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Abstract

Background: Leeches are classic annelids that have a huge diversity and are closely related to people, especially
medicinal leeches. Medicinal leeches have been widely utilized in medicine based on the pharmacological activities
of their bioactive ingredients. Comparative genomic study of these leeches enables us to understand the difference
among medicinal leeches and other leeches and facilitates the discovery of bioactive ingredients.

Results: In this study, we reported the genome of Whitmania pigra and compared it with Hirudo medicinalis and
Helobdella robusta. The assembled genome size of W. pigra is 177 Mbp, close to the estimated genome size. Approxi-
mately about 23% of the genome was repetitive. A total of 26,743 protein-coding genes were subsequently pre-
dicted. W. pigra have 12346 (46%) and 10295 (38%) orthologous genes with H. medicinalis and H. robusta, respectively.
About 20 and 24% genes in W. pigra showed syntenic arrangement with H. medicinalis and H. robusta, respectively,
revealed by gene synteny analysis. Furthermore, W. pigra, H. medicinalis and H. robusta expanded different gene fami-
lies enriched in different biological processes. By inspecting genome distribution and gene structure of hirudin, we
identified a new hirudin gene g17108 (hirudin_2) with different cysteine patterns. Finally, we systematically explored
and compared the active substances in the genomes of three leech species. The results showed that W. pigra and H.
medicinalis exceed H. robusta in both kinds and gene number of active molecules.

Conclusions: This study reported the genome of W. pigra and compared it with other two leeches, which provides
an important genome resource and new insight into the exploration and development of bioactive molecules of
medicinal leeches.
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Background

Leeches are segmented parasitic or predatory worms
that belong to the phylum Annelida and the subclass
Hirudinea with the ability to extend or contract their
bodies [1-3]. Most leeches live in freshwater environ-
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bites through the skin of its victim. Most leech species,
however, are predatory, feeding primarily by swallow-
ing other invertebrates. Almost 700 species of leeches
are currently recognized, of which some 100 are marine
species, 90 terrestrial and the remainder freshwater
taxa.

Although there are a huge diversity and a close rela-
tionship to people, we know little about the genome of
leeches. In 2013, one leech H. robusta was sequenced
to study bilaterian evolution [7]. H. robusta is a fresh-
water leech in the family Glossiphoniidae, and a type
of annelid with anterior and posterior suckers that are
used for locomotion and feeding on blood. Its early
development has been studied extensively. For another
important family Hirudinidae, the genome of H. medic-
inalis has been reported recently and studied from dif-
ferent perspectives by Babenko VV [8] and Kvist S [9],
respectively. The family Hirudinidae includes medicinal
leeches which have been widely utilized in medical pro-
cedures for thousands of years. Because of their impor-
tant bioactive ingredients, medicinal leeches, such as
H. medicinalis and related species, have engendered
great interest from pharmaceutical companies.

Comparative study of these available genomes of
leeches facilitates the discovery of bioactive ingredi-
ents. In this study, we reported the genome of another
medicinal leech W. pigra in the family Hirudinidae and
compared it with other two leech species (Fig. 1A). W.
pigra, an Asian freshwater leech, is non-blood feed-
ing, despite the placement of this genus within the
family Hirudinidae [10]. The family Hirudinidae also
includes H. medicinalis and several other blood feed-
ing species. W. pigra is a macrophagous leech and it
commonly swallows or takes bites out of prey sources
[11-13]. According to the current Chinese Pharmaco-
poeia, W. pigra, as a source of medicinal leeches, is the
most commonly available from the Chinese commercial
leech market [14]. We first analyzed the genome of W.
pigra and conducted gene synteny analysis among the
three leech species H. robusta, W. pigra, and H. medici-
nalis. Then we analyzed the expansion and contraction
of gene family among seven related species (H. robusta,
Lottia gigantea, Capitella teleta, Schmidtea mediter-
ranea, Schistosoma mansoni, W. pigra, H. medicinalis).
The sequence diversity, genome distribution and gene
structure of hirudin were also studied. At last, we
explored nine kinds of bioactive compounds in the
genomes of the three leech species. This study pointed
out the differences in the genome of the three leech
species W. pigra, H. medicinalis and H. robusta, and
provided insight into the exploration and development
of the bioactive molecules of medicinal leeches.
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Results

Summary of genome assembly and annotation for W. pigra
Using a whole-genome shotgun strategy with the Illu-
mina HiSeq'" 2000 platform, we sequenced the genome
of W. pigra from Wuhan, the provincial capital Hubei,
China. The de novo assembly of a 146 Gbp high-quality
sequences from 2 paired-end and 3 mate-pair libraries
provided 100-fold coverage with a total assembly length
of 177 Mbp (Table 1), which approximates the genome
size estimated by 23 K-mer distribution (Fig. S1). The
scaffold N50 is 728 Kbp. 3495 scaffolds are with length
>2 Kbp. Repeat content comprised 23% of the W. pigra
genome, which is 10% lower than that of the H. robusta
[7]. The W. pigra shares a similar profile of GC content
(35%) with H. robusta (33%), lower than that of H. medic-
inalis (41%). A total of 26,743 protein-coding genes were
predicted in W. pigra. W. pigra and H. Robusta showed
similar gene model features in a whole. However, W.
pigra has shorter intron length and longer protein length
compared with H. robusta (Table 1). A total of 17123 pro-
tein-coding genes were annotated in all three common
databases Uniprot, TrTEMBL and interPro (Fig. 1B). We
identified 12346 and 10295 orthologous genes between
W. pigra and H. medicinalis, and between W. pigra and H.
robusta, respectively, using the reciprocal best blast hits
(RBHs) method (Fig. 1C). There are a large proportion
of genes (14398 and 16449) in W. pigra not assigned as
orthologous genes.

Syntenic blocks among the genomes of W. pigra, H.
medicinalis and H. robusta

The above result showed that W. pigra only has 46.2%
(12346) orthologous genes in H. medicinalis, and 38.4%
(10295) orthologous genes in H. robusta. To further com-
pare the genome similarity among the three leech spe-
cies, we performed a careful analysis of syntenic blocks
between W. pigra and H. medicinalis, and between W.
pigra and H. robusta using MCScanX [15]. As small scaf-
folds are not useful for gene synteny analysis, we only
considered the scaffold with more than 30 genes. A total
of 25, 48, and 47 scaffolds for W. pigra, H. medicinalis,
and H. robusta, respectively, were used to find syntenic
blocks using MCScanX. Finally, we identified 21 scaf-
folds in H. medicinalis with syntenic blocks matched
to the 13 scaffolds in W. pigra. In contrast, there are 33
scaffolds in H. robusta matched to the 21 scaffolds in W,
pigra (Fig. 2). Overall, the genome of W. pigra has a good
collinearity relationship with the other two genomes.
We further examined the synthetic blocks in the larger
scaffolds wh8, wh9, wh17, and wh22. We found that H.
medicinalis tends to have larger synthetic blocks matched
to the scaffolds of W. pigra than H. robusta. It suggests
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Fig. 1 Genome annotation and evolution of W. pigra compared with H. robusta and H. medicinalis. A Phylogenetic analysis of leech species by
Maximum Likelihood method based on COI genes. Highlighted with red dots correspond to three leech species compared with in our study.
Posterior probabilities are assigned to the node; B the predicted protein-coding genes with matching entries in the three popular public databases;
C the Venn diagram showed the orthologous genes between W. pigra and H. medicinalis (top panel), and between W. pigra and H. robusta (bottom
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The expansion and contraction of gene family in the W.

pigra genome

After analysis of gene synteny, we further analyzed the
expansion and contraction of gene family among the
seven species: H. robusta, Lottia gigantea, Capitella tel-
eta, Schmidtea mediterranea, Schistosoma mansoni, W.
pigra, H. medicinalis. We first compared the predicted

proteomes of seven species using OrthoFinder [16],

yielding a total of 13563 orthologous gene families

that comprised 108245 genes. The gene families and
their numbers of members for the seven species were
supplied to the software package CAFE (v4.1) [17].
Then CAFE applied the likelihood model to identify
the expanded and contracted gene family along each
branch of the phylogenetic tree. Finally, we found 1488,
832 and 1266 gene families expanded in W. pigra, H.
medicinalis and H. robusta, respectively (Fig. 1D). Of
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Table 1 Summary for genome sequencing, assembly and annotation
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H. robusta W. pigra H. medicinalis H. medicinalis

(Ref [7]) (this study) (Ref [8]) (Ref [9])
Size of genome assembly 228 Mbp 177 Mbp 187Mbp 177Mbp
Num. of Scaffolds 1,993 10,050 14,042 19,929
Num. of scaffolds (> 2Kbp) 1124 3495 5277 10128
Scaffold N50 3,060 Kbp 728 Kbp 97 Kbp 504Kbp
Total reads 3,176,156 118,388,619 62,184,084 NA
Reads mapping to genome (%) 2,839,951 (89%) 112,480,685 (95%) NA NA
Sequencing coverage depth 7.92X 100X 73X 146X
Repetitive content (%) 33 23 NA 24
GC (%) 33 35 41 35
Num. of predicted genes 23,4002 26,7432 14,5962 172052
Protein length 376 438 464 NA
Mean exon length 203 bp 205 bp 224 NA
Mean intron length 526 bp 391 bp 716 NA
Mean number of exons per gene 6.1 6.4 8 NA

Note: ® The genome of H. robusta (Ref7), W. pigra (this study), H. medicinalis (Ref8), H. medicinalis (Ref9) were annotated using Genewise, BRAKER_v2, AUGUSTUS_v3
and MAKER_v2, respectively. NA, the data is not available in the references. GC, fraction of guanine plus cytosine nucleobases. Scaffold N50, the length such that half

of the assembled sequence is in scaffolds longer than this length

these families, there are 63, 1 and 59 families that are
evolving rapidly (P<0.05) in W. pigra, H. medicinalis
and H. robusta, respectively (Fig. 1E). These rapidly
evolving families are species-specific and little over-
lap between the two species (Fig. 1E). To reveal the
molecular function and structural domain of these rap-
idly evolving families, we performed enrichment analy-
ses by gene ontology terms and interPro domains. The
enrichment results showed a clear difference among
the three leech species. For W. pigra, the expanded
families are enriched in the following functions: protein
histidine kinase activity, O—acyltransferase activity,
thiamine pyrophosphate binding, carbohydrate bind-
ing, proteolysis, etc. For H. robusta, the expanded fam-
ilies are mainly enriched in functions such as sodium
channel activity, sodium ion transport, zinc ion bind-
ing, and RNA—-DNA hybrid ribonuclease activity.
For H. medicinalis, only two functions endopeptidase
inhibitor activity and extracellular region are enriched
(Fig. 3A). In contrast, for the contracted families, there
are little go terms enriched in W. pigra and H. robusta,
but more go terms enriched in H. medicinalis. For
example, iron ion binding, heme binding, proteolysis,
and sodium channel activity functions are enriched by
the contracted family in H. medicinalis (Fig. 3C). Cor-
responding to these functions, specific protein domains
are enriched in different leeches (Fig. 3B and D). These
results imply the three species may take different adap-
tive strategies. And the different functions and domains
are potentially related to environmental adaptation and
bioactive peptides properties of the three leech species.

Phylogenetic analysis and sequence alignment

of the hirudin gene family

As the most well-studied natural anticoagulant from
leeches, hirudin has served as a standard for design-
ing natural coagulation inhibitors [18]. Hirudin may
be useful in the therapy of thrombosis because of
its specific antithrombin effects [19]. We identified
two hirudin genes g14352 and g17108 (Fig. 4A) in W.
pigra in this study. We named g14352 and g17108 as
hirudin_1, hirudin_2, respectively (Fig. 5). For com-
parison, we also identified three hirudin genes g9136,
g9138, and g9139 in H. medicinalis. These five hiru-
din genes and 38 hirudin-like sequences from protein
database UniProt were used to clarify the phyloge-
netic relationships of these hirudin genes (Fig. 4A).
They are clustered into three clades (named Groups 1,
2 and 3) (Fig. 4A). Three groups are highly supported
with bootstrap value (74, 99, and 100, for Groups 1,
2 and 3, respectively). The sequences (Group 3) from
W. pigra do not cluster with the other hirudin genes.
Groups 1, 2 and 3 follow different cysteine patterns
CX(7)CX(1)CX(5)CX(5)CX(10)C, CX(7)CX(1)CX(5)
CX(5)CX(8)C, and CX(8)CX(1)CX(5)CX(5)CX(10)C,
respectively (Fig. 4B). The pattern of group 1 is the
typical cysteine pattern of the hirudin. In contrast,
gene g17108 (hirudin_2) of W. pigra shows the third
cysteine pattern, which inserts an extra amino acid
between the first and second cysteines. In addition,
we have calculated the pairwise similarities among
the hirudin sequences (Fig. S2). Within the group,
the pairwise similarities of hirudins are more than
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Fig. 2 Syntenic relationships between W. pigra and H. medicinalis, and between W. pigra and H. robusta. The top panel represents the syntenic
relationships between W. pigra and H. medicinalis. The bottom panel shows the syntenic relationships between W. pigra and H. robusta. The scaffolds
will be connected if they share similar genes. The width of link represents the number of shared genes
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Fig. 4 Sequence analysis of the hirudin gene family. A Phylogenetic analysis of hirudin gene family from the species of family Hirudinidae. The tree
was inferred by using the Maximum Likelihood method and JTT matrix-based model Likelihood method. B Multiple alignments of the amino acid
sequences of hirudin proteins
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60%. In different groups, the pairwise similarities of
hirudins are between 30 and 60%. Whether between
G2 and G1 or between G3 and G1, the pairwise simi-
larities are always below 60%. The gene g17108 (hiru-
din_2) is a new kind of hirudin, which has not been
reported before. The actual function of the three
hirudin in W. pigra deserves further experiment
investigation.

Genome-wide distribution and gene structure of hirudin
genes

Although there are a lot of studies about hirudin, the
genome-wide distribution and gene structure of hirudin
have not been reported. By sequence searching, we found
that g14352 (hirudin_1) and g17108 (hirudin_2) are
located at different scaffolds 5072 and 278, respectively
(Fig. 5A). The left and right sides of g17108 (hirudin_2)
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Table 2 The exploration of five class of active substances in W. pigra, H. medicinalis and H. robusta
Modes of action Bioactive molecules Gene copy Gene copy Gene copy
(H. robusta) (W. pigra) (H.
medicinalis)
Analgesic and anti-inflammatory effect Antistasin 6 9 5
Hirustasin 0 18 7
Ghilanten 9 10 7
Extracellular matrix degradation Hyaluronidase 1 4 5
Inhibition of platelet function Saratin 1 4 1
Anticoagulant effect hirudin 0 2 3
Factor Xa inhibitor 2 1 1
Therostasin 5 4 2
Destabilase | * 0 5 2
Antimicrobial effect Destabilase | ® 0 5 2
Total 24 57 33

@ Destabilase |, involved in anticoagulant effect and antimicrobial effect

are surrounded by multiple genes (24 and 69 genes,
respectively). We can infer that the two genes are sepa-
rated by great distances (>210 Kbp). It suggested a lot
of genome rearrangement events happened after gene
duplication of hirudin genes. Furthermore, gene struc-
tures of the two hirudin genes are also different. g14352
(hirudin_1) only has three exons. In contrast, g17108
(hirudin_2) has four exons, which encode a signal pep-
tide and a longer tail. Therefore, protein hirudin_2 has a
longer sequence than hirudin_1 (Fig. 5B).

Exploration and gene expression of bioactive ingredients
in the W. pigra genome

There are more than 20 bioactive substances identified
from leeches, such as Antistasin, hirustasin, ghilantens,
hirudin [2, 6, 20, 21]. These molecules have analgesic,
anti-inflammatory, anticoagulant, platelet inhibitory,
thrombin regulatory functions, and so on. W. pigra
and H. medicinalis belong to the family Hirudinidae.
In contrast, H. robusta belongs to the family Glossi-
phoniidae. The detailed gene copies of these bioactive
substances in different leech species is still unknown.
It is essential to identify and compare these active mol-
ecules in different leeches. Using genome data, we sys-
tematic explored and compared five classes of active
substances in W. pigra, H. medicinalis and H. robusta
(Table 2). All 9 common active molecules were found in
W. pigra. It is noteworthy that hirustasin, hirudin and
destabilase I genes are absent in the H. robusta. There
are far more gene copies for the active molecules in W.
pigra than in H. robusta (57 vs 24). W. pigra exceeds H.
robusta in both kinds and gene number of active mol-
ecules. The gene copy of bioactive ingredients of W.
pigra also exceeds that of H. medicinalis. To make full

use of the available RNA-seq data, we examined the
gene expression of bioactive peptide in W. pigra with
the overall gene expression as reference. We divided
all genes of W. pigra into four parts (No expression,
Low, Medium, High). The expression of these genes is
shown in Fig. 5C. All kinds of bioactive peptides were
expressed (Fig. 5D). Of these peptides, antistasin,
therostasin, and hirudin have higher expression, while
factor Xa inhibitor and ghilanten have lower expres-
sion. The result implies that these bioactive peptides
may play different roles in the survival of W, pigra.

Discussion

“Medicinal leech” represents the leeches in the family
Hirudinidae of the order hirudinida. Medicinal leeches
have been widely utilized in medical procedures for
thousands of years and were approved by the US Food
and Drug Administration in June, 2004 as a medical
device due to their mechanically relieving venous con-
gestion and delivering anti-coagulants [22, 23]. W pigra
is the most commonly available from Chinese commer-
cial leech market. Although its importance in medicine
and the significance of medicinal leeches in biological
research, there is no genome data available for any spe-
cies in the family Hirudinidae until 2020. The genome of
H. robusta has been sequenced to study bilaterian evolu-
tion in 2013. H. robusta is a leech of the family Glossi-
phoniidae, which is very far from the family Hirudinidae
[24]. The genome of H. medicinalis in the family Hirudi-
nidae has been reported recently and studied from dif-
ferent perspectives [8, 9]. In this study, we reported the
genome of W. pigra, another medicinal leech in the fam-
ily Hirudinidae. We characterized the genome by analy-
sis of gene synteny, gene family and the gene copies of
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bioactive molecules and comparing them with H. robusta
and H. medicinalis.

The results of the expansion and contraction of gene
family revealed very clear different patterns among W.
pigra, H. medicinalis and H. robusta. This suggests that
the three leech species used different survival strategies
to adapt to living environment. These results also suggest
that although W. pigra and H. medicinalis both are medi-
cal leeches, they displayed different patterns of expanded
and contracted families. Therefore, the features of one
leech species cannot simply be applied to another leech
species. Specially must point out here, while W, pigra and
H. medicinalis both are used medicinally, the two spe-
cies have very different feeding habits. H. medicinalis is
sanguivorous by its two suckers. In contract, W. pigra
is predatory and feeds primarily by swallowing other
invertebrates. Therefore, all differences between W. pigra
and H. medicinalis are due to the selection pressure of
survival, not that humans used them for medicine. The
details of how the selection pressure shapes the differ-
ence of gene family deserve further investigation.

In respect of active substances, we found a huge differ-
ence between W. pigra and H. robusta after systematic
comparison of five classes of active substances. Hiru-
din, hirustasin, and destabilase I genes are absent in H.
robusta. In contrast, all nine common active molecules
were found in W. pigra. There are two hirudin genes in
W. pigra. Furthermore, two hirudin genes display differ-
ent cysteine patterns in the protein sequence. The gene
g17108 (hirudin_2) is a new kind of hirudin, which has
not been reported before. It remains unknown that the
detailed role of anticoagulant peptides in the life his-
tory of W. pigra, as predatory animals. The comparison
of this gene g17108 (hirudin_2) with all available hiru-
din sequence may provide insight into the development
of a new hirudin with more potent activity. Significantly,
although W. pigra and H. medicinalis are both medicinal
leeches, the gene copy of bioactive ingredients of W. pigra
far exceeds that of H. medicinalis. It is worth noting that
the difference in gene copies between the two species
may partly be due to the usage of different gene annota-
tion tools. The genome of H. robusta [7], W. pigra (this
study), H. medicinalis (8], H. medicinalis [9] were anno-
tated using Genewise, BRAKER v2, AUGUSTUS_v3 and
MAKER_v2, respectively. Ideally, all comparisons should
be done with uniform standards and methods.

In the recent studies of H. medicinalis genome, both
Babenko VV and Kvist S explored the bioactive peptides
in H. medicinalis. The study of Kvist S focused on the 18
well-characterized leech-derived proteins related to anti-
hemostasis. While Babenko VV performed proteomic
analysis and compared salivary cell secretions from three
medicinal leech species, H. medicinalis, H. orientalis, and
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H. verbena. They described and analyzed the enzymes
including proteases, superoxide dismutase, hyaluroni-
dase, etc., proteinase inhibitors and molecules involved
in adhesion. Our study explored nine classes of bioactive
peptides with five biological effects such as analgesic and
anti-inflammatory effect, extracellular matrix degrada-
tion, inhibition of platelet function, anticoagulant effect
and antimicrobial effect (Table 2). Our result is similar
to the result of Kivst et al and Babenko VV et al. This
study identified three hirudin genes g9136 (Groupl),
g9138 (Group2), and g9139 (Group2) in the genome of H.
medicinalis, which are the same in the study of Babenko
VV et al. However, only two genes g9136 (Groupl) and
g9139 (Group2) were identified by Kivst et al. The author
explained that miss genes may be present in the unse-
quenced parts of the genome. Many other peptides are
not covered simultaneously by all three studies. All bio-
active peptides mentioned by this study and the other
studies deserve further investigation with uniform stand-
ards and methods.

Conclusions

In summary, the genome of another medicinal leech (W.
pigra) was reported in this study. The genomes of three
leech species, W. pigra, H. medicinalis and H. robusta,
show many differences in the respects of orthologous
genes, gene synteny and gene family. Furthermore, W.
pigra exceeds H. robusta in both kind and gene num-
ber of active substances, such as hirudin, hirustasin, and
destabilase I genes. This study pointed out the differences
in the genome of two medicinal leeches, W. pigra and H.
medicinalis and provided insight into the exploration and
development of bioactive molecules of medicinal leeches.

Methods

Sample preparation and genome and RNA sequencing

A total of seven samples of W. pigra were collected
from East Lake in Wuhan, China (GPS Coordinates:
E99°17/23.62", N25°12/68.55"). Animal care and handling
were conducted in accordance with the stipulations of
Ethics Committee of Kunming University. Genomic DNA
was extracted from the whole body of one single sample
without gastric tracts and blood. Two short paired-end
(300 and 500 bp) and three mate-end (5, 8, and 10 Kbp,
respectively) sequencing libraries were constructed with
the standard protocol provided by Illumina (San Diego,
United States), and then sequenced on an Illumina HiSeq
platform. Low-quality and duplicated reads were filtered
out through fastp (v0.20.0) software [25].

For RNA-seq, RNA extraction and sequencing were
performed as previously described [13]. Briefly, tissues
cleaned off gastric tracts and the blood were preserved
in liquid nitrogen for RNA extraction. Total RNAs were
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purified with RNA Easy Kit (QIANGEN, German). Total
RNA yields and the quality were measured by agarose
gel electrophoresis and spectrophotometer (Thermo,
USA). And mRNA was isolated with Oligo-dT Purist Kit
(TaKaRa, Japan). The Illumina TruSeq RNA sample prep-
aration kit (San Diego, United States) was used to prepare
the library. Then the library was sequenced by Illumina
HiSeq platform at Biomarker Technologies company in
China.

Estimation of genome sizes and genome assembly
Genome sizes were estimated using JELLYFISH [26]
and GenomeScope [27] with an optimal k-mer size
(K-mer=23). Genome sizes were calculated from the
following equation: Genome size = 23-mer_number /
23-mer_depth, where 23-mer_number is the total num-
ber of each unique 23-mer and 23-mer depth is the high-
est frequency that occurred. Consequently, the estimated
genome size of W. pigra was ~ 162 Mbp. By taking the
estimated genome size as a reference, total sequence
data accounted for ~100-fold coverage. The clean reads
were used for de novo assembly by Platanus (v1.2.4) [28]
with default parameters. Subsequently, intra-scaffold
gaps were filled using the reads of short-insert libraries
by gap_close command. The final assembled genome size
was ~ 177 Mbp. The summary for assembly results is list
in Table 1. Only scaffolds with lengths longer than 500 bp
were used in further analyses.

Genome annotation

Homolog and de novo strategies were both applied to iden-
tify the repetitive sequence in the W. pigra genome. Soft-
ware LTRfinder (v1.07) [29] and RepeatModeler (v1.0.11,
http://www.repeatmasker.org/RepeatModeler) were used
for ab initio prediction. The results obtained from these
tools were combined to form a new repetitive sequence
database. This database was then merged with Repbase
[30, 31]. Repetitive sequences in the W, pigra genome were
identified by homolog searching with the final merged
database by RepeatMasker (v1.332) [32]. We identified
40 Mbp repetitive sequences, which accounted for 23%
of the W. pigra assembled genome (Table 1). Protein cod-
ing genes were predicted using GeneMark-ES (v4.3.8) and
AUGUSTUS (v3.3.0) implemented in the BRAKER2 pipe-
line [33, 34] using RNA-seq alignments as evidence. The
RNA-seq bam files generated by HISAT2 [35, 36] were
combined and fed into BRAKER. A total of 26,743 protein-
coding genes were generated for the W. pigra genome.

All protein sequences from the BRAKER? results were
aligned to TrEMBL and UniProt [37] databases using
BlastP at E-value <le™. Gene functions were also anno-
tated using the InterProScan software [38—40] by search-
ing publically available databases including Pfam [41, 42],
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PRINTS [43], ProDom [44] and SMART [45]. In sum-
mary, approximately 95% (25,496/26,743) of the genes
were supported by at least one related function assign-
ments from the public databases (TrEMBL, UniProt, and
InterPro).

Comparative genomic analysis

To define gene families that descended from a single gene
in the last common ancestor, we downloaded the protein-
coding genes of H. robusta, Lottia gigantea, Capitella
teleta, Schmidtea mediterranea, Schistosoma mansoni
from NCBI. The protein-coding genes of H. medicinalis
were downloaded from http://download.ripcm.com/hir-
udo_genome. The protein-coding genes of W. pigra were
derived from BRAKER2. All proteins of the seven species
were processed with OrthoFinder-Diamond (v1.1.10) to
provide information about orthologous gene families.
OrthoFinder is robust to incomplete models, differ-
ing gene lengths, and larger phylogenetic distances [16].
Gene families (orthogroups) in OrthoFinder are defined
as homologous genes descended from a single gene from
the last common ancestor of the species examined. It is
assumed that a parental gene of each orthogroup was
present in the common ancestor of the seven species
investigated. We applied the likelihood model imple-
mented in the software package CAFE (v4.1) [17] to iden-
tify the expanded and contracted gene family along each
branch of the phylogenetic tree. The phylogenetic tree
was constructed in the process of defining gene families.
The syntenic blocks based on the protein-coding genes
locations in the genome were calculated by software
MCScanX with default parameters.

Phylogenetic analysis of gene family

Protein sequences in the gene family were aligned using
Clustal W [46] with fine adjustment by hand. Then the
aligned sequences were used for phylogenetic analy-
sis using MEGA X [47]. The evolutionary history was
inferred by using the Maximum Likelihood method and
JTT matrix-based model [48]. The percentage of trees
in which the associated taxa clustered together is shown
next to the branches. Initial tree(s) for the heuristic search
were obtained automatically by applying Neighbor-Join
and BioN]J algorithms to a matrix of pairwise distances
estimated using a JTT model, and then selecting the
topology with superior log likelihood value. The tree is
drawn to scale, with branch lengths measured in the num-
ber of substitutions per site. The default parameters were
used for sequence alignment, phylogenetic analysis.

Abbreviations
W. pigra: Whitmania pigra; H. medicinalis: Hirudo medicinalis; H. robusta: Helob-
della robusta; RBHs: Reciprocal best blast hits.
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Additional file 1: Supplementary figure S1 and S2. Figure S1. Geno-
meScope Analysis of the 23-mers for W. Pigra genome sequencing data.
Estimate of the heterozygous portion is 0.765%. The estimated genome
size of W. Pigra was ~ 162 Mbp. Figure S2. The heatmap displays the
pairwise similarities values among the Hirudin sequences in Fig. 4. The
Hirudin sequences belong to G1, G2, G3, respectively. Within the group,
the pairwise similarities of Hirudins are more than 60%. In contrast, in
different groups, the pairwise similarities of Hirudins are between 30 and
60%. Whether between G2 and G1 or between G3 and G1, the pairwise
similarities are always below 60%.

Acknowledgements
We thank our colleagues, Drs. Gong-Hua Li and Wen-Xing Li for helpful com-
ments on the manuscript.

Authors’ contributions

Conceived and designed the experiments: ZCL, SXD, and LT. Performed the
experiments: LT, DJK. Analyzed the data: SXD, PPY, XT, and YQZ. Wrote the
paper: ZCL, SXD, LT, DJK, PPY, XT, XRT, XXB, YS, and YQZ. All authors read and
approved the final manuscript.

Funding

This work was supported by grants from the National Natural Science
Foundation of China (31360516, 31401142 and 32160153), the Joint
Special Project of Universities in Yunnan (2017FH001-004), Yunnan
Provincial Training Programs of Youth Leader in Academic and Technical
Reserve Talent (2018HB101 and 202105AD160008), Yunnan Provincial Ten
Thousand People Plan, the start-up fund of Kunming university of science
and technology (KKZ3201927005), and Yunnan Fundamental Research
Projects (2019FB050). The funding bodies played no role in the design of
the study and collection, analysis, and interpretation of data and in writ-
ing the manuscript.

Availability of data and materials

All of the raw data generated in this study have been deposited in the
National Center for Biotechnology Information (NCBI) [49] under BioProject
accession PRINA792259 that is publicly accessible at https://www.ncbi.
nim.nih.gov/bioproject/PRINA792259/. All other data are available from the
authors upon reasonable request.

Declarations

Ethics approval and consent to participate

Animal care and handling were conducted in accordance with the stipulations
of Ethics Committee of Kunming University. W. pigra is a common medicinal
leech species which is widely distributed in China. It is not included in any list
of endangered or vulnerable species. It is permitted to collect some samples
for medicinal or scientific purposes.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

"Engineering Research Center for Exploitation and Utilization of Leech
Resources in Universities of Yunnan Province, School of Agronomy and Life
Sciences, Kunming University, Kunming 650214, China. *State Key Laboratory
of Primate Biomedicine Research; Institute of Primate Translational Medicine,
Kunming University of Science and Technology, Kunming 650500, China.
3Department of Integrative Biology and Physiology, University of California,
Los Angeles, Los Angeles, CA 90095, USA.

Page 12 of 13

Received: 22 May 2020 Accepted: 1 January 2022
Published online: 24 January 2022

References

1. Joslin J, Biondich A, Walker K, Zanghi N. A comprehensive review of
hirudiniasis: from historic uses of leeches to modern treatments of
their bites. Wilderness Environ Med. 2017;28:355-61.

2. Zaidi SM, Jameel SS, Zaman F, Jilani S, Sultana A, Khan SA. A systematic

overview of the medicinal importance of sanguivorous leeches. Altern

Med Rev. 2011;16:59-65.

Zhang Y. Why do we study animal toxins? Zool Res. 2015;36:183.

4. Whitaker IS, Izadi D, Oliver DW, Monteath G, Butler PE. Hirudo medici-
nalis and the plastic surgeon. Br J Plast Surg. 2004;57:348-53.

5. Kuo DH, Lai YT. On the origin of leeches by evolution of development.
Develop Growth Differ. 2019,61:43-57.

6. LiuZ Tong X, SuY,Wang D, Du X, Zhao F, et al. In-depth profiles of
bioactive large molecules in saliva secretions of leeches determined
by combining salivary gland proteome and transcriptome data. J
Proteome. 2019;200:153-60.

7. Simakov O, Marletaz F, Cho SJ, Edsinger-Gonzales E, Havlak P, Hellsten
U, et al. Insights into bilaterian evolution from three spiralian genomes.
Nature. 2013;493:526-31.

8. Babenko VV, Podgorny OV, Manuvera VA, Kasianov AS, Manolov Al
Grafskaia EN, et al. Draft genome sequences of Hirudo medicinalis and
salivary transcriptome of three closely related medicinal leeches. BMC
Genomics. 2020;21:331.

9. Kvist S, Manzano-Marin A, de Carle D, Trontelj P, Siddall ME. Draft genome
of the European medicinal leech Hirudo medicinalis (Annelida, Clitellata,
Hirudiniformes) with emphasis on anticoagulants. Sci Rep. 2020;10:9885.

10. Phillips AJ, Siddall ME. Poly-paraphyly of Hirudinidae: many lineages of
medicinal leeches. BMC Evol Biol. 2009,9:246.

11. Khan MS, Guan DL, Kvist S, Ma LB, Xie JY, Xu SQ. Transcriptomics and
differential gene expression in Whitmania pigra (Annelida: Clitellata:
Hirudinida: Hirudinidae): contrasting feeding and fasting modes. Ecol
Evol. 2019;9:4706-19.

12. LiuZ,WangY,Tong X, SuY, Yang L, Wang D, et al. De novo assembly and
comparative transcriptome characterization of Poecilobdella javanica
provide insight into blood feeding of medicinal leeches. Mol Omics.
2018;14:352-61.

13. Liu Z Zhao F,Tong X, Liu K, Wang B, Yang L, et al. Comparative transcrip-
tomic analysis reveals the mechanism of leech environmental adaptation.
Gene. 2018;,664:70-7.

14. Dong H, Ren JX, Wang JJ, Ding LS, Zhao JJ, Liu SY, et al. Chinese medicinal
leech: ethnopharmacology, phytochemistry, and pharmacological activi-
ties. Evid Based Complement Alternat Med. 2016;2016:7895935.

15. Wang Y, Tang H, Debarry JD, Tan X, Li J, Wang X, et al. MCScanX: a toolkit
for detection and evolutionary analysis of gene synteny and collinearity.
Nucleic Acids Res. 2012;40:e49.

16. Emms DM, Kelly S. OrthoFinder: solving fundamental biases in whole
genome comparisons dramatically improves orthogroup inference
accuracy. Genome Biol. 2015;16:157.

17. De BieT, Cristianini N, Demuth JP, Hahn MW. CAFE: a computational tool
for the study of gene family evolution. Bioinformatics. 2006;22:1269-71.

18. Muller C, Haase M, Lemke S, Hildebrandt JP. Hirudins and hirudin-like fac-
tors in Hirudinidae: implications for function and phylogenetic relation-
ships. Parasitol Res. 2017;116:313-25.

19. Markwardt F. Hirudin as alternative anticoagulant--a historical review.
Semin Thromb Hemost. 2002;28:405-14.

20. Hildebrandt JP, Lemke S. Small bite, large impact-saliva and salivary mol-
ecules in the medicinal leech, Hirudo Medicinalis. Naturwissenschaften.
2011;98:995-1008.

21. Hibsh D, Schori H, Efroni S, Shefi O. De novo transcriptome assembly
databases for the central nervous system of the medicinal leech. Sci Data.
2015;2:150015.

22. Derganc M, Zdravic F. Venous congestion of flaps treated by application
of leeches. Br J Plast Surg. 1960;13:187-92.

23. Rados C. Beyond bloodletting: FDA gives leeches a medical makeover.
FDA Consum. 2004;38:9.

w


https://doi.org/10.1186/s12864-022-08290-5
https://doi.org/10.1186/s12864-022-08290-5
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA792259/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA792259/

Tong et al. BMC Genomics

24.

25.
26.

27.

28.

29.
30.
31
32.
33

34

35.

36.

37.
38.
39.

40.

41.

42.

43.

45.
46.
47.
48.

49.

(2022) 23:76

Apakupakul K, Siddall ME, Burreson EM. Higher level relationships of
leeches (Annelida: Clitellata: Euhirudinea) based on morphology and
gene sequences. Mol Phylogenet Evol. 1999;12:350-9.

Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra-fast all-in-one FASTQ preproc-
essor. Bioinformatics. 2018;34:1884-90.

Marcais G, Kingsford C. A fast, lock-free approach for efficient parallel
counting of occurrences of k-mers. Bioinformatics. 2011,27:764-70.
Vurture GW, Sedlazeck FJ, Nattestad M, Underwood CJ, Fang H, Gurtowski
J, et al. GenomeScope: fast reference-free genome profiling from short
reads. Bioinformatics. 2017;33:2202-4.

Kajitani R, Toshimoto K, Noguchi H, Toyoda A, Ogura Y, Okuno M, et al.
Efficient de novo assembly of highly heterozygous genomes from whole-
genome shotgun short reads. Genome Res. 2014;24:1384-95.

Xu Z, Wang H. LTR_FINDER: an efficient tool for the prediction of full-
length LTR retrotransposons. Nucleic Acids Res. 2007;35:W265-8.

Bao W, Kojima KK, Kohany O. Repbase update, a database of repetitive
elements in eukaryotic genomes. Mob DNA. 2015,6:11.

Jurka J. Repeats in genomic DNA: mining and meaning. Curr Opin Struct
Biol. 1998;8:333-7.

Tarailo-Graovac M, Chen N. Using RepeatMasker to identify repetitive elements
in genomic sequences. Curr Protoc Bioinformatics. 2009,Chapter 4:Unit 4-10.
Hoff KJ, Lomsadze A, Borodovsky M, Stanke M. Whole-Genome annota-
tion with BRAKER. Methods Mol Biol. 2019;1962:65-95.

Lomsadze A, Burns PD, Borodovsky M. Integration of mapped RNA-Seq
reads into automatic training of eukaryotic gene finding algorithm.
Nucleic Acids Res. 2014:42:¢119.

Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low
memory requirements. Nat Methods. 2015;12:357-60.

Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph-based genome
alignment and genotyping with HISAT2 and HISAT-genotype. Nat Bio-
technol. 2019;37:907-15.

UniProt Consortium T. UniProt: the universal protein knowledgebase.
Nucleic Acids Res. 2018;46:2699.

Zdobnov EM, Apweiler R. InterProScan--an integration platform for the
signature-recognition methods in InterPro. Bioinformatics. 2001;17:847-8.
Mulder N, Apweiler R. InterPro and InterProScan: tools for protein sequence
classification and comparison. Methods Mol Biol. 2007;396:59-70.

Jones P, Binns D, Chang HY, Fraser M, Li W, McAnulla C, et al. InterPro-
Scan 5: genome-scale protein function classification. Bioinformatics.
2014;30:1236-40.

El-Gebali S, Mistry J, Bateman A, Eddy SR, Luciani A, Potter SC, et al.

The Pfam protein families database in 2019. Nucleic Acids Res.
2019;47:D427-32.

Finn RD, Coggill P Eberhardt RY, Eddy SR, Mistry J, Mitchell AL, et al.

The Pfam protein families database: towards a more sustainable future.
Nucleic Acids Res. 2016;44:D0279-85.

Attwood TK, Coletta A, Muirhead G, Pavlopoulou A, Philippou PB, Popov |,
et al. The PRINTS database: a fine-grained protein sequence annotation and
analysis resource—its status in 2012. Database (Oxford). 2012;2012:bas019.
Servant F, Bru C, Carrere S, Courcelle E, Gouzy J, Peyruc D, et al. ProDom: auto-
mated clustering of homologous domains. Brief Bioinform. 2002;3:246-51.
Letunic |, Bork P. 20 years of the SMART protein domain annotation
resource. Nucleic Acids Res. 2018;46:D0493-6.

Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, McWilliam
H, et al. Clustal W and clustal X version 2.0. Bioinformatics. 2007,23:2947-8.
Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: molecular evolutionary
genetics analysis across computing platforms. Mol Biol Evol. 2018;35:1547-9.
Jones DT, Taylor WR, Thornton JM. The rapid generation of mutation data
matrices from protein sequences. Comput Appl Biosci. 1992;8:275-82.
Katz K, Shutov O, Lapoint R, Kimelman M, Brister JR, O'Sullivan C. The
Sequence Read Archive: a decade more ofexplosive growth. Nucleic
Acids Res. 2021;50:0387-390.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	The genome of medicinal leech (Whitmania pigra) and comparative genomic study for exploration of bioactive ingredients
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Summary of genome assembly and annotation for W. pigra
	Syntenic blocks among the genomes of W. pigra, H. medicinalis and H. robusta
	The expansion and contraction of gene family in the W. pigra genome
	Phylogenetic analysis and sequence alignment of the hirudin gene family
	Genome-wide distribution and gene structure of hirudin genes
	Exploration and gene expression of bioactive ingredients in the W. pigra genome

	Discussion
	Conclusions
	Methods
	Sample preparation and genome and RNA sequencing
	Estimation of genome sizes and genome assembly
	Genome annotation
	Comparative genomic analysis
	Phylogenetic analysis of gene family

	Acknowledgements
	References


