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Chloroplast Ultrastructure and Photosynthetic Response of the Dinoflagellate Akashiwo sanguinea Throughout Infection by Amoebophrya sp.
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The endoparasitic dinoflagellate Amoebophrya infects a number of marine dinoflagellates, including toxic and harmful algal bloom-forming species. The parasite kills its host and has been proposed to be a determining factor in the demise of dinoflagellate blooms in restricted coastal waters. Previous studies have mainly focused on the occurrence, prevalence, and diversity of Amoebophrya, while the interactions between the parasite and its host have received limited attention. Herein, an Amoebophrya sp.-Akashiwo sanguinea co-culture was established from Chinese coastal waters, and morphological, physiological, and transcriptional changes throughout an infection cycle of the parasite were systemically studied. The parasitic dinoflagellate was very infectious, resulting in an infection rate up to 85.83% at a dinospore:host ratio of 10:1. Infected host cells died eventually and released approximately 370 dinospores/cell. The host nuclear structures were rapidly degraded by Amoebophrya infection, and the chloroplasts of parasitized host cells remained intact until the parasite filled the almost entire cell structure. Nevertheless, infected cultures showed sustained but lower levels of photosynthetic performance (∼64% of control cultures), and the photosynthesis-related genes were significantly down-regulated. These findings provide a better understanding of the biological basis of the complex parasite-host interactions, which will be helpful to further elucidate the ecological significance of parasitic dinoflagellates in marine ecosystems.
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INTRODUCTION

Marine dinoflagellates represent a key component of marine ecosystems. Besides being major contributors of primary production, dinoflagellates possess a variety of other life and feeding strategies, including osmotrophy, phagotrophy, mixotrophy, symbiosis, and parasitism (Taylor, 1987; Fensome et al., 1996), thereby playing complicated ecological roles in the marine environment. In particular, parasitic dinoflagellates account for a large proportion of species richness in coastal and oceanic waters, and are critical for biomass transfer between trophic levels through impacting population dynamics, species succession, host biodiversity, and co-evolution of marine plankton organisms (Chambouvet et al., 2008, 2011a; Dougherty et al., 2016; Chen et al., 2020; Paseka et al., 2020). For example, the parasitic dinoflagellates of the family Amoebophryidae, the major component of the order Syndiniales or marine Alveolate group II, are known to infect a wide range of unicellular planktonic organisms, and have been associated with the demise of harmful algal blooms (Mazzillo et al., 2011; Lima-Mendez et al., 2015).

Species of Amoebophrya have a relatively simple life cycle consisting of a free-swimming infective dinospore that attaches to the host and penetrates the host cell membrane, an endoparasitic trophont grows inside the host cell by completely digesting the cell contents, and a multinucleate flagellated vermiform is released upon death of the host and then divides into hundreds of infectious dinospores (Cachon, 1964; Coats and Bockstahler, 1994; Chambouvet et al., 2008). The parasite completes its full life cycle in 2–3 days, while its dinospores can survive 3–15 days searching for a new host or dying in the water column (Cachon, 1964). The latest molecular approaches have revealed enormous diversity and abundance of Amoebophryidae organisms in the global plankton interactome (Guillou et al., 2008; Chambouvet et al., 2011b; de Vargas et al., 2015; Lima-Mendez et al., 2015; Chen et al., 2019; Cai et al., 2020), and stimulated attention on the biological characteristics and ecological significance of the parasitic dinoflagellates.

Previous studies have revealed the infectivity and host specificity of Amoebophrya. For instance, the parasites are more infectious in nutrient-enriched environments than those in nutrient-limited conditions, and newly formed dinospores lose their infectivity quickly in the water column in the absence of susceptible hosts (Yih and Coats, 2000; Chen et al., 2018). Different strains of Amoebophrya indicate various degrees of host specificity ranging from extremely species-specific (Coats and Park, 2002; Mazzillo et al., 2011; Chen et al., 2018), to moderately specific (Kim, 2006), to non-specific (Sengco et al., 2003; Chambouvet et al., 2011b). The parasitic infections also cause morphological and behavioral changes in host cells. Host cells at the late infection stage always exhibit as “giant cells,” with negative phototaxis and absence of diel/diurnal vertical migration (Park et al., 2002a; Kim et al., 2004). Interestingly, the infected dinoflagellate is able to maintain a degenerating, but steady swimming behavior until the host cell dies (Park et al., 2002b; Kayal et al., 2020; personal observations), suggesting the host still retains a certain degree of physiological function and is digested “alive.”

The intrinsic relationship between Amoebophrya and its dinoflagellate host implies a delicate balance. The parasite may subvert host metabolism to fulfill its needs while the host develops strategies to survive from the parasitic infection (Kim and Park, 2016; Scholz et al., 2017; Marc et al., 2021). The developments of Amoebophrya infection are different between the thecate and athecate dinoflagellates, and the two groups show various responses to the parasitic infection (Kim, 2006; Park et al., 2013). The parasitic waterborne cues are able to trigger series of physiological responses in host dinoflagellates, such as energy production, ATP synthesis, fatty acid production, and calcium-mediated signal transduction (Lu et al., 2016). Park et al. (2002b) noticed that Amoebophrya infections resulted in a decrease of host photosynthesis. The ultrastructure of Amoebophrya sp. and changes during the course of infection were elucidated in Miller et al. (2012). Most recently, Kayal et al. (2020) found that the chloroplast of the thecate dinoflagellate Scrippsiella acuminata remained transcriptomically functional during the course of Amoebophrya infection, and the photosynthetic activity of infected cultures was similar to that of uninfected cultures in continuous light conditions. Photosynthesis is strongly related to irradiation times in the marine environment where the key chlorophyll pigments and main phases of the process of photosynthesis localize in chloroplast of the eukaryotic photosynthetic cells (Blankenship, 2014; Sun et al., 2019). Yet, effects of Amoebophrya infections on chloroplast and photosynthetic activities of the athecate dinoflagellate in natural conditions still needs further study.

Herein, a strain of Amoebophrya known to infect Akashiwo sanguinea, an athecate dinoflagellate commonly observed in estuarine and coastal waters around the world (Botes et al., 2003; Jessup et al., 2009; Trainer et al., 2010; White et al., 2014; Kang et al., 2020), was successfully isolated and maintained in a monoclonal culture of A. sanguinea. The objective of this study was to investigate the variations in chloroplast ultrastructure and photosynthetic response of A. sanguinea during the course of Amoebophrya infection or exposed to parasitic waterborne cues. By analyzing a series of changes in A. sanguinea, we were able to identify the physiological characteristics and related molecular regulation mechanisms of the dinoflagellate during the Amoebophrya sp. infection. These findings will foster our understanding of complex host-parasite interactions and contribute to better understanding of the ecological roles of parasitic dinoflagellates in the marine ecosystem.



MATERIALS AND METHODS


Host Dinoflagellate and Parasite Cultures

Both Akashiwo sanguinea and its corresponding strain of Amoebophrya sp. were isolated from Jiaozhou Bay (36°24′ N, 120°11′ E), China in June 2020 using single cell isolation methods, and established as continuous cultures as described in Kim et al. (2004). The identifications of A. sanguinea and Amoebophrya sp. were first made with microscopic observation (by visualization of the natural bright-green auto-fluorescence of the parasite, Coats and Bockstahler, 1994), and further confirmed with molecular characterization (18S rDNA sequencing, see details in Supplementary Text). In brief, A. sanguinea was maintained in f/2-Si medium (Guillard and Ryther, 1962) made with sterile natural seawater (salinity of 30 ± 0.1). The Amoebophrya sp. ex A. sanguinea cross was maintained in stock culture by sequentially transferring aliquots of infected host culture into uninfected host culture of exponentially growing A. sanguinea at approximately 2-day intervals. Stock cultures were incubated at 20 ± 1°C under a 14 h: 10 h light: dark cycle, with cool white fluorescent light providing 175 μE m–2 s–1.



Time-Course Infection Experiment

The time-course infection of Amoebophrya sp. in A. sanguinea was established following the methods of Coats and Park (2002), which covered a complete life cycle of the parasite. Briefly, newly formed dinospores (≤6 h old) were separated from the parasite cultures by gravity filtration using 47-mm polycarbonate membranes (Whatman Nuclepore, 10-μm pore size). The subsamples (1 ml) of newly formed dinospores (≤6 h old) were immediately fixed with buffered formaldehyde (final conc. 1%), and enumerated with hemacytometers using an Olympus IX71 epifluorescence microscope (excitation 450–480 nm, emission 500 nm; Coats and Bockstahler, 1994).

Batch cultures of exponentially growing A. sanguinea (800 ml) were prepared in 1-L culture flasks, with an initial density of approximately 3 × 103 cells ml–1. To investigate the responses of A. sanguinea to Amoebophrya sp., A. sanguinea cultures were inoculated with the recently formed dinospores (≤6 h old) at a dinospore: host ratio of 10:1 to insure infection of most host cells (Chen et al., 2018). To examine the potential effects of the waterborne cues from the parasite, A. sanguinea cultures were treated with the addition of an equivalent volume of dinospore filtrate (Millipore PC filters, 1-μm pore size). In addition, an equivalent volume of sterile f/2-Si medium was added in the separate culture as experimental control. All treatments were conducted in triplicate and incubated under the same condition as mentioned above.

Host abundance and parasite prevalence (i.e., percent cells infected) were assessed and further quantified at time points of 0, 12, 30, 54, and 70 h post inoculation. To determine host abundance, subsamples (1 ml) were collected and fixed with buffered formaldehyde (final conc. 1%), then enumerated using triplicate plankton counting chambers under an epifluorescence microscope (IX71, Olympus, Japan). The parasitized A. sanguinea were identified based on the characteristic green autofluorescence of the parasite and red fluorescence of the host chloroplasts under the blue light excitation (excitation 450–480 nm, emission 500 nm; Coats and Bockstahler, 1994). The prevalence was calculated as the percentage of infected cells when at least 100 host cells per sample were counted. Morphological variation, photosynthesis activity, pigment composition, and transcription of photosynthesis-related genes of host cells were also studied at the five time points (0, 12, 30, 54, and 70 h) and as described below.



Epifluorescence and Electron Microscopy

Epifluorescence microscopy, scanning electron microscopy (SEM), and transmission electron microscopy (TEM) were used to characterize the morphology and development of Amoebophrya sp. ex A. sanguinea. Live observation of the algal culture (1 ml) was made at 400 × magnification and recorded with an Olympus DP73 digital camera attached to an Olympus IX71 epifluorescence microscope.

Aliquots of 30 ml of newly formed dinospores (≤ 6 h old) of Amoebophrya sp. ex A. sanguinea, with a density of ∼105 cells ml–1 were fixed with OsO4 (final conc. 1%, Sigma-Aldrich, Seoul, Korea) for 40–50 min at room temperature, and rinsed with deionized water. The solution was gently filtered using gravity through a 5-μm pore sized Millipore nylon membrane (Cork, Ireland) to capture the fixed cells. Then the sample was dehydrated in a graded acetone series (10, 30, 50, 70, 90%, 3 × 100%) for 15 min at each step, critical point dried with liquid CO2 (EM CPD300, Leica, Vienna, Austria), and sputter-coated with gold (EM ACE200, Leica, Vienna, Austria). Digital images were collected with an S-3400 N SEM (Hitachi, Hitachinaka, Japan) and processed using Adobe Photoshop (Adobe, San Jose, CA, United States). Cell dimensions of 50 cells were calculated from SEM micrographs.

Aliquots of experimental cultures (30 ml) were fixed with 2.5% glutaraldehyde (final conc.) for 3 h at 4°C, and post-fixed with OsO4 prepared with filtered seawater (final conc. 1%) overnight at 4°C. Cells were then centrifuged at 720 g for 5 min to form pellets and remove the supernatant. Pellets were rinsed three times (10 min each) in fresh f/2 medium. Dehydration was carried out in a graded acetone series (10, 30, 50, 7%, 90%) for 10 min each and then rinsed three times in absolute acetone for 15 min each. Finally, the pellets were infiltrated with 2:1, 1:1, and 1:2 mixtures of mixtures of acetone: Spurr’s resin (at least 8 h for each dilution) and embedded in 100% Spurr’s resin (Spurr Formula Kit I, SPI Supplies West Chester, Pennsylvania, United States; Spurr, 1969) overnight. The material was sectioned on an ultramicrotome (EM UC7, Leica, Vienna, Austria). Sections were mounted on Formvar-coated grids, stained with uranyl acetate (3%) and lead citrate (2%), and examined with an HT7700 TEM (Hitachi, Hitachinaka, Japan).



Photosynthesis Activity and Pigment Composition of Akashiwo sanguinea During the Course of Infection

Aliquots of 2 ml algal culture were used to determine the chlorophyll fluorescence of A. sanguinea using a FEM-2 pulse-modulated fluorometer (Hansatech, Norfolk, United Kingdom). The maximal photosynthetic efficiency (Fv/Fm) was calculated as:
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Where Fv represents the variable fluorescence, Fm represents the maximum fluorescence, and Fo represents the minimum fluorescence. Samples were dark adapted for 30 min (Schreiber et al., 1995) before transfer to a cuvette for the measurement of Fo, and after a saturating pulse (0.3 s; 2,600 μmol photonsm–2 s–1), the measurement of Fm. The actual photochemical efficiency of PSII in the light (ΦPSII) was also measured at the same time.

Another 10 ml of algal culture were filtered through the Whatman GF/F filters (25-mm in diameter, Whatman Inc.) with a vacuum pump (<0.03 MPa). Filters were then folded and wrapped against light in aluminum foil, and immediately frozen at –80°C for further processing. Pigments were determined by an alliance High-Pressure Liquid Chromatograph (e2695, Waters, Milford, Massachusetts, United States) using a 100 μl sample injection according to Kong et al. (2012).



Transcript Analysis of Photosynthesis-Related Genes of Akashiwo sanguinea During the Course of Infection

Aliquots of 30 ml algal cultures were pipetted and concentrated at 4°C via gentle centrifugation (500 g, 5 min) to form pellets and remove the supernatant, then flash-frozen in liquid nitrogen, and stored at –80°C until RNA extraction. Total RNA was extracted using TRIzol reagent (TakaRa, Japan), and further treated with RNase-free DNase I (TakaRa, Japan). The quality of RNA samples was ascertained by the spectrophotometric method with an A260 nm/A280 nm ratio from 1.8 to 2.0, and further assessed with 1% agarose gel electrophoresis based on the integrity of 18S and 28S rRNA bands. The cDNA was synthesized from 1 μg of total RNA using the PrimeScriptTM RT reagent Kit (TaKaRa, Japan) with addition of gDNA Eraser to eliminate the genomic DNA contamination according to manufacture protocols. The cDNA templates were diluted 10 times with nuclease-free water for subsequent analyses.

The transcriptions of photosynthesis-related genes, including psbA, psbD, psaA, psaB, petA, and petB, were detected with the quantitative Real Time PCR (qRT-PCR) assay using the specific primers reported in Liu et al. (2020). To normalize the mRNA expression of the target genes, 18S rRNA, TUA and GAPDH were selected as endogenous control and their expression stability in Amoebophrya infected cultures was confirmed prior to the experiments based on the assays described in Pfaffl et al. (2004) and Deng et al. (2016). The qRT-PCR assay was performed with a Rotor-Gene Q 2plex HRM thermocycler (QIAGEN, Germany). Reactions (triplicate for each sample) were carried out in a total reaction volume of 20 μl, containing 10 μl SYBR Premix Ex Taq II (2 ×) (TaKaRa, Japan), 0.5 μl for each primer (10 μM), 1 μl template cDNA, and DNAse/RNAse free water (8 μl, Sigma-Aldrich, MO, United States). Amplification conditions were 95°C for 30s, followed by 40 cycles of denaturation at 95°C for 5 s, and annealing at 60°C for 30 s. Melt curve analysis was added at the end of each PCR thermal profile to assess the specificity of amplification. Amplification efficiency (E) was calculated from the given slopes in Rotor-gene Real-Time PCR System Manager software by a 10-fold diluted cDNA sample series, with six dilution points measured in triplicate. The relative mRNA levels were calculated by the 2–Δ Δ Ct method as described in Livak and Schmittgen (2001). The gene expression levels in control cultures were used as control.



Statistical Analysis

All data were presented as mean ± standard error of the mean (SE) in the text, and subjected to a t-test to determine the difference in the three treatments using the SPSS 18.0 for windows (SPSS, Chicago, IL, United States), with the significance level of P < 0.05.




RESULTS


Development of Amoebophrya sp. Infections in Cultured Akashiwo sanguinea

In the filtrate-added and control groups, Akashiwo sanguinea showed a steady growth during the experiment, reaching 10.05 ± 0.73 × 103 and 10.35 ± 0.18 × 103 cells ml–1 by 70 h, respectively (Figure 1A). In the infected groups, the growth of A. sanguinea was significantly affected by introduction of Amoebophrya dinospores. The cell density of A. sanguinea decreased dramatically after 30 h post inoculation (p.i.), and the final density was 1.71 ± 0.74 × 103 cells ml–1, even though there was no significant difference in the cell densities among the three groups within the first 30 h (P > 0.05).
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FIGURE 1. Time-course studies of Akashiwo sanguinea infected with Amoebophrya sp. at a dinospore: host ratio of 10: 1. (A) Total A. sanguinea cell concentrations in control, filtrate-added and infected cultures. (B) Estimation of numbers of dinospores, infected and uninfected hosts in infected cultures, with the prevalence (data on the column). No infected cells or dinospores were detected in the filtrate-added and control cultures. Error bars indicate the standard error.


Using fluorescence microscopy, we were able to detect Amoebophrya infection in A. sanguinea based on the presence of green autofluorescence signals inside host nuclei (Figure 2). In the early infection stage (12 h p.i.), the green autofluorescing parasite (approximately 18.20 μm length) was surrounded by red-fluorescing chloroplasts of host dinoflagellates (Figure 2C). By this time, the abundance of infected cells was 1.16 ± 0.24 × 103 cells ml–1 and the prevalence in the infected cultures was 31.25 ± 1.73% (Figure 1B). In the middle stage of infection (30 h p.i.), the presence of the beehive-like structure (approximately 40.01 μm length) could be easily discriminated in the Ameobophrya-infected host cells (Figure 2D), even though the green autofluorescence was mostly concealed by the red autofluorescence of host chloroplasts. The abundance of infected host cells increased to 2.50 ± 0.24 × 103 cells ml–1 and the prevalence of Amoebophrya infection was 54.80 ± 2.84% at the time point (Figure 1B). In the late stage of infection (54 h p.i.), the characteristic “beehive” structure of Amoebophrya multinucleate trophonts (approximately 65.80 μm length) was easily observed in the infected A. sanguinea cells (Figure 2E) where they appeared bright green with grooved and doted structure when examined with an epifluorescence microscope. The abundance of infected host cells was 1.95 ± 0.37 × 103 cells ml–1 and the prevalence increased to 85.83 ± 1.40% at 54 h p.i. By 70 h p.i., only 0.17 ± 0.03 × 103 cells ml–1 were infected and the prevalence of Amoebophrya infection dropped to 10.05 ± 0.73% (Figure 1B). Most of the infected host cells broke up at the time point, and the parasite emerged as a conspicuously motile vermiform (approximately 133.33 μm length) (Figure 2F). The vermiform persisted for approximately 3–10 min before suddenly breaking apart to release numerous dinospores, and the abundance of motile dinospores was 9.25 ± 0.41 × 105 cells ml–1 in the infected groups. In the case of A. sanguinea as host, each infected cell produced 370 ± 51 Amoebophrya dinospores. No infected cells or dinospores were detected in the filtrate-added and control groups.
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FIGURE 2. Epifluorescence micrographs of free-swimming dinospores and Amoebophrya sp. within Akashiwo sanguinea. Amoebophrya sp. exhibited green autofluorescence throughout its life cycle and A. sanguinea showed red fluorescence under the blue light excitation. (A) Free-living dinospores of Amoebophrya sp. (B) Uninfected A. sanguinea. (C) Twelve hours infection showing a very early trophont surrounded by the red fluorescing chloroplasts of A. sanguinea. (D) Thirty hours infection showing a mid trophont surrounded by the red fluorescing chloroplasts of A. sanguinea and took on a “beehive” appearance. (E) Fifty-four hour infection showing a mature trophont and the parasites filled almost the entire host cell; the remnants of the host chloroplasts (arrow) were also shown. (F) Seventy hours infection showing a free-swimming Amoebophrya sp. vermiform and the remaining host cell fragments. Scale bars = 20 μm.




Ultrastructure of Akashiwo sanguinea Infected by Amoebophrya sp.

The free-living stage (dinospore) of Amoebophrya sp. was a flagellated zooid with a large bulbous episome (4.01 ± 0.37 μm in diameter, n = 50, using SEM) and a narrow hyposome, which was characterized by the presence of two flagella (Figure 3A). The transverse flagellum exhibited flagellar hairs over its full length and was approximately 11.21 ± 1.05 μm long (n = 50, using SEM), whereas the longitudinal flagellum was bare (4.05 ± 0.53 μm long, n = 50, using SEM) and progressively thinner toward the end. As indicated by the TEM ultrastructure, there was an elongated, typically compact nucleus located in the cell center of uninfected A. sanguinea, with a distinct nucleus membrane condensed chromosomes (Figure 3B). Chloroplasts were ellipsoidal or elongated, rod-like or irregularly shaped, and located almost throughout the healthy host cells.
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FIGURE 3. Electron micrographs of free-swimming dinospores and Amoebophrya sp. within Akashiwo sanguinea. (A) Scanning electron microscope image of Amoebophrya sp. dinospore showing the episome (E), hyposome (H), longitudinal flagellum (LF), transverse flagellum (TF), and flagellar hairs (black arrow). (B–G) Transmission electron microscope images of A. sanguinea infected with Amoebophrya sp. Black arrows indicated the chloroplast of A. sanguinea. (B) Uninfected A. sanguinea showing nucleus, nucleolus (red circle) and nucleus membrane. (C) 12 h infection with multiple parasite (red arrow) in host nucleus. (D) 30 h infection showing nascent mastigocoel (M) and multilobed cavity (L). (E) 54 h infection showing “beehive” with fully developed mastigocoel (M) and multilobed cavity (L). (F) Transverse section through 54 h Amoebophrya sp. trophont within the A. sanguinea nucleus. The host cytoplasm (H) was relegated by the parasite to the margin of the cell. The mastigocoel (M) contains numerous flagella (F), and the nucleus (N) line up in a continuous fashion along the folds of the “beehive.” Asterisk indicated the clusters of parasite trichocysts. (G) Detail of chloroplasts in the 54 h infected A. sanguinea.


At 12 h p.i., the condensed chromosomes of host cells were overtly disrupted and trophonts of Amoebophya sp. appeared as spherical cells showing electron-dense indentation at the surface (Figure 3C). By 30 h p.i., the parasite grew in size as they consumed the nucleonic contents of the host. The host nucleus was significantly enlarged and mostly occupied by the developing trophont. The parasite started to take on a “beehive” appearance (Figure 3D), resulting from helical extension of the parasitic cingulum and sinking of the parasitic apex during its growth. Subsequently, the development of the parasite largely consumed the nucleonic contents of the host and took up a large proportion of the host dinoflagellate. Further invagination of the developing parasite created a cavity structure (lobed cavity and mastigocoel) within the trophont cytoplasm, appearing as a narrow space associated with basal bodies. By 54 h p.i., cytoplasm was relegated to the margin of the host cells by the well-developed trophont of the parasite (Figure 3E), the chloroplasts of the host cell remained intact at the late stage of the parasitic infection (Figure 3G). Inside the giant trophont, multiple nuclei (will develop into the nuclei of dinospores in next few hours) lined up in a continuous fashion along the folds of the beehive, each section lobe contained one nucleus, with numerous flagella extended into the cavity (amphiesmalined mastigocoel) (Figure 3F). Ultimately, the multiflagellated and multinucleated trophont ruptured the host cell and emerged as a conspicuously motile vermiform, which split into fragments of variable sizes before suddenly break, releasing numerous individual dinospores (Supplementary Videos 1–3).



Variation of Host Photosynthetic Activity During the Course of Infection

Photosynthesis is an important determinant of the ability of marine microalgae to survive biotic stresses (Baker, 2008), and the Fv/Fm is widely used to indicate photosynthetic activity of microalgae (Maxwell and Johnson, 2000). The photosynthetic activities of A. sanguinea were overtly impacted by Amoebophrya sp. infection (Figure 4). The Fv/Fm of A. sanguinea remained steady in the filtrate-added and control cultures, with near-optimal quantum yield values (Fv/Fm = 0.6) over the experimental period. In the cultures inoculated with Amoebophrya dinospores, the Fv/Fm decreased continuously to 0.45 ± 0.03 at 54 h p.i., then recovered to 0.51 ± 0.02 by 70 h p.i., which was significantly different from that of control and filtrate-added groups (P < 0.05) (Figure 4A). The values of photochemical efficiency (ΦPSII) in the infected cultures ranged from 0.47 ± 0.03 to 0.54 ± 0.01, significantly lower than that of the control and filtrate-added cultures (0.47 ± 0.03 to 0.57 ± 0.04) (P < 0.05), but exhibited a similar pattern of variation (Figure 4B).
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FIGURE 4. Variations in the photosynthetic efficiencies of Akashiwo sanguinea during the course of infection by Amoebophrya sp. at a dinospore: host ratio of 10: 1. (A) Fv/Fm. (B) ΦPSII. Error bars indicate the standard error.


Photosynthesis of marine dinoflagellates largely depends on the cellular photosynthetic pigments (Blankenship, 2014), thus variations in the contents of major pigments were further quantified to assess the effects of Amoebophrya infection on A. sanguinea. For the filtrate-added and control cultures, the cellular photosynthetic pigments showed a similar pattern of variation, and no significant difference was found between the two groups (P > 0.05). In the infected cultures, chlorophyll a (Chl a) exhibited a significant difference from the filtrate-added and control groups, which decreased sharply by 30 h p.i. (36.41 ± 2.66 pg cell–1) (P < 0.05), then recovered gradually to 48.86 ± 2.83 pg cell–1 at 70 h p.i. (Figure 5A). The light-harvesting pigment peridinin of the infected cultures ranged from 40.01 ± 0.03 to 48.22 ± 2.35 pg cell–1, Figure 5B). The photoprotective pigments diatoxanthin, β-carotene, and diadinoxanthin increased gradually in the infected cultures, with fluctuated variation during the time course (Figures 5C–E). It was noteworthy that the β-carotene of the infected cultures decreased overtly by 30 h p.i., then gradually increased by 70 h p.i. (Figure 5D).
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FIGURE 5. Variations in the pigments of Akashiwo sanguinea during the course of infection by Amoebophrya sp. at a dinospore: host ratio of 10: 1. (A) Chlorophyll a. (B) Peridinin. (C) Diatoxanthin. (D) β-Carotene. (E) Diadinoxanthin. Error bars indicate the standard error.




Variation in the Transcripts of Photosynthetic Genes

The two photosystem I-related genes—psaA and psaB—were down-regulated (< 1-fold) in the A. sanguinea cultures with Amoebophrya infection, but showed different patterns. The psaA transcripts were significantly down-regulated at 30 h p.i. and 70 h p.i. (P < 0.05), with the lowest level of transcription (0.06 ± 0.01-fold) at 30 h p.i. (Figure 6A). The psaB transcripts decreased significantly during the infection cycle (P < 0.05), with the lowest transcription (0.18 ± 0.05-fold) at 30 h p.i. (Figure 6B). The photosystem II-related genes—psbA and psbD—were significantly suppressed during the time course of infection (P < 0.05), with the lowest level of transcription at 70 and 30 h p.i., respectively (Figures 6C,D). In contrast, the psbA and psbD were almost up-regulated (> 1-fold) in the control cultures, with the highest level of transcription at 70 and 54 h p.i., respectively. The two cytochrome b6f complex-related genes—petA and petB showed various patterns in the infected cultures. The petA gene was down-regulated (< one fold) during the time course, with significant suppression at 12 and 30 h p.i. (P < 0.05) (Figure 6E). The petB was down-regulated significantly (P < 0.05), with the lowest transcription (0.13 ± 0.07-fold) at 30 h p.i. (Figure 6F). The petB transcripts in the control cultures increased during the time course, with the highest transcription (2.00 ± 0.04-fold) at 54 h p.i (P < 0.05). Compared to control cultures, all genes except psbA were down-regulated in the filtrate-added cultures (< one fold), and the psbD was significantly suppressed throughout the infection cycle (P < 0.05).
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FIGURE 6. Relative mRNA expressions of photosynthesis gene in Akashiwo sanguinea during the course of infection by Amoebophrya sp. at a dinospore: host ratio of 10: 1. Temporal mRNA expression of psaA (A), psaB (B), psbA (C), psbD (D), petA (E), petB (F) were quantitatively assessed using the qRT-PCR assays. The transcriptional expression was calculated by the 2–Δ Δ Ct method using the 18S rRNA, TUA and GAPDH as the reference gene. Error bars indicate the standard error. Statistical significances across control in the same time of sampling were indicated with an asterisk (P < 0.05).





DISCUSSION

The parasitic dinoflagellate Amoebophrya infects a wide range of marine dinoflagellates and is closely associated with succession of harmful algal blooms (Taylor, 1968; Coats, 1999; Chambouvet et al., 2008; Mazzillo et al., 2011), thus leading to growing interest between the parasite and its dinoflagellate hosts. Our results demonstrate that the athecate dinoflagellate Akashiwo sanguinea can trigger multiple responses to the parasitic infections, such as decreased cell density, impaired photosynthetic activities, and down-regulation of related gene expressions. Amoebophrya sp. targeted and digested the nucleus of A. sanguinea cells, the chloroplasts of infected cells remained intact throughout the infection cycle. These findings provide valuable insight to understanding the complex parasite-host relationship between Amoebophrya and its host dinoflagellate.

Amoebophrya is an aerobic phagotrophic endoparasite and relies solely upon their hosts to supply necessary resources for their own metabolism and reproduction (Cachon, 1964; Farhat et al., 2018). After settling inside its host cell, the parasite avoids killing its host and proliferates rapidly during the intracellular developmental stage (Miller et al., 2012; Kayal et al., 2020). Miller et al. (2012) described the ultrastructure of Amoebophrya sp. and its changes during the course of infection in A. sanguinea. Herein, we focused on the ultrastructure of parasitized host cells, particularly the chloroplast. No host nuclear structures (or remnants) were conclusively identified in any observed thin sections of infected A. sanguinea even in the early stage of infection, suggesting that the nucleus was attacked early on by the parasite. At the late stage of infection, the parasite occupied the entire host nucleus and the host cytoplasm was relegated by the parasites to the margin of the cell, the chloroplasts of A. sanguinea cells with Amoebophrya infections remained intact. This may partially be due to indirect contact of host cytoplasmic structures with the growing multinucleate of the parasite once the parasitic infection was established inside host nucleus (Park et al., 2002a).

The index Fv/Fm is an important to indicator of photosynthetic capacity of microalgae (Maxwell and Johnson, 2000). In the filtrate-added cultures (addition of an equivalent volume of dinospore filtrate), Fv/Fm did not show a significant difference from that of control cultures, suggesting that the parasitic waterborne cues had little effect on photosynthesis of A. sanguinea. Fv/Fm in the infected groups gradually decreased until 54 h p.i. due to the mortality of most infected host cells in the late stage of infection. It then increased dramatically when the continuous presence of uninfected host cells contributed more to the photosynthetic efficiency of the infected cultures. As shown by Park et al. (2002b), the Fv/Fm of infected Gymnodinium instriatum cultures was approximately 80% that of uninfected cultures, which was slightly higher than that of infected A. sanguinea cultures (∼64% of control cultures) in the present study. Most recently, Kayal et al. (2020) reported that the photosynthetic activities of the infected Scrippsiella acuminata by Amoebophrya sp. were similar to those of the uninfected cells in continuous light condition. It is likely that S. acuminata was capable of relying on the existing pool of nuclear-encoded photosynthetic proteins to maintain photosynthetic activities despite digestion of its nucleus in continuous light conditions (Kayal et al., 2020). Overall, the infected dinoflagellates were still able to maintain relatively high photosynthetic performance, and there may be various physiological strategies among different Amoebophrya strains.

Infection by Amoebophrya induced changes in the pigment composition of A. sanguinea, except for the peridinin content. Similar contents of Chl a were observed in the filtrate-added and control cultures; Chl a content in infected cultures was significantly lower than that of the other two cultures, indicating the direct impact of Amoebophrya infections on its host cells. The same effect was observed in the co-cultures of Amoebophrya sp.—Scrippsiella acuminata (Kayal et al., 2020). The Chl a content of infected G. instriatum cells (121.50 ± 4.19 pg cell–1) was comparable to that of uninfected cells (Park et al., 2002b), which was higher than that of A. sanguinea in the present study. Such difference in the variation of Chl a content might result from the different sites of infection in the three host species. The parasite mainly developed in the nucleus of A. sanguinea and S. acuminata, but in the cytoplasm of G. instriatum. The β-carotene content in the infected A. sanguinea cultures showed no significant difference from that of control groups before 30 h p.i., after which it increased dramatically, which was in agreement with previous studies on β-carotene in other microalgae (Zubia et al., 2014; Benavente-Valdés et al., 2016). With the rapid growth of Amoebophrya in host cell, the major host defense against parasites may thus be production of reactive oxygen species (ROS) (Imlay, 2003; Lu et al., 2016). The elevated ROS in host cells can cause strong oxidative damage, resulting in an increased level of photoprotective β-carotene to prevent photooxidation (Zubia et al., 2014; Lu et al., 2016). In the infected S. acuminata cultures, the contents of β-carotene were relatively stable during the parasitic infection cycle suggesting the parasite might not induce significant photophysiological stress under continuous light condition (Kayal et al., 2020).

The dinospore filtrate triggered none-significant down-regulation of most photosynthesis-related genes (except psbD), suggesting the host was capable of sensing the parasite, but the level of stimulation could not trigger prominent response of host cells. The encoding the PSII core subunit psbD (D2) can be directly correlated with the production of certain proteins essential for photosynthesis (Sharon et al., 2007), and the lower expressions of the psbD in the filtrate-added cultures might result from the stimulation of signal transduction chains in the adaptive responses of the host induced by the parasitic waterborne cues (Lu et al., 2016). A. sanguinea triggered a strong response to Amoebophrya infections along with progress of the parasitic infection, and there was a significant decline of photosynthetic activity in A. sanguinea cultures before 54 h p.i. The transcripts of all tested genes were significantly down-regulated during this period, but seemed to recover at 54 h p.i., which may be due to the continuous presence of uninfected host cells and growth after collapse of infected host cells. Despite the fact that parasites filled almost the entire host nucleus at the late stage, the expression of the nuclear-encoded petA gene was still slightly higher than that seen at 30 h, suggesting that the host nucleus remained functional and the host was digested “alive.” The petB levels can be directly correlated with the production of certain proteins essential for photosynthesis (e.g., light-harvesting chlorophyll proteins and components of cytochrome b6/f complex encoded in the nucleus), and the lower expression levels of petB also correspond to the lower efficiency of photosystem in the infected cultures (Falkowski and Raven, 1997). While the expressions of chloroplast genes (associated with complexes PSI, PSII, and Cytb6f) were significantly up-regulated in infected S. acuninata cultures (Kayal et al., 2020). This discrepancy may result from the difference in light conditions, and the infected host cell exposed to continuous light conditions may need enhanced energy and oxygen to function (Lu et al., 2014, 2016; Kayal et al., 2020).

The parasite-host interactions between Amoebophrya and host dinoflagellates are complicated and far from being fully understood. Several key features of the Amoebophrya infection inside athecate dinoflagellate were further identified in the present study. Amoebophrya sp. was highly infectious to A. sanguinea, had a short lifespan, and high reproductive outputs. Infection by Amoebophrya caused a series of changes to host cells, including cellular and nuclear degradation, impaired physiological activity, and down-regulation of key genes associated with photosynthesis; the chloroplasts of infected hosts remained intact and functional. These findings highlight the fundamental cellular processes involved in Amoebophrya development and preservation of chloroplast activity toward host cell collapsing. Further research on the physiological and underlying molecular processes should decode the complex parasite-host relationship between Amoebophrya and its dinoflagellate hosts.
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