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Abstract

We report the establishment of an efficient and heritable gene mutagenesis method in the silkworm Bombyx mori using
modified type II clustered regularly interspaced short palindromic repeats (CRISPR) with an associated protein (Cas9) system.
Using four loci Bm-ok, BmKMO, BmTH, and Bmtan as candidates, we proved that genome alterations at specific sites could
be induced by direct microinjection of specific guide RNA and Cas9-mRNA into silkworm embryos. Mutation frequencies of
16.7–35.0% were observed in the injected generation, and DNA fragments deletions were also noted. Bm-ok mosaic
mutants were used to test for mutant heritability due to the easily determined translucent epidermal phenotype of Bm-ok-
disrupted cells. Two crossing strategies were used. In the first, injected Bm-ok moths were crossed with wild-type moths,
and a 28.6% frequency of germline mutation transmission was observed. In the second strategy, two Bm-ok mosaic mutant
moths were crossed with each other, and 93.6% of the offsprings appeared mutations in both alleles of Bm-ok gene
(compound heterozygous). In summary, the CRISPR/Cas9 system can act as a highly specific and heritable gene-editing tool
in Bombyx mori.

Citation: Wei W, Xin H, Roy B, Dai J, Miao Y, et al. (2014) Heritable Genome Editing with CRISPR/Cas9 in the Silkworm, Bombyx mori. PLoS ONE 9(7): e101210.
doi:10.1371/journal.pone.0101210

Editor: Zhiyuan Gong, National University of Singapore, Singapore

Received December 25, 2013; Accepted June 4, 2014; Published July 11, 2014

Copyright: � 2014 Wei et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by the grants from the National Natural Science Foundation of China (31171278, 31271542, 31372374/C1703) and the
National Basic Research Program of China (2012CB114601). The funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* Email: gaogu@mail.tsinghua.edu.cn (GG); miaoyg@zju.edu.cn (YM)

. These authors contributed equally to this work.

Introduction

The silkworm Bombyx mori is a model organism for lepidopteran

research and an important economic species due to the high

demand for silk products. Despite its importance, genomic

research lags behind other models such as Drosophila, zebrafish,

yeast, and Arabidopsis, and a complete genetic variation map was

not constructed until 2009 [1]. The biological functions of most of

the genes remain elusive, particularly those related to silk protein

synthesis, organ development, and cellular immunity. Although

limited gene targeting with baculovirus is available in silkworm,

there is an urgent need to develop further genetic engineering

methods to improve research on gene function [2].

Zinc-finger nucleases (ZFNs) and transcription activator-like

effector nucleases (TALENs) have been used for genomic

manipulation in Bombyx mori [3,4]. However, ZNFs and TALENs

are based on engineered nucleases, which need time-consuming

subclone and preselection processes [5]. PiggyBac transposon-

derived vector may have a random insertion problem, and RNAi

sometimes can not completely disrupt the gene’s function [6].

CRISPR/Cas9 system was recently used for successful genome

editing in a wide range of organisms including yeast [7],

nematodes [8,9], fruit flies [10–12], zebrafish [13], mammalian

cell lines [14–16], mice [17], and plants [18]. It reveals that the

CRISPR/Cas9 system is a promising strategy for genetic

modification in Bombyx mori [6,19]. Cas9 endonuclease is directed

to the desired genomic site by a 20 bp single-strand guide RNA

(sgRNA), and produces double-strand breaks (DSBs) at the target

site. This activates non-homologous end joining (NHEJ) pathway

in cells, which introduces random mutations at the cleavage site

[20].

The aim of this study was to develop the CRISPR/Cas9 system

as a highly specific and efficient technique to induce heritable gene

alterations in Bombyx mori. We chose four silkworm genes as

candidates to test our method as follows: 1) The Bm-ok gene

(AB780443), which prompts a change in the larval cortex from

translucent to turbid and also prompts the later development of an

oily skin phenotype. This phenotype is easily determined visually,

making it an ideal gene-targeting test locus [21,22]. 2) The

Kynurenine 3-monooxygenase (BmKMO) gene (AB063490), whose

protein has a role in larval malpighian tubules and pupal ovary

formation [23]. 3) The Tyrosine hydroxylase (BmTH) gene

(AB439286), which can also affect insect body color and the

innate immune response [24,25]. 4) The Bmtan gene (AB499125).

This encodes the Tan protein, which is involved in silkworm

pigment formation [26,27]. These four genes are of significant

economic importance due to their associations with development,

fertility, and immunity in Bombyx mori.

In this study, we carefully designed sgRNAs for each gene and

microinjected embryos with a mixture of synthetic Cas9-mRNA

and the appropriate sgRNA. Our experiments proved the

effectiveness of the CRISPR/Cas9 system in Bombyx mori, which

will greatly facilitate the functional dissection of the Bombyx mori

genome in the near future.
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Methods

Silkworm strains
The P50 silkworm strain was used in our experiment. It was

treated for preventing diapause according to Zhao et al. (2012)

method [28]. This strain was maintained at Zhejiang University

(Hangzhou, China). Larvae were reared on fresh mulberry leaves

under standard conditions at 25uC in rearing tray.

Target design and in vitro synthesis of sgRNAs and Cas9-
coding mRNA

Eight DNA fragments within the exons of the four genes were

chosen, with 59-GGG/A-N17/18-NGG-39 sequences as targeting

sites, according to the sgRNA recognition guidelines described by

Yu et al. (2013) for targeted genome mutagenesis in Drosophila [12].

The customized sgRNAs were prepared as previously described

[14,29] (Figure S1C) with transcription performed using a

RiboMAX Large Scale RNA Production Systems-T7 Kit

(Promega, USA). The target sites and sequences of designed

sgRNAs are listed in Table S1. Cas9-mRNA was synthesized in

vitro using a mMESSAGE mMACHINE SP6 Kit (Ambion, USA)

according to previous instructions [12]. Poly(A) signals were added

to the 39 end of capped mRNAs using E. coli Poly(A) polymerase

Kit (New England BioLabs, USA) following the manufacturer’s

protocol.

Microinjection and Cas9/sgRNA-mediated mutation
screens and analysis

Fertilized eggs were collected within 1 hour of oviposition and

microinjection was performed within 4 hours. As showed in Table

S1, except BmKMO had only one target sgRNA, other 3 genes

were targeted by mixed sgRNAs (2 for Bm-ok and Bmtan, 3 for

BmTH) simultaneously. The Cas9-coding mRNA and total

sgRNAs were mixed at final concentrations of 500 ng/ml and

250 ng/ml (about 2–3nl/egg), respectively. Silkworm eggs were

microinjected according to the standard protocol [30] and the

injected eggs were incubated at 25uC for 9–10 days until hatching.

To calculate the efficiency of Cas9/sgRNA-mediated gene

alteration in the injected generation (G0), we collected individual

specimens 8 days after injection to extract enough genomic DNA

for PCR and sequencing. The four primer pairs used are shown in

Table S2. Multiple sequencing peaks at a base position were

indicative of mutation [12]. When multiple peaks were observed,

mixed-individual PCR samples were TA-cloned and sequenced to

determine the exact mutation type. In addition, for the Bm-ok

locus, the change of skin color was used as a marker for mutation

in both the injected silkworms (G0) and the crossed offsprings (G1).

Analysis of germline mutation frequency in Bm-ok locus
Crossing was used to test whether mutations in injected G0

could be germline transmitted to the G1 offspring, and also to

calculate the probability of heredity. Two crossing strategies were

used. First, injected Bm-ok G0 moths were crossed with un-injected

wild-type moths to determine the frequency of germline transmis-

sion in G1 (Crossing Strategy 1; Figure S2A). Second, mosaic

individuals were crossed with each other to acquire G1 offsprings

whose both alleles were mutated but at different locations quickly

(compound heterozygotes. Crossing Strategy 2; Figure S2B).

Potential off-targeting detection
The Off-targeting effect of the CRISPR/Cas9 system in

silkworm was evaluated like this: First, all the potential off-target

sites of the two Bm-ok target loci against the whole silkworm

genome were searched using CasOT searching tool [31]. Second,

PCR amplification to the corresponding off-target sites and DNA

sequencing were performed for the evaluation of the off-targeting

effects.

Results

The CRISPR/Cas9 system introduces mutations in
silkworm with high efficiency

We selected Bm-ok as a candidate gene to test whether the

CRISPR/Cas9 mutagenesis system could work in silkworm

because of the striking skin phenotype alteration that arises upon

disruption of this gene. We injected a mixture of Cas9-coding

mRNA and sgRNAs targeted against two sites within exon 1 into

silkworm eggs. Genomic DNA, followed by PCR and sequencing,

showed that 6 of the 19 examined larvae had alterations at the

target sites. Moreover, 6 of the 25 hatched larvae showed a mosaic

skin phenotype 3 days after 1st instar. The overall mutagenesis

frequency was 31.6% in the injected generation (G0) (Figure 1 and

Table 1).

Following the successful disruption of Bm-ok, we designed

appropriate sgRNAs for BmKMO, BmTH, Bmtan and injected eggs

as previously described. Then the mutation frequencies were

analysed by sequencing of larvae bearing mutation in G0 stage. As

showed in Table S3, the frequency of mutagenesis in G0 was

35.0%, 33.3%, and 16.7% for BmKMO, BmTH, and Bmtan,

respectively (Figure S3, S4 and S5).

The CRISPR/Cas9 system induces a variety of mutation
types at target loci

Target genes were PCR-amplified from genomic DNA of

larvae. PCR products were then TA-cloned and sequenced to

determine the specific mutations induced by the CRISPR/Cas9

system, presumably as a consequence of NHEJ activated by Cas9/

sgRNA-mediated DSBs. Usually point mutations, small insertions

and deletions were the most common types of mutation in all four

genes, but large fragment deletions were also found occasionally.

For the BmKMO gene, we only focused on one site in exon 4, but

deletions as long as 240 bp and 289 bp were found at the target

location (Figure S3). With two target sites located in exon 1, the

largest Bm-ok gene interruption was 130 bp (Figure 1). Three

target sites were used for the BmTH gene, and large fragment

deletion was concomitantly more frequent: a 646-bp deletion

occurred between target site 1 (BmTH-tar1) and target site 3

(BmTH-tar3) that was accompanied by a 20-bp random insertion

in the middle target site 2 (BmTH-tar2), and a 627-bp deletion

occurred between BmTH-tar1 and BmTH-tar3 that was accom-

panied by a 35-bp insertion in BmTH-tar2. These data indicate

that NHEJ induced by DSBs repairs DNA in such a manner as to

produce a number of different types of mutation at the target sites

(Figure S4).

Usually, one double strand break orientated by a proper sgRNA

can induce small DNA fragment deletion or insertion in target site

by NHEJ pathway. We propose that two sgRNAs can make larger

DNA fragment deletion. In fact, in this study, an 87-bp fragment

knockout was found in Bm-ok exon 1, between target site 1 (Bm-ok-

tar1) and target site 2 (Bm-ok-tar2). Meanwhile, fragment

knockouts as large as 281 bp occurred in BmTH mutant

individuals, between BmTH-tar2 and BmTH-tar3. These data

suggested that Cas9-induced gene locus knockout occurred.

Cas9-induced mutations are heritable
We used Bm-ok mosaic silkworms to test for germline

transmission of mutations because of their clearly determined skin

Cas9-Mediated Genome Editing in Bombyx mori
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phenotype. In Crossing Strategy 1 (Figure S2A) Bm-ok mosaic

moths were crossed with wild-type moths. In this cross, 366 eggs

were produced and 62 G1 larvae hatched. Sequencing of 28

randomly selected individuals revealed 8 heterozygotes and 20

wild-type silkworms, indicating that NHEJ-induced mutations can

be transmitted to the G1 generation (Figure 2B and 2C). In the

case of Bm-ok, the germline transmission frequency was 28.6%

(Table 2).

Compound heterozygous mutants are developed from
Cas9-induced mosaics by one-step breeding

To quickly obtain two alleles mutations of the same gene, in

Crossing Strategy 2, Bm-ok mosaic G0 moths were crossed with

siblings (Figure S2B). In total, 44 larvae with translucent epidermal

phenotypes were observed from 47 offsprings, indicating a

probability of homozygote production of 93.6% from crosses

between mosaic silkworms of pronounced phenotype (Figure 2A

and 2D; Table 3). Both alleles of Bm-ok gene were mutated, but the

sequences might be different, we used this line as compound

heterozygous mutant.

Off-targeting effects are evaluated in the injected G0

silkworms
Off-targeting is a potential issue about the application of Cas9/

sgRNA technology in genome editing. It has been reported that

PAM type and mismatch site from the seed region or non-seed

region have an influence on the specificity of the CRISPR/Cas9

system [14,32]. According to the instructions of CasOT tool

designed by Xiao et al. (2014), we selected the top four most similar

sites against the two target sites of Bm-ok gene for off-targeting

evaluation. By using the genome template of injected G0

silkworms, PCR amplification to the corresponding potential off-

targeting sites and DNA sequencing were performed for the

detection of the off-targeting effects. Multi-peaks in sequence

results are an indicator for non-specificity cleavage effects of Cas9

endonuclease [12]. In our test, we did not observe any obvious off-

targeting effects (Figure S6), indicating that the application of the

CRISPR/Cas9 technique could have high specificity.

Figure 1. Cas9/sgRNA-induced mutations at the Bm-ok locus in G0 Bombyx mori. (A) Schematic representation of Bm-ok. exons are shown as
boxes and arrows represent the primers used to amplify the target regions. Target site locations (Bm-ok-tar1 and Bm-ok-tar2) are underlined and PAM
sequences are shown in red. (B) Representative chromatograms of PCR-product sequencing in G0 silkworms in which indel mutations are present. (C)
Sequences of indel mutations at the targeted Bm-ok locus in G0 silkworms. The target sites are highlighted in green and PAM sequences are shown in
red. Deletions are indicated by hyphens and insertions are shown in lowercase red letters. The indel mutation type is noted to the right (+, insertion; -,
deletion). (D) Images indicating characteristic Bm-ok mosaic mutation phenotypes: (a) Fifth instar G0 wild-type (P50) (left) and mosaic mutant (right)
individuals; (b–d) Magnified images of wild-type and mutant individuals. The scale bars represent 1 mm.
doi:10.1371/journal.pone.0101210.g001

Table 1. Mutations induced by Cas9/sgRNA microinjection in G0.

Target locus Phenotype in examined G0

Frequency of mosaic in G0

(n/n) Genotype in sequenced G0

Frequency of mutation in
G0 (n/n)

Mosaic (n) Normal (n) Mutants (n) Wild-type (n)

Bm-ok 6 19 24% (6/25) 6 13 31.6% (6/19)

doi:10.1371/journal.pone.0101210.t001
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Discussion

Differences between injected G0 larvae and G1 larvae
In this study, direct microinjection of a mixture of Cas9-mRNA

and sgRNA into silkworm eggs successfully induced targeted

mutations, indicating that the CRISPR/Cas9 system can act as a

powerful genome-editing tool in Bombyx mori. In the G0 stage,

somatic and/or germ cells were mutated randomly and not all cells

were affected. Thus, Bm-ok-injected G0 animals exhibited a mosaic

appearance due to a mixture of translucent mutant cells and

normal non-mutant cells. To develop stable altered strains, the

mutated chromosome must be present in a germline cell and then

be passed to the next generation. Upon germline transmission of

traits with an easily determined phenotype, such as the Bm-ok

mutation, only homozygotes display an obvious mutant phenotype

because the wild-type and heterozygous silkworms still have at

least one non-mutant allele to implement normal function. This

allows stable mutant homozygotes to be easily selected.

Rapid breeding of compound heterozygotes by Crossing
Strategy 2

Successful germline transmission of desired traits from mosaic

mutants is critical for the development of stable lines for ongoing

research. After inducing mutation with sgRNA/Cas9, we were

able to efficiently generate G1 compound heterozygous strains by

directly crossing mosaic G0 silkworms (Crossing Strategy 2). The

editing capacity of the CRISPR/Cas9 system, combined with this

crossing strategy, is a powerful and efficient method for acquiring

large numbers of compound heterozygous mutant individuals. The

successful implementation of this strategy requires a sufficient

mutagenesis frequency and/or an easy way to identify the mutant

individuals after microinjection. To test our mutagenesis and

crossing strategies, we used Bm-ok, which produces translucent skin

when mutated. In Crossing Strategy 2, mosaic G0 mutants (with

normal and translucent skin patches) were crossed. A total of 47

G1 silkworm larvae were produced, of which 44 showed a

completely translucent skin phenotype indicative of homozygosity.

Therefore, we were able to obtain compound heterozygous

mutants in a one-step cross.

Both alleles mutated offsprings could be generated
through alternative crossing strategy

While this article was under construction, Wang et al. (2013)

reported their successful use of CRISPR/Cas9 to induce germline

mutations in the BmBLOS2 gene of Bombyx mori [19]. However,

that study used an alternative strategy to generate homozygous

mutations. G0 mutated mosaic individuals were crossed with wild-

type moths, and mutant offsprings were determined by skin

translucency (this resembles our Crossing Strategy 1). Wang et al.

(2013) subsequently crossed G1 mutants to produce G2 homozy-

gotes; this strategy is thus a two-step process that contrasts to our

one-step process. In addition, the homozygotes produced in G2 of

Wang’s study differed from those G1 offsprings produced in our

Crossing Strategy 2. For our compound heterozygotes, distinct

mutant genes were inherited from both mosaic parents, while in

the crossing strategy of Wang et al. (2013), the mutant locus had a

single source, namely, the mutant parent in the G1 cross.

Factors that influence gene targeting using the CRISPR/
Cas9 system

The CRISPR/Cas9 system is a convenient manipulative

method for introducing genomic changes at high efficiency and

with minimal species limitation. Successful application of the

Figure 2. Germline transmission of the Bm-ok gene mutation in G1 progeny. Representative chromatograms of G1 compound heterozygous
(A) and heterozygous (B) individuals generated by Crossing Strategy 2. Two peaks are apparent at several sites. (C) Sequences of individual TA-clones
indicating mutations at the first target site of Bm-ok (Bm-ok-tar1) in G1 progeny. (D) Characteristic images indicating Bm-ok mutant individuals (the
first day of 3rd instar). (a) G1 wild-type (left) and mutant (right) individuals; (b) Magnified image of wild-type individual; and (c) Magnified image of
mutant individual. The scale bars represent 1 mm.
doi:10.1371/journal.pone.0101210.g002

Table 2. G1 germline mutations from Crossing Strategy 1.

Crossing Strategy 1 Genotype in sequenced G1 Frequency of germline transmission (n/n)

Homozygote (n) Heterozygote (n) Wild-type (n)

G0 6Wild-type 0 8 20 28.6% (8/28)

doi:10.1371/journal.pone.0101210.t002

Cas9-Mediated Genome Editing in Bombyx mori
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CRISPR/Cas9 system requires the consideration of several

factors. First, the targeting site must be carefully chosen. Different

targeting sites may influence the cleavage efficiency of Cas9

protein because spatial structure disparity in chromosomes may

play a role in sgRNA recognition. Second, the in vitro synthesis of

sgRNA and mRNA for Cas9 must be performed in RNase-free

environment. Third, silkworm microinjection is a skilled technique

in which injection position, injection depth, and needle size can

have a crucial impact on the survival rate and variation in G0.

Although we tested our method using a gene with an easily

determined phenotype, mutations in many loci do not have such

visual phenotypic effects, making rapid screening more challeng-

ing. Thus, it is clear that a customized CRISPR-Cas9 system can

be used to efficiently induce targeted mutagenesis in Bombyx mori,

but it is also clear that the method requires optimization for the

rapid screening of loci that are more difficult to screen.

Taken together, our data indicate that the CRISPR/Cas9

system can be an efficient tool for genome engineering technology

in Bombyx mori. Design of sgRNA, microinjection of a customized

sgRNA/Cas9-mRNA mixture, and an effective crossing strategy

are the three key components for successful acquisition of a

homozygous mutant. In addition, if at least two target sites were

designed against a gene, it was possible to knockout gene

fragments in a specific manner. The efficient gene targeting and

crossing techniques developed in this study will be valuable for

future silkworm genome research.

Supporting Information

Figure S1 Schematic illustration of the CRISPR/Cas9
system and the genome engineering process. (A) Map of

the pSP6-2sNLS-SpCas9 vector. (B) Map of the pMD19-T sgRNA

scaffold vector used to produce sgRNA. The transcription of Cas9

flanked by two nuclear localization sequences (NLS) is driven by

the SP6 promoter. sgRNA transcription is driven by the T7

promoter. (C) sgRNA is designed to target the genome with the

standard sequence of 59-GG(G/A)-N17/18-NGG-39 at the 59 of a

PAM (NGG).

(PDF)

Figure S2 Crossing strategies used in this study. (A)

Crossing Strategy 1: Injected G0 silkworms crossed with an un-

injected wild-type silkworm. The main purpose of this cross was to

calculate the frequency of germline transmission. (B) Crossing

Strategy 2: Cross between two mosaic silkworms. The main

purpose of this cross was to acquire compound heterozygotes in a

one-step cross.

(PDF)

Figure S3 Cas9/sgRNA-induced mutations at the
BmKMO locus in Bombyx mori. (A) Schematic representa-

tion of the BmKMO gene. Exons are shown as boxes and arrows

represent the primers used to amplify the target regions. The

target site location (BmKMO-tar) is underlined, and PAM

sequences are shown in red. (B) Representative chromatograms

of PCR-product sequencing in G0 silkworms in which indel

mutations are present. (C) Sequences of indel mutations at the

targeted BmKMO locus in G0 silkworms. The target sites are

highlighted in green and PAM sequences are shown in red.

Deletions are indicated by hyphens. The indel mutation type is

noted to the right (+, insertion; -, deletion).

(PDF)

Figure S4 Cas9/sgRNA-induced mutations at the BmTH
locus in Bombyx mori. (A) Schematic representation of the

BmTH gene. Exons are shown as boxes and arrows represent the

primers used to amplify the target regions. The target site locations

(BmTH-tar1, BmTH-tar2, and BmTH-tar3) are underlined and

PAM sequences are shown in red. (B) Representative chromato-

grams of PCR-product sequencing in G0 silkworms in which indel

mutations are present. (C) Sequences of indel mutations at the

targeted BmTH locus in G0 silkworms. The target sites are

highlighted in green and PAM sequences are shown in red.

Deletions are indicated by hyphens and insertions are shown in

red lowercase letters. The indel mutation type is noted to the right

(+, insertion; -, deletion).

(PDF)

Figure S5 Cas9/sgRNA-induced mutations at the
Bmtan locus in Bombyx mori. (A) Schematic representation

of the Bmtan gene. Exons are shown as boxes and arrows represent

the primers used to amplify the target regions. The target site

locations (Bmtan-tar1 and Bmtan-tar2) are underlined and PAM

sequences are shown in red. (B) Sequences of indel mutations at

the targeted Bmtan locus in G0 silkworms. (C) Sequences of indel

mutations at the targeted Bmtan locus in G0 silkworms. The target

sites are highlighted in green and PAM sequences are shown in

red. Deletions are indicated by hyphens and insertions are shown

in red lowercase letters. The indel mutation type is noted to the

right (+, insertion; -, deletion).

(PDF)

Figure S6 Off-targeting analysis of Bm-ok tar1 and tar2
sgRNA by DNA sequencing. Typical sequencing results of the

potential off-target sites are shown. Four sites each for Bm-ok tar1

and tar2 were tested, and no obvious multi-peaks were found.

PAM sequence is in bold and potential off-target site is in lower

case.

(PDF)

Table S1 Four silkworm genes and eight associated
targeting sites used in this study and oligonucleotides
used to generate sgRNAs.

(PDF)

Table S2 List of PCR primers used for mutation
characterization.

(PDF)

Table S3 Mutations induced by microinjection of Cas9/
sgRNA in G0.

(PDF)

Table 3. G1 germline mutations from Crossing Strategy 2.

Crossing Strategy 2 Phenotype in examined G1 Frequency of compound heterozygote in G1 (n/n)

Translucent (n) Normal (n)

Mosaic 6Mosaic 44 3 93.6% (44/47)

doi:10.1371/journal.pone.0101210.t003
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