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Abstract 

 
Transgenic Caenorhabditis elegans harboring large extrachromosomal arrays 
(several megabases) are relatively easy to generate, but suffer from variable and 
mosaic expression. Here, we describe a detailed protocol for stable transgene 
expression by chromosomal integration of arrays at safe-harbor landing sites or at 
the endogenous unc-119 locus. Our strategy is based on two rounds of injection. 
The first injection is a DNA-based injection to generate transgenic animals carrying 
extrachromosomal arrays. The second injection contains Cas9 protein and sgRNA 
for site-specific array integration at high frequency (44% of injected animals). 
Although this strategy necessitates two rounds of injections, the advantage is that 
no Cas9/sgRNA complex is co-integrated. Additionally, the use of an intermediate 
strain with a fully-formed extrachromosomal inherited array before integration 
favors integration of large DNA fragments.  
 

Introduction 
 

One key advantage of this genetic model system is how simple it is to produce 
transgenic C. elegans. Heritable extra-chromosomal arrays with several DNA copies 
can be produced by the straightforward injection of DNA fragments (circular or 
linear) at a high frequency (Stinchcomb et al., 1985). Transgenesis is now 
commonplace in many C. elegans laboratories thanks to improved injection 
conditions (such as high DNA concentration and a genetic selection marker) (Mello 
et al., 1991). Extra-chromosomal arrays have a few distinct advantages: the genome 
is unaltered, somatic transgene expression is frequently high due to transgene copy 
number (roughly 100 plasmids in an array), and arrays are simple to lose without 
the need for genetic crosses because of mitotic loss in cell divisions. The need for 
constant selection, widely varying expression, and transgenes that are frequently 
silenced in the germline are all drawbacks of arrays (Kelly et al., 1997). By 
incorporating complex DNA into the injection mixture or linearizing plasmids and 
including a class of non-coding DNA structures (PATCs) (Fire et al., 2006; Frøkjær-
Jensen et al., 2016; Aljohani et al., 2020; Frøkjær-Jensen 2021), germline array 
silencing can be partially mitigated, but these manipulations are laborious. 
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 Many of the drawbacks of arrays can be solved by low- or single-copy transgenes 
inserted into the genome. Random low-copy insertions can be produced through 
biolistic transformation utilizing antibiotic selection (Semple et al., 2012; Radman et 
al., 2013) or genetic selection markers (Praitis et al., 2001). Although transgene 
insertions are inherently mutagenic and occasionally result in large-scale 
chromosome duplications, some transgenic animals produced by biolistic 
transformation exhibit stable germline expression (Praitis et al., 2001; Merritt et al., 
2008). Furthermore, transgenes are frequently truncated (Tyson et al., 2018). By 
using an improved Mos1 transposon, transgenes can also be inserted randomly 
(Frøkjær-Jensen et al., 2014; Frøkjær-Jensen 2015), which has the benefit of making 
it simple to pinpoint the precise insertion sites (Boulin and Bessereau 2007). 
However, position effect variegation caused by the randomness of the transgene 
insertion location is manifested by fluctuating somatic expression and frequent 
germline silencing (Frøkjær-Jensen et al., 2016). 
 Due to these limitations, approaches for targeted single copy transgene insertion 
based on homologous repair at double-strand DNA breaks (DSBs) have been 
developed by us and others. Non-native Mos1 transposons or native transposons 
were used in the early strategies for altering the genome to create DSBs at specific 
locations (Barrett et al., 2004; Bessereau et al., 2001; Frøkjær-Jensen et al., 2008, 
2010; Robert and Bessereau 2007). Using a large collection of mapped Mos1 
insertions (Vallin et al., 2012) it was possible to locate safe-harbor insertion sites 
where transgenes were expressed at native levels and in the germline from the pie-
1 (Frøkjær-Jensen et al., 2008) or mex-5 (Zeiser et al., 2011) promoters. Using 
genetic (Frøkjær-Jensen et al., 2008, 2012) and antibiotic (Giordano-Santini et al., 
2010; Semple et al., 2010) selection markers, Mos1-mediated single-copy transgene 
insertions (MosSCI) could be produced at high frequencies. In later MosSCI 
iterations, DSBs were produced using CRISPR/Cas9 using similar selections 
(Dickinson et al., 2013, Frøkjær-Jensen 2013, Dickinson and Goldstein 2016). 
Recombination-mediated cassette exchange-based techniques to insert single-copy 
transgenes have also been developed (Nonet 2020, 2021). 
 Distinguishing between single-copy inserts and positive selection from arrays 
limits the throughput of these targeted insertion approaches (i.e., unc-119 rescue is 
also conferred by the intermediate extra-chromosomal arrays used to generate 
single-copy insertions). Co-injecting a single muscle-expressed fluorescence marker 
(El Mouridi et al., 2020) or co-injecting negative array selection, like inducible 
expression of a toxin or drug-induced paralysis (El Mouridi et al., 2021), facilitates 
the selection of single-copy insertions. Both strategies, however, necessitate time-
intensive screening. Recently, we and others have developed approaches based on 
"split" selection markers to enable the detection of single-copy insertions 
(Stevenson et al., 2020; El Mouridi et al., 2022). These techniques divide selection 
markers between the transgenic vector and the safe-harbor landing site. Since the 
selection marker is only functional once a transgene is correctly inserted, screening 
for insertions is easier (Figure 1). The split selection markers are visual markers (GFP 
fluorescence), genetic markers (unc-119), and antibiotic markers (hygromycin) 
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(Stevenson et al., 2020; El Mouridi et al., 2022). Both split-selection techniques rely 
on CRISPR/Cas9 expression to cause DSBs, but they differ in a number of ways. 
Hygromycin was created as a split antibiotic selection marker by Stevenson et al., 
(2020), who concentrated on creating transgenic insertions based on in situ 
assembly from a mix of PCR fragments. Their approach has the benefit of injecting 
into wild-type animals and a process of assembly that does not require cloning and 
that can, in theory, be multiplexed. The drawbacks include low insertion 
frequencies, difficulty in producing homozygous animals through antibiotic 
selection, and inacurate in situ assemblies. 
 For heat-inducible production of transgenes in worms, two pairs of divergently 
transcribed heat-shock promoters — hsp-16.48/hsp-16.1 and hsp-16.41/hsp-16.2 
— are frequently utilized (Stringham et al., 1992). After a brief heat shock (1-2 hours 
at 33°C), extra-chromosomal arrays harboring transgenes expressed under any one 
of the hsp promoters can drive inducible expression in most somatic cells at high 
levels; however, no expression is seen in the germ line or early embryo (Stringham 
et al., 1992). Similarly, a single-copy hsp transgene produces high GFP expression in 
somatic cells but very low,  although visible, expression in germ cells (Zeiser et al., 
2011). The mechanisms that restrict heat-shock expression in germ cells are not well 
understood, however modified transgenes with PATCs and an improved extended 
heat-shock protocol can increase inducible Cas9 expression (Aljohani et al., 2020; El 
Mouridi et al., 2022; Nonet 2021).  
 We intended to incorporate numerous incremental single-copy transgenesis 
advancements developed across numerous laboratories when we created MosTI. 
Our goal was to create a set of standardized reagents that included a number of 
proven safe-harbor landing sites that were permissive for germline expression, 
more split selection markers (unc-119 and Pmlc-2::gfp), and a variety of target 
plasmids that shared regulatory components. MosTI is compatible with both 
targeted array integration and single-copy transgene insertion. For added flexibility, 
the safe-harbor landing locations are modular and may be changed from one 
selection to another. The capability of MosTI to produce DSBs using Cas9 by a 
variety of protocols includes two-step injections of Cas9 protein complexed with 
crRNA/tracrRNAs, heat-shock inducible Cas9 expression from linearized transgenes, 
and constitutive expression of a PATC-rich Cas9. Here, we outline a detailed 
procedure for producing extrachromosomal array insertion using Cas9 protein.  

 
Experimental design 
Brief overview 

Inserting an extrachromosomal array by MosTI consists of several steps (Figure 1): 
(1) The first microinjection to generate a transgenic lines. In this step, you generate 
transgenic line containing the transgene(s) you want to insert together with an 
integration fragment and a selection marker (typically, hygromycin). Injections need 
to be done into standard MosTI strains and transgenic animals are maintained on 
Hygromycin antibiotics. 
(2) A second microinjection into these transgenic animals. In this step, you inject 
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Cas9 protein and a crRNA to cut the genome and the array; the extrachromosomal 
array is then inserted by non-homologous end-joining at the desired location.  
(3) Identifying array integrants. Only array insertion results in Unc-119 rescue and 
animals with normal movement are easily identified. Final steps include validating 
the integrity of the transgene insertion, and genetic outcrossing. Note that it is 
difficult to validate the integration by PCR, due to the repetitive nature of the 
inserted array. 

 

Necessary expertise 
● Basic expertise in C. elegans microinjection is required.  

 
Limitations 

Transgenes can serve important experimental functions but may only approximate how 
endogenous genes function. For example, regulatory elements may be position-
dependent and the usage of selection markers could have subtle effects on animals that 
are difficult to identify. Also, C. elegans have a number of competing small RNA and 
non-coding DNA pathways that enable germ cells to distinguish between endogenous 
and foreign DNA, such as transgenes37. We suggest that experimenters use common 
sense and critically evaluate their results, preferably by having separate lines of 
experiments that do not depend on transgenes to support or refute observations.   
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Materials 
Biological materials 

Required plasmids 
● Any target vectors. 
● Cas9 protein (e.g.,, from IDT). 
● crRNA (see Table 3). 
● Nuclease Free Duplex Buffer (e.g., from IDT). 
● tracrRNA (e.g., from IDT). 
● Array fragment: pSEM319 (unc-119 selection at MosTI site), or pSEM371 (unc-

119(ed3) locus). 
● Co-injection plasmids: pSEM231 (Pmlc-1::gfp), pSEM233 (Pmlc-1::tagRFP), and 

pCFJ782 (HygroR). 
● 1 kb Plus DNA ladder (500 ng/ul, no dye, Invitrogen #10787018). 
● MosTI injection strains (see table 1). Strains are distributed by the Caenorhabditis 

elegans Genetics Center (CGC).  
● OP50 and HB101 bacterial cultures. These are distributed by the Caenorhabditis 

elegans Genetics Center (CGC). 
Reagents 

● milliQ water or distilled water. 
● Nematode Growth Medium (NGM). Standard recipe as described in Stiernagle39.  
● 6 cm vented petri dishes for NGM plates.  
● PureLink HQ mini plasmid purification kit (cat. no. K2100-01).  

Note: Higher purity DNA can improve single-copy insertion frequencies (Frøkjær-Jensen, unpub. 
obs.) but you can use any commercial miniprep kit. 

● Hygromycin B (Gold Biotechnology, cat. no. H270-1). 
● 500 mL single-use sterile vacuum filter (e.g., Fisher Scientific 09-741-20200). 
● 50 mL conical centrifugation Falcon tubes (e.g., Fischer Scientific 14-432-22). 

 
Equipment 

● Standard C. elegans injection setup: inverted microscope, injector, 
micromanipulator, injection needles, and 2% agarose slides for mounting animals. 

● Standard dissection microscope for manipulating and visualizing C. elegans.  
● C. elegans "worm pick" with platinum wire and flame for sterilizing.  
● Fluorescence dissection microscope (GFP and RFP filter set). Optional: shutter 

controlled by foot peddle.  
● 20°C and 25°C incubators. 
● Standard molecular biology equipment (e.g., pipettors, microcentrifuge, 1.5 mL 

microcentrifuge tubes, gel electrophoresis). 
 

Reagent setup 
● Hygromycin B solution 
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Make 500 mL 4 mg/ul hygromycin stock solution. Dilute hygromycin in milliQ or 
distilled water. Use 500 mL sterile vacuum filter to sterilize solution. Aliquot into 50 
mL Falcon tubes and store at -20°C until use.  

 
Procedure 
 
Prepare injection strains (~ one week before injection) 

1. Maintain the appropriate MosTI injection strains (Table 1) in a healthy and fed state 
on HB101 or OP50 bacteria at 20°C. unc-119 animals are healthier on HB101 plates, 
especially if you pick a few animals to a new plate every day. 

 
 
Prepare MosTI injection mixe (the day of injection) 

2. Make injection mix and match the array fragment with the split selection you are 
using (Table 2). 
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3. Spin all DNA preps at highest speed on table-top centrifuge before making injection 
mix. Spin injection mix again immediately before injection to minimize clogging 
injection needles. 
 

Day 1: Microinjection (1-2 hours) 
4. Inject young adult hermaphrodites with the appropriate strain (see Table 1) using 

standard injection techniques.  
 
5. Place injected animals at room temperature to recover for approximately one hour. 
 
6. After the recovery period, pick injected animals to HB101 or OP50 plates and place 

in a 25°C incubator. You can place one or more injected animals on each plate (three 
injected worms on each plate works well in our hands).  
 

Day 3: Antibiotic selection (1 hour) 
7. 48 hours after injection, add 500 ul of 4 mg/ml hygromycin to the P0 plates to select 

for transgenic array animals. Place plates in a clean area and leave lids off until the 
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liquid has dried. Close plates and place in a 25°C incubator. 
 

~Day 10. Second round of injection (1-2 hours) 
8. From the first injection, select one plate with healthy transgenic animals to do the 

second round of injection. 
 

9. Prepare the injection mix. The first step consists of annealing the crRNA and 
tracrRNA in a 1:1 ratio. Use the crRNA that corresponds to the split selection you 
are using (see Table 3). 

 
10. Incubate the mix at 95°C for 5 min, followed by a 5 min incubation at room temperature. 

 
11. Prepare the final mix. To prevent the Cas9 protein from precipitating out of the 

solution, the injection mix must be prepared following this order:  
 
 
 
 
 
 
 
 
 

12. Spin the injection mix immediately before injection to minimize clogging injection 
needles. 

 
13. Inject young adult transgenic hermaphrodites from the first injection using standard 

injection techniques.  
  

14. Place injected animals at room temperature to recover for approximately one hour. 
 

15. After the recovery period, pick injected animals to HB101 or OP50 plates and place 
in a 25°C incubator.  
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Day 16: Screen for array integration (1 hour) 
 

16. The screen for insertion is based on Unc rescue (split unc-119). Screen for array 
insertions after the first generation. Unc rescue is easiest screened using a normal 
dissection microscopy.  
 

17. Pick a couple of putative insertion animals off each plate to a new plate. We pick 
more than one animal because we find that there is a fraction of sterility in the 
injected. Since there may be independent inserts on a single plate be sure to pick a 
single, clonal animal at a later generation to ensure that you are working with only 
one independent insertion. If possible, check the strain for the presence of your 
transgene (by fluorescence for example). 

 
18. Generate homozygous transgenic animals. You can either do this by picking single 

animals to individual plates (~6) or you can propagate the strain for a couple of 
generations and the animals will tend to become homozygous on their own. Select 
only one homozygous plate as an independent insert from each injected worm.  

 
Recommended: outcross transgenic strains (1 week) 
 
19. The insertion strains are relatively "clean" and were whole genome sequenced34. 

You can inspect the injection strains for SNPs that may affect the biological process 
you are studying. However, outcrossing is always a good habit. 
 

Anticipated results 
 

Number of array insertions 
The first injection is required to generate a founding transgenic line. But only one is 
necessary for the second round of injection, so there is no need to inject a lot of 
animals in the first step. Transgenic animals from the first step are injected with 
Cas9 protein and crRNA. CRISPR using Cas9 protein is efficient enough so you only 
need to inject a relatively small number of worms. In our hands, injecting 18 animals 
resulted in eight independent insertions (for a 44% insertion rate). However, the 
insertion frequency is likely to depend significantly on the experimenter's 
experience. Novice injectors may find it challenging to work with the Cas9 protein, 
as the glycerol content can cause clogging of the needles. To overcome this, the 
concentration of Cas9 can be reduced slightly, typically by 10 to 15%, to make the 
injection mix more fluid. 
 

Transgene copy-number 
Using whole genome sequencing, we have shown that frequently all transgenes are 
integrated and all arrays were inserted into the intended location in the genome. 
However, the transgene copy number in independent array insertions will and 
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fluorescence can be used as a readout to estimate the copy number (if a fluorescent 
co-injection marker was included in the injection mix or if the transgene itself 
expresses a flourophore). In rare cases (rescued animals without transgene 
insertions) only the integration fragment is inserted. This kind of partial insertion is 
easily detected based on the lack of fluorescence.  
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Extended reagents 
Table 3: Extended table of crRNAs 
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