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The Amazon sailfin catfish (Pterygoplichthys pardalis), which belongs to the
Loricariidae family, is an invasive species that has caused massive damage to the
ecological environment. However, a high-quality reference genome for this catfish
species has not yet been reported. Here, we successfully assembled the first
chromosome-level high-quality genome of P. pardalis using data produced from
multiple sequencing platforms. The assembled genome contains 26 chromosomes,
with a scaffold N50 of 49.47 Mb. Different evaluation methods indicated the high
connectivity and accuracy genome we got. In total, 23 859 protein-coding genes were
predicted in the genome, 22 169 (92.92%) of which were functionally annotated in
public databases. Phylogenetic analysis showed that P. pardalis was clustered with all
other catfish studied and diverged from their common ancestor 132.5 million years
ago. Whole-genome collinearity analysis indicated the chromosome 6 of P. pardalis
was aligned to two distinct chromosomes in Ameiurus melas, Pangasianodon
hypophthalmus, and Ictalurus punctatus, suggesting the occurrence of potential
chromosomal fusion/fission events. Furthermore, many immune system-related genes
were expanded in the P. pardalis genome, which may have contributed to their
adaptive traits to highly polluted environments and successful invasion. This study not
only provides insights into the genetic basis of the successful invasion of P. pardalis,
but also provides important data for comparative genomic analysis of P. pardalis in

Siluriformes in the future.

Keywords
Invasive species, Catfish, Pterygoplichthys pardalis, Genome assembly, Adaptive

evolution, Immune system.

Introduction

Pterygoplichthys pardalis is a neotropical sucker mouth catfish belonging to the
family Loricariidae (Bowen, 2016). As an omnivorous species, these catfish feed on
algae, organic material, small invertebrates, and sediment (Bowen, 1983; Delariva &
Agostinho, 2010). Significant changes in their gastric system, which acts as an
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additional respiratory organ, allow them to survive in highly polluted environments
with low dissolved oxygen (Da Cruz et al., 2013; Hussan et al., 2016). These catfish
can also withstand cold temperatures and drought by burrowing, even when the water
level is below the burrow opening, and can survive out of water for many hours
(Burgess, 1989; Nico & Martin, 2001). These characteristics are highly beneficial for
survival under harsh conditions. However, although this species is classified as
non-edible and non-commercial due to the bony plates covering its skin and low
muscle content, it has been exported to many countries as an exotic ornamental
aquarium fish, with subsequent accidental or careless release into various wild
environments (Ebenstein et al., 2015; Krishnakumar et al., 2009; Nurubhasha et al.,
2019). Of concern, their rapid growth and high reproductive capacity, combined with
a lack of natural predators, have allowed these catfishes to increase their populations
within a short period of time and successfully invade many areas (Hui et al., 2017,
Nico & Martin, 2001). With their expanded distribution into many tropical,
subtropical, and intercontinental warm waters, these catfishes have become a
considerable threat to aquatic biodiversity and environmental and economic health
(Anguebes et al., 2019; Mohammad et al., 2018; Wakida-Kusunoki et al., 2007). Not
only do they compete with native species for food resources and reduce native
populations by predating on eggs and young fish, threatening the local ecological
chain, but they also cause damage to lake and levees when burrowing to spawn (Hill
& Sowards, 2015; Orfinger & Goodding, 2018). Once these invaders establish a
population, they are very difficult to eradicate.

As a well-known representative species in Loricariidae and a damaging invasive
pest, P. pardalis has attracted intense interest among ecological biologists (Anguebes
et al., 2019; Chaichana et al., 2012; Hoover, Killgore & Cofrancesco, 2004;
Krishnakumar et al., 2009). New insights into this species should help identify
effective ways to control the population size within a reasonable range. To date,
however, only one mitochondrial genome sequence and one draft nuclear genome
(only with a short contig N50 length of 4.15 kb) have been published, with no
high-quality genome yet reported (Liu et al., 2016). That’s may the reason that studies
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associated with the genetic basis of extensively invasive ability for P. pardalis were
still in the single gene level (Baldissera et al., 2019; Barra et al., 1981; Bossa et al.,
1982). Therefore, systematic and comprehensive analyses of the species at the
whole-genome level are required.

In this study, we aimed to elucidate the genetic basis for the successful invasion
ability of P. pardalis. We assembled the first chromosome-level reference genome of
P. pardalis and annotated its protein-coding genes. Phylogenetic analysis indicated
that P. pardalis diverged from the common ancestor of all other catfishes studied
132.5 million years ago (Mya). In addition, P. pardalis exhibited a much faster
evolutionary rate relative to the other catfish examined except B. yarrelli.
Genome-wide collinearity analysis suggested a potential chromosomal fusion/fission
event on chromosome 6 of P. pardalis. Furthermore, comparative genomic analyses
indicated that various immune-related genes were expanded in the P. pardalis genome,
which may contribute to their robust adaptation to harsh conditions (especially highly
polluted environments) and worldwide invasion. Taken together, this study not only
reveals the genetic basis underlying the ability of P. pardalis to survive in harsh
benthic environments, but also provides an important genetic resource for further

studies on the development and environmental adaptation of this species.

Materials and Methods

Data acquisition

Genomic DNA was extracted from the muscle tissue of one armored catfish (P.
pardalis) individual using a Qiagen Blood & Cell Culture DNA Mini Kit. To obtain a
high-quality chromosome-level genome assembly, data from multiple sequencing
platforms were acquired: 1) A short-insert paired-end library was prepared and
sequenced on the [llumina NovaSeq 6000 platform; 2) A Nanopore library was
prepared and sequenced on 26 flow-cells using Nanopore PromethION 48 (Oxford
Nanopore, Oxford, UK); 3) A Hi-C library was constructed and sequenced using the

[llumina NovaSeq 6000 platform; 4) To aid genome annotation, total RNA from the
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muscle was extracted using a TRIzol Kit (Life Technologies) and used for library

construction and sequencing on the Illumina NovaSeq 6000 platform.

Quality control of sequencing data

Data from the Illumina and Nanopore sequencing platforms were acquired for
high-quality genome assembly. For Illumina reads, adaptor sequences and polymerase
chain reaction (PCR) duplicates of all paired-end reads were removed. Any Illumina
reads with more than 5% unknown bases or more than 30 low-quality bases along
with their paired-end reads were discarded. For Nanopore reads, reads with a mean

quality score > 7 were retained and used for further analysis.

Genome size estimation

The P. pardalis genome size was estimated using k-mer analysis. All cleaned
short-insert [llumina reads were used for 17-mer frequency analysis to investigate
genome size with the following formula: G = Knum/Kdepth, where G is the estimated
genome size, Knum is the total number of 17-mers, and Kdepth is the depth of the

17-mer peak.

Genome assembly

The genome was assembled using the following steps: 1) Nanopore long reads were
assembled into contigs using NextDenovo (v2.2) with parameters: read_cutoff = 1 k,
seed_cutoff = 59754 and blocksize = 5g. 2) Clean short reads produced by the
[llumina short-insert library were mapped to the assembled contigs using BWA
(v0.7.17) (Li & Durbin, 2009) and further correction was performed using Pilon
(v1.22) (Walker et al., 2014) with two iterations. 3) Hi-C sequencing reads were
mapped to the corrected contigs, and chromosome construction was performed with
Juicer (v1.5.7) (Durand et al., 2016) and 3D de novo assembly (v180922) (Dudchenko
etal., 2017).

Genome annotation
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Tandem repeats in the genome were identified using Tandem Repeat Finder (v4.07)
(Benson, 1999). Non-interspersed repeats in the genome were annotated using
RepeatMasker (v4.1.0) (Nishimura, 2000). Transposable elements (TEs) in the
genome were annotated at both the DNA and protein levels. The de novo repeat
library at the DNA level was constructed using RepeatModeler (v1.0.4)
(http://www.repeatmasker.org/ RepeatModeler). The genome assembly was searched
against Repbase (v23.06) using RepeatMasker to identify homologous repeats.
RM-BLASTX within RepeatProteinMask (v4.1.0) was used to query the TE protein
database at the protein level.

Three methods were used to predict protein-coding gene sequences based on the
masked genome of repetitive sequences. For de novo- based prediction, the transcripts
were de novo assembled based on the RNA-seq data using Bridger (r2014-12-01)
(Chang et al., 2015), with the assembled sequences then filtered and primary
predication performed using the Program to Assemble Spliced Alignment (PASA)
(v2.1.0) (Haas et al., 2003) pipeline and AUGUSTUS (v2.5.5) (Stanke et al., 2003).
Protein sequences, including Bagarius yarrelli (GCA_005784505.1), Ameiurus melas
(GCA _012411365.1), Ictalurus punctatus (GCF_001660625.1), Pangasianodon
hypophthalmus (GCF_009078355.1), Tachysurus fulvidraco (GCF_003724035.1),
Hemibagrus wyckioides (GCA_019097595.1), Silurus meridionalis

(GCF _014805685.1), Clarias magur (GCA _013621035.1), Danio rerio

(GCF _000002035.6), Pelteobagrus fulvidraco (http://gigadb.org/dataset/100506), and
Glyptosternon maculatum (https://doi.org/10.1093/gigascience/giy104), were
downloaded for homology-based prediction of the coding genes. The longest
transcript of each gene was selected and those genes with early termination sites were
removed. Using the Basic Local Alignment Search Tool (BLAST) (v2.2.26) with an
e-value threshold of 1e-5, we performed homology-based annotation and then
conjoined by Solar (v0.9.6) software. GeneWise (v2.4.1) (Birney, 2004) was then
used to predict the exact gene structure of each BLAST hit. For transcripts-based
prediction, RNA-seq reads were directly mapped to the assembled genome using Blat
(v34) (Kent, 2002) and spliced alignments were linked using the PASA pipeline

6


https://doi.org/10.1093/gigascience/giy104

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

(v2.1.0) (Haas et al., 2003). Finally, the predicted coding genes derived from the three
methods were integrated using EvidenceModeler (r2012-06-25) (Haas et al., 2008).
All predicted protein-coding genes were aligned to multiple databases, including
InterPro, Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG),
UniProt/SwissProt, UniProt/TrEMBL, and Non-Redundant Protein Sequence

Database (NR database of NCBI), for functional annotation.

Evaluation of genome quality

Genome assembly quality was evaluated using multiple methods. (1) The [llumina
short-read sequencing data were aligned to the assembled genome, and mapping ratio
statistics were then determined using BWA (v0.7.17) (Li & Durbin, 2009). (2) The
assembled transcripts were also mapped to the genome assembly using Blat (v34)
(Kent, 2002), with mapping ratio statistics then determined. (3) The P .pardalis
genome was aligned to the Vertebrata odb9 database in Benchmarking Universal
Single-Copy Orthologs (BUSCO) (v2.0) (Simao et al., 2015) to evaluate the
percentage of conserved core genes assembled. (4) Genomic synteny between the
genomes of P. pardalis and closely related species was analyzed using LAST (v1066)
(Kielbasa et al., 2011).

Identification of orthologous genes

Orthologous gene relationships were analyzed using the OrthoMCL pipeline (v2.0.9)
(Li et al., 2003). The protein-coding sequences of 11 species (including B. yarrelli, A.
melas, 1. punctatus, P. fulvidraco, G. maculatum, P. hypophthalmus, T. fulvidraco, H.
wyckioides, S. meridionalis, C. magur, and D. rerio) were first downloaded from
NCBI and the GigaScience Database (gigaDB). For genes with multiple isoforms, we
selected the longest transcripts to represent the gene and removed genes with early
termination sites. Subsequently, we used all retained gene sequences to perform a
reciprocal BLAST search of the 11 downloaded species and P. pardalis. We then used
orthmcl to compute pairwise relationships. We considered the reciprocal best
similarity pairs as putative orthologs and reciprocal better similarity pairs as paralogs.
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Finally, the one to one orthologous genes among species were identified as

single-copy orthologous genes.

Phylogenetic relationships and divergence time

All single-copy genes of the above 12 species were extracted from OrthoMCL
analysis. The sequences of each single-copy gene among the 12 species were aligned
using MUSCLE (v3.8.31) (Edgar, 2004) with default parameters and concatenated
into one super-sequence of one species with the same order. Phylogenetic analysis
was then conducted using the maximum-likelihood algorithm in RAXML (v8.2.10)
(Stamatakis, 2014). Divergence times among the species were estimated using the
Bayesian relaxed molecular clock approach with MCMCtree in the PAML package
(v4.8) (Yang, 2007), and fossil times obtained from the TIMETREE database

(http://www .timetree.org/) were used for calibration of the results.

Relative evolutionary rates
We analyzed the relative evolutionary rate of each taxon using the zpcv module in
LINTRE. The relative evolutionary rates between P. pardalis and other species were

calculated using zebrafish as the outgroup.

Expansion/contraction of gene families

Phylogenetic relationships, divergence times, and gene family relationships were used
to analyze changes in gene families. The expansion and contraction of gene family in
ancestor nodes and each of the 12 species mentioned above were analyzed using

CAFE (v3.1) (De Bie et al., 2006).

Results

Chromosome-level genome assembly and annotation

We generated a total of 146.15 Gb of [llumina paired-end short reads to investigate
the size and characteristics of the P. pardalis genome (Table S1). Based on 17-mer
analysis, the genome was 1.48 Gb in size, with a heterozygous (first) peak indicating
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a high level of genome heterozygosity (Fig. 1A). To obtain a high-quality genome
assembly, 218.07 Gb of data produced by the third-generation Nanopore sequencing
platform were used to assemble contigs (Table S2), with potential single-base
sequencing errors then corrected using Illumina short reads (Table S1). To further
improve the continuity of the genome assembly, chromosomes were constructed by
3D de novo assembly using 149.24 Gb of clean Hi-C reads (Table S3). Finally, a total
of 26 chromosomes were successfully anchored with the scaffold N50 of 49.47 Mb
and genome size of 1.51 Gb (Fig. 1B and 1C, Tables S4 and S5). The assembled
genome size was close to the estimated genome size based on k-mer analysis (1.48
Gb), indicating that an appropriate assembly size was obtained in this study. To better
estimate assembled genome quality, we determined the read mapping ratio (98.52%)
(Table S6), transcript mapping ratio (99.61%) (Tables S7-S9), and percentage of
conserved core genes (BUSCO score, 98.8%) (Table S10, Eukaryota database), with
the conserved Hox gene clusters (Fig. 1D) indicating that the chromosome-level
reference genome of P. pardalis exhibited high integrity and accuracy.

Based on genome annotation, 64.47% (0.97 Gb) of the assembled P. pardalis
genome sequences were repetitive sequences (Table S11), belonging to four major
repeat classes, including DNA elements, long interspersed nuclear elements (LINEs),
short interspersed nuclear elements (SINEs), and long terminal repeats (LTRs) (Fig.
1C, Table S12). Results showed that DNA elements accounted for the highest
proportion (33.15%; total length: 499.77 Mb) of repetitive sequences in the genome,
while SINEs (1.94%; total length: 29.27 Mb) accounted for the lowest proportion
(Table S12). Using repeat-masked genome sequences, we successfully predicted
23,859 protein-coding genes in the P. pardalis genome (Table S13). To assess the
quality of the predicated protein-coding genes, we compared the length distributions
of genes (Fig. 2A), coding sequences (CDS) (Fig. 2B), exons (Fig. 2C), and introns
(Fig. 2D) between P. pardalis and other species. Results showed that the predicted
quality of the protein-coding genes in P. pardalis was comparable to previously
published species (Fig. 2). Furthermore, functional annotation analysis showed that
most of the predicted genes (22,169; 92.92%) had homologous genes in public

9
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databases, including InterPro, GO, KEGG, COG, SwissProt, TREMBL, and NR
(Table S13). Taken together, these results indicate that a high-quality protein-coding

gene set was obtained.

Phylogenetic relationships and evolutionary rate analysis of P. pardalis

To systematically explore the evolution of P. pardalis, we analyzed potential gene
families in B. yarrelli, A. melas, I. punctatus, P. fulvidraco, G. maculatum, P.
hypophthalmus, T. fulvidraco, H. wyckioides, S. meridionalis, C. magur, D. rerio and
P. pardalis and identified 9 239 gene families and 699 single-copy genes among these
species (Fig. 3A, Table S14). Based on the 699 single-copy genes, we constructed a
phylogenetic tree using zebrafish as the outgroup. Results showed that all catfish
examined were clustered on one large branch, indicating a common ancestor and
origin (Fig. 3B). With calibration of known fossil records downloaded from the
TIMETREE database, we determined divergence time among the species. Result
showed that P. pardalis diverged from the common ancestor of the other examined
catfish 132.5 Mya (Fig. 3B). We also analyzed the relative evolutionary rates of the
above species, with P. pardalis evolving relatively rapidly compared to the other
catfish species except B. yarrelli, which may be related to its ability to adapt to harsh

environments (Fig. 3C, Tables S15 and S16).

Chromosomal evolution of P. pardalis

Chromosomal fusion/fission events usually occur in a key period of species evolution.
Therefore, we analyzed the genome syntenic relationships between P. pardalis and
three catfish species with chromosome-level genome assemblies, i.e., 4. melas, 1.
punctatus, and P. hypophthalmus. According to analysis, the P. pardalis genome
exhibited high genomic collinearity with the three other catfish species, consistent
with their close phylogenetic relationship (Figs. 4A-4C). Interestingly, we observed
multiple chromosomal fusion/fission phenomena. Typically, chromosome 6 of P,
pardalis showed the best synteny to chromosomes CM022778 and CM022752 in 4.
melas (Fig. 4D), chromosomes NC030444 and NC030436 in 1. punctatus (Fig. 4E),
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and chromosomes NC047622 and NC047614 in P. hypophthalmus (Fig. 4F).
Furthermore, we remapped the Nanopore long reads to the assembled genome,
successfully spanning the break point locations across the three species. We also
analyzed the sequencing depths of the break point regions, with most sites showing a
sequencing depth of more than 50 (the right panels in Figs. 4D-4F). These results
further indicated high confidence in the assembly of chromosome 6 in the P. pardalis
genome. Previous studies have found that chromosomal fusion/fission events play
important roles in the adaptive evolution of a species in a specific environment (Biello
et al., 2021). Our results suggest that Siluriformes exhibits great diversification in
chromosomal organization and karyotype variability, especially in P. pardalis, which
may contribute to species evolution through chromosomal fusion/fission events.
However, whether these changes also play a key role in the environmental adaptation

of P. pardalis requires further study in the future.

Expansion of immune system-related genes contributes to robust invasion
capacity of P. pardalis

Changes in gene families can cause serious defects or enhance environmental
adaptations. Therefore, identifying significantly expanded and contracted gene
families should provide valuable insights into the adaptive evolution of P. pardalis. In
this study, we analyzed and identified gene families that were expanded or contracted
in the P. pardalis genome compared with the genomes of B. yarrelli, A.melas, I.
punctatus, P. fulvidraco, G. maculatum, P. hypophthalmus, T. fulvidraco, H.
wyckioides, S. meridionalis, C. magur, and D. rerio based on cluster analysis. We
identified 1,182 expanded and 2,286 contracted gene families in the P. pardalis
genome. Furthermore, functional enrichment analysis of the expanded gene families
identified 67 significantly enriched KEGG pathways (P < 0.05) (Table S17) and 78
significantly enriched Gene Ontology (GO) terms (P < 0.05) (Table S18). Further
examination revealed enrichment in several immune-related pathways, including
antigen processing and presentation (P < 1 x 10), intestinal immune network for IgA
production (P < 1 x 107), toll-like receptor signaling pathway (P = 4.7 x 10%), and T
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cell receptor signaling pathway (P=4.86 x 102) (Table S17). The expanded genes in
the immune-related pathways may help explain the adaptation of P. pardalis to
complex feeding habits and highly polluted environments. Both KEGG and GO
categories also identified several significantly enriched metabolism-related pathways,
including nitrogen metabolism (P < 1 x 10), cellular lipid metabolic process (P = 3.2
x 1072), and protein metabolic process (P = 1.96 x 10*#) (Tables S17 and S18),
suggesting that a powerful metabolism may help this species cope with harsh food
conditions. We manually determined gene copy number in P. pardalis and identified
several markedly expanded genes, including CASP6 (Figs. SA and 5C) and TLR7
(Figs. 5B and 5C). These two genes play critical roles in the immune response,
participating in host defense against viruses and parasites. For example, CASP6 acts
as a key regulator in host defense against influenza A virus and gram-negative
bacterial infections, and in mediating innate immunity and inflammasomes (Zheng et
al., 2020). TLR7 exhibits antiviral activities through sensing endosomal
single-stranded RNA to recognize influenza genomic RNA and activate immune cells
(Arpaia et al., 2011; Diebold et al., 2004; Takeuchi et al., 2010), which may also play
a central defense role in P. pardalis. Thus, the expansion of these two genes in P.
pardalis may contribute to their adaptation to the complex benthic microbial

environment.

Conclusions

The strong invasive capacity of P. pardalis has had considerable ecological and
economic impact in invaded regions. However, little is known regarding the genetic
basis of this strong invasive ability due to the lack of a high-quality reference genome.
Here, we assembled the first chromosome-level reference genome of P. pardalis (1.51
Gb) using data from multiple sequencing platforms. The genome of P. pardalis
contained 26 chromosomes and showed high sequence continuity (scaffold N50:
49.47 Mb). Combining de novo-, homology-, and transcription-based strategies, we
obtained 0.94 Gb of repetitive sequences and successfully annotated 23 859
protein-coding genes in the P. pardalis genome. Genome quality assessment based on
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conserved core genes, read and transcript mapping ratios, and genome synteny
indicated high genomic accuracy and continuity. The successful assembly and
annotation of the P. pardalis genome not only provides a valuable genomic resource
for this species but should also facilitate systematic comparative genomic studies of
Siluriformes. Divergence time analysis indicated that P. pardalis diverged from the
common ancestor of all examined catfish 132.5 Mya. Evolutionary rate analysis
showed that P. pardalis evolved relatively rapidly compared to the other species,
except for B. yarrelli. Analysis of expanded and contracted gene families showed that
many immune- and metabolism- related gene families were expanded in the P.
pardalis genome, which may contribute to their adaptation to harsh conditions and
successful invasion. The genome assembly and comparative genomic analyses
performed in this study not only provide a valuable genomic resource for the study of
Siluriformes, but also shed light on the genetic basis of the invasive ability of P,

pardalis.
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Figure 1. Genomic information of P pardalis. (A) Survey of genomic
characteristics. X-axis represents 17-mer depth, y-axis represents 17-mer frequency.

(B) Heatmap of chromosomal interactions. Blocks represent contact between
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corresponding locations. (C) Distributions of genomic elements in P. pardalis genome.
Outer to inner ring are distributions of protein-coding genes, tandem repeats (TRP),
long terminal repeats (LTR), short interspersed nuclear elements (SINE), long
interspersed nuclear elements (LINE), DNA elements, and GC content, respectively.
(D) Hox gene clusters in P. pardalis genome. Solid line represents functionally
annotated gene in the database, dotted line represents that only the gene fragment

could be found.
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Figure 2. Quality comparison of protein-coding genes between P. pardalis and
other species. Quality of gene annotation based on (A) gene length, (B) CDS length,

(C) exon length, and (D) intron length, respectively.
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Figure 3. Comparative genomic analyses of P. pardalis and closely related species.
(A) Numbers of orthologous and paralogous genes. (B) Phylogenetic relationship and
divergence time between species, with D. rerio used as the outgroup. Red dots
represent use of fossil evidence to adjust divergence times. Blue numbers represent
divergence time. (C) Relative evolutionary rates of species. Analysis was performed

with P. pardalis as the reference species and D. rerio as the outgroup species.
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Figure 4. Whole-genome synteny analysis between P. pardalis and three other
catfish species with chromosome-level genomes. (A) Whole-genome synteny
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between P. pardalis and A. melas. (B) Whole-genome synteny between P. pardalis
and I punctatus. (C) Whole-genome synteny between P pardalis and P.
hypophthalmus. (D) Collinear blocks between chromosome 6 of P. pardalis and
CMO022778/CM022752 of A. melas. Figure on right shows depth of Nanopore long
reads in P. pardalis genome. (E) Collinear blocks between chromosome 6 of P.
pardalis and NC030444/NC030436 of I. punctatus. Figure on right shows depth of
Nanopore long reads in P. pardalis genome. (F) Collinear blocks between
chromosome 6 of P. pardalis and NC047622.1/NC047614.1 of P. hypophthalmus.
Figure on right shows depth of Nanopore long reads in P. pardalis genome.
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Figure 5. Expansion of gene copy number in P. pardalis genome. (A) CASP6 gene
copy number in annotated gene sets among species. (B) TLR7 gene copy number in
annotated gene sets among species. (C) Distributions of both genes in P. pardalis

genome.
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