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Abstract 

The nematode Caenorhabditis elegans is a powerful model to study cellular stress responses. 

Due to its transparency and ease of genetic manipulation, C. elegans is especially suitable for 

fluorescence microscopy. As a result, studies of C. elegans using different fluorescent reporters 

have led to the discovery of key players of cellular stress response pathways, including the 

mitochondrial unfolded protein response (UPRmt). UPRmt is a protective retrograde signaling 

pathway that ensures mitochondrial homeostasis. The nuclear genes hsp-6 and hsp-60 encode 

mitochondrial chaperones and are highly expressed upon UPRmt induction. The transcriptional 

reporters of these genes, hsp-6::gfp and hsp-60::gfp, have been instrumental for monitoring 

this pathway in live animals. Additional tools for studying UPRmt include fusion proteins of 

ATFS-1 and DVE-1, ATFS-1::GFP and DVE-1::GFP, key players of the UPRmt pathway. In 

this protocol, we discuss advantages and limitations of currently available methods and 

reporters, and we provide detailed instructions on how to image and quantify reporter 

expression. 
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1. Introduction 

The nematode Caenorhabditis elegans has been used as a model in cell and developmental 

biology for more than 50 years (1,2). Its cost-effective maintenance, short life cycle, 

transparency and ease of genetic manipulation by forward and reverse genetics makes C. 

elegans an excellent model system (3). In addition, many metabolic pathways and genes 

associated with human diseases are well conserved in C. elegans (4,5) and, hence, can be 

studied under physiological conditions both at the cellular and organismal level. Therefore, C. 

elegans is frequently used for studies in the fields of cellular stress responses and aging, among 

many others. 

The mitochondrial unfolded protein response (UPRmt) is a retrograde signaling pathway that is 

induced upon mitochondrial stress. It has been discovered in mammals (6,7)  and studied 

extensively in C. elegans. Central players of this pathway were discovered in C. elegans 

through RNA-mediated interference (RNAi) screens using transcriptional reporters (8-13), and 

follow-up studies led to a broader understanding of UPRmt and its regulation. Initially, it was 

described as an ‘unfolded protein response’ that acts to restore homeostasis in the 

mitochondrial matrix mainly through the transcriptional upregulation of cytoprotective genes 

encoding, for example, mitochondrial chaperones (e.g. HSP-6 and HSP-60) and proteases, as 

well as detoxifying enzymes (13). However, it has become evident that metabolic adaptation 

is also central to the response (10,14-19). The bZIP transcription factor ‘activating transcription 

factor associated with stress 1’ (ATFS-1) is the master regulator of UPRmt and, together with 

the transcription factor DVE-1, induces a broad transcriptional program upon mitochondrial 

stress (9,11,19,20). 

The UPRmt pathway can be monitored using different approaches. The induction or suppression 

of transcriptional gfp reporters of the chaperone genes hsp-6 and hsp-60 can be measured, both 
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in a qualitative and quantitative manner. Moreover, translocation of fluorescent fusion proteins 

of ATFS-1::GFP (21) or DVE-1::GFP (9) can be recorded and used as a read-out. Furthermore, 

transcript levels of known UPRmt effectors (e.g. hsp-6, hsp-60 or timm-23) can be determined 

by quantitative reverse transcription polymerase chain reaction (RT-qPCR), or protein levels 

of the aforementioned UPRmt effectors can be determined and quantified by western blot 

analysis. 

Antibodies against endogenous ATFS-1 (20) and HSP-6 proteins (22) have been developed but 

are available only upon request, while an antibody against C. elegans HSP-60 (23) is 

commercially available at ‘Developmental Studies Hybridoma Bank (DSHB)’ 

(https://dshb.biology.uiowa.edu/HSP60). However, depending on the strain of interest, the 

collection of sufficient amounts of staged worms for western blot analysis may be tedious and 

time consuming. In addition, UPRmt has been described as a transcriptional response, and 

discrepancies have been reported between changes observed at the transcriptional level and the 

level of endogenous protein (14). 

Measuring mRNA levels upon induction of UPRmt by RT-qPCR has also been used in the field 

to monitor UPRmt (9,10,16,20,21,24-26). However, establishing RT-qPCR standards and 

protocols may require some effort, unless they are not already established in your laboratory. 

In addition, concerns have been raised about the reproducibility of published RT-qPCR results 

(27,28), even though it is one of the most commonly used molecular techniques to date. 

For these reasons, the use of gfp reporters has proven to be a highly efficient method to monitor 

UPRmt, and we will describe the use of the two fusion proteins ATFS-1::GFP and DVE-1::GFP, 

as well as transcriptional gfp reporters of hsp-6 (zcIs13, bcSi9) and hsp-60 (zcIs9) in more detail 

in this protocol. 
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2. Materials 

2.1 Available reporter strains 

1. Patfs-1::atfs-1::gfp (no allele or strain name available in (21)) 

2. SJ4197 Pdve-1::dve-1::gfp (zcIs39) 

3. SJ4100 Phsp-6::gfp::unc-54 3’UTR (zcIs13) 

4. SJ4058 Phsp-60::gfp::unc-54 3’UTR (zcIs9) 

5. MD3699 Phsp-6::gfp::unc-54 3’UTR (bcSi9) 

2.2 Buffers and solutions 

1. M9 buffer (5.8 g Na2HPO4, 3 g KH2PO4, 0.5 g NaCl, 1g NH4Cl, H2O to 1 liter. Sterilize by 

autoclaving) 

2. Agarose pads (2% Agarose in ddH20)  

3. Anesthetic solutions: Sodium azide solution (10 mM in M9 buffer) or Levamisol solution 

(0.1 mM in M9 buffer) 

2.3 Microscope 

1. Fluorescence stereo microscope with camera and computer attached (e.g. Leica M205 FA) 
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3. Methods 

3.1 Considerations for selecting the appropriate transgene  

In C. elegans, gfp transgenes can be introduced as multi-copy extra-chromosomal arrays, which 

are transmitted to a certain fraction of the progeny and which can be integrated randomly into 

the genome (29). Alternatively, single copies of gfp transgenes can be integrated at defined 

chromosomal locations using either MosSCI (30,31) or CRISPR/CAS9 (32). In general, multi-

copy transgenes are expressed at high levels due to their multi-copy nature and appear bright 

by fluorescence microscopy. However, some multi-copy transgenes affect brood size (e.g. 

zcIs13), especially in combination with RNAi or in certain genetic backgrounds. Single-copy 

integrated transgenes, on the other hand, tend to be less bright by fluorescence microscopy and 

may require the use of more sophisticated methodology for image acquisition and -analysis. 

Moreover, in C. elegans, both multi-copy and single-copy transgenes are often silenced in the 

germline and therefore can affect expression during embryogenesis. Thus, these transgenes 

cannot be used for studies during embryonic development. 

 

3.1.1 The fusion proteins ATFS-1::GFP and DVE-1::GFP 

The atfs-1::gfp transgene is expressed from the endogenous atfs-1 promotor and consists of the 

genomic sequence of atfs-1 fused at the 3’end of its coding region to gfp, which allows 

monitoring of the translocation of ATFS-1::GFP protein into the nucleus upon UPRmt induction 

(21). Translocation of ATFS-1::GFP has so far only been observed in the two most proximal 

intestinal cells (20,21). Moreover, animals need to be challenged by severe mitochondrial stress 

in order to see ATFS-1::GFP translocation into the nucleus and even then, translocation can be 
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observed only in about 38% of the animals (Figure 1). For these reasons, this transgene is not 

commonly used in the field; nevertheless, it may be useful in very specific cases. 

 

Figure 1: ATFS-1::GFP in intestinal cells of C. elegans. Fluorescence images of wild-type 

animals (L3 larvae) expressing an extra-chromosomal array of Patfs-1::atfs-1::gfp, treated with 

empty vector(RNAi) or hsp-6(RNAi) (from (21)). The most proximal intestinal cells are shown. 

The mean percentage of worms in which the ATFS-1::GFP fusion protein translocates into the 

nucleus upon RNAi-treatment is indicated in the upper right corner ± standard error of mean 

(SEM). 

The dve-1::gfp transgene was constructed early on (9) and has been used in subsequent studies, 

either to measure UPRmt induction or to specifically monitor DVE-1::GFP translocation into 

the nucleus upon mitochondrial stress (21,24,26,33,34). The integrated multi-copy array of 

dve-1::gfp was constructed from cDNA and is expressed from the endogenous dve-1 promotor. 

Transgene expression is strongest in intestinal cells where translocation of DVE-1::GFP can 

be detected (Figure 2). 

 

Figure 2: DVE-1::GFP in intestinal cells of C. elegans. Fluorescence images of wild-type 

animals (adults) expressing the integrated multi-copy transgene Pdve-1::dve-1::gfp (zcIs39), 

treated with empty vector(RNAi) or spg-7(RNAi) (from (9)). The number of intestinal cells per 

animal with DVE-1::GFP puncta in the nucleus is indicated in the upper right corner ± SEM. 

The inset in the lower right corner shows a high-magnification of an intestinal nucleus. 
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3.1.2 Transcriptional gfp reporters of hsp-6 and hsp-60 

The two most frequently used tools to monitor UPRmt in the literature are multi-copy 

transcriptional reporters of hsp-6 (transgene zcIs13) and hsp-60 (transgene zcIs9), which were 

described in the first report of UPRmt in C. elegans (13). Both transgenes are expressed under 

the control of the respective endogenous promoter (hsp-6 and hsp-60 promotors) and 

additionally contain the first 30 (zcIs13) or 21 (zcIs9) nucleotides of their 5’ flanking region 

after the start codon, fused to gfp. Upon mitochondrial stress, both zcIs13 and zcIs9 are highly 

expressed in intestinal cells of all larval stages (L1-L4) and in adults. In some cases, expression 

can also be observed in body wall muscle cells, hypodermal cells and/or individual neurons but 

this can vary drastically between animals within a population. Moreover, the inter-individual 

variability of zcIs13 expression within a population has been shown to be comparably high (14) 

and this can make it difficult to interpret results (e.g. in RNAi experiments). 

In addition, strains carrying either transgene (zcIs9, zcIs13) have been shown to be 

hypersensitive in their responses to mitochondrial stress (13). Specifically, due to its strong 

induction upon mitochondrial stress (which makes it particularly useful for genome-wide 

RNAi screens), the hsp-6 transgene zcIs13 has been used more widely and is often favored 

over the hsp-60 transgene zcIs9 (8-12). However, the magnitude of induction of both transgenes 

should be interpreted with care due to their multicopy nature and low baseline expression under 

non-stressed conditions. Endogenous HSP-6 protein and its orthologs in other systems have 

been shown to be essential due to its housekeeping functions in mitochondrial protein import, 

as molecular chaperone and in quality control also under non-stressed conditions (35-41). 

Similarly, the chaperonin HSP-60 has important functions in mitochondrial protein folding and 

-homeostasis and, hence, is essential in eukaryotic cells (42,43). Consequently, both genes are 

highly expressed under non-stressed conditions (44-47), which is not reflected by the 

transgenes zcIs9 and zcIs13. 
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An alternative therefore is the single-copy MosSCI integrated hsp-6 transgene bcSi9, which is 

expressed more evenly among individuals of a population and shows a solid baseline 

expression (14) (Figure 3). The bcSi9 transgene is essentially identical to the previously 

published zcIs13 transgene, however, it is a single copy integration at a defined locus on 

chromosome IV. The expression of bcSi9 in intestinal cells and muscle cells of the pharyngeal 

bulb is easily detectable by fluorescence microscopy using a stereo microscope, while 

expression in body wall muscle cells, hypodermal cells and neurons requires fluorescence 

microscopy with higher magnification (compound microscope). Because of its normal baseline 

expression under non-stressed conditions, the induction as well as suppression of the bcSi9 

transgene may appear rather subtle, as compared to other available transgenes. For this reason, 

it requires careful data acquisition and quantification, followed by statistical analysis. 

 

Figure 3: Expression of Phsp-6::gfp (zcIs13) and Phsp-6::gfp (bcSi9) transgenes in wild-type 

and spg-7(ad2249) animals. Fluorescence images of L4 larvae expressing the integrated multi-

copy Phsp-6::gfp (zcIs13) and the single-copy Phsp-6::gfp (bcSi9) transgene, respectively (from 

(14)). Both transgenes are predominantly expressed in the intestine of C. elegans. Scale bar: 

200 µm. 

In conclusion, there are a number of tools that can be used to monitor UPRmt activation in live 

C. elegans animals. While the two fusion proteins ATFS-1::GFP and DVE-1::GFP may be 

advantageous in certain cases, the transcriptional gfp reporters of hsp-6 and hsp-60 can be used 

more widely. As previously discussed, the multi-copy transgenes zcIs9 and zcIs13 can 

preferably be used in high throughput analysis (e.g. RNAi screens). Moreover, results 
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generated with these transgenes may be further validated using other available methods that 

also include statistical analysis. 

 

3.2 Preparation of microscope slides, image acquisition and -quantification 

1. Prepare an agarose pad by dropping a 2% agarose solution onto a slide and place a second 

slide on top. Wait for the agarose solution to solidify (~1 minute) and carefully remove one of 

the slides. See note 1. 

2. Pick ~20 staged worms from your plate of interest onto an unseeded NGM plate in order to 

free worms of any remaining bacteria. See notes 2, 3 and 4. 

3. Add a drop (3 µl – 15 µl) of anesthetic solution onto the agarose pad. See notes 5 and 6. 

4. Transfer ~20 worms into the drop of anesthetic solution and wait for its effect (~30 s). Once 

the worms do not move anymore, they can be arranged carefully with a pick or eye-lash tool. 

Try to arrange the worms as close to each other as possible. See note 7. Afterwards, carefully 

place a coverslip on top of the drop. See note 8. 

5. Image worms using a fluorescence dissecting microscope with a filter for GFP excitation 

(excitation maximum at 488 nm). See notes 9, 10, 11 and 12. 

6. Quantify fluorescence images using available tool sets for Fiji or comparable software and 

apply statistics to your results. See notes 13, 14 and 15. 
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4. Notes 

1. It is useful to prepare a special ‘agar pad pouring area’. Simply glue two slides onto a surface 

with enough space to exactly fit another slide in between. The two glued slides will then serve 

as spacers to make sure the agarose pads are even. 

2. Do not image worms of starved plates or plates that will starve soon. Reporter expression 

decreases drastically when starved worms are imaged. Maintain strains at least for two 

generations after starvation (or thawing) before imaging or starting any drug treatments or 

RNAi experiments. 

3. Be careful to always pick worms of equal stage within one recording and across different 

experiments. Determine a useful stage in preliminary experiments. The effects of treatments 

may vary between stages and expression of the reporters varies drastically between the different 

stages. The L4 stage may be desirable for exact determination of developmental age (e.g. 

‘Christmas tree vulva’). If adults are imaged, pick a decent amount of L4 larvae one day in 

advance to make sure you image adults of comparable age (e.g. day 1 adults). 

4. When using RNAi or drug treatments that give a synthetic slow growth phenotype, make 

sure to image worms of these plates in a similar population density as controls. This may 

require the use of more worms when setting up the experiment and/or imaging on different 

days. 

5. Sodium azide solution may be more preferable since worms tend to be more still and can be 

arranged nicely. Levamisol solution is a less potent anesthetic and worms tend to move a lot, 

even after a few minutes. Do not keep worms in anesthetic solution for longer than 10 min 

before imaging since worms tend to be stressed under these conditions. If you like to recover 

worms for other purposes after imaging, be aware that sodium azide inhibits the electron 

transport chain. 
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6. The volume of anesthetic solution needs to be adjusted. Beginners should start with a higher 

volume of anesthetic solution, as they might take more time to transfer the worms onto the 

agarose pad and arrange them. 

7. For nice arrangement of worms, which makes representation and quantification at later 

stages much easier, break the surface tension of the drop using your pick or eye-lash tool. 

Repeat on all sides of the drop until a ‘star-like puddle’ forms. As soon as the liquid of the drop 

is distributed as described, worms in close proximity tend to collapse into their center and can 

be arranged easily. 

8. Be quick but careful to add a coverslip on top. If too much time passes, the agar pad soaks 

up most of the anesthetic solution and air bubbles tend to get in between the worms when 

adding the coverslip, which may interfere with the fluorescent signal afterwards. More 

anesthetic solution can be added by pipetting at the sides of the coverslip if air bubbles occur. 

9. Exposure time varies, depending on the reporter, experimental setup, magnification etc. and 

should be tested in preliminary runs. It may be required to test many different mutants or RNAi 

treatments in advance. Be aware that experimental temperature has an impact on gfp 

expression, both inside and outside of the incubator. Adjust exposure time in preliminary tests, 

using the samples with the highest and lowest expression level of the reporter (this can be 

different mutants, different RNAi’s or different concentrations of drug treatments). Double-

check not to overexpose your recordings. 

10. The software of your microscope may support recordings with multiple exposure times at 

once, which may be desirable as well. Initial preliminary tests may not include all samples of 

a given study since sometimes, additional mutants or treatments may be tested at later stages. 

Having recorded previous experiments with many different exposure times at once may help 
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later, if an additional mutant expresses much higher or lower levels and the exposure time needs 

to be adjusted accordingly. 

11. Always record at least two slides of each sample per run, including the controls. This will 

help in your statistical analysis later, after normalization to control values. 

12. Additionally to fluorescence imaging, record a brightfield image each time, which can be 

used to generate a mask for subsequent quantification of fluorescence intensity using Fiji or 

other comparable software. 

13. It may be sufficient to show a qualitative representation of your images but quantifying 

reporter expression allows for statistical analysis, which may be reassuring and may also be 

required at later steps. 

14. Be aware that only images of equal exposure time and other settings like magnification, 

gain, etc. can be quantified within a dataset. 

15. Different tool sets for fluorescence intensity measurements of images are available for Fiji 

and other comparable software. For segmentation and quantification of images of hsp-6 (both 

zcIs13 and bcSi9) and hsp-60 (zcIs9) reporters, a Fiji script is available in the supplemental 

information, Data S1 in (11). In brief, automated thresholding (e.g. Triangle method) is applied 

to either the fluorescence or brightfield image in order to generate a binary mask. Various auto-

thresholding methods are available in Fiji, which can be tested. The Particle Analyzer of Fiji is 

applied in order to remove noise by setting a minimum size for objects to be included in the 

mask (~10 pixels). Subsequently, the mask is inverted and remaining unwanted objects can be 

removed manually. The mask is then applied to the corresponding fluorescence image in order 

to measure mean fluorescence intensity within a defined area of an image, preferably including 

all worms of an image. The mean fluorescence intensity outside the mask serves as background. 
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