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Abstract

The order Sphingomonadales, containing the families Erythrobacteraceae and Sphingomonadaceae, is a relatively less well-studied

phylogenetic branch within the class Alphaproteobacteria. Prophage elements are present in most bacterial genomes and

are important determinants of adaptive evolution. An “intact” prophage was predicted within the genome of Sphingomonas

hengshuiensis strain WHSC-8 and was designated Prophage IWHSC-8. Loci homologous to the region containing the first 22 open

reading frames (ORFs) of Prophage IWHSC-8 were discovered among the genomes of numerous Sphingomonadales. In 17 genomes,

the homologous loci were co-located with an ORF encoding a putative superoxide dismutase. Several other lines of molecular

evidence implied that these homologous loci represent an ancient temperate bacteriophage integration, and this horizontal transfer

event pre-dated niche-based speciation within the order Sphingomonadales. The “stabilization” of prophages in the genomes

of their hosts is an indicator of “fitness” conferred by these elements and natural selection. Among the various ORFs predicted

within theconservedprophages, anORFencodingaputativeproline-richoutermembraneproteinAwasconsistently presentamong

the genomes of many Sphingomonadales. Furthermore, the conserved prophages in six Sphingomonas sp. contained an

ORF encoding a putative spermidine synthase. It is possible that one or more of these ORFs bestow selective fitness, and thus the

prophagescontinuetobevertically transferredwithin thehost strains.Althoughconservedprophageshavebeen identifiedpreviously

among closely related genera and species, this is the first systematic and detailed description of orthologous prophages at the level of

an order that contains two diverse families and many pigmented species.

Key words: Sphingomonadales, Sphingomonadaceae, Erythrobacteraceae, HGT, prophage.

Introduction

The “purple bacteria” were originally classified into four

groups based on the phylogenetic analyses of their 16S

rRNA sequences (Woese 1987). These related groups of

Gram-negative bacteria were assigned to a new class

Proteobacteria because of their outstanding “diversity of

shape and physiology” (Stackebrandt et al. 1988). A novel

genus Sphingomonas was proposed around the same time

to accommodate sphingoglycolipid-containing bacteria that

were previously assigned to the genera Flavobacterium and

Pseudomonas (Yabuuchi et al. 1990). Following the realization

that the genus Sphingomonas is a member of the a-4 subclass

of the Proteobacteria (Takeuchi et al. 1994), a novel family

Sphingomonadaceae was proposed using a polyphasic taxo-

nomic approach (Kosako et al. 2000). The class Proteobacteria

was later elevated to the level of a phylum (Phylum XIV) that

contained five classes, including the novel class

Alphaproteobacteria, within the hierarchical system of the

second edition of the Bergey’s manual of systematic bacteri-

ology (Garrity et al. 2005a, 2005b). The novel order

Sphingomonadales, containing Sphingomonadaceae as the

sole family, was also proposed within this hierarchical

system (Yabuuchi and Kosako 2005). Based on analyses of

16S rDNA sequences, the genera Erythrobacter,

Porphyrobacter, and Erythromicrobium were proposed to be

included in a novel family Erythrobacteraceae within the order

Sphingomonadales. (Lee et al. 2005). Due to their clinical
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relevance and applications in biotechnology and bioremedia-

tion, the genomes of several members of the order

Sphingomonadales have been sequenced (Glaeser and

Kämpfer 2014; Tonon et al. 2014). Comparative genomic

studies have revealed that the coding potential of different

species are highly variable, indicating their divergent evolution

(Aylward et al. 2013; Zheng et al. 2016). These studies have

also documented the occurrence of putative genes encoding

oxygenases and glycoside hydrolases, which could facilitate

survival in a variety of niches and the degradation of pollutants

(Aylward et al. 2013; Verma et al. 2014).

The term “prophage” was originally proposed in the con-

text of lysogeny and was defined as “the form in which lyso-

genic bacteria perpetuate the power to produce phage”

(Lwoff 1953). It was later recounted that “in spite of its

French origin, the Greek word was rapidly and unanimously

adopted” and that “it seemed that the world eagerly awaited

its coming” (Lwoff 1966). This definition could have been very

appealing at a time when it was believed that “lysogeny is an

attribute of every bacterial cell” (Joklik 1999). The fact that

phage-related elements have been identified in almost all bac-

teria whose genomes have been sequenced bolsters this belief

(Canchaya et al. 2003; Casjens 2003). Although several pro-

phages have been identified among the genomes of

Sphingomonadales (Aylward et al. 2013; Glaeser and

Kämpfer 2014; Tonon et al. 2014; Zheng et al. 2014;

Garcı́a-Romero et al. 2016), comprehensive analyses of

these horizontally transferred “selfish genetic elements” are

conspicuously missing. Preliminary work at the authors’ insti-

tution identified a prophage element that appeared to be

partially conserved among several Sphingomonas spp., and

was informally referred to as Prosphingophage (unpublished

results). The objective of this study was to further characterize

this element and its evolutionary significance.

Tools and Methods

Prophage Identification

Genome sequences (either complete or draft) of different

species of Sphingomonadales were obtained from

GenBank and annotated using the RAST server (http://rast.

nmpdr.org/; last accessed January 11, 2017). A local BLAST

was installed and a compatible genome database was cre-

ated by following the instructions in the Sequencher
�

manual (http://www.genecodes.com/sites/default/files/doc-

uments/Tutorials/Local-BLAST.pdf; last accessed January 11,

2017). Prophages within these genomes were identified

using PHASTER (Arndt et al. 2016). The presumptive pro-

phages delineated using PHASTER were further subjected

to intuitive curation. Manual curation relied on the criteria

set forth by Casjens (2003) and involved using the “Feature

Table” option within the SEED Viewer tool of the RAST

server to locate (1) “cornerstone features”, including open

reading frames (ORFs) encoding putative phage proteins and

(2) a stretch of ORFs encoding hypothetical proteins, within

the presumptive prophages. The locations of the curated

prophages within the respective chromosomes were also as-

sessed using the “Feature Table” option of the SEED Viewer.

The GC% of the presumptive prophages (and that of their

respective hosts) was calculated using the option available

within the BioEdit tool. The order and orientation of the ORFs

within the prophages (and those flanking the prophages)

were checked using the sequence-based comparison tool

available within the SEED Viewer. Among a pair of genomes,

ORFs within the prophages were deemed orthologus if the

putative proteins encoded by them had at least 30% identity

and<20% difference in length during BLASTP analyses. This

threshold was essential to identify (and exclude) ORFs that

may be located outside the defined boundaries of the pro-

phages. In addition, the synteny of ORFs (i.e., the occurrence

of ORFs in the same order and orientation within a locus) was

an important criterion to assign orthology. This parameter

was essential to recognize (and include) ORFs that may show

sequence divergence, or may be located on different contigs

in draft genomes.

Sequence Alignment and Analyses

Clustal omega (http://www.ebi.ac.uk/Tools/msa/clustalo/; last

accessed January 11, 2017) was used to obtain an initial align-

ment of 16S rDNA and prophage protein sequences. This align-

ment was used as a guide to identify mismatches, and to

manually trim the sequences at the ends when they were of

different lengths. Trimming at the ends was performed to

obtain similar number of positions (nucleotides or amino acids)

foreachalignedsequenceandtoensurephylogeneticaccuracy.

ClustalW (http://embnet.vital-it.ch/software/ClustalW.html;

last accessed January 11, 2017) was used to generate a “pir”

output/alignmentoftheprophageproteinsequences.The“pir”

outputfromClustalWwasfurtheralignedusingtheBOXSHADE

server (http://www.ch.embnet.org/software/BOX_form.html;

last accessed January 11, 2017) to highlight the conserved res-

idues among prophage protein sequences from different spe-

cies.SignalpeptideswerepredictedusingthePrediSitool (http://

www.predisi.de/; last accessed January 11, 2017). Secondary

structures of proteins were predicted using the Chou and

Fasman secondary structure prediction server (http://www.

biogem.org/tool/chou-fasman/; last accessed January 11,

2017).

Phylogenetic Analysis Using CVTree3

The web server CVTree3, which is an alignment- and param-

eter-free method that relies on the oligopeptide content

(K-tuple length) of conserved proteins to deduce evolutionary

relatedness (Zuo and Hao 2015), was used for phylogenetic

analysis. The web server constructs phylogenetic trees using

the Neighbor-Joining method based on a dissimilarity matrix.
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Trees constructed by the web server are not subjected to sta-

tistical re-sampling (bootstrap or jackknife analyses) because

the underlying method emphasizes on the “objective” cor-

rectness of phylogeny with respect to taxonomy. The method

also does not provide a “scale” for the length of the branches

because it emphasizes on tree topology and not evolutionary

time (Zuo and Hao 2015).

Proteomes (excluding plasmid-encoded proteins) of

Sphingomonadales were downloaded from UniProt (http://

www.uniprot.org/proteomes/; last accessed January 11,

2017). Prophage protein sequences of Sphingomonadales

were obtained from the respective genome annotations

within the RAST server. The protein sequences were saved

as multifasta files with the extension .faa. The multifasta

files for each strain/prophage were uploaded on to the

CVTree3 web server (http://tlife.fudan.edu.cn/archaea/cvtree/

cvtree3/; last accessed January 11, 2017) and analyzed by se-

lecting all available K-tuple length options (from 3 to 9).

Because the best K-values for bacteria and viruses were

shown to be 5–6 and 4–5, respectively (Zuo and Hao

2015), the proteome tree was visualized at K = 6 and the pro-

phage protein tree was visualized at K =4.

Phylogenetic Analysis Using MEGA 6.0

Concatenated sequences of four predicted proteins were gen-

erated manually by joining them in the same order as their

ORFs occurred within the orthologous prophages. Pairwise

alignments of DNA/protein sequences were performed using

ClustalW with default parameters. The pairwise distance

matrix derived from these alignments was used to construct

a guide tree by the Neighbor-Joining method. Subsequent

progressive alignment was based on the guide tree.

Phylogeny was reconstructed using the maximum likelihood

method (with 1,000 bootstrap replicates) and the Tamura–Nei

(for DNA sequences) or Jones–Taylor–Thornton (for protein

sequences) substitution model in MEGA 6.0.

Results and Discussion

Several Genera of Sphingomonadales Have Stably
Maintained a Specific Prophage

The genomes of at least hundred strains of various species of

Sphingomonas have been sequenced. Although most of these

genome sequences are incomplete, they could be used in

analyses aimed at understanding the genomic diversity of

the genus. Sphingomonas hengshuiensis strain WHSC-8 is

an yellow pigmented bacterium isolated from “soil of

Hengshui Lake Wetland Reserve in Hebei province, northern

China” (Wei et al. 2015). The genome of strain WHSC-8 is

among the few within Sphingomonas that have been com-

pletely sequenced and consists of a chromosome

(5,191,536 bp; 66.7% GC) and a plasmid (36,853 bp;

62.6% GC). PHASTER predicted a single “intact” prophage

within the chromosome of strain WHSC-8 and assigned a

“score” of 150, which indicated that it was unlikely to be a

false positive result. Manual curation confirmed this prediction

and the locus (3,774,962–3,832,206 bp) was designated

Prophage IWHSC-8 (57,245 bp; 68.5% GC). A total of 74

ORFs were annotated/identified within Prophage IWHSC-8 and

most of them encoded hypothetical proteins. Although 12

ORFs of Prophage IWHSC-8 were predicted to encode putative

phage-related proteins based on homology, ORFs encoding a

phage integrase were absent among them. This was not sur-

prising since, according to Casjens (2003), “although most

temperate phages carry an integrase gene, its presence is nei-

ther necessary nor sufficient to prove the existence of a

prophage”.

Prophage IWHSC-8 could be further delineated into three

distinct regions. Region I (18,383 bp; 70.46% GC) contained

22 ORFs, including “cornerstone features” such as ORFs

encoding putative phage capsid and portal proteins. The clos-

est orthologs of 18 of these ORFs were found in

Sphingomonas sp. Root 241 (see supplementary table S1,

Supplementary Material online), which was isolated from

the root of Arabidopsis thaliana (Bai et al. 2015). Notably,

the orthologs of many of these ORFs were also identified

among the genomes of various genera of the families

Sphingomonadaceae and Erythrobacteraceae. Table 1 shows

the features of 29 complete and three draft genomes of

Sphingomonadales that contained a locus homologous to

region I of Prophage IWHSC-8. From this table, it was apparent

that the loci were of different sizes, and were the smallest in

Novosphingobium pentaromativorans US6-1 and

Porphyrobacter neustonensis DSM 9434 (each containing

only three ORFs). It was also apparent that the GC% of the

loci varied extensively, with the lowest (59.78%) in

Altererythrobacter epoxidivorans CGMCC 1.7731, and the

highest (73.20%) in Sphingomonas taxi ATCC 55669.

Although there was no discernible relationship between the

sizes of the loci and their GC%, in most cases the GC% was

higher than that of the host genome. Furthermore, many of

these homologous loci delineated by comparative genomics

were also identified by PHASTER as prophages with a “score”

similar to that of Prophage IWHSC-8. The locus in Erythrobacter

litoralis HTCC2594 was previously identified as a prophage

(Oh et al. 2009; Tonon et al. 2014).

Region II of Prophage IWHSC-8 was the longest (22,178 bp;

67.07% GC) and contained 31 ORFs (see supplementary table

S2, Supplementary Material online). Region III was the shortest

(16,688 bp; 68.36% GC) and contained 21 ORFs (see supple-

mentary table S3, Supplementary Material online). Whereas

none of the ORFs from region III had orthologs among other

Sphingomonas spp., at least five ORFs from region II had

orthologs among members of the same genus.

Furthermore, almost all ORFs from region III had orthologs in

Sphingobium ummariense RL-3, which was a hexachlorocy-

clohexane-degrading bacterium isolated from soil in northern
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India (Singh and Lal 2009; Verma et al. 2014). In contrast, only

four ORFs from region II had orthologs in Sb. ummariense RL-

3. Although orthologs of a few ORFs from region I were also

found in Sb. ummariense RL-3, they were scattered among

different contigs of the draft genome (fig. 1). Not unexpect-

edly, homologs of 12, 5, and 10 ORFs from regions I, II, and III,

respectively, were found in the genomes of phylogenetically

distant bacteria outside the Sphingomonadales. Whereas

many of these ORFs encoded hypothetical proteins, some

encoded putative phage-related proteins (see supplementary

tables S1–S3, Supplementary Material online).

Prophages that are similar among different bacteria are

either remnants of a lysogenic event in an ancestral

genome/host, or recent independent integrations of the

same bacteriophage (Bobay et al. 2013, 2014). Using four

stringent criteria, Bobay et al. (2014) identified conserved

prophage elements among fifteen strains of Salmonella

enterica that had orthologs in two strains of Escherichia

coli. These P2-like orthologous prophages of the family

Myoviridae, although lacking an integrase, were found to

be flanked by “homologous core genes”. However, among

distantly related bacteria, orthologous prophages are un-

likely to be flanked by the same genes due to chromosomal

rearrangements and gene shuffling. In such cases, the con-

served order and orientation of ORFs could be a better in-

dicator of common ancestry. Among 27 complete and three

draft genomes of Sphingomonadales, the order and orien-

tation of the ORFs within the prophages were found to be

conserved (data not shown). Furthermore, among 17 ge-

nomes, the prophage element was co-located with an

ORF encoding a putative superoxide dismutase (table 1).

Because the orthologous prophages identified by Bobay

et al. (2014) were from S. enterica and E. coli, they displayed

a “high gene repertoire relatedness”. Analyses of the

putative proteins encoded by the 22 ORFs of region I of

Prophage IWHSC-8 using BLASTP indicated that the closest

orthologs (in Sphingomonas sp. Root 241; see supplementary

table S1, Supplementary Material online) had an identity

range of 49–88% (average 71.5%). The closest orthologs of

these proteins outside Sphingomonas had an identity range of

41–80% (average 60%). The closest orthologs of the putative

proteins encoded by the ORFs of region III of Prophage IWHSC-8

(in Sb. ummariense RL-3; see supplementary table S3,

Supplementary Material online) had an identity range of 30–

72% (average 51%). Taken together, these results indicate

that the analyses of orthologous prophages at the level of

genera and/or families may require the “threshold” of relat-

edness to be set to a value that is not >50%. While compar-

ing the orthologous prophages of S. enterica and E. coli,

Bobay et al. (2014) observed that such elements generally

“display a gene diversity that does not greatly exceed the

gene content of the ancestral prophage”. Pairwise

FIG. 1.—Comparison of prophages from five bacterial strains. A map of Prophage IWHSC-8 is shown on the top (genome coordinates 3,774,962–

3,832,206 bp) and contains 74 ORFs (represented by arrows). Region I consists of the first 22 ORFS, region II consists of ORFs 23-53, and region III consists of

ORFs 54–74. The first ORF (ompA; TS85_16970) encodes a putative outer membrane protein A. The twentieth ORF (speE; TS85_17065) encodes a putative

spermidine synthase (black arrow). The order and orientation of the ORFs in the orthologous prophages of Sphingomonas sp. Root 241 (genome coordinates

501,740–517,840bp in contig 2), Sphingomonas sp. PAMC 26617 (genome coordinates 53,713–71,682 bp in contig 11), Sphingomonas taxi ATCC 55669

(genome coordinates 3,442,178–3,456,451 bp), and Sphingobium ummariense RL-3 (in contigs 46 and 81) are shown below the map of Prophage IWHSC-8.

Four ORFs (3, 4, 5, and 22) whose protein sequences were used for phylogenetic analyses in figures 3B and 4B are encircled.
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comparisons revealed that the gene repertoire (42 ORFs) of

the conserved prophages identified among the genomes of

Sphingomonadales was much smaller than that of the gene

content of Prophage IWHSC-8 (74 ORFs).

These analyses indicate that the conserved elements repre-

sent an ancient temperate bacteriophage integration, and this

horizontal transfer event pre-dates natural selection-based

speciation within the order Sphingomonadales. The possibility

that these elements represent independent lysogenic conver-

sions of different bacteria by the same broad host range bac-

teriophage is remote because they occur only among

members of Sphingomonadales. This possibility is further

ruled out by the fact that the host strains have a broad distri-

bution in space and time. The extensive variation in the length

of the orthologous prophages among different genomes sug-

gests that they have been subjected to differential gene losses,

and that some of them have “stabilized” in the respective

genomes. The observation that the orthologous prophages

differ in their GC% suggests that they have resided within

their hosts for longer periods of time, and that most of

them are evolving in sync with their respective host chromo-

somes. Because the GC% of the prophage was higher than

that of the host chromosome in most cases, it is possible that

the constituent genes are under similar selection, which may

be required for maintaining their functions. Further analyses

are required to determine whether these genes are under

purifying selection, as demonstrated for the genes in the

orthologous prophages of S. enterica and E. coli (Bobay

et al. 2014).

The “stabilization” of prophages in the genomes of their

hosts is an indicator of “fitness” conferred by the residual

genes of these elements and adaptive evolution. Because

the orthologous prophage elements among members of

Sphingomonadales appear to be selectively maintained, it is

possible that they bestow some fitness. The fact that such an

element was absent in the complete genomes of

Sphingomonas wittichii (strain RW1), Sphingomonas sanxani-

genens (strain DSM 19645), Sphingopyxis terrae (strain NBRC

15098), Sphingopyxis sp. (strain 113P3), Altererythrobacter

ishigakiensis (strain NBRC 107699), and Zymomonas mobilis

(strains ATCC 10988, ATCC 29191, ATCC 29192, NCIMB

11163, NRRL B-12526, CP4, and ZM4) supports the differen-

tial gene loss hypothesis, and implies that the element is nei-

ther part of the “core genome” of the Sphingomonadales,

nor is essential for bacterial function.

The Orthologous Prophages Contain an ORF Encoding a
Putative Proline-Enriched Protein

Among the 22 ORFs identified within region I of

Prophage IWHSC-8, the first encoded a putative outer

membrane protein A (TS85_16970, OmpA, 378 aa; fig. 1).

Comparative genomics provided several interesting insights

into this ORF. Of the 32 genomes shown in table 1, 27

contained a single copy of this ORF, which occurred as the

first ORF of the orthologous prophage in each. The putative

proteins encoded by these ORFs varied in their length (349–

384 aa, average 365 aa) and identity (53–76%, average 58%,

using TS85_16970 as the query sequence). In the genome of

Altererythrobacter namhicola JCM 16345, there was a single

copy of this ORF (A6F65_01235, 318 aa) that was not a part

of the orthologous prophage. In the genomes of P. neusto-

nensis DSM 9434 and Croceicoccus naphthovorans PQ-2,

there were two copies of this ORF (A9D12_03720;

A9D12_12925 and AB433_03655; AB433_05665, respec-

tively) and only one of them occurred as the first ORF of the

orthologous prophage in each (table 1). However, in the ge-

nomes of Altererythrobacter atlanticus 26DY36 and

Erythrobacter atlanticus s21-N3, there were two copies of

this ORF (WYH_00683;WYH_02434 and CP97_02815;

CP97_06350, respectively) and neither of them was part of

the orthologous prophage. The two copies identified in each

of these four genomes could represent a gene duplication

event or an independent acquisition. Furthermore, at least

one copy of this ORF was also present in the genomes of

several Sphingomonadales that were devoid of an ortholgous

prophage (e.g., Sm. sanxanigenens DSM 19645,

NX02_04620, 356 aa). The occurrence of this ORF in the ab-

sence of an ortholgous prophage indicates that it is either a

relic of an ancient prophage or an independent acquisition

that may have been selectively maintained. Outside of the

Sphingomonadales, homologs (~35% identity) of

TS85_16970 were found only in a few bacteria; for example,

in the genera Magnetospirillum (A6A05_07025, MGR_1855,

and H261_18647), Brevundimonas (ASC65_02295), and

Scytonema (QH73_05930). Taken together, these results sug-

gest that the putative OmpA-encoding ORF is as much an

integral part of the ortholgous prophages in some

Sphingomonadales, as it is of the pangenome of the order.

Each of the putative OmpA-orthologs from 29

Sphingomonadales contained a signal peptide (first 21 aa,

fig. 2), which was similar to the signal peptide of OmpA of

E. coli (Movva et al. 1980). This feature suggested that the

putative proteins are secreted or membrane-bound. The most

conspicuous feature of the putative OmpA orthologs listed in

table 1 was a proline-rich region (fig. 2), which appeared to

divide the protein into two unequal halves. The total number

of prolines (and the number of contiguous prolines) differed

among the orthologous proteins. The highest number of pro-

lines (and the highest number of contiguous prolines, 27/27;

fig. 2) were found in the OmpA ortholog from Er. litoralis

HTCC2594 (ELI_13950, 367 aa). Although there appeared

to be no relationship between the length of the putative pro-

teins and the number of prolines, the OmpA orthologs from

some Sphingomonas spp. contained few prolines (and fewer

contiguous prolines, fig. 2). The OmpA proteins of Gram-

negative bacteria typically contain a proline-rich region that

acts as a linker/hinge between the N- and C-terminal domains
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(Nikaido and Vaara 1985; El Hamel et al. 2001). These proteins

are also referred to as b-barrel porins because they form

transmembrane barrels that are predominantly composed of

b-sheets (Delcour 2002; Tamm et al. 2004). The putative

OmpA ortholog from Er. litoralis HTCC2594 appears to be a

b-barrel porin based on its predicted secondary structure and

model (see supplementary fig. S1, Supplementary Material

online). It is possible that the other putative OmpA orthologs

listed in table 1 are also b-barrel porins because their predicted

secondary structures contained 8–10 b-sheets in the N-termi-

nal domains (data not shown).

The occurrence of an ORF encoding a putative outer

membrane protein among the orthologous prophages of

Sphingomonadales was not surprising because many bac-

teriophages (and prophages) associated with Gram-neg-

ative bacteria have been shown to carry ORFs encoding

porins (Highton et al. 1985; Zhao et al. 2011). It was

speculated that these proteins may prevent superinfec-

tion by repressing the expression of other genes encoding

outer membrane proteins that serve as phage receptors

(e.g., OmpC), and may also facilitate phage survival in

“induced lysogens” (Highton et al. 1985). It was also

proposed that these proteins “play a structural role in

phage assembly” (Zhao et al. 2011). In addition to serving

as receptors for antibiotics, bacteriophages, and colicins,

b-barrel porins transport various molecules across the

outer membrane (Petersen et al. 2007). Because

the ORFs encoding putative OmpA proteins were consis-

tently identified among the genomes of many

Sphingomonadales, and they were present even in ortho-

logous prophages that were highly truncated (e.g., in N.

pentaromativorans US6-1 and P. neustonensis DSM

9434), it is likely that they confer some fitness and are

thus selectively maintained. Their functional relevance

within the respective hosts remains to be characterized.

Six Orthologous Prophages Contain an ORF Encoding a
Putative Spermidine Synthase

Among the 22 ORFs identified within region I of

Prophage IWHSC-8, the twentieth encoded a putative

FIG. 2.—Comparison of putative OmpA orthologs from 33 bacterial strains (represented by locus tag numbers shown in table 1) by multiple sequence

alignment. Signal peptide sequences (first 21 aa, shown on the left side) could not be identified in the OmpA orthologs of four bacterial strains (ELI_13950,

AMC99_02724, AM2010_2068, and NX02_04620). Proline-rich linker/hinge regions are shown on the right side. Numbers on the top indicate the total

number of prolines in each column. Numbers in parenthesis indicate the number of contiguous prolines versus the total number of prolines in each OmpA.
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spermidine synthase (TS85_17065, SpeE, 227 aa; fig. 1 and

see supplementary table S1, Supplementary Material online).

Comparative analyses indicated that the orthologous pro-

phages in the draft genomes of Sphingomonas sp. Root

241 and Sphingomonas sp. PAMC 26617 contained a similar

ORF (fig. 1). Furthermore, the orthologous prophages in the

draft genomes of Sphingomonas sp. PAMC 26605 and 26621

as well as the complete genome of Sphingomonas panacis

DCY99 also contained an ORF encoding a putative SpeE

(data not shown). The draft/complete genomes of 28 other

Sphingomonadales contained a similar ORF, but in each of

these genomes the ORF was located outside the orthologous

prophage (table 1). The proteins encoded by these ORFs con-

tained ~222 aa and their identity was 55–82% (average 65%,

using TS85_17065 as the query sequence). The above results

point to two evolutionary possibilities for the speE ORF among

Sphingomonadales; 1) that it was once part of the ortholo-

gous prophage, but has been subsequently translocated to

another part of the chromosome in many species/strains;

and 2) that it was part of the chromosome, but has been

translocated into the orthologous prophage in the common

ancestor of a few species/strains.

Neither the presence of polyamines within bacteriophages

nor the occurrence of genes involved in polyamine biosynthe-

sis in their genomes is unusual (Tabor and Tabor 1985; Shaw

et al. 2010). However, the occurrence of such genes within

prophages has not been reported hitherto. Therefore, the

orthologous prophages from strains WHSC8, Root 241,

PAMC 26605, PAMC 26617, PAMC 26621, and DCY99 are

unusual in containing an ORF encoding a putative SpeE.

Another feature of these and most other Sphingomonas

strains is that their genomes either lacked an ORF (or con-

tained a truncated/disrupted ORF) encoding a putative S-ade-

nosylmethionine decarboxylase (SpeD). Consequently, these

strains may not be able to produce spermidine and the speE

ORFs within their genomes may be redundant. Indeed, che-

motaxonomic studies of strains WHSC-8 and DCY99 have

shown that they contain sym-homospermidine as the major

polyamine (Singh et al. 2015; Wei et al. 2015). The fact that

the speE ORFs are selectively maintained within their respec-

tive hosts indicates that they may have an as yet unknown

function. In view of these observations, and the prediction

that genes encoding homospermidine synthases have

spread from Alphaproteobacteria to other bacteria and viruses

through horizontal gene transfer (Shaw et al. 2010), it is pos-

sible that the ORFs encoding putative spermidine synthases

were phage-borne.

The Evolutionary Rates of Many Orthologous Prophages
and Their Hosts Appear Similar

Because several bacterial strains (e.g., Citromicrobium sp.

JL477, Sphingorhabdus sp. M41, Sphingomonas sp. Root

241, Sphingomonas sp. MM-1, Sphingobium sp. YBL2,

Sphingobium sp. MI1205, Sphingobium sp. EP60837, and

Sphingobium sp. TKS) that were part of this study lacked

proper taxonomic assignment, it was imperative that their

phylogenetic position be assessed within the context of the

order Sphingomonadales. Therefore, a phylogenetic tree

based on the proteomes of 19 bacterial strains was con-

structed using the CVTree 3.0 tool. Five distinct clades could

be recognized within this tree (fig. 3A). Clades I and II con-

tained species and strains of the genera Sphingomonas and

Sphingobium, respectively. Within clade I, strain Root 241

clustered close to strain WHSC8, further confirming the

BLASTP results in supplementary table S1, Supplementary

Material online. Within clade II, strains YBL2, EP60837, and

TKS appeared distinct from each other. More importantly, the

genera Sphingomonas and Sphingobium branched into sister

lineages in the tree.

Clade III in the proteome-based tree (fig. 3A) contained

Sphingorhabdus sp. M41, and clade IV contained two strains

of the genus Novosphingobium. Interestingly, these two

genera of Sphingomonadaceae branched away from clades

I and II, and were placed on a main branch that contained

members of the Erythrobacteraceae (clade V). A maximum

likelihood phylogenetic tree (with 1,000 bootstrap replicates)

constructed using 16S rDNA sequences also showed branch-

ing of Sphingomonas and Sphingobium into sister lineages,

and placed Sphingorhabdus and Novosphingobium on a main

branch that contained members of the Erythrobacteraceae

(fig. 4A). Furthermore, a previous phylogenetic analysis

based on concatenated sequences of 400 conserved proteins

has also shown that some members of the genus

Novosphingobium cluster near Er. litoralis HTCC2594 (Gan

et al. 2015). Based on these results, the taxonomic assignment

of some genera of Sphingomonadaceae needs to be

reexamined.

While analyzing the prophages among S. enterica and

E. coli, Bobay et al. (2014) proposed that the evolutionary

rates of orthologous prophages would be similar to those of

their hosts, and demonstrated that a phylogenetic tree

based on phage-derived protein sequences mirrors that of

their respective hosts. To test this hypothesis, a phylogenetic

tree was constructed using the CVTree 3.0 tool by analyzing

the protein sequences of four ORFs (TS85_16980,

TS85_16985, TS85_16990, and TS85_17075; see supple-

mentary table S1, Supplementary Material online) of

Prophage IWHSC-8 that were conserved in 18 other ortholo-

gous prophages. The topology of this tree (fig. 3B) was

similar to that of the proteome-based tree (fig. 3A); the

genera Sphingomonas and Sphingobium branched into

sister lineages, and the genera Novosphingobium and

Sphingorhabdus were placed closer to members of the

Erythrobacteraceae. Furthermore, a maximum likelihood

phylogenetic tree (with 1,000 bootstrap replicates) con-

structed using the concatenated protein sequences of the

four ORFs was similar to the 16S rDNA-based tree and
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corroborated the inferences (fig. 4B). The discrepancies in

the placement of species/strains within the main branches

among the different trees could be due to the number and

types of characters analyzed as well as the methods of anal-

yses. Taken together, the results from the two types of

phylogenetic analyses (Neighbor-Joining and maximum like-

lihood) indicate that the orthologous prophages have re-

sided within their hosts for longer periods of time, and

that most of them are evolving in sync with their respective

host chromosomes.

FIG. 3.—(A) (TOP) Phylogenetic tree based on the proteomes of 19 bacterial strains of the order Sphingomonadales. The proteome of Escherichia coli

strain K-12 substrain MG1655 (UniProt Proteome ID: UP000000625) was used as an outgroup. Except the outgroup, all other strains contained an

orthologous prophage (table 1). (B) (BOTTOM) Phylogenetic tree based on the protein sequences of four ORFs that were conserved in 19 orthologous

prophages of the order Sphingomonadales. Homologous protein sequences from four bacteria (Alpha proteobacterium Q-1, GAK34242; Gemmatimonas

aurantiaca T-27, BAH39687; Celeribacter halophilus, WP_066598903; Afipia sp. P52-10, ETR76025) were combined and used as an outgroup because a

single species/strain that contained homologs of all four protein sequences could not be found. Both trees were constructed using the Neighbor-Joining

method by the web server CVTree3. The top tree was visualized at K= 6 and the bottom tree was visualized at K =4. In both trees, five distinct clades

recognized based on species/strains represented within each are marked on the right side.
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FIG. 4.—(A) (TOP) Phylogenetic tree based on the 16S rDNA sequences (~940bp) of 19 bacterial strains of the order Sphingomonadales. The tree was

rooted using the 16S rDNA sequence of Escherichia coli strain K-12 substrain MG1655 (GenBank locus tag AW869_04565) as the outgroup. Except the

outgroup, all other strains contained an orthologous prophage (table 1). (B) (BOTTOM) Phylogenetic tree based on the concatenated protein sequences

(~1,141 aa) of four ORFs that were conserved in 19 orthologous prophages of the order Sphingomonadales. Protein sequences were concatenated in the

same order as their ORFs occurred in figure 1. The outgroup is similar to the one used in figure 3B. Both trees were constructed using the maximum likelihood

method in MEGA 6.0. Bootstrap values of 1,000 replicates are indicated as numbers out of 100 at the nodes (only values>50 are shown). Scale bars show

the number of nucleotide/aa substitutions per site.
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Conclusions

The results from the present study indicate that Sm. heng-

shuiensis strain WHSC-8 may contain an intact prophage.

Whether this prophage is inducible remains to be explored.

The results also suggest that large sections of this prophage

are likely to be conserved among various species of

Sphingomonas and Sphingobium, and that a small section

(from region I) is likely to be conserved among various

genera of Sphingomonadaceae and Erythrobacteraceae.

These scenarios may become more apparent as the genomes

of other species and strains of Sphingomonadales are se-

quenced and compared. The “stabilization” of a small section

of this prophage is likely to be due to the selective fitness of

one or more of the genes contained therein. Furthermore, it

appears that the evolutionary rates of many of the ortholo-

gous prophages are similar to those of their hosts. However, it

remains to be determined using a large number of complete

genomes whether the genes within these prophages are

under purifying selection. Finally, this group of bacteria has

come a long way after being recognized as a novel genus

(Yabuuchi et al. 1990), a novel family (Kosako et al. 2000),

and a novel order (Yabuuchi and Kosako 2005) in terms of

characterization of the genetic relationships and evolution.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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