














because Encephalitozoon species are capable of infecting their host
by endocytosis (3) and yet lack the septin 7 found in O. colligata,
we infer that this gene is not essential to the underlying mecha-
nism. However, considering the number of diverse microsporid-
ian species that infect Daphnia spp., the presence of a functional
septin 7 in O. colligata could confer to it a competitive advantage
over its parasitic relatives. The distribution of this gene in related
taxa is also of interest for efforts to help determine how recent the
HGT was: it may have originated relatively early and been lost in
Encephalitozoon spp. or may be present within only a limited
number of genotypes.

MATERIALS AND METHODS
Tissue culture and DNA purification. O. colligata isolate OC4 was culti-
vated in Daphnia magna clone ELK1-1 (England-LadyKirk-pond 1) (36)
and used for further laboratory procedures. Approximately 1,000 female

hosts infected with O. colligata OC4 were homogenized in 10 mM Tris-
HCl (pH 7) and then filtered sequentially through a 40-�m-pore-size
nylon mesh and an 8-�m-pore-size cellulose nitrate membrane adapted
to a syringe. The filtrate was centrifuged at 4,000 rpm for 10 min and
resuspended in 10 mM Tris-HCl (pH 7). The solution, containing spores
and other tissue debris, was centrifuged in 60% Percoll (Sigma Aldrich) at
14,000 rpm for 5 min, and the pellet was washed 3 times with 10 mM
Tris-HCl (pH 7) to obtain a clear spore solution. Spores were incubated
with lysozyme (Sigma Aldrich) (2.5 mg/ml) at 37°C for 1 h to lysate con-
taminant bacteria. An additional step of contaminant cell lysis was per-
formed by adding a lysis buffer (1% SDS; 2% Triton X-100; 1 mg/ml
proteinase K; 10 mM Tris-HCl; 1 mM EDTA; 100 mM NaCl; pH 7.0) to
the mixture and incubating it at 56°C for 1 h. The lysate was centrifuged at
14,000 rpm to recover the spores, which were treated with DNase I (Sigma
Aldrich) at 37°C overnight to eliminate contaminating DNA. The enzyme
was inactivated with EGTA (50 mM) at 95°C for 30 min, and the spores
recovered by centrifugation were frozen and thawed several times. The
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FIG 5 Three-dimensional model of M896_080490, a septin 7 analog acquired by O. colligata from its Daphnia host by horizontal transfer. (Upper left) The
backbone of this 794-residue protein is colored green, alpha helices are colored blue, and beta sheets are colored red. (Lower left) Overlay between the O. colligata
septin 7 (in blue) and human septin 7 (2QAG.1.C; in red) tridimensional models. (Upper right) SWISS-MODEL QMEAN4 scoring comparison of the
contiguous 192 residues (20.75% sequence identity) of the model to its template 2QAG.1.C for a nonredundant set of proven PDB structures. The amino acid
length refers to the length of the correlated sequence section, not the length of the protein. The normalized QMEAN4 score is �10.24. (Lower right) Heat map
dot plot representation of the amino acid residues conserved between M896_080490 and 2QAG.1.C as implemented in FFFAS (61). The highest to lowest
similarities between amino acids are shown from blue to red. Optimally aligned contiguous amino acids are connected by green lines. The contiguous 192
residues represented in the upper right panel are located between M896_080490 amino acid residues 400 and 600.

Pombert et al.

8 ® mbio.asm.org January/February 2015 Volume 6 Issue 1 e02400-14

 
m

bio.asm
.org

 on January 20, 2016 - P
ublished by 

m
bio.asm

.org
D

ow
nloaded from

 



O. colligata purified spores were used for DNA isolation using a DNeasy
tissue-extracting kit (Qiagen). Before sequencing, genomic DNA was as-
sessed for quality by Qubit fluorometric quantification (Life Technolo-
gies).

Sequencing. The O. colligata purified DNA Illumina 100-bp paired-
end (PE) libraries (212-bp inserts, 43-bp average standard deviation,
40,096,994 PE reads, 8,019,398,800 bp total) were prepared using TruSeq
SBS V5 chemistry and sequenced by Fasteris (Geneva, Switzerland) on an
Illumina HiSeq 2000 instrument. Reads were processed and the adapters
removed with CASAVA pipeline version 1.8.1 (mean quality score, 33.90;
85.37% of all bases � Q30). Read quality was further assessed with
FASTQC (37).

Genome assembly. Paired-end reads were filtered by calculation of
quality scores with Sickle 1.210 (Bioinformatics Core, University of Cali-
fornia, Davis [https://github.com/najoshi/sickle]) and the filtered reads
iteratively assembled de novo with Ray 2.0-rc8 using odd k-mer values
(from 19 to 31) on 32 Infiniband QDR-connected Intel Xeon nodes (256
Nehalem X5560 processing cores at 2.8 GHz). Microsporidian contigs
were filtered from host and other low-level contaminants in the resulting
datasets with BLAST homology searches (38) using Encephalitozoon ge-
nomes (BLASTN) and proteins (tBLASTn) as queries. Microsporidian
contigs from each k-mer assembly were concatenated and merged with
Consed (39) and then visually inspected for potential discrepancies be-
tween the various k-mer assemblies. Merged contigs were extended using
our in silico chromosome walking approach (7) with the addSolexaRead-
s.pl script from the Consed package. Ambiguous regions in the assemblies
were amplified by PCR using flanking primers and then validated by
Sanger sequencing. Final assemblies were verified by read mapping with
Bowtie 1.0 (40) and visual inspection with Tablet 1.13.07.31 (41).

Genome annotation. Transfer and ribosomal RNAs were positioned
on the O. colligata contigs with tRNAscan-SE 1.3.1 (42) and RNAmmer
1.2 (43), respectively. Open reading frames were first positioned on the
sequences with Artemis 16.0.0 (44) built-in tools. Start methionines were
then refined using multiple-sequence alignments of orthologs with
MAFFT 7.058 b (45) and the presence of CCC/GGG-like transcription
signals as described by Peyretaillade et al. (46). Noncoding RNAs
(ncRNAs) were positioned using a combination of BLASTN homology
searches, syntenic information from Encephalitozoon genomes, and
RFAM (47) searches as implemented in Artemis. Putative protein-coding
gene functions were ascribed by homology searches against UniProt (48),
Pfam (49) searches, and InterProScan 5 (50) analyses. Microsatellites were
searched for with WebSat (51) using default parameters.

Protein analyses and 3D structure predictions. The presence of sig-
nal peptides in primary amino acid sequences was searched for with Sig-
nalP 4.1 (52). Transmembrane domain searches and hydrophobicity
analyses were performed with TMHMM 2.0 (53), TopPred 2 (54), and
TMpred (55) as implemented on the CBS (http://www.cbs.dtu.dk/
services/), Institut Pasteur (http://mobyle.pasteur.fr/), and Expasy
(http://www.expasy.org/) web portals, respectively. The M896_080490
primary amino acid sequence was converted from FASTA to PDB format
and first modeled three-dimensionally with ROSETTA3 version
2014wk05 (56). This resulted in an unfolded chain of little value but con-
taining several directional changes indicating a degree of secondary struc-
ture. The sequence was then run through Robetta (57), and two domains
were determined via Ginzu analysis. These domains were queried against
the NCBI nonredundant database (NR) using PSI-BLAST (58) to deter-
mine potential sequence homology to previously filed protein structures.
Due to its higher confidence score, the second domain was analyzed with
Web-based InterPro software (59). The highest-correlating gene ontolo-
gies (GOs) were analyzed with respect to previously predicted functions
and correlated with the results of the Robetta analysis. The model was
created with the most highly correlating base model via SWISS-MODEL
(60) (Fig. 3) and correlated with its parent template by dot plot analysis as
implemented in FFAS03 (61).

Phylogenetic analyses. For phylogenomic inferences, the microspo-
ridian protein sequences were retrieved from the MicrosporidiaDB (62),
SilkPathDB (http://silkpathdb.swu.edu.cn/silkpathdb/), and GenBank
databases. Orthologous sequences were identified by BLASTP searches at
an E value cutoff of 1E-20 using the O. colligata proteins as queries. Or-
thologs were aligned with MAFFT L-INS-I (45), and the ambiguous po-
sitions in the resulting alignments were filtered out with BMGE (63) using
the default parameters. Maximum likelihood (ML) inference analyses
were performed with PHYML 3.0 (64) using the LG model of amino acid
substitutions with four gamma categories. A total of 100 bootstrap repli-
cate experiments were performed. Bootstrap replicates were generated
with Seqboot and node percentages calculated with Consense from the
PHYLIP 3.695 package (65). For horizontal gene transfer inference deter-
minations, the M896_080490 orthologous and paralogous sequences
were retrieved from the NCBI nonredundant (NR) database (accession
date, 20 August 2014) using BLASTP searches with an E value cutoff of
1E-40. The retrieved sequences were aligned with MUSCLE (66), and the
resulting alignment was filtered with BMGE using the default parameters.
ML inference and bootstrap replicate experiments were performed as de-
scribed above.

Pairwise distribution and metabolic profiling. For each species, local
protein databases were generated using MAKEBLASTDB from the NCBI
BLAST� 2/2/28 package. The presence or absence of genes in compari-
sons between species was determined by evaluating pairwise BLASTP hits
(E value cutoff, 1e-10) for all possible combinations. Metabolic profiles
were inferred from InterProScan 5 (50) analyses performed on each pro-
tein data set; for each protein, the gene ontologies retrieved were filtered to
remove duplicates and concatenated into higher hierarchies derived from
the KEGG orthology pathways using custom Perl scripts.

Nucleotide diversity. The O. colligata protein-coding genes and their
Encephalitozoon orthologs were aligned by codon comparisons performed
with MACSE (67). For each alignment, the nucleotide diversity (Pi) be-
tween Encephalitozoon species and their divergence from O. colligata
[K(JC)] were inferred using the polymorphism and divergence in func-
tional regions tool implemented in DnaSP 5/10/01 (68) with O. colligata as
the outgroup.

Accession numbers. The O. colligata data were released in the NCBI
database under BioProject PRJNA210314, BioSample SAMN02867507,
and accession number JOKQ00000000.

SUPPLEMENTAL MATERIAL
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