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Ocean Acidification Affects Volatile Infochemicals Production and Perception in Fauna and Flora Associated With Posidonia oceanica (L.) Delile
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Communication among marine organisms are generally based on production, transmission, and interpretation of chemical cues. Volatile organic compounds (VOCs) can act as infochemicals, and ocean acidification can alter their production in the source organisms as well as the interpretation of the information they drive to target organisms. Two diatoms (Cocconeis scutellum var. parva and Diploneis sp.) and a macroalga (Ulva prolifera), all common epiphytes of Posidonia oceanica leaves, were isolated and cultured at two pH conditions (8.2 and 7.7). Their biomass was collected, and the VOCs produced upon wounding were extracted and analyzed using gas chromatography. Chemotactic reactions of invertebrates triggered by VOCs were tested using a static choice experimental arena and a flow-through flume system. Odor choice experiments were performed on several invertebrates associated with P. oceanica meadows to investigate the modification of behavioral responses due to the growth of algae in acidified environments. Complex patterns of behavioral responses were recorded after exposure to algal VOCs. This study demonstrated that a) ocean acidification alters the bouquet of VOCs released by diatoms and macroalgae and b) these compounds act as infochemicals and trigger peculiar behavioral responses in benthic invertebrates. In addition, behavioral responses are species-specific, dose-dependent, and are modified by environmental constraints. In fact, the static diffusion in choice arenas produced different responses as compared to flow-through flume systems. In conclusion, we demonstrate that in future marine environments higher CO2 concentrations (leading to a pH 7.7 by the end of this century) will modify the production of VOCs by micro- and macroalgae as well as the recognition of these infochemicals by marine invertebrates.
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INTRODUCTION

Marine organisms use chemical cues to interact and communicate within environments suffused with information produced by prey, predators, competitors, and conspecifics (Brönmark and Hansson, 2000; Pohnert et al., 2007; Zupo and Maibam, 2011; Mutalipassi et al., 2019, 2021; Zupo et al., 2019). This communication has evolved from bacteria to plants and animal to be considered a biological machineries able to sense and process key information (Vos et al., 2006). The term “infochemical” refers to compounds that bring an information possibly received and interpreted by various species living in the closer environment (Vet and Dicke, 1992; Zupo et al., 2019).

Such chemical cues may play a key role in the ecology of organisms, both vertebrates, and invertebrates, associated with aquatic environments (Derby and Sorensen, 2008). Various factors influence the production of infochemicals. Local ecological conditions and their temporal variations can affect the concentration and the composition of infochemicals produced by micro- and macro-algae, and the same factors can change the response of target organisms due to alteration of the perceptive abilities of individual invertebrate species (Wyatt et al., 2014). Marine invertebrates rely upon chemical cues to communicate and find food sources, and these chemical stimuli produce complex behavioral responses of invertebrates, due to individual variability and stochastic factors that can influence the organism’s chemotaxis (Fink, 2007; Zupo et al., 2016). In addition, “odor recognition” has not evolved for feeding purposes only (Jones and Flynn, 2005) but it is adopted by various species to interact with the surrounding environment. For example it is used to detect the presence of possible predators, to avoid hazards (Maibam et al., 2014), or to identify suitable habitats (Watson and Ridal, 2004; Fink, 2007). Various infochemicals can trigger different species-specific reactions according to the receivers’ roles in the food webs (Zupo et al., 2016). Among infochemicals, volatile organic compounds (VOCs) are low molecular weight compounds with a high structural diversity in aquatic ecosystems, quickly transferred among organisms, acting as kairomones (interspecific communication), pheromones (intraspecific communication), or as activated defenses (Fink, 2007; Mutalipassi et al., 2021). VOCs derived from the wounding of diatoms are important infochemicals, especially for the vagile fauna associated with Posidonia oceanica meadows (Jüttner et al., 2010). Volatile infochemicals can be interpreted by several species as a warning signal, indicating the presence of a predator or a toxic compound, triggering an avoidance or escape reaction, or they can be interpreted as an attractive signal, indicating a food source, the presence of possible mates, or a host location (Jüttner et al., 2010; Zupo et al., 2016). The information is carried according to the characteristics and the concentration of the informational molecules and by the concentration of infochemical diffused in the water; this means that various concentrations of the same VOC may trigger contrasting reactions in target organisms (Maibam et al., 2015; Zupo et al., 2015). In addition, co-evolutionary constraints cause, as consequence, that invertebrates associated with seagrass meadow should be a) able to identify native “odors,” originally present in their specific habitat in comparison to a bouquet of various VOCs, and b) unable to identify and interpret “odors” typically produced by organisms living in different habitats (Jüttner et al., 2010).

A change in secondary metabolites produced by algae upon wounding may play a key role in shaping food webs and affecting the small-scale structure of the temporal and spatial distribution of invertebrates (Vos et al., 2006). Several organisms evolved the ability to recognize VOCs generated during the wounding (Fink, 2007), but the perception of these infochemicals could be altered in an acidified environment (Hall-Spencer et al., 2008; Munday et al., 2009, 2010; Zupo et al., 2015). The rise in atmospheric carbon dioxide, forecasted to result in a future decrease of 0.43 points of pH in the next century (Caldeira and Wickett, 2003, 2005; Gattuso and Hansson, 2011; Pachauri et al., 2014), is causing changes in the chemistry of oceans. Still, it may affect physiological processes and metabolism, influencing the production of secondary metabolites, VOCs, and other infochemicals (Poore et al., 2013). Similarly, global changes may interfere with the functionality of the chemical receptors of invertebrates (Maibam et al., 2015) and the chemotactic reactions of invertebrates, with important consequences on plant-animal interactions. These relationships may have dramatic effects on the structure of animal communities associated with key aquatic environments (Knutzen, 1981).

Metabolic changes due to high concentrations of CO2 influence plant-animal communications and may cause a misunderstanding in the interpretation of the information, as it was previously demonstrated both in benthic (Zupo et al., 2015, 2016; Mutalipassi et al., 2019) and in planktonic organisms (Havas and Rosseland, 1995; Maibam et al., 2015). In parallel, algae living in an acidified environment may modify the patterns of production of secondary metabolites (eventually playing the role of infochemicals), and this additional factor should be taken into consideration to understand “wrong” responses of target organisms (Poore et al., 2013; Jin et al., 2020). To understand these fundamental aspects within the complex ecology of the seagrass P. oceanica (L.) Delile, 1813 and the relationship among VOCs, vagile epifauna, and seawater acidification, we investigated the behavioral responses of invertebrates associated with P. oceanica meadows, exposed at current (8.2) and acidified (7.7) pH to volatile infochemicals produced by three sympatric algae, Cocconeis scutellum var. parva (Grunow) Cleve 1895, Diploneis sp. (C. G. Ehrenberg) P.T. Cleve 1894 and Ulva prolifera (O. F. Müller) J. Agardh 1883, cultured at normal (8.2) and acidified pH (7.7). The two diatoms are among the most abundant micro- epiphytes recorded on the P. oceanica leaves (Ruocco et al., 2019; Mutalipassi et al., 2020) while Ulva prolifera is a ubiquitous macroalga and it is present also as an epiphyte of P. oceanica leaves (Zupo, 2000; Piazzi et al., 2016; Zupo et al., 2016). This macroalga has been selected also because it represents an interesting model in ocean acidification studies, due to its physiological responses in higher CO2 environments (Liu et al., 2012; Xu and Gao, 2012; Zhang et al., 2012; Zupo et al., 2016) and because climate change has increased the frequency of massive proliferation of this genus in other areas of the globe, known as “green tide” (Smetacek and Zingone, 2013; Gao et al., 2016). In addition, all the chosen algae may be present in the diet of the target invertebrates selected for this experimental research (Naylor, 1955a,b; Zupo et al., 2007; Leidenberger et al., 2012).

In particular, we selected the crustacean decapod Hippolyte inermis Leach, 1816 (both adults and juveniles), the crustacean isopod Idotea balthica (Pallas, 1772; both adults and juveniles), and two mollusc species belonging to the family Rissoidae, namely Alvania lineata Risso, 1826 and Rissoa italiensis Verduin, 1985.

Rissoidae are an important taxon within the class Gastropoda, with 28 genera and 318 species. They are mainly marine and represent an important component of aquatic food webs, being nourishment for other benthic invertebrates, birds, and demersal fish (Warén, 1996). They are considered herbivore-deposit feeders, with R. italiensis typical of shallow beds at the depths of 1–3 m (Gambi et al., 1992) and A. lineata distributed at intermediate depths from 3 to 10 m (Milazzo et al., 2000) living close to the basal part of P. oceanica leaves (Russo et al., 1984).

H. inermis, a decapod crustacean living in P. oceanica, is a model organism to investigate plant-animal interactions, apoptosis, and chemical ecology issues (Zupo, 1994; Zupo et al., 2016; Mutalipassi et al., 2018). Natural populations of this shrimp undergo a process of sex reversal triggered by an apoptogenic compound produced by diatoms of the genus Cocconeis, and this mechanism has a stabilizing effect on the shrimp’s natural populations (Zupo, 2000; Zupo et al., 2014). The apoptosis of the androgenic gland induces the destruction of their testis and triggers the production of early females, increasing the reproductive fitness of the species (Zupo and Messina, 2007). It has been demonstrated that H. inermis can detect and recognize volatile compounds produced by epiphytes living in their habitat, probably due to co-evolutionary processes (Fink, 2007; Maibam et al., 2014; Zupo et al., 2016).

The euryhaline crustacean isopod I. balthica is reported from a large geographical area ranging from the Northern Atlantic and the Baltic Sea to the Mediterranean and Black Sea (Salemaa, 1985), although the specific status of the Mediterranean populations is under evaluation (Natal, 2015), and generally occurs in shallow vegetated habitats. It features an opportunistic feeding behavior, which may undergo ontogenetic, seasonal, sex-related, and geographical variations (Merilaita and Jormalainen, 2000; Böstrom and Mattila, 2005; Bell and Sotka, 2012; Leidenberger et al., 2012; Leidenberger, 2013). In the Mediterranean Sea, this species is often associated with P. oceanica litter (Dimech et al., 2006; Sturaro et al., 2010) where it plays a role in the degradation processes (Wittmann et al., 1981). However, I. balthica is able to consume live leaves, although it prefers algal material, as Ulvaceae (Lorenti and Fresi, 1982), seemingly due to lower abundance of deterrent compounds and to a higher tissue toughness compared with seagrass leaves. In idoteids, the grazing activity is facilitated by the presence of large molar processes in each mandible and of heavily chitinized structures for crushing, biting, and scraping (Naylor, 1955b). Behavioral tests were performed by comparing the reactions shown in two different choice tests, i.e., in static chambers (Zupo et al., 2016; Mutalipassi et al., 2020) and straight flow-through flume systems (Voigt and Atema, 1996; Atema et al., 2002), in order to detect various types of reactions of invertebrates both in flume conditions and in static conditions. The research aimed at checking: 1) if micro and macroalgae may change their production of VOCs in an acidified world and 2) if ocean acidification may modify the communication within species associated with the same ecosystem.



MATERIALS AND METHODS


Collection, Treatment, and Rearing of Algae and Invertebrates

Seagrass leaves were collected in a meadow off Lacco Ameno d’Ischia (Gulf of Naples, Italy). Epiphytes were isolated under a stereomicroscope and thalli of U. prolifera were detached using forceps. Macroalgal thalli were transferred to sterilized Petri dishes and cultured in Guillard’s f/2 medium without silica (Sigma-Aldrich, Milan, Italy). Axenic conditions of algal cultures were weekly checked under light microscopy by examining the cultures and removing other epiphytes.

Two benthic diatoms, namely C. scutellum var. parva and Diploneis sp. were obtained from the diatom collection at Stazione Zoologica and clones were cultured in axenic cultures in multi-wells filled with Guillard’s f/2 medium with silica (Sigma-Aldrich, Milan, Italy). Micro- and macro-algae principal cultures were kept under controlled conditions (18°C, 12/12h photoperiod) in a thermostatic chamber at an average irradiance of 100 μmol photons m–2 s–1 (Raniello et al., 2007).

Ad hoc designed photo-bioreactors were used to culture C. scutellum var. parva, Diploneis sp., and U. prolifera at pH 7.7 and 8.2, in three replicates for each species and each pH, as described by Mutalipassi et al. (2019). About 35,000 cells. mm–2 of C. scutellum var. parva, Diploneis sp., and 5 grams (FW) of U. prolifera were inoculated in each photo-bioreactor according to the experimental plan. The pH of the medium remained constant during the experiments, due to an automatized system that allows small additions of CO2, immediately dissolved by the activity of a pump. The presence of a pump, as well as the high sensitivity of the used instruments, avoided water stratification and excessive additions of carbon dioxide.

Invertebrates were collected in fall. Vagile invertebrates were collected in a seagrass meadow off Lacco Ameno d’Ischia (Gulf of Naples, Italy) by horizontally towing a plankton trawl over the P. oceanica canopy. Samples were immediately sorted on boat to separate the main taxa, discarding superfluous organisms. Target species were identified in the laboratory and sorted according to the size. Organisms were reared in 2-L aerated vessels containing 1.5 L of filtered seawater and fed on epiphytised leaves of P. oceanica. Prior to starting the experiment, animals were starved 24 h to increase their food choice motivation (Moelzner and Fink, 2014), and individuals tested in acidified conditions were gradually adapted to the pH regime before to starting choice experiments (Zupo et al., 2016). Organisms used for choice tests were released after each experiment.



Water Chemistry

Water samples were collected from each photo-bioreactor every 3 days to analyze seawater carbonates (Supplementary Table 1). Salinity was measured using an electronic probe for saltwater (HI-96822, Hanna Instruments, Woonsocket, Rhode Island, United States); pHNBS and total alkalinity were measured using a mini-titrator water analyzer (HI-84531-02, Hanna Instruments). Pump and pH probe calibrations were performed using a pump calibration standard (HI-84531-55) and three calibration solutions (pH 4.01, 7.01, and 8.30). Both the salinity probe and the mini-titrator are provided with a temperature compensating feature. Water samples were analyzed within 1 h after the sampling. The partial pressure of carbon dioxide was elaborated using the CO2Sys EXCEL Macro (Pierrot et al., 2006).



Analysis of Volatile Organic Compounds

On the 16th day of culture, diatoms were collected by scraping the internal surface of photo-bioreactors using a steel blade. The material collected in each photo-bioreactor was washed out using 100 ml of filtered seawater and transferred into a clean Erlenmeyer flask. The biomass collected from each photo-bioreactor was then centrifuged (10 min at 1,500 g at 4°C), and the supernatant was discharged. The vessels containing the diatom biomass were weighed and immediately frozen (–20°C) up to their transfer for VOCs extraction and chromatographic analyses.

Macroalgae, as well, at the end of the grow-out period (16 days) were collected by clean forceps, mopped on paper and their fresh weight was recorded prior to be transferred into 50 ml tubes to be frozen (–20°C) until their use for VOCs extraction and chromatographic analyses as described by Moelzner and Fink (2014). To simulate wounding and production of odors, 80, 70, and 200 mg (dry mass) of Diploneis sp., C. scutellum var. parva, and U. prolifera, respectively, for each pH condition, were transferred into 100 ml flasks and activated by thawing them in 25% NaCl (Fink et al., 2006a). The cell crushing led to the activation of a lipoxygenase cascade and the production of VOCs (Jüttner, 2005). Closed-loop stripping (45 min at 22°C) was used to concentrate VOCs and samples were then absorbed on a cartridge filled with 150 mg of Tenax TA VOC adsorbent (Supelco, Bellefonte, PA, United States) as described by Jüttner (1988). For later use in the behavioral assays, the Tenax cartridges were eluted with 6 mL of diethyl-ether as described by Fink et al. (2006b); the eluates were collected in glass tubes, and the ether was gently evaporated in a stream of nitrogen gas (N2, grade 5.0) and the residue was re-dissolved in 100 microliters of pure ethanol. Control samples were obtained using a similar procedure applied to filtered seawater (Moelzner and Fink, 2014). Sodium chloride and all solvents were of analytical grade, and they were obtained from VWR, Darmstadt, Germany. The produced VOC solutions were stored at –80°C. For the VOC analyses, separate VOC extractions were thermally desorbed from Tenax TA at 240°C with helium as carrier gas (15 ml/min) and transferred in split injection mode onto a capillary column (DB 1301, 30 m length, 0.25 mm i.d., 0.25 μm film thickness; J&W Scientific, Folsom, CA, United States) of an Agilent 7890A gas chromatograph combined with an Agilent 5975C single-quadrupole mass spectrometer (Agilent, Waldbronn, Germany). Helium was used as transfer and carrier gas. Volatile Organic algal compounds were separated and analyzed with 3-hexanone as an internal standard as described by Moelzner and Fink (2014). All substances that appeared in each run of one algal treatment and did not appear in the analytical blank measurements were listed if mass-spectra and retention times were consistent (Supplementary Tables 4–6). The peak areas of the internal standard do not appear in the table of detected compounds. Peak areas of each substance were normalized to the internal standard to correct for variances in trapping material and desorption. Unfortunately to technical problems with the thermo-desorption unit, one sample each of U. prolifera and of C. scutellum var. parva was lost. Differences in volatile composition were plotted in a non-metric multidimensional scaling (NMDS) based on Bray-Curtis dissimilarities (Minchin, 1987) utilizing the R, version 4.0.5 (R Core Team, 2019) package vegan version 2.5.7 (Oksanen et al., 2015).



Preparation of Agarose Gels

Agarose gels for the static chamber experiments (Table 1) were prepared by dissolving 1.2 g of agarose (Sigma A-9045) in 200 mL of filtered and sterilized seawater to obtain a 0.06% agarose gel. The agarose solution was heated (80°C), mixed until transparent, and small quantities of 0.1 M NaOH and 0.1 M of HCl were added to adjust the pH to a value of 8.2 and 7.7, respectively, according to the treatment.


TABLE 1. Experimental plan of behavioral tests for the three algae and four species considered. The number of replicates, treatments, and pH levels are shown in the table.

[image: Table 1]
Control and VOC gels were prepared by including 250, 25, and 2.5 μL of, respectively, control VOCs and algal VOCs ethanol solution. Algal VOCs and control VOCs were poured into the agar solutions at room temperature, just before gelling (Zupo et al., 2016; Mutalipassi et al., 2020), and allowed to gel in a refrigerator at 5°C for 2 h prior to be used for the bioassays. Gels were cut into blocks of 0.5 cm3 using clean glass coverslips, before presenting them in the static choice experimental arenas (Jüttner et al., 2010). Thus, volumes of 1, 0.1, and 0.01 μL of VOCs-solution were transferred via an agar block into a 200 mL medium (Zupo et al., 2015).

For the flume experiments (Table 1), three solutions were prepared for each micro- and macro-alga and each pH condition of cultures. We used, for each species and condition, three doses of VOCs to obtain a comparable volume/volume ratio, in the testing media, as compared to the ones adopted in static chamber experiments, considering that laminar flows are at least unperturbed in the testing area (Voigt and Atema, 1996; Mueller et al., 2014; Jutfelt et al., 2017).

These three concentrations, named “low,” “medium” and “high,” respectively, were chosen to simulate the VOCs released by diatoms or macroalgae growing on 5, 50, and 500 mm2 of Posidonia leaf, respectively (Maibam et al., 2014; Mutalipassi et al., 2020). The three surfaces taken into consideration correspond to the surface that a small grazer, a large grazer, and a herbivorous fish might wound, respectively (Buia et al., 1992, 2000; Maibam et al., 2014; Mutalipassi et al., 2020).



Tests on Invertebrates

Odor choice experiments were performed to test the effect of plant bouquets of odors on the crustaceans H. inermis (adult and juvenile individuals), I. balthica (adults and juveniles), and on adults of the mollusks A. lineata and R. italiensis. As aforementioned, two different tests were performed (Table 1) in a static choice experimental arena (Jüttner et al., 2010) and a dynamic flow-through flume system (Atema et al., 2002). In both test systems, the behavioral responses of invertebrates were assayed at ambient (pH 8.2) and acidified (pH 7.7) seawater pH conditions.


Static Choice Experimental Arena

Experimental arenas were set into Petri dishes (14 cm diameter) each containing 200 mL of filtered seawater (approx. 1 cm height of water in each Petri dish) to reduce the chance of introducing extraneous odors. Eight replicates for each treatment were performed in a room at 18°C with a shaded light source, to minimize phototactic reactions. The surface of Petri dishes was divided into five sectors (Figure 1A) corresponding to a VOC gradient as previously described (Jüttner et al., 2010; Zupo et al., 2016; Mutalipassi et al., 2020). At the start of an experimental trial, five individuals were positioned at the center of each arena. The chemotactic reactions of tested individuals were recorded four times, every 5 min (Jüttner et al., 2010), by visually checking and recording the number of individuals present in each sector. Eight independent replicate assays were conducted for each combination of algal species (3), algal culture pH condition (2), invertebrate (6), and invertebrate test pH (2).


[image: image]

FIGURE 1. Schematic representation of static choice experimental arena (A) and flow-through flume system (B). In static choice experimental arena (A), volatile organic compound (VOC)-supplemented agarose was positioned in the (+) square, while the control agarose was positioned in the (–) square. Number of individuals in each sector was recorded at each timepoint. Individuals were positioned in the center of the “0” area. In flow-through flume system (B), (VOC)-supplemented solution (a) was dropped in water inflow compartments (b); fixed straws reduce the turbulence of the flux (c); two fine mesh (0.5 mm) nets (d and f) contain animals in test arena (e). A pipe allows the flux of water to be drained (g). Individuals were positioned in the center of the test area (h).




Flow-Through Flume System

Linear flow-through flumes (Voigt and Atema, 1996; Atema et al., 2002; Jutfelt et al., 2017) were used to test the effect of VOCs dissolved into a low-speed water flow. Flume systems were built using gray glass to avoid the influences of light on behavioral choices (Figure 1B). They were divided by two grids (0.1 mesh) in a straws area, an experimental arena, and an overflow area (Figure 1B). Experimental arenas had a length of 8 by 14 cm (width). The water level was 3 cm, and the total volume was 900 mL. The result was a non-mixing flow of water. It contained on a side the algal VOCs and on the opposite side the control VOCs (Kroon, 2011). Two storage tanks were filled with 200 mL of the above-described VOCs and the control solutions respectively. They were positioned on the two opposite corners of the straw areas, and water streams were kept divided and parallel by using plastic straws fixed over the bottom. The liquid was discharged by an overflow placed at the other side of the flumes. The velocity of the liquid flow was 5 cm min–1; at this speed, the containers were emptied within 5 min after the start of each test. Invertebrates were free to move and choose one of the two sides of the container (VOCs or control). Six individuals, for each species, age, and for each treatment were tested in each of eight replicates (Table 1). Just before the start of each test, the VOCs containers were filled up with either the appropriate VOCs (+) or the control (–) stock solutions. At the start of experiments, test animals were placed in a central rectangular starting zone. The number of individuals present on each side of the experimental arena was recorded at 2, 3, 4, and 5 min. As above, we conducted eight independently replicated assays for each combination of algal species (3), algal culture pH condition (2), invertebrate (6) and invertebrate test pH (2).




Statistical Analyses of Behavioral Assays

The significance of differences in the distribution of individuals between the positive (VOC areas) and negative (control areas) in 8 trials for each assay (according to species and pH regimes) was tested by means of repeated-measures ANOVA using Prism 7 (GraphPad software; summary of results available in Supplementary Table 2). In each sector of the arenas, the mean number of individuals was calculated, for each assay, at each of four experimental times. An attraction-repulsion (A/R) index was calculated for each test according to the following equations (Jüttner et al., 2010):

[image: image]

Equation (1) was adapted for flow-through flume system:

[image: image]

Where N2, N–2, N1, N–1 are the number of individuals in sector +2, –2, +1, –1, respectively (the latter two only in static arenas).

The attraction-repulsion indices obtained for each time point (i.e., after 0, 5, 10, 15, and 20 min) were used to calculate a linear regression coefficient for each test; the slope of each equation indicates the tendency of a given species to move toward positive, negative, or neutral areas. The slopes of linear regressions indicate the tendency to move toward a target, not the time spent by individuals in each sector. In addition, to determine sector preferences during the experimental time, we computed a second index, called “integral index” (INT), adopting the following equation (Jüttner et al., 2010):

[image: image]

where [image: image] are the attraction-repulsion index for each time-lapse. A positive integral index indicates a longer permanence in the positive sectors, a negative value a higher permanence in negative sectors, values close to 0 indicate that individuals were not moving, or they showed random movements in the two directions.

The scores obtained for the attraction-repulsion indices and for the integral index, for each test, were organized in an orthogonal coordinate system to summarize the results. Species with positive integral index and negative slope (first sector) show a preference for the volatile organic compound but a tendency to move toward the control; species in the second sector, with both positive values, were attracted by the odor and were moving toward the positive zones. Species in the third sector (positive slope, negative INT) were moving toward the VOCs source, but remained most of the time in the negative sectors; finally, clusters in the fourth sector indicate a high repulsive tendency (negative slope, negative INT). The scores obtained for the attraction-repulsion indices, for each time and target organism, has been analyzed using TWO ways ANOVA with Tukey’s multiple comparisons test to identify significance of differences among behavioral responses to algae odor bouquets at each concentration and cultured condition (resume available in Supplementary Table 3).




RESULTS


Impact of Seawater pH on Algal Volatile Organic Compounds Bouquets

The NMDS ordination (based on Bray-Curtis dissimilarities of normalized peak areas) gave a clear indication of consistent alterations in the algal VOC bouquets with seawater pH levels during growth (Figures 2–4). We were able to separately quantify 28 distinct VOC peaks for U. prolifera (Figure 2), 36 for Diploneis sp. (Figure 3), and 31 for C. scutellum var. parva (Figure 4). The loss of one replicate analysis of both U. prolifera and C. scutellum var. parva (each at pH 8.2) prevented a quantitative statistical analysis of the VOC bouquets. Due to a lack of authentic reference compounds, no unequivocal identification of those algal VOCs was possible beyond a preliminary assignment (Supplementary Tables 4–6) that requires confirmation in further studies. Nevertheless, our analyses give clear indications for altered VOC bouquets within the same algal isolates due to simulated seawater acidification (Figures 2–4).


[image: image]

FIGURE 2. Non-metric multidimensional scaling (NMDS) plot of the abundance of volatile organic compounds (VOCs) normalized to internal standard from Cocconeis scuteullum var. parva depending on culture pH level. Dots indicate independently replicate and separately analyzed cultures of the same algal isolate, distances between dots indicate Bray-Curtis dissimilarities, arrow lengths indicate the contribution of the respective peak to the dissimilarity, numbers indicate the peak-identities (see Supplementary Table 4).
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FIGURE 3. Non-metric multidimensional scaling (NMDS) plot of the abundance of volatile organic compounds (VOCs) normalized to internal standard from Diploneis sp. depending on culture pH level. Dots indicate independently replicate and separately analyzed cultures of the same algal isolate, distances between dots indicate Bray-Curtis dissimilarities, arrow lengths indicate the contribution of the respective peak to the dissimilarity, numbers indicate the peak-identities (see Supplementary Table 5).
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FIGURE 4. Non-metric multidimensional scaling (NMDS) plot of the abundance of volatile organic compounds (VOCs) normalized to internal standard from Ulva prolifera depending on culture pH level. Dots indicate independently replicate and separately analyzed cultures of the same algal isolate, distances between dots indicate Bray-Curtis dissimilarities, arrow lengths indicate the contribution of the respective peak to the dissimilarity, numbers indicate the peak-identities (see Supplementary Table 6).




Odor Choice Experiments

A complex pattern of chemotactic reactions was shown by the considered invertebrates according to algal species and pH conditions. In addition, in some cases, the behavioral reactions to VOCs differed in static arenas and flow-through flumes.

A. lineata was able to identify various odor bouquets produced by tested algae at different concentration and culture methods. In static chambers, they identified the infochemicals produced by C. scutellum var. parva and U. prolifera cultured at normal pH and administered at low, medium and high concentrations (One-way ANOVA; Supplementary Table 2). In the same conditions, they were able to identify VOCs produced by C. scutellum and U. prolifera at medium concentration and acidified culture condition, and by Diploneis only at medium concentration and normal pH condition. In flumes, Alvania was able to identify VOCs produced by Ulva, Cocconeis and Diploneis cultured at various conditions (Figure 5; One-way ANOVA; Supplementary Table 2). Alvania individuals were attracted by C. scutellum var. parva VOCs (cultured at normal pH) and administered at low and medium concentrations, (CLN, CMN; Figure 5). Contrasting responses to high concentrations of C. scutellum var. parva VOCs (normal conditions, CHN) were observed, with an attraction in static chambers and a repulsion in flumes. Medium and high concentrations of U. prolifera VOCs produced a repulsion in both test chambers at pH 8.2 (UMN, UHN) while the same species cultured and administered at pH 7.7, triggered attraction at medium concentration of VOCs (UMA) in static chamber and, in flow-through flumes, attraction at low concentration (ULA) and repulsion at high concentration (UHA; Figure 5). In addition, differences in static chambers and flumes were observed in the reactions to VOCs produced at normal and acidified conditions by C. scutellum var. parva and U. prolifera. In the static chambers (Figure 5A), A. lineata showed a tendency to move through low concentrations of VOCs produced by Diploneis sp., cultured at pH 8.2 (DLN), and C. scutellum var. parva (CLN), in both testing conditions. Differences in the position of individuals in response to the combination of various odor bouquets have been demonstrated (Tukey’s post hoc; Supplementary Table 3). In particular, reactions to medium concentration of VOCs of C. scutellum at pH 7.7 (CMA) were statistically different from reactions triggered by VOCs of C. scutellum cultured at pH 8.2 (CLN, CMN, CHN), in static chamber. On the contrary, in flumes, these differences were confirmed only in the combination of C. scutellum at medium concentration, at acidified pH (CMA) vs. C. scutellum at low concentration at normal pH (CLN). Diploneis sp. in flow-through testing chamber triggers no differences in the position of individuals except for the combination between medium concentration at normal pH (DMN) vs. high concentration at acidified pH (DHA). The repulsive behavior of Alvania lineata individuals vs. VOCs of U. prolifera especially when cultured at normal pH, were confirmed by Tukey’s post hoc (Supplementary Table 3).
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FIGURE 5. Ordination into 1 of 4 sectors of Alvania lineata according to the scores reached for “Slope” and “INT” (integral time) in static arenas (A) and flow-through flumes (B). The letters indicate the algae considered (C, Cocconeis scutellum var. parva; D, Diploneis sp.; U, Ulva prolifera), the concentration of VOCs (L, low; M, medium; H, high), and the culture and test conditions (N, normal conditions; A, acidified conditions). Asterisks indicate the significance of individuals’ position in the space.


In R. italiensis, an attractive behavior toward acidified C. scutellum var. parva and Diploneis sp. VOCs was observed in both static chamber and flume. The position of Rissoa italiensis individuals triggered by VOCs of C. scutellum cultured at pH 7.7 (CLA, CMA, CHA) is statistically different by the behaviors triggered by VOCs of the same algae cultured at normal pH (Tukey’s post hoc; Supplementary Table 3), that was ignored in static chambers (One-way ANOVA: Supplementary Table 2) and triggered repulsion at high and medium concentration (CMN, CHN) in flow-through flumes (Figure 6; Tukey’s post hoc; Supplementary Table 3). Rissoa italiensis exhibited significant reactions to the VOCs of C. scutellum (One-way ANOVA; Supplementary Table 2) as well as to the VOCs produced by Diploneis sp. at ambient pH, that triggered repulsion, both in static chambers and flumes. In addition, acidified Diploneis sp. VOCs triggered attraction in static chambers and, at medium concentration, in flow-through flumes (Figure 6). Differences between position of individuals triggered by Diploneis sp. cultured at normal pH and acidified pH were statistically significant, and these differences are more evident in static chamber, where tested individuals were able to identify (One-way ANOVA; Supplementary Table 2) but also to react specifically to VOCs administered at all concentrations and pH (Tukey’s post hoc; Supplementary Table 3). Rissoa italiensis was repelled by U. prolifera VOCs in normal pH conditions at high concentration (UHN), in both odor choice tests, and was slightly attracted by high concentrations of VOCs of U. prolifera cultured in acidified medium (UHA), in flumes. The responses to VOCs of U. prolifera cultured in normal pH conditions increased linearly in flumes: at low concentration of VOCs (ULN), R. italiensis spent most of the experimental time in positive sectors, at medium concentration (UMN), the source of the odor was about to be ignored, and at high concentrations (UHN) a repulsion behavior was observed. Statistics confirmed that U. prolifera cultured at normal pH and administered at high concentration (UHN) produced a pattern of responses that is statistically different from the responses produced by organisms to the other odor bouquets produced by the same macroalga (Tukey’s post hoc; Supplementary Table 3).
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FIGURE 6. Ordination into 1 of 4 sectors of Rissoa italiensis according to the scores reached for “Slope” and “INT” (integral time) in static arenas (A) and flow-through flumes (B). The letters indicate the algae considered (C, Cocconeis scutellum var. parva; D, Diploneis sp.; U, Ulva prolifera), the concentration of VOCs (L, low; M, medium; H, high), and the culture and test conditions (N, normal conditions; A, acidified conditions). Asterisks indicate the significance of individuals’ position in the space.


Adult individuals of H. inermis were attracted, with differences between the two odor choice methods, by low concentrations of VOCs produced by Diploneis sp. (acidified conditions; DLA) and U. prolifera (both pH and test conditions; ULN, ULA) and repelled by higher concentrations of VOCs produced by the same algae (DHN, DHA, UHN, UHA, UMA) as well as by VOCs produced by C. scutellum var. parva (CHN, CMA, CHA in static chambers; CLN, CMN, CHN, CLA, CMA, CHA in flumes; Figure 7). Adults of H. inermis were able to identify VOCs produced by Cocconeis species at different concentrations, especially in flumes (One-way ANOVA; Supplementary Table 2), and different patterns of repulsive reactions were exhibited in response to VOCs produced in acidified environments vs. ambient pH ones (Tukey’s post hoc; Supplementary Table 3). Low concentration of VOCs of U. prolifera (ULN, ULA) produced a statistically significant pattern of reactions if compared to high concentration of VOCs produced at normal and acidified pH and to medium concentration VOCs produced at pH 7.7 by the same macroalga (Tukey’s post hoc; Supplementary Table 3).
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FIGURE 7. Ordination into 1 of 4 sectors of Hippolyte inermis adults according to the scores reached for “Slope” and “INT” (integral time) in static arenas (A) and flow-through flumes (B). The letters indicate the algae considered (C, Cocconeis scutellum var. parva; D, Diploneis sp.; U, Ulva prolifera), the concentration of VOCs (L, low; M, medium; H, high), and the culture and test conditions (N, normal conditions; A, acidified conditions). Asterisks indicate the significance of individuals’ position in the space.


In contrast, behavioral reactions shown by juveniles of H. inermis were different: juveniles were attracted by C. scutellum var. parva at low and medium concentrations (CLN, CMN, CLA) and by Diploneis sp. (DLN; Figure 8) both in static chambers and flumes, with significant differences in the distribution of individuals compared with responses triggered by odor bouquets administered at different concentration or culture conditions (Tukey’s post hoc; Supplementary Table 3). Individuals spent most of the time in positive sectors of the choice arenas at low concentrations of U. prolifera VOCs (ULN) that was statistically different compared with the responses triggered by other U. prolifera odor bouquets (Tukey’s post hoc; Supplementary Table 3). These odor bouquets, at the administered concentrations, were identified by juveniles of this target species (One-way ANOVA, S2). High concentrations of VOCs of the three algae, at both culture conditions, as well as Diploneis sp. and U. prolifera at the medium concentration (ambient and acidified pH) produced a repulsive response in both odor choice chambers.
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FIGURE 8. Ordination into 1 of 4 sectors of Hippolyte inermis juveniles according to the scores reached for “Slope” and “INT” (integral time) in static arenas (A) and flow-through flumes (B). The letters indicate the algae considered (C, Cocconeis scutellum var. parva; D, Diploneis sp.; U, Ulva prolifera), the concentration of VOCs (L, low; M, medium; H, high), and the culture and test conditions (N, normal conditions; A, acidified conditions). Asterisks indicate the significance of individuals’ position in the space.


In static chambers, adults of I. balthica were attracted at medium and low concentration of VOCs produced by C. scutellum var. parva cultured at acidified conditions (CLA, CMA), with statistical differences vs. medium and high concentrations of VOCs of Cocconeis cultured at ambient pH (CMN, CHN; Figure 9A; Tukey’s post hoc; Supplementary Table 3). In flow-through flumes, adults of I. balthica spent most of the experimental time in negative sectors when exposed to Cocconeis VOCs, and differences among VOCs concentrations and culture conditions were not significant (Figure 9B; Tukey’s post hoc; Supplementary Table 3). High concentrations of VOCs of Diploneis sp. (DHN, DHA) produced repulsion both in static chambers and flumes, with behaviors triggered by the same VOCs administered at low and medium concentrations significantly different (DLN, DMN, DLA, DMA; Tukey’s post hoc; Supplementary Table 3).
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FIGURE 9. Ordination into 1 of 4 sectors of Idotea balthica adults according to the scores reached for “Slope” and “INT” (integral time) in static arenas (A) and flow-through flumes (B). The letters indicate the algae considered (C, Cocconeis scutellum var. parva; D, Diploneis sp.; U, Ulva prolifera), the concentration of VOCs (L, low; M, medium; H, high), and the culture and test conditions (N, normal conditions; A, acidified conditions). Asterisks indicate the significance of individuals’ position in the space.


Ulva VOCs produced an opposite behavioral reaction: at high concentrations, I. balthica were not able to identify VOCs produced at ambient pH (UHN) but were repelled by VOCs produced in acidified conditions (UHA) while lower concentrations of U. prolifera VOCs primed an attractive reaction (ULN, ULA The reactions to VOCs at high concentration produced by U. prolifera cultured at acidified conditions (UHA) and to the VOCs of the same algae administered at lower concentration, were significantly different in both pH conditions (UMN, ULN, ULA, UMA; Tukey’s post hoc; Supplementary Table 3).

Due to the unique behavior of I. balthica juveniles, it was impossible to perform odor choice experiments in flow-through flumes. Juveniles of this isopod exhibited ability to climb glass walls, plastic nets and to pass below the plastic frames used to divide the different areas of the flume. In static arenas (Figure 10), juveniles of I. balthica were attracted by C. scutellum var. parva cultured at normal pH (CLN, CMN) and they exhibitd scarce tendency to identify the VOCs produced by the same alga cultured and tested in acidified conditions. In addition, they were able to identify Diploneis VOCs administered at normal and low concentration (DLN, DLA, DMN), although no significant differences were found among different treatments (Tukey’s post hoc; Supplementary Table 3).
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FIGURE 10. Ordination into 1 of 4 sectors of Idotea balthica juveniles according to the scores reached for “Slope” and “INT” (integral time) in static arenas. The letters indicate the algae considered (C, Cocconeis scutellum var. parva; D, Diploneis sp.; U, Ulva prolifera), the concentration of VOCs (L, low; M, medium; H, high), and the culture and test conditions (N, normal conditions, A, acidified conditions). Asterisks indicate the significance of individuals’ position in the space.





DISCUSSION

Algae produce a wide spectrum of VOCs including terpenoids, furans, sulfur compounds, alkanes, alcohols, aldehydes, ketones, and esters (Walsh et al., 1998; Zuo et al., 2012b). Even closely related algae produce rather different and often species-specific VOC patterns (Fink et al., 2006a). In this study, we investigated for the first time how ocean acidification can influence the production of VOCs by various algae and how the recognition of infochemicals by associated invertebrates may vary consequently. Not surprisingly, we found differences in the VOC bouquets between the macroalga U. prolifera and the two benthic diatoms, also when comparing the two diatoms themselves (Diploneis sp. and C. scutellum var. parva). Previous studies focused on the changes in the VOCs production of macro- and microalgae in response to environmental factors, such as temperature, light, nutrition condition, water flow, and other abiotic factors (Bonsang et al., 2010; Zuo et al., 2012a; Xu et al., 2017; Ye et al., 2018). Altered behavioral responses under simulated ocean acidification had previously been investigated in assays at different pH levels for the invertebrates, but with algae grown under standard (ambient) pH conditions only, thus ignoring the potential of algal culture pH to alter the VOC composition (Maibam et al., 2015; Zupo et al., 2015; Mutalipassi et al., 2020). Differentially expressed compounds impact the bouquet composition and they are, in some cases, recognized as infochemicals by invertebrates (Moelzner and Fink, 2014). While the majority of studies on VOCs as attractants and repellents are related to the need to fight agricultural crop pests (Sarles et al., 2015; Himanen et al., 2017), a few studies have investigated the behavioral responses of invertebrates to algal VOCs in marine environments (Maibam et al., 2015; Zupo et al., 2015; Mutalipassi et al., 2020).

Our analyses of the VOC bouquets of the macroalga U. prolifera and the two benthic diatoms Diploneis sp. and C. scutellum var. parva grown under ambient (8.2) or acidified (7.7) pH conditions via GC-MS confirmed that shifts in culture pH by half a pH unit do indeed cause marked alterations in the algal VOC bouquets. It is thus not surprising that our subsequent behavioral assays indicated that invertebrate responses depend on the VOCs quantities offered, that different organisms react differently to algal VOCs, and that ocean acidification may change the relationships between algae and associated invertebrates in the P. oceanica communities. Ocean acidification, in fact, should be considered as a key factor to the ecology of plant-animal interactions that affect both emitters and receivers in the infochemical communication in aquatic environments. The VOC perception by receivers could be altered by ocean acidification due to modification in receptors’ conformation as demonstrated in rockfishes (Hamilton et al., 2014). In contrast, emitters undergo metabolic modifications in high CO2 conditions, leading to different VOC bouquets. In this study, indeed, we have shown that the pattern of VOCs production can be altered by the pH of the algal growth medium.

As regards the observed differences in the behavioral responses to various concentrations of infochemicals, they are quite common in this kind of study. A bouquet of volatile compounds may trigger contrasting and sometimes opposite responses, according to doses (Mutalipassi et al., 2019, 2020).

We performed each test in a static choice chamber (Zupo et al., 2015) and in flumes (Voigt and Atema, 1996; Atema et al., 2002) to investigate the relation between flume speed and behavioral reactions, to check whether flume speed is an important factor and whether it can interfere with experimental conclusions. Contrasting responses, eventually produced by the two experimental systems, may be explained by a diverse interpretation of the same bouquet in two conditions. It has been demonstrated that the spatial and temporal distribution of infochemicals in marine environments is shaped primarily by specific environmental conditions, such as hydrodynamics (Kozlowski et al., 2001). In static chambers, tested organisms may perceive the gradients of odor concentration as a linear function that spreads homogeneously from the source until saturation of the experimental arena (Voigt and Atema, 1996; Maibam et al., 2015). Previous studies demonstrated, using Kriging spatial interpolators, that odors released in the static chamber can be described by isolines through linear gradients from the VOCs releasing point to the negative control area (Maibam et al., 2015). For these reasons, static testing chamber could be more suitable for mimicking environments characterized by low hydrodynamic forces, where the interspace between the source of chemical cues and the receiver tends to become saturated quickly. This is the case of infochemical communications in small dimensional scale interactions, low hydrodynamic habitats, or confined environments. Differently, in the flumes, individuals perceive odors as pulse over time mimicking highly turbulent environments (Voigt and Atema, 1996). In these environments, characterized by high hydrodynamic forces, odor dispersal causes intermittency in the chemical signal even when the source emits continuously. Therefore, animals that use chemical cues to localize odor sources must overcome signal intermittency. Static and flume testing chambers are designed to test, respectively: (a) chemotaxis without the interference of turbulence, in which behavioral reaction are triggered only by chemical cues, and (b) eddy-chemotaxis, in which organisms track odors and turbulence simultaneously, using internal chemical and hydrodynamic fine structure of odor plume to localize the VOCs source (Kozlowski et al., 2001; Gardiner and Atema, 2007). In our investigation, the INT-Slope values obtained from the different combinations of “source organisms/VOCs concentration/pH value/target species” are kept in the same sector both in static chambers and flumes for all the three tested concentrations. In these cases, the results provided by the two testing methods are comparable, and this could indicate that no influences are evidenced in the identification and interpretation of chemical cues. In several cases, distributed along the different target-organisms, odors that trigger behavioral reactions in one testing chamber (as confirmed by statistical analysis) lose the carried information when administered using the other testing chamber. In most cases, these lacks in infochemical-triggered behavioral reactions have been observed especially in flumes, as in the case of several VOCs administered to A. lineata (CHN, CMA, UMA, ULN; Figure 5). In contrast, investigations on adult individuals of I. balthica evidenced different behavioral reactions considering the same combinations in the two testing chambers (Figure 9). In fact, turbulence deeply affected the perception or the interpretation of C. scutellum VOCs in adult isopods. However, this was observed only in an acidified environment, in the case of low and medium concentration VOCs (CLA, CMA) that are kept in completely different sectors with both methods. No differences were observed in behavioral reactions triggered by VOCs produced and administered at ambient pH (CMN, CHN). The differences in the behavioral reactions using the two testing chambers belong to a still unexplored field and could open new research topics leading to better understanding of VOC perception in marine environments under a range of hydrodynamic patterns. Thus, the reactions recorded by invertebrates in this study should be carefully interpreted due to the difficulties to relate the tested concentrations of VOCs with natural phenomena.

The results from our investigations suggest that the highest doses/concentrations of VOCs, as compared to medium and low concentrations of each odor bouquets, produce a more repulsive reaction in marine invertebrates, regardless of the life stage (i.e., larval vs. adult). This can probably be explained by a dose-dependent interpretation of the message transmitted by VOCs. As mentioned above, VOCs may bring a clear “danger” message in those cases, signaling the presence of a predator or a potentially dangerous larger grazer (Mutalipassi et al., 2020). The identification of a high concentration of VOCs is, indeed, compatible only with the presence of large-sized organisms, such as one or more fishes, that are wounding epiphytic algae over the canopy of P. oceanica (Zupo et al., 2015). For these reasons, infochemicals that at low concentration may indicate the presence of a food source, might at higher concentrations be interpreted as a “run-away” message (Jüttner et al., 2010).

These different behaviors should be linked to the peculiar physiology and life strategy of each tested organism, with respect to the differences in the attractiveness/repulsion for different invertebrate species. Hence, the same bouquet of odor may bring contrasting information to different organisms according to their ecology and trophic role (Sbarbati and Osculati, 2006). For example, a high concentration of U. prolifera VOCs (normal conditions) produced a repulsion in adults of H. inermis and a strong attraction in adults of I. balthica, while the VOCs produced by C. scutellum var. parva induced an attraction in A. lineata and repulsion in R. italiensis. The different localization of the two gastropods along the leaves of P. oceanica may explain the opposing reactions observed. Rissoa italianensis lives on leaves in shallow beds (1–3 m) which are heavily epiphytized by filamentous and encrusting macrophytes, while A. lineata lives at intermediate depths (3–10 m) on leaves that are generally covered by diatoms (Gambi et al., 1992; Mazzella et al., 1992). Consequently, the higher concentration of VOCs may be interpreted as a different signal representing an attractant for invertebrates that need to maximize the search for food, such as I. balthica (an invertebrate characterized by high motile activity), and a repellent for other invertebrates (Fink, 2007), for which mimicry and defense represent the most important behavioral constraints (Lamberti et al., 1995), such as H. inermis. Indeed, since Hippolytidae are exposed to high predation pressure, their behavior is deeply influenced by the need to avoid predation (Zupo, 1994; Bedini et al., 1997; Zupo and Nelson, 1997) and consequently, the diffusion of a large quantity of wound-activated VOCs may indicate the presence of predators chewing parts of P. oceanica and its epiphytes. Idotea balthica, living in low-energy P. oceanica detritus characterized by a high amount of poorly digestible structural carbohydrates (Sturaro et al., 2010), evolved a different interpretation of the odor, giving priority to the exploration of the area for a possible food source over the need to escape from possible predators. This species is probably especially accustomed to the odor of chewed algae and, as demonstrated for other species (Fink et al., 2006a), it is probably attracted by other animals grazing in the same area following an odor patch.

The reactions of invertebrates observed during the experiment are not only species-specific to the VOCs produced by different algae but, in addition, that behavioral response can change according to the life stages of the organism considered. Indeed, differences in the attractive responses were observed between adults and juveniles both in H. inermis and I. balthica. Hippolyte inermis adults were attracted by U. prolifera at low (ambient and acidified pH) and medium concentration (ambient pH) and by Diploneis sp. (acidified pH). A reverse pattern of responses was observed in juveniles of the same species that showed an attraction for VOCs produced by C. scutellum var. parva at low concentration and medium concentration (ambient pH) as well as by Diploneis sp. at low concentration (ambient pH). Contrasting responses were observed in adults and juveniles of I. balthica too: adults were repelled by C. scutellum var. parva and attracted by U. prolifera, while the juveniles were attracted by VOCs from the diatom and repelled by those from the macroalga.

Larvae and juveniles of invertebrates and vertebrates use chemical cues to detect and reach the most favorable microhabitat (Herrnkind and Butler, 1986; Wethey, 1986; Pawlik, 1992; Ben-Tzvi et al., 2008, 2010), and the selection of a protected and preferred microhabitat is a key process to ensure successful recruitment. Our results indicate contrasting behavioral responses between juveniles and adults. In fact, while juveniles of both crustacean species were attracted by diatom bouquets, especially at low concentrations, in adults belonging to the same species repulsive responses have been observed, especially related to C. scutellum var. parva VOCs. Previous investigations demonstrated that adult H. inermis is strongly repelled by VOCs produced by Cocconeis (Jüttner et al., 2010). In addition, VOCs produced by this diatom attracted juveniles of H. inermis. We can thus hypothesize that these VOCs act as infochemicals and are an indicator of the “preferred” habitat, in this case, the epiphytised P. oceanica leaves (Zupo et al., 2019). The same behavioral response, observed in juveniles of I. balthica, may be explained with the search for food sources, but not with the search for the correct habitat, because I. balthica hatch as fully functional juveniles, lacking a free-swimming larval phase (Strong, 1978; Strong and Daborn, 1979; Tuomi et al., 1988; Fava et al., 1992). For this reason, freshly hatched juveniles are born in the mother’s environment, such as in leaf debris, rich in shelters, where the species’ peculiar mimicry is fully functional and efficient (Toonen et al., 2007; Camur-Elipek, 2009).

The behavioral responses to VOCs produced at ambient and acidified pH lead to contrasting responses within the same species. In fact, A. lineata and R. italiensis showed opposite pattern of responses when exposed to VOCs produced at different pH. In H. inermis and I. balthica adults, ocean acidification had a relatively lower impact on odor recognition, because only a few behavioral differences were observed. Differences were observed in the response to VOCs from C. scutellum var. parva produced and tested at acidified and ambient pH: in every tested organism, except for H. inermis adults, ocean acidification produced an alteration of behavioral responses. In both crustacean species, juveniles responded being attracted to VOCs produced and tested at ambient pH and repelled by C. scutellum var. parva VOCs produced and tested at acidified conditions. Cocconeis scutellum var. parva is a benthic diatom that does not have antimitotic compounds, and it is not toxic for benthic invertebrates (Zupo, 2000; Zupo and Messina, 2007). Nevertheless, it triggers specific physiological reactions and induces the sex reversal in H. inermis (Zupo et al., 2007). The relationship between Cocconeis diatoms and H. inermis suggested to be part of a peculiar co-evolutive process through competitive trophic interaction that allows the shrimp to stabilize natural populations (Zupo, 2020). In fact, it has been demonstrated that, in addition to co-evolutionary relationships in the frame of mutual cooperation between species, adaptations may lead to different degrees of advantages for two co-evolving organisms. In the case of Hippolyte-Cocconeis, shrimp populations are stabilized due to the effect of a very specific apoptogenic compound produced by the diatom (Zupo, 2020). The opposite reactions of H. inermis, exhibited in response to VOCs of C. scutellum var. parva cultured at acidified pH may produce a deep alteration of the coevolution of shrimp and diatom in P. oceanica meadows.

It is important to investigate seawater pH-dependent physiological changes in all components of the marine food webs, rather than just in animals (Maibam et al., 2015; Zupo et al., 2015; Mutalipassi et al., 2020) to understand potential consequences of global changes in general and ocean acidification in particular. Here we demonstrated that seawater acidification alters the bouquet of volatile infochemicals liberated by various benthic algae. These changes in algal VOC bouquets could subsequently be linked to alterations in the foraging behavior of invertebrates that use those algae as both habitat and food resources. This highlights that holistic approaches and experiments addressing ocean acidification effects across multiple trophic levels are required to understand the consequences and impacts of ocean acidification. This investigation is the first addressing these issues across multiple trophic levels with organisms from a shared habitat, and it provides a crucial advancement for the mechanistic understanding of the consequences of ocean acidification. Even though this will require further studies, it is a major step forward in this research area and encourages to apply such multi-trophic perspectives when investigating ocean acidification or other anthropogenic stressors on ecological interactions.



CONCLUSION

In conclusion, we confirmed that diatoms and macroalgae both produce VOCs acting as infochemicals for the invertebrates associated with the leaf stratum of P. oceanica. The conveyed information is dose-dependent, producing variable responses according to VOC concentrations. In addition, the responses are species-specific, and strictly related to the ecological strategies of each species. Finally, our data indicate that the increasing levels of CO2 forecasted for the next decades will modify the production and the recognition of infochemicals by animal communities associated to P. oceanica meadows. The field of VOCs’ chemical ecology is still poorly explored and exhibits unsolved questions (Fink, 2007). These results add knowledge to a relatively undiscovered topic, evidencing an intricate web of reactions that appears to be strongly influenced and altered by ocean acidification. For these reasons, a research effort is needed to disentangle chemical signals behind plant-animal interactions, to understand how chemical communications may occur in the marine environment and how they are modified by chemical environments.
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