low 18:3 content and should not require hydrogenation for many food applications. Extensive tests of how these genes interact with the rest of the genome show that agronomic traits are unaffected by changes in palmitic or linolenic acid. Hence, there is justification of moving this line along toward commercial production. Indeed, the yielding ability of low-16:0 low-18:3 soybeans is very good, and is competitive with established normal varieties. Yielding ability is always a deciding factor. Major improvement of oil or protein quality is of little value, if the variety has poor yielding ability. 

The cultivar ‘Satelite’ and similar lines under development are examples of low-palmitic low-linolenic soybeans that are being developed by 11 breeding programs in the US. In a few years, this type of soybean will be available to farmers in all of the maturity zones or production areas from Minnesota to Georgia. At the same time, these breeding programs also are working on the next innovation in soybean oil quality; the addition of genes to elevate oleic acid in low-16:0 low-18:3 soybeans. This oil with higher oleic acid should become available within the next 3 to 5 years.  

Increasing Oleic Acid Concentration in Soybean Oil

The source of the high-oleic alleles is a germplasm line called, N97-3363-4 (Fig. 5). This germplasm that was developed by the USDA-Agricultural Research Service at Raleigh, North Carolina. It was achieved through natural gene recombination. This line and its descendents are the only non-transgenic high oleic soybean breeding lines in existence.

As mentioned earlier, through genomics it is known that the oil phenotype in low-palmitic low-linolenic acid soybeans, like the cv. ‘Satelite’, is due to three different gene mutations, These mutations affect enzyme activities at two points in the lipid biosynthetic pathway. The recessive fap1 and fap-nc alleles restrict 16:0-CoA formation at the same enzymatic step, the 16:0-ACP thioesterase reaction. In addition, a recessive fan allele reduces conversion of 18:2 to 18:3 at the (-3 desaturase step. However, it is also known that two recessive fad alleles determine the high-oleic phenotype in soybean. The enzyme products of these alleles restrict desaturation of 18:1 to 18:2 at the (-6 desaturase step. 

Thus far, there have been no obvious problems in combining all five of these alleles. Yet, we must always be aware of how gene expression is influenced by environmental factors. As an example, we know that a positive relation often exists between oleic acid concentration and growth temperature as the seed develops. Under controlled growth conditions, oleic acid levels in N97-3363 may increase with higher temperature, within a range from about 55 to 75% oleic acid. This type of phenotypic variation may or may not happen in commercial production or field environments. However, steps are being taken to overcome this potential problem. 

There are many theories as to why oleic acid levels in plants vary with temperature.7 None explain this phenomenon. However, a new molecular approach may show the biological basis for this phenomenon, and provide a useful means to stabilize desaturase activity against the influence of environmental effects. Specifically, this work involves directed control of metabolic enzyme activity.

Directed regulation of enzyme activity

Many metabolic enzymes have highly conserved regions that contain phosphorylation sites, like the serine residue.8 These sites may become phosphorylated in response to a signal transduction event, such as that might arise from a change in growth temperature. These 
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Figure 5. Fatty acid composition of a non-transgenic high-oleic soybean.

sites are highly conserved among crop species, and there is a strong association between the activity of the enzyme and whether or not the serine residue in this domain is esterified with phosphates. It is proposed that directed control of an enzyme activity may then be accomplished by creating a point mutation that removes 

or replaces serine at the phosphorylation site. In practice, when this serine is replaced in the structure of acetyl-CoA carboxylase (ACCase-I), activity of the enzyme is no longer affected by changes in growth temperature (unpublished). It can be determined if this same approach works for the enzyme that converts 18:1 to 18:2.

To do this, techniques like Chimeraplasty or Native Gene Surgery may be employed.9 These methods are based on a natural process, the DNA repair mechanism, and may be used to create natural gene mutations (via replacement, removal or addition of DNA nucleotides). The simplest example is a ‘point-mutation’, where a key amino acid is replaced with another. It is just a matter of knowing which amino acid and where it is wanted in the gene structure. A chimeric RNA/DNA construct may be used to make a recessive allele in a target gene. DNA of the construct will emulate the sequence of one allele in the target gene, except it has (for example) a codon for glutamine instead of proline. The chimera or a hair-pin loop of RNA that is attached to this DNA sequence also contains the complementary codon for glutamine. When inserted in a plant cell, this structure finds the target gene and binds to it. During gene replication, the DNA repair mechanism recognizes that the codons for glutamine and proline do not match. The codon for glutamine is deemed to be correct, and the codon for proline is replaced in both strands of the new DNA molecule. Hence, a site-specific mutation is made in a specific gene. The mutation then segregates in a breeding population, as would any other genetic trait. 

Conclusion

In conclusion, biotechnology is helping to make it possible to develop soybeans with a wide range in oil composition. The first to be marketed will most likely have an oil composition that serves as a low saturated substitute for partially hydrogenated soybean oil. However, the main point it may emphasized  that it takes a team effort to achieve such goals, not just that of one discipline alone. Biotechnology has three main components; and these components (plant breeding, genomics and molecular genetics) should be harnessed together in cooperative crop enhancement efforts. One might, by analogy, envision a team of mules. Of course, this should not suggest that scientists may be stubborn at times. Rather, it is used to convey the importance of competition in and among scientific disciplines. Once put into motion, a mule cannot stand to have another mule pass him. So, given the inherent competitive spirit of this team, there should be no doubt that biotechnology will help us develop new products, and respond to consumer preferences in a socially acceptable manner.
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