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Contrasting definitions of organs based either on function or on strictly morphological criteria are the legacy of a tradition starting with Aristotle. This floating characterization of organs in terms of both form and function extends also to organ systems. The first section of this review outlines the notions of organ and body part as defined, explicitly or implicitly, in representative works of nineteenth century’s comparative morphology. The lack of a clear distinction between the two notions led to problems in Owen’s approach to the comparative method (definition of homolog vs. nature of the vertebrate archetype) and to a paradoxical formulation, by Anton Dohrn, of the principle of functional change. Starting from the second half of the twentieth century, with the extensive use of morphological data in phylogenetic analyses, both terms – organ and body part – have been often set aside, to leave room for a comparison between variously characterized attributes (character states) of the taxa to be compared. Throughout the last two centuries, there have been also efforts to characterize organs or body parts in terms of the underlying developmental dynamics, both in the context of classical descriptive embryology and according to models suggested by developmental genetics. Functionally defined organ are occasionally co-extensive with morphologically defined body parts, nevertheless a clear distinction between the former and the latter is a necessary prerequisite to a study of their evolution: this issue is discussed here on the example of the evolution of hermaphroditism and gonad structure and function.
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INTRODUCTION

Five years ago, in a paper published in a medical journal, Coffey and O’Leary (2016) proposed that the mesentery is an organ of the human body and, as such, should be added to the traditional list of human organs, as item No. 79. In a timely review of that article, Neumann (2017) remarked that “no two anatomists are likely to compile identical lists of the organs of the human body,” largely because of the vague current notions of organ, “commonly defined in medical dictionaries as a (somewhat independent) part of the body that performs a (vital or special) function.”

Despite an admittedly high level of indeterminacy, this tentative definition of organ as a body part with a well-defined function reveals two important features that have accompanied the usage of the term since classical antiquity: on the one side, individual organs are parts of the body; on the other, individual organs perform distinct functions. Sensible (or poorly informative, according to personal preferences) as it may appear, this twofold identity of organs opens a series of questions. First, are there body parts that are not organs? Yes, there are, for example body regions such as head, thorax and abdomen, or complex morphological units such as the trunk segments of centipedes. Second, and more interesting, is function, rather than morphology (form, position), the criterion based on which we can (must?) recognize organs?

Russell’s (1916) classic monograph on the history of morphology is still a good guide to learn how (or how little) the notion of organ has being changing over the centuries, endlessly oscillating between a functional and a strictly morphological definition, but a look at the original texts is often necessary. In the next section I will thus provide short excerpts from the old literature: for the texts originally in French or German, translation is mine.

As recognized by Haeckel (1866) in his sensible dissection of mid nineteenth century’s comparative morphology, this floating characterization of organs in terms of both form and function also extends to the characterization of organ complexes.

We will subsequently see how the lack of a clear distinction between the two notions led to a paradoxical formulation, by Dohrn (1875), of the principle of functional change.

Starting from the second half of the twentieth century, with the extensive use of morphological data in phylogenetic analyses, both terms – organ and body part – have been often set aside, to leave room for a comparison between variously characterized attributes (character states) of the taxa to be compared.

In a number of instances, a functionally defined organ will be co-extensive with a morphologically defined body part, nevertheless a clear distinction between the former and the latter is a necessary prerequisite to a study of their evolution: in a later section of this article, I will discuss this issue on the example of hermaphroditism.



THE DEFINITION OF AN ORGAN


Organ: Morphological or Functional Concept?

The primacy of function over morphology seems to be largely accepted. To cite from the introduction (p. 1) to Schmidt-Rhaesa’s (2007) book on The Evolution of Organ Systems: “Despite their diversity, all animals have several basic requirements. They have to gather and digest food, get rid of excretes, receive and process information, and so on. The animal body is made up of parts that deal with these requirements and these parts are generally called organs or organ systems.”

Eventually, Schmidt-Rhaesa’s (2007) catalog of organs includes both items defined by function (e.g., acoustic, balance, cerebral, chordotonal, copulatory, excretory, hydrostatical, phagocytotic, pumping, reproductive, respiratory, sensory, spermatophore-forming, sperm-receiving, and statoacustic organs, plus eyes, gonads, muscles, and ocelli) and items defined by morphology, especially by position (e.g., apical, caudal, intertentacular, nuchal, and ventral organs). This seems to be uncontroversial, but in fact reveals a conceptual interweaving of concepts and definitions originated from within the different disciplines – medicine, natural history and philosophy – that contributed to emergence of biology as the science of the living (e.g., Zammito, 2018; Minelli, 2020).



From Aristotle to Geoffroy Saint-Hilaire

Russell (1916) defined Aristotle’s De Partibus Animalium (cf. Lennox, 2001) as “a comparative organography”: the term may suggest attention to the shape of the various organs and their spatial relationships, but Aristotle was interested above all in the function of the different organs.

Two thousand years later, this was still true of the first great comparative anatomists of the French school, both of those in the medical profession (therefore especially knowledgeable and interested in human anatomy), like Félix Vicq-d’Azyr, and of those, like Georges Cuvier, who developed in the natural sciences their whole scientific and academic careers.

Vicq-d’Azyr (1792) opened his long essay on comparative anatomy with a list of the “nine characters or general properties of life; namely: 1. digestion; 2. nutrition; 3. circulation; 4. breathing; 5. secretions; 6. ossification; 7. generation; 8. irritability; and 9. sensibility.” (p. iv). Organs are the tools through which the different functions are performed. The author examined them in the order indicated and for each function he reviewed the various zoological groups (and also plants, occasionally), in order of decreasing complexity of the organs that serve the specific function. But in the following pages Vicq-d’Azyr reversed the perspective, adopting instead a morphological criterion: in his “Table of animals according to the order of their anatomical composition,” he recognized twelve groups, from the simplest, such as hydra and other polyps, that have only one organ, the stomach, up to the most complex, i.e., mammals (incl. cetaceans, although listed in the table as a distinct class). And in building an “Essay of physiological classification of the Insects” Vicq-d’Azyr adopted mixed criteria (both the function and the shape of the organs).

Function was also in the foreground in Bichat’s (1801, p. lxxix) approach: “All animals are an assemblage of various organs, each performing a function, that contribute, each in its own way, to the conservation of the whole,” but the French anatomist also remarked (ibid.) that organs are “themselves formed by several tissues of very different nature, and which truly form the elements of these organs.”

Moving at last into zoology as studied by zoologists, the first author to be cited is Cuvier. His position has been well characterized by Remane (1952): “Not even Cuvier managed to accomplish a theoretical distinction between functional and structural units” (p. 22). Indeed, the terms by which he identified body parts have partly functional, partly structural content; see for example the opening sentence of his “Summary idea of the functions and organs of the body of animals, as well as the various degrees of their complication”: “After what we have just said of the organic elements of the body, of its chemical principles and of the forces which act in it, we have only to give a summary idea of the detailed functions of which life is composed, and of the organs that are assigned to them” (Cuvier, 1817, p. 36).

Geoffroy Saint-Hilaire’s approach to comparative anatomy was very different, in that he tried to find out correspondences between pure morphological units, i.e., body parts. His message was clear, despite the frequent differences between his and the current usage of some technical terms. For example, in the Discours préliminaire of his Cours de l’histoire naturelle des Mammifères he stressed the need to exclude the consideration of functions in any philosophical (theoretically acceptable) comparison of organs (Geoffroy Saint-Hilaire, 1828, p. 25).




ORGAN VS. BODY PART


Owen’s Ambiguity: Homolog vs. Archetype

Reading the works of the comparative anatomists of the early 19th century is often difficult, not only due to the widespread uncertainty of the meaning attributed to the word “organ” by different authors, and sometimes by the same author on different pages, but also due to the frequent use of technical terms with a different meaning from what the latter have taken in the biology of our times. In the case of Geoffroy Saint-Hilaire, in particular, we must keep in mind that the entities dealt with in his Théorie des analogues (Geoffroy Saint-Hilaire, 1830) are, in fact, those we call homologs, while Geoffroy’s homologues coincide more or less precisely with the body units that Owen (1849) will later describe as serial homologs. For this relationships, such as the one between the fore and hind limbs of a tetrapod, Lankester (1870) will coin the term homoplasy, which is still in use, but with completely different meaning, as structural similarity due to convergence or parallelism (Osborn, 1902, 1905; cf. Toepfer, 2011) and eventually also reversal.

The use of terms such as analogy and homology remained fluctuating, at least up to the famous definitions of Owen (1843), according to which analog is “a part or organ in one animal which has the same function as another part or organ in a different animal” (p. 374) while homolog is “the same organ in different animals under every variety of form and function” (p. 379).

Owen’s definition of homolog is the starting point of all subsequent comparative morphology, largely because it seemed to be amenable to reinterpretation in evolutionary terms. Many authors, however, have pointed to an intrinsic weakness in Owen’s notion of homology, i.e., the indeterminate nature of that sameness for which it is not easy to imagine an empirical assessment. Actually, in Owen’s comparative approach there was another problematic issue, namely the failure to overcome the ambiguity between a morphological and a functional determination of the structures under comparison. In other words, Owen inherited all the uncertainty of previous authors regarding a possible distinction between organ and body part.

The ambiguity is apparent when we pass from the abstract notion of homolog to the archetypal model of the vertebrate endoskeleton that Owen developed in the following years (Owen, 1847, 1848, 1849). This archetype is a series of skeletal segments, osteocommata or vertebrae, each of which is formed in turn, “in its typical completeness,” by a specified set of elements and parts. Both in its entirety and in the analytical detail of the parts that compose it, this archetype is not an organ (or an organ system) at all, but a structurally ordered set of body parts.

This archetype lends itself to the most diverse transformations, which involve changes, even radical, of both form and function, as magnificently illustrated in the large plate included in the essay On the Nature of Limbs (Owen, 1849). Owen’s archetype is therefore an invariant on the basis of which it is possible to identify homologies – but these are clearly correspondences between body parts (essentially, the parts of the skeleton) based on their mutual topological relationships rather than correspondences between the units traditionally described as organs.

Aware of this ambiguity, Haeckel (1866) observed that there are problems with the traditional classification of body parts into tissues, organs, systems, apparatuses, etc., in that one thinks sometimes more of their morphological, sometimes more of their physiological individuality. Moreover, this terminology has been mostly produced by human anatomists who lack adequate knowledge of the diversity of morphological conditions throughout the animal kingdom.

Important traces of this anthropocentrism are still present in today’s comparative anatomy. The catalog of functions recognized in our species and the names of the corresponding organs remain, as far as possible, at the basis of the organography of all animals. Of course, as studies extend to zoological groups further away from vertebrates, the discovery of organs for which it is difficult (sometimes impossible) to suggest a correspondence with an organ in the human body becomes increasingly probable. In some cases it has been found convenient to identify the newly discovered organ by the name of its discoverer, such as the “eyes” of fly larvae, known as Bolwig’s organs (described in Bolwig, 1946) and the vomeronasal olfactory organ of many tetrapods, known as Jacobson’s organ (named after Jacobson who described it in 1813). Human anatomy has had little need to resort to names of this type, but at least two can be cited, the organ of Corti (1851) and the organ of Zuckerkandl (1901).



The Principle of Function Change

Nowhere are the dramatic consequences of the missed distinction between organ and body part more evident than in Dohrn’s (1875, p. 60) enunciation of the principle of function change (Funktionswechsel):

The organ is remodeled through the succession of functions, the bearer of which remains one and the same organ. Each function is a resultant of several components, one of which is the main or primary function, while the other is an accessory or secondary function. The decrease in the main function and the increase in a secondary function change the overall function; the secondary function gradually becomes the main function, the overall function becomes different, and the consequence of the whole process is the transformation of the organ.

In these words I believe I have expressed a principle, the general validity of which has not yet been adequately appreciated, however, often it may be recognized in individual cases and secretly assumed to be effective.

The difficulty of enunciating this principle in terms of organ, rather than body part, is evident in Dohrn’s words. If organs are anatomical units identified by their functions, how is it possible that an organ whose functions have changed remains the same organ it was before? Dohrn tries go over this riddle by saying that the correspondence between organ and function is not one-to-one, but one-to-many. Thus, the identity of the organ is initially ensured by its main or primary function at the moment; after the Funktionswechsel the characterizing function will be another, but this function is not entirely new, because it was part of the complex of functions associated with the same organ before the functional shift. As a formalization of an evolutionary step, this corresponds quite closely to exaptation (Gould and Vrba, 1982) and is therefore reasonable in evolutionary terms. However, in terms of categories applicable to the structure of an organism, Dohrn’s effort is perhaps the most paradoxical evidence that missing the distinction between organ and body part can lead to weak or wrong arguments.



Organ Systems

Shortly after Dohrn proposed his principle of functional change, Gegenbaur (1878, p. 14) summarized the current views on the relationship between structure and function, at last from an evolutionary perspective:

The complication of the organism arises from separation that transfers to individual parts the physiological performance of the originally uniform body. What was previously done by the whole body, individual parts of it do after that process. The function is then either carried out by a larger number of discrete but similar parts, or the individual parts become different from one another. In the first case the division of labor is quantitative, in the latter it is also carried out qualitatively, and the division of the individual parts corresponds to a diversity of the work.

Meanwhile, Haeckel begun to address a further level of complexity that in his Generelle Morphologie der Organismen (General Morphology of Organisms; Haeckel, 1866) corresponds to the highest levels of the structural hierarchy he recognized in the living organisms.

If at the level of what are called organs an ambiguity has dragged on over time with respect to the two possible identification criteria, morphological and functional, can the same be said about organ systems?

According to Haeckel, the hierarchical structure of organisms is the product of two “most essential and supreme laws which guide this union of the simple form individuals […] into composite ones, […] the laws of aggregation or community building and of differentiation or division of labor” (p. 289). But the distinction between organ systems and apparatuses is to some extent an arbitrary one, because “In the case of an organ system one has in mind the unity of the form of its essential constituent form-elements, in an apparatus the unity of the performance of these elements” (p. 301); in other terms, “the former is based on a morphological concept, the latter on a physiological concept.” “Thus, the term organ system […] must […] be used exclusively in its original morphological sense to denote a continuously connected organ complex in which a single tissue, i.e., a single type of cells or cell blocks occurs predominantly as an essential component, as is, e.g., the case with the nervous system, the muscular system, the system of the outer skin layers and their appendages. The situation is different with the expression organ apparatus, which is originally and usually employed in a more physiological sense, to denote a complex of organs (often […] spatially separated and discontinuous, which only appears to be connected by the common criterion of the same function)” (p. 293). However, “in the concept of the organ apparatus, as it so often occurs in most other such general conceptualizations, physiological and morphological ideas are mixed up in a more or less unclear way and it is therefore difficult to establish satisfactory definitions of these higher organ units” (p. 293). Summing up, Haeckel provided a sensible analysis of the uncertain and to some extent contradictory definitions of structural and functional parts, but failed to provide a valid alternative to an unsatisfactory state of affairs that to some extent is still lasting.



Organs Without Actual Function?

To determine the importance of the functional criterion in the definition of organ (in particular, the persistence of this association in today’s biology), it is worth asking: Are there organs without actual function? In other terms, is it useful (and legitimate) to define an organ in terms of its potential (rather than actual) function? The question is suggested, for instance, by the following remark: “We do not know a single instance of an organ which in the phylogenetic history first appeared as a simple Anlage without subsequent functional stage and only later in phylogeny acquired its functional stage” (Remane, 1952, p. 277). Consider for example the wing imaginal disks of holometabolous insects. It is very difficult to assign them a function in the economy of the larva. Therefore, as long as the insect is in a larval state and the imaginal disk has not yet unfolded into a wing, the imaginal disk should be considered a functionsless body part rather than an organ. A wing disk is a wing in potentiality, but not in actuality. (However, this does not rule out exaptation, as in the case of Drosophila, where the wing disk in the larva secretes an insulin-like peptide that coordinates tissue growth with developmental timing: Colombani et al., 2012; Garelli et al., 2012).

One may be tempted to follow the traditional adultocentric perspective, by saying that function should be best, or exclusively, determined as manifested in the adult, but this would worsen the problem. There are indeed a number of exclusively larval (and even embryonic) organs (think of the apical organ of many invertebrate larvae; Marlow et al., 2014), irrespective of their possible persistence, in modified form, in the adult of some species (as hypothesized, for example, with the possible origin of the frontal sensory organ in adults of the hoplonemertean Quasitetrastemma stimpsoni from the larval apical organ; Magarlamov et al., 2020). In addition, even some of the most basic vital functions, such as feeding, are frequently limited to larval or juvenile stages, as in mayflies and several other insects.




EVOLUTIONARY MORPHOLOGY


Organs and Body Parts as Attributes

In recent decades, the search for homologies and, more generally, comparative biology as a whole (not necessarily limited to morphology) have undergone important developments in the context of phylogenetics. This step was accompanied by the rapid spread of a new language, where terms such as organ or body part appear very rarely. Actually, as rightly observed by Wagner (2014), already in Simpson’s (1961) and Mayr’s (1969, 1982) historical approach to homology there was no longer trace of organs. Comparisons were proposed instead between attributes of the species under comparison. With the consolidation of phylogenetic systematics, even the term “attribute” disappeared soon: data collected in the matrices used for phylogenetic reconstructions are almost universally described as coded states of characters potentially informative from a phylogenetic perspective. In Sereno’s (2007) detailed study (2007) on the Logical basis for morphological characters in phylogenetics, the term “organ” was mentioned only in the line reporting Owen’s definition of homology. And the latter is often reformulated today without even mentioning “organ,” for example: “homologous features (or states of features) in two or more organisms are those that can be traced back to the same feature (or states) in the common ancestor of those organisms” (Mayr, 1969, p. 85).

Declining interest in descriptive morphology and the common usage in comparative biology (phylogenetics) of “character” for both morphological and molecular units are probably the main reasons for this terminological mix. However, dissecting an animal’s body into organs or body parts is not the same as picking convenient characters to fill a morphological data matrix for phylogenetic analysis. The nature of entries in the latter is the most diverse and these entries only occasionally correspond to the organs or body parts of descriptive morphology, less rarely in phylogenetic analyses of phylum- or class-level interrelationships, such as Eernisse et al. (1992), Backeljau (1993), Zrzavý et al. (1998), Brusca and Brusca (2003), Glenner et al. (2004), Schierwater et al. (2009), and Neumann et al. (2021).

As in the case of “organ” in the oldest literature, so the term “character” is used today in different and, very often, not explicitly defined meanings. It is likely, however, that most of the authors who use it, especially among phylogeneticists, would subscribe to Wiley’s (1981, p. 8) definition of character as “a feature (attribute, observable part) of an organism” or, better perhaps, “a part or attribute of an organism that may be described, figured, measured, weighed, counted, scored, or otherwise communicated by one biologist to other biologists.”



Developmental Perspectives on Organs

In addition to characterizing organs and/or parts of the body in functional or morphological terms, there have been many attempts to establish their homologies starting from the identity of their primordia, or Anlagen, or the mechanisms by which their morphogenesis unfolds (DiFrisco et al., 2020).

For example, Geoffroy Saint-Hilaire (1807) traced the homologies (analogies, in his terminology) between the bones of the skull of vertebrates based on the identity of the ossification centers from which their formation visibly begins, regardless of whether the anatomical part resulting from each center eventually retains its identity as a separate bone, or merges with neighboring units to form a single bone.

Later, especially under the influence of Haeckel’s (1866) views on the relationships between ontogeny and phylogeny, zoologists have often accepted that each organ type derives always from the same embryonic germ layer, thus providing a homology criterion on which to rely even for anatomical comparisons between distantly related animals. Germ layers were discovered in the chicken embryo by Pander (1817), who described them as blastodermal layers (Keimhautblätter). von Baer (1828) regarded them as primitive organs that develop into definitive organs, typically by folding. Remak (1855, pp. 2–3) gave them the name germ layers (Keimblätter) and characterized them in terms of position and function, thus distinguishing an upper, sensory (sensorielles Blatt, Sinnesblatt; p. 86), an intermediate, motor and germinative (motorisch-germinatives Blatt; p. 101) and a lower, trophic germ layer (trophisches Blatt, Darmdrüsenblatt; p. 112). This has been eventually translated into the textbook rough summary: the ectoderm gives rise to the epidermis and the nervous system, the endoderm to the (mid)gut, the mesoderm to the remaining organs. Conserved derivation of specific organs from the same germ layer would support the homology of these organs, in the light of Owens’ concept.

But this embryological criterion of homology has not been universally accepted without reservations (e.g., Wilson, 1896), as discussed by Maienschein (1978) and Hall (1995). “Homologous structures need not, and often do not, arise from the same germ layer” (Hall, 1998, p. 171; see also Oppenheimer and Hamburger, 1976); “if there is essentially similar adult structure and relative position the organs are homologous, whether they come from the same or different ‘germ layers’ …. After all, the different germ layers of a single individual do have the same genes” (Boyden, 1943, p. 239). But different cells, tissues and organs are more or less strictly characterized by different patterns of expression of their genes.

Some recent approaches have suggested that organs may be defined by the locally expressed gene regulatory networks (GRNs). Specifically, Wagner (2014, p. 97) introduced the notion of Character Identity Network, defined as a set of genes whose “main function is to enable the activation of a position specific and organ specific developmental program.” More precisely, “The members of the network are jointly necessary for the development of the morphological character, and some of the network members are also individually sufficient to trigger the morphogenesis and differentiation of the character” (Wagner, 2014, p. 118).

However, in a subsequent revisitation, DiFrisco et al. (2020, p. 16) acknowledge that “insisting on a GRN as the basis of character identity in general would not respect the different levels of organization that these anatomical units represent,” thus introduce a new conceptual model of Character Identity Mechanisms (ChIMs). This analysis involves a remarkable level of abstraction, that allows “to hypothesize level-specific ‘parts’ of the ChIM, appropriate for the focal anatomical unit: transcription factors for cell types, cell types for tissue types, and signaling centers for organs.” (p. 16): ChIMs are intended as “cohesive mechanisms with a recognizable causal profile that allows them to be traced through evolution as homologs despite having a diverse etiological organization. Our model hypothesizes that anatomical units at different levels of organization—cell types, tissues, and organs—have level-specific ChIMs with different conserved parts, activities, and organization.” (p. 1).

However, “Some traceable body parts, such as elements of the vertebrate vascular system, may not be endowed with an identifiable ChIM […] many elements of the vascular system develop from a network of blood vessels that are shaped by epigenetic factors, such as shear stress caused by blood flow and pressure differences. In these cases, an anatomical unit that bears a name and can be compared across divergent lineages does not have a specific ChIM.”



Hierarchy Challenged

The latter sentence signals an interesting step away from a century-long tradition according to which units such as organs, tissues or cells are objectively given and hierarchically ordered kinds for which there must be specific causes.

Rather than representing tiers in a hierarchical organization, cells, tissues, organs or body parts are units of non-necessarily overlapping decompositions. Many tissues, such as blood, are not clearly confined spatially. In the ctenophoran Mnemiopsis leidyi, the patterns recognizable based on transcriptomes disclose a diversity of cell types, most of which cannot be associated with cell types distinguished by morphology or function (Sebé-Pedrós et al., 2018) and well-characterized cell types are recognizable in sponges, despite the lack in those animals of a tissue organization. Other examples are discussed in Minelli (2021).

Organs and body parts are only two of the several kinds of units into which the body has been segmented by morphologists of different times and schools. To put the discussion in full context we should broaden the scope at least to considerations of tissues and cells. However, because of strict limitation to this article’s length and of the focus on organs and organ system of the whole Research Topic collection that includes it, this aspect will be simply mentioned here.

Similar to what happens at the level of organ or body part, morphology and function are not always congruent also at the level of cells. Eventually, despite the fact that morphology is usually much more accessible than evidence about function, the first criterion for classification of cell types, at least at the coarsest level (neurons, muscular fibers, secretory cells, etc.) has remained function. We may therefore say that cell types are populations of cells performing different functions (Blainey, 2017; Wagner, 2019). But a satisfactory, exhaustive classification of cell types based on function is often unattainable in practice (Lundberg and Uhlen, 2017; Sanes, 2017).



Position: Tension Between Body Part and Organ

A fascinating but little investigated aspect of the evolution of animal architecture is the tension between organs and body parts due to non-congruent evolutionary constraints. This happens frequently in miniaturized animals (reviewed in Minelli and Fusco, 2019), especially because of the resistance of the central nervous system to follow the trend in size reduction to which structural units such as segments and body regions (tagmata: head, thorax, abdomen) accommodate more easily. For example, in the larva or the adult, or both, of several miniaturized insects, a part at least of the brain is not hosted within the cephalic capsule, that is, in the head. In the larva of Mikado sp. (Coleoptera Ptiliidae) the brain is shifted to the thoracic segments and in the first instar larva its posterior limit reaches the second abdominal segment. In the first instar larva of Mengenilla chobauti (Strepsiptera) both the brain and the suboesophageal complex are hosted within the thorax and the anterior segments of the abdomen.




A CASE STUDY: THE EVOLUTION OF HERMAPHRODITISM

If nothing in biology makes sense except in the light of evolution (Dobzhansky, 1973), there is also scope for a study of the evolution of a function or a particular functional state.

If organs are defined in terms of function, while body parts are defined in terms of relative position, organs rather than body parts should be the units about which we will reconstruct a history of evolutionary change. But things are not so simple.

Let’s focus on the evolutionary transitions from gonochorism to hermaphroditism and vice versa. For the sake of simplicity, let’s ignore here that the term hermaphroditism covers a variety of ways in which sexes can be distributed in a population: very often, all individuals in a population produce both eggs and sperms, either sequentially or simultaneously, but in other species hermaphrodites coexist with unisexuals, more often (in animals) male only (cf. Fusco and Minelli, 2019).

One approach to the evolution of hermaphroditism, perhaps the most popular or most attractive one, is to investigate the contexts in which selection would favor either a transition from gonochorism to hermaphroditism, or the fixation of the latter condition in a more or less large lineage (e.g., Ghiselin, 1969, 1974). However, strictly focusing on the adaptive aspects we would not be able to interpret the distribution of hermaphroditism in the different clades of metazoans, because we would neglect the different constraints caused by the different architecture of the reproductive system in different lineages – that is, by their identity as body parts, rather than as organs.

Examples of the importance of distinguishing between the evolution of hermaphroditism as a function from the evolution of the uni- or bisexual gonads where sperms and eggs are produced are offered by nemerteans (ribbon worms). Most nemerteans are gonochoric, but those that produce both eggs and sperm cells have likely evolved several times independently, judging from the widely different anatomy and topography of their reproductive systems (Hyman, 1951). In ribbon worms generally, there is a row of gonads on each side of the intestine (with a single gonad or a group of gonads between two subsequent diverticula of the gut), but there are exceptions. Some hermaphroditic species have separate male and female gonads; others produce both kinds of sex cells in the same gonad; and in Dichonemertes, the anterior gonads are male, the posterior ones are female (Coe, 1938): same functional status (hermaphroditism), but distinct histories of body part evolution.

Hermaphroditism is widespread in crustaceans, but very unequally distributed in the different groups. Cephalocarids and remipeds, all hermaphrodite, have distinct male and female gonads, which occupy distinct segments (Hessler et al., 1995; Kubrakiewicz et al., 2012). Most barnacles, i.e., the members of the Cirripeda Thoracica, are also hermaphrodite (but in several species dwarf functional males also occur, and a few species are gonochoric; Yusa et al., 2013). Here too, male and female gonads are well separate (Gruner, 1993). In the remaining crustacean groups, were hermaphroditism is rare and accidental, or even unknown, eggs and sperms are produced in distinct lobes of the same gonad (e.g., Larsen et al., 2015; Chen et al., 2019; Aneesh and Kappalli, 2020).

Eventually, the evolution of hermaphroditism as a function is not the same as the evolution of the uni- or bisexual gonads involved in the production of sperms and eggs. While functional considerations can explain the presence vs. absence of hermaphroditism in more or less closely related members of a clade, the evolvability of this character (and its actual phylogenetic history) are different in lineages with different body organization, that is, with different gross anatomy – number and distribution of body parts. Hermaphroditism has become the rule in groups where eggs and sperms mature in distinct gonads, but is limited to a small number of species (although, occasionally prevalent in a few lower clades, e.g., the fish families Serranidae and Sparidae) in the groups where male and female germ cells are produced within the same gonad, either simultaneously or in sequence.



CONCLUSION

Caution in respect to the conceptual or theoretical implications of terminology is of fundamental importance to sort out the mix of categories we have carried with us since the origins of biology, often concealed under polysemic terms derived from ordinary language. However, classic terms of animal morphology such as organ and organ system are probably too rooted in use to expect that they can be replaced by more precisely defined terms.

Complex systems can be decomposed in many different ways, and a choice among the alternatives is not necessarily easy (Levins, 1970; Kauffman, 1971), but this is hardly a disturbing issue from the perspective of the practicing biologist. As noted by Wimsatt (2007, p. 180), “scientists must work with this plurality of incompletely articulated and partially contradictory, partially supplementary theories and models,” and different “authors make different conceptual choices in developing their technical concepts all aimed at dealing with the long-recognized fact of nature that morphology and physiology, form and function, are deeply entangled by the development, operation, and evolution of life itself” (Wimsatt, 2007, p. 190).

In a number of instances, a functionally defined organ will be co-extensive with a morphologically defined body part, nevertheless a clear distinction between the former and the latter is a necessary prerequisite to a study of their evolution: the brief discussion on hermaphroditism in the previous section has shown how attention to the categories keeps us away from the risk of collecting under the same heading phenomena or conditions that are comparable only from perspectives other than the one we are currently interested in. For comparative morphologists there is still a lot of work ahead.
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