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Abstract

:

To gain insight into the evolution of flower traits in the generalized food-deceptive plant Iris pumila, we assessed the color, size, shape, and fluctuating asymmetry (FA) of three functionally distinct floral organs—outer perianths (‘falls’), inner perianths (‘standards’), and style branches—and estimated pollinator-mediated selection on these traits. We evaluated the perianth color as the achromatic brightness of the fall, measured the flower stem height, and analyzed the floral organ size, shape, and FA using geometric morphometrics. Pollinated flowers had significantly higher brightness, longer flower stems, and larger floral organs compared to non-pollinated flowers. The shape and FA of the floral organs did not differ, except for the fall FA, where higher values were found for falls of pollinated flowers. Pollinator-mediated selection was confirmed for flower stem height and for subtle changes in the shape of the fall and style branch—organs that form the pollination tunnel. This study provides evidence that, although all analyzed flower traits play significant roles in pollinator attraction, flower stem height and pollination tunnel shape evolved under the pollinator-mediated selection, whereas achromatic brightness, size, and symmetry of floral organs did not directly affect pollination success.
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1. Introduction


The main function of the flower is sexual reproduction, a phenomenon that involves two distinct phases: pollination, in which pollen grains are transferred from the anther to the stigma of the pistil, and fertilization, the fusion of male and female gametes [1,2]. Since the pollination process in entomophilous plants exclusively depends on insect pollinators, plants and insects have evolved a complex relationship mediated by the flower [3]. To establish a stable reciprocal relationship, plants provide insects with nectar and pollen as rewards for their pollination services [1,4]. The particular morphological traits of a flower, termed ‘honest signals’, are direct indicators of the quality and quantity of the reward, so the pollinators can learn to choose among different flowers that announce the presence and quality of pollen or nectar [5,6,7]. Therefore, it is not surprising that the remarkable diversity of floral traits, i.e., flower size, shape, color, and odor, is often attributed to pollinator behavior and preference for a particular flower phenotype [8,9,10].



In contrast to this mutualistic interaction, a generalized food-deceptive pollination strategy is a well-known phenomenon related to the utilization of a general set of floral signals that advertise a food reward without actually offering a reward to the pollinators [11,12]. Generalized food-deceptive species are characterized by large and attractive floral displays, a high degree of variability in flower traits, and early spring flowering [11,13]. Large flowers and early spring flowering allow the exploitation of the innate food foraging behavior of newly emerged, naïve pollinators, while high variability in flower traits prevents pollinators from learning visual signals associated with non-rewarding flowers [11,14,15]. This pollination strategy is widespread in orchids, but also occurs in other taxa, including some Iris species [16,17].



A larger floral display, attained through an increase in flower size or the number of open flowers within inflorescence, generally ensures a higher pollinator visitation rate, and consequently enhances pollen transfer efficiency and seed set [5,18,19]. In addition, large flower size, as an honest signal, often correlates with other flower traits that increase pollinator visitation rate, such as symmetry [20,21]. It has been suggested that pollinators tend to visit symmetrical flowers more frequently than asymmetrical ones, due to an innate or learned preference, as larger and more symmetrical flowers tend to offer greater reward [5,22,23]. However, the idea that pollinators act as selective agents for flower symmetry needs to be better understood, as previous studies have not clearly confirmed this hypothesis [21,24,25]. One of the most common methods contributing to this question is to quantify floral asymmetry using a fluctuating asymmetry—small, random deviations from a perfect symmetry that are considered to be the result of developmental instability or/and phenotypic plasticity [26,27,28,29].



The large Iris flowers may have evolved under strong selection pressure imposed by pollinators, either because larger flowers indicate greater reward or because pollinators can detect them from a greater distance [30]. Another distinguishing feature of the genus Iris, including the food-deceptive species Iris pumila, is the complex actinomorphic flower [31,32]. The Iris floral ground plan (and more generally in Iridaceae) includes four trimerous whorls made up of functionally distinct floral organs [33,34,35]. The two outer whorls are formed of morphologically distinct petaloid tepals (fall and standard, respectively), followed by a whorl of three stamens and a tricarpellar gynoecium, with petaloid style branches in the center of the flower (Figure 1). Falls, the external whorl tepals, are curved downward and their distal halves serve as a landing site for pollinating insects. On the adaxial surface, I. pumila falls have a ‘beard’, made of short fine pollen-imitating hairs as well as floral guides, which attract and direct the pollinators towards the pollination tunnel. The inner whorl tepals, called standards, stand upright and serve as long-distance visual signals to potential pollinators. The stamens consist of a filament and an anther, in which large pollen grains are produced. They are hidden under the ventral surface of the petaloid style branches. Each style branch has a receptive stigma at its distal end. The basal parts of the falls, standards, and stamens are fused together to form an elongated hypanthial tube. The proximal part of the fall with the overarching style branch and stamen form a pollination tunnel (Figure 1). Consequently, each I. pumila flower has three separate labiate pollination units (tunnels), which are perceived by pollinators as a single bilaterally symmetrical flower [34,35].



Although a generalized food-deceptive pollination system has been known for a long time, studies on plants other than orchids are scarce. We propose I. pumila as a good model system for studying the evolution of deceptive pollination due to consistent pollinator and pollen limitation, as the basis for pollinator-mediated selection [36], the marked variability in floral traits [37], and its self-incompatibility [12]. Based on the I. pumila flower morphology, with the pollen reward hidden under the upper surface of the pollination tunnel, it can be assumed that this species takes advantage of the naivety of pollinators, mostly generalist hymenopterans, searching for non-existent nectar [17,38]. Several hypotheses have been proposed to explain the existence of the deceptive pollination strategy, but the most available evidence suggests that food deception evolves because it strongly promotes cross-pollination and favors pollen flow over longer distances by causing pollinators to leave non-rewarding patches [9,39]. This could be the possible explanation in the case of I. pumila, as this long-lived plant forms large clones with multiple flowers, which may lead to increased geitonogamy and, consequently, reduce female reproductive success by saturating the stigma with self-pollen [40].



The objective of this study was to identify floral traits that play a functional role in pollinator attraction and, consequently, reproductive success in generalized deceptive pollination systems, and to determine whether they have evolved under the influence of this plant–pollinator interaction. To address these questions, we investigated the phenotypic expression of a suite of flower traits associated with attractiveness to pollinators: flower stem height and floral organs’ color, size, shape, and FA, in naturally pollinated and non-pollinated flowers of I. pumila plants, grown in an experimental garden. If variation in these flower traits prevents pollinators from discriminating between rewarding and non-rewarding flowers, it would be expected that pollinators might prefer certain flower traits without acting as the selection factor on them.




2. Materials and Methods


2.1. Study Species


Iris pumila L. is a long-lived rhizomatous clonal monocot native to the lowlands of central and southeast Europe. The species flowers in early spring and the flowering phase lasts about a few weeks. I. pumila is an enthomophilous, self-incompatible plant [38] that employs a generalized food-deceptive pollination strategy to attract its potential insect pollinators, mostly Bombus, Apis, and small solitary bees (e.g., Halictus and Andrena species) [17,41]. Flowers are large in size and polymorphic in color, with flower colors ranging from dark violet and blue to yellow and white [42].



The flowers of I. pumila are actinomorphic, with hierarchically structured symmetries. While the flower as a whole exhibits threefold rotational symmetry since all floral organs (falls, standards, stamens, and style branches) are arranged around a central axis with their three replicas separated by an angle of 120°, each individual floral organ, when considered as a separate part, is bilaterally symmetric [29].




2.2. Experimental Design and Sample Collection


The experiment was conducted on I. pumila clonal plants originating from Deliblato Sands and grown in clay pots for more than twenty years under common-garden conditions in an experimental garden of the Institute for Biological Research ‘Siniša Stanković’ in Belgrade, Serbia [29,35]. During the blooming phase in spring 2017, flowers were collected daily. Each newly opened flower was examined for the presence of pollen grains on the stigma surface. Flowers with deposited conspecific pollen were regarded as ‘pollinated’, while those ones without pollen on their stigmas as ‘non-pollinated’. At the same time, flower stem height was measured from the ground to the top of the standard (to the nearest 0.5 cm) and expressed in millimeters (mm). Immediately afterward, each flower was harvested, placed separately in a plastic bottle, and transferred to the laboratory. A total of 384 flowers were sampled: 193 pollinated and 191 non-pollinated ones. In the laboratory, the falls positioned beneath the style branches with pollinated stigmas, as well as the arbitrarily chosen falls (one per flower) from non-pollinated flowers, were cut at their bases and scanned using an optical scanner (CanoScan 5600F; Canon Inc., Tokyo, Japan; 600 dpi resolution). Digital images of fresh falls were used for analyses of achromatic brightness, which is defined as the mean RGB value and can vary between zero (black, no light) and one (white, full light intensity) [43,44]. For morphometric analyses, the complete sample of flowers, including the detached falls, was conserved in 70% ethanol at room temperature until dissection. To separate individual floral organs, each flower was cut at the border between the floral organ bases and the end of the floral tube. The organs of each floral whorl were separated, spread on a glass plate coated with 50% glycerol, and scanned (for details, see Tucić et al. [29]).




2.3. Morphometric Analyses


To quantify the variation in floral organ shapes, each organ was described by the relative positions of a set of morphological landmarks [45,46]. The two-dimensional coordinates of landmarks were digitized using a custom-written Iris flower plug-in and ImageJ software [47]. All images were digitized twice by the same person (K.H.).



As detailed in Tucić et al. [29], a set of 18 landmarks was used for the fall (7 pairs and 4 median landmarks) and the style branch (8 pairs and 2 median landmarks), as well as a set of 19 landmarks for the standard (8 pairs and 3 median landmarks).



Centroid size (CS), defined as the square root of the sum of squared distances of all the landmarks from their centroid, was used as a measure of size for each floral organ [46]. To make inferences about the mechanical fit of the pollination tunnel with pollinators, the ratio between fall and style branch CS was calculated.



Procrustes superimposition, which removes the variation in size, position, and orientation according to a least-squares criterion, was used to extract shape information from the landmark configurations of floral organs [46]. To eliminate variations in size, position, and orientation, each landmark configuration was scaled to centroid size 1, translated to the same center of gravity, and rotated so that the sum of squared distances between corresponding landmarks is minimal. To take into account the bilateral symmetry of each separated floral organ, the method for object symmetry was applied. This method uses the landmark configurations and their reflected and relabeled copies to obtain the symmetric and asymmetric components of shape variation. A symmetric component was calculated by averaging the original, reflected and relabeled copies, while the asymmetric component was obtained from their differences [27,28]. Procrustes superimposition and subsequent morphometric analyses were carried out with the MorphoJ software package [48].



To analyze individual shape variation in all three floral organs, principal component analysis (PCA) was carried out on the covariance matrix of the symmetric component of variation. To display characteristics of asymmetry shape variation, PCA was computed using an asymmetric component.



Discriminant function analysis (DFA) was applied to quantify differences in the mean shapes between pollinated and non-pollinated flowers. The statistical significance of pairwise differences in the mean shapes was assessed with a permutation test using Procrustes distances for the null hypothesis of equal group means (1000 permutations per test).



Procrustes ANOVA was performed in order to examine the effects of several factors on the overall variation in the shape of the analyzed floral organs: the effect of inter-individual variation, the effect of side (presence of directional asymmetry), and the effect of interaction between individual and side (presence of fluctuating asymmetry).



To explore the similarity of patterns for fluctuating asymmetry of pollinated and non-pollinated floral organs, covariance matrices for the effect of individuals by side (fluctuating asymmetry) obtained in Procrustes ANOVA were compared. This test evaluates the matrix correlation against the null hypothesis that there is no relationship of any kind between the matrices. To test the association statistically, a matrix permutation test was used. Since covariance matrices were used, the diagonal elements were included in the analysis and landmarks were permuted 10,000 times [27]. The covariance matrices of individual variation were also compared to evaluate the similarity of individual variation patterns between pollinated and non-pollinated flowers.



The amount of fluctuating asymmetry for the floral organs’ shape of pollinated and non-pollinated flowers was estimated using the FA10a index proposed by Palmer and Strobeck [26]. This index describes the magnitude of fluctuating asymmetry of shape for a structure after measurement error has been partitioned out and is calculated as:


FA10a = 0.798 √2(MSsj − MSm)/M,








where MSsj is the interaction MS, MSm is the error MS from a side’s x individuals Procrustes ANOVA, and M is the number of replicate measurements. Comparisons of FA10a indexes between pollinated and non-pollinated floral organs were performed using the F-test.




2.4. Selection Analyses


In this study, one-way ANOVA was used to test the differences in sizes of floral organs, flower stem height, fall-style branch CS ratio, and achromatic brightness between pollinated and non-pollinated flowers.



The selection of floral traits was estimated following the approach of Lande and Arnold [49]. The multivariate selection gradients were estimated by multiple regression of fitness on color, size, and shape variables. PC scores of the first three axes of the symmetric and asymmetric components of floral organ shape variation were used as shape variables. To assess the magnitude and direction of pollinator-mediated selection, plant pollination status was used as a proxy of fitness, with two categorical outcomes (value 1 for plants with pollinated flowers and value 0 for non-pollinated). The linear selection gradient (β) was estimated from the standardized partial regression coefficients and corresponded to the strength and direction of the directional selection acting on each trait. To obtain stabilizing or disruptive selection gradients, the non-linear selection gradient (γ) was estimated as doubled non-linear partial regression coefficients in a quadratic regression [50]. All selection analyses were performed in the Statistica 8 software package, using General Regression Models [51].





3. Results


3.1. The Variation in Floral Organs’ Color and Size in Pollinated and Non-Pollinated Flowers


To examine whether there was a significant difference in the mean values of floral traits between pollinated and non-pollinated flowers, one-way ANOVA was applied. Regarding flower color properties, pollinated flowers exhibited higher achromatic brightness compared to non-pollinated ones, implying that pollinators might prefer brighter flowers (Table 1). Pollinated flowers of I. pumila had significantly higher flower stem as well as CS of all three floral organs compared to non-pollinated flowers (Table 1). In addition, pollinated flowers were found to have a significantly higher ratio of fall and style branch CS, suggesting that a smaller style branch accompanied by a larger fall may be an efficient way to improve mechanical matching between pollinator and flower.



The phenotypic variation in flower color and size was estimated using the coefficient of variation (CV %). The highest phenotypic variation was observed for the color trait, and twice as low for floral organ size (Table 1). Both pollinated and non-pollinated flowers expressed similar levels of variation in all analyzed traits.



Considering flower traits of distinct color morphs separately, no significant differences were observed in flower stem height or in the floral organs’ size—the average stem height and size of falls, style branches, and standards were similar between violet, blue, and yellow color morphs A (Table S1). As expected, different color morphs expressed significantly different achromatic brightness (Table S2).




3.2. The Pattern of Floral Organs’ Shape Variation


Principal component analysis, PCA, was used to identify and display patterns of individual variation and fluctuating asymmetry for the fall, standard, and style branch. The first three PC axes described most of the individual variation in overall shape variance for all analyzed floral organs (fall: 87%; style branch: 87.7%; standard: 87.4%).



The PC1, PC2, and PC3 for the fall individual shape variation described 42.8%, 33.2%, and 11% of the total phenotypic variation, respectively (Figure 2). PC1 and PC2 shape changes were related to the narrowing and expansion of the entire structure around the longitudinal axis, and additionally, for PC2, to the lengthening and shortening of the fall blade. PC3 corresponded to synchronous changes of the fall blade and haft in opposite directions.



The highest percentage of total individual variation in the shape of the style branch was described by the first three PC axes (63.8%, 16.3%, and 7.6%, respectively) (Figure 2). PC1 referred to the narrowing and expansion of the entire style branch in the transverse direction. PC2 and PC3 described changes in the width and length of the upper part, followed by changes in the width of the basal part of the style branch.



Regarding the pattern of the standard symmetric component of shape variation, PC1, PC2, and PC3 axes described 46.4%, 35.2%, and 5.8% of the total variation, respectively (Figure 2). PC1 was related to the narrowing and the extension of the standard in the transverse direction. PC2 described the lengthening of the blade and the simultaneous shortening of the haft and vice versa, while PC3 was primarily associated with changes in the shape of the standard blade.



The first three PC axes described most of the variation in the fluctuating asymmetry of all three floral organs (fall: 78.8%; style branch: 82.5%; standard: 69.4%) (Figure 3). For the asymmetric component of fall shape variation, PC1, PC2, and PC3 described 55.8%, 14.6%, and 8.4% of the total shape variation, respectively (Figure 3). PC1 described a slight leftward twist of the entire fall relative to the longitudinal axis. PC2 reflected a downward curvature of the right side of the fall blade and an associated upward change in the left side of the blade. PC3 described a more pronounced twist of the blade to the left and haft to the right relative to the longitudinal axis.



The first three PCs of the asymmetric component of the style branch shape variation described 44.9%, 29.6%, and 8% of the total shape variation (Figure 3). PC1 described the bending of the lip area relative to the longitudinal axis of the style branch. PC2 reflected the elevation of the right and a downward movement of the left side of the lip area. PC3 was related to the shift of the style branch base, relative to the longitudinal axis.



PCA of the asymmetric component of standard shape variation revealed that the PC1, PC2, and PC3 accounted for 42.3%, 14.5%, and 12.6% of the total variance, respectively (Figure 3). PC1 characterized the bending of the standard to the left side. PC2 represents an opposite movement of the standard relative to the longitudinal axis. PC3 was associated with the torsion of the blade to the left and the haft to the right side relative to the longitudinal axis.



The difference between the shapes of pollinated and non-pollinated floral organs was evaluated separately for the symmetric and asymmetric components. The discriminant function analysis showed no significant difference in the shape of all three floral organs for both symmetric and asymmetric components of shape variation, as all p values for Procrustes distances after permutation tests were statistically insignificant for all floral organs analyzed (Table S3, Figure S1).




3.3. Analyses of the Asymmetry of Pollinated and Non-Pollinated Floral Organs


The results of Procrustes ANOVA showed that all causal effects had a highly significant impact on shape variation for each of all three organs analyzed, in both pollinated and non-pollinated flowers (Table 2). The term for variation among individuals was significant, indicating the presence of inter-individual variation in the shape of a particular flower organ. The side effect was significant, proving the existence of directional asymmetry in all three floral organs. A significant effect of interaction between individual and side indicated the presence of floral organs’ fluctuating asymmetry in both pollinated and non-pollinated flowers.



Matrix correlations were calculated for the Procrustes ANOVA covariance matrices for the effects of individuals between floral organs of pollinated and non-pollinated flowers. Patterns of individual variation for all three organs analyzed showed a high degree of similarity between pollinated and non-pollinated flowers (fall: 0.992; style branch: 0.992; standard: 0.968; all p < 0.0001). Likewise, high matrix correlations were obtained when covariance matrices of fluctuating asymmetry of floral organs in pollinated and non-pollinated flowers were compared (fall: 0.975; style branch: 0.972; standard: 0.948; all p < 0.0001), indicating a similar pattern of FA.



To quantify the level of floral organs’ fluctuating asymmetry of pollinated and non-pollinated I. pumila flowers, the FA10a index was calculated. The level of fluctuating asymmetry was higher for pollinated falls than for non-pollinated ones (4.08 × 10−3 vs. 3.74 × 10−3). The F-test revealed that for the F value calculated from Procrustes ANOVA (F(1993,1857) = 1.09), the difference between the FA level of pollinated and non-pollinated falls is statistically significant (p = 0.03, at α = 0.05). On the contrary, FA10a indexes for style branches and standards of pollinated flowers exhibited lower values than those obtained for non-pollinated ones (2.57 × 10−3 vs. 2.81 × 10−3, 1.71 × 10−3 vs. 2.15 × 10−3, respectively). Nevertheless, the differences between FA levels of style branches and standards in pollinated and non-pollinated flowers were not found to be statistically significant.




3.4. Phenotypic Selection on Flower Traits


To determine the role of pollinators in flower trait evolution, linear and quadratic selection gradients were estimated (Table 3). It appeared that flower color and floral organ size were not influenced by pollinator-mediated selections, both linear and non-linear. In contrast, it was discovered that flower stem height was significantly affected by positive directional selection (Table 3), implying a positive effect of flower height on the frequency of insect visits. Regarding the floral organs’ shape, positive directional selection was found for the fall symmetric component of shape variation described by PC3, and disruptive selection was found for the style branch symmetric component of shape variation, described by PC2 (Table 3, Figure 2).



Selection analyses for fluctuating asymmetry of floral organs were performed separately, and the obtained linear and non-linear selection gradients were found to be statistically insignificant; therefore, the data are not presented.





4. Discussion


The objective of this study was to gain insight into the evolution of the generalized food-deceptive pollination system in I. pumila by identifying floral traits that increase pollinator visitation and, consequently, the reproductive success of the species.



Deceptive species are expected to exhibit a high degree of variation in floral traits related to conspicuousness and pollinator attraction [37]. The variability of flower traits has evolved to slow pollinators’ associative learning of visual cues that enable them to discriminate non-rewarding flowers from rewarding ones [11,52]. Of all the analyzed I. pumila flower traits, the flower color displayed the greatest phenotypic variation, up to three times greater compared to that found in the floral organ size. This result is supported by the impressive variety of flower color phenotypes this species displays—among nine color phenotypes identified, the three most common ones are purple, blue, and yellow, with estimated frequencies of 0.50, 0.40, and 0.10, respectively [42]. Investigating whether pollinators act as the selection agents for the flower color in irises, Souto-Vilarós et al. [17] did not discover an association between pollinators and female reproductive success of color morphs in two Iris species: polymorphic I. pumila and dimorphic I. lutescens. The only exception was pollinator-mediated stabilizing selection for anthocyanin concentration observed for the I. pumila blue color morph. In the present study, the flower color was characterized in an alternative way—as achromatic brightness, determined as RGB mean score. Higher brightness implies that a particular flower reflects more light, increasing its visibility over long distances and attractiveness to pollinators, so selection for higher flower brightness could occur [44]. Pollinated I. pumila flowers generally exhibited higher brightness values than non-pollinated flowers. Comparing the brightness of pollinated and non-pollinated flowers for each color morph separately, a significantly higher brightness value was found only for the blue morph. It is important to emphasize that this study was conducted in an experimental garden located in urban area. Although the pollinator community probably differs from that in the nature, the presence of potential I. pumila pollinators, such as Bombus, Apis, and small solitary bees, was confirmed [41], and it is likely that this pollinator’s diversity may have led to this result. In addition to brightness, different aspects of the floral visual signals, such as green contrast, represent important cues for distant approach and are considered to provide good proxies for flower conspicuousness to pollinators [53,54]. Therefore, this would be an important direction for further investigation.



The flower stem height represents an important functional trait, as it affects plant performance, i.e., its survival and reproduction [55]. The significant phenotypic correlation of the flower stem height with ovule and seed number may be attributed to the intrinsic developmental relationships [17]. In this study, pollinated flowers exhibited significantly longer flower stems as well as larger sizes of all three floral organs compared to their non-pollinated counterparts. The observed variation in flower stem height was twofold greater than the variation found in floral organ size. These results may suggest that pollinators are generally more attracted to plants with larger and taller flowers compared to the surrounding less sizable ones.



Whether variation in the shape and FA of floral organs is related to attracting pollinators in food-deceptive pollination is still unclear [21,22,23,25]. In I. pumila, the shape and symmetry of the individual floral organs do not seem to play an important role in attracting pollinators, since no difference between the shapes of pollinated and non-pollinated floral organs was observed for both the symmetric and asymmetric components of shape variation. In the previous studies on I. pumila, FA has been used as a tool to evaluate developmental instability in response to environmental and pollution stresses [56,57]. The underlying hypothesis was that a more stressful environment would be reflected by a higher floral organ shape FA [26,28,56,57]. In addition, symmetric structures are thought to be a pollinator’s innate preference [23]. To corroborate this hypothesis, a higher FA of floral organs would be expected in the non-pollinated flowers than in the pollinated ones. For all analyzed I. pumila floral organs, the contribution of FA to the total floral organ shape variation was highly significant and had similar patterns in both pollinated and non-pollinated flowers. The only difference in floral organs’ FA between pollinated and non-pollinated flowers was observed for the fall, being significantly larger in pollinated than in non-pollinated ones. This result contradicts the hypothesis that FA of floral organs could be a potential indicator of fitness in I. pumila. Given that the high variation in floral traits is the key mechanism in the maintenance of plant–pollinator interaction in deceptive pollination systems [12,37], a higher FA detected in the falls of pollinated flowers could be understood in light of this view.



For pollinator-mediated selection to operate on floral traits, both trait variability and pollen limitation must exist [36]. Previously, pollinator limitation was identified in I. pumila, and it appears to be common through the Iris genus [17,30,58,59]. Here, even though the required conditions for pollinator-mediated selection existed, in addition to the significant differences in flower traits between pollinated and non-pollinated flowers, pollinators were not recognized to be strong selection agents. More specifically, pollinators preferred I. pumila flowers with higher brightness, longer flower stems, and larger floral organs, but positive directional pollinator-mediated selection was detected exclusively for the flower stem height. This implies that for successful insect attraction, enhanced long-distance flower visibility, afforded by a longer stem, is of crucial importance. In contrast, the size and shape of the floral organs were not found to be under pollinator-mediated selection [60,61]. Comparable results were reported for other Iris species. Except for the extreme size of the I. atropurpurea flower that was probably selected by pollinators, in other Iris species, pollinator behavior had no effect on the flower size and flower stem height, despite the high correlation between these traits and fitness [17,30,59]. Similarly, no pollinator-mediated selection was observed for brightness. Studies on other deceptive plant species showed that when analyzed over consecutive seasons, pollinator-mediated selection on plant height, size, and color of floral organs is weak and variable, suggesting that changes over time in the strength and direction of pollinator-mediated selection may maintain high phenotypic variation in floral traits in food-deceptive orchids [62,63].



Whether the variation in the floral organs’ shape and FA is subject to selection mediated by pollinators is still an open question. Numerous studies investigating the insect’s ability to consistently discriminate between the flowers based on flower shape and symmetry have not led to a clear conclusion [21,23,25,52,64,65]. To ensure pollen transfer and successful reproduction, I. pumila, like all early-flowering food-deceptive plants, exploits the naivety of recently emerged pollinators [13,17]. The flowers of I. pumila are pollinated by a quite heterogeneous group of large, medium, and small-sized generalist hymenopterans [41]. In addition to their strong innate sensory biases [66,67,68], these insects are also known for their ability to learn and discriminate visual cues based on experience [8,69]. Furthermore, they have an innate preference for higher and larger objects, as well as for particular colors, shapes, and symmetries [21,23,62,69]. Though it is expected that food-deceptive plants take advantage of pollinator preferences for particular colors and shapes, we have revealed that, in the case of I. pumila, pollinators play a minor role in the evolution of floral organ shape. Considering the symmetric component of shape variation, pollinator-mediated selection was discovered for subtle shape changes in fall and style branch—floral organs that form the pollination tunnel. Positive directional selection was found for changes in the shape of the fall, and disruptive selection for the shape of the style branch. These results suggest that even delicate changes in the shape of floral organs related to the pollinator visitation efficiency or to the pollination tunnel assembly are critical. For instance, expansion of the upper part of the fall, which serves as a landing platform for insects, or narrowing of the base of the fall and style branch, which causes a narrower pollination tunnel, affect the flower–pollinator relationship and successful pollen transfer. Furthermore, the larger ratio of fall and style branch sizes found in pollinated flowers points toward a preferred smaller style branch relative to the corresponding fall. All of the above findings indicate that selection on floral organ shape could be due to a better mechanical fitting of the pollination tunnel with the pollinator body rather than a deliberate choice of pollinator [70]. Accordingly, a study by Morinaga and Sakai [71] aimed to examine the functional differentiation between the outer and inner perianths in Iris gracilipes. By experimental manipulation of the inner and outer perianths’ length, the authors showed that different parts of the perianth have different significance for pollinator attraction and fitness. They concluded that the length of outer perianths (i.e., falls) may have evolved as an adaptive trait because flowers with reduced outer perianths gained less pollination success than control flowers. In contrast, flowers with reduced inner perianths (i.e., standards) had similar pollination success to control flowers; hence, the adaptive length of the inner perianths may be shorter than in the contemporary flowers [71]. Considering that the role of the standard is to advertise the flower over a long distance and increase its visibility, their result, although counterintuitive, is consistent with ours, since we found that standard shape had no direct influence on pollination success in I. pumila.



The fitness of organisms may also be related to the bilateral symmetry of a morphological trait, and usually, this symmetry is expressed as fluctuating asymmetry [26,28]. In our study, no pollinator-mediated selection on the asymmetric component of shape variation was observed in any of the three floral organs, confirming that fluctuating asymmetry of floral organ shape is neither universal nor a strong visual cue for pollinators to discriminate between rewarding and non-rewarding flowers. It is important to emphasize that in this study, the shape and FA were analyzed at the level of the floral organs, not at the level of the whole flower. Given the complex structure of the Iris flower, there is a possibility that an analysis of shape and symmetry at the level of the whole flower would suggest a different result.




5. Conclusions


The pollinators of I. pumila showed higher affinity for the flowers with taller flower stem and greater brightness and size of floral organs. The shape and FA of floral organs did not affect pollinator visitation rate, with the exception of the fall FA, where a higher level of FA was found for the pollinated flowers.



Pollinator-mediated selection was confirmed for flower stem height and for subtle changes in the shape of the fall and style branch—organs that form the pollination tunnel. Conversely, FA of floral organs was not identified as an important visual cue for pollinators to discriminate between rewarding and non-rewarding flowers in I. pumila.
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Figure 1. Ground plan of an Iris flower, illustrated by the example of I. pumila. (A) Lateral view of pollination tunnel. Floral organs are indicated with arrows. (B) Image of a bumblebee visiting I. pumila flower in an experimental garden. 
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Figure 2. PCA for individual variation in I. pumila floral organs: fall, style branch, and standard. The diagrams represent shape changes from the mean shape (gray lines) to a configuration with an arbitrary PC score of +0.1 unit of Procrustes distance (black line). The sign for PCs is arbitrary and the opposite shape change is equivalent. 
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Figure 3. PCA for the fluctuating asymmetry in I. pumila floral organs: fall, style branch, and standard. The diagrams represent shape changes from the mean shape (gray lines) to a configuration with an arbitrary PC score of +0.1 unit of Procrustes distance (black line). The sign for PCs is arbitrary and the opposite shape change is equivalent. 
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Table 1. The mean (    X  ¯   ), standard error (SE), and phenotypic coefficient of variation (CV%) for color (achromatic brightness) and size (flower stem height in mm; centroid size of fall, style branch, and standard) flower traits expressed in pollinated and non-pollinated I. pumila flowers. One-way ANOVA was used to compare the mean values of flower traits between pollinated and non-pollinated flowers. For all ANOVAs, df = 1.
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Pollinated Flower

	
Non-Pollinated Flower

	
ANOVA




	
Trait

	
n

	


    X ¯    









	
SE

	
CV %

	
n

	


      X  ¯     









	
SE

	
CV %

	
F

	
p






	
Achromatic brightness

	
193

	
0.266

	
0.005

	
26.19

	
191

	
0.251

	
0.005

	
24.85

	
5.143

	
0.024




	
Flower stem height

	
193

	
97.42

	
1.49

	
21.29

	
191

	
87.54

	
1.26

	
19.89

	
25.58

	
<0.0001




	
CS fall

	
193

	
338.7

	
3.0

	
12.20

	
191

	
321.5

	
2.8

	
12.18

	
17.06

	
<0.0001




	
CS style branch

	
193

	
198.2

	
1.4

	
9.62

	
191

	
192.2

	
1.4

	
10.09

	
9.19

	
0.003




	
CS standard

	
193

	
335.1

	
3.1

	
13.00

	
191

	
315.3

	
3.0

	
13.12

	
20.60

	
<0.0001




	
Fall-style branch CS ratio

	
193

	
1.713

	
0.013

	
10.39

	
191

	
1.676

	
0.011

	
9.45

	
4.43

	
0.036
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Table 2. Procrustes ANOVA of floral organs’ shape variation in pollinated and non-pollinated I. pumila flowers. The effects of individual (inter-individual variation), side (directional asymmetry), interaction between individual and side (fluctuating asymmetry), and measurement errors are shown. SS—Procrustes sums of squares, MS—Procrustes mean squares, df—degree of freedom, F—Goodall’s F statistic, p—level of statistical significance.
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Pollinated Floral Organs

	
Non-Pollinated Floral Organs




	
Effect

	
SS

	
MS

	
df

	
F

	
p

	
SS

	
MS

	
df

	
F

	
p






	
Fall

	

	

	

	

	

	

	

	

	

	




	
Individual

	
0.73483

	
0.00024

	
3056

	
7.51

	
<0.0001

	
0.68965

	
0.00023

	
2992

	
8.34

	
<0.0001




	
Side

	
0.05519

	
0.00345

	
16

	
107.7

	
<0.0001

	
0.04922

	
0.00308

	
16

	
111.3

	
<0.0001




	
Ind * Side

	
0.09787

	
0.00003

	
3056

	
5.39

	
<0.0001

	
0.08273

	
0.00003

	
2992

	
4.90

	
<0.0001




	
Error 1

	
0.03593

	
0.00001

	
6048

	

	

	
0.03338

	
0.00001

	
5920

	

	




	
Style branch

	

	

	

	

	

	

	

	

	

	




	
Individual

	
0.47477

	
0.00016

	
3056

	
6.64

	
<0.0001

	
0.43848

	
0.00014

	
3040

	
5.25

	
<0.0001




	
Side

	
0.00449

	
0.00028

	
16

	
11.99

	
<0.0001

	
0.00461

	
0.00029

	
16

	
10.49

	
<0.0001




	
Ind * Side

	
0.07150

	
0.00002

	
3056

	
1.80

	
<0.0001

	
0.08352

	
0.00003

	
3040

	
1.82

	
<0.0001




	
Error 1

	
0.08004

	
0.00001

	
6144

	

	

	
0.09210

	
0.00002

	
6112

	

	




	
Standard

	

	

	

	

	

	

	

	

	

	




	
Individual

	
1.13133

	
0.00035

	
3264

	
7.68

	
<0.0001

	
1.26642

	
0.00039

	
3247

	
8.59

	
<0.0001




	
Side

	
0.07219

	
0.00425

	
17

	
94.11

	
<0.0001

	
0.06520

	
0.00384

	
17

	
84.46

	
<0.0001




	
Ind * Side

	
0.14727

	
0.00005

	
3264

	
1.11

	
0.0002

	
0.14746

	
0.00005

	
3247

	
1.19

	
<0.0001




	
Error 1

	
0.26593

	
0.00004

	
6562

	

	

	
0.24915

	
0.00004

	
6528
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Table 3. Standardized linear (β) and non-linear (γ) selection gradients (±SE) for floral traits related to pollinator attraction, in pollinated and non-pollinated I. pumila flowers.
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	Trait
	β ± SE
	p
	γ ± SE
	p





	Achromatic brightness
	0.074 ± 0.050
	0.143
	−0.052 ± 0.246
	0.915



	Flower stem height
	0.176 ± 0.069
	0.011
	0.094 ± 0.318
	0.883



	CS fall
	−0.392 ± 0.686
	0.568
	3.273 ± 5.116
	0.749



	CS style branch
	0.276 ± 0.532
	0.604
	−2.271 ± 3.642
	0.755



	CS standard
	0.142 ± 0.132
	0.282
	−1.885 ± 1.106
	0.395



	Fall-style branch CS ratio
	0.278 ± 0.532
	0.602
	1.053 ± 3.849
	0.891



	Fall shape
	
	
	
	



	PC1
	−0.014 ± 0.052
	0.791
	0.022 ± 0.052
	0.830



	PC2
	0.012 ± 0.052
	0.821
	0.089 ± 0.055
	0.418



	PC3
	0.151 ± 0.052
	0.004
	0.051 ± 0.052
	0.627



	Style branch shape
	
	
	
	



	PC1
	0.048 ± 0.051
	0.349
	−0.026 ± 0.053
	0.807



	PC2
	−0.065 ± 0.051
	0.203
	0.208 ± 0.052
	0.047



	PC3
	0.090 ± 0.051
	0.080
	0.199 ± 0.052
	0.055



	Standard shape
	
	
	
	



	PC1
	−0.055 ± 0.051
	0.285
	−0.105 ± 0.052
	0.311



	PC2
	0.021 ± 0.051
	0.680
	−0.016 ± 0.052
	0.878



	PC3
	0.038 ± 0.051
	0.456
	−0.034 ± 0.052
	0.744
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