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acquired from infected undercooked crustaceans and primarily affects the lungs, but
often causes lesions elsewhere including the brain. The disease is easily mistaken for
tuberculosis due to similar pulmonary symptoms, and accordingly, diagnostics are in
demand.
Results

We assembled, annotated and compared draft genomes of four prevalent and distinct
Paragonimus  species:  P. miyazakii  ,  P. westermani  ,  P. kellicotti  and  P.
heterotremus  . Genomes ranged from 697 to 923 Mb, included 12,072 to 12,853
genes, and were 87% to 96% complete according to BUSCO. Orthologous group (OG)
analysis spanning 21 species (lung, liver and blood flukes, additional platyhelminths
and hosts) provided insights into lung fluke biology, including identifying 256 lung fluke-
specific and conserved OGs enriched for iron acquisition, immune modulation and
other parasite functions. Transcriptome analysis identified consistent adult-stage
Paragonimus  expression profiles, and 388 genes differentially expressed between
stages in the host body cavities and tissues, enriched for functions including
proteolysis, nutrient transport and iron acquisition. Previously identified  Paragonimus
diagnostic antigens were matched to genes, providing an opportunity to optimize and
ensure pan-  Paragonimus  -reactivity for diagnostic assays.
Conclusions

We anticipate that these novel genomic and transcriptomic resources will be invaluable
for future lung fluke research. This report represents a major contribution to ongoing
trematode genome sequencing efforts and underpins future studies into the biology,
evolution and pathogenesis of  Paragonimus  and related food-borne flukes.
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Abstract 56 

Background 57 

Paragonimus spp. (lung flukes) are among the most injurious food-borne helminths, infecting ~23 million people, 58 

(~293 million with infection risk). Paragonimiasis is acquired from infected undercooked crustaceans and 59 

primarily affects the lungs, but often causes lesions elsewhere including the brain. The disease is easily mistaken 60 

for tuberculosis due to similar pulmonary symptoms, and accordingly, diagnostics are in demand. 61 

Results 62 

We assembled, annotated and compared draft genomes of four prevalent and distinct Paragonimus species: P. 63 

miyazakii, P. westermani, P. kellicotti and P. heterotremus. Genomes ranged from 697 to 923 Mb, included 64 

12,072 to 12,853 genes, and were 87% to 96% complete according to BUSCO. Orthologous group (OG) analysis 65 

spanning 21 species (lung, liver and blood flukes, additional platyhelminths and hosts) provided insights into 66 

lung fluke biology, including identifying 256 lung fluke-specific and conserved OGs enriched for iron acquisition, 67 

immune modulation and other parasite functions. Transcriptome analysis identified consistent adult-stage 68 

Paragonimus expression profiles, and 388 genes differentially expressed between stages in the host body 69 

cavities and tissues, enriched for functions including proteolysis, nutrient transport and iron acquisition. 70 

Previously identified Paragonimus diagnostic antigens were matched to genes, providing an opportunity to 71 

optimize and ensure pan-Paragonimus-reactivity for diagnostic assays.  72 

Conclusions 73 

We anticipate that these novel genomic and transcriptomic resources will be invaluable for future lung fluke research. 74 

This report represents a major contribution to ongoing trematode genome sequencing efforts and underpins 75 

future studies into the biology, evolution and pathogenesis of Paragonimus and related food-borne flukes.  76 

 77 

 78 

 79 

 80 

 81 
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Background 82 

 The trematode genus Paragonimus, the lung flukes, is among the most injurious taxon of food-borne 83 

helminths. About 23 million people are infected with lung flukes [1], an estimated 292 million people are at-risk, 84 

mainly in eastern Asia [2] , and billions of people live in areas where Paragonimus infections of animals are endemic. 85 

The life-cycle of Paragonimus species involves freshwater snails, crustacean intermediate hosts and mammals in 86 

Asia, parts of Africa, and the Americas [3]. Human paragonimiasis is acquired by consuming raw or undercooked 87 

shrimp and crabs containing the metacercaria, which is the infective stage. Although primarily affecting the lungs, 88 

lesions can occur at other sites, including the brain [4], and pulmonary paragonimiasis is frequently mistaken for 89 

tuberculosis due to similar respiratory symptoms [4]. 90 

Pathogenesis ensues because of the migration of the newly invading juveniles from the gut to the lungs 91 

and through not-infrequent ectopic migration to the brain, reproductive organs, and subcutaneous sites at the 92 

extremities, and because of toxins and other mediators released by the parasites during the larval migration [4, 93 

5]. The presence of the flukes in the lung causes hemorrhage, inflammation with leukocytic infiltration and 94 

necrosis of lung parenchyma that gradually proceeds to the development of fibrotic encapsulation except for a 95 

fistula from the evolving lesion to the respiratory tract. Eggs of the lung fluke exit the encapsulated lesion through 96 

the fistula to reach the sputum and/or feces of the host, where they pass to the external environment, 97 

accomplishing transmission of the parasite [6]. There are signs and symptoms that allow characterization of 98 

acute and chronic stages of paragonimiasis. In pulmonary paragonimiasis, for example, the most noticeable 99 

clinical symptom of an infected individual is a chronic cough with gelatinous, rusty brown, pneumonia-like, blood-100 

streaked sputum [6]. Heavy work commonly induces hemoptysis. Pneumothorax, empyema from secondary 101 

bacterial infection and pleural effusion might also be presented. When symptoms include only a chronic cough, 102 

the disease may be misinterpreted as chronic bronchitis and bronchiectasis or bronchial asthma. Pulmonary 103 

paragonimiasis is frequently confused with pulmonary tuberculosis [7]. The symptoms of extra-pulmonary 104 

paragonimiasis vary depending on the location of the fluke, including cerebral [5] and abdominal paragonimiasis 105 

[6]. 106 

 Paragonimus is a large genus that includes more than 50 nominal species [8]. Seven of these species or 107 

species complexes of Paragonimus are known to infect humans [3]. This is also an ancient genus, thought to have 108 

originated before the breakup of Gondwana [9], but possibly also dispersing as colonists from the original East 109 
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Asian clade, based on the distribution of host species [10]. To improve our understanding of pathogens across 110 

this genus at the molecular level, we have assembled, annotated and compared draft genomes of four of these, 111 

three from Asia (P. westermani from Japan, P. heterotremus, P. miyazakii) and one from North America (P. 112 

kellicotti). Among them, P. westermani is the best-known species causing pulmonary paragonimiasis. This name 113 

has been applied to a genetically and geographically diverse complex of lung fluke populations differing widely in 114 

biological features including infectivity to humans [11]. The complex extends from India and Sri Lanka eastwards to 115 

Siberia, Korea and Japan, and southwards into Vietnam, Indonesia and the Philippines. However, human infections 116 

are reported primarily from China, Korea, Japan and the Philippines. Until this study, an Indian member of the P. 117 

westermani complex was the only lung fluke species for which a genome sequence was available [12]. 118 

Paragonimus heterotremus is the most common cause of pulmonary paragonimiasis in southern China, Lao PDR, 119 

Vietnam, northeastern India and Thailand [6, 8]. Paragonimus miyazakii is a member of the P. skrjabini complex, 120 

to which Blair and co-workers accorded sub-specific status [13]. Flukes of this complex tend not to mature in 121 

humans but frequently cause ectopic disease at diverse sites, including the brain. In North America, infection with 122 

P. kellicotti is primarily a disease of native, crayfish-eating mammals including the otter and mink. The occasional 123 

human infections can be severe, and thoracic involvement is typical [14, 15]. 124 

 These four species represent a broad sampling of the phylogenetic diversity of the genus. Most of the 125 

known diversity, as revealed by DNA sequences from portions of the mitochondrial genome and the nuclear 126 

ribosomal genes, resides in Asia [16]. Analysis of the ITS2 marker by Blair et al [16] indicates that each of the 127 

species sequenced occupies a distinct clade within the phylogenetic tree.  128 

In addition to a greater understanding of the genome contents of this group of food-borne trematodes, the 129 

findings presented here provide new information to assist development of diagnostic tools and recognition of 130 

potential drug targets. The findings will facilitate evolutionary, zoogeographical and phylogenetic investigation of the 131 

genus Paragonimus and its host-parasite relationships through the comparative analysis of gene content relative to 132 

other sequenced platyhelminth and host species, as well as through a comparative transcriptomic analysis.  133 

 134 

 135 

 136 

 137 
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Results and Discussion 138 

Genome features 139 

The sizes of the four novel Paragonimus genomes range from 697 to 923 Mb, containing between 12,072 140 

and 12,853 genes. These draft genomes are estimated to be between 87% and 96% complete, according to 141 

BUSCO completeness estimates that include complete and fragmented eukaryote genes [17], with the new P. 142 

westermani genome produced from a sample collected from Japan being slightly more complete than the 143 

previously-sequenced genome produced from a sample collected from India [12] (96.4% vs 94.1%, respectively; 144 

Table 1). Here, statements about P. westermani apply to the new Japanese genome, unless otherwise stated. 145 

The total genome lengths of the Paragonimus spp. are larger than those of the Schistosomatidae and 146 

Opisthorchiidae, but smaller than those of Fasciolidae. However, the total numbers of protein-coding genes are 147 

comparable (Table 1). Repetitive sequences occupy between 49% and 54% of the Paragonimus genomes 148 

(Figure 1A). The repeat landscapes, depicting the relative abundance of repeat classes in the genome, versus 149 

the Kimura divergence from the consensus, revealed that P. kellicotti in particular has a significant number of 150 

copies of transposable elements (TE) with high similarity to consensus (Kimura substitution level: 0-5), indicating 151 

recent and current TE activity (Figure 1B). In a recent study [18], TE activity in the Fasciolidae was found to be 152 

low. TEs are potent sources of mutation that can rapidly create genetic variance, especially following genetic 153 

bottlenecks and environmental changes, providing bursts of allelic and phenotypic diversity upon which selection 154 

can act [19, 20]. Therefore, changes in TE activity, modulated by environmentally induced physiological or 155 

genomic stress, may have a major effect on adaptation of populations and species facing novel habitats and 156 

large environmental perturbations [21].  157 

Focusing on the gene content, P. kellicotti had the shortest average total gene length among the species, 158 

and the lung flukes overall had similar gene lengths to other flukes, while platyhelminth species other than 159 

trematodes have shorter genes overall (Figure 2A). The variability in gene lengths observed between species 160 

results from differences in both average intron lengths (Figure 2B) and the average number of exons per gene 161 

(Figure 2C) while the average coding sequence (CDS) lengths of the exons across all the platyhelminth species 162 

were similar to each other (Figure 2D). Whereas there was species-to-species variability in gene lengths and 163 

exon counts, consistent patterns among the types of flukes were not apparent. Some of this variability may have 164 
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arisen due to the variation in quality of the assemblies, but these differences were minimized by only using 165 

complete gene models with a start and stop codon identified in the same frame. 166 

Mitochondrial whole genome-based clustering was performed for the four Paragonimus species plus 167 

some additional existing mitochondrial genome assemblies for P. ohirai and four for P. westermani, including 168 

previously-sequenced mitochondrial genomes of Paragonimus (Figure 3A). This indicated that our Japanese P. 169 

westermani sample clustered with the existing known P. westermani samples from eastern Asia, and that all the 170 

other three newly sequenced species were distinct from P. ohirai.  171 

We generated a PacBio long-read based mitochondrial assembly for P. kellicotti. The fully circularized 172 

complete genome was 17.3 kb in length, including a 3.7 kb non-coding repeat region between tRNAGly and cox3 173 

(Supplementary Figure S1). There are seven copies of long repeats (378 bp) and 9.5 copies of short repeats 174 

(111 bp). The long repeats overlap with six copies of tRNAGlu. This structural organization of repeat sequences 175 

does not resemble those found in Paragonimus ohirai [12] and P. westermani [12] where the non-coding region 176 

is partitioned by tRNAGlu into two parts. 177 

Clustering of the four new lung fluke genomes, four liver fluke genomes, three blood fluke genomes, five 178 

other platyhelminth species, four host species and a yeast outgroup was performed based on the shared 179 

phylogeny among orthologous protein groups. These findings mirrored the mitochondrial clustering results for 180 

the lung fluke species (Figure 3B), indicating that P. westermani is the earlier-diverging taxon, as previously 181 

suggested based on ribosomal RNA [22].  182 

Although our P. westermani reference genome was assembled using samples collected from Japan 183 

(Amakusa, Kyusyu). We compared the genomic sequences of our East Asian P. westermani to the recently 184 

published P. westermani genome from India (Changlang, Arunachal Pradesh) [12] to estimate the genetic 185 

divergence between geographically diverse samples. This analysis identified an average nucleotide sequence 186 

identity of 87.6%. 187 

 188 

Gene-family dynamics identify expanded functions distinguishing lung fluke species 189 

We investigated large-scale differences in gene complements among families of digenetic trematodes 190 

(Figure 4A) and modeled gene gain and loss while accounting for the phylogenetic history of species [23]. Gene 191 

families of interest that displayed pronounced differential expansion or contraction (Figure 4B) included the 192 
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papain-family cysteine proteases, cathepsins L, B and F, dynein heavy chain, spectrin/dystrophin, heat shock 193 

70 kDa protein, major vault protein, and multidrug resistance protein. Total protease and protease inhibitor 194 

counts are shown in Figure 4C. 195 

Lineage-specific expansion was observed in cathepsin F genes in Paragonimus spp. Paragonimus 196 

miyazakii RNA-seq reads showed that nine cathepsin F genes (out of 24 total) were differentially expressed, with 197 

expression levels in (peritoneal and pleural) cavity stage parasites significantly higher than in the tissue (lung 198 

and liver) developmental stages. Gene expression levels for each gene are provided in Supplementary Table 199 

S2. This suggested that (1) these enzymes are highly expressed during parasite penetration of the intestinal wall 200 

and invasion and migration through the abdominal and thoracic cavities (1- to 7-week-old immature stages), and 201 

(2) they might participate in metacercarial excystment, tissue invasion/migration and immune evasion. The 202 

remaining 15 constitutively expressed cathepsin F genes may have roles in nutrient digestion and remodeling of 203 

other physiologically active molecules. Ahn et al. [24] also reported differential expression of cathepsin F genes 204 

during development of P. westermani, and showed that most are highly immunogenic. This flagged them as 205 

prospective diagnostic targets. The importance of cathepsin F for Paragonimus contrasts with its function in the 206 

fasciolids, where cathepsin L genes are expanded and are thought to play a more critical role in host invasion 207 

[18, 25]. 208 

Differential expansion of cytoskeletal molecules is of interest in the context of tegument physiology [26]. 209 

Dynein is a microtubule motor protein, which transports intracellular cargo. Spectrin is an actin-binding protein, 210 

with a key role in maintenance of integrity of the plasma membrane. Dystrophin links microfilaments with 211 

extracellular matrix. The syncytial tegument of the surface of flatworms is a complex structure and a major 212 

adaptation to parasitism, and plays critical roles in nutrient uptake, immune response modulation and evasion, 213 

and other processes [26]. 214 

In Paragonimus spp., expanded gene families included heat shock proteins (HSPs), major vault proteins, 215 

and multidrug resistance proteins that play roles in maintaining cellular homeostasis under stress conditions. 216 

HSPs of flatworm parasites play a key role as molecular chaperones in the maintenance of protein homeostasis. 217 

They also are immunogenic and immunomodulatory. HSP is the most abundant family of proteins in the immature 218 

and mature egg of Schistosoma mansoni, and in the miracidium [27] and is highly abundant in the tegument of 219 

the adult schistosome [28]. In addition, HSP is abundant in the excretory/secretory products of the adult 220 
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Schistosoma japonicum blood fluke [29]. HSP stimulates diverse immune cells, eliciting release of pro- and anti-221 

inflammatory cytokines [30], binds human LDL (the purpose of which is unknown but may be associated with 222 

transport of apoprotein B or in lipid trafficking [31]) and, given these properties, HSP represents a promising 223 

vaccine and diagnostic candidate [32]. Vaults, ribonucleoprotein complexes, are highly conserved in eukaryotes. 224 

Although their exact function remains unclear, it may be associated with multidrug resistance phenotypes and 225 

with signal transduction. In S. mansoni, up-regulation of major vault protein has been observed during the 226 

transition from cercaria to schistosomulum and in praziquantel-resistant adult worms [33]. ATP-binding cassette 227 

transporters (ABC transporters) are essential components of cellular physiological machinery, and some ABC 228 

transporters, including P-glycoproteins, pump toxins and xenobiotics out of the cell. Overexpression of P-229 

glycoprotein has been reported in a praziquantel-resistant S. mansoni [34]. 230 

 231 

Tetraspanin sequence evolution in P. kellicotti 232 

We searched for genes that evolved under positive selection in the four Paragonimus spp. based on the 233 

non-synonymous to synonymous substitution rate ratio (dN/dS). We conducted the branch-site test of positive 234 

selection to identify adaptive gene variants that became fixed in each species [35] (Supplementary Table S3). 235 

A tetraspanin from P. kellicotti (PKEL_00573) reached statistical significance after correction for multiple testing 236 

(dN/dS = 9.9, FDR = 0.018). Tetraspanins are small integral proteins bearing four transmembrane domains which 237 

form two extracellular loops [36]. In trematodes, they are major components of the tegument at the host-parasite 238 

interface [37], are highly immunogenic vaccine antigens [38, 39], and may play a role in immune evasion [40]. In 239 

the tetraspanin sequence of P. kellicotti, we detected six amino acid sites under positive selection 240 

(Supplementary Figure S2). Five of the six sites were predicted to be located within the extracellular loops 241 

believed to interact with the immune system of the host. A similar pattern of positive selection within regions that 242 

code for extracellular loops has been reported in tetraspanin-23 from African Schistosoma species [41].  243 

 244 

Gene phylogeny analysis identifies functions conserved and specific to fluke groups 245 

 We classified orthologous groups (OGs) based on phelogenetic distribution of proteins from each of the 246 

21 species (Figure 3B). Complete gene counts and lists per species and per OG are provided in Supplementary 247 

Table S4. These results were parsed to identify the OGs containing members among the platyhelminth species, 248 
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and those that were conserved across all members of each group (lung, liver, and blood flukes, and other 249 

platyhelminth species (Figure 5A). This analysis identified 256 OGs that were conserved among, and exclusive 250 

to, the lung flukes (Figures 5A and 5B). The lung fluke-conserved and -specific genes were significantly 251 

enriched for several gene ontology (GO) terms (Table 2; using P. miyazakii genes to test significance), most of 252 

which were related to peptidase activity (including serine proteases which are involved in host tissue invasion, 253 

anticoagulation, and immune evasion [42]), as well as “iron binding” (which may be related to novel iron 254 

acquisition mechanisms from host tissue, which is not well understood in most metazoan parasites, but has been 255 

described in schistosomes [43]).  256 

Expansion of unique aspartic proteases (including those predicted to be retropepsins) and other 257 

peptidases in the lung flukes may be associated with digestion of ingested blood, given the key role of this 258 

category of hydrolases and their inhibitors in nutrition and digestion of hemoglobin by schistosomes, and indeed 259 

other blood-feeding worms including hookworms [44, 45]. Given that pulmonary hemorrhage and hemoptysis 260 

are cardinal signs of lung fluke infection, it can be anticipated that the lung flukes ingest host blood when localized 261 

at the ulcerous lesion induced in the pulmonary parenchyma by infection. Overall, protease counts across 262 

species were similar (Figure 4C) although P. kellicotti had substantially fewer protease inhibitors compared to 263 

the other Paragonimus species (34 vs 57, 62 and 66), F. hepatica (61) and S. mansoni (55). Protease inhibitors 264 

in flukes are thought to be important for creating a safe environment for the parasite inside the host by inhibiting 265 

and regulating protease activity and immunomodulation [91], so this may suggest a novel host interaction 266 

strategy by P. kellicotti.  267 

Analysis of the adult-stage gene expression levels of the discrete protease classes (Supplementary 268 

Figure S3) did not identify substantial differences among the Paragonimus species, except for a lower 269 

expression of threonine proteases in P. kellicotti. During the adult stage, cysteine proteases in all Paragonimus 270 

species exhibited significantly higher expression overall compared to F. hepatica, but similar expression levels 271 

to S. mansoni. A previous study identified immunodominant excretory-secretory cysteine proteases of adult 272 

Paragonimus westermani involved in immune evasion [46] and another study identified critical roles for 273 

excretory-secretory cysteine proteases during tissue invasion by newly excysted metacercariae of P. westermani 274 

[47]. The rapid diversification and critical host-interaction functions of the proteases highlights their importance, 275 

both in terms of understanding Paragonimus biology and in terms of identifying targets for control.  276 
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Functional enrichment analysis among the lung, liver and blood fluke conserved-and-exclusive OGs 277 

(Figure 5C) indicated that each family of fluke has evolved a distinct set of aspartic peptidases, trematode 278 

eggshell synthesis genes and saposin-like genes (which interact with lipids and are strongly immunogenic during 279 

fascioliasis [48]). The lung flukes, meanwhile, have uniquely expanded sets of serine proteases, as well as other 280 

genes families with functions including FAR1 DNA binding (a class of proteins which are important secreted 281 

host-interacting proteins in some parasitic nematodes [49]), fatty-acid binding, and ferritin-like functions 282 

(intracellular proteins involved in iron metabolism, localized in vitelline follicles and eggs [50]).  283 

 284 

Gene expression analysis identifies stage-specific lung fluke functions  285 

 Lung (adult) stage RNA-Seq datasets were collected for each of the four lung fluke species (accessions 286 

in Supplementary Table S1), and reads were mapped to each of their respective genomes. Based on the 1:1 287 

gene orthologs (as defined by the previously described OG dataset), the orthologous genes across the lung 288 

flukes had consistent adult-stage gene expression levels, with Pearson correlations ranging from 0.72 to 0.85 289 

(Figure 6A, 6B). Worms from additional life cycle stages were collected for P. miyazakii, including samples 290 

sequenced from cavities (peritoneal and pleural cavities) and tissues (lung and liver). Based on gene expression 291 

profiles across all genes, the cavity samples clustered and correlated more closely with each other than with the 292 

peritoneal samples (and vice versa; Supplementary Figure S1). Differential expression analysis comparing 293 

tissue and cavity stages identified 216 genes significantly overexpressed in the cavities relative to the tissues, 294 

and 172 genes significantly overexpressed in the tissues relative to the cavities (Figure 6C). Functional 295 

enrichment among these gene sets (Table 3) indicates that within the cavities, P. miyazakii overexpresses genes 296 

related to cysteine peptidase activity (critical for larval migration through host tissues [51]), iron ion binding 297 

(related to oxygen scavenging), and sulfotransferase (responsible for anthelmintic resistance in S. mansoni [52]). 298 

Within the tissues, P. miyazakii overexpresses genes related to cytoskeleton and microtubules, lyases and 299 

phosphatases, carbon-oxygen lyase and ribonucleotide binding.  300 

 The P. miyazakii genes belonging to the lung fluke-conserved and -exclusive OGs (described above) on 301 

average had significantly higher expression levels in the liver stage compared to the pleural cavity and lung 302 

stages, and significantly lower expression in the lung stage compared to all of the other stages. These results 303 

suggest that most of these OGs contain genes that are actively expressed during the transit through the host 304 
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mammal, en route to the lungs (Figure 6D), although some were more highly expressed in the lung stage (Table 305 

4), and these genes had annotated functions including serine and aspartic peptidases and an MFS transporter 306 

gene (transports nutrients and ions between cells and the environment [53]). However, to confirm these gene 307 

expression patterns for specific larval stages, followup studies with additional biological replicates are needed. 308 

Gene expression levels and orthologous group identifiers for each gene in each of the four species are provided 309 

in Supplementary Table S2, along with detailed functional annotations for each of the P. miyazakii genes. 310 

 This stage-specific gene expression offers insight into known and novel biological functions of lung flukes 311 

at different developmental stages and within different organs and tissues of the mammalian host and represents 312 

a sophisticated new resource for study of specific genes of the lung fluke.  313 

 314 

Treatments, vaccine targets and diagnostics 315 

The World Health Organization (WHO) currently recommends the use of praziquantel or, as a backup, 316 

triclabendazole for the treatment of paragonimiasis; both are highly effective for curing infections [54]. However, 317 

there are concerns about the development of resistance to these drugs; triclabendazole resistance of P. 318 

westermani was reported in a human case from Korea [55]. Furthermore, there is widespread resistance to 319 

triclabendazole in liver flukes in cattle in Australia and South America [56], and praziquantel resistance is 320 

anticipated in the future due to its widespread use as a single treatment for schistosomiasis, a worrisome 321 

situation which has encouraged the search for novel drugs [57]. The comparative analysis presented here 322 

identifies valuable putative protein targets for drug development, including Paragonimus-specific proteins and 323 

trematode-conserved proteins which do not share orthology to human proteins. The protein annotation data 324 

available in Supplementary Table S2 also will enable prioritization including biological functional annotations 325 

[58, 59], protein weight and pi predictions [60], predictions of signal peptides and transmembrane domains [61] 326 

and cellular compartment localization [58], and sequence similarity matches to targets in the CHEMBL database 327 

[62]. This information can provide a starting point for future bioinformatic prioritization and drug testing 328 

(Supplementary Tables S2 and S3).  329 

Vaccination to prevent future infections would offer an attractive alternative to treatment, but development 330 

of vaccine protection against trematode infection has so far been unsuccessful and is unlikely to be practical for 331 



 13 

paragonimiasis in the near future [63]. However, the complete genome sequences and comparative analysis of 332 

the gene sets presented here provide valuable resources for future vaccine target development.  333 

 Pulmonary paragonimiasis is frequently mistaken for tuberculosis or pneumonia, and often patients do 334 

not shed eggs, which leads to false positive diagnoses of other conditions such as malaria or pneumonia [4, 64, 335 

65]. This highlights a pressing need for accurate, rapid and affordable diagnostic approaches for paragonimiasis, 336 

a topic which has been the focus of numerous reports. We performed BLAST sequence similarity searches of 337 

previously identified Paragonimus diagnostic antigen targets among the four species (Supplementary Figure 338 

S5). These included: (i) P. westermani and P. pseudoheterotremus cysteine proteases identified in two previous 339 

studies [66, 67] (matching to the same protein targets from both studies in P. heterotremus and P. kellicotti), one 340 

of which had high adult-stage expression levels in all four species [66]; (ii) three different tyrosine kinases (one 341 

of which was identified in two different studies, in Clonorchis sinensis and in P. westermani [68, 69]), all of which 342 

had relatively low gene expression levels in adult stages; (iii) a previously unannotated P. heterotremus ELISA 343 

antigen [70] with low expression across life cycle stages, which we now annotate as a saposin protein (which 344 

we found to rapidly evolve among flukes [Figure 5C], and which is strongly immunogenic in fascioliasis [48]); 345 

(iv) eggshell proteins of P. westermani [71], for which we now provide full-length sequences. We observed that 346 

this gene was conserved across and specific to the lung flukes, with lower gene expression in the young adult 347 

stage (P. heterotremus), but higher expression in the adult stages of all species; (v) among serodiagnostic P. 348 

kellicotti antigens based on a transcriptome assembly and proteomic evidence [72], we identified the top 10 of 349 

the 25 prioritized transcripts that best matched between the transcript sequence and the newly annotated draft 350 

genome of P. kellicotti. Thereafter, the full-length gene sequence in P. kellicotti was employed to query the other 351 

species. Several of these were highly expressed in the adult stage of all four species, including one that is fluke 352 

specific (PKEL_05597). However, not all of these had high sequence conservation across all species, with two 353 

only having weak hits in P. heterotremus (PKEL_00171 and PKEL_01872).  354 

As a result of this newly developed genomic resource for the lung flukes, previously identified diagnostic 355 

targets were identified with full gene sequences across all four species. The complete gene sequences, 356 

conservation information and transcriptomic gene expression data for these target proteins can allow for 357 

optimization of the targets for diagnostic testing that is effective on species spanning the genus (Supplementary 358 
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Figure S5). This is noteworthy given the absence of a standardized, commercially-available test for 359 

serodiagnosis for human paragonimiasis.  360 

 361 

Conclusion 362 

To substantially improve our understanding of the lung flukes at the molecular level, we sequenced, 363 

assembled, annotated and compared draft genomes of four species of Paragonimus, three from Asia (P. 364 

miyazakii, P. westermani from Japan, P. heterotremus) and one from North America (P. kellicotti), thereby 365 

providing novel and valuable genomic resources across these important parasites for the first time. We have 366 

utilized these new resources to compare and analyze phylogenies, to identify gene sets and biological functions 367 

associated with parasitism in lung flukes, and to contribute a key resource for future investigation into host-368 

parasite interactions for these poorly-understood agents of neglected tropical disease. Our identification of 369 

previously prioritized Paragonimus diagnostic markers in each of the four lung fluke species revealed that the same 370 

protein targets were identified in multiple studies, and hence the availability of full gene sequences now should 371 

facilitate diagnostic assays aiming for reactivity across all species of lung fluke. Overall, the novel genomic and 372 

transcriptomic resources developed here will be invaluable for research on paragonimiasis, guiding experimental 373 

design and generation of novel hypotheses.  374 

 375 

Methods 376 

Parasite specimens 377 

Samples of DNA and RNA of Paragonimus westermani were sourced in Japan. Paragonimus heterotremus 378 

(LC strain, Vietnam) were recovered from a cat experimentally infected with metacercariae from Lai Chau province, 379 

northern Vietnam (70% ethanol preserved; whole worm). Paragonimus miyazakii metacercariae were recovered 380 

from freshwater crabs (Geothelphusa dehaani), collected in Shizuoka Prefecture, central Japan [15], and were raised 381 

to adulthood in rats. DNA and RNA samples were prepared for each of the (pre-)adult flukes recovered from the 382 

lungs and from the pleural and peritoneal cavities of experimentally infected rats. Paragonimus kellicotti adult worms 383 

for genome sequencing were recovered from the lungs of Mongolian gerbils infected in the laboratory with 384 

metacercariae recovered from Missouri crayfish [73]. 385 

 386 
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Genome sequencing, assembly and annotation 387 

DNA and RNA samples were collected from adult-stage parasites of four distinct Paragonimus species: 388 

P. miyazakii (Japan), P. heterotremus (LC strain, Vietnam), P. kellicotti (Missouri, USA) and Paragonimus 389 

westermani (Japan). Illumina DNA sequencing produced fragments, 3kb- and 8kb-insert whole-genome shotgun 390 

libraries, and PacBio reads were generated for P. kellicotti. The sequences were generated on the Illumina 391 

platform and assembled using Allpaths_LG [74]. Scaffolding was improved using an in-house tool called Pygap 392 

(gap closure tool), the Pyramid assembler with Illumina paired reads to close gaps and extend contigs, and 393 

L_RNA_scaffolder [75] which uses transcript alignments to improve contiguity. For P. kellicotti, PacBio reads 394 

were assembled using PBJelly [76], utilizing the Illumina allpaths assembly as the reference. Nanocorr was used 395 

to perform error correction on the PacBio data. The nuclear genomes were annotated using the MAKER pipeline 396 

v2.31.8 [77]. Repetitive elements were softmasked with RepeatMasker v4.0.6 using a species-specific repeat 397 

library created by RepeatModeler v1.0.8, RepBase repeat libraries [78], and a list of known transposable 398 

elements provided by MAKER [77]. RNA-seq reads were aligned to their respective genome assemblies and 399 

assembled using StringTie v1.2.4 [79] (P. miyazakii samples collected from stages in the liver, peritoneal cavity 400 

[2 replicates], lung (adult) and pleural cavity; P. heterotremus samples from adults and young adults [2 401 

replicates]; P. westermani [72] and P. kellicotti [80] adult-stage transcriptomic reads were retrieved from 402 

published reports). The resulting alignments and transcript assemblies were used by BRAKER [81] and MAKER 403 

pipelines, respectively, as extrinsic evidence. In addition, mRNA and EST sequences for each species were 404 

retrieved from NCBI, and were provided to MAKER as protein homology evidence along with protein sequences 405 

from UniRef100 [82] (Trematoda-specific, n=205,161) and WormBase ParaSite WBPS7 [83]. Ab initio gene 406 

predictions from BRAKER v2 [81] and AUGUSTUS v3.2.2 (trained by BRAKER and run within MAKER) were 407 

refined using the transcript and protein evidence. Previously unpredicted exons and UTRs were added, and split 408 

models were merged. The best-supported gene models were chosen based on Annotation Edit Distance (AED) 409 

[84]. To reduce false positives, gene predictions without supporting evidence were excluded in the final 410 

annotation build, with the exception of those encoding Pfam domains, as detected by InterProScan v5.19 [58]. 411 

These Pfam encoding domains were rescued in order to improve the annotation accuracy overall by balancing 412 

sensitivity and specificity [77, 85]. Gene products were named using PANNZER2 [86] and sma3s v2 [87]. 413 

Supplementary Table S1 provides details of database accessions for the genomes. The completeness of 414 
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annotated gene sets was assessed using BUSCO v3.0, eukaryota_odb9 [17]. Gene Ontology (GO), KEGG and 415 

protease annotations were performed using InterProScan v5.19 [58], GhostKOALA [59], and MEROPS [88], 416 

respectively. ExPASy was used to perform protein weight and pi predictions [60], SignalP was used to predict 417 

predictions signal peptides and transmembrane domains [61], and gene product localization was predicted using 418 

the “cellular component” Gene Ontology annotations provided by InterProScan [58].  419 

Functional enrichment testing was performed using GOSTATS [89] for GO enrichment and negative 420 

binomial distribution tests for InterPro domain enrichment (minimum 3 annotated genes required for significant 421 

enrichment). Ribosomal RNAs and tRNAs were annotated using RNAmmer v1.2.1 [90] and tRNAscan-SE v1.23 422 

[91], respectively. Genome characteristics and statistics including CDS, numbers and lengths of genes, exons 423 

and introns were defined using the longest complete mRNA (with start and stop codon) for each gene. Across 424 

the four species of Paragonimus, complete mRNAs were found for an average of 86.2% of all annotated genes. 425 

Assembly of the mitochondrial genome of P. kellicotti was achieved using CANU [92] to align PacBio 426 

long-reads, followed by error-correction using Pilon [93]. 427 

MUMmer v4.0 [94] was used to estimate the level of genetic divergence between P. westermani samples 428 

from Japan and India. Nucmerum was run first to generate genome alignments using draft assembly sequences. 429 

Dnadiff was then used to calculate the average sequence identity between the genomes considering only 1-to-430 

1 alignments.  431 

 432 

Transcriptome datasets and gene functional annotations 433 

RNA-seq datasets were trimmed for adapters [95] and aligned [96] to their respective genome 434 

assemblies, and gene expression levels (FPKM) were quantified per gene per sample in each of the four species 435 

[97]. For P. miyazakii, differential gene expression analysis [98] identified genes significantly differentially 436 

expressed between the cavity and tissue samples. Interpro domains and Gene Ontology (GO) terms [58], KEGG 437 

enzymes [59], and protease [88] annotations of the genes were used to identify putative functions of genes of 438 

interest and perform pathway enrichment [89]. All raw RNA-Seq fastq files were uploaded to the NCBI Sequence 439 

Read Archive (SRA [99]), and complete sample metadata and accession information are provided in 440 

Supplementary Table S1. Supplementary Table S2 provides, for each of the species, complete gene lists and 441 
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gene expression levels for each of the RNA-Seq samples. Complete functional annotations for every gene and 442 

the differential gene expression dataset are also provided for P. miyazakii in this table.  443 

 444 

Repeat analysis 445 

RepeatModeler v1.0.8 (with WU-BLAST as its search engine) was used to build, refine and classify 446 

consensus models of putative interspersed repeats for each species. With the resulting repeat libraries, genomic 447 

sequences were screened using RepeatMasker v4.0.6 in “slow search” mode to generate a detailed annotation 448 

of the interspersed and simple repeats. Per-copy distances to consensus were calculated (Kimura 2-parameter 449 

model, excluding CpG sites) and were plotted as repeat landscapes where divergence distribution reflected the 450 

activity of transposable elements (TE) on a relative time scale per genome using the calcDivergenceFromAlign.pl 451 

and createRepeatLandscape.pl scripts included in the RepeatMasker package. 452 

 453 

Gene family evolution 454 

Orthologous groups (OG) of genes of 21 species were inferred with OrthoFinder v1.1.4 [100] using the longest 455 

isoform for each gene (Paragonimus genome source information in Supplementary Table S1; Worm gene sets 456 

were retrieved from WormBase ParaSite in June 2017 [83]; Outgroup species gene sets were retrieved from 457 

Ensembl in June 2017 [101]). CAFE method [23] was employed to model gene gain and loss while accounting 458 

for the species’ phylogenetic history based on an ultrametric species tree and the number of gene copies found 459 

in each species for each gene family. Birth-death () parameters were estimated and the statistical significance 460 

of the observed family size differences among taxa were assessed. Results from OrthoFinder [100] were parsed 461 

to identify the OGs of interest based on conservation, including the lung fluke-conserved, liver fluke-conserved 462 

and blood fluke-conserved OGs and gene sets per species. Supplementary Table S4 provides details of full 463 

OG counts per species and gene membership.  464 

We used PosiGene [102] to search genome-wide for genes that evolved under positive selection based 465 

on the non-synonymous to synonymous substitution ratio. TMMOD [103] and Protter [104] were used for 466 

transmembrane helical topology prediction and visualization, respectively. We searched for genes that evolved 467 

under positive selection in the four Paragonimus spp. based on the non-synonymous to synonymous substitution 468 
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rate ratio (dN/dS). We conducted the branch-site test of positive selection to identify adaptive gene variants that 469 

became fixed in each species [35]. 470 

 471 

Previously identified Paragonimus diagnostic antigen search 472 

Nucleotide sequences (or, if unavailable, amino acid sequences) were retrieved from each of the cited 473 

publications (Supplementary Figure S5). Diamond blastx (nucleotides; v0.9.9.110) or Diamond blastp (amino 474 

acids; v0.9.9.110) were used to identify the top hit gene in each Paragonimus genome annotation (default 475 

settings). The best BLAST E-value was used to identify the top match, followed by top bitscore, length and % ID 476 

in the case of ties. For the top 25 P. kellicotti immunodominant antigen transcripts identified in McNulty et al, 477 

2014 [80], matches were identified between the assembled transcript and the annotated gene. For the other 478 

three species, the BLAST searches are performed against the identified P. kellicotti gene, and not the original 479 

transcript sequence. 480 

 481 

RNAseq-based gene expression profiling 482 

After adapter trimming using Trimmomatic v0.36 [95], RNA-seq reads were aligned to their respective 483 

genome assemblies using the STAR aligner [96] (2-pass mode, basic). All raw RNA-Seq fastq files were 484 

uploaded to the NCBI Sequence Read Archive (SRA [99]), and complete sample metadata and accession 485 

information are provided in Supplementary Table S1. Read fragments (read pairs or single reads) were 486 

quantified per gene per sample using featureCounts (version 1.5.1) [97]. FPKM (fragments per kilobase of gene 487 

length per million reads mapped) normalization was also performed. For P. miyazakii, significantly differentially 488 

expressed genes between the cavity and tissue sample sets were identified using DESeq2 (version 1.4.5) [98] 489 

with default settings, and a minimum P-value significance threshold of 0.05 (after False Discovery Rate [FDR 490 

[105]] correction for the number of tests). Pearson correlation-based RNA-Seq sample clustering was performed 491 

in R (using the hclust package, complete linkage).  492 

 493 

Statistics 494 

 ANOVA analysis followed by Tukey’s HSD post-hoc testing was performed to compare genome statistics 495 

and protease expression between species (Figure 2, Supplementary Figure S3). Because comparisons for the 496 
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genome statistics by t tests involved large numbers of values, which can falsely indicate positive statistical 497 

significance, a random selection of 100 values from each species was used (excluding the upper and lower 1% 498 

of data to avoid outliers). Letter labels above the species indicate statistical groups, i.e., if two species share the 499 

same letter then they were not statistically significant from each other.  500 

 501 

 502 

Availability of supporting data and materials 503 

Genomic raw reads, genome assemblies, genome annotations, and raw transcriptomic (RNA-Seq) fastq 504 

files were uploaded and are available for download from the NCBI Sequence Read Archive (SRA [99]), with all 505 

accession numbers and relevant metadata provided in Supplementary Table S1. Supplementary Table S2 506 

provides, for each of the species, complete gene lists and gene expression levels for each of the RNA-Seq 507 

samples. Complete functional annotations for every gene and the differential gene expression dataset are also 508 

provided for P. miyazakii in this table. All results of the genome-wide selection scan are provided in 509 

Supplementary Table S3. For each orthologous group identified, Supplementary Table S4 provides complete 510 

gene lists, counts of genes per species, and average gene expression levels from each the Paragonimus 511 

transcriptome datasets described above. All relevant software versions, and commands specifying the 512 

parameters used are presented in Supplementary Text S1.  513 
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Figure Captions 841 

 842 

Figure 1. Comparisons of the overall content of the assembled Paragonimus genome assemblies. Comparisons 843 

are based on (A) length (including statistics for other sequenced trematode genomes) and (B) Repeat 844 

landscapes, measured using the Kimura substitution level, which indicates how much a repeat sequence has 845 

degenerated since its incorporation into the genome (i.e., how recently the repeat sequence was added). The 846 

high peak at the far left of P. kellicotti indicates a recent incorporation or active transposable element activity.  847 

 848 

Figure 2: Comparison of genome annotation characteristics and attributes among several species of flatworms. 849 

Attributes characterized included (A) Full gene lengths, including coding and noncoding sequences, (B) Average 850 

intron lengths per gene, (C) Number of exons per gene, and (D) Coding sequence (CDS) length per exon. P 851 

values and letter groupings indicating significant differences among species, as calculated using ANOVA with 852 

Tukey’s HSD post-hoc test.  853 

 854 

Figure 3. Clustering of Paragonimus species. (A) Mitochondrial whole genome-based phylogeny, including 855 

previously-sequenced Paragonimus mitochondrial genomes (with accessions indicated). (B) Species clustering 856 

based on single-member OPF sequences. 262,720 genes (85% of all genes across the species) were assigned 857 

to 17,953 OPFs; 2,493 genes are in 326 species-specific OPFs. 858 

  859 

Figure 4. Gene-family dynamics among platyhelminth species. (A) Rapidly evolving families of interest are 860 

quantified at each stage of the phylogeny, including genes gained (blue) and lost (red) relative to other species. 861 

The number of rapidly evolving genes are indicated in parentheses. (B) Functionally annotated gene families of 862 

interest that displayed most pronounced differential expansions or contractions. (C) Overall protease and 863 

protease inhibitor abundance per species.  864 

 865 

Figure 5. Orthologous Group (OG) distribution analysis. (A) OGs identified among groups of flukes. The OGs 866 

conserved in at least one of the species from each group are indicated in black, and the OGs conserved among 867 

all the species in the overlapping groups are indicated in red. (B) Counts of OGs among the four Paragonimus 868 
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species, with Paragonimus-specific gene sets indicated in red text. The 256 Paragonimus conserved-and-869 

specific genes are indicated with highlight (Table 4). (C) Significant functional enrichment (Interpro domains) 870 

among the gene sets conserved among, and specific to, each major group of flukes (256, 758 and 270 OPFs in 871 

lung, liver and blood flukes, respectively), relative to the functions in the complete gene sets.  872 

 873 

Figure 6: Analysis of gene expression data for species of lung flukes of the genus Paragonimus. (A) Comparison 874 

of adult-stage gene expression levels among 1:1 orthologs shared by P. westermani and P. miyazakii. Pearson 875 

correlation = 0.79. (B) Pearson correlation values between all lung fluke species for the adult-stage expression 876 

levels of all 1:1 orthologous genes. (C) Differential gene expression between cavities (blue) and tissues (orange) 877 

in P. miyazakii. Clustering based on FPKM value across all genes is indicated in the bottom right (Pearson 878 

clustering, complete linkage). (D) A comparison of the average relative expression of the lung fluke-specific and 879 

-conserved genes in each P. miyazakii tissue type. ** P < 0.01, *** P < 0.001, according to an ANOVA test of all 880 

Z-score values. 881 
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Tables 896 

Table 1: The draft genome of Paragonimus: assembly, size and annotation characteristics  897 

Statistic 
Paragonimus 

miyazakii 
Paragonimus 
heterotremus 

Paragonimus 
kellicotti 

Paragonimus 
westermani 

(Japan) 

Paragonimus 
westermani 

(India) 

Assembly statistics 

Total genome length (Mb) 915.8 841.2 696.5 923.3 922.8 

Number of contigs 22,318 27,557 29,377 22,477 30,455 

Mean contig size (kb) 41 30.5 23.7 41.1 30.3 

Median contig size (kb) 15.1 9.3 10.2 17.2 4.8 

Max. contig size (kb) 919.8 715.6 826 829 809.4 

N50 length (kb) 108.8 92.5 56.0 100.8 135.2 

N50 number 2,320 2,506 3,316 2,664 1,943 

BUSCO completeness (303 genes, eukarota_odb9) 

Complete, single copy 84.5% 82.5% 70.3% 88.78% 76.90% 

Complete, duplicated 1.3% 0.0% 1.3% 1.32% 2.31% 

Fragmented 7.6% 10.9% 15.2% 6.27% 14.85% 

Missing 6.6% 6.6% 13.2% 3.63% 5.94% 

Overall completeness 93.4% 93.4% 86.8% 96.37% 94.06% 

Gene statistics 

Number of genes 12,652 12,490 12,853 12,072 12,771 

Avg gene length (kb) 25.9 22.6 17.6 24.1 18.0 

Avg CDS length (kb) 1.5 1.4 1.1 1.4 1.4 

Avg intron length (kb) 4.2 4 3.6 4.2 4.0 

Avg # exons per gene 6.7 6.2 5.3 6.3 5.2 

% annotated InterPro 82% 85% 81% 87% 82% 

% annotated KEGG 40% 41% 34% 43% 43% 

 898 
 899 

900 
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 901 
Table 2. "Molecular Function" Gene Ontology terms enriched among P. miyazakii genes that are 
conserved among and exclusive to lung flukes.  
 

GO ID GO term name P value 
# Conserved  
and Specific 

Total # in 
genome 

GO:0004175 endopeptidase activity 5.2E-05 8 132 

GO:0008236 serine-type peptidase activity 5.6E-05 6 67 

GO:0017171 serine hydrolase activity 5.6E-05 6 67 

GO:0004252 serine-type endopeptidase activity 1.6E-04 5 51 

GO:0070011 peptidase activity, acting on L-amino acid peptides 6.1E-04 9 237 

GO:0008233 peptidase activity 8.7E-04 9 249 

GO:0004568 chitinase activity 2.1E-03 2 7 

GO:0004190 aspartic-type endopeptidase activity 1.1E-02 2 16 

GO:0070001 aspartic-type peptidase activity 1.1E-02 2 16 

GO:0008199 ferric iron binding 1.1E-02 2 16 

 902 
 903 
 904 

905 
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Table 3. "Molecular Function" Gene Ontology terms enriched among the 216 P. miyazakii genes that are 906 
overexpressed in cavities (peritoneal, pleural) relative to tissues (lung, liver), and among the 172 overexpressed 907 
in tissues relative to cavities. 908 

Sample 
group 

GO term Term 
FDR-

corrected 
P value 

Number of 
genes 
over-

expressed 

Cavities GO:0008234 cysteine-type peptidase activity 1.0E-05 8 

 GO:0005509 calcium ion binding 1.1E-05 13 

 GO:0008233 peptidase activity 3.0E-04 11 

 GO:0046872 metal ion binding 6.6E-04 17 

 GO:0043169 cation binding 7.6E-04 17 

 GO:0070011 peptidase activity, acting on L-amino acid peptides 8.3E-04 10 

 GO:0008375 acetylglucosaminyltransferase activity 8.4E-04 3 

 GO:0008194 UDP-glycosyltransferase activity 1.5E-03 3 

 GO:0008146 sulfotransferase activity 2.4E-03 2 

 GO:0016787 hydrolase activity 2.4E-03 21 

 GO:0005544 calcium-dependent phospholipid binding 5.6E-03 2 

 GO:0016782 transferase activity, transferring sulfur-containing groups 6.9E-03 2 

 GO:0005506 iron ion binding 7.2E-03 3 

Tissues GO:0005200 structural constituent of cytoskeleton 1.1E-07 8 

 GO:0016829 lyase activity 2.7E-04 6 

 GO:0017111 nucleoside-triphosphatase activity 5.5E-04 14 

 GO:0016462 pyrophosphatase activity 6.9E-04 14 

 GO:0016818 hydrolase activity, acting on acid anhydrides… 7.6E-04 14 

 GO:0004634 phosphopyruvate hydratase activity 8.2E-04 2 

 GO:0016817 hydrolase activity, acting on acid anhydrides 8.3E-04 14 

 GO:0003924 GTPase activity 1.6E-03 8 

 GO:0003824 catalytic activity 2.0E-03 48 

 GO:0016836 hydro-lyase activity 2.1E-03 3 

 GO:0016835 carbon-oxygen lyase activity 2.6E-03 3 

 GO:0003777 microtubule motor activity 3.1E-03 5 

 GO:0016830 carbon-carbon lyase activity 3.6E-03 3 

 GO:0016491 oxidoreductase activity 3.6E-03 10 

 GO:0003774 motor activity 4.6E-03 5 

 GO:0005198 structural molecule activity 6.6E-03 8 

 GO:0032561 guanyl ribonucleotide binding 6.8E-03 8 

 GO:0032550 purine ribonucleoside binding 6.8E-03 8 

 GO:0001883 purine nucleoside binding 6.8E-03 8 

 GO:0005525 GTP binding 6.8E-03 8 

 GO:0032549 ribonucleoside binding 7.3E-03 8 

 GO:0001882 nucleoside binding 7.6E-03 8 

 GO:0019001 guanyl nucleotide binding 8.1E-03 8 

 GO:0008017 microtubule binding 9.9E-03 4 

 909 
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Table 4: Paragonimus-conserved and -specific genes with relatively high expression levels in the P. miyazakii 910 
lung (adult) stage relative to other stages (minimum 1.5-fold expression difference compared to all other stages).  911 
 912 

Gene Gene function (InterPro) 
Expression level (FPKM) 

Peritoneal Pleural Liver Lung 

PMIY_10706 - 0 0 0 1.00 

PMIY_04932 - 0 0 0 0.50 

PMIY_04199 - 0 0 0 0.23 

PMIY_05623 IPR009003: Peptidase S1, PA clan (Serine protease) 0 0 0 0.03 

PMIY_05645 - 0.03 0 0 1.08 

PMIY_10421 - 0 0 0 0.03 

PMIY_10154 - 0.03 0.17 0.25 2.10 

PMIY_10315 - 0.30 0.26 0 1.67 

PMIY_07404 IPR028089: Domain of unknown function DUF4455 0.05 0 0 0.22 

PMIY_06071 IPR035914: Spermadhesin, CUB domain superfamily 0.16 0.11 0.20 0.80 

PMIY_09494 - 1.61 1.76 0.08 5.88 

PMIY_01683 - 0.24 0.18 0.05 0.79 

PMIY_12118 IPR021109: Aspartic peptidase domain superfamily 0.02 0 0 0.04 

PMIY_06957 - 0.87 1.68 1.65 3.55 

PMIY_00756 - 14.75 20.66 16.12 43.07 

PMIY_01507 - 0.23 0.38 0.39 0.79 

PMIY_11874 - 0.05 0.05 0 0.10 

PMIY_05793 - 0.03 0.06 0.26 0.47 

PMIY_05272 - 5.44 4.20 4.22 9.67 

PMIY_12189 IPR036259: MFS transporter superfamily 1.84 1.72 1.73 3.25 

PMIY_12491 - 0.63 0 0.18 1.08 

PMIY_08946 - 0 0.06 0.00 0.10 

PMIY_12111 - 1.23 0.35 1.04 2.04 

PMIY_02371 IPR016024: Armadillo-type fold 10.30 9.68 12.40 20.06 

PMIY_11682 - 4.36 6.64 5.66 10.58 

PMIY_12247 IPR036236: Zinc finger C2H2 superfamily 2.84 3.22 4.16 6.60 

PMIY_06566 - 0.63 1.02 1.04 1.64 

PMIY_02942 - 5.32 5.71 8.45 13.11 

PMIY_11404 - 2.40 2.82 2.58 4.36 

PMIY_07606 IPR009060: UBA-like superfamily 1.33 0.12 0.49 2.03 

 913 
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GIGA-D-19-00411 
 
Point-by Point Response to reviewers’ comments 
 
Blue text: author’s response. 
Green text: Edited text on the manuscript. 
 
 
Reviewer 1 
 
The manuscript entitled "Comparative genomics and transcriptomics of four Paragonimus species provide 
insights into lung fluke parasitism and pathogenesis" provides four new draft genomes for the genus, which are 
a great contribution for the field. Overall, the group did a great job in the whole paper, using mostly good 
method strategies and were very descriptive. Here are some comments: 
 
1-1. The data description section seems to be a poor "method" section which seems redundant. The software 
names are missing (just their citations are shown) and is basically the same information provided in the 
methods section, which is well written. If any information on this section is important to be kept, I would fit this 
information in the methods section and delete the whole section. 
 
Author response: As suggested, we have removed the “data description” section and moved some of relevant 
details into the “methods” section.  
   
1-2. The Analysis section should be renamed to Results and Discussion 
 
Author response: This change has now been made.  
 
1-3. Line 185-186 - the authors mentioned the draft genome sizes obtained and their respective completeness. 
Is this based in which expected complete genome size? Is there any complete genome of the genus complete 
(no gaps, physical evidence, telomere to telomere)? I understand that this is an estimation, but the authors 
should be careful and at least mention the expected "complete" genome size. Since we are talking about 
different species, these sizes should vary for each species. 
 
Author response: “Completeness” is based on BUSCO completeness scores, which quantify the number of 
conserved genes identified among the genomes. We have changed this sentence to clarify in the results and 
discussion, and we have updated Table 1 to Include additional BUSCO statistics (see also response 2-3 to 
reviewer 2): 
 
Section: Results and Discussion 
“These draft genomes are estimated to be between 87% and 96% complete, according to BUSCO 
completeness estimates that include complete and fragmented eukaryote genes [17], with the new P. 
westermani genome produced from a sample collected from Japan being slightly more complete than the 
previously-sequenced genome produced from a sample collected from India [12] (96.4% vs 94.1%, 
respectively; Table 1).” 
 
1-4. Line 205 - the group mentioned that some Orthologs vary in intron lengths and number of exons. 
Genomes that are highly repetitive (>50% repetitive) are usually very fragmented or have their most complex 
regions poorly assembled by short reads. Besides the group method using two libraries sizes for the Illumina 
applied using AllPaths, which I consider one of the best approaches for Illumina only assembly for this kind of 
complex genomes, there is a chance that these variations are due to problems in the assembly or frameshifts. 
Please provide how all these variations were validates to be real (Alignment support, etc). 
 
Author response: In order to minimize the effect of gene fragmentation on calculating the gene/exon/intron 
length statistics, as stated already in the methods, these statistics “were defined using only the longest and 
only the complete mRNA (with identified start and stop codon) for each gene”. This ensured that the genes 
used for the analysis were all complete and would exclude those split by repeats or short contigs. However, we 
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do still recognize the potential for some of the species-to-species differences to arise due to different assembly 
read lengths and qualities. We have appended this text acknowledging this potential issue: 
 
Section: Results and Discussion, genome features 
 
“Focusing on the gene content, P. kellicotti had the shortest average total gene length among the species, and 
the lung flukes overall had similar gene lengths to other flukes, while platyhelminth species other than 
trematodes have shorter genes overall (Figure 2A). The variability in gene lengths observed between species 
results from differences in both average intron lengths (Figure 2B) and the average number of exons per gene 
(Figure 2C) while the average coding sequence (CDS) lengths of the exons across all the platyhelminth 
species were similar to each other (Figure 2D). Whereas there was species-to-species variability in gene 
lengths and exon counts, consistent patterns among the types of flukes were not apparent. Some of this 
variability may have arisen due to the variation in quality of the assemblies, but these differences were 
minimized by only using complete gene models with a start and stop codon identified in the same 
frame. 
 
1-5. Line 422 - There is no need to mention the method in the Result and Discussion section. This was also 
observed in other lines in the Results section (eg. Line 291, 355,etc). 
 
Author response: We have removed references to the tools used at these lines in the text, since they are 
indeed mentioned already in the methods section (Interpro, Orthofinder and DESeq2, respectively).  
 
 
1-6. Line 231-2 - How the identity was calculated? WGS or Orthologs? Amino-acid or Nucleotide level? This is 
really important when comparing identities between species, since assembly bias could be detected. This 
information should be added in the methods. 
 
Author response: We reported the sequence identity between the geographically diverse P. westermani 
samples at the nucleotide level. We have revised the text to clarify this point, and expanded the methods 
section to describe the approach that was used to estimate the genome-wide mean divergence rate. 
 
Section: Results and Discussion 
 
“Although our P. westermani reference genome was assembled using samples collected from Japan 
(Amakusa, Kyusyu). We compared the genomic sequences of our East Asian P. westermani to the recently 
published P. westermani genome from India (Changlang, Arunachal Pradesh) [12] to estimate the genetic 
divergence between geographically diverse samples. This analysis identified an average nucleotide sequence 
identity of 87.6%.” 
 
Section: Methods 
 
“MUMmer v4.0 [95] was used to estimate the level of genetic divergence between P. westermani samples from 
Japan and India. Nucmerum was run first to generate genome alignments using draft assembly sequences. 
Dnadiff was then used to calculate the average sequence identity between the genomes considering only 1-to-
1 alignments.” 
 
1-7. Line 383-6 - I understand the idea of the group to give the organism-specific conserved orthologs for 
potential drug targeting, but when doing this I would recommend adding more information about these proteins, 
like localization, protein weight, TM and signal peptides, is that any hit in CHEMBL, etc. This would save time 
for the community that will read the paper to remove possible noise before starting to test the screening. 
 
Author response: We have now added additional annotation data to Table S2, including (i) localization 
predictions by PANNZER gene ontology (cellular component category), (ii) TM and signal peptide predicitons 
by Phobius, (iii) protein weight predictions and pi values (ExPASy) and (iv) hits to CHEMBL. This is in addition 
to the existing annotations that included Interpro domains, GO categorizations, MEROPS protease predictions, 
and KEGG enzyme predictions. We have added the following to the text: 



 
Section: Results and Discussion 
 
“The comparative analysis presented here identifies valuable putative protein targets for drug development, 
including Paragonimus-specific proteins and trematode-conserved proteins which do not share orthology to 
human proteins. The protein annotation data available in Supplementary Table S2 also will enable prioritization 
including biological functional annotations [58, 59], protein weight and pi predictions [60], predictions of signal 
peptides and transmembrane domains [61] and cellular compartment localization [58], and sequence similarity 
matches to targets in the CHEMBL database [62].” 
 
Section: Methods  
 
“The completeness of annotated gene sets was assessed using BUSCO v3.0, eukaryota_odb9 [17]. Gene 
Ontology (GO), KEGG and protease annotations were performed using InterProScan v5.19 [59], GhostKOALA 
[60], and MEROPS [89], respectively. ExPASy was used to perform protein weight and pi predictions [61], 
SignalP was used to predict predictions signal peptides and transmembrane domains [62], and gene product 
localization was predicted using the “cellular component” Gene Ontology annotations provided by InterProScan 
[59].” 
 
1-8. Line 419 - Discussion should change to Conclusion 
 
Author response: This has been changed.  
 
1-9. Line 435-443 - Fresh Paragonimus (never frozen or stored for a long time) should be better for long 
sequencing, since there is less chance to have their DNA broken. This could affect differences in contiguity of 
some genomes. 
 
Author response: Most of the samples that were used for PacBio sequencing were prepared fresh, but if 
storage was required they were flash frozen at -80°C to minimize degradation.  
 
1-10. Line 446-454 - Why the group didn't try a hybrid approach for the assembly using long and short reads 
together? Why PBJELLY (usually reported to be used as gap filler tool for pacbio) was used for assembly of 
the long reads (CANU, HGAP and FALCON are much better), maybe it should be revised. 
 
Author response: We generated PacBio reads primarily for the purpose of assembly improvement, such as 
gap-closing and scaffolding. The depth of coverage was adequate (43x) to perform PBJelly-based genome 
improvements, but too shallow to try other approaches. At the time, long-read sequencing was still too costly to 
perform de novo assembly of ~1GB genome (using CANU, HGAP or FALCON).  
 
1-11. Besides Pilon being a good choice for basecall polishing, I would recommend ICORN for the 
mitochondrial polishing. From my personal experience it usually corrects more regions than Pilon. 
 
Author response: We have manually confirmed the validity of the corrections made by Pilon by critically 
assessing any inconsistencies between the assembly and the evidence in the reads. We have had a good 
experience using Pilon, and it can outperform iCORN for certain datasets (Walker et al., 2014, 
PMID:25409509). 
 
1-12. There is no coverage obtained in the text about the sequencing datasets (Illumina/pacbio #X coverage). 
This is important to check how good was the basecall and polishing. 
     
Author response: The coverage statistics are now included in the supplementary table: 
 

Supplementary Table S1: Paragonimus genome and RNA-Seq accessions 

    

Genome assemblies, annotations and raw reads  



Species NCBI accession Bioproject ID Genome coverage (x) 

Paragonimus miyazakii JTDE00000000 PRJNA245325 162 
Paragonimus heterotremus LUCH00000000 PRJNA284523 81 
Paragonimus kellicotti LOND00000000 PRJNA179523 77 (43*) 
Paragonimus westermani JTDF00000000 PRJNA219632 152 

*Pacbio dataset coverage 
 
1-13. And here are some minor points: Line 113 - P. westermani is not in italic; 
 
Author response: This has been fixed.  
 
1-14. Line 513 - change 3 for "three"; 
 
Author response: This has been fixed.  
 
1-15. Figures are in low resolution. 
 
Author response: The PDF displays the figures in low resolution, but they are all the maximum width and 
resolution specified (6.693 inches wide, 300 dpi) in their uploaded format, which can be accessed by clicking 
the top-right of each page.  
 
  
 
Reviewer 2 
     
The submitted manuscript describes the sequencing, assembly, annotated and analysis of four species of the 
genus Paragonimus. The sequencing was predominantly Illumina short reads, with PacBio long reads 
generated for P. kellicotti. The authors conduct different gene family analyses, propose molecular components 
of host-parasite interactions, and identify proteins which are potential targets for vaccines or diagnostics. The 
authors also generate some RNA-Seq data for each species. 
     
The generation and presentation of genomic assemblies for these four species will be useful in understanding 
their biology and developing new treatment. For the most part the manuscript is well written and easy to 
understand, for which the authors should be commended. However, I do have major concerns with the 
manuscript as presented. 
     
2-1: I tried to download much of the data to repeat the analyses but the speed of connection was slow. 
Therefore, I have looked into one section in more detail, the prediction of mimicry between Paragonimus 
proteins and their hosts. From lines 330 to 347, the authors describe orthologous genes (OGs) which are 
shared between at least one species of Paragonimus and their host to the exclusion of other trematodes 
(Figure 5D). The authors then speculate that these "may have evolved uniquely in lung flukes to mimic host 
factors[.]" Unfortunately, this is an artefact of sampling bias. I used BLAST to compare human STOX1, Zip67, 
and C5orf63 with Panagonimus, Schmidtea mediterranea and Caenorhabditis elegans proteins. For the first 
two, it is clear sequence similarity is similar or greater in S. mediterranea and C. elegans, raising reasonable 
doubt on specific mimicry between Paragonimus and human proteins. For C5orf63, the evalue of the alignment 
with a P. westermani protein was 0.041 and over only 40 amino acids. This suggests that it is an artifact of the 
clustering process in the OG generation. 
     
    blastp -outfmt 6 -max_hsps 1 -query STOX1.pep.fsa -db ../data/all.protein.fa | head -5 
    STOX1_HUMAN     F53B2.6 33.758  157     102     1       33      189     16      170     3.44e-28        120 
    STOX1_HUMAN     SMEST040264001  29.348  184     130     0       19      202     15      198     2.75e-22        103 
    STOX1_HUMAN     PKEL_11588      35.088  114     71      2       33      144     28      140     2.39e-13        71.6 
    STOX1_HUMAN     PMIY_01855      33.043  115     74      2       32      144     27      140     3.42e-12        72.0 
    STOX1_HUMAN     PWES_01040      33.628  113     72      2       34      144     29      140     1.20e-09        63.2 
     
    blastp -outfmt 6 -max_hsps 1 -query Zip67.pep.fsa -db ../data/all.protein.fa | head -6 
    ZN653_HUMAN     F45B8.4 33.918  171     106     4       442     612     101     264     7.44e-22        98.6 



    ZN653_HUMAN     SMEST004840001  44.048  84      47      0       496     579     211     294     1.50e-18        89.0 
    ZN653_HUMAN     SMEST060422001  36.607  112     68      2       469     577     464     575     2.11e-18        91.7 
    ZN653_HUMAN     SMEST058261001  35.484  155     92      5       460     614     77      223     1.63e-17        86.7 
    ZN653_HUMAN     SMEST042630001  36.885  122     73      2       490     611     183     300     6.75e-17        84.3 
    ZN653_HUMAN     PMIY_03311      46.988  83      44      0       496     578     200     282     7.00e-17        83.6 

     
    Query= YD286_HUMAN Glutaredoxin-like protein C5orf63 OS=Homo sapiens 
    OX=9606 GN=C5orf63 PE=2 SV=3 
    Length=138 
                                                                          Score        E 
    Sequences producing significant alignments:                          (Bits)     Value 
    PWES_06707                                                            33.5       0.041 
    >PWES_06707 
    Length=136 
     Score = 33.5 bits (75),  Expect = 0.041, Method: Compositional matrix adjust. 
     Identities = 17/43 (40%), Positives = 23/43 (53%), Gaps = 2/43 (5%) 
    Query  16  FGLFLRNCSASKTTLPVLTLFTKDPCPLCDEAKEVLKPYENRQ  58 
                G ++   S +K  LP L +FTK  C LC  A   L+PY N+ 
    Sbjct  26  LGQYISTISIAK--LPTLIVFTKPDCSLCKAAIVQLQPYVNKH  66 

     
    I recommend that the authors rethink their strategy for identifying molecular mimicry or remove the section 
entirely. 
     
Author response: We acknowledge that OrthoFinder’s classification system may produce false positives in 
terms of species-restricted orthology, since in some cases such as those described here, similar genes may be 
divided into several orthogroups. In order to avoid overstating the significance of these particular orthologous 
groups, we have taken the reviewer’s suggestion and removed this section from the manuscript, along with the 
accompanying Figure 5D and Table 3, and other mentions throughout the text.  
 
 
2-2. The authors generated several RNA-Seq datasets for each species. Most of these were done single 
copies. Where replication was done, the authors note that it they are 'technical replicates', from which I 
understand that the samples are from the same biological source but run sequenced twice. These data are 
great for genome annotation, i.e. the identification of gene models. But, the accurate identification differentially 
expressed genes requires biological replicates. The authors' use of DESeq is not appropriate given the 
available data. Further, they should not be comparing FPKM as a statistically robust method to determine 
differential gene expression. Traditionally, people have asked for three biological replicates, though in depth 
modelling has shown that one needs to consider sequencing depth in addition to replication. I encourage the 
authors to read Schurch et al. https://www.ncbi.nlm.nih.gov/pubmed/27022035. I do appreciate that getting 
sufficient number of biological replicates in parasite systems is a challenge. However, this cannot justify having 
insufficient power in an analysis. Better not to conduct the analysis at all. I recommend that all references to 
differentially expressed genes is removed from the manuscript.  
 
Author response: The “technical replicates” are only indicated in order to clarify that there are two accessions 
on NCBI for the same samples. For all downstream analysis, mapped read counts were summed for technical 
replicates to generate a single biological replicate. We recognize that these should never be used for statistical 
purposes. As the reviewer acknowledges, it is difficult to obtain biological samples. Given the limitations of the 
dataset, we have made the best possible use of the data and treated the three samples from the “cavities” as 
“replicates” (one pleural cavity, two biological replicates from the peritoneal cavity), and the two samples from 
the “tissues” as “replicates” (one from the lung, one from the liver). See the bottom-right corner of Figure 6C for 
how those samples cluster and how they were used. Using these different sample types as replicates will 
increase noise since they will vary within groups, which is why we see a relatively low number of differentially 
expressed genes (216 higher in cavities, 172 higher in tissues), but we feel that as long as it is not 
misrepresented in the text as direct biological replicates of the exact same tissues, there is nothing statistically 
incorrect about performing the analysis this way, especially when the alternative is having very little analysis of 
these rare and valuable samples.  
 
FPKM values were only calculated for providing normalized expression values (normalized to library size and 
gene length), for the purposes of visualization (Figure 6) and data presentation (Table 4). DESeq2 was ran 
using raw read counts per gene per sample, as indicated in its manual, since it uses a negative binomial 

https://www.ncbi.nlm.nih.gov/pubmed/27022035


statistic. Supplementary Table S2 also provides both the raw read counts and the normalized expression 
values, so that readers can run additional analyses using either value. The relevant DESeq output (FDR-
adjusted P values and log2 fold changes) are also provided in that table, for every gene, so that the analysis 
process is as transparent as possible.  
 
We recognize that more biological replicates from each tissue would be ideal, but since these are very difficult 
to obtain and since this analysis is not the main focus of the manuscript (just two paragraphs in 
results/discussion), we feel that it is still valuable to provide a preliminary analysis of the transcriptional 
differences during parasitism in Paragonimus.  
 
To more clearly demonstrate the correlation values between the sample sets, we have now added 
Supplementary Figure S4, which shows the complete correlation table in addition to the clustering: 
 
Section: Supplementary Information 

    
Supplementary Figure S4: Pearson correlation values between Paragonimus miyazakii RNA-seq samples, 
based on overall gene expression patterns.  
 
We also now reference this more directly in the text: 
 
Section: Results and Discussion - Gene expression analysis identifies stage-specific lung fluke 
functions  
 
“Worms from additional life cycle stages were collected for P. miyazakii, including samples sequenced from 
cavities (peritoneal and pleural cavities) and tissues (lung and liver). Based on gene expression profiles across 
all genes, the cavity samples clustered and correlated more closely with each other than with the peritoneal 
samples (and vice versa; Supplementary Figure S1).” 
 
Unlike with the differential expression data, the expression data for conserved-and-exclusive orthologous 
groups did use single replicate data. We have now added the following to directly acknowledge the lack of 
replication used for this approach: 
 
Section: Results and Discussion - Gene expression analysis identifies stage-specific lung fluke 
functions 
 
“However, to confirm these gene expression patterns for specific larval stages, followup studies with additional 
biological replicates are needed.” 
 
2-3: The reported BUSCO scores are between 86% and 96% (Table 1). When comparing to 
parasite.wormbase, three of these Paragonimus assemblies would have the highest BUSCO score for any 
platyheliminth species and all are far above the best trematode, a reference quality assembly of S. mansoni. 
Further, in Table 1, the authors report a BUSCO score of 94.1% for P. westermani (India) previously 
sequenced (Oey et al.). However, Oey reports a BUSCO score of 65.3%. I ran BUSCO on P. westermani 



(Japan) using the eukayota orthologue set (-l eukaryota_odb9) and got 
"C:77.9%[S:76.9%,D:1.0%],F:8.9%,M:13.2%,n:303". I presume that the authors used a different orthologue set 
for the "--lineage", but they do not state which one. Please can the authors provide further clarification. 
    
Author response: We ran BUSCO v 3.0 using the eukaryota_odb9. This was ran against the gene set to better 
reflect the quality of both the assembly and the annotation. However, in our estimates of completeness, we had 
included the “fragmented” genes as being present. Since these may or may not be considered “complete”, we 
have now expanded Table 1 to include the classifications of BUSCO genes (complete single copy, complete 
duplicated, fragmented, missing, and overall completeness that includes the complete + fragmented, as 
before). Our numbers for P. westermani (Japan) are slightly higher than the numbers provided by the reviewer 
here because our assembly has been updated (88.78% complete, singly copy, vs 77.9%). Both Oey and 
WormBase Parasite use the metazoan lineage dataset (n = 978) rather than eukaryota (n = 303), and 
according to Wormbase’s release notes, they are still using BUSCO 2.0 (Dec 2018 update). Using WormBase 
Parasite’s approach, even Schistosoma mansoni, which has a chromosome-scale assembly (PMID: 
22253936) has only 78.9% completeness (71.2% complete single, 3.5% duplicated, 4.2% fragmented), so we 
feel that using eukaryote is more reflective of accurate genome completeness. This same approach has been 
used for other helminth species including Heterohabditis bacteriophora in Gigascience, 2019 (PMID: 
29617768).  
 
In addition to updating Table 1 (below), we have added additional clarification in the text: 
 
Section: Results and Discussion 
“These draft genomes are estimated to be between 87% and 96% complete (according to BUSCO 
completeness estimates that include complete and fragmented eukaryote genes [17]), with the new P. 
westermani genome produced from a sample collected from Japan being slightly more complete than the 
previously-sequenced genome produced from a sample collected from India [12] (96.4% vs 94.1%, 
respectively; Table 1).” 
 
Section: Methods 
“The completeness of annotated gene sets was assessed using BUSCO v3.0, eukaryota_odb9 [17].” 
 
Table 1: The draft genome of Paragonimus: assembly, size and annotation characteristics  

Statistic 
Paragonimus 

miyazakii 
Paragonimus 
heterotremus 

Paragonimus 
kellicotti 

Paragonimus 
westermani 

(Japan) 

Paragonimus 
westermani 

(India) 

Assembly statistics 

Total genome length (Mb) 915.8 841.2 696.5 923.3 922.8 

Number of contigs 22,318 27,557 29,377 22,477 30,455 

Mean contig size (kb) 41 30.5 23.7 41.1 30.3 

Median contig size (kb) 15.1 9.3 10.2 17.2 4.8 

Max. contig size (kb) 919.8 715.6 826 829 809.4 

N50 length (kb) 108.8 92.5 56.0 100.8 135.2 

N50 number 2,320 2,506 3,316 2,664 1,943 

BUSCO completeness (303 genes, eukarota_odb9) 

Complete, single copy 84.5% 82.5% 70.3% 88.78% 76.90% 

Complete, duplicated 1.3% 0.0% 1.3% 1.32% 2.31% 

Fragmented 7.6% 10.9% 15.2% 6.27% 14.85% 

Missing 6.6% 6.6% 13.2% 3.63% 5.94% 

Overall completeness 93.4% 93.4% 86.8% 96.37% 94.06% 

Gene statistics 

Number of genes 12,652 12,490 12,853 12,072 12,771 



Avg gene length (kb) 25.9 22.6 17.6 24.1 18.0 

Avg CDS length (kb) 1.5 1.4 1.1 1.4 1.4 

Avg intron length (kb) 4.2 4 3.6 4.2 4.0 

Avg # exons per gene 6.7 6.2 5.3 6.3 5.2 

% annotated InterPro 82% 85% 81% 87% 82% 

% annotated KEGG 40% 41% 34% 43% 43% 

 
 
2-4. On reviewing the methods, I could not find sufficient detail to rerun many of the analyses properly. I 
recommend that the authors provide a file with all the commands, options and software versions. This file 
serves two purposes. The first is so that replication of the work will support its robustness. The second is so 
that other researchers can implement these methods for their own species of interest. 
     
Author response: Following the reviewer’s recommendation, we have provided the complete commands and 
parameters used to perform the analyses as Supplementary Text S1.   
 
We have also added the following text to indicate that this information is available: 
 
Sections: Methods, and ‘Availability of supporting data and materials’ 
“All relevant software versions, and commands specifying the parameters used are presented in 
Supplementary Text S1.” 
 


