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Abstract

:

This review documents the history of the two papers written half a century ago that relate to this special issue of Cells. The first, “Sperm competition and its evolutionary consequences in the insects” (Biological Reviews, 1970), stressed that sexual selection continues after ejaculation, resulting in many adaptations (e.g., postcopulatory guarding phases, copulatory plugs, seminal fluid components that modify female reproduction, and optimal ejaculation strategies), an aspect not considered by Darwin in his classic treatise of 1871. Sperm competition has subsequently been studied in many taxa, and post-copulatory sexual selection is now considered an important sequel to Darwinian pre-copulatory sexual selection. The second, “The origin and evolution of gamete dimorphism and the male-female phenomenon” (Journal of Theoretical Biology, 1972) showed how selection, based on gamete competition between individuals, can give rise to anisogamy in an isogamous broadcast spawning ancestor. This theory, which has subsequently been developed in various ways, is argued to form the most powerful explanation of why there are two sexes in most multicellular organisms. Together, the two papers have influenced our general understanding of the evolutionary differentiation of the two forms of gametic cells, and the divergence of sexual strategies between males and females under sexual selection.
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1. Introduction


At the request of the Editors of this Cells special issue, I attempt here to give a history of two early “seminal” papers (a pun that has been used several times). The first, “Sperm competition and its evolutionary consequences in the insects” [1], my 1970 Biological Reviews article, has been credited as the catalyst for the now large field of post-copulatory sexual selection [2,3], i.e., sexual selection that continues after ejaculation. The second, less cited paper on “The origin and evolution of gamete dimorphism and the male-female phenomenon” [4], with co-authors R. R. Baker and V. G. F. Smith, appeared in the Journal of Theoretical Biology in 1972, and has had a role in establishing a theoretical foundation for the evolution of the gametic cells and the two sexes.



Precisely how these two papers germinated can ultimately be traced back to an early and enduring passion for natural history and animals, which led me eventually to my Ph.D. research at Bristol University on sexual selection in the yellow dung fly, Scathophaga (=Scatophaga) stercoraria L. This rather squalid topic developed out of my final-year undergraduate project; my somewhat precarious pathway to that destination has been documented elsewhere [5,6]. However, my postgraduate research on dung flies undoubtedly played a key role in generating the questions and ideas that led to those two papers.




2. From Dung Flies to Sperm Competition, Anisogamy—And Other Things


As a final-year undergraduate and postgraduate at the University of Bristol, I benefitted immensely from discussions with Robin Baker, a student contemporary in Zoology at Bristol University, 1962–1968. Rob’s Ph.D. research concerned the evolution of butterfly migration, while I worked on sexual selection in dung flies. Rob was a key influence, a sharp, lateral-thinking intellect. We became preoccupied with the mechanism of natural selection, and how selection acting on individuals (individual selection) often failed to fit plausibly with adaptive functions then popular in behaviour and ecology. Our worries echoed those of the great G. C. Williams, whose key publication [7] we were unaware of at the time [5,8]. As our confidence in the individual selection approach grew, I can remember our initial horror when another postgraduate directed us to V. C. Wynne-Edwards’ book [9], which proposed group selection (selection acting at the level of groups) as a validation of the “advantage to the species” shorthand we had come to distrust so much. The horror was short-lived, and I cannot capture better the excitement of that formative era in the 1960s than Rob’s own powerful account [10] of that time:




Geoff Parker and I were very different characters, yet around 1964 we both found a lifetime’s inspiration from a single controversy. Outside of Bristol a war was raging in the world of evolutionary theory, triggered by V. C. Wynne-Edwards’ 1962 book extolling the power of group selection to bring about evolutionary change. People were taking sides, even in Bristol, with Geoff and I aligning with what seemed to be the minority at the time, the Individual Selectionists. In a bar or a refectory we would defend our cause against all-comers. We would even go to the then-extreme of claiming individual selection to be a force in the evolution of behavior. It was our first experience of the buzz to be gained from the defending of an academic idea that, apparently, was outrageous. At a time when few believed that behavior of any sort was even heritable, our backs were against the wall for much of the time.





In fact, the battle was with the ethologists and ecologists, who at that time typically avoided details about how selection worked, while evolutionary biologists and population geneticists were generally not impressed with group selection. The debate catalysed and generated Richard Dawkins’ celebrated discourse, The Selfish Gene [11], and since then, it has been through various convulsions. It is now recognized that group selection can operate if not too strongly opposed by individual selection; the current view is that it is a form of kin selection (selection that accounts for a gene’s action both on the individual actor and on the same gene in relatives affected by that action) and can be analysed in such terms (e.g., [12,13,14]). Rob Baker became a leading authority on animal migration [15], and later made a major research transition, which was to pioneer in 1995 the field of the evolutionary psychology of human sperm competition with Mark Bellis [16] (for Rob’s absorbing narrative of how this came about, see [17]), after which he left academia to pursue a very successful career as a writer and novelist (often themed around his work in evolutionary psychology [18,19]), and has recently returned to science.



My Ph.D. project on dung flies began as a final-year undergraduate project [5,6]. The male behaviour undoubtedly led me to think about sperm competition (strictly, inter-ejaculate competition, i.e., competition between ejaculates from different males) and its evolutionary consequences, which in turn generated an interest in the evolution of anisogamy (gametes of two different sizes in a given species), the key to the question of why there are so ubiquitously two sexes. Rob Baker again gives a very vivid account [10]:




…we shared a freezing apartment on the outskirts of Bristol. There, on those nights that we were both in, we would sit bent over the single gas fire, singeing gas-tainted toast on long forks and talking about sex—as postgraduates do. Unlike most postgraduates, our conversations revolved around dung-flies and Geoff’s ground-breaking notion of sperm competition. It is fun to think that for those few months that fire-lit room in Bristol could have been the only place in the world where sperm competition was being discussed…Or—another favorite sexual topic because it seemed so impenetrable—we would agonise over why there were two sexes, and only two. That question really stumped us, maybe even shook our faith a little. How could such a question possibly be answered by individual selection?





The dung flies also led me to ponder about other general questions in behavioural and evolutionary ecology [20], emerging sciences at the intersection of evolution with behavior and ecology, such as mate-searching and animal distributions [21,22], sexual conflict [23], and the rules governing animal fighting behaviour [24]. Males compete intensely to mate with gravid females as they arrive to lay their eggs in fresh cattle dung. However, one aspect of the male’s behaviour is unusual: after mating, the male guards the female while she lays her eggs (Figure 1). It was this that made me think about sperm competition. Males seemed to be guarding their paternity—searching males made fierce attempts to take over an ovipositing female, and the guarding male used various specialised responses that (usually) prevented this [25]. If these failed, the new male mated with the female before she resumed oviposition, guarded by the new male. I realised that gaining matings was not the end of the story—ultimately, sexual selection depends on gaining fertilisations.



An important finding from my early dung fly research—predominantly a field study—was that, for a male, the fitness value of time could be expressed as the expected number of fertilizations achieved per minute of reproductive activity (in my study population, 0.23 eggs/male/min. [21]). A given male’s fitness also depends on the strategies of other males. Thus, to quantify selection on guarding behaviour, I needed to understand how sperm competition operated. As genetic markers were unavailable, I began experiments (completed later in Liverpool) that mimicked the sterile male release technique. I irradiated males using a Cobalt-60 source to “label” their sperm by inducing dominant lethal mutations; eggs were fertilised by irradiated sperm, but did not hatch. A male’s fertilisation gains increased with his copula duration, and on average, the last male to mate fertilized over 80% of the eggs remaining to be laid [26]. I calculated that the guarding behaviour (Figure 1) would be strongly favoured by post-copulatory sexual selection [27]. Most females arriving at the droppings already contain sperm from previous matings [28]. Coupled with the Cobalt-60 experiments, I could also estimate the optimal copula duration for a male. The observed duration was in the general area predicted—the first evidence that sexual selection had shaped sperm allocation in a species. A more extensive account of the contribution of the dung fly to the study of sperm competition is given elsewhere [29].




3. Sexual Selection and the Behavioural Ecology Revolution of the 1970s


By 1965, when I began my Ph.D., Darwinian sexual selection [30] had become unfashionable, with a few rare exceptions (e.g., [7,31,32]). I was extremely lucky to begin research around the beginning of what was to become the “behavioural ecology revolution” of the 1970s [33], and feel very privileged to have played some part in that development. This “revolution” effectively displaced the (usually implicit) group or species selectionism prevalent at that time in ethology and ecology, with arguments based on selection acting on individuals [7] (as Darwin had originally proposed [30,34]); it replaced much of ethology with a selection-based approach to behavioural adaptation, characterised by an awareness of conflicts of interest between individuals and the use of evolutionary modelling to understand adaptation [33,35,36].



After my Ph.D., in late 1968 I began work as Assistant Lecturer in Zoology in Liverpool University, and in autumn 1969 wrote a course of four lectures (the notes still survive) on sexual selection for final-year students. The first includes a discussion of Bateman’s (now classic) 1948 paper [31] and the evolution of the sex ratio:




Interesting to note that the 1:1 sex ratio…conflicts with the “best advantage to the species” philosophy. If…more females were produced, then reprod. [reproductive] rate of the species would increase.





Time budgets were very much on my mind because of the dung fly work, and a section entitled “Causes of intra-male competition” includes a diagram (Figure 2) with two lines (i.e., male, female) of equal length that foreshadows the “time in”, “time out” approach to sexual selection (see e.g., [37]). With a 1:1 sex ratio, the length of each line represented the time between clutches for a female, and the unshaded areas on each line represented “time out” of the mating arena due to feeding, etc., which is much greater for females. The remaining shaded areas represented “time in”—i.e., time searching/competing/receptive for mates. I argued (Figure 2) that, since in mobile animals, an ejaculate generally costs far less time out than producing a clutch of eggs/offspring, males are likely to be under more intense competition for matings than females:




This causes preponderance of males in competition for receptive females at any one time… [generating] often intense sexual selection on males.





Several of the dung fly papers were published in 1970. I had corresponded with Bob Trivers, who had read them while writing his classic 1972 paper on sexual selection and parental investment [38], which he had sent to me in manuscript for comments. I had loved it, and wrote back (3 July 1971):




May I say immediately that I have been extremely impressed with your paper on sexual selection…to my mind it is easily the most important contribution to the subject since Bateman’s work.





He replied (25 July 1971) that he was delighted that I liked the paper, that my letter had spurred him to work on it some more, and went on to state:




Your papers measuring opposing selection pressures for such traits as the passive [i.e., guarding] phase of males are a pleasure to read. As you know it’s extremely rare to find such measurements of opposing selection pressures. Someday, particularly for social traits, we will have to work out some more formal principles for applying natural selection than are commonly employed: you routinely think in terms of selection pressures operating simultaneously on several individuals at the same time, but this is not common, and it should be of value someday for someone to formulate in detail working rules by which one makes sophisticated functional arguments.





Remarkably, Bob Trivers was foreshadowing the development of the evolutionarily stable strategy (ESS) concept, pioneered just two years later by Maynard Smith and Price [39], and which was to play a large part in the behavioural ecology revolution (see [33]).



Before the 1970s, sexual selection attracted only muted attention from ethologists, and was often met with criticism and skepticism [40]. Interpretations were usually based on natural selection, possibly because of the prevailing (often implicit) group/species selectionism of the time, and perhaps also because Darwin’s original definition (the advantage which certain individuals have over others of the same sex and species solely in respect of reproduction) led to disqualification of any behaviour resulting in a general increase in population mean fitness. In 1889, Wallace [41] was highly critical, dismissing female choice, and seeing male–male competition as entirely the product of natural selection (roughly, stronger males produce stronger offspring that survive better). Fisher in 1930 [42] proposed the now-influential “runaway” theory for female choice (the accelerating spread of a male trait gene with a gene for female preference for the trait). This was investigated formally by his last student, Peter O’Donald, in 1962 [43], but these works appeared not to permeate into mainstream ethology and ecology until the 1970s. Huxley had published two notable reviews in 1938 [44,45], which also dismissed female choice from sexual selection, ascribing it to “epigamic selection”, serving to facilitate mating efficiency, hence natural selection. He did, however, acknowledge intra-male competition, arguing that the balance of selective advantages arising via sexual and natural selection components varies greatly. One of Huxley’s reviews [45] began with the comment that none of Darwin’s theories have been so heavily attacked as that of sexual selection, something that continues even today (e.g., [46]). His long monograph, Evolution: the Modern Synthesis, in 1942 [47] devoted only about half a page (of almost 600) to the subject, and it was not even included in the topic index. Finally, as late as 1972, the prominent evolutionary biologist Ernst Mayr, although giving limited recognition to sexual selection, consigned intra-male competition to natural selection [48]. The catalyst for the sudden explosion in sexual selection studies which began in the 1970s was undoubtedly Bob Trivers’ [38] classic article, published (ironically) in the same monograph as Mayr’s. By the time of Malte Andersson’s excellent monograph in 1994 [40] covering mainly pre-ejaculatory sexual selection, the acceptance, interest, and the literature on the topic were completely transformed.




4. Sperm Competition


4.1. Writing and Publication


My ponderings about sperm competition and its evolutionary consequences continued after arriving at Liverpool in late 1968. I had a very large teaching load in my first two years, and what little free time left was spent writing papers from my thesis and completing the Cobalt-60 experiments. By late 1969–early 1970 I had begun work on “seminal” paper number one, “Sperm competition and its evolutionary consequences in the insects” [1]. In my 1969 sexual selection course (see above), the first lecture ended by claiming that sexually-selected characters may be pre-, syn-, or postcopulatory (with definitions), noting that “…though virtually all attention is given to precopulatory adaptations.”



In addition, close to the beginning of the last lecture, on postcopulatory adaptations was this:




So far, [it] has been assumed that sexual selection concludes with the act of mating. This is an oversimplification…A better measure of sexual selection advantage is the fertilization rate in terms of the no. of offspring fertilized by a given male/unit time rather than no. of females inseminated/unit time.





Shortly after came an early definition:




Sperm competition may be defined as the competition, within a female, of the sperm from two or more males over the fertilization of that female’s ova.





This was followed by a short discussion of plugs and guarding phases in vertebrates, and a much longer account of sperm competition and its resulting adaptations in invertebrates, often featuring dung flies.



Writing the sperm competition review was relatively fast for me at that time, possibly because I had given so much previous thought to the topic. In those non-digital days, writing a paper was a much more labour-intensive task than now, involving much library time, delays waiting for “inter-library loans”, and typing and correcting manuscripts and their carbon copies.



Fortunately, I filed away all correspondence relating to my publications. The first draft of the manuscript was received at the Biological Reviews editorial office on 18 May 1970. The editor was then the polymath E. N. Wilmer FRS, histologist, biologist, artist, and garden designer. I retained a handwritten draft of my submission letter (which I would have then retyped for inclusion with the manuscript), giving my rationale for the paper:




I have attempted to analyse the intra-sexual selective pressures which arise in the insects as a result of the high level of sperm competition to which the group appears preadapted. Many copulatory and post-copulatory adaptations seem explicable in terms of this analysis. Previous considerations of sexual selection have tended to concentrate on pre-copulatory adaptations involving mechanisms by which males increase their chances of mating. I hope that the present review concerning sexual selection during and after mating will serve to link experimental genetics with the field behaviour approach.





By “appears preadapted”, I alluded to the presence of sperm storage organs in the female, in which sperm from different males could compete.



A neat, handwritten letter dated 25 June from the editor (from his “holiday retreat” in Llanidloes, Mid Wales) states that he had “very much enjoyed” reading the review, which he found “most interesting”. He had received comments from the referee: they both agreed that it should appear in Biological Reviews, but that it was too long (estimated at c. 25,000 words). He suggested that it could be improved:




…by bringing out the general principles perhaps more clearly…The treatment as it stands would be more suitable for a book…Will you please, without delay, see what you can do to comply with these ideas, and return the MS to me in Cambridge as soon as you possibly can. If we can get it to the printers in mid-July, there is a good chance that it will appear in the September number.





He requested that I carefully check references in the text and the list, and that they conform with journal practice, and ended with:




I hope you can do all this rather troublesome work without undue disruption—But I’m quite sure the referee is right in his comments, and in any case we are trying now to keep to the 20,000 word limit, because there are a very large number of reviews promised and space will have to be conserved.





It was the exam and holiday season, but I completed the revision, and a second, rough, handwritten letter—again a draft of what I must have retyped to accompany the revised manuscript—states that I had removed much of the details of experimental evidence for sperm competition (some 3000 words) and a further 1500 words from the rest of the text, which then remained at around 20,000 words. I mentioned that the decimated experimental evidence section had been retyped, but wrote:




I hope you will forgive me for not having retyped the rest…As time is limited I felt that these measures might be inadvisable.





The proofs appear to have arrived in mid-August, and I have a handwritten letter from E. N. Willmer (17 August), noting:




I am thinking of making alterations and corrections as indicated on the enclosed sheet, and would like to have your blessing or veto.





He suggested that I should send the corrections to his holiday home, where he would be staying the following week. I seem to have agreed to almost all these alterations, and received a letter from him (23 August) mentioning that my final corrections had been received and that the paper had gone to the press. I shall always be deeply indebted to him for the time and care he spent on this manuscript, and for his very polite and gentlemanly handling of it.



The review was published on 1 November, 1970, 6.5 months after submission, which was fast; at that time, papers commonly took well over a year from submission to publication. It contained two early citations of Bateman’s classic 1948 paper [31], which (then) was cited only around once a year, but is now much cited as a key focus in sexual selection logic. My citation of Bateman has been criticised recently by Hoquet [49], I believe unfairly (see Supplementary File S1).




4.2. Subsequent Developments


The review attracted very little attention initially (Figure 3a), and few other publications on sperm competition appeared for almost 10 years [3]. In 1975, we published on sperm competition in locusts [50], but my research had mostly diverted to other projects. Things began to change in 1979, which saw a sudden upsurge of interest in America, with the publication of Jon Waage’s [51] demonstration that damselfly males remove rival sperm before ejaculating, Bob Smith’s [52] study showing that male giant waterbugs copulate repeatedly with ovipositing females to ensure paternity of eggs as they are placed and brooded on the male’s back, and the papers of John Sivinski [53] and James Lloyd [54] at an Insect Behavioral Ecology symposium of the Florida Entomological Society. The first international symposium on sperm competition was organised by Bob Smith in Tucson in 1980, resulting in the first monograph on the topic in 1984 [55]. Between the late 1970s and mid 1980s, the concept and evidence of cryptic female choice (sperm selection by females) was launched [54,56,57,58], and later established as a field in its own right in 1996 by Bill Eberhard in his classic monograph [59]. Thus, the two components of Darwinian pre-ejaculatory sexual selection, male–male competition and female choice, were joined by the two parallel post-ejaculatory components, sperm competition and sperm selection.



By 1980, though I enjoyed field work and the dung fly project, my interests had become focused on theory, and I published some early models (1982) of how sperm competition affects sperm allocation, in a paper mainly focused on the maintenance of anisogamy [60]. Ric Charnov had published (1980) on how “local mate competition” (related to what I term “sperm competition level”) would affect allocation to male and female “function” in simultaneous hermaphrodites (see also [61]), and in 1990, I began analysing “sperm competition games” in earnest [62,63]. After that, many variants on these games (mainly differing in conditions faced by a male at the time of ejaculation) were analysed by myself and others, so that over the next 20 years a substantial theory base became established (reviewed in [64,65]). This stimulated empirical tests, and publications in sperm competition steadily increased over that period, levelling off around 2008 [3]. Citations of the 1970 review continued to increase up to around 2015, but now also seem to have levelled off (Figure 3a). Perhaps the major driver of research interest was the establishment of the biennial Biology of Spermatozoa conference beginning in 1992, pioneered by Tim Birkhead (leading researcher in bird sperm biology and author of monographs on the topic [66,67,68]) and his reproductive biologist colleague at Sheffield, Harry Moore. Several further books on sperm competition have appeared since Bob Smith’s 1984 volume: Leigh Simmons’ excellent survey of the insects in 2001 [69] used the same title as my 1970 review, and showed the remarkable developments in that taxon in the subsequent three decades.



Over the last 50 years, many defensive adaptations to sperm competition shown in 1970 in insects (e.g., copulatory plugs, post-ejaculatory mate guarding) have also been demonstrated in other taxa. However, the major advances have been in adaptations relating to ejaculate production and delivery. Understanding why sperm are small and numerous is no longer difficult [60,70], and theory has been successful in predicting relative testes size [71,72,73] and sperm economics [74,75], i.e., sperm numbers allocated under different biological conditions. Major advances have occurred in our understanding of how sperm competition influences seminal fluid proteins, and their manipulation of female reproductive biology [69,76,77,78,79,80]. One aspect not covered in the 1970 review was how sperm competition may modify sperm cell form and function, something proposed by John Sivinski at the influential meeting of the Florida Entomological Society in 1979 [53]. This has proven more elusive, though great strides have been—and continue to be—made (e.g., [81,82,83,84] and edited volume [68]). Much can be gained from considering the changes in sperm competition level during evolutionary time (the “sexual cascade” [85]), from initially very high levels in ancestral sedentary broadcast spawning invertebrates, to typically lower levels in mobile internal fertilizing species with high pre-ejaculatory male–male competition, generating notable reductions in relative testes size [85,86].



A more detailed timeline of key developments in sperm competition and sperm selection is given by Simmons and Wedell [3], and I give a brief review of the current status of conceptual areas in sperm competition in the same theme issue [70].





5. The Evolution of Gamete Dimorphism and Two Sexes: “PBS”


5.1. Writing and Publication


The paper on the evolution of anisogamy (or gamete dimorphism, as we called it) was also linked to dung flies and sperm competition: thinking about ejaculates competing posed the question of why male and female gametes, the feature which defines the two sexes, are so different. The paper also had its origin in discussions with fellow postgraduate Rob Baker (see above), but active research on the topic began a year or two later, after Rob had moved from Bristol to Newcastle University. He wrote [10]:




In a single memorable phone conversation with Geoff Parker, by then at Liverpool, I discovered that we had both dreamed-up a solution to our long-standing niggle at the conundrum of two sexes. The answer, we had both decided, had little to do with maleness and femaleness and everything to do with eggs and sperm. Explain the evolution of anisogamy, we encouraged each other, and everything else would fall into place.





Unbeknown to us then, forays into this subject had been made previously, as early as 1932 by Kalmus [87] (see also [88]), and later by Scudo in 1967 [89]. However, these were based on the group/species selection notion that selection would maximise the number of fusions for the entire population. That certainly did not suit our individual selectionist convictions. I tried some initial calculations in which selection acted on individual parents: each parent had the same amount of resource for gametes, but divided it into varying numbers of gametes in a size–number trade-off; these were broadcast and fused randomly with the other gametes spawned simultaneously in a large population. However, initially (see [5]) I did not include enough gamete sizes to allow anisogamy to be generated; the result was directional selection in one direction or another—we wanted disruptive selection between gametes competing for fusions to generate coexisting large and small gametes as a stable polymorphism. That this result might arise if I increased the size range was suggested by Vic Smith, a friend from the Bristol days, then completing his Ph.D. in Liverpool. Rob proposed the initial programming for the first computer simulation, which I modified in various ways and ran at Liverpool. Depending on how a zygote’s size (the sum of the mass of the two fusing gametes) related to its subsequent fitness, it could generate anisogamy (two sexes) from isogamy (one sex; i.e., a population producing one gamete size), or remain at isogamy. I wrote the paper and was excited—this seemed to reveal an answer to one of the biggest questions in evolutionary biology: why are there males and females?



Attempts to discuss the project with Liverpool colleagues were disappointing. I suspect they thought it was largely a non-starter: sex was usually determined by chromosomes; for instance, the mammalian XY and XX chromosome system generated males that produced sperm and females that produced ova—that was a fact of life, why ponder further? I had little feedback from colleagues who saw early drafts of the manuscript (see [5]), but nevertheless proceeded undaunted. The submitted version was received at the London editorial office of Journal of Theoretical Biology on 19th February 1972. A letter dated 20 March 1972, signed by the London editor Lewis Wolpert, simply states that:




Our referees have now returned the manuscript by you, Dr. Baker and Dr. Smith, which we are happy to accept. The paper has now been sent for publication.





That is rather unlikely to happen today.



Early the following year, I received a very positive letter about the article from George Williams (Figure 4), something which I still greatly treasure. The paper he mentions in Journal of Theoretical Biology (see Figure 4) with J. B. Mitton was on the evolution of sexual reproduction [90]. His book (Sex and Evolution [91]) appeared in 1975 and gave our paper very favourable coverage. He was quite right to point out that we could have made a good argument that some size variation would be inevitable from variation in total provisioning, and that this would tend to generate some degree of continuous gamete size variation even when the main source of variation was in cell divisions. The other paper that he requested (in press [92]) owed much more to Rob’s efforts than to mine. Despite initially receiving little interest, at least as judged by citations (see Figure 3b), our anisogamy paper gradually gained acceptance as a leading theory for the origin of two sexes [93]. George Williams’ book [91] probably helped, and it was gratifying that two other academic heroes of mine, John Maynard Smith (who later refined our analysis [94,95]) and Ric Charnov both expressed admiration for our theory.




5.2. Subsequent Developments


Our 1972 simulation model assumed a large, synchronously spawning population with random fusion between all broadcast gametes, irrespective of size. It was essentially a model of gamete competition, in which proto-ovum producers prospered because their zygotes survived well, and “parasitic” proto-sperm producers flourished by releasing many tiny gametes that claimed most proto-ova. In 1978, John Maynard Smith developed a graphical version [94,95], Graham Bell an analytical version [96], and Brian Charlesworth a population genetics approach, in which he also examined anisogamy evolution via mating types [97]. All supported our 1972 simulations. I had become interested in the evolution of disassortative fusions between large and small gametes during the evolution of anisogamy from isogamy, and published an explanation in 1978 [98] (this paper, “lost” in the editorial office for a year between acceptance and being sent to press, incorrectly cites our previous paper [4] as 1971, not 1972). It was reassuring to know that our theory was not sensitive to the timing of evolution of mating types. Since then, almost all developments have assumed the prior existence of mating types. In revisiting the topic [98], I noticed an error in our simulations. Being poor at programming arrays, I had programmed all the probabilities of fusion between gamete sizes “longhand”, and failed to ensure that those between unequal-sized gametes were twice those of equal-sized gametes. Fortunately, re-runs of our simulations indicated that correcting this error resulted only in small quantitative changes in predictions, and no qualitative differences (see [98]).



Citations remained low (Figure 3b), with occasional further theoretical refinements (e.g., [99]), until a strong criticism by Randerson and Hurst in 2001 [100]. Partly based on flawed mathematics [101], their critique nevertheless stimulated the eminent mathematician Michael Bulmer and I to derive a more complete explanation of the conditions generating the alternative stable states of isogamy and anisogamy [102]. Our model became referred to as “PBS”, and citations rose (Figure 3b), further stimulated by the important monograph on anisogamy edited by Togashi and Cox in 2011 [103], in which my chapter reviewed PBS status and the evolution of gamete cell sizes [104].



Don Levitan, as early as 1996, had pointed out that sperm limitation (where sperm density is too low to ensure high fertilization probability) can be important in broadcast spawners, and is likely to affect anisogamy by increasing the ovum “target” size [105]. In 2008–2010, two theoretical papers resurrected Kalmus’ earlier idea that anisogamy arose through gamete limitation, i.e., to increase fusion probability, but using an individual selection approach [106,107]. The most important recent contribution to the subject was made in 2011 by Jussi Lehtonen and Hanna Kokko [108], who combined gamete competition and gamete limitation into a single rational model. This used most of the PBS assumptions (broadcast spawning, gamete size–number trade-off, zygote size–fitness relationship), but simply varied the degree of gamete competition and gamete limitation, and showed that anisogamy can evolve either under gamete competition, or under strong gamete limitation, provided gamete competition is weak. Gamete competition is nevertheless likely to be the stronger selective force promoting anisogamy unless gamete limitation is very weak or absent [109]. Currently, the coupling of these two components into one “gamete dynamics” model is being employed to demonstrate the remarkable robustness of this approach in explaining anisogamy evolution, for instance when the ancestral isogamous state involves some form of internal fertilization [110].



In PBS, we had suggested a reason why anisogamy should be associated with organismal complexity and multicellularity (a formal basis for this proposition was to follow much later [102]). In 1974, Nancy Knowlton produced evidence that the degree of anisogamy correlates with colony size (number of cells) in volvocine algae, and the volvocines continue to be the primary model group for empirical studies on the evolution of anisogamy [111,112,113]. Graham Bell’s wider surveys in 1978 and 1982 across algal and protozoan taxa offered broad support, though the predicted correlation between the degree of anisogamy and organismal complexity is less distinct across other groups of algae [96,114]. Some anomalies exist, and current efforts seek to explain why this is so [110,115].





6. Final Thoughts


When I think back to myself as an academically rather lonely young man of 25 writing the Biological Reviews paper in early 1970, a year or so into my post at Liverpool, I would not have believed that it could have led to the developments that were to follow over the next five decades, and that half a century later, it would become one of the papers listed in Biological Reviews 200th Anniversary Collection [116] (representing the journal’s highlights, 1820–2020), the focus of a virtual issue of Behavioural Ecology [117], a theme issue in Philosophical Transactions of the Royal Society B [118], and this special issue in Cells [119]. Then, I even had doubts as to how useful the paper would be, despite having thought about it for many years beforehand. In those days, the staff in Zoology all had different research interests to cover the teaching; I had no one at Liverpool to discuss it with. When I rang Philip Shephard (then Head of Genetics at Liverpool) to ask about a paper of his on butterflies, I outlined why I was writing the review (it was largely finished, and I was chasing up remaining references). He made an incisive comment relating to the fact that sperm competition should result in what have become described as “offence” and “defence” adaptations [53,70]. I replied weakly that the entire paper was devoted to developing those concepts. After I put down the phone, I really did wonder whether it was all was too obvious; had I been at the start rather than the end of writing, I may well have not continued [5]. Nevertheless, I suspect that we would probably be at much the same point now—others would have taken the initiative. That is the way with science; perhaps we give too much credit for having the luck to be first. All that a scientist should ever wish is to understand the natural world a little better. It is nevertheless extremely gratifying to feel that one’s scientific colleagues regard one’s contributions as having led to useful developments, and I thank the editors very sincerely for this special issue and the invitation to write this article.
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Figure 1. A male dung fly guarding the female he has just mated with against an attacker while she lays her eggs in the cattle dropping. Photograph is from my Ph.D. thesis in 1968, published in 1970 [25]. 
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Figure 2. Inset from the first of my four lectures on sexual selection to final-year students, late 1969. 
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Figure 3. Citations per year of (a) the 1970 Biological Reviews article on sperm competition, and (b) the 1972 Journal of Theoretical Biology article on gamete dimorphism and the two sexes. Sources: Web of Science (filled bars), Google Scholar (open bars). Years before 1981 for Google Scholar were completed using the “custom range” facility. Data for 2020 is up to mid-December. 
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Figure 4. The 1973 letter from George Williams. 
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5 March 1973

Dr. G. A. Parker
Department of Zoology
University of Liverpool
Liverpool L69 3BX
ENGLAND

Dear Dr. Parker:

I just the other day discovered and read your
"The Origin...Male-Female Phenomenon." I imagine that
it may well be the most important paper on the evolu-
tion of sexuality yet to appear. This is a subject
that I have been much immersed in for several years.
I am enclosing a copy of a paper that will soon appear
in the Journal of Theoretical Biology. I also include
chapter summaries of a book-length manuscript for which
I hope to find a publisher.

About the only possible improvement that I can
suggest for your paper is that it should have been
proposed that some gamete size variation would primi-
tively be inevitable from variation in total provi-
sioning. So even if there were also a quantal varia-
tion in number of cell generations leading to gametes,
the gametes would still show a more or less continuous
size variation. I think your "Range adjustment leading
to disruptive selection..." showed great insight and
makes your view of gamete evolution rather compellingly
plausible. Incidentally, I would like to read your
discussion of "gamete-like phage particles" as soon
as possible. Will "Baker and Parker, in press" be
available soon?

I was delighted to find that a subject so sorely
in need of clarification has gotten exactly that.

Yours truly,

GEORGE C. WILLIAMS

GCW/cis
Encls.
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