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Genome-Wide Characterization of the Nuclear Receptor Gene Family in Macrostomum lignano Imply Its Evolutionary Diversification












	 
	ORIGINAL RESEARCH
published: 14 June 2021
doi: 10.3389/fmars.2021.653447





[image: image]

Genome-Wide Characterization of the Nuclear Receptor Gene Family in Macrostomum lignano Imply Its Evolutionary Diversification

Yunying Cheng, Jinlin Chen, Irum Mukhtar and Jianming Chen*

Institute of Oceanography, Minjiang University, Fuzhou, China

Edited by:
Oleg Simakov, University of Vienna, Austria

Reviewed by:
Adam Michael Reitzel, University of North Carolina at Charlotte, United States
Vincent Laudet, Okinawa Institute of Science and Technology Graduate University, Japan

*Correspondence: Jianming Chen, chenjm@mju.edu.cn

Specialty section: This article was submitted to Marine Molecular Biology and Ecology, a section of the journal Frontiers in Marine Science

Received: 14 January 2021
Accepted: 07 May 2021
Published: 14 June 2021

Citation: Cheng Y, Chen J, Mukhtar I and Chen J (2021) Genome-Wide Characterization of the Nuclear Receptor Gene Family in Macrostomum lignano Imply Its Evolutionary Diversification. Front. Mar. Sci. 8:653447. doi: 10.3389/fmars.2021.653447

Nuclear receptors (NRs), a series of key transcription factors that are mostly activated by endogenous ligands or environmental xenobiotics, are reportedly good phylogenetic markers of animal genome evolution. As the early diverging class of bilaterians, however, a comprehensive view of the NR family in a marine free-living flatworm Macrostomum lignano and comparative information in flatworms are still lacking, which is of significance to address the evolutionary diversification of the NR family and imply the adaptive evolution in the early diverging Bilateria. Herein, a total of 51, 26, and 23 putative NR genes were identified in M. lignano, Sparganum proliferum, and Clonorchis sinensis, respectively, which were classified into eight subfamilies, implying an extensive expansion of the NR family in M. lignano. It is presumed that the extensive expansion was mainly attributed to the M. lignano-specific hidden polyploidy, segmental, and tandem duplication events. The duplicated NR pairs in M. lignano and the NR orthologs in flatworms all experienced the purifying selection. Phylogenetic analyses indicated the presence of NR3-like genes in M. lignano, which is first reported in flatworms. Intron loss and reduced intron size were mainly contributed to the structural divergence of NR genes in flatworms. The combined data provide indispensable information for a better understanding of the complexity and the adaptive evolution of the NR gene family in metazoans.
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INTRODUCTION

Nuclear receptor (NR) gene superfamily comprises a large group of ligand-regulated transcription factors which are involved in various functions such as reproduction, differentiation, development, homeostasis, metabolism, and metamorphosis (Bain et al., 2007; Bodofsky et al., 2017; Lazar, 2017). The corresponding ligands of NRs contain a variety of endogenous molecules (e.g., estrogen, androgen, and secondary bile acids) and environmental xenobiotics (e.g., pharmaceutical agents, synthetic hormones, biocides, plastics, and personal care products) (Weatherman et al., 1999; Escriva et al., 2000). Consequently, NRs act as a conduit between the internal and external environments, closely linking to the function of endocrine systems (Fonseca et al., 2020). Although NRs are responsible for a tremendous diversity of functions, they share a common structural modular. A canonical NR possesses five to six functional regions including the N-terminal A/B domain, a highly conserved C domain (DNA binding domain, DBD), D domain (hinge), a moderately conserved E domain (ligand-binding domain, LBD), and F domain (Olefsky, 2001; Mazaira et al., 2018). Characterized by the most conserved domains DBD and LBD, the typical NRs are clustered into seven subfamilies, NR1–NR6 and NR8 (Auwerx et al., 1999; Huang et al., 2015). However, atypical NRs are grouped into NR0 with either DBD (NR0A) or LBD (NR0B) and NR7 with two DBD and an LBD in some animal lineages (Wu et al., 2007; Alvite et al., 2019). Additionally, all ctenophore NRs were atypical without a DBD domain (Reitzel et al., 2011).

Nuclear receptors are considered strong phylogenetic markers of animal genome evolution due to their common ancestral origin, distribution in all metazoan genomes, and highly conserved throughout the whole animal taxa (Escriva et al., 2003). Therefore, the genome-wide identification of NR genes can provide a path to link evolutionary and functional genomics, and trace the dynamic evolutionary route in metazoans. Recently, the rapid developments in the genome sequencing have facilitated a genome-wide identification of NR family members in many species. The NR gene repertoires have been characterized in different lineages with a clear species-dependent pattern from invertebrates to vertebrates, such as 2 members in sponge, 4 in placozoan, ≥250 in nematodes, ∼21 in arthropods, ∼48 in mammals, and 66–137 in teleost (Bertrand et al., 2004; Bridgham et al., 2010; Cheng et al., 2015; Yang et al., 2020). These data suggest the evolutionary complexity of the NR family, which is likely driven by gene duplication and loss (Fonseca et al., 2020). The early diverging bilaterians offer an exceptional opportunity to address the evolution and diversification of the NR family in bilaterians.

Flatworms occupy an assumed central position in the evolution of the Bilateria for that they have been widely reported as the early diverging bilaterians (Martín-Durán and Egger, 2012; Collins, 2017). Moreover, the flatworms have a characteristic of a simple bilateral body plan with the development of complex endocrine systems, which is crucial to coordinate the reaction of organisms to the environment (Noreña et al., 2015). They are conventionally divided into the free-living turbellarians and parasitic tapeworms and flake, and consequently exposed to different environments, including terrestrial, freshwater, and marine environments for the former and within the host tissues for the latter (Collins, 2017). Some parasitic flatworms (such as Schistosoma mansoni and Echinococcus multilocularis) and free-living fresh turbellarians (Schmidtea mediterranea) have been surveyed for NR homologs (Wu et al., 2006; Tharp et al., 2014; Wu and LoVerde, 2019); however, our knowledge regarding the repertoires of NRs in marine groups and the early branching flatworm lineages remains to be filled.

Macrostomum lignano from the high-tide interstitial sand fauna of the coast of the Mediterranean Sea is a marine free-living regenerative flatworm, which is an affiliate to the Macrostomorpha that is an earlier diverging Bilateria than the other often-studied free-living and parasitic flatworms (Wasik et al., 2015). Thus, M. lignano is an exceptional model organism for addressing the diversification of the NR family and implying the evolution of the endocrine system in the early diverging Bilateria. Moreover, a comparative study of NR genes in M. lignano and the other representative flatworms may provide important clues for understanding the adaptative evolution of early bilaterians. Herein, the comprehensive analyses based on the genome-wide identification, genomic distribution, and gene expansions of the NR family were performed in M. lignano. Furthermore, systematic investigations were also conducted to uncover the phylogenetic relationship, exon-intron organization, and selection pressures of this gene family in the representative flatworms.



MATERIALS AND METHODS


Identification and Retrieval of NR Genes in the Selected Flatworms

All possible NR homologs were identified in the representative flatworms, including M. lignano (PRJNA371498), S. proliferum (PRJEB35374), and C. sinensis (PRJNA386618), by a four-step genome search strategy: (1) the reported NR homologs of parasitic flatworms were searched in the predicted proteomes of the representative flatworms by the BLASTP program with the default settings and similarity thresholds of ≥40% in the NCBI web1; (2) all NR sequences were aligned using the Bioedit software to retrieve the conserved domain DBD and LBD sequences; (3) to avoid omissions in the repertoires of NR genes, the DBD and LBD domain sequences were used as a query to search against the target genome sequences by iterative TBLASTN (E = 2e–5) until no novel sequence was retrieved; and (4) all of the positive hits were then identified and confirmed for the presence of NR genes by comparing them to the NCBI database using BLASTP, and redundancy was removed by sequence alignments and genomic location. Allowing for the incorrect genome assembly caused by the high repeated sequences content in the M. lignano genome, we artificially removed the NR genes with sequences that are the same in the middle of a nucleotide sequence but slightly different at the ends to minimize the number of potential redundant genes. To avoid the interference caused by the allelic variants, an analysis testing on the nucleotide sequence similarity starting from 90% with an increment of 1% was performed to choose an optimal cut-off value. Afterward, a cut-off value of 95% was chosen to eliminate the redundancy. Eventually, 51 potential NR proteins were identified and renamed based on their phylogenetic relationships.



Phylogenetic Analysis of NR Genes

Multiple sequence alignments of NR proteins from M. lignano, Amphimedon queenslandica, Trichoplax adhaeren, Nematostella vectensi, Crassostrea gigas, Bactrocera dorsalis, Branchiostoma floridae, and Homo sapiens were performed using the Bioedit software to obtain the aligned DBD and LBD amino acid sequences. Based on the alignments, Maximum-likelihood (ML) phylogenetic trees were built by the IQTREE v1.6.8 (Nguyen et al., 2015) with the automatic selection of an optimal model for protein substitution and rate heterogeneity. For branch support analysis, the SH-aLRT test and ultrafast bootstrapping were conducted with 1,000 replicates. Bayesian phylogenetic tree was constructed by MrBayes3.2 (Ronquist et al., 2012) with the following parameters: generations = 2,000,000, number of runs = 2, burnin fraction = 0.25, and temp = 0.15. The ML and Bayesian trees were visualized and polished by the iTOL v6 website2.



Genomic Distribution and Gene Structure Analyses of NR Genes in M. lignano

Chromosome size and genomic distribution of NR genes in M. lignano were obtained from the NCBI3 and displayed by the TBtools software with the Amazing Gene Location plugin. The information of NR gene structure was from the genomic annotations downloaded from the NCBI “(see text footnote 3).” The gene structure of NRs combined with the phylogenetic relationship were displayed by the TBtools software with the Amazing Optional Gene Viewer plugin (Chen et al., 2020).



Investigations on the Gene Duplication Events of NRs in M. lignano

Duplicated NR genes were analyzed by e-value cutoff BLAST-searching (e-value < 10–10) against each other, and identified as duplicated genes when the nucleic acid sequence identity of two or more NR genes reaches at least 80% and aligned region between the two genes were covered >80% of the longer genes (Kong et al., 2013). The NR genes that satisfied these two conditions are considered duplicates. To further explore the potential expansion mechanisms of the NR gene family in M. lignano, we performed all-vs.-all comparisons by the local BLASTP program to identify synteny blocks. SD events were identified according to two conditions as follows: (1) the NR genes derived from gene duplication were located on different scaffolds but clustered into the same group; and (2) the duplicated NRs were found in two or more syntenic regions which were defined to be ≥10 kb in size and ≥80% in sequence identity (Cao et al., 2011). These regions were identified as SDs. The genes adjacent to the NR genes were analyzed to determine whether tandem duplication had occurred. Tandem duplication events were characterized when a pair of duplicated NRs is nearby or separated by few genes in a 100-kb region of a chromosome (Wang et al., 2010).



Selection Pressure Analysis

The identification of positive selection and purifying selection at each site was performed by the SELECTON Server website4 with the ratio of non-synonymous (Ka) to synonymous substitutions (Ks), namely the Ka/Ks ratio (Doron-Faigenboim et al., 2005). If the Ka/Ks ratio of the sites is significantly greater than 1, it means that these sites is under positive pressure; that is, these sites in a sequence varied rapidly during evolution. If the Ka/Ks ratio of the sites is less than 1, it is interpreted as an evidence for negative selection. If the Ka/Ks ratio is 1, the sites is under natural selection, that means the absence of natural selection (Lequime et al., 2016). Based on these, the CDS sequences in each group of flatworms NR genes were submitted together to the SELECTON Server. The evolutionary model is M8, and other parameters are set as the default values.



RESULTS


Genome-Wide Identification and Phylogenetic Analysis of NR Genes in M. lignano

To identify NR members in M. lignano, the NR proteins of parasitic flatworms and the consensus DBD or LBD domain sequences were used as a query to search against the M. lignano genome database. A total of 140 candidate NR genes with at least one DBD or LBD were originally obtained from the M. lignano genome. By removing 21 redundant sequences, 119 NR genes were obtained based on the presence of an apparently complete DBD or LBD domain. Since the remarkably complex genome structure with ∼75% of the sequence containing repeats and transposon sequences (Wasik et al., 2015), it is difficult to confirm the exact NR gene repertoires in M. lignano. To get more accurate repertoires of NR genes, an analysis testing on the nucleotide sequence similarity starting from 90% with an increment of 1% was performed to choose an optimal cut-off value. The total numbers of NR genes in M. lignano were 90, 62, 55, 52, and 51 with a cut off value of 99, 98, 97, 96, and 95%, respectively, and remained unchanged until to 90% (Supplementary Table 1 and Extended Table). Given the incorrect genome assembly caused by the high repeated sequences content and allelic variants in M. lignano, a cut-off value of 95% was chosen to filter the potential redundancy. Eventually, 51 NR genes were identified and renamed according to the phylogenetic relationships. The identified NR genes ranged from 654 to 2,958 bp, and the corresponding proteins ranged from 217 to 985 amino acids in length. The characteristic information of these NRs was listed in Supplementary Table 2, including the accession number, CDS length, and chromosomal locations.

For a comprehensive understanding of the phylogenetic relationships, an unrooted phylogenetic tree containing 198 NR protein sequences from Amphimedon queenslandica, Trichoplax adhaeren, Nematostella vectensis, Crassostrea gigas, Bactrocera dorsalis, Branchiostoma floridae, Homo sapiens, and M. lignano was constructed using the DBD plus LBD amino acid sequences by the IQTREE procedure with the ML method (Figure 1). All NR genes were clearly divided into nine major groups, as previously reported, referred to as subfamilies NR0–NR8. M. lignano possesses NR members belonging to eight of the nine NR subfamilies. There are two atypical NRs (NR0A1 and NR0A2) containing only one DBD from the NR0 subfamily, which is grouped with NR0A proteins from B. dorsalis rather than C. gigas, B. floridae, and H. sapiens. The largest family is the NR1 subfamily with 27 members, including 1 NR1As, 4 NR1Cs, 2 NR1Fs, and 20 NR1Js. The NR2 subfamily is made up of 7 genes. Interestingly, we have identified 10 members in the NR3 subfamily. Additionally, the rest contained 1 NR4A, 1 NR5B, 2 NR7 (2DBD), and 1 NR8 members. We did not identify any NR6 gene in the M. lignano genome.
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FIGURE 1. ML phylogenetic tree of NR proteins from M. lignano (Ml), Amphimedon queenslandica (Aq), Trichoplax adhaeren (Ta), Nematostella vectensis (Nv), Crassostrea gigas (Cg), Bactrocera dorsalis (Bd), Branchiostoma floridae (Bf), and Homo sapiens (Hs). The ML method was used to construct the unrooted tree by the program IQTREE. The amino acid sequences of the DBD and LBD domains that belong to NR proteins were aligned using the software Bioedit. Green stars indicate the NR proteins from M. lignano.




Identification of NR3 Members Present in M. lignano

The above phylogenetic tree suggested that 10 NR3 proteins from M. lignano all clustered into the NR3B group with the other species. To further confirm the classification of these 10 NR genes, ML and Bayesian phylogenetic trees of the NR3 subfamily were constructed using software IQTREE1.6 and MrBayes 3.2, respectively, based on the multiple alignments of DBD plus LBD sequences (Figure 2). Comparative results showed that the topological structures of the three phylogenic trees were generally similar. However, the NR3 members from M. lignano (MlNR3s) were grouped with the vertebrate NR3C genes in the Bayesian phylogenetic trees, which is different from the result of the ML tree. Normally, the Bayesian Inference method shows a higher accuracy than the other tree-building methods (Hall, 2005) and, therefore, results were considered more credible. Nevertheless, the bootstrap value is moderate (0.532).
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FIGURE 2. Phylogenetic analyses of the NR3 subfamily. (A) ML phylogenetic tree constructed by the IQTREE procedure. (B) Bayesian phylogenetic tree by the software MrBayes 3.2. The numbers on the branch indicate the likelihood ratio test branch support values. Aq, Amphimedon queenslandica; Ta, Trichoplax adhaerens; Hv, Hydra vulgaris; Nv, Nematostella vectensis; Cg, Crassostrea gigas, Bd, Bactrocera dorsalis; Bf, Branchiostoma floridae; Cm, Callorhinchus milii; Xt, Xenopus tropicalis; Dr, Danio rerio; Hs, Homo sapiens; Ml, M. lignano. NR3D*, NR3E*, and NR3F* represent the ER-like genes from the protostomia, cnidarian, and placozoa, respectively (Miglioli et al., 2021). All NR3-like genes from M. lignano were in red.


The analyses on the sequence identity of DBD and LBD in NR3s between M. lignano and the other species were also performed (Supplementary Tables 3, 4). The results suggested that the DBDs of MlNR3s have 39.3–55%, 44.9–64.4%, and 37.2–55% shared identity compared to the NR3A (ERs), NR3Bs (ERRs), and NR3Cs of the other species, respectively. Similarly, the LBDs of MlNR3s showed a low shared identity with 8.3–31.5%, 13.7–37.8%, and 9.5–28.7% when compared to the NR3A (ERs), NR3Bs (ERRs), and NR3Cs of the other species, respectively. This indirectly supported the result of the ML phylogenetic tree. The DBD and LBD sequences of MlNR3s were compared with the ERs, ERRs, and NR3Cs from the other species (Supplementary Figures 1, 2). The DBDs showed a high level of conservation for all sequences, and were more similar to the ERRs than the NR3Cs. For example, the remarkable conservation of four residues (21E, A22, 30T, and 32Q) in the ERRs was also observed in some of the MlNR3s, while two residues (78P and 79A) displayed conservation in Amphioxus SR, human AR, GR, MR, PR, and MlNR3B8-15. The LBD that constitutes the ligand-binding pocket (LBP) was less conserved. Similar to the other NR3 proteins, the LBDs of the MlNR3s also contained 12 α-helices (H1–H12). The detailed comparison of the LBD sequences suggested that the conserved residues involving ligand binding in the LBP of the ERs and ERRs were also found in the H3, H4–5, H7, H10–11, and H12 of the MlNR3s (Supplementary Figure 2), whereas only one conserved residue of human NR3Cs for oxosteroid binding was observed in the MlNR3s.



Genomic Distribution and Gene Duplication Events of NR Genes in M. lignano

Phylogenetic results in this study revealed a massive expansion of the NR gene family in the M. lignano genome, especially in the NR1 and NR3 subfamilies. Generally, gene duplication events, including whole genome duplication (WGD), segmental duplication (SD), and tandem duplication (TD), has been recognized as the main mechanisms to drive the evolution and expansion of gene families. To explore the reason of NRs expansion in M. lignano, the genomic location was mapped. A complete view of the NR genes localization in the M. lignano genome clearly showed that NR genes displayed a highly dispersed distribution of 51 NR members across the 50 scaffolds (Figure 3 and Supplementary Table 5). Only two NR3-like genes located on Sc-73 formed a cluster, namely NR3-like12 and NR3-like13. As tandem duplicated genes represent an array of at least two homologous genes with a high sequence similarity of the encoded proteins separated by a chromosomal region within 100-kb, these 2 NR genes were clearly clustered into one tandem repeat event region. Therefore, they were identified as TD genes. Additionally, the genomic regions containing the NR members which are potential synteny were searched to locate the segmentally duplicated pairs. The searches at the whole-genome scale confirmed the widespread occurrence of SDs. Only one syntenic blocks containing 2 NR genes were detected in the M. lignano genome (Supplementary Figure 3), indicating that they were involved in SD. However, no TD or SD events were found in the NR gene family of the other flatworms.
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FIGURE 3. Chromosomal locations and gene duplication events of NR genes in M. lignano. Their detailed scaffold IDs are recorded in Supplementary Table 5. The NR genes from SD are linked by blue dashed lines, and from TD are marked by green star. The detailed map of the TD and SD is provided in Supplementary Figure S3.




Identification of NR Genes in Other Representative Flatworms

Given that the comparative analyses of gene family can provide insights into interpreting the biological variation among flatworms in the light of evolution, we also identified the NR genes in other representative flatworms with 26 NR members in Sparganum proliferum (tapeworm) and 23 in C. sinensis (fluke) using the same methods (Supplementary Table 6). By combining the previously reported data of S. mansoni and S. mediterranea NR genes, comparison analyses on the scaffold number, genome size, coverage, total gene number, and identified NR gene number of six representative flatworms, including two free-living species, two tapeworms, and two flukes, were conducted (Table 1). The results revealed that the number of identified NR genes varies with the genome size of parasitic flatworm species in the range of 17--26 with similar genome sequencing quality and bioinformatic methods, but the free-living species. Among these species, the M. lignano genome contains a maximum of 51 NR genes, while E. granulosus has 17 NRs. The number of M. lignano NRs is 0.96--2 times more than that of the other flatworms, while the genome size was approximate. By searching the Genome database of NCBI5, we found that the total gene number of M. lignano is 49,027, which approximately is 1, 3.3, 1.2, 2.3, and 3.2 times larger than that of S. mediterranea (23,657), E. granulosus (11,325), S. proliferum (22,739), C. sinensis (14,936), and S. mansoni (11,713), respectively.


TABLE 1. Genomic information and identified NR gene numbers in representative species of flatworms.

[image: Table 1]The numbers of NR genes in certain groups were distinct among these species (Figure 4). We found that the number of genes in NR1 and NR3 were larger as compared to the other subfamilies in M. lignano. For instance, the NR1 subfamily was composed of 27 genes from M. lignano, but only 5 genes from S. mansoni, and 6 from S. proliferum, C. sinensis, and S. mediterranea. Additionally, 10 NR genes from M. lignano were classified under the NR3 subfamily, while no member in the NR3 subfamily was observed in the other flatworms. These results suggested that these groups have undergone an extensive expansion in M. lignano. Additionally, the largest clade is NR1, followed by NR3, NR2, NR0, NR7, NR5, and NR8 in M. lignano, while the NR2 subfamily is the largest group followed by the NR1, NR7, NR5, NR0, and NR4 subfamilies in the other flatworms. As compared to the other flatworms, NR1B and NR2F homologs were absent in the M. lignano genome. Conversely, the NR8 subfamily is unique to M. lignano. In addition, no homolog to the NR6 subfamily was identified in the flatworms.
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FIGURE 4. Different distribution patterns of NR genes in flatworms. The x-axis represents the species, and the y-axis represents the gene numbers in different subfamilies.




Comparison of NR Gene Structure in Flatworms

The structural stability of a gene is a prerequisite to maintain their biological functions, while divergence in the structures of a gene is essential for studying evolutionary divergence within members of gene families. Therefore, the evolutionary dynamics of an exon-intron organization are indicators for the evolutionary history of a gene family (Hajiahmadi et al., 2020). To inspect the correlation between the exon-intron organization and phylogenetic classification, a neighbor-joining phylogenetic tree was also constructed (Figure 5A). By comparing the CDS sequences and complete gene sequences of NR genes, we obtained the exon-intron distribution of NR genes to further understand the mechanisms of the structural evolution of NR paralogs in flatworms (Figure 5B). The results showed that the M. lignano NR members in the same subfamily had similar structures, and most of them had the approximate number of introns (Supplementary Table 7). For instance, the exon-intron organization of members in the NR0A, NR1F, NR2E, NR2D, and NR7 subfamilies is highly conserved with the approximate number of introns within each subfamily. The exceptions are the NR1J and NR3 subgroups, in which the number of introns differed most significantly with 1–6 and 1–4, respectively. In addition, the exon-intron distribution patterns and introns lengths of NR genes were usually diverse in different clades. The 2DBD and NR8 genes contained more introns than the other members, indicating that the structure of these genes were relatively complex. For the orthologs in these three flatworms, both the introns number and average length of NR genes in M. lignano were mostly less than their orthologs in S. proliferum and S. mansoni, while their genome sizes of were similar (Figure 6).


[image: image]

FIGURE 5. Phylogenetic relationships and exon-intron organizations of NR genes in M. lignano, S. proliferum, and S. mansoni. (A) Phylogenetic relationships. The phylogenic tree was constructed using full length NR protein sequences from the three species. The eight major groups were marked with different color backgrounds. (B) Exon-intron organizations of NR genes. Box represent exons, of which, green boxes signify coding sequence (CDS), and yellow boxes represent untranslated region introns (UTR). Black lines represent introns.
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FIGURE 6. Differences of introns in M. lignano, S. proliferum, and S. mansoni. (A) Distribution of intron numbers in flatworm species. (B) Distribution of intron length in flatworm species.




Selective Pressure Analysis of NR Genes

Performing selection pressure analysis at the genetic level helps to understand not only the evolutionary history of organisms, but also the structural and functional variations of genes. According to the phylogenetic analysis, we found that the linage-specific gene duplication events happened in the NR family in M. lignano. For the sake of investigations on the selection pattern of these NR paralogs after duplication events, which might also contribute to the overall divergence of the NR gene family, the non-synonymous substitutions (Ka), synonymous substitutions (Ks), and their ratio Ka/Ks values of two pairs of paralogous NRs were obtained, respectively. As shown in Supplementary Table 8, the Ks value of NR genes derived from TD (1.7553) is far greater than that from SD (0.0449). The Ka/Ks ratios of the duplicated NR pairs in M. lignano were all lower than 1, implying that the duplicated NR genes has evolved under the purifying selection. To further assess which selection patterns drove the evolution of the NR gene family in flatworms, we also calculated the Ka/Ks ratio of orthologous NR genes among flatworms (Supplementary Table 9). The Ka/Ks ratios for all groups of NR genes in flatworms were <1, ranging from 0.2215 to 0.6785 with an average of 0.4405. These observations suggested that the evolution of the NR gene family in flatworms is under an intensive purifying selection pressure.



DISCUSSION

The in-depth investigation of well-chosen gene families appears as the most promising path for linking evolution to functional adaptations (García et al., 2003). The NR gene family, which originated in the common ancestor of metazoans, is just one of these families for several distinct characteristics, including highly conservation, dispersion in the metazoan genome as an unbiased sample of sequences, and the consistency between its duplication history with that of the whole gene population (García et al., 2003; Cheng et al., 2015). As one of the largest classes of transcriptional regulators, NRs are activated by endogenous or exogenous specific ligands and play crucial roles in maintaining the intra- and inter-cellular functions in metazoans (Lazar, 2017). Thus, their expansion events and evolution are inextricably linked to the function of endocrine systems.

Among the extant animals, the flatworms are close to one of the earlier groups of bilaterians, occupying the important evolutionary position in the tree of life. Importantly, the marine free-living M. lignano is the early diverging sub-taxon of the Platyhelminthes–Rhabditophora (Egger et al., 2015). However, the complete sets of NR family in this key species and their evolutionary relationships in flatworms are still unexplored. The availability of the sequenced genomes of M. lignano and the other flatworms provides a great genetic resource for the comprehensive investigation and comparison of this gene family. Here, we conducted an integrated analysis of the NR gene family in M. lignano containing the phylogenetic relationships, chromosomal distributions, duplication events, selective pressure, and comparison of exon-intron structures in flatworms.


Whole-Genome Identification and Phylogenetic Analysis of NR Genes in Flatworms

A total of 119 NR genes were observed in M. lignano. After removing the potential redundancy caused by incorrected assembly and allelic variants, 51 NRs were eventually identified with a cut-off value of 95% sequence identity. Most of the removed NR genes with a high sequence similarity (>97%) were located in the duplicated segments as reported by Wasik et al. (2015). It has been reported that the segmentally duplicated genes, especially those that occurred recently, have a high sequence similarity with a range of 90–99.5% (Samonte and Eichler, 2002). Even the segmental duplication has been defined as “long stretches of duplicated sequences that can span between 1–200 kb and that share a sequence identity higher than 95%” by Lallemand et al. (2020). Given that a more recent large segmental duplications may occur in the M. lignano genome (Wasik et al., 2015), the possibility that the above-mentioned removed NR genes are caused by fragmental duplication rather than allelic variants or the result of misassembly cannot be ruled out. Therefore, the total number of NR genes may change when a completer and more continuous genome is subsequently released.

Based on the phylogenetic grouping relationships, a total of 198 NR proteins were organized into nine major groups, from NR0–NR8 in selected species (Figure 1), which largely coincided with the previous reports (Kim et al., 2017; Hyde et al., 2019). The genes which are grouped into the same subclades always possessed similar functions, which provides a valuable reference to predict the function of homologous genes (Zhang et al., 2014). Remarkably, 10 NRs were clustered with the NR3 genes from other species well. However, the results of the ML and Bayesians phylogenetic analyses are inconsistent (Figure 2). The former indicated that they belong to the NR3B subfamily, while the latter suggested that they should be assigned to the NR3C subfamily. The DBD and LBD sequence identity and alignments supported the results of the ML phylogenetic analyses (Supplementary Figures 1, 2). Although we could not confirm which subfamily they belong to, this is true for these 10 sequences identified as NR3 genes. To avoid misleading inferences, we named them as NR3-like genes. Notably, this is the first report of the flatworm NR3 members.

The NR gene repertoire is significantly larger than those in S. mediterranea (21), E. granulosus (17), S. proliferum (26), C. sinensis (23), and S. mansoni (21) with similar genome sequencing quality and bioinformatic methods (Table 1 and Supplementary Table 4), clearly showing the size multiplicity of this gene family among different flatworms. The genome size varied in different flatworms, such as M. lignano (764.41 Mb), E. granulosus (110.84 Mb), S. proliferum (653.39 Mb), C. sinensis (562.77 Mb), and S. mansoni (409.58 Mb) (Table 1), suggesting that the number of NR family members has an absolute correlation with the genome size in parasitic flatworms. However, the genome size of free-living species S. mediterranea (773.94 Mb) is much larger than that of the other parasitic flatworms, while it bears less NR genes, implying that the different evolutionary histories for each species is another reason except for the genome size. This was assumedly attributed to the relatively similar environment surrounding the parasitic flatworms, which is one of the evolutionary driving forces that contribute to the final shape of the organism genome (Cases et al., 2003).

Comparative analyses suggested that 12 of 17 subfamilies were shared by M. lignano and the other flatworms; this means that 12 subfamilies of M. lignano contained NR orthologs to the other flatworms (Supplementary Table 6). Remarkably, the NR3 and NR8 subgroups were exclusive to M. lignano. As the second-oldest subfamily, a member of the NR3 subfamily (ERR) has been identified in the placozoan T. adhaerens (Novotný et al., 2017). In addition, NR3 members were also found in the Cnidaria, Lophotrochozoa, Ecdysozoa, and Deuterostomia (Kim et al., 2017; Baker, 2019), whereas, they were absent in C. elegans and flatworms except in M. lignano (Eick and Thornton, 2011; Wu and LoVerde, 2019), indicating that NR3 genes possibly appeared as secondary loss in the flatworm species diverged from the Macrostomorpha. The NR8 gene, which could not be assigned to the NR0–NR7 subfamilies, was first identified and named in C. gigas, and found in most invertebrate phyla, including the cnidaria, rotifera, mollusks, annelids, echinoderm, hemichordate, and cephalochordate (Huang et al., 2015; Kim et al., 2017). Nevertheless, no homolog of the NR8 gene was found in the vertebrate, ecdysozoans, and the other flatworms up to date. Thus, NR8 is likely to have undergone lineage-specific gene loss events in the flatworm species diverged from the taxon Macrostomorpha, the ancestors of ecdysozoans and vertebrates. Apart from the subfamilies exclusive to M. lignano, there are two subfamilies that include members in the other flatworms except M. lignano, namely, the NR1B and NR2F subfamilies. It can be assumed that these members were lost in M. lignano. The flatworm genomes did not contain a NR6 subfamily homolog which was also not observed in C. gigas and four of the monogonont rotifer species. Besides, the homologs have been discussed both in the other protostomes and deuterostomes (Robinson-Rechavi et al., 2001; Zhang et al., 2004; Hwang et al., 2014; Vogeler et al., 2014; Kaur et al., 2015). Therefore, gene loss events occurred independently during the ecdysozoans-lophotrochozoans split.



Extensive Expansion of NR Family in M. lignano

The number of NR genes identified in M. lignano was much more than the other flatworms, which is nearly three times, showing an extensive expansion in the M. lignano genome. The independent species-duplications were also detected in the homeobox (Hox) gene family in M. lignano, leaving multiple copies of Hox genes (Wasik et al., 2015). Generally, gene duplication was considered a major mechanism for gene expansion, including whole WGD, SD, and TD (Fernández and Gabaldón, 2020; Herath and Verchot, 2021). For example, the expansion of the NR and TGF-β signaling pathway members is primarily driven by WGD in teleost (Cheng et al., 2015; Zheng et al., 2018), and SD and TD promote the expansion of the Expansins family in Moso bamboo (Jin et al., 2020). As proven by the phylogenetic analyses, the NR1C, NR1J, and NR3 subfamilies had experienced a species-specific expansion in M. lignano. The genomic location and the syntenic analysis of NR genes in M. lignano revealed that only one SD and TD (∼8%) were observed (Figure 3 and Supplementary Figure 3), implying that they have a less contribution in the expansion of the NR gene family. These SD and TD events, even the expansion of these gene subfamilies, were specific to M. lignano and lacking in the other flatworms. Besides the SD and TD, the M. lignano-specific hidden tetraploidy may be the main mechanism of this species-specific gene duplication. Recent studies have showed that hidden tetraploidy may occur in the M. lignano genome with ∼75% of the sequence containing repeats and transposon sequences, potentially suggesting whole-genome duplication or more recent large segmental duplications (Wasik et al., 2015; Zadesenets et al., 2017, 2020). Thus, we presume that polyploidy, SD, and TD are the main mechanisms driving the extensive expansion of the NR gene family in M. lignano. The species-specific expansion in the NR gene family and hidden tetraploidy indicated the independent evolution of the M. lignano genome.

The extensive expansion was mainly attributed to the impressive number of NR1J, NR3, and NR1C genes with 20, 10, and 4 duplicates in M. lignano, respectively. Seemingly, species- or lineage-specific gene duplications appeared to be relatively frequent in invertebrates. For instance, lineage-specific gene duplication of 10 NR1H has been observed in Branchiostoma floridae (Lecroisey et al., 2012). The analogous duplications have been also detected in NR1L of Tigriopus japonicus (12 duplicates), NR1P of Crassostrea gigas (11 duplicates), and NR1O of the monogonont rotifer Brachionus spp. (19 duplicates) (Thomson et al., 2009; Hwang et al., 2014; Kim et al., 2017). These species- or lineage-specific gene duplications may be interpreted as undergoing sporadic evolutionary processes for adaptation to their different environments. Remarkably, these duplications in previous and recent reports almost all occurred in the NR1 subfamily, implying the crucial roles of the NR1 genes in environmental adaptation for invertebrates. It was previously suggested that Scrobicularia plana NR1J genes respond to a natural toxin (okadaic acid) in the way that was previously observed in tunicates and vertebrates (Cruzeiro et al., 2016). Additionally, NR1C of the pacific oyster reportedly bound to the environmental chemicals, and potentially offered pathways for the disruptive function of these chemicals (Vogeler et al., 2017). M. lignano typically inhabits the interstitial spaces between sand grains in the upper intertidal zone, which is exposed to variable environments and brimming with bioactive compounds such as toxins (Wudarski et al., 2020). Consequently, the expansion of these NR genes in M. lignano may help cope with a wide array of toxins, temperatures, salinities, and oxygen concentrations. However, the specific function of these NR genes in M. lignano is unclear.



Evolutionary Conservation and Divergence of NR Genes in Flatworms

The structure of a specific gene regarding the intron numbers and length is typically conserved in the closely related species (Parvathaneni et al., 2017). Unexpectedly, the NR genes of M. lignano had an incongruent exon-intron structure as compared to S. mediterranea and S. proliferum. The incongruence was due to the dynamic changes in the intron composition among flatworms. As shown in Figure 5B and Supplementary Table 7, the intron numbers and average lengths of NR genes in M. lignano are generally less or shorter than that of S. mediterranea and S. proliferum. This observation may suggest that the intron loss occurred in the evolution of aquatic species (free-living) to land species (parasitism), which was also detected in plants (Wang S. et al., 2017). In particular, M. lignano is the first species in which prevailing intron loss events and a reduction in intron size have been reported in the NR family. Previous studies have suggested that gene duplication is a key force driving the dynamic changes in exon-intron organizations, and the segmental duplication can even cause the frequent intron losses (Cao et al., 2011; Xu et al., 2012; Wang Y. et al., 2017). Considering whole-genome duplication or more recent large segmental duplications caused by the M. lignano-specific hidden tetraploidy, therefore, our study in the high frequency of intron loss also suggested the association between the intron losses and duplications. Additionally, this hypothesis was also supported by the fact that the most expanded subfamily, such as NR1J and NR3, possessed the most diverse intron numbers in M. lignano. This mechanism may also underlie the evolution of the NR family in M. lignano. It is worth to mention that the average full-lengths of NR genes in S. mediterranea and S. proliferum were also far longer than that in M. lignano, implying that the M. lignano genome is extraordinarily compact. It explains why M. lignano genome bears 2–3 times the total number of genes compared to the other flatworms.

During the evolutionary process, the conservation or divergence must occur in the NR gene family of flatworms, especially in M. lignano, for extensive duplication. In general, duplicated genes reportedly undergo different evolutionary fates after duplication events, including functional conservation, neo-functionalization, sub-functionalization, and pseudogenization (Moore and Purugganan, 2005). The genes with neo-functionalization undergo a positive selection, and those with sub-functionalization undergo a purifying selection pressure. Statistically, significant evidence suggested that the duplicated NR genes were subjected to a purifying selection in M. lignano since the Ka/Ks values of them were all <1, making their functions trend toward a relative conservation. Furthermore, the Ka/Ks values of NR orthologs were lower than 1 in flatworms, and we presumed that the NR gene family underwent strong purifying selection pressures, leading to a limited functional divergence during the long-term evolutionary process of flatworms. The Ks values of NR genes derived from tandem duplication (1.755) were far larger than those from SD (0.045). The approximate time of the duplication events can be calculated using a synonymous substitution rate Ks based on the formula T = Ks/2λ (Cheng et al., 2009). Consequently, we concluded that the tandem duplication occurred earlier than the SD in the NR family of M. lignano.



CONCLUSION

The present study displays a genome-wide comprehensive identification and comparative analyses of NR family in three flatworms and provides insight for understanding the mode of evolution of the NR family in flatworms. Our analyses suggest an extensive expansion of the NR gene family with 51 members in M. lignano as compared to the other flatworm species (17–26 members). Remarkably, the NR3-like genes were identified in M. lignano, which is not presented in the other flatworms. Based on the genomic location and syntenic analysis, the expansion of NR family seems to be attributed to the M. lignano-specific hidden tetraploidy, SDs and TD. Furthermore, the evolutionary conservation and diversity of NR genes in flatworms is denoted by the comparative analyses on the exon-intron organizations and selective pressure. Intron loss and a reduction in intron size have been observed in M. lignano, which may mainly attribute to the massive gene duplications. The purifying selection is the primary force driving the evolution of the NR gene family in flatworms. This study provides important cues for addressing the evolutionary diversification of NR family, and understanding the adaptative evolution in the early diverging Bilateria.
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