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Abstract

We present draft genome sequences of three Holospora species, hosted by the

ciliate Paramecium caudatum; that is, the macronucleus-specific H. obtusa and

the micronucleus-specific H. undulata and H. elegans. We investigate functions

of orthologous core genes conserved across the three Holospora species, which

may be essential for the infection and survival in the host nucleus.

Bacteria of the genus Holospora are endonuclear symbio-

nts of the Paramecium species (Fokin et al., 1996). Four

Holospora species have been identified in the ciliate

Paramecium caudatum, that is, a macronuclear-specific

species Holospora obtusa and three micronuclear-specific

species Holospora undulata, Holospora elegans, and

Holospora recta. To investigate the Holospora–Paramecium

symbiosis, the draft genome sequence of H. undulata has

been determined (Dohra et al., 2013); however, to date,

the genome sequences of the other Holospora species have

not been published (Lang et al., 2005). Here, we report

draft genome sequences of H. obtusa strain F1 and H. ele-

gans strain E1 as well as updated genome assembly and

annotation of H. undulata strain HU1.

A core genome is a set of all orthologous genes present

in all members of a group; for example, a genus such as

Holospora, a family such as Holosporaceae, an order such

as Rickettsiales, and a class such as Alphaproteobacteria

(Charlebois & Doolittle, 2004). Most of the core genes

remaining in different species after divergence from a

common ancestor should be the essential genes needed by

all the species (Liu et al., 2012). Here, we investigate

orthologous core genes conserved across the three

Holospora species. This information will contribute to the

study of important functions characteristic of Holospora

such as the infection and survival in the host nucleus.

Growing Holospora-bearing P. caudatum, isolating

Holospora cells from the host nuclei, preparing Holospora

genomic DNA were performed as described elsewhere

(Dohra et al., 2013) and in Supporting Information, Data

S1. Genomes were sequenced using the Roche 454 GS

FLX (H. obtusa and H. elegans) and Illumina GAIIx

(H. undulata) technologies. Sequencing statistics for each

genome are shown in Table S1. De novo genome assembly

FEMS Microbiol Lett && (2014) 1–3 ª 2014 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved

M
IC

RO
BI

O
LO

G
Y

 L
ET

T
ER

S



is a multi-step process, involving contig integration, iden-

tification, and removal of contaminated sequences with

low sequencing depth (details in Data S1, and Table S2).

Among the three Holospora genomes, assembly lengths

and %G + C contents varied from 1.27 to 1.40 Mb and

35.2–36.1%, respectively.

The draft genome sequences of H. obtusa, H. undulata,

and H. elegans were automatically annotated using PROKKA

(Seemann, 2014) and then manually curated. The FASTORTHO

program (http://enews.patricbrc.org/fastortho/) grouped a

total of 3553 protein-coding sequences from the three

Holospora genomes into 1610 ortholog clusters, of which

572 were identified as single-copy core orthologous genes

shared by the three genomes (Table S3). Clusters of

Orthologous Groups (COG) database defines four major

functional categories: ‘information storage and process-

ing’, ‘cellular processes and signaling’, ‘metabolism’, and

‘poorly characterized’, which are further subdivided into

25 categories (Table 1) (Tatusov et al., 2001). Of the 572

Holospora core genes, 488 (85.3%) were assigned to at

least one of the COG functional categories (details in Data

S1, and Table S3). The 46 genes were assigned to multiple

functional categories; for example, type II secretory path-

way proteins were assigned to the COG category N (cell

motility) and U (intracellular trafficking, secretion, and

vesicular transport).

A set of 138 conserved proteins for ‘cellular processes

and signaling’ (Table 1) included a flagellar motor pro-

tein in the category N (cell motility). Although flagellar

movement in bacteria of the family rickettsiaceae has

been reported (Vannini et al., 2014), flagellar motility is

not usually expected in an obligate intracellular organism.

The Holospora genomes did not contain an entire flagellar

apparatus, but only a protein annotated as flagellar motor

protein (COG 1360) or chemotaxis protein MotB (KEGG:

K02557), suggesting that this protein could have some

other function (Pallen & Matzke, 2006).

A set of 155 conserved genes for ‘metabolism’ (Table 1)

included a pyruvate dehydrogenase complex E1, E2, and E3

component which converts pyruvate into acetyl-CoA, and

F0F1 ATP synthase subunits a, b, c, a, b, and c in the cate-

gory C (energy production and conversion). Based on the

KEGG database (Kanehisa & Goto, 2000), the pyruvate dehy-

drogenase complex was involved in glycolysis/gluconeogen-

esis, citrate cycle (TCA cycle), and pyruvate metabolism.

The symbiotic Polynucleobacter necessarius (a cytoplasmic

endosymbiont of the ciliate Euplotes aediculatus) possesses

these pathways for energy production (Boscaro et al.,

2013). The Holospora genomes lacked many proteins

involved in these pathways. These results suggest that the

pyruvate dehydrogenase complex is a possible relic of the

ancestral pathway and that Holospora strongly rely on the

host for energy production.

The 84 (14.7%) of the 572 core genes lacking homologs

in the COG protein sequence database were not assigned

to any of the COG functional categories. Some of

these genes are found in clusters of two or three genes

(Table S3). The set included periplasmic 5.4 kDa peptide

(UNIPROT: P94818) (Dohra et al., 1997) and 89 kDa

periplasmic protein associated with Holospora infection

(UNIPROT: Q2ABW8) (Iwatani et al., 2005), which were

previously found in the macronucleus-specific H. obtusa.

In the present study, their homologs were found in the

micronucleus-specific H. undulata and H. elegans and

were thus included in Holospora core genome. These

Holospora-specific proteins lacking homologs in other

bacteria may include proteins that play important roles

characteristic of the genus Holospora.

The Whole Genome Shotgun projects have been

deposited at DDBJ/EMBL/GenBank under accessions

Table 1. Number of genes assigned to each COG functional category

among the 572 orthologous genes shared by three Holospora

genomes

COG functional category

No.

genes

Information storage and processing

[J] Translation, ribosomal structure and biogenesis 106

[A] RNA processing and modification 0

[K] Transcription 27

[L] Replication, recombination and repair 44

[B] Chromatin structure and dynamics 0

Cellular processes and signaling

[D] Cell cycle control, cell division, chromosome

partitioning

10

[Y] Nuclear structure 0

[V] Defense mechanisms 8

[T] Signal transduction mechanisms 8

[M] Cell wall/membrane/envelope biogenesis 55

[N] Cell motility 5

[Z] Cytoskeleton 0

[W] Extracellular structures 0

[U] Intracellular trafficking, secretion, and vesicular

transport

24

[O] Posttranslational modification, protein turnover,

chaperones

28

Metabolism

[C] Energy production and conversion 26

[G] Carbohydrate transport and metabolism 22

[E] Amino acid transport and metabolism 33

[F] Nucleotide transport and metabolism 14

[H] Coenzyme transport and metabolism 13

[I] Lipid transport and metabolism 22

[P] Inorganic ion transport and metabolism 18

[Q] Secondary metabolites biosynthesis, transport and

catabolism

7

Poorly characterized

[R] General function prediction only 62

[S] Function unknown 23
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AWTR00000000 (H. obtusa F1), ARPM00000000 (H. un-

dulata HU1), and BAUP00000000 (H. elegans E1).
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Table S1. Sequencing statistics for three Holospora

genomes: H. obtusa F1, H. elegans E1, and H. undulata

HU1.

Table S2. Statistics of each assembly step for three

Holospora genomes: H. obtusa F1 (A), H. elegans E1 (B),

and H. undulata HU1 (C).

Table S3. The 572 core orthologous genes shared by three

Holospora genomes.

Data SI. Results and discussion and materials and

methods.
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