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To understand the evolution of Ulva chloroplast genomes at intraspecific and interspecific levels, in this study, three complete chloroplast genomes of Ulva compressa Linnaeus were sequenced and compared with the available Ulva cpDNA data. Our comparative analyses unveiled many noticeable findings. First, genome size variations of Ulva cpDNAs at intraspecific and interspecific levels were mainly caused by differences in gain or loss of group I/II introns, integration of foreign DNA fragments, and content of non-coding intergenic spacer regions. Second, chloroplast genomes of U. compressa shared the same 100 conserved genes as other Ulva cpDNA, whereas Ulva flexuosa appears to be the only Ulva species with the minD gene retained in its cpDNA. Third, five types of group I introns, most of which carry a LAGLIDADG or GIY-YIG homing endonuclease, and three of group II introns, usually encoding a reverse transcriptase/maturase, were detected at 26 insertion sites of 14 host genes in the 23 Ulva chloroplast genomes, and many intron insertion-sites have been found for the first time in Chlorophyta. Fourth, one degenerate group II intron previously ignored has been detected in the infA genes of all Ulva species, but not in the closest neighbor, Pseudoneochloris marina, and the other chlorophycean taxa, indicating that it should be the result of an independent invasion event that occurred in a common ancestor of Ulva species. Finally, the seven U. compressa cpDNAs represented a novel gene order which was different from that of other Ulva cpDNAs. The structure of Ulva chloroplast genomes is not conserved, but remarkably plastic, due to multiple rearrangement events.
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INTRODUCTION

The green algal class Ulvophyceae, as one of the five classes of green algae in the core Chlorophyta (Cocquyt et al., 2010; Lang and Nedelcu, 2012; Fučíková et al., 2014), encompasses at least ten orders and more than 1,900 species (Mine et al., 2008; Leliaert et al., 2012; Guiry and Guiry, 2021). To date, the chloroplast genomes (cpDNAs) in Ulvophyceae have been sequenced for at least 65 taxa including 37 in Bryopsidales, 15 in Ulvales (14 Ulva species and one Pseudoneochloris), seven in Ulotrichales, two in Ignatiales, two in Oltmannsiellopsidales, one in Trentepohliales and one in Cladophorales. The available complete cpDNAs in Ulvophyceae display typical circular chloroplast genomes, with the exception of Boodlea composita (Cladophorales) cpDNA which was fragmented into multiple hairpin chromosomes and had a highly reduced gene repertoire (Del Cortona et al., 2017). The circular ulvophycean chloroplast genomes range in size from the smallest one with 74.5 kb in Callipsygma wilsonis (Bryopsidales) (Cremen et al., 2018) to the largest with 399.4 kb in Trentepohlia odorata (Trentepohliales) (Zhu et al., 2019). These ulvophycean chloroplast genomes display great variations at the interspecific level in gene content, gene density, content of group I and II intron, gene order, copies of large inverted repeat (IR), and genome architecture (Turmel et al., 2017; Turmel and Lemieux, 2018; Kim et al., 2019).

The macroalgal genus Ulva Linnaeus is one of the most speciose genera in the Ulvophyceae, and contains more than 80 species currently accepted taxonomically, ranking the fourth only next to Cladophora (197 species), Codium (144 species) and Caulerpa (104 species) (Guiry and Guiry, 2021). Ulva species have a wide geographic distribution in marine and estuarine environments all over the world, and share similar reproductive strategies and life cycle (Balar and Mantri, 2020). Their morphologically simple thalli are composed of only three differentiated cell types (Spoerner et al., 2012). Ulva species could serve as a group of useful model organisms to study the algal development, morphogenesis, and the interaction between Ulva and their symbiotic bacteria (Wichard et al., 2015). Ulva species usually exhibit great morphological plasticity due to abiotic factors such as temperature, salinity, irradiance, wave exposure, growth phase, and nutrient content (Blomster et al., 2002; Gao et al., 2016) and biological factors such as symbiotic bacteria and grazing (Marshall et al., 2006). Morphological, anatomical, cytological, mating, and molecular characteristics have been used to evaluate species concepts in this genus (Liu et al., 2013; Hiraoka et al., 2017; Hughey et al., 2019), while molecular data has become a more reliable and commonly used method for species identifications.

Ulva compressa Linnaeus is a common marine green macroalga distributed in coasts of Asia, Europe, and America (Guiry and Guiry, 2021). U. compressa displays high intraspecific morphological plasticity from the filamentous, highly branched morphotype, to the ribbon, blade-like morphotype, to the foliated free-floating morphotype (Blomster et al., 1998; Steinhagen et al., 2019a, b; Liu F. et al., 2020). In eutrophic water body, this alga could grow rapidly and accumulate massive biomass, causing notorious green tides (Blomster et al., 2002). Recently, Ulva mutabilis Föyn has been regarded as a taxonomic synonym of U. compressa Linnaeus based on mating test and molecular phylogenetics (Steinhagen et al., 2019a). This alga is the first green seaweed to have its nuclear genome sequenced, and its haploid genome is 98.5 Mbp in size and harbors 12,924 protein-coding genes (PCGs) (De Clerck et al., 2018).

Previously, U. compressa samples with three different morphotypes were collected from China and the United States, and their mitochondrial genomes were sequenced and compared at intraspecific and interspecific levels. The U. compressa mitogenomes displayed substantial variation in genome size, gene content, and intron content, due to different acquisitions of foreign DNA fragments, gain or loss of group I/II introns, and non-coding intergenic spacer regions (Liu F. et al., 2020). To understand the evolution of Ulva chloroplast genomes at intraspecific and interspecific levels, in this study, we assembled and annotated the complete chloroplast genomes of three U. compressa samples from China and the United States, and performed a comparative analysis with the available Ulva cpDNA data deposited in GenBank.



MATERIALS AND METHODS


Sampling and Species Identification

Algal thallus of Ulva compressa Linnaeus with foliated, distromatic blade (Uco1) was sampled from Swansboro (34°41′N, 77°06′W), NC, United States in Apr. 2015. The sample was preserved in silica gel and as herbarium vouchers, was submitted to the University of Alabama Herbarium (UNA00072687). The genomic DNA was extracted using a Qiagen Plant DNA Extraction Kit (QIAGEN, Valencia, CA, United States). The U. compressa thallus with ribbon, distromatic blade (Uco2) was collected in Huiquan Bay (36°03′N, 120°20′E), Qingdao, Shandong, China in Apr. 2017. The U. compressa thallus with filamentous, tubular blade and dense branches (Uco3) was sampled in Subei Shoal (33°30′N, 120°57′E), Jiangsu, China in May 2016. The algal samples were kept in coolers (5-8°C) and transported to laboratory in IOCAS within 48 h after collection. Fresh algal tissue from one individual thallus was used for DNA extraction using a Plant Genomic DNA Kit (Tiangen Biotech, Beijing, China).

Species identification of three U. compressa morphotypes was conducted based on phylogenetic analyses of two common DNA markers including the internal transcribed spacer DNA (ITS) region including the 5.8S rDNA gene, and the plastid-encoded large subunit of the ribulose 1,5-bisphosphate carboxylase gene (rbcL) (Hayden and Waaland, 2002). Primers sequences and polymerase chain reaction (PCR) amplification were used according to our previous study (Liu et al., 2010). Sequence datasets of our samples and other data from GenBank were aligned using MEGA 7.0 (Kumar et al., 2016). The maximum likelihood (ML) tree was constructed with 1,000 bootstrap replicates based on the Kimura two-parameter model (Kimura, 1980). The identification results confirmed that these three samples were U. compressa (Liu F. et al., 2020).



DNA Sequencing and Assembly

The concentration and quality of isolated DNA were evaluated with a NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States). For the sample from the United States, paired end reads (150 bp) were sequenced at Cold Spring Harbor Laboratory on an Illumina MiSeq platform. For the samples from China, the purified DNA was fragmented into 350 bp and used to construct short-insert libraries. The short fragments were sequenced using an Illumina Hiseq 4000 sequencing platform. Poor quality sequences and sequencing adapters were removed using Trim Galore! v0.3.71. The U. compressa chloroplast genomes were constructed using a combination of de novo and reference-guided assemblies. For the sample from the United States, genome assembly was done with both A5 (Tritt et al., 2012) and Geneious R7 (Kearse et al., 2012). For two samples from China, the filtered reads were assembled into contigs using SOAPdenovo2.04 (Luo et al., 2012). Incomplete genomes were closed by iteratively mapping the trimmed reads on to the contig with Geneious 7.1.



Annotation of Ulva Chloroplast Genomes

Protein-coding genes (PCGs) were annotated by Open Reading Frame (ORF) Finder at the National Center for Biotechnology Information (NCBI), DOGMA (Wyman et al., 2004) and ORF finder in Geneious 7.1. Ribosomal RNA (rRNA) genes were identified by a BLAST of the non-redundant databases at the NCBI (Altschul et al., 1997) and by comparing newly sequenced U. compressa cpDNAs with rRNA genes from other Ulva cpDNAs. Transfer RNA (tRNA) genes were searched for by reconstructing their cloverleaf structures using the tRNA scan-SE 1.21 software with default parameters2 (Schattner et al., 2005). Introns were determined and annotated by aligning the homologous host genes from the 23 Ulva chloroplast genomes (Table 1). Intron insertion-sites were identified based on the alignments of nucleotide (nt) sequences for the homologous genes with the counterparts in the chloroplast genome of U. compressa (MW353781) (Uco3) as reference. Intron name was defined as host gene plus insertion site. The class and core structure of all these introns were determined using the software RNAweasel (Lang et al., 2007) and Mfold (Zuker, 2003). The core domains of intron-encoded proteins (IEPs or intronic orfs) were determined by significant Pfam-A matches (Punta et al., 2012). Thus far, a total of 20 chloroplast genome sequences of Ulva species have been deposited in GenBank (Table 1), but some annotations in these data are incomplete or incorrect, which affects the accuracy of our comparative analysis. To solve this problem, we re-annotated all of the deposited Ulva chloroplast genomes in GenBank with the same method.


TABLE 1. Comparison of genome features in the 23 Ulva chloroplast genomes.
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Phylogenetic Analysis of Intron-Encoded Proteins (IEPs) in cpDNAs and mtDNAs

So far, in Ulva organellar genomes (cpDNAs and mtDNAs), the LAGLIDADG homing endonuclease (LHE) as an intron-encoded protein (IEP) was detected in five types of introns including group IB (complete), group IA3, group I (derived, B2), group ID, and group II (LHE). To understand relationships of LHEs embedded in these five types of introns from Ulva cpDNAs and mtDNAs, phylogenetic analysis was performed based on the amino acid (aa) sequences of LAGLIDADG endonuclease domains. The LAGLIDADG endonuclease domains were searched from the aa sequences of the LHE proteins from these above five types of introns. The aa sequences of 139 LAGLIDADG endonuclease domain regions (64 in cpDNAs and 75 in mtDNAs) were subjected to concatenated alignments using ClustalX 1.83 with the default settings (Thompson et al., 1997). In most group IIA and IIB introns of Ulva chloroplast and mitochondrial genomes, the IEP was one reverse transcriptase/maturase (RTM). The conserved reverse transcriptase (RT) domains with relatively complete structure were searched from the aa sequences of these RTMs to analyze their relationships (Liu F. et al., 2020). The aa sequences of 67 RT domains (40 in cpDNAs and 27 in mtDNAs) from group IIA and IIB introns were subjected to concatenated alignments using ClustalX 1.83 with the default settings. Maximum Likelihood (ML) phylogenetic trees were constructed for LHE and RT datasets based on the Jones et al. (1992) w/freq. model with 1000 bootstrap replicates using the software MEGA 7.0 (Kumar et al., 2016). Initial tree(s) for the heuristic search were obtained by applying the Neighbor-Joining method to a matrix of pairwise distances estimated using a JTT model. There were a total of 338 and 309 positions in the final datasets of LHEs and RTs, respectively.



Comparative Genomic and Phylogenomic Analyses

Base composition of the 23 Ulva cpDNAs was determined by the MEGA 7.0 software (Kumar et al., 2016). A total of 100 common genes including 71 PCGs, three rRNA genes, and 26 tRNA genes were shared among the 23 Ulva chloroplast genomes. Differences and identity percentages of the nucleotide (nt) sequences of these genes were evaluated using the BioEdit v7.1.9 software (Hall, 1999). The nt sequences of the 100 common genes and the aa sequences of the 71 PCGs were subjected to concatenated alignments using ClustalX 1.83 with the default settings, respectively (Thompson et al., 1997). For the nt dataset of the 100 conserved genes, the evolutionary history was inferred by using the Maximum Likelihood (ML) method based on the Tamura-Nei model (Tamura and Nei, 1993). Initial tree(s) for the heuristic search were obtained by applying the Neighbor-Joining method to a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach. For the aa dataset of the 71 PCGs, the evolutionary history was inferred by using the Maximum Likelihood method based on the Jones et al. w/freq. model (Jones et al., 1992). Initial tree(s) for the heuristic search were obtained by applying the Neighbor-Joining method to a matrix of pairwise distances estimated using a JTT model. All positions containing gaps and missing data were eliminated. There were a total of 66,558 and 19,985 positions in the final nt and aa datasets, respectively. Phylogenomic analysis was conducted with 1,000 bootstrap replicates using MEGA 7.0 (Kumar et al., 2016).




RESULTS AND DISCUSSION


Features and Architecture of U. compressa Chloroplast Genomes

The three newly sequenced chloroplast genomes of U. compressa are 114,291 bp in Uco1, 91,189 bp in Uco2 and 96,824 bp in Uco3, respectively (Table 1), which are in the range of the known Ulva cpDNA size (86.7-119.9 kb) (Melton et al., 2015; Cai et al., 2017; Wang et al., 2017; Suzuki et al., 2018; Jiang et al., 2019; Fort et al., 2020). The variation in genome size of U. compressa cpDNAs at intraspecific level was mainly caused by differences in gain or loss of group I/II introns, integration of foreign DNA fragments, and content of non-coding intergenic spacer regions (Figure 1), which was similar to that observed in Ulva mitochondrial genomes (Liu F. et al., 2020). The chloroplast genomes of U. compressa tend to have high G + C content, ranging from 25.80% in Uco6 to 26.25% in Uco5, which is similar to that in Ulva rotundata (Uro) (26.12%), but richer than that in other Ulva species (23.91-25.73%) (Table 1). Only one overlapping region was detected in these seven U. compressa chloroplast genomes, which was the 17-bp psbD-psbC overlapping region (GTGGAAACGCTCTTTAA). This overlapping region was highly conserved in length and sequence in Ulvophyceae, even in Chlorophyta. Most of PCGs had a methionine (ATG) start codon in all sequenced Ulva cpDNAs, while psbC and infA started with GTG and TTG, respectively. Similar to that in most other Ulva speices, the rps19 was started with ATG in U. compressa, while it initiated with GTG in U. linza (Uli) and U. prolifera (Upr) (LP clade) (Liu et al., 2013).
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FIGURE 1. Contributions of conserved 71-72 PCGs, 3 rRNA genes (rRNAs), 26-27 tRNA genes (tRNAs), genome-specific free-standing orfs, group I introns, group II introns, and non-coding intergenic spacer regions in the 23 Ulva chloroplast genomes. The PCG proportion in Uco5 was adjusted due to the faulty assembly of some PCGs (rpoA, rpoB, rpoC1, and rpoC2). Horizontal bars represented the size of the Ulva cpDNAs.


Like other Ulva chloroplast genomes, the U. compressa cpDNAs do not have the quadripartite architecture and belong to IR-lacking chloroplast genomes (Figure 2). Chloroplast genomes usually harbor two identical copies of an inverted repeat (IR) region which carry the chloroplast rRNA operons. The IR region could pair for flip-flop recombination (Cattolico et al., 2008), and undergo expansion or contraction in different lineages of eukaryotic algae and land plants (e.g., Ruck et al., 2014; Liu et al., 2017a). The variability in IR size was often caused by the excision of sequences from the IR termini or by the integration of sequences in the adjacent small and large single-copy regions (Turmel and Lemieux, 2018). So far, the IR-containing ulvophycean chloroplast genomes have been detected in five orders including Ulvales (Pseudoneochloris marina), Ulotrichales (Pseudendoclonium akinetum, Trichosarcina mucosa, Hazenia capsulata, and Capsosiphon fulvescens), Oltmannsiellopsidales (Oltmannsiellopsis viridis and Dangemannia microcystis), Ignatiales (Pseudocharacium americanum and Ignatius tetrasporus), and Trentepohliales (Trentepohlia odorata), while IR-lacking chloroplast genomes have been found in three orders including Ulvales (Ulva spp.), Ulotrichales (Gloeotilopsis spp.), and Bryopsidales (all species), indicating that the IR has been lost multiple times during the evolution of ulvophycean green algae (Turmel et al., 2017).
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FIGURE 2. Comparison of genome organization and gene order of the Ulva chloroplast genomes in Ulva lineage II (A) and lineage I (B). Thick lines with different colors on the left represented different gene blocks. The arrows indicated the direction of gene transcription. Different gene types were shown as filled boxes in different colors.




Variation of Gene Repertoires in Ulva Chloroplast Genomes

The gene repertoires (including orfs) of U. compressa displayed marked variation at the intraspecific level, ranging from 102 genes in Uco2 to 120 genes in Uco4 (Figure 2). The variations of gene content among the Ulva chloroplast genomes were mainly caused by the different acquisitions of exogenous DNA fragments which usually carried specific free-standing orfs (over 100 codons), and the different gain or loss of group I/II introns which usually harbored intronic orfs, as was the same as that observed in the Ulva mitogenomes (Liu et al., 2017b; Liu F. et al., 2020).

Comparative analysis indicated that the sequenced 23 Ulva chloroplast genomes shared the same set of 100 conserved genes including 71 PCGs, three rRNA genes (rnl, rns, and rrn5), and 26 tRNA genes (Table 2). The organelle division inhibitor factor gene, minD, was lost in most Ulva chloroplast genomes, while it was situated between trnL2 and trnS2 only in the Ulva flexuosa (Ufl) cpDNA (Figure 2). This gene can be detected in chloroplast genomes of Ulvales (U. flexousa and P. marina), Ulotrichales, and Oltmannsiellopsidales (Pombert et al., 2005, 2006; Turmel et al., 2017; Kim et al., 2019), while it was lost in cpDNAs of Ulvales (most of Ulva spp.), Bryopsidales, Ignatiales, and Trentepohliales (Melton et al., 2015; Cremen et al., 2019; Zhu et al., 2019), indicating several independent losses in the different ulvophycean lineages. One specific tRNA gene, trnR3(ccu), which was located in the downstream neighborhood of psbC, was present only in U. rotundata (Uro), U. prolifera (Upr), and U. gigantea (Ugi). Considering that this gene is homologous in these three species, it is likely that this gene has been lost several times in the Ulva lineage. Two previously annotated tRNA genes, trnN2(auu) between psbB and psbA in Ulva sp. (Usp), and trnF2(aaa) between psbN and trnM2 in U. lactuca (KT882614) (Ula1) and Usp (Melton et al., 2015; Melton and Lopez-Bautista, 2017), did not display a standard cloverleaf structure, thus these two putative tRNA genes were not included here.


TABLE 2. Functional classification of 102 genes identified among these 23 Ulva chloroplast genomes.
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Genome-specific free-standing orfs were selectively distributed in some specific intergenic regions (e.g., trnM1-trnE, trnL2-psbD, psbC-trnM3, trnM3-psbD, psbB-psbD, psbC-psbB, trnT-psbA, psbA- psbB, and trnW-psaJ), in most of which genome rearrangement and recombination occurred more common among Ulva cpDNAs (Figure 2). Among these specific orfs, seven orfs displayed sequence similarity to the tyrosine-type recombinase/integrase (tri) of putative bacterial origin, belonging to DNA breaking-rejoining enzyme superfamily. Although these recombinases in Ulva cpDNAs showed great change in size from 67 to 619 aa, they shared the same fold in their C-terminal catalytic domain containing conserved active site residues. Five orfs ranging in size from 88 to 601 aa showed high similarity to the NAD-dependent DNA ligase (lig) of bacterial origin. The other specific orfs had little sequence similarity to any protein-coding genes in the GenBank database.

Some specific free-standing orfs are not shared among different individuals within the species (Figure 2). The block of tri-orf156 was present in Uco1 and Uco4, but not in Uco2, Uco3, and Uco5-7. The block of orf131a-orf154-orf210-orf131b was present only in U. australis (MN853875) (Uau1), while orf146-orf110-orf117-tri was present only in U. australis (LC507117) (Uau2). This shows that these genome-specific sequence regions were incorporated by recent horizontal gene transfer, and most importantly, invasion and integration of exogenous DNA fragments occurred frequently at intraspecific level of Ulva species. It has been known that chloroplast genomes can integrate foreign DNA sequences from diverse sources including mitochondrial sequences, bacteria, virus and jumping DNA/RNA-protein complex (Lang and Nedelcu, 2012; Straub et al., 2013; Turmel and Lemieux, 2018). In the cpDNAs of two siphonous green algae (Bryopsis plumosa and Tydemania expeditiones), the presence of bacterial genes with mobile functions (transposases, integrases, and phage/plasmid DNA primases) and bacterial DNA methyltransferases suggested that these genes had been acquired from bacteria through horizontal gene transfer (Leliaert and Lopez-Bautista, 2015). Short mtDNA fragments were present in two distinct regions of the Gloeotilopsis sarcinoidea cpDNA, providing the first evidence for intracellular inter-organelle gene migration in green algae (Turmel et al., 2016).



Diversity of Ulva Chloroplast Introns

The Ulva compressa chloroplast genomes harbored variable group I and II intron content from three in Uco2 to 11 in Uco4, occupying 5.92% of the cpDNA in Uco2 to 13.36% in Uco4. The variation in intron content was one of the most important factors responsible for genome size variation at intraspecific and interspecific levels in Ulva cpDNAs (Figure 1). Comparative analysis showed that a total of 26 chloroplast intron insertion-sites were detected in 14 host genes (atpA, atpB, atpI, infA, psaA, psaB, psbA, psbB, psbC, psbD, petB, petD, rnl, and rns) among the 23 Ulva cpDNAs (Table 3). With the exception of intron infA-62, almost all chloroplast introns displayed the idiosyncratic scattered distribution in the Ulva lineage, reflecting their frequent jumping and efficient dispersal as self-splicing and mobile genetic elements (Bonen and Vogel, 2001; Szitenberg et al., 2010). DNA sequences of both group I and II introns from the same insertion site were homologous among Ulva cpDNAs, as was the same as that observed in Ulva mtDNAs.


TABLE 3. Comparison of insertion site, size and group of introns in the 23 Ulva chloroplast genomes.
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A total of 75 group I introns were observed among these 23 Ulva chloroplast genomes, and belonged to five types including group IB (complete), group I (derived, A), group IA3, group I (derived, B1), and group I (derived, B2) (Table 3). Among these Ulva cpDNAs, group IB (complete) introns were the most common, appearing at eight insertion sites. Approximately 90.7% of group I introns contained the intron-encoded proteins (IEPs) (over 100 codons) which could be classified into two families of endonucleases based on the presence of conserved amino acid motifs including LAGLIDADG and GIY-YIG (Haugen et al., 2005; Stoddard, 2011). Three degenerate introns including intron psbA-750, psbB-772 and rns-499 completely lost their IEPs. Most group I introns (85.3%) in Ulva cpDNAs contained a LAGLIDADG homing endonucleases (LHEs) with one or two LAGLIDADG motifs. The LHEs with only one motif, e.g., LHEs embedded in intron rnl-1893, work as homodimers that were limited to recognition of palindromic and near-palindromic target sites. The LHEs that possess two motifs in a single protein chain, e.g., LHEs in intron atpA-492 and psaB-1050, act as monomers that could target completely asymmetric invasion sites. Additionally, intron psbB-489, psbC-882 and psbD-740, which belonged to group I (derived, A), harbored a GIY-YIG homing endonuclease (GHE) (Table 3). Members of GHE family, which were usually found in bacteriophage (Sharma et al., 1992; VanRoey et al., 2002), displayed multidomain structures and recognized long non-palindromic sequences with significantly reduced fidelity (Landthaler et al., 2006). Differences in the homing endonuclease sequences indicated independent origins of LHE- and GHE-containing introns. Previously, we found that one group ID intron (intron cox1-709) was present in the clade of U. prolifera-U. linza-U. flexuosa-Ulva sp. (Upr-Uli-Ufl-Usp) in Ulva mtDNAs (Liu F. et al., 2020), however, no group ID intron was detected in the 23 Ulva cpDNAs.

Three types of group II introns were found among the 23 Ulva cpDNAs, including group IIA, group IIB, and group II (derived) (Table 3). The Ulva cpDNAs contained more group IIB introns detected at eight insertion sites than group IIA introns at one insertion site. Previously, group II introns which carried a putative LAGLIDADG homing endonuclease (LHE) were present in Ulva mtDNAs, while none was found in Ulva cpDNAs. Considering the intron petD-87 was only found in Uco2, Uco3, Uco7 and Ugi, it is likely that this intron was obtained by recent horizontal transfer. The IEP in group IIA and IIB introns was one multifunctional protein with reverse transcriptase/maturase (RTM), and DNA endonuclease (ENase) activities in addition to their ribozyme component, which catalyzes splicing (Dai et al., 2003; Lambowitz and Zimmerly, 2011). Reverse transcriptase (RT) plays a key role in the mobility of organellar group II introns, and maturase aid in intron splicing (Seetharaman et al., 2006; Novikova and Belfort, 2017).

The infA gene harbored one group II (derived) intron (intron infA-62) in all of the sequenced Ulva cpDNAs (Table 3), which has not been detected and annotated before. The intron infA-62 in U. compressa ranged in size from 728 bp in Uco2 to 761 bp in Uco3, and Uco5-7, which were larger than that in other Ulva species (556-650 bp) (Table 4). This intron was degenerate in all these Ulva cpDNAs and its intronic orf was completely lost, whereas the sequences of splicing sites and domain V were highly conserved. However, this intron was absent in the closest neighbor of Ulva species, Pseudoneochloris marina (Ulvaceae), and the other chlorophycean taxa, indicating that it should be the result of an independent invasion event occurred in a common ancestor of Ulva species by horizontal transfer.


TABLE 4. One group II (derived) intron was identified in the infA genes of all sequenced Ulva chloroplast genomes.
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Phylogenetic Analysis of Chloroplast and Mitochondrial IEPs (LHEs and RTMs)

The LHEs were embedded in three types of group I introns among Ulva cpDNAs, including group IB (complete) (at eight insertion sites), group IA3 (at one), and group I (derived, B2) (at one) (Table 3), whereas among Ulva mtDNAs, they were embedded in three types of introns including group IB (complete) (at eight), group ID (at one), and group II (LHE) (at five) (Liu F. et al., 2020). To further understand relationships of these intronic LHEs from chloroplast and mitochondrial genomes in Ulva species, a ML tree was constructed based on the aa sequences of the LAGLIDADG endonuclease domain regions from all LHEs in Ulva cpDNAs and mtDNAs. Most obviously, the LHEs from cognate introns clustered together first (Figure 3 and Supplementary Figure 1), indicating that they originated from their common ancestor. Second, some LHEs in chloroplast group IB (complete) introns (intron atpA-492 and petB-528) show high homology to that in mitochondial introns (intron atp1-540), indicating that these group IB (complete) introns should be of the same origin, and migrate or expand in intracellular inter-organelle genomes. Some group II (LHE) introns (e.g., intron rnl-2698 and rns-420) have been observed to propagate and expand within Ulva mitochondrial genomes (e.g., U. flexuosa and U. linza). Finally, the mitochondrial LHEs in group IB (complete) introns have close relationships with that in group II (LHE) introns, e.g., intron cox1-734 vs rnl-2698/rns-420, and intron cox1-281 vs rnl-2080/rns-670 (Figure 3), although these two types of related introns show great difference in ribozyme components.
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FIGURE 3. Phylogenetic tree based on Maximum Likelihood (ML) analysis of amino acid (aa) sequences of 139 LAGLIDADG endonuclease domain regions (64 in cpDNAs and 75 in mtDNAs) from five types of introns including group IB (complete), group IA3, group I (derived, B2), group ID, and group II (LHE). Different colored lines denoted LAGLIDADG endonuclease domains from different groups of introns: group IB (complete), blue; group IA3, brown; group I (derived, B2), cyan; group ID, green; and group II (LHE), pink. The ML analysis was conducted with 1,000 bootstrap replicates using MEGA 7.0. The bootstrap support values greater than 80% were displayed at branches. Branch lengths were proportional to the amount of sequence change, which were indicated by the scale bar below the trees. The numbers in parentheses represented the number of LHE proteins from cognate introns. The complete phylogenetic tree was shown in Supplementary Figure 1.


The ML phylogenetic tree was built based on the aa sequences of RT domains from all RTMs in group IIA and IIB introns of Ulva cpDNAs and mtDNAs. Similar to the LHE tree, the RTs from cognate introns were grouped together first, revealing their close relationships. The distinctness of the two RT lineages (group IIA and IIB) was well supported by high bootstrap values (100%) (Figure 4 and Supplementary Figure 2). The chloroplast and mitochondrial RTMs coevolved with their associated intron RNA structure (ribozyme components) in the genus Ulva. In some Ulva chloroplast genomes, the RTs in different group IIB introns are of the same origin, e.g., those in intron atpB-627 and petB-69 of Uco1, Uco3, Uco4, Uco6, Uco7, Uoh and Ugi, and those in intron petB-169 and petB-277 of Uro (Figure 4), indicating that these introns are likely to have experienced proliferation and expansion within these Ulva chloroplast genomes.
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FIGURE 4. Phylogenetic tree based on Maximum Likelihood (ML) analysis of amino acid (aa) sequences of 67 reverse transcriptase (RT) domains (40 in cpDNAs and 27 in mtDNAs) from group IIA and IIB introns. The ML analysis was conducted with 1,000 bootstrap replicates using MEGA 7.0. The bootstrap support values greater than 80% were displayed at branches. Branch lengths were proportional to the amount of sequence change, which were indicated by the scale bar below the trees. The numbers in parentheses represented the number of RTM proteins from cognate introns. The complete phylogenetic tree was shown in Supplementary Figure 2.




Integrated Analysis of Rearrangement Events and Phylogenomic Relationships

To understand the evolution of chloroplast genome architecture in the genus Ulva, integrated analysis was performed by combining gene orders of these 23 Ulva cpDNAs with phylogenomic relationships of these Ulva species. The Ulva chloroplast genomes displayed intrageneric variability in genome structure (Figure 2), although their core gene repertoires were highly conserved (Table 2). The seven U. compressa cpDNAs displayed the same genome organization, representing a novel gene order which was different from that of other Ulva cpDNAs due to multiple rearrangement events (Figure 2). To examine the phylogenomic relationships among these Ulva species, the Maximum Likelihood (ML) trees were constructed on the bases of the nt dataset of 100 common genes and the aa dataset of 71 common PCGs, respectively. The topology of the two ML trees were very similar, and both trees showed that the 23 Ulva cpDNAs from 14 species were clustered into two large clades with high support values (100% bootstrap), representing two Ulva lineages, I and II (Figure 5), as was similar to our previous finding based on the nt dataset of 61 mitochondrial common genes (Liu F. et al., 2020). Based on a comparative analysis of the aligned nt sequences of 100 common chloroplast genes including 71 PCGs, 3 rRNAs, and 26 tRNAs, the sequence identity values at intraspecific level in U. compressa ranged from 98.6% (different in 965 bp) to 99.9% (different in 51 bp) (Table 5). The maximum values of intraspecific divergences in U. compressa even exceeded that of some interspecific divergences, e.g., U. prolifera (Upr) vs U. linza (Uli), and U. rigida (Uri) vs U. laetevirens (Ult). It is a remarkable fact that inter-species hybridization between Upr and Uli (Hiraoka et al., 2011, 2017) and between Uri and Ult (Fort et al., 2020) has been observed to some extent, indicating that they are genetically closely related species. These evidences challenge us to understand species concepts and species boundaries in the genus Ulva, and especially in the U. compressa clade.
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FIGURE 5. Phylogenomic trees based on Maximum Likelihood (ML) analysis of the nucleotide (nt) sequences of the 100 common genes and the amino acid (aa) sequences of the 71 common PCGs in the 23 Ulva chloroplast genomes. The ML analysis was conducted with 1,000 bootstrap replicates using MEGA 7.0. The bootstrap support values greater than 80% were displayed at branches. Branch lengths were proportional to the amount of sequence change, which were indicated by the scale bar below the trees. Arrows with different colors represented reversal events of different gene blocks: two genes (psbD-psbC), green; 45 genes from psbB to trnT(ugu), blue; nine genes (psbD-psbC-trnR3-trnM3-trnD-psaB-psbM-trnH-trnS2), pink; six genes (trnM3-trnD-psaB-psbM-trnH-trnS2), orange; and trnE(uuc), red.



TABLE 5. Differences (bp, upper-right) and identity values (%, bottom-left) of the aligned nucleotide (nt) sequences of 100 common genes (71 PCGs, 3 rRNAs, and 26 tRNAs) from 21 complete chloroplast genomes of Ulva species.

[image: Table 5]
A locally collinear block of two genes (psbD-psbC) has been observed to be inverted in cpDNAs of Ulva lineage II (Uco, Uau, Ufe, and Uro) (Figure 2). Considering the phylogenomic relationships of Ulva species, this rearrangement is likely to occur in the common ancestor of species in Ulva lineage II, after its divergence from lineage I (Figure 5). However, a collinear block of nine genes (psbD-psbC-trnR3-trnM3-trnD-psaB-psbM-trnH-trnS2) was reversed only in Uro, as probably occurred after the reversal of the psbD-psbC block in Ulva lineage II. A large gene block harboring 45 genes from psbB to trnT(ugu) (Melton et al., 2015; Melton and Lopez-Bautista, 2017) has been inverted in cpDNAs of the Ulva sp.-U. meridionalis (Usp-Ume) clade in Ulva lineage I, and cpDNAs of the U. australis-U. fenestrata-U. rotundata (Uau-Ufe-Uro) clade in lineage II, indicating that the rearrangement of this gene block should be two independent inversion events. Only in the Ume cpDNA is the reversal of a collinear block of six genes (trnM3-trnD-psaB-psbM-trnH-trnS2) observed, indicating that it should be a independent rearrangement event occurring after its divergence from Usp. A reversal event related to only a tRNA gene, trnE(uuc), happened in cpDNAs of Uau2 and Uau3, not in Uau1 and other Ulva cpDNAs, indicating that it was a recent rearrangement at intraspecific level. Compared with PCGs and/or rRNA genes, tRNA genes show more mobility in organellar genomes of eukaryotic algae (e.g., brown algae, diatoms, red algae) (e.g., Ruck et al., 2014; Liu et al., 2017a, 2019). Previously, intraspecific rearrangement was observed to occur in mitochondrial genomes of U. compressa. A collinear block of eight genes (rps11-rps19-rps4-rpl16-trnR-trnQ-trnE-trnS) with the size of 3,631 bp was inverted only in Uco1 mitogenome (Liu F. et al., 2020). Compared with the gene content and gene sequence, the structure of Ulva chloroplast genome is not conserved, but remarkably plastic, due to multiple rearrangement events. The observed multiple rearrangements at intraspecific and interspecific levels depict the structural diversity and evolutionary trend of chloroplast genomes in Ulva species.




CONCLUSION

This study on Ulva chloroplast genomes is the most extensive investigation of chlorophyte cpDNAs at the intragenus level. Our study illustrated the remarkable plasticity of Ulva chloroplast genomes among congeneric species, even within the species (e.g., U. compressa and U. australis). The variation in genome size at intraspecific and interspecific levels was mainly caused by differences in gain or loss of group I/II intron, integration of foreign DNA fragments, and content of non-coding intergenic spacer regions. The Ulva chloroplast genomes shared the same set of 100 conserved genes, however, the minD gene was detected only in Ulva flexuosa cpDNA. Five types of group I introns, most of which carry a LAGLIDADG or GIY-YIG homing endonuclease (LHE and GHE), and three of group II introns, usually encoding a reverse transcriptase/maturase (RTM), were detected at 26 insertion sites of 14 host genes in these Ulva chloroplast genomes, and many intron insertion-sites have been found for the first time in Chlorophyta. It is worth noting that one degenerate group II intron previously ignored has been observed in the infA genes of Ulva species, but not in the other chlorophycean taxa, indicating that it should be the result of an independent invasion event occurred in a common ancestor of Ulva species. The structure of Ulva chloroplast genomes is not conserved, but remarkably plastic, due to multiple rearrangement events. The present study provides important information to understand the evolution patterns of Ulva chloroplast genomes, and have important implications to understand molecular species concepts and species boundaries in the genus Ulva. Additional genomic data from other Ulva species are still needed to further decipher the mechanisms responsible for diversity and evolution of Ulva cpDNAs.
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Supplementary Figure 1 | Phylogenetic tree based on Maximum Likelihood (ML) analysis of amino acid (aa) sequences of 139 LAGLIDADG endonuclease domain regions (64 in cpDNAs and 75 in mtDNAs) from five types of introns including group IB (complete), group IA3, group I (derived, B2), group ID, and group II (LHE). Different colored lines denoted LAGLIDADG endonuclease domains from different groups of introns: group IB (complete), blue; group IA3, brown; group I (derived, B2), cyan; group ID, green; and group II (LHE), pink. The ML analysis was conducted with 1,000 bootstrap replicates using MEGA 7.0. The bootstrap support values greater than 80% were displayed at branches. Branch lengths were proportional to the amount of sequence change, which were indicated by the scale bar below the trees.

Supplementary Figure 2 | Phylogenetic tree based on Maximum Likelihood (ML) analysis of amino acid (aa) sequences of 67 reverse transcriptase (RT) domains (40 in cpDNAs and 27 in mtDNAs) from group IIA and IIB introns. The ML analysis was conducted with 1,000 bootstrap replicates using MEGA 7.0. The bootstrap support values greater than 80% were displayed at branches. Branch lengths were proportional to the amount of sequence change, which were indicated by the scale bar below the trees.
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Species Abbr. Accession number Size (bp) G+ C (%) Genes* Introns (I/11) Intronic orfs Free-standing orfs References
PCGs/rRNAs/tRNAs

Ulva compressa Uco1 MW548841 114,291 26.23 71/3/26 10 (6/4) 9 6 This study

Ulva compressa Uco2 MW344287 91,189 25.86 71/3/26 3(0/3) 2 0 This study

Ulva compressa Uco3 MW353781 96,824 26.17 71/3/26 7 (3/4) 6 0 This study

Ulva compressa Uco4 MKO069584 119,866 26.24 71/3/26 11 (6/5) 10 10 GenBank

Ulva compressa Ucob MK069585 >89,164 26.25 71/3/26 4(31) 3 0 GenBank

Ulva compressa Uco6 MT916929 94,226 25.80 71/3/26 6 (3/3) 5 0 GenBank

Ulva compressa Uco7 KX595275 96,808 26.18 71/3/26 7 (3/4) 6 0 GenBank

Ulva australis Uaut MNB853875 104,380 25.66 71/3/26 6 (4/2) 4 4 GenBank

Ulva australis Uau2 LC507117 102,899 2533 71/3/26 5 (3/2) 4 5 GenBank

Ulva australis Uau3 MT179348 99,820 25.21 71/3/26 5 (3/2) 4 1 Fort et al., 2020

Ulva fenestrata Ufe MT179349 94,654 25.27 71/3/26 3(1/2) 2 2 Fort et al., 2020

Ulva rotundata Uro MT179353 118,206 26.12 71/3/27 16 (10/6) 14 7 Fort et al., 2020

Ulva prolifera Upr KX342867 93,066 24.78 71/3/27 4 (31) 3 3 Jiang et al., 2019

Ulva linza Uli KX058323 86,726 24.79 71/3/26 1(0/1) 0 0 Wang et al., 2017

Ulva flexuosa ufl KX579943 89,414 24.97 72/3/26 3 (0/9) 2 0 Caietal., 2017

Ulva sp. Usp KP720616 99,983 25.30 71/3/26 6 (4/2) 4 5 Melton et al., 2015

Ulva meridionalis Ume MN889540 88,653 23.91 71/3/26 4 (31) 2 2 Liu J. et al., 2020

Ulva lactuca Ulat1 KT882614 96,005 24.87 71/3/26 6 (4/2) 5 4 Melton and Lopez-Bautista, 2017

Ulva lactuca Ula2 MH730972 95,997 24.87 71/3/26 6 (4/2) 5 4 Hughey et al., 2019

Ulva ohnoi Uoh APO18696 108,313 25.44 71/3/26 7 (3/4) 6 5 Suzuki et al., 2018

Ulva rigida Uri MT179352 96,673 24.57 71/3/26 2(1) 1 8 Fort et al., 2020

Ulva laetevirens uit MT179351 108,444 25.40 71/3/26 5 (2/3) 4 8 Fort et al., 2020

Ulva gigantea Ugi MT179350 117,606 25.73 71/3/27 12 (6/6) 7 5 Fort et al., 2020

“Among these 23 Ulva chloroplast genomes, minD was only detected in the Ufl coDNA. Two previously annotated tRNA genes, trniN2(auu) between psbB and psbA in Usp, and trF2(aaa) between psbN and trmM2 in
Ula1 and Usp, did not displayed a standard cloverleaf structure, thus these two putative tRNA genes were not included here.
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Functional classification Core genes

rRNAs (3)* ml, rns, rrm5(rrf)

Core tRNAs (26) trnA(ugc), trnC(gca), trnD(guc), trnE(uuc), trnfF1(gaa), trnG1(gcc), tmG2(ucc), trnH(gug), trnl(gau), trK(uuu), trmlL1(uaa),
trnL2(uag), trmM1(cau), trnM2(cau), trnM3(cau), trmN'1(quu), trP(ugg), trnQ(uug), tmR1(acg), trnR2(ucu), trS1(gcu),
trS2(uga), trT(ugu), tmV(uac), trmWW(cca), trnY(gua)

Specific tRNA (1) trnR3(ccu)*™*

Core PCGs (71)

Transcription and translation (27) ol2, rpl5, rpl12, rpl14, rpl16, rpl19, rpl20, rpl23, rpl32, rpl36; rs2, s3, rps4, rps7, rps8, rps9, rpsi1, psi12, rpsi4,
ps18, rps19; infA, rpoA, roB, oC1, rpoC2, tufA

Photosystem | (8) psaA, psaB, psaC, psal, psad, psaM, ycf3, ycf4

Photosystem Il (16) PSbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl, psbJ, psbK, psbL, psbM, psbN, psbT, psbZ, ycf12

Electron transport and ATP synthesis (12) atpA, atpB, atpE, atpF, atpH, atpl, ccsA, petA, petB, petD, petG, petl

Carbon assimilation (2) accD, rbcL

Light harvesting and chl biosynthesis (1) chll

Proteolysis (2) clpP, ftsH

Conserved genes with unknown function (3) cemA, ycfl, ycf20
Specific PCG (1)
Organelle division inhibitor factor (1) minD **

*Numbers within parentheses indicate the number of genes in a specific functional group.
**Among these 23 Ulva chloroplast genomes, trnR3(ccu) was only detected in coDNAs of Uro, Upr, and Ugi, and minD was only present in the Ufl coDNA.
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*Intron insertion-sites were determined by comparing homologous genes relative to the chloroplast genome of U. compressa (Uco3). Intron name was defined as host gene plus insertion site. Different colored boxes
denoted different groups of introns: group IB (complete), blue; group | (derived, A), yellow; group IA3, brown, group | (derived, B1), purple; group | (derived, B2), cyan; group lIA, red; group IIB, orange; and group Il
(derived), gray.
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Species Exon Intron (intron infA-62) Exon

Start nt Target Splicing nt Domain V nt Splicing Target nt Stop

codon sequence site site sequence codon

Uco1 TTG 50 TTTATCTAA GTGTGAC 644  ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 35 TGTTTAT CGGAATATT 163 TAA
Uco2 TTG 50 TTTATCTAA GTGTGAC 633  ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 35 TGTTTAT CGGAATATT 163 TAA
Uco3 TTG 50 TTTATCTAA GTGTGAC 666  ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 35 TGTTTAT CGGAATATT 163 TAA
Uco4 TTG 50 TTTATCTAA GTGTGAC 644  ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 35 TGTTTAT CGGAATATT 163 TAA
Uco5 TG 50 TTTATCTAA GTGTGAC 666  ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 35 TGTTTAT CGGAATATT 163 TAA
Uco6 TTG 50 TTTATCTAA GTGTGAC 666 ~ ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 35 TGTTTAT CGGAATATT 163 TAA
Uco7 TTG 50 TTTATCTAA GTGTGAC 666 ~ ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 35 TGTTTAT CGGAATATT 163 TAA
Uaut TTG 50 TTTATCTAA GTGTGAC 470  ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 31 TGTTTAT CGGAATATT 163 TAA
Uau2 TTG 50 TTTATCTAA GTGTGAC 470  ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 31 TGTTTAT CGGAATATT 163 TAA
Uau3 TTG 50 TTTATCTAA GTGTGAC 470  ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 31 TGTTTAT CGGAATATT 163 TAA
Ufe TTG 50 TTTATCTAA GTGTGAC 466 ~ ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 30 TGTTTAT CGGAATATT 163 TAA
Uro TTG 50 TTTATCTAA GTGTGAC 479  ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 30 TGTTTAT CGGAATATT 163 TAA
Upr TTG 50 TTTATCTAA GTGTGAC 526  ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 30 TGTTTAT CGGAATATT 163 TAA
Ul TG 50 TTTATCTAA GTGTGAC 521  ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 30 TGTTTAT CGGAATATT 163 TAA
ufl TTG 50 TTTATCTAA GTGTGAC 562  ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 28 TGTTTAT CGGAATATT 163 TAA
Usp TTG 50 TTTATCTAA GTGTGAC 478  ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 31 TGTTTAT CGGAATATT 163 TAA
Ume TG 50 TTTATCTAA GTGTGAC 465  ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 46 TGTTTAT CGGAATATT 163 TAA
Ulatl TTG 50 TTTATCTAA GTGTGAC 489  ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 31 TGTTTAT CGGAATATT 163 TAA
Ula2 TTG 50 TTTATCTAA GTGTGAC 489  ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 31 TGTTTAT CGGAATATT 163 TAA
Uoh TTG 50 TTTATCTAA GTGTGAC 484  ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 31 TGTTTAT CGGAATATT 163 TAA
Uri TG 50 TTTATCTAA GTGTGAC 473  ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 45 TGTTTAT CGGAATATT 163 TAA
ult TG 50 TTTATCTAA GTGTGAC 473  ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 38 TGTTTAT CGGAATATT 163 TAA
Ugi TG 50 TTTATCTAA GTGTGAC 472  ACGCCGTATGAAATGAAAGTTTCATGTACGGTGTGGAAACGGGGAA 31 TGTTTAT CGGAATATT 163 TAA
Pma* TTG 50 TTTATCAAA - - - - - CGGTATGTT 172 TAA

*Intron infA-62 was absent in coDNA of Pseudoneochloris marina (Pma).
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“Ucob and Uco6 were not included in this table due to their incomplete chloroplast genomes and faulty assembly of some PCGs (rpoA, rpoB, rpoC1, and rpoC2).

“*Bold red values with gray background represent intraspecific differences, and bold black values with gray background show relatively small interspecific differences.
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