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Abstract 29 

We identified genomic safe harbor sites (GSH) in the human blood fluke, Schistosoma mansoni 30 

and developed a CRISPR-focused protocol for insertion of a reporter transgene into a 31 

representative GSH. The protocol employed ribonuclear protein complexes of Cas9 nuclease, 32 

three overlapping guide RNAs, and phosphorothioate-modified, double stranded donor DNAs 33 

encoding green fluorescent protein driven by a strong endogenous promoter. Gene-editing 34 

efficiencies of >20% and reporter transgene fluorescence of >50% of gene-edited eggs were 35 

obtained by five days after CRISPR transfection. These methods and results advance functional 36 

genomics for multicellular parasites, and represent a tractable path towards transgenic 37 

schistosomes using homology directed repair catalyzed transgene insertion. Identification and 38 

characterization of GSH is expected to facilitate consistent transgene activity with neutral 39 

influence on the host cell genome and, concurrently, provide a privileged locus for transgene 40 

activity.  This approach should be adaptable to platyhelminths generally.  41 
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Main 42 

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) technology has 43 

revolutionized genome manipulation in biology, agriculture, and medicine1-3. Transgenesis 44 

technologies are integral in diverse applications including gene therapy, biotherapeutics, 45 

agricultural crop and breed enhancements, and deciphering host-pathogen interactions. With 46 

progress emanating from model species and cell lines, tools and techniques can frequently be 47 

adapted and transferred to non-model species. Among these are helminth parasites, which are 48 

responsible for substantial mortality and disease. . According to the WHO, many important 49 

helminth parasites are responsible for ‘neglected tropical diseases’4. These mostly occur in the 50 

global south and are responsible for a global burden of disease that exceeds malaria and 51 

tuberculosis. In the post-genomic era of parasitic helminths, like schistosomes, access to 52 

CRISPR-based transgenesis protocols is a public health research priority. Progress for one 53 

helminth species will facilitate technology transfer to major phyla of invertebrates, e.g., 54 

Platyhelminthes, other Lophotrochozoans and Protostomia, for which CRISPR-based reverse and 55 

forward genetics have yet to be reported and/or are challenging. 56 

CRISPR enables targeted site-specific mutation(s), obviating an impediment of earlier 57 

transgenesis approaches that rely on lentiviruses5 and transposons such as piggyBac6.  These 58 

latter approaches may lead to genetic instability, multi-copy insertion, unstable expression or 59 

even inactivation of the transgene and interference with the endogenous gene.  In the process of 60 

genome editing, the DSBs are resolved  by several different repair mechanisms, including the 61 

predominant error-prone non-homology end joining (NHEJ) and the templated homologous-62 

directed repair (HDR). Sister chromatids provide a natural repair template, whereas the latter 63 

also can be donated by exogenous DNA such a plasmid, oligodeoxynucleotides, and PCR 64 

amplicons. When supplied with double-strand (ds) donor DNA with modifications HDR 65 

efficiency can be markedly improved 7. The system of CRISPR/Cas-assisted HDR has been 66 

applied in Schistosoma mansoni8,9 with promoter free-single strand-deoxynucleotide donor. 67 

Multiple overlapping CRISPR target sites improve precise HDR insertion of large cargoes in 68 

embryonic stem cells10,11, while modification of 5’-termini of long dsDNA donors enhance HDR, 69 

favoring efficient, single-copy integration through the retention of a monomeric donor 70 

confirmation and thereby facilitating gene replacement and tagging12. 71 

 We identified safe harbor sites in the genome of S. mansoni, and adapted CRISPR/Cas9-based 72 

approaches to insert a reporter transgene into a located site termed GSH1, situated in 73 

euchromatin of chromosome 3. GSH1 was free of repetitive sequences and neighboring long 74 

non-coding regions, a situation  likely to minimize off-target effects of CRISPR/Cas activity.  75 

Multiple sites within this region were targeted with programmed RNAs to boost efficiency of 76 

nuclease cleavage and repair in the presence of 5’ 5 phosphorothioate bond modified-donor 77 

template bearing GSH1-specific homology arms.  The approach delivered knock-in efficiencies 78 

~70% in independent replicates of the reporter GFP transgene when the CRISPR materials were 79 

delivered by electroporation to the egg stage of S. mansoni, with GFP expression controlled by 80 

the promoter and terminator of an abundantly transcribed  S. mansoni ubiquitin gene. In brief, 81 

here we provide a new strategy to target-oriented transgene integration into the schistosome 82 

genome.   83 
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Results 84 

Genome safe harbors predicted in the schistosome genome 85 

To identify sites that could serve as potential GSHs, we conducted a genome-wide bioinformatic 86 

search based on established, widely accepted criteria13, along with newly introduced criteria 87 

(below), that would satisfy benign and stable gene expression (Table 1).  At the outset, we 88 

identified euchromatic regions in all developmental stages of S. mansoni to avoid silencing genes 89 

to be integrated upon CRISPR/Cas manipulation. With these criteria, we enriched for regions 90 

that were, firstly, close to peaks of H3K4me3, a histone modification that is associated with 91 

euchromatin and transcription start sites, secondly, regions that did not include H3K27me3, a 92 

histone modification that is associated with heterochromatin14, thirdly, regions of open 93 

euchromatin accessible to Tn5 integration, in an Assay of Transposase Accessible Chromatin 94 

sequencing (ATAC-seq) providing a positive display of integration events, and fourth, |given that 95 

HIV-1 integrates preferentially into euchromatin in human cell lines15, we used sites of HIV 96 

proviral integration known from S. mansoni 16 to likewise support predictions of euchromatic 97 

regions. 98 

Examination of the draft genome of S. mansoni in Worm Base Parasite, version 7 (WormBase 99 

Parasite)17-20 identified 6,884 regions with enrichment of H3K4me3 in the absence of 100 

H3K27me3 in available developmental stages (H3K4me3 not K3K27me3). In mature, adult 101 

schistosomes, we found consistently 10,533 ATAC positive regions. There were 4,027 ATAC 102 

regions that overlapped with H3K4me3 but not K3K27me3, and 2,915 genes overlapped with 103 

(ATAC and H3K4me3 not H3K27me3).  Forty-two unambiguous HIV integration sites were 104 

identified, and eight genes were < 4 kb upstream or downstream from these integration sites. 105 

Annotated expression data were available for six of these genes: endoplasmic reticulum Golgi 106 

intermedia (Smp_040360), metal tolerance protein C3 (Smp_150230), aldo keto reductase family 107 

(Smp_053220), RUN domain containing protein 1 (Smp_067010), endophilin III (Smp_036990), 108 

and actin protein ARP2 (Smp_127830) (Table 1). Genes occurring in these putative GSH regions 109 

are expressed in all developmental stages, although not uniformly (Fig. 1a).  The locations of 110 

these potential intragenic GSH sites, which satisfied the above criteria, were Smp_053220, 111 

Smp_150230, Smp_040360, Smp_127830, Smp_067010 and Smp_036990 (Table 1). 112 

To identify intergenic GSH, we located 10,149 intergenic regions.  There were 9,985 regions 113 

beyond 2 kb upstream and 8,837 regions outside long non-coding-RNA (lncRNA), which were 114 

intersected to 95,587 unique intergenic regions outside 2 kb and lncRNA of  100 bp.  Two 115 

hundred regions were identified intersecting with merged ATAC H3K4me3 signal. Four of these 116 

were situated  11 kb distance from HIV integration sites. We termed these four potential gene 117 

free-GSH regions, which satisfied all our criteria, GSH1 (1,416 nt, chromosome 3:13380432-118 

13381848), GSH2 (970 nt, chromosome 2: 15434976-15435954), GSH3 (752 nt, chromosome 2: 119 

9689988-9690739), and GSH4 (138 nt, chromosome 3: 13381901-13382038), respectively 120 

(Table 1, Fig. 1b), with the names GSH1 to GSH4 based in rank order on their size from longest 121 

to shortest.  Several protein-coding gene loci were located proximal to the GSH, although these 122 

were > 2kb distant from these intergenic GSH: Smp_052890, Smp_33810, Smp_071830, 123 

Smp_245610, Smp_016380, Smp_131070, Smp_052890 and Smp_150460. These may be non-124 

essential genes, when based on orthology to essential genes in model eukaryotes21. 125 
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Efficiency of programmed mutation at GSH1 enhanced by multiple guide RNAs  126 

Based on bioinformatic screening for GSH, here we focused here on GSH1, located on 127 

chromosome 3: 13380432-13381848 (1,416 nt) because with 1,416 bp, it was the longest of the 128 

four putative intergenic GSH sites. Guide RNAs (gRNA) possessing high on-target specificity; 129 

three overlapping guide RNAs, sgRNA1, sgRNA2 and sgRNA3 that did not exhibit self-130 

complementarity, and off-target matches against the reference S. mansoni genome (Fig. 2a) were 131 

selected from the list of CRISPR/Cas9 targets predicted by CHOPCHOP 22,23.   132 

Ribonucleoprotein complexes (RNP) of Cas9 nuclease and each sgRNA were assembled, after 133 

which two mixtures of the three assembled RNPs were prepared. One mixture of CRISPR 134 

materials included two assembled RNPs, sgRNA1 RNP and the sgRNA3 RNP (dual gRNAs) and 135 

the second included three assembled RNPs, sgRNA1 RNP, sgRNA2 RNP and sgRNA3 RNP 136 

(triple, overlapping gRNAs). For each, the mixture of two or three RNP complexes was 137 

delivered to schistosome eggs (or other developmental stages) by electroporation (EP), after 138 

which the transfected eggs were maintained in culture for 15 days. At that point, genomic DNAs 139 

and total RNAs were extracted from the eggs. 140 

Efficiency of genome editing was estimated by DECODR24 analysis of chromatograms of Sanger 141 

sequencing tracings of PCR amplicons spanning the programmed DSBs, amplified from genomic 142 

DNAs using primers flanking DSBs, as indicated in Fig. 2a, among experimental and control 143 

(mock) treatments. The dual RNPs, sgRNA1+ sgRNA3, delivered mutation frequencies at GSH1 144 

of 4.6-6.3% and ~3.7%, respectively, with short deletions (of one to several, nucleotide in length 145 

both on target region 1 and region 3 (Fig. 2b, 2c).  Mutations were not detected in the wild type 146 

(control, no treatment) and mock treatment groups (not shown). The three overlapping sgRNAs 147 

(that shared at least six overlapping nucleotides) induced higher mutation efficiencies at GSH1, 148 

with mutation frequencies of 7-15.8%, 9.1-20.2%, and 9.9-19.3% indels at target regions 1, 2 and 149 

3, respectively. In addition, with the triple, overlapping RNPs, larger deletion sizes, up to 115 nt 150 

in length, were recorded among the biological replicates (Fig. 2d-f). CRISPR efficiency for each 151 

sgRNA was analyzed from six independent biological replicates: both sgRNAs provided similar 152 

CRISPR efficiency (Fig. 2g).  Notably, however, the combination of the three overlapping 153 

gRNAs delivered higher mutation efficiency compared to the two-overlapping guide RNAs (P = 154 

0.002) (Fig. 2h). 155 

Knock-in efficiency increased with overlapping guide RNAs   156 

Multiple sgRNAs with overlapping sequences can enhance CRISPR/Cas9-mediated HDR 157 

efficiency10.  Here, three overlapping sgRNAs performed better than dual gRNAs from 158 

programmed mutation at GSH1. Subsequently, we investigated transgene knock-in (KI) at GSH1 159 

with three overlapping sgRNAs. As the donor template for programmed homology directed 160 

repair, we used the enhanced green fluorescent protein (EGFP) gene with expression driven by 161 

an optimized S. mansoni endogenous ubiquitin promoter and the cognate ubiquitin terminator 162 

region. The donor template also included symmetrical homology arms specific for GSH1, 163 

located on the 5’ flank of target site 1 and the 3’ flank of target site 3 (Fig. 3a, 3b).  The donor 164 

template was delivered to the schistosomes as linearized long double-strand DNA (lsDNA). 165 

Aiming to enhance and favor precise and efficient single-copy integration of the donor transgene 166 

into GSH1 by HDR, we biotinylated the 5’ termini of the DNA donor amplicons12 to shield the 167 

template from multimerization and from integration at the DSB via the non-homologous end-168 
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joining (NHEJ)  repair pathway (Fig. 3a). First, we investigated the impact of length of the 169 

homology arms (HA), by comparison donor templates (as above) with homology arms of 200 bp, 170 

400 bp and 600 bp in length after DNA restrictions by either dual or triple sgRNAs.  We did not 171 

observe EGFP from 200 bp and 400 bp HA lsDNA donor in either donor transfected control and 172 

KI parasite eggs at days 5-6 after  transfection in both dual and triple sgRNAs treatment 173 

conditions (data now shown). There was inconsistent  EGFP expression (<1% or absent) in the 174 

live miracidium with the schistosome egg i with 600 bp HA along with dual sgRNAs (data not 175 

shown).  Subsequently,  we focused this investigation the donor transgene flanked by homology 176 

arms of 600 bp each in length, with EGFP expression in the eggs examined every second day for 177 

15 days.  On examination using spectrally resolved, confocal laser scanning microscopy, EGFP 178 

signals were  not observed in the negative control groups, although the “autofluorescence” 179 

characteristic of eggs was apparent25.  The EGFP signal was also detected in the lsDNA donor 180 

control (without RNPs) for several days. The EGFP signal was detected in the CRISPR materials 181 

group that included the lsDNA donor with 600 bp HA; the signal was detected up to15 days (at 182 

which point the experiment terminated). 183 

Next, we investigated the 3’ and 5’ KI at GSH1 by a PCR approach on genomic DNA of 184 

integrated ubiquitin promoter in frame with EGFP and its terminator.  For the analysis of 5’ PCR 185 

KI,|, we used a forward primer specific for several nucleotides upstream of the 5’ end HA with a 186 

reverse primer specific for the ubiquitin promoter (Fig. 3b).  For analysis of the 3’ KI integration 187 

junction, , the reverse primer was specific for a site downstream of the 3’end of the HA and was 188 

paired with a forward primer specific for the ubiquitin terminator. Fragments re[resenting the 3’ 189 

KI and 5’ KI integration regions of 983 bp and 728 bp, respectively, were observed in the KI 190 

treatment groups but not in the other (control) groups (Fig. 3c). Expression of the EGFP 191 

transgene was monitored using DNase-treated RNA (to eliminate the possibility of lsDNA donor 192 

contamination and genomic DNA): EGFP transcripts were observed in the KI experimental 193 

groups, among which we observed slight variability in transcript abundance among biological 194 

replicates (Fig. 3d). 195 

Genome safe harbor accessible in the adult developmental stage of the schistosome 196 

To investigate the impact of CRISPR manipulation on the adult developmental stage of 197 

Schistosoma, we electroporated the triple RNPs (sgRNAs1+2+3) and lsDNA into 20 worms (10 198 

females, 10 males). In vitro maintenance for 10 days yielded similar movement and egg-laying 199 

between the experimental and control cultures.  The EGFP expression was observed in some 200 

non-dividing cells of adult worms (Fig. S1), and these EGFP-positive worms survived and were 201 

actively mobile at the time of cessation of the culture (day 11). Efficacy of programmed mutation 202 

was investigated at the genome level using genomic DNAs extracted from EGFP-positive 203 

schistosomes (six females, two males), which involved deep sequencing of amplicons spanning 204 

the predicted DSB by CRISPREsso226,27.  Alleles with deletions ranging up to 150 nt, likely 205 

resulting from NHEJ, were characterized. The analysis estimated mutation efficiencies of 13.3% 206 

and 16.8% indels for the female and males, respectively (Fig. S1b, S1d). Based on both the ex 207 

vivo findings with both eggs and adult stages of the schistosome, and the in silico predictions for 208 

the presence and criterion conformity of predicted GSH within the genome of S. mansoni, we 209 

considered that the intergenic (gene-free region) GSH1 represented a suitable candidate locus for 210 

CRISPR/Cas-catalyzed insertion of a large sized, exogenous, and over expressed reporter 211 

transgene. 212 
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Transgene expression in the miracidium following programmed insertion  213 

EGFP positivity and intensity in the treated eggs were assessed quantified by using spectral laser 214 

scanning confocal fluorescence microscopy25. Active transgene expression was confirmed within 215 

miracidia developing inside transfected eggs (Fig. 4a, b). Firstly, EGFP appeared to be expressed 216 

by cells ubiquitously throughout many tissues and cells of the schistosome larva. Morphological 217 

malformation was not observed in transgenic eggs and their enclosed larvae (eggs, n = 402 218 

aggregated from four independent, biological replicates). More intense GFP fluorescence was 219 

consistently seen and quantified in eggs from the experimental treatment group than the mock 220 

control eggs and in eggs transfected solely with donor template (Fig. 4a1, a2) at the 509 nm. 221 

Subsequently, we used the average EGFP background from negative eggs to normalize intensity 222 

values for specific EGFP fluorescence in the donor lsDNA control and the CRISPR with lsDNA 223 

treated eggs. 224 

In schistosome miracidia within the eggshell at 15 days post electroporation, fluorescence 225 

intensity of transgenic parasites markedly differed from the wild type eggs.  Seventy five percent 226 

of 402 eggs examined displayed EGFP fluorescence in miracidia. About 25% of eggs containing 227 

a miracidium transfected with the donor transgene exhibited EGFP (Fig. 1c).  However, after 228 

reading fluorescence intensity of EGFP (established by subtracting the signal from 229 

autofluorescence at 509 nm, the emission wavelength for EGFP 25), the EGFP-specific signal in 230 

the control donor transgene group, 856-1,713 arbitrary units 28 (average, 1,290 au) was 231 

significantly lower than the experimental group transfected with overlapping guide RNPs and the 232 

donor transgene bearing 600 bp HA, 4972.5-8,963.1 au (average, 6,905 au) (P < 0.001). EGFP 233 

expression within developing miracidia among the eggs was not apparently localized; diverse 234 

cells and parasite organs expressed the fluorescence reporter gene.  235 
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Discussion 236 

Schistosomes are water-borne pathogens and pose a constant threat to human health in the global 237 

south and beyond. Only a single antiparasitic drug, praziquantel, is available for treating 238 

schistosomiasis. In light of the possibility of resistance development, reinfection after treatment, 239 

the absence of immunity to reinfection following curative treatment, and reemergent spread into 240 

southern Europe29, likely precipitated by the occurrence of the intermediate hosts, globalization, 241 

and increasing global temperatures, are causes for increasing concern. To advance functional 242 

genomics for schistosomes in the post-genomic era, here (to our knowledge for the first time) we 243 

localized genome safe harbor sites in S. mansoni, optimized conditions for delivery and structure 244 

of transgene cargo, inserted the reporter transgene into a predicted intergenic genome safe harbor 245 

(GSH) by programmed CRISPR/Cas9 homology-directed repair by targeted mutation using three 246 

overlapping guide RNAs, and quantified transgene activity using confocal imaging of emission 247 

spectra specific for EGFP green fluorescence protein. More specifically, delivery to the 248 

schistosome egg by electroporation of multiple overlapping guide RNAs delivered with Cas9 249 

nuclease as ribonuclear complexes lead to efficient programmed cleavage of the GSH1. Double-250 

stranded DNA flanked by chemically modified termini, encoding enhanced EGFP driven by the 251 

endogenous schistosome ubiquitin gene promoter and terminator, served as the model repair 252 

template. Our studies are consequential for two principal reasons. First, the results advance 253 

functional genomics and forward genetics for a hitherto unmet challenge to manipulate a 254 

pathogen of global public health significance. Second, transgenes can be targeted to safe 255 

integration sites to endow individual stages or populations of these pathogens with novel 256 

functions, which will have broad potential for basic and translational studies30-32. Third, the 257 

editing methods developed can be adapted for knock-out approaches of genes of interest, in 258 

schistosomes and probably other platyhelminths, for which genome-project data are available. 259 

Targeting transgenes using homology-directed repair (HDR) at intergenic GSH sites catalyzed 260 

by RNA-programmed Cas9 can be expected to enable, in effect, a mutation-independent genome 261 

modification to support forward genetics investigation. In the human genome, GSHs, which are 262 

situated either in intergenic or intragenic regions, promote stable expression of integrated 263 

transgenes without negatively affecting the host cell13. Access to schistosome intergenic GSH 264 

will also provide a step-change advance for functional genomics of these pathogens. For S. 265 

mansoni, our prediction criteria for GSH included location in euchromatin to avoid silencing of 266 

the transgene, unique genome-target sequence to minimize off-target events, avoidance of 267 

lncRNA genes, presence of epigenetic marks for open chromatin structure, and the absence of 268 

epigenetic marks indicating heterochromatin. We named the intergenic sites GSH1, -2, -3, and -269 

4, which were located on chromosomes 2 and 3. (S. mansoni has seven pairs of autosomes and Z 270 

and W sex chromosomes.).  In addition, we assessed one intergenic GSH1 locus for 271 

CRISPR/Cas9 gene editing and over expression EGFP integration.  We predicted potential GSH 272 

in non-essential coding regions of aldo keto reductase, metal tolerance protein C3, endoplasmic 273 

reticulum Golgi intermediate, actin subunit, RUN domain and endophilin III.  In similar fashion 274 

to findings that have been reported in human and mouse genomes33, we posited that schistosome 275 

GSH will tolerate the integration by CRISPR-catalyzed HDR donor templates and enable stable 276 

expression of the integrated transgenes without negatively impacting the genome of the 277 

transfected helminth and progeny. 278 
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We edited GSH1 using two and three ribonucleoprotein complexes of Cas9 endonuclease with 279 

the overlapping guide RNAs, sgRNAs numbers 1 and 3 (dual guides approach) and with 280 

sgRNAs numbers 1, 2 and 3 (triple guides approach).  Overlapping CRISPR target sites were 281 

selected from lists of target site predicted and ranked by the CHOPCHOP algorithm. The triple 282 

overlapping guides approach delivered higher CRISPR/Cas9 efficiency, and larger sized deletion 283 

mutations than dual guides (Fig. 2), and outcome that would enhance the efficiency of HDR in 284 

the presence of the long stranded DNA (lsDNA) donor template. Accordingly, we deployed the 285 

three overlapping sgRNAs in the CRISPR/Cas9 system to deliver the 3551 bp lsDNA encoding 286 

the reporter transgene - here a S. mansoni ubiquitin gene promoter and terminator flanking the 287 

EGFP reporter - to schistosome eggs.   288 

This cohort of eggs, termed “liver eggs”, LE, was expected to include > 50% eggs that included 289 

the mature miracidium with the remainder dead eggs or immature/developing eggs34-36. By 10 290 

days following transfection, higher expression of EGFP at GSH1 was apparent based on 291 

examination of the normalized fluorescence intensity of the miracidium inside the egg carrying 292 

the transgene. Precise knock-in (KI) was confirmed using target site-specific amplicons (Figs. 293 

3c).  Moreover, RT-PCR of the EGFP expression confirmed KI of donor transgene (Fig. 3d).  294 

Using a similar approach, we also investigated programmed gene editing at GSH1 and impact on 295 

fitness in the adult stage schistosome as reflected in motility, morphology, mortality of the 296 

transfected adult schistosomes, and release of eggs in vitro. The worms remained active, did not 297 

exhibit apparent morphological changes for at least 11 days after transfection, and the females 298 

released eggs in vitro, all of which were similar to the phenotype of the control group 299 

schistosomes. (Fig. S1).   300 

These findings indicated that GSH1 represented a promising safe harbor site for forward 301 

genetics-focused forward genomics with this schistosome. With the longer-term goal of deriving 302 

lines of transgenic parasites carrying gain- or loss-of-function mutations, we also undertook 303 

preliminary studies with the newly laid egg of S. mansoni, a stage that at its origin includes a 304 

single zygote (surrounded by vitelline yolk cells) and which, therefore, is a window to the 305 

germline37,38. As noted, highly efficient HDR resulted from the combination of multiple target 306 

site-overlapping RNPs programmed to cleave GSH1 in the presence of the chemically modified 307 

a repair template protected by chemical modifications. Notably, ~75% of mature eggs (n = 402 308 

eggs from four independent replicates) exhibited reporter transgene fluorescence with the 309 

miracidium developing within the eggshell (Fig. 4c), and significantly more fluorescence than 310 

seen in the control eggs transfected with donor template but not with the RNPs, ~25% (n = 397 311 

eggs, from four independent biological replicates).  EGFP signals were not present in the control, 312 

untreated wild type egg, which by 9 days following transfection exhibits minimal background 313 

fluorescence39. 314 

We also transfected in vitro newly laid eggs, termed IVLE, and of the adult stage of the parasite 315 

using the same multiple RNPs targeting GSH1 and donor template. The IVLE, deposited in vitro 316 

up to 12 hours after recovery of the adult schistosomes from the euthanized mouse, contains the 317 

zygote and developing blastula including the germ tissue, and were maintained thereafter in 318 

culture for 10 days following transfection with CRISPR materials. These eggs expressed EGFP 319 

by about 7 days after transfection as they developed (Fig. S2). During this 7 days interval, the 320 

eggs grew to contain the fully developed miracidium40,41. In contrast to the findings with LE, the 321 

miracidium failed to develop in > 50% transfected IVLE and, of those that did develop, <1% 322 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 2, 2022. ; https://doi.org/10.1101/2022.09.02.506379doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.02.506379


 10 

were EGFP-positive. Given the fragility of the IVLE38,41, alternative delivery methods to 323 

electroporation, such as lipid nanoparticle containing the RNP and the donor template within a 324 

single lipid enclosed sphere, may improve efficiency42-46 of delivery to the schistosome nucleus 325 

while minimizing loss of fitness of the manipulated schistosome larva.  326 

Nonetheless, this study demonstrated that the GSH1 locus is a prospective safe harbor locus site 327 

for germline transgene integration in S. mansoni although further validation is needed. 328 

Comparison of the utility of GSH1 with the other gene-free GSH, GSH2, -3, and -4 (Fig. 1), 329 

might also uncover profitable modifications. Likewise, the intragenic sites may exhibit expedient 330 

attributes functional genomics. The safe harbors in human gene therapy, CCR5, AAVSI, and 331 

Rosa26, all reside within intragenic, gene-rich loci and whereas they have been targeted with 332 

therapeutic gene cargo, including for example the insertion of FANCA at AAVS1 in 333 

CD34+ hematopoietic progenitors from Fanconi anemia patients47, ideally intergenic sites might 334 

be inherently safer33.  Overall, this report and the methods presented here enabled novel insight 335 

into efficient transgenesis and forward genetics for S. mansoni and will promote forward genetics 336 

approaches in functional genomics for schistosome and related helminth parasites.  337 
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Online content 338 

Methods 339 

Computational search for gene safe harbors in Schistosoma mansoni  340 

We undertook a genome analysis of intergenic (gene-free) and intragenic (gene-linked) regions 341 

to identify prospective a genome safe harbor, in like fashion approaches focused on the human 342 

genome13.  In essence, we aimed to locate a GSH to enable stable expression of the integrated 343 

transgene free of interference from the host genome, and which in parallel integrates and 344 

transcribes transgenes without negative consequences for the host genome or cell33. Gene-linked 345 

GSH, deployed four criteria. First, adjacent to peaks of H3K4me3, a histone modification 346 

associated with euchromatin and transcription start sites; second, not near or containing 347 

H3K27me3, which is associated with heterochromatin, in any of the life-cycle stages; third, 348 

open, euchromatic chromatin was accessible to Tn5 integration and ATAC-sequence provides a 349 

positive display of such integration events. Consequently, safe harbor candidate regions should 350 

deliver an ATAC-sequence signal; and fourth, near known HIV integration sites. Given that HIV 351 

integrates preferentially into euchromatin in human cells, HIV integration into the schistosome 352 

genome may likewise indicate a euchromatic region.  353 

To find loci conforming to the four criteria, pooled ChIP-seq data for H3K4me3 and K3K27me2 354 

from previous studies48 was aligned against on S. mansoni genome data (version 7 on the date of 355 

analysis). ATAC-seq was performed as previously described with slightly modification49. 356 

Peakcalls of ChIP-seq and ATAC-Seq were done with ChromstaR48,50 and stored as Bed files. 357 

Bed files were used to identify the presence of H3K4me3 and absence of H3K27me3 in adults, 358 

miracidia, in vitro sporocysts, cercariae and in vitro schistosomule with hbedtools intersect. 359 

Thereafter, ATAC-seq data from males and females (two replicates each) were intersected to 360 

find common ATAC positive regions. H3K4me3-only (H3K27me3 absent) common to all stages 361 

and ATAC signals were intersected to find common regions. H3K4me3 common to all parasite 362 

stages and ATAC signals were intersected to find common regions.  Next, the HIV integration 363 

sites were identified by using data from ERR33833851. Reads were mapped to the lentivirus 364 

genome (HIV-1 vector pNL-3, accession AF324493.2) using Bowtie2 with default parameters. 365 

Those paired reads were extracted where one end mapped to HIV and the other end mapped to 366 

schistosome genome at a unique location. Genes from the BED files above that located ≤ 11 kb 367 

HIV-1 integration sites were identified with bedtools closestbed.  Gene expression data of these 368 

genes were obtained from https://meta.schisto.xyz/analysis/. Information remains unavailable for 369 

Smp_343520. 370 

Intergenic GSH. Given that transgene integration into and existing gene could disrupt key 371 

functions and endow selective (dis)advantage to the genetically modified cell and its 372 

progeny52,53, we scanned constitutively euchromatic regions for a gene-free region. We defined 373 

genes as protein coding sequences and sequences coding for long non-coding RNA (lncRNA).  374 

In view of our goal to use CRISPR/Cas mediated-HDR to insert the transgene, ideally, we 375 

searched preferentially for unique sequences, to obviate off-target gene modification, and 376 

excluded gene free-regions composed of repetitive sequences. Those unique sequences were also 377 

annotated outside lncRNA, regions beyond putative promotors that we deemed as 2 kb upstream 378 

of the transcription termination site (TTS), and the regions close to peaks of H3K4me2 in all 379 
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parasite stages which never contained H3K27me3.  The regions also overlapped ATAC-seq 380 

positive sites with ≤11 kb distance from HIV integration sites were included (~10 kb is the size 381 

of the HIV genome). 382 

Integrating a transgene into an existing gene or its putative promotor region could disrupt 383 

important function and provide a selective disadvantage to the genetically modified cells. 384 

Therefore, we deliberately searched for gene-free constitutive euchromatic regions. Here we 385 

define gene as protein coding genes and genes coding for long non-coding RNA (lncRNA). 386 

Integration via Crispr/Cas relies on guide RNA with specific, ideally unique sequences. To 387 

exclude gene-free regions that are composed of repetitive sequences, we also searched for 388 

repeats.  A total of 10,129 protein coding gene locations and 27 pseudogenes were extracted 389 

from the schistosome genome annotation.  BEDtools were used to delimit 2 kb upstream regions 390 

(FlankBed).  Annotations of 16,583 lncRNA were pooed from 391 

http://verjolab.usp.br/public/schMan/schMan3/macielEtAl2019/files/macielEtAt2019.bed1254.  392 

Repeats were masked with RepeatMasker V4.1.0 using a specific repeat library produced with 393 

RepeatModeler2 V2.0.1 and stored as a GFF file.  BED files with coordinates outside these 394 

annotations were generated by BedTools complementBed. Finally, BedTools Multiple Intersect 395 

was used to identify regions that are common to unique regions (complement of repeatmasker), 396 

intergenic regions, > 2 kb upstream and outside of lncRNA. Only regions ≥ 100 bp were 397 

retained.  We reasoned that otherwise it would be too difficult to design guide RNAs.  These 398 

regions were intersected with merged H3K4me3-only common to all developmental stages and 399 

ATAC signals (euchromatic signal). BedTools ClosestBed was used to determine distance to the 400 

nearest HIV provirus integration.  401 

Gene-linked GSH. Here we also used the above criteria. Overlapping genes were identified using 402 

published S. mansoni version 7 annotation.  Then, the HIV integration sites were identified by 403 

ERR33833851.  Reads were mapped to the virus genome (HIV-1 vector pNL-3, accession 404 

number AF324493.2) using Bowtie2 with default parameters. Those paired reads were extracted 405 

where one end mapped to HIV and the other end mapped to schistosome genome on a unique 406 

location. Genes from the BED files above that located ≤ 4 kb HIV integration sites were 407 

identified with bedtools closestbed. Gene expression data of these genes were obtained from 408 

https://meta.schisto.xyz/analysis/. 409 

Table 1 summarizes the criteria used to predict schistosome genome safe harbor sites.  410 

Developmental stages of the schistosome  411 

Mice (female, Swiss Webster) infected with S. mansoni were obtained from the Schistosomiasis 412 

Resource Center (Biomedical Research Institute, Rockville, MD) within seven days of infection 413 

by cercariae (180 cercariae/mouse/ percutaneous route of infection). The mice were housed at the 414 

Animal Research Facility of George Washington University, which is accredited by the 415 

American Association for Accreditation of Laboratory Animal Care (AAALAC no. 000347) and 416 

has the Animal Welfare Assurance on file with the National Institutes of Health, Office of 417 

Laboratory Animal Welfare, OLAW assurance number A3205. All procedures employed were 418 

consistent with the Guide for the Care and Use of Laboratory Animals. The Institutional Animal 419 

Care and Use Committee (IACUC) of the George Washington University approved the protocol 420 

used for maintenance of mice and recovery of schistosomes. 421 
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Mice were euthanized at about 46 days after infection, after which schistosomes were recovered 422 

by portal vein perfusion with 150mM NaCl, 15mM sodium citrate, pH 7.0. The worms were 423 

washed with 1×PBS, 2% antibiotic/antimycotic and maintained thereafter in DMEM, 10% heat 424 

inactivated bovine serum, and 2% antibiotic/antimycotic at 5% CO2, 37C 55 In addition, at 425 

necropsy, the liver were resected, rinsed in 70% ethanol, washed twice with 1×PBS, before 426 

blending with a tissue homogenizer. Liver tissue homogenate was incubated with collagenase at 427 

37C for 18 h after which schistosome eggs were recovered by Percoll gradient centrifugation, as 428 

described56. Eggs isolated from livers, termed LE 41, were cultured overnight before transfection. 429 

From cultures of the perfused adult worm population, concurrently, eggs laid in culture by adult 430 

female schistosomes from 0 to 12 hours after necropsy, were collected and maintained in high 431 

nutrient medium (modified Basch’s medium)55. We termed these eggs, in vitro laid eggs 432 

(IVLE)41.  At its release from the female, the IVLE contains the zygote surrounded by yolk cells. 433 

The larva grows and by day 7 has developed into the mature miracidium40.  434 

Guide RNAs, ribonucleoprotein complexes  435 

For transfection, we focused on GSH1, located on S. mansoni chromosome 3; 13380432-436 

13381848 (Table 1), an intergenic safe harbor site with the longest region (1,416 nt) among the 437 

predicted intergenic GSHs. Single gRNAs (sgRNA) for GSH1 were designed with assistance of 438 

the CHOPCHOP22,23,57 tools, using the version 7 annotation of the S. mansoni genome17, to 439 

predict target sites, off-targets, and efficiency of CRISPR/Cas9 programmed cleavage. Three 440 

overlapping (expected DSB sites, 6-12 nt apart) CRISPR target sites; sgRNA1, sgRNA2, and 441 

sgRNA3 with predicted absence of both off-target effects and self-complementarity, and each 442 

with similar CRISPR efficiency ~50% were selected. Although these sgRNAs were not among 443 

the top five predicted by CHOPCHOP, they did exhibit off-target identity to the genome. Their 444 

CRISPR efficiency was 55.7% (rank 7), 47.0% (rank 16), and 36.0% (rank 23), and they were 445 

located on the forward strand of GSH1 at nucleotide positions 605-624, 617-636, and 623-642, 446 

respectively (Fig. 2a). Synthetic guide RNAs, Alt-R CRISPR-Cas9 sgRNA chemically modified 447 

to enhance functional stability, and recombinant Streptococcus pyogenes Cas9 nuclease, Alt-R 448 

HiFi Cas9 which includes nuclear localization sequences (NLS), were purchased from Integrated 449 

DNA Technologies, Inc. (IDT) (Coralville, IA). Each ribonucleoprotein complex (RNP) was 450 

prepared in the separate tube, with Cas9 and a single sgRNA at 1:1 ratio, in 25 µl Opti-MEM. 451 

The sgRNA was mixed with the nuclease by gentle pipetting and incubated for 10 min at room 452 

temperature to allow assembly of the RNP.  453 

Donor plasmid construct and preparation of long double strand DNA donor 454 

The donor plasmid vector (pUC-Ubi-EGFP-ubi) was synthesized and ligated into pUC by Azenta 455 

Life Sciences (Chelmsford, MA). The construct included homology arms of 600 bp length 456 

corresponding to GSH1 at 22-621 nt (5’-homology arm) and 640-1239 nt (3’-homology arm), 457 

respectively, flanking the in frame expression cassette composed of the S. mansoni ubiquitin 458 

promoter (2,056 bp), EGFP (717 bp), and the ubiquitin terminator (578 bp). Plasmid DNA was 459 

amplified by PCR using Phusion High-Fidelity DNA Polymerase (New England Bio-Labs, 460 

Ipswich, MA, cat no. M0530) with primers specific for the 5’ and 3’ termini of the homology 461 

arms. These primers were 5’end biotinylated and 5×phosphorothioate-modified to enhance 462 

stability; 5’-modified long dsDNA donor (lsDNA) enhances HDR and favors efficient single-463 

copy integration by it retention of monomeric conformation12 (Fig. 3a). 464 
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PCRs were carried out in 50 l reaction volume containing 200 M dNTPs, 0.5M of each 465 

primer, 100 ng pUC-Ubi-EGFP-ubi, 3% DMSO and 1 unit of Phusion DNA polymerase, with 466 

thermocycling at 98C, 30 sec, 30 cycles of 98C, 10 sec, 55C, 30 sec, 72C, 3 min, and final 467 

extension at 72C, 10 min. Amplification products were isolated using the NucleoSpin Gel and 468 

PCR Cleanup and gel extraction kit (Takara, San Jose, CA, cat no. 740609), eluted in 30 l 469 

nuclease-free water, and the long stranded (ls) DNA donor stored at -20C until used. 470 

Transfection of schistosomes  471 

Ten thousand eggs (LE) of S. mansoni, 20 adult stage schistosomes, or ~300 in vitro laid eggs 472 

(IVLE) were washed three times with ice-cold 1PBS before transfer into 4 mm pathway 473 

cuvettes (BTX, Holliston, MA) with ~100 l Opti-MEM as electroporated buffer.  Each 25 l of 474 

RNP and lsDNA donor was immediately added into the cuvette, to a total cuvette volume of 475 

~300 l. Transfection of schistosome eggs and adults with CRISPR materials was accomplished 476 

using square wave electroporation (Electro SquarePorator ECM 830, BTX), with a single pulse 477 

of 125 volts for 20 ms, transfection conditions as optimized previously8,9,58. Thereafter, the 478 

transfected schistosome stages were transferred to culture medium (as above). 479 

Nucleic acids  480 

To recover genomic DNA and total RNA, eggs from each replicate were triturated in ~100 l 481 

DNA/RNA Shield solution (Zymo Research, cat no. R1100, Irvine, CA) using a motor-driven 482 

homogenizer fitted with a disposable pestle and collection tube (BioMasher II, Bunkyo-ku, 483 

Tokyo, Japan). DNA was isolated from 50% of the homogenate, and RNA from the remainder.  484 

250 l DNAzol ES (Molecular Research Center, Inc., Cincinnati, OH; cat no. DS128) was 485 

dispensed into the homogenate, and DNA recovered according to the manufacturer’s protocol.  486 

Total RNA was extracted from the homogenate by adding 250 l RNAzol RT (Molecular 487 

Research Center, Inc., cat no. RN190). Yields and purity were assessed quantified by 488 

spectrophotometry (NanoDrop One Spectrophotometer, ThermoFisher Scientific), using ratios of 489 

absorbance at 260/280 and 260/230 nm59.  490 

Analysis of CRISPR on-target efficiency  491 

Amplicons of GSH1 spanning the programed DSBs were obtained using population genomic 492 

DNA (above) and primers termed ‘control-F and control-R primers’ that cover the region 493 

flanking expected double strand break of all the CRISPR target sites. Amplification products 494 

were purified (NucleoSpin Gel and PCR Cleanup and gel extraction kit, cat no. 740609, Takara) 495 

and the nucleotide sequences determined by Sanger cycle sequencing (Azenta Life Sciences, 496 

South Plainfield, NJ). Chromatograms of the sequence traces of experimental and control 497 

group(s) was compared using DECODR24 at default parameters. NGS deep sequencing was 498 

untaken on y genomic DNAs of eggs, IVLE and adult schistosomes, using the Amplicon EZ 499 

sequencing with 2 x 300 bp configuration (Azenta Life Sciences). Subsequently, >100,000 500 

sequence reads per sample were analyzed by CRISPResso29,26,27 with window analysis 200 bp 501 

parameter, multiple sgRNA targets. Deeply sequenced reads (>100,00 reads) were analyzed 502 

using CRISPRsso2, with resulting merged images used to plot the indel size distributions of the 503 

experimental compared to the wild type reference. 504 
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Detection of transgene integration into the schistosome genome 505 

Integration of donor transgene at GSH1 was analyzed by PCR with GoTaq G2 DNA polymerase 506 

(cat no. M7841, Promega, Madison, WI) using two pairs of primers; one locates on the GSH1 507 

using specific primers upstream or downstream of the homology arms paired with primers 508 

specific for the transgene (Fig. 2b), as described previously9.  PCR conditions: 95C, 2 min, 40 509 

cycles 94C, 15 sec, 58C 30 sec, 72C, 60 sec. Amplification products were size separated by 510 

electrophoresis and stained with ethidium bromide. The expected product sizes for the 5’ and 3’ 511 

integration site specific amplicons were 728 bp and 983 bp, respectively, and an amplification 512 

control was included, expected product size 764 bp (Fig. 2b). 513 

Quantification of EGFP transgene expression by RT-PCR 514 

To examine the mRNA expression of EGFP, total RNAs were extracted from the LE by 515 

RNAzol RT (Molecular Research Center, Inc., cat no. RN190) as manufacturer’s manual. The 516 

total RNA was transcribed into cDNA after treated with DNase enzyme to get rid of genomic 517 

DNA contamination or unuse lsDNA donor using Maxima First Strand cDNA synthesis kit with 518 

DNase (Thermo Fisher Scientific). The qPCR was performed using the GoTaq G2 DNA 519 

polymerase (cat no. M7841, Promega, Madison, WI) with the specific primers; EGFP-F 5’-520 

atggtgagcaagggcgagg-3’ and EGFP-R 5’-cttgtacagctcgtccatgcc-3’ (Fig. 3b) with expected 521 

amplicon at 717 bp.  S. mansoni GAPDH (Smp_056970) was used as the reference gene. The 522 

specific primer for GAPDH-specific oligos: GAPDH-F; 5’-atgggacatttccaggcgag-3’, GAPDH-R; 523 

5’-ccaacaacgaacatgggtgc-3’, expected amplicon of 213 bp in length.  PCR cycling conditions: 524 

95C, 2 min, 25 cycles 94C, 15 sec, 58C, 30 sec, 72C, 30 sec, after which amplification 525 

products were separated by electrophoresis through 1% agarose and stained with ethidium 526 

bromide. 527 

Quantification of EGFP fluorescent by spectral fluorescent unmixing in schistosome 528 

parasite 529 

Spectral and spatial distribution of EGFP fluorescence were assessed using confocal laser 530 

scanning microscopy, using a Zeiss LSM710 Meta detector fitted Axiovert 200 (Carl Zeiss, Jena, 531 

Germany). Images were collected with the C-Apochromat 20×, 1.2 NA water immersion 532 

objective. Spectroscopic measurements were performed in response to excitation by 458 nm 533 

(16.5 W) Arion laser line and 633 nm He/Ne laser line (Lasos Lasertechnik, Jena, Germany), 534 

which were used for focus and transmission mode imaging. Emission was detected with spectral 535 

META detector at 16 channels 477-638 nm simultaneously. A hurdle when viewing of EGFP via 536 

fluorescence microscope autofluorescence known to originate from the egg shell and adult 537 

female S. mansoni60,61,62, with vitelline cells determined to be the source of the emission 538 

signals63. Accordingly, all spectra of EGFP expressed in a miracidium inside each eggshell or 539 

cell in the adult stage worm were obtained by selecting the interest area (a whole miracidium 540 

inside egg or spots of cells inside the worm) in multispectral images using LSM Image Examiner 541 

and were collected for solvent background by subtracting autofluorescence regions from the 542 

entire auto fluorescent egg. Total EGFP intensity was calculated by the software at 509 nm63 543 

from a total of ~400 eggs containing a miracidium in each of both the control and experimental 544 

groups, all of which contained the miracidium (~100 eggs from each of four biological 545 

replicates). Images from adult worms were collected at day 15 following transfection.  546 
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Figure legends 563 

Figure 1.  Normalized gene expression of predicted intragenic GSH sites and the locations 564 

of gene-free stretches bearing GSHs on chromosomes 2 and 3 of Schistosome mansoni. 565 

Panel a.  Normalized expression (X-axis) for the intragenic GSH at each developmental stage of 566 

the schistosome. The protein coding sequences for Smp_036990, Smp_053220, Smp_150230, 567 

Smp_040360, Smp_127830, and Smp_067010 are shown in green, blue, yellow, gray, orange, 568 

and dark blue colored bars, respectively. b. Four extragenic GSH sites (blue rectangles), 569 

specifically GSH2 and GSH3 on chromosome 2 and GSH1 and GSH4 on chromosome 3. The 570 

red boxes and bars indicate the endogenous genes proximal to the predicted GSHs. The 571 

accession number, Smp_xxxxxx, of each gene is indicated. Black and white bars indicate GSH 572 

position coordinates on the chromosome. 573 

Figure 2. Programmed mutation of genome safe harbor enhanced by three overlapping 574 

guide RNAs. Panel a. Schematic diagram to indicate sites of the overlapping guide RNAs within 575 

GSH1.  b-c, g. Representative examples of indel percentages at GSH1, as a measurement of 576 

CRISPR catalyzed gene editing efficiency, as estimated using analysis of nucleotide sequences 577 

by the Deconvolution of Complex DNA Repair (DECODR) algorithm using distance from two 578 

overlapping guide RNAs, gRNA 1 and gRNA 3. Small deletions, 1-3 nt in length, of 1.7-13.8% 579 

indel mutations were estimated from each target site (panel g, left box). d-f, g.  Larger mutations 580 

of ≤ 115 nt with higher CRISPR/Cas9 efficiency (2.5-71.9%) were observed at each target site 581 

following KI using guide RNAs numbers 1, 2 and 3 (panel g, right side). h. The approach 582 

deploying the three-overlapping guide RNAs was significantly more efficient than that using two 583 

overlapping guide RNAs, as assessed from six, independent biological replicates (P = 0.0021, 584 

unpaired t-test) with the 95% confidence interval (CI) for the difference between the means, 6.17 585 

to 20.74; 20.18 ± 13.45% (X ± SEM) observed using three overlapping guide RNAs and 6.73 ± 586 

3.27 % (X ± SEM) with two gRNAs.  587 

Figure 3. Targeted insertion and transgene expression at GSH1 in the egg stage of 588 

Schistosoma mansoni. Programmed CRISPR/Cas9 insertion (knock-in, KI) at GSH1 on 589 

chromosome 3 of S. mansoni of a donor repair template of 4.451 kb in length, encoding an EGFP 590 

transgene driven by the endogenous S. mansoni ubiquitin promoter and terminator. Panel a. 591 

Topology of double-stranded DNA donor prepared from a primer pair with 5’ 5x-592 

phosphorothioate modification. The donor template encoded the S. mansoni ubiquitin promoter 593 

(pink bar) driving expression of the EGFP reporter gene (green) and ubiquitin terminator (pink) 594 

and was flanked at its termini with symmetrical 600 bp homology arms (black bars). The 595 

homology arm on the left (HAL) was situated 600 nt of upstream of the position of sgRNA1 and 596 

the homology arm on the right (HAR) is 600 nt of downstream of that of sgRNA 3. b. Schematic 597 

illustration of the WT and knock-in alleles after multiple double stranded breaks programmed by 598 

sgRNAs 1, 2 and 3 (scissors). The PCR primers used are shown as purple arrows. c. Targeted 599 

knock-in of the EGFP cassette detected by genomic PCR using 5’KI (728 bp) or 3’KI (983 bp) 600 

primer pairs. Negative controls for KI included wild type (WT), mock, and donor treatment 601 

groups not exposed to RNPs/Cas9 nuclease. d. EGFP transcript expression (717 bp) by RT-602 

qPCR following the integration into the egg of the parasite into the GSH1as well as schistosome 603 

GAPDH (213 bp). The three biological replicates of knock-in and its terminator are shown in 604 

lanes KI-1, KI-2 and KI-3 represent three independent biological replicates of programmed 605 

insertion of the ubiquitin promoter-driven EGFP, and lanes 1-3 show the RT-qPCR outcomes 606 
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from schistosome RNA with donor DNA electroporation (without CRISPR materials - nuclease 607 

or guide RNAs). Double-stranded DNA donor was used as the positive PCR template. 608 

Transcription of GAPDH was seen in all treatment and control groups (lanes 1-3 and KI-1 to KI-609 

3 in bottom panel) but not in the donor group. Primer-dimer and/or non-specific PCR band(s) 610 

from DNA donor transfected-eggs were ≤ 100 bp in size. 611 

Figure 4. Markedly higher numbers of eggs emitting green fluorescence following 612 

programmed knock-in of the reporter transgene at genome safe harbor as assessed by 613 

spectral image analysis.  Confocal laser scanning micrographs: Panel a, eggs exhibiting 614 

background signal (autofluorescence) from the control group, i.e. eggs transfected with donor 615 

repair template only; a1 and a2, representative images from biological replicates.  Panel b, eggs 616 

expressing the EGFP encoding transgene from the experimental group transfected with RNPs 617 

and the donor repair template; b1, b2, representative images from two biological replicates. 618 

Many eggs expressed EGFP with the broad range in intensity of fluorescence ranging from 619 

higher intensity (green arrow) and lower levels (yellow arrow) following programmed homology 620 

directed repair; micrographs taken at day 5 after transfection. Eggs expressed EGFP until day 15 621 

(experiment terminated). Panel c, micrograph showing representative images to demonstrate the 622 

EGFP and autofluorescence of individual eggs. Panel d, mean emission spectral intensity for 623 

eggs, scanned from 477-638 nm, with curves for each of the four biological replicates presented. 624 

Spectral signal, and the signal at 509 nm (peak wavelength for EGFP) for each positive egg was 625 

normalized with the average autofluorescence signal from the same biological experiment. and 626 

with the points showing mean values. Panel e, Percentage of egg population positive for EGFP 627 

fluorescence. Control group (gray), experimental group (green); findings from four independent, 628 

biological replicates (~100 eggs per group); eggs expressing EGFP in the control group, 23.7% 629 

(range,19 to-32%), eggs expressing EGFP in the experimental group, 74% (range, 68-79%) ; P  < 630 

0.001, two-tailed t  = 69.87, df = 142; difference between means (EGFP-KI – only donor) ±  631 

SEM, 49.7 ±  0.7,  95% CI, 48.3 to 51.1. Panel f, normalized fluorescence spectral intensity from 632 

control eggs (transfected with donor repair template) exhibiting higher intensity than 633 

autofluorescence; these eggs were also scored as EGFP-positive, and with a normalized EGFP 634 

intensity mean, 1290 au (range, 856 - 1712.8 ); experimental group, normalized-EGFP intensity, 635 

mean 6905 au (range 4971.5 – 8963.1 ); P < 0.001, unpaired t-test, n = 402; difference between 636 

means of experimental and control group eggs ± SEM, 5651 ± 57.40, 95% CI, 5502 to 5728).   637 
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Supporting information 638 

Figure S1. GSH1 deletions resulting from CRISPR/Cas9-derived NHEJ and random 639 

expression of GFP transgene resulting from HDR in 100% survival S. mansoni mature 640 

worms. Ten males or 10 female S. mansoni were transfected with multiple RNPs and lsDNA 641 

donor encoding EGFP driven by the ubiquitin promoter to investigate fitness of the schistosomes 642 

following CRISPR-associated manipulation. EGFP expression was evident in six females and 643 

two males (green arrow) (panels a, c). Blue arrows indicate autofluorescence that was also 644 

apparent in these worms (Zeiss LSM710 confocal microscope, 20 magnification). At this 645 

magnification, it was not possible to capture micrographs of the entire worm (panel e).  Genomic 646 

DNA from EGFP-positive worms was pooled and analyzed for programmed mutations (indels) 647 

(y-axis panels b, d). Large-sized gene deletions were apparent, up to 150 nt in female and 120 nt 648 

in the males CRISPResso2 is limited in its analysis of efficiency of HDR in this study given the 649 

donor transgene is 4.4 kb in length. All female and male worms survived until day 11 when the 650 

experiment was terminated 651 

Figure S2. EGFP expression in in vitro laid eggs. In vitro-laid eggs (IVLE) released overnight 652 

from adult schistosomes (~200 worms) were transfected by electroporation with RNPs (three 653 

overlapping guide RNAs) and donor repair template. At transfection (day 0), the ILVEs 654 

contained a few parasite cells and germ cells. Transfected IVLEs were maintained in high 655 

nutrition medium for 10 days. At this point, some of the eggs (<10%) contained the fully 656 

developed miracidium (panel a). EGFP expression in the miracidium (green arrow) was apparent 657 

in a few of these eggs of the population (<1%) in culture (Zeiss LSM 710, 20X magnification).  658 

In similar fashion to the outcome with the adult schistosomes (Fig. S1), programmed deletions 659 

were seen in the genome of these eggs, following CRISPResso2 analysis of the sequence reads 660 

(b).   661 
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Table 1.  A Table shows GSH criteria and rationale to computationally predict GSH sites in the S. mansoni genome. Candidate GSH sites indicating the chromosome 
locations and lengths of six candidate intragenic GSH sites and four candidate intergenic GSH sites.

GSH criteria Predicted S. mansoni GSH

Accession no. Protein coding Location on the genome

Intragenic GSH

1) Close to peaks of H3H4me3, a histone 
modification that is associated with 
euchromatin and transcription start sites

2) Do not contain H3K27me3, a histone 
modification that is associated wit 
heterochromatin in any of the life stages

3) Deliver an ATAC-seq signal

4) Possibility for viral integration site as in 
human cell line shown preferentially into 
euchromatin

• Smp_053220

• Smp_150230

• Smp_040360

• Smp_127830

• Smp_067010

• Smp_036990

• aldo keto reductase family, member B4

• metal tolerance protein C3

• endoplasmic reticulum Golgi intermedia

• actin protein ARP2:3 complex subunit

• RUN domain containing protein 1

• endophilin III

• Chromosome 4: 1,244,090-1,260,835 forward 
strand (16.745 Kb)

• Chromosome 3: 27,720,233-27,752,200 
forward strand (31.967 Kb)

• Chromosome 1:76,379,080-76,396,355 forward 
strand (17.275 Kb)

• Chromosome 7:5,605,098-5,634,189 reverse 
strand (29.091 Kb)

• Chromosome 4:22,148,377-22,197,632 reverse 
strand (49.255 Kb)

• Chromosome 4:4,502,471-4,557,287 reverse 
strand (54.816 Kb)

Gene ID Protein  coding nearby Location on the genome

Intergenic GSH

1) Unique sequences

2) Locate outside annotated genes and long 
non-coding RNA

3) Locate outside putative promotor regions 
where more than 2Kb upstream of the TTS

4) Close to peaks of H3K4me3 in all parasite 
stages

5) Do not contain h3K27me3

6) Overlapping ATAC-sequence positive sites

7) Within 11 Kb of HIV integration site

GSH1

GSH2

GSH3

GSH4

• n/a; Smp_052890
• copper transport protein atox1-related; 

Smp_150460

• 6-phosphogluconate dehydrogenase; 
Smp_33810

• n/a; Smp_071830, Smp_245610

• cytohesin-related guanine nucleotide-
exchange protein; Smp_016380

• condensin complex subunit 1; 
Smp_131070

• Smp_052890, Smp_150460

• Chromosome 3:13380432-13381848 (1,416 bp)

• Chromosome 2:15434976-15435945 (970 bp)

• Chromosome 2:9689988-9690739 (752 bp)

• Chromosome 3:13381901-13382038 (138 bp)
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