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Preamble
This  file is  provides background information on the materials  and methods at  a level  of detail
unsuitable for the main manuscript.

Genome-scale phylogenetic analysis
Genome sampling
In  order  to  address  the  questions  raised  in  the  main  manuscript,  we carried  out  phylogenomic
analyses  of  106  sequenced  Rhodobacteraceae genomes  including  73  roseobacters,  20  of  the
Paracoccus/Rhodobacter group  and  13  genomes  of  the  Labrenzia/Stappia group,  which
phylogenetically does not belong to Rhodobacteraceae and served as an outgroup. This large set of
genomes allows for distinct gene selections ranging from the analysis of the core genes to the “full”
supermatrix, as well as for distinct inference algorithms. Protein sequences from the 106 genomes
available  in  November  2013  were  retrieved  from the  IMG  website  (http://img.jgi.doe.gov/cgi-
bin/w/main.cgi),  the  J.  Craig  Venter  Institute  (Gordon  and  Betty  Moore  Foundation  Marine
Microbial  Genome  Sequencing  Project;  https://moore.jcvi.org/moore/)  and  from  NCBI
(supplementary  file  1).  The  13  strains  taxonomically  assigned  to  Rhodobacteraceae but  rather
placed within Rhizobiales in 16S rRNA gene analyses (Pujalte et al. 2014; Munoz et al. 2011) were
used as outgroup. An extended dataset including 132 genomes (as of June 2014) was also analysed
phylogenetically, using the recommended setting of the efficient GBDP approach, applied to the
entire proteomes (Meier-Kolthoff et al. 2014; Auch et al. 2006). Digital DNA:DNA hybridization
values calculated via nucleotide GBDP were used to check the species affiliation of all genomes
(Meier-Kolthoff et al. 2013a; Auch et al. 2010).

Rationale. See introduction of main manuscript.

Generation of data matrices for phylogenetic analysis
The  proteome  sequences  were  phylogenetically  investigated  using  the  DSMZ  phylogenomics
pipeline as previously described (Andersson et al.  2011; Breider et al.  2014; Frank et al.  2014;
Stackebrandt et al. 2014; Verbarg et al. 2014). Clusters of orthologs were determined with a re-
implementation of the OrthoMCL algorithm (Li et al. 2003) using NCBI BLAST version 2.2.25
(Altschul  et  al.  1997)  and  in  conjunction  with  MCL  (van  Dongen  2000)  version  11-294
(http://micans.org/mcl/)  under  default  settings.  OrthoMCL clusters  containing  inparalogs  were



reduced by selecting  the  most  “central”  sequence  from each genome,  aligned using  MUSCLE
version 3.8.31 (Edgar 2004), and the alignments filtered with the program scan_orphanerrs from the
RASCAL package  version  1.3.4  (Thompson et  al.  2003)  as  well  as  GBLOCKS version  0.91b
(Castresana 2000). Three main distinct supermatrices (concatenated alignments) were generated: (i)
using the “core genes” only, i.e. those alignments that contain sequences from all genomes, (ii) a
“full” matrix using all alignments comprising at  least  four sequences and (iii)  the “full” matrix
filtered with MARE (http://mare.zfmk.de)  (Meusemann et  al.  2010) under the constraint  to  not
remove genomes.  The core-gene matrices were also subjected to further reductions by restricting
them to their  50, 100, 150 and 200 most conserved genes (up to 250 for the matrix generated
without  outgroup),  with  non-conservation  measured  as  the  average  entropy  of  the  alignment
columns.  To detect possible long-branch attraction artefacts (Bergsten 2005) analyses were also
conducted after long-branch extraction (Siddall and Whiting 1999) by removing the 13 (distant)
outgroup strains. As the gene compositions of the supermatrices depend on the set of strains, they
were also generated anew after outgroup removal. Trees without outgroup were subjected to root
estimation with  Least-Squares Dating as implemented in  LSD version 0.2 (To et al. 2015) as an
alternative  to  outgroup  rooting.  For  comparative  purposes,  16S  rRNA gene  sequences  were
extracted from the genomes using RNAmmer version 1.2 (Lagesen and Hallin  2007) and their
pairwise similarities determined as previously described (Meier-Kolthoff et al. 2013b).

Rationale. See below.

Phylogenetic analysis
ML (Felsenstein 1981) and MP (Fitch 1977; Goloboff 2003) phylogenetic trees were inferred from
the data matrices as previously described (Breider et al. 2014; Andersson et al. 2011; Frank et al.
2014; Stackebrandt et al. 2014; Verbarg et al. 2014). The Pthreads-parallelized RAxML package
version  8.2.4  (Stamatakis  et  al.  2007)  was  used  for  ML,  applying  CAT  for  modelling  rate
heterogeneity,  fast  bootstrapping  in  conjunction  with  the  autoMRE  bootstopping  criterion
(Pattengale et al. 2010) and subsequent search for the best tree (Stamatakis et al. 2008). The best
ML amino-acid substitution model (a single one for the entire matrix) was determined beforehand
by comparing the resulting log likelihoods on an MP starting tree. Additionally, ML phylogenies for
each supermatrix were calculated with ExaML version 3.0.7 (Stamatakis and Aberer 2013) using
MP starting trees calculated with RAxML. Here, the best amino-acid substitution model was fitted
with  and  used  by  ExaML  for  each  gene  separately.  One  hundred  replicates  of  ordinary
bootstrapping (modified to guarantee that the number of characters remain the same for each gene,
not only for the entire data set) were conducted by re-identifying the best model in each replicate, as
well  as  of  partition  bootstrapping  (Siddall  2010)  by  randomly  resampling  entire  genes  with
replacement  instead  of  individual  alignment  columns  and,  accordingly,  keeping  the  originally
estimated models for each gene. Tree searches under MP were conducted with TNT version 1.1
(Goloboff et al. 2008) using ten random addition sequences, saving up to ten trees per replication,
swapping trees with TBR and keeping only the best trees found, and also subjected to 100 rounds of
ordinary and partition bootstrapping, respectively. Bootstrap support was calculated for all matrices
except for the “full” matrix under ML for reasons of running time.

Rationale. The often higher resolution when using more genes (up to entire genomes) might argue
for the “total  evidence” approach (Kluge 1989; Lienau and Desalle 2009;  Breider  et  al.  2014).



However, can single genes, yielding conflicting phylogenies, be reliably combined to supermatrices
(Klenk and Göker 2010)? Even partially overlapping sets of genes might yield distinct topologies
(Breider et al. 2014). Even the use of ordinary bootstrapping has been contested in this context
(Siddall 2010). Moreover, applying a single substitution model to supermatrices comprising many
genes might be oversimplified, as phylogenetic artefacts such as long-branch attraction (Felsenstein
1978; Bergsten 2005) not only affect Maximum Parsimony (MP) but also ML under too simplistic
models.  For  these  reasons,  we  assessed  distinct  gene  selections,  strain  selections,  inference
algorithms, and bootstrapping approaches.

Comparisons between trees
The affiliation of the strains to the Roseobacter group (supplementary file 1) was inferred from the
literature (Pujalte et al. 2014; Brinkhoff et al. 2008; Ivanova et al. 2010; Tang et al. 2012; Giebel et
al. 2013; Riedel et al. 2013). To measure the conflict, if any, between the genomic data and the
monophyly of this group, accordingly constrained ML and MP searches were conducted and site-
wise ML and MP scores calculated from unconstrained and constrained trees (Felsenstein 2004).
Wilcoxon and T-tests as implemented in R (R core team 2014) were applied to compare the scores,
optionally summing them up per gene beforehand, thus treating one gene as a single character much
like the partition bootstrap. For the ML trees, the approximately unbiased test as implemented in
CONSEL (Shimodaira and Hasegawa 2001) was compared. Potential conflict with the 16S rRNA
gene (sequences extracted from the genomes aligned using MUSCLE) was measured in the same
manner,  using  constraints  derived  from  the  supermatrix  trees.  Major  sublineages  of
Rhodobacteraceae were newly inferred from the phylogenomic trees in a non-arbitrary manner by
detecting  the  maximally  inclusive  subtrees  that  were  maximally  supported  under  the  different
bootstrapping methods; these clades were numbered according to their size.

Rationale. Analyses of the 16S rRNA gene, from which the notation of a “Roseobacter clade” were
derived, suffer from a lack of resolution (Buchan et al. 2005; Newton et al. 2010; Breider et al.
2014).  For  instance,  in  a  recent  review  (Pujalte  et  al.  2014),  five  16S  rRNA gene-derived
sublineages  within Rhodobacteraceae,  among them the Roseobacter  group, were presented,  but
without  statistical  support  for  the  according branches  and without  an explicit  rationale  for  this
number of sublineages. In more thorough phylogenetic analyses that applied bootstrapping, the 16S
rRNA gene  topologies  were  only  poorly  resolved  within Rhodobacteraceae and  did  not  yield
statistical support for a “Roseobacter clade” (Breider et al. 2014).

Analysis of character evolution
Phylogeny-aware correlation analysis
The BayesDiscrete module of BayesTraits (Pagel et al. 2004) version 2.0 was used for detecting
phylogenetic correlations between pairs of discrete (binary) traits (Pagel 1994). For each pair of
genes obtained as described below, the likelihood ratio between the model for independent and
correlated evolution was tested against a chi-squared distribution with one degree of freedom (Pagel
1994) and α = 0.01.  The analyses  were performed using  the BayesDiscrete  ML method under
default parameters (with the exception of 'mltries' set to 100) and the rooted ML phylogenies as
reference trees. For selected characters, the ratio of the sum of the rates of change indicating co-
occurrence of marine habitat and genomic feature (q21, q24, q31 and q34) to the overall sum of the



rates of change was calculated to verify the tendency of change. To correct for the influence of only
partially  sequenced  genomes,  distinct  samplings  were  analysed:  (i)  all  genomes;  (ii)  without
Paracoccus  denitrificans SD1  (plasmids  not  sequenced)  and  Ruegeria  mobilis F1926  (>1000
contigs) and (iii) also without Oceanicola sp. S124 and Rhodovulum sp. PH10 (both >200 contigs).
Only results stable with respect to topology and genome sampling were considered further. Strains
for which gene information was lacking were specifically removed from each pairwise comparison.
The evolution  of selected genes was visualized using the Ancestral State Reconstruction package
(v2.75) of Mesquite v2.75 (Maddison and Maddison 2011) under ordered MP.

Rationale.  See the main manuscript for the presentation of the BayesTraits tests conducted with
these genomic features.

Interpretation of habitats
Assignment to habitats (supplementary file 1) was based on isolation sources as available from the
literature. Because of otherwise incomplete information, only marine and non-marine habitats were
distinguished. Habitats with a salt concentration comparable to the marine environment, such as
saline soil or water from a hypersaline lake, were considered equivalent. Saline, hypersaline and
marine habitats are often commonly reported for closely related strains, as, e.g., in  Rhodovulum
(Hiraishi et al. 1994) and Thiomicrospira (Brinkhoff and Muyzer 1997).

Rationale. See Supplementary file 2.

Enzyme, pathway and COG annotation
The  EnzymeDetector  (Quester  and  Schomburg  2011)  was  used  for  an  initial  overview  of  the
available  enzyme  annotations  of  the  106  genomes  from  NCBI  (Sayers  et  al.  2010),  KEGG
(Kanehisa and Goto 2000) and UniProt/SwissProt (The UniProt Consortium 2013). These data were
improved by manually compiled strain-specific enzyme information from BRENDA and AMENDA
(Schomburg  et  al.  2013),  sequence  pattern  searches  with  BrEPS  (Bannert  et  al.  2010)  and  a
sequence-based similarity analysis  by BLAST (Altschul et  al.  1990) against  annotated enzymes
provided  by  UniProt  (UniProt  Consortium  2013).  Further,  orthology  data  from  the  KEGG
(Kanehisa and Goto 2000), PATRIC (Gillespie et al. 2011) and PFAM (Finn et al. 2014) databases
were requested for the available annotations. To validate the completeness of each proteome, its
proportion  of  enzymes  was  calculated  (see  supplementary  file  1).  A binary  (presence/absence)
matrix of the complete  Rhodobacteraceae enzyme pool was created for evaluation, as previously
done for the carbohydrate and amino-acid catabolism of the  Roseobacter group (Drüppel et  al.
2014; Wiegmann et al.  2014). Furthermore, these enzymes were mapped on MetaCyc pathways
(Caspi et al. 2012) to create a binary pathway matrix (Chang et al. 2015). In order to get a general
overview it was initially assumed that a pathway was present if at least 75% of the enzymes were
present. For pathways discussed in the paper this was manually refined considering the fact that
certain enzymes are essential  for the whole pathway to be functional.  The COG content of the
genomes was taken from the gene annotations identified with Prodigal (Hyatt et al. 2010) as part of
the Integrated Microbial Genomes Expert Review (IMG/ER) annotation pipeline (Mavromatis et al.
2009)  were  used.  IMG  translates  the  predicted  CDSs  and  uses  them  to  search  the  NCBI
nonredundant database, UniProt, TIGR-Fam, Pfam, PRIAM, KEGG, COG and InterPro databases.



Rationale.  See the main manuscript for the presentation of the BayesTraits tests conducted with
these genomic features.

Annotation of plasmids, chromids, and flagellar gene clusters
Replication systems of extrachromosomal elements were identified via BLASTP and TBLASTN
searches  with  the  RepA-I  (YP_006564734.1),  RepB-I  (YP_006564673.1)  and  DnaA-like  I
(YP_006575239.1)  replicases  from  Phaeobacter  inhibens DSM  17395  and  the  RepABC-1
equivalent  from  Dinoroseobacter  shibae DSM  16493T (YP_001542300.1).  The  individual
extrachromosomal  element  compatibility  groups  (Petersen  2011)  were  determined  with
phylogenetic analyses of the replicases as previously described (Petersen et al. 2009; Petersen et al.
2011). The flagellar gene clusters (FGCs) were identified via BLASTP search at the IMG platform
of JGI with the FliF query sequence of Dinoroseobacter shibae DSM 16493T. The presence of the
complete superoperon was checked individually based on an inspection of the adjacent genes. The
identification of the three flagellar types (fla1, fla2, fla3) based on the structural composition of the
individual FGCs and the presence of diagnostic genes (Frank et al. 2015a).

Rationale.  Genome plasticity, i.e. the ability to take up DNA and integrate it into the genome,
seems to be one explanation for the adaptability and diversity within the Roseobacter group (Luo
and Moran 2014). Applying a likelihood-based ancestral genome content reconstruction method,
Luo et al. (2013) predicted a genome reduction from a large common ancestral roseobacter genome
with two subsequent episodes of genome innovation and expansion via lateral gene transfer. Extant
roseobacters exhibit genome sizes ranging from 2.22 to 5.5 Mbp (Voget et al.  2015). A distinct
signature is the great flexibility of the genome architecture of strains affiliated to this group. Strictly
pelagic strains contain a single chromosome with genome streamlining features and between zero
and two extrachromosomal replicons (ECRs; Voget et al. 2015). Surface-associated strains harbour
at least one, but mostly between three and up to twelve coexisting ECRs in  Marinovum algicola
with 30% of the genomic information encoded on ECRs (Pradella et al. 2010; Voget et al. 2015).
Extrachromosomal elements comprise stably maintained chromids with a codon usage comparable
to that of the chromosome and genuine plasmids with a deviant codon usage that are subjected to
conjugative transfer  mediated by characteristic  type-IV secretion systems (Harrison et  al.  2010;
Petersen et al. 2013). Four different replication systems (RepA, RepB, RepABC, DnaA-like) with
about  20  phylogenetically  distinguishable  compatibility  groups  have  been  identified  in  the
Roseobacter group so  far  (Petersen  et  al.  2013),  but  a  comprehensive  analysis  of  the  genome
architecture is  not yet available for the entire  Rhodobacteraceae family.  Further,  it  is  unknown
whether the genome architecture is distinct for marine and non-marine strains of this family.

Tests for phylogenetic inertia
Numeric features of the genome sequences ranging from the overall genome size to the number of
single COGs were tested for phylogenetic inertia (Diniz-Filho et al. 1998). For Pearson and Kendall
correlation  analyses  (α =  0.01)  with  continuous  genomic  features,  ML  phylogenies  were
transformed  into  eigenvectors  using  the  AxPcoords  program  (Stamatakis  et  al.  2007)  and  the
significant eigenvectors determined by comparing with a broken-stick distribution (Legendre and
Legendre 1998). For testing phylogenetic inertia of discrete genomic characters such as the number
of ECRs of a certain type, their score was determined under ordered MP in conjunction with the



distinct trees and compared to the score of the same character after permuting the tips of the tree;
1000 replications were applied to obtain a tail probability (α = 0.01).

Rationale. See the main manuscript for interpretations of phylogenetic inertia, or lack thereof.

Genome-derived oligotrophy index
Among the genomic features characteristic for oligotrophic and copiotrophic lifestyles (Lauro et al.
2009),  those  based  on  COG  classes  seemed  to  be  least  affected  by  annotation  quality  and
evolutionary fluctuations  of  gene content.  As they also differentiated best  between a set  of  six
oligotrophic  (Oceanicola  batsensis HTCC2597T,  Planktomarina  temperata RCA23T,
“Rhodobacterales bacterium”  HTCC2255,  “Rhodobacteraceae bacterium”  HTCC2150,
“Rhodobacteraceae bacterium” HTCC2083, Sulfitobacter sp. NAS-14.1) and three copiotrophic test
strains (Leisingera caerulea 13T,  Phaeobacter inhibens DSM 17395,  Ruegeria sp. TM1040), the
index log(#I  + #Q + 1)  -  log(#K + #N + #T + #V + 1)  was chosen as  a  genomic proxy for
oligotrophy, i.e. the log-transformed relation of the number of COGs in the classes I and Q, typical
for oligotrophs, to the number of COGs in the classes K, N, T and V, typical for copiotrophs (Lauro
et al. 2009).

Rationale.  Pelagic  roseobacters  such  as  Planktomarina  temperata are  well  adapted  to  an
oligotrophic life style (Voget et al. 2015). This is not only evident from their streamlined genomes
but also from a comparison of distinct clusters of orthologous groups (COG) with other oligotrophic
and  copiotrophic  bacteria  such  as  Sphingopyxis  alaskensis RB  2256  (Sphingomonadaceae,
Alphaproteobacteria) and Photobacterium angustum S14 (Vibrionaceae, Gammaproteobacteria). In
oligotrophic bacteria  COG categories for motility (N), transcription (K), defence mechanisms (V)
and signal transduction (T) constitute lower fractions, whereas COG categories for lipid transport
and metabolism (I) and secondary metabolites, biosynthesis, transport and catabolism (Q) constitute
higher fractions as compared to copiotrophic bacteria (Lauro et al. 2009). However, it has not been
examined systematically whether other roseobacters and even other Rhodobacteraceae with greatly
different genome sizes and different physiologies comply with this distinction of oligotrophic and
copiotrophic life styles.
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