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ABSTRACT We present the LGAAP computational pipeline, which was successfully
used to assemble six genomes of the parasite subfamily Leishmaniinae to chromo-
some-scale completeness from a combination of long- and short-read sequencing
data. LGAAP is open source, and we suggest that it may easily be ported for assem-
bly of any genome of comparable size (;35Mb).

We developed an automated genome assembly and annotation pipeline, success-
fully applying it to six genomes in the parasite subfamily Leishmaniinae, namely, (i)

Leishmania martiniquensis (MHOM/TH/2012/LSCM1, LV760), (ii) Leishmania orientalis
(MHOM/TH/2014/LSCM4, LV768), (iii) Leishmania enriettii (MCAV/BR/2001/CUR178,
LV763), (iv) Leishmania sp. Ghana (MHOM/GH/2012/GH5, LV757), (v) Leishmania sp.
Namibia (MPRO/NA/1975/252, LV425), and (vi) Porcisia hertigi (MCOE/PA/1965/
C119, LV43). This paper closes the “protocol gap” (1) for this project by making all
methods fully available.

The pipeline was written and executed using the Snakemake (2) workflow manage-
ment system and consists of a total of 314 computational steps, divided into 21 sequen-
tial processes in two main phases (Fig. 1). Genomic DNA was extracted from a previously
developed culture system for L. orientalis axenic amastigotes (3) and sequenced using
two standard technologies, i.e., short read (Illumina) and long read (Oxford Nanopore
Technologies [ONT]).

The first (assembly) phase of the pipeline comprises eight sequential processes,
i.e., (i) long-read assembly using Flye (version 2.8.2) (4), (ii) mapping of short reads
onto assemblies using Minimap2 (version 2.17) (5), (iii) creation of consensus
sequences using SAMtools (version 1.11) (6), (iv) polishing of assemblies using Pilon
(version 1.23) (7), (v) revision of consensus sequences using SAMtools, (vi) ordering
and orientation of the chromosomes and breakage of any chimeric sequences using
RaGOO (version 1.1) (8), (vii) sorting and removal of any duplicated scaffolds or con-
tigs using Funannotate (version 1.5.3) (9), and (viii) generation of a quality report
using QUAST (version 5.0.2) (10).

The second (annotation) phase of the pipeline comprises 13 sequential proc-
esses, i.e., (i) scanning of assemblies for vector contamination using BLAST1 (ver-
sion 2.10.1) (11) against UniVec (12), (ii) masking of contaminants using BEDTools
(version 2.30) (13), (iii) quality statistics preannotation using AGAT (version 0.6.0)
(14), (iv) detection of repeats using RepeatModeler (15) running from Dfam TE
Tools Container (version 1.3.1) (16), (v) classification of transposable elements using
TEclass (16) running from a docker container (version 2.1.3b) (17), (vi) masking of
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identified complex repeats using RepeatMasker (version 4.1.2-p1) (18), (vii) down-
loading of protein and transcript evidence from TriTrypDB (release 47) (19), (viii)
evidence-based annotation using MAKER2 (20) running from a docker container
(version 2.31.10) (21), (ix) quality checking of annotation using GenomeTools (ver-
sion 1.2.1) (22) and GAAS (version 1.2.0) (23), (x) ab initio annotation using
AUGUSTUS (version 3.3.2) (24) within MAKER2, (xi) repeating of the ninth step, (xii)
annotation assignments using BLAST1 against UniProt (25) and InterProScan (ver-
sion 5.22-61.0) (26), and (xiii) finalization of the longest isoforms of each predicted
protein using AGAT.

The final product of the analysis pipeline is five files per genome, i.e., the chro-
mosome-scale assembly, proteins, and transcripts in FASTA format and two general
feature format (GFF) files, one containing the coordinates of each feature and one
with the longest isoforms. Testing on genomes longer than 35Mb is a future opti-
mization priority. Comparison of the performance of LGAAP with all 50 Leishmania
genome assemblies in GenBank is shown in Table 1.

Data availability. Genomes assembled using this protocol are available in the
NCBI Assembly database with the following accession numbers: L. martiniquensis,
GCA_017916325.1; L. orientalis, GCA_017916335.1; L. enriettii, GCA_017916305.1;
Leishmania sp. Ghana, GCA_017918215.1; Leishmania sp. Namibia, GCA_017918225.1;
and Porcisia hertigi, GCA_017918235.1. Raw sequencing data are available with the
following NCBI BioProject accession numbers: L. martiniquensis, PRJNA691531;
L. orientalis, PRJNA691532; L. enriettii, PRJNA691534; Leishmania sp. Ghana, PRJNA691536;
Leishmania sp. Namibia, PRJNA689706; and Porcisia hertigi, PRJNA691541. The workflow is
available at GitHub (https://github.com/hatimalmutairi/LGAAP) and Zenodo (https://doi
.org/10.5281/zenodo.4663265).
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FIG 1 Graphical representation of the LGAAP protocol.
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