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We studied the acclimation modalities of bryophytes to sun and shade under ambient or close-to-ambient conditions, measuring variables usually influenced by photosynthetically active (PAR) and ultraviolet (UV) radiations. Our aim was to elucidate to what extent the responses to changing radiations were influenced by PAR and UV wavelengths. For this aim, we used three taxonomically and structurally different species: the thalloid liverwort Marchantia polymorpha subsp. polymorpha, the leafy liverwort Jungermannia exsertifolia subsp. cordifolia, and the moss Fontinalis antipyretica. In the field, liverworts were more radiation-responsive than the moss, and the thalloid liverwort was more responsive than the leafy liverwort. Sun plants of M. polymorpha showed, in comparison to shade plants, higher sclerophylly, lower Chl a + b contents, higher Chl a/b ratios, higher (antheraxanthin + zeaxanthin)/(violaxanthin + antheraxanthin + zeaxanthin) ratios (xanthophyll index), lower Fv/Fm values, higher contents of methanol-soluble vacuolar UV-absorbing compounds (soluble UVACs), higher values of the ratio between the contents of methanol-insoluble cell wall-bound UVACs (insoluble UVACs) and soluble UVACs, higher contents of soluble luteolin and apigenin derivatives and riccionidin A, and higher contents of insoluble p-coumaric and ferulic acids. Overall, these responses reduced light absorption, alleviated overexcitation, increased photoprotection through non-photochemical energy dissipation, increased UV protection through UV screening and antioxidant capacity, and denoted photoinhibition. J. exsertifolia showed moderate differences between sun and shade plants, while responses of F. antipyretica were rather diffuse. The increase in the xanthophyll index was the most consistent response to sun conditions, occurring in the three species studied. The responses of soluble UVACs were generally clearer than those of insoluble UVACs, probably because insoluble UVACs are relatively immobilized in the cell wall. These modalities of radiation acclimation were reliably summarized by principal components analysis. Using the most radiation-responsive species in the field (M. polymorpha), we found, under close-to-ambient greenhouse conditions, that sclerophylly and Chl a + b content were only influenced by PAR, Fv/Fm, and luteolin and apigenin derivatives were only determined by UV, and xanthophyll index was influenced by both radiation types. Thus, responses of bryophytes to radiation can be better interpreted considering the influence of both PAR and UV radiation.
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INTRODUCTION

Plants and algae are capable of efficiently absorbing and utilizing photosynthetically active radiation (PAR, 400–700 nm) to perform photosynthesis. However, excess PAR can be harmful due to photoinhibition and photo-oxidative damage to the photosynthetic apparatus. Thus, in order to absorb enough PAR for photosynthesis but, at the same time, prevent the detrimental effects of excess PAR, photosynthetic organisms acclimate to a wide range of PAR conditions. Due to spatial and temporal variations, PAR availability is continuously changing in natural environments, from full sunlight to strong shade conditions. Thus, light acclimation is a key aspect in plant physiology and many studies have been conducted on this topic for a long time. Most studies have explored plant acclimation to different PAR levels by measuring a number of response variables related to the photosynthetic apparatus and/or the photosynthesis process itself: photosynthetic pigment composition, chlorophyll fluorescence variables, photosynthesis rates, etc. (Pearcy, 1998; Esteban et al., 2015; Poorter et al., 2019).

Apart from PAR, solar radiation reaching the Earth’s surface also comprises other minor wavelengths, such as ultraviolet (UV) radiation, which represents around 6% of the total amount of solar radiation (Robson et al., 2019). UV radiation reaching the ground is distributed in two wavelength ranges: the major UV-A (315–400 nm) and the minor UV-B (280–315 nm) fractions. As PAR, UV radiation induces a number of responses which nowadays are considered rather a regulation of plant metabolism and morphology than a simple accumulation of damage (Jansen and Bornman, 2012). Thus, plants also can acclimate to UV radiation (Jansen et al., 1998), at least partially mediated by specific UV-B photoreceptors (Jenkins, 2017). UV acclimation is associated with diverse physiological responses, some of which may cause damage, such as chlorophyll degradation, photoinhibition, and decreases in photosynthetic rates (Jansen et al., 1998). However, the most frequent acclimation response of plants to increased UV radiation is the accumulation of UV-absorbing compounds (UVACs) (Searles et al., 2001; Newsham and Robinson, 2009). In tracheophytes, the chemical nature of UVACs is mainly phenolic (hydroxycinnamic acid derivatives, flavonoids, anthocyanidins, etc.), and these compounds play key roles as antioxidants and UV screens. Their location in different cell compartments (cell walls, cytosol, vacuole, endoplasmic reticulum, chloroplast, nucleus, and small vesicles) and leaf locations (such as cuticles and epidermis) may be important to properly interpret their diverse functions (Agati et al., 2012; Mouradov and Spangenberg, 2014). For example, cell wall-bound UVACs may serve as UV screens, whereas soluble vacuolar flavonoids may act as antioxidants. In bryophytes, compartmentation may be equally important from the ecological and evolutionary perspectives (Clarke and Robinson, 2008; Robinson and Waterman, 2014; Monforte et al., 2018).

Under field conditions, plant physiological responses are obviously influenced by interacting PAR, UV-A, and UV-B radiation (Barnes et al., 2005). This has also been demonstrated under controlled conditions (Götz et al., 2010). For example, exposure to UV-B under low PAR levels accentuates UV damage (Barnes et al., 2005), and a combination of PAR and UV wavelengths leads to enhanced UVACs accumulation as occurs with UV alone (Krause et al., 2003; Guidi et al., 2011). Concurrently, UV radiation can affect diverse photosynthetic variables also affected by PAR, such as chlorophyll or carotenoids contents, quantum yield, photosynthesis rates, etc. (Jansen et al., 1998; Hakala-Yatkin et al., 2010). The specific role of each wavelength on all these responses is not perfectly known. Thus, to fully understand plant acclimation to sun conditions, it is important to take into account response variables related to both the photosynthetic apparatus and processes more specifically induced by UV radiation, such as UVACs accumulation. This “global” acclimation to enhanced radiation can be important because the plasticity of certain plant traits, such as leaf pigmentation, defensive secondary metabolites, and sclerophylly (leaf mass per unit area), all of which are influenced by both PAR and UV radiation, can be crucial for predicting and managing the effects of climate change on plants.

Bryophytes are structurally simple plants with a life cycle dominated by a green gametophyte, and comprise three main evolutionary lineages: liverworts, mosses, and hornworts. Moss gametophores are always composed of a stem bearing leaves, whereas those of hornworts are always thalloid and those of liverworts can be either thalloid or leafy. Bryophytes are expanding as important model systems in plant research, not only due the use of the classic model moss Physcomitrella patens but also because of the emerging new model species M. polymorpha (liverworts) and Anthoceros agrestis (hornworts) (Bowman et al., 2016). In addition, bryophytes have an outstanding evolutionary relevance because they are considered to be the first true plants to have colonized land, which makes the knowledge of how they managed to cope with higher levels of PAR and UV radiation than those present in the primeval aquatic environment important. This could be inferred by studying the acclimation of extant bryophytes to sun and shade conditions in the field (Robson et al., 2019).

Bryophytes are generally seen as shade plants, but many species are well adapted to high levels of sunlight (Marschall and Proctor, 2004). Most studies on the ability of bryophytes to acclimate to sun and shade conditions have considered response variables related only to the photosynthetic apparatus (Martin and Churchill, 1982; Glime, 1984; Rincón, 1993; Marschall and Proctor, 2004; Hajek et al., 2009; Schroeter et al., 2012; Proctor and Smirnoff, 2015). Only a few studies have included variables more specifically related to UV radiation, such as the presence or induction of protective UVACs, but without a specific identification (Post and Vesk, 1992; Robinson et al., 2005; Hooijmaijers and Gould, 2007).

To sum up, many studies have dealt with the acclimation to sun and shade conditions in bryophytes and (particularly) tracheophytes, taking mostly (or solely) into account PAR levels and variables related to the photosynthetic apparatus. Thus, the role of UV radiation and associated response variables in the acclimation to sun conditions, in comparison with shade conditions, has been underexplored. In addition, many studies on bryophytes have been performed under laboratory conditions. Thus, in this context, the aim of the present study was to identify common or species-specific response strategies of bryophytes to sun and shade under field conditions, evaluating to what extent the responses to high PAR and high UV radiation were important for their acclimation. As experimental species, we used three bryophytes of different structure and taxonomical position: the thalloid liverwort M polymorpha subsp. polymorpha (a close relative of the model liverwort M. polymorpha subsp. ruderalis), the leafy liverwort J. exsertifolia subsp. cordifolia, and the moss F. antipyretica. The samples studied grew completely wet, thus avoiding the interference of desiccation on their responses. We measured both basic physiological variables related to the photosynthetic apparatus and potentially UV-responding variables, such as UV-absorbing compounds. A morphostructural variable [the sclerophylly index (SI)] was also measured. Once the responses of the different species had been identified, the most radiation-responsive species in the field was used to perform an experiment under close-to-ambient greenhouse conditions to elucidate the influence of photosynthetic and UV wavelengths on its radiation acclimation.

MATERIALS AND METHODS

Plant Material and Radiation Environment of Sampling Sites

Samples of three hydrophylous or hygrophilous bryophytes of different taxonomic position and structure [the thalloid liverwort M. polymorpha L. subsp. polymorpha, the leafy liverwort J. exsertifolia Steph. subsp. cordifolia (Dum.) Vaňa, and the moss F. antipyretica Hedw.] were collected in the basin of the river Iregua (La Rioja, northern Spain). Permanently wet or submerged (0–3 cm water depth) samples were selected to ensure a free-from-drought healthy physiological state and to homogenize the environmental conditions other than the radiation they were exposed to. Samples were collected between 950 and 1,650 m altitude, 42.04 and 42.17°N latitude, and −2.54 and −2.73°E longitude, at the central hours of the day (approximately between 12 and 15 h, solar time) on two consecutive sunny summer days (July 15–16, 2014). Ten samples of each species were collected; five of them were exposed to full sun and the remaining five were shaded by vegetation or topography. The radiation environment of the sampling sites was characterized by measuring spectral irradiance between 280 and 700 nm with a spectroradiometer (Macam SR9910, Macam Photometrics Ltd., Livingston, Scotland), placing the sensor close to the bryophyte masses. Spectra were taken around midday on comparable sunny days prior to or following the collection days. Given that the radiation spectra measured in the different sampling sites were very similar, only representative spectra of both sun and shade conditions are shown (Figure 1). The photosynthetic photon flux density (PFD) received by the samples at the time of sampling was measured using a quantum sensor (LI-190SA, LI-COR, Lincoln, NE, USA). Sun-exposed samples received around 1,400–1,500 μmol m−2 s−1, whereas shaded samples received around 200–300 μmol m−2 s−1.
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FIGURE 1. (Top) Representative spectral irradiance (280–700 nm) measured around midday on sunny days under sun and shade conditions in a typical sampling site. (Bottom) Spectral irradiance (280–700 nm) received by the thalloid liverwort Marchantia polymorpha subsp. polymorpha under the three radiation regimes imposed in the greenhouse experiment: P (PAR alone), P-shaded, and PAB (PAR + UV-A + UV-B).
 

Greenhouse Experiment

Gemmae of M. polymorpha, which had been obtained from field-grown thalli, were cultivated in irrigated Jiffy pellets for 3 weeks in a greenhouse (23 ± 2°C day temperature, 20 ± 1°C night temperature). Radiation sources were daylight in combination with sodium lamps (Philips Master Agro 400W E40 1SL/12, Philips Lighting España, Madrid, Spain) and a Hönle SOL 1200RF2 lamp (Dr. Hönle AG UV-Technologie, Gräfelfing, Germany). The Hönle lamp was switched on around noon for 5 h per day (square-wave). Three replicates of the following three radiation regimes were set by covering the samples with specific cutoff filters:

1. P (PAR alone), using XT Vitroflex 395 Solarium Incoloro (Polimer Tecnic, Girona, Spain), which cut off UV radiation.

2. P-shaded, using XT Vitroflex 395 and a 40% white shade cloth (Macoglass, Valladolid, Spain).

3. PAB (PAR + UV-A + UV-B), using PMMA XT Vitroflex 295 (Polimer Tecnic), which cut off UV-C radiation.

The filters were pre-irradiated for 1 h and replaced after every 5 days of irradiation. The spectral irradiances were measured, and the transmission characteristics of the filters were regularly checked, with a spectroradiometer (Figure 1).

Physiological Analyses

In the field, three replicates (100 mg each) of green and healthy apices of each species and site were collected and stored in Eppendorf tubes, which were immediately placed in liquid nitrogen to avoid metabolic changes until analysis. Chlorophyll fluorescence measurements were performed in situ, and the remaining variables were measured in the laboratory. The measurements taken on greenhouse-grown samples were performed in the laboratory at the end of the culture, using three replicates.

Maximum (Fm) and minimum (F0) chlorophyll fluorescence values were measured after 20 min dark adaptation, with a portable pulse amplitude modulation fluorometer (MINI-PAM, Walz, Effeltrich, Germany), following Fabón et al. (2010). Then, the maximum quantum yield of PSII (Fv/Fm) was determined, where Fv = Fm − F0.

Photosynthetic pigments were extracted from frozen apices using 100% acetone, after grinding them in a TissueLyser (Qiagen, Hilden, Germany). Pigments were analyzed using an Agilent HP1100 HPLC system (Agilent Technologies, Palo Alto, CA, USA) and an Agilent photodiode array detector, following Otero et al. (2006). Chlorophylls a and b, β-carotene and xanthophylls (lutein, neoxanthin, violaxanthin, antheraxanthin, and zeaxanthin) were determined and quantified using commercial standards of chlorophylls a and b (Fluka), and lutein, zeaxanthin and β-carotene (CaroteNature). The Chl a/b ratio and the xanthophyll index (antheraxanthin + zeaxanthin)/(violaxanthin + antheraxanthin + zeaxanthin) were also calculated.

Total contents of UV-absorbing compounds (UVACs) were spectrophotometrically analyzed following Fabón et al. (2010). In brief, frozen apices were ground in a TissueLyser, and then 2 ml of methanol:water:7 M HCl (70:29:1, v/v/v) was added for extraction (24 h at 4°C in the dark). The extract was centrifuged to differentiate two UVACs fractions: the methanol-soluble UVACs (SUVACs) in the supernatant and the methanol-insoluble UVACs (IUVACs) in the pellet. Subsequently, the pellet was subjected to alkaline digestion to extract the insoluble compounds. Presumably, SUVACs are mainly located in the vacuoles whereas IUVACs are bound to the cell walls (Clarke and Robinson, 2008). Then, we measured the total contents of SUVACs and IUVACs as the area under the absorbance curve of each fraction in the interval 280–400 nm (AUC280–400), using an Agilent 8453 UV-Visible spectrophotometer. The ratio between the total contents of SUVACs and IUVACs (SUVAC/IUVAC) was also obtained.

Individual UVACs were analyzed by ultra-performance liquid chromatography (UPLC) using a Waters Acquity UPLC system (Waters Corporation, Milford, MA, USA), following Soriano et al. (2019b). The UPLC system was coupled to a micrOTOF II high-resolution mass spectrometer (Bruker Daltonics, Bremen, Germany) equipped with an Apollo II ESI/APCI multimode source and controlled by the Bruker Daltonics Data Analysis software. To quantify the different compounds, the following standards were used: apigenin, luteolin, coumarin, caffeic acid, p-coumaric acid, and ferulic acid (Sigma-Aldrich, St. Louis, MO, USA). Given that there is no commercial standard available for M. polymorpha riccionidins, they were identified according to their maximum absorbances at 485 nm, and UV absorbance was used for quantification.

The SI was calculated as the quotient between the dry mass (DM: 60°C for 24 h) and the surface area of the prostrate bryophyte apices onto the horizontal plane (LI-3000 area meter, LI-COR, Lincoln, NE, USA).

Statistical Analysis

For the field experiment, the global effects of the species and exposure (sun or shade) on the responses of each physiological variable were tested using a two-way analysis of variance (ANOVA), once proved that the data met the assumptions of normality (Shapiro-Wilks’s test) and homoscedasticity (Levene’s test). In the case of significant differences, means were then compared by Tukey’s test. For each species and physiological variable, differences between sun and shade samples were tested using Student’s t test. In every case, three replicates of each variable were used. The samples were ordinated by principal components analysis (PCA), taking into account the variables that were common to the three species studied. For the greenhouse experiment, Student’s t tests were applied for each variable to test the differences between P and P-shaded regimes, and between P and PAB regimes. All the statistical procedures were performed with SPSS 24.0 for Windows (SPSS Inc., Chicago, IL, USA).

RESULTS

Individual Ultraviolet-Absorbing Compounds Found in the Different Species

A total of 13 individual UVACs were identified (for convenience, compounds will be referred to as C1–C13): luteolin 7,4′-di-O-glucuronide (C1), apigenin 7,4′-di-O-glucuronide (C2), luteolin 7-O-glucuronide (C3), apigenin 7-O-glucuronide (C4), riccionidin A (C5), riccionidin B (C6), caffeoylmalic (phaselic) acid (C7), 5″-(7″,8″-dihydroxy-7-O-β-glucosyl-coumaroyl)-2-caffeoylmaic acid (C8), 5″-(7″,8″-dihydroxycoumaroyl)-2-caffeoylmaic acid (C9), p-coumaroylmalic acid (C10), feruloylmalic acid (C11), p-coumaric acid (C12), and ferulic acid (C13). C1–C11 and C12–C13 were identified in the soluble and insoluble fractions, respectively. C1–C6 and C12–C13 were found in M. polymorpha, C7–C11 and C12–C13 in J. exsertifolia, and C12 in F. antipyretica. The major soluble compounds in M. polymorpha and J. exsertifolia were C2 and C7, respectively. Riccionidins were not detected in the samples of M. polymorpha grown in the greenhouse.

Influence of Species and Sun Exposure on the Physiological Responses of Field Samples

Similar variations in pigments and UVACs were found when they were expressed per DM, per surface area and (when possible) per Chl a content. Thus, only results on a DM basis will be described.

The global effect of both species and exposure (sun/shade) on the physiological variables of field samples was highly significant (p < 0.001). The species effect was stronger, being significant for most of the variables that were common to the three species studied (Table 1): the total contents of SUVACs and IUVACs, the contents of the individual UVACs that were common to the three species studied, SI (p < 0.001 for all these variables), and Chl a + b content and Chl a/b ratio (p < 0.01). The species effect was not significant for the xanthophyll index, the contents of β-carotene, lutein and neoxanthin, and Fv/Fm. The effect of exposure was only highly significant for the xanthophyll index, Fv/Fm (p < 0.001), the total content of SUVACs, the SUVAC/IUVAC ratio, Chl a + b content (p < 0.01), and p-coumaric acid content (p < 0.05).


TABLE 1. Global effects of species and sun exposure (full sun vs. shade) on the physiological variables measured in field samples of the three species studied (Marchantia polymorpha subsp. polymorpha, Jungermannia exsertifolia subsp. cordifolia, and Fontinalis antipyretica).
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In M. polymorpha, all the variables related to the photosynthetic apparatus showed highly significant differences between the two exposures (Figure 2). Values of xanthophyll index and Chl a/b ratio were significantly higher in sun than in shade samples, while Chl a + b content and Fv/Fm showed the opposite pattern. Regarding the variables related to secondary metabolism, the total content of SUVACs and the contents of every individual compound (except riccionidin B, which nevertheless showed a similar non-significant trend) were higher in sun than in shade samples. The contents of the individual IUVACs (C12 and C13) were significantly higher in sun than in shade samples, but there was no difference between them in the total contents of IUVACs. The SUVAC/IUVAC ratio was significantly higher in sun than in shade plants, but the luteolin/apigenin ratio did not show significant differences between both types of plants. SI was significantly higher in sun than in shade samples.
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FIGURE 2. Comparison (mean ± SE, n = 3) of different variables measured in sun and shade samples of Marchantia polymorpha subsp. polymorpha. SUVAC and IUVAC, total contents of UV-absorbing compounds from the soluble and insoluble fractions, respectively, in terms of the area under the absorbance curve in the interval 280–400 nm (AUC280–400) per DM unit. SI, sclerophylly index. Significance levels for statistical analysis are shown: ***p < 0.001; **p < 0.01; *p < 0.05; ns, non-significant.
 

In J. exsertifolia (Figure 3), only two variables related to the photosynthetic apparatus showed significant differences between sun and shade samples. Again, xanthophyll index was higher in sun than in shade samples, while Chl a + b content showed the opposite pattern. Regarding UVACs, only two individual SUVACs (C8 and C11) and one IUVAC (C13) showed significant differences between sun and shade samples, with higher values under the sun than in the shade. The remaining compounds, the total contents of SUVACs and IUVACs, and the SUVAC/IUVAC ratio, showed a similar non-significant trend. SI did not show any difference between sun and shade samples.
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FIGURE 3. Comparison (mean ± SE, n = 3) of different variables measured in sun and shade samples of Jungermannia exsertifolia subsp. cordifolia. SUVAC and IUVAC, total contents of UV-absorbing compounds from the soluble and insoluble fractions, respectively, in terms of the area under the absorbance curve in the interval 280–400 nm (AUC280–400) per DM unit. SI, sclerophylly index. Significance levels for statistical analysis are shown: **p < 0.01; *p < 0.05; ns, non-significant.
 

Among the variables measured in F. antipyretica (Figure 4), only the xanthophyll index showed significant differences between sun and shade samples, being higher under the sun than in the shade.
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FIGURE 4. Comparison (mean ± SE, n = 3) of different variables measured in sun and shade samples of Fontinalis antipyretica. SUVAC and IUVAC, total contents of UV-absorbing compounds from the soluble and insoluble fractions, respectively, in terms of the area under the absorbance curve in the interval 280–400 nm (AUC280–400) per DM unit. SI, sclerophylly index. Significance levels for statistical analysis are shown: *p < 0.05; ns, non-significant.
 

Ordination of Field Samples by Principal Components Analysis

The samples studied were ordinated by PCA using the variables that were common to the three species studied. The accumulated variance in the first three axes was 81.4% (37.6% for axis I, 30.7% for axis II, and 13.1% for axis III). The plot using the first two axes, together with the loading factors and their respective significances, is shown in Figure 5. The total content of IUVACs and SI were significant loading factors for the positive part of axis I, whereas the loading factors for its negative part were the total content of SUVACs and Chl a + b content. This axis ordinated the samples attending mostly to the differences in the localization of UVACs in the methanol-soluble or -insoluble fraction, especially separating the moss from the liverworts. SI additionally contributed to separate the more sclerophyllous moss from the softer liverworts, although the sun samples of M. polymorpha were situated in an intermediate place. Regarding axis II, the significant loading factors for its positive part were xanthophyll index, Chl a/b ratio, and the total content of SUVACs, whereas Fv/Fm and Chl a + b content were loading factors for the negative part. Sun and shade samples were mostly placed toward the positive and negative parts of axis II, respectively. This pattern was more defined for the liverworts than for the moss.
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FIGURE 5. Ordination, through principal components analysis (PCA), of the sun (yellow) and shade (blue) samples of the three species studied: Marchantia polymorpha subsp. polymorpha (diamonds), Jungermannia exsertifolia subsp. cordifolia (triangles), and Fontinalis antipyretica (circles). SUVAC and IUVAC, total contents of UV-absorbing compounds from the soluble and insoluble fractions, respectively. SI, sclerophylly index. Significant loading factors for the positive and negative parts of each axis, together with their corresponding significance levels, are shown. ***p < 0.001; *p < 0.05. Axis I is the horizontal one, and axis II is the vertical one. Each tick mark on axes I and II represents 1 U.
 

Greenhouse Experiment Using M. polymorpha subsp. polymorpha

The significant separate effects of PAR level (P vs. P-shaded samples) and UV radiation (P vs. PAB samples) on the different variables measured are shown in Figure 6. Chl a + b content and SI were only affected by PAR level, with P samples showing lower Chl a + b contents and higher SI values than P-shaded samples. Fv/Fm was only affected by UV radiation, with higher values in PAB than in P samples. Also, apigenin and luteolin derivatives were only affected by UV radiation (the most abundant derivative in M. polymorpha, C2, is shown as an example in Figure 6). The xanthophyll index was affected by both PAR (with higher values in P than in P-shaded samples) and UV radiation (with higher values in PAB than in P samples). The remaining variables did not show significant differences caused by neither PAR nor UV radiation.
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FIGURE 6. Variables which showed, in samples of Marchantia polymorpha subsp. polymorpha grown in the greenhouse experiment, significant differences between PAB and P treatments (effect of UV radiation, left column), or between P and P-shaded treatments (effect of PAR level, right column). P, PAR alone. P-shaded, reduced PAR using a shade cloth (see Figure 1, bottom). PAB, PAR + UV-A + UV-B. SI, sclerophylly index. All the results are expressed in relative units, taking the P treatment as the unit value. For each variable, means ± SE (n = 3), together with significance levels for statistical analysis, are shown: ***p < 0.001; **p < 0.01; *p < 0.05; ns, non-significant.
 

DISCUSSION

The Species Influences Pigment Contents and Responsiveness to Radiation Under Field Conditions

The species factor affected most of the variables assessed, in particular the contents of UVACs and Chl a + b. This was expected, because the species studied differed in several architectural and anatomical characteristics, such as the thalloid or leafy morphology, the proportion of leaves to stems in leafy species, and the sclerophylly (influenced by the proportion of supporting tissues, the proportion of cell walls to protoplasts, etc.). All these characteristics determine pigment contents through the influence on DM, surface area, and the proportion of photosynthetic and non-photosynthetic tissues (Martínez-Abaigar and Núñez-Olivera, 1998). For example, Chl a + b contents per DM in the moss were lower than in the liverworts, mainly because of the higher sclerophylly in the moss. This is in line with previous results obtained in bryophytes (Marschall and Proctor, 2004). In contrast to the pigment contents, two of the three ratios measured (the xanthophyll index and Fv/Fm) were not influenced by the species, probably because they are determined by the rather homogeneous physiological state of the photosynthetic apparatus and not by the gametophyte structure. The third ratio (Chl a/b) was slightly higher in the liverworts than in the moss but differences were small, as found by Marschall and Proctor (2004).

The species also influenced the responsiveness to the radiation environment. M. polymorpha was the most responsive species, showing the greatest differences between sun and shade samples, whereas F. antipyretica was the least responsive species and J. exsertifolia occupied an intermediate place. The causes underlying these interspecific differences may be diverse, and could be related to: (1) the fact of being a moss or a liverwort, because mosses are generally less responsive to radiation than liverworts (Rincón, 1993; Fabón et al., 2010, 2012a); (2) the bryophyte structure, with thalloid species showing a higher responsiveness than leafy species; and (3) the higher plasticity typical of early successional species such as M. polymorpha, as occurs in tracheophytes (Portes et al., 2010). More studies are needed to support these hypotheses.

Responses of the Photosynthetic Apparatus to Sun and Shade in the Field

The most consistent response, which took place in the three species studied, was the increase in xanthophyll index in sun samples in comparison with shade samples. This response protected PSII from excess radiation through a nonphotochemical dissipation of energy due to the increase in deepoxidated forms of xanthophylls (Esteban et al., 2015). An excess of PAR and/or UV radiation can be responsible for this response, both in bryophytes (Robinson et al., 2005; Otero et al., 2006; Arróniz-Crespo et al., 2011; Schroeter et al., 2012; Fabón et al., 2012a; Soriano et al., 2019b) and tracheophytes (Krause et al., 2003; Guidi et al., 2011). Given that the xanthophyll index increases during the central hours of the day, thus increasing dissipation of excessively absorbed energy (Fabón et al., 2012b), the values measured would represent daily maximum values for the species and environmental conditions of the present study.

Other responses were species-specific. For example, Chl a + b content per DM was higher in shade than in sun samples only in the two liverworts, but not in the moss. This difference has been repeatedly found in bryophytes (Martin and Churchill, 1982; Glime, 1984; Post and Vesk, 1992; Rincón, 1993; Marschall and Proctor, 2004; Hooijmaijers and Gould, 2007; Hajek et al., 2009) and tracheophytes (Pearcy, 1998). The reasons underlying this difference may be multiple. A higher Chl content per DM in shade plants represents an adaptation to enhance the efficiency of light absorption in the shade (Martin and Churchill, 1982), but, at the same time, a lower content in sun plants can indicate an increased Chl degradation due to excessive PAR or UV radiation (Martínez-Abaigar and Núñez-Olivera, 1998; Robinson et al., 2005; Guidi et al., 2011; Soriano et al., 2019b). Another influencing factor could be sclerophylly. In both bryophytes and tracheophytes, the generally higher Chl a + b content per DM in shade plants has been related to a lower sclerophylly, which implies a decrease in DM per unit area (Martínez-Abaigar and Núñez-Olivera, 1998; Pearcy, 1998). This would be the reason why, in general, shade plants contain more Chl per unit mass than sun plants, but there exists no consistent response of Chl content per unit area basis to PAR level (Pearcy, 1998; Krause et al., 2003; Poorter et al., 2019). In our study, differences in Chl content between sun and shade plants were similar when considering both per DM and per surface area basis, and thus the influence of sclerophylly was not decisive. In fact, sun plants were more sclerophyllous than shade plants only in M. polymorpha. Thus, the higher Chl a + b content in shade than in sun samples that was found in the two liverworts would have been caused by an enhanced efficiency of light absorption in the shade combined with a stronger Chl degradation in the sun. The lack of response of Chl a + b content in the moss would be related to its general lower responsiveness to changing radiation.

Significant differences between sun and shade plants in Chl a/b ratio and Fv/Fm were found only in M. polymorpha, although the remaining species showed a similar trend. Chl a/b ratio was higher in sun than in shade samples. This frequently occurs in bryophytes (Martin and Churchill, 1982; Rincón, 1993; Martínez-Abaigar et al., 1994; Marschall and Proctor, 2004; Hooijmaijers and Gould, 2007) and thacheophytes (Krause et al., 2003; Esteban et al., 2015; Poorter et al., 2019), but not always (Glime, 1984; Post and Vesk, 1992; Rincón, 1993; Hooijmaijers and Gould, 2007; Schroeter et al., 2012). The lack of response in these cases was probably due to random variation (Marschall and Proctor, 2004) or to the diverse interacting internal and environmental factors that can influence this variable apart from PAR level: tissue activity, senescence, stress, nitrogen saving, UV radiation, etc. (Evans, 1986; Martínez-Abaigar and Núñez-Olivera, 1998, 2011). Hence, elucidating the precise role of Chl a/b ratio in radiation acclimation in bryophytes needs further study.

Fv/Fm showed lower values in sun than in shade plants. This could be expected because a decrease in Fv/Fm indicates a greater photoinhibition under sun conditions (Maxwell and Johnson, 2000; Guidi et al., 2011; Poorter et al., 2019). A similar photoinhibitory process was found in Sphagnum species from open habitats (Hajek et al., 2009), but not in the Antarctic moss Grimmia antarctici (Robinson et al., 2005). Different responses can be explained by the specific sensitivity of the different species. Fv/Fm can be affected by both PAR and UV radiation (Fabón et al., 2012a; Wargent et al., 2015), and particularly a decrease in Fv/Fm is a common response of bryophytes to enhanced UV-B (Martínez-Abaigar and Núñez-Olivera, 2011). Thus, the decrease in sun plants of M. polymorpha (and the other species) could be due to both PAR and UV. Nevertheless, the Fv/Fm values found in our study (0.68–0.77) were relatively high in comparison with those found in other studies on J. exsertifolia and F. antipyretica under field conditions, where they dropped to 0.60 (Núñez-Olivera et al., 2009, 2010). Therefore, given that Fv/Fm can be interpreted as an indicator of physiological vitality (Maxwell and Johnson, 2000), the plants used in our study showed a good physiological state irrespective of their radiation exposure.

Responses of Ultraviolet-Absorbing Compounds to Sun and Shade in the Field

In M. polymorpha, all the individual UVACs, both soluble and insoluble (except riccionidin B), together with the total contents of SUVACs, showed significantly higher values in sun than in shade plants. In J. exsertifolia, the responses of UVACs were less (or non-) significant, but the trend was similar. By contrast, UVACs of F. antipyretica were much less diverse and did not respond to radiation changes. Thus, the responses of UVACs to changing radiation depended on the species, as occurred with the variables related to the photosynthetic apparatus. This species-dependence was expected because it had previously been demonstrated that UVACs of two of the species studied (J. exsertifolia and F. antipyretica) responded differently to UV under both laboratory and field conditions, being more reactive in the liverwort than in the moss (Martínez-Abaigar et al., 2003; Núñez-Olivera et al., 2009, 2010; Fabón et al., 2010, 2012a). Regarding M. polymorpha, several studies have proved that some individual UVACs increase under enhanced UV, but using laboratory conditions and genotypes of a different subspecies of M. polymorpha (Albert et al., 2018; Soriano et al., 2019a,b). Nevertheless, Markham et al. (1998) did not find any significant change in UVAC contents when plants were exposed to enhanced UV-B, although the luteolin/apigenin ratio increased. In our study, the first performed under field conditions, we have demonstrated that the levels of most individual UVACs of M. polymorpha subsp. polymorpha increased under sun conditions.

The responses of the total contents of SUVACs and IUVACs to changing radiation were more diffuse than those of individual UVACs, probably because total contents integrate many different individual compounds with potentially diverse responses (positive, negative, or neutral) to radiation (Fabón et al., 2010, 2012a). In tracheophytes, total SUVACs can be stimulated by high levels of only PAR (Krause et al., 2003; Barnes et al., 2013; Laureau et al., 2015; Poorter et al., 2019). No comparable results have been obtained in bryophytes, but total SUVACs can increase (Newsham and Robinson, 2009; Núñez-Olivera et al., 2009, 2010) or remain unchanged (Robinson et al., 2005; Núñez-Olivera et al., 2010; Arróniz-Crespo et al., 2011) in response to increased UV. Thus, identification of individual UVACs is recommendable to find more defined responses to changing radiation.

The responses of SUVACs were generally clearer than those of IUVACs. Although the responses of IUVACs to changing radiation have been mostly ignored in the literature, the data available allow to relate this finding with the fact that IUVACs are relatively immobilized in the cell wall, which would limit their reactiveness (Fabón et al., 2010, 2012a). In addition, IUVACs seem to be rather constitutive while SUVACs would be more easily inducible (Monforte et al., 2018). The different responses of SUVACs and IUVACs were also influenced by the type of bryophyte considered, because the two liverworts, but not the moss, showed higher SUVAC/IUVAC ratios in sun than in shade samples. As it was commented above, liverworts are generally more radiation-responsive than mosses (Rincón, 1993; Fabón et al., 2010, 2012a). This can partially be due to the fact that the more radiation-responsive SUVACs are generally more abundant in liverworts than in mosses, whereas the less radiation-reactive IUVACs usually prevail in mosses (Monforte et al., 2018).

The individual soluble UVACs were species-specific, whereas the insoluble ones were mostly common to the three species studied. In M. polymorpha, the contents of the soluble luteolin and apigenin derivatives were higher in sun than in shade samples. No comparable field results exist for this species, but mostly coincident results were obtained in laboratory studies using several genotypes of M. polymorpha subsp. ruderalis exposed to enhanced UV radiation (Albert et al., 2018; Soriano et al., 2019a,b). Nevertheless, Markham et al. (1998) did not find any significant effect of high UV-B levels on luteolin and apigenin glycosides in an unidentified subspecies of M. polymorpha. In future research, it would be important to identify the material used at the subspecies and accession levels, because each genotype may have a different phenolic profile and may respond differently to radiation changes. Results obtained in tracheophytes are somewhat diverse, and can be summarized in that: (1) luteolins are generally induced by high sunlight, but the role of UV in this induction is uncertain and (2) the induction of apigenins by high sunlight is infrequent (Guidi et al., 2011; Agati et al., 2012; Brunetti et al., 2013). Taking into account all these findings, the higher contents of luteolins and apigenins that were found in our study in sun plants of M. polymorpha subsp. polymorpha could mainly be attributed to UV radiation. Regarding the luteolin/apigenin ratio, we found no difference between sun and shade plants, but it increased in M. polymorpha under high UV-B (Markham et al., 1998) and in tracheophytes in response to high UV-B, UV-B plus UV-A, or PAR irradiance (Brunetti et al., 2013). The differences outlined can be explained by genetic factors, probably related to the different regulation operating on flavonoid synthesis in each genetic entity (Albert et al., 2018), the acclimation history and developmental stage of each material, and the diverse experimental conditions used. The specific role that luteolins and apigenins play in M. polymorpha is still unknown. They could act as UV screens, according to their absorption maxima in the UV-A region, and as antioxidants, with luteolins showing a higher antioxidant capacity (due to their dihydroxy B-ring-substituted structure) than apigenins (which are monohydroxy B-ring-substituted forms).

The content of the soluble anthocyanidin riccionidin A increased in sun plants of M. polymorpha. Similar explanations have been found for this and other anthocyanidins in bryophytes, mainly liverworts, although it is not clear the solar wavelength responsible for induction (PAR, UV, or both), or if other factors, such as cold, are needed for this process (Glime, 1984; Hooijmaijers and Gould, 2007; Snell et al., 2009). Anthocyanidins may play a role in photoprotection (Robinson and Waterman, 2014).

The individual insoluble UVACs of M. polymorpha (p-coumaric and ferulic acids) responded similarly to the soluble UVACs, being higher in sun than in shade plants. In experiments under controlled conditions, neither p-coumaric nor ferulic acids were significantly induced by UV in two different accessions of subsp. ruderalis and, in one of them, their contents were higher under PAR than under UV (Soriano et al., 2019a,b). In some tracheophytes, hydroxycinnamic acids were higher in sun than in shade leaves (Kolb et al., 2001; Jaakola et al., 2004), which was generally attributed to PAR and not UV wavelengths, but other studies point out that these compounds were unresponsive to light (Agati et al., 2011). Again, genetic and experimental differences may explain these discrepancies. Future studies should take into account that: (1) hydroxycinnamic acids may preferentially be located bound to the cell walls, which makes recommendable to analyze both the soluble and insoluble UVACs and (2) some hydroxycinnamic acids are flavonoid precursors, and thus their increase in sun plants could just reflect the overall activation of flavonoid biosynthesis (Jaakola et al., 2004).

In J. exsertifolia, only three UVACs showed significantly higher values in sun than in shade plants, but the remaining four compounds showed a similar, although non-significant, trend. This is congruent with the high responsiveness of the UVACs of this species to UV radiation under both controlled and field conditions (Núñez-Olivera et al., 2009; Martínez-Abaigar and Núñez-Olivera, 2011; Monforte et al., 2015).

In F. antipyretica, the only UVAC found (p-coumaric acid in the insoluble fraction) did not show any significant difference between sun and shade plants. This was not surprising because, although the studies available only considered the influence of UV and not PAR, F. antipyretica usually did not respond to changing radiation, either under field or laboratory conditions (Núñez-Olivera et al., 2010; Fabón et al., 2012a). In general, mosses and IUVACs are less radiation-responsive than liverworts and SUVACs, respectively.

Responses of Sclerophylly Index to Sun and Shade in the Field

SI responded only in M. polymorpha, with higher values in sun than in shade plants. This was already found in bryophytes under field conditions, without further discussion on the solar wavelengths responsible for this morphostructural change (Glime, 1984; Martínez-Abaigar et al., 1994; Monforte et al., 2018). In other cases, the SI increase was specifically caused by enhanced UV-B radiation (Arróniz-Crespo et al., 2011; Martínez-Abaigar and Núñez-Olivera, 2011). In M. polymorpha subsp. ruderalis cultivated under controlled conditions, SI only increased when plants were exposed to the sum of PAR, UV-B, and UV-A radiation, in comparison with plants exposed to only PAR or PAR plus UV-A (Soriano et al., 2019b). Thus, UV-B seems to play a role in the SI increase, which could represent a protecting mechanism against UV through increasing the path which radiation must cross to reach potential targets within the cells. Also, the higher sclerophylly reported under enhanced UV in bryophytes may be due to a lower elongation which could lead to the production of harder tissues. In tracheophytes, SI increased under high sun exposures (Pearcy, 1998; Poorter et al., 2019), in line with the results found in M. polymorpha. The lack of SI response in J. exsertifolia and F. antipyretica could be due to a lower structural plasticity of their leafy shoots in comparison with M. polymorpha thalli. However, at least in some experiments, SI increased in J. exsertifolia and F. antipyretica under enhanced UV-B or under sun conditions (Glime, 1984; Martínez-Abaigar et al., 2003). These findings demonstrate a certain structural plasticity in the three bryophytes studied, but the specific wavelength causing their SI changes is not perfectly known.

Principal Components Analysis Summarized the Acclimation Modalities to Sun or Shade in the Field

The PCA plot (Figure 5) reliably summarized the acclimation modalities of the three species to sun or shade conditions, which were determined by PAR and UV radiation. Axis I was mainly defined by variables which, according to the literature available, mostly respond to UV radiation (in particular, SUVACs and IUVACs contents), whereas variables defining axis II were predominantly related to the photosynthetic apparatus and, presumably, were mostly affected by PAR but also by UV (mainly xanthophyll index, Fv/Fm, Chl a + b content, and Chl a/b ratio). Overlapped over this frame of variables, there exists an additional variable (SI) which may respond to both PAR and UV radiation. In this scenario, the moss F. antipyretica was sharply separated from the two liverworts along axis I, because of its higher proportion of IUVACs than SUVACs and higher sclerophylly, both of which are typical characteristics of mosses (Monforte et al., 2018). In relation to axis II, the moss showed the least defined model of radiation acclimation among the three species studied, because the sun and shade plants rather appeared in a diffuse mixed group than in two compact separate groups as occurred in the liverworts. This was in line with the fact that F. antipyretica was the least responsive species to radiation changes. The liverwort J. exsertifolia showed an intermediate radiation acclimation capacity in our study. Regarding UV responses (axis I), it adopted the model typical of liverworts, with a higher proportion of SUVACs than IUVACs, but UVACs contents were not very different between sun and shade plants, thus showing a limited acclimation capacity to UV. This was surprising because J. exsertifolia was generally a UV-responsive species under both laboratory and field conditions (Núñez-Olivera et al., 2009; Fabón et al., 2010; Monforte et al., 2015). Regarding the PAR responses of this liverwort (axis II), sun and shade plants were grouped in two clearly separated but close groups, thus not being very sharply contrasted. In fact, only two variables related to the photosynthetic apparatus (xanthophyll index and Chl a + b content) were significantly different between sun and shade plants. M. polymorpha was the most radiation-responsive species, with sun and shade plants most distant along both axes. Regarding axis I, M. polymorpha sun plants were clearly separated from both J. cordifolia plants and M. polymorpha shade plants by a combination of characteristics rather peculiar for a liverwort: unusually low values of the SUVAC/IUVAC ratio and high values of SI, and low Chl a + b content. Regarding axis II, M. polymorpha sun plants showed the typical responses to high PAR levels: low Fv/Fm (denoting photoinhibition), low Chl a + b content to reduce light absorption and alleviate overexcitation, and high values of the xanthophyll index to provide photoprotection through energy dissipation.

Influence of Photosynthetically Active and Ultraviolet Radiations on Marchantia polymorpha subsp. polymorpha Acclimation

In the field, M. polymorpha subsp. polymorpha showed diverse responses to sun and shade conditions that could be attributed to PAR and/or UV radiation. These responses were associated with variables related to both the photosynthetic apparatus and UV protection. Given that this liverwort was the most radiation-responsive in the field, the separate influence of PAR and UV on those variables was tested under close-to-ambient conditions (greenhouse), where some variables responded only to PAR, others only to UV, and others to both or none of those radiation types. Considering all this variability, we tried to match field and greenhouse results for the variables measured.

In the field, xanthophyll index increased in sun samples in comparison with shade samples, which was attributed (as derived from the literature) to an excess of PAR and/or UV radiation. In the greenhouse, it was confirmed that both PAR and UV were responsible for this increase. Results were also conclusive for the contents of apigenin and luteolin derivatives. In the field, these contents were higher in sun samples, which was attributed to enhanced UV. In the greenhouse, they were specifically induced by UV radiation, but not by PAR. Thus, these compounds would increase to provide protection against UV excess, on the basis of their role as antioxidants and UV screens. Another variable showing congruent results between field observations and the greenhouse experiment was total IUVACs, because it did not react to radiation changes in any case.

The remaining variables showed inconclusive results. The increase of total SUVACs and riccionidin A in sun samples in the field could be attributed mainly to UV, or to both PAR and UV, respectively. However, these two variables were not affected by any type of radiation in the greenhouse. Regarding individual IUVACs (p-coumaric and ferulic acids), literature data supported that their increase in sun samples in the field could rather be due to PAR than UV. However, neither PAR nor UV affected these compounds in the greenhouse. On the basis of the literature available, the Chl a + b content decrease in sun samples in the field could be due to both PAR and UV, but in the greenhouse it was only affected by PAR, always showing higher values in the shade. Thus, the influence of UV radiation on Chl degradation remains elusive. The Chl a/b ratio responded to radiation in the field, probably showing the influence of PAR, UV, and other factors, but it did not respond in the greenhouse. According to a vast literature, the Fv/Fm decrease we detected in sun samples in the field, indicating photoinhibition, could have been caused by high PAR or high UV radiation, but Fv/Fm was only affected by UV radiation in the greenhouse. In addition, it was surprising that samples exposed to PAR + UV were less photoinhibited than samples exposed to only PAR. Finally, SI increased in sun samples in the field, which could be attributed to both UV and PAR, but SI was only influenced by PAR in the greenhouse. All these inconclusive results can be explained by the diverse factors (not only PAR and UV radiation) influencing these variables, and by the different experimental conditions used in the different studies.

In conclusion, different bryophytes show specific response strategies to sun and shade conditions, and both PAR and UV radiation are important to better interpret the bryophyte responses to changing radiation in the field. In addition, more research is needed, especially under ambient conditions, to explain the inconclusive results found for some variables regarding the role that PAR and UV may play in the radiation acclimation of bryophytes.

DATA AVAILABILITY

The datasets generated for this study are available on request to the corresponding author.

AUTHOR CONTRIBUTIONS

EN-O and JM-A conceived the study, designed the experimental setup, and wrote the manuscript with contributions from all the authors. All the authors selected the field populations, collected the samples, measured the variables included in the study, and discussed the results. JM-A and EN-O wrote the manuscript with contributions from all the authors

FUNDING

This study was supported by the Spanish Ministry of Economy and Competitiveness (MINECO) in combination with the European Regional Development Fund (ERDF) (Project CGL2014-54127-P). University of La Rioja contributed with PhD grants of Plan Propio 2013 and 2014 to GS and M-ÁD-C-A, respectively.

ACKNOWLEDGMENTS

We are grateful to the Gobierno de La Rioja (Dirección General de Medio Natural) for authorization to collect bryophyte samples.

REFERENCES

Agati, G., Azzarello, E., Pollastri, S., and Tattini, M. (2012). Flavonoids as antioxidants in plants: location and functional significance. Plant Sci. 196, 67–76. doi: 10.1016/j.plantsci.2012.07.014 

Agati, G., Biricolti, S., Guidi, L., Ferrini, F., Fini, A., and Tattini, M. (2011). The biosynthesis of flavonoids is enhanced similarly by UV radiation and root zone salinity in L. vulgare leaves. J. Plant Physiol. 168, 204–212. doi: 10.1016/j.jplph.2010.07.016 

Albert, N. W., Thrimawithana, A. H., McGhie, T. K., Clayton, W. A., Deroles, S. C., Schwinn, K. E., et al. (2018). Genetic analysis of the liverwort Marchantia polymorpha reveals that R2R3MYB activation of flavonoid production in response to abiotic stress is an ancient character in land plants. New Phytol. 218, 554–566. doi: 10.1111/nph.15002 

Arróniz-Crespo, M., Gwynn-Jones, D., Callaghan, T. V., Núñez-Olivera, E., Martínez-Abaigar, J., Horton, P., et al. (2011). Impacts of long-term enhanced UV-B radiation on bryophytes in two sub-Arctic heathland sites of contrasting water availability. Ann. Bot. 108, 557–565. doi: 10.1093/aob/mcr178 

Barnes, P. W., Kersting, A. R., Flint, S. D., Beyschlag, W., and Ryel, R. J. (2013). Adjustments in epidermal UV-transmittance of leaves in sun-shade transitions. Physiol. Plant. 149, 200–213. doi: 10.1111/ppl.12025 

Barnes, P. W., Shinkle, J. R., Flint, S. D., and Ryel, R. J. (2005). UV-B radiation, photomorphogenesis and plant-plant interactions. Prog. Bot. 66, 313–340. doi: 10.1007/3-540-27043-4_13

Bowman, J. L., Araki, T., and Kohchi, T. (2016). Marchantia: past, present and future. Plant Cell Physiol. 57, 205–209. doi: 10.1093/pcp/pcw023 

Brunetti, C., Di Ferdinando, M., Fini, A., Pollastri, S., and Tattini, M. (2013). Flavonoids as antioxidants and developmental regulators: relative significance in plants and humans. Int. J. Mol. Sci. 14, 3540–3555. doi: 10.3390/ijms14023540 

Clarke, L., and Robinson, S. A. (2008). Cell wall-bound ultraviolet-screening compounds explain the high ultraviolet tolerance of the Antarctic moss, Ceratodon purpureus. New Phytol. 179, 776–783. doi: 10.1111/j.1469-8137.2008.02499.x 

Esteban, R., Barrutia, O., Artetxe, U., Fernández-Marín, B., Hernández, A., and García-Plazaola, J. I. (2015). Internal and external factors affecting photosynthetic pigment composition in plants: a meta-analytical approach. New Phytol. 206, 268–280. doi: 10.1111/nph.13186 

Evans, J. R. (1986). A quantitative analysis of light distribution between the two photosystems, considering variation in both the relative amounts of the chlorophyll-protein complexes and the spectral quality of light. Photobiochem. Photobiophys. 10, 135–147.

Fabón, G., Martínez-Abaigar, J., Tomás, R., and Núñez-Olivera, E. (2010). Effects of enhanced UV-B radiation on hydroxycinnamic acid derivatives extracted from different cell compartments in the aquatic liverwort Jungermannia exsertifolia subsp. cordifolia. Physiol. Plant. 140, 269–279. doi: 10.1111/j.1399-3054.2010.01401.x 

Fabón, G., Monforte, L., Tomás-Las-Heras, R., Martínez-Abaigar, J., and Núñez-Olivera, E. (2012a). Cell compartmentation of UV-absorbing compounds in two aquatic mosses under enhanced UV-B. Cryptogam. Bryol. 33, 169–184. doi: 10.7872/cryb.v33.iss2.2012.169

Fabón, G., Monforte, L., Tomás-Las-Heras, R., Núñez-Olivera, E., and Martínez-Abaigar, J. (2012b). Dynamic response of UV-absorbing compounds, quantum yield and the xanthophyll cycle to diel changes in UV-B and photosynthetic radiations in an aquatic liverwort. J. Plant Physiol. 169, 20–26. doi: 10.1016/j.jplph.2011.08.010

Glime, J. M. (1984). Theories on adaptations to high light intensity in the aquatic moss Fontinalis. J. Bryol. 13, 257–262.

Götz, M., Albert, A., Stich, S., Heller, W., Scherb, H., Krins, A., et al. (2010). PAR modulation of the UV-dependent levels of flavonoid metabolites in Arabidopsis thaliana (L.) Heynh. leaf rosettes: cumulative effects after a whole vegetative growth period. Protoplasma 243, 95–103. doi: 10.1007/s00709-009-0064-5 

Guidi, L., Degl’innocenti, E., Remorini, D., Biricolti, S., Fini, A., Ferrini, F., et al. (2011). The impact of UV-radiation on the physiology and biochemistry of Ligustrum vulgare exposed to different visible-light irradiance. Environ. Exp. Bot. 70, 88–95. doi: 10.1016/j.envexpbot.2010.08.005

Hajek, T., Tuittila, E. S., Ilomets, M., and Laiho, R. (2009). Light responses of mire mosses – a key to survival after water-level drawdown? Oikos 118, 240–250. doi: 10.1111/j.1600-0706.2008.16528.x

Hakala-Yatkin, M., Mantysaari, M., Mattila, H., and Tyystjarvi, E. (2010). Contributions of visible and ultraviolet parts of sunlight to photoinhibition. Plant Cell Physiol. 51, 1745–1753. doi: 10.1093/pcp/pcq133 

Hooijmaijers, C. A. M., and Gould, K. S. (2007). Photoprotective pigments in red and green gametophytes of two New Zealand liverworts. N. Z. J. Bot. 45, 451–461. doi: 10.1080/00288250709509728

Jaakola, L., Maatta-Riihinen, K., Karenlampi, S., and Hohtola, A. (2004). Activation of flavonoid biosynthesis by solar radiation in bilberry (Vaccinium myrtillus L.) leaves. Planta 218, 721–728. doi: 10.1007/s00425-003-1161-x 

Jansen, M. A. K., and Bornman, J. F. (2012). UV-B radiation: from generic stressor to specific regulator. Physiol. Plant. 145, 501–504. doi: 10.1111/j.1399-3054.2012.01656.x 

Jansen, M. A. K., Gaba, V., and Greenberg, B. M. (1998). Higher plants and UV-B radiation: balancing damage, repair and acclimation. Trends Plant Sci. 3, 131–135. doi: 10.1016/S1360-1385(98)01215-1

Jenkins, G. I. (2017). Photomorphogenic responses to ultraviolet-B light. Plant Cell Environ. 40, 2544–2557. doi: 10.1111/pce.12934 

Kolb, C. A., Käser, M. A., Kopecky, J., Zotz, G., Riederer, M., and Pfündel, E. E. (2001). Effects of natural intensities of visible and ultraviolet radiation on epidermal ultraviolet screening and photosynthesis in grape leaves. Plant Physiol. 127, 863–875. doi: 10.1104/pp.010373 

Krause, G. H., Gallé, A., Gademann, R., and Winter, K. (2003). Capacity of protection against ultraviolet radiation in sun and shade leaves of tropical forest plants. Funct. Plant Biol. 30, 533–542. doi: 10.1071/FP03047

Laureau, C., Meyer, S., Baudin, X., Huignard, C., and Streb, P. (2015). In vivo epidermal UV-A absorbance is induced by sunlight and protects Soldanella alpina leaves from photoinhibition. Funct. Plant Biol. 42, 599–608. doi: 10.1071/FP14240

Markham, K. R., Ryan, K. G., Bloor, S. J., and Mitchell, K. A. (1998). An increase in the luteolin:apigenin ratio in Marchantia polymorpha on UV-B enhancement. Phytochemistry 48, 791–794. doi: 10.1016/S0031-9422(97)00875-3

Marschall, M., and Proctor, M. C. F. (2004). Are bryophytes shade plants? Photosynthetic light responses and proportions of chlorophyll a, chlorophyll b and total carotenoids. Ann. Bot. 94, 593–603. doi: 10.1093/aob/mch178 

Martin, C. E., and Churchill, S. P. (1982). Chlorophyll concentrations and a/b ratios in mosses collected from exposed and shaded habitats in Kansas. J. Bryol. 12, 297–304.

Martínez-Abaigar, J., and Núñez-Olivera, E. (1998). “Ecophysiology of photosynthetic pigments in aquatic bryophytes” in Bryology for the twenty-first century. eds. J. W. Bates, N. W. Ashton and J. G. Duckett (Leeds: Maney Publishing and the British Bryological Society), 277–292.

Martínez-Abaigar, J., and Núñez-Olivera, E. (2011). “Aquatic bryophytes under ultraviolet radiation” in Bryophyte ecology and climate change. eds. Z. Tuba, N. G. Slack and L. R. Stark (New York: Cambridge University Press), 115–146.

Martínez-Abaigar, J., Núñez-Olivera, E., Beaucourt, N., García-Álvaro, M. A., Tomás, R., and Arróniz, M. (2003). Different physiological responses of two aquatic bryophytes to enhanced ultraviolet-B radiation. J. Bryol. 25, 17–30. doi: 10.1179/037366803125002626

Martínez-Abaigar, J., Núñez-Olivera, E., and Sánchez-Díaz, M. (1994). Seasonal changes in photosynthetic pigment composition of aquatic bryophytes. J. Bryol. 18, 97–113.

Maxwell, K., and Johnson, G. N. (2000). Chlorophyll fluorescence – a practical guide. J. Exp. Bot. 51, 659–668. doi: 10.1093/jexbot/51.345.659 

Monforte, L., Soriano, G., Núñez-Olivera, E., and Martínez-Abaigar, J. (2018). Cell compartmentation of ultraviolet-absorbing compounds: an underexplored tool related to bryophyte ecology, phylogeny and evolution. Funct. Ecol. 32, 882–893. doi: 10.1111/1365-2435.13048

Monforte, L., Tomás-Las-Heras, R., Del-Castillo-Alonso, M. A., Martínez-Abaigar, J., and Núñez-Olivera, E. (2015). Spatial variability of ultraviolet-absorbing compounds in an aquatic liverwort and their usefulness as biomarkers of current and past UV radiation: a case study in the Atlantic-Mediterranean transition. Sci. Total Environ. 518–519, 248–257. doi: 10.1016/j.scitotenv.2015.03.006

Mouradov, A., and Spangenberg, G. (2014). Flavonoids: a metabolic network mediating plants adaptation to their real estate. Front. Plant Sci. 5:620. doi: 10.3389/fpls.2014.00620

Newsham, K. K., and Robinson, S. A. (2009). Responses of plants in polar regions to UVB exposure: a meta-analysis. Glob. Chang. Biol. 15, 2574–2589. doi: 10.1111/j.1365-2486.2009.01944.x

Núñez-Olivera, E., Otero, S., Tomás, R., Fabón, G., and Martínez-Abaigar, J. (2010). Cyclic environmental factors only partially explain the seasonal variability of photoprotection and physiology in two mosses from an unforested headwater stream. Bryologist 113, 277–291. doi: 10.1639/0007-2745-113.2.277

Núñez-Olivera, E., Otero, S., Tomás, R., and Martínez-Abaigar, J. (2009). Seasonal variations in UV-absorbing compounds and physiological characteristics in the aquatic liverwort Jungermannia exsertifolia subsp. cordifolia over a three-year period. Physiol. Plant. 136, 73–85. doi: 10.1111/j.1399-3054.2009.01215.x 

Otero, S., Núñez-Olivera, E., Martínez-Abaigar, J., Tomás, R., Arróniz-Crespo, M., and Beaucourt, N. (2006). Effects of cadmium and enhanced UV radiation on the physiology and the concentration of UV-absorbing compounds of the aquatic liverwort Jungermannia exsertifolia subsp. cordifolia. Photochem. Photobiol. Sci. 5, 760–769. doi: 10.1039/B601105E 

Pearcy, R. W. (1998). “Acclimation to sun and shade” in Photosynthesis. A comprehensive treatise. ed. A. S. Raghavendra (Cambridge: Cambridge University Press), 250–263.

Poorter, H., Niinemets, U., Ntagkas, N., Siebenkäs, A., Mäenpää, M., Matsubara, S., et al. (2019). A meta-analysis of plant responses to light intensity for 70 traits ranging from molecules to whole plant performance. New Phytol. 223, 1073–1105. doi: 10.1111/nph.15754 

Portes, M. T., Damineli, D. S. C., Ribeiro, R. V., Monteiro, J. A. F., and Souza, G. M. (2010). Evidence of higher photosynthetic plasticity in the early successional Guazuma ulmifolia Lam. compared to the late successional Hymenaea courbaril L. grown in contrasting light environments. Braz. J. Biol. 70, 75–83. doi: 10.1590/S1519-69842010000100011

Post, A., and Vesk, M. (1992). Photosynthesis, pigments, and chloroplast ultrastructure of an Antarctic liverwort from sun-exposed and shaded sites. Can. J. Bot. 70, 2259–2264. doi: 10.1139/b92-280

Proctor, M. C. F., and Smirnoff, N. (2015). Photoprotection in bryophytes: rate and extent of dark relaxation of non-photochemical quenching of chlorophyll fluorescence. J. Bryol. 37, 171–177. doi: 10.1179/1743282015Y.0000000001

Rincón, E. (1993). Growth responses of six bryophyte species to different light intensities. Can. J. Bot. 71, 661–665. doi: 10.1139/b93-076

Robinson, S. A., Turnbull, J. D., and Lovelock, C. E. (2005). Impact of changes in natural ultraviolet radiation on pigment composition, physiological and morphological characteristics of the Antarctic moss, Grimmia antarctici. Glob. Chang. Biol. 11, 476–489. doi: 10.1111/j.1365-2486.2005.00911.x

Robinson, S. A., and Waterman, M. J. (2014). “Sunsafe bryophytes: photoprotection from excess and damaging solar radiation” in Photosynthesis in bryophytes and early land plants. eds. D. T. Hanson and S. K. Rice (Dordrecht: Springer), 113–130.

Robson, T. M., Aphalo, P. J., Banas, A. K., Barnes, P. W., Brelsford, C. C., Jenkins, G. I., et al. (2019). A perspective on ecologically relevant plant-UV research and its practical application. Photochem. Photobiol. Sci. 18, 970–988. doi: 10.1039/C8PP00526E 

Schroeter, B., Green, T. G. A., Kulle, D., Pannewitz, S., Schlensog, M., and Sancho, L. G. (2012). The moss Bryum argenteum var. muticum Brid. is well adapted to cope with high light in continental Antarctica. Antarct. Sci. 24, 281–291. doi: 10.1017/S095410201200003X

Searles, P. S., Flint, S. D., and Caldwell, M. M. (2001). A meta-analysis of plant field studies simulating stratospheric ozone depletion. Oecologia 127, 1–10. doi: 10.1007/s004420000592 

Snell, K. R. S., Kokubun, T., Griffiths, H., Convey, P., Hodgson, D. A., and Newsham, K. K. (2009). Quantifying the metabolic cost to an Antarctic liverwort of responding to an abrupt increase in UVB radiation exposure. Glob. Chang. Biol. 15, 2563–2573. doi: 10.1111/j.1365-2486.2009.01929.x

Soriano, G., Del-Castillo-Alonso, M. Á., Monforte, L., Núñez-Olivera, E., and Martínez-Abaigar, J. (2019a). Phenolic compounds from different bryophyte species and cell compartments respond specifically to ultraviolet radiation, but not particularly quickly. Plant Physiol. Biochem. 134, 137–144. doi: 10.1016/j.plaphy.2018.07.020

Soriano, G., Del-Castillo-Alonso, M. Á., Monforte, L., Tomás-Las-Heras, R., Martínez-Abaigar, J., and Núñez-Olivera, E. (2019b). Photosynthetically-active radiation, UV-A and UV-B, causes both common and specific damage and photoprotective responses in the model liver wort Marchantia polymorpha subsp. ruderalis. Photochem. Photobiol. Sci. 18, 400–412. doi: 10.1039/c8pp00421h

Wargent, J. J., Nelson, B. C. W., McGhie, T. K., and Barnes, P. W. (2015). Acclimation to UV-B radiation and visible light in Lactuca sativa involves up-regulation of photosynthetic performance and orchestration of metabolome-wide responses. Plant Cell Environ. 38, 929–940. doi: 10.1111/pce.12392 

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

Copyright © 2019 Soriano, Del-Castillo-Alonso, Monforte, Núñez-Olivera and Martínez-Abaigar. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-10-00998-g005.jpg
SUVAC *#*
Chla+b*

Xanthophyll index ***
Chlalb ***
SUVAC*

*
*

FJF, ***
Chla+b***

B
IUVAC *#*





OPS/images/fpls-10-00998-g006.jpg
P

-

m m 1
LT T T T S S T S S S R S B N S S B W1 S ) S m < )
g8 22T 28 8 2228 3 28 ez 2 3 b 2 s
40 apruomaNSIp-p, wuaRid: T W
44219 PruOMONFIP-p°L v TS 4
m "L m. u , u
nooe n w o w9 w9 =n o n ) < )
48z S8 22 2 2z & 3 S E 3
440 14D xaput [iKydoyiuex apruoman3ip-p'L uuaBdy

P-shaded





OPS/images/fpls-10-00998-g003.jpg
(NQ (B jou)
pioe oifeuikoiniay

9§ 42 2 238 8 8 8 ¢ - 2323238 § g §
(WQ 3w [ow) (Wa (Suw jown) (NQ B jowu) g
e piov anoseg g —— piov ouewno)-d Rt
# 8 H 2 _ H
1 28 TSRAR LS CTE YL UG TR B TR IS oY S
i (na s oun) —
(Na B jown) (wa Bw oNnv) proe o foayea- (Wa  Bu MRS y) (ewo Wq Bur)
940 1D OVANS (omunoséxomiyp- .5 . VAN TS

3

SHADE

SUN

SHADE

SUN





OPS/images/fpls-10-00998-g004.jpg
ll
ns
SUN SHADE

BB EELEE TR EE
S (= =3 =3 =) s ™ L = = 2 =
xopur_[iydoyiumy (Wa (Bu foum)

piov otewno)-d

SHADE

SUN

i

TR g B EEYe YR T8 8 § § 8
g ¢ 2 g2 =
(N 3w ©™¥Dy)
v w
b VAN 4/

SHADE

SUN

1

S ® ¢ ¥ @ S w2 w2 9w o2 S ® © T a S
o s 3 ~ o - < < <« o o - <
(NQ (-Bw [owu) (NQ (B DY) (c-wo W@ Buw)

q+0 4D DVANS Ts





OPS/images/fpls-10-00998-t001.jpg
Species effect Exposure effect

Chia+b - -
Chl a/b ratio - ns
p-carotene ns ns
Lutein ns ns
Neoxanthin ns ns
Xanthophyll index ns
FlFi ns
SUVAC #
IUVAC s ns
SUVAG/IUVAG 7
p-Coumaric acid .
Sclerophylly index ns

Data are derived from a two-way ANOVA. Only the variables that were common to the
three species are shown. SUVAC, total content of methanok-soluble UV-absorbing.
‘compounds; IUVAC, total content of methanol-insoluble UV-absorbing compounds.
Three replicates for each variable were used. For each variable, significance levels for
‘statistical analysis are shown: **'p < 0.001; ~'p < 0.01; "p < 0.05; ns, non-significant.





OPS/images/fpls-10-00998-g001.jpg
Spectral irradiance (W m2 nm™")

Spectral irradiance (W m2nm')

~——SUN —SHADE

1.2

0.9

0.6

0.3

0.0 T T T T T T ]

0.9

0.0

280 340 400 460 520 580 640 700
‘Wavelength (nm)





OPS/images/fpls-10-00998-g002.jpg
¥
*
h*L
+ o o4 = S 1 g @w S w o
s & 8 & B &8 & = =

xaput [14ydotuex

=555

05

(NG B joww)
pioe suewno-d

bid

L T T =T = =< T TR T T S S N}
48 2 2 %2 82 % 2 3 8 83 3z 2 2 2 =
aw o (NG Bur fouru) (N@ (B joutu) (NG (B P05 y) (cwd sE Su)
apuomon[1p- °L ujoam] apiuomony5-, uuaBidy OVANI
S ge3ass s s czsigosyIEEsea
(NQ Bus o) (wa m._:oes
S (Wa | Bu "% ny) 4
(N Bu o) ks apuomon3-, utjoan & Srmenon prow g

g+2 1UD

s
Lhwu
o @ L o8 % v v @ o% = = a =
- EEE

SHADE

SUN

SHADE

SUN

SHADE

SUN





OPS/images/cover.jpg
frontiers
in Plant Science

Acclimation of Bryophytes to
Sun Conditions, in Comparison
to Shade Conditions, Is Influenced
by Both Photosynthetic and Ultraviolet
Radiations









OPS/images/crossmark.jpg
©

2

i

|





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





