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ABSTRACT

This study reports the release of draft genome sequences of two isolates of Lichtheimia corymbifera and two isolates of L.
ramosa. Phylogenetic analyses indicate that the two L. corymbifera strains (CDC-B2541 and 008-049) are closely related to the
previously sequenced L. corymbifera isolate (FSU 9682) while our two L. ramosa strains CDC-B5399 and CDC-B5792 cluster
apart from them. These genome sequences will further the understanding of intraspecies and interspecies genetic
variation within the Mucoraceae family of pathogenic fungi.
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THE GENUS LICHTHEIMIA

Lichtheimia (formerly Absidia) is a genus of saprotrophic zy-
gomycetous fungi known to cause mucormycosis in human
hosts. Although less prevalent than infections caused by As-
pergillus or Candida, there has been an increase in reports of
Lichtheimia corymbifera infections among immunocompromised
patients (Schwartze and Jacobsen 2014). Lichtheimia species
are the second and third most isolated organisms from pa-
tientswithmucormycosis in Europe andworldwide, respectively
(Roden et al. 2005; Alvarez et al. 2009; Skiada et al. 2011; Lanternier

et al. 2012). Various studies have examined the underlying rea-
sons behind the differences in clinical representation among
Lichtheimia strains. For example, Schwartze et al. (2012) evaluated
the virulence potential of 46 Lichtheimia isolates, representing all
five species, in a chicken embryo model of infection. Lichtheimia
ramosa has also been shown to be a primary infective agent in a
burn victim, although treatment with amphotericin B was ef-
fective (Kaur et al. 2014). While Lichtheimia species tend to be
morphologically and genetically distinct, they often share very
similar antifungal drug susceptibilities. Recent studies continue
to implicate Lichtheimia species in cutaneous (Cateau et al. 2013;
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Table 1. General genome and predicted proteome statistics for two L. corymbifera and two L. ramosa strains sequenced by IGS, with L corymbifera
FSU 9682 shown for comparison.

Strain information
Strain name CDC-B2541 008–049 FSU 9682 CDC-B5399 CDC-B5792

Genus and species L. corymbifera L. corymbifera L. corymbifera L. ramosa L. ramosa

Sequencing & assembly
Genome coverage 86.17× 97.12× – 47.23x 41.57x
Assembly statistics
Contig length (MB) 36.62 36.58 33.53 45.57 42.42
No. of reads (mate-pair) 35 688 332 31 601 382 – 29 414 032 21 456 838
No. of reads (paired-end) 33 695 768 37 099 364 – 44 712 938 18 208 190
Contigs (no.) 1176 1626 589 3968 3694
N50 contig length (nt) 130 684 118 022 66 718 33 650 35 903
Scaffold length (MB) 36.65 36.66 33.6 45.66 42.52
Scaffolds (no.) 935 1306 209 3191 2782
N50 scaffold length (nt) 207 011 176 654 367 562 68 280 90 825
G+C content 43.5% 43.4% 43.4% 41.1% 41.0%

Genomic features
CEGMA percent completenessa 98.4%/98.8% 98.0%/98.8% – 97.6%/99.2% 96.0%/99.6%
Known fungal repeats detected 2.58% 2.94% – 1.90% 1.72%

Predicted protein-coding genes
Predicted genes 9607 10 800 12 379 14 426 13 483
Gene length (mean) 1648.1 1773.4 N/A 1455.6 1516.6
Average coding sequence size (nt) 1294.5 1450.3 1287 1173.9 1211.6
Exons per mRNA (mean) 5.4 5.6 – 5.0 5.1
Total introns 41 816 49 599 48 663 57 423 54 924
Introns per gene (mean) 4.4 4.6 3.9 4.0 4.1

Predicted non-coding RNA genes
Predicted tRNA 164 193 174 278 259
Predicted rRNA 2 6 ∗ 3 4

aComplete/partial core eukaryotic genes.
∗rRNA reported amongst other types of non-coding RNA.

Poirier et al. 2013) and other infections (Bellanger et al. 2010;
Irtan et al. 2013; Kutlu et al. 2014). Two Lichtheimia genomes have
recently been published (Linde et al. 2014; Schwartze et al. 2014).
Asmore is learned about the physiological andmolecularmech-
anisms of pathogenesis in Lichtheimia, it is important to have a
deeper understanding of the underlying genetics and genomics
of this important group of opportunistic pathogens.

GENOME SEQUENCING

In this study, we have sequenced two L. corymbifera isolates
(CDC-B2541 and 008-049) and two L. ramosa isolates (CDC-B5399
and CDC-B5792). Lichtheimia corymbifera CDC-B2541 was isolated
as a plate contaminant in 1977 in Wisconsin, USA, while iso-
late 008-049 was isolated from a human in a 2008 Deferasirox-
AmBisome Therapy for Mucormycosis (DEFEAT) study (Spellberg
et al. 2012). Lichtheimia ramosa CDC-B5792 was isolated from hu-
man sputum in 1997 in New Mexico, USA, whereas isolate CDC-
B5399 was isolated as a gluteal abscess from India in 1993. DNA
was extracted from fungi grown on Sabouraud’s Dextrose agar
using the GeneRite Kit (Carlsbarg, CA) or the OmniPrep Kit (GBio-
sciences). The genome sequence of each isolate was generated
at the Institute for Genome Sciences (IGS) Genomics Resource
Center (Baltimore, MD) using a combination of paired-end li-
braries (average insert size of 459 bp) and mate-pair (3 kb) li-
braries on the Illumina HiSeq 2000. We generated an average of
33.4million sequence reads fromeach of the paired-end libraries

and 29.5 million sequence reads from each of the mate-pair li-
braries (Table 1). The draft genome data were assembled using
the MaSuRCA v.1.9.2 genome assembler (Zimin et al. 2013). The
relevant statistics from the genome assemblies and annotations
are summarized in Table 1. The resulting L. corymbifera genome
assemblies contained an average of 1401 contigs per genome.
The L. ramosa genome assemblies contained 3831 contigs on av-
erage. The average estimated coverage was 91.6 × for L. corymb-
ifera and 44.4 × for L. ramosa.

STRUCTURAL & FUNCTIONAL ANNOTATION

Structural and functional annotation were performed with the
IGS Eukaryotic Annotation Pipeline protocol 1.0 at the IGS In-
formatics Resource Center (Baltimore, MD). We generated 439
million RNA-seq reads from isolate 008–049 grown in the pres-
ence of epithelial cell line (A549 adenocarcinomic human alve-
olar basal cells), human umbilical vein endothelial cells or in
mammalian tissue culture media alone. RNA-seq reads were
pooled and RNA-seq assemblies, both de novo and genome-
guided against 008–049 genomic scaffolds, were generated with
Trinity (Grabherr, Haas et al. 2011). Both types of assemblies
were mapped to the 008–049 genome using PASA (Haas et al.
2003), and de novo assemblies only were mapped to other
Lichtheimia genomeswith GenomicMapping and Alignment Pro-
gram (GMAP) (Wu and Watanabe 2005). Genomic repeat regions
were annotated and masked using RepeatModeler (Smit and
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Figure 1. Mid-point rooted phylogenetic tree showing relationships among sequenced Lichtheimia genomes, along with L. corymbifera FSU 9682 and R. delemar 99–880.
Tree was generated from a phylogenetic analysis that used over two thousand concatenated protein sequences. Branches show amino acid substitutions per site.

Hubley 2008–2010) and RepeatMasker (Smit et al. 1996–2010).
Protein-coding genes were predicted ab initiowith CEGMA (Parra
et al. 2007), GeneMark-ES (Ter-Hovhannisyan et al. 2008), Augus-
tus (Stanke et al. 2006), SNAP (Korf 2004), GlimmerHMM (Majoros,
Pertea and Salzberg 2004) and GeneID (Blanco et al. 2007). Augus-
tus, SNAP and GlimmerHMM used CEGMA predictions for pa-
rameter training, and GeneID used a parameter file generated
by CEGMA. Raw RNA-seq reads were used to augment Augustus
training for L. corymbifera 008–049. Spliced alignments of
SwissProt proteins against each genome were generated with
AAT (Huang et al. 1997) using cutoffs of 80% similarity and 1500
bp max intron length. To generate a consensus gene model set,
all intrinsic and extrinsic predictions were combined with Ev-
idence Modeler (Haas et al. 2008) using the following evidence
weights: CEGMA 4, Augustus 4, GeneMark-ES 2, GlimmerHMM
2, SNAP 2, GeneID 2 and AAT alignments 2. Assembled RNA-seq
transcript alignments were weighted 10 for alignment to self
(e.g. L. corymbifera 008–049 transcripts aligned with PASA to L.
corymbifera 008–049 genome), but weighted 1 when aligned to
other (e.g. L. corymbifera 008–049 transcripts aligned with GMAP
to L. corymbifera CDC-B2541). Non-coding RNAs were predicted
with tRNAScan-SE and RNAmmer. Predicted proteins were com-
pared to UniProt with BLAST and against TIGRFAMs/PFAMs
with HMM searches to generate functional assignments includ-
ing Gene Ontology terms and Enzyme Commission numbers.
A summary of our structural annotation of each of the four
genomes can be found in Table 1. Genome completeness, as as-
sessed by detecting complete conserved eukaryotic genes with
CEGMA (Parra et al. 2007), for each of the genomeswas estimated
to range from 96–98% complete (Table 1).

FUNGAL PHYLOGENY

We probed the phylogenetic relationship between our isolates
and with two Mucorales isolates whose genomes have been se-
quenced and annotated (Rhizopus delemar 99–880 and L. corymb-
ifera FSU 9682). To accomplish this, ortholog pairs were detected
among Mucorales genomes using InParanoid 4.1 (Remm, Storm
and Sonnhammer 2001) with Umbelopsis isabellina (CDC-B7317)
as an out group, using the two-pass BLAST strategy, bootstrap-
ping and all other algorithm parameters set to default. Multi-
Paranoid (Alexeyenko et al. 2006) was run on InParanoid output
files to detect ortholog groups common to all isolates. Protein
sequences from each ortholog group were aligned using Mus-
cle v.3.7 (Edgar 2004) and gapped regions were removed with
Gblocks 0.91b with default settings (Talavera and Castresana
2007). Conserved block alignments were concatenated, and phy-
logenetic analysis was performed with Phyml 3.0 (Guindon et al.
2010) with 100 bootstrap replicates, BioNJ starting tree, near-
est neighbor interchange (NNI) tree topology search, and LG
amino acid substitution model. The resulting tree was visual-
ized in FigTree v.1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/,
9 July 2014, date last accessed). For the genome sequence of L.
corymbifera FSU 9682, the previously published annotation was
used (Schwartze et al. 2014). All Lichtheimia isolates, including L.
ramosa, were very closely related based on a phylogenetic tree
generated using over 2000 highly conserved orthologous genes
(Fig. 1). For perspective, R. delemar 99–880, a better-characterized
Mucorales genome, was used as an outgroup for the tree. Our
phylogenetic analysis indicates that the two L. corymbifera iso-
lates (CDC-B2541 and CDC-008–049) are closely related to the
previously sequenced L. corymbifera isolate (FSU 9682), while the

http://tree.bio.ed.ac.uk/software/figtree/
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two L. ramosa isolates (CDC-B5399 and CDC-B5792) form a sepa-
rate clade.

SUMMARY

The genome sequence data from these Lichtheimia species pro-
vide a valuable resource for comparative genome analyses to de-
termine interspecies and intraspecies genomic variation which
will, in turn, further our understanding of the genetic elements
that govern virulence, tropism and antifungal resistance of this
genus.

FUNGAL GENOMIC ACCESSIONS

Nucleotide sequence accession numbers: these Whole Genome
Shotgun projects have been deposited at DDBJ/EMBL/GenBank
under the accessions JNEU00000000, JNEP00000000,
JNEE00000000, JNDO00000000 corresponding to strains
CDC-B2541, CDC-B5792, 008–049and CDC-B5399, respec-
tively. The versions described in this paper are the first
versions: JNEU00000000.1, JNEP00000000.1, JNEE00000000.1 and
JNDO00000000.1.
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