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cal characterizations of plants. However, this protocol describes the procedure for using samples
stained with safranin-fast green in conjunction with fluorescence microscopy. The strength of the
protocol lies in the fact that the samples are permanent and allows for effective differentiation of
lignified and cellulosic walls unlike conventional fluorescence microscopy stains such as Congo
red-acridine orange, calcofluor, and autofluorescence. The protocol for making fluorescence in-
tensity measurements is also standardized, allowing the data to be used for statistical analysis
and inference about the chemical composition of plant cell walls.
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Agricultural and Biological Sciences

Plant structural-anatomy

Safranin-fast green conventional staining with fluorescence microscopy

Synthetic resin (Entellan) that does not have autofluorescence.

Leica tissue processors TP1020.

Rotary or sliding microtomes Leica.

Wide-field fluorescence microscope Zeiss Axio Imager Z2 with AxioCam MRc 5 (Zeiss) and metal-halide HXP 120, Zeiss.
Triple filter set: 25, Zeiss, item number: 488,025-0000-000: excitation TBP 400 + 495 + 570 nm, beamsplitter TFT
410 + 505 + 585 nm, emission TBP 460 + 530 + 625.

The plant parts are collected at random; the tissues are fixed and processed for sectioning and staining. The images are
taken with similar equipment conditions; they are subsequently processed with ImageJ. Each image is divided into
three-color channels and the intensity values are obtained and transformed into percentages for comparison between
individuals or species stained with the same stain. For statistical analysis, at least 10 repetitions of the fluorescence
intensity measurements are used.
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Trial registration: N/A
Ethics: N/A
Value of the Protocol: + The common stain safranin - fast green can be used in fluorescence microscopy.

» Micrographs with safranin — fast green favor the differentiation of lignified and cellulosic cell walls better than other
specific fluorescence stains.
» With the micrographs obtained, we can obtain fluorescence intensity data to compare between plant species.

Background

The characterization and analysis of lignocellulose in plants allows the identification of cellular structures, the composition of the
walls, anatomical differences, and the possibility of use of plant species [1,2]. Fluorescence microscopy is a useful technique for the
characterization of plant tissues. Most type of cells, protoplasm, and secondary metabolites in plant stem exhibit autofluorescence,
such as lignin, suberin, cutin, chloroplasts and different secondary metabolites [3-8]. The cellulose of the primary walls of plant cells
has little fluorescence emission, so staining methods such as calcofluor (Ca) or Congo red (Cr) were developed to emit fluorescence
with greater intensity [9,10]. Lignin has autofluorescence because its structure has fluorophores [11]; however, by using dyes such
as safranin and acridine orange, photobleaching can be reduced. Photobleaching is the photodestruction of the fluorophore: a high
excitation intensity and a long time cause its destruction [12].

Safranin O alone was tested several times [13-16] or with another dyes as Ca [9] with microscopy fluorescence. Autofluorescence
(Au), Congo red-acridine orange (CrA), and calcofluor (Ca) stains are typically used with semi-permanent mounting media and with
fresh tissue or fixatives in FAA, so over time, the dyes can be diluted or leached to the background [17]. The safranin-fast green
(SFg) stain becomes permanent because synthetic resin or Canada balsam are primarily used as a mounting medium. This stain is
commonly used to make anatomical observations of plants [18-20]; however, it had been barely used in conjunction with fluores-
cence microscopy [21] until the protocol was tested for Cactaceae [22-24]. However, although the use of staining with fluorescence
microscopy had been mentioned, the protocol had not been detailed so that it could be applied to other plant families. In addition,
its potential for application to perform quantitative analyses through quantification of fluorescence intensity has not been explored.
The fluorescence intensity is related to the intensity value of a pixel and the number of fluorophores present in the corresponding
area of the specimen, so, with digital images, it is possible to perform spatial analysis and the presence of fluorophores [25].

Therefore, the aim of this protocol is to detail the processes of sample preparation, staining, photobleaching of unwanted fluo-
rescence, image taking, standardization of image analysis with ImageJ, and obtaining fluorescence intensity data of the three RGB
channels (red, green, and blue). The CrA, Ca and autofluorescence staining protocols were added to validate safranin-fast green
staining.

Description of protocol

Fluorescence images are obtained after preparation of plant material, sectioning, staining, mounting, and imaging of the sample.
The quality of the resulting images is defined by the clarity in the separation of structural components of plant stems based on the
fluorescence emission of each structural compound.

The entire process from dehydrating the plant material to taking images with the microscope lasts nearly 84 consecutive hours.
The dehydration process alone lasts 72 h and the staining process a maximum of 4 h. Waste dye, alcohols and paraffin are disposed
of in appropriate containers to avoid contaminating the environment.

Collection, fixation, and preparation of plant material

The stems are collected and immediately fixed in a solution of formaldehyde (10%), glacial acetic acid (5%), alcohol (50%), and
distilled water (35%) (FAA). This fixative is widely used in the preservation of plant material [26]. The samples are kept for a week
and then changed to a 70% alcohol solution and can be stored for one year at room temperature. If the plant tissue has mucilage, the
plant material must be kept for at least three months in 50% ethanol so that the mucilage separates and does not affect the process
of paraffin infiltration into the plant tissue.

They are then stored in plastic cassettes and the samples are placed in the tissue processor. The equipment is programmed so that
the samples go through different concentrations of ethanol (Table 1) and remain for four hours in each one. Then, put the samples in
a solution of tertiary butyl alcohol (TBA, 67%) and mineral oil (33%) for 4 to 12 h (soft to hard tissues) and then to TBA (40%) and
mineral oil (60%) for four hours. The samples are then passed through two consecutive occasions in liquid paraffin at a temperature
of 70 °C for 4-12 h and finally the samples are removed from the tissue processor. In all solvents and paraffin, the samples are kept
under constant agitation and vacuum so that they are infiltrated homogeneous with paraffin.

The paraffin-infiltrated samples are placed on an embedding stainless-steel base mold and positioned to make transverse, radial,
and tangential anatomical sections. The trays are filled with liquid paraffin at 70 °C and allowed to cool until paraffin blocks are
formed with the sample. Subsequently, the blocks are mounted on the rotary or sliding microtome.

The sections can vary between 5 and 20 um, however, 10-12 pm is an optimal thickness. Once at least 10 sections in good
condition are obtained, the slides are taken and a drop of Haupt adhesive is placed, which is made with 1 g of gelatin, 100 ml of
water and three phenol crystals to prevent the appearance of fungi. The drop is spread on the slide and the sections are placed on
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Table 1
Different concentrations of solvents used in the tissue processor.

96% ETOH (%) Distilled water (%) TBA* (%) Mineral oil (%) Paraffin (%)

Station 1 50 40 10 -

Station 2 50 30 20 -

Station 3 50 15 35 -

Station 4 50 - 50 -

Station 5 25%* - 75 -

Station 6 25%* - 75 -

Station 7 50** - 50 -

Station 8 - - 100 -

Station 9 - - 67 33

Station 10 - - 40 60

Station 11 - - - - 100
Station 12 - - - - 100

*Tertiary butyl alcohol. ** Ethanol 100.%

top. Immediately, a drop of 2% formaldehyde is added and allowed to dry. Samples can be stored this way for a year or more without
changes in the tissue.

Paraffin-free materials

If the plant has hard tissues, for example, many lignified fibers or parenchyma, after fixing the plant material with FAA, wash the
sample with distilled water and a sliding microtome is used to make the sections between 10 and 25 pum thick. Sections can be stored
in 50% ethanol until staining.

Deparaffinization and staining

When they are going to be dyed, they are placed in stainless steel basket and placed in the oven at a temperature of 60 °C for
15 min. Subsequently, they are removed and placed in 100 % xylol for 5 min. The basket is lifted and placed again in 100% xylol
for 5 min. The samples are then hydrated using different concentrations of ethanol: 100%, 96%, 70%, 50%, and maintained for five
minutes in each ethanol concentration, to carry out the different stains.

Fast green safranin staining

This process was based on [19]. Once the samples are in 50% ethanol, they are placed in 1% safranin in 50% ethanolic solution
and 2 g of NaCl, the samples are kept in the dye for 1 h. Two washes are done with distilled water for 2 s each and the samples are
dehydrated in different ethanol concentrations: 50, 70, 96, 96, and 100%, keeping the samples for two seconds at each concentration.
Then it is dipped into the fast-green stain (at 5 % in absolute ethanol - clove oil- methyl cellosolve with similar proportion), held
for three seconds, switched to 100% ethanol for one second, then changed to a new 100% ethanol solution for one second, after in
xylol, and finally to histoclear for one second. The samples are changed once again to histoclear, held for 5 min and then put into
new histoclear for 10 min. The samples are mounted with synthetic resin (Entellan), they are covered with a cover slip. To eliminate
possible bubbles, so the samples remain flat are placed some nuts on top of the coverslip, the resin is allowed to dry for at least a
week and the images are taken with the fluorescence microscope. Paraffin-free materials(safranin-fast green staining)

For material sectioned directly with the sliding microtome and stored in 50% ethanol. Sections are placed in a Petri dish and
dehydrated in different ethanol concentrations: 50, 70 to 96%, then, use safranin in 96% ethanolic solution for 1 h. Give one wash
with 96% ethanol followed by 1 or 2 washes of 100% and change to a fast-green stain, moving the petri dish for three seconds.
Finally, wash the excess with 100% ethanol for one second, then change to a new 100% ethanol solution for one second, change
to histoclear until mounting with synthetic resin (Entellan) and covered with a cover slip. For the different staining methods listed
below, the process is similar for paraffin and non-paraffin plant materials with the difference that for non-paraffin materials, Petri
dishes are used as described in this paragraph

Congo red-acridine orange stain

This method was based on [9,17]. Samples in 50% ethanol are changed to 25% ethanol, then to distilled water for 5 min in each
step. Then they are put in the 0.01% acridine orange dye and left for 5 min. After, washes are made with different concentrations of
ethanol that gradually increase: 25, 50, 70, and 96% each per min. Then the ethanol concentration decreases: 70, 50 and 25% with
a duration of 5 min in each step. The samples are placed in the Congo red dye for 5 min and 5 washes are performed with distilled
water for 2 min each. The samples are mounted with pure glycerin or with a 50% glycerin-phosphate buffer solution at a pH of 9.
The edges of the coverslip are sealed with varnish to prevent the mounting medium from evaporating.
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Calcofluor staining

This method was based on [9,17]. Samples in 50% ethanol were changed to 25% ethanol, then to distilled water for 5 min in
each step. They are changed to the calcofluor dye for 5 min, then five washes are made in distilled water for 2 min each and they
are mounted with pure glycerin or with a solution of phosphate buffer and 5 0 % glycerin at a pH 9. The edges of the coverslip are
sealed with varnish to prevent the mounting medium from evaporating.

Autofluorescence

This method was based on [17]. One of the most practical methods for imaging with fluorescence microscopy is to use the
autofluorescence of plants. To do this, the samples in 50% ethanol are changed to 25% ethanol, then distilled water for 5 min in
each step. They are mounted with pure glycerin or with a 50% phosphate buffer solution and glycerin at a pH of 9. The edges of the
coverslip are sealed with varnish to prevent the mounting medium from evaporating.

Imaging with fluorescence microscopy

The mounted slides were observed with the Zeiss Axio Imager Z2 epifluorescence microscope with AxioCam MRc 5 camera (Zeiss)
and a metal halide HXP 120 fluorescent light source. For imaging, the samples in safranin-fast green had a different process to the
other stains. This process was proposed by [22,27], but here the process is described step by step.

Safranin-green fast. The dried slides were cleaned with ethanol to eliminate any remaining stains. They are then placed in the
epifluorescence microscope, where initial photos can be taken with a bright field and later taken with a wide field and fluorescence.
For fluorescence, a photobleaching process is first performed to eliminate unwanted fluorescence from the adhesive and benzene
crystals. The lamp power is increased to 90 %, and the sample is exposed with a triple band pass filter set (DAPI-FITC-TRITC) with
an excitation at 405 + 495 + 575 nm and an emission filter TBP 460 + 530 + 625 nm (HE) (Fig. 1). Because it is a multiple filter,
the samples are excited and the fluorescence emission is observed with three different lengths of light at the same time.

When the sample exposed to fluorescent light is immediately observed, a lot of unwanted fluorescence emission is observed
(Fig. 1A), which decreases after 5 min but is still present since the cell lumen is seen with bluish tones (Fig. 1B). The optimal
exposure time is 10 min with the 20x objective and we take the image after that (Fig. 1C). If the excitation with light is maintained,
the sample begins to decrease the fluorescence emission after 15 min, mainly in the fluorescence emission of the cellulose (Fig. 1D).
At 20 min the cellulose walls began to photobleaching (Fig. 1E) and after 25 min blue tones again predominated in the lumen and
cell walls (Fig. 1F).

If the 40x objective is used to photobleach unwanted fluorescence from the sample, the time is cut in half. To take images, the
lamp power is set to 50% and similar parameters are placed in the camera so that the results can be compared between the different
species being analyzed.

The photos in Fig. 1 and subsequent ones were taken under the same conditions of white gain, contrast and brightness. Because
a triple filter was used and the camera took color images, the photomicrographs were in color (RGB). The lamp power is maintained
at 50% and the three excitation and emission filters (DAPI-FITC-TRITC) are used.

Other stains. With Congo red-acridine orange, calcofluor stains, and autofluorescence, imaging is done directly without the need
to photobleach unwanted fluorescence. Imaging was performed under the same conditions as previously described.

Analysis of fluorescence intensity of cell walls

To analyze the fluorescence intensity, the process was based on [28] but with some modifications. Fluorescence images taken
with the microscope are stored in “.tif” or “.jpg” format. Afterwards, the free software ImageJ 1.54f (Wayne Rasband and National
Institutes of Health, USA) is opened (See supplementary files to see detailed and visually steps). Using the “Straight” button, a line is
drawn on the image scale bar. Click on the “Analyze” button, “Set Scale” and in the box that opens, place the value of the scale bar
in the “Known distance” space and click the “Ok” button. By doing this we can make measurements of cellular structures.

Subsequently, select the “Rectangle” button, and make a rectangle in the cell lumen of an empty cell or in some empty space.
With the right mouse button, click on the box to display options and select “Add to ROI Manager”, so that the rectangle area is saved
in the ROI box. Click on the “Analyze” button, then on “Measure” and a box will open where the intensity value of the rectangle area
will appear in the “Mean” column, write down the value, and save it (for example a value of 40).

Remove the ROI box by left-clicking anywhere else on the image. Click on “Process”, “Math” and then on “Subtract”, to open a
box where we write a value between 5 and 10 units higher than the value that had been previously saved, for example 40, we add
ten units and write the value of 50 and then click on “OK”.

The image will subtract the fluorescence intensity, repeat the process using the “ROI manager” box, activate the box that was
drawn in the cell lumen and perform the measurement again by clicking on “Analyze” and “Measure”. If the value is above 1, the
amount obtained is subtracted again plus 3 more units using the “Process”, “Math” and “Subtract” procedures. The measurement of
the lumen ROI box is repeated until a fluorescence intensity value of <1 is obtained. Fig. 2 shows the difference between the image
obtained with the microscope (Fig. 2A) and the image from which the fluorescence of the cell lumen was subtracted (black areas,
Fig. 2B).
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Fig. 1. Images taken with a triple band filter that excites and detects fluorescence in three different light lengths at the same time, so the resulting
images are in color. Changes in fluorescence emission at different exposure times tested in Pterocactus australis. The shots were taken every 5 min
from A to F. No changes were made to the brightness or contrast settings and the lamp power was maintained. p: parenchyma, v: vessel, wbt and
white squares: wide-band tracheid, yellow circles: starch. Scale bar: 100 pm.

Next, remove the lumen box in the “ROI manager” by clicking on the “Delete” button and we will divide the image into the three
channels red, green, and blue (RGB) (Fig. 3B-D). We click on the “Image” button, “Color”, and then on “Split Channels”. The image
will be divided into the three channels. In the green channel, we approach the cell wall of a vessel or tracheid, with the “Square”
button, we draw a square on the wall of the vessel and click on it with the right mouse button to click on “Add to Roi”. Manager". The
process is repeated at least 10 times in 10 different vessels or cells to obtain 10 ROI frames or depending on the number of vessels in
the microphotographed area, measurements of the available vessels are made as in Fig. 3A. Then, in the “ROI manager” select each
frame of each cell and press the Ctrl + M keys on each selection to measure the fluorescence intensity of the 10 traced frames. For
each measurement, the intensity values appear in the “Results” box.
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Fig. 2. Secondary xylem of Thompsonella mixtecana. Fluorescence subtraction of the background pixels using ImageJ. A. Image was obtained with
the epifluorescence microscope. B. Image with fluorescence subtraction. f: fiber, p: parenchyma, ph: phloem, v: vessel, vc: vascular cambium. Scale
bar: 100 pum.

Fig. 3. Secondary xylem of Thompsonella mixtecana. Separation of the figure into the three channels red, green and blue. The color of each channel
was added with ImageJ. A. Image with the channels joined and the 5 ROI frames. B. red channel, C. green channel. D. blue channel. f: fiber, Ip:
lignified parenchyma, p: parenchyma, ph: phloem, v: vessel, vc: vascular cambium. Scale bar: 100 pm.
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Table 2
Example of the transformation of the values obtained in the intensity measurement into percentages.
Vessel 1 Vessel 2 Vessel 3 Vessel 4 Vessel 5 Mean

Red Channel intensity 35.8 22.1 25.6 12.8 36.6 26.6
Green channel intensity 67 54.4 27.2 54.9 59.7 52.6
Blue channel intensity 61.8 51 39.6 56.8 53.7 52.6
Total intensity channels 164.6 127.5 92.4 124.5 150 131.8
Red channel% 21.7 17.3 27.7 10.3 24.4 20.3
Green channel% 40.7 42.7 29.4 44.1 39.8 39.3
Blue channel% 37.6 40 42.9 45.6 35.8 40.4
Total intensity% 100 100 100 100 100 100

Parenchyma 1 Parenchyma 2  Parenchyma 3  Parenchyma4  Parenchyma 5

Red Channel intensity 11.3 17.0 16.5 10.7 15.5 14.2
Green channel intensity 128.5 121.2 107.8 114.1 106.3 115.6
Blue channel intensity 73.9 58.7 59.1 71.2 60.1 64.6
Total intensity channels  213.7 196.9 183.4 196.0 181.9 194.4
Red channel% 5.3 8.6 9.0 5.4 8.5 7.4
Green channel% 60.1 61.5 58.8 58.2 58.4 59.4
Blue channel% 34.6 29.8 32.2 36.3 33.1 33.2
Total intensity% 100 100 100 100 100 100

The fluorescence intensity measurement process is repeated for the red and blue channels. To compare the results of the three chan-
nels between species or treatments, the values of each channel are transformed into percentages using the following formula:%FI = (VFL
*100 %) / Ti. Where VFl is the value of the fluorescence intensity of channel X (red, green or blue), Ti is the value of the sum of the
total intensity of the three channels (Table 2). The formula is applied to all three channels so they can be used to make comparative
statistical analyzes to determine the variation in fluorescence emission of different cellular structures and between different species.
For example, in the Table 2, the percentage of green channel intensity is greater in lignified parenchyma than in the lignified vessels
and this is correlated with what we saw in the Fig. 3 between vessels and lignified parenchyma and fibers. What cannot be done is a
comparison between dyes because each dye affects the fluorophores of lignin and cellulose differently.

Protocol validation
Comparison between stains

The images of the different staining methods can be seen in Fig. 4. Thompsonella mixtecana (Crassulaceae) was one of the species
used to compare the different stains (Fig. 4A-D). Comparisons between the different types of staining were made with the same triple
excitation and emission filter only to validate the methodology; however, each stain may present improvements depending on the
filter used and even the microscope used (epifluorescence or confocal). In this work, the multiple filter allowed comparisons to be
made quickly, while the image analysis was carried out with the ImageJ software.

Calcofluor (Ca) and autofluorescence (Au) present similar fluorescence emission tones in the parenchyma because bluish tones
are observed for both cellulosic tissue and lignified tissue. In safranin-fast green (SFg) and Congo red-acridine orange (CrA) stains,
the tones observed are red for parenchyma and bluish-green tones for lignified tissue. Empty spaces such as the cellular lumen are
observed in black tones. Where there are secondary metabolites such as tannins, they are observed in orange tones.

Comparison of staining with Yucca species was also carried out (Fig. 4E-F) and the similarity in the fluorescence emission patterns
was observed. With the Ca and Au stains, the tones of the lignified tissue are greenish-yellow, while the parenchyma has bluish tones
in Ca staining (Fig. 4G). In the SFg and CrA stains, the lignified tissue has green to bluish tones while the cellulosic tissue has red
tones.

Based on Fig. 4, it can be seen that the fluorescence emission with SFg is useful for the observation of the different lignified
and cellulosic structures, in addition to the fact that the quality is similar or superior compared to the other stains that have been
developed for its use with fluorescence microscopy.

Ca staining does not allow contrasts between cellulose and lignin, which makes the separation of the compounds difficult, although
it is widely used for the identification of cellulose in plants [29-31].

Acridine orange dye can fluoresce green as a single molecule or red when it is a dimer. Additionally, it can stain non-lignified
walls by intercalating or negatively binding with charged carbonyl functional groups [9]. Therefore, to avoid this double fluorescence
emission, washes are carried out at a low concentration. However, there may be remnants in the stain [17,32]. In addition, Congo
red stain some parts of the lignified cell walls [18], as can be seen in Fig. 4B, so care must be taken in interpreting the emission of
fluorescence colors, a situation that does not occur with SFg staining.

For autofluorescence, although no marked differences were observed in the lignified tissue in T. mixtecana and Yucca sp., it is useful
to identify fluorescent structures [9], differences in the composition, and concentration of lignin [33,34]. Therefore, by presenting a
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Fig. 4. Different stains and autofluorescence of Thompsonella mixtecana (A-D) and Yucca periculosa (E-H). A, E) Safranin-fast green. B, F) Congo red
and acridine orange. C, G) Calcofluor. D, H) Autofluorescence. f: fibers, p: parenchyma, ph: phloem, v: vessel, vc: vascular cambium. Scale bar: A-B
and G-H = 100 pm, E = 50 pm, F = 200 pm.

wide range of fluorescence emission, fluorescence lignin was used to characterize wood and delignification or degradation processes
[34-39].

In Fig. 5, we can see that with SFg staining, transverse, longitudinal and radial sections can be observed. The fluorescence emission
corresponds between the different sections. The primary walls will emit red tones corresponding to cellulose, while the secondary
walls will emit blue, green or yellow tones, depending on whether fibers, vessels or lignified parenchyma are observed. In addition,
details such as the presence of gums that fluoresce in red tones and secondary metabolites in green tones can be observed in the
vessels lumina of Cnidoscolus spinosus Lundell (Fig. 5A, B).

In the bark of Dendropanax arboreus (L.) Decne. & Planch. the non-lignified parenchyma (red tones) and the lignified sclereids
(green tones) could be observed as well as all xylem in green tones (Fig. 5C). In the xylem radial section of D. arboreus, the majority
of cells had green tones due to the presence of lignin in the pits of vessels, fibers and parenchyma, the perforation plates, and in
the primary walls of the fibers the presence of cellulose in red tones is observed. In the case of leaves, trichomes have fluorescence
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Fig. 5. Transverse, longitudinal and radial sections of stem (s) and leaves (1) of different plant species. A, B) Cnidoscolus spinosus (s). C, D) Den-
dropanax arboreus (s). E) Nahuatlea hiriartiana (1). F) Tehuasca magna (1). A, C, E, F) Transverse sections. B) Longitudinal tangential section. D)
Longitudinal radial section. e: epidermis, co: collenchyma, f: fibers, g: gums, p: parenchyma, ph: phloem, pl: perforation plate, r: ray, sc: sclereids,
sm: secondary metabolites, t: trichomes, v: vessel, ve: vessel elements, vc: vascular cambium, x: xylem. Scale bar: A-D = 100 pm. E-F = 50 pm.

emission in blue tones due to the presence of lignin similar to the vessels of the midvein (Fig. 5E). The non-lignified parenchyma is
noticeable in the midvein, including the epidermis and collenchyma, compared to the presence of lignified tissue only in vascular
bundle, vessels, and fibers (Fig. 5F).

Fluorescence intensity analysis and bright field microscopy

With the triple band filter (DAPI-FITC-TRITC), fluorescence intensity measurements can be made for all the previously men-
tioned stains, by separating the three channels as seen in Fig. 3. In bright field microscopy, the intensity of safranin-stained tis-
sue varies in relation to the amount of lignin present in the sample [40]. Therefore, different degrees of lignification can be ob-
served in various structures and cell walls, similar to what was reported by [34] who, with autofluorescence, observed that there
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Fig. 6. Bright field micrographs of Thompsonella mixtecana. A) Safranin-green fast. B) Congo red and acridine orange. C) Calcofluor. D) Autofluo-
rescence. f: fibers, p: parenchyma, r: ray, v: vessel, vc: vascular cambium. Scale bar: A = 100 pm, B-D = 200 pum.

was greater fluorescence intensity in the middle lamella and in the corners of the conifer cells due to a greater accumulation of
lignin [34].

The fluorescence emission in the different channels varies in each stain, due to the influence of molecular environments as pH,
temperature, concentration of dyes, and the interaction between fluorophores [9]. Therefore, the comparisons of intensity values
must be made between the same stains and not between stains, since different values would be obtained [25,41].

The advantage between SFg staining with the two stains and autofluorescence is that, as it is permanent, observations can be made
on samples that have been stored for decades, as long as synthetic resin (Entellan) has been used as a mounting medium and not
Canada balsam because presents strong autofluorescence that affects the visibility of the sample with fluorescence microscopy [42].
Furthermore, samples stained with SFg can be used for both bright field microscopy and fluorescence microscopy, so they can have a
dual purpose (Fig. 6A). Donaldson [34] mentioned that the use of glycerol and phosphated buffer (1:1 v/v) at pH 9 was the optimal
mounting medium for lignin fluorescence. The Congo red — Acridine orange (Fig. 6B), calcofluor (Fig. 6C), and Autofluorescence
(Fig. 6D) stains do not allow observations with bright field microscopy. In Fig. 4, the CrA, Ca, and Au stains had this mounting
medium, and the images had a quality similar to that of the synthetic resin (Fig. 4A).

On the other hand, based on the fluorescence emission, assumptions can be made about the chemical composition of lignin
[22], because by purifying and analysing lignin using Fourier transform infrared spectroscopy. It can be related to the differences
in the fluorescence emission of the lignified walls. The light green to bluish tones with a wavelength of 420 nm to 510 nm, would
correspond to the presence of syringyl type lignin (higher abundance of syringyl monomers) (Fig. 7A). The dark green to yellow tones
with wavelengths from 510 nm to 610 nm would correspond to guaiacyl-type lignin (with a greater amount of guaiacyl monomers)
(Fig. 7B). Red tones correspond to the presence of cellulose (Fig. 7A) and when cyan tones are observed within the parenchyma cells
it is related to the presence of starches (Fig. 7C).

At this point, this protocol allows structural characterization of plants to be carried out at low cost compared, for example, to
other specific staining methods that involve immunohistochemistry [43,44]. Then, to identify the presence of starches (Figure S1 A),
secondary metabolites (Figure S1 B), suberin (in bark) (Figure S1 D), cutin (in seeds or leaves, Figure S1 C) and cellulose (Figure S1
in non-lignified parenchyma), is a quick way to carry out these characterizations.
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Fig. 7. Relationship between fluorescence emission tones with the structural composition of the observed wall. A) Wide-band tracheids of Opuntia
streptacantha with different fluorescence emission. B) Similarity in fluorescence emission between vessels and parenchyma but different from fibers
of Dendropanax arboreus. C) Scale of the wavelength of light and the structures that emit fluorescence. f: fibers, p: parenchyma, v: vessel, wbt:
wide-band tracheids. Scale bar: 50 um.

Fig. 8. Loss of SFg staining when taking images with bright field microscopy in Pterocactus australis. A. Before photobleaching. B. After photobleach-
ing of the sample. p: parenchyma, v: vessel, wbt: wide-band tracheids. Scale bar: 100 pm.

Limitations

The main limitation of this method is the time it takes to photobleach unwanted fluorescence. Because, for each area to be taken
photos, it takes 10 min to expose the sample to fluorescent light, while in both staining and autofluorescence, images are taken
immediately. Furthermore, once the sample is photobleached, the stain is lost to be able to take images with bright field microscopy,
mainly the fast green stain is the one that is lost (before photobleaching Fig. 8A, after photobleaching Fig. 8B), so images must first
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be taken in the field. clear and later with fluorescence. Also, the drying time of the resin is at least a week, while for the other stains
and autofluorescence, the mounting medium allows photos to be taken immediately after an hour of drying of the nail varnish.
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