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Ontogenetic Base for the Shape Variation of Flowers in Malesherbia Ruiz & Pav. (Passifloraceae)
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The flower of Malesherbia Ruiz & Pav. (Passifloraceae) is a suitable model to study how far growth constraints throughout ontogeny are causal for the variation in the proportions of reproductive structures. The Malesherbia flower is characterized by a marked hypanthium subtending five alternating sepal and petal lobes plus a coronal rim. In Malesherbia, the size relation between hypanthial tube and perianth lobes conditions the general aspect that the flower of a given species may display. For instance, flowers of taxa belonging to the section Malesherbia are characterized by a predominant hypanthium much similar to tubular flowers with reduced erect perianth lobes and a protruding paracorollar cylinder, while the opposite is true for the remaining species of the genus resembling a radiate ten-parted open flower with a reduced corona. Further morphological variation in the genus includes the bimodal distribution of absolute size of the mature flower, with some species showing much smaller dimensions (e.g., M. humilis) and also the variability in the level of aggregation of the inflorescences ranging from uniflorous (M. lactea), through racemose (M. densiflora, M. lirana) up to very condensed and globular in shape (M. fasciculata). In this work we studied under SEM the flower morphogenesis of 14 Malesherbia species collected in the Andean and desertic region of septentrional Chile. Against expectations, our data showed that the growth of petal lobe primordia is relatively faster in tubular flowers than in radiate ones, despite the presence of a much showier perianth at maturity in the latter. Absolute flower size could also be related to absolute meristem size and a relative developmental arrest was detected in the flower buds of very condensed inflorescences. Our results support the idea of a common constraint throughout ontogeny in which earlier inception and faster organ growth leads to relatively smaller dimensions coupled with earlier maturation and arrest of elongation.
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INTRODUCTION

Floral phenotypic variation observed in nature is possible due to the existence of unique developmental pathways that lead from floral meristems to mature flowers. How these developmental processes might have diverted through time is doubtless an intriguing question for biologists. One way of dealing with this issue is by trying to understand the drivers that push the development in response to environmental signals and selective forces. A complementary way of understanding these changes is through the lenses of developmental constraints that may explain why certain changes in the morphogenetic process itself lead to particular phenotypic changes or variation (Ronse de Craene, 2018). Understanding principles behind the shifts of developmental processes, if there are any at all, enables us to understand floral morphology and its diversity from an organism’s point of view.

Malesherbia is a South American genus originally considered as the sole representative of the family Malesherbiaceae, but recently placed within the family Passifloraceae (Angiosperm Phylogeny Group, 2016). The genus consists of 27 species that inhabit arid and Andean regions of Perú, Chile and Argentina since the Pliocene colonization of the territory (Gengler-Nowak, 2002; Guerrero et al., 2013). Although the basic bauplan of a Malesherbia flower is constant (five alternating sepal and petal lobes subtended by a manifest hypanthium, five stamens attached to a trilocular ovary elevated by an androgynophore and three protruding styles: Harms, 1894; Ricardi, 1967), the floral morphology looks pretty variable in nature (Figure 1). Clearly, the size relation between hypanthial tube and perianth lobes conditions the general aspect that a given species may display. For example, flowers of taxa belonging to the section Malesherbia (Figures 1A–D) are characterized by having a predominant hypanthium with reduced erect perianth lobes and a prominent corona protruding as a paracorollar cylinder. This construction looks pretty much like a tubular flower of the Asterids (Figures 1A–D). In the remaining species though, the perianth itself is much showier and remains open evoking rather a typical radiate flower (Figures 1E–N). Here, the sepals share a similar coloration as the petals, which creates the aspect of a ten-parted open flower with a corona limited to a discrete toothed rim (Figures 1E–N).


[image: image]

FIGURE 1. Chilean Malesherbia species studied in this work. (A–D) Species whose flowers show a prominent reddish tubular shape, all of them belonging to the section Malesherbia. (E–N) Species with flowers of radiate shape including minute flowers and globular inflorescence and corresponding to the remaining four sections of the genus. (A) M. tocopillana Ricardi, (B) M. corallina Muñoz-Schick & R.Pinto. Note the prominent corona encircling stamens. (C) M. tenuifolia D.Don. Note the spatial separation between the five anthers and three pink stigmas. (D) M. auristipulata Ricardi, (E) M. rugosa Gay, (F) M. obtusa Phil., note the pilose ovary at the center. (G) M. densiflora Phil. (H) M. linearifolia (Cav.) Pers. (I) M. deserticola Phil. (J) M. fasciculata D.Don, note its condensed inflorescence similar to a head or large glomerule, (K) M. paniculata D.Don seen from the back. Note the hypanthium that sustains the perianth, (L) M. lirana Gay. Picture courtesy of Ludovica Santilli. (M) Annual M. humilis Poepp, note the tiny flowers. (N) M. lanceolata Ricardi. (O) Phylogenetic relationship among the studied species after Guerrero et al. (2013). Differences in branch length are for diagrammatic purposes only.


Further morphological variation in the genus includes the absolute size of the mature flower, with some species showing much smaller flowers as the ones of the annual species M. humilis (below 9 mm in flower width, Ricardi, 1967; Figure 1M); and also variability at the level of aggregation of the inflorescences ranging from uniflorous (M. lactea), through racemose (M. densiflora, M. lirana) up to very condensed and globular in shape as in M. fasciculata (Ricardi, 1967; Figure 1J).

The reason for this variation is linked to changes in the sizes of the meristem and timing of their development (Ronse de Craene, 2018). For example, meristem size has been shown to be correlated with the absolute size of Eucryphia flowers, as the small Eucryphia milliganii develops from smaller flower meristems (Bull-Hereñu et al., 2018). Comparable reduction in size of flower organs in relation to their meristematic size have been reported for the reduction in carpel size in Oxalis (Bull-Hereñu et al., 2016), the reduced sixth staminode of Globba (Iwamoto et al., 2020 this volume), the transformation of stamens into staminodes in Byttneria (Malvaceae) or Sideroxylon (Sapotaceae, Ronse de Craene and Bull-Hereñu, 2016), and even the abortion of the “fifth” petal of Koelreuteria (Sapindaceae, Cao et al., 2018).

On the other hand, the particular globose aspect of M. fasciculata could be developmentally explained simply by the inhibition of growth of the inflorescence internodes after flower production, which would account for an open inflorescence type I sensu Bull-Hereñu and Classen-Bockhoff (2011a). However, as the sister species to M. fasciculata is the uniflorous M. lactea (Gengler-Nowak, 2003), an alternative plausible scenario to explain the globose condensed inflorescence could be the transformation of the ancestor’s flower meristem into a flower-like inflorescence meristem = Floral unit meristem (FUM) capable of producing many flowers (Claßen-Bockhoff and Bull-Hereñu, 2013; Claßen-Bockhoff, 2016). FUMs are related to condensed inflorescences of e.g., Asteraceae, Apiaceae, and further pseudanthia in general. They originate from a meristem that initially enlarges to a great extent, giving rise to a considerable spherical or concave meristem, followed by rapid fractionation of flowers covering its surface. Those meristems, also treated as “MC” meristems (Bull-Hereñu and Classen-Bockhoff, 2011b), normally produce floral buds with high phyllotactic numbers (high number of parastichies) resulting in a low arc-angle of the floral buds on it (see “Open II” meristems in Bull-Hereñu and Classen-Bockhoff, 2011a). As the two alternatives show different generative patterns through ontogeny, screening of inflorescence development would help discriminating between them.

In this study we aim to document the morphogenesis of Malesherbia flowers with focus on perianth, flower size and inflorescence structure, to ascertain whether developmental patterns are influenced by particular constraints that might explain differences in their later mature appearance.

We hypothesize that tubular flowers with reduced and erect petals and sepals would have perianth primordia arising from relatively smaller or inhibited meristematic tissues. Similarly, we expect that minute flowers of M. humilis develop from comparatively smaller floral buds and that the glomerulate inflorescence of M. fasciculata responds to either a inhibition of inflorescence internode growth or a unique appearance of a FUM in the genus.



MATERIALS AND METHODS


Material Sampling and Microscopy

This study comprises the observation of fourteen of the sixteen accepted Malesherbia species for Chile (Gengler-Nowak, 2003; Figure 1). Flower buds were collected from wild populations in the field (Table 1) and conserved in ethanol 70% before preparation for microscopy. The two Chilean Malesherbia species not considered here are M. lactea for which no reproductive material could be obtained, and M. campanulata (Ricardi, 1967), whose taxonomic identity is somewhat dubious and probably represents a variety nested within M. lanceolata. According to their floral shape, species were designated under one of the four categories: (1) “Tubular,” corresponding to the four species of the Malesherbia section, characterized by tiny almost erect perianth lobes and a prominent floral tube; (2) “Radiate” corresponding to species with open and showy sepal and petal lobes; (3) “Minute,” corresponding to the markedly smaller flowers of the annual M. humilis; and (4) “Glomerulate,” corresponding to the odd M. fasciculata that presents a unique condensed inflorescence resembling more or less a capitulum of Asteraceae or Apiaceae (Figure 1).


TABLE 1. Material studied in this work including their taxonomic and morphological identity, geographical provenance and N observed.
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Flowers from different stages were dissected under a light microscope (Zeiss Stemi SV6), dehydrated in an alcohol gradient and acetone, dried in a K850 critical-point dryer (Quorum Technologies), further dissected, mounted on aluminum stubs, coated with platinum (Emitech K575X) and observed with a scanning electron microscope (SEM) (Leo Supra 55-VP).



Observations, Measurements and Analysis

From the material visualized from polar views, three stages of flower development were defined (Figure 2): (I) Sepal inception, characterized by the existence of a bare floral meristem (fm) surrounded by the sepal lobes; (II) Hypanthial groove, characterized by the appearance of a ridge surrounding the central floral meristem; and (III) Stamen initiation, characterized by the recognition of anther primordia on the flower. The images obtained from stages I–III were used to measure bud width (bw) and monitor the time of inception of petal primordia. In these stages a total of 49 floral buds were screened (Table 1).

Buds in stage III and older were also recorded from lateral views (Figures 2D–F) to measure the length of organs such as sepal lobes (se), petal (pe) and anthers (an) primordia, and flower bud width (bw) as well (Table 1). From lateral views, 231 measurements were taken, which added to the polar views led to a total of 280 measurements taken from SEM micrographs (Table 1). Data obtained were then assigned to one of the four groups defined above, according to the species of provenance (Table 1).
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FIGURE 2. Developmental stages and measurements taken. (A–C) definition of stages I–III on polar views; the key organs or attributes whose presence defines the respective stage marked in white. (D–F) Examples of measurements obtained from lateral views. (A) M. linearifolia (Radiate) showing stage I defined by the presence of a bare floral meristem (fm) surrounded by five just initiated sepal primordia (se). The dashed line represents the measurement of the bud width (bw) from the tip of one of the sepal primordia (on the right) toward the opposite side of the flower bud at the merging point of two other sepal primordia. (B) M. lanceolata (Radiate) showing stage II defined by the appearance of a groove separating the perianth from the future androecium, marking the position of the future hypanthial tube. A white line illustrates a section of this groove. Dashed line represents the measurement of bud width as explained in panel (A). (C) M. obtusa (Radiate) showing stage III defined by the recognition of stamen primordia (st). Dashed line same as in panels (A) and (B). (D) Example of measurements taken from the lateral view of a young flower bud of M. auristipulata (Tubular) represented by dashed lines comprising petal (pe), anther (an) and sepal length (se), and bud width (bw). (E) Example of measurements taken from the lateral view of a relatively older flower bud of M. humilis (Minute) showing petal and sepal length plus bud width. (F) Similar as in panels (D) and (E) but at a younger stage of M. humilis. fm = floral meristem, st = stamen, se = sepal, se = sepal length, pe = petal length, an = anther length, bw = bud width.


Bud width was screened in stages I–III in order to inspect for differences in the size of the floral bud among the Tubular, Radiate and Minute groups.

Data regarding organ length were analyzed by plotting petal primordium length (pe) against bud width, and anther and sepal length, in order to understand whether there were differences in the relative rates of elongation of the petals between Tubular and Radiate groups.

Finally, the Glomerulate group was qualitatively inspected in terms of inflorescence development relative to the other groups.



RESULTS


Early Developmental Stages I–III

Floral development in Malesherbia starts with the quincuncial inception of sepal lobes around a bare floral apex (Stage I, Figures 3A,D,G,J). Radiate species seem to possess a somewhat larger floral meristem (Figures 3G,J), but this is not numerically corroborated for all species of both groups (Figure 5A). Later on, and after the sepal lobes have grown slightly, a groove surrounding the floral meristem (fm) can be recognized, separating the perianth from the central zone where the stamens will arise (Stage II, Figures 3B,E,H,K). This groove represents a circumferential border separating an external side that will expand to form the hypanthium, and an inner side that will rise to build the androgynophore (see Figure 6N). At this point Tubular species present the appearance of petal primordia in between the sepal lobes (white arrowheads, Figures 3B,E), while these are completely lacking in the Radiate ones (open arrowheads, Figures 3H,K). Interestingly, sepal lobes in species of the Radiate group are markedly more advanced (Figures 3H,K). Later on, as the floral bud enlarges a bit more in width, stamen primordia appear simultaneously on the central floral meristem (stage III, Figures 3C,F,I,L). At this stage, petal primordia are markedly visible in the Tubular group (white arrowheads, Figures 3C,F), while these are either absent or very difficult to see in Radiate species (open arrowheads, Figures 3I,L). Radiate and Tubular species do not differ in the width of their floral buds at any stage (Figure 5A), as the range of the values obtained in both groups fully overlaps. A slight tendency in the increase of the floral width from Stages I through III can be seen in both groups, qualitatively (Figure 3) and numerically (Figure 5A).
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FIGURE 3. Early development of Malesherbia flower. Images in a same row belong to the same species: Tubular group (blue frame): (A–C) M. tocopillana; and (D–F) M. auristipulata; Radiate group (red frame): (G–I) M. lanceolata; (J–L) M. lirana. Images in the same column correspond to a common developmental stage: (A,D,G,J) stage I: sepal inception; (B,E,H,K) stage II: hypanthium groove initiation; (C,F,I,L) stage III: stamen initiation. (A) Sepal primordia (se) arising around a young flower meristem (fm) of Tubular M. tocopillana. (B) Same species showing a clear hypanthial rim and emergence of petal primordia between sepal lobes (white arrowheads). (C) M. tocopillana showing five round stamen primordia (st), well defined sepal lobes and in between already developing petal primordia (arrowheads). (D) Tubular M. auristipulata flower initiating sepal primordia. (E) Slightly older flower showing petal initiation (arrowheads) between sepal primordia (se). (F) Petal primordia expanding (arrowheads) in between sepal primordia and surrounding the emerging stamen primordia in the center. (G) Radiate M. lanceolata showing sepal (se) inception and a bare flower meristem (fm) in the center. Note the slightly larger size of the young flower in comparison to the Tubular species shown in panels (A) and (D). (H) A clear hypanthial rim is established in the young flower while sepal lobes expand toward the center. At this point, no petal primordium can be seen in the space between sepal primordia (open arrowheads) in contrast with the Tubular species shown in panels (B) and (E). (I) Same species with marked stamen primordia in the center still lacking petal primordia between sepal lobes (open arrowhead). (J) Radiate M. lirana developing flower with a bare flower meristem in the center (fm) and emerging sepal lobes (se). (K) Flower primordium showing hypanthial rim and a sustained growth of sepal lobes. Note the larger sized sepal lobes at this point in Radiate species (H,K), compared to Tubular species (B,E). (L) Stamen primordia clearly shown in the flower center while petal primordia are still lacking (open arrowhead). Bar in panel (A) for all Figures = 100μm. fm = flower meristem, se = sepal, st = stamen. White arrowhead = petal primordium, open arrowhead = petal primordium still not initiated.




Qualitative Differences in Petal, Sepal and Anther Development

After their inception, floral organs begin to elongate (Figures 4, 6). The difference in growth rate of petal primordia becomes evident when comparing species of both groups with either similar anther or petal sizes. Taking a similar anther size as a reference, it is noticeable that while petal primordia begin to acquire a characteristic shape in Tubular species (Figures 4A,G), petals are just visible as small protrusions in Radiate species (Figures 4C,J). For a similar petal size in Tubular (Figures 4B, 6D) and Radiate (Figures 4D, 6E) species, differences in stamen size are evident, being larger in the latter. Comparative observations of the perianth also reveal a slight difference in the inception point of petal lobes: Petal primordia are clearly inserted in between the sepal lobes and at a similar distance from the center in tubular species (Figures 4E, 6C), while in Radiate ones, petal primordia are initiated later and more to the inside of the hypanthium (Figures 4F, 6A,B). This difference in position of petal inception is also visible at later stages (Figures 6D,E).
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FIGURE 4. Petal elongation during flower development in Malesherbia. Tubular (blue frame) and Radiate (red frame) species at similar stages for comparison: (A) and (B) v/s (C) and (D); (E) v/s (F); (G,H) and (I) v/s (J,K) and (L). (A) Tubular M. corallina showing petals (arrowheads) elongating and alternating with stamens (st). Sepal lobes removed. (B) Tubular M. auristipulata at a comparable stage showing erect growing young petals. (C) M. lanceolata showing similar stamen (st) primordium size as in Tubular species (A) and (B), but with markedly smaller petal primordia shown by arrowheads. (D) M. densiflora at similar stage regarding stamen primordium size and also showing a small protruding petal primordium (arrowhead). (E) View of perianth of Tubular M. auristipulata showing alternating sepal (se) and petal (arrowheads) lobes all inserted on the external perimeter. (F) Comparable view of Radiate M. obtusa showing much more retarded petal primordia situated more internally than in panel (E). (G) M. auristipulata; young flower showing stamen (st) with thecal ridge differentiation and well-formed petals outgrowing stamens (arrowheads). A trilocular gynoecium (g) covers the center of the flower. Sepals removed. (H) Tubular M. tocopillana at a similar stage as G and equivalent large young petals (arrowheads) outgrowing stamens (st). Sepals (se) enclose flower bud, therefore one sepal is removed. (I) M. tenuifolia showing ventral face of petal (arrowhead) and sepal (se) plus a fraction of the hypanthium (dashed line). This part of the perianth has been torn open from the flower bud that shows young stamens (st). Note the growing trichomes on the petal tip indicating tissue maturation. (J) Radiate M. lanceolata young flower showing gynoecium and stamen differentiation at a similar stage as (G–I). Note the markedly smaller petal primordium (arrowhead) than in previous species. (K) M. densiflora at a similar stage as (J), also showing quite retarded and small petal primordia. (L) M. densiflora showing petals (arrowheads) differentiated to a similar extent as shown for Tubular species in panels (G–I), but with a much larger overall size. Note that even at this size, the petals still do not overgrow the stamens. All bars = 100 μm. fm = flower meristem, se = sepal, st = stamen, gy = gynoecium, white arrowhead = petal primordium, dashed line: hypanthium outline.


While petal lobes have reached and surpassed anthers in Tubular species (Figure 4H), they still are lagging far behind the anther tips in Radiate species (Figure 4K). A more mature aspect of petal primordia in a Tubular species can be seen in Figure 4I showing trichome development on its tip. A similar petal lobe aspect in a Radiate species can be seen in a far more advanced bud stage with larger anthers (Figure 4L).

When taking a similar petal size for both Radiate and Tubular species (Figures 6D,E), it is evident that the anthers of Radiate species appear to be more developed (Figure 6D). This is also true when observing older flower buds as the pair of Tubular and Radiate species shown in Figures 6F,G.

Similar observations can be made when taking sepals as reference organs. Figures 6H,K present a comparable petal size and shape but with much more reduced sepal lobes in the Tubular species (Figure 6H) than in the Radiate ones (Figure 6K). A same tendency is encountered when comparing a general view of the perianth in Figures 6I,J,L. The first two figures represent Tubular species with sepals approximately double the petal size, while Radiate species at this stage present sepals three to four times larger than the petals. Conversely, Radiate species achieve a relative petal size closer to the 50% of the sepal only when they are much more older and larger, as can be seen in Figure 6M.

The petal size pattern observed is reverted when the young flower has grown to a certain extent: petals of Radiate species are capable of overgrowing the floral width as seen in Figure 6N (see also Figure 5B), while Tubular species attain a relative petal size kept below the flower width as seen in Figure 6P. Young flowers of Tubular species show a prominent hypanthium already at this young age and tightly arranged petal lobes at its top (Figures 6O,P), while Radiate species seem to have their corolla more loosely arranged within the flower bud (Figure 6N).
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FIGURE 5. Results of measurements on developing flowers of Malesherbia. (A) Flower bud width along three developmental stages. Three groups are plotted: Radiate (red stripes), Tubular (blue dots) and Minute (green plus symbol, see Table 1 and main text for more explanations). Note that data ranges of Radiate and Tubular species fully overlap, while values for Minute are the smallest overall and well outside the ranges of the other two. (B) Petal primordium length plotted in relation to bud width. Note that Radiate flowers present smaller values in general. Note the logarithmic scale in both axes. (C) Sepal length plotted against relative petal size. (D) Anther length plotted against relative petal size. Blue dots = Tubular group, red stripes = Radiate group, green plus symbol = Minute group.
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FIGURE 6. SEM images of petal initiation and elongation in Malesherbia. Red frames surround Radiate species and blue frames Tubular species. (A) M. rugosa (Radiate) showing petal initiation (arrowheads) between stamen primordium (st) and sepals. (B) M. paniculata (Radiate) at a slightly older stage than in panel (A) showing slightly larger petal primordia. Note the position of the petal between stamens (st) and sepals. (C) M. tenuifolia (Tubular) with petal primordia placed well between sepals and being part of the dorsal margin of the flower. (D) M. lanceolata showing a small young petal (arrowhead) (E) M. auristipulata with a similar sized young petal (arrowhead) as in panel (D), but with stamens of clearly smaller size. Note the more external position of the petal than in panel (D). Same magnification in panels (D) and (E). (F) M. tenuifolia showing petal primordia (pe) attached at the tip of a developing hypanthium. Also part of stamens (st) visible. Same magnification in panels (D) and (E) (G) M. linearifolia showing young petal of comparable size as in panel (F), but with a much larger stamen (st). (H) Young petal (pe) and sepal (se) of M. auristipulata of a fairly similar size. Open arrowhead signals an incipient corona along the top of the hypanthium (hy) (I) M. tocopillana flower torn open to show part of the hypanthium, stamens, petals of about half the size of the sepals. (J) Perianth and hypanthium of M. auristipulata flower showing petals roughly half the size of the sepals. (K) M. rugosa showing petals of a comparable size as in panel (H), but with much larger sepals (se). Same magnification in panels (H) and (K). (L) Fraction of perianth of a M. lanceolata flower (Radiate). Note the difference in size between petal and sepal primordia in contrast to the situation in Tubular flowers shown in panels (I) and (J). Same magnification in panels (I,J) and (L). (M) M. lanceolata, showing petal of around half the size of the sepal. Note that this proportion is achieved in a much later ontogenetic stage in this Radiate flowers than for Tubular ones as shown in panels (I) and (J). (N) M. rugosa young flower with well developed organs. At this advanced stage, the petal length (pe) is close to or already larger than the bud width (wd). See panel (P) for the opposite case. (O) M. tenuifolia young flower showing petals folded in the bud and an important hypanthium formed. (P) M. tenuifolia (Tubular) showing petals folded with cochlear aestivation. At this advanced stage, the petal length (pe) does not surpass the flower bud width (bw), contrary to a Radiate flower as shown in N. Bars (A–L) = 100 μm, (M–P) = 200 μm. Same magnification among (D–G); (H,K); (I,J) and (L) se = sepal, pe = petal, st = stamen, gy = gynoecium, hy = hypanthium, ag = androgynophore, white arrowhead = petal primordium, open arrowhead = incipient corona, pe = petal length, bw = bud width, dashed white line = example of measurement.




Quantitative Elongation of Floral Organs

We quantitatively monitored the behavior of petal growth by plotting floral bud width values against petal length (Figure 5B). Tubular species present measurable petal primordia at smallest flower widths (blue dots, Figure 5B) and the overall tendency to be larger than the ones of Radiate species (red stripes) at similar bud width (Figure 5B).

The growth of petal primordium size relative to sepal or anther primordium size is shown as both increase during bud growth (Figures 5C,D). Here, the results found are similar as before: Tubular species present in general relatively larger petal primordia for a given referential organ size. For example, in Tubular species, petals equal anther size when anther primordia reach a length of around 400 μm (blue dots, Figure 5D), while in Radiate species petals do not reach anther size at the stages here screened, but attain a size of around 80% of the respective anther (red stripes, Figure 5D). A similar observation is made for the size relationship petal/sepal (Figure 5C), as the petal relative size in Tubular species is larger than in Radiate species, although not achieving the complete sepal size, but around 75%, while Radiate species achieve around 50% when sepals achieve a size of around 1,000 μm.



Corona Growth

As in other Passifloraceae, Malesherbia flowers present a corona rim that surrounds the stamens. This is more prominent in Tubular species (Figures 1A–D) where the corona forms a small tube, even reaching the level of the anthers as in M. auristipulata (Figure 1D). In the remaining species, the corona is limited to a whitish or yellowish toothed rim (Figures 1H–N). A corona is already well differentiated in Tubular young flower buds (Figures 7A–C). It protrudes ventrally from the hypanthial tissue just below petal and sepal attachment (Figures 7B,D–H). The distal margin of the corona is always somewhat toothed but to different degrees, varying from more or less even (Figures 7A,D,I), to markedly irregular (Figures 7C,H,L). Corona inception occurs when floral organs and hypanthium are already well developed and there seems to be no difference in the petal size of Tubular and Radiate species when it is initiated (Figures 7E–G). The first evidence of the corona appears as a swelling of the hypanthial tissue below the petal insertion (Figures 7E–G) that later expands and establishes its own growing margin (Figures 7H–K). This tissue may proliferate and elongate markedly in Tubular species (Figures 7D,I), remain more or less arrested in Radiate ones (Figures 7J,K), or also generate irregular crests (Figure 7L).
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FIGURE 7. Corona growth in Malesherbia. Red frame surrounds a Radiate species, green frame the minute species and blue frames surround Tubular species. (A) M. corallina showing a corona rim surrounding stamens. (B) Same species showing the perianth and corona rim from its ventral side. (C) M. tocopillana showing its more irregular corona surrounding androecium. (D) Detail of longitudinally sectioned well developed corona in M. auristipulata. (E) Corona being initiated in M. corallina. (F) Corona initiation in M. tenuifolia. (G) Corona initiation in M. densiflora. Note similar petal size in panels (E–G) (same magnification). (H) Corona growth in M. tocopillana. Note the irregular toothed shape. (I) Corona growth in M. auristipulata resembling a solid wall. (J) Delayed corona growth in M. lanceolata. (K) Same as in panel (J) showing detail of the slow growing corona. (L) Corona growth in M. humilis showing prominent teeth. co = corona, se = sepal, pe = petal, an = anther, hy = hypanthium. Same magnification panels (E–G). Bars (A–C) = 200 μm, (D–L) = 100 μm.




Glomerulate Inflorescence and Minute Flowers

The development of the condensed glomerulate inflorescence of M. fasciculata is shown in Figure 8A. Many undifferentiated flower primordia subtended by bracts surround an inflorescence meristem (Figure 8A). In contrast, inflorescences of Tubular (Figure 8B) and Radiate (Figures 8C,D) species show floral primordia growing and maturing soon after being produced by the inflorescence apex. Bracteoles and sepals can be seen arising on flower primordia (Figures 8B–D). The size of the flower buds is quite different among species, but in particular in the Glomerulate inflorescence (Figure 8E) they show the smallest dimensions (compare with Figures 8D,F, same magnification).


[image: image]

FIGURE 8. Scanning electron micrographs of flower and inflorescence buds in Malesherbia. Red frame surround Radiate species, green frame the minute species and blue frames surround Tubular species. Glomerulate species without a frame. (A–F) Inflorescences, (G–I) Malesherbia humilis (Minute), (J–K) Radiate species. (A) Developing inflorescence of M. fasciculata (Glomerulate). Here, the inflorescence meristem is not particularly more expanded than the other species, nor any particularly higher phyllotaxis is manifest at floral bud initiation, thus there is no evidence for a FUM. (B) M. tocopillana, (C) M. deserticola, (D) M. linearifolia. (E) M. fasciculata; note the smaller size than (D) (same magnification D,E). (F) M. tocopillana; note larger bud size than M. fasciculata in panel (E) (same magnification E,F). (G) Stage I of M. humilis. (H) Same species in stage II. (I) Stage III of M. humilis. (J) Stage I of Radiate M. rugosa. (K) Stage II in Radiate M. paniculata. (L) Stage III of M. rugosa. Note the overall smaller bud size of M. humilis (G–I) compared to the equivalent stage of Radiate species (J–L), same magnification (G–L). All bars = 100 μm. im = inflorescence meristem, fm = flower meristem, se = sepal, st = stamen, br = subtending bract, bl = bracteole.


When observing the stages I–III of flower development of the Minute group (Figures 8G–I), they all appear clearly smaller than any other Radiate species (Figures 8J–L, same magnification), which is numerically corroborated by the measurements (Figure 5A). The size of M. humilis (Minute) floral bud width at these stages corresponds to nearly half of the rest.



DISCUSSION

Floral morphogenesis in Malesherbia shows that Tubular flowers initiate their petals earlier than Radiate flowers, and also with a faster growth rate. The petal inception in Tubular species occurs in stage II, while Radiate flowers initiate their petals in stage III or even later. The faster growth rate of Tubular petals is recognized both by their higher absolute dimension for a given bud width, and also by their higher relative size in relation to the sepal or anther within the same bud.

This fact may be somehow counterintuitive as Tubular species present the smallest petals at maturity, hence the expectation would be that these would grow slower from the beginning on, but the opposite is true.

Can this difference in growth rate be explained in terms of meristematic tissues? No evident difference in flower meristem size was found between Radiate and Tubular groups, but the position of the petal primordium was different: in Tubular flowers it is situated well between sepal lobes and at the same level, while in Radiate flowers, the position of the petal primordium is shifted more to the center. This positional shift in Radiate species is probably a consequence of the later initiation of the petal primordium in stage III or later. At this time, sepal lobes are considerably more expanded in Radiate flowers and the space between them is probably no longer available; therefore the site of initiation of the petal is pushed toward the next available space more to the center of the bud. This difference may be linked to the size difference of petals at maturity, as in Tubular flowers the petals remain confined between the erect sepal lobes and corona, and have limited space for expansion, while in Radiate flowers the more inward position of the petals allows for a greater expansion.

Interestingly enough, an initial slower organ growth rate of the petal primordia seems here to be related with a larger mature organ size. This is widely recognized for the petal development in several core eudicots (see Ronse De Craene, 2008). For example, in Caryophyllaceae petals lag very much behind the stamens, even arising from common stamen-petal primordia, but they overtake the stamens in size prior to anthesis (Wei and Ronse De Craene, 2019). Some evidence in the literature has shown this pattern to exist in other flower types affecting other organs. For example, the size of the style in heterostylous Oxalis (Oxalidaceae) species has been shown to be inversely related to its initial growth rate, implying that initially faster growing carpels attain a smaller mature size (Bull-Hereñu et al., 2016). In analogy, in a comparative study of the flower development of Eucryphia (Cunoniaceae) it has been shown that relatively slow-growing androecia attain larger dimensions at maturity (Bull-Hereñu et al., 2018). At the organismic level, the same phenomenon has been described in the slow-growing regional varieties of the composite Chaetanthera moenchioides that attain larger sizes in the adult state (Bull-Hereñu and Arroyo, 2009). Also in controlled experiments, a temperature induced slower plant growth can lead to larger phenotypes as demonstrated for the larger capitula in Microseris pygmaea (Battjes and Bachmann, 1994) and Senecio (Abbott and Schmitt, 1985) and larger petals in Capsella (Neuffer and Paetsch, 2013). This principle allows for hypothesis testing in natural occurring patterns, as e.g., the increase of floral size with elevation: overall lower temperatures in mountain environments that slow growth rates in plants living there, could lead to larger floral aspects at maturity (see Bull-Hereñu et al., 2018).

The corona in Malesherbia arises when the organs are fully formed, representing a late morphogenetic phenomenon, similar to the documented observations for the corona of the sister genus Passiflora (Prenner, 2014; Claßen-Bockhoff and Meyer, 2016). In Malesherbia, the corona seems to initiate when petals have attained a certain size both in Radiate and Tubular flowers, which implies a comparatively earlier initiation in Tubular species, as Radiate petal lobes have been shown to develop slower. The earlier initiation of the corona in Tubular species correlates with its larger dimension and a small perianth at maturity. In radiate species the opposite occurs: a late initiation of the corona is linked to its reduced dimension and a large perianth at maturity. As for petal size, no relation could be found between initial meristematic size and corona size. Such changes in shape of the flower and morphometric adaptations are realized here as a matter of space occupation. Building a long tube is correlated with a longer corona and prevents petals from expanding, while a shorter tube leads to a reduced corona and an expanded perianth.

The Minute flowers of Malesherbia humilis proved to be formed by comparatively smaller flower meristems. This phenomenon has been also observed in Eucryphia milliganii, a considerably smaller flower within a genus with larger flowers, that also originates from relatively smaller flower meristems (Bull-Hereñu et al., 2018). Similar corroboration has been found for smaller cleistogamous flowers of Viola (Violaceae, Mayers and Lord, 1984), Collomia (Polemoniaceae, Minter and Lord, 1983) or Pseudostellaria (Caryophyllaceae, Luo et al., 2012) that develop from comparatively smaller meristematic sizes.

Smaller flower meristems were also observed in M. fasciculata, a species that also presents small flower size at maturity, comparable to that of M. humilis. Unfortunately, these flower meristems could only be observed qualitatively at early inception (Figures 8A,E), as no measurements of stages I-III could be performed due to a lack of material. The globular inflorescence of M. fasciculata does not arise from a FUM as it shows an active inflorescence meristem and no meristematic expansion followed by flower fractionation typical of a FUM (Claßen-Bockhoff and Bull-Hereñu, 2013; Claßen-Bockhoff, 2016). This means that the globose aspect of the inflorescence of M. fasciculata is due mainly to inhibition of internode elongation. Here the floral segregation seems to occur very rapidly, as flower primordia appear homogeneous all around the inflorescence meristem. A parallel between inhibited flower meristem size and inhibited inflorescence internodes is here manifest and probably speaks for a common tendency for changing growth rates at various levels of the development. This faster development here is again related to smaller flower and inflorescence sizes, similar to the perianth of Tubular species.



CONCLUSION

We found a general tendency in Malesherbia flower ontogeny in showing that timing of development of organs leads to manifest phenotypic variation. As already seen elsewhere for other species, an initial rapid development of organs correlates here with smaller dimensions of petals in Tubular species and in the compact globose inflorescence. Earlier inception of the corona in Tubular species could also account for petal size reduction and a larger corona tube. The absolute size of the meristem was also found to correlate with smaller flower size at maturity. The high diversity in flower morphology among species of Malesherbia demonstrates that subtle changes in growth rates are responsible for floral diversification and evolution.
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