From hairs to spots: looking for evolutionarily conserved mechanisms in plant cell morphogenesis
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Abstract


Plant morphogenesis results from spatially and temporally regulated cell growth and division - two coordinated morphogenetic processes taking place in individual cells. Molecular mechanisms determining cell shape have been extensively studied in yeasts, whose regulation of cell development in both time (the cell cycle) and space (the cell morphogenesis) surprisingly resembles that of animal cells. Few regulators of cell morphogenesis were identified so far in higher plants. Here we review observations suggesting that morphogenetic mechanisms are conserved throughout eukaryotic evolution, and present first results of a systematic search for plant homologues of known yeast morphogenetic genes.





Introduction


One of major problems in biology is the question of what determines the shape of multicellular organisms. Morphogenesis in plants, whose cells as a rule do not migrate, is the result of two processes - oriented cell division and cell growth. Unlike its animal counterpart, a typical plant cell has a rigid shape determined by its cell wall. Cell shape can change only slowly, since any reshaping requires remodeling of the exocellular (mainly cellulose) matrix. Two kinds of factors can affect the cell shape. Various diffusible molecules (phytohormones) as well as mechanical forces and signals originating from the surrounding tissue influence the cell morphogenesis “from outside”. However, a considerable part of cellular morphogenesis seems to be driven "from within" - perhaps by intracellular cytoskeletal movements, as documented by the existence of structures such as root hairs, trichomes and pollen tubes.


Intracellular processes determining cell shape and orientation of the division axis in higher eukaryotes are nowadays only beginning to be understood. Considerable progress has, however, already been made in the study of cell morphogenesis in a "simple" model eukaryote - the budding yeast Saccharomyces cerevisiae.





Shape and genes: the model case of yeast cell morphogenesis


Like plant cells, yeasts posses a rigid cell wall. Being unicellular for most of their lives, and having a distinctive cell shape (usually ovoid bud sometimes also rod-like, e.g. in fission yeast, or lemon-like in some budding yeast genera), the yeasts provide a good model for the study of morphogenesis on the level of single cells. However, yeasts can also produce multicellular structures - colonies and pseudomycelia, where we can study mechanisms responsible for non-random orientation of cell division, a process of extreme importance in the development of plant tissues.


Yeast cell morphogenesis constitutes an integral part of the life cycle of this organism. Vegetative cells of a typical yeast divide by budding - a process based on oriented cell growth. The sexual process, which involves differentiation of vegetative cells into gametes, their fusion producing a diploid zygote, and sporulation, provides additional examples of polar cell growth (Fig. 1a). Yeast is easy to analyze genetically; mutants in various steps of budding and cytokinesis were found already in the early screens for cell division cycle (cdc) mutants (see Hartwell et al., 1974). Additional genes affecting cell shape were discovered later, and  the list of known yeast morphogenetic genes is not likely to be complete nowadays. Phenotypes of some mutants impaired in cell morphogenesis are shown on Fig. 1b. 


What does a yeast cell need for budding and cytokinesis? Both genetical data and cytological observations lead to the following model of the sequence of events related to budding and cytokinesis (for a review see Mischke and Chant, 1995):


The first step towards budding is the polarization of cell growth and formation of a structure towards which polarized cell growth will be directed. This step (the establishment of the future bud site) requires a small, rho-related GTPase Cdc42p, which needs a modification by the Cdc43p geranylgeranyltransferase for its function. This GTPase communicates with the usual co-factors (see the accompanying review by Žárský et al.) - a GDP/GTP exchange factor (Cdc24p) and a GTPase-activating protein (Bem3p - Zheng et al., 1994). A search for suppressors of mutations causing a bud site establishment or cell polarization defect defined additional genes - BEM1 (coding for a SH3 domain-containing protein interacting with Cdc42p), BEM2 and BEM4 (Bender and Pringle, 1991; see Anonymous, 1996a).


Once the bud site is chosen, a ring of 10 nm microfilaments formed by the products of the structurally related CDC3, 10, 11 and 12 genes assembles under the cytoplasmic membrane around the site of bud emergence. The four above mentioned genes (plus a fifth one, which is apparently involved only in sporulation and has no function during the vegetative cell cycle) are structurally related and form a gene family collectively termed the “septins” (see Chant, 1994; Fares et al., 1996; also Sanders and Field, 1994).


The next step in normal bud development is the establishment of a "border" that limits cell wall growth only to the bud, that seems to act as a barrier for surface diffusion, and that is somewhat reminiscent e.g. of the apical/basolateral border known from epithelia. This border is marked by the septin ring; however, it does not necessarily mean that the ring and the border are identical. Mutants with defective septins (e.g. thermosensitive cdc12 mutants) fail to assemble detectable ring structure but they still can form bud necks (albeit misshapen), indicating that the ring may not be essential for maintaining the border. On the other hand, mutants lacking two functionally redundant protein kinases encoded by the CLA4 and STE20 genes can assemble normal-looking septin rings but fail to locate cell growth to the bud side of the ring. The Cla4p kinase can physically interact with the active, GTP-bound form of Cdc42p, providing thereby a possible link between the early, Cdc42p-regulated step in bud development and the subsequent septin-dependent events (Cvrčková, 1994; Cvrčková et al., 1995).


At the end of the cell cycle - during cytokinesis, the septin ring is required for proper positioning and formation of the septum that finally separates the bud (now already an independent daughter cell) from its mother cell.





Shape and time: linking morphogenesis to the cell cycle


Yeast cells must control budding and cytokinesis to ensure that these processes are kept in phase with other cell cycle events such as DNA replication and mitosis. This means that yeast cell morphogenesis has to be regulated by some general cell cycle control mechanism.


According to a generally accepted model, the eukaryotic cell cycle is driven by oscillations in the activity of cyclin-dependent kinases (CDKs) associated with cyclins specific for each stage of the cycle. The periodic accumulation and disappearance of stage-specific cyclin/CDK complexes is a result of periodical synthesis and destruction of the cyclin subunits. Besides of the concentration of cyclin proteins, phosphorylation of the catalytic CDK subunit and association with inhibitory subunits determine the activity of CDKs. In budding yeast, a single CDK (Cdc28) associates with at least nine cyclins during the vegetative cell cycle. G1 cyclins Cln1p, Cln2p and Cln3p trigger the progression from late G1 to the S phase as well as budding; at later stages of the mitotic cell cycle, B-type cyclins Clb1p to Clb6p determine the timing of DNA replication and nuclear division (for a review see Nasmyth, 1993; Amon et al., 1994; Piatti et al., 1996).


There apparently exists some kind of "labor division" among the partially functionally redundant cyclins acting in late G1 (Fig. 2). Cln3p may be involved in monitoring the physiological status of the cell, contributing to the decision whether to enter the cell cycle; Cln1p, Cln2p, Clb5p and Clb6p are all able to trigger DNA replication, but only Cln1p and Cln2p can do so in a Cln3p-independent manner (see Nasmyth, 1993). Interestingly, Cln1p and Cln2p appear to have also a direct role in budding, since some mutations that are well tolerated in otherwise wild-type cells cause a lethal budding defect in cells lacking Cln1p and Cln2p (Cvrčková and Nasmyth, 1993). The easiest way how to explain this "synthetic lethality" is that some protein(s) required for proper bud development is a substrate for the Cln1p- or Cln2p- associated Cdc28p protein kinase. In the absence of Cln1p and Cln2p, their function can be provided by some other cyclin present at the same stage of the cell cycle (e.g. by Clb5p and Clb6p, whose normal function is triggering DNA replication), as long as all other components required for normal cell morphogenesis are intact. If a component of the molecular apparatus responsible for bud development is non-critically damaged, Cln1p and Cln2p may become the only cyclins capable to induce proper budding (Cvrčková and Nasmyth, 1993; Cvrčková, 1994; Cvrčková et al., 1995).


In addition to the direct involvement of the G1 cyclins in budding, cyclins in general apparently have also a more general role in yeast cell morphogenesis. The shape of the yeast bud (and thereby of the nascent daughter cell) is determined by the ratio between apical and polar growth. In the first part of the cell cycle, buds grow apically, at the later stages isometric growth prevails. The difference in growth mode at early vs. late stages has been found to reflect the activity of the two structural classes of cyclins: CLN cyclins induce apical growth, CLB cyclins promote undirected growth of the whole bud surface (see Lew and Reed, 1995; Fig. 2.).





Evolutionary aspects of morphogenesis: do our neurons bud like yeast?


Cells can form a vast variety of shapes. Even those morphogenetical processes that contribute to cell division (cytokinesis) and therefore form an integral part of the cell cycle are extremely variable (Fig. 3). Cell division by budding, as known from the yeasts, seems to have little in common with cytoplasmic division of animal cells. A typical animal cell divides by cleavage, forming a contractile ring under the cytoplasmic membrane during the earlier stages of the cell cycle and developing a cleavage furrow that finally (at cytokinesis) pinches apart the two daughter cells. However, upon closer inspection surprising similarities in the morphogenetic apparatus of yeast and animal cells appear (see Sanders and Field, 1994). Members of the septin protein family include not only the yeast bud neck filament proteins, but also two Drosophila proteins, one of them required for cytokinesis in imaginal discs of the fruit fly larva (Neufeld and Rubin, 1994). In addition, multiple genomic or cDNA sequences originating from Caenorhabditis or mammals and apparently coding for additional septins can be found among the data from various genome and EST sequencing projects (see Anonymous, 1996b). 


The role of septins does not have to be limited to cell division. At least one of the mammalian septin homologues of unknown biological function is highly expressed in (mostly non-proliferating) brain cells (Adams et al., 1992). This might suggest that the cytokinetic role of yeast and Drosophila septins may be only a specialized case of a more general mechanism. It is tempting to speculate about possible function of septins in determining not only the location of septa or cleavage furrows but perhaps also in specifying regions of surface growth in non-dividing cells. The importance of this process in the development of neural tissue is obvious.


Proteins related to the bud emergence GTPase Cdc42p as well as interacting kinases corresponding to Cla4p/Ste20p (the PAK-type kinases) have also been found in mammalian cells (Manser et al., 1994, Martin et al., 1995; for a review see Nobes and Hall, 1994, Chant and Stowers, 1995). In animal cells, Cdc42p and its relatives - the Rho and Rac GTPases - have multiple roles. They have been shown to be involved in a signalling pathway controlling transcription of certain genes (Minden et al., 1995). It is worth noting that also the yeast Cdc42p GTPase has a role in transduction of the pheromone signal that induces differentiation of vegetative cells into gametes, a process involving also transcriptional control (Simon et al., 1995). More interestingly, also in higher eukaryotes Cdc42p and related GTPases play an important part in the regulation of cytoskeletal behaviour and therefore in the control of cell shape. In the animal cells, the relevant events apparently do not have much to do with the process of cell division; instead, the small GTPases are required for processes such as membrane ruffling, the formation of lamellipodia and filopodia, and formation of actin stress fibers (Nobes and Hall, 1995; see also the above cited reviews). Both in yeast and in mammals, Rho- and Cdc42-like GTPases apparently have a central role in the rearrangements of the subcortical, especially actin, cytoskeleton. Such events are necessary prerequisites for the formation of any cellular protuberances, from yeast buds to filopodia and perhaps even neurites. The last presumption might seem somewhat far-fetched, but it is worth noting that, like septins, also Cdc42p and PAK-kinases are abundantly expressed in the neural tissue (Manser et al., 1994). 





From root hairs to pollen tubes: plants are (not) different


Regardless of the actual phylogenetic distance, yeasts have in some sense more in common with plants than with animals. Both yeast and plant cells have a rigid cell wall, and any change of the cell shape therefore requires re-modelling of the preexisting wall structure. Such a re-modelling has to be carefully regulated, since, in the usual hypotonic environment, the wall is required for physical stability of the cell whose vacuole maintains high turgor pressure.


However, cytokinesis in plants is quite different from that of yeast and animal cells. Plant cells usually establish a complex structure - the fragmoplast - at the position of the future septum, and build a "cell plate" at this location by fusion of vesicles carrying precursors of the cell wall material. The cell plate finally fuses to the cell wall adjacent to its periphery, resulting in a septum build "from within" the cell (see Staehelin and Hepler, 1996; Fig. 3.).


Despite this difference in cytokinesis, plant cells exhibit also a variety of morphogenetic processes that are very likely to have their counterparts in yeast, other fungi and animal cells. Some plant cells produce protuberances such as unicellular trichomes and root hairs, whose development at least formally resembles budding in yeast; in most seed plants, formation of a highly polar unicellular structure - the pollen tube - even represents an essential step in the sexual life cycle (see Obermeyer and Bentrup, 1996, Peterson and Farquhar, 1996, Hulskamp et al., 1994). All the single-cell protuberances arise as a result of localized growth of a distinct part of the cell surface, and usually further develop their typical tubular shape by restricting the growing area to the tip of the elongating structure. 


Such a pattern of cell tip growth is common also in filamentous fungi. Unlike yeast, large fungal hyphae are accessible to direct measurements of turgor pressure, electrical currents and ion transport across various portions of the cytoplasmic membrane. Results of such measurements contributed to the formulation of a model, which suggests that multiple systems contribute to the tip growth. Actin cytoskeleton is involved in localizing enzymes and precursors of the new cell wall to distinct portion of the surface. At the same time, turgor pressure stretches the cell wall, allowing it to expand and admit new material. Stretch-activated calcium channels may be involved in the regulation of cell wall plasticity (see Harold et al., 1995, Heath, 1995). Such a model is likely to be valid also for higher plant cells, where especially the pollen tube model has been extensively studied (see Feijó et al., 1995, Obermeyer and Bentrup, 1996).


Little is known about proteins, genes and processes regulating the behaviour of plant cytoskeleton and thereby the cell shape. Cytoskeletal components familiar from other organisms have been found also in higher plants, among them microtubules and actin filaments; their behaviour during cell growth and differentiation has been extensively studied (see Joshi and Palevitz, 1996, Staehelin and Hepler 1996). Recently, first small GTPases of the Rho family (denoted Rop - Rho of plant) were identified in pea and Arabidopsis. (Yang and Watson, 1993; Anonymous, 1996c). We found a tobacco homologue of Rop in a PCR-based screen for small GTPases expressed in pollen (V.Ž. et al., manuscript in preparation; Fig. 4; see also accompanying paper by Žárský et al.). The intracellular localization of Rop proteins in the cortical cytoplasm of growing pollen tube tips suggests that they may have a role in tip growth (Lin et al., 1996).


Our current knowledge concerning regulation of cell morphogenesis in yeasts and animals, where we know much about genes but relatively little about the physics of the growth process, might be viewed as complementary to the knowledge gained on plant systems, where we know little more than the physics. However, evolutionarily old control mechanisms known from yeast might emerge in future studies in plants. It is, for instance, remarkable that all plant cells exhibiting intense tip growth studied so far - from tube-producing vegetative pollen cells to hairy epidermal cells of the root - appear to be in the G1 phase of the cell cycle or in a G1-like out-of-cycle state (Žárský et al., 1992). It is possible that, like yeast, plant cells switch between polar and non-polar growth modes depending of the cell cycle stage (see above). If this were true, one might speculate about an elegant mechanism that could produce complex changes in the shape of whole plants or their organs by merely changing the relative duration of cell cycle phases. 





Old players in a new game: looking for homologues of yeast morphogenetic genes in plant genomes


An essential step in unraveling the mechanism of plant cell morphogenesis would, of course, be the identification of components of the responsible molecular apparatus. We therefore decided to start a systematic search for homologues of known yeast regulators of cell morphogenesis in the genomes of higher plants. To find out whether possible counterparts of CDC42, CDC24, septin genes and the bud emergence genes BEM1 to BEM4 were sequenced within some of the systematic genome or cDNA sequencing projects, we searched for relatives of these genes in the collection of non-redundant sequence databases accessible through the NCBI Entrez server (Anonymous, 1996b) as well as in additional public plant sequence databases (Anonymous, 1996c) using the BLAST program (Altschul et al., 1990). The only query sequence having significant relatives in the databases (till September 1996) was CDC42, which identified a series of Arabidopsis thaliana small GTPases structurally closer to Rac and Rop than to CDC42.


For both CDC42 and septin genes, sequence information from various organisms was available, so that we could construct multiple sequence alignments and use them to design PCR primers for amplification of parts of the corresponding gene sequences, if these are present in the genomes of higher plants. We have obtained several PCR products that could represent A. thaliana and tobacco septin genes and that are currently being characterized (F.C., V.Ž. and M.P., unpublished data). However, attempts to clone A. thaliana homologues of CDC42 either by the PCR strategy or by direct complementation of the yeast cdc42-1 mutation were so far unsuccessful. While it is still possible that CDC42 homologues will be found, there might also be a real difference between the yeast (or animal) GTPase system responsible for cytoskeletal organisation and its plant counterpart. The known plant Rop/Rac-like GTPases may represent a special subfamily of G-proteins that perform functions shared by two or more GTPases from the Cdc42/Rho/Rac family in fungi or in animal cells. While yeast and animal Cdc42p (or Rho) are genuine homologues of each other, plant Rop proteins may belong to a paralogous family that evolved to accomplish similar functions by somewhat different means (F. C. and M.Z., unpublished data; Žárský and Cvrčková, in press). 





Summary


Mechanisms of cell morphogenesis have been extensively studied in model organisms such as the budding yeast (Saccharomyces cerevisiae). Some key molecules of the morphogenetic process, such as the small Rho-like GTPase Cdc42p and a class of protein kinases apparently regulated by Cdc42p (the PAK/Ste20p protein kinases), as well as a group of cytoskeletal proteins collectively termed septins, which are involved in cytokinesis and in restricting growth to a limited area of the cell surface, and whose function may be controlled by PAK/Ste20p kinases, were found both in yeast and in metazoa. Although plant cell morphogenesis is in some aspects closer to the yeast model than animal cells are, homologous proteins have not been found in plants so far. We therefore decided to search for structural and functional homologues of CDC42 and septins in higher plants using a PCR-based approach. Characterization of candidate sequences is in progress.
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Figure legends


Fig. 1. Morphogenesis in the life cycle of the budding yeast Saccharomyces cerevisiae (a) and terminal phenotypes of selected cell division cycle (cdc) mutants (b). G1, S, G2, M - stages of the cell cycle; be - bud emergence; srf - septin ring formation; bf - formation of the mother/bud border; ck - cytokinesis; wt - wild type.


Fig. 2. Timing of cyclin accumulation and destruction in the vegetative cell cycle of budding yeast and the linked morphogenetic events; stippled areas denote growing parts of the cell surface (a) and functions of yeast cyclins acting in late G1; dotted lines represent connections that are possible but probably do not occur in wild type cells (b).


Fig. 3. Comparison of cytokinesis in yeast, plant and animal cells. act - actin, mt - microtubules, sep - septins. Stippled areas mark sites of cell surface growth or cell wall reorganisation, arrows denote direction of cell growth.


Fig. 4. Partial sequence of the predicted protein product of the tobacco pollen Rop-related cDNA (NTROP1) aligned to the sequences of pea Rop1 (PSROP1), Caenorhabditis elegans Rac1 (CERAC1) and yeast Cdc42p (SCCDC42) and Rho1p (SCRHO1) proteins (sequences from Anonymous, 1996a,b; the alignment was made using the program MACAW - Schuler et al., 1991).
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