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Abstract

Introduction. Seeds are complex structures that allow the biological and crop propagation of plants. Seed
histology can be used for teaching, researching, and for pathological diagnostic. Histology protocols are commonly
divided into 5 different stages: fixation, processing, cutting, staining, and mounting. Xylene is a dangerous reagent
used during the processing, staining, and mounting of histological specimens that can contaminate the environment
and is toxic for users. Objective. To compare two new protocols for seed histology accelerated with microwave, tested
on seeds of economic importance species. Materials and methods. The experiments were done between January and
May of 2022 at the Centro de Investigaciones en Granos y Semillas (CIGRAS) of the Universidad de Costa Rica. The
compared protocols were: a benzene derivatives-free (BDF) and a xylene-dependent (XD). Seeds of Carica papaya
L. (Caricaceae) var. Pococi, Coffea arabica L. (Rubiaceae) var. Obata, Glycine max L. (Fabaceae) var. CIGRAS-06,
Phaseolus vulgaris L. (Fabaceae) var. Tayni, Oryza sativa L. (Poaceae) var. Lazarroz FL, and Zea mays L. (Poaceae)
var. EIN-2 were used. Three technical replicates of five seeds of each species were tested with the XD and BDF
protocols, on different days each replicate. Results. The photomicrographs obtained with both protocols showed that
the samples maintained the morphology integrity of embryo, endosperm or cotyledons, and other seed structures. BDF
and XD protocols produced seed histology slides and microphotographs. PAS-Coomassie Blue staining made a good
differentiation of carbohydrates and proteins. Fastness of both protocols is a benefit compared with other protocols
for plant histology that can take several days or even weeks. Conclusions. The BDF and XD protocols were suitable
for seed histology analysis of bean, coffee, maize, papaya, and soybean, slides were obtained in less than 5 hours.
BDF protocol is the first for plant tissue processing that does not use benzene derivatives and that uses paraffin as
embedding medium.
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Resumen

Introduccion. Las semillas son estructuras complejas que permiten la propagacion bioldgica y agricola de
plantas. La histologfa de semillas puede ser utilizada para enseflanza, investigacion y para diagndstico patolégico.
Los protocolos de histologia estdn divididos en cinco etapas: fijacion, procesamiento, corte, tincion y montaje. El
xilol es un reactivo peligroso que se usa durante el procesamiento, tincién y montaje de muestras histoldgicas que
puede contaminar el ambiente y es toxico para los usuarios. Objetivo. Comparar dos protocolos nuevos de histologia
de semillas acelerados con microondas, en semillas de especies de importancia econdmica. Materiales y métodos.
Los experimentos fueron realizados entre enero y mayo del 2022 en el Centro para Investigaciones en Granos y
Semillas de la Universidad de Costa Rica. Los protocolos comparados fueron: uno libre de derivados de benceno
(BDF) y uno dependiente de xilol (XD). Se usaron semillas de Carica papaya L. (Caricaceae) var. Pococi, Coffea
arabica L. (Rubiaceae) var. Obata, Glycine max L. (Fabaceae) var. CIGRAS-06, Phaseolus vulgaris L. (Fabaceae)
var. Tayni, Oryza sativa L. (Poaceae) var. Lazarroz FL, and Zea mays L. (Poaceae) var. EJN-2. Tres réplicas técnicas
de cinco semillas de cada una de las especies se procesaron con los protocolos BDF y XD, cada réplica en dfas
distintos. Resultados. Las fotomicrograffas obtenidas con ambos protocolos mostraron que las muestras mantuvieron
la integridad morfoldgica del embridn, del endospermo o de los cotiledones y de otras estructuras de la semilla. Los
protocolos BDF y XD generaron ldminas de histologfa y fotomicrograffas. La tincion PAS- azul de Coomassie hizo
una buena diferenciacion de los carbohidratos y proteinas. La rapidez de ambos protocolos es un beneficio comparado
con otros protocolos de histologia vegetal que pueden durar varios dias o incluso semanas. Conclusiones. Los
protocolos BDF y XD fueron adecuados para el andlisis histoldgico de semillas de frijol, café, maiz, papaya y soya
en menos de 5 horas. El protocolo BDF es el primero de procesamiento de tejidos vegetales que no usa derivados de
benceno e incorpora parafina como medio de inclusidn.

Palabras clave: dcido peryddico de Schiff, tincién de proteinas, procesamiento con microondas, azul de
Coomassie.

Introduction

Seeds are complex structures that contain an embryo, the energy reserve tissue, stored in the cotyledons, the
perisperm or in the endosperm, that the embryo needs to germinate, and it is usually covered by a seed coat (Kaplan
etal., 2009; Kelly et al., 1992; Rajjou et al., 2012; Sreenivasulu & Wobus, 2013; Waterworth et al., 2015). In nature,
seeds allow plants to propagate, maintain its genetic heritage and keep the balance in the ecosystem (Rogers et al.,
2021). In human society, seeds have a pivotal role in food safety because they are used to preserve and propagate
crops species and varieties related to animal and human nutrition (Komarnytsky et al., 2022; Rajjou et al., 2012;
Singh, 2016; Waterworth et al., 2015).

The histology and cytology of living organisms, including seeds, allow the understanding of basic microscopic
anatomy and their role in physiological or pathological phenomena (Bracegirdle, 1977). In the case of seeds,
histocytotechnological analysis is important for basic biology, teaching, research, and pathological diagnosis
(Harris & Brolmann, 1966; Kaplan et al., 2009; Kshatriya et al., 2018; Mishra & Vijayakumar, 2014). To carry
out these analyses samples must have the thickness of a cell diameter to be able to observe all their components
on a microscope (McMillan & Harris, 2018). This implies that tissue samples need to be cut between 1 to 10 ym
of thickness, depending on tissue type and on the histochemical technique to be applied. This is not possible with
fresh tissue at room temperature because it is embedded in water that does not give enough stiffness to the tissue
to be cut at a micrometric level (Garcia, 1993; McMillan & Harris, 2018; Prophet et al., 1995).
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Different types of resins are normally used to replace the water from the tissue and to increase its stiffness for a
micrometric cut. There are polyester resins (Sidman et al., 2001), epoxy resins (Martin & Sofla, 2010) and paraffin
(Alamri et al., 2017; Munganyinka et al., 2018), which is one of the most used resins worldwide in histology
laboratories, among others. Paraffin is a hydrophobic reagent that cannot be mixed with the tissues embedded
in water (Alturkistani et al., 2015; Everson-Pearse, 1954), so, different protocols have been developed to change
the chemical properties of the tissue to make it soluble in this resin. These protocols, of sample processing for
histology purposes, can vary depending on the specifics of each sample. For example, the species from which the
tissue comes, its hardness and water content, among other (Alamri et al., 2017; Buesa & Peshkov, 2009; Garcia,
1993; Munganyinka et al., 2018; Prophet et al., 1995).

Protocols for histology processing share the same histochemical logic. The first step, in the preparation of
samples for plant and animal histology, is the tissue fixation, which preserve structures as close to fresh tissue as
possible (Bradbury & Meek, 1960; Eltoum et al., 2001). Once the tissue is fixed, it needs to be processed to make
it soluble in the resin. Processing is divided in three stages: a gradual dehydration stage to extract all water from
the tissue (Becker et al., 2012; Fernandes et al., 2009; Rylander et al., 2006; Smith et al., 2008), the clearing stage
that makes it soluble in the resin (Buesa & Peshkov, 2009; Zhu et al., 2013), and the tissue infiltration stage in the
resin (Garcia, 1993; Prophet et al., 1995; Sidman et al., 2001).

After processing, tissue must be embedded in the resin, micrometric cut, stained with the required histochemical
technique, dehydrated, cleared, and mounted (Garcia, 1993; Prophet et al., 1995). Depending on the protocol, plant
tissue processing time can take up to 4 days (Fhaizal et al., 2013; Sandoval, 2005), but the molecular kinetics of
reactions between reagents and tissues can be accelerated with a microwave to save time (Buesa, 2007b; Leong, 2004).

Histocytotechnologist, in their work, is exposed to hazardous biological and chemical agents that can affect their
health and the environment if chemical wastes are arranged incorrectly (Buesa, 2007a; Roy, 1999). Derivatives of
the benzene, such as the dimethyl benzene, commonly known as xylene, that is one of the most used organic solvent
in histology laboratories for processing, dewaxing and mounting steps (Buesa & Peshkov, 2009; Zhu et al., 2013).

Xylene can be absorbed by dermal, inhalational, and oral route. It can be biotransformed in the liver and
excreted in urine as methylhippuric acid 18 hours after the end of an acute exposure. Prolonged or chronic exposure
can cause the accumulation of xylene in muscle and fat tissue. Acute inhalation causes nose and throat irritation, and
chronical exposure can decrease pulmonary function, cardiovascular and gastrointestinal effects. Oral absorption
can cause renal damage, depression of the respiratory system, coma, and death. Dermal exposure is associated
with urticaria, toxic eczema, dryness, erythema, and vasodilatation of the skin (Niaz et al., 2015; Rajan & Malathi,
2014). Because of all these problems, histocytotechnologist must use the appropriate personal protective equipment
and always work in a fume hood when they are working with xylene and other dangerous reagents (Materials and
Safety Committee, 2015; Niaz et al., 2015; Rajan & Malathi, 2014; ThermoFisher-Scientific, 2010).

Another major concern is the xylene waste disposal. Because 1 L of xylol can contaminate up to 675 L of water
(Ayotamuno et al., 2006; Ossai et al., 2020), it affects soil and aquatic ecosystems, it can cause acute, sub-acute and
cumulative toxicity in aquatic flora and fauna (Duan et al., 2017; Neuparth et al., 2014). Therefore, laboratories must
follow the local regulations and dispose of their chemical wastes correctly to avoid environmental contamination.

Based on all the occupational health and environmental problems that xylene can cause if it is not handled correctly,
there have been created xylene substitutes and some xylene-free protocols. The main limitation with xylene substitutes,
such as terpenes, is their price, which goes between 1.1 to 7.4 times more expensive than xylene. For animal tissue there
are alternative protocols that embed the tissues in paraffin and did not use any derivative of benzene for clearing (Buesa
& Peshkov, 2009), there are no a reproducible benzene derivatives-free protocols that embed plant tissue in paraffin.

Some protocols for plant tissue, including seeds, that used glycol methacrylate and hydroxyethyl-methacrylate
as embedding resin that is a hydrophilic resin that avoids the use of organic solvents for processing (Tessmer et
al., 2022; Zraidi et al., 2003). The inconvenience with methacrylate resins is that are between 5 to 12.5 times more
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expensive than paraffin, they need longer period for infiltration, embedding and a difficult ultra violet-dependent
polymerization (Santos de Oliveira, 2015; Samavedi et al., 2014). Some hard resins also need an ultramicrotome to
be able to cut the resin, instead of the common rotatory microtome of histology laboratories (Kshatriya et al., 2018).

The goal of this research was to compare two new protocols for seed histology accelerated with microwave,
tested on seeds of economic importance species.

Materials and methods

Sample collection and protocol optimization were done between January and May of 2022. The seeds of C.
arabica var. Obata, G. max var. CIGRAS-06, P. vulgaris var. Tayni, O. sativa var. Lazarroz FL, and Z. mays var.
EJN-2 were requested to the Centro para Investigaciones en Granos y Semillas (CIGRAS) of the Universidad
de Costa Rica. The seeds of C. papaya var. Pococi were requested to the Instituto Nacional de Innovacién y
Transferencia en Tecnologia Agropecuaria (INTA) of Costa Rica. The protocol optimization was done at the
CIGRAS histology laboratory.

Three technical replicates of five seeds of each species were tested with the xylene-free and xylene-dependent
protocols, on different days for each replicate. The batches from which the seeds were taken were made up of seeds
from different plants.

All sampled seeds were soaked for 12 h. Then, they were split in half and placed on histology cassettes. The
testa of C. arabica seed, and the lemma and palea of O. sativa were removed before fixing to facilitate penetration
of the fixation and processing reagents. All of them were fixed in F.A.A. solution, compound by 10 % formalin at
37 % viv, 5 % glacial acetic acid, and 85 % ethanol at 70 % v/v, for 48 h at room temperature.

After fixing, XD samples were dehydrated in a graded series of ethanol (70, 80, 90, 95, and two changes of
100 % v/v) heated in a microwave?® to reach 50-60 °C and kept cooling at room temperature for 10 min each one.
After dehydration, samples were cleared in a 1:1 rate solution of 100 % ethanol: xylene and two changes of xylene,
each reagent was heated in a microwave to reach 50-60 °C and kept cooling at room temperature for 10 min. Then,
samples were infiltrated in a 1:1 rate solution of xylene-Paraplast® for 20 min, and in two changes in Paraplast® for
40 min, each solution was kept on a stove at 60 °C. In the last Paraplast® step samples were placed in 40 mm Hg
of vacuum for 5 min to takeout possible air bubbles from tissue. XD protocol was taken from Benavides-Acevedo
(2021) with minor modifications.

In the case of the BDF samples, after fixing, they were dehydrated in a graded series of isopropanol (70, 80, 90,
95, and two changes of 100 % v/v) heated in a microwave to reach 50-60 °C and kept cooling at room temperature
for 10 min each. Then, samples were cleared in 5:1 and 2:1 rate solutions of isopropanol: mineral oil and in mineral
oil, heated on a stove at 60 °C for 40 min each one. After clearing, samples were infiltrated in a 1:1 rate solution of
mineral oil: Paraplast® for 20 min, and two changes of Paraplast® for 40 min, each solution was kept on a stove
at 60 °C. In the last Paraplast® step samples were placed in 40 mm Hg of vacuum for 5 min to takeout possible
air bubbles from tissue. This BDF protocol was taken from Buesa & Peshkov (2009) with major modifications.

Samples of both protocols were embedded in Paraplast plus®, sectioned in 5 #m slices with a rotatory microtome,
placed in a flotation bath with water at a temperature between 40-45 °C, collected with a slide, and incubated on a
stove at 60 °C for 1 h. Dewaxing of XD samples was made with two changes of xylene, and hydration with a graded
series of ethanol (two changes of 100, 95 and 70 % v/v) and tap water for 2 min each one. In the case of BDF samples,
dewaxing was done with two changes a solution of 2 mL of a concentrated neutral detergent (Ticolab, Costa Rica)

3 Itis important that samples were immersed in each reagent and heated in the microwave together. This applies for all heating in the micro-

wave steps of both protocols.
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diluted in 98 mL of tap water, this solution was heated between 75-80 °C, and each sample was immersed into it for
2 min. Then, each sample was rinsed in two changes of tap water for 2 min (Buesa & Peshkov, 2009).

Hydrated sections of both protocols were stained with Acid Periodic of Schiff (PAS) — Coomassie Blue,
which works as topographic staining, to characterize general anatomy, and as functional staining for neutral
glycosaminoglycans, as starch and cellulose, with the Schiff’s leukofuchsin and proteins with the Coomassie
Blue. This was based on the protocol of Schmidt et al. (2012) with own modifications. For this purpose, hydrated
slides were oxidated with periodic acid at 1 % w/v for 15 min and rinsed three times with deionized water for 1
min each one. Then, the slides were stained with Schiff’s reagent for 15 min and rinsed with tap water for 5 min.
Counterstain was done with Coomassie Blue at 0.02 % w/v solved in a solution of methanol: acetic acid: water in a
46.5:7:46.5 rate (Mochizuki & Furukawa, 1987). The Coomassie Blue solution with the slides inside was warmed
in the microwave to 50 °C and kept cooling at room temperature for 10 min.

After the staining, samples of XD protocol were dehydrated with a graded series of ethanol (95 and two
changes of 100 % v/v), cleared with two changes of xylene, and mounted with CV Mount (Leica, headquarters
in Wetzlar). BDF samples, after staining, were mounted in Kaiser mounting medium. Embryo and endosperm
or cotyledons of all samples were histologically and cytologically characterized in a Zeiss Axio microscope and
photomicrographs were taken with an Olympus DP74 camera.

Results

XD processing protocol lasted 180 min while BDF lasted 240 min. BDF was longer because of the incubation
of mineral oil steps on the stove (Table 1).

Table 1. Comparison of the duration between xylene-dependent and benzene derivatives-free histological processing protocols. Centro
para Investigaciones en Granos y Semillas (CIGRAS) of the Universidad de Costa Rica, 2022.

Cuadro 1. Comparacién de la duracién entre los protocolos de procesamiento histoldgico dependiente de xilol y libre de derivados del
benceno. Centro para Investigaciones en Granos y Semillas (CIGRAS) de la Universidad de Costa Rica, 2022.

Protocol Xylene-dependent Benzene derivatives-free
Stage Reagent Timing (min) Reagent Timing (min)
Ethanol 70 % 10 * Isopropanol 70 % 10 *
Ethanol 80 % 10 * Isopropanol 80 % 10 *
1. Dehydration Ethanol 90 % 10 * Isopropanol 90 % 10 *
Ethanol 100 % 10 * Isopropanol 100 % 10 *
Ethanol 100 % 10 * Isopropanol 100 % 10 *
Ethanol: xylene (1:1) 10 * MO: Isopropanol (5:1) 30 **
2. Clearing Xylene 10 * MO: Isopropanol (2:1) 30 **
Xylene 10 * MO 30 **
Xylene: Paraplast® (1:1) 20 ** MO: Paraplast® (1:1) 20 **
3. Infiltration Paraplast® 40 ** Paraplast® 40 **
Paraplast® 40 ** Paraplast® 40 **
Processing time 180 min 240 min

* Heated on a microwave between 50-60 °C and cooled at room temperature for the indicated time. / * Calentado en microondas entre
50-60 °C y enfriado a temperatura ambiente por el tiempo indicado.
** Incubated on a stove at 60 °C. / ** Incubado en una estufa a 60 °C.
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The total time of dewaxing, hydrating, staining, dehydration, clearing, and mounting was 72 min for XD and
56 min for BDF protocol (Table 2).

Table 2. Comparison of the duration between the deparaffinization, hydratation, staining, and histological mounting protocols
dependent on xylene and benzene derivatives-free. Centro para Investigaciones en Granos y Semillas (CIGRAS) of the Universidad
de Costa Rica. 2022.

Cuadro 2. Comparacion de la duracion entre los protocolos de desparafinizacion, hidratacion, tincion y montaje histolégico
dependiente de xilol y libre de derivados del benceno. Centro para Investigaciones en Granos y Semillas (CIGRAS) de la Universidad
de Costa Rica. 2022.

Protocol Xylene-dependent Xylene-free
Stage Reagent Timing (min) Reagent Timing (min)
1. Dewaxing Xylene 2 Neutral detergent 2 % 2%
Xylene 2 Neutral detergent 2 % 2%
2. Hydrating Ethanol 100 % 2
Ethanol 100 % 2 Tap water
Ethanol 95 % 2 Tap water
Ethanol 70 % 2
Tap water 2
3. Staining Periodic acid 1 % 15 Periodic acid 1 % 15
Distilled water 3 Distilled water 3
Schiff reagent 15 Schiff reagent 15
Tap water 5 Tap water 5
Coomassie Blue 10%* Coomassie Blue 10%*
4. DCM Ethanol 95 % 2 Mounting medium -
Ethanol 100 % 2
Ethanol 100 % 2
Xylene 2
Xylene 2
Mounting medium -
Total time 72 min 56 min

* Heated on a microwave between 75-80 °C and cooled at room temperature for the indicated time. / * Calentado en microondas entre
75-80 °C y enfriado a temperatura ambiente por el tiempo indicado.

** Incubated on a microwave to 50 °C and cooled at room temperature for the indicated time. / ** Calentado en microondas a 50 °C y
enfriado a temperatura ambiente por el tiempo indicado.

DCM: dehydration, clearing and mounting. / DCM: deshidratacion, aclaramiento y montaje.

In C. papaya’s seeds processed with the xylene-dependent protocol the embryo, endosperm, mesotesta, and
integuments were well preserved and processed (Figure 1 A and C). Benzene derivative-free protocol papaya
seeds were more difficult to cut, compared with xylene-dependent protocol seeds. This cutting difficulty caused
some artefacts, especially in the endosperm (Figure 1 B), but, the embryo, mesotesta and integuments were well
preserved (Figure 1 B and D).

Papaya’s embryo had a high cell density, formed by homogeneous small cells, compared with the endosperm
cells, with a prominent nucleus and visible PAS+ cytoplasmic content. Protein content was not homogeneous
along the embryo, there were more proteins towards the root pole (Figure 1 A and B). Endosperm was surrounded
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Figure 1. Photomicrographs of Carica papaya var. Pococi taken at 200X and stained with Periodic Acid of Schiff and Coomassie Blue.
The left column is of samples processed with the xylene-dependent protocol; the right column is of samples processed with the benzene
derivative-free protocol. A and B. Longitudinal section of the embryo (em) and endosperm (en). Asterisks (¥) mark cutting artefacts on
the endosperm. C and D. Longitudinal section of the mesotesta ridge (mt), outer integument (oi) and inner integument (ii). Centro para
Investigaciones en Granos y Semillas (CIGRAS) of the Universidad de Costa Rica. 2022.

Figura 1. Fotomicrografias de Carica papaya var. Pococi tomadas a 200X y tefiidas con dcido peryddico de Schiff y azul de Coomassie.
La columna de la izquierda es de muestras procesadas con el protocolo dependiente de xilol. La columna de la derecha es de muestras
procesadas con el protocolo libre de derivados de benceno. A 'y B. Cortes longitudinales del embrién (em) y del endospermo (en). Los
asteriscos (*) marcan artefactos del corte micrométrico. C y D. Cortes longitudinales de la cresta de la mesotesta (mt), el integumento
externo (oi) y el integumento interno (ii). Centro para Investigaciones en Granos y Semillas (CIGRAS) de la Universidad de Costa
Rica, 2022.

by monolayer of the epidermis and its parenchyma was formed by heterogeneous size cells with a medium dense
cytoplasm that stored carbohydrates and proteins (Figure 1 A and B). The mesotesta was a PAS+ death cell matrix,
possibly formed by structural carbohydrates such as cellulose, without any protein. The outer integument was formed
by medium size death cells without visible contain. The inner integument was made of small living cells that towards
the endosperm were covered by a PAS+ laminar layers possible formed by cellulose (Figure 1 C and D).

C. arabica seeds kept their expected histological characteristics with both processing protocols, cells had
continuous cell walls, were geometrically shaped, and had well-preserved nuclei (Figure 2). Embryo cells were
smaller than the endosperm, half of them had a dense, PAS+, cytoplasmic content, almost without any visible
protein present (Figure 2 A and B). Endosperm had a monolayer epidermis of polyhedral cells with some PAS+
and protein contained in their cytoplasm. Endosperm’s parenchyma was formed by heterogenous shaped and sized
cells with cytoplasm with a moderate PAS+ starch contain and proteins (Figure 2). In the medullar parenchyma
there were found brown deposits of an unknown substance (Figure 2 C and D).

G. max seeds histological features with both protocols were as expected. Cells kept their integrity and structure
(Figure 3). Soybean embryonic axis was surrounded by a monolayer of protodermis formed by small, and squared
cells. At root, the poles were the root meristem and the root parenchyma. The central cylinder was surrounded by
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Figure 2. Photomicrographs of Coffea arabica var. Obata taken at 100X and stained with Periodic Acid of Schiff and Coomassie Blue.
The left column is of samples processed with the xylene-dependent protocol; the right column is of samples processed with the benzene
derivative free protocol. A and B. Longitudinal section of the embryo (em) and endosperm (en). C and D. Longitudinal sections of the
endosperm. Centro para Investigaciones en Granos y Semillas (CIGRAS) of the Universidad de Costa Rica. 2022.

Figura 2. Fotomicrografias de Coffea arabica var. Obata tomadas a 100X y tefiidas con dcido peryddico de Schiff y azul de Coomassie.
La columna de la izquierda es de muestras procesadas con el protocolo dependiente de xilol. La columna de la derecha es de muestras
procesadas con el protocolo libre de derivados de benceno. A y B. Cortes longitudinales del embrién (em) y del endospermo (en). C
y D. Cortes longitudinales del endospermo (en). Centro para Investigaciones en Granos y Semillas (CIGRAS) de la Universidad de
Costa Rica, 2022.

the vascular system of the embryo. At the apical pole was the hypocotyl (Figure 3 A and B). The cotyledons were
enclosed by its monolayer of epidermis formed by cells with a dense PAS+ cytoplasm and prominent nucleus.
The cortical parenchyma was compound by bigger cells that the ones from its epidermis, which had a dense
proteinaceous cytoplasm that camouflages its nuclei. The medullar parenchyma was formed by cells with a variable
cytoplasm contain, some cells had an empty cytoplasm, others had a light PAS+ starch content and others had a
dense proteinaceous contain (Figure 3 C and D).

O. sativa seeds were well conserved and processed with both protocols. The cells of the living structures of the
seeds maintained their structure and integrity (Figure 4). Rice’s embryos were taken in a peripheral (Figure 4 A) and
medial (Figure 4 B) section. Their cells were small, compact and had a high density, their cytoplasm was dense and
highly proteinaceous with hints of PAS+ carbohydrates (Figure 4 A and B). The endosperm was formed by acelular
starch deposits that showed artefact cracks and were surrounded by the aleurone and the pericarp (Figure 4 C and D).

P.vulgaris’ seeds were well fixed and processed, and their structures kept the correct anatomical characteristics
in samples of both protocols (Figure 5). The main structures of the embryonic embryo were the root pole with its
rood meristem, root parenchyma and the protodermis surrounding it. The central cylinder was surrounded by the
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Figure 3. Photomicrographs of Glycine max var. CIGRAS-06 taken at 100X and stained with Periodic Acid of Schiff and Coomassie
Blue. The left column is for samples processed with the xylene-dependent protocol; the right column is of samples processed with the
benzene derivatives-free protocol. A and B. Longitudinal sections of the embryonic axis with its root meristem (rm), root parenchyma
(rp), central cylinder (cc), vascular system (vs), hypocotyl (hy), and protodermis (pd). C and D. Longitudinal section of the cotyledon
with its epidermis (ed), cortical parenchyma (cp), and medullar parenchyma (mp). Centro para Investigaciones en Granos y Semillas
(CIGRAS) of the Universidad de Costa Rica. 2022.

Figura 3. Fotomicrograffas de Glycine max var. CIGRAS-06 tomadas a 100X y tefiidas con dcido peryddico de Schiff y azul de
Coomassie. La columna de la izquierda es de muestras procesadas con el protocolo dependiente de xilol. La columna de la derecha es
de muestras procesadas con el protocolo libre de derivados de benceno. A y B. Cortes longitudinales del embrién con sus cotiledones
(co), hipocétilo (hy) y protodermis (pd). C y D. Cortes longitudinales del endospermo con su epidermis (ed), parénquima cortical (cp)
y parénquima medular (mp). Centro para Investigaciones en Granos y Semillas (CIGRAS) de la Universidad de Costa Rica, 2022.

vascular system. At the shoot, poles were the hypocotyl and the shoot meristem (Figure 5 A and B). The cotyledons
were surrounded by an epidermis formed by small, and squared shape cells with a dense proteinaceous cytoplasm
that cover their nuclei. The cortical parenchyma was compounded by medium size cells, bigger than the ones of
the epidermis but smaller than the ones of the medullar parenchyma, with a dense cytoplasm full of protein and
carbohydrates. The medullar parenchyma’s cells shared the same characteristics as the cortical parenchyma, except
that their cells were bigger (Figure 5 C and D).

Z. mays’ seeds were well fixed and processed with both protocols, cells of the living structures of the seeds
maintain their microscopic structure (Figure 6). The basic structure of the seeds is composed of the embryo (which
has a high concentration of proteins), the endosperm (with uniform cells and high content of starch) and the seed
coat. These seeds were difficult to cut because of the their high starch content that made tissue breakable while
cutting. The embryos were formed by a high cell density with a dense proteinaceous contain with PAS+ starch
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Figure 4. Photomicrographs of Oryza sativa var. Lazarroz FL stained with Periodic Acid of Schiff and Coomassie Blue. The left column
is of samples processed with the xylene-dependent protocol; the right column is of samples processed with the benzene derivatives-free
protocol. A and B. 100X longitudinal sections of the embryo. C and D. 200X longitudinal sections of the pericarp (pc), aleurone (al),
and endosperm (en). Centro para Investigaciones en Granos y Semillas (CIGRAS) of the Universidad de Costa Rica. 2022.

Figura 4. Fotomicrografias de Oryza sativa var. Lazarroz FL tefiidas con dcido peryddico de Schiff y azul de Coomassie. La columna de
la izquierda es de muestras procesadas con el protocolo dependiente de xilol. La columna de la derecha es de muestras procesadas con
el protocolo libre de derivados de benceno. A'y B. Cortes longitudinales a 100X del embrién. C y D. Cortes longitudinales a 200X del
pericarpio (pc), la aleurona (al) y del endospermo (en). Centro para Investigaciones en Granos y Semillas (CIGRAS) de la Universidad
de Costa Rica, 2022.

deposits (Figure 6 A and B). The endosperm was an acellular matrix of starch deposits that presented some cracks
and empty spaces as cutting artefacts (Figure 6 C and D).

Discussion

XD and BDF protocols allowed to obtain seed histology slides and microphotographs. The PAS-Coomassie
Blue staining worked quite well as a morphological staining and as a functional one. It made a good differentiation
of carbohydrates and proteins (Figure 1-6).

Both protocols have the advantage of being quick protocols that takes a total time of 4.2 h and 4.9 h, XD
and BDF, respectively (Table 1 and 2). This is a great benefit compared with other protocols for plant histology
that can take several days or even weeks to obtain histology slides (Fhaizal et al., 2013; Sandoval, 2005). Both
protocols used the increase of molecular kinetics, caused by microwaves, to accelerate the penetration, reactions
and molecular exchange between regents and tissues (Buesa, 2007b; Leong, 2004). Another advantage of these
protocols is that they are manual protocols, that can be used in any laboratory that has a microtome, a stove, a fume
hood (for XD protocol), a microwave, a vacuum pump (if necessary), and basic glassware.

Agron. Mesoam. 33(Especial): Articulo 51308, 2022
ISSN 2215-3608 doi:10.15517/am.v33iEspecial.51308



Benavides-Acevedo & Torres-Segura: Fast seed histology protocols: Benzene derivatives-free vs xylene-dependent

Figure 5. Photomicrographs of Phaseolus vulgaris var. Tayni taken at 100X and stained with Periodic Acid of Schiff and Coomassie
Blue. The left column is of samples processed with the xylene-dependent protocol; the right column is of samples processed with the
benzene derivative free protocol. A and B. Longitudinal sections of the embryo with its cotyledons (co) and hypocotyl (hy). C and D.
Longitudinal sections of the endosperm (en) surrounded by the endodermis (ed) and formed by its cortical parenchyma (mp), and by
the medullary parenchyma (mp). Centro para Investigaciones en Granos y Semillas (CIGRAS) of the Universidad de Costa Rica. 2022.

Figura 5. Fotomicrograffas de Phaseolus vulgaris var. Tayni tomadas a 100X y tefiidas con dcido peryddico de Schiff y azul de
Coomassie. La columna de la izquierda es de muestras procesadas con el protocolo dependiente de xilol. La columna de la derecha es
de muestras procesadas con el protocolo libre de derivados de benceno. A y B. Cortes longitudinales del embrién con sus cotiledones
(co) e hipocdétilo (hy). Cy D. Cortes longitudinales del endospermo (en) rodeado por la endodermis (ed) y formado por su parénquima
cortical (cp) y por el parénquima medular (mp). Centro para Investigaciones en Granos y Semillas (CIGRAS) de la Universidad de
Costa Rica, 2022.

XD protocol is 44 min faster than BDF protocol. But BDF protocol has the advantage of does not use any
benzene derivatives. This is very important for the environment, to reduce the dependence on petroleum and the
contamination with petroleum derivatives, and for the job safety of histocytotechnologist around the world (Duan
et al., 2017; Neuparth et al., 2014; Niaz et al., 2015; Ossai et al., 2020; Rajan & Malathi, 2014).

The dewaxing strategy of BDF protocol with a heated solution of a neutral detergent (Buesa & Peshkov, 2009)
was as good as the common dewaxing with xylene and hydration with a gradient of alcohols. Samples of both
protocols did not show any rest of Paraplast® in any photomicrographs (Figure 1-6). BDF dewaxing strategy could be
implemented in any paraffin embedded sample, no matter how it was processed, to save dewaxing reagents and time.

The CV Mounting medium of XD protocol, like other xylene-soluble mounting mediums, makes a permanent
mounting of the cover slide. This allows its conservation for many years. Kaiser mounting medium is a temporary
mounting medium, for samples that can be observed on the same day after staining and do not need to be preserved
longer (Garcia, 1993; Prophet et al., 1995; Sandoval, 2005). This limits the application of the Kaiser mounting
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Figure 6. Photomicrographs of Zea mays var. EJN-2 stained with Periodic Acid-Schiff and Coomassie Blue. The left column is of
samples processed with the xylene-dependent protocol; the right column is of samples processed with the benzene derivative-free
protocol. A and B. 100X Longitudinal sections of the embryo. C and D. 200X Longitudinal section of the endosperm. Centro para
Investigaciones en Granos y Semillas (CIGRAS) of the Universidad de Costa Rica. 2022.

Figura 6. Fotomicrografias de Zea mays var. EIN-2 tefiidas con dcido peryddico de Schiff y azul de Coomassie. La columna de la
izquierda es de muestras procesadas con el protocolo dependiente de xilol. La columna de la derecha es de muestras procesadas con el
protocolo libre de derivados de benceno. Ay B. Cortes longitudinales del embrién a 100X. C y D. Cortes longitudinales del endospermo
a 200X. Centro para Investigaciones en Granos y Semillas (CIGRAS) de la Universidad de Costa Rica, 2022.

medium. But, after staining BDF samples can be also permanent mounting following the dehydration, clearing, and
mounting steps of XD protocol, if needed.

This research does not pretend to do a detailed histological and cytological description of the seed of the worked
species, but to show general anatomical features that support the well working of XD and BDF protocols. All the
described features are supported in the literature, reported for other varieties of the worked species, for bean (Recek
et al., 2021; Silué et al., 2013), coffee (Amaral da Silva et al., 2004, 2008; Araujo Oliveira et al., 2020; Dedecca,
1957), maize (Liu et al., 2013; Rousseau et al., 2015; Tnani, 2012), papaya (Buides et al., 2017; Fresneda et al., 2017;
Gil & Miranda, 2011; Mendes de Jesus et al., 2015), rice (Paredes et al., 2021; Ramanadane & Ponnuswamy, 2004),
and soybean seed anatomy (Forti et al., 2013; Sagara et al., 2020; Shao et al., 2007; Terdn, 2015; Thorne, 2015).

The artefacts are induced by one or more steps of the histology protocol. Most of the human tissue artefacts are
well known (Rolls et al., 2021), but plant tissue artefacts report and descriptions are rare. Some plant tissue artefacts
such as plasmolysis, cracks, shrinkage or collapse of the cell wall and vacuolar strand were reported by Feder &
O’Brien (1968). The present research reported cracks in the endosperm of maize (Figure 6), papaya (Figure 1), and
rice (Figure 4). They were probably induced by the high starch content of the seeds that makes tissue brittle. In the case
of the brown patches in coffee’s endosperm (Figure 2 C and D) is not known if it is an artefact or a substance deposit.

One of the most challenging plant tissues for histology are the seeds, because of their hardness, the presence of
the seed coat, and because of the cotyledon and endosperm high starch content that makes processing and cutting
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difficult. This was corroborated with the rice and maize seeds, that had a high starch contain and were the most
difficult to cut on the microtome.

Based on the best of the knowledge, BDF protocol is the first protocol for plant tissue processing, in this case
tested on seeds, that do not use benzene derivatives and that use paraffin as an embedding medium.

Conclusions

It is concluded that xylene-dependent (XD) and benzene derivatives-free (BDF) protocols are suitable for
histological microwave-accelerated processing, of bean, coffee, maize, papaya, rice, and soybean seeds. The final
slides were obtained in less than 5 h with these protocols. BDF protocol is the first for plant tissue processing that
does not use benzene derivatives and that uses paraffin as an embedding medium.

Acknowledgement

Authors thanks to the Vice Rector’s Office of the Universidad de Costa Rica, to the Centro Nacional de
Tecnologia (CENAT) — Consejo Nacional de Rectores (CONARE) for their financial support and to the CIGRAS
and its Director for opening a space for plant histology and cytology.

References

Alamri, A., Yeb, J., & Blancato, J. (2017). Fluorescence in situ hybridization of cells, chromosomes, and formalin-fixed paraffin-
embedded tissues. In J. M. Walker (Ed.), Methods in molecular biology (pp. 265-279). Humana Press. https://doi.
org/10.1007/978-1-4939-6990-6

Alturkistani, H. A., Tashkandi, F. M., & Mohammedsaleh, Z. M. (2015). Histological stains: A literature review and case study.
Global Journal of Health Science, 8(3), 72-79. https://doi.org/10.5539/gjhs.v8n3p72

Amaral da Silva, E. A., Toorop, P. E., van Aelst, A. C., & Hilhorst, H. W. M. (2004). Abscisic acid controls embryo growth
potential and endosperm cap weakening during coffee (Coffea arabica cv. Rubi) seed germination. Planta, 220,
251-261. https://doi.org/10.1007/s00425-004-1344-0

Amaral da Silva, E. A., Toorop, P. E., van Lammeren, A. A. M., & Hilhorst, H. W. M. (2008). ABA inhibits embryo cell
expansion and early cell division events during coffee (Coffea arabica ’Rubi’) seed germination. Annals of Botany,
102(3), 425-433. https://doi.org/10.1093/aob/men112

Araujo Oliveira, L., de Souza, G. A., Tavares Silva, B., Gomes Rocha, A. A., de Toledo Picoli, E. A., de Souza Pereira, D., Lopes
Donzeles, S. M., de Freitas Ribeiro, M., & Marques Ferreira, W. P. (2020). Histochemical approach of the mobilization
of reserve compounds in germinating coffee seeds. Coffee Science, 15(1), 1-14. https://doi.org/10.25186/.v15i.1704

Ayotamuno, M. J., Kogbara, R. B., Ogaji, S. O. T., & Probert, S. D. (2006). Petroleum contaminated ground-water: Remediation
using activated carbon. Applied Energy, 83(11), 1258—1264. https://doi.org/10.1016/j.apenergy.2006.01.004

Becker, K., Jihrling, N., Saghafi, S., Weiler, R., & Dodt, H. U. (2012). Chemical clearing and dehydration of GFP expressing
mouse brains. PLoS ONE, 7(3), Article €33916. https://doi.org/10.1371/journal.pone.0033916

Agron. Mesoam. 33(Especial): Articulo 51308, 2022
ISSN 2215-3608 doi:10.15517/am.v33iEspecial.51308



Benavides-Acevedo & Torres-Segura: Fast seed histology protocols: Benzene derivatives-free vs xylene-dependent

Benavides-Acevedo, M. (2021). Caracterizacion genética, genomica e histologica de una mutacion sexual en Carica papaya
(CARICACEAE) [Tesis de Maestria, Universidad de Costa Rica]. Repositorio Kérwd. https://www.kerwa.ucr.ac.cr/
handle/10669/85284

Bracegirdle, B. (1977). The history of histology: A brief survey of sources. History of Science, 15(2), 77-101. https://doi.
org/10.1177/007327537701500201

Bradbury, S., & Meek, G. A. (1960). A study of potassium permanganate “fixation” for electron microscopy. Quarterly Journal
of Microscopical Science, 101(3), 241-250. https://doi.org/10.1242/jcs.s3-101.55.241

Buesa, R. J. (2007a). Histology safety: Now and then. Annals of Diagnostic Pathology, 11(5), 334-339. https://doi.org/10.1016/j.
anndiagpath.2007.06.005

Buesa, R. J. (2007b). Microwave-assisted tissue processing: Real impact on the histology workflow. Annals of Diagnostic
Pathology, 11(3), 206-211. https://doi.org/10.1016/j.anndiagpath.2007.02.006

Buesa, R. J., & Peshkov, M. V. (2009). Histology without xylene. Annals of Diagnostic Pathology, 13(4), 246-256. https://doi.
org/10.1016/j.anndiagpath.2008.12.005

Buides, J. A. F., Alvarez, A. G, LaF¢, P L. C, & Sdnchez, G. G. (2017). Aspectos anatémicos y viabilidad de semillas de
papaya (Carica papaya L.) variedad “Maradol Roja” sometidas a almacenamento prolongado. Agrotecnia de Cuba,
41(1), 41-51.

Dedecca, D. M. (1957). Anatomia e desenvolvimento ontogenético de Coffea arabica L. var. typica Cramer. Bragantia, 16,
315-366. https://doi.org/10.1590/s0006-87051957000100023

Duan, W., Meng, F., Wang, E., & Liu, Q. (2017). Environmental behavior and eco-toxicity of xylene in aquatic environments: A
review. Ecotoxicology and Environmental Safety, 145, 324-332. https://doi.org/10.1016/j.ecoenv.2017.07.050

Eltoum, I., Fredenburgh, J., Myers, R. B., & Grizzle, W. E. (2001). Introduction to the theory and practice of fixation of tissues.
Journal of Histotechnology, 24(3), 173-190. https://doi.org/10.1179/his.2001.24.3.173

Everson-Pearse, A. (1954). Histochemistry: theoretical and applied. Journal of Chemical Education, 31(7), 397. https://doi.
org/10.1021/ed031p391.1

Feder, N., & O’Brien, T. P. (1968). Plant Microtechnique: Some Principles and New Methods. American Journal of Botany,
55(1), 123-142. https://doi.org/10.1002/j.1537-2197.1968.tb06952.x

Fernandes, F. A. N., Galldo, M. 1., & Rodrigues, S. (2009). Effect of osmosis and ultrasound on pineapple cell tissue structure
during dehydration. Journal of Food Engineering, 90(2), 186—190. https://doi.org/10.1016/j.jfoodeng.2008.06.021

Fhaizal, M., Bukhori, M., Jin, S., Pillai, V., & Rahman, N. A. (2013). Improved protocol for high frequency plant regeneration
through somatic embryogenesis in Carica papaya. Cultures, 4(5), 9-19. https://updatepublishing.com/journal/index.
php/rib/article/view/2441

Forti, V. A., de Carvalho, C., André, F., Tanaka, O., & Cicero, S. M. (2013). Weathering damage in soybean seeds: Assessment,

seed anatomy and seed physiological potential. Journal of Seed Technology, 35(2), 213-224. http://www.jstor.org/
stable/24642271

Fresneda, J. A., Gonzdlez, A. A., Gonzdlez, P. L., & Guibert, G. (2017). Aspectos anatémicos y viabilidad de semillas de papaya
(Carica papaya L.) variedad “Maradol roja” sometidas a almacenamiento prolongado. Agrotecnia de Cuba, 41(1),

45-46. https://www.grupoagricoladecuba.gag.cu/media/Agrotecnia/pdf/2017/1/5.pdf

Agron. Mesoam. 33(Especial): Articulo 51308, 2022
ISSN 2215-3608 doi:10.15517/am.v33iEspecial.51308



Benavides-Acevedo & Torres-Segura: Fast seed histology protocols: Benzene derivatives-free vs xylene-dependent

Garcia, R. (1993). Laboratorio de anatomia patoldgica. Interamericana McGraw Hill.

Gil, A. L., & Miranda, D. (2011). Aspectos anatémicos de la semilla de papaya (Carica papaya L.). Revista Colombiana de
Ciencias Horticolas, 2(2), 145-156. https://doi.org/10.17584/rcch.2008v2i2.1183

Harris, H. C., & Brolmann, J. B. (1966). Comparison of calcium and boron deficiencies of the peanut II. Seed quality in relation to
histology and viability. AgronomyJournal, 58(1),578-583.https://doi.org/10.2134/agronj1966.00021962005800060008x

Kaplan, A., Colgecen, H., & Biiytikkartal, N. (2009). Seed morphology and histology of some paronycia taxa (Caryophyllaceae)
from Turkey. Bangladesh Journal of Botany, 38(2), 171-176.

Kelly, K. M., Van Staden, J., & Bell, W. E. (1992). Seed coat structure and dormancy. Plant Growth Regulation, 11(3), 201-209.
https://doi.org/10.1007/BF00024559

Komarnytsky, S., Retchin, S., Vong, C. L., & Lila, M. A. (2022). Gains and losses of agricultural food production: Implications
for the Twenty-First Century. Annual Review of Food Science and Technology, 13(1), 239-261. https://doi.
org/10.1146/annurev-food-082421-114831

Kshatriya, K., Whitehill, J. G. A., Madilao, L., Henderson, H., Kermode, A., Kolotelo, D., & Bohlmann, J. (2018). Histology
of resin vesicles and oleoresin terpene composition of conifer seeds. Canadian Journal of Forest Research, 48(9),
1073-1084. https://doi.org/10.1139/cjfr-2018-0164

Leong, A. S. -Y. (2004). Microwaves and turnaround times in histoprocessing: Is this a new era in histotechnology? American
Journal of Clinical Pathology, 121(4), 460—462. https://doi.org/10.1309/PLQ523DENNH8R00Q

Liu, W. Y., Chang, Y. M., Chen, S. C. C., Lu, C. H., Wu, Y. H., Lu, M. Y., Chen, D. R., Shih, A. C. C., Sheue, C. R., Huang,
H. C,, Yu, C. P, Lin, H. H., Shiu, S. H., Ku, M. S. B., & Li, W. H. (2013). Anatomical and transcriptional dynamics
of maize embryonic leaves during seed germination. Proceedings of the National Academy of Sciences of the United
States of America, 110(10), 3979-3984. https://doi.org/10.1073/pnas.1301009110

Martin, C., & Sofla, A. Y. N. (2010). A method for bonding PDMS without using plasma. ASME International Mechanical
Engineering Congress and Exposition, Proceedings, 10, 557-560. https://doi.org/10.1115/IMECE2010-38790

Materials and Safety Committee. (2015). Safety data sheet (SDS) Xylene. PCS. https://www.pcs.com.sg/wp-content/
uploads/2017/04/PCS08006.pdf

McMillan, D. B., & Harris, R. J. (2018). Introduction. In D. B. McMillan, & R. J. Harris (Eds.), An atlas of comparative
vertebrate histology (pp. ix—xxix). Academic Press. https://doi.org/10.1016/b978-0-12-410424-2.00018-4

Mendes de Jesus, V. A., Aratjo, E. F., Santos, F. L., Alves, E., & dos Santos Dias, L. A. (2015). Sodium hypochlorite for
sarcotesta remotion from papaya seeds: Anatomical studies. Journal of Seed Science, 37(4), 228-235. https://doi.
org/10.1590/2317-1545v37n4153890

Mishra, S., & Vijayakumar, M. (2014). Phytochemical analysis and histology of Strychnos potatorum l. seeds. Journal for Drugs
and Medicines, 6(2), 17-24. https://doi.org/10.15254/H.J.D.MED.6.2014.132

Mochizuki, Y., & Furukawa, K. (1987). Application of Coomassie blue staining to cultured hepatocytes. Cell Biology
International Reports, 11(5), 367-371. https://bit.ly/3yhVx2T

Munganyinka, E., Margaria, P., Sheat, S., Ateka, E. M., Tairo, F., Ndunguru, J., & Winter, S. (2018). Localization of cassava
brown streak virus in Nicotiana rustica and cassava Manihot esculenta (Crantz) using RNAscope® In Situ
hybridization. Virology Journal, 15, Article 128. https://doi.org/10.1186/s12985-018-1038-z

Agron. Mesoam. 33(Especial): Articulo 51308, 2022
ISSN 2215-3608 doi:10.15517/am.v33iEspecial.51308



Benavides-Acevedo & Torres-Segura: Fast seed histology protocols: Benzene derivatives-free vs xylene-dependent

Neuparth, T., Capela, R., Pereira, S. P. P., Moreira, S. M., Santos, M. M., & Reis-Henriques, M. A. (2014). Toxicity effects of
hazardous and noxious substances (hns) to marine organisms: Acute and chronic toxicity of p -xylene to the amphipod
Gammarus locusta. Journal of Toxicology and Environmental Health - Part A: Current Issues, 77(20), 1210-1221.
https://doi.org/10.1080/15287394.2014.921867

Niaz, K., Bahadar, H., Magbool, F., & Abdollahi, M. (2015). A review of environmental and occupational exposure to xylene
and its health concerns. EXCLI Journal, 14, 1167-1186. https://doi.org/10.17179/excli2015-623

Ossai, I. C., Ahmed, A., Hassan, A., & Hamid, F. S. (2020). Remediation of soil and water contaminated with petroleum
hydrocarbon: A review. Environmental Technology and Innovation, 17, Article 100526. https://doi.org/10.1016/j.
eti.2019.100526

Paredes, M., Becerra, V., Donoso, G., Olmos, S., Rodriguez, R. (2021). Morfologia y estados de crecimiento y desarrollo de la
planta de arroz. En M. Paredes, V. Becerra, & G. Donoso (Eds.), 100 afios del cultivo del arroz en Chile en un contexto
internacional 1920-2020 (Tomo 1II; Cap. 14; pp. 408—445). Instituto de Investigaciones Agropecuarias. https://hdl.
handle.net/20.500.14001/68052

Prophet, E., Mills, B., Arrington, J., & Sobin, L. (Eds.). (1995). Métodos histotecnologicos. Instituto de Patologfa de las Fuerzas
Armadas de los Estados Unidos de América, Registro de Patologia de los Estados Unidos de América, & Instituto de

Patologia de las Fuerzas Armadas de los Estados Unidos de América.

Rajan, S. T., & Malathi, N. (2014). Health hazards of xylene: A literature review. Journal of Clinical and Diagnostic Research,
8(2), 271-274. https://doi.org/10.7860/JCDR/2014/7544.4079

Rajjou, L., Duval, M., Gallardo, K., Catusse, J., Bally, J., Job, C., & Job, D. (2012). Seed germination and vigor. Annual Review
of Plant Biology, 63, 507-533. https://doi.org/10.1146/annurev-arplant-042811-105550

Ramanadane, T., & Ponnuswamy, A. S. (2004). Ageing and anatomical influence on seed storability in rice (Oryza sativa L.)

hybrids and parental lines. Tropical Agricultural Research, 16, 37-50.

Recek, N., Hole, M., Vesel, A., Zaplotnik, R., Gselman, P., Mozeti“c, M., Primc, G. (2021). Germination of Phaseolus vulgaris
L. sedes after a short treatment with a powerful RF plasma. International Journal of Molecular Sciences, 22(13),
Article 6672. https://doi.org/10.3390/ijms22136672

Rogers, H. S., Donoso, 1., Traveset, A., & Fricke, E. C. (2021). Cascading impacts of seed disperser loss on plant communities
and ecosystems. Annual Review of Ecology, Evolution, and Systematics, 52, 641-666. https://doi.org/10.1146/
annurev-ecolsys-012221-111742

Rolls, G., Farmer, N., & Hall, J. (2021). Artefactos en preparaciones histologicas y citologicas. Leica Biosystems. https://bit.
ly/3Cc1LUd

Rousseau, D., Widiez, T., Tommaso, S., Rositi, H., Adrien, J., Maire, E., Langer, M., Olivier, C., Peyrin, F., & Rogowsky,
P. (2015). Fast virtual histology using X-ray in-line phase tomography: Application to the 3D anatomy of maize
developing seeds. Plant Methods, 11, Article 55. https://doi.org/10.1186/s13007-015-0098-y

Roy, D. (1999). Histology and pathology laboratories. Chemical hazard prevention and medical/health surveillance.
American Association of Occupational Health Nurses Journal, 47(5), 199-205. https://journals.sagepub.com/doi/
pdf/10.1177/216507999904700502

Agron. Mesoam. 33(Especial): Articulo 51308, 2022
ISSN 2215-3608 doi:10.15517/am.v33iEspecial.51308



Benavides-Acevedo & Torres-Segura: Fast seed histology protocols: Benzene derivatives-free vs xylene-dependent

Rylander, C. G., Stumpp, O. F., Milner, T. E., Kemp, N. J., Mendenhall, J. M., Diller, K. R., & Welch, A. J. (2006).
Dehydration mechanism of optical clearing in tissue. Journal of Biomedical Optics, 11(4), Article 041117. https://doi.
org/10.1117/1.2343208

Sagara, T., Bhandari, D. R., Spengler, B., & Vollmann, J. (2020). Spermidine and other functional phytochemicals in soybean
seeds: Spatial distribution as visualized by mass spectrometry imaging. Food Science and Nutrition, 8(1), 675—682.
https://doi.org/10.1002/fsn3.1356

Samavedi, S., Poindexter, L. K., Van Dyke, M., & Goldstein, A. S. (2014). Chapter 7. Synthetic biomaterials for regenerative
medicine applications. In G. Orlando, J. Lerut, S. Soker, & R. J. Stratta (Eds.), Regenerative medicine applications in
organ transplantation (pp. 81-99). Elsevier Inc. https://doi.org/10.1016/B978-0-12-398523-1.00007-0

Sandoval, E. (2005). Técnicas aplicadas al estudio de la anatomia vegetal. Universidad Nacional Auténoma de México.

Santos de Oliveira, J. M. (2015). Simultaneous dehydration and infiltration with (2-hydroxyethyl)- methacrylate (HEMA)
for lipid preservation in plant tissues. Acta Botanica Brasilica, 29(2), 207-212. https://doi.org/10.1590/0102-
33062014abb3755

Schmidt, E. C., Pereira, B., Pontes, C. L. M., dos Santos, R., Scherner, F., Horta, P. A., de Martins, R. P., Latini, A., Maraschin,
M., & Bouzon, Z. L. (2012). Alterations in architecture and metabolism induced by ultraviolet radiation-B in the
carragenophyte Chondracanthus teedei (Rhodophyta, Gigartinales). Protoplasma, 249(2), 353-367. https://doi.
org/10.1007/s00709-011-0286-1

Shao, S., Meyer, C. J., Ma, F., Peterson, C. A., & Bernards, M. A. (2007). The outermost cuticle of soybean seeds: Chemical
composition and function during imbibition. Journal of Experimental Botany, 58(5), 1071-1082. https://doi.
org/10.1093/jxb/erl268

Sidman, R. L., Motla, P. A., & Feder, N. (2001). Improved polyester wax embedding for histology. Biotechnic and Histochemistry,
36(5), 279-284. https://doi.org/10.3109/10520296109113291

Silué, S., Diarrassouba, N., Jesus Fofana, I., Muhovski, Y., Toussaint, A., Mergeai, G., Jacquemin, J. M., & Baudoin, J. P.
(2013). Description of Phaseolus vulgaris L. aborting embryos from ethyl methanesulfonate (EMS) mutagenized
plants. Biotechnology, Agronomy and Society and Environment, 17(4), 563-571. https://hdl.handle.net/2268/163623

Singh, H. B. (2016). Seed biopriming: A comprehensive approach towards agricultural sustainability. Indian Phytopathology,
69(3), 203-209.

Smith, C. M., Satoh, K., & Fork, D. C. (2008). The effects of osmotic tissue dehydration and air drying on morphology and
energy transfer in two species of Porphyra. Plant Physiology, 80(4), 843—847. https://doi.org/10.1104/pp.80.4.843

Sreenivasulu, N., & Wobus, U. (2013). Seed-development programs: A systems biology-based comparison between dicots and
monocots. Annual Review of Plant Biology, 64, 189-217. https://doi.org/10.1146/annurev-arplant-050312-120215

Terdn, B. M. (2015). Evaluacion de la eficiencia de la prueba del pH del exudado para estimar la viabilidad y vigor de las
semillas de soya (Glycine max L.) [Tesis de Grado, Universidad Técnica Estatal de Quevedo]. Repositorio de la
Universidad Técnica Estatal de Quevedo. https://repositorio.uteq.edu.ec/bitstream/43000/1938/1/T-UTEQ-0043.pdf

Tessmer, M. A., de Azevedo Kuhn, T. M., Appezzato-da-Gldria, B., Lopes, J. R. S., Erler, G., & Bonani, J. P. (2022). Histology
of damage caused by Euschistus heros (F.) nymphs in soybean pods and seeds. Neotropical Entomology, 51(1),
112-121. https://doi.org/10.1007/s13744-021-00931-w

Agron. Mesoam. 33(Especial): Articulo 51308, 2022
ISSN 2215-3608 doi:10.15517/am.v33iEspecial.51308



Benavides-Acevedo & Torres-Segura: Fast seed histology protocols: Benzene derivatives-free vs xylene-dependent

ThermoFisher-Scientific. (2010). Safety data sheet of o-xylene. ThermoFisher-Scientific. https://bit.ly/3SyCHMh

Thorne, J. H. (2015). Chapter 1. Physiology of soybean seed development. In S. H. West (Ed.), Physiological-pathological
interactions affecting seed deterioration (Vol. 12; pp. 1-10). Crop Science Society of America. https://doi.
org/10.2135/cssaspecpubl2.cl

Tnani, H. (2012). The structure and function of maize scutellum during early stages of germination [Tesis de Doctorado,

Universidad de Barcelona] Repositorio de la Universidad de Barcelona. https://bit.ly/3bgPZNm

Waterworth, W. M., Bray, C. M., & West, C. E. (2015). The importance of safeguarding genome integrity in germination and
seed longevity. Journal of Experimental Botany, 66(12), 3549-3558. https://doi.org/10.1093/jxb/erv080

Zhu, D., Larin, K. V., Luo, Q., & Tuchin, V. V. (2013). Recent progress in tissue optical clearing. Laser and Photonics Reviews,
7(5), 732-757. https://doi.org/10.1002/1por.201200056

Zraidi, A., Pachner, M., Lelley, T., & Obermayer, R. (2003). On the genetics and histology of the hull-less character of styrian

oil-pumpkin (Cucurbita pepo L.). Cucurbit Genetics Cooperative Report, 26, 57-61. https://cucurbit.info/wp-content/
uploads/2019/03/cgc26-18.pdf

Agron. Mesoam. 33(Especial): Articulo 51308, 2022
ISSN 2215-3608 doi:10.15517/am.v33iEspecial.51308



