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SUMMARY: 
This article describes the visual identification of ice nucleation within a freeze-tolerant insect using a thermal camera for non-invasive region-specific temperature determination.

ABSTRACT: 
Organisms use numerous physiological processes to survive harsh environmental conditions, including low temperatures. While many species can survive temperatures above freezing, some invertebrates and a few vertebrates have evolved the ability to survive internal ice formation. Internal ice formation comes with many challenges, including cellular dehydration, hypoxia, oxidative damage, and physical damage from ice crystals. To minimize damage, some species induce ice formation in specific internal regions. The characteristics of ice formation, both spatial and temporal, are considered key factors for successfully surviving freezing. However, the location of ice nucleation within freeze-tolerant organisms is an understudied subject. This article shows how long-wave infrared (LWIR: 7–14 µm) imaging can be used to determine where ice formation occurs within a freeze-tolerant insect.

We used the freeze-tolerant sugarbeet root maggot, Tetanops myopaeformis, a crop pest found in North America. Insects were placed on a chilling plate and cooled from 4 °C to -20 °C at 1 °C/min. Using the increase in temperature that occurs during a change of state from a liquid to a solid, the exotherm, the location of the freezing transition can be identified. The exotherm was quantified after the cooling was completed using the average temperatures of each larval section. The supercooling point, location of ice nucleation, and duration and direction of the ice front’s movement were determined. This protocol allows for the accurate determination of the location of ice nucleation in an insect by recording the exothermic heat released during freezing. The LWIR methodology discussed here may be implemented in numerous ways, for use with both freeze-tolerant and freeze-avoidant species. The data collection and suggestions for analysis are presented here as a reference for others who wish to use thermal imaging in their area of research.

INTRODUCTION: 
[bookmark: _Int_oj8bYVqH]Maintaining thermal balance is an imperative concern for ectotherms that must maintain internal conditions within an enzymatically viable range1. For insects in temperate climates or at high elevations, extreme cold exposure is common2. Most insects are freeze-avoidant; however, a subset are freeze-tolerant. Freeze-tolerant insects prepare for freezing by accumulating cryoprotectants3,4 and ice-nucleating agents5,6. Freeze-tolerant species prepare for these stressors in ways similar to freeze-avoidant species and often have supercooling points higher than their freeze-avoidant counterparts7. Survival of freezing and thawing has numerous challenges, including physical damage from the ice formation itself, osmotic challenges, metabolic limitations, and the accumulation of reactive oxygen species8. One key factor for the survival of freezing is control of ice nucleation. Locating where ice nucleation occurs is difficult but necessary for identifying the presence of innate or acquired inoculating agents6,9. For example, Eurosta solidaginis, the goldenrod gall fly, isolates calcium phosphate at the ends of their Malpighian tubules, which controls the location of internal ice nucleation to the tissue, resulting in a higher supercooling point9. Understanding ice nucleation and the ways that metabolites and cellular processes can be altered to function in and recover from a frozen state may lead to significant advances in cryopreservation or new pathways to target for pest management. While freeze-tolerant species’ responses to freezing and thawing have been documented for over 60 years10, the study of ice formation in vivo has remained understudied due to methodological constraints on imaging during ice nucleation and freezing. 

Studying ice nucleation within a living organism is difficult for a few reasons. First, ice formation occurs relatively quickly and depends on the size of the organism11,12, with small insects freezing faster than larger crops or whole plants. In both cases, to accurately identify freezing, equipment with high-frequency data acquisition is required. Second, the structure of ice is three-dimensional, yet most imaging equipment focuses on the two-dimensional plane. In Chymomyza amoena, a fruit fly, ice crystal formation around tissues was successfully visualized using synchrotron X-ray imaging11. Unfortunately, this method is not widely available, requires the transport of samples and equipment to the facility, and has a very narrow field of view, making it inappropriate for larger samples. To prepare for synchrotron X-ray imaging, samples must be chilled, or the sample must already be frozen, before moving the sample to the imaging space. An alternative option, matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI) was used to determine where proline and trehalose are located during freezing around tissues from cross-sections4. For MALDI-MSI, tissues must be very thinly sliced after embedding, and sampling occurrence is discrete, requiring multiple samples to see how ice forms in the body4,11. MALDI-MSI allows for highly detailed cross sections at a specific time point, meaning that the location of ice nucleation and the progression of ice formation are missed. Both aforementioned methods are useful when looking at small organisms over a short period of time, however they are also both lethal to the sample. This means recording physiological metrics post-freezing is impossible, which is important in a freeze-tolerant species with limited numbers or accessibility. To combat some of these challenges, tissues can be analyzed separately, allowing for a wider range of imaging methods to be used. Tissue samples may be analyzed after embedding and staining to view ice formation13, be dissected to view tissue damage10,14,15, or tissue-specific supercooling points can be measured9. However, isolating tissue or hemolymph from an insect potentially hides interactions and may confound effects of tissue damage from dissection with damage from freezing and by introducing foreign aqueous media.  

Thermal imaging provides a solution that avoids many of the pitfalls associated with alternative methods. Using a thermal camera allows for non-invasive determination of the location of ice formation in the body by visualizing the exothermic release that occurs during the phase transition16. Thermal cameras visualize the thermal radiation emitted from a sample. The ability for thermal radiation to be emitted by an object is called emissivity. All real surfaces have an imperfect emissivity, so not all thermal radiation can be detected. This means that reflective, hairy, or very small samples may not be suitable for thermal camera analysis. The thermal radiation data for each pixel is converted into a temperature to create a color-coded two-dimensional temperature map of a surface that can be visualized and analyzed using imaging software17. A thermal camera was successfully used to visualize and analyze the self-amputating behavior of snow flies in response to a limb freezing18. Beyond studying ice formation, thermal cameras are widely used to measure insect body temperatures16 and environments19. Here, the goal is to provide a methodology for using a high-resolution thermal camera to visually identify where ice forms within an insect and how to collect the data needed to determine if ice nucleation and formation are controlled, in location or duration. This methodology covers the protocol for visualizing ice formation in a freeze-tolerant insect, Tetanops myopaeformis, the sugarbeet root maggot (SBRM). This method allows for the non-invasive determination of the temperature and location of ice nucleation within an insect.  

PROTOCOL:  
At the time of manuscript submission, North Dakota State University and the United States Department of Agriculture do not have requirements for research with invertebrates.

1. Preparation for imaging

1.1. Turn on the chilling plate and set the temperature to 4 °C. Ensure all equipment is on, and connections are functional. Turn on the thermal camera and affiliated software to prepare for the run. If the thermal camera is not calibrated, use one of the calibration options below, if calibrated, proceed to step 1.2. 

1.1.1. Calibration option 1: Camera exposed to the target temperature.  

1.1.1.1. Prepare the items in the Table of Materials with label “CO 1” in the “Comment” column, along with the thermal camera, computers, and related software. Paint an aluminum block with matte black paint, as a metallic surface will affect emissivity and result in inaccurate values. Once the paint is completely dry, proceed. 

1.1.1.2. Place the thermal camera within the environmental chamber, and arrange the aluminum block to be in focus. To aid in getting the surface in focus, put a small piece of tape on the block to provide a reference for the user to align with the edge of the field of view.

1.1.1.3. Set the environmental chamber to the desired calibration temperature. In this case, three temperatures were used: 10 °C, 20 °C, and 30 °C. Use a random number generator to determine the order in which the temperatures are used for calibration.  

1.1.1.4. Ensure the camera and laptop with ResearchIR 4 (thermal camera control software) are properly connected and functional. Turn on the laptop and the thermal camera. Open the control software for data collection.

1.1.1.5. Place the end of a thermocouple attached to a datalogger into the inner door of the environmental chamber. Ensure the logger is positioned to read throughout the calibration runs.  

1.1.1.6. Close the environmental chamber and allow the entire setup, the thermal camera, and the aluminum block to acclimate for 2 h.

1.1.1.7. At the completion of the 2 h, record a 10-min video with the thermal camera. Also record the temperature of the environmental chamber, the datalogger, and the thermocouple.  

1.1.1.8. Repeat steps 1.1.1.3 through 1.1.1.7 three times for each calibration temperature.

1.1.1.9. Ensure the camera is not removed from the incubator until it has reached room temperature to limit the likelihood of condensation due to temperature swings.

1.1.1.10. Proceed to step 1.1.3.
  
1.1.2. Calibration Option 2: Camera is not exposed to the target temperature. 

1.1.2.1. Prepare the items in the Table of Materials with label “CO 2:” in the “Comment” column, along with the thermal camera, computers, and related software. Before starting, paint an aluminum block with matte black paint.  Once the paint is completely dry, proceed. 

NOTE: This could also be done with an aluminum plate if the chilling surface is large and flat.

1.1.2.2. Position two thermocouples, one along the side of the aluminum insert and one on the top of the aluminum insert. Connect these thermocouples to a Picolog TC-08 (high-resolution thermocouple data logger) and collected via the thermocouple data logger software downloaded on a computer.

1.1.2.3. Set up the thermal camera above the chilling surface and adjust the position as needed to be in focus. To aid in getting the surface in focus, place the K or T-type thermocouple at the edge of the frame to serve as a point to focus on.

NOTE: The modified qMC 16 (temperature-controlled microcentrifuge tube holder) allows for the target temperature(s) to be preprogrammed using Quantum Northwest’s temperature application (Tapp) software.  In this case, three thermal programs were made using a random number generator. These programs included a 10-min ramp to the target temperature, followed by a 40-min wait at the target temperature.  All recordings for calibration occurred during the last 10 min of the 40-min wait step, for each temperature.

1.1.2.4.  Turn on the water bath and set it to 10 °C, tube holder, T-app software, and thermocouple data logger software.  Ensure the computer connected to the modified qMC 16 also operates the thermocouple data logger software. Turn on the nitrogen flow to 2–3 PSI.  

1.1.2.5. Ensure the thermal camera and laptop with thermal camera control software are properly connected, turned on, and focused.

1.1.2.6. Once the water bath reaches 10 °C, begin the calibration runs.  

1.1.2.7. Collect data for -30 °C, -20 °C, -10 °C, 0 °C, 10 °C, and 20 °C. Record a video of each temperature three times. At the beginning of each run, record the temperature of the thermocouples and the temperature of the tube holder.  

1.1.3. Calibration data processing: After collecting the calibration runs, use the Research Studio - Professional Edition software (advanced thermal analysis and recording software) to place a region of interest (ROI) rectangle on a section of the aluminum block.

1.1.3.1. Set the ROI rectangle to present the mean temperature.

1.1.3.2. Select 10 frames to consistently use across all runs.  Ensure these are relatively evenly distributed across the run. 

1.1.3.3. Proceed to each of the selected frames within the recording and record the frame number and the mean rectangle ROI temperature.

1.1.3.4. Across all 10 frames, average the mean temperature to determine the average temperature for the programmed temperature.   

1.1.3.5. Plot the thermal camera’s average temperature against the actual temperature of the thermal device (Figure 1).

[Place Figure 1 here]   

1.1.3.6. Now, plot the data collected from both the tube holder and the environmental chamber. 

NOTE: The relationships for the environmental chamber, tube holder, and combined are all linear (Supplementary Figure 1A–C).

1.2. Set up the chilling plate, thermal camera, and items listed in the Table of Materials (Figure 2). Turn on the chilling plate and set the temperature to 4 °C. Ensure all equipment is on, and connections are functional. Turn on the thermal camera and affiliated software to prepare for the run.   

[Place Figure 2 here]

1.3. Focus the camera on the center of the chilling plate. Check that the Nitrogen (N2) tank has sufficient gas for the run(s). 

NOTE: The chill plate and camera should be located in a room that can maintain a temperature between 15.5 °C to 22.8 °C with low relative humidity (%RH) to limit condensation. In workspaces with relative humidity under 10%, the N2 gas may not be required. 

1.4. Connect the Tygon tubing and the p1000 pipette tip. Cut ~0.25 cm off the p1000 tip. Tape the base of the pipette tip to the side of the thermal camera.  Ensure ~1.5 cm of the tip extends past the camera lens.

NOTE: The N2 gas should not be flowing directly on the SBRM. The N2 outflow is attached to the side of the camera, providing indirect flow over the chilling plate, keeping the space around the larvae relatively low in humidity. 

1.5. Prepare the chill plate by adding a layer of aluminum foil, then a piece of blotting paper cut to the size of the plate with a ~2.54 cm diameter hole cut out of the center, then a 3D printed cover on top (Figure 3). See Supplementary File 1 for the print file.

NOTE: These items are optional and may not be necessary in low-humidity or with less mobile specimens. The foil decreases the amount of moisture entering the chilling plate surface. Blotting paper collects excess moisture that may accumulate from condensation or freeze-thaw cycles. The 3D-printed cover prevents the SBRM from leaving the area during acclimation and provides visual boundaries for camera focus. For multiple samples, replace the blotting paper and dry the aluminum foil before the start of each run.  

[Place Figure 3 here]

1.6. Select an SBRM for testing, preferably a third instar with a mass of 12 mg or larger. Handle the SBRM with featherweight forceps. 

1.7. Rinse the SBRM with reverse osmosis (RO) water that is ~4–6 °C. Roll the SBRM back and forth (3–5 times) to dry on a tissue to remove excess water (Figure 4). The SBRM larvae were stored at 4–6 °C prior to testing, so limit exposure to room temperature to <10 min. 

NOTE: Ensure all specimens are free of soil, debris, or other contaminants that may act as ice nucleators and degrade image quality. 

[Place Figure 4 here]

1.8. Using featherlight forceps, move the SBRM to the center of the chill plate and 3D printed cover (Figure 5). Center and focus the thermal camera on the SBRM, and ensure the sample is viewable in the recording software. 

[Place Figure 5 here]

1.9. Turn on the N2 gas, with a 1–2 psi flow. 

1.10. Next, take a piece of foil (~33 cm x ~9.5 cm) and fold it to ensure that it does not bend during imaging. Wrap this around the lens of the camera, creating a cylinder that will cover the sides of the space above the SBRM and chill plate to limit the amount of humidity in the environment reaching the chill plate. 

NOTE: The size of the foil will depend on the camera and chill plate setup. This piece of foil can be reused.

2. Data collection 

2.1. Acclimate the SBRM to 4 °C on the chill plate for 10 min. 

NOTE: This step may differ in temperature or duration, depending on the experiment’s focus and the insect being used. SBRM were stored at 4 °C, and larvae were allowed 10 min to reach the starting temperature after washing and handling. 

2.2.  During the acclimation step, frequently check that the SBRM is in focus. The entire maggot must be visible. At 4 °C, SBRM is active, so make position adjustments prior to the start of the run. This may involve manually moving the SBRM back to the center of the focus area using featherlight forceps.

2.3. At the completion of the previous step, start the thermal camera’s recording software. By hovering over and then pressing the record button at the top middle of the software. The icon is a red circle. 

NOTE: The length of the run may be limited by file size, which is related to the camera’s framerate, or how many images are recorded per second. More frames allow for more precision in the determination of the occurrence of ice nucleation. An average of 60 frames per second (fps) was used in this experiment, but camera settings and capabilities may differ.
  
2.4. Begin the ramping protocol.  In the case of the chill plate used, do this manually by pressing the temperature “down” button on the chill plate, decreasing the set temperature of the chilling plate from 4 °C to -20 °C by 1 °C/min, taking ~24 min. 

NOTE: The temperature range used should be adjusted to the insect of interest.  If the freezing point of the insect of interest is below -20 °C, a different chill plate with a lower temperature minimum would need to be used.  

2.5. During the run, write down if an exotherm is observed. Write the time from the start of the run, and if possible, the frames from the recording software to make data processing easier. 

2.6. Hold at -20 °C until the run is completed. A software pop-up will be present and show the total run duration, the number of frames collected, and the average framerate. Close this pop-up by pressing the bottom right close button. This will be after a total run time of ~40 min from the recording’s start. The forward-looking infrared  (FLIR) camera used in this study had a maximum file capture duration of 40 min or a file size of ~8.7 GB. 

NOTE: If survival is relevant to the study, check samples at an appropriate time post-freezing. In this case, survival was recorded 3 days post-sampling. If the research question does not need sample information post-freezing, the run should be concluded after an exotherm is visualized. If no exotherm was observed, the insect did not freeze.  Not freezing could mean that the chilling device was not able to cool to a temperature that would freeze the sample.  Alternatively, if the run was started at a temperature below 0 °C, the sample may have already frozen. Having a rough estimate of the insect’s supercooling point prior to thermal camera analysis is important. This is to ensure that the chilling surface reaches an appropriate temperature. Obtaining thermal images of freezing below -40 °C is not possible with existing cameras. 

2.7. Remove the SBRM from the chilling plate, place it into a 24-well plate, which will be stored at 4–6 °C to recover.

2.8. To prepare for the next run, bring the chilling plate to 4 °C, and allow the surface to thaw so that any ice that may have formed can be removed. 

2.9. Remove the three-dimensional (3D) printed cover and blotting paper. Dry the surface of the aluminum foil with a lab tissue wipe. Place a piece of dry blotting paper on the plate and return the 3D printed cover on top. 

NOTE: The blotting paper can be reused after it has completely dried. 

2.10. Return to step 1.3 for the next run. If the equipment was powered off, return to step 1.1. If data collection is completed, proceed to the next section (Data processing).

3. Data processing

3.1. Open the FLIR Research Studio - Professional Edition software (advanced thermal analysis and recording software).

3.2. Set the directory by using the open file folder icon in the bottom left of the software.  Left-click the open directory and navigate to the file containing the raw .SEQ files from the thermal camera that the user wishes to process.   

3.3. Navigate to a recording and click on the open button for the file. There is a scroll bar along the bottom or the mouse wheel can be used to navigate through the library. Select a place in this frame by clicking the button.  

3.4. Each software may differ in what color options are available; choose an option that works best. Ensure all SBRMs are processed using the same color gradient. Change the color by clicking on the “Palettes” along the bottom right. 

NOTE: The default is grayscale; however, for the images in this manuscript, the “Ironbow” option was used.  The thermal range (right side) was not changed from the default.  

3.5. Use an auto-adjusting or sliding temperature scale for processing so the color gradient of the exotherm is easier to see and thus less likely to be missed than with a set scale. This is the default in the FLIR software used in this protocol.

3.6. At the completion of a run, identify relevant frames where an exotherm occurred.  If there is no clear exotherm, the SBRM did not freeze.

3.7. To identify relevant frames, scrub the video by quickly moving forward and backward in time through the run, using the bar along the bottom of the software. 

3.7.1. For this, click and hold the white circle and move it with the mouse, or watch the video at a higher speed by clicking the left and right double-arrow buttons. Often, the color of the SBRM will change dramatically during the exothermic reaction during freezing. Annotations taken during sampling (step 2.5) are helpful here.

NOTE: Nonproprietary options for data analysis include but are not limited to: IRimage20 (DOI 10.7717/peerj-cs.977), which is accessible on PeerJ, and FLIRPY (https://flirpy.readthedocs.io/en/latest/), which is accessible on GitHub.   

3.8. After identifying the frames of interest (Figure 6). Record the frames or the time at which the exotherm occurred. Include 1–2 frames before and after the completed freezing instance.   

[Place Figure 6 here]

3.9. In the software, go to the frame immediately prior to when the exotherm is visible within the SBRM. Consider this is as frame X-1. Do this using the single arrow forward and backward buttons near the bottom middle of the software.  

3.9.1. Alternatively, on the left side of the bar used to move forward and backward, type in the frame’s number to quickly navigate to a specific frame.  

3.10. To outline the SBRM, select the three vertical dots at the top of the software called More ROI Shapes and Function, and then select the Multi-Segment Line tool, which is the zig-zag symbol in the second row, second column.   

NOTE: The multi-segment line tool may have a different name or may not be included in base software with camera purchases. This tool was used on the “FLIR Research Studio - Professional Edition” software. Alternative options for processing images include using ImageJ or downloading individual frames as .csv files and analyzing the data numerically. The edge of the SBRM can be difficult to find; having a background with an emissivity different from the sample can make this easier.  

3.11. Once the multi-segment line tool is selected, click around the area to be selected. In this case, the whole SBRM.  Ensure the first and last point overlap.  The first point’s shape is a circle, while all other points are a square.  

3.12. Use the multi-segment line tool (Figure 7) to draw around the edge of the SBRM in its entirety. Henceforth, this is referred to as “whole”. For all samples (in this study), use Frame X-1 to draw the whole outline, for consistency. 

NOTE: ROI stands for region of interest, and henceforth any outlined area or alternative region with thermal information within it will be referred to as an ROI. 

3.12.1. If a point is not in the correct place, continue by adjusting the ROI mid-way, as it is difficult. To complete the ROI, right-click to end the points for the multi-line tool.  

[Place Figure 7 here]

3.13. After an ROI has been completed, make adjustments to the outline. 

3.13.1. If a point is in the wrong spot, simply adjust it by clicking and holding while repositioning the point. To add or remove points from the multi-segment line ROI, left-click the three vertical dots More ROI Shapes and Function. 

3.13.2. Then, left-click the add/remove points found on the right side of the dropdown. To add points, right-click, then, while overlapping a current ROI line, left-click. To remove a point, simply overlap a point and left-click. 

NOTE: While the add/remove points option is selected, the More ROI Shapes and Functions dots will be green. Return to the More ROI Shapes and Function and click the add/remove points to no longer add or remove points. 

3.14. Before proceeding, save the workspace and ROIs by left-clicking the three horizontal bars in the top left and selecting the Save Workspace As option.  Save the workspace with the same name as the .SEQ file with “Workspace” or “WS” added to the name.   

3.15. To determine the supercooling point of the whole organism (Figure 8), use the multi-segment line tool. Look at the dropdown containing the ROIs at the top center of the software. If the multi-line tool was used, the text will be “Multi Line #...”. Using the down arrow allows different ROIs to be selected. 

[Place Figure 8 here]

3.16. Using the pencil icon located to the right of the ROI selection dropdown, change the ROI properties. This includes the color of the ROI outline and points on the right side. Change the On-Image Statistic using the dropdown arrow.  

3.16.1. For the supercooling point, select minimum. This information will be added to the ROI’s name label (grey box) next to the ROI. Change the label location in relation to the ROI by using the Label Position downtown arrow. 

3.16.2.  On frame X-1, record the minimum whole temperature. This is the supercooling point (SCP), or the temperature of the SBRM prior to the initiation of ice nucleation.   

3.17. Prior to moving on, change the whole outline display temperature to the mean temperature. This will allow for the mean temperature of the whole SBRM to be recorded for additional frames.  

3.18. The SBRM has 11 clearly defined sections (Figure 9). Use the same multi-segment line tool (step 3.10-3.13) to draw 11 separate areas on the SBRM larvae, within or overlapping the same points as the whole outline (Figure 10). This will allow for regional temperature comparisons.

[Place Figure 9 here] 
 
[Place Figure 10 here]

NOTE: For adult insects or nymphs, the head, thorax, and abdomen may be used. Alternative sections or regions may be used for larvae or other organisms. Regardless of the life stage, the subdivision of the insect or sample should be made using the researcher's best judgment with a clear rationale.  Alternative tools such as Freehand, Polygon, circles, or boxes may be used.

3.19. For each outlined section, follow the same steps in 3.16 above, but instead select the minimum option from the dropdown, select the mean option as the type of temperature information for the region to be shown.   

NOTE:  Data collected can include the minimum, maximum, or mean temperatures for the section or whole insect, which can be beneficial for many thermal physiology metrics. This will vary depending on the software’s capabilities and the overall question. In this case, the mean was used for each section, and each frame of interest to avoid potential bias from the SBRM shifting during freezing, or external ice on the surface affecting values disproportionately affected by the range.

3.20. After displaying the mean of the whole and each section, scrub forward and back through the frames of interest using the same buttons listed in step 3.7. Carefully ensure all areas contain only the SBRM during the entire set of frames of interest. 

NOTE: It is possible that the SBRM shifts during freezing, and having the chilling surface included in the whole or section selections will alter temperature data. If the SBRM shifts slightly during freezing, the outline can be repositioned (see step 3.13); however, this must be done consistently across all samples and disclosed in future methods.   

3.21. For all frames of interest, as well as one to two frames prior to and after the frames of interest, record the mean temperature of the whole and all sections into a datasheet for future statistics. 

NOTE: If an SBRM does not have a clear exotherm, that information is also recorded as “did not freeze” (DNF). This may indicate a physiological process of time or acclimation-dependent freeze-tolerance. 

3.22. Record the total number of frames of interest and time stamps of the first and last frame for each sample. Use these to determine the time to complete freezing using Equation 1 below.  

NOTE:  This process can be extremely time-consuming and will need to be done in multiple sessions. Limit data processing to one or two people who use the same processing methods to minimize variability between samples.    

REPRESENTATIVE RESULTS: 
Thermal camera footage allows for the easy determination of a freezing event. Assuming the sample is in frame and in focus, a release of heat, the exotherm, will lead to the thermal camera software presenting a change in color to the user. This artificial change in color, in the case of an exotherm, is a positive result in which freezing occurred (SV1, SV2, SV3, SV4, and SV5). It is possible that no color change would be observed, indicating that the sample did not freeze, potentially due to the chilling surface not reaching the temperature needed for freezing to occur, which would be a negative result (SV6, SV7, and SV8). Additionally, it is likely that some runs will be unusable due to humidity (SV9), sample movement (SV10), and or focusing error (SV11). Full-length thermal camera videos showing positive (Supplementary Video 1, Supplementary Video 2, Supplementary Video 3, Supplementary Video 4, Supplementary Video 5), negative (Supplementary Video 6, Supplementary Video 7, and Supplementary Video 8), and unusable (Supplementary Video 9, Supplementary Video 10, and Supplementary Video 11) results have been provided. Alternatively, if the sample is extremely small, the heat released may not be visible. If the recording has a wide range of temperatures (large background variation), the exotherm may not be easily seen. 

This method clearly shows localized and temporally changing freezing events in the freeze-tolerant SBRM larvae. This kind of data can be analyzed using observations alone and recorded as a binomial variable (freezing occurred or not). Additionally, the thermal camera allows for time, location, and temperature of ice nucleation to be determined. The time to freeze may indicate the stressfulness of the freezing event, as the rate of freezing of an organism can determine survival outcomes11. The time it takes to freeze can be determined by using the number of frames that the ice front moves across the insect (Equation 1 and Figure 6). Some thermal cameras or software may include timestamps, in which case the timestamp from X (Tbeg, or the start of ice nucleation) can be subtracted from the timestamp from Y (Tend, or the completion of ice formation within the insect) to determine the total time to freeze.  

Equation 1: Time to freeze (milliseconds [ms]) = Frames to freeze × (1000/FPS) 

Frames to freeze = number of frames from Tbeg to Tend, where Tbeg is the beginning of the freezing event and Tend is the end of the freezing event. Figure 6 also shows a visual representation, with  X = Tbeg and Y = Tend.  

FPS will need to be determined in the camera's settings, because this can differ between models and, in some cameras, can be changed by the user. The user should work based on the frame rates of the captured video rather than the refresh rate (hertz) of the observational monitor, since the refresh rate of the monitor will not match that of the captured/saved video frame rate from the thermal camera. Camera FPS will commonly be an average of 30, 45, or 60 FPS.  If a timestamp is provided in the videos, Equation 1 is not necessary.  

Insects may control the location of ice nucleation by leaving ice-nucleating bacteria in the gut or by synthesizing or collecting ice-nucleating materials in a particular location9. A consistent location of ice nucleation may indicate that the internal ice formation is induced, and future work analyzing internal contents at that location may lead to the identification of new ice nucleators. The location of ice nucleation in a section of one larva, and which frame to use to determine the supercooling point of a larva, is shown in Figure 6. This type of thermal data can also be used to determine the direction of freezing by analyzing the temperature of each section of the larva across frames. 

The temperature at which freezing occurs is determined by multiple aspects, including hydration, microclimate, and accumulated cryoprotectants or ice nucleators. Subsequently, the physical environment that the larvae overwinter in can also affect the rate at which temperature fluctuates21–23. This methodology highlights the information that can be collected and analyzed from an insect in a controlled laboratory environment. This is particularly useful in situations when the thermal biology or physiology is of interest, but the species and life stage are not accessible in their natural environment. 

FIGURE AND TABLE LEGENDS: 
Figure 1: Thermal camera calibration relationship. The calibration relationship generated by plotting the actual known temperature of a thermal device by the temperature that the thermal camera provides for the surface of a thermal device. This was generated with the protocol provided in steps 1.1.1–1.1.3.6.

Figure 2: Thermal camera layout. (A) Complete thermal camera setup.  From left to right: The laptop controls the thermal camera and saves the videos. The chill plate and thermal camera with foil. N2 gas tank with a pressure regulator to control the flow. (B) Closeup of thermal camera over the chill plate with foil covering. Tubing for N2 gas is attached to the side of the camera with green tape, and aluminum foil is wrapped around the camera lens and pipette tip. 

Figure 3: Chill plate setup. (A) Echotherm chill plate, with the back plate covered, as only one is used.  (B) Foil is added to the surface of the chill plate, and the sides are crimped to hold it in place. Excess foil is removed from the edges. (C) Dry blotting paper is placed on top of the foil. (D) A 3D printed cover is added to serve as a border for the testing area and as a barrier to ensure that the SBRM stays within the camera’s field of view. See Supplementary File 1 for the print file. 

Figure 4: Insect cleaning and handling. (A) Supplies needed to prepare a SBRM for testing are assembled. This includes RO water, paper towel and/or wipe, featherweight forceps, and SBRM larvae stored in soil in a conical tube. (B) An unwashed SBRM is shown. (C) The SBRM is thoroughly rinsed and rolled to remove excess debris.  The SBRM is then moved to a dry section to remove excess water. (D) A clean SBRM is held with featherweight forceps. 

Figure 5: Insect placement and nitrogen outflow. (A) SBRM is positioned on the foil under the thermal camera lens and approximately centered within the 3D printed arena. The edges of the blotting paper can be seen within the arena. (B) The pipette tip is attached to the side of the lens, with ~1.5 cm extending below the lens. Due to the placement of the 3D printed cover and camera, this provides an indirect flow of N2 gas around the SBRM. 

Figure 6: Frames of interest showing a freezing event. Example of SBRM freezing with the frames of interest identified. Frames from recording number 84 (Supplementary Video 1) are shown.   X-1 is the frame just prior to ice nucleation.  This is the frame that is used to identify the supercooling point.  Frame X is the first frame where ice nucleation occurs. (Indicated by the pink coloration at the 7th section of the SBRM, and a white arrow has been added). Frames X+1 and X+2 are intermediate frames between X and Y-1, showing the progression of the ice formation indicated by the pink color. Frame Y-1 is the frame immediately prior to the completion of ice formation within the SBRM.  In Y-1, the last sections to freeze are anterior sections 11 and 10, as indicated by the dark color on the section or on the anterior/posterior of the SBRM. Frame Y shows a completely frozen SBRM, concluding the freezing instance. For all images in this paper, the colors white, yellow, or light areas denote a relatively warm area, and purple or dark colors denote a relatively cold area. 

Figure 7: Where to find the multi-segment line tool. The “multi-segment line tool” used to draw region-of-interest (ROI) maps allows for the temperature information within the outlined area to be displayed. This “multi-segment line tool” is only in the FLIR Research Studio professional version. 

Figure 8: The whole outline using multi-segment line tool. A whole SBRM outlined in lime green (white arrow) using the multi-segment line tool. The outline has been drawn slightly within the actual edges of the larvae to allow for easier visualization for readers. The multi-segment line tool allows for points to be moved after initial placement by the user, allowing for easy adjustment as needed. The frame and larva shown is the same as X-1 in Figure 6.

Figure 9: Sugarbeet root maggot external anatomy. An entire SBRM with each of the 11 sections identified. Section 1 can be very small as the larvae often compress its body when experiencing cold temperatures.

Figure 10: The segment outline using multi-segment line tool. Data analysis was performed after outlining the whole larva and each section. Outlines are shown in various colors.  The dark grey boxes include the name of the section (sections 1 to 11 or the whole) as well as the mean temperature of that section. The frame and larvae shown are the same as X-1 in Figure 6.

Figure 11: Example of sample movement. Examples of movement resulting in a poor-quality run. Frames A and B from recording 86 (Supplementary Video 10) are a single frame apart. The SBRM has clearly flipped from one side to another, which renders the run unusable, because we are unable to determine where ice nucleation initiated. 

Figure 12: Example of inappropriate focusing. Examples of poor focus and incorrect depth of field resulting in a poor-quality run with recording number 95 (Supplementary Video 11). (A) The SBRM has elevated its posterior end off of the plate, resulting in approximately half of the larva being out of focus. (B) The focus was on the foil rather than the SBRM, resulting in the surface condensation being visualized rather than the SBRM. 

Figure 13: Example of external ice formation. (A–C) show examples of humidity resulting in a poor-quality run with recording number 107 (Supplementary Video 9). Frames A, B, and C show external ice formation across the surface of the SBRM on a particularly humid day, when the N2 tank ran out in the middle of a run. Any ice formation within the larvae is hidden by the ice that covers the surface and increases in area from frame A to C. Because of the ice, it is not possible to identify the defined sections of the SBRM. 

Table 1: Alternative methods for temperature analysis. Equipment options for measuring organismal responses to low temperature. Each equipment option is presented with relevant metrics and compared to that of a thermal camera.  This list is not comprehensive and should only be treated as a resource or starting point for a thermal biologist.

Supplementary Figure 1: Thermal camera calibration. The file includes the relationship between the temperature provided by the thermal camera and the thermal actual device’s temperature or the target temperature. Calibration curves for a thermal camera are provided, along with the relevant equations and R2 values. (A) Data collected using the Memmert Environmental Chamber. The aqua line and points show the target temperature by the average of all 10 Frames for 10 °C, 20 °C, and 30 °C. Avg temp = -3.322222 + 1.1365 × Target Temp (°C); R2 = 0.998226; N = 9. The black line and points show the device (Memmert) temperature by the average of all 10 Frames for a set point of 10 °C, 20 °C, and 30 °C. Avg temp = -3.174092 + 1.1272148 × Device Actual temp (°C); R2 = 0.998446; N = 9. In this case, we conclude that between 10 °C and 30 °C, the relationship is linear. (B) Data collected using the Peltie Chilling Surface. The aqua line and points show the target temperature by the average of all 10 Frames for -30 °C to 20 °C in 10°  increments. Avg temp = -3.042 + 1.1679333 × Target Temp (°C); R2 = 0.998708; N = 18. The black line and points show the device (Peltie) temperature by the average of all 10 Frames for a set point of 10 °C, 20 °C, and 30 °C. Avg temp = -3.092893 + 1.1670916 × Device Actual temp (°C); R2 = 0.998727; N = 18. In this case, we conclude that between -30 °C and 20 °C, the relationship is linear. (C) Combined Memmert and Peltie data. The aqua line and points show the target temperature by the average of all 10 Frames for -30 °C to 30 °C in 10° increments. Avg temp = -3.291076 + 1.1517674 × Target Temp (°C); R2 = 0.998927; N= 24. The black line and points show the device (Memmert and Peltie) temperature by the average of all 10 Frames for a set point of 10 °C, 20 °C, and 30 °C. Avg temp = -3.331451 + 1.1508368 × Device Actual temp (°C); R2 = 0.998948; N = 24. In this case, we conclude that between -30 °C and 20 °C, the relationship is linear.

Supplementary File 1: 3D print file for cover. This .stl file can be used to 3D print the cover used in this experiment. Dimensions for print are approximately 12.5 cm x 8 cm x 1 cm, with a 3 cm central hole.

Supplementary Video 1: Positive result example Recording 84: Shows the example of a positive result, with a clear exotherm and freezing event.  

Supplementary Video 2: Positive result example Recording 101: Shows the example of a positive result, with a clear exotherm and freezing event.  

Supplementary Video 3: Positive result example Recording 81: Shows the example of a positive result, with a clear exotherm and freezing event.

Supplementary Video 4: Positive result example Recording 87: Shows the example of a positive result, with a clear exotherm and freezing event.  

Supplementary Video 5: Positive result example Recording 102: Shows the example of a positive result, with a clear exotherm and freezing event.  

Supplementary Video 6: Negative result example Recording 112: Shows the example of a negative result, with no clear exotherm throughout the run.  Freezing does not occur during this run, and it is provided to show that not all runs result in a usable freezing event. 

Supplementary Video 7: Negative result example Recording 96: Shows the example of a negative result, with no clear exotherm throughout the run.  Freezing does not occur during this run, and it is provided to show that not all runs result in a usable freezing event. 

Supplementary Video 8: Negative result example Recording 97: Shows the example of a negative result, with no clear exotherm throughout the run.  Freezing does not occur during this run, and it is provided to show that not all runs result in a usable freezing event. 

Supplementary Video 9: Poor image quality example Recording 107: High humidity causes external ice formation on the surface of the SBRM. 

Supplementary Video 10: Poor image quality example Recording 86: Movement of SBRM larvae during run.

Supplementary Video 11: Poor image quality example Recording 95: Focusing issues of SBRM during run.

DISCUSSION: 
When preparing a thermal camera and workspace to study an insect’s cold physiology, there are a few critical steps. The first step is to ensure that the insect sample is sufficiently clean to prevent external ice nucleation24 and to allow for a more accurate image of the insect. However, if the experiment’s question focuses on how the environment can serve as an ice nucleator25, the insect should not be cleaned, and extra care should be taken for image clarity and sample focus. For insects in slow-moving life stages, keeping the sample within focus is relatively easy. When insects are highly mobile, ensure the vertical space available for the insect to move is limited, as excess movement in the Z-plane will make keeping the insect in focus challenging (Figure 11 and Figure 12). Additionally, the testing area should have low relative humidity to prevent external ice formation (Figure 13). Insects may be restrained, but the materials used for restraint should be evaluated for thermal conductivity, ease of drying between runs, and ability to nucleate ice. It is recommended to run pilot tests with the setup and process those runs to ensure that the physical space is sufficient and for the user to be aware of the challenges that may arise. Preliminary runs also ensure that the sample reaches temperatures relevant to the experimental design. 

[Place Figure 11 here]

[Place Figure 12 here]

[Place Figure 13 here]

Potential modifications to this methodology for future researchers include using an alternative chilling surface, enclosing the testing arena, and shifting the time or temperature used. Alternatives to a chill plate can vary. Some options include: a water bath with a solid aluminum block for the insect to rest on, a refrigerator, or a custom-built chilling arena17,18,25,26. For adult insects, an enclosed arena may be needed; in this case, a 3D printed cover with a thin hexagonal lattice, or hair27 may suffice. The insect could also be restrained using thread28, rubberbands, or adhesives25. The starting time and duration of the run must be long enough to ensure that the frames of interest are included. The ramp rate and temperature used should be applicable to the insect of interest or follow previously published work for consistency and comparison. While thermal cameras have a large thermal range that is sufficient for most insects or experiments, it is important to ensure each setup reaches the required temperatures. If the background temperature of the chilling surface needs to be accurately measured, aluminum foil should not be used, or it can be covered with non-reflective and water-resistant tape, such as electrical tape.

The limitations of this method are inherent to the way thermal cameras work and the used testing environment. Thermal cameras are non-invasive and are therefore limited to emissivity, rather than direct thermal data. To our knowledge, thermal cameras on the market have a minimum working temperature of -40 °C, because below this temperature, emissivity is unreliable. Additionally, insects that have reflective coloring or excessive hair may inhibit the camera’s ability to accurately measure the temperature of the sample. Extremely small samples or temperatures below -35 °C may require specially built equipment and calibration17. Thermal camera data is time-intensive to process, often taking 30–90 min per sample, depending on the complexity of the mapping needed for the multi-segment line tool. Initial equipment purchases could be costly, with new high-resolution thermal cameras ranging from the mid four figures to potentially over six figures (USD). For a lab that does not specifically focus on thermal biology or microenvironment/climate research, the investment of a thermal camera may not be worthwhile. For field studies, some thermal cameras are more portable than others, which is something that should be considered when purchasing. Video file sizes can be more than six gigabytes, especially when sampling periods exceed 30 min, meaning large data storage is necessary for processing and collection.  
 
A thermal camera provides significantly more data compared to a single thermocouple or temperature timepoint, as the video allows for a single sample’s surface temperature to be analyzed continuously. For research on insect cold physiology, thermal cameras can be used to measure the variation in temperatures between body sections in larvae, as shown in this paper, or in adult insects18. The protocol outlined can also be used for alternative physiology metrics, including chill coma, chill coma recovery time, critical thermal minima and maxima, and supercooling point. If visualizing phase transition temperatures, cessation of movement, or non-invasive thermal information is not the focus of the work, perhaps an alternative method (Table 1) may be more suitable.  

[Place Table 1 here]

Future research using a thermal camera in the field may improve our understanding of geographical29 and climate changes30 and microclimate selection19,31. Some thermal cameras are portable and have been used to find pest insects32 and diagnose disease in plants33,34. This technology can also be used to study the effects of temperature on animal behavior35,36.  Improving our understanding of in vivo ice nucleation in a freeze-tolerant species may lead to significant advances in cryopreservation methodologies, create new pathways to target in pest management, and even aid in predicting how these insects will fare in a changing global climate.
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