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Preface


GENETICALLY ENGINEERED PLANT PRODUCTS line the shelves of our grocery stores but we do not know which ones they are because no labels identify them. Should we be concerned? Should we—figuratively speaking—be up in arms against biotechnology as are the Europeans, the Japanese, and the Canadians? What are genetic engineering and biotechnology anyway? How does one genetically engineer plants? Is it true that some plants have been engineered with a gene extracted from a fish? Biotechnology companies are saying that engineered corn and canola are safe. Are they telling us the truth? I have written this book to answer all these questions and more. 


I believe the public has the right to know and understand how its food is being manipulated at the most intimate level, that of the DNA itself. My goal is to inform, not to take a stand in favor or against genetically modified organisms (GMOs). I am, however, critical of the way biotech companies have introduced (or rather, failed to introduce) their plant products to the public. I am equally critical of those who show their disapproval of GMOs through acts of vandalism rather than with open discussion. This being said, I add that I have never received grant money from any biotech company, nor have I ever consulted for monetary gains for one. I do know plant genetic engineering quite well, however. I have been involved since 1973 in the basic research that led to its development, always in an academic environment. I have met most of the scientists who made plant genetic engineering possible, and as far as I know the vast majority of them are not only still alive but also still actively involved with their work. This good news does not attest to their longevity or mine, it simply shows that biotechnology is an extremely young science. We should keep this fact in mind when we think about its implications.


Biotechnology is an innovation that requires some explanation. It involves a type of genetic manipulation that is entirely new, but it relies squarely on fundamental scientific discoveries made in decades past. Many of these discoveries are complex even though their applications may seem deceptively simple. Therefore, one must understand genetic engineering before one can formulate an informed opinion about it. To become an informed person, one must do more than gloss over difficult concepts and then declare that one is for or against genetically modified foods. For this reason, parts of this book will require attentive reading, in particular Chapter 3, which explains the basics of gene cloning. The reader will then understand that biotechnology is an offshoot of the basic science of genetics, not a technology that was developed for the specific purpose of making genetically modified organisms. I hope also to demonstrate that in the end acceptance or rejection of genetically modified food plants must rely on science and science alone. Politics, economics, or other societal factors cannot replace the objective tools of the scientific method, whose validity has never been refuted successfully since its inception about 400 years ago.


This book originated with another book project I undertook with Columbia University Press in 1999. That book, The Green  Phoenix: A History of Genetically Modified Plants, published in 2001, is a scholarly work intended mostly for academics and university students. Holly Hodder (former publisher for the sciences at Columbia University Press and now vice president and publisher at Westview Press) then suggested that a general audience trade book on the history and applications of plant genetic engineering would serve a purpose—that of informing the public of what is happening in this field. Hence, this book. Basic genetic principles and elements of gene cloning are presented before plant genetic engineering proper and its implications. My philosophy here is simply that the cart should not precede the horse. Too many reports have assumed that readers already know genetics, and this assumption has resulted in the hideously wrong—but fairly common—misconception that anything that contains genes is, by definition, bad. All living creatures have genes, and we have learned to manipulate these with ultimate precision. That is a great and perhaps frightening novelty. After reading this book, the reader will understand how this knowledge and power evolved.


Hundreds of scientific articles dealing with plant genetic engineering have been published. Some are listed in the references at the end of this book. This bibliography presents articles that do not require any particular scientific knowledge in order to understand them, such as Scientific American articles, along with some primary sources that do require deeper knowledge of biology. This book, however, does not require any advanced understanding of biological science. In addition to literature references, relevant web sites, both for and against plant biotechnology, are also provided.


I am grateful to Jerry Swensen, Lászlo Márton, Charlotte Omoto, and Diter von Wettstein for reading drafts of this work and pointing out places where clarifications were needed. I also thank them for expressing their own viewpoints regarding plant biotechnology in general. I am particularly indebted to my wife, Linda Stone, for her careful multiple readings of the manuscript. Last but not least, my deepest gratitude goes to Holly Hodder, my editor, and Catherine Hope, my copy editor, for their meticulous editing of the manuscript and excellent stylistic suggestions. As usual, all errors, interpretations, and omissions are mine. Finally, I hope readers find this book a useful tool. Public opinion of plant biotechnology has become an emotional morass. I offer this book as a way for people to inform themselves and make up their minds in an objective way. This end is, perhaps, the best a scientist can hope to achieve.




Paul Lurquin 
Pullman, Washington and
Cannon Beach, Oregon




















Chronology of Events
 Described in This Book


Technical terms are defined in the glossary and in the main text.








1865 Gregor Mendel discovers and the laws of heredity.


1907 E. F. Smith and C. O. Townsend discover that crown gall tumors in plants are induced by the bacterium Agrobacterium  tumefaciens.


1910 Thomas Morgan demonstrates that genes are on chromosomes.


1944 Oswald Avery and collaborators demonstrate that DNA is the material of which genes are made and discover transformation through DNA uptake.


1953 James Watson, Francis Crick, Rosalind Franklin, and Maurice Wilkins determine the double helical structure of DNA. 


1953 L. Luca Cavalli-Sforza, Joshua and Esther Lederberg, and William Hayes establish the concept of plasmid DNA.


1962 Werner Arber and his group discover bacterial restriction endonucleases.


1966 Marshall Nierenberg and Gobind Khorana finish deciphering the genetic code.


1967 Jerome Vinograd and collaborators invent a technique to isolate and purify plasmid DNA.


1968 First experiments aimed at investigating DNA uptake in plants are conducted.


1970 M. Mandel and A. Higa develop transformation of the bacterium Escherichia coli.


1970 Georges Morel proposes that crown gall tumors appear on plants as the result of genetic information transfer from Agrobacterium tumefaciens to plant cells.


1972 Herbert Boyer and Stanley Cohen perform the first cloning experiment with plasmids.


1972 First attempts to produce genetic effects in plants with externally supplied foreign DNA are undertaken.


1974 Jef Schell, Marc Van Montagu, and others discover large plasmids in virulent Agrobacterium tumefaciens.


1976 Mary-Dell Chilton, Eugene Nester, Milton Gordon, and others discover gene transfer from Agrobacterium tumefaciens to plants.


1977 Walter Gilbert and Frederick Sanger develop techniques to determine the base sequence of DNA.


1982 Cell electroporation in the presence of DNA is invented.


1983 Jef Schell, Mary-Dell Chilton, Marc Van Montagu, Robert Fraley, Robert Horsch, and others transform plants with foreign genes via Agrobacterium-mediated gene transfer.


1984 Ingo Potrykus’s group demonstrates plant transformation with naked recombinant DNA.


1987 The “gene gun” is invented.


1987 First demonstration that transgenic plants containing the Bacillus thuringiensis (Bt) toxin gene are resistant to certain insects takes place.


1987 Plant Genetic Systems generates plants resistant to the herbicide Liberty®.


1988 The first commercially available genetically engineered fruit, the FlavrSavr® tomato, is produced by Calgene.


1988 Monsanto generates soybean plants resistant to the herbicide Roundup®.


1995 First laboratory production of “plantigens” is under way.


1996 Massive transgenic crop sales begin.


1998 Prince Charles of Wales publicly declares his opposition to biotechnology.


1999 Of the total 72 million acres planted with soybeans in the United States, half were planted with Roundup®-resistant seeds. 


1999 Protest against the use of genetically modified plants in foods is in full swing in the United States and Europe and leads to street demonstrations.


2000 Provitamin A-producing “golden rice” variety is created. Genetic engineering techniques now exist for just about every conceivable cultivated plant species, from apple trees to coffee, from bananas to asparagus, to eggplant, to lettuce, to wheat.


2002 The complete DNA sequence of rice is published by two independent groups.


2003 “Golden rice” undergoes field trials.


2003 British scientists discover that insect populations are significantly depleted in fields planted with herbicide-resistant canola and sugarbeet. This does not happen in fields planted with herbicide-resistant corn. Their study strongly reinforces the idea that the ecological impact of genetically modified plants needs to be carefully evaluated.












Introduction: 
The Old and the New


IN A SENSE, HUMANS DO LIVE by bread alone. Practically all life on Earth, animal and human, ultimately depends on the ability of plants to capture the photons of light released by our star, the Sun. The only well-documented exceptions are some microbial and worm communities that dwell in complete darkness near hydrothermal vents located deep under water on the ocean floor. These communities are sustained by chemical reactions taking place in the superheated water spewing out of these vents. Yet, even some of these creatures depend on oxygen dissolved in sea water; and their oxygen, like ours, is produced by plant life.


Plants, from microscopic marine phytoplankton to majestic sequoias as well as humble domesticated species, use sunlight to split water molecules into breathable oxygen and hydrogen ions (protons) and electrons. Oxygen is released into the atmosphere, and protons and electrons are used to power the reactions that reduce atmospheric carbon dioxide into sugars. These sugars are in turn metabolized through mechanisms that result in plant cell growth and development. Freed oxygen is used further by plants themselves and all animal species for crucial metabolic processes, survival, and proliferation.


Photosynthesis, as this light-harvesting mechanism is known, appeared approximately 3.5 billion years ago, roughly 1 billion years after the Earth formed. Microscopic bacterial cells (cyanobacteria), not land plants, first developed photosynthesis based on chlorophyll. Cyanobacteria still exist today and are everywhere. The first land plants appeared a little over 400 million years ago during the Silurian period of the Paleozoic era and were accompanied or closely followed by the first land animals. Much, much later, about 5 million years ago, our earliest-known bipedal ancestor, Australopithecus, roamed the African savanna in search of edible plants. Thus, for about 400 million years, plant life was left undisturbed except by natural events such as mutations, fires, and changing climate patterns that drove the slow process of evolution and led to great diversity of form. Evolution is driven by natural selection: Naturally occurring mutations can be favored or not by certain ecological conditions. This process can lead to the proliferation or extinction of species, both perfectly natural occurrences.


Then, about 10,000 years ago, Homo sapiens, ourselves, completely changed plant evolution by replacing natural selection with artificial, directed selection in some plant species. Today we call this agriculture. Therefore, genetic manipulation of plants is not new. The beginnings were modest; progenitors of modern wheat were first domesticated from wild relatives in the Middle East, whereas ancestors of modern corn appeared later in Mesoamerica. In this way, humans created the first engineered plants, possibly to free themselves from the vagaries of hunting and gathering in some ecological settings. (Another theory states that plant domestication was innovative but not caused by a need for more food. For the purpose of this book, regardless of which theory is more accurate, the result is the same.) Agriculture was soon followed by the establishment of cities, social classes, taxation, and writing, and it remains vital today.


The first experiments in plant breeding (along with animal husbandry) must have been performed purely by trial and error until a desirable result was obtained. It was not until the second half of the nineteenth century that plant breeding was put on a scientific basis by Gregor Mendel, the father of genetics. In the decades since that time, humans have learned how to alter the hereditary fabric of plants at the deepest level, that of the DNA molecule. We call this plant biotechnology, and the results of this technology are genetically modified (also called transgenic) plants.


It took a mere 10,000 years or so for humans to take control over the most intimate mechanisms of plant life and reproduction. What took evolution by natural selection millions of years to achieve, we can now alter in just a few weeks. Moreover, biotechnology can now do what nature could not; it can blend genes from totally different species, genera, and kingdoms of life. Biotechnology can defeat sexual barriers.


As just noted, humans had learned to manipulate plant genes in a crude manner well before the invention of biotechnology. How did this come about? Surely, cultivated crop plants look very different from their wild relatives. A classic example is that of teosinte, the ancestor of corn, that has very small, spiky ears and tiny seeds. Mesoamerican people, perhaps as early as 7,000 years ago, domesticated teosinte by finding spontaneous variants, or mutants, devoid of these undesirable characteristics and then propagated them. Wheat first appeared in the Fertile Crescent of the Middle East and resulted from accidental or deliberate hybridization between two related grass species that by themselves were far less convenient to harvest and process.


Ancient and not-so-ancient examples of stable plant hybrids and mutants created or propagated by humans are numerous and include cotton, chrysanthemum, potatoes, bananas, seedless grapes and watermelons, tiger lilies, some apple varieties (Winesap and McIntosh, for example), coffee, alfalfa, peanuts, triticale, strawberries, and some petunia varieties. In all these cases, either the progenitors of these new varieties are sexually compatible (they can fertilize one another) or their chromosome number has changed, which often happens accidentally and naturally. Nevertheless, without human intervention in the form of selection for useful traits and massive propagation, these plant varieties would be rarities. In that sense, humans have manipulated plant genomes (the genome is the suite of all genes contained in an organism) for thousands of years without any knowledge of genes or DNA. Some have called this primitive biotechnology.


Yet modern biotechnology is different. Here, theoretically, any plant species can be modified with genes from any source: bacterial, animal, fungal, or another plant. This technology no longer relies on natural hybrid formation or accidental changes in chromosome numbers. Rather, it hinges on our ability to isolate and clone genes from any species and introduce these cloned genes into plant cells through a variety of techniques. In other words, plants genetically modified by cloned foreign genes cannot be produced by nature. Scientists have now created plants that produce human proteins, express bacterial or fish genes, make plastics, and are able to detoxify toxic wastes. Genetically modified plants can do essentially whatever scientists force them to do. To use an old phrase, we can indeed play God.


This book tells the story of plant genetic manipulation by humans. It starts with the discoveries of Mendel and other early pioneers, which were followed many years later by the recombinant DNA revolution and demonstration that the genetic engineering of plants is possible. This story is not simple, and, in my opinion, it is impossible to have a good grasp of biotechnology without understanding genetics. In turn, it is impossible to understand genetics without comprehension of the gene as Mendel defined it well over 100 years ago. His discoveries are not obsolete, and it would be a mistake to believe that the modern DNA gene is somehow more real than the old Mendelian gene. Both are different facets of the same reality. Just as rocket scientists use Newton’s laws of gravitation, published in 1687, to launch spacecraft that can reach the outer planets and beyond, so do biotechnologists use Mendel’s laws of inheritance, published in 1865, to verify that their genetically modified plants do what they are supposed to do. After discussing Mendelian genetics, I will explain what genes are made of, how they work, and how this knowledge was acquired. This material constitutes Chapters 1 and 2. Current DNA cloning techniques will then be covered in Chapter 3. This overview of classical (Mendelian) and molecular (DNA-based) genetics will thus set the stage for the study of plant biotechnology proper, beginning with Chapter 4.


We will then see what commercial and basic applications were derived from the new technology and discuss the societal and economic consequences of these applications (Chapters 5 through 7). These are emotion-laden issues that have triggered street demonstrations, inflammatory declarations by celebrities, and commercial negotiations at the international level. It goes without saying that this clamor is not just political hype; some of the concerns about plant biotechnology are definitely valid. Unfortunately, the science behind this technology as well as its positive applications have not been cogently communicated to the public. A main goal of this book is to redress this situation and help the reader distinguish fact from fiction.






















1 
Before Biotechnology 


OUR PRESENT-DAY ABILITY TO MANIPULATE genes did not come overnight, as a great flash of creativity striking a single savant. This capability is the result of work done by thousands of scientists who have assembled knowledge on a foundation of a few landmark discoveries. These discoveries will be explained in this chapter and in the next two chapters. It should be realized first that biotechnology is a very young science, itself a part of the young science of genetics. In fact, my own grandparents were little children when Gregor Mendel, the inventor of genetics as we know it today, was still alive. The nature of the genetic material DNA was discovered when I was two years old, and I was in elementary school when the DNA double helix was revealed by James Watson and Francis Crick. The first cloned DNA molecules were produced in the early 1970s, shortly after I received my Ph.D., and the first genetically engineered plants were created in 1983, in other words, yesterday. Commercial exploitation of genetically modified plants started only a few years before the end of the last millennium. Biotechnology is baby-boomers’ science: Its story is ours.








Before Genetics


Our ancestors must have realized a very long time ago that like begets like. They certainly noticed that corn seeds always germinated to give corn plants, which in turn gave more corn seeds, and so forth. Similarly, when their dogs mated, their offspring were more dogs. They must also have noticed that sometimes, however, the progeny was not quite exactly identical to the parents. Once in a while, a corn ear would bear some pale yellow kernels in the midst of dark blue ones, the original color of corn kernels. These were mutants. Similarly, coat color in dogs undoubtedly varied among the individuals of the same litter. This departure was due to gene reassortment. There is no evidence that our forebears understood this underlying reason, however. Rare mutation events must have seemed ominous: For example, occasional human albino mutants in ancient societies were the victims of sacrifice or, alternatively, deification.


Humans must have found it very strange indeed that offspring could sometimes look sharply different in some ways from the parents—plant, animal, or human. The idea of the blending of parental traits in their offspring, as was commonly accepted for eons, contradicted this result. After all, in humans the progeny of a black parent and a white parent has intermediate skin color, showing no drastically sharp difference from the mother and father. This characteristic makes perfect sense if one believes that inheritance results from the blending of the parents’ visible characteristics (called the phenotype) and produces physical traits that are “in between.” Yet, why is it that two perfectly normally pigmented parents can give birth to an albino child? There is no blending of traits here. Further, why is it that the children of an albino and a normal parent almost invariably show regular pigmentation? Again, no blending. Clearly, blending inheritance does not always apply. Similarly, ornamental plant breeders must have noticed at one point or another that a hybrid between a red flowering plant and a white flowering one gave offspring with red flowers, not pink ones. Yet, well into the nineteenth century, blending inheritance was not questioned. It was eventually the work of the great hermit scientist Mendel that explained all these conflicting observations, made sense of heredity, and created the science of genetics.






The Discovery of Genes


Gregor Mendel (1822–1884) was the first person to understand that the theory of blending inheritance was wrong and that genes behave as discrete units, passing from parents to offspring in completely predictable ways. Most people know that he was a monk, born in Moravia, then part of the Austro-Hungarian empire and now a province of the Czech Republic, and that he hybridized pea plants. What most people do not know is that he had been trained in physics and was the first scientist to apply quantitative thinking to a biological problem. By quantitative, I mean that Mendel actually tallied up the plants he used and produced in his experiments, rather than simply looking at them, which was the norm at the time in the life sciences. Mendel did not use any scientific instruments other than a simple microscope for his experiments, and he never ground up his plants to see what they were made of. His most important tool was his brain. Also, he did not know about DNA, which had been discovered during his lifetime but whose function remained mysterious until 1944 and whose structure was unknown until 1953. Moreover, he did not even know about meiosis, the special cell division that generates germ cells—egg and sperm—and which was discovered the year before his death. Yet, he invented genetics.


How did he do it? First, he was a genius, and second, because he was a monk (although not a celibate one; apparently he fathered a son), he must have had plenty of time available to do his seemingly useless research on pea plants. He must also have been driven by pure scientific curiosity, since there is no evidence that the monks of Mendel’s monastery sold vegetables for a living and so needed better-quality peas. It is noteworthy, however, that Mendel produced a pea variety so tasty that it was used for years in his monastery’s kitchen. Further, Mendel was a high school teacher and a well-known breeder of ornamental fuchsia plants. But first and foremost, he was a true, critically minded scientist who combined in a positive way outstanding basic and applied research.


It is perhaps best to digress a little and take a look at the scientific process itself. In a perfect world, scientists first become fully acquainted with their field of research by reading the scientific literature. Next, loaded with this baggage and aware of all the natural phenomena in need of an explanation, they formulate hypotheses (basically ideas, sometimes even considered “off the wall”) to rationalize the unknowns. These hypotheses must then be tested by controlled experiments, after which they will be accepted or rejected, depending on the results of the experiments. A verified hypothesis usually leads to more hypotheses, which must in turn be tested, and so forth. A set of verified hypotheses can then become a theory. A theory is a group of verified hypotheses with general applicability to a group of natural phenomena. Finally, a scientific law is a theory that seems to be entirely universal, with no known exceptions. One well-known example is the law of gravitation, which explains how planets orbit around the Sun and how galaxies orbit around one another. Other more obscure examples are the laws of thermodynamics that regulate energy changes in physical systems.


It so happens that the whole of biology contains only a single set of laws: Mendel’s. No other theory merits the designation of law in the life sciences.1 This attests to the importance of Mendel’s discoveries. Did Mendel actually formulate one or several hypotheses regarding the nature of heredity before starting his experimental work? Or did he first experiment with his pea plants and only afterward try to make sense of what he observed? In his published work, Mendel did state that he was aware of experiments done by other breeders, but he did not divulge his own thought process. We can only speculate on the reasons that drove him to conduct the experiments that I will describe. This description of his work may seem overly detailed, but one must realize that what is being outlined here is no less than the birth of genetics.


Mendel had at his disposal fourteen lines of peas (Pisum  sativum) that differed by sharply distinguishable characters. These fourteen lines corresponded to the following seven pairs of contrasting traits:




flower color (with one variant bearing purple flowers and the other white flowers)
flower position (lateral or terminal)
seed color (yellow or green)
seed shape (round or wrinkled)
pod shape (full or constricted)
pod color (green or yellow)
stem length (tall or dwarf)





He decided to do hybridization experiments with pea plants each of which differed by a single character such as flower color, seed shape, and so on. But first, let me describe what a hybridization experiment is.


Peas are self-fertilizing, meaning that the pollen grains (male germ cells) carried by a flower will fertilize the ovules (female germ cells) carried by the same flower. This is because the male and female organs of a pea flower are in close contact during flower development. However, the large size of the flowers makes cross-fertilization by human intervention possible. In this case, the experimenter snips away with a pair of fine scissors the pollen-carrying anthers before self-fertilization has occurred. Then, using a fine brush, the experimenter can rub the pistil (the female sex organ) of the castrated flower with pollen harvested from another plant. For example, one could fertilize the ovules (in plants, the equivalent of eggs) of a white flower with pollen from a purple flower and vice versa. After self-fertilization or cross-fertilization, the plants are allowed to set seed, and these seeds are then planted, allowed to grow, and examined for expected or unexpected traits (phenotypes). Plants from which the pollen grains and ovules originally derive are called the parental generation, while the plants resulting from self- and cross-fertilization events are called the first filial, or F1, generation. Self-fertilized F1 plants will give rise to the second filial, or F2, generation.


Mendel’s first procedure was to ensure that his fourteen pea lines bred true. That is, he verified that his purple flower-bearing line, for example, always produced purple flowers over several generations and not occasionally white or other colored flowers. This meant that the traits he was observing were stable and that his seed stocks were uncontaminated. Next, he cross-fertilized plants that differed by a single character. For example, he took pollen from a purple flower and fertilized with it the ovules of a white flower. He did the same experiment with plants carrying round seeds versus wrinkled seeds and continued with the remaining five pairs of contrasting characters. For brevity, we will only look at the results he obtained with the purple/white flowering pair as the parental generation. Mendel realized that the F1 hybrid generation originating from a cross-fertilization event of these parents carried 100 percent purple flowers. Everything looked as if the white trait had disappeared, and there was no blending of traits either! But was it really true that the white trait had disappeared? To determine this, he let these F1 plants self-fertilize and looked at flower color in the second filial generation, the F2. And there, to his surprise, white-flowering plants reappeared! The white trait had not disappeared in the F1, but was simply masked by the purple trait. We now say that purple is dominant and that white is recessive.


However, Mendel did not stop after naming those traits. He actually counted the number of F2 purple-flowering plants and compared that number to the number of F2 white-flowering plants. He had examined exactly 929 F2 plants, of which 705 turned out purple and 224 were white. Thus, 75.89 percent of the F2 generation were purple and 24.11 percent were white. (I am intentionally giving these numbers with two decimals rather than rounding them; see the explanation that follows.) Practically identical results were obtained in the mating crosses involving the other six pairs of characters. In other words, in F2, the dominant trait was roughly three times more numerous than the recessive trait. It is at this point that Mendel must have realized that he had discovered an important property of heredity: In the F2 generation, the ratios between dominant and recessive individuals are always very close to 3:1. It may have been at this point that Mendel’s background in physics helped him conceptualize his results and put them into a theoretical framework. Mendel posited that his observed ratios were not just very close to 3:1, they represented exactly 3:1 ratios or, in the example above, exactly 75 percent and 25 percent. He attributed the fluctuation around his 3:1 ratios to statistical imprecision due to limited sample size. We know today that he was right; as the numbers of examined F2 plants increase, the actual ratios get closer and closer to an ideal 3:1, or an ideal 75 percent and 25 percent.


Mendel needed to explain the reasons why this 3:1 ratio always cropped up in his crosses involving a pair of contrasting characters; in this step is where his genius truly showed. He realized that his results could be explained only if the following were true:






	Physical traits such as flower color, seed shape, and so on are determined by discrete, indivisible units of heredity. (These units are now called genes.)


	A single gene, such as the one determining flower color in pea plants, can exist in the form of several variants, one that directs white color and another that directs purple color. (The variants of the same gene are now called alleles.) As he found out, some alleles are dominant over others, purple being dominant over recessive white in peas.


	Plants contain two alleles for each gene. If the two alleles are identical, two copies of the purple allele or two copies of the white allele, the plant is said to be homozygous. If the two alleles are different, one copy of purple and one copy of white, the plant is said to be heterozygous. Since purple is dominant over white, the heterozygote will be purple, as in the F1 generation of the previously described cross.


	When pea plants reproduce through the formation of male and female germ cells (called gametes), the two alleles must separate, and only a single copy of an allele finds itself in each gamete. When the male gamete, carrying one allele, fertilizes an ovule (an egg), also carrying a single allele, the resulting offspring carries again two alleles. If the alleles carried by the pollen grain and the ovule are the same, the resulting offspring is homozygous. If the alleles carried by the pollen grain and the ovule are different (for example, a purple allele in the pollen grain and a white allele in the ovule), the resulting plant is heterozygous. Thus, traits, technically called phenotypes, are under the control of pairs of alleles. The alleles themselves constitute what is called the genotype. The separation of alleles during gamete formation is now called the law of segregation, or Mendel’s first law. We know today that physical separation of alleles during gamete formation is due to the fact that each allele is carried by a different chromosome and that these chromosomes physically separate during meiosis, the special type of cell division responsible for gamete formation. To fully appreciate Mendel’s conclusions, we must remember that meiosis was unknown in his time.




We now know that Mendel’s inferences were right. The only  way to explain the results of his hybridization experiments was to make the assumptions described above. Absolutely no other explanation can account for his observations and all other observations made by countless experimenters after him.


Many people find Mendel’s laws abstruse, dry, and difficult to digest. This is the case in part because the sophistication of the experiments he did was not up to par with the intellectual quantum leap of their interpretation. After all, anybody can hybridize peas, but few people would be able to draw Mendel’s revolutionary conclusions from such seemingly mundane gardening practices. And let’s face it, these concepts are difficult because they are abstract. Yet, Mendel’s discovery impacts our daily lives, from the consumption of genetically modified corn flakes to the calculation of the probability of giving birth to a genetically challenged child.


A simple diagram helps clarify Mendel’s ideas. For this, we will use a Punnett square, named after an early-twentieth-century geneticist who designed this simplifying aid. In our example, using purple and white flowers, we will use the symbol P for dominant purple and p for recessive white (recessive alleles are often the lower case version of the dominant allele). This can be confusing. Why not call purple “P” and white “w”? Well, this would result in even more confusion. We can thus write the crosses like this:


The parental generation (original homozygous, true-breeding parents) is purple for one parent and white for the other. Thus, we have














	Purple

	x

	White (cross fertilization event)






	That is PP 

	x 

	pp (using Mendel’s idea that alleles come in pairs)



















This cross gives in F1 100 percent purple individuals of heterozygous genotype Pp, since a single P allele was inherited from the PP parent and a single p allele was inherited from the pp parent. F1 hybrid individuals are then allowed to self-fertilize, which can be written













	Purple

	x 

	Purple (self-fertilization event)






	That is Pp

	x

	Pp















To determine the outcome of this cross and obtain the genotypes of the F2 generation, one must first determine what gametes (carrying a single allele) these hybrids are going to produce. According to Mendel’s first law, the P and p alleles will segregate (separate) during formation of the germ cells and each F1 individual will thus produce 50 percent P gametes and 50 percent p gametes. We can insert these symbols into a Punnett square (below) and simply combine rows and columns to recreate the genotypes of the F2 individuals.
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Note that the P and p alleles are represented equally (50 percent each) in both the male and female parental gametes. Each of the four boxes of the Punnett square contains one possible genotype, which, taken all together, represent the whole F2 population, the offspring of the parents. These genotypes are: PP, Pp (twice), and pp. But what are the phenotypes, given that P is dominant over p? The PP individuals will of course be purple, and so will be the Pp heterozygotes. The pp individuals, being homozygous recessive, will of course be white. Therefore, the ratios are 3 purple for 1 white, that is 3:1, exactly what was observed by Mendel and explained by his law of segregation.


The validity of Mendel’s interpretation of heredity has been verified countless times and applies to myriad life forms, including humans. We will not concern ourselves with Mendel’s second law, the law of independent assortment,2 as it is not important for our ultimate purpose, the explanation of the making of genetically modified plants. These laws not only set the foundation of the science of genetics, they are still used universally by breeders, genetic engineers, and genetic counselors alike. In fact, Mendel’s laws are so generally applicable that plant genetic engineers use them today to determine whether a newly inserted foreign gene is present in a homozygous or heterozygous state and how many copies of this foreign gene are present in the engineered plants. Likewise, genetic counselors can tell concerned parents what the probabilities are that their unborn child will suffer from a hereditary disease. Mendel’s laws have absolute predictive value and can be applied as surely as the laws of physics and chemistry. We will see in Chapter 4 that several investigators claimed to have genetically modified plants with externally supplied DNA as early as the mid-1970s. These claims were in error, and this mishap was due in large part to the refusal of these authors to realize that their results did not conform to Mendel’s first law.


Going back to the example of skin color in humans, we now know that skin color is a polygenic trait, that is, a phenotype under the control of many genes. Blending is understood in terms of these many genes, each contributing a fraction to pigment formation. These genes, however, still obey Mendel’s laws. In contrast, albino individuals make no pigments at all because the mutation of a “master” gene (I simplify here) has rendered completely inoperative their pigment synthetic pathway. Their offspring are normal because the gene of the other parent is normal, compensates for the effect (absence of pigmentation) of the defective gene, and is dominant. The albino gene (or allele, which is more correct) is recessive and has no influence on the phenotype of the offspring, provided that a functional copy of that gene, the dominant allele, is contributed by the other parent. Likewise, these are Mendelian genes.


Although Mendel discovered the concept of the gene and the laws that dictate their transmission from parents to progeny, that is all it was then—a concept without physical basis. It would take another eighty years or so to discover from what genes are made. Meanwhile, Mendel’s discovery was mostly ignored by his contemporaries and ultimately forgotten for more than three decades; he had been preaching in the desert. Historians blame this loss on a world that was not ready to understand Mendelian laws of heredity. As we have seen, Mendel provided very abstract mathematical explanations for the behavior of traits in genetic crosses. Biologists of his day were completely descriptive and far from working with unifying theories regarding the complicated science of life. There was one great exception, however: Charles Darwin (1809–1882). He was a contemporary of Mendel and (with his competitor Alfred Wallace) had by then developed the theory of evolution by natural selection. Darwin, who was in need of an explanation for the transmission of new traits brought about by evolutionary processes, never resorted to Mendel’s laws as a framework for his own theory. This omission was perhaps caused by Mendel himself, who had stated that it was necessary to understand the formation of germ cells and the process of fertilization before his laws of inheritance could be generally accepted. The synthesis of the two great principles, the gene and evolution by natural selection, was finally achieved several decades after both authors’ deaths.


Mendel’s laws were rediscovered at the turn of the twentieth century by three botanists, Carl Correns of Germany, Hugo de Vries of the Netherlands, and Erich von Tschermak of Austria. From then on, classical genetics, that is, the study of genes as entities that determine phenotypes, without consideration of their molecular nature, was on its way. However, one obvious question was, Where in a living cell are these genes located? It was soon proposed that chromosomes were the physical supports of Mendel’s genes. The chromosomal hypothesis was formulated in 1903, almost simultaneously, by two geneticists, Walter Sutton of the United States and Theodor Boveri of Germany.


What are chromosomes? They are elongated strandlike bodies, easily distinguished under a simple microscope, that are visible only in cells undergoing division. In nondividing cells, chromosomes are bunched up in the cell nucleus and cannot be distinguished from one another. Chromosomes, so named because they are stainable by a variety of dyes, were seen first to double in number and then to divide equally between daughter cells during division. Since all descendants of a cell have the same genetic properties as the parent cell, it made sense to attribute the location of genes to chromosomes. These chromosomal bodies first duplicated (the number of genes in that cell was doubled) and then separated equally during division (the doubled number of genes was halved), thus restoring the original number of genes to both daughter cells, making them identical to the parental cell. What is more, meiosis, the cell division process that produces gametes, was found to produce cells that contained half the number of chromosomes of regular cells. This result was exactly what Mendel had predicted. And again, it made sense. Let us look at an organism such as a human, whose cells contain two copies of every gene and chromosome. During meiosis, sperm cells and eggs are produced that contain only one copy of each gene and chromosome. When a sperm and an egg combine to produce a human zygote (a single-celled embryo), the number of chromosomes and gene copies will be restored to their original value, two of each, one from the mother and one from the father. Organisms that contain two copies of each gene and chromosome, such as humans, barley, alligators, and lions, are called diploid. Their gametes are said to be haploid, meaning that they contain only one copy of each gene and chromosome. And indeed, what would happen if gene and chromosome numbers were not halved during meiosis? The father would contribute two copies of each gene and chromosome and so would the mother. The unfortunate offspring would then hold four copies of each gene and chromosome. This number would of course increase to eight in the next generation, and so on. One sees the absurdity of this situation because at a certain point, cells would not be big enough to host all these chromosomes.






Genes Are Located on Chromosomes


The chromosome theory (or hypothesis, at that point) of genes was put on solid and definitive ground by Thomas Hunt Morgan and his students, most notably Calvin Bridges and Alfred Sturtevant, in their laboratory at Columbia University in the second decade of the twentieth century. Morgan’s laboratory veered away from plants as objects of study and inaugurated the fruit fly Drosophila melanogaster as a model for genetic studies. Drosophila is still much in use today, and the DNA sequence of this organism was published in March 2000 in an article coauthored by no fewer than 205 people. “Big science” is no longer restricted to atom-smashing physicists. This DNA sequence has revealed that Drosophila and humans share many genes in common, making this fly an interesting model for the study of disease genes in people.


Morgan and his collaborators were able to prove that genes are indeed associated with chromosomes upon which they are arranged in a linear order. To accomplish this task, they took advantage of the fact that like humans, female Drosophila has two copies of the sex-determining X chromosome and is genotyp-ically XX (double X), yet male Drosophila has only one X chromosome and one Y chromosome, which in this organism determines male fertility. Males are thus genotypically XY. What is more, the Y chromosome does not carry alleles of genes present on the X chromosome. This means that in males, a recessive trait associated with the X chromosome will always be expressed, since the Y chromosome possesses neither recessive nor dominant alleles of the genes carried by X. In addition to understanding this, Morgan had isolated a white-eyed Drosophila mutant (normal eye color is red), and this allele proved in crosses (matings) to be recessive to red.


A series of crosses between the mutant individuals and normal flies demonstrated that the pattern of inheritance of the white-eye allele could only be explained if this allele was located on the X chromosome. This conclusion was made possible because of the different chromosome combinations carried by the two sexes, XX and XY. By definition, sons receive their Y chromosome from the father and their X chromosome from the mother. Morgan observed that a white-eyed female (thus homozygous for the mutant allele) crossed with a normal male always produced white-eyed sons. Conversely, homozygous red-eyed females crossed with a mutant white-eyed male always produced red-eyed sons. In other words, the gene for eye color followed the inheritance pattern of the X chromosome. A cross between a white-eyed female and a red-eyed male is represented in the Punnett square below and illustrates one of Morgan’s experiments. Using again the counterintuitive genetic nomenclature, we will call the allele determining red eye color W and the allele determining white eye color w. W is dominant over w. An X chromosome carrying a red allele will thus be designated XW while an X chromosome carrying a white allele will be designated Xw. The Y chromosome does not carry alleles for eye color.
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