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The identification and characterization of genes affecting development and their integration into regulatory networks has been the dominant endeavor over the past 30 years of plant development. The field of evolutionary developmental biology has been greatly aided by these findings, promoting a vast array of comparative work examining how these developmental pathways function in diverse species. However, evodevo as a discipline is not just concerned with how development evolves, but also how development contributes to the process of evolution. Historically, this avenue of study has taken on two major forms—either a focus on how developmental systems constrain or channel evolution in certain directions and not others (Alberch, 1982; Maynard Smith et al., 1985) or how development can promote or lead during evolution, with a particular focus on developmental plasticity and the role of the environment in the production of phenotypic variation (West-Eberhard, 2003). In our view, a grand challenge going forward is for the broader inclusion of these latter questions into the comparative framework that has already been so successfully applied across major morphological transitions of the plant phylogeny. Central to this inclusion will be the focus on well-characterized genetic regulatory networks (GRN) and the evaluation of the phenotypic variation they are capable of producing using ecologically and phylogenetically relevant genetic and environmental manipulations. Together, this focus on the range of phenotypic variation that can be generated and the fitness consequences of such variation will help in quantifying the role of development in generating evolutionary change.

The fact that an organism's developmental systems are incapable of generating phenotypic variation equally in all directions, and therefore impose directionality on the trajectory of evolution, is by now well-accepted (Jablonski, 2020; Salazar-Cuidad, 2021). In plants, work on this concept of developmental constraint (and the inter-related concepts of developmental bias and developmental drive) have been extensive—ranging from studies on the evolution of floral organs (Wessinger and Hileman, 2016) to the role that it may play in structuring defenses to herbivores and pathogens during a plant's life cycle (Boege and Marquis, 2005)—and parallels work done in animals. In some instances, such as flower color, these constraints on trait evolution and their relation to the underlying GRN have been extensively documented (e.g., Rausher, 2008; Smith, 2011; Larter et al., 2018; Ng et al., 2018). However, in many cases of morphological evolution, there remains a great deal of opportunity for defining the gaps in phenotypic potential produced by a particular GRN and to what degree these gaps have coincided with evolutionary trajectories in a phylogenetic context.

Contrary to seeing development as a limiting force in evolutionary change, in recent years research programs have begun to explore how environmentally induced phenotypic variation might actually promote evolution (West-Eberhard, 2003). In particular, this work often centers on the possibility that phenotypic plasticity precedes genetic changes during adaptation—a process now referred to as plasticity-first or plasticity-led evolution (Levis and Pfennig, 2016, 2020). The evidence for this mode of evolution remains small, yet examples in both animals and plants are beginning to accumulate (Bock et al., 2018; Corl et al., 2018). Additionally, the lack of evidence is at least in part a consequence of most instances of putative mutation-first evolution having not been examined for the role that environment may have played in the initial phase of an adaptive event (Wund et al., 2008; Muschick et al., 2011). Further, despite the large number of environmentally regulated phenomena in plants (Olsen, 2019), work examining such developmental events has lagged behind work in animals (Levis and Pfennig, 2020) creating a large potential for new insights into this aspect of developmental evolution.

While the solution to this under-representation must undoubtedly involve increased focus from within the plant community, we believe the way forward is not to directly focus on whether development constrains or promotes evolutionary change (it certainly does both), but to characterize the range and type of phenotypes produced (Salazar-Cuidad, 2006, 2021) by specific GRN through evaluations of ecologically relevant environmental conditions and genetic perturbations within a phylogenetic context. Taking the leaf as an example, multiple GRN responsible for the final form of a leaf have now been described (Chitwood and Sinha, 2016; Conklin et al., 2019) and many of these networks have been characterized across broad phylogenetic scales. For example, it has been shown that the repeated evolution of complex leaves from simple leaves has been mediated by recruitment of KNOXI proteins into networks controlling leaf morphogenesis (Bharathan et al., 2002; Hay and Tsiantis, 2010). Interestingly, more recent work has demonstrated that this same gene regulatory network is responsible for the environmentally induced shifts in leaf morphology of the amphibious plant Rorippa aquatica. When this species is grown in a terrestrial environment, simple leaves develop, whereas aquatic conditions produce highly compounded leaves (Fassett, 1930). Further, it was recently found that this difference in leaf morphogenesis is mediated by shifts in KNOXI abundance induced by changes in the light and temperature at which the plants were grown (Nakayama et al., 2014).

In turn, this focus on the GRN underlying leaf complexity, how they are deployed at macroevolutionary scales, and how they are modulated by environmental inputs, opens the door to questions about their role in facilitating the evolutionary trajectories of different lineages. For example, one hypothesis of plasticity-led evolution is that lineages approximating the ancestral species should exhibit developmental plasticity in the trait of interest (Levis and Pfennig, 2016). In the case of R. aquatica, this would mean that growing other Rorippa species under different light and temperature regimens would be expected to produce phenotypic variation consistent with the alternative phenotypes found in R. aquatica. Further, the genetic regulation of these responses will be expected to have undergone refinement in R. aquatica, as a result of changes that enhance the association between environmental conditions and the developed phenotype (Levis and Pfennig, 2016). Going forward, we believe that assessing the phenotypic variation of well-characterized GRN under ecologically and phylogenetically relevant conditions will aid in a better understanding of the role development plays in generating evolutionary changes.

Additionally, although constraint has been a major area of focus in plant evodevo we believe that new methods for analysis of phenotypic variation have the potential for informing how GRN features bias the range of phenotypes seen in lineages. In many instances it is helpful to develop a set of phenotypic expectations against which hypothesis of constraint can be tested (i.e., are there phenotypes missing or over represented in a particular group?). One method for generating such hypotheses is the construction of morphospaces, whereby either mathematical models of development or observational data of trait variation can be plotted to infer the potential variation for a set of traits (e.g., Stebbins, 1951; Raup and Michelson, 1965). Within this theoretical or observational space one can hypothesize why certain trait values are rare or abundant. This method has been employed extensively for studies of animal development and is beginning to see more widespread adoption in plants (Chartier et al., 2014; Li et al., 2018), in part aided by methods for the analysis of shape (Chitwood et al., 2016).

Again using leaves as an example, Chitwood and Otoni examined the morphology of leaves across the heteroblastic transition of 40 Passiflora species, finding that the earliest leaves produced by each species were more similar across species than leaves produced later in development (Chitwood and Otoni, 2017a,b). When this finding is integrated with what is known about the GRN underlying age-dependent changes in morphology (also known as heteroblasty), a set of testable hypotheses emerge. In Arabidopsis thaliana, and many other species, the miR156-SPL pathway is primarily responsible for the heteroblastic transition in leaf morphology (Wu and Poethig, 2006; Wang et al., 2011). Early in development, levels of miR156 are high, but temporal silencing of MIR156 genes releases SPL transcripts from target cleavage or translational repression (Xu et al., 2016). In A. thaliana and Cardamine hirsuta, heteroblasty is mediated by the competition between SPL and TCP proteins for interaction with CUC proteins which are in turn responsible for production of serrations or leaflets (Blein et al., 2008; Rubio-Somoza et al., 2014). Assuming that this is a general mechanism for increasing complexity during heteroblastic transitions, it would make sense then that Passiflora species (and plants more generally) are constrained in their morphological variation early in development when SPL genes are repressed by high levels of miR156. More generally the SPL gene family may be a node in the GRN that remains relatively unconstrained, thereby allowing for phenotypic divergence between species at later stages of development. Put another way, are the GRN regulating juvenile and adult leaves different in their potential for producing phenotypic variation and does this explain why juvenile morphologies are often conserved within lineages (e.g., Figures 1A,B)? Attempts to experimentally accelerate or alter early leaf morphogenesis would allow for ecological and developmental tests of these possibilities.


[image: Figure 1]
FIGURE 1. Is there developmental constraint on early leaf morphology? In many clades, the morphology of leaves produced early in the plant life cycle are conserved between species [(A,B), top rows within a panel] relative to leaves produced later [(A,B), bottom rows within a panel]. As the GRN for many aspects of leaf morphogenesis and vegetative transitions are now known, it is theoretically possible to test how development and evolutionary forces such as selection may explain these macroevolutionary patterns. (A) Leaves are from Arabidopsis thaliana accessions. Adapted from He (2017). (B) Leaves from three tomato species. Adapted from Chitwood et al. (2012). Scale bars represent 1 cm and apply for leaves within each row. (C) The miR156-SPL pathway in a hypothetical species. (D) Predicted outcomes for experimental manipulation of juvenile leaf production and tests of fitness consequences in a hypothetical species. If the need for high levels of miR156 in the embryo ensures that SPL-mediated morphologies cannot be produced early in development, then the fitness of MIR156 loss-of-function mutants (MIR156-LOF) should be rescued by embryo-specific expression of miR156 (left panel). Alternatively, if the phylogenetic conservation of juvenile leaves is due to a common adaptive function across species, then MIR156-LOF mutants would be expected to exhibit reduced fitness (middle panel). Conversely, selection on juvenile leaf morphology may be weak or absent, thereby creating minimal patterns of divergence between species (right panel). Leaf heteroblastic series adapted from Chitwood and Otoni (2017a).


In part, the logic of such hypothesis testing rests on the premise that if developmental systems can be manipulated (either environmentally or genetically) to produce phenotypic variation in a new context, then at the very least, a strict developmental constraint can be ruled out. Of course, if such phenotypic variation is experimentally demonstrated, this does not rule out selective constraints that disfavor the appearance of such phenotypic variation. Therefore, these novel phenotypic variants must be scrutinized to pinpoint their underlying tradeoffs. In practice—taking again the example of conserved juvenile leaf morphology across many lineages (Figures 1A,B)—it has been demonstrated that miR156 is necessary for the production of leaves with juvenile morphology. Consequently, the question then becomes what is the performance of plants where the earliest leaves have been manipulated to have an adult morphology? This can be achieved by loss-of-function mutations to key MIR156 genes (He et al., 2018) which accelerates the production of the adult morphology (Figures 1C,D, MIR156-LOF). These precocious mutants could then be evaluated for various components of fitness to better understand their phylogenetic scarcity. For example, in A. thaliana SPL genes interfere with proper embryo development (Nodine and Bartel, 2010). Therefore, shifting SPL-mediated phenotypes to earlier stages of development will be constrained by the need for high levels of miR156 in the embryo. Theoretically the embryo defects could be rescued by embryo-specific expression of miR156, allowing for direct quantification of these selective constraints (Figure 1D, MIR156-LOF; pEmbryo:miR156). Additionally, alternative explanations for conserved juvenile morphology are that selection favors a common morphology early in development due to conserved functional requirements (e.g., Lawrence et al., 2020) or that selection for divergent phenotypes is weak (Figure 1D, “juvenile-benefit” and “juvenile-neutral,” respectively). Expanding such an analysis across multiple species would then quantify the primary drivers for stasis of juvenile morphology. It should be noted that with all these examples, shifts in morphology are confounded with other biochemical and physiological traits regulated by these same GRN. However, in many cases as more is learned about the molecular genetic mechanisms of a pathway, it may become possible to decouple the multiple traits that it coordinates. For example, once the targets of a particular SPL transcription factor are known, cis-elements could be targeted that alter leaf morphogenesis while leaving other biochemical targets intact.

It is exactly these sorts of tests that are required to more fully assess how development limits and leads in the evolution of lineages. Work on flower color has undoubtedly led the way in this regard (Sobel and Streisfeld, 2013), but expanding the study of GRN to include ecologically relevant environmental inputs in combination with knowledge of evolutionary trajectories (derived from phylogenetics and morphometrics) will bring new insights into many new and old model systems. Further, by experimentally manipulating GRN to produce relevant phenotypic variation, it will be possible to test the potential role that selection and development play in determining patterns of trait evolution between species. This work will undoubtedly be aided by new methods for exploring the morphospace of lineages, and by continued development of ecologically relevant model systems.


AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



FUNDING

This work was supported by grants from the USDA NIFA (2014-67013-21700), NSF IOS (1558900), and NSF Postdoctoral Research Fellowship in Biology (IOS-1812043) and Katherine Esau Postdoctoral Fellowship to AL.



REFERENCES

 Alberch, P. (1982). “Developmental constraints in evolutionary processes” in Evolution and Development, ed J. T. Bonner (New York, NY: Springer), 313–332. doi: 10.1007/978-3-642-45532-2_15

 Bharathan, G., Goliber, T. E., Moore, C., Kessler, S., Pham, T., and Sinha, N. R. (2002). Homologies in leaf form inferred from KNOXI gene expression during development. Science 296, 1858–1860. doi: 10.1126/science.1070343

 Blein, T., Pulido, A., Vialette-Guiraud, A., Nikovics, K., Morin, H., Hay, A., et al. (2008). A conserved molecular framework for compound leaf development. Science 322, 1835–1839. doi: 10.1126/science.1166168

 Bock, D. G., Kantar, M. B., Caseys, C., Matthey-Doret, R., and Rieseberg, L. H. (2018). Evolution of invasiveness by genetic accommodation. Nat. Ecol. Evol. 2, 991–999. doi: 10.1038/s41559-018-0553-z

 Boege, K., and Marquis, R. J. (2005). Facing herbivory as you grow up: the ontogeny of resistance in plants. Trends Ecol. Evol. 20, 441–448. doi: 10.1016/j.tree.2005.05.001

 Chartier, M., Jabbour, F., Gerber, S., Mitteroecker, P., Sauquet, H., von Balthazar, M., et al. (2014). The floral morphospace – a modern comparative approach to study angiosperm evolution. New Phytol. 204, 841–853. doi: 10.1111/nph.12969

 Chitwood, D. H., Headland, R. L., Kumar, R., Peng, J., Maloof, J. N., and Sinha, N. R. (2012). The developmental trajectory of leaflet morphology in wild tomato species. Plant Physiol. 158, 1230–1240. doi: 10.1104/pp.111.192518

 Chitwood, D. H., Klein, L., O'Hanlon, R., Chacko, S., Greg, M., Kitchen, C., et al. (2016). Latent developmental and evolutionary shapes embedded within the grapevine leaf. New Phytol. 210, 343–355. doi: 10.1111/nph.13754

 Chitwood, D. H., and Otoni, W. (2017a). Divergent leaf shapes among Passiflora species arise from a shared juvenile morphology. Plant Direct. 1, e00028. doi: 10.1101/067520

 Chitwood, D. H., and Otoni, W. (2017b). Morphometric analysis of Passiflora leaves: the relationship between landmarks of the vasculature and elliptical Fourier descriptors of the blade. Gigascience 6, 1–13. doi: 10.1093/gigascience/giw008

 Chitwood, D. H., and Sinha, N. R. (2016). Evolutionary and environmental forces sculpting leaf development. Curr. Biol. 26, R297–R306. doi: 10.1016/j.cub.2016.02.033

 Conklin, P., Strable, J., Li, S., and Scanlon, M. J. (2019). On the mechanisms of development in monocot and eudicot leaves. New Phytol. 221, 706–724. doi: 10.1111/nph.15371

 Corl, A., Bi, K., Luke, C., Challa, A. S., Stern, A. J., Sinervo, B., et al. (2018). The genetic basis of adaptation following plastic changes in coloration in a novel environment. Curr. Biol. 28, 2970–2977. doi: 10.1016/j.cub.2018.06.075

 Fassett, N. C. (1930). A Manual of Aquatic Plants. Madison, WI: The University of Wisconsin Press.

 Hay, A., and Tsiantis, M. (2010). KNOX genes: versatile regulators of plant development and diversity. Development 137, 3153–3165. doi: 10.1242/dev.030049

 He, J. (2017). Developmental Functions of miR156 and miR157 in Arabidopsis. Publicly Accessible Penn Dissertations. 2338. Availabel online at: https://repository.upenn.edu/edissertations/2338.= (accessed August 31, 2021).

 He, J., Xu, M., Willmann, M. R., McCormick, K., Hu, T., Yang, L., et al. (2018). Threshold-dependent repression of SPL gene expression by miR156/miR157 controls vegetative phase change in Arabidopsis thaliana. PLoS Genet. 14, e1007337. doi: 10.1371/journal.pgen.1007337

 Jablonski, D. (2020). Developmental bias, macroevolution, and the fossil record. Evol. Dev. 22, 103–125. doi: 10.1111/ede.12313

 Larter, M., Dunbar-Wallis, A., Berardi, A., and Smith, S. D. (2018). Convergent evolution at the pathway level: predictable regulatory changes during flower color transitions. Mol. Biol. Evol. 35, 2159–2169. doi: 10.1093/molbev/msy117

 Lawrence, E. H., Springer, C. J., Helliker, B. R., and Poethig, R. S. (2020). MicroRNA156-mediated changes in leaf composition lead to altered photosynthetic traits during vegetative phase change. New Phytol. 231, 1008–1022. doi: 10.1111/nph.17007

 Levis, N., and Pfennig, D. (2016). Evaluating ‘plasticity first’ evolution in nature: key criteria and empirical approaches. Trends Ecol. Evol. 31, P563–574. doi: 10.1016/j.tree.2016.03.012

 Levis, N., and Pfennig, D. (2020). Plasticity-led evolution: a survey of developmental mechanisms and empirical tests. Evol. Dev. 22, 71–87. doi: 10.1111/ede.12309

 Li, M., Hong, A., Angelovici, R., Bagaza, C., Batushansky, A., Clark, L., et al. (2018). Topological data analysis as a morphometric method: using persistent homology to demarcate a leaf morphospace. Front. Plant Sci. 9, 553. doi: 10.3389/fpls.2018.00553

 Maynard Smith, J., Burian, R., Kauffman, S., Alberch, P., Campbell, J., Goodwin, B., et al. (1985). Developmental constraints and evolution. Q. Rev. Biol. 6, 265–287. doi: 10.1086/414425

 Muschick, M., Barluenga, M., Salzburger, W., and Meyer, A. (2011). Adaptive phenotypic plasticity in the Midas cichlid fish pharyngeal jaw and its relevance in adaptive radiation. BMC Evol. Biol. 11, 116. doi: 10.1186/1471-2148-11-116

 Nakayama, H., Nakayama, N., Seiki, S., Kojima, M., Sakakibara, H., Sinha, N., et al. (2014). Regulation of the KNOX-GA gene module induces heterophyllic alteration in North American Lake Cress. Plant Cell 26, 4733–4748. doi: 10.1105/tpc.114.130229

 Ng, J., Freitas, L. B., and Smith, S. D. (2018). Stepwise evolution of floral pigmentation predicted by biochemical pathway structure. Evolution 72, 2792–2802. doi: 10.1111/evo.13589

 Nodine, M. D., and Bartel, D. P. (2010). MicroRNAs prevent precocious gene expression and enable pattern formation during plant embryogenesis. Genes Dev. 24, 2678–2692. doi: 10.1101/gad.1986710

 Olsen, M. E. (2019). Plant evolutionary ecology in the age of the extended evolutionary synthesis. Integr. Comp. Biol. 59, 493–502. doi: 10.1093/icb/icz042

 Raup, D. M., and Michelson, A. (1965). Theoretical morphology of the coiled shell. Science 147, 1294–1295. doi: 10.1126/science.147.3663.1294

 Rausher, M. D. (2008). Evolutionary transitions in floral color. Int. J. Plant Sci. 169, 7–21. doi: 10.1086/523358

 Rubio-Somoza, I., Zhou, C. M., Confraria, A., Martinho, C., von Born, P., Baena-Gonzalez, E., et al. (2014). Temporal control of leaf complexity by miRNA-regulated licensing of protein complexes. Curr. Biol. 24, 2714–2719. doi: 10.1016/j.cub.2014.09.058

 Salazar-Cuidad, I. (2006). Developmental constraints vs. variational properties: how pattern formation can help to understand evolution and development. J. Exp. Zool. 306, 107–125. doi: 10.1002/jez.b.21078

 Salazar-Cuidad, I. (2021). Why call it developmental bias when it is just development. Biol. Direct 16, 3. doi: 10.1186/s13062-020-00289-w

 Smith, S. D. (2011). Gene loss and parallel evolution contribute to species difference in flower color. Mol. Biol. Evol. 28, 2799–2810. doi: 10.1093/molbev/msr109

 Sobel, J. M., and Streisfeld, M. A. (2013). Flower color as a model system for studies of plant evo-devo. Front. Plant Sci. 4, 321. doi: 10.3389/fpls.2013.00321

 Stebbins, G. L. (1951). Natural selection and the differentiation of angiosperm families. Evolution 5, 299–324. doi: 10.1111/j.1558-5646.1951.tb02789.x

 Wang, J., Park, M., Wang, L., Koo, Y., Chen, X., Weigel, D., et al. (2011). MiRNA control of vegetative phase change in trees. PLoS Genet. 7, e1002012. doi: 10.1371/journal.pgen.1002012

 Wessinger, C. A., and Hileman, L. C. (2016). Accessibility, constraint, and repetition in adaptive floral evolution. Dev. Biol. 419, 175–183. doi: 10.1016/j.ydbio.2016.05.003

 West-Eberhard, M. J. (2003). Developmental Plasticity and Evolution. New York, NY: Oxford University Press. doi: 10.1093/oso/9780195122343.003.0008

 Wu, G., and Poethig, R. S. (2006). Temporal regulation of shoot development in Arabidopsis thaliana by miR156 and its target SPL3. Development 133, 3539–3547. doi: 10.1242/dev.02521

 Wund, M. A., Baker, J. A., Clancy, B., Golub, J. L., and Fosterk, S. A. (2008). A test of the “flexible stem” model of evolution: ancestral plasticity, genetic accommodation, and morphological divergence in the threespine stickleback radiation. Amer. Natural. 172, 449–462. doi: 10.1086/590966

 Xu, M., Hu, T., Smith, M. R., and Poethig, R. S. (2016). Epigenetic regulation of vegetative phase change in Arabidopsis. Plant Cell 28, 28–41. doi: 10.1105/tpc.15.00854

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The handling editor declared a shared affiliation with the authors at time of review.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Leichty and Sinha. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		A Grand Challenge in Development and Evodevo: Quantifying the Role of Development in Evolution



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
’ frontiers
in Plant Science

A Grand Challenge in Development
and Evodevo: Quantifying the Role
of Development in Evolution





OPS/images/fpls-12-752344-g001.gif
Teaerel dre
MH??""&*










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Plant Science





