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ABSTRACT 

 

Single-Copy Insertion of Split-GFP for the Restriction of Germline 

Expression in Caenorhabditis elegans  

Mohammed Al Johani 

 

Gene regulation in C. elegans germ cells depend on transgenerational chromatin 

modification and small RNA pathways. Germline silencing mechanisms evolved to 

repress foreign DNA from compromising the transfer of genetic information to progeny. 

Effective genetic tools that circumvent the silencing machinery will facilitate studies 

using this model organism. Specifically, translation of heat-shock inducible transgenes is 

inhibited in the germline making it challenging to transiently express enzymes to modify 

the genome. Here, we describe a genetic screen design that can be used to identify 

pathways that prevent germline expression of heat-shock induced transgenes. We use 

split-GFP (GFP1-10 and GFP11) to confine a genetic screen to germ cells. Stable 

transgenic lines with germline expression of single-copy integrated GFP11 were 

produced using MosSCI. The insertion lines will be used in RNAi or chemical 

mutagenesis screens for the germline de-repression of GFP1-10 expressed under heat-

shock promoters. The screen is likely to identify candidate RNAi or chromatin factors 

involved in repressing heat-shock expression in the germline, particularly from 

extrachromosomal arrays. Inducible high-level expression in the germline from 

extrachromosomal arrays would be a valuable tool for large-scale genome engineering.   
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INTRODUCTION 

 

Defense pathways in the nematode Caenorhabditis elegans have evolved to 

protect endogenous genes from invasive foreign DNA. Mechanisms to identify and 

silence foreign DNA are especially critical in the germline where improper transmission 

of genetic information could compromise future generations. Genetic tools that bypass 

the silencing machinery are imperative for using this model organism to better understand 

genetic, epigenetic, and developmental mechanisms. However, many of the regulatory 

pathways involved in distinguishing “self” from “non-self” DNA remain elusive.  

Gene regulation in germ cells depend on transgenerational modification of 

chromatin and small RNA pools (Ashe et al., 2012; Minkina et al., 2017; Rechavi et al., 

2017; Serobyan et al., 2017). Piwi-associated RNA (piRNA), a class of small RNAs, for 

example, provide a sequence-specific library that silences transposons in the germline 

(Weick and Miska, 2014). MES-4, an H3K36 methyltransferase, on the other hand, 

transmits the expression pattern of paternal germline to primordial germ cells in the 

offspring (Rechtsteiner et al., 2010). RNA interference (RNAi) and chromatin 

immunoprecipitation (ChIP) studies have shown that repressive histone marks H3K9me3 

and H3K27me3 are carried down for several generations after RNAi induction (Burton et 

al., 2011; Gu et al., 2012; Mao et al., 2015). Similarly, RNAi-dependent small-interfering 

RNAs (siRNA) that respond to metabolic stresses or virus induction are inherited in 

progeny that are not exposed to the same stresses (Rechavi et al., 2011; Rechavi et al., 

2014). All of which are evidence suggesting that gene regulation in C. elegans relies 

heavily on inheritable regulatory information. Both silencing and licensing mechanisms 
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ensure proper gene expression using RNAi pathways and chromatin modifications.  

Nonetheless, de-silencing techniques have been developed in order to evade C. elegans 

defense mechanism and express exogenous genes.  

Transgenes in C. elegans can be expressed from either high-copy, repetitive, 

semi-stable, extrachromosomal arrays or single-copy genomic insertions (Mello et al., 

1991; Frøkjær-Jensen et al., 2008). In either case, transgenes in the germline are prone to 

silencing. Noncoding periodic An/Tn clusters (PATCs) have been developed to de-silence 

extrachromosomal arrays and single-copy insertions in the germline. PATCs provide a 

watermark that protects endogenous and exogenous germline genes from position effect 

variegation and stochastic silencing (Frøkjær-Jensen et al., 2016). Using PATCs, 

constitutive transgene germline expression from extrachromosomal arrays can be easily 

obtained using germline-specific Pmex-5 and Ppie-1 promoters; however, inducible high-

level expression of germline transgenes from extrachromosomal arrays is yet to be 

described (Merritt et al., 2008).  

High-throughput screening technologies in mammalian cell culture system 

facilitate parallel, rapid, flexible, and cost-effective approaches to multidimensional 

scientific queries (Zhou et al., 2014; Wachsmuth et al., 2015). Likewise, high-throughput 

transgenesis screens in C. elegans provide a holistic in vivo context. If optimized, 

temporal and spatial control of transgenic expression in the germline can greatly extend 

the potential of large-scale studies on genetic libraries, especially when they involve 

lethal or toxic factors. The ability of C. elegans to form heterogenous high-copy number 
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extrachromosomal arrays is unique to the organism. Inducible genomic integration would 

allow high-throughput sampling of a genetic large library.  

In C. elegans, heat-shock promoters Phsp16.2 and Phsp16.41 are used for 

transgene induction in somatic cells from extrachromosomal arrays (Fire et al., 1990). 

Response to elevated temperatures is a highly conserved mechanism amongst species. 

Organisms combat the environmental stress by synthesizing heat-shock proteins (HSPs) 

(Kay et al., 1986; Lindquist and Craig, 1988). However, heat-shock inducible transgenes 

are readily silenced in the germline (Fire et al., 1990; Stringham et al., 1991; Kelly et al., 

1997). Whether it is from extrachromosomal arrays or single-copy insertions, current 

transgene de-silencing techniques have produced little to no heat-shock expression in the 

germline (unpublished data from Frøkjær-Jensen; Zeiser et al., 2011). Interestingly, using 

fluorescent in situ hybridization (FISH), Sheth et al. (2010) reported that transgenes with 

heat-shock promoter Phsp16.2 are transcribed but not translated. Whether this is the 

result of post-transcriptional silencing, undeveloped mRNA, imprecise RNA processing, 

or the lack of activate marks on heat-shock transgenes remains an unexplored question. In 

order to take advantage of heat-shock promoters for large-scale genome engineering, an 

understanding of the key players behind its translational silencing would need to be 

addressed first.  

 Traditional genetic screens are difficult to adopt in the case of heat-shock 

transgenes, as heat-shock transgenes are highly expressed in somatic cells (Stringham et 

al., 1991). Thus, screening the germline for expression following a mutagenesis would be 

difficult to detect without reducing or removing fluorescence in somatic cells. Kamiyama 
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et al. (2016) adapted self-complementing green fluorescent proteins (GFP) by splitting a 

super-folder GFP (sfGFP) into two non-fluorescent fragments: GFP1-10 and GFP11. 

GFP1-10 contains the three chromophore residues of GFP. Whereas, GFP11, a short 16 

amino acid peptide, contains the conserved E222 residue required for chromophore 

maturation (Barondeau et al., 2003). The asymmetric split between the tenth and the 

eleventh -strand of sfGFP make both fragments non-fluorescent until complementation. 

Kamiyama et al. (2016) also showed that the GFP signal correlates with the number of 

GFP11 repeats, seven repeats giving full GFP fluorescence. The small GFP11 tag makes 

the split-GFP system useful for in vivo and in vitro protein tagging and imaging (Chen et 

al., 2016; Leonetti et al., 2016; Roberts et al., 2017). Here, we propose the use of split-

GFP in C. elegans to confine the signal of the heat-shock promoter to the germline. 

While one split-GFP fragment is expressed broadly under a heat-shock promoter from an 

extrachromosomal array, the other split-GFP fragment can be stably expressed under a 

germline-specific promoter. Only tissues expressing both split-GFP fragments, i.e. the 

germline, will produce a GFP signal, making a screen for de-repression in the germline 

more discernable and efficient.  

We hypothesize that RNAi and chromatin factors prevent expression and 

translation of heat-shock induced exogenous mRNA in the germline. Mechanisms that 

deposit marks in prior generations are necessary for correct translation in the next 

generations. Here, we describe a genetic screen that relies on the intersection of split-GFP 

expression in the germline to readily identify candidate regulators for the silencing of 

heat-shock transgenes from extrachromosomal arrays. Once identified, the screen will 
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provide tools for high-level inducible transgene expression in the germline from 

extrachromosomal arrays.  
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RESULTS 

 

The split-GFP sequences reported by Kamiyama et al. (2016) were adapted for C. 

elegans expression by first codon optimizing the sequence as previously described by 

Redemann et al. (2011). Since the piRNA pathway is one of the main inhibitors for 

transgene expressions in the germline, piRNA homology sequences were then substituted 

with silent mutations (Bastista et al., 2008; Bagijn el al., 2012; Lee et al., 2012; Zhang et 

al., 2018; Wu et al., 2018). BsaI restriction sites were also removed using synonymous 

substitutions in order to subsequently replace introns using Golden Gate assembly if 

needed (Engler et al., 2008). Finally, evenly spaced synthetic introns (syntrons) with 

Golden Gate acceptor sites were added at consensus splice sites (Mount, 1982; 

Blumenthal, 2005). The resulting sequences for GFP1-10 and GFP11(7x) are reported in 

Table B.1. As a result, GFP1-10 and GFP11(7x) sequences contain four and three 

syntrons, respectively, that can be readily substituted with PATC introns if needed. The 

split-GFP fragments were synthesized using gBlocks from Integrated DNA Technologies 

(IDT) and cloned into Gateway entry vectors. 

Germ cell are located in the gonad of hermaphrodite C. elegans as nuclei in a 

syncytium that acts a shared cytoplasm. To visualize the germline, nuclear localization 

signals (NLS) are incorporated into the spilt-GFP system. Therefore, Gibson cloning was 

used to flank GFP1-10 with SV40 and egl-13 (Lyssenko et al., 2007; Gibson et al., 2009).  

In order to produce a stable transgenic line expressing one of the split-GFP 

fragments in the germline, GFP1-10 was inserted into the genome using Mos1-mediated 

single-copy insertions (MosSCI) (Frøkjær-Jensen et al., 2008). First, the expression 



 

 

16 

vector with Pmex-5::GFP1-10(2xNLS):: fbf-2 3’ UTR, the transgenesis rescue marker 

unc-119, and MosSCI homology site ttTi5605 was made using multi-site Gateway 

cloning. The ttTi5605 site is located on a permissive site in the center of chromosome II. 

The vector was injected into an unc-119 mutant strain containing the target insertion site 

(EG4322). Four transgenic lines were generated: iMDJ1.1, iMDJ1.2, iMDJ1.8, and 

iMDJ1.15. Frøkjær-Jensen et al. reported partial duplications and deletions using MosSCI 

(Frøkjær-Jensen et al., 2008). Hence, insertions were verified using genomic DNA 

isolation and PCR. Only two insertion lines had intact integrations: iMDJ1.8 and 

iMDJ1.15 (Appendix A, Figure A.1). 

As a positive control, GFP11(7x) was injected into insertion strains iMDJ1.8 and 

iMDJ1.15 as an extrachromosomal array under ubiquitous (germline and somatic cell) 

promoter Psmu-1. An expression vector containing Psmu-1::GFP11(7x):: fbf-2 3’UTR 

and Neomycin resistance was cloned. 6-7 clonally independent lines were generated from 

each insertion line. Adult F2 and F3 animals were screened for germline split-GFP 

signals. However, none of the transgenic lines produced germline split-GFP fluorescence 

(Figure 1A).  

We assessed the possibility of germline extrachromosomal array silencing by 

substituting the syntrons with two 250bp introns containing PATCs using Golden Gate 

cloning. PATC sequences can be found in Table B.1. Likewise, Psmu-

1::GFP11(7x)(PATCs):: smu-1 3’UTR was constructed with Neomycin resistance and 

injected into iMDJ1.8 and iMDJ1.15 as an extrachromosomal array. Similarly, no 

germline fluorescence was observed in any of the transgenic lines (Figure 1B). We then 
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evaluated the possibility of low protein affinity by adding NLS on GFP11(7x)(PATCs) 

using Gibson cloning. Expression vector Psmu-1::GFP11(7x)(2xNLS)(PATCs):: smu-1 

3’UTR was again constructed with a Neomycin resistance cassette and injected into the 

same insertions strains. No germline fluorescence was equally observed (Figure 1C). 

 

Figure 1. split- GFP germline silencing in strains with integrated Pmex-5::GFP1-

10(2xNLS):: fbf-2 3’ UTR and extrachromosomal arrays (A) Psmu-1::GFP11(7x):: fbf-2 

3’UTR (B) Psmu-1::GFP11(7x)(PATCs):: smu-1 3’UTR, and (C) Psmu-

1::GFP11(7x)(2xNLS)(PATCs):: smu-1 3’UTR. Only autofluorescence from gut 

granules were observed.   

 

We evaluated the functionality of split-GFP proteins in somatic cells using Peft-3 

promoter and a heat-shock promoter. Vectors containing Peft-3::GFP1-10(2xNLS):: fbf-2 

3’UTR, Phsp16.41::GFP11(7x):: fbf-2 3’UTR, and unc-119 rescue gene were made. 

Transgenic lines were generated containing both split-GFP fragments. Following heat-

shock, fluorescence in somatic cells was observed (Figure 2). 
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Figure 2. Somatic expression of split-GFP following heat-shock at 34C for 2 hours. 

Strain contained Peft-3::GFP1-10(2xNLS)::fbf-2 3’UTR and Phsp16.41::GFP11(7x)::fbf-

2 3’UTR as extrachromosomal arrays. 

 

 C. elegans are able to express genes in polycistronic transcriptional units or 

operons (Spieth et al., 1993). Multiple transgenes can be expressed under a single 

promoter by adding a gpd-2 operon sequence between the transgenes. To assess whether 

the lack of split-GFP germline signal was due to the silencing of the inserted fragment, a 

co-expression tagRFP-T fluorophore was added to the split-GFP fragment in an operon. 

The tagRFP-T sequence contains a myristylation signal that localizes the fluorescence to 

the germ cell membrane. Ppie-1::GFP11(7x)(PATCs)(2xNLS)::gpd-2 tagRFP-T smu-1 3’ 

UTR was made and inserted at the ttTi5605 site along with the unc-119 rescue gene using 

MosSCI. Eight transgenic lines were generated. Red fluorescence was observed in all 

eight of the insertion strains on the membrane of germ cells (Figure 3). The red 
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fluorescence is indictive of an intact promoter and 3’ UTR. Genomic PCR confirmed that 

six strains had an intact GFP11(7x)(PATCs)(2xNLS) fragment (Appendix A, Figure 

A.2). Of which, iMDJ16.8, iMDJ16.9, and iMDJ16.10 were used for subsequent 

transgenesis.   

Figure 3. Germline tagRFP-T fluorescence of strain with integrated Ppie-

1::GFP11(7x)(PATCs)(2xNLS)::gpd-2 tagRFP-T smu-1 3’ UTR. Myristylation localized 

the signal on germ cell membranes.  

 

As a positive control, GFP1-10 was injected into the insertion lines as an 

extrachromosomal array under a ubiquitous promoter. To avoid extrachromosomal array 

silencing, three PATC-rich introns were added to GFP1-10(2xNLS) using Golden Gate 

cloning. Multi-site Gateway reaction was then used to construct Psmu-1::GFP1-

10(2xNLS)(PATCs):: smu-1 3’ UTR. The vector was co-injected with a plasmid carrying 

Neomycin resistance into iMDJ16.8, iMDJ16.9, and iMDJ16.10. 4-5 clonal independent 

lines were generated from each insertions strain. Adult F2 and F3 were screened for 

germline split-GFP fluorescence. Several lines contained nuclear germline split-GFP 
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fluorescence (Figure 4). All of which, originated from the iMDJ16.9 and iMDJ16.10 

insertion lines, suggesting that they stably express GFP11(7x) in the germline.   

 

Figure 4. Germline fluorescence of tagRFP-T on the membrane (left) and split-GFP in 

the nuclei (right) using integrated Ppie-1::GFP11(7x)(PATCs)(2xNLS)::gpd-2 tagRFP-T 

smu-1 3’ UTR at ttTi5605 and extrachromosomal Psmu-1::GFP1-10(2xNLS)(PATCs):: 

smu-1 3’ UTR. 
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DISCUSSION 

 In this study, split-GFP was optimized for C. elegans expression. Although 

somatic split-GFP fluorescence was readily visible, germline fluorescence was difficult to 

achieve. Transgenic lines with a single-copy GFP1-10 genomic insert did not produce 

any germline fluorescence when GFP11 was expressed from an extrachromosomal array. 

Improvements on the GFP11 fragment, such as adding NLSs and PATCs, did not 

generate fluorescence. We are led to hypothesize that the integrated GFP1-10 fragment 

was silenced. Revisions on the integrated split-GFP fragment (different germline 

promoter, 3’ UTR, GFP11 as the insert,) and the addition of a co-expression marker 

yielded a stable non-fluorescent insertion line expressing GFP11 in the germline.  

 It is likely that silencing mechanisms, such as RNAi and piRNAs, or general 

chromatin modifiers, such as histone methyltransferases, are involved in regulating 

inducible expression. Therefore, we plan to initially conduct a candidate RNAi screen 

against approximately 800 RNAi and chromatin factors using the strains that we have 

generated here. The insertion line will allow us to restrict the fluorescence screen to the 

germline. The strain can be further used for an unbiased screening of silencing factors in 

a random chemical mutagenesis. The ultimate objective is to understand the mechanisms 

that are involved in heat-shock repression and to generate efficient genetic tools that 

allow inducible high-level expression in the germline from extrachromosomal arrays.  
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METHODS 

 

Microinjections. DNA was injected into C. elegnas gonads as described by Mello et al., 

(1991). The final concentration of injected DNA was 100ng/ul. To construct 

extrachromosomal arrays, the injection mixes consisted of either 25ng/ul for single 

plasmids or 12.5ng/ul for two plasmids. Invitrogen 1Kb Plus DNA Ladder (cat. no. 

10787018) was added in order to increase heterogeneity of DNA content and reach the 

final concentration. The microinjection setup included a Zeiss Axio Vert.A1 inverted 

microscope (cat. no. 491237-0001-000), a Sutter Instrument Model P-97 micropipette 

puller, and 10cm standard wall borosilicate glass micropipettes (cat. no. BF100-58-10). 

C. elegans strains. EG4322 (ttTi5605; unc-119(ed3)) and PS6038 (syEx1136; unc-

119(ed3)) strains were obtained from the Caenorhabditis Genetics Center. EG4322 was 

used for MosSCI insertions while a heavily outcrossed PS6038 strain was used for 

extrachromosomal arrays. Unc-119 worms were maintained at 20C on nematode growth 

medium (NGM) plates seeded with HB101 bacteria lawn (Brenner, 1974). Worms were 

transported to 25C following microinjection. After the plates had starved (approximately 

8 days post injection), rescued animals were chunked to NGM plates seeded with an 

OP50 bacteria lawn and propagated at 25C.       

MosSCI Insertions. Single-copy insertions were performed as reported by Frøkjær-

Jensen et al., 2008. In addition to the insert, the injection mix contained co-injection 

markers for extrachromosomal arrays: pCFJ104 (Pmyo-3 mCherry) 20ng/ul, pGH8 
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(Prab-3 mCherry) 20ng/ul, and pCFJ90 (Pmyo-2 mCherry) 5ng/ul. The mix also 

contained 20ng/ul of pMA122 (Phsp::peel-1 toxin) and 20ng/ul of pCFJ1532 (Psmu-

1::mosase) to kill animals with extrachromosomal arrays and induce Mos1 transposition, 

respectively. After injection, plates were left to starve at 25C. Peel-1 was then induced 

using a standard heat-shock protocol: plates were transported to a 34C incubator for 2 

hours. F2 larvae were screened for rescue after 12 hours. A single rescued animal with no 

mCherry fluorescence was isolated on fresh OP50 seeded NGM plates to generate an 

insertion line.       

PCR. DNA amplification for cloning or insertion verification was performed using a 

standard 35-cycle Phusion PCR program. Thermocycler was set for 30 seconds at 98C, 

30 seconds at 60C, and 1 minute per Kb at 72C. Initial denaturation was hot-started and 

ran for 2 minutes at 98C. Final extension time was set for double the cyclical extension 

time.  

DNA and gel purification. Plasmid DNA was isolated using Invitrogen PureLink™ 

Quick Plasmid Miniprep Kit (cat. no. K210010). Genomic DNA was extracted using a 

crude genomic isolation protocol that lysates cells using Proteinase K. TAE-buffered 

agarose gels were purified using Zymoclean Gel DNA Recovery Kit (SKU D4001).  

Gibson Cloning. In this study, NLSs were added to split-GFP fragments using Gibson 

cloning. Gibson cloning allows the isothermal assembly of multiple DNA fragments with 

only 20bp of overlap. Oligos with the desired overlap were order from IDT and 

incorporated into the desired DNA fragments using PCR. The PCR products are run on a 

1% agarose gel and purified. The product is then incubated for 1 hour at 50C with a 1:3 
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ratio of homemade Gibson mix as described by Gibson et al., 2009. The homemade 

Gibson mix contains 100ul 5x Iso Buffer (1M Tris-HCl pH 7.5, 1M MgCl2, 10mM dNTP 

mix, 1M DTT, PEG-8000, 50mM NAD, Milli-Q water), 0.2ul 10 U/ul T5 Exo, 6.25ul 

2U/ul Phusion Polymerase, 50ul 40 U/ul Taq Ligase, 218.5ul Milli-Q water. Reaction is 

then directly transformed and confirmed using restriction digestion and Sanger 

sequencing. 

Gateway Cloning. pENTR vectors were made by amplifying the desired insert with 

oligos containing appropriate attB overhangs using PCR. The PCR product was incubated 

for 1 hour at room temperature with pDONR vector containing attP sites and Gateway BP 

Clonase™ enzyme (Invitrogen cat. no. 11789013). pEXP vectors in this study were 

constructed using multi-site LR Gateway reactions. In this reaction, three pENTR, 

consisting of promoter, gene, and UTR elements, are simultaneously cloned into a 

pDEST backbone, resulting in a pEXP. Gateway cloning is especially useful for cloning 

multiple DNA fragments into specific locations (or slots) of a different vector. Flanking 

sequences of DNA elements on the pENTR vectors determine the orientation in which 

fragments are added to the pDEST vector. The reaction is mediated by Invitrogen’s LR 

ClonaseTM II Plus enzyme (cat. no. 12538120). The general activity of the enzyme 

permits the recombination of attL sites with attR sites. Promoter, gene, and UTR 

sequences are flanked in pENTR vectors with attL4 and attR1, attL1 and attL2, and attR2 

and attL3 sites, respectively. By having attR4 and attR3 on pDEST vectors, pEXP vectors 

that contain promoter, gene, and UTR genetic elements in the correct orientation are 

produced. 1ul of LR ClonaseTM II Plus enzyme is incubated overnight at room 
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temperature with 1ul of each pENTR vector and the pDEST. After incubation, the 

reaction mix is directly transformed and confirmed using restriction digestion.              

Golden Gate Cloning. Generating vectors with desired introns was done using Golden 

Gate cloning. Golden Gate assembly relies on restriction enzymes that cleave DNA 

outside its recognition sequence. In this study, BsaI-HF (NEB cat. no. R3535S) sites were 

synthesized in the syntrons of the split-GFP fragments. Digestion using BsaI-HF results 

in overhangs complimentary to a library of different introns at our disposal. After 

digestion, sequence-specific overhangs are ligated using T4 DNA ligase (NEB cat. no. 

M0202S). Thermocycler program is set to cycle between the digestion temperature 

(37C) and ligation temperature (16C) 50 times. The undesired backbones are then 

digested again using BsaI-HF and linear DNA is degraded using an exonuclease, 

RecBCD (NEB cat. no. M0345S). Product is transformed and confirmed using restriction 

digestion.     

Plasmid confirmation. All DNA plasmids constructed using the aforementioned 

molecular biology techniques were confirmed by restrictions digestions. Plasmids were 

digested for 1 hour in a 20ul reaction volume containing 2ul of plasmid, 2ul of buffer, 1ul 

of restriction enzyme, and 15ul of Milli-Q water. The digested fragments were separated 

on a 1% agarose gel running 140V for 80 minutes. DNA was visualized using ethidium 

bromide staining. Restrictions enzymes were purchased from New England Biolabs 

(NEB). In addition, all pENTR vectors were submitted to the KAUST Bioscience Core 

Labs for Sanger sequencing. 
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Transformation. Unless otherwise noted, DNA was transformed into One ShotTM Top10 

chemically competent cells (cat. no. C404003). Competent cells and 2ul of DNA were 

incubated on ice for 30 minutes, heat-shocked for 45 seconds at 42C, and then recovered 

for 1 hour at 37C and 180rpm using 400ul of super optimal broth with catabolite 

repression (SOC) medium. Cell were then spread on Luria broth (LB) with the 

appropriate antibiotic. Colonies were inoculated in 4ml of LB and antibiotic media for 

12-16 hours before DNA isolation.  

Fluorescence Microscopy. Screening was performed using a fluorescence dissection 

microscope (Olympus SZX2-FOF). Images were obtained using an upright fluorescence 

microscope (LECIA DM2500 LED) with a monochrome LECIA DFC7000 GT camera. 

Heat-shock protocol. To induce heat-shock response, plates were transported to a 34C 

incubator for 2 hours. Animals were left to recover at 25C and screened at least 6 hours 

after heat-shock.  
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APPENDICIES 

 

Appendix A: Genomic DNA amplification  

 

 

 

 
Figure A.1 Genomic DNA amplification of iMDJ1 insertions strains with Pmex-

5::GFP1-10(2xNLS):: fbf-2 3’ UTR at ttTi5605. Primer binding sites are annotated in 

green, red, and blue for Pmex-5, GFP1-10(2xNLS), and fbf-2 3’ UTR, respectably. 1% 

agarose gel using ethidium bromide staining with Versa 10Kb DNA ladder. 
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Figure A.2 Genomic DNA amplification of iMDJ16 insertion strains with Ppie-

1::GFP11(7x)(PATCs)(2xNLS)::gpd-2 tagRFP-T smu-1 3’ UTR at ttTi5605. Primer 

binding sites are annotated in green and red GFP11(PATCs)(2xNLS). 1% agarose gel 

using ethidium bromide staining with Versa 10Kb DNA ladder.  
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Appendix B: DNA sequences used in the study 

 

Table B.1 Optimized split-GFP and PATC sequences  

Fragment Sequence (5’->3’) 

GFP1-10 

TCTAAGGGAGAAGAACTGTTTACCGGTGTTGTGCCAATCCTCGTCG

AGCTCGACGGAGgtaacacttagtttttgttgctctgtttaaaaattaattttaagACGTCAACGG

ACACAAGTTCTCCGTCCGTGGAGAGGGAGAGGGAGACGCCACCAT

CGGAAAGCTCACCCTCAAGTTCATCTGCACCACCGGAAAGCTCCCA

GTCCCATGGCCAACCCTCGTCACCACCCTCACCTACGGAGTCCAAT

GCTTCTCCCGTTACCCAGgtaagttttcttgagacctttactaactaactaggtctcatagattttca

gACCACATGAAGCGTCACGACTTCTTCAAGTCCGCCATGCCAGAGG

GATACGTCCAAGAGCGTACCATCTCCTTCAAGGACGACGGAAAGTA

CAAGgtaagttatgtagagaccttaatactcaactatggtctcaaacattttcagACCCGTGCCGTC

GTCAAGTTCGAGGGAGACACCCTCGTCAACCGTATCGAGCTCAAGG

GAACCGACTTCAAGGAGGACGGAAACATCCTCGGACACAAGCTCG

AGTACAACTTCAACTCCCACAACGTCTACATCACCGCCGACAAGCA

AAAGAACGGAATCAAGgtaagttctttagagacctaatcacatcaatttggtctcagtaattttcag

GCCAACTTCACCGTCCGTCACAACGTCGAGGACGGATCCGTCCAAC

TCGCCGACCACTACCAACAAAACACCCCAATCGGAGACGGACCAG

TCCTCCTCCCAGACAACCACTACCTCTCCACCCAAACCGTCCTCTCC

AAGGACCCAAACGAGAAG 

GFP11(7x) 

CGTGACCACATGGTCCTTCATGAGTATGTAAATGCTGCTGGGATTA

CAGGTGGCTCTGGAGGTAGAGATCATATGGTTCTCCACGAATACGT

TAACGCCGCAGgtaagttatgtagagaccttaatactcaactatggtctcaaacattttcagGCATC

ACTGGCGGTAGTGGAGGACGCGACCATATGGTACTACATGAATATG

TCAATGCAGCCGGAATAACCGGAGGGTCCGGAGGCCGGGATCACA

TGGTGCTGCATGAGTATGTGAACGCGGCGGGTATAACTGGTGGGTC

GGGCGGACGTGACCATATGGTGCTTCACGAATACGTAAACGCAGCT

GGCATTACTGGCGGATCAGGTGGCAGGGATCACATGGTACTCCATG

AGTACGTGAACGCTGCTGGAATCACAGgtaagttctttagagacctaatcacatcaattt

ggtctcagtaattttcagGCGGTAGCGGCGGTCGGGACCATATGGTCCTGCAC

GAATATGTCAATGCTGCCGGTATCACCGGCGGCAAATTC 

1A-1B PATCs 

ttggattttctggatggaaaactgtggaaaaatggatttttccactaaaaacctgaatttttaactcaaaaattgattttt

ttaactcaaaaattgaatttttaattcaaaaattgaatttttaattcaaaaattgaatttttaactcaaaaattgaatttttaa

ttcaaaaattgaatttttaactcaaaaattgaatttttaactcaaaaattgattttttaactcaaaaattgattttttaactca

aaaaattcga 

4A-4B PATCs 

aattcgtggaaattgagagaaaaatcgagttttctaggtgaaaatcgagaaaaattggatttttctctagaaaatcca

gaaaaaatagagttttctcagtgaaaatcgagaaaaaatgggtttttctttagaaaattcagaaaaaatagagttttct

cagtgaaaatcgagaaaaattaggttttttctctagaaaattccgaaaaaaaaagagttttctaggtgaaaatcgag

aaaaattggatttttctctagaaaatccagaaaaaatcaat 

5A-5B PATCs 

acggagaaaatgcggaaaattgtgaaaaaaaaacacttttttgaatgaaaaatcgaaatttttcgtattttttactgaa

aaaatcggaatttttcgtattatttagtgaaaaaatcgaaaaatgttataatttttgacgaaatttatagcaaaaaatca

caatttttgccatttctagtcgttttcattgtaaaaaccagaaaattgtatgattttgacagaaaaattcaagaatttgag

cgttttttaaccaaaaaaaaactg 
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Table B.2 Primers designed in this study 

Oligo Sequence (5’->3’) 
oMDJ1  caaagaagaagcgtaaggtgTCTAAGGGAGAAGAACTGTTTACCGG 

oMDJ2  ttggccttacgacgacgggaCTTCTCGTTTGGGTCCTTGGAGA 

oMDJ3 TCCCGTCGTCGTAAGGCCAAC 

oMDJ4 CACCTTACGCTTCTTCTTTGGCG 

oMDJ5 GCTCACCTAGGCAGGAAACA 

oMDJ6 ATTGGCACAACACCGGTAA 

oMDJ7 ACTTTCCCCAAAATCCTGCT 

oMDJ8 AGGATGTTTCCGTCCTCCTT 

oMDJ9 TCAAGGAGGACGGAAACATC 

oMDJ10 AAACGACGGCCAGTGAATTA 

oMDJ11 gcggtagtggaggcactggtTCCCGTCGTCGTAAGGCCAA 

oMDJ12 ccggtacctccactgccaccCACCTTACGCTTCTTCTTTGGGG 

oMDJ13 caaagaagaagcgtaaggtgGGTGGCAGTGGAGGTACCGG 

oMDJ14 gttggccttacgacgacgggaACCAGTGCCTCCACTACCG 

oMDJ15 CAAAGAAGAAGCGTAAGGTGG 

oMDJ16 AGCAGCGTTCACGTACTCATG 

oMDJ17 TCAGGCATCACTGGCGGTAG 

oMDJ18 CCTCCTTGGCGAGCTTCTTG 

oMNK8 CAGGAATCGAATGCAACCGGC 

oMNK9 GCCGGTTGCATTCGATTCCTG 

 

  



 

 

35 

 

Appendix C: DNA plasmids used in this study  

 

Table C.1 Plasmids used for molecular biology  

Plasmid Description 

pCFJ1042 Phsp-16.2 (w/ start) 

pCFJ1044 Phsp-16.41 (w/ start) 

pCFJ645 Pmex-5 (w/ start) 

pCFJ882 Psmu-1(w/ start) 

pCFJ884 smu-1 3’ UTR (w/ stop) 

pCM1.36 tbb-2 3’ UTR (w/ stop) 

pCM5.34 fbf-2 3’ UTR (w/ stop) 

pCFJ2359 [4A-4B] 250bp PATCs  

pCFJ2369 [1A-AB] 250bp PATCs 

pCFJ2370 [5A-5B] 250bp PATCs 

pCFJ1507 pDEST[4-3] ttTi5605 

pCFJ532 pDEST[4-3] miniMos1(NeoR) 

pCFJ594 NeoR 

pCFJ2511 sfGFP1-10(synintron, w/o start, w/o stop) 

pCFJ2513 GFP11(7x)(syntrons, w/o start, w/o stop) 

pCFJ90  Pmyo-2::mCherry::unc-54 3’ UTR 

pCFJ1532  Psmu-1::mosase::smu-1 3’ UTR 

pGH8  Prab-3::mCherry::unc-54 3’ UTR 

pMA122  Phsp16.41::peel-1::tbb-2 3’ UTR 

pCF9 gpd-2:: myr TagRFP-T:: smu-1 3’ UTR 

pCFJ104  Pmyo-3::mCherry::smu-1 3’UTR 

pCFJ1493 GFP (4xPATCs, 2xNLS, w/o start, w/o stop) 

 

Table C.2 Plasmids constructed in this study 

Plasmid Description 

pMDJ1 pENTR[sfGFP1-10(2xNLS, w/o start, w/o stop)] 

pMDJ3 pExp(unc-119, ttTi5605)[Pmex-5::GFP1-10(2xNLS)::fbf-2 3’ UTR] 

pMDJ4 pEXP(NeoR, miniMos)[Phsp-16.41::GFP11(7x)::fbf-2 3’ UTR] 

pMDJ6 pEXP(NeoR, miniMos)[Psmu-1::GFP11( 7x)::fbf-2 3’ UTR] 

pMDJ7 pEXP(unc-119, ttTi5605)[Peft-3::GFP1-10(2xNLS)::fbf-2 3’ UTR] 

pMDJ25 pENTR [GFP1-10 (2xNLS, PATCs 250bp, w/o start, w/o stop)] 

pMDJ26 pENTR[sfGFP11(7x) (PATCs 250 bp, w/o start, w/o stop)] 

pMDJ27 pEXP[Psmu-1::GFP1-10(250bp PATCs)(2xNLS)::smu-1 3’ UTR] 

pMDJ28 pEXP(NeoR, miniMos)[Psmu-1::GFP11(7x)(250bp PATCs)::smu-1 3’ UTR] 

pMDJ41 pENTR[GFP11(7x)(PATCs 250bp,  2xNLS, w/o start, w/o stop)] 

pMDJ42 pENTR[GFP11(7x)(2xNLS, w/o start, w/o stop)] 

pMDJ43 pEXP(unc-119, ttTi5605)[Ppie-1::GFP11(7x)(2xNLS)(PATCs 250bp)::gpd-2 tagRFP-

T smu-1 3’ UTR] 

pMDJ44 pExp[Psmu-1::GFP11(7x)(PATCs 250bps)(2xNLS)::smu-1 3’ UTR] 

 

  


