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Symbioses between eukaryotes and sulfur-oxidizing (thiotrophic) bacteria have

convergently evolved multiple times. Although well described in at least eight

classes of metazoan animals, almost nothing is known about the evolution of

thiotrophic symbioses in microbial eukaryotes (protists). In this study, we

characterized the symbioses between mouthless marine ciliates of the genus

Kentrophoros, and their thiotrophic bacteria, using comparative sequence analy-

sis and fluorescence in situ hybridization.Ciliate small-subunit rRNAsequences

were obtained from 17 morphospecies collected in the Mediterranean and

Caribbean, and symbiont sequences from 13 of these morphospecies. We dis-

covered a new Kentrophoros morphotype where the symbiont-bearing surface

is folded into pouch-like compartments, illustrating the variability of the basic

body plan. Phylogenetic analyses revealed that all investigated Kentrophoros
belonged to a single clade, despite the remarkable morphological diversity of

these hosts. The symbionts were also monophyletic and belonged to a new

clade within the Gammaproteobacteria, with no known cultured representa-

tives. Each host morphospecies had a distinct symbiont phylotype, and

statistical analyses revealed significant support for host–symbiont codiversifica-

tion. Given that these symbioses were collected from two widely separated

oceans, our results indicate that symbiotic associations in unicellular hosts can

be highly specific and stable over long periods of evolutionary time.

1. Introduction
Symbiotic associations between eukaryotes and sulfur-oxidizing (thiotrophic) bac-

teria have evolved several times in different groups of both hosts and symbionts

[1,2]. Among metazoan animals, they have evolved independently in at least

eight taxonomic classes. By contrast, much less is known about thiotrophic sym-

bioses in protists (microbial eukaryotes), with only two groups described as

hosts, namely euglenozoans [3] and ciliates [4]. The thiotrophic symbionts of ani-

mals and protists fall in several clades of bacteria: mostly Gammaproteobacteria

[1], but also Epsilon- [5] andAlphaproteobacteria [6].Manyare interpreted asnutri-

tional symbioses because the hosts have reduced digestive systems, and the

symbionts can use energy from inorganic reduced sulfur to produce new biomass

from CO2.

Kentrophoros (Ciliophora: Karyorelictea) is a genus of ciliates with two unu-

sual characters: lack of a differentiated cytostome (oral apparatus, or ‘mouth’),

and an obligate association with ectosymbiotic thiotrophic bacteria [7–9]. The

cell body is flattened, with one side ciliated and the other densely covered by

the bacteria. The symbionts of Kentrophoros are sulfur oxidizers (thiotrophs)

[10] and are phagocytosed by the ciliates directly along the whole cell body

& 2017 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
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[8,11,12]. Of the ciliates known to have thiotrophic sym-

bionts—Kentrophoros, Zoothamnium niveum [4] and possibly

Pseudovorticella sp. [13]—only the symbionts of Z. niveum
have been phylogenetically identified. Zoothamnium niveum is

a single representative in a predominantly non-symbiotic

genus. By contrast, Kentrophoros is a genus comprising many

species that all bear thiotrophic symbionts. These hosts are

geographically widespread in marine sediment interstitial

habitats (references in [9]) and can be locally abundant [14],

and are thus valuable for comparing the biology and evolution

of symbiotic associations within a speciose group of hosts.

The symbiotic bacteria have remained unidentified,

although they were described a long time ago [15,16]. It is not

knownwhether theKentrophoros symbionts are all close relatives

to each other or if they come fromdifferent clades, nor is it poss-

ible to infer from morphology and physiology alone if they are

related to known groups of thiotrophic bacteria. They may rep-

resent one ormore entirely new clade(s) of symbiotic thiotrophs.

The identity of the symbionts also relates directly to the question

of host–symbiont specificity. Some clades of thiotrophic sym-

bionts have a very specific relationship to their hosts, even

exhibiting a pattern of codiversification [6], while others are

associated with two or more different host taxa or have close

relatives that are non-symbiotic [17].

The remarkable morphological diversity of Kentrophoros
has also called their own phylogenetic position into question.

The described species differ widely in size and body shape, as

well as the number and arrangement of nuclei. The genus

might therefore be polyphyletic, i.e. mouthlessness and sym-

biotic lifestyle may have evolved more than once among the

karyorelict ciliates [9]. Alternatively, Kentrophoros may

simply be more variable than other ciliate genera. Molecular

phylogenetics can help to resolve such taxonomic problems

when morphology is difficult to interpret, but only two 18S

rRNA sequences have been published [18,19]. The true

extent of Kentrophoros species diversity is also unclear because

karyorelictean ciliates are notoriously difficult to handle [9,20],

and most descriptions have been exclusively morphological.

In this study, we collected Kentrophoros from two geo-

graphical regions, the Mediterranean and Caribbean Seas,

to identify the symbionts and test if the symbiosis had a

single origin. More specifically, we ask: (i) is Kentrophoros a

monophyletic group within the karyorelict ciliates? (ii) Do

the symbiotic bacteria also form a monophyletic group, and

are they related to known groups of symbiotic bacteria? (iii)

How specific and stable are these associations, and have

hosts and symbionts co-diversified? (iv) How does the mor-

phological diversity of Kentrophoros relate to phylogeny? To

address these questions, we used methods from molecular

ecology, phylogenetics and comparative morphology.

2. Material and methods
(a) Sampling site and collection
Mediterranean samples of Kentrophoros were collected in 2013

and 2014 from three localities off the island of Elba, Italy. At

the bays of Cavoli (42.7341928 N, 10.1858688 E, 12.8 m depth)

and Sant’ Andrea (42.8085618 N, 10.1422758 E, 7.3 m depth), cili-

ates were extracted by decanting sandy sediment collected

by scuba divers. At Golfo di Barbatoia off Fetovaia, Elba

(42.73138 N, 10.15348 E, 1.5 m depth), sediment was collected

in Plexiglas cores by snorkelling and extracted by the Uhlig

method [21]. Caribbean samples were collected in 2015 off the

southern end of Twin Cayes, Belize (16.823568N, 88.1061508W,

1.5 m depth), by both decantation and Uhlig extraction.

(b) DNA extraction
Samples for DNA extraction were either fixed in RNAlater

(Sigma-Aldrich) (stored at 48C) or 70% ethanol (stored at

2208C) or directly digested in buffer ATL and proteinase K of

the DNeasy Blood and Tissue kit (Qiagen). DNA was extracted

from single Kentrophoros cells with the DNeasy Blood & Tissue

Mini Kit following the manufacturer’s protocol, and eluted in

50 ml elution buffer.

(c) Sequencing of Kentrophoros 18S rRNA gene
The 18S rRNA gene was amplified by polymerase chain reaction

(PCR) with general eukaryote primers EukA (AACCTGGTT-

GATCCTGCCAGT) and EukB (TGATCCTTCTGCAGGTTCAC

CTAC) [22] using Phusion high-fidelity DNA polymerase

(Thermo), 50 ml reaction volume with 1 ml template, and touch-

down thermocycle: 988C/2 min—10 cycles of (988C/10 s—708C
(reduced by 18C per cycle)/30 s—728C/1 min)—30 cycles of

(988C/10 s—608C/30 s/728C/1 min)—728C/10 min—held at

128C. PCR product bands were cut from the gel after electrophor-

esis, purified with the Qiaquick gel extraction kit (Qiagen) and

sequenced with BigDye Terminator v 3.1 Cycle Sequencing Kit

(Life Technologies) on a 3130 � 1 Genetic Analyzer (Applied

Biosystems), using EukA, EukB and 18SF492karyo (AGGACC

CACTGGAGGG, modified from [23]) as sequencing primers.

Sequence chromatograms were inspected and assembled in

Sequencher 4.6 (Gene Codes), retaining sequences that had

more than 95% of bases with a Phred score greater than 20.

PCR products that could not be directly sequenced were cloned

before sequencing, using the TOPO TA kit (Invitrogen) with

pCR-4-TOPO vector and One-Shot TOP10 Escherichia coli chemi-

cally competent cells, after adding A-overhangs with Taq

polymerase (5 Prime) and dATP. Vector primers M13F and

M13R were used as sequencing primers for clones.

(d) Sequencing of symbiont 16S rRNA gene
Metagenomic sequencing libraries were prepared from

Kentrophoros morphospecies H, SD, LPFa, LFY, TUN and UNK

with the Ovation Ultralow Library System V2 (NuGEN) follow-

ing the manufacturer’s protocol. Libraries were sequenced on the

Illumina HiSeq 2500 platform as 100 bp paired-end reads, with

approximately 10 million reads per library. The 16S rRNA

sequences were reconstructed with the phyloFlash pipeline

(https://github.com/HRGV/phyloFlash): reads with greater

than 70% identity to reference 16S rRNA sequences were

extracted by BBMap (https://sourceforge.net/projects/bbmap/),

and assembled with EMIRGE [24] or SPAdes [25]. The 16S

rRNA sequences with the highest read coverage per library

were considered candidate symbiont sequences. The candidate

symbiont 16S rRNA genes from the above six host morphospe-

cies were aligned and used to design two sets of PCR primers

to amplify symbiont 16S rRNA sequences from the remaining

host morphospecies: chr4Amix (CGAACGGTAACGGGGGGA,

CGAACGGTAACGGGGGAA, CGAACGGTAACGGAGGGA)

and chr4Cmix (CCGAGGATGTCAAAAGCAGG, CCAAGGAT

GTCAAAAGCAGG). PCR was performed with primer pairs

chr4Amix/1175R (CGTCATCCMCACCTTCCTC, [26]) or b341

(CCTACGGGAGGCAGCAG, [27])/chr4Cmix using Phusion poly-

merase, 20 ml volume with 2 ml template, and a touchdown

thermocycle: 988C/2 min—15 cycles of (988C/10 s—708C (reduced

by 18C per cycle)/30 s—728C/1 min)—25 cycles of (988C/10 s—
558C/30 s/728C/1 min)—728C/10 min—held at 128C. PCR

products were purified and sequenced as described above.
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(e) Molecular phylogenetics
For both ciliate 18S rRNA and bacterial 16S rRNA sequences, a

similar protocol was used. Sequences were dereplicated at 99%

identity with Usearch [28] (cluster_fast, length-sorted). Outgroup

sequences were downloaded from SILVA SSU Ref NR 123 [29]

or NCBI GenBank (accession numbers in electronic supplementary

material) and aligned with sequences from this study using the

L-INS-i method in MAFFT 7.130b [30]. The best-fitting evolution-

ary model, GTRþG in both cases, was found with jModelTest2

[31] from 44 alternatives. Phylogenies were estimated with four

discrete rate categories. Maximum-likelihood estimation was per-

formed with RAxML v. 8.1.3 [32] using the rapid hill-climbing

algorithm, 10 randomized starts and Shimodaira–Hasegawa-like

(SH-like) support values from the approximate likelihood ratio

test (aLRT) [33]. Bayesian inference was performed with MrBayes

v. 3.2.5 [34] using two independent runs of four Monte Carlo

Markov Chains (three heated, one cold) for 5 � 106 (18S rRNA)

or 10� 106 (16S rRNA) generations, with 25% relative burn-in.

For the 16S rRNA tree, the maximum-likelihood tree was used

as a starting tree to improve convergence. Potential scale reduction

factor values between 0.99 and 1.01 indicated convergence. For the

16S rRNA tree, an initial run gave inconsistent results between

maximum likelihood (ML) and Bayesian trees, and poor conver-

gence in the Bayesian analysis. Potential rogue taxa were

identified with RogueNaRok v. 1.0 [35] on 500 bootstrap replicates

estimated on the original alignment with RAxML. Rogue taxa that

were not candidate symbiont sequences were removed, and the

phylogenetic analyses were repeated with the previous

parameters.

( f ) Host–symbiont codiversification analysis
Bayesian trees of host and symbiont small subunit (SSU) rRNAwere

used for codiversification analysis. Host morphospecies for which

the corresponding symbiont sequences were unavailable were

removed from the treewithout changing other branches, as required

by the software tools used. Event-based analysis with Jane v. 4 [36]

used the default cost scheme and ran the genetic algorithm for 20

generationswith population size 100. Random sampling for signifi-

cance testing used random tip mapping and sample size 100.

Distance-based analysis with PACo [37] used distance matrices cal-

culated from the edited host and symbiont trees. A total of 105

iterations of randompermutationwere used for significance testing.

(g) Fluorescence in situ hybridization
Formaldehyde-fixed specimens of Kentrophoros morphospecies H

were dehydrated in ethanol (70, 80, 95, 95, 100, 100, 100%, more

than 30 min per step), transferred twice through Roti-Histol (Carl

Roth) (more than 1 h per step), 1 : 1 mixture of Roti-Histol and

Paraplast paraffin (608C, 1 h) and six times through paraffin

(608C, more than 1 h per step). The paraffin block was solidified

at room temperature for one week. Sections were cut on a Leica

RM2165 microtome at approximately 5 mm thickness, floated

onto glass slides (Superfrost Plus) and baked (568C, 2 h). Sections
were dewaxed (3� Roti-Histol, more than 30 min, room tempera-

ture) and rehydrated (ethanol 96, 80, 70%).

Specific probes chr4Ca (CCGAGGATGTCAAAAGCAGG)

and chr4Ba (GTAGGCTCATCCAACAGC) were designed in

ARB [38]; chr4Ca targets five candidate symbiont phylotypes

with zero mismatches, and three with one mismatch (out of

nine phylotypes with coverage of the probe target region),

whereas chr4Ba targets only the candidate symbiont phylotype

from K. sp. H with zero mismatches. Matches to published

sequences were checked with TestProbe versus the Silva SSU

Ref NR 123 database [29]. All zero-mismatch hits to chr4Ca and

chr4Ba were uncultivated environmental sequences, numbering

11 and 5, respectively. No database sequence had matches to

both chr4Ca and chr4Ba. For probe chr4Ca, unlabelled ‘helper’

oligonucleotides (TAAGGTTCTTCGCGTTGCAT, CGTGTGTAG

CCCTGCCCATA, CGTGTGTAGCCCTGCTCATA) were designed,

which bind to adjacent regions in the rRNA and improve the

primary probe signal [39]. Different formamide concentrations

were tested in the hybridization buffer with and without helpers,

on paraffin-embedded sections of K. sp. H. Final formamide

concentrations used were 20% for chr4Ca and 40% for chr4Ba.

Probe specificity was tested against Beggiatoa sp. 35Flor for

chr4Ca (three mismatches) and with cloneFISH [40] for chr4Ba

(one mismatch), with NON338 as negative control.

Catalysed reporter-deposition fluorescence in situ hybridiz-

ation (CARD-FISH) was performed as described by [41] with

fluorophoreAlexa 488 (Life Technologies) except that hybridization

and washing were performed at 46 and 488C, respectively, and an

additional lysozyme permeabilization step was included [42].

Kentrophoros sp. H sections from two individuals were separ-

ately hybridized with four different probe sets of increasing

taxonomic specificity: EUB338I-III targeting most Bacteria

[43,44], Gam42a (with unlabelled Beta42a competitor) targeting

most Gammaproteobacteria [45], chr4Ca (with unlabelled

helper probes) targeting most Kentrophoros candidate symbiont

sequences and chr4Ba, targeting only the candidate symbiont

of K. sp. H. Slides were viewed under epifluorescence with a

Nikon Eclipse 50i microscope, Intensilight C-HGFI light source

(Nikon) and filter F46-018 (AHF Analysentechnik). Imaging for

figure 1 was performed on a Zeiss LSM 780 confocal laser-

scanning microscope with 63� Plan-Apochromat oil-immersion

objective, excitation 488 nm, emission 508–534 nm.

(h) Histology and three-dimensional reconstruction
Samples for semithin sectionswere fixed in 1%OsO4 bufferedwith

0.1 M sodium cacodylate, 1100 mOsm l21, pH 7.4 (Electron

Microscopy Sciences) for 2 h, washed three times in the same

buffer, post-fixed with a mixture of 2.5% glutaraldehyde and 2%

formaldehyde in the same buffer overnight (more than 12 h),

washed three times with distilled water, dehydrated in ethanol

(30, 50, 70%) and stored in 70% ethanol until use. All steps were

EUB338 Gam42a chr4Ca chr4Ba NON338(a) (c) (d )(b) (e)

Figure 1. FISH of Kentrophoros sp. H cross-sections with oligonucleotide probes targeting bacterial rRNA. Emission in 508–534 nm channel from fluorophore Alexa
488 (excitation 488 nm) overlaid on transmitted light image. Probes match sequence signatures specific to successively more exclusive groups: (a) EUB338—most
Bacteria ( positive control), (b) Gam42a—most Gammaproteobacteria, (c) chr4Ca—symbionts of several Kentrophoros species, (d ) chr4Ba—symbiont of
Kentrophoros sp. H only, (e) NON338—reverse complement of the general bacteria probe (negative control). Scale bars, 25 mm. (Online version in colour.)
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carried out on ice or at 48C. Fixed specimenswere dehydrated in an

ethanol series and embedded in EMBed 812 resin (Electron

Microscopy Sciences) using acetone as intermediate solvent. The

resin was mixed in the ‘hard’ formulation and cured at 608C for

24 h. Blocks were serially sectioned at 1 mm thickness on a Leica

UC6 ultramicrotome (LeicaMicrosystems,Wetzlar, Germany). Sec-

tions were stained with toluidine blue and photographed with an

Axiocam colour camera mounted on a Zeiss Axio Image A1micro-

scope (Zeiss, Oberkochen, Germany). Semithin sections for three-

dimensional reconstruction were sealed in resin and photographed

with a DP73 camera on an Olympus BX53 compound microscope

(Olympus, Tokyo, Japan). Section images were converted to grey-

scale with Adobe Photoshop CS5 (Adobe, San Jose, CA, USA).

Each image stack was imported into the three-dimensional recon-

struction software Amira 6.0 (FEI, Hillsboro, OR, USA), and

aligned with the AlignSlices tool. Aligned stacks were semi-auto-

matically segmented with threshold segmentation, followed by

manual corrections. Specimens were visualized by volume render-

ing of the original image stack or surface rendering of the

segmentation. Volumes of the segmented areas (entire body, sym-

biont region and nuclei) were measured with the ‘measurement’

option in Amira.

3. Results
(a) Kentrophoros is a monophyletic genus despite its

morphological diversity
Specimens of Kentrophoros were identified in the field by their

dense ectosymbiont coat, and sorted into 17 putative morphos-

pecies by host characters observable in live organisms,

especially overall body shape, size, and whether the cell body

was rolled up (involuted) (electronic supplementary material,

table S1; figure 2). Each morphospecies was given a placeholder

identifier (electronic supplementary material, table S1).

Five Kentrophoros morphospecies appeared to have more

than one 18S rRNA sequence per genome. Their PCR pro-

ducts consistently yielded overlapping chromatograms

when directly sequenced, suggesting that they were mixtures

of different sequences, although PCR was performed on

single-cell samples. For each of these morphospecies, PCR

products from two specimens were separately cloned for

sequencing. Cloned sequences from the same individuals

not only had substitutions but also insertion–deletion poly-

morphisms, which is consistent with the difficulty in

sequencing the initial PCR product directly.

Kentrophoros sequences from this study fell into a single

clade with the two published Kentrophoros sequences [18] and

three environmental clone sequences from deep-sea cold seep

sediments in Sagami Bay, Japan, that were previously of uncer-

tain affiliation [46] (figure 3). The clade was well-supported in

the maximum-likelihood analysis (98% SH-like aLRT) but only

moderately so in the Bayesian analysis (83% posterior prob-

ability). The Trachelocercidae were recovered as the sister

group to Kentrophoros, with weak to moderate support (74%

Bayesian, 60% maximum likelihood). Within Kentrophoros,
however, many internal branches were short and some species

relationships were poorly resolved, although there were some

well-supported species clusters. Two morphospecies from the

same locality in Belize, Kentrophoros spp. FM and G, differed

by only 3 bp (in 1360 bp alignment), but these substitutions

were consistently associated with their morphospecies identifi-

cation (four individuals each sequenced).

The 18S rRNA sequences corresponded well to their mor-

phospecies identification, for both direct and cloned sequences,

with two exceptions. (i) Morphospecies Kentrophoros sp. SD

required cloning, and the resulting clones were represented by

two representative sequences when clustered at 99% identity.

However, the representatives did not form amonophyletic clus-

ter. (ii) Sequences frommorphospecies K. spp. LPF, PF and PFC

clustered togetherwith high identity (greater than 98%, resulting

in two representative sequences after clustering at 99% identity),

but the clustering did not correspond to their assignedmorphos-

pecies. This suggests that the 18S rRNA gene had insufficient

resolution, or that the morphological sorting was imperfect.

(b) Symbionts of Kentrophoros are a new lineage of
thiotrophic symbionts

The 16S rRNA sequences from the symbionts, as confirmed

later by FISH (see below), were obtained by metagenomic

180 μm

100 μm

75 μm

50 μm

N

MF

N MFPT

N

N

symbiotic bacteria

ciliated surface

(b)

(a)

(c)

(d )

Figure 2. Schematic diagram of transverse sections illustrating different body involution types in Kentrophoros: (a) ‘open’, non-involuted (e.g. K. fasciolatus),
(b) ‘tubular’ involution (e.g. K. fistulosus), (c) ‘canalis-type’ with symbionts on part of ventral surface (K. canalis), (d ) ‘pseudotrophosomal’ with pocketing of
symbiont-bearing surface (K. sp. H). N, nucleus; MF, medial furrow; PT, pseudotrophosome. (Online version in colour.)
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sequencing from six host morphospecies, and by PCR ampli-

fication with specific primers (approx. 600 bp region) from a

further seven. PCR was not successful for four morphospe-

cies (electronic supplementary material, table S1). The

minimum sequence identity among symbiont sequences

was 93%. The top-scoring hits to the SILVA SSU Ref NR

123 database [29] were all uncultivated environmental

sequences. The best hits with more than 90% identity were

included in our analysis, along with cultivated strains repre-

senting each taxonomic order in basal Gammaproteobacteria,

and known thiotrophic symbionts.

The symbiont sequences fell within the basal Gammapro-

teobacteria, forming a well-supported clade (99% Bayesian,

99% maximum likelihood) with environmental sequences.

Within this clade, the symbionts alone formed a moderately

well-supported clade (81% B, 73% ML), and if the most

basal symbiont (from K. sp. FBG) was excluded, the remain-

ing group was highly supported (100% B, 100% ML). An

environmental sequence from marine sediment (JF344692)

fell among the symbionts, while the other environmental

sequences, which were from marine sediment or coral-associ-

ated, formed a separate cluster (84% B, 83% ML). The next

closest relatives were the Coxiellaceae (92% B, 83% ML), fol-

lowed by the Ectothiorhodospiraceae (90% B, 92% ML). The

symbionts diverged from other known thiotrophic symbiotic

bacteria, including Ca. Thiobios zoothamnicoli, the only other

well-characterized thiotroph symbiont from a ciliate host.

Symbiont sequences from the same host morphospecies

always clustered together or collapsed to the same representa-

tive sequence (at 99% identity) (figure 3). Host and symbiont

phylogenies significantly supported codiversification under

two different types of analysis. Event-based analysis, which

considers only tree topology, predicted 10 cospeciation and

two host-shift events, with an optimal total cost of 8, signifi-

cantly less ( p ¼ 0.0) than the cost of randomized trees (mean

27.3, standard deviation 4.9). Distance-based Procrustean

analysis,which uses branch length information, yielded a good-

ness-of-fit metric m2 ¼ 0.0157, significantly better (p ¼ 0.0)

than themetrics for randomized associations (mean 0.062, stan-

dard deviation 0.0053). Nonetheless, host and symbiont

phylogenieswere not strictly congruent. For example, symbiont

sequences from two host morphospecies, K. spp. UNK and

LPFa, were more than 99% identical, even though their host

18S rRNA sequences were not closely related (figure 3).

FISH confirmed that the 16S rRNA sequence recovered

from Kentrophoros sp. H came from the bacterial cells covering

its surface. The following oligonucleotide probes were used:

Gam42a targeting the Gammaproteobacteria in general,

chr4Ca targeting most symbiont sequences and chr4Ba tar-

geting only the symbiont sequence from morphospecies K.
sp. H. All probes gave an unambiguous signal corresponding

morphologically to the symbiotic bacteria, comparable in

intensity to the positive control probe EUB338I-III, which

binds to all bacteria (figure 1).
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Figure 3. Small-subunit rRNA phylogenies of host (a) and symbiont (b) species, with detail of representative sequences (see §2) from the Kentrophoros and Ca. Kentron
clades (c). Trees from Bayesian inference are displayed, with support values from both Bayesian and maximum-likelihood analyses (see Key) on branches. In (c), blue
lines connect host–symbiont pairs, body involution type of host morphospecies is indicated by letters in parentheses (see key), and other uppercase letters are iden-
tifiers for Kentrophoros morphospecies (see table S1). Full trees available online at TreeBASE (S19762). Scale bars: substitutions per site. (Online version in colour.)
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We propose the name ‘Candidatus Kentron eta’ for the

bacterial ectosymbiont of Kentrophoros morphospecies H,

with Ca. Kentron comprising the thiotrophic symbionts of

Kentrophoros ciliates in general. The assignment is based on

the symbiont 16S rRNA sequence (accession LT621987), and

hybridization with oligonucleotide probes chr4Ca and

chr4Ba. The generic name (nom. neut. sing.) means ‘spine’

in Greek and is the first half of the host genus name, while

the species name (irreg. neut. indecl.) is from the Greek pro-

genitor of the Latin letter H. Morphologically, all known

Ca. Kentron are rod-shaped bacteria, containing refractile glo-

bules that are presumably elemental sulfur, and exhibiting

cell division along the longitudinal, rather than transverse,

axis [8,9,12,16].

(c) Diversity of the symbiotic body plan
To document the morphological diversity of Kentrophoros
hosts, we focused on cell body involution, which can be

directly observed in live specimens in the field. At both the

Mediterranean and Caribbean sites, we found three types

of involution that have been described previously:

(i) ‘open’—cell body flattened and ribbon-like, ventral side

ciliated and the dorsal side bearing ectosymbionts, e.g. the

type species Kentrophoros fasciolatus [7]; (ii) ‘tubular’—invo-

luted into a tube, with the ectosymbiont-bearing dorsal side

inside the tube, e.g. Kentrophoros fistulosus [8,9]; (iii) ‘canalis-
like’—ectosymbiont coat extends beyond dorsal side over to

the ciliated ventral side, leaving only a stripe down the

middle that is ectosymbiont-free, so far only known in

Kentrophoros canalis [47].
A new type of cell body involution was observed in mor-

phospecies Kentrophoros sp. H from Elba. The entire body

was involuted except for the anterior and posterior extremities

(‘head’ and ‘tail’), with the symbiont-bearing surface on the

inside. Moreover, the bacteria appeared to be packed into a

regular series of pouches, projecting laterally from the

median axis. Serial sections of two entire individuals showed

that the pouches were formed by folds and undulations of

the symbiont-bearing surface, but that the surface was contigu-

ous and did not form closed-off chambers (figure 4). In analogy

to the endosymbiont-bearing trophosome body region in ani-

mals such as the tubeworm Riftia pachyptila, we call the

symbiont-filled region of morphospecies K. sp. H the ‘pseudo-

trophosome’, because the symbionts appear enclosed but are

still topologically outside the host cell body. The pseudotropho-

some occupies 50% of the total volume of the symbiotic

organism, as estimated from three-dimensional reconstruction

of a complete, serially sectioned individual (figure 4).

For some morphospecies, there was adequate material to

characterize the number and arrangement of nuclei by

staining with the DNA-specific dye DAPI (electronic sup-

plementary material, table S1). These were also diverse: the

nuclei were arranged in a single loose row, or in clusters.

Some had a single cluster, while others had multiple clusters

arranged in a row, and the numbers of micro- and macronu-

clei per cluster could also differ. The nuclear configurations

observed in our samples corresponded to many of those

already described in published species (summarized in

[48]). Based on the nuclei and body shape, a tentative identi-

fication was made for two of the morphospecies we collected

on Elba: K. sp. FBG with K. canalis, and K. sp. PFC with

K. uninucleatus.

No clear phylogenetic pattern was observed when either

cell body involution types or nuclear characters were mapped

onto the 18S rRNA phylogeny (figure 3; electronic supplemen-

tary material, table S1). For example, the clade containing

K. spp. FB, H, FM and G has members with open, tubular

and pseudotrophosomal body shapes; one has only three

nuclei per cell (K. sp. H), while the others have more than 10.

4. Discussion
We have presented evidence for a single origin of the Kentro-
phoros symbiosis among both the hosts and symbionts.

Kentrophoros specimens belonging to different morphospecies

and collected from two well-separated localities, the Mediter-

ranean and the Caribbean, fell in the same 18S rRNA clade.

Their associated symbionts formed a new distinct clade,

which we have named Ca. Kentron. Moreover, the ciliates

are more morphologically diverse than previously antici-

pated, with a new variant on the Kentrophoros body plan

discovered during this study. This is only the second group

of ciliates and third group of protists for which thiotrophic

symbionts have been phylogenetically identified. It is now

clear that thiotrophic symbioses have evolved independently

in these three protist groups, as well as in their symbionts,

which belong to phylogenetically distinct lineages in

Gamma- and Epsilonproteobacteria [3,4]. Our results high-

light the relevance of microbial eukaryotes as hosts for such

symbioses, and we predict that many more thiotrophic

symbioses remain to be discovered in protists.

(a) Phylogenetic position of the symbiotic bacteria
The symbionts of Kentrophoros belong to the basal Gammapro-

teobacteria, which include ‘classical’ free-living thiotrophs

such as Beggiatoa, and also thiotrophic symbionts of eukar-

yotes. Both thiotrophy and symbiosis have repeatedly

Bac

Bac

Cil

Bac

Mf

(a) (b)

(c)

Cyt

Cyt

Cyt

Figure 4. (a) Three-dimensional rendering of Kentrophoros sp. H recon-
structed from serial sections. Highlighted volumes: off-white—cell outline;
blue—symbiont-bearing pseudotrophosome; red—nuclei of the ciliate.
Scale bar, 200 mm. (b) Longitudinal section of K. sp. H, stained with tolui-
dine blue. Scale bar, 20 mm. (c) Transverse section of K. sp. H, with
pseudotrophosome outlined in grey. Scale bar, 20 mm. Each image is from
a different individual. Bac, bacteria; Cyt, ciliate cytoplasm; Mf, median
furrow; Cil, cilia. (Online version in colour.)
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evolved in basal Gammaproteobacteria [1] and many clades of

thiotrophic symbionts are either affiliated with more than one

clade of host organisms, or have free-living members

[17,49,50]. The Ca. Kentron clade contains all known Kentro-
phoros symbionts but only one environmental sequence

(JF344692) from anaerobic marine sediment, which is a habitat

where Kentrophoros can be found, so it is likely that Ca. Kentron
comprises only Kentrophoros symbionts.

Our phylogenetic analyses showed that Ca. Kentron rep-

resents an independent origin of thiotrophic symbiosis

within the Gammaproteobacteria. The sister group to Ca.
Kentron is a cluster of environmental sequences from sedi-

ment, sponges and corals. As these sequences come from

environmental clone libraries with no information on how

they were collected, we cannot determine whether they origi-

nated from Kentrophoros, symbionts of other hosts or free-

living bacteria. However, the next closest relatives are obli-

gate intracellular parasites (the Coxiellaceae) and free-living

sulfur-oxidizers (Ectothiorhodospiraceae), and not other

symbiotic thiotrophs.

(b) Host–symbiont codiversification
The phylogenies of host and symbiont showed statistically

significant evidence of codivergence. Kentrophoros is assumed

to reproduce asexually by fragmentation or fission, so the

symbionts would generally be inherited vertically by daugh-

ter cells. Codiversification between ectosymbiotic bacteria

and motile eukaryotic hosts may seem surprising, as ecto-

symbionts are constantly exposed to their surrounding

environment. However, recent studies have shown that the

thiotrophic ectosymbionts of marine nematode worms [51]

and the ectosymbionts of termite gut flagellates [52] have

also cospeciated with their hosts, which highlights how codi-

versification and mechanisms for symbiont recognition and

maintenance, previously assumed to be characteristic for

endosymbioses, also occur in ectosymbioses.

The phylogenies of Kentrophoros and their symbionts are

not strictly congruent (figure 3). Indeed, our analyses indi-

cated that Ca. Kentron switched between host species at

least twice. Strict host–symbiont codiversification patterns

would also be disrupted if hosts take up hitherto unrecog-

nized free-living Ca. Kentron strains from their environment

[53]. Kentrophoros have not been cultivated, so symbiont-free

life cycle stages that would also disrupt vertical transmission,

such as cysts, cannot be ruled out, although cysts are not

known from the karyorelict ciliates [54].

Our study adds to a growing body of evidence that most

thiotrophic symbionts, including intracellular ones, have

mixed modes of transmission [53]. Nonetheless, in Kentrophoros,
both the host and symbiont clades remain specific and exclusive

to each other, a pattern that has only been observed among thio-

trophic symbioses in the flatworm Paracatenula [6] and the

vesicomyid clams [55]. In other cases, a single symbiont clade

may be associated with more than one host clade [51], or vice

versa [56]. The apparently stable association between Kentro-
phoros and Ca. Kentron indicates that there are clade-specific

recognition mechanisms (otherwise thiotrophic symbionts

from other lineages would associate with Kentrophoros), in

addition to species/strain-specific recognition (otherwise host

switches would occur more often within Ca. Kentron).
The phylogenies may be even more congruent if not for

the presence of multiple 18S rRNA sequence types in single

cells of some Kentrophoros morphospecies. The different

gene copies may undergo duplication, divergence and loss

within a single organismal lineage, independently of specia-

tion. Most eukaryotes have multiple rRNA gene copies,

often in identical tandem repeats, but many cases of diver-

gent paralogues have also been reported, particularly

among the alveolates, the group that includes the ciliates

[57]. Intra-individual diversity of rRNA gene copies has pre-

viously been demonstrated with single ciliate cells [58], but

this is the first time that this has been shown for the karyor-

elicteans. The 18S rRNA gene is routinely used for ciliate

taxonomy, but the tree is not well resolved at the species

level, which illustrates some limitations of single-gene phylo-

genies. Having additional markers, such as mitochondrial

genes [59], may circumvent some of these problems, but for

most ciliate species, especially the karyorelicteans, the 18S

rRNA gene is the only molecular marker available [60], so

this would come at the cost of reduced taxon sampling.

(c) Diversity of the host ciliates
The monophyly of Kentrophoros falsifies the hypothesis [9]

that the genus is polyphyletic. Its morphological diversity

can instead be interpreted as variants upon a basic body

plan, which we postulate to be exemplified by a flat ribbon-

like cell body, and an approximate 2 : 1 ratio of macro- to

micronuclei (the ratio in most karyorelicts [61]). The extensive

folding of the symbiont-bearing surface in K. sp. H into a

pseudotrophosome represents a new body plan variant.

This increases the available surface area for ectosymbiont

attachment, despite the ciliate’s large size, maintaining a

high bacteria : holobiont biovolume ratio of 50%, comparable

to smaller species such as K. fistulosus (53%, measured from

fig. 1 of [8]) and K. cf. flavus (50%, [10]). This is higher than

the ratio in the gutless flatworm Paracatenula (33–50%, [6]),

which is the highest known from metazoans with thiotrophic

symbionts. Given that the ciliate cytoplasm also contains

digestive vacuoles with engulfed symbionts, the bacteria are

arguably the dominant partner in terms of biomass.

The morphological diversity of the Kentrophoros symbiosis

contrasts with the thiotrophic symbiosis hosted by marine

interstitial stilbonematine nematodes (family Desmodoridae)

[62,63]. In Kentrophoros, the hosts are diverse in body form,

while the bacteria are consistently rod-shaped, whereas for

the nematodes, the symbionts are diverse (small cocci to

long unicellular filaments [62,64,65]), while the hosts are

always more or less cylindrical and do not vary widely in

size, although they have specializations in other characters

such as the cuticle and sexual organs [66]. In both the Kentro-
phoros and nematode symbiotic systems, several species can

co-occur in the same localities. Although the functional signifi-

cance of the different morphologies is unclear, co-occurrence

of related species may indicate niche differentiation at small

spatial scales within the interstitial environment.

We argue that the symbiosis between Kentrophoros and

Ca. Kentron is an adaptive radiation: it has a single phyloge-

netic origin but is speciose, geographically widespread and

morphologically diverse, although we have likely only

sampled a small fraction of its diversity. As a ciliate, Kentro-
phoros provides a contrast to the well-known metazoan-

hosted models for thiotrophic symbiosis, and gives us the

opportunity to explore functional and evolutionary parallels

among disparate organisms with such a lifestyle.
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Improvements in DNA sequencing technology have increased the amount and quality

of sequences that can be obtained from metagenomic samples, making it practical

to extract individual microbial genomes from metagenomic assemblies (“binning”).

However, while many tools and methods exist for unsupervised binning with various

statistical algorithms, there are few options for visualizing the results, even though

visualization is vital to exploratory data analysis. We have developed gbtools, a software

package that allows users to visualize metagenomic assemblies by plotting coverage

(sequencing depth) and GC values of contigs, and also to annotate the plots with

taxonomic information. Different sets of annotations, including taxonomic assignments

from conserved marker genes or SSU rRNA genes, can be imported simultaneously;

users can choose which annotations to plot. Bins can be manually defined from plots, or

be imported from third-party binning tools and overlaid onto plots, such that results from

different methods can be compared side-by-side. gbtools reports summary statistics

of bins including marker gene completeness, and allows the user to add or subtract

bins with each other. We illustrate some of the functions available in gbtools with

two examples: the metagenome of Olavius algarvensis, a marine oligochaete worm

that has up to five bacterial symbionts, and the metagenome of a synthetic mock

community comprising 64 bacterial and archaeal strains. We show how instances

of poor automated binning, sequencer GC% bias, and variation between samples

can be quickly diagnosed by visualization, and demonstrate how the results from

different binning tools can be combined and refined to yield manually curated bins with

higher completeness. gbtools is open-source and written in R. The software package,

documentation, and example data are available freely online at https://github.com/

kbseah/genome-bin-tools.

Keywords: metagenomics, exploratory data analysis, visualization, microbiology, symbiosis, binning

INTRODUCTION

Metagenomics originated in the field of microbial ecology as a means to look into the function
of whole communities, given that most environmental microbes are resistant to cultivation
(Handelsman, 2004; Kunin et al., 2008; Teeling and Glockner, 2012). By shotgun-sequencing DNA
from an entire microbial community, researchers can treat the resulting metagenome as a sample
from the pool of genes of the entire community, and either reconstruct a picture of their collective
functional potential, or assemble and extract individual microbial genomes (“binning”). While
binning of genomes from metagenomes has been done in the past with relatively low-diversity
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samples (Tyson et al., 2004; Woyke et al., 2006), recent
advances in high-throughput sequencing have vastly increased
the sequencing depth that can be obtained with the same
resources, and this has made it practical to bin individual
genomes from increasingly diverse communities.
Strategies for binning can be classified by the source of the

information that they use for separating genomes from each
other: (i) the internal statistical properties of the sequence,
e.g., k-mer frequencies (Teeling et al., 2004), (ii) comparison to
external sequence information, e.g., conserved taxonomic marker
genes (Kembel et al., 2011) or entire nucleotide databases (Kumar
et al., 2013), or (iii) the biological or technical variation in
sequence abundance/coverage between different read libraries
(the differential-coverage approach) (Albertsen et al., 2013;
Imelfort et al., 2014; Nielsen et al., 2014). A variety of statistical
andmachine learning methods have been applied to the problem,
including self-organizing maps (Dick et al., 2009), interpolated
Markov models (Strous et al., 2012), expectation-maximization
(Wu et al., 2014), and k-medioids clustering (Kang et al., 2015),
with the ultimate aim of binning microbial genomes from many
samples automatically and with high throughput.
Visualization is usually the first step in data exploration,

and despite the sophistication of many of the current methods
for unsupervised binning, it remains an important part of the
metagenomics toolkit. For low-diversity, high-coverage samples,
such as those encountered in host-symbiont systems, ormicrobial
consortia, it may already be possible to define bins manually
from coverage-GC plots, where read coverage is plotted against
the proportion of G and C bases in the sequence (GC%)
for each contig, or from differential-coverage plots, where
for each contig the coverage in one read library is plotted
against the coverage in another read library. Contigs originating
from the same genome are expected to have similar sequence
composition (represented by GC%) and abundance (represented
by coverage), and so should cluster together in these plots.
Each cluster therefore represents a single putative genome
bin. Such a heuristic approach was used by Albertsen et al.
(2013) to extract 12 nearly complete genomes of uncultivated
bacteria from an activated sludge community, with the aid of
principal-components analysis of tetranucleotide frequencies and
additional taxonomic information frommarker genes overlaid on
the plots. Visualization is also useful post hoc, to spot potential
artifacts from imperfect binning, and to verify or troubleshoot
automated methods.

However, existing visualization tools are mostly attached to
particular binning methods or pipelines; as such, their application
is relatively narrow (Table 1). Albertsen et al. (2013) have
made available their scripts (written in the statistical computing
language R) for plotting and manual binning, but these require
extensive customization for new data sets. Our motivation
was therefore to provide a tool that integrates data relevant
to metagenome binning and let the end-user perform data
exploration and visualization in an intuitive way.

METHODS AND IMPLEMENTATION

The gbtools software, documentation, and example
data are available online at: https://github.com/kbseah/
genome-bin-tools/. The online manual provides a multi-chapter
walk-through of installation, data import, data exploration, and
manual bin curation. Commands and data for reproducing the
usage examples and Figures 2–6 are given in the Supplementary
Information to this paper.

Example Workflow: Contig Annotation
The binning process begins with a metagenomic sequence
assembly. Each contig or scaffold (from here onward, the term
“contig” refers to both) in the assembly is then annotated with
data relevant to the binning procedure; these annotations are
imported into the R workspace with gbtools. The coverage value
for each contig in the assembly is calculated by mapping the
read library back onto the assembly, e.g., with the short-read
aligner bbmap.sh, from the BBtools suite, version 34 (Bushnell,
2015). This produces a mapping file in the SAM format, from
which coverage values are calculated with pileup.sh from BBtools
(Bushnell, 2015), which also reports the GC% of each contig.
Conserved protein-coding marker genes are identified in the
assembly and assigned to taxonomic groups with Amphora2
(Wu and Scott, 2012) or Phyla-Amphora (Wang and Wu, 2013).
Alternatively, an approximate phylogenetic affiliation of each
contig can be obtained by Blastn alignment (Camacho et al.,
2009) against the NCBI nt database, using part of the Blobology
pipeline (Kumar et al., 2013). Small-subunit ribosomal RNA (SSU
rRNA) genes are identified with barrnap version 0.5 (Seemann,
2015) and classified by comparison to the SILVA database version
119 (Quast et al., 2013) using Vsearch version 1.1.1 (Rognes,
2015). tRNA genes are annotated with tRNAscan-SE 1.23 (Lowe

TABLE 1 | Comparison of features available in visualization tools for metagenomic binning.

Feature Blobology MetaWatt GroopM gbtools

Coverage-GC plots + + − +
Differential coverage plots − − + +
Plot taxonomic annotations + + − +
Import annotations from third-party tools − − − +
Import bins from third-party tools − − + +
Merge two bins − + + +
Subtract one bin from another − − + +
Export plot graphics + + + +
Interactively select bins from plots − + − +
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and Eddy, 1997). In principle, users may choose other software
tools than the above for the read-mapping and marker gene
annotation, so long as the results are formatted as text files with
the appropriate column headers for input to gbtools. Wrapper
scripts, example commands, and a description of each input file
type are given in the package documentation.

Integrating and Visualizing Data with
gbtools
Contig annotations and coverage information are imported into
an R version 3.1.1 workspace (R Core Team, 2014) for analysis
with the package gbtools.
gbtools organizes the imported data as objects within the

R workspace. There are two object classes, corresponding
to metagenomes (the “gbt” class), and to bins defined from
metagenomes (the “gbtbin” class). In this way, all the data relating
to a single metagenome or a single genome bin are stored in a
single object. The minimum data required to create a new gbt
object are the coverage and GC% values for the contigs of a
single metagenome. However, coverage data from more than one
read library mapped to the same metagenome can be imported
simultaneously. Similarly, more than one set of marker gene or
taxonomic annotations can be stored in one gbt object, e.g., when
such annotations are produced by different tools or pipelines.
Functions are defined for the two object classes in gbtools to
produce plots and overlays, report summary statistics, and create
or manipulate bins.
Coverage-GC and differential-coverage plots can be produced

with the familiar plot() function; the package provides a plot()
method for the gbt class. When more than one set of coverage
data are available, then the user can specify which set(s) to use
for plotting. If taxonomic marker data are available, they are
automatically used to color the plot. If more than one set of
taxonomic markers have been imported, the user can choose
which marker set to overlay on the plot, and which taxonomic
level (kingdom to species) to use for coloring, in order to compare
the results of different taxonomic-classification tools or pipelines.
Differential coverage plots can also be colored by the GC%of each
contig. Contigs with SSU rRNA and tRNA genes can be marked
on the plot; if available, the taxonomic assignments of those SSU
rRNA genes can be added as labels. Typing the name of a gbt or
gbtbin object, or using the summary() function, gives a summary
of the assembly and marker statistics, e.g., total length, N50, and
how many marker genes are present.
Bins can be defined from a “parent” gbt object in several ways.

New bins can be created interactively by selecting a region from
a coverage-GC or differential-coverage plot of a gbt object. They
can also be created by specifying cutoff values for contig length,
coverage, and/or GC%. It is also possible to simply supply a
shortlist of contig names. If a third-party binning tool has been
used to produce a set of Fasta files each corresponding to a
single bin, a wrapper script is provided with gbtools to tabulate
the contig names and bin names so they can be imported by
gbtools to create new gbtbin objects in the R workspace for those
bins. Similarly to its parent object, typing the name of a gbtbin
object reports summary statistics, which includes the number

of taxonomic markers and how many of them are single-copy.
Two bins can be combined into a new bin object (taking the
union), or the difference between two bins can be taken (relative
complement). If taxonomic marker data are supplied, then it is
also possible to filter contigs in a bin by the taxon assignments
of the markers, retaining only those contigs that are assigned to a
certain taxon.
Bin objects can also be plotted or overlaid on existing plots

with the point() function. If more than one set of coverage data
are available, then the user need only change one parameter in
the plotting commands to specify which set to use to generate a
coverage-GC or differential-coverage plot. This provides a quick
way to see how a bin “behaves” with coverage data from different
samples.Multiple bins can also be overlaid onto a single plot, each
in a different color.

Usage Examples
To demonstrate the use of gbtools, we used two publicly
available metagenome datasets: (1) the symbiotic oligochaete
worm Olavius algarvensis, and (2) the synthetic community of
Archaea and Bacteria from Shakya et al. (2013).
Read libraries from theO. algarvensismetagenome, sequenced

in 2013, were downloaded from the Integrated Microbial
Genomes portal [Joint Genome Institute (JGI) project IDs
1021953 and 10219591,2]. This species is known to harbor up
to five bacterial symbionts: two Gammaproteobacteria (Gamma1
and Gamma3), two Deltaproteobacteria (Delta4 and Delta1),
and a Spirochaeta (Dubilier et al., 2001; Woyke et al., 2006;
Ruehland et al., 2008; Kleiner et al., 2011). Of these, the
Gamma1,Gamma3, andDelta4 symbionts are themost abundant
(Ruehland et al., 2008). This makes it a relatively low-diversity
microbial community that should be amenable to visualization
and differential-coverage binning.
The two metagenome libraries represent two separate Olavius

host individuals. They were sequenced as 150 bp paired-end
reads with the Illumina HiSeq 2000 and 2500 platforms. A subset
of 15 million read-pairs from the first library were assembled
with IDBA-UD (Peng et al., 2012). Coverage values of both
read libraries were calculated separately by mapping onto the
assembly. Contigs were taxonomically annotated with Amphora2
markers and the Blobology pipeline, while SSU rRNA genes were
identified with barrnap, as described above.
Two automated binning tools were applied to the assembly,

using default parameters: MetaBAT version 0.25.4 (Kang et al.,
2015) and MetaWatt version 3.5 (Strous et al., 2012). Both tools
use tetranucleotide frequency profiles as the main source of
information to define bins. The automated binning results were
parsed with a Perl script; the resulting table was imported to R
and converted to gbtbin objects. Lists of contigs in the draft and
curated Gamma1 bins were exported from R, for evaluation with
the genome-quality tool CheckM (Parks et al., 2015) using the
Gammaproteobacteria taxon-specific workflow.
The second example is a synthetic community that comprises

16 archaeal and 48 bacterial strains, which was used to compare

1http://genome.jgi.doe.gov/OlaalgELextract2/
2http://genome.jgi.doe.gov/OlaalgELextract1_2/
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the results of community characterization from rRNA amplicon
sequencing vs. metagenomic sequencing (Shakya et al., 2013).We
used the metagenomic data sequenced as 100 bp paired-end reads
on the Illumina HiSeq 2000 platform, available from NCBI SRA3
under accession number SRX200676. The reads were filtered and
trimmed to remove reads with Phred quality<10 and trimmed to
remove TruSeq adapter sequences, with bbduk.sh from BBtools
(Bushnell, 2015), and then assembled with Megahit under the
“meta” setting (Li et al., 2015). Coverage and taxonomic markers
were annotated as above. Automatic binning was performed with
MetaBAT and parsed/imported to R as described above. Curated
merged bins were exported from R and evaluted with CheckM
using the lineage-specific workflow.

RESULTS AND DISCUSSION

Design of the Software Package
The concepts implemented in gbtools, in particular GC-coverage
and differential coverage plots, and the use of taxonomic
information from marker genes (including protein-coding
genes and RNA genes) to annotate these plots, are not new.
What gbtools additionally offers are high-level commands for
visualizing and exploring the data, “arithmetic” operations for

3http://www.ncbi.nlm.nih.gov/sra

genome bin manipulations, and an extensible, open-source
framework that is amenable to future development (Figure 1).
Higher-level commands streamline the process of data

exploration and make it more intuitive. Albertsen et al. (2013)
also use R as an environment for analyzing differential coverage
data, and some of the code in gbtools is adapted from their
work. They provide example commands showing how functions
from existing packages can be used to produce plots and perform
binning. However, these commands have to be manually copied,
edited, and pasted at each step, because many of the parameters
for plotting have been modified from their defaults in R. gbtools
conceals many of these lower-level tasks from the user, freeing
up more time and attention for actually exploring the data. For
example, different colored overlays for the taxonomic affiliation
of contigs can be switched on and off with a single parameter in
the gbtools plot() function.
A deliberate decision was made to define object classes (within

the S3 object orientation system in R), rather than to create
custom function names, so that the two most important tasks –
drawing plots and viewing summary statistics – can be performed
with the commands plot() and summary(), whose names are
already familiar to most R users. Likewise, the default behavior
when typing an object name is to show its summary, which
displays metrics commonly used for assessing the completeness
and quality of a genome, such as marker gene counts, total contig
length, and contig N50.

FIGURE 1 | Diagram of objects and functions available in the gbtools package. All user-supplied annotation data associated with one metagenome (left) are

integrated into a single gbt object. For each metagenome, the GC% and coverage data from at least one read library must be supplied, whereas all other input data

are optional. Functions (diamonds) in the gbtools package allow import and export of data (green), visualization with plots and overlays (orange), and creating or

manipulating of bins (blue).
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gbtools encourages data exploration by making it possible to
string together fairly complex operations like an “arithmetic” for
bin manipulations. For example, one could manually define a bin
from a GC-coverage plot, take a subset of those contigs above
a length cutoff, extract only those contigs with marker genes
classified to a certain taxon, and then see how this new bin looks
like in a differential coverage plot with coverage values drawn
from a different pair of samples. Intermediate steps can be saved
as separate objects, so it is possible to backtrack or branch a
series of operations. The command history is embedded in the
bin objects themselves, so that all user actions are documented
and reproducible.
Existing visualization tools tend to be limited by the specific

binning tools that they were designed to complement (Table 1).
For example: GroopM (Imelfort et al., 2014) can color contigs
by GC% or by the automatically defined bins, but it does not
yet support adding marker-gene based annotations; Blobsplorer
(Kumar et al., 2013) shows taxon-annotated GC-coverage plots,
but cannot display differential coverage plots; MetaWatt (Strous
et al., 2012) is a powerful tool that implementsmany functions for
assessing the completeness of genome bins, but the plots cannot
be customized and do not show individual contigs. Being aware
of this, we aimed to make gbtools as flexible as possible. For
example, there have been several sets of conserved, purportedly
single-copy genes published for the purpose of phylogenetic
analysis or checking genome completeness (Wu and Scott, 2012;
Wang and Wu, 2013; Darling et al., 2014; Parks et al., 2015).
gbtools users can import the results of different marker sets
together into a single gbt object, and choose which set they wish
to plot as a color overlay.
By implementing gbtools in R – which is open-source, has a

rich software development ecosystem, and which many scientists
are already familiar with – we aimed to make it easier for users to
write their own extensions for their own needs. Plots produced by
gbtools can be readily exported to various formats by the native

graphics engine in R, for manual editing to publication quality.
Because the gbtools classes are designed to be extensible, users
can import their own variables, e.g., tetranucleotide frequencies,
and attach them to gbt or gbtbin objects for display or processing.
Users who are already familiar with R can take advantage of its
extensive statistical functions to perform additional analyses of
their own, alongside graphical data exploration with gbtools.

Usage Example: Exploration of a
Challenging Assembly
The symbiotic worm O. algarvensis has up to five known
symbiotic bacteria with different abundances, as summarized
above (Ruehland et al., 2008). Nonetheless, each of them is
believed to play an important biological role in this symbiosis
(Woyke et al., 2006; Kleiner et al., 2012). The first published
metagenome of Olavius (Woyke et al., 2006) used three different
capillary-sequenced libraries constructed from the DNA of a total
of ca. 600 animals collected at different times; binning of the
symbiont genomes was based on intrinsic sequence information
only (k-mer composition, values of k ≤ 6). It was necessary
to pool a large number of animals because the sequencing
technology at the time required milligram quantities of DNA. In
contrast, the metagenome used here to illustrate the capabilities
of gbtools was assembled from a single-host-animal read library
sequenced on an Illumina platform. Single-host samples illustrate
the inter-individual variability in relative symbiont abundance,
which could be exploited for differential coverage binning.
The relative abundances of the symbionts are reflected

in the metagenome used in this manuscript. Contig clusters
corresponding to the Gamma1, Gamma3, and Delta4 symbiont
genomes can already be seen in the plot of coverage vs. GC%,
and match the taxonomic markers (single-copy conserved genes
from the Amphora2 bacterial marker set, and SSU rRNA genes)
overlaid on the plot (Figure 2). The SSU rRNA genes of the
Olavius animal host and the Gamma1 and Delta4 symbionts were

FIGURE 2 | Coverage-GC plots for an O. algarvensis metagenome (plot symbols are scaled by contig length), illustrating overlays for taxonomic
affiliation: (a) crosshairs mark contigs with SSU rRNA genes, and are labeled by their affiliation in the SILVA taxonomy, (b) contigs containing
conserved marker genes colored by taxonomic affiliation at class level (red – Gammaproteobacteria, blue – Deltaproteobacteria), (c) taxonomic
affiliation of contigs at class level by direct Blastn search vs. the NCBI nt database (modified Blobology pipeline) (red – Gammaproteobacteria,
cyan – Deltaproteobacteria, other colors – lower-abundance taxa). Colors in (b,c) are arbitrary. Plots in Figures 2–6 are identical to on-screen output, except

enlarging axis labels and crosshairs for legibility, adding labels in Figure 3c, and adding arrows in Figures 4b,c.
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FIGURE 3 | Coverage-GC plots of an O. algarvensis metagenome, illustrating overlays for visualizing multiple genome bins: (a) 11 genome bins
produced by MetaBAT, each in a different color, (b) 20 genome bins produced by MetaWatt, each in a different color, (c) boundaries of manually
defined bins that were interactively selected on the plot, corresponding approximately to the indicated symbiont genomes. Colors in (a) and (b) are

arbitrary.

assembled and identified, but the SSU rRNA sequences of the
other symbionts were not identified (Figure 2a). Sequences from
the other symbionts could be present but have too low coverage
in this assembly. The large “cloud” of relatively short contigs
with GC% between 35 and 50% is probably from the host animal
genome.
With gbtools, one can quickly check if apparent contig clusters

may plausibly correspond to a single microbial genome. For
example, the uppermost contig cluster marked in Figure 3c
contains the 16S rRNA sequence of the Gamma1 symbiont,
but the GC% values seem to have an unusually wide spread
for a single microbial genome, between ca. 50 and 70%. The
indicated polygon region was selected with the interactive
choosebin() function, and was found to have a total length of
2.8 Mb, and contains 31 of 32 single-copy Amphora2 marker
genes, all assigned to Gammaproteobacteria. However, there was
additionally a single marker assigned to Deltaproteobacteria.

Therefore, this cluster probably represents most of the Gamma1
symbiont genome, despite the wide GC% spread, although there
is some contamination with contigs from other genomes.
The performance of different automatic binning tools can also

be visually compared side-by-side. MetaBAT and MetaWatt both
use tetranucleotide frequencies as the main source of information
for defining bins, but apply different statistical methods to the
data. The results from these two tools were parsed, imported, and
used to make colored plots, where each color corresponds to a
different bin; the bins predicted by MetaBAT and MetaWatt are
shown in Figures 3a,b, respectively. The two programs produced
a total of 11 and 20 bins, respectively. These plots show that
MetaBAT seems to produce less-fragmented bins thanMetaWatt,
when default settings are used. For example, MetaBAT predicts
a bin that appears to contain most of the Gamma3 symbiont
genome (Figure 3a, yellow, with 30 of 32 Amphora2 markers),
whereas MetaWatt assigns only a part of these contigs to two

FIGURE 4 | Coverage-GC plots (a,b) and differential coverage plot (c) of an O. algarvensis metagenome, illustrating the appearance of manually
defined genome bins (colored overlays) from Figure 3c: (a) with the original coverage data, (b) with coverage data from a different read library, and
(c) when the two sets of coverage data are plotted against each other. Contigs with GC <45% were omitted from (c) for clarity, as they are mostly from the

host animal genome. Arrows indicate contigs which were included in the originally defined bin but have low coverage in another read library, suggesting that they

may be contaminant sequences or strain variation.
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TABLE 2 | Comparison of bins of the Gamma1 symbiont in the Olavius algarvensis metagenome, produced by interactive selection from plot, automated
binning with third-party tools, and a manually curated merger and refinement of the above.

Bin source Length (Mb) Contigs Amphora2 markers CheckM completeness (%) CheckM contamination (%)

Total GPB

Interactively selected from plot 2.80 1193 32 31 90.2 0.72

MetaBAT 1.38 342 18 18 57.8 0.56

MetaWatt (merger of two bins) 2.13 785 19 19 87.7 1.12

Curated final bin 2.75 1156 31 31 94.1 1.12

separate bins (Figure 3b, purple and dark blue, 21 and 3 markers,
respectively).
However, both tools do not perform well with the genome of

the primary symbiont Gamma1. MetaBAT assigns only part of
the Gamma1 genome to a single bin (Figure 3a, red, 18 of 32
markers), whereas MetaWatt assigns fragments to two separate
bins (Figure 3b, orange and light blue). None of these three bins
contain an SSU rRNA gene. These partial bins of the Gamma1
from both MetaWatt and MetaBAT can be combined into a
consensus bin with the add() function in gbtools, and were found
to contain 791 contigs, with only 23 of 32 markers. Alternatively,
the two MetaWatt bins can be subtracted from the MetaBAT
bin with the lej() function, showing that six scaffolds with four
markers were binned by MetaBAT but not MetaWatt. Such
“arithmetical” operations are a natural and intuitive means of
comparing the binning results. It is possible that tetranucleotide-
based binning methods do not perform well with genomes that
have a wide spread of GC% values, like the Gamma1. This
GC% spread could possibly reflect horizontal gene transfer or
different selective pressures acting on different parts of the
genome.
The plausibility of a bin can also be tested by seeing whether

its contigs still cluster together when coverage data from other
samples are used. This is easily done in gbtools by varying the
“slice” parameter of the plot() and points() functions. Figure 4a
shows the three bins that were created by drawing polygons
(Figure 3c) interactively on the coverage-GC plot to define them.
The same bins form overlapping clusters when coverage data

from a different read library are plotted (Figure 4b). Manual
bin definition from a coverage-GC plot would have been less
successful with that read library; in that sample, the three
symbionts may have been more similar in their abundance than
in the first sample. In both the coverage-GC plot of the second
sample (Figure 4b), and the differential coverage plot of the
two samples plotted together (Figure 4c), there are contigs with
considerably lower coverage in the second sample than the first
(arrows). These may represent contaminant sequences that do
not actually belong to the target genome. Alternatively, they may
represent genomic variation between different samples – e.g.,
genes that are present in some samples but not others because
of inter-individual variation.
We combined the results from manual bin selection, the

two automated binning tools, and differential-coverage data to
produce a manually curated bin for the Gamma1 symbiont. The
bin-manipulation functions in gbtools were used to perform
the following actions: the interactively defined Gamma1 bin
(selected from the coverage-GC plot) was merged with the
partial Gamma1 bins that were produced by MetaBAT and
MetaWatt. To remove likely contaminants, we removed the
contig containing a Deltaproteobacteria-affiliated marker, any
contigs that were in the Gamma3 or Delta4 bins produced by
MetaBAT, and any contigs with <5-fold coverage in the second
read library. The manual curation produced a Gamma1 bin
with higher completenesss than either the interactively selected
or automatically binned drafts, although the curated bin had a
slightly higher contamination score (Table 2).

FIGURE 5 | Coverage-GC plots for the synthetic AB metagenome (plot symbols are scaled by contig length). (a) Coverage levels show decrease at

extreme GC values; note logarithmic scale in vertical axis. Crosshairs mark contigs with SSU rRNA genes, which tend to have higher coverage and more moderate

GC values on average than other contigs. (b) Genome bins produced by MetaBAT as colored overlays (colors arbitrary), showing that not all contigs were assigned

to a bin, including some high-coverage contigs; unbinned contigs shown in gray. The genome of Nanoarchaeum equitans assembled into a single contig (arrow) and

was therefore not assigned to a bin by MetaBAT.
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TABLE 3 | Summary statistics of the curated bins from the Archaea-Bacteria metagenome assembly.

Bin Affiliation (Amphora2)∗ No. MetaBAT
bins combined

Length (Mb) Contigs Amphora2 markers CheckM
completeness(%)

CheckM
contamination(%)

Total Single-copy

− Nanoarchaeum equitans 0 0.474 1 86 84 73.1 0

23 Haloferax volcanii 4 5.17 474 134 108 100 28.2

28 Methanosarcina acetivorans 3 5.85 369 106 100 99.8 6.24

35 Zymomonas mobilis 1 2.00 86 32 30 99.8 0.92

13 Chloroflexus sp. Y-400-fl 1 4.98 141 31 31 99.7 0

10 Wolinella succinogenes 2 2.02 29 30 30 99.4 0.42

2 Aciduliprofundum boonei 3 1.38 23 104 101 99.2 0

32 Nostoc sp. PCC 7120 1 6.97 142 31 31 99.2 0

18 Ignicoccus hospitalis 2 5.13 421 115 113 98.7 35.4

20 Dictyoglomus turgidum 2 1.47 14 31 31 98.3 0

38 Thermus thermophilus 3 1.95 59 29 29 98.1 0

7 Archaeoglobus fulgidus 5 2.05 37 108 101 98.0 0

44 Akkermania muciniphila 2 2.58 31 32 32 97.3 0

31 Nitrosomonas europaea 3 2.27 55 31 31 97.1 0.26

36 Treponema denticola 3 2.64 43 31 31 95.2 0

24 Herpetosiphon aurantiacus 1 5.68 67 31 31 94.6 0.91

19 Geobacter sulfurreducens 2 2.71 19 31 31 89.0 0

22 Gemmatimonas aurantiaca 1 2.01 6 31 31 87.9 0

15 Deinococcus radiodurans 3 2.48 168 31 29 79.3 0.21

1 Acidobacterium capsulatum 3 2.91 30 31 31 77.8 0.17

33 Rhodopirellula baltica 7 4.92 60 31 31 74.3 0

4 Shewanella baltica 2 2.04 458 35 29 50.0 0.92

*Majority consensus, if more than one species assignment.

Usage Example: Visualizing a Diverse
Synthetic Metagenome
The Archaea-Bacteria metagenome (from here on abbreviated
as AB metagenome) (Shakya et al., 2013) represents a synthetic
mock community of 64 microbial strains, an order of magnitude
more diverse than the Olavius symbiont example described

FIGURE 6 | Detail of coverage-GC plots for the synthetic AB
metagenome, showing how MetaBAT bins that have Amphora2
taxonomic markers assigned to Archaeoglobales were merged to a
single bin. Colors – five individual MetaBAT bins that were merged; black

outlines – contigs containing Archaeoglobales marker genes.

above. Because the number and phylogenetic placement of the
component microbial genomes is known in advance, the AB
metagenome is useful for testing the effectiveness of binning
methods. Nonetheless, it is arguably less complex than a
real microbial community because the strains have a wide
phylogenetic distribution (close relatives can be more difficult
to bin because of sequence similarity), high clonality because
they come from pure cultures, and lack contaminating eukaryotic
DNA which can make assembly more difficult.
Visualization of metagenomic binning remains useful as

a diagnostic tool, despite the higher complexity of this
metagenome. The coverage-GC plot shows a pronounced hump
at moderate GC values, but coverage falls off at high (>70%)
and low (<30%) values (Figure 5a). Error-rate and coverage
biases at high and low GC are known to afflict various
sequencing platforms, potentially causing problems for assembly
and downstream analyses (Ross et al., 2013). However, there is
no obvious indication from the plot that the AB metagenome
assembly is considerably more fragmented at extreme GC values.
This technical bias also provides one possible explanation for
the discrepancy between community composition estimates by
Illumina and 454 sequencing in the original study (Shakya et al.,
2013).
We also observe that the SSU rRNA genes have a higher

average coverage and more moderate GC composition than
the rest of the metagenome (Figure 5a), as many microbial
genomes have multiple copies of the rRNA operon per genome,
and the sequence conservation of the rRNA genes is relatively
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high compared to most protein-coding genes. This could make
it difficult to bin a genome together with its corresponding
rRNA operon(s) when relying only on coverage or sequence
composition binning methods.
Automated binning with MetaBAT yielded many fragmentary

bins. A total of 146 bins were predicted, however, not all
contigs were assigned to a bin, particularly those which are short
(<1000 bp), but surprisingly also some relatively large, high-
coverage contigs (Figure 5b). Given that the community should
contain only 64 strains, most bins are probably incomplete.
A simple taxonomic annotation by taking the best Blastn hit
to the NCBI nt database initially appeared to yield a similarly
inflated diversity estimate: 403 species in 76 orders and 28 phyla.
However, only 58 of those species assignments account for more
than 1 Mbp of sequence each, a number which is more consistent
with the known diversity in the AB mock community.
The genome of the archaeon Nanoarchaeum equitans

assembled into a single contig of 474 kb, close to the published
value of 491 kb (Waters et al., 2003). However, because MetaBAT
defines genome bins as clusters of contigs, this individual contig
was not assigned to a bin (Figure 5b). With the visualization
in gbtools, this fact can be immediately recognized, and so the
Nanoarchaeum contig wasmanually extracted. CheckM evaluates
its completeness at 73.1% (Table 3), but this is attributable to the
highly reduced nature of this genome.
As with the Olavius example, we can combine different

annotations and binning tools to produce curated bins with
higher completeness. We used the conserved single-copy
Amphora2 marker genes to identify which MetaBAT bins belong
to the same taxa and should be merged. Unlike the previous
example, it is impractical to do this individually for each bin.
Instead gbtools has functions that can operate on and compare
sets of bins. A list of new bins was created with the function
binsFromMarkers() from the metagenome gbt object; each bin
contains contigs that have Amphora2 markers with the same
taxonomic annotation at the level of order. The MetaBAT
bins were then merged into these new bins, with the function
mergeOverlapBins(). The resulting 44 merged bins each contain
one or more of the original MetaBAT bins, all of which have
Amphora2 markers belonging to the same taxon. An example
of such a merged bin is shown in Figure 6. The summary
statistics of these bins were tabulated with summaryLOB(). Those
merged bins that have at least 90% of the Amphora2 marker
genes in single-copy (for the Bacteria marker set, 28 of 31, for
Archaea, 94 of 106) were regarded as most likely to represent
single genomes. This subset of 22 merged bins was exported,
and checked for completeness with CheckM. The evaluation
showed that 16 of the 22 had >90% completeness, and 13 of
those 16 had contamination of <1% (Table 3). This shows
that a relatively straightforward visualization-aided curation

can already produce usable draft genomes from a complex
sample.

CONCLUSION

We show that hands-on exploration of data is not replaced
by automated statistical methods for genome binning from
metagenomic assemblies. Proper visualizations can suggest what
automated methods to apply, and in return can be used to check
the results of such analyses afterward. We offer gbtools to the
community as a tool for this task that simplifies repetitive actions
and lets users rapidly plot and manipulate their data. What
distinguishes gbtools from existing software for metagenomic
binning is that it is primarily a visualization tool which does not
rely on any particular binning method. It is extensible, for users
whomaywant to implement their own functions, and can be used
with third-party tools for mapping and marker-gene annotation.
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