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Abstract

:

Female individuals of dioecious plants invest their resources more in storage and defence, and the males have higher nitrogen content invested in the production of pollen grains. An unresolved problem is whether this strategy occurs only in sexually mature plants or can also occur in juvenile plants. To answer this, Taxus baccata (L.) needles from the mature plants and rooted cuttings (juveniles) in a pot experiment were compared for the content of carbon, nitrogen, starch, total non-structural carbohydrates (TNC), and total phenolic compounds (TPhC). The results indicate that the differences between sexes occurred mainly in sexually mature plants, where the starch content was higher in females and nitrogen in males. However, the novelty of the results is that TPhC was generally higher in females than males in both adults and juveniles, suggesting that defence is a priority for females from an early age. We do not know if this is an innate trait because the strobili production (albeit at a very low level) of juveniles was observed in all individuals after the autumn of the first year. We found no effect of fertilization on sex-specific response in the pot experiment, which may be related to the lower reproductive effort of juveniles.
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1. Introduction


Dioecy is a relatively rare sexual system in land plants, found in about 6% of angiosperms [1,2,3]. However, it is the dominant system in gymnosperms, where nearly 65% of species are dioecious [4]. Dioecious plants are an interesting subject of research due to the clear division of sexual functions in individuals as well as being good models for studying plant strategies of resources allocation [5,6]. A general biological rule is that growth, maintenance, and reproduction compete for the same limited resources [7,8]; however, many different factors (plant age, habitat, and phenology) influence which trait receives most of them. This could offset life-history trade-offs among the sexes between growth and reproduction. Therefore, secondary sexual dimorphism (SSD), not directly related to the generative organs, is often observed in dioecious species [8]. SSD is pointed to as a consequence of reproductive inputs, and it may constitute an adaptation to fulfilling sexual functions [9]. These can be physiological mechanisms as well as differences in resource management [10,11].



The generally accepted norm is that females invest more in generative structures, storage, and defence substances, and male individuals invest more in growth and nitrogen accumulation [5,12,13]. An outstanding question is whether this pattern appears in juvenile plants or is only present in adults. However due to difficulties in sex determination at the juvenile stages, until plants flower, limited data address this question [6]. It is known, however, that male and female seeds can differ in their response to environmental factors in their rate of germination [14], and it would seem therefore that dimorphism might also be expressed in other phenotypic traits early in the ontogenesis [9]. In the case of herbaceous Silene latifolia, sexual dimorphism was observed in resource allocation patterns after, but not before, investment in reproduction [15]. On the other hand, sexual dimorphism in growth was observed in pre-reproductive individuals of Siparuna grandiflora shrub but not among mature plants [16]. Moreover, in studies on Lindera benzoin, sex-differences in growth were observed in pre-reproductive stages, so it has been suggested that some of these trait differences may be present before flowering [17].



SSD can also be affected by habitat conditions; furthermore, in many cases, differences between sexes are present only under stressful conditions [8,18,19]. However, in other studies, female individuals make better use of available resources under fertile conditions [20,21]. Therefore, it is important to take into account the nutrient availability in research on the mechanisms of sexual dimorphism in dioecious plants.



Plant phenology (including growth and dormancy) can also affect the expression of SSD. Many studies have shown that phenological changes such as growth, flowering, fruiting, and dormancy can affect the differences in SSD [6,22,23,24]. This should lead to an understanding of the functional significance of specific trait differences [9].



The subject of research reported here was common yew (Taxus baccata L.), a dioecious shrub or a small tree. It is a very good model species in which to study dioecy because it is known to show SSD, such as higher growth rates in males [25], greater requirements for water in females [26,27], greater needle area of female specimens, greater nitrogen content of males [24], or greater sensitivity of females to light stress [28].



Observations of SSD are relatively easy to perform in the case of short-lived plants by comparing selected features before and after reaching sexual maturity. In the case of long-lived organisms, such studies are very difficult to perform. One solution is propagation through cuttings taken from mature plants. This gives the possibility of a large number of plants of known sex and age, and it provides juveniles whose response to experimental conditions is not affected by reproductive effort. During vegetative reproduction, plants undergo a process of rejuvenation [29]. Moreover, vegetative reproduction is a common phenomenon, and 66.5% of species of central European plants exhibited clonal growth [30]. Cuttings have been used in a number of SSD research studies (e.g., [19,31,32,33]).



The novelty of this study is its use of both adults and vegetatively propagated juveniles, making it possible to compare plants at different stages of development. The research presented in this paper takes into account age, nutrient fertilization, and phenology. We focused on key chemical elements and compounds such as C, N, carbohydrates, and phenolic compounds. Determination of these is a useful method for identifying specific strategies of allocating resources to plants’ growth, maintenance, and reproduction [34,35]. We hypothesized that: (1) in both adult and juvenile female individuals, a higher content of phenolic compounds and sugars and a lower content of nitrogen would be observed compared with males; (2) this content would change over time depending on phenology; and (3) SSD would be more visible in non-fertilized conditions.




2. Materials and Methods


2.1. Plant Material


The experiment was conducted at the Institute of Dendrology, Polish Academy of Sciences, in Kórnik, Poland. The study was divided into two parts: field studies on adult trees and a pot experiment on rooted cuttings sited 500 m apart.



2.1.1. Field Study


Twenty (10 males and 10 females) adult yews (Taxus baccata L.) grown at the Kórnik Arboretum, Institute of Dendrology PAS, Poland (52°14′40.4″ N 17°06′04.7″ E), were selected. The trees were genetically different because they were a result of natural regeneration from seeds, and they were at least five meters apart. Plants were mature and had visible reproductive structures (male or female strobili buds and/or female arils).




2.1.2. Pot Experiment


Rooted cuttings were obtained from the same individuals used in the field study. In 2012, fifty shoots of each maternal tree were collected and rooted in multiport trays. Similar size cuttings were taken from the middle part of each crown. In total, 1000 shoots were rooted (20 trees; 10 males and 10 females × 50 shoots).





2.2. Experiment Design


2.2.1. Field Study


The study was conducted in the Kórnik Arboretum (52°14′40.4″ N 17°06′04.7″ E), Poland. Ten male and ten female trees of similar height and diameter with visible reproductive structures (male or female strobili buds and/or female cones) were randomly chosen. Measurements of photosynthetically active radiation (PAR) carried out in accordance with the methodology described by Messier and Puttonen [36] showed that the mean reduction of sunlight was 53.1% (±4.60 SE) and that the light reduction did not differ significantly between the sexes. One- and two-year-old needles were collected four times a year for two years. Samples were taken in 2014 and 2015, respectively in spring during the flowering period (March); in summer (June) after the end of the shoot growth; in autumn (September) during the maturation of seeds and arils, after the completion of the development of seeds and arils and the formation of buds for the next season; and in winter (December) during plant dormancy.




2.2.2. Pot Experiment


Cuttings were grown in 5 L pots under 2 m high scaffolding with shading net to produce a 50% reduction in full sunlight. The soil for the pots was obtained from a natural broadleaved forest, with 10% of the soil volume added from a stand of T. baccata. In March 2013, cuttings were divided into two blocks containing both sexes (Figures S1 and S2). Within each block, a fertilized group of seedlings received 6 g per litre of slow-release fertilizer Osmocote Exact 5-6M (ICL, Israel) in March 2014 and 2015, whereas the non-fertilized seedlings were grown without any additional fertilizer. The fertilizer contained 15% N, 9% P, 12% K, 2.5% MgO, and microelements.



One- and two-year-old needles were collected four times a year for two years from three individuals in each treatment in the experiment (three individuals x two fertilization treatments x two blocks = 12 individuals per one term) at the times described above.



Any developing strobili in the juvenile cuttings were noted at each sampling period. The assumption of the experiment was to test individuals prior to reproduction in the first year of measurements, but most of them developed strobili very early. Therefore, sexually immature specimens were tested only in the spring and summer of the first year. However, a comparison of the abundance of strobili in mature individuals in the field studies and individuals in the pot experiment showed that the ratio of generative organ to needles and stems mass was several times lower in the juvenile plants than in mature individuals [37].





2.3. Chemical Analyses


Chemical analyses were conducted the same way for both field studies and pot experiment. All needles were separated from their respective shoots and used in downstream analyses. The content of total carbon, total nitrogen, total soluble phenolics, soluble carbohydrates, and starch were analysed in each sample. Samples were initially dried at 65 °C for 72 h. To determine the nitrogen (N%) and carbon contents (C%), an Elemental Combustion System 4010 CHNS-O analyser (Costech Instruments, Italy/USA) was used. The content of soluble carbohydrates was assessed as described by Haissig and Dickson [38] and Hansen and Møller [39] using methanol-chloroform-water extraction and the colour reaction with anthrone and spectrophotometric analysis at λ = 625 nm. Starch content was measured in the precipitate remaining after the extraction of soluble carbohydrates at λ = 450 nm after a colour reaction with dianisidine. Both were expressed as percentages of the dry mass. The phenol content was expressed as μM chlorogenic acid g–1 d.m. after the use of Folin Ciocalteu’s Phenol Reagent (Sigma F—9252) and spectrophotometric analysis (l = 660 nm) according to Johnson and Schaal [40], as modified by Singleton and Rossi [41].




2.4. Statistical Analyses


After initial testing of residuals normality (Shapiro–Wilk test) and equal variance (Levene test), a mixed analysis of variance (ANOVA) model with restricted maximum likelihood (REML) was used to evaluate the influence of sex, fertilization, needle age, year, and season (fixed factors) and their interaction with nitrogen, carbon, C/N ratio, TPhC, TNC, and starch content in the needles from the pot experiment. Parental tree and block nested within the year, and individuals nested within the season, block, and parental tree were random factors. Only two-way interactions were interpreted.



The second mixed ANOVA model for the same elements and metabolites was performed for the field study trees. Year, season, and gender were considered fixed factors, while individual, year in individual, and season in individual and year were considered random factors.



A Student’s t test was used to compare mean values between sexes. The results expressed as percentages were arcsin transformed for analyses by ANOVA. All analyses were performed using JMP software (version 15.0.0), SAS Institute, Cary, NC, USA.





3. Results


3.1. Fertilization and Needle Age


The fertilization treatment had a significant effect on the content of N, C, and phenolic compounds (TPhC) in needles (Table S1). The fertilized individuals had a higher nitrogen level (mean 2.670% ± 0.028) compared with the treatment without fertilizer (1.827% ± 0.030) and carbon (49.85 ± 0.148; 49.35 ± 0.166, respectively) and a lower level of TPhC (186.9 ± 4.782; 200.6 ± 4.492, respectively). There was no significant effect of fertilization on TNC and starch (Table S1). Chemical components did not show any significant interaction between fertilization and sex (Table S1) or between needle age and sex (Table S1). Therefore, the presented results show the total mean values for sexes, seasons, and years without separation of these variables.




3.2. Sex


The carbon level was very constant in all analysed variants. There was no evidence of a difference in carbon content between the sexes (Figure 1(A1,A2); Table S1).



In the field study (adult trees), sex had a clear effect on nitrogen content; mature females had lower nitrogen levels compared with males (Figure 1(B1)). The total mean nitrogen in the field study was 1.96% ± 0.028 for females and 2.19% ± 0.029 for males. No relationship was found between sex and nitrogen in the pot experiment. (Figure 1(B2)).



In the field study, sex did not affect the TNC content (Figure 1(C1)). In the pot experiment, however, females had significantly higher levels of TNC in spring and summer of the first year and autumn of the second year compared with males (Figure 1(C2)).



Females had significantly higher starch levels compared with males (total mean = 128.0 mg × g−1 ± 0.060 vs. 109.4 mg × g−1 ± 0.060) in the field study (Figure 1(D1)). However, in the pot experiment, a significant sex–season interaction indicated variability in starch content between males and females (Figure 1(D2)). In males, the starch content was significantly higher in the summer and autumn in the first season and in females in the autumn and winter of the second season (Figure 1(D2)).



Unlike the other analysed traits, female individuals had a higher level of TPhC both in field studies and pot experiment (Figure 1(E1,E2)). The total mean content in the field study was 171.6 (±4.183) mg × g−1 for females and 157.0 (±4.284) mg × g−1 for males. In the pot experiment the figures were 201.1 (±5.103) mg × g−1 and 186.2 (±4.053) mg × g−1, for females and males, respectively. On the first two dates of samplings, a slightly higher (significant only in the second date) level of TPhC was shown in males in the pot experiment. On other dates, females had a higher level of this compound, and significant differences were observed in summer, autumn, and winter of the first year and in summer and winter of the second year (Figure 1(E2)). The high level of TPhC under the pot experiment in winter in both analysed years also draws attention (Figure 1(E2)).





4. Discussion


Our research confirmed the rule that female individuals invest primarily in defence and storage [5,6,13]. As a result of this trade-off, males have more resources for growth, which was previously confirmed in natural populations of the common yew, where a higher radial growth rate of males [25] as well as height and diameter was demonstrated [26].



Female yew individuals had lower N and higher starch levels in the field study (adult trees), but this was not found in the pot experiment (juvenile trees). Since plants in the pot experiment had little or no reproductive effort, this indicates that the levels of these nutrients are related more to reproductive effort than to evolutionary adaptation. However, the higher levels of defensive substances in females may be triggered in the early stages of development, as the females had higher levels of these substances both in the pot experiment and under field studies. Since females contained higher levels of phenolic compounds (TPhC) in the adults and juveniles and had higher levels of starch in the adults, the first hypothesis may relate only to defence substances.



Higher starch levels were found in females in the field study, but under the controlled conditions in the pot experiment, starch levels were higher in females only at the last two sampling dates. This may indicate a delayed start to storage in females related to their long-term resources-storage strategy [42]. Similar results were obtained for the herbaceous vine Tinospora cordifolia [43], where female individuals had a higher level of starch compared with males. The higher nitrogen level in male leaves in mature specimens in the field study is the most frequently observed relationship in dioecious species [21,22,24,44,45]. This may be due to the increased nitrogen requirements of males associated with pollen production because of the high nitrogen content of the pollen grains [9,46]. On the other hand, higher carbohydrates levels in female individuals are associated with a greater demand for carbohydrates used in the production of seeds and associated structures, arils in the case of yew [47,48].



The higher levels of TPhC in females in both the pot experiment and field study are interesting. Higher levels of defensive substances in female specimens are frequently observed in dioecious plants, confirming that females are better defended than males [5,13,44,48,49,50]. As in other studies, we did not find a significant effect of environmental conditions (in our case, fertilization) on males or females [51]. This could indicate a genetic determination of female defence strategies. However, different levels of TPhC were observed, particularly higher levels in males at the first two sampling dates (spring and summer) in juvenile plants (pot experiment). These two sampling dates were before individuals produced strobili. At later dates, strobili were already visible, and the level of TPhC was then higher in female individuals and similar to adult trees in the field study. While we have no proof that TPhC is genetically determined, it is significant that a larger investment in defence substances occurred very early in the ontogenesis of females. This may have been influenced by a potentially greater sensitivity of young trees to low temperature [52] since juveniles had a higher level of TPhC in winter in comparison with adult trees (Figure 1(E1,E2)). Moreover, the differences between the sexes in the pot experiment were greatest at that time. The effect of strobili production on juvenile plants also affected the TNC level, which was higher in females in the pot experiment mainly on the first two sampling dates and was not seen in mature plants in the field study. This suggests the existence of different innate features between the sexes, which resulted in marked differences between the first two sampling dates in TNC and TPhC. This SSD is backed-up by innate differences in morphology since females had a larger area of needles from the beginning of the pot experiment on the same plants [37] and in mature trees [24,26]. Lack of investment in generative organs, with a larger area of needles (or other features not identified in the research) may result in the observed greater mass of female plants in our study [37] and higher levels of TNC in female trees and higher level of TPhC in males in the first two dates. A larger mass is commonly observed in young female plants in dioecious species, where there is no or reduced level of resources for reproduction [16,17,53].



Differentiation of TPhC levels across the seasons confirms our second hypothesis that the level of phenol compounds depends on the phenological stage. No such relationships were found in the other analysed compound and elements (Table S1). The significant interaction in the case of sex and season in the pot experiment (Figure 1(E2)) discussed above is interpreted as differences resulting from the maturation process of juvenile individuals.



The third research hypothesis that SSD would be greater in un-fertilized compared with fertile conditions was rejected since no interactions between sex and fertilization were found, which indicated a similar response of male and female plants under conditions of varying nutrient availability. However, it has been shown that under N deficiency, there was more starch accumulation in females than in males in Populus catahayana [54] and Ginkgo biloba [55]. This may be attributed to the small reproductive effort of the juveniles in our pot experiment since the ratio of generative organ to needles and stems mass was several times lower in the juveniles compared with the mature individuals [37]. Nevertheless, once juveniles started producing strobili, the females had higher levels of TPhC, regardless of fertilization.




5. Conclusions


In summary, adult yews showed chemistry characteristics typical for dioecious species: female individuals had higher levels of storage (starch) and defence substances (phenolics), and male individuals had a higher level of N necessary for pollen production. This confirms previous research that Taxus baccata L. is a good model species for SSD analysis. However, this is the first time that it has been shown that female juveniles, like adults, had a higher level of defence substances. This may indicate a priority in applying defence of female individuals. The lack of fertilization effect on sex-specific variation may be the consequence of a lower reproductive effort of juveniles in the pot experiment.
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Figure 1. Mean (± standard error) content of carbon (A), nitrogen (B), total non-structural carbohydrates (TNC) (C), starch (D), phenolic compounds (TPhC) (E) in Taxus baccata L. needles of female (white) and male (grey) individuals in the field experiment (1—left side) and the pot experiment (2—right side). Asterisks indicate statistical differences between males and females at * p < 0.05; ** p < 0.01 (Student’s t-test). See details in Table S1. 
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