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Abstract

:

To detect the change during coral–dinoflagellate endosymbiosis establishment, we compared transcriptome data derived from free-living and symbiotic Durusdinium, a coral symbiont genus. We detected differentially expressed genes (DEGs) using two statistical methods (edgeR using raw read data and the Student’s t-test using bootstrap resampling read data) and detected 1214 DEGs between the symbiotic and free-living states, which we subjected to gene ontology (GO) analysis. Based on the representative GO terms and 50 DEGs with low false discovery rates, changes in Durusdinium during endosymbiosis were predicted. The expression of genes related to heat-shock proteins and microtubule-related proteins tended to decrease, and those of photosynthesis genes tended to increase. In addition, a phylogenetic analysis of dapdiamide A (antibiotics) synthase, which was upregulated among the 50 DEGs, confirmed that two genera in the Symbiodiniaceae family, Durusdinium and Symbiodinium, retain dapdiamide A synthase. This antibiotic synthase-related gene may contribute to the high stress tolerance documented in Durusdinium species, and its increased expression during endosymbiosis suggests increased antibacterial activity within the symbiotic complex.
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1. Introduction


The dinoflagellate of the Symbiodiniaceae family live symbiotically with a variety of marine invertebrates, including clams, sea slugs, sea anemones, foraminifera, and corals [1,2,3]. Among these, the symbiotic relationships between symbiodiniacean algae and cnidarians have been studied extensively. Symbiotic algae provide photosynthetic products to corals and receive nitrogen in exchange [4,5,6]. Published evidence indicates that the activity of symbiotic Symbiodiniaceae is under the control of the host corals [7,8,9]. In coral cells, algae are present in host-derived acidified vesicles that have carbon-concentrating mechanisms and activate photosynthetic capacity [7]. A recent transcriptome analysis found that dinoflagellate genes involved in molecular chaperoning as well as sugar and ammonia transportation were suppressed during the establishment of endosymbiosis with Aiptasia and coral planula larvae [10,11]. Gene expression analyses of actin, Ca2+ ATPase, and H+ APTase in Symbiodiniaceae also revealed that their expression patterns differed considerably between the non-symbiotic and symbiotic states [12,13]. However, despite these recent advances, many aspects of the changes dinoflagellate undergo during coral endosymbiosis establishment remain unclear. Previous studies have established a model endosymbiosis system consisting of monoclonal alga and juvenile corals, and transcriptome data for these coral–alga complexes have been published, with a focus on coral gene expression [11,14,15,16]. By contrast, the gene expression levels of dinoflagellate during coral endosymbiosis have not been investigated due to a lack of transcriptome data for the non-symbiotic state. Since the coral–alga model system facilitates the investigation of dinoflagellate gene expression and proliferation processes over time, it is well suited for examining changes in dinoflagellate during endosymbiosis.



In this study, we obtained transcriptome data for cultured Durusdinium that were previously used in an infection experiment with juvenile corals [14]. Therefore, in order to comprehensively investigate the changes in Symbiodiniaceae associated with the transition to the symbiotic state, we attempted to detect differentially expressed genes between the free-living and endosymbiotic states. Following the inoculation of juvenile corals with Durusdinium, its rate of increase was greater than that of Cladocopium, with about 300 Durusdinium cells per polyp detected by the 10th day of endosymbiosis, and about 600 cells per polyp detected by the 20th [14]. Here, we identified and functionally annotated differentially expressed genes (DEGs) between the non-symbiotic and symbiotic states, and performed phylogenetic analyses for a part of the DEGs to confirm that the DEGs were derived from Durusdinium.




2. Materials and Methods


Symbiodiniaceae strains CCMP 2556 (genus Durusdinium) were purchased from the Bigelow Laboratory for Ocean Sciences (West Boothbay Harbor, ME, USA; https://ccmp.bigelow.org/ (accessed on 20 Octorber 2011)). Cultures were grown at 24 °C under a 12 h/12 h light/dark cycle at 80 μmol m−2 s−1, in 100 mL of filtered seawater. Further details on RNA isolation and sequencing are provided in supplementary data.



Illumina HiSeq2000 transcriptome data for the symbiotic state of Durusdinium trenchii were obtained from the DDBJ Sequence Read Archive (accession nos. DRR119964-119967). Data obtained 10 and 20 days after coral incubation with D. trenchii [14], and those obtained in the present study, were used for DEG analysis. The quality checking of filtered reads, mapping, and the detection of DEGs between the non-symbiotic and symbiotic states were performed as described by Yuyama et al., 2018, and the supplementary materials. To confirm the calculated RNA-seq results, we performed bootstrap resampling of the raw read data, with 100 replicates per sample using the isoDE2 package [17], and with 100 replicates (n = 10) for each free-living or symbiotic sample (duplicate) in order to examine the expression changes between these states. Since the ANOVA using 100 bootstrap resampling results showed considerable variation among replicates for the data collected at day 10 of endosymbiosis, we eliminated these data from our analysis in order to detect changes related to endosymbiosis. Student’s t-test using 100 resampling results generated undetectably low p-values for most genes, so 10 items of data were randomly selected from the 100 replicates (100 bootstrap resampling replicates) and a t-test was performed. Differences in the mean (among the 100 replicates) expression of each gene between the two states were detected using the t-test (p < 0.025). The p-value was set to correspond to the number of DEGs detected in edgeR analysis (q = 0.01). These obtained DEGs were compared with those detected via the TCC analysis, and those in common were selected. We also selected genes with an expression change of log2 (fold change) > 1 between states. The functional annotations of the DEGs are described in the supplementary materials.



Among the DEGs, we focused on dapdiamide A synthetase genes characteristic of Dursdinium. A phylogenetic analysis of dapdiamide A synthase was performed using the homologous gene sequences derived from diverse organisms in order to confirm that the genes were derived from Durusdinium rather than from bacteria. Further details on the phylogenetic analysis are given in the supplementary materials.




3. Results and Discussion


In this study, we attempted to clarify the gene expression changes taking place in dinoflagellate during coral–alga endosymbiosis establishment. We prepared and sequenced a cDNA library derived from the symbiont culture, which isolated 25,068 contigs containing ORFs. Low reads derived from algae engaged in endosymbiosis with corals and free-living cultured algae were mapped against these contigs, and DEGs between these states were identified. The edgeR analysis identified 8543 DEGs, representing 34% of the candidate alga-derived transcripts. To validate these results, we used bootstrap replicates of RNA-seq data to detect DEGs between the non-symbiotic (n = 2) and symbiotic states (n = 2). Differences in the mean (among 100 × 2 replicates) expression of each gene between the two states were detected using the Student’s t-test (p < 0.025). The p value was set to correspond to the number (8642) of DEGs detected in the edgeR analysis (q = 0.01). A total of 4587 DEGs were common between both groups. Finally, we selected 1214 genes with log2 (fold change) > 1 between the free-living and symbiotic states in the edgeR analysis (Figure S1). The top 50 genes showing expression changes due to endosymbiosis with the lowest FDR included ribosomal proteins, heat-shock proteins, and chlorophyll-binding proteins (Figure S1). We also searched for GO molecular function terms that were enriched in these 1214 genes (Figure S2). The most enriched GO terms for these upregulated genes included protein–chromophore linkage and photosynthesis. The upregulated DEGs indicated that algae have enhanced photosynthetic activity during endosymbiosis with corals, which is consistent with previous reports of endosymbiosis in Symbiodiniaceae [7]. Seven processes were related to downregulated DEGs, including microtubule-based processes, mRNA splicing via spliceosome, and protein folding. Genes with decreased expression in microtubule-based processes include genes encoding tubulin, which is a component of flagella. This result may reflect the fact that algae lose their flagella inside corals [18]. Furthermore, a large number of ribosomal and chaperone proteins were detected among the downregulated DEGs, suggesting that some translational and protein-folding functions were inactivated following endosymbiosis establishment. Decreased expression of the chaperone gene has also been reported in the genera Symbiodinium and Cladocopium [11], and may represent a typical response to coral endosymbiosis establishment. It should be noted, however, that some of the DEGs detected include genes that were altered due to environmental differences between the two states. The time of year when the symbiotic and non-symbiotic states were cultured, as well as changes in the light environment, salinity, and CO2 in the coral cells, may have affected the genes whose expressions were altered. In order to investigate more specific changes in a symbiotic organism, we must more closely replicate the exact conditions of the culture strain and the symbiotic state.



Among the top 100 DEGs, two genes encoding dapdiamide A synthase (TRINITY_DN38519_c0_g1_i5.p1 (Figure 1) and TRINITY_DN38519_c0_g1_i1.p1) were found to be upregulated. Dapdiamide A synthase adds valine to the carboxylate of fumaramoyl-DAP to form dapdiamide A, an antibiotic, in Pantoea agglomerans [19]. Few studies have reported on the antibiotic synthase in Symbiodiniaceae; however, a recent large-scale transcriptome analysis identified dapdiamide A synthase in Symbiodinium [20]. Therefore, we performed a phylogenetic analysis to investigate whether the gene encoding dapdiamide A synthase is derived from Symbiodiniacea or from bacteria (Figure 2). One of the genes (TRINITY_DN38519_c0_g1_i5.p1) encoding dapdiamide A synthase was used for a BLASTp query against the NCBI database, and 117 sequences were selected for phylogenetic inference. The distribution of eukaryotic dapdiamide A synthase was restricted to large phylogenetic groups including stramenopiles, haptophytes, and alveolates (Symbiodiniaceae). In the ML tree (Figure 2), most of the eukaryotic sequences formed two separate clades, A and B. Clade A comprises sequences derived from bacillariophytes (stramenopiles), haptophytes, and Symbiodiniaceae. Nine Symbiodiniaceae sequences were monophyletic, with 86% support, and its sister group was shared by Emiliania huxleyi (haptophyte) sequences. These branching patterns suggest that the eukaryote–eukaryote lateral gene transfer of dapdiamide A synthase occurred between Emiliania and Symbiodiniaceae. In addition, close relationships between two Symbiodinium sequences as well as archaean (100%) and Aureococcus (pelagophyte) (no support) sequences on the lower part of the tree suggest other types of lateral gene transfer involving Symbiodiniaceae. However, these genes were detected only in the genera Symbiodinium and Durusdinium of Symbiodiniaceae in this study. Durusdinium species exhibit high stress resistance, and have been reported to confer this property to their host corals [21]. Our results show that both dapdiamide A synthase genes from Durusdinium were upregulated during endosymbiosis establishment, which may enhance antibacterial action and confer stress tolerance to the host coral.



In this study, Durusdinium genes that exhibited expression changes during coral endosymbiosis establishment were selected using two analysis methods for functional analysis. The weakness of this study is the small number of replicas and the different timings of the fixation of symbiotic and non-symbiotic dinoflagellate. In future gene expression research, it will be necessary to improve these areas. In addition, transcriptome data do not necessarily correlate with protein expression data, thus requiring proteome analysis to elucidate the entire internal symbiotic process. The roles of these genes in dinoflagellate adaptation to the host coral environment need to be further investigated; such data could be useful in clarifying the evolutionary process of symbiont trait acquisition.
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Figure 1. Heat map of RNA-seq analysis for 50 selected genes showing different gene expression pattern in free-living and symbiotic Durusdinium at 10 and 20 days post-inoculation (n = 2). Among the 1214 DEGs shown in Figure S1, the 50 genes with the lowest false discovery rate are summarized in the heatmap. 
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Figure 2. Maximum likelihood phylogenetic tree describing the relationships among dapdiamide A synthase proteins from representative eukaryotes and prokaryotes. All bacterial and one archaean sequence were separated from the remaining eukaryotic/archaeal sequences (78%). Most of the eukaryotic sequences formed two separate clades, A and B. In clade A, bacillariophyte sequences were monophyletic (99%), excluding haptophyte and Symbiodiniaceae sequences. Nine Symbiodinium sequences were monophyletic, with 86% support, and its sister group was shared by Emiliania huxleyi (haptophyte) sequences. Numbers in red near the nodes are ultrafast bootstrap support values; values < 50% are not included. Blue indicates genes derived from Symbiodiniaceae. 






Figure 2. Maximum likelihood phylogenetic tree describing the relationships among dapdiamide A synthase proteins from representative eukaryotes and prokaryotes. All bacterial and one archaean sequence were separated from the remaining eukaryotic/archaeal sequences (78%). Most of the eukaryotic sequences formed two separate clades, A and B. In clade A, bacillariophyte sequences were monophyletic (99%), excluding haptophyte and Symbiodiniaceae sequences. Nine Symbiodinium sequences were monophyletic, with 86% support, and its sister group was shared by Emiliania huxleyi (haptophyte) sequences. Numbers in red near the nodes are ultrafast bootstrap support values; values < 50% are not included. Blue indicates genes derived from Symbiodiniaceae.



[image: Microorganisms 09 01560 g002]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  microorganisms-09-01560


  
    		
      microorganisms-09-01560
    


  




  





media/file3.png
Burkholderia sp (WB_0985535311)

Azospirillum (WP_109051070.1, WP_145680853.1, NUB04743.1, WP_012975576.1)
Micromonospora sp (EEP70391.1, WP_053660755.1)

Mycobacterium sherrisii (WP_084229265.1)

WP_158925036.1, WP_176179569.1, MBB1253542.1, WP_159685059.1)
Coxiella sp DG 40 (KPJ67856.1)
Desulfobotulus alkaliphilus (WP_144684451.1)
Methanoplanus limicola (WP_004077288.1)
Sorangium cellulosum (KYF80037.1)
Micromonospora sp (WP_053660755.1, EEP703911)
Dickeya zeae (WP_038907037.1)
Erwinia sp (WP_056240210.1)
Photorhabdus khanii (WP_152963308.1)
Tistrella sp (MAD39048.1)
Photobacterium lutimaris (WP_107349157.1)
Chengkuizengella sediminis (WP_162035488.1)
Pseudomonas amygdali (WP_057439960.1)
Bacillus cereus (CUB09079.1)
Enterobacter sp (WP_072569091.1)

Hafnia alvei (XP_ 0098281911

ganeh‘a morganii (WP_03640

Pseudo-ni sch!a mumstnata {VEU 74.)
5 agilariopsis cylindrus CCMP1102 (OEU22576.1)

Pseudo nitzschia multistriata (VEU36173.1)
Pseudo- mtzscma multistriata EU34|0&1)

P1102 (OEU 37211)

Fra :!ar:opsus cyhndrus CCMP1102( 06603.1)
Thalassiosira pseudonana CCMP1335 (XP_002288173.1)

eudo- mtzschfa mu!hstnata (VEU44606.1)
Phaeodactylum mcomutum (XP_002181236.1)
Fistulifera solaris (GAX1796
Fistulifera solaris GAXT75291
Fistulifera solaris (
Enmiliania huxleyi CCMP1516 (XP_006793613.1)
ania huxleyi CCMP1516 (XP._ 0057772401)
Em:!:ama huxleyi CCMP1516 336.1)
Emiliania hux!e | CMP|516(XP 005774228.1)
Emiliania huxleyi CCMP1516 P
odinium microadriaticum (CAET.
biodinium mlcroadnatlcum CAE7859177 1)

ngbf

Symblodmmm sp KBB [ )
Symbiodinium IP 456 (CAE?Z 5017.1)
Symbiodinium natans (CA
7 g mbiodinium microadriaticum (0LP95317.1)
73 100 Symbiodinium sp KB8 (CAE72 6289 )
Symbiodinium microadriaticum (CAE73784
6y mbiodinium necroappetens (CAE7846851, )
Emiliania huxleyi CCMP151 (XP_00576: 5773&
=] 1 usd' inium ISTHI ITY DN38519_c0_g1 i5.p1)
D inium (T NITY_DN38519_c0_gi it.p1)
82 100 Emmama huxleyi CCMP1516 {XP 005
50 chromuhna tobinii {K00240991
Emiliania huxleyi CCMP1516 ()'(IK»' 338.1
Emiliania hux!' yi (XP 005762182.1)
Aph tellatus (RHY26489.1, RHZ20516.1, XP_009832928.1, KAF0728853.,
RH2080961 XP_ 0098281911 RHY3B374‘I KAF07470014,
KAF0688577.1, RHY25963.1, KAF0727742.1, KAF06952091 KAF0749682.1)
Thraustotheca clavata ( OQSOEWSF)
Saprolegnia parasitica CBS (XP_012203358.1)
Aphanomyces (XP_009828136.1, XP_008867251.1)
51 Achlya hypogyna (OQRI7651.1)
— Saprolegnia diclina (XP_012203235.1, XP_0086149111, XP_012203358.1)
——| 85— Pythium (TMW58335., GAX99547)
Phytophthora kernoviae [KAF43253001) cl II n
ﬂPeronospora eﬁu ﬂg o 1} ) a e
d lac
Pfasmopara ha!stedu (XP_t 024577328 1)
97 Phytophthora idaei (XP_002895162.1, ET084319.1, KAG3243152.1, KAG3108849.1, KAG3151788.1, KAG2769189.1, KAF1778899.1, KUF94959.1)
—~ hytophth 1)
Phytophthora sojae (XP_009527223,
Ph J"«ro;.’:'ﬂfwcu'aa fra{qarge {KAE8881417.1)

Nothophytophthora sp (RLN75070.1, RLN89512.1)
Globisporangium splendens (KAF1323583.1)

L 100 lhugo candida (CCA199761, ccmsma 1)

reococeus ana&_,ha efferens (XP_009033178.1)

Symbmdrmum mrcmadnahcum (CA

ea fermentalgiana {GBGSUBZQ 1)
Archaeon (RYH31 1!3 ]

Pink characters : Archea

Ectocarpus sp (CABI119990.1
Archaeon
mbiodinium mrcroadnafrcum (CAE7512903.1)

Blue characters : Symbiodiniaceae

Nannochloropsis salina (TFJ84:
1007 Nannochioropsis (TF181609., EWM27297 1

318 aa

Streptomyces sp (WP_037800363.1, WP_052856777.1, WP_067055918.1,WP_097238801.,

Thalassiosira pseudonana CCMP1335 (XP_002295134.1)

ML tree with 100 bootstrap replications

Bacteria





media/file1.png
Color Key (Z-score)

replicatel replicate 2 -1 0 1

CAD protein TRINITY_DN37869_c2_g9_i1.p1

Elongation factor 2 TRINITY_DN38361_c1_g1_i1.p1

Elongation factor 2 TRINITY_DN38361_c1_g1_i2.p1

Exoglucanase 1 TRINITY_DN37669_c0_g3_i1.p1

Caroteno-chlorophyll a-c-binding protein (Fragment) TRINITY_DN38778_c2_g1_i12.p1
Heat shock protein 90 TRINITY_DN36968_c1_g2_i1.p2

Acetyl-CoA carboxylase TRINITY_DN38475_c0_g1_i3.p1

Ribosomal protein rpl-36.A TRINITY_DN77422_c0_g1_i1.p2

60S ribosomal protein L27a TRINITY_DN74595_c0_g1_i1.p2

40S ribosomal protein S5 TRINITY_DN40908_c0_g1_i1.p1

60S ribosomal protein L26-2 TRINITY_DN35825_c0_g2_i1.p1

40S ribosomal protein S13 TRINITY_DN32486_c1_g1_i2.p2

Elongation factor 1-alpha TRINITY_DN37768_c0_g9_i1.p2
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