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SUMMARY: 
This protocol visualizes the deposition of lignin and pectin cell wall components in cross sections of alfalfa (Medicago sativa L.) stems. The objective is to identify specific tissues of the stem that could be targeted to develop new alfalfa lines with desirable stem digestibility characteristics.

ABSTRACT: 
The accumulation of cell wall components as plants grow limits forage nutrition for ruminants. In particular, lignin deposition in plant tissues impedes the breakdown of the cell wall carbohydrates cellulose and hemicellulose, thereby reducing the amount of energy available from forage. The highly digestible pectin component of the cell wall, however, is readily available for degradation. Information about lignin and pectin deposition in different stem cell types may provide mechanistic insights into the factors underlying variation in stem digestibility among alfalfa lines. In vitro incubation of stem cross sections in rumen fluid simulates the processes that stem tissues undergo in the rumen. Coupled with histological staining and microscopy, this method enables visualization of changes in tissue degradation over time and the location of lignin and pectin in the stem. Wiesner stain reacts with guaiacyl (G) aldehyde units of lignin, staining them fuchsia. Similarly, ruthenium red interacts with the carboxylic groups of pectin, staining pectin in the stem in shades ranging from pink to orange and brown. This protocol describes the digestion of alfalfa stem cross-sections after exposure to rumen microbes, followed by staining to visualize lignin and pectin patterns in the cell walls. The method can be used to identify stem tissues in which lignin and pectin are present or absent, facilitating comparisons among alfalfa lines.

[bookmark: _c545y0j8wu3c]INTRODUCTION:
A cell wall encloses every plant cell. Cellulose, hemicellulose, lignin, and pectin are components of the cell wall and contribute to plant fiber, a necessary part of the ruminant diet. While pectins are highly digestible (soluble) polysaccharides1, lignin is an indigestible polymer that limits fiber degradation2. Lignin therefore reduces plant digestibility and ultimately decreases the energy available to the ruminant from forage. However, lignin supports important plant physiological functions, such as conducting water throughout the plant by reinforcing tracheid elements3. Previous work has shown that changes to stem fiber that reduce lignin or increase pectin could enhance stem digestibility and forage nutritive value4. Thus, this protocol focuses on these two cell wall components. Total stem cell wall concentrations of lignin and pectin provide insufficient information to explain the mechanisms underlying stem fiber digestibility5. In vitro incubation with rumen fluid and histological staining can provide insights at the cellular level by visualizing differences in cell wall components among plants with varying stem fiber digestibility4,6. In the present protocol, alfalfa (Medicago sativa L.), a common perennial forage legume, serves as a model species to illustrate patterns of lignin and pectin in stem tissues, which contain more lignin but less pectin than leaves.

In vitro incubation with rumen fluid simulates forage digestion in the ruminant stomach, allowing observation of the effects of forage anatomy on digestibility. By creating conditions in a test tube similar to those found in the rumen, stem cross sections adhered to glass slides can be removed at various time points to assess the degree of tissue degradation following exposure to rumen fluid7. This method provides a relatively simple, rapid, and inexpensive approach for visualizing the anatomical structures of alfalfa stems and examining how cell types containing different cell wall components change as the stem is digested.

Histological staining of stem cross sections allows visualization of cell wall components. Phloroglucinol and hydrochloric acid (HCl) combine to form Wiesner stain, which highlights stem tissues containing guaiacyl-rich lignin units8 by reacting with G C6C3 aldehyde (coniferaldehyde) monomers9. Lignin consists of multiple monomer subunits; however, throughout this article, the term “lignin” refers solely to the G-unit monomer, as it is the monomer that reacts with Wiesner stain10 and is therefore visualized using this protocol. Some tissues, such as xylem vessels, are always lignified6. Otherwise, lignin deposition in alfalfa stem tissues begins once secondary (cambial) growth initiates and coincides with the cessation of stem internode elongation1. Ruthenium red binds to pectic substances, which contain carboxyl groups that are sometimes esterified and share some side chains11. The carboxylic groups of pectins present in the middle lamella and primary cell walls interact with ruthenium red10. Pectin is involved in cell elongation and is therefore present in cells during primary growth. Throughout the manuscript, the term “pectin” refers generally to the suite of pectins that may be present. Pairing histological staining with rumen in vitro incubation facilitates observation of the location of cell wall components in the stem and highlights how different cell types change during ruminal digestion. Ultimately, this protocol can be used to identify lignin- and pectin-containing stem cells and to characterize patterns across alfalfa lines and incubation times.

[bookmark: _pm17o0u8qyzz]PROTOCOL: 
[bookmark: _5tvymw71cysy]This research was conducted in compliance with institutional guidelines for animal subjects (IACUC #2301-40689B).
 
1. Labeling of sample tubes

1.1. Preparation and labeling of sample tubes for incubation, storage, and staining

1.1.1. Pre-label five separate sets of disposable, screw-cap, 50 mL conical centrifuge tubes for each sample. Add the sample identifier and incubation time to each tube for the uses described below.

1.1.2. Label the pre-incubation holding tubes and add 35 mL of ultrapure water.

1.1.3. Label the incubation tubes for use in Sections 3 and 4. Organize the tubes into separate racks by incubation time (0, 4, 8, 24, 48, or 96 h). 

NOTE: Use an industrial-grade permanent marker to prevent the labels from washing off in the water bath. 

1.1.4. Label the post-incubation storage tubes and add 35 mL of a 50:50 mixture of 100% glycerol and ultrapure water. Use these tubes to store digested cross sections on slides until staining.

1.1.5. Label the pre-staining tubes and add 35 mL of a 50:50 mixture of 200-proof ethanol and ultrapure water. Use these tubes to extract glycerol from the cross sections before staining.

1.1.6. Label the hydrating tubes and add 35 mL of ultrapure water.

2. Stem cross-sectioning and mounting on slides

2.1. Using forceps, select one stem segment at a time from the sample stems and excise the center of the segment.

NOTE: Use four stems per sample as technical replicates for each biological replicate. Randomly select the four stems from all possible stems per sample. Use an additional set of standard stems as a control across all incubation runs.

2.2. Cut two rectangles of extruded polystyrene rigid foam insulation, each approximately 2.5 cm long and 0.6 cm thick. Cut a small wedge along the length of each piece so that a stem internode fits snugly between the two pieces of foam.

2.3. Mount the stem “sandwich” on the stage of a sliding microtome capable of producing 100 μm-thick sections. Using a fine-pointed paintbrush, place a drop of water on the stem and microtome blade to facilitate clean sectioning.

2.4. Cut the stem cross sections to a thickness of 100 μm. Use the paintbrush to transfer each cross-section to a pre-labeled Petri dish containing ultrapure water for temporary storage, and remove any foam from the dish.

NOTE: Replace the microtome blade if the foam tears, as tearing may indicate a dull blade.

2.5. Hand-label two standard 25 mm × 75 mm glass slides for each sample at each incubation time (2 stains × 6 time points = 12 slides per sample for each of the biological replicates). Include the sample identifier, incubation time, and stain on each label.

2.6. Cut a 2.5 cm-long piece of 2 mm-wide double-sided tape. Position the short side of the tape 0.5 cm from the bottom of the slide, with the adhesive side facing down, and firmly press the wax-paper side of the tape while wearing gloves to ensure adhesion.

NOTE: Perform this step on a flat surface to avoid breaking the glass slides.

2.7. Use a dissecting microscope to orient all cross sections in the same direction. Remove the wax paper from the double-sided tape and, while maintaining the orientation of the cross sections, transfer them to the tape on the pre-labeled glass slide using a wetted, fine-tipped paintbrush. Keep the cross sections slightly moist.

2.8. Place the wax paper over the cross sections and lightly roll the paintbrush over it to secure the cross sections firmly to the double-sided tape. Remove the wax paper and place the mounted slide containing four cross sections into the pre-labeled holding tube described in step 1.1.2, ensuring that the ultrapure water covers the mounted cross sections.

2.9. For staining with both ruthenium red and Wiesner stain, place two slides back-to-back in each holding tube with the double-sided tape facing outward.

NOTE: After mounting all slides and placing them in tubes containing ultrapure water, store the slides overnight at room temperature if necessary.

3. Preparation for in vitro incubation of stem cross sections

3.1. Use the disposable, screw-cap, 50 mL centrifuge tubes prepared for incubation (see 1.1.3). Group all sample tubes for each incubation interval on a single plastic rack.

3.2. Use a four-decimal-place analytical balance to weigh 0.2 g of a 1 mm-ground corn stalk standard onto weighing paper, and carefully transfer the material into each incubation tube except for the 0 h tubes, which serve as the unincubated control. Cap the tubes and set them aside until use.

NOTE: The corn stalk standard provides energy to sustain rumen microbes during incubation because the biomass of the stem cross-sections is insufficient to maintain microbial activity.

3.3. Fill a circulating water bath with sufficient water and equilibrate it to 39 °C before beginning the incubation. Adjust the water depth to cover the 35 mL mark on the 50 mL tubes, and use an aerator if necessary to maintain uniform water circulation and temperature.

3.4. Preparation of McDougall’s buffer for the inoculation solution

3.4.1. Prepare McDougall’s buffer no more than 2 days before initiating the incubations.

NOTE: Mix McDougall’s buffer with rumen fluid at a 4:1 ratio to prepare the inoculation solution. Adjust the buffer volume to match the number of samples, and prepare enough inoculation solution to provide 30 mL per tube.

3.4.2. Measure 1,600 mL of ultrapure water. Transfer 1 L into a 3 L flat Erlenmeyer flask and reserve 600 mL for transferring and rinsing reagents.

3.4.3. Place a magnetic stir bar in the Erlenmeyer flask and position the flask on a stirring plate.

3.4.4. Place a plastic funnel in the Erlenmeyer flask. Add 15.7 g sodium bicarbonate (NaHCO₃), 5.9 g sodium phosphate dibasic anhydrous (Na₂HPO₄), 0.91 g potassium chloride (KCl), 0.75 g sodium chloride (NaCl), 0.19 g magnesium sulfate heptahydrate (MgSO₄·7H₂O), and 0.06 g calcium chloride dihydrate (CaCl₂), adding one reagent at a time and allowing each reagent to dissolve before adding the next. Use portions of the reserved 600 mL of ultrapure water to rinse the funnel after each addition.

3.4.5. After adding calcium chloride dihydrate, insert a CO₂ diffuser to facilitate dissolution and sparge the solution. Once the solution becomes clear, continue sparging for an additional 10–15 min.

3.4.6. Stopper the flask tightly and secure the stopper with masking tape because warming the buffer may pressurize the container.

3.4.7. Store the solution at 20 °C for up to 2 days. Place the solution in a 39 °C water bath the day before use, or place it directly in the 39 °C water bath if it will be used the following day.

4. In vitro incubation of stem cross sections

4.1. On the day of incubation, place 47 mL of water and 4 mL of 1 N NaOH in a 100 mL beaker in a fume hood, and add 0.625 g of cysteine-HCl. In a second 100 mL beaker, add 0.625 g of sodium sulfide to 47 mL of water, and keep the two solutions separate until the inoculation solution is prepared.

4.2. Fill an insulated thermos with hot water to establish a warm environment for transporting rumen microorganisms from the cow to the laboratory. Bring a five-gallon bucket for transferring the hot water from the thermos.

4.3. Travel to the barn to collect rumen fluid from the cannulated cow assigned to the experiment by the barn management. 

NOTE: Collect rumen fluid at approximately the same time of day and from the same cow throughout an experiment to minimize variation. Coordinate with the barn management to provide advanced notice of when you will be at the barn to collect rumen fluid. 

4.4. Identify the experimental cow and wear appropriate personal protective equipment, including a laboratory coat, eye protection, boot covers, and shoulder-length gloves.

NOTE: Restrict the procedures in steps 4.4–4.8 to personnel authorized under the applicable IACUC protocol.

4.5. Transfer the warm water from the thermos into the five-gallon bucket. Prepare two layers of grade 50 gauze (cheesecloth) for filtering the rumen material.

4.6. Collection of rumen fluid from the cannulated cow

4.6.1. Carefully open the cannula and place the stopper in the five-gallon bucket with warm water to avoid contaminating the stopper. Using a gloved hand, remove sufficient material from the rumen to access the solid-liquid interface of the rumen.

4.6.2. Once at the solid-liquid interface, collect several handfuls of material and squeeze it through two layers of grade 50 gauze, approximately 45 cm square each, into a pre-warmed screw-cap thermos. Discard the spent material after squeezing rumen fluid through the gauze.

4.6.3. Repeat step 4.6.2 until there is 1 L of rumen fluid in the thermos for each set of 60 inoculation tubes, adjusting the volume as needed based on the number of samples to be incubated.

NOTE: Cannulated cows have specific limits on how much rumen fluid can be extracted for a given week. Communicate with the barn manager to ensure that the amount of rumen fluid withdrawn does not exceed the limit for the cow.

4.7. Upon collecting sufficient rumen fluid, tightly close the thermos to maintain its temperature. Replace the cannula and use the warm water in the five-gallon bucket for cleanup.

4.8. Discard soiled boot covers, gloves, and gauze in the proper disposal receptacle upon leaving the barn. Return to the laboratory as soon as possible to maintain the rumen fluid's temperature and anoxic conditions.

4.9. Upon returning to the laboratory, combine the two reducing-agent solutions in the fume hood and mix them to prepare the reduction solution.

4.10. Place a glass beaker of at least 2 L capacity containing a large stir bar on a heated stirring plate set to <30 °C, and position a CO₂ diffuser above the liquid. Add 1,600 mL of McDougall’s buffer and stir slowly without allowing the CO₂ diffuser to contact the liquid.

NOTE: Use a polypropylene beaker if desired at this low temperature. Use CO₂ to displace O₂ and help maintain anoxic conditions.

4.11. Line a large funnel with two layers of grade 50 cheesecloth and place it over a 2 L graduated cylinder. Filter 400 mL of rumen fluid and add it to the McDougall’s buffer to prepare the inoculation solution.

4.12. Add 80 mL of the reduction solution (see 4.1) to the inoculation solution and mix slowly. Keep the CO₂ diffuser from coming into contact with the liquid.

4.13. In the fume hood, remove the caps from the incubation tubes and organize them into separate racks by incubation time. Uncap the pre-incubation holding tubes in preparation for transferring the slides (see 1.1.2).

4.14. Randomly select one pre-incubation holding tube at a time and use tweezers to transfer the mounted glass slides to the corresponding incubation tube. Place each incubation tube containing the mounted slides into a small sample rack and set the pre-incubation holding tube aside.

NOTE: Use two people to perform steps 4.14–4.15. When possible, minimize the cooling of the rumen fluid-buffer mixture.

4.15. Draw 30 mL of inoculation solution into a 60 mL syringe fitted with a blunt, large-bore needle. Slowly dispense the solution down the side of the incubation tube, purge the tube with CO₂ for approximately 20 s, cap the tube, and return it to the rack.

4.16. Place the racks containing the inoculated tubes in a 39 °C water bath. Gently swirl the tubes at least once daily and shift the rack positions daily to minimize uneven heating.

NOTE: Formation of gas bubbles in the tubes indicates active fermentation.

4.17. At the end of each incubation period, remove the corresponding rack from the water bath. Open one tube at a time, remove each slide, and gently rinse away solids and residual inoculation solution with ultrapure water.

4.18. Place the rinsed slides into the post-incubation storage tubes containing the glycerol-water mixture described in step 1.1.4.

5. Cross-section staining for lignin

5.1. If the slides have been stored in a 50:50 glycerol-water mixture, transfer both slides containing the mounted cross sections into pre-staining rinse tubes containing the ethanol-ultrapure water solution (see 1.1.5). Store the tubes overnight in a refrigerator to remove glycerol before staining.

5.2. Prepare a 3% phloroglucinol (PG) solution by dissolving 0.3 g of PG in 10 mL of absolute ethanol in a 125 mL Erlenmeyer flask wrapped in aluminum foil to protect the photosensitive reagent from light. Stopper and label the flask with the solution name, preparation date, and preparer’s name, and store it at 20 °C.

5.3. Remove the slides from the refrigerated tubes and temporarily transfer them to the hydrating tubes described in step 1.1.6, containing 100% ultrapure water.

NOTE: Keep the cross sections hydrated during handling to minimize oxidation, which can damage the sections and affect subsequent imaging.

5.4. Prepare the Wiesner stain in a fume hood by mixing 50 μL of 3% PG in ethanol with 25 μL of hydrochloric acid (HCl) in a 50 mL beaker.

NOTE: Adjust the quantities to match the number of slides while maintaining a 2:1 PG-to-HCl ratio.

CAUTION: Handle hydrochloric acid in a fume hood because it is corrosive to metals, causes severe skin burns and eye damage, and may cause respiratory irritation. Avoid inhaling fumes or aerosols, wear appropriate protective gloves, clothing, eye protection, and face protection, and wash exposed skin thoroughly after handling.

5.5. Remove one slide from the tube and gently blot the glass around the double-sided tape with a low-lint tissue to prevent the stain from flowing off the tape. Place the slide on a small plastic tray and use a pipette to apply several drops of Wiesner stain over the cross sections.

5.6. Set a timer for 12 min and cover the slide with aluminum foil to protect it from light. Check the cross sections during staining and reapply the stain as necessary to prevent drying.

NOTE: Prevent the cross sections from drying because oxidation can damage the tissue and affect subsequent imaging.

5.7. After 12 min, gently remove excess Wiesner stain with a low-lint tissue. Wash the tissue before mounting to minimize exposure of the microscope objective lens to corrosive HCl fumes.

5.8. Apply 1–2 drops of 50% glycerol-ultrapure water over each cross section and cover with a 24 mm × 30 mm coverslip (No. 1.5 thickness). Proceed immediately to microscopic analysis and imaging.

NOTE: Acquire images within 6–8 h because Wiesner staining is time-sensitive and may turn yellow and diffuse from the cross-section over time.

6. Cross-section staining for pectin

6.1. Follow step 5.1 to remove the glycerol-ultrapure water mixture from stored slides before staining.

6.2. Prepare a 0.02% ruthenium red solution by dissolving 0.02 g of ruthenium red in 100 mL of ultrapure water in a 125 mL Erlenmeyer flask wrapped in aluminum foil to protect the photosensitive reagent from light. Stopper and label the flask with the solution name, preparation date, and preparer’s name, and store it at 20 °C.

6.3. Remove the slides from the refrigerated ethanol-ultrapure water tubes and transfer the correctly labeled slides containing mounted sections to tubes containing 100% ultrapure water for temporary holding.

NOTE: Follow the hydration precautions described in step 5.3.

6.4. Remove one slide from the ultrapure water using tweezers and blot the water around the tape with a low-lint tissue to prevent the stain from flowing onto the glass. Place the slide on a small plastic tray.

6.5. Apply several drops of ruthenium red to evenly cover the cross sections and cover the slide with aluminum foil. Incubate for 10 min, then gently rinse the stain from the slide with ultrapure water for 2 min.

6.6. Blot excess water from the slide and apply 1–2 drops of 50% glycerol-ultrapure water over each cross section. Cover the cross sections with a coverslip and proceed to microscopic analysis and imaging.

NOTE: Conduct microscopic analysis on the same day for optimal results.

7. Brightfield imaging

7.1. Observe the cross sections under brightfield illumination using a microscope at 10×, 20×, and 40× magnification. See Table 1 for image acquisition parameters and settings.

[bookmark: _ta5rndsi8qm]REPRESENTATIVE RESULTS:
The use of centrifuge tubes to simulate rumen conditions enabled relatively rapid, inexpensive in vitro digestion of Medicago sativa stem cross-sections. Using a sliding microtome, 100 μm-thick cross sections of M. sativa stems were prepared (Figure 1A). The stem cross sections were adhered to glass slides with double-sided tape (Figure 1B) and immersed in rumen fluid inoculation solution for incubation periods ranging from 4 h to 96 h (Figure 1C). For the in vitro incubation, capped disposable 50 mL centrifuge tubes were used as incubation vessels and supplemented with 0.2 g of 1-mm-ground corn stalk substrate to sustain rumen microorganisms throughout the incubation. The tubes were incubated in a water bath maintained at 39 °C (Figure 1D). Active fermentation by rumen microorganisms was visually confirmed by gas bubbles forming in the inoculation solution. The materials required for this protocol are commonly available in wet chemistry laboratories. Double-sided tape did not prevent tissue degradation during exposure to rumen fluid but retained the portions of the stem that remained after digestion, allowing subsequent staining and microscopic visualization. 

Stem cross sections that were not subjected to in vitro incubation (0 h) enabled visualization of initial cell wall components across different stem tissues. Cross sections stained with Wiesner stain identified tissues exhibiting lignin-associated staining (Figure 2A–E), whereas cross sections stained with ruthenium red highlighted tissues exhibiting pectin-associated staining (Figure 3A–E). In Wiesner-stained sections, mature primary phloem fibers exhibited fuchsia staining (Figure 2B–E). Xylem vessels and interfascicular xylem also exhibited fuchsia staining (Figure 2B–D). Ruthenium red staining was observed in the epidermis, collenchyma, chlorenchyma, secondary phloem (Figure 3B–E), and pith (Figure 3B–D). Some interfascicular xylem and primary phloem fibers also stained with ruthenium red (Figure 3B–E). Whole-stem cross sections were visualized by stitching together a 5 × 5 grid of images acquired at 10× magnification (Figure 2A and Figure 3A). Additional images of one region of the stem cross-section were acquired at 10× (Figure 2B and Figure 3B), 20× (Figure 2C and Figure 3C), and 40× magnification above (Figure 2D and Figure 3D) and below (Figure 2E and Figure 3E) the vascular cambium. 

Wiesner-stained tissues of M. sativa stem cross sections were evident across all in vitro incubations from 0 h to 96 h (Figure 4A–F). At 0 h, all cells have clear edges (Figure 4A). After 8 h, evidence of tissue degradation was apparent from the blurring of the edges of cells with thin, unlignified (i.e., unstained) cell walls (e.g., collenchyma) and the disappearance of cells (e.g., secondary phloem). After 24 h, the spiral three-dimensional structure of the xylem vessels became more apparent as the surrounding tissues degraded (Figure 4D). Beyond 24 h, unstained cells progressively degraded and disappeared (Figure 4D–F). As these tissues degraded, loss of anatomical support caused the unstained epidermis to collapse laterally, producing the appearance of a ribbon of thin, transparent cells at 24, 48, and 96 h (Figure 4D–F).

In vitro incubation of M. sativa stem cross sections followed by ruthenium red staining enabled visualization of pectin-associated staining in stem tissues after 0–96 h of exposure to rumen fluid (Figure 5A–F). At 0 to 4 h, clear edges around all cells indicate that they were intact (Figure 5A,B). As incubation time progressed to 8 h, tissues with thin, unlignified cell walls in the cortex, including the collenchyma, chlorenchyma, and secondary phloem, progressively lost structural integrity, resulting in the blurring of cell edges (Figure 5C). At 24, 48, and 96 h, much of the surrounding cortical tissue was absent, whereas portions of the epidermis, interfascicular xylem, pith, and vascular tissues remained visible (Figure 5D–F). Loss of the surrounding anatomical structure was accompanied by lateral collapse of the epidermal region. By 96 h, substantially less ruthenium red-stained tissue remained than at the earlier incubation times (Figure 5F). Overall, the progressive loss of stem tissue during incubation was accompanied by a reduction in cells staining positive for ruthenium red. The degradation and disappearance of thin, non-lignified, and pectin-associated cells were expected because pectin readily degrades over time.

[bookmark: _babmzh6rm0ln]FIGURE AND TABLE LEGENDS: 
Figure 1: In vitro incubation of alfalfa stem cross sections. (A) Alfalfa stem segments were wedged between two pieces of extruded polystyrene rigid foam insulation and mounted on a sliding microtome stage for cross-sectioning. (B) Four cross sections, each 100 μm thick, were secured to a glass slide with double-sided tape for in vitro incubation and histological staining. (C) Two glass slides were placed back-to-back, with the double-sided tape facing outward, in a 50 mL tube containing 30 mL of rumen fluid-buffer inoculation solution and 0.2 g of 1-mm-ground corn stalk. The tube was purged with CO₂ and capped for incubation. Gas bubbles along the side of the tube indicated active fermentation by rumen microorganisms during incubation. (D) Racks containing the 50 mL tubes were maintained in a 39 °C water bath throughout the incubation. The water level covered the inoculation solution but remained below the tube openings, preventing water from entering the tubes.

Figure 2: Wiesner staining of alfalfa stem tissues indicates the distribution of lignified cell wall components. (A–E) Undigested alfalfa stem cross sections (incubation time = 0 h) served as an initial reference for identifying stem tissues exhibiting Wiesner staining. Xylem vessels (XV), interfascicular xylem (ifX), and mature primary phloem fibers (PP) stained fuchsia. Magnifications and scale bars: (A) 5 × 5 grid of stitched images acquired at 10× magnification, scale bar = 500 μm; (B) 10×, scale bar = 500 μm; (C) 20×, scale bar = 250 μm; (D, E) 40×, scale bars = 150 μm. Abbreviations: Xy = xylem; Ct = cortex; Pi = pith; Ep = epidermis; Co = collenchyma; Ch = chlorenchyma; SP = secondary phloem; XV = xylem vessels; ifX = interfascicular xylem; PP = mature primary phloem fibers.

Figure 3: Ruthenium red staining of alfalfa stem tissues indicates the distribution of pectic polysaccharides in cell walls. (A–E) Undigested alfalfa stem cross sections (incubation time = 0 h) served as an initial reference for identifying stem tissues exhibiting ruthenium red staining. Epidermis (Ep), collenchyma (Co), chlorenchyma (Ch), secondary phloem (SP), and pith (Pi) exhibited red staining. Secondary xylem (SX) and mature primary phloem (PP) also exhibited staining, whereas xylem vessels (XV) remained comparatively unstained. Magnifications and scale bars: (A) 5 × 5 grid of stitched images acquired at 10× magnification, scale bar = 500 μm; (B) 10×, scale bar = 500 μm; (C) 20×, scale bar = 250 μm; (D, E) 40×, scale bars = 150 μm. Abbreviations: Xy = xylem; Ct = cortex; Pi = pith; Ep = epidermis; Co = collenchyma; Ch = chlorenchyma; SP = secondary phloem; XV = xylem vessels; SX = secondary xylem; PP = mature primary phloem.

Figure 4: Changes in alfalfa stem tissues following in vitro incubation and Wiesner staining. Alfalfa stem cross sections from the same internodes were subjected to in vitro incubation with rumen fluid for (A) 0 h, (B) 4 h, (C) 8 h, (D) 24 h, (E) 48 h, and (F) 96 h. Xylem vessels (XV), interfascicular xylem (ifX), and mature primary phloem fibers (PP) retained Wiesner staining across the incubation periods. Faint staining of the ifX was observed in immature stem tissue. As incubation time increased, the surrounding tissues progressively lost structural integrity, making the remaining stained vascular structures increasingly apparent. Scale bars = 250 μm. 

Figure 5: Changes in alfalfa stem tissues following in vitro incubation and ruthenium red staining. Alfalfa stem cross sections from the same internodes were subjected to in vitro incubation with rumen fluid for (A) 0 h, (B) 4 h, (C) 8 h, (D) 24 h, (E) 48 h, and (F) 96 h. Ruthenium red staining was observed in multiple stem tissues, whereas xylem vessels (XV) remained comparatively unstained. As incubation time increased, progressive loss of tissue structure and ruthenium red staining were observed. Portions of the xylem vessels, interfascicular xylem (ifX), and epidermal region (Ep) remained visible at later incubation times. Scale bars = 250 μm. 

Table 1: Microscope and camera settings for imaging. Microscope, camera, and image-acquisition settings used for brightfield imaging with an upright microscope equipped with a digital color camera and imaging software.

[bookmark: _bs75fomfzsdq]DISCUSSION:
The alfalfa material used in the present study consisted of clones from five alfalfa lines. Two experimental lines were selected after two cycles of divergent selection for in vitro neutral detergent fiber digestibility (IVNDFD) from mother plants with either low 16 h IVNDFD and low 96 h IVNDFD or high 16 h IVNDFD and high 96 h IVNDFD12. Three commercial lines with unknown genetic backgrounds were also included in the study, and mother plants were selected based on near-infrared spectroscopy analysis to identify individuals with (a) the highest lignin, (b) the lowest lignin, and (c) the lowest neutral detergent fiber and acid detergent fiber. The five alfalfa lines were transplanted from a greenhouse in May 2021 to replicated field trials at two locations in Minnesota, USA. For both the first- and second-cut harvests of each growing season, 10 stems from each alfalfa line were harvested at the vegetative, early bud, early flowering, flowering, and green pod stages of plant maturity. The seventh internode from the base of each stem was excised and placed in a 50 mL tube containing a 50:50 mixture of 200-proof ethanol and ultrapure water for storage until cross-section incubation. This method was developed based on work previously performed by the laboratory group in the 1990s, in which the seventh internode was selected as the unit of study4,6.

In vitro incubation with rumen fluid and histological staining of alfalfa stems were used to gain insight into patterns of cell wall component deposition across degraded stem tissues. The in vitro incubations simulated the extent of degradation that an alfalfa stem undergoes in the rumen, and subsequent histological staining highlighted lignin and pectin in cells where these cell wall components remained detectable after timed microbial digestion. The use of a sliding microtome ensured a standardized cross-section thickness to minimize sectioning artifacts that could interfere with the results12. Although only lignin and pectin were examined in the present protocol, alternative stains such as toluidine blue, Astra blue, and Direct Red 23 can also be used for histological staining of these and other cell wall components13–15. Additionally, polarized light can be used to detect cellulose in cell walls, and fluorescent reagents such as safranin O can visualize lignin16 and cell wall polysaccharides. Furthermore, antibodies can be used to label specific pectins17. Beyond alfalfa, this protocol could be applied to other species. However, staining responses may vary among species, genotypes, developmental stages, and environmental conditions18.

The use of low-cost double-sided tape to adhere stem cross sections to glass slides has been previously described6,19. Before initiating this in vitro incubation protocol, it was necessary to identify a double-sided tape that could withstand submersion in liquid for several days and was readily obtainable. Several tape types differing in intended industrial use and thickness were evaluated. Briefly, 1-inch-long pieces of double-sided tape and stem cross sections were affixed to glass slides and immersed in water for varying durations over the course of 1 week to determine whether they remained adhered to the slides. Some double-sided tapes detached from the glass slides, whereas others became opaque after prolonged exposure to liquid. Loss of tape transparency interfered with microscopy and prevented the acquisition of high-quality images of the stem cross sections. A vinyl double-sided tape performed best among the adhesives tested. The tape used in the original experiments had been purchased in the 1990s and remained effective; however, the same product could not be obtained for subsequent experiments. Therefore, the selected tape should be tested before use to ensure that both the tape and cross sections remain adhered throughout the incubation period. The tape should also remain transparent to permit acquisition of high-quality images.

The in vitro incubation portion of the protocol involved multiple time-sensitive steps that required careful planning and coordination. The total time required for the in vitro incubation procedure may vary depending on the size of the experiment. For example, to generate a robust dataset of stem cross sections, four unique alfalfa stems were mounted on each slide for each sample × in vitro incubation interval × stain combination. With 16 samples, six incubation intervals, and two stains, a total of 768 stem cross sections were required for each in vitro incubation run. Approximately 8 h were required to prepare the 768 cross sections, which could then be stored overnight in Petri dishes containing ultrapure water and mounted the following day. Before mounting, 192 glass slides and 96 centrifuge tubes (50 mL) required labeling. Mounting the cross sections required an additional 8 h because the sections were oriented consistently across incubation intervals and stains to facilitate comparisons among stem tissues. This approach required more time than the random mounting of the cross sections. The mounted slides were stored overnight in ultrapure water before initiation of the in vitro incubation the following day. While the alfalfa stem cross sections were being prepared and mounted, McDougall’s buffer also required preparation. The buffer could be prepared no more than 2 days before initiating the in vitro incubation and required warming to 39 °C before inoculation of the mounted cross sections. Thus, careful planning and preparation were necessary for the successful completion of the protocol.

The Wiesner stain is commonly used to visualize lignin-associated structures in plant tissues. Although this staining method is relatively simple20 and reasonably specific21, it stains cinnamaldehyde end groups associated with guaiacyl (G) lignin units12. In dicotyledonous angiosperms such as alfalfa, G and syringyl (S) units are the primary constituents of the lignin polymer, although H-ringed subunits are also present. Wiesner staining may therefore underestimate total lignin in the stem because it does not react with S lignin. Both G and S units may be present in interfascicular xylem and primary phloem fibers (i.e., sclerenchyma tissues); therefore, although S units may not react with Wiesner stain, staining of G units can indicate the presence of lignin-associated structures in these tissues. Mäule stain could be used to visualize S units and provide a more complete representation of lignin units in the stem12. Variation in the intensity of ruthenium red staining of pectin may also occur depending on the esterification or de-esterification state of pectic acid22. Staining can range from a yellow-orange tone to a bright red hue. Because ruthenium red can interact with several carbohydrates, the use of this stain may result in overestimation of pectin in tissues11. Because the proportion of lignin increases as the alfalfa stem matures, lignin may also interfere with pectin staining in older stems. Differences among shades of a given stain can be difficult to distinguish visually; however, image analysis technologies may help overcome this limitation.

Following in vitro incubation with rumen fluid and histological staining, stem cross sections can be visualized under a microscope, and images can be acquired for subsequent analysis. Because Wiesner stain fades within 24 h9, brightfield microscopic analysis of stems stained for lignin should be completed on the same day as staining, ideally within 6–8 h, to ensure consistent coloration across images. Ruthenium red staining maintains its intensity over time; therefore, same-day imaging is less critical. Nevertheless, images stained with ruthenium red were also acquired within 6–8 h for consistency. Images were acquired using a high-definition, high-resolution digital color microscope camera equipped with a large-format CMOS image sensor. The same exposure, analog gain, bit depth, image quality, and focus settings were used to ensure comparability among images and minimize variation introduced by differences in acquisition settings. Exposure time was adjusted for magnification (10×, 20×, and 40×) to prevent over- or underexposure and produce high-quality images. Therefore, comparisons should be made among images acquired at the same magnification to minimize variation associated with different exposure settings. Imaging settings may require adjustment depending on the microscope and camera used (Table 1). Other microscopy techniques, including scanning electron microscopy 6,19 and fluorescence microscopy12,13,15, have also been used to visualize cell wall components, although brightfield microscopy was used in the present protocol.

This protocol generated a large dataset of stem cross-section images (>15,000), which could be leveraged to extend the qualitative information generated in this protocol with histological staining toward quantitative analysis using machine-learning technologies. Efficient image-analysis pipelines can automate and accelerate the extraction of quantitative data from images. Collaboration with computer scientists can facilitate the development of tools to preprocess images, remove extraneous noise, and extract features of interest to address multiple hypotheses. Machine-learning approaches require appropriate training and test datasets of sufficient size to ensure robust model performance. Smaller datasets can be analyzed using simpler image-analysis approaches, such as manual measurement of traits of interest with image-analysis software such as ImageJ23 or with image-analysis software associated with the microscope24. Therefore, consideration of the intended downstream use of the images can improve efficiency in determining the type and number of images to acquire, as well as the subsequent analytical approach.
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