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SUMMARY:
This protocol details RNA isolation procedures from various tardigrade species using a column-based RNA isolation kit designed to isolate RNA from small amounts of tissue and yield sufficient amounts of high-quality RNA for downstream applications such as RNA sequencing and complementary DNA synthesis. 

ABSTRACT:
Tardigrades are microscopic animals that are known for their exceptional tolerance to environmental stress. These animals can survive desiccation, extreme pressure, low temperatures, and high levels of ionizing radiation. However, the molecular mechanisms underlying these extremotolerant capabilities remain incompletely understood. The molecular approaches used to investigate these mechanisms, which include RNA sequencing, RNA interference (RNAi), and heterologous expression of tardigrade genes in systems such as bacteria, require the isolation of high-quality messenger RNA (mRNA) from limited biological material. In this study, we describe a reproducible protocol for isolating total RNA from tardigrades that is (1) effective across multiple species, including a heterotardigrade species, (2) requires only 25–200 animals, depending on body size, and (3) yields RNA of sufficient quantity and quality for downstream applications. The present protocol successfully enables efficient RNA recovery from reasonable numbers of tardigrades and supports molecular investigations of stress tolerance across various tardigrade species.

INTRODUCTION:
Tardigrades are well known for their ability to survive extreme stress that other animals would not, including desiccation, extreme pressures, extreme temperatures, and DNA-damaging agents such as chemotherapeutic drugs and ionizing radiation1–8. In recent years, scientists have investigated the mechanisms that underlie the extreme resilience of tardigrades using molecular approaches such as RNA sequencing, RNA interference (RNAi), and heterologous expression of tardigrade genes in other systems, including human cells and bacteria8–20. When applied, these approaches have been a powerful tool to give us insight into how exactly tardigrades are capable of such extreme stress resistance8–22. However, all of these molecular approaches to understanding tardigrade stress tolerance rely on the ability to isolate RNA from these tiny animals in ample quantity and with adequate quality for use in downstream processes. 

A previous method for RNA isolation from tardigrades proved successful for researchers working with Hypsibius exemplaris23. However, upon attempting to replicate this protocol in H. exemplaris, we found it to be unreliable in the resulting RNA concentration and quality (unpublished data). An alternative phenol-based RNA isolation method has been shown to work for H. exemplaris, Ramazzottius varieornatus, and a heterotardigrade species13,21,22,24–26. This protocol has been shown to provide RNA of ample quality and quantity for downstream processes from both single animals and pools of animals (~50). However, this protocol requires the user to handle phenol-containing reagents. Phenol is a hazardous chemical that requires careful handling, and improper execution of this protocol can result in phenol carryover affecting RNA purity and downstream applications. Another previously published protocol for RNA isolation from tardigrades focuses on the ability to isolate RNA from single animals27. Although this is a valuable protocol for applications such as quantitative PCR (qPCR)27, it is less appropriate for downstream applications like RNA sequencing, where the goal is to attain a more holistic view of how animals respond to a certain stressor or condition. 

These limitations in available RNA isolation protocols led to the investigation of alternative methods for isolating RNA from tardigrades. The column-based RNA isolation kit used in this protocol is marketed to isolate RNA from small amounts of tissue. This kit has also been used previously to isolate RNA from insect tissues for downstream RNA sequencing analysis, suggesting that it might be appropriate for isolations from other small, cuticle-bearing animals like tardigrades28. This study outlines the step-by-step protocol for using this column-based RNA isolation kit with tardigrades, including explanations of specific cautions to be taken when performing this protocol with tardigrades. This article reports the success of this protocol in six tardigrade species (H. exemplaris, Milnesium sp., Paramacrobiotus experimentalis, Paramacrobiotus fairbanksi, Paramacrobiotus gadabouti, and the heterotardigrade Viridiscus celatus). The study has validated that RNA of substantial quality and quantity can be obtained from as few as 25 animals. Examples of resulting RNA concentration and quality data are also provided and are appropriate for downstream applications such as RNA sequencing (with minimal bias and exponential library amplification) and complementary DNA (cDNA) synthesis. This RNA isolation protocol has already proved useful to uncover mechanisms of radiation tolerance in H. exemplaris8. The success of this protocol across various tardigrade species suggests that it would be applicable more broadly to investigating stress-tolerance mechanisms, developmental mechanisms, and evolutionary processes.  

PROTOCOL:
The following protocol does not require institutional animal ethics approval, as invertebrate animals are exempt from this requirement. The reagents and the equipment used are listed in the Table of Materials.

1. Preparation of equipment and area for RNA isolation

1.1 Turn on a heat block or water bath to 42 °C in preparation for RNA extraction.

1.2 Obtain a microfuge tube rack, pipettes (2 µL, 20 µL, 200 µL, and 1000 µL), and appropriate-sized filtered pipette tips.

1.3 Clean the benchtop, tube rack, pipettes, and tip boxes with RNase Away, dilute bleach solution (10%), or 70% ethanol to denature any residual RNase.

NOTE: Excessive RNase on the equipment or in the area that you are isolating RNA may result in insufficient RNA quality after isolation due to degradation. Reduce this risk by allowing ample time for the RNase-denaturing chemicals to work, and by allowing the area and equipment to dry completely before proceeding.

1.4 Wear gloves for all steps of this protocol and frequently treat gloves with an RNase-denaturing solution throughout the protocol to prevent RNase degradation of RNA.

2. Collecting animals for RNA isolation

2.1 Using a pipette bulb attached to an aspirator tube assembly chamber fitted with a glass capillary (Figure 1A), an Irwin loop, or micropipette, move 25–200 animals (depending on species size) from their culture dishes to a dish with clean spring water to decrease the amount of non-tardigrade material (algae or other food sources like nematodes or rotifers, depending on species).

2.2 Obtain a 1.5 mL RNase-free tube and pestle. 

2.3 Using a pipette bulb attached to an aspirator tube assembly chamber fitted with a glass capillary or an Irwin loop, move the animals into the bottom of the 1.5 mL RNase-free tube, taking special care to transfer as little water as possible with the animals. 

2.4 Centrifuge at 4,500  g for 3 min to pellet the tardigrades into the bottom of the microfuge tube.

2.5 While observing the tube with pelleted tardigrades under a dissection microscope, use a 20 µL pipette or a pipette bulb attached to an aspirator tube assembly chamber fitted with a glass capillary with an opening smaller than the tardigrades you are isolating RNA from, to carefully remove as much water as possible without disturbing the pellet of tardigrades. See Figure 1B for a representation of an acceptable amount of remaining water.

NOTE: Be cautious to leave a skim of water here so that the animals do not desiccate in the brief time between removal of water and addition of the Extraction Buffer (XB). If animals desiccate, this may result in poor RNA quality after isolation. 

2.6 Add 100 µL of Extraction Buffer (XB) to the tube containing the tardigrades.

3. Mechanical disruption of tardigrades and RNA extraction

3.1 Using the RNase-free pestle, disrupt the tardigrades by gently but firmly grinding the pestle into the bottom of the tube for ~30 s. A total of 20–30 grinding actions should be sufficient to disrupt the tardigrades. 

3.2 Remove pestle from the tube, using caution to ensure that as much liquid as possible remains in the bottom of the tube.

3.3 Check the contents of the microfuge tube under the dissection microscope to ensure that there are no visible intact animals remaining. 

3.4 Incubate the mixture at 42 °C for 30 min on a shaking heat block with gentle shaking (300 rpm). 

NOTE: The Extraction Buffer (XB) stabilizes the RNA to prevent degradation at this temperature.

4. Conditioning the RNA isolation column

4.1 In the last 10 min of the extraction incubation, assemble the column for RNA collection and purification. Place a purification column in a collection tube and label the column appropriately.

4.2 Add 250 µL Conditioning Buffer (CB) directly to the column.

4.3 Incubate at room temperature for 5 min.

4.4 Centrifuge at 16,000  g for 1 min and discard flowthrough. The column is now ready to receive the RNA supernatant from the next step.

4.5 Remove the 10x DNase I Reaction Buffer and Nuclease-Free Water from the freezer to thaw completely in time for step 6 below.

5. Binding RNA to the column

5.1 After the extraction incubation, centrifuge the tube containing mechanically disrupted tardigrades and Extraction Buffer (XB) at 3,000  g for 2 min.

5.2 Obtain a new RNase-free tube and label it accordingly. 

5.3 Using a 200 µL pipette with a filter tip, carefully remove the supernatant from the pelleted tardigrade cuticles. Be careful not to disturb the cuticle pellet and to only remove supernatant.

NOTE: Transferring cuticle into subsequent steps will result in a lower efficiency of column RNA yield due to physical clogging of the column. To avoid this potential error, you can observe the pipette tip with supernatant under the microscope to ensure the absence of cuticle. If a cuticle is present, put the supernatant back in the tube and repeat the centrifugation step.

5.4 Transfer the supernatant to your newly-labeled, RNase-free tube.

5.5 Pipette 100 µL 70% ethanol into the tube containing your RNA and mix thoroughly by pipetting up and down multiple times. At this step, one should see clear viscous filaments upon adding the ethanol. This is a good sign that there is RNA present in your supernatant. 

5.6 Pipette the entire mixture (200 µL) onto your prepared column from step 4. 

NOTE: When pipetting any solutions onto the column for this and subsequent steps, take care to dispense the liquid into the middle of the column and avoid physically touching the column with the pipette tip. Mechanical puncture of the column will result in downstream issues with RNA quality and quantity. 

5.7 To bind RNA to the column, centrifuge for 2 min at 100  g, followed by centrifugation at 16,000 × g for 30 s to remove flowthrough.

6. Making DNase I solution

6.1 Allow the 10x DNase I Reaction Buffer and Nuclease-Free Water to thaw completely before making the solution.

6.2 For each RNA isolation, prepare a 40 µL solution in a separate 1.5 mL microfuge tube consisting of 32 µL Nuclease-Free Water, 4 µL 10x DNase I  Reaction Buffer, and 4 µL DNase I Enzyme. Keep the solution on ice until ready to apply to the column in Step 7.3.

7. Washing the RNA and DNase I treatment

7.1 Pipette 100 µL Wash Buffer 1 (W1) directly onto the purification column containing the bound RNA (from step 5.7).

7.2 Centrifuge for 1 min at 8,000  g and remove flowthrough.

7.3 Pipette 40 µL DNase I solution from Step 6 directly onto the purification column and incubate at room temperature for 15 min to remove DNA contamination.

7.4 Pipette 40 µL Wash Buffer 1 (W1) onto the purification column and centrifuge at 8,000  g for 30 s. 

7.5 Pipette 100 µL Wash Buffer 2 (W2) onto the purification column and centrifuge at 8,000  g for 1 min.

7.6 Pipette another 100 µL Wash Buffer 2 (W2) onto the purification column and centrifuge at 16,000  g for 2 min. Discard the flowthrough.

7.7 Centrifuge column at 16,000  g for 1 min to dry the column.

8. Eluting RNA

8.1 Obtain a 0.5 mL tube (included in the kit) for each RNA isolation and label appropriately. This will be the tube that contains the RNA after isolation.

8.2 Transfer the column with bound and washed RNA to the labeled 0.5 mL tube. The column should click firmly into this tube. 

8.3 While looking at the tube from the side, position the pipette tip directly above the column membrane, expel 11 µL of Elution Buffer (EB) onto the column, and incubate for 1 min at room temperature. 

NOTE: Failure to disperse the Elution Buffer (EB) directly onto the column will result in reduced RNA yields. If droplets of liquid are observed around the column perimeter, this suggests inappropriate dispersion of the Elution Buffer (EB) onto the column. If seen, it is recommended to repeat this step with the flowthrough from Step 8.5, ensuring that the Elution Buffer (EB) is expelled directly into the center of the column.

8.4 Place the 0.5 mL tube containing the column into the collection tube supplied with the kit for proper fit during centrifugation (Figure 2). 

8.5 Centrifuge the column at 1,000  g for 1 min to distribute the Elution Buffer (EB) and then spin at 16,000  g for 1 min to elute the RNA. 

8.6 Place the 0.5 mL tube containing the RNA on ice immediately. 

9. Validation of RNA quantity and quality with a microvolume spectrophotometer

NOTE: Other methods can be used to assess RNA quantity and quality. Here, a method with a microvolume spectrophotometer is used. A fluorometer or microfluidics gel electrophoresis tool can also be used29. 

9.1 Wipe the pedestal of the microvolume spectrophotometer with a lint-free wipe to ensure it is clean of other liquids.

9.2 Select the RNA setting on the spectrophotometer for analysis.

9.3 Blank the spectrophotometer with 1 µL of the Elution Buffer (EB) used in Step 8.3. 

9.4 After blanking, wipe the Elution Buffer (EB) off the pedestal with a lint-free wipe.

9.5 Keeping the 0.5 mL tube containing RNA on ice, pipette 1 µL of RNA onto the pedestal of the spectrophotometer. Lower the arm of the spectrophotometer to measure the absorbance of the sample to quantify and assess the quality of the isolated RNA.

NOTE: Please see the “Results” section below for details about acceptable quality and quantity for downstream applications.

RESULTS: 
A critical step in this protocol, as mentioned above, is removing an appropriate amount of water from the collected tardigrades prior to adding the Extraction Buffer (XB) for RNA extraction. Leaving too much water will result in dilution of the Extraction Buffer (XB) and in subpar (i.e., RIN < 7, 260/280 ratio <1.8, 260/230 ratio <1.8, and/or concentration <5 ng/µL) RNA extraction from the animals, resulting in reduced RNA concentration and quality after elution. Removing too much water will rapidly desiccate animals, potentially leading to lethality and reduced RNA quality due to increased RNase activity after death. A visual representation is provided showing the appropriate amount of water to leave in the tube with the tardigrades prior to adding the Extraction Buffer (XB) (Figure 1B) to aid in the successful completion of this protocol.

To date, this protocol has been attempted in six different tardigrade species, including a heterotardigrade (V. celatus). These isolations resulted in RNA concentrations ranging from 11 ng/µL to 106.6 ng/µL (confirmed on a microvolume spectrophotometer, Table 1) and 9 ng/µL to 113 ng/µL (confirmed through microfluidics gel electrophoresis, Table 2). The number of animals needed for RNA isolation varies depending on the size of the species that you are isolating from. Larger tardigrades, like Paramacrobiotus species and Milnesium sp., yield ample RNA concentrations from as few as 25 animals (Table 1). For smaller species, like H. exemplaris and V. celatus, isolations are more successful from 100 or more animals (Table 1). The majority of the isolations have a 260/280 ratio around 2, indicating clean RNA30. Isolations from some species (V. celatus and H. exemplaris, and the Paramacrobiotus species) occasionally result in a low 260/230 ratio, suggesting contamination from reagents30. This often occurred when using fewer animals (100 for V. celatus and H. exemplaris, and 25 for Paramacrobiotus species), suggesting that too few animals might increase the risk of reagent contamination in the final eluted RNA. Through the assessment of RNA quality via microfluidics gel electrophoresis, an RNA integrity number (RIN) can be calculated. A RIN between 9–10 suggests high-quality RNA with little degradation31, and it is generally advised not to move forward with downstream processes like RNA sequencing if the RIN is below 7. Some example microfluidics gel electrophoresis results are provided (Figure 3) from samples with high and low/undetectable RIN values. Some of these samples were excluded from further analysis (Table 2, Figure 3A,D). However, some samples with low/undetectable RIN were selected to move forward for library prep for RNA sequencing and still resulted in quality RNA sequencing results (Table 2, Figure 3B,F, unpublished data, see “Discussion” for more information). 

FIGURE AND TABLE LEGENDS: 

Figure 1: RNA isolation set-up. Images showing a pipette bulb attached to an aspirator tube assembly chamber fitted with a glass capillary for movement of animals and removal of water (A) and a representation of an acceptable amount of water remaining before addition of Extraction Buffer (XB) to Paramacrobiotus tardigrades (B). 

Figure 2: Elution tube set-up for final elution.

Figure 3: Representative microfluidics gel electrophoresis results for H. exemplaris and P. gadabouti. (A) RNA gel from H. exemplaris exposed to ionizing radiation. (B) RNA gel from P. gadabouti and H. exemplaris under control conditions. (C–F) Representative peak profiles from a high-quality H. exemplaris RNA sample (C), from an H. exemplaris sample of questionable quality (D), from a good-quality P. gadabouti sample (E), and from an H. exemplaris sample with apparent degradation (peak at 147 bp) (F). 

Table 1: Representative RNA concentrations and quality information from various tardigrade species collected with a microvolume spectrophotometer. *Concentrations under 20 ng/µL, as detected with a microvolume spectrophotometer, may result in inaccurate absorbance ratios. **Low 260/230 ratio caused by incorrect centrifugation speed at Step 5.7.

Table 2: Representative RNA concentrations and quality information from two tardigrade species collected with a microfluidics gel electrophoresis system.

DISCUSSION: 
The goal of this protocol is to facilitate the isolation of RNA from tardigrades that is of high enough quantity and quality to be applicable for downstream applications that facilitate investigations of tardigrade stress tolerance. The protocol presented here has outlined areas where users may encounter issues, including removing enough water prior to adding Extraction Buffer (XB) (Step 2.5), disrupting tardigrade bodies (Step 3.1–3.3), transferring the supernatant to the column for purification (Step 5.3), and eluting the RNA (Step 8.3). Errors in any of these steps may result in reduced concentration or quality of the resulting RNA. If the resulting RNA concentration is less than 5 ng/µL (as verified by a microvolume spectrophotometer), the user may want to consider redoing the RNA isolation with (1) more starting animals (>100 for small species or >50 for larger species), or (2) repeating the protocol, paying special attention to the water removal, tardigrade disruption, and elution steps. 

This article provides examples of RNA quality assessments (RIN, 260/280 ratio, 260/230 ratio) that was deemed appropriate or inappropriate for RNA sequencing (Table 1, Table 2, Figure 3). Occasionally, low (<1.0) 260/230 ratios are observed in some RNA isolations using this protocol (Table 1), suggesting the presence of residual organic compounds. Usually, this was associated with low animal counts. If increasing animal input is not an option, or if users consistently encounter the low 260/230 ratio, including an additional wash step with Wash Buffer 2 (W2) (repeat Step 7.6) is recommended and/or extending the dry-spin centrifugation time in Step 7.7 to ensure the removal of these contaminants. Additionally, it is to be noted that the one representative H. exemplaris isolation with a low 260/230 ratio (Table 1) was performed by a first-time, undergraduate protocol user who, in retrospect, realized that Step 5.7 (spin to remove ethanol after binding RNA to the column) was performed at the incorrect centrifugation speed (too slow). This likely resulted in ethanol being retained on the column and carried through the protocol, resulting in the poor 260/230 ratio. Subsequent isolations by this user have resulted in 260/230 values within a reasonable range (no lower than 1.5). Therefore, all users, especially first-time users, should pay close attention to centrifugation speeds when working through the protocol to avoid these potential issues. Despite occasionally low 260/230 ratios or low RIN in H. exemplaris, RNA with similar quality readings could still be used for downstream RNA sequencing to examine differential gene expression after exposure to ionizing radiation or other stressors8 (Table 1, Table 2, and unpublished data). Similarly, RNA isolated from P. gadabouti with this protocol resulted in high RNA concentration and quality (as verified by RIN, Table 2, Figure 3) and resulted in meaningful RNA sequencing data (unpublished data). Anecdotally, this study successfully used RNA from H. exemplaris with low concentrations (5–9 ng/µL) to make cDNA for successful downstream cloning of H. exemplaris genes8. When RNA from H. exemplaris resulted in low/undetectable concentration and RIN (measured with microfluidics gel electrophoresis), RNA was re-isolated for this treatment before moving forward with library preparation for RNA sequencing (Table 2, Figure 3A,D). The decision to redo RNA isolation for this sample (Figure 3A,D), rather than move forward with sequencing as was done with other samples from H. exemplaris with undetectable RIN (Figure 3B,F), was made based on the lack of clear bands on the microfluidics gel, which can be indicative of a loading error, degraded RNA, or insufficient RNA concentration. In contrast, when RNA isolated from H. exemplaris had a relatively low concentration, an undetectable RIN, and evidence of some RNA degradation, as indicated by higher levels of small-sized RNA, it yielded usable RNA sequencing data after library preparation (unpublished data, Table 2, Figure 3B,F). Therefore, although some guidelines are provided here for determining whether RNA samples are suitable for downstream applications, the user should use their discretion and consider their specific downstream application when assessing whether the quality and quantity of the RNA are sufficient to move forward.

Scientists who want to isolate RNA from tardigrades have multiple aspects to consider when determining which protocol is best suited to their purpose. All of the previously reported RNA isolation methods (including the method reported here) have yielded RNA of sufficient quantity and quality to support downstream applications such as RNA sequencing, cDNA synthesis, and qPCR8,12,13,17,21,22,25,27. Cost is often a consideration, especially for research labs with small budgets or teaching labs. The protocol reported here is more expensive than previously reported protocols per isolation reaction. However, we would argue that the cost increase comes with benefits relative to previously reported protocols. Compared to other column-based RNA isolation protocols23, the RNA isolation protocol reported here can produce ample RNA of sufficient quality from a smaller amount of input material (fewer animals). Additionally, as mentioned in the Introduction, the previously reported column-based RNA isolation protocol worked inconsistently in our hands, often resulting in extremely low RNA yields insufficient for downstream processes (unpublished data). The protocol reported here is also considerably safer compared to a phenol-based RNA isolation approach, as it does not require users to handle hazardous chemicals that require a fume hood. Also, a common user issue with phenol-based RNA extraction protocols is phenol carryover, which affects RNA purity and can disrupt downstream applications. These issues make phenol-based RNA extraction less accessible to undergraduates (whether in research labs or classrooms). However, the phenol-based method is the most cost-effective. The protocol reported here is not suitable for isolating RNA from a single animal to assess single-animal transcriptomic responses (as published in Kirt et al.27) but is instead valuable for examining shared changes across individuals in response to a stressor, providing a more holistic view of stress responses. Therefore, users should weigh the importance of cost, animal availability, and user accessibility of existing protocols to determine which protocol best suits their needs.

This report validated that this protocol produces RNA of sufficient quantity and quality from six different tardigrade species, including a representative species from Heterotardigrada. Additionally, this RNA isolation method yields sufficient RNA from a reasonable number of animals (25–200, depending on species size). The validation of this RNA isolation protocol in multiple species opens the door to understanding captivating aspects of tardigrade biology. This is not limited to the investigation of stress tolerance but also extends to understanding the evolution of these animals, including the evolution of resistance mechanisms and their development. This protocol is particularly useful for non-model and field-collected tardigrade species where biomass is limited, and standardized RNA isolation methods are lacking. Lastly, this protocol is accessible to researchers and can be performed reproducibly by undergraduate researchers, making it an asset in teaching or research labs at primarily undergraduate institutions. 
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