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Abstract

FamilyCystobacteraceae is a group of eubacteria within order Myxococcales and class Deltaproteobacteria that includes more than

20 species belonging to 6 genera, that is, Angiococcus, Archangium, Cystobacter, Hyalangium, Melittangium, and Stigmatella.

Earlier these members have been classified based on chitin degrading efficiency such as Cystobacter fuscus and Stigmatella

aurantiaca, which are efficient chitin degraders, C. violaceus a partial chitin degrader and Archangium gephyra a chitin nonde-

grader. Here we report the 12.5 Mbp complete genome of A. gephyra DSM 2261T and compare it with four available genomes

within the family Cystobacteraceae. Phylogeny and DNA–DNA hybridization studies reveal that A. gephyra is closest to

Angiococcus disciformis, C. violaceus and C. ferrugineus, which are partial chitin degraders of the family Cystobacteraceae.

Homology studies reveal the conservation of approximately half of the proteins in these genomes, with about 15% unique

proteins in each genome. The total carbohydrate-active enzymes (CAZome) analysis reveals the presence of one GH18 chitinase

in the A. gephyra genome whereas eight copies are present in C. fuscus and S. aurantiaca. Evolutionary studies of myxobacterial

GH18 chitinases reveal that most of them are likely related to Terrabacteria and Proteobacteria whereas the Archangium GH18

homolog shares maximum similarity with those of chitin nondegrading Acidobacteria.
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Introduction

Order Myxococcales (Myxobacteria) is divided into 3 suborders

that have been further classified into 10 families, more than 25

genera, and around 50 species (https://www.ncbi.nlm.nih.gov/

Taxonomy/Browser/wwwtax.cgi?id=29; last accessed April 10,

2017). These organisms are aerobic (with the exception of

Anaeromyxobacter [Sanford et al. 2002; Thomas et al. 2008])

Gram-negativebacteriaandexhibit socialbehavior,glidingmo-

tility, and fruiting body formation (Reichenbach 2005;

Goldman et al. 2006; Huntley et al. 2011). Myxobacteria pos-

sess some of the largest known genomes among prokaryotes

(typically 9–16 Mbp), with a large number of encoded genes

(>7,000 genes) and regulatory repertoire (Schneiker et al.

2007; Han et al. 2013; Sharma et al. 2016a, 2016b).

Archangium gephyra DSM 2261T is a Gram-negative, motile,

aerobic, and chitin nondegrading myxobacteria classified in the

family Cystobacteraceae in the order Myxococcales within the

classDeltaproteobacteria. Thegenusname“Archangium” was

coined by Jahn in 1924 on the basis of the distinct fruiting body

when compared with other known myxobacteria (Jahn 1924).

The classified strains under genus “Archangium” were re-

ported to have convoluted braided strings of rod-shaped myx-

obacteria dipped in hardened slime (Reichenbach 1965; dos

Santos et al. 2014). This genus consists of a single species,

that is, A. gephyra. In the past, several Archangium species

have been described among which some were found identical

to A. gephyra, whereas others were reclassified into other myx-

obacterial species (Reichenbach 2005). Archangium gephyra

DSM2261T is the typestrainof thisgenus.Archangiumgephyra

is a common soil microorganism which shares a wide range of
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habitats similar to the rest of the myxobacteria (Reichenbach

2005). Theyhavebeen isolated fromcoldenvironments such as

the Swedish arctic tundra, Alaska, Iceland, and soils of northern

Canada as well as from hot biotopes like desert soils and also

from the coastal samples from North and South America (dos

Santos et al. 2014). Archangium gephyra has both proteolytic

and bacteriolytic modes of nutrition, that is, they can use both

proteins as well as other bacteria for their nutrition require-

ments (Reichenbach 2005). It has been reported earlier that

they are not able to degrade chitin when compared with effi-

cient chitin degraders of family Cystobacteraceae (dos Santos

et al. 2014; Awal et al. 2017).

Archangium gephyra DSM 2261T has been isolated from

Essex county (Ontario, Canada) soil samples in 1969 using soil

baiting method with sterile, antibiotic-free rabbit dung pellets

(McCurdy 1969). In this study, we report the 12.5 Mbp com-

plete genome sequence of A. gephyra DSM 2261T along with

its genomic features and annotation. Phylogenetic analysis

based on 16S rRNA and in silico DNA–DNA hybridization

(DDH) values position A. gephyra close to Cystobacter viola-

ceus and C. disciformis, partial chitin degraders belonging to

the family Cystobacteraceae. We performed homology and

orthology studies within the five available genomes of family

Cystobacteraceae. Finally, we have compared the myxobac-

terial GH18 chitinases to get insights into their origin.

Materials and Methods

Growth Conditions and DNA Isolation

Actively growing plate culture of A. gephyra was procured

from Deutsche Sammlung von Mikroorganismen und

Zellkulturen (DSMZ) as strain number DSM 2261T (also

known as strain number M18, ATCC 25201, NBRC 100087;

as mentioned in DSMZ records). Genomic DNA for next gen-

eration sequencing (NGS) was obtained using both the

Zymogen Research Bacterial/fungal DNA isolation kit and

Phenol–Chloroform–Isoamyl alcohol-based manual method.

The quantity and quality of the extraction were checked by

gel electrophoresis along with Nanodrop method and fol-

lowed by Qubit quantification.

Genome Sequencing, Assembly, and Annotation

Sequencing was performed on a Pacific Biosciences RSII instru-

ment at the McGill University and Genome Quebec Innovation

Center, Montréal (Québec), Canada (Full protocol described in

Sharma et al. 2016a). SMRTbell long library was constructed

with 10 mg whole genomic DNA using a 20-kb template prep-

aration method using Procedure and Checklist–20 kb

Template Preparation using BluePippinTM Size Selection

(http://www.pacb.com/wp-content/uploads/2015/09/Shared-

Protocol-20-kb-Template-Preparation-Using-BluePippin-Size-

Selection-System-15-kb-Size-Cutoff.pdf; last accessed April

10, 2017). The library was then loaded onto four single-

molecule real-time (SMRT) cells and sequenced using P6 po-

lymerase and C4 chemistry (P6C4) with 180-min movie time.

Sequencing yielded 104,260 raw reads of the average length

of 11,124 bp; a total of 89,020 reads with minimum seed read

length of 6 kb was used to perform read corrections during

assembly. De novo assembly was carried out using the hierar-

chical genome assembly process protocol from SMRT Analysis

v2.0, including consensus polishing with Quiver (Chin et al.

2013). Gene prediction and functional annotation were per-

formed by Rapid Annotation using Subsystem Technology

(RAST) (Aziz et al. 2008). RNAmmer 1.2 (Lagesen et al.

2007) and tRNAscan-SE-1.23 (Lowe and Eddy 1997) were

used to predict rRNA and tRNA genes. The predicted coding

DNA sequences (CDS) were translated and searched against

the nonredundant database, TIGRFam, Pfam (Finn et al.

2014), COG, and CAZY databases (Yin et al. 2012;

Lombard et al. 2014). Phobius (Kall et al. 2007) and

TMHMM (Krogh et al. 2001) were used to predict signal pep-

tides and transmembrane helices, respectively. CRISPR and IS

elements were identified using CRISPRfinder (Grissa et al.

2007) and ISfinder servers (Siguier et al. 2006).

Comparative Genomic Studies

The genomes of A. gephyra DSM 2261T (Ag: CP011509.1), C.

fuscus DSM 2262T (Cyb: ANAH00000000), C. violaceus Cb

vi76 (Cyvi: JPMI000000000) (Stevens et al. 2014),

Hyalangium minutum DSM 14724T (Hm: JMCB00000000),

and Stigmatella aurantiaca DW4/3-1 (Sa: NC_014623.1)

(Huntley et al. 2011) were downloaded from NCBI. For all

these genomes, gene prediction and functional annotation

were performed using RAST. Proteinortho (Lechner et al.

2011), which uses reciprocal best hits Basic Local Alignment

Search Tool (BLAST) approach, was used to predict the ortho-

logous proteins in various clusters among the five family

Cystobacteraceae members. NCBI BLAST + (v 2.2.26+) was

used throughout the study (Altschul et al. 1990) using E-

value cutoff of 1e�5, query coverage of 50% and 35% iden-

tity. For homology studies, all proteomes were mapped

against each other using BLASTp. A Venn diagram was gen-

erated to depict the number of homologous and orthologous

proteins between different genome combinations. The total

carbohydrate-active enzymes (CAZomes) for each genome

was identified using profile searches against CAZY database

(Lombard et al. 2014). GH18 characteristic motif

"[LIVMFY][DN]G[LIVMF][DN][LIVMF][DN].E" (Prosite No.

PS01095) was also searched among all the proteomes to re-

trieve putative GH18 chitinases.

Results and Discussion

Genome Features

The genome of A. gephyra DSM 2261T was assembled into a

complete chromosome of 12,489,432 bp having 69.5%
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G + C content (fig. 1, supplementary table S1, Supplementary

Material online). No plasmid sequence was detected in the

assembly process. In the PacBio library preparation step,

short DNA fragments are filtered out due to BluePippinTM

Size Selection protocol (>20 K), it is possible that small plas-

mids may not be represented during sequencing. The genome

encodes 10,211 predicted genes that include 10,121 protein-

coding genes, 90 RNA genes (9 rRNA genes and 81 tRNA

genes), 3 CRISPR repeats, and 109 IS elements. This genome

has tRNAs for the 20 amino acids along with 2 pseudo-tRNA

genes, 1 tRNA for Selenocysteine (SeC), and 1 tRNA with

undetermined function. Among the encoded 10,121

TArchangium gephyra DSM 2261
CP011509

12,489,432 bp

FIG. 1.—Circular representation of the complete genome of Archangium gephyra DSM 2261T. Rings from outside to the center: (1) A. gephyra DSM

2261T chromosome, (2) genes encoded on the positive strand, (3) genes encoded on the negative strand, (4) Unique genes when compared with

nonredundant (nr) database, (5) genes mapped against Pfam database, (6) genes mapped against COG database, (7) genes having transmembrane domains

(�1 domain), (8) genes having signal peptide sequences, (9) IS elements, (10) RNA sequences, (11) GC skew, (12) GC content. The image was generated

using BRIG (Alikhan et al. 2011).
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proteins, functions were assigned to 5,886 proteins

(58.16%), whereas the rest 4,235 proteins (41.84%) have

been annotated as hypothetical proteins (supplementary

table S1, Supplementary Material online). Only 66.5% pro-

teins of A. gephyra genome were mapped against Clusters of

Orthologous Groups (COGs) functional categories as de-

picted in supplementary table S2, Supplementary Material

online.

Taxonomic Classification

The genome of A. gephyra DSM 2261T has three operons of

identical 16S rRNA sequences (location on genome: 110,548–

112,085, 1,059,494–1,061,031, and 5,230,715–

5,232,252 bp). The 16S rRNA sequences of A. gephyra

show maximum identity with 16S rRNA sequence of C. viola-

ceus Cbvi76 and Angiococcus disciformis An-d4 strain

(98.64%) followed by C. ferrugineus Cb fe13 (98.44%).

Phylogenetic analysis also reveals that it forms a separate

clade along with other Archangium strains, C. violaceus

Cbvi76, Angiococcus disciformis An-d4, and C. ferrugineus

Cb fe13 (fig. 2). Family Cystobacteraceae members are well

known for chitinase activity and the present species determi-

nation is based on this along with morphological features

(Reichenbach 2005; dos Santos et al. 2014). Based on this,

family Cystobacteraceae has been distributed in three groups;

the representative species for each group are C. fuscus (effi-

cient degrader), C. disciformis (partial degrader), and C. gracilis

(nondegrader) (dos Santos et al. 2014). These three groups

form separate clades in the phylogenetic tree (fig. 2) as well as

earlier studies (Sproer et al. 1999). Archangium gephyra DSM

2261T along with other Archangium strains falls in the close

vicinity of C. violaceus, C. ferrugineus, and Angiococcus dis-

ciformis, which represent the second group based on chitinase

activity. These second group members, as well as A. gephyra

can only partially degrade chitin when compared with the

efficient chitin degraders of the first group. Recently, it has

been proposed to reclassify the above mentioned close rela-

tives of A. gephyra, that is, C. violaceus and Angiococcus dis-

ciformis as species within genus Archangium (A. violaceus and

A. disciformis, respectively) owing to its phylogenetic and mor-

phological distinctness (Lang et al. 2015). Phylogeny based on

28 conserved housekeeping gene sequences (Wu and Eisen

2008; Sharma et al. 2016b) also suggests the same (supple-

mentary fig. S1, Supplementary Material online). Besides phy-

logeny analysis, we also calculated in silico DDH values of A.

gephyra DSM 2261T compared with all available myxobacter-

ial genomes using Genome-To-Genome Distance Calculator

server (Auch et al. 2010). We found that among the family

Cystobacteraceae genomes, it shows maximum DDH value of

46 with C. violaceus Cbvi76 followed by 25.1 DDH value for C.

fuscus DSM 2262T. These results are in accordance with the

phylogenetic analysis.

DNA Methylome Analysis

Using the complete genome as a reference, methylome of the

A. gephyra DSM 2261T genome was determined using base

modifications and enriched motifs identification protocol in

SMRT portal. The Open Reading Frame (ORF) coding for deox-

yadenosine methyltransferase (dam) (AG_ 08591; having

TIGR00571) was identified in A. gephyra genome, which func-

tions asm6A methylase. Type I methylases (specific toAdenine)

were also identified through Type I R&M system analysis

(AG_05605, AG_05606, AG_07205, AG_08251, and

AG_08454;havingN6_Mtase[PF02384])whereasTypeIImeth-

ylase corresponding to Type II R&M systems were not found in

the genome. The m6A-based methylation was observed

in>96% of the motifs AACNNNNNNCTGG, CCAGN-

NNNNNGTT, CCAANNNNNNNCTC, GAGNNNNNNNTTGG

and CCCGCA in DSM 2261T genome at second, third, fourth,

second and sixth positions, respectively. We also identified

m4C-based methylation in motif GAGCTC at C4 position. We

could not detect corresponding N4-methylcytosine (m4C)

methylase homolog while other methylases having Pfam

domain N6_N4_Mtase (PF01555), which could function as

bothN-4cytosine-specificandN-6Adenine-specificDNAmeth-

ylase, were identified in DSM 2261T genome (AG_00686,

AG_00776, AG_03646 and AG_07508).

Protein Homology and Orthology Studies

Five myxobacterial genomes are available for the family

Cystobacteraceae (supplementary table S3, Supplementary

Material online). Out of these five, Stigmatella has been widely

studied for its secondary metabolites, motility, and sporulation

(Neumann et al. 1993; Silakowski et al. 1999, 2000; Tan et al.

2013; Kunze et al. 2005). The aim of this study was to identify

the set of commonly shared and unique genes among the

family Cystobacteraceae genomes. These members have>9

Mbp genome size and 8,500–10,000 proteins. Homology stud-

ies suggest that 51% of the total proteins are well conserved

across these organisms (supplementary fig. S2, Supplementary

Material online). We also identified several proteins in different

genome combinations such as 10.61% proteins are present in

two genome combinations, 10.26% in three genome combina-

tions, and 12% in four genome combinations. Out of total pro-

teins, 16% proteins are present as unique proteins among these

five organisms. The presence of a large number of unique pro-

teins in each genome suggests wide differences in terms of ge-

nomic diversity at the genus level. Orthology studies identified

the presence of 3,368 clusters conserved across all 5 organisms

(supplementary fig. S2, Supplementary Material online). These

clusters account for 33–40% of each proteome and these pro-

teins assist in homeostasis, housekeeping functions and in

maintaining morphological, developmental, and physiological

features of the organism. Based on one-to-one orthology stud-

ies, we identified 70.55% (Ag), 59.57% (Cyb), 69.16% (Cyvi),

63.90% (Hm), and 63.95% (Sa) proteins within respective

The Complete Genome of Archangium gephyra GBE
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genomes. The relative patterns of homology and orthology

studies are consistent with the 16S rRNA tree.

CAZome Analysis

We did not find any correlation between genome size and

CAZome. In Ag genome, 391 proteins (3.9%) were identified

with a different combination of CAZY domains, putatively

functioning as carbohydrate active enzymes. When compared

with other family Cystobacteraceae members, Cyb has the

largest CAZome with 6% proteins whereas Cyvi has the

lowest (3.2%) (supplementary table S4, Supplementary

Material online). In spite of being the smallest genome (10.26
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Mbp) among the family, Sa has 5.2% carbohydrate active

enzymes. Although these genomes are about the same

size and contain a comparable number of proteins, Cyb

CAZome is two times as large as that of Ag and Cyvi;

which is reflected in all CAZY categories.

We also identified specific CAZY proteins (supplementary

table S5, Supplementary Material online) known to degrade

chitin, cellulose, starch, and agar. Among the chitinases,

GH18 is a well-known family (Funkhouser and Aronson

2007) and we find that Cyb and Sa have multiple GH18 do-

mains. Other genomes such as Ag and Hm have just a single

copy whereas we could not find any GH18 in Cyvi. The distri-

bution of GH18 homologs suggests that Cyb and Sa are likely

to degrade chitin efficiently when compared with Ag, Hm,

and Cyvi. Family Cystobacteraceae members do not have

any GH96 agarase, consistent with their agar nondegrading

behavior (dos Santos et al. 2014). Cellulose degradation has

not been reported in family Cystobacteraceae members (dos

Santos et al. 2014); however, Cyb has all three types of cellu-

lases (b-glucosidase, cellobiohydrolase/exoglucanase, and

endoglucanase) in multiple copies and may thus be able to

degrade cellulose. Exoglucanase is only present in Cyb (as

GH48 homolog) and absent in all others. Among the amy-

lases, b-amylase does not have any representation in any of

the family Cystobacteraceae genomes. GH13 and GH15 do-

mains representing a- and g-amylase, respectively, have been

identified in multiple copies within the studied genomes (~15

and ~5, respectively), which suggest that they may be able to

partially degrade starch.

Evolution of Chitinases among Myxobacteria

Archangium gephyra has been characterized as a chitin

nondegrader (Reichenbach 2005; dos Santos et al. 2014; Awal

et al. 2017) whereas 16S rRNA and housekeeping phylogeny

along with genome–genome distance depict its closeness with

partial chitin degraders such as C. violaceus and C. disciformis

(fig. 2; supplementary fig. S1, Supplementary Material online).

Tofindthepresenceofchitinases inAgproteome,we looked for

GH18 CAZY family that is widely present in archaea, prokary-

otes, and eukaryotes. We identified one protein, AG_02459,

which contains the GH18 module as well as the

"[LIVMFY][DN]G[LIVMF][DN][LIVMF][DN].E" chitinase signature

motif. We identified multiple chitinase homologs in Cyb draft

assembly and Sa complete genome (eight homologs each),

which likely enable them to degrade chitin efficiently when

compared with Ag, which has just one GH18 chitinase. The

presence of multiple chitinases has been reported earlier to

be correlated with the efficiency of chitin degradation (Svitil

et al. 1997; Beier and Bertilsson 2013; Bai et al. 2016).

Moreover, we extended this study to all genomes of the

order Myxococcales and identified all myxobacterial GH18

homologs. We found that all members of family

Myxococcaceae such as M. xanthus species (MxDK1622,

MxDZ2, and MxDZF1) (Muller et al. 2013a, 2013b;

Goldman et al. 2006), M. hansupus (Sharma et al. 2016b),

M. fulvus (Sukharnikov et al. 2011), M. stipitatus (Huntley

et al. 2013), and Corallococcus corraloides have five to six

GH18 homologs, although these organisms have not been

reported to have chitinase activity (Garcia and Müller

2014a). Other Sorangium and Chondromyces genomes

also have two to three GH18 homologs. It has been reported

that Sorangium species degrade chitin whereas

Chondromyces species do not (Garcia and Müller 2014b).

We generated a maximum likelihood phylogenetic tree

using all putative GH18 homologs and their top non-

Myxococcales BLAST hits as identified via BLASTp search

against nonredundant NCBI database (supplementary fig.

S3, Supplementary Material online). The tree depicts the

evolutionary relationships of myxobacterial chitinases. All

clades are clearly demarcated family and suborder wise.

The closest identified homologs of most of the clades have

representation from diverse taxa such as Bacilli,

Actinobacteria, Chloroflexi, and Deinococci, which belong

to the Terrabacteria group. Among all clades, the one con-

taining the Ag GH18 homolog has the maximum closeness

to GH18 proteins from chitin nondegrading Acidobacteria

(Kielak et al. 2016). This suggests that although most of the

myxobacterial chitinases share affinities with the

Terrabacteria and Proteobacteria groups, the Ag GH18 chit-

inase was possibly acquired via horizontal gene transfer from

Acidobacteria. It has been earlier reported that

Acidobacteria have GH18 homologs but they do not show

any chitinase activity (Rawat et al. 2012) suggesting the sim-

ilar nature of Archangium.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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