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Text 1. Materials and Methods 37 

1.1 Sample collection and bacterial isolation 38 

A 10 L and a 1 L sample of surface seawater (the upper one meter) was collected at a 39 

coastal site of the South China Sea near Xiamen in China. The samples were stored at 4 °C in the 40 

dark and immediately returned to the laboratory for bacterial isolation. The 1 L sample was kept 41 

from shaking during transportation and was not subjected to filtration for the preservation of the 42 

microenvironments. The 10 L sample was subjected to filtration for the seawater medium 43 

preparation and sample dilution. The physiochemical data about the samples were shown in 44 

Table S1. Seawater subsampled from the 10 L sample for flow cytometry was pre-filtered 45 

through the 20 μm-pore size mesh to remove large particles and zooplankton, added to 46 

glutaraldehyde (0.5% final concentration), incubated at 4 °C for 15 min in the dark, flash-frozen 47 

in liquid nitrogen and then stored at -80 °C until analysis. The prokaryotic abundance was 48 

estimated to be ~106 cells ml-1 using a BD Accuri C6 flow cytometer (BD Biosciences, CA, USA) 49 

by staining with 1×10-4 SYBR Green I (v/v, final concentration, Molecular Probes) [1].  50 

Next, we employed a dilution-to-extinction method (Fig. S1) for bacterial cultivation. 51 

Briefly, the 10 L sample was filtered through 0.22 µm-pore size polycarbonate filters (47 mm 52 

diameter, Millipore) and autoclaved, and then was used as the seawater medium for subsequent 53 

isolation. Using the in situ seawater rather than artificial seawater can better simulate the in situ 54 

conditions providing multiple necessary elements to diverse bacterial species. To increase the 55 

chance of obtaining diverse slow-growing species, six different types of seawater culture media 56 

were prepared by supplementation of ultralow concentrations of different substrates (Table S2). 57 

Among the six types of seawater media, the simplest one was supplemented with glucose only, 58 

with the resulting isolates named by a prefix of “xm-g”. Three more complex ones were 59 



supplemented with an amino acid mixture (xm-a), a vitamin mixture (xm-v), and a combination 60 

of glucose, the amino acid mixture and the vitamin mixture (xm-m), respectively. The remaining 61 

two seawater media are the most complex, as they were supplemented with the SAR11 medium 62 

ingredients [2] with (xm-D) or without (xm-d) DMSP. Three different magnitudes of dilutions 63 

were performed in our study, including a final concentration of ~10 cells ml-1, ~5 cells ml-1, and 64 

~1 cell ml-1. Take the final concentration of ~1 cell ml-1 as an example. A volume of 1 ml 65 

seawater inoculum from the 1 L sample was used to make 1:10 serial dilutions with the 66 

autoclaved filtered seawater (Fig. S1). At the fourth dilution, an aliquot of 0.1 ml was dispensed 67 

into a glass tube, which has already contained a 9.9 ml seawater medium along with one type of 68 

the nutrient supplements mentioned above (Fig. S1). For each of the six different types of 69 

nutrient supplements, 10 replicates were used, which makes a total of 60 glass tubes. After 70 

growing for one month at in situ temperature (~24 °C) in the laboratory, a 200 µl subsample 71 

containing bacteria mixture from the above liquid medium was spread onto a single agar plate 72 

(DifcoTM Marine agar 2216). These plates were incubated at 30 °C under the dark condition. 73 

Only a single colony was isolated from each plate and was subsequently purified using the 74 

streaking plate technique. This would avoid collecting identical strains replicated during the 75 

laboratory cultivation.  76 

Genomic DNA was extracted using the TIANamp Bacteria DNA Kit (OSR-M502, 77 

TIANGEN Biotech). The 16S rRNA gene sequence was amplified using the Polymerase Chain 78 

Reaction (PCR). The reagents for the PCR include 25 µl Premix Taq (TAKARA, Version 2.0), 1 79 

µl forward primer (final concentration 0.4 µM, 27_F: 5’-AGAGTTTGATCCTGGCTCAG-3’) 80 

and 1 µl reverse primer (final concentration 0.4 µM, 1492_R: 5’-81 

TACGGYTACCTTGTTACGACTT-3’), 22 µl the nuclease-free water, and 1 µl template DNA. 82 



The thermocycling condition for the PCR includes the initial denaturation at 95 ℃ for 5 minutes, 83 

followed by 30 cycles (95 ℃ for 45 seconds, 55 ℃ for 45 seconds and 72 ℃ for 90 seconds), 84 

final extension at 72 ℃ for 10 minutes. After determining the 16S rRNA gene sequence, a 85 

population related to Roseovarius in the Roseobacter group of Alphaproteobacteria and a second 86 

population related to Marinobacterium of Gammaproteobacteria were identified, each consisting 87 

of 16 strains showing (nearly) identical 16S rRNA gene sequences.  88 

 89 

1.2 Genome sequencing, assembly, and annotation 90 

The quality of the genomic DNA of the above 32 isolates was required to pass the 91 

following criteria: A260nm/A280nm >1.8, A260nm/A230nm>2.0, and A260nm > A270nm, which was 92 

measured using NanoDropTM 2000 Spectrophotometer (Thermo). Genome sequencing with 93 

Illumina HiSeq 2500 was used to generate paired 251 bp reads and performed at the Hubbard 94 

Center for Genome Studies in the University of New Hampshire (NH, USA). The resulting raw 95 

reads were trimmed using Trimmomatic v0.36 [3]. Nextera adaptors were removed, and the three 96 

beginning and trailing base pairs (bps) of each read were also trimmed if the quality score is 97 

lower than three. The trimmed reads each with less than 50 bp were discarded. Next, FastQC 98 

v0.11.5 [4] was used to check the quality of the remaining reads. The de novo assembly of the 99 

clean reads sequenced from each genome was performed using SPAdes assembler v3.9.1 [5] 100 

with the default parameters, and contigs shorter than 1,000 bp were not used for the downstream 101 

analyses.  102 

To facilitate the population genomic analyses of the Roseobacter population, the isolate 103 

xm-d-517 was additionally sequenced with a long-insert (20 kb) library using the RSII platform 104 

of PacBio sequencing technology. A complete and closed genome consisting of a chromosome 105 



and a plasmid of the strain was assembled based on the Illumina short reads and the PacBio long 106 

reads using Unicycler v0.4.6 [6], which follows a new hybrid assembly pipeline to resolve 107 

bacterial genome from a combination of short and long reads. The completeness and 108 

contamination of the scaffolded assembly were evaluated for each genome using CheckM v1.0.7 109 

[7]. The gene calling of each genome assembly was performed using Prokka v1.11[8], and the 110 

functional annotation of each protein-coding gene was performed using Prokka, the RAST server 111 

v2.0 [9], the KEGG database v82.0 [10, 11] and the CDD database v3.16 [12].  112 

 113 

1.3 Ortholog prediction and phylogenomic construction 114 

The orthologous gene families among strains in each population were identified using 115 

OrthoFinder 2.2.7 [13]. For each gene family, the amino acid sequences were aligned using 116 

MAFFT v7.215[14], and gaps in the alignment were trimmed using TrimAl v1.4.rev15 [15]. 117 

Next, the trimmed alignments were concatenated and used to construct the phylogenomic tree. 118 

Considering the potentially heterogeneous evolutionary rate among different gene families, the 119 

data partition model was implemented using PartitionFinder2 [16], and the estimated partition 120 

scheme was incorporated in the maximum likelihood phylogenomic construction using RAxML 121 

v8.1.22 [17]. The phylogeny of the Roseobacter population was rooted with Aliiroseovarius 122 

crassostreae CV919-312 [18] and A. crassostreae DSM16950 (RefSeq assembly accession 123 

number: GCA_001307765.1 and GCA_900116725.1), and the phylogeny of the 124 

Marinobacterium population was rooted with Marinobacterium sp. AK27 (RefSeq assembly 125 

accession number: GCA_000705555.1). These outgroup species were chosen because they are 126 

phylogenetically distinct from, but most closely related to, the two populations under study, 127 

respectively. The phylogeny of Marinobacterium genus (Fig. S12) was constructed with 128 



additional 12 Marinobacterium strains, which can be retrieved from RefSeq assembly accession 129 

numbers: GCA_000220545.2, GCA_000378045.1, GCA_000428985.1, GCA_000620085.1, 130 

GCA_001528745.1, GCA_001651805.1, GCA_003014615.1, GCA_003250495.1, 131 

GCA_004339595.1, GCA_900107855.1, GCA_900108065.1, GCA_900155945.1.  132 

 133 

1.4 Recombination inference and population structure analysis 134 

The whole genome sequences of the strains within each population were aligned using 135 

progressiveMauve v2.3.1[19] with the default settings. The core genomic regions, which are 136 

shared by all strains of a population and longer than 500 bp, were extracted using the 137 

stripSubsetLCB module provided by Mauve [20]. With the core genome alignment and the 138 

phylogenomic tree as inputs, the recombination events occurring in each population were 139 

inferred using ClonalFrameML v1.1 [21], which uses maximum likelihood inference to detect 140 

recombination in a computationally efficient way. The shared ancestry among the strains in the 141 

population was inferred with ChromoPainter and FineStructure [22]. The inputs for the 142 

ChromoPainter, including haplotype data formatted as ‘phase’ files and the recombination map 143 

files, were prepared following the instructions. After generating the chunk count data, the GUI 144 

version of the FineStructure was used to perform a model-based clustering using the Markov 145 

Chain Monte Carlo (MCMC) approach with the default settings. Two independent runs with 146 

random seed yielded consistent assignments of individuals to co-ancestral populations, indicating 147 

the convergence as described in the manual. The coancestry plot was visualized using the R 148 

script ‘fineRADstructure.R’ [23].  149 

 150 

1.5 Divergent allele replacement inference based on the outlier dS 151 



Allelic replacements with divergent species via homologous recombination in the core 152 

gene families of the Roseobacter population were identified through the detection of orthologs 153 

with anomalously large between-clade synonymous substitution rate (dS), which was described 154 

earlier [24–26]. Briefly, synonymous mutations are often considered neutral as they do not 155 

change the amino acid sequences, and most variations in synonymous divergence among loci are 156 

mainly caused by the stochastic nature of mutations across the whole genome. However, if a 157 

divergent allele was acquired via recombination, the recombined loci would expectedly show 158 

unusually large synonymous substitution rate (dS), compared to the remaining loci in the genome.  159 

There have been a few arguments that synonymous changes are under selection at other 160 

levels. For example, nitrogen limitation and carbon limitation each were demonstrated to act as 161 

selective pressures in the pelagic marine environment, which drives genomic G+C content to 162 

decrease and increase, respectively, in marine bacterial populations [27, 28]. In this case, 163 

mutations at all genomic sites, including synonymous sites, are under selection. However, these 164 

pressures indiscriminately affect synonymous sites of all genes in the genome, which is unlikely 165 

to result in a small subset of gene families with unusually large dS values. Another potential 166 

selective source at synonymous sites is codon usage bias. Alternative synonymous codons are 167 

generally not used in equal frequencies, and the codon usage bias is correlated with gene 168 

expression levels in fast-growing microorganisms [29, 30]. A recent study showed that codon 169 

usage bias in highly expressed genes is driven by selection to maximize translation speed or 170 

accuracy [31], whereas the codon usage in weakly expressed genes is thought to reflect mutation 171 

pressure in the absence of selection [32, 33]. Therefore, strong translational selection reduces 172 

synonymous substitution rate in highly expressed genes, while synonymous changes in weakly 173 



expressed genes are randomly affected by mutation. Therefore, this mechanism cannot lead to a 174 

small subset of outlier gene families with unusually large dS values. 175 

Based on the above principles, if a gene family shows that pairwise dS values between 176 

Clade R-I and Clade R-II are enormously large but pairwise dS values within each clade are 177 

extremely small, it can be inferred that the allelic replacement in this family occurred at either 178 

the last common ancestor (LCA) of Clade R-I or the LCA of Clade R-II. In practice, for each 179 

single-copy protein-coding gene family shared by all strains in the Roseobacter population, dS 180 

was estimated for all possible pairs of the strains using the yn00 module in PAML [34]. To 181 

detect the core gene families showing anomalous patterns of dS, all pairwise dS values of all 182 

single-copy core gene families were clustered using the k-means clustering algorithm. The 183 

number of optimal clusters (k=2, Fig. S2A) was determined using the R package ‘NbClust’ [35], 184 

which provides a variety of indices for cluster validity.  185 

Next, gene trees were constructed to determine the potential phylogenetic sources for the 186 

genes displaying anomalous patterns of dS. The potential gene donors were searched against 89 187 

available Roseobacter genomes closely related to the population under study. For each gene 188 

family displaying anomalous patterns of dS, their putative orthologous genes in the above 89 189 

genomes were identified using BLASTP program with an e-value of 1e-5 [36], aligned with 190 

MAFFT [14] at the amino acid sequence level, and the alignments were trimmed with TrimAl 191 

[15]. The maximum likelihood phylogenetic trees were constructed using IQ-Tree [37] with the 192 

parameters “-mset WAG,LG,JTT,JTTDCMut -mrate E,I,G,I+G -mfreq FU -bb 1000”.  193 

 194 

1.6 Mobile genetic element prediction 195 



The mobile genetic elements (MGEs) including plasmids, genomic islands, prophages, 196 

insertion sequences (IS), and integrons were predicted for the 16 genomes of the Roseobacter 197 

population. Among these, the potential plasmid sequences were predicted using plasmidSPAdes 198 

[38] and Recycler [39], the potential genomic islands (GIs) were predicted using the online 199 

IslandViewer 4 [40] by summarizing the results from all four methods hosted by this service, the 200 

potential prophages were predicted using the PHASTER web server [41], the potential IS 201 

families were predicted using ISEScan [42], and the potential integrons were predicted using 202 

IntegronFinder [43] and benchmarked using Vibrio cholerae N16961 with known integrons [44]. 203 

All of these programs were implemented with default parameters. 204 

 205 

1.7 Substrate utilization assays 206 

The phenotypic microarray (PM) technology from BiOLOGTM is a high-throughput 207 

method for measuring a large number of cellular properties simultaneously [45]. The technology 208 

uses the color change of its patented redox as a reporter of active metabolism [46]. In this study, 209 

two types of microplates including PM01 and PM02A covering 190 carbon sources were used to 210 

assay the phenotypic differentiation between Clade R-I and Clade R-II of the Roseobacter 211 

population, each represented by two strains (xm-d-517 and xm-m-339-2 for Clade R-I; xm-m-212 

314 and xm-v-204 for Clade R-II) each with three replicates. The experiment was performed 213 

following the procedures recommended by the manufacturer. The strains were incubated on the 214 

petri dish plate of Marine Agar 2216 (BD DifcoTM) at 30 ℃ overnight. Bacterial cells were 215 

collected and suspended using a mixture consisting of the IF-0a inoculation medium, sterile 216 

distilled water, and NaCl solution. The final concentration of NaCl was 2% (m/w), which was 217 

determined from a pilot growth experiment. After adjusting the turbidity of cell suspension to 60% 218 



using the BiOLOG turbidity meter, the redox Dye Mixes D (100X) was added to the mixture and 219 

the final concentration was adjusted to 1.5X. Then the bacterial suspension was homogenized 220 

and inoculated in each well of the plates (100 µl). All PM plates were incubated on the OmniLog 221 

instrument under 30 ℃. After incubating the PM plates for five days, the raw data were collected, 222 

and substrate curves were generated with the programs provided by the manufacturer. A 223 

substrate curve represents the bacterium’s respiration activity, a useful proxy for the traditional 224 

bacterial growth curve [45]. Most substrate curves either resemble bacterial growth curves 225 

indicating active utilization of these substrates or locate at the baseline indicating little utilization. 226 

Next, the assayed compounds in the PM plates were linked to the KEGG metabolic pathways 227 

with the opm package [47]. The package analyzes and compares the respiration-based growth 228 

data of the four strains generated from the OmniLog platform, and identifies compounds that 229 

were utilized significantly differently between strains. Based on the KEGG compound ID 230 

corresponding to the compounds in the PM microplate, the program proposes candidate 231 

metabolic pathways by which these compounds are utilized. Through manual inspection, we 232 

established the potential link between the phenotypic variation and the genotypic variation 233 

among the tested strains. 234 

According to functional annotation of the core genes underlying the differentiation of the 235 

Roseobacter population, we further tested the utilization of polyamines (putrescine and 236 

spermidine) as a sole carbon source and a sole nitrogen source, respectively. The four strains 237 

were inoculated in liquid medium (DifcoTM Marine broth 2216) overnight at 28 ℃. Cell cultures 238 

were centrifuged at 4,000 rpm under room temperature for three minutes, and the pellets were 239 

resuspended and washed with the basal salt medium without any carbon or nitrogen sources (See 240 

Table S11 for the ingredients). Next, about 60 µl of the cell culture was added to test tubes 241 



containing 3 ml of intended media with equal initial inoculation concentration. The tubes were 242 

incubated at 28 ℃ with shaking, and the growth of each strain was monitored by measuring 243 

OD600 every two hours. The intended media consisted of the basal medium and the supplemented 244 

carbon and nitrogen source (Table S11). When spermidine and putrescine each were tested as a 245 

sole carbon source, pyruvate was used as a comparison and distilled water as a negative control. 246 

When each were tested as a sole nitrogen source, NH4Cl was used as a comparison. For each test, 247 

the growth of cells in marine broth 2216 (DifcoTM) was monitored simultaneously to ensure that 248 

the growth rate of the four stains are similar given proper conditions. The statistical comparisons 249 

of the between-clade growth rate were conducted with one-way ANOVA. 250 

 251 

1.8 Motility tests 252 

The swimming motility of the four strains (xm-d-517 and xm-m-339-2 for Clade R-I; 253 

xm-m-314 and xm-v-204 for Clade R-II) was tested on 0.18% (w/v) soft agar marine broth plates. 254 

Overnight culture of each of the strains was sub-cultured (1:200 dilution) into the marine broth 255 

2216 (DifcoTM) at 28 °C for 4-5 hours with shaking. When OD600 reached 0.6-0.8, a suspension 256 

of cells (3 μl) was spotted at the center of a freshly prepared semi-solid swimming plate. After 257 

incubation for 11 days at 28 °C, the distance of colony migration around the inoculation site was 258 

evaluated by the diameter of the covered areas. The capacity of swimming motility was indicated 259 

by the longest distance bacterial cells could swim on the plate. All assays were conducted in 260 

triplicates. For sedimentation assays, the overnight culture of each strain was diluted (1:1) into 261 

fresh marine broth 2216. 2 ml of the suspension was transferred to a 14-ml falcon test tube and 262 

was allowed to sediment at room temperature for up to 24 hours without shaking. Three 263 

replicates were conducted for each sample, and each experiment was performed at least twice.  264 



 265 

1.9 Oxidative and osmotic stress sensitivity assay 266 

To examine bacterial susceptibility to oxidative stress (H2O2) and osmotic stress (NaCl) 267 

inducing agents, freshly streaked colonies of the four strains (xm-d-517 and xm-m-339-2 for 268 

Clade R-I; xm-m-314 and xm-v-204 for Clade R-II) were inoculated into 2 ml marine broth 2216 269 

(DifcoTM). After incubation at 28 °C for 24 hours with shaking, each bacterial culture was 270 

diluted 1:20 in marine broth 2216 and grown at 28 °C with shaking until OD600 0.6~0.8. Then the 271 

cell number of each strain was normalized to OD600 as 0.5 and serially diluted with sterile 272 

phosphate-buffered saline (PBS), and 5 μl cell suspensions with 10-3-10-6 dilution fold were 273 

spotted on marine broth 2216 agar plates without or with 0.1 mM H2O2 or 200 mM NaCl. Plates 274 

were incubated at 28 °C for 2 days, and the images of plates were recorded. Each experiment 275 

was performed at least twice.  276 

 277 

Text 2. Supplementary results 278 

2.1 Speciation does not occur in a sympatric Marinobacterium population 279 

The analyses in the main text demonstrated that the Roseobacter population is under 280 

ongoing speciation and the results indicate that phycosphere is one of the likely ecological niches 281 

that drove its speciation. A natural next question is whether this is a general pattern in other 282 

bacterial populations in the sympatric environment. In our culture collection resulted from the 283 

same sampling and bacterial isolation campaign, there is another bacterial species also consisting 284 

of 16 strains related to the Marinobacterium genus in Gammaproteobacteria. No other species 285 

have sufficient amount of closely related isolates amenable for our population genomic analyses. 286 

Isolates in the Marinobacterium population share the 16S rRNA gene sequence identity of 287 



99.90±0.13% and ANI of 98.12±4.57%. In terms of the intraspecific diversity, despite that the 288 

Marinobacterium species and the Roseobacter species is nearly indistinguishable when these two 289 

criteria were compared, they differ surprisingly by a factor of over 10 in the density of SNPs in 290 

their core genomes (57,045 per Mbp versus 4,242 per Mbp; Table S4).  291 

Although the 16 strains in the Marinobacterium population are similarly grouped into 292 

two phylogenetic clusters (hereafter Clade M-I and Clade M-II) based on all single-copy core 293 

genes (the tree shown on the left of Fig. S10), the results of ClonalFrameML show that 294 

recombination occurs nearly as frequently as point mutations (/=0.76), indicating a sexual 295 

population structure. In addition, seven fineSTRUCTURE populations were identified in the 16 296 

strains of the Marinobacterium population (Fig. S10). Among these, one population consists of 297 

five strains (xm-d-530, xm-g-59, xm-d-579, xm-d-564, and xm-a-152) spanning all over the 298 

phylogenomic tree, indicating that frequent gene flow occurs between distinct phylogenetic 299 

groups. For the remaining fineSTRUCTURE populations that share the membership of the 300 

monophyletic groups shown in the phylogeny, the clustering order of the fineSTRUCTURE 301 

populations shown in the dendrogram is completely different from the branching order of the 302 

corresponding monophyletic groups. Therefore, it is difficult to observe any fineSTRUCTURE 303 

population or monophyletic group in Marinobacterium that is well differentiated from the 304 

remaining fineSTRUCTURE populations. Furthermore, the SNP density distribution of the 305 

whole Marinobacterium population is similar to that of the Clade M-I in this population (Fig. 306 

S11), suggesting that genetic diversity of the whole population is well represented by members 307 

of Clade M-I. This pattern lends further support for its panmictic population structure with no 308 

signature for genetic differentiation between Clade M-I and Clade M-II. 309 



Our analyses indicate that the micro-evolutionary pattern of the Marinobacterium species does 310 

not correlate with phycosphere or other microscale ecological niches. A simple genome content 311 

analysis showed that none of the genomes in this population contain any motility and chemotaxis 312 

genes (Fig. S13), which are required to establish symbiosis with phytoplankton [48–50] or 313 

explore other microenvironments. Moreover, the Marinobacterium species under study may have 314 

undergone genome reduction during its evolutionary history, as members of this species are 315 

equipped with streamlined genomes (~2.3 Mbp, Table S12) and phylogenetically imbedded into 316 

other Marinobacterium species with larger genomes (3.5-5.6 Mbp, Fig. S12). Reduction of 317 

genomic G+C content, a signature of genome streamlining in marine bacteria [51], was also 318 

observed (~48% versus 54%-64%; Fig. S12). These genomic features indicate that members of 319 

the isolated Marinobacterium species are oligotrophic bacteria with streamlined genomes, which 320 

are not known to actively explore microenvironments including phycospheres [51–53]. Thus, the 321 

observed population differentiation potentially driven by phycosphere may be restricted to 322 

bacteria equipped with more versatile metabolism like the Roseobacter population studied here. 323 

 324 

2.2 Utilization of polyamines 325 

A few other substrates included in the PM microplates were differentially utilized by the 326 

four strains, but the pattern disagrees with the phylogenetic divide of these strains. For instance, 327 

only two strains, xm-d-517 (R-I) and xm-m-314 (R-II), could use putrescine as a sole carbon 328 

source (Table S10 and Fig. S5-H08), which was inconsistent with the phylogenetic grouping of 329 

the four strains. Putrescine and spermidine (the latter not included in the two PM microplates) 330 

are the most important short-chain polyamines, and they are mainly produced by phytoplankton 331 

and other planktonic organisms and consumed as carbon and nitrogen sources by the 332 



Roseobacter group and a few other bacterial lineages in the ocean [54]. Their uptake is thought 333 

to occur through the ABC-type transporter genes encoded by the pot gene cluster potABCD [55], 334 

which (from xm-d-517_03110 to xm-d-517_03113) are part of the 200 core genes subjected to 335 

recombination with external species. While the protein products of potA and potD are both 336 

essential to spermidine and putrescine uptake together with channel forming proteins encoded by 337 

potB and potC [56], the novel allele replacement for potA and potD occurred at the LCA of 338 

Clade R-II and the LCA of Clade R-I, respectively, suggesting that functional innovation may 339 

have occurred in both Clade R-I and Clades R-II members. We therefore performed simple 340 

growth assays and confirmed that the differential utilizations by the four representative strains of 341 

putrescine and spermidine each as a sole carbon source (Fig. S6) do not match the phylogenetic 342 

divide of these strains. The two polyamines each was further tested as a sole nitrogen source. 343 

While the putrescine did not show differential utilization between the two clades, the spermidine 344 

was utilized significantly better by Clade II members than by Clade I members (One-way 345 

ANOVA, p < 0.001, Fig. 3G). 346 

 347 

2.3 Inference of the history and pattern of novel allele replacements  348 

Among the 200 core families, 183 have orthologs in the two genomes of Aliiroseovarius 349 

crassostreae, the available lineage most closely related to the Roseobacter population (Fig. S8A). 350 

These 183 gene trees each show close relationship between Clade R-I, Clade R-II and A. 351 

crassostreae, but they differ in the branching order of the three lineages (see examples of gene 352 

trees in Fig. S7A, B, C). This indicates that A. crassostreae or lineages related to it were the 353 

sources of the novel alleles. We noted that, however, all gene trees summarizing the evolutionary 354 

relationship between Clade R-I, Clade R-II and A. crassostreae are rooted with very distant 355 



outgroups (again see Fig. S7A, B, C as examples of gene trees). It is well known that appropriate 356 

outgroups allow for reliable inference of ancestral state of the lineages under comparison and 357 

thus of the rooted tree topology (Fig. S8B), whereas too distant outgroups weaken the confidence 358 

of the ancestral inference and the reliability of the resulting topology (Fig. S8C). Hence, the 359 

evolutionary relationship of the three lineages in the gene trees inferred with the regular tree 360 

building method is not reliable due to the lack of an appropriate outgroup. 361 

As such, an alternative approach was employed to infer the gene tree topology, which 362 

calculates the pairwise neutral genetic distances (approximated by pairwise dS values) among the 363 

three lineages and sets the root between the two lineages showing the greatest distance (i.e., the 364 

midpoint rooting). Among the 183 (out of 200) core gene families that have orthologs in A. 365 

crassostreae, 148 each show the smallest dS in the comparison of Clade R-II and A. crassostreae, 366 

suggesting that Clade R-I branches off first in the gene tree (Fig. S9-i-a) and that recombination 367 

may have occurred from unsampled lineages that branched earlier than A. crassostreae to the 368 

LCA of Clade R-I on the rooted species tree (the red arrow in Fig. S9-i-b). An alternate 369 

explanation is that these gene families underwent recombination between the LCA of A. 370 

crassostreae and the LCA of Clade R-II (the grey arrow in Fig. S9-i-b). The latter mechanism 371 

homogenizes the genetic materials at these gene families, which is expected to lead to unusually 372 

low dS values between recombined lineages [25]. Because the dS values between A. crassostreae 373 

and Clade R-II are large and comparable to other pairwise comparisons in each gene family 374 

(Table S9), the second mechanism was ruled out.  375 

Likewise, four gene families each were inferred to show a gene tree topology by 376 

clustering Clade R-I and A. crassostreae (Fig. S9-ii-a) and to have undergone recombination 377 

from the unsampled lineages to the LCA of Clade R-II (the red arrow in Fig. S9-ii-b). In another 378 



31 gene families, the gene tree topologies (Fig. S9-iii-a) were inferred to be identical to the 379 

species tree in which Clade R-I and Clade R-II are clustered, suggesting that unsampled lineages 380 

that branched off following A. crassostreae donated alleles to either the LCA of Clade R-I or the 381 

LCA of Clade R-II (Fig. S9-iii-b). The remaining 17 gene families do not have orthologs in A. 382 

crassostreae, and their most closely related genes are sampled from more distant lineages (see an 383 

example of gene tree in Fig. S7D). In these cases, the gene tree topologies (Fig. S9-iv-a) were 384 

inferred to be congruent with the species tree, and novel alleles were likely acquired from 385 

unsampled lineages that are closely related to the Roseobacter population under study (Fig. S9-386 

iv-b).  387 

 388 

2.4 The pattern of Roseobacter population differentiation fits an existing microbial speciation 389 

model 390 

The ecological differentiation could be driven by either genome-wide selective sweeps 391 

[57] or gene-specific selective sweeps [58]. The first model states that acquisition of an adaptive 392 

genetic trait enables a genotype to outcompete all others in the population, and recombination is 393 

rare enough to sustain period selection which purges genetic diversity to near zero across the 394 

genome. This theory finds its first and strong support only recently from a natural lake bacterial 395 

population, which showed genome-wide genotype succession over eight years [59]. Alternatively, 396 

acquisitions of new alleles may enable the cell to explore a new ecological niche and form a new 397 

ecotype, and genome-wide selective sweeps can effectively separate the gene pool of the new 398 

ecotype from that of the old one and lead to new species formation [57]. Whether this second 399 

mechanism occurs in nature remains contentious [60, 61].  400 



In contrast, the second model proposes that high frequency of recombination results in 401 

the spread of adaptive alleles in the population while preventing the elimination of the genome-402 

wide diversity. In the Roseobacter population under study, the very low frequency of 403 

recombination (/=0.076) prevents adaptive alleles acquired at the three core genomic regions 404 

from unlinking to the rest of the genome, thus gene-specific selective sweeps were less likely to 405 

occur. Instead, the genome-wide diversity within the derived clade (Clade R-I) is extremely low 406 

(Fig. 1C), which was likely a result of the genome-wide selective sweep. The present study 407 

therefore provides the first evidence that genome-wide selective sweep drives bacterial 408 

speciation in nature. One caveat is the limited number of available isolates affiliated with Clade 409 

R-I may discount the use of the genome-wide selective sweep as an exclusive mechanism to 410 

explain the data. If genetically diverse members of Clade R-I do exist but remain unsampled, 411 

which carry the same adaptive alleles but are more diverged in the rest of the genome, the 412 

mechanisms driving the speciation process may become more complicated.  413 

  414 



l l

Figure S1. The overview of a dilution-to-extinction cultivation approach used for Roseobacter isolation. The flowchart on the left describes 
the general procedure of the approach, and the schematic plot on the right provides the details of the dilution strategy. More information can 
be found in SI Text 1.1.

Seawater (filtered and autoclaved) was 
supplemented with different substrates as 

culture medium

Dispense diluted natural seawater
inoculum to each type of medium

Transfer the inoculation mixture from
the liquid medium to the agar plate

Incubate for one month at in situ 
temperature (~24 °C)

Isolate the colony and identify the strain 
via 16S rRNA gene

9ml

1ml 1ml1ml 1ml 9.9ml

1-liter 
seawater

10-liter filtered and 
autoclaved seawater

Incubate for one month

Six substrate mixtures:
- Glucose
- Amino acid mixtures (casein hydrolysate)
- Vitamin mixtures
- Glucose + Amino acid mixtures + Vitamin mixtures
- SAR11 isolation media
- DMSP + SAR11 isolation media

0.1mlDiluted seawater

~1x10⁶ cells ml  -1

~1 cell ml  -1



xm-d-517
xm-m-339-2
xm-a-151
xm-m-309
xm-m-354
xm-v-201
xm-g-7
xm-v-204
xm-a-104
xm-m-379
xm-a-134
xm-v-225
xm-m-378
xm-v-209
xm-m-314
xm-v-208

 

Clade R-I

Clade R-II

or

Single-copy ortholog gene families

ds between 
Clade R-I and Clade R-II

ds within Clade R-II

ds within Clade R-I
ds 

0

2.0

Cluster 1 Cluster 2

(A) (B)

(C)

2 3 4 5 6 7 9

K value 

Figure S2. Illustration of allelic replacement inference using dS values. (A) The demo heatmap of 
the dS values calculated for every possible pair of genomes across all single-copy orthologous 
gene families, with warmer colour indicating higher dS values. The gene families are grouped into 
two clusters according to (C). Cluster 1 shows unusually large dS values between Clade R-I and 
Clade R-II but small dS values within each clade, whereas both between- and within-clade dS values 
are small in Cluster 2. (B) Evolutionary history of an example gene from Cluster 1 mapped to the 
genome tree. Due to the unusually large between-clade dS values and little diversity within each 
clade, the allelic replacement with distant lineages is inferred to have occurred at the LCA of Clade 
R-I or that of Clade R-II. (C) The determination of optimal number of clusters by cluster validity 
indices using ‘NbCluster’ package in R language. The best cluster number is determined to be two, 
which is supported by seven indices (‘duda’, ‘pseudot2’, ‘beale’, ‘gap’, ‘frey’, ‘sindex’, ‘sdbw’) for 
cluster validity. It means that the core genes in the Roseobacter population are grouped into two 
clusters based on the pairwise dS values among all 16 strains across 2,846 single-copy orthologous 
gene families.
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Figure S3. The representation of genomic feature of strain Aliiroseovarius sp. xm-d-517. 
From outer to inner rings: (1) the chromosome (in light blue) and the plasmid (in light red). 
Both are closed and circular, though they are displayed linearly; (2) the histogram of 
sequence depth in 1kb window. The depth ranges from 60× to 878×, with a median of 
235×; (3-4) protein coding genes on the forward and reverse strand, respectively; (5) the 
histogram of GC content along the genome. The genomic regions in red and black 
indicate that the GC content of these regions are greater and lower than the average 
level of the whole genome (59%), respectively.



PM 01 (Carbon Sources)

D06 (α-Ketoglutaric acid ) D07 (α-Ketobutyric acid )

C02(D-galactono-1,4-lactone)

Figure S4. The utilization of 95 carbon sources in phenotypic microarray microplate PM01 by the strain xm-d-517 (purple) and xm-m-339-2 (light purple) from Clade R-I and the strain xm-v-204 
(green) and xm-m-314 (light green) from Clade R-II in the Roseobacter population. The first well (A01) in the microplate is the negative control without any carbon source. The substrate curves 
show the respiration activity of bacteria as a proxy for the traditional bacterial growth curve. Most of substrate curves in the microplate either resemble bacterial growth curves or are near the 
baseline. The former indicates that the strain could use the corresponding substrates for growth, whereas the latter indicates that no respiration is detected in the well, namely, incapable of using 
the substrates. Three replicates are performed for each strain. Five significantly differentially utilized substrates by members from these two diversified clades are highlighted in red. 

G04 (L-threonine)



PM 02 (Carbon Sources)

Figure S5. The utilization of 95 carbon sources in phenotypic microarray microplate PM02A by the four representative strains (same as those shown in Fig. S4) in the 
Roseobacter population. Three replicates are performed for each strain. No differentially utilized substrate from this plate by members from the two diversified clades 
of the Roseobacter population was identified.
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Figure S6. Growth experiments of the four representative strains with and without carbon sources, in which three replicates were performed 
for each strain. Left: the negative control without any carbon source, the positive control when pyruvate is used as a sole carbon source, and 
another control inoculated in rich medium (DifcoTM Marine broth 2216). Middle and right: the growth curves of the four strains with putrescine 
and spermidine as a sole carbon source, respectively. The lines for the four strains are indicated in distinct colors (xm-d-517 in purple; 
xm-m-339-2 in light purple; xm-v-204 in green; xm-m-314 in light green).



Figure S7. Examples illustrating the inference of the evolutionary scenarios underlying novel allele replacements at the core genes each showing an unusually 
large between-clade dS  value in the Roseobacter population. The four example (A, B, C and D) core gene families (named with gene locus from strain 
xm-d-517) each represent a distinct evolutionary path (i, ii, iii and iv) shown in Fig. S9. The two diversified clades of the Roseobacter population are 
highlighted with distinct colors in the gene tree, consistent with the color scheme shown in their phylogenomic tree (Fig. 1A). 
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Figure S8. (A) The RAxML maximum-likelihood phylogenomic tree of the Roseobacter population and A. crassostreae based on concatenated 
single-copy core genes. Solid and open circles at the nodes indicate the frequency of the group defined by that node is at least 95 and 80. (B and C) 
Two examples of ancestral state inference. Above each branch is ancestral state of each lineage. (B) The ancestral state of the LCA of Clade R-I, 
Clade R-II and A. crassostreae can be reliably inferred when appropriate outgroups are available. The solid circles denote the root of three lineages. 
(C) Available outgroups are too distant to infer ancestral state of three lineages. 
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Figure S9. The inferred recombination history of the 200 core gene families that drove population differentiation. Left shows 
gene tree topology inferred based on pairwise neutral genetic distance (dS ) among Clade R-I, Clade R-II and 
Aliiroseovarius crassostreae, and right is the inferred recombination history mapped on the species tree of Clade R-I, 
Clade R-II and A. crassostreae. (i) Clustering between Clade R-II and A. crassostreae (i-a) indicates the LCA of Clade R-I 
replaced novel alleles from unsampled lineages that branched earlier than A. crassostreae (the red arrow; i-b) or 
recombination between the LCA of Clade R-II and that of A. crassostreae (the grey arrow; i-b). The history indicated by 
the grey arrow is rejected by the dS  analysis; (ii) Clade R-I and A. crassostreae share closer evolutionary relationship (ii-a), 
indicating unsampled lineages which branched earlier than A. crassostreae donated alleles to the LCA of Clade R-II 
(the red arrow; ii-b) or recombination between the LCA of Clade R-I and A. crassostreae (the grey arrow; ii-b). 
The history indicated by the grey arrow is rejected by the dS  analysis; (iii) gene tree shows topology consistent with species 
tree (iii-a), suggesting either the LCA of Clade R-I or that of Clade R-II replaced alleles from unsampled lineages that branched 
off following A. crassostreae (iii-b); (iv) gene tree is congruent with species tree, though no orthologs can be found in 
A. crassostreae (iv-a), suggesting either the LCA of Clade R-I or that of Clade R-II replaced alleles from unsampled lineages 
that branched off following the “distant lineage”.
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Figure S10. The RAxML maximum-likelihood phylogenomic tree and the fineSTRUCTURE coancestry matrix of the Marinobactrium 
population. The rooted phylogenomic tree is shown on the left (the outgroup is not shown). Solid and open circles at the nodes indicate the 
frequency of the group defined by that node is at least 95 and 80, respectively, in the 100 bootstrapped replicates. The scale bar indicates 
the number of substitutions per site. The two most deeply branching clades in the Marinobactrium population are highlighted in blue and 
orange. The last common ancestors of Clade M-I and Clade M-II each are marked with an arrow. The coancestry matrix is shown on the 
right, the legend of the matrix is same as that in Fig.1A.
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Figure S11. The distribution of SNPs along a representative genome in the Marinobacterium population. The SNPs are counted within 10-kb 
sliding windows across the reference genome. As the Marinobacterium population in which a closed genome sequence is not available, the strain
xm-d-579 is used as a reference since it consists of the fewest contigs, and contigs are ordered decreasingly in length. The SNP density is counted 
within each of the two most deeply-branching clades, respectively, as well as among all strains pooled together. The phylogenomic tree of each 
population is on the left of the plot, where the last common ancestors of Clade M-I and Clade M-II each are marked with an arrow.
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Figure S12. The RAxML maximum-likelihood phylogenomic tree of the Marinobacterium genus and genomic features. The rooted phylogenomic tree is shown on the 
left (the outgroup is not shown. The genome sequences of published Marinobacterium strains were downloaded from NCBI). Solid and open circles at the nodes 
indicate the frequency of the group defined by that node is at least 95 and 80, respectively, in the 100 bootstrapped replicates. The scale bar indicates the number of 
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Figure S13. Comparison of functional gene abundance between the Roseobacter population 
and the Marinobacterium population, and genes are categorized based on the first level of 
subsystems from the RAST server for all genes within each population. The statistical 
enrichment of each functional group was assessed using χ² test. Two stars on the right of 
the bars denote significant difference (p < 0.01) in the relative abundance of genes in these 
functional categories between the two populations.



Table S1. The physicochemical data of the seawater sample from which the Roseobacter 

population and the Marinobacterium population were isolated. 

Parameter Value 

Sampling date 2015-10-22 11:43 am 

Weather Sunny 

Latitude/Longitude 24°29’12.59’’ N/118°14’05.86’’ E 

Volume (L) 10 

Temperature (℃) 23.70 

Salinity (%) 29.96 

pH 8.13 

DO (%) 96.50 

Conductivity (SPC) 45,018.00 

NO2
- (µmol/L) 6.421 

NO2
-+NO3

- (µmol/L) 35.366 

Total phosphate (µmol/L) 1.645 

Si (µmol/L) 34.499 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S2. List of nutrient supplements for six types of seawater media used for bacterial isolation. 

These nutrient supplements each are suspended using the autoclaved and filtered (0.22 µm syringe) 

seawater in the preparation of the cultivation media. 

 

Supplements 
Six types of seawater media 

xm-g xm-a xm-v xm-m xm-d xm-D 

Glucose 0.01 g/L   0.01 g/L 0.01 g/L 0.01 g/L 

An amino acid mixture (casein 

hydrolysate) 
 2 μM  2 μM   

A vitamin mixture (Centrum, Wyeth)   0.6 g/L 0.6 g/L   

DMSP      100 nM 

NH4Cl     1 μM 1 μM 

KH2PO4     0.1 μM 0.1 μM 

D-ribose     0.001% (w/v) 0.001% (w/v) 

Glycerol     0.001% (w/v) 0.001% (w/v) 

N-acetyl-D-glucosamine     0.001% (w/v) 0.001% (w/v) 

Methylamine     0.001% (w/v) 0.001% (w/v) 

Pyruvic acid     0.001% (w/v) 0.001% (w/v) 

Ethanol     0.002% (v/v) 0.002% (v/v) 

Thiamine HCl     20 ng/L 20 ng/L 

Biotin     0.1 ng/L 0.1 ng/L 

Vitamin B12     0.1 ng/L 0.1 ng/L 

Folic acid     0.2 ng/L 0.2 ng/L 

Para-Aminobenzoic Acid     1 ng/L 1 ng/L 

Nicotinic acid     10 ng/L 10 ng/L 

Inositol     100 ng/L 100 ng/L 

Calcium pantothenate     20 ng/L 20 ng/L 

Pyridoxine HCl     10 ng/L 10 ng/L 



Table S3. Genome statistics of the 16 isolates in the Roseobacter population. The completeness and contamination are estimated with 

CheckM [7], and the remaining statistics are calculated with QUAST [62]. 

 

Strain GC Completeness Contamination # Contigs 
Longest contig 

(bp) 
Total size (bp) N50 (bp) 

xm-a-104 59.1 99.7 0.4 20 689,243 3,266,724 358,925 

xm-a-134 59.1 99.7 0.4 23 821,604 3,283,027 353,983 

xm-a-151 59 99.7 0.4 26 434,522 3,257,283 277,436 

xm-d-517 59 99.7 0.4 2 3,177,654 3,282,936 3,177,654 

xm-g-7 59 99.7 0.46 30 770,039 3,320,255 277,720 

xm-m-309 59.1 99.7 0.46 15 989,758 3,332,128 823,298 

xm-m-314 59.2 99.7 0.53 19 915,353 3,439,089 832,426 

xm-m-339-2 59.1 99.7 0.4 33 434,570 3,387,700 277,436 

xm-m-354 59.1 99.7 0.46 86 989,760 3,417,944 823,257 

xm-m-378 59.1 99.7 0.4 22 821,586 3,282,870 354,031 

xm-m-379 59.1 99.7 0.4 23 689,243 3,270,267 358,925 

xm-v-201 59.1 99.7 0.46 15 989,759 3,332,057 823,217 

xm-v-204 59.1 99.7 0.4 19 689,243 3,265,630 358,924 

xm-v-208 59.2 99.7 0.46 15 1,003,587 3,441,315 832,374 

xm-v-209 59.2 99.7 0.53 19 915,353 3,439,089 832,426 

xm-v-225 59.1 99.7 0.4 22 821,586 3,283,060 354,023 

 

 



Table S4. Genetic diversity of the Roseobacter population and the Marinobacterium population. For the purpose of comparison, published prokaryotic populations are also included which show evidence of population differentiation. 

The number of single nucleotide polymorphisms (SNPs) is calculated based on the core genomes of each population, and normalized by the core genome length and the number of genomes within each population. The 16S rRNA 

gene identity and whole-genome average nucleotide identity (ANI) each are the mean value of all pairwise comparisons. In the case of Clostridium difficile and Mycobacterium tuberculosis data sets, genome assemblies are not 

available and therefore their 16S rRNA gene identity and pairwise ANI are not available. As the evolution of the Roseobacter population is heavily affected by the three large genomic regions showing evidence of novel allele 

acquisitions, the genetic diversity of this population is calculated with and without these regions. In the ‘Lifestyle’ column, ‘F’ and ‘H’ represent free-living and host-associated lifestyles, respectively, whereas ‘MIX’ means both 

lifestyles are present in the organism.  

Population Taxonomy Lifestyle #Genomes SNPs SNPs/Mbp 
SNPs/Mbp/ 

10 genomes 

16S rRNA gene 

identity (%) 

Pairwise 

ANI (%) 
Reference 

Roseobacter sp. 
Bacteria;  

Alphaproteobacteria; Rhodobacterales; 

Rhodobacteraceae 
F 16 

12,860 4,242 2,651 

100.00 

99.76 

 

                           This study  

 

 

 

This study 

(without the three recombination  

affected regions) 

1,277 455 283 - 

Marinobacterium sp. 
Bacteria; 

Gammaproteobacteria; Oceanospirillales; 

Oceanospirillaceae 
F 16 107,547 57,045 35,653 99.90 98.12 This study 

Sulfolobus islandicus 
Archaea;  
Crenarchaeota; Thermoprotei; 

Sulfolobales; Sulfolobaceae 
F 12 17,388 7,560 6,300 99.83 99.46 [63] 

Vibrio cyclotrophicus 
Bacteria; 

Gammaproteobacteria; Vibrionales; 

Vibrionaceae 
F 20 111,012 31,717 15,859 100.00 99.12 [52] 

Myxococcus xanthus 
Bacteria; 

Deltaproteobacteria; Myxococcales; 

Cystobacterineae; Myxococcaceae 
F 22 83,780 11,024 5,011 99.99 99.10 [64] 

Mesorhizobium sp. 
Bacteria;  

Alphaproteobacteria; Rhizobiales; 

Phyllobacteriaceae 
F 38 381,344 77,826 20,481 99.80 97.88 [65] 

Pseudomonas koreensis 
Bacteria; Gammaproteobacteria; 
Pseudomonadales; Pseudomonadaceae 

F 53 936,976 227,974 43,014 99.28 91.82 [66] 

Alteromonas macleodii 
Bacteria; Gammaproteobacteria; 
Alteromonadales; Alteromonadaceae 

F 9 118,001 35,436 39,373 99.28 98.66 [67] 

Methanosarcina mazei 
Archaea;  

Euryarchaeota; Methanomicrobia; 

Methanosarcinales; Methanosarcinaceae 
F 56 39,660 19,929 3,559 99.93 99.16 [68] 

Prochlorococcus 
Bacteria; 

Terrabacteria; Cyanobacteria; 

Synechococcales; Prochloraceae 
F 66 52,885 33,053 5,008 99.92 97.37 [69] 

Polynucleobacter asymbioticus 
Bacteria; Betaproteobacteria; 
Burkholderiales; Burkholderiaceae 

F 9 50,477 30,778 34,198 100.00 98.81 [70] 

Bacillus subtilis 
Bacteria;  

Firmicutes; Bacilli; Bacillales; 

Bacillaceae 
F 6 273,619 77,076 128,460 99.68 97.09 [71] 

Salinibacter ruber 
Bacteria; 
Bacteroidetes; Rhodothermaceae 

F 8 90,784 39,992 49,990 99.79 98.42 [72] 



Population Taxonomy Lifestyle #Genomes SNPs SNPs/Mbp 
SNPs/Mbp/ 

10 genomes 

16S rRNA gene 

identity (%) 

Pairwise 

ANI (%) 
Reference 

Streptomyces 
Bacteria;  

Actinobacteria; Streptomycetales; 

Streptomycetaceae 
F 24 572,708 184,150 76,729 99.86 93.49 [73] 

Ruegeria mobilis 
Bacteria;  

Alphaproteobacteria; Rhodobacterales; 

Rhodobacteraceae 
F 42 210,119 62,535 14,889 99.90 98.00 [74] 

Streptomyces albidoflavus 
Bacteria; 

Actinobacteria; Streptomycetales; 

Streptomycetaceae 
MIX 30 169,594 40,003 13,334 99.97 98.82 [75] 

Vibrio parahaemolyticus 
Bacteria; 

Gammaproteobacteria; Vibrionales; 

Vibrionaceae 
MIX 157 327,904 80,566 5,132 99.94 98.41 [76] 

Mycobacterium leprae 
Bacteria; 

Actinobacteria; Corynebacteriales; 

Mycobacteriaceae 
H 4 215 65 162 100.00 99.99 [77] 

Xanthomonas 

campestris pathovar musacearu

m [Xcm] 

Bacteria; 

Gammaproteobacteria; 

Xanthomonadales; Xanthomonadaceae 
H 14 272 84 60 100.00 99.99 [78] 

Bordetella pertussis 
Bacteria; 

Betaproteobacteria; Burkholderiales; 

Alcaligenaceae 
H 7 1,437 534 763 99.86 99.89 [79] 

Yersinia pestis 
Bacteria; 

Gammaproteobacteria; Enterobacterales; 

Yersiniaceae 
H 17 1,364 284 167 99.91 99.88 [80] 

Salmonella enterica serovar 

Typhi 

Bacteria; 

Gammaproteobacteria; Enterobacterales; 

Enterobacteriaceae 
H 19 1,964 446 235 99.92 98.96 [81] 

Bacillus anthracis 
Bacteria; 

Firmicutes; Bacilli; Bacillales; 

Bacillaceae 
H 19 2,965 509 268 99.68 99.92 [82] 

Clostridium difficile 
Bacteria; 

Firmicutes; Clostridia; Clostridiales; 

Clostridiaceae 
H 151 3,686 1,018 67 - - [83] 

Salmonella enterica serovar 

Paratyphi A 

Bacteria; 

Gammaproteobacteria; Enterobacterales; 

Enterobacteriaceae 
H 149 4,584 1,126 76 99.24 99.96 [84] 

Mycobacterium tuberculosis 
Bacteria; 

Actinobacteria; Corynebacteriales; 

Mycobacteriaceae 
H 22 9,037 2,031 923 - - [85] 

Streptococcus pyogenes 

Bacteria; 

Firmicutes; 
Bacilli; Lactobacillales; 

Streptococcaceaea; 

H 44 71,558 43,000 9,773 99.95 98.78 [86] 

Streptococcus mutans 

Bacteria; 

Firmicutes; 
Bacilli; Lactobacillales; 

Streptococcaceaea; 

H 57 51,802 48,073 8,434 99.93 98.97 [87] 

Neisseria meningitidis 
Bacteria; 

Betaproteobacteria; Neisseriales; 

Neisseriaceae 
H 20 80,279 76,602 38,301 99.58 97.84 [88] 

 

 



Table S5. The number of the bi-allelic single nucleotide polymorphisms (BiPs), the relative frequency (ρ/θ) and 

relative effect (r/m) of recombination to point mutation in the Roseobacter population calculated from the whole 

genome alignment (WGA) generated by progressiveMauve v2.3.1 [19]. These ratios are also calculated from the 

same WGA but without the three long recombination segments inferred by ClonalFrameML (Fig. 1B). Within 

these three recombined segments, the BiPs are categorized into homoplasious and non-homoplasious BiPs. 

 

# 

Homoplasious 

SNPs 

# Non-

homoplasious 

SNPs 

SNP density 

(SNPs/Mbp) 
ρ/θ r/m 

WGA 270 12,576 4,238 0.076 18.10 

WGA excluding three long 

recombined segments 
45 1,228 453 0.052 1.13 

WGA excluding homoplasious 

SNPs in three long recombined 

segments 

45 12,576 4,163 0.068 17.12 

WGA excluding non-

homoplasious SNPs in three long 

recombined segments 

270 1,228 496 0.084 1.83 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S6. Statistics of between-clade (i.e., Clade R-I vs. Clade R-II in the Roseobacter population) and within-

clade dS values for the two clusters across 2,846 shared single-copy gene families identified with the K-means 

clustering algorithm. The optimal number (K=2) of the clusters was determined with the R package ‘NbClust’ 

(Fig. S2A). The number in the parenthesis denotes the number of core gene families assigned to each cluster. 

 

 
Cluster 1 (176) Cluster 2 (2,670) 

 Median (dS) Mean (dS) Median (dS) Mean (dS) 

Clade R-I vs Clade R-II 0.166 0.197 0.000 0.968E-3 

Within Clade R-I 0.000 0.000 0.000 0.000 

Within Clade R-II 0.000 0.011 0.000 0.448E-3 

 

 

 



Table S7.  Functional annotation of the 53 genes exclusively and universally found in either Clade R-I or Clade R-II of 

the Roseobacter population. Clade R-I and Clade R-II specific genes are represented by loci from strains xm-d-517 and 

xm-a-104, respectively.  

Locus id Group Function annotation 

xm-d-517_00055 Clade R-I specific hypothetical protein 

xm-d-517_00274 Clade R-I specific hypothetical protein 

xm-d-517_00799 Clade R-I specific Oligopeptide transport ATP-binding protein OppD (TC 3.A.1.5.1) 

xm-d-517_00928 Clade R-I specific hypothetical protein 

xm-d-517_00929 Clade R-I specific hypothetical protein 

xm-d-517_00930 Clade R-I specific hypothetical protein 

xm-d-517_00931 Clade R-I specific hypothetical protein 

xm-d-517_00950 Clade R-I specific possible Bacterial Ig-like domain (group 1) 

xm-d-517_01363 Clade R-I specific hypothetical protein 

xm-d-517_01364 Clade R-I specific hypothetical protein 

xm-d-517_01365 Clade R-I specific hypothetical protein 

xm-d-517_01366 Clade R-I specific hypothetical protein 

xm-d-517_01366 Clade R-I specific hypothetical protein 

xm-d-517_01367 Clade R-I specific hypothetical protein 

xm-d-517_01368 Clade R-I specific hypothetical protein 

xm-d-517_01369 Clade R-I specific hypothetical protein 

xm-d-517_01370 Clade R-I specific hypothetical protein 

xm-d-517_02126 Clade R-I specific hypothetical protein 

xm-d-517_02127 Clade R-I specific hypothetical protein 

xm-d-517_02128 Clade R-I specific hypothetical protein 

xm-d-517_02129 Clade R-I specific hypothetical protein 

xm-d-517_02131 Clade R-I specific Type I restriction-modification system, restriction subunit R (EC 3.1.21.3) 

xm-d-517_02132 Clade R-I specific Type I restriction-modification system, specificity subunit S (EC 3.1.21.3) 

xm-d-517_02133 Clade R-I specific Type I restriction-modification system, DNA-methyltransferase subunit M (EC 2.1.1.72) 

xm-d-517_02134 Clade R-I specific hypothetical protein 

xm-d-517_02137 Clade R-I specific hypothetical protein 

xm-d-517_02139 Clade R-I specific hypothetical protein 

xm-d-517_02231 Clade R-I specific hypothetical protein 

xm-d-517_02234 Clade R-I specific Integrase 

xm-d-517_02235 Clade R-I specific hypothetical protein 

xm-d-517_02236 Clade R-I specific hypothetical protein 

xm-d-517_02238 Clade R-I specific hypothetical protein 

xm-d-517_02240 Clade R-I specific HigA protein (antitoxin to HigB) 

xm-d-517_02241 Clade R-I specific hypothetical protein 

xm-d-517_02242 Clade R-I specific hypothetical protein 

xm-d-517_02243 Clade R-I specific hypothetical protein 

xm-d-517_02244 Clade R-I specific hypothetical protein 

xm-d-517_02275 Clade R-I specific hypothetical protein 

xm-d-517_02326 Clade R-I specific Endoribonuclease L-PSP family protein 

xm-d-517_02332 Clade R-I specific Opine oxidase subunit C 

xm-d-517_02333 Clade R-I specific Opine oxidase subunit B 

xm-d-517_02334 Clade R-I specific Transcriptional activator protein LysR 

xm-d-517_02788 Clade R-I specific hypothetical protein 

xm-d-517_03128 Clade R-I specific Mobile element protein 

xm-a-104_00048 Clade R-II specific hypothetical protein 

xm-a-104_00050 Clade R-II specific Transcriptional regulator, MecI family 

xm-a-104_00060 Clade R-II specific hypothetical protein 

xm-a-104_00074 Clade R-II specific hypothetical protein 

xm-a-104_01262 Clade R-II specific Putative bacteriophage-related protein 

xm-a-104_01977 Clade R-II specific Bll0064 protein 

xm-a-104_03010 Clade R-II specific Histone acetyltransferase HPA2 and related acetyltransferases 

xm-a-104_03018 Clade R-II specific hypothetical protein 

xm-a-104_03024 Clade R-II specific hypothetical protein 

 



Table S8. The number of single-copy core gene families showing amino acid substitutions in the Roseobacter population. The pattern of amino acid 

substitution is considered to be congruent with the speciation pattern of the Roseobacter population if the amino acid state is identical within a clade 

(Clade R-I or Clade R-II) but different between the two diversified clades. 

 

 
#Gene families with amino acid 

substitutions 

#Gene families with amino acid 

substitutions consistent with 

speciation pattern 

#Gene families with amino acid 

substitutions inconsistent with 

speciation pattern 

194 genes families 179 149 30 

The remaining 2,652 

gene families 
309 42 267 

All 2846 genes 488 191 297 

 

 

 

 

 

 

 

 

 

 

 

 



Table S9. Functional annotation of the 200 core genes in the Roseobacter population subject to homologous recombination with external lineages. a Mean dS 

value of pairwise genes between Clade R-I and Clade R-II. b Mean dS value of pairwise genes between Clade R-I and Aliiroseovarius crassostreae. c Mean dS 

value of pairwise genes between Clade R-II and A. crassostreae. Mean dS values are not available for gene families having no orthologs in A. crassostreae. 

 

Functional category Locus id 
Mean dS 

value a 

Mean dS 

value b 

Mean dS 

value c 

Inferred 

recombination 

history 

Functional annotation 

Amino Acids and 

Derivatives (24) 

xm-d-517_02172 0.25 0.22 0.19 i Shikimate 5-dehydrogenase I alpha (EC 1.1.1.25) 

xm-d-517_02197 0.16 0.17 0.15 i Argininosuccinate synthase (EC 6.3.4.5) 
xm-d-517_02199 0.16 0.16 0.14 i Threonine dehydratase (EC 4.3.1.19) 

xm-d-517_02276 0.18 0.15 0.13 i N-succinyl-L,L-diaminopimelate aminotransferase alternative (EC 2.6.1.17) 

xm-d-517_02282 0.16 0.19 0.10 i Gamma-glutamyltranspeptidase (EC 2.3.2.2) 
xm-d-517_02290 0.39 0.43 0.29 i Sarcosine dehydrogenase (EC 1.5.99.1) 

xm-d-517_02292 0.26 0.30 0.20 i Sarcosine dehydrogenase (EC 1.5.99.1) 

xm-d-517_02335 0.12 0.15 0.13 iii Transcriptional regulator, GntR family domain / Aspartate aminotransferase (EC 2.6.1.1) 
xm-d-517_03097 0.16 0.19 0.12 i Glycine dehydrogenase [decarboxylating] (glycine cleavage system P protein) (EC 1.4.4.2) 

xm-d-517_03098 0.09 0.09 0.02 i Glycine cleavage system H protein 

xm-d-517_03099 0.29 0.29 0.15 i Aminomethyltransferase (glycine cleavage system T protein) (EC 2.1.2.10) 
xm-d-517_03110 0.10 0.13 0.11 iii ABC transporter, periplasmic spermidine putrescine-binding protein PotD (TC 3.A.1.11.1) 

xm-d-517_03111 0.28 0.26 0.34 ii Putrescine transport ATP-binding protein PotA (TC 3.A.1.11.1) 

xm-d-517_03112 0.13 0.18 0.15 iii Spermidine Putrescine ABC transporter permease component PotB (TC 3.A.1.11.1) 
xm-d-517_03113 0.18 0.19 0.12 i Spermidine Putrescine ABC transporter permease component potC (TC_3.A.1.11.1) 

xm-d-517_03119 0.17 0.22 0.13 i Arginase (EC 3.5.3.1) 

xm-d-517_03121 0.25 0.27 0.16 i Ornithine cyclodeaminase (EC 4.3.1.12) 
xm-d-517_03141 0.14 0.21 0.10 i Oxidoreductase 

xm-d-517_03142 0.14 0.15 0.07 i oxidoreductase, FAD-binding 

xm-d-517_03143 0.13 0.14 0.05 i glutamine synthetase family protein 
xm-d-517_03157 0.12 0.17 0.08 i PutR, transcriptional activator of PutA and PutP 

xm-d-517_03158 0.18 0.19 0.12 i 
Proline dehydrogenase (EC 1.5.99.8) (Proline oxidase) / Delta-1-pyrroline-5-carboxylate 

dehydrogenase (EC 1.5.1.12) 
xm-d-517_03167 0.18 0.20 0.10 i N-acetyl-L,L-diaminopimelate deacetylase (EC 3.5.1.47) 

xm-d-517_03168 0.19 0.23 0.08 i Threonine dehydratase (EC 4.3.1.19) 

Carbohydrates (13) xm-d-517_02188 0.15 0.19 0.08 i UDP-glucose 4-epimerase (EC 5.1.3.2) 
xm-d-517_02189 0.15 0.15 0.11 i NADP-dependent malic enzyme (EC 1.1.1.40) 

xm-d-517_02193 0.28 0.29 0.16 i Isocitrate dehydrogenase [NAD] (EC 1.1.1.41) 

xm-d-517_02194 0.20 0.25 0.18 i Ribokinase (EC 2.7.1.15) 
xm-d-517_02217 0.19 0.19 0.10 i Mannose-1-phosphate guanylyltransferase (GDP) (EC 2.7.7.22) 

xm-d-517_02218 0.18 0.16 0.09 i Phosphomannomutase (EC 5.4.2.8) 

xm-d-517_02285 - - - iv 3-ketoacyl-CoA thiolase (EC 2.3.1.16) @ Acetyl-CoA acetyltransferase (EC 2.3.1.9) 
xm-d-517_02340 0.08 0.09 0.07 i Acetate permease ActP (cation/acetate symporter) 

xm-d-517_02343 0.12 0.12 0.08 i Acetyl-coenzyme A synthetase (EC 6.2.1.1) 

xm-d-517_03115 0.37 0.39 0.21 i NAD-dependent glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12) 
xm-d-517_03153 0.18 0.22 0.10 i N-acetylglucosamine kinase of eukaryotic type (EC 2.7.1.59) 

xm-d-517_03156 0.26 0.24 0.22 i Aconitate hydratase 2 (EC 4.2.1.3) 

xm-d-517_03172 0.18 0.18 0.10 i NAD-dependent glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12) 

Cell Division and Cell 
Cycle (5) 

xm-d-517_02173 0.14 0.16 0.06 i Septum formation protein Maf 
xm-d-517_02179 0.19 0.20 0.14 i Chromosome (plasmid) partitioning protein ParA 

xm-d-517_02180 - - - iv Chromosome (plasmid) partitioning protein ParB 

xm-d-517_02277 0.23 0.25 0.16 i Cell division protein FtsK 
xm-d-517_02337 0.13 0.13 0.12 i DNA polymerase III epsilon subunit (EC 2.7.7.7) 

Cell Wall and Capsule (7) xm-d-517_02210 0.19 0.26 0.13 i Undecaprenyl-phosphate galactosephosphotransferase (EC 2.7.8.6) 

xm-d-517_02247 0.18 0.19 0.13 i FIG043197: Inositol monophosphatase family protein 
xm-d-517_02248 0.14 0.19 0.15 iii TldE protein, part of TldE/TldD proteolytic complex 

xm-d-517_02249 0.11 0.13 0.09 i 
FIG062860: Dehydrogenases with different specificities (related to short-chain alcohol 

dehydrogenases) 

xm-d-517_02250 0.32 0.31 0.11 i FIG146212: Enoyl-CoA hydratase (EC 4.2.1.17) 

xm-d-517_02279 0.17 0.23 0.11 i Outer membrane lipoprotein carrier protein LolA 

xm-d-517_03154 0.20 0.19 0.12 i N-acetylglucosamine-6-phosphate deacetylase (EC 3.5.1.25) 

Cofactors, Vitamins, 
Prosthetic Groups, 

Pigments (16) 

xm-d-517_02174 0.14 0.26 0.15 iii Protoporphyrinogen IX oxidase, novel form, HemJ (EC 1.3.-.-) 

xm-d-517_02181 0.24 0.17 0.12 i 
Radical SAM family enzyme, similar to coproporphyrinogen III oxidase, oxygen-independent, 

clustered with nucleoside-triphosphatase RdgB 
xm-d-517_02192 0.24 0.28 0.20 i Isocitrate dehydrogenase [NADP] (EC 1.1.1.42) 

xm-d-517_02273 0.21 0.22 0.20 i 2-octaprenyl-3-methyl-6-methoxy-1,4-benzoquinol hydroxylase (EC 1.14.13.-) 

xm-d-517_03106 0.17 0.16 0.10 i Molybdenum ABC transporter, periplasmic molybdenum-binding protein ModA (TC 3.A.1.8.1) 
xm-d-517_03107 0.14 0.20 0.10 i Molybdenum transport system permease protein ModB (TC 3.A.1.8.1) 

xm-d-517_03108 0.19 0.18 0.14 i Molybdenum transport ATP-binding protein ModC (TC 3.A.1.8.1) 

xm-d-517_03160 - - - iv Biotin synthase (EC 2.8.1.6) 
xm-d-517_03161 0.22 0.23 0.13 i 8-amino-7-oxononanoate synthase (EC 2.3.1.47) 

xm-d-517_03162 0.15 0.17 0.09 i Dethiobiotin synthetase (EC 6.3.3.3) 

xm-d-517_03163 0.14 0.16 0.10 i Adenosylmethionine-8-amino-7-oxononanoate aminotransferase (EC 2.6.1.62) 
xm-d-517_03164 0.24 0.29 0.19 i Biotin synthesis protein BioG 

xm-d-517_03165 0.11 0.18 0.10 i Biotin synthesis protein BioC 

xm-d-517_03174 0.23 0.24 0.10 i Substrate-specific component BioY of biotin ECF transporter 
xm-d-517_03175 - - - iv Transmembrane component BioN of energizing module of biotin ECF transporter 

xm-d-517_03176 0.12 0.13 0.07 i ATPase component BioM of energizing module of biotin ECF transporter 

DNA Metabolism (6) xm-d-517_02187 0.14 0.16 0.11 i DNA mismatch repair protein MutS 

xm-d-517_02209 0.21 0.21 0.12 i A/G-specific adenine glycosylase (EC 3.2.2.-) 
xm-d-517_02253 0.17 0.17 0.10 i DNA polymerase II (EC 2.7.7.7) 

xm-d-517_02266 0.26 0.39 0.19 i Exodeoxyribonuclease III (EC 3.1.11.2) 

xm-d-517_03093 0.33 0.33 0.15 i Plasmid replication protein RepB 
xm-d-517_03094 0.21 0.25 0.18 i Plasmid replication protein RepA 

Fatty Acids, Lipids, and 

Isoprenoids (2) 

xm-d-517_03151 0.11 0.16 0.10 i CDP-diacylglycerol--serine O-phosphatidyltransferase (EC 2.7.8.8) 

xm-d-517_03152 0.14 0.15 0.06 i Phosphatidylserine decarboxylase (EC 4.1.1.65) 

Membrane Transport 
Membrane Transport (7) 

xm-d-517_03103 0.25 0.19 0.09 i ABC-type tungstate transport system, permease protein 
xm-d-517_03104 0.13 0.16 0.10 i ABC-type tungstate transport system, ATP-binding protein 

xm-d-517_03105 0.16 0.19 0.07 i ABC-type tungstate transport system, periplasmic binding protein 
xm-d-517_03145 0.15 0.16 0.12 i ATPase component NikO of energizing module of nickel ECF transporter 

xm-d-517_03146 0.16 0.18 0.09 i Transmembrane component NikQ of energizing module of nickel ECF transporter 

xm-d-517_03147 0.21 0.32 0.22 iii Substrate-specific component NikM of nickel ECF transporter 
xm-d-517_03148 0.14 0.16 0.14 i Substrate-specific component NikM of nickel ECF transporter 

Metabolism of Aromatic 

Compounds (1) 
xm-d-517_02346 0.17 0.18 0.19 iii Muconolactone isomerase (EC 5.3.3.4),putative 

Motility and Chemotaxis 
(7) 

xm-d-517_02200 0.09 0.11 0.07 i Chemotaxis protein histidine kinase and related kinases 
xm-d-517_02347 0.09 0.11 0.07 i Flagellar biosynthesis protein FliP 

xm-d-517_02348 0.07 0.10 0.18 iii Flagellar motor switch protein FliN 

xm-d-517_02349 0.09 0.16 0.15 iii ABC transporter, ATP-binding protein, flagellar 
xm-d-517_02350 0.13 0.16 0.11 i Flagellar M-ring protein FliF 

xm-d-517_02351 0.13 0.12 0.06 i flagellar basal body-associated protein FliL 

xm-d-517_02354 0.12 0.14 0.12 iii Flagellar motor rotation protein MotA 

Nitrogen Metabolism (1) xm-d-517_02079 0.28 1.90 1.60 iii Nitrous-oxide reductase (EC 1.7.99.6) 

Nucleosides and 

Nucleotides (3) 

xm-d-517_02182 0.22 0.23 0.14 i Nucleoside 5-triphosphatase RdgB (dHAPTP, dITP, XTP-specific) (EC 3.6.1.15) 

xm-d-517_02203 0.13 0.13 0.10 i Hypothetical nudix hydrolase YeaB 

xm-d-517_02342 0.13 0.10 0.06 i Adenylate kinase (EC 2.7.4.3) 

Potassium metabolism (1) xm-d-517_02251 0.28 0.21 0.18 i Potassium efflux system KefA protein / Small-conductance mechanosensitive channel 

Protein Metabolism (3) xm-d-517_02176 0.15 0.16 0.13 i GTPase and tRNA-U34 5-formylation enzyme TrmE 

xm-d-517_02255 0.45 0.49 0.39 i Leucyl-tRNA synthetase (EC 6.1.1.4) 

xm-d-517_02268 0.10 0.11 0.07 i Uncharacterized protein, similar to the N-terminal domain of Lon protease 

       



Functional category Locus id 
Mean dS 

value a 

Mean dS 

value b 

Mean dS 

value c 

Inferred 

recombination 

history 

Functional annotation 

Regulation and Cell 
signaling (5) 

xm-d-517_01709 0.15 0.21 0.05 i DNA-binding response regulator ChvI 
xm-d-517_02339 0.11 0.13 0.09 i Predicted signal-transduction protein containing cAMP-binding and CBS domains 

xm-d-517_02344 0.12 0.15 0.10 i Glycine cleavage system transcriptional activator 

xm-d-517_03102 0.12 0.21 0.21 iii HigA protein (antitoxin to HigB) 
xm-d-517_03135 0.12 0.12 0.07 i Two-component oxygen-sensor histidine kinase FixL 

Respiration (3) xm-d-517_02207 0.12 0.14 0.14 iii Periplasmic thiol:disulfide interchange protein DsbA 

xm-d-517_02336 0.21 0.21 0.06 i Anaerobic dehydrogenases, typically selenocysteine-containing 

xm-d-517_03114 0.18 0.19 0.15 i Arsenate reductase (EC 1.20.4.1) 

RNA Metabolism (6) xm-d-517_02175 0.20 0.27 0.21 iii Transcription termination factor Rho 

xm-d-517_02177 0.32 0.31 0.18 i tRNA uridine 5-carboxymethylaminomethyl modification enzyme GidA 

xm-d-517_02183 0.32 0.32 0.16 i Ribonuclease PH (EC 2.7.7.56) 
xm-d-517_02204 0.13 0.15 0.13 i tRNA nucleotidyltransferase (EC 2.7.7.21) (EC 2.7.7.25) 

xm-d-517_02213 0.16 0.14 0.09 i Ribonuclease HII (EC 3.1.26.4) 

xm-d-517_03117 0.25 0.28 0.12 i Transcription accessory protein (S1 RNA-binding domain) 

Stress Response (12) xm-d-517_02184 0.07 0.11 0.08 iii Heat-inducible transcription repressor HrcA 

xm-d-517_02185 0.13 0.15 0.02 i Heat shock protein GrpE 

xm-d-517_02190 0.18 0.22 0.17 i Glutathione S-transferase, omega (EC 2.5.1.18) 
xm-d-517_02201 0.14 0.14 0.14 i Serine phosphatase RsbU, regulator of sigma subunit 

xm-d-517_02264 0.24 0.63 0.47 iii Redox-sensitive transcriptional activator SoxR 

xm-d-517_02283 0.05 0.10 0.09 iii Serine-protein kinase RsbW (EC 2.7.11.1) 
xm-d-517_02284 0.03 0.06 0.03 i Anti-sigma F factor antagonist (spoIIAA-2) 

xm-d-517_02345 0.17 0.15 0.11 i Choline dehydrogenase (EC 1.1.99.1) 

xm-d-517_03100 - - - iv Universal stress protein F 
xm-d-517_03124 0.19 0.21 0.14 i Catalase (EC 1.11.1.6) / Peroxidase (EC 1.11.1.7) 

xm-d-517_03125 0.17 0.22 0.14 i Hydrogen peroxide-inducible genes activator oxyR 

xm-d-517_03132 0.06 0.07 0.05 i Universal stress protein family 3 

Unassigned (78) xm-d-517_00678 0.17 0.21 0.19 iii Arginase/agmatinase/formimionoglutamate hydrolase 
 xm-d-517_01589 0.10 0.47 0.46 iii Glycosyltransferase 

 xm-d-517_02178 0.21 0.30 0.21 iii rRNA small subunit 7-methylguanosine (m7G) methyltransferase GidB 

 xm-d-517_02186 0.15 0.19 0.11 i Beta-propeller domains of methanol dehydrogenase type 
 xm-d-517_02191 0.17 0.14 0.06 i PROBABLE TRANSMEMBRANE PROTEIN 

 xm-d-517_02195 0.21 0.23 0.07 i sterol carrier family protein 

 xm-d-517_02196 0.10 0.13 0.11 iii NTP pyrophosphohydrolases including oxidative damage repair enzymes 
 xm-d-517_02198 1.21 0.77 1.06 ii membrane protein 

 xm-d-517_02202 0.15 0.14 0.08 i Chaperonin, 33 kDa 
 xm-d-517_02205 0.23 0.22 0.12 i 23S rRNA (Uracil-5-) -methyltransferase RumA (EC 2.1.1.-) 

 xm-d-517_02206 - - - iv ErfK/YbiS/YcfS/YnhG family protein 

 xm-d-517_02208 0.10 0.12 0.09 i FIG124007: hypothetical protein 
 xm-d-517_02211 0.11 0.14 0.11 iii Alkane-1 monooxygenase (EC 1.14.15.3) 

 xm-d-517_02212 0.12 0.12 0.08 i Modification methylase 

 xm-d-517_02214 0.18 0.18 0.11 i hypothetical protein 
 xm-d-517_02215 0.06 0.12 0.05 i FIG00993406: hypothetical protein 

 
xm-d-517_02216 0.11 0.18 0.10 i 

Response regulators consisting of a CheY-like receiver domain and a winged-helix DNA-binding 

domain 
 xm-d-517_02219 0.15 0.15 0.07 i UDP-glucose dehydrogenase (EC 1.1.1.22) 

 xm-d-517_02220 0.16 0.14 0.19 ii hypothetical protein 

 xm-d-517_02221 0.18 0.17 0.08 i Putative outer membrane lipoprotein YmcA 
 xm-d-517_02246 0.22 0.21 0.10 i Transcriptional regulator, LacI family 

 xm-d-517_02252 0.18 0.22 0.11 i NAD(FAD)-utilizing dehydrogenases 

 xm-d-517_02254 0.14 0.17 0.08 i hypothetical protein 
 xm-d-517_02256 0.12 0.13 0.08 i Probable glycosyltransferase 

 xm-d-517_02260 0.13 0.20 0.12 i hypothetical protein 

 xm-d-517_02262 0.15 0.17 0.08 i DNA-binding response regulator 
 xm-d-517_02263 0.23 0.18 0.09 i nodulin 21-related protein 

 xm-d-517_02265 0.24 0.48 0.27 iii Glyoxalase family protein 

 xm-d-517_02267 0.17 0.18 0.10 i FIG000875: Thioredoxin domain-containing protein EC-YbbN 
 xm-d-517_02269 0.25 0.30 0.23 i FIG002473: Protein YcaR in KDO2-Lipid A biosynthesis cluster 

 xm-d-517_02270 - - - iv Protein ydhR precursor 

 xm-d-517_02271 - - - iv FIG01201645: hypothetical protein 
 xm-d-517_02272 - - - iv transcriptional regulator, MarR family 

 xm-d-517_02274 0.30 0.30 0.11 i Asp-tRNAAsn/Glu-tRNAGln amidotransferase A subunit and related amidases 

 xm-d-517_02278 0.02 0.11 0.09 iii RidA/YER057c/UK114 superfamily, group 2, YoaB-like protein 
 xm-d-517_02280 0.07 0.16 0.16 iii putative lipoprotein 

 xm-d-517_02281 0.11 0.08 0.05 i Hemimethylated DNA binding protein 

 xm-d-517_02286 - - - iv GAF domain protein 
 xm-d-517_02287 0.13 0.20 0.19 iii Probable transcriptional regulator 

 xm-d-517_02288 0.17 0.30 0.17 i Gfa-like protein 

 xm-d-517_02289 1.05 1.14 0.35 i Transmembrane amino acid efflux protein 
 xm-d-517_02291 0.13 0.16 0.09 i Transcriptional regulator, AraC family 

 xm-d-517_02293 0.12 0.11 0.10 i RarD 

 xm-d-517_02300 0.11 0.22 0.17 iii identified by similarity to GB:AAN66362.1 
 xm-d-517_02338 0.16 0.15 0.09 i hypothetical protein 

 xm-d-517_02341 0.02 0.05 0.03 iii FIG152265: Sodium:solute symporter associated protein 

 xm-d-517_02352 0.14 0.14 0.07 i FIG01027884: hypothetical protein 
 xm-d-517_02353 0.16 0.23 0.16 i hypothetical protein 

 xm-d-517_02355 0.14 0.18 0.20 iii hypothetical protein 

 xm-d-517_02787 - - - iv hypothetical protein 
 xm-d-517_02789 - - - iv putative P4-family integrase 

 xm-d-517_03092 0.12 0.14 0.12 i Putative phosphatidylglycerophosphate synthase 

 xm-d-517_03095 0.12 0.16 0.09 i Protein involved in initiation of plasmid replication 
 xm-d-517_03096 0.13 0.20 0.17 iii Transcriptional regulator, AraC family 

 xm-d-517_03101 - - - iv Na(+)-linked D-alanine glycine permease 

 xm-d-517_03109 0.12 0.13 0.10 i Phosphonate monoester hydrolase 
 xm-d-517_03116 0.19 0.20 0.12 i Permease of the major facilitator superfamily 

 xm-d-517_03118 0.18 0.17 0.19 ii Transcriptional regulator, AsnC family 

 xm-d-517_03120 - - - iv Amidinotransferase family protein 
 xm-d-517_03122 0.16 0.16 0.12 i Outer membrane protein assembly factor YaeT precursor 

 xm-d-517_03123 0.22 0.22 0.12 i gramicidin S biosynthesis grst protein (EC 3.1.2.-) 
 xm-d-517_03127 0.19 0.15 0.08 i hypothetical protein 

 xm-d-517_03130 - - - iv Regulatory sensor-transducer, BlaR1/MecR1 family 

 xm-d-517_03131 - - - iv hypothetical protein 
 xm-d-517_03133 0.17 0.19 0.10 i TRAP-type uncharacterized transport system, fused permease component 

 xm-d-517_03134 0.11 0.17 0.09 i TRAP transporter solute receptor, TAXI family precursor 

 xm-d-517_03144 0.18 0.17 0.11 i Transcriptional regulator, GntR family 
 xm-d-517_03149 0.15 0.21 0.15 iii Additional periplasmic component NikK of nickel ECF transporter 

 xm-d-517_03155 0.24 0.29 0.08 i Putative phosphatase 

 xm-d-517_03159 0.22 0.22 0.15 i Hydantoinase/oxoprolinase family protein 
 xm-d-517_03166 0.13 0.13 0.07 i Transcriptional regulator, AsnC family 

 xm-d-517_03169 0.15 0.17 0.12 i Metallopeptidase, family M24 

 xm-d-517_03170 0.14 0.18 0.14 i Asp/Glu/Hydantoin racemase family protein 
 xm-d-517_03171 - - - iv Cytochrome B561 

 xm-d-517_03173 0.13 0.17 0.09 i 5-Hydroxyisourate Hydrolase (HIUase) (EC 3.5.2.17) 

 xm-d-517_03177 0.23 0.23 0.08 i ABC transporter, ATP-binding protein YnjD 
 xm-d-517_03178 0.18 0.20 0.15 i ABC transporter, permease protein YnjC 

 xm-d-517_03179 0.16 0.16 0.11 i ABC transporter, periplasmic substrate-binding protein YnjB 

 

 



Table S10. The list of substrates that are utilized differently among the four representative strains of the Roseobacter population. These substrates are 

collected from two Biolog phenotypic microplates (PM01 and PM02A), within which the compound in each well (except the negative control) is 

used by the bacteria as a sole carbon source. In the column ‘Utilization pattern’, isolates are clustered with parentheses if they show similar 

utilization pattern, but are grouped to different parentheses if they show significantly different utilization patterns. The substrates with similar 

utilization patterns are grouped and separated by colored shadings. 

 

Substrate 

Well No. 

of 

microplates  

KEGG 

compound 

ID 

Utilization pattern Gene locus Predicted function Relevant pathway 

D-Galactono-1,4-

lactone 
PM01-C02 C03383 

(xm-m-339-2, xm-d-517) 

(xm-v-204, xm-m-314) 
  Galactose metabolism 

2-Ketoglutaric acid PM01-D06 C00026 
(xm-m-339-2, xm-d-517) 

(xm-v-204, xm-m-314) 

xm-d-517_02192, 

xm-d-517_02193 

Isocitrate dehydrogenase 

(NADP); 

Isocitrate dehydrogenase 

(NAD) 

TCA cycle 

2-Ketobutyric acid PM01-D07 C00109 
(xm-m-339-2, xm-d-517) 

(xm-v-204, xm-m-314) 
  

Glycine, serine and threonine 

metabolism 

L-Threonine PM01-G04 C00188 
(xm-m-339-2, xm-d-517) 

(xm-v-204, xm-m-314) 
xm-d-517_02199 

L-Threonine dehydratase 

biosynthetic IlvA 

Glycine, serine and threonine 

metabolism 

p-Hydroxyphenylacetic 

acid 
PM01-H02 C00642 

(xm-m-339-2, xm-d-517) 

(xm-v-204, xm-m-314) 
  

Tyrosine metabolism; 

Phenylalanine metabolism 

L-Asparagine PM01-D01 C00152 
(xm-d-517, xm-v-204) 

(xm-m-339-2, xm-m-314) 
  

Alanine, aspartate and 

glutamate metabolism 

L-Glutamine PM01-E01 C00064 
(xm-d-517, xm-v-204) 

(xm-m-339-2, xm-m-314) 
  

Alanine, aspartate and 

glutamate metabolism; 

Arginine biosynthesis 

Propionic acid PM01-F07 C00163 
(xm-d-517, xm-v-204) 

(xm-m-339-2, xm-m-314) 
  Propanoate metabolism 

L-Methionine PM02A-G12 C00073 
(xm-d-517, xm-v-204) 

(xm-m-339-2, xm-m-314) 
xm-d-517_02286 

Free methionine-R-

sulfoxide reductase 
 

2'-Deoxyadenosine PM01-E11 C00559 
(xm-d-517, xm-m-339-2, 

xm-v-204) (xm-m-314) 
  Purine metabolism 

Adenosine PM01-E12 C00212 
(xm-d-517, xm-m-339-2, 

xm-v-204) (xm-m-314) 
  Purine metabolism 

Citric acid PM01-F02 C00158 
(xm-d-517, xm-m-339-2, 

xm-v-204) (xm-m-314) 

xm-d-517_02192, 

xm-d-517_02193 

Isocitrate dehydrogenase 

(NADP); 

Isocitrate dehydrogenase 

(NAD) 

TCA cycle 

Fumaric acid PM01-F05 C00122 
(xm-d-517, xm-m-339-2, 

xm-v-204) (xm-m-314) 
  TCA cycle 

L-Lysine PM02A-G11 C00047 
(xm-d-517, xm-m-314, 

xm-v-204) (xm-m-339-2) 
  Lysine biosynthesis 



Substrate 

Well No. 

of 

microplates  

KEGG 

compound 

ID 

Utilization pattern Gene locus Predicted function Relevant pathway 

Citraconic acid PM02A-E03 C02226 
(xm-d-517, xm-m-314) 

(xm-m-339-2, xm-v-204) 
   

Putrescine PM02A-H08 C00134 
(xm-d-517, xm-m-314) 

(xm-m-339-2, xm-v-204) 

xm-d-517_03110, 

xm-d-517_03111, 

xm-d-517_03112, 

xm-d-517_03113 

 

Spermidine/putrescine-

ABC transporter system 

Putrescine degradation and 

utilization 

3-0-beta-D-

Galactopyranosyl-D-

Arabinose 
PM02A-B12 NA 

(xm-d-517, xm-m-314) (xm-

m-339-2) (xm-v-204) 
   

Tween 20 PM01-C05 C11624 
(xm-d-517, xm-m-339-2, 

xm-m-314) (xm-v-204)  
   

Palatinose PM02A-C12 C01742 
(xm-m-314, xm-v-204) 

(xm-d-517) (xm-m-339-2) 
   

L-Histidine PM02A-G06 C00135 
(xm-d-517, xm-m-339-2, 

xm-m-314) (xm-v-204) 
xm-d-517_02015 Histidine ammonia-lyase Histidine degradation 

L-Homoserine PM02A-G07 C00263 
(xm-m-339-2, xm-m-314, 

xm-v-204) (xm-d-517) 
xm-d-517_02289 

Homoserine/homoserine 

lactone efflux protein 

Glycine, serine and threonine 

metabolism 



Table S11. The recipe of the medium used to test the polyamine (putrescine and spermidine) utilization by the Roseobacter population. 

The recipe was modified from a medium used for isolating Sulfurimonas autotrophica from deep sea sediment [89]. When testing a 

polyamine compound as a sole carbon source, NH4Cl is used as the nitrogen source. When testing a polyamine compound as a sole nitrogen 

source, pyruvate is used as the carbon source. 

Ingredient Final Concentration (w/v) Reference for detailed medium 

Basal salt  https://www.jcm.riken.jp/cgi-bin/jcm/jcm_grmd?GRMD=268 

Vitamin mixtures  https://www.jcm.riken.jp/cgi-bin/jcm/jcm_grmd?GRMD=197 

NaHCO3 0.004%  

Carbon source (polyamine or pyruvate) 0.1%  

   

Nitrogen source (polyamine or NH4Cl) 

0.1% for polyamine 

0.025% for NH4Cl 

 

 

 

 

 



Table S12. Genome statistics of the 16 isolates in the Marinobacterium population. The completeness and contamination are estimated with CheckM 

[7], and the remaining statistics are calculated with QUAST [62]. 

 

Species GC Completeness Contamination # Contigs 
Longest contig 

(bp) 
Total size (bp) N50 (bp) 

xm-a-121 48.4 97.93 0 17 604,343 2,278,837 341,648 

xm-a-127 48.5 97.93 0 12 828,098 2,443,845 439,417 

xm-a-152 48.2 97.93 0 22 325,262 2,536,603 236,555 

xm-D-420 48.3 97.93 0 24 401,746 2,408,541 183,877 

xm-d-509 48.2 97.5 0.43 34 754,379 2,484,536 339,335 

xm-d-510 48.5 97.93 0 26 828,098 2,463,016 357,651 

xm-d-530 48.3 97.93 0 10 653,235 2,249,011 370,837 

xm-d-543 48.3 97.93 0.43 20 502,695 2,341,321 312,073 

xm-d-564 48.4 97.93 0.43 22 449,423 2,297,663 211,158 

xm-d-579 48.5 97.5 0 8 742,741 2,337,691 732,788 

xm-g-48 48.2 97.93 0.43 21 754,379 2,465,319 332,500 

xm-g-59 48.3 97.88 0.86 32 511,951 2,463,421 267,627 

xm-m-312 48.4 97.93 0.43 19 502,173 2,316,931 280,901 

xm-m-383 48.2 97.93 0.43 15 740,817 2,329,252 364,046 

xm-v-233 48.4 97.93 0 25 389,131 2,288,368 211,806 

xm-v-242 48.3 97.93 0.43 18 740,817 2,335,185 364,254 
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