
1 

 

 

Title Page 

 

Author names and affiliations: Nabodita Sinhaa, Avinash Y. GahaneaΘ, Talat ZahraaΘ, 

Ashwani K. Thakura* 

aDepartment of Biological Sciences and Bioengineering, Indian Institute of Technology 

Kanpur, UP-208016, India. 

*Corresponding author: Prof. A.K.Thakur (akthakur@iitk.ac.in) 

Θ Equal contribution by authors 

Title:  Protein reservoirs of seeds are composites of amyloid and amyloid-like structures 

Short title: Amyloidic nature of seed proteins 

 

 

aThe author(s) responsible for distribution of materials integral to the findings presented in this article 
in accordance with the policy described in the Instructions for Authors 
(https://academic.oup.com/plcell/pages/General-Instructions) is: Prof. A.K.Thakur 
(akthakur@iitk.ac.in).

                                                           
a

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 8, 2021. ; https://doi.org/10.1101/2021.09.08.459376doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.08.459376
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 

 

Abstract 

Seed storage proteins, well-known for their nutritional functions are sequestered in protein 

bodies. However, their biophysical properties at the molecular level remain elusive. Based on 

the structure and function of protein bodies found in other organisms, we hypothesize that the 

seed protein bodies might be present as amyloid structures. When visualized with a molecular 

rotor Thioflavin-T and a recently discovered Proteostat® probe with enhanced sensitivity, the 

seed sections showed amyloid-like signatures in the protein storage bodies of the aleurone 

cells of monocots and cotyledon cells of dicots. To make the study compliant for amyloid 

detection, gold-standard Congo red dye was used. Positive apple-green birefringence due to 

Congo red affinity in some of the areas of ThT and Proteostat® binding, suggests the presence 

of both amyloid-like and amyloid deposits in the protein storage bodies. Further, diminishing 

amyloid signature in germinating seeds implies the degradation of these amyloid structures 

and their utilization. This study will open new research avenues for a detailed molecular-level 

understanding of the formation and utilization of aggregated protein bodies as well as their 

evolutionary roles.   

 

 

Introduction 

The study of seed storage proteins in monocots can be traced back to 1745, when the 

isolation of wheat gluten was first described.(1) Analysis of dicot seed storage proteins 

initiated a century later with crystallization of Brazil nut globulins.(2) The discoveries were 

followed by detailed biochemical studies based on the extraction and solubility properties of 

the storage proteins.(1) The monocot seeds consist of the peripheral layers of aleurone and 

sub-aleurone cells, which have both storage and secretory functions.(3, 4) The endosperm 

cells on the other hand are solely for storage and are packed with starch and protein 

bodies.(5) In dicots, on the contrary, the cotyledon cells occupy the maximum volume of the 

seeds and are the sole reservoir cells. 

The protein storage bodies of aleurone cells are mainly comprised of storage proteins such as 

7S globulins. Proteomic analysis also suggests the presence of sequestered enzymes, heat 

shock proteins and defense peptides in these structures.(6) In addition, these protein bodies 

also contain inorganic mineral-rich globoids and lipid bodies.(7, 8) In dicot seeds, the 
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cotyledon cells are more or less uniform and contain starch granules embedded in a protein 

matrix.(9, 10) This protein matrix comprises of storage protein bodies and are mainly 

composed of aggregates of globulins including vicilin and legumin.(11, 12) Most of these 

storage proteins are targeted in association with the Golgi body, leading to the formation of  

aggregated electron-rich protein bodies.(1, 13, 14) 

The protein bodies are not unique to plant seeds. Similar structures of electron-rich dense 

aggregates of proteins are found in diverse species, ranging from inclusion bodies of bacteria 

to Russell bodies of humans.(15) Interestingly, some of them also act as storage reservoirs. 

For example, metabolic enzymes assemble into aggregates in order to protect the proteins 

from stress in yeast,(16) while proteasome storage granules sequester and store the 

proteasomes for safe-keeping and recycling.(17) Sup35 in yeast still retains function in their 

aggregated state and acts as a translation release factor.(18) 

Protein aggregates in general, can acquire multiple polymorphic structures. These include 

native reversible aggregates, partially unfolded globular protein aggregates, aggregate 

precursors (oligomers or protofibrils) and fibrillar aggregates including amyloids.(19, 20) The 

ultrastructural and biological properties of these aggregates depend on their type and pathway 

of formation. Although there has been reports suggesting disulfide bond formation, roles of 

molecular chaperones and specific protein-protein interaction resulting in the formation of the 

protein aggregates in the form of seed storage structures,(7) little is known about the 

biophysical aspects of these structures in terms of type of physical interactions, or aggregate 

types leading to amyloid formation tendencies. Considering the fact that the protein bodies of 

bacteria, yeast and even humans are often associated with amyloid or amyloid-like fibrils 

with high stability and similar functions of storage, we hypothesize that the plant seed protein 

bodies owing to their aggregation might possess amyloid or amyloid-like characteristics for 

performing functional roles.  

To detect amyloids in plants, previous reports used heterologous systems of expression and 

experimental conditions to induce protein aggregation.(21) But these systems do not 

essentially reflect the inherent amyloid nature of the plant proteins in-vivo. In a recent study 

on vicilin, this protein is shown to be amyloidogenic by computational analysis, Thioflavin T 

(ThT) staining of seed section and in-vitro aggregation.(22) However, ThT alone is not 

enough to confirm amyloid presence and needs to be validated using orthogonal probes. 
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Moreover, the results obtained in-vitro, might not reflect the true behavior of these proteins in 

physiological context.  

In order to detect amyloids on seed sections, we used two molecular rotors ThT and 

Proteostat®, which are popularly used for detection of amyloid or amyloid-like protein 

aggregates. Although ThT is popular for understanding aggregation kinetics, detection and 

quantification studies, it must be validated using novel probes with enhanced properties 

suited for biological samples. Proteostat® is a recently discovered molecular rotor and has 

higher specificity and sensitivity compared to ThT,(23) and this fluorogenic probe was 

further used to confirm ThT dataset. Moreover, to comply with the International Society of 

Amyloidosis (ISA) guidelines for amyloid detection in tissue sections and biological samples, 

Congo red staining was performed which is till date the 'gold standard' test for amyloids.(24) 

In this study, we have shown that the monocot seeds of wheat (Triticum aestivum), and barley 

(Hordeum vulgare) and dicot seeds of chickpea (Cicer arietinum) and mungbean (Vigna 

radiata) show intense amyloidic signatures in the protein storage bodies of the aleurone and 

cotyledon cells and the signals lose their intensity during seed germination, reflecting on the 

role of amyloids in nutrient mobilization.  

 

Results 

Acid fuchsin staining and SEM analysis of the protein storage bodies of monocot and 

dicot seeds: Amyloids are proteinaceous in nature and consist of cross-β sheet secondary 

structures, which provide stability to these aggregates. The other characteristic features of 

amyloids include increased resistance to detergents and proteases, ability to seed similar 

proteins and interaction with amyloid-specific dyes.(25) On the other hand, 'amyloid-like' 

fibrils are a diverse group that depicts some of the properties of 'amyloids' such as fibrillar 

morphology. However, these comprise aggregates that might lack one or more signatory 

characteristics of amyloids, but still can bind to amyloid-binding dyes such as ThT. These 

aggregates might also be comprised of metabolites, peptides or nucleobases.(26, 27) It is 

known that the aleurone and cotyledon cells possess protein storage bodies in the cytoplasm. 

However, before detecting amyloid presence, it is imperative to confirm the proteinaceous 

nature of these storage bodies and the integrity of the structure subsequent to sample 

processing and fixation for histology. Therefore, the monocot and dicot seed sections were 

stained with acid fuchsin to detect the proteinaceous regions. This also validates the earlier 
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findings of other researchers regarding the biochemical composition of these storage bodies. 

Moreover, to particularly decipher, the proteinaceous and carbohydrate-rich regions in seed 

sections, these were simultaneously stained with acid fuchsin and calcofluor white, 

respectively.  

Acid fuchsin is a dye widely used in plant histochemical staining for protein-body rich 

regions (28, 29) Calcofluor white on the other hand, binds to β-glucan rich structures and 

emits blue fluorescence.(30) As shown in Figure 1, monocot seed sections of wheat and 

barley (Figure 1 a and b) and dicot seed sections of chickpea and mungbean (Figure 1 c and 

d) are stained with acid fuchsin. In monocot seeds, the seed coat, aleurone cell protein storage 

region and the endosperm matrix exhibit a magenta colour, characteristic of acid fuchsin 

stain. Whereas, in the dicot seeds, the cotyledon cells are stained light magenta except the 

starch granules which remain colorless, confirming the proteinaceous nature of the matrix on 

which starch granules are embedded. To further confirm the integrity and structural aspects, 

scanning electron microscopy (SEM) was performed on seed sections of wheat and 

mungbean. In the Figure 1 e, the dense granular cytoplasm of the intact aleurone cells is 

visible in wheat section. Mungbean cotyledon cells on the other hand, (Figure 1 f) show the 

cellular structure with starch granules visible on the protein storage matrix. Further, 

simultaneous staining with acid fuchsin and calcofluor white depicts the exact position of 

proteinaceous and carbohydrate-rich structures (Figure S1). In both aleurone cells (Figure 

S1 a) and cotyledon cells (Figure S1 b), the proteinaceous deposits fluoresce red due to acid 

fuchsin whereas the cell walls emit blue fluorescence.  

 

Detection of amyloid-like deposits in the protein storage bodies of seeds by Thioflavin T 

staining: To demarcate the presence of amyloid or amyloid-like deposits in the seed storage 

structures, we chose Thioflavin T as the first probe for our study. This dye produces an 

intense fluorescence on binding with amyloid or amyloid-like aggregates,(31-33) and it 

remains till date as one of the most popular dyes for amyloid or amyloid-like deposit 

detection and for studying aggregation kinetics.(34-37)  

For detecting amyloids or amyloid-like aggregates in seeds, the wheat (Figure 2 a and b), 

barley (Figure 2 c and d), chickpea (Figure 2 f and g) and mungbean (Figure 2 h and i) 

seed sections were stained with ThT and visualized using a Leica SP5 confocal microscope. 

In the monocot seeds, intense fluorescence intensity is observed in the aleurone layer as 
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compared to the endosperm. For further confirming this, the intensity of aleurone, sub-

aleurone, and endosperm cells of the seed sections were analyzed by the Analysis function of 

ImageJ software. The average of five z-stack slice images is considered for this purpose. The 

graphs of wheat (Figure 2 e) and barley (Figure 2 j) show the intensity of aleurone to be 

significantly higher as compared to sub-aleurone layer and endosperm. In the dicot seed 

sections, the matrix of the cotyledon cells, containing protein storage bodies, produces an 

intense green fluorescence. Since both the aleurone and the cotyledon cells have aggregated 

bodies containing proteinaceous matter, high fluorescent intensity in these regions depict a 

significant binding of ThT to these protein reserves and confirms that the proteins are present 

as amyloids or amyloid-like fibrils.  

 

Detection of amyloid deposits in the protein storage bodies of seeds by Proteostat® 

probe: To confirm further the presence of amyloidic protein storage aggregates in seeds, the 

ThT dataset was experimentally supported and validated by another molecular rotor 

Proteostat®, which has higher sensitivity as compared to ThT. It is a recently discovered 

probe, designed to detect intracellular and extracellular deposits of amyloids or amyloid-like 

deposits even if the amyloidogenic proteins are sparse in content.(38-40) Especially, the 

intracellular inclusions containing amyloid aggregates are efficiently detected.(41, 42) 

Interestingly, when the monocot and dicot seed sections were stained with Proteostat®, the 

images show comparable pattern as similar to micrographs of ThT stained seed sections. In 

monocot seed sections of wheat (Figure 3 a) and barley (Figure 3 b), the protein storage 

bodies of the aleurone layer is the area of maximum fluorescence intensity. In the chickpea 

(Figure 3 c) and mungbean (Figure 3 d) seed sections, the storage protein bodies of 

cotyledon cells produces a maximum fluorescence compared to cell walls and starch. This 

confirms and validates the presence of amyloids or amyloid-like aggregates in these 

particular regions. 

 

Confirmation of amyloids by Congo red staining of monocot and dicot seed sections: 

The diagnostic relationship between amyloids and Congo red is historical and goes back to 

1922 when this dye was used to stain amyloids and exhibited salmon-pink or red color in 

bright-field microscopy.(43) Subsequently, the optical anisotropy of amyloids on binding 

with Congo red and the resulting signature of apple-green birefringence enabled it as one of 
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the most reliable methods for detection of amyloids in clinical samples. It is still a method of 

choice recommended by the International Society of Amyloidosis (ISA) to detect amyloids 

and to distinguish these from amyloid-like fibrils.(24, 44) To confirm the presence of 

amyloid deposits in the storage bodies of aleurone and the cotyledon cells, monocot and dicot 

seed sections were stained with Congo red and the samples were visualized between two 

polarizers. As shown in Figure 4, a characteristic apple-green birefringence of amyloids was 

observed in the aleurone protein storage bodies of wheat (Figure 4 a-d) and barley (Figure 4 

e-h). Fascinatingly, unlike ThT and Proteostat® staining, which showed intense signal in the 

entire aleurone cells, the Congo red induced birefringence was observed in some of the parts 

where ThT and Proteostat® shows signal. Similar case was observed for the cotyledon cells of 

chickpea (Figure 4 i-l) and mungbean (Figure 4 m-p), since birefringence was located at 

certain regions where ThT and Proteostat® binds in the storage protein bodies and did not 

cover the whole cell. Considering ThT, Proteostat® and Congo red staining, the results 

suggest that the protein storage bodies of the aleurone and the cotyledon cells are composites 

of amyloids and amyloid-like structures.  

 

Amyloid detection and quantification in germinating seeds: Major changes in the 

histological and biochemical properties in seeds are observed in two stages – development 

and germination. To determine whether the amyloids can have functional implications, we 

stained the seed sections of barley and chickpea seeds with Congo red and ThT, after 48 

hours of water imbibition. Congo red provides a qualitative approach and the seed sections in 

this case still showed apple-green birefringence, in the protein storage bodies of aleurone 

(Figure 5 a and b) and cotyledon cells (Figure 5 c and d). To quantitate the changes due to 

germination, the seed sections were stained with ThT and images were recorded using wide-

field fluorescence microscope Leica DM 2500. As shown in Figure 5, barley non-germinated 

seed shows a higher fluorescence intensity in the aleurone layer (Figure 5 e) as compared to 

germinated seed (Figure 5 f). On similar lines, the cotyledon cells of non-germinated seed of 

chickpea (Figure 5 g) shows more intense signal as compared to germinated seed (Figure 5 

h). The change in intensity in the aleurone and cotyledon cells was calculated for germinated 

vs. non-germinated seeds by keeping similar imaging parameters. The normalized intensity 

values were plotted (Figure 5 i). It is evident from the plot that the amyloid signature 

intensity in the germinated seeds is significantly lower in both monocots and dicots, hinting 

towards the functional role of amyloid degradation for seed germination. 
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Discussion  

Amyloids are well-known for their pathogenic and functional roles in diverse organisms.(45) 

In humans, more than 35 amyloid proteins are known to cause diseases and result in high 

mortality rate. Amyloids also offer protective roles in several species due to their high 

stability, defense properties and adhesive nature.(46) This paradoxical nature of the amyloids 

has gained significant attention in the last decades for biomaterial and therapeutic 

development and also for deciphering the mechanistic pathways.(47)  

Despite of some perspectives, reviews and reports regarding plausible presence of amyloids 

in plants, till date there has not been many studies for detection of amyloids in seeds.(22) 

Although multiple plant proteins have been shown to form amyloids in heterologous 

expression systems,(21) but they may not necessarily reflect the behaviour of the endogenous 

proteins. Moreover, no study has employed a combinatorial approach with latest probes such 

as Proteostat® and the standard Congo red assay for amyloid detection in seed sections. This 

is indeed surprising, since Congo red remains as the 'gold standard' assay for detection of 

amyloids in tissues.(24) One possible reason for this might be the fact that Congo red also 

binds to cellulose and lignin and exhibits apple-green birefringence similar to amyloids. 

However, since in the seed reservoir cells, the exact location of the cell walls is known, any 

amyloid signature in the cells can be safely ascribed to proteinaceous deposits, owing to the 

fact that starch, the other major component of seed reservoir cells, does not bind to Congo 

red. To confirm this further, we performed dual staining of seed sections of barley and 

mungbean with acid fuchsin and calcofluor white. The former fluoresces bright red on 

binding with proteins whereas the latter dye emits blue fluorescence on binding with β-glucan 

rich carbohydrate structures. The micrographs further confirm that the areas where we have 

seen binding with amyloid-specific dyes, vis-à-vis the aleurone and cotyledon cell protein 

storage bodies, belong to proteinaceous deposits and not carbohydrates. Moreover, 

orthogonal staining systems provide advantages since molecular rotors such as ThT and 

Proteostat® binding mode to amyloids differs from Congo red binding. Amyloids or amyloid-

like aggregates due to their ordered structure can sterically lock the bound ThT molecules in 

their grooves, resulting in certain rotational conformations of ThT, which increases the 

fluorescence as compared to free ThT molecules.(48, 49) On the other hand, Congo red is a 

planar dye that is oriented at an oblique angle to the aggregates. This allows interaction with 
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nearby Congo red molecules and facilitates a cooperative mechanism of binding.(50) 

Moreover, the amyloidic nature of the aggregates need further classification as to whether 

they are amyloid or amyloid-like. Whereas amyloids are proteinaceous cross-β sheet rich 

aggregates, resistant to detergents and enzymes and have the ability to induce aggregation of 

similar proteins, amyloid-like aggregates on the other hand may or may not contain protein, 

and might lack one or more of the key characteristics of amyloids. While ThT is seen to bind 

to both amyloid and amyloid-like aggregates, Congo red is often the molecule of choice for 

confirmation of amyloid presence in tissues.(27) Thus, experimental validation using multiple 

amyloid-specific dyes is imperative to confirm the presence of amyloids in any biological 

sample. 

The protein bodies found in the seed reservoir cells, are similar to amyloidic protein bodies of 

other organisms, and also perform similar functions of storage and sequestration.(16) 

Therefore, we hypothesized that the protein reservoir cells of monocot and dicot seeds might 

contain amyloid deposits. To confirm this hypothesis, we chose wheat and barley as 

monocots, and chickpea and mungbean seeds as dicot representatives. The seeds were first 

analysed for their integrity, and presence of proteins, following tissue processing and 

fixation. For this purpose, the seed sections were analysed by SEM and stained with acid 

fuchsin, a protein-specific dye. The stained sections of monocots and dicots showed acid 

fuchsin staining in aleurone and cotyledon cells. SEM analysis also depicts the integrity of 

the tissue architecture and structure of the intact cells. To confirm the presence of amyloids or 

amyloid-like aggregates in proteinaceous deposits showing positive affinity with acid 

fuchsin, the samples were stained with two fluorescent dyes – ThT and Proteostat®, that are 

known to bind with amyloids or amyloid-like fibrils. Intriguingly, we found strong signal 

intensity in the peripheral tissues and especially in the aleurone cells of the monocots, 

indicative of amyloids or amyloid–like deposits. In dicot cotyledon cells, both the fluoregenic 

dyes produced intense signal in the protein storage bodies of each cotyledon cell. To confirm 

the results further, we used Congo red stain as amyloid-specific dye for tissues. Fascinatingly, 

whereas ThT and Proteostat® bound to the entire aleurone cell's and cotyledon cell's 

cytoplasm, the birefringent signals of amyloid due to Congo red staining appeared in some 

specific areas among these proteinaceous regions. Thus it might be concluded that the storage 

protein bodies of aleurone layer and cotyledon cells are comprised of both amyloid and 

amyloid-like deposits. The endosperm cells of the monocots however showed a much lower 

amyloidic signature with the dyes.  
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The theory of the amyloid presence in specifically seed reservoir cells has manifold 

implications in seed properties and functions. Since amyloid formation follows well-defined 

pathways of nucleation and elongation in most of the systems studied,(51) these models can 

also be used to explain the biogenesis of the protein bodies and their aggregation by probable 

self-seeding and sequestration of other protein components. Moreover, since the amyloids are 

known for their exceptionally stable nature(52) including high mechanical strength and 

resistance to common protease enzymes and detergents, the presence of these structures in the 

seeds might facilitate protection from environmental stress. We have shown here one such 

possible functional implication by comparing the amyloids in germinated and non-germinated 

seeds qualitatively and quantitatively. The quantitative analysis shows a decrease in intensity 

of ThT fluorescence of germinated seeds, suggesting degradation of amyloids during 

germination. A similar hypothesis was recently proposed in a recent spotlight article.(53)  

The current study sheds light on the potential amyloidic nature of the composites found in the 

storage protein cells of seed using a combinatorial approach of novel and established amyloid 

probes. This would open up a new avenue of research by making it imperative to study in 

details the ultrastructure, biophysical and functional properties of plant amyloids. Further, the 

biogenesis of amyloid containing protein bodies can be mimicked in-vitro and in-vivo to 

investigate common model of amyloid formation. The seeding and sequestration effects of 

the plant amyloids, if established might explain stability of plant seeds to environmental 

stresses and may even illuminate the enigmatic issue of the role of functional amyloids in 

evolution across species. 

 

Methods 

Materials used: Seeds of wheat (Triticum aestivum), barley (Hordeum vulgare), chickpea 

(Cicer arietinum) and mungbean (Vigna radiata) were used for the experiments. Congo red, 

Thioflavin-T, and acid fuchsin were obtained from Sigma Aldrich. Proteostat® aggregation 

assay kit was obtained from Enzo Life Sciences. Calcofluor white, xylene, ethanol and 

neutral buffered formalin (4%) were procured from Thermo Scientific. Leica paraffin wax is 

used for embedding and Superfrost microscopic slides for histochemical staining were from 

HiMedia. Leica Microtome was used to obtain all the sections. The sections of all the seeds 

had a thickness of 8 µm. Visualization was enabled by Leica DM 2500 widefield fluorescent 

microscope equipped with cross-polarizers and Leica SP5 confocal microscope. 
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Sectioning of the seeds: The processing was done as per the standard protocols (54, 55) and 

was optimized to facilitate staining and visualization with different dyes. Briefly, the seeds 

were washed, surface-sterilized, cut in half using scalpels and incubated in 4% neutral 

buffered formalin at room temperature for 2 hours. The samples were then transferred to 4˚C 

for overnight fixation. After washing the fixed seeds 2-3 times with phosphate buffered saline 

solution, the samples were dehydrated with successive gradients of ethanol (30%, 50%, 70%, 

90%), with each ethanol gradient treatment for 30 minutes. Gradient dehydration was 

followed by treatment of the samples with 100% ethanol twice, for 1 hour each. The samples 

were then permeated with xylene followed by a mixture of xylene and paraffin in the ratio of 

1:1 for 1 hour. The xylene was discarded and paraffin embedding was continued by 

incubating overnight at 60˚C. The sections were then transferred to paraffin blocks and stored 

at 4˚C for further use. From the blocks, 8 μm sections were cut and were carefully transferred 

to glass slides. The slides were heat-fixed on hot plates for 30 minutes at 60˚C and stored at 

4˚C for further use. For germination study, the seeds were imbibed in cotton soaked with 

water under a light/dark cycle of 12/12 hours. After imbibition, the same procedure for 

fixation and processing was done. 

Histochemical staining of tissue sections: The processed slides were heated for 2-3 minutes 

at 70˚C and immediately transferred to xylene for 2 minutes in coplin jars. The slides were 

treated with successive gradients of ethanol (100%, 95%, and 70%) for 5 minutes each. For 

95% and 70% alcohol concentrations, the treatments were repeated once. The slides are then 

washed with distilled water for 10 minutes. 

For SEM analysis, after water wash, the slides are air-dried and dehydrated in a vacuum 

desiccator overnight. The samples are then sputter-coated with gold and visualized by Carl 

Zeiss Evo 18 SEM (10 kV). 

For staining, the slides after water wash are dipped in coplin jars containing the staining 

solution. Acid fuchsin (0.35%) and Calcofluor white (10% v/v) stain was applied on the 

slides for 1 minute. Saturated solution of Congo red was used for amyloid detection by 

incubating the slides in the staining solution for 20 minutes. Proteostat® dye was 

reconstituted (75 μL) in 10 ml of 1X assay buffer according to the manufacturer's protocol. 

For ThT (20μM) and Proteostat® staining, 10 μL of the dye was added on the tissue sections.  

Acid fuchsin stained sections were visualized under bright-field and wide-field fluorescence 

microscopy using the red filter. Calcofluor white was observed using the blue emission filter. 
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Birefringence and Congo red binding were observed using bright-field microscopy and by 

rotating the polarisers. Proteostat® was observed using the red emission filter of a Leica DM 

2500 wide-field fluorescence microscope at 40X air objective. ThT signal of seed sections 

was visualized by Leica TCS SP5 confocal system using He-Ne 488 laser (at 20% laser 

power) at 10X and 40X (under oil emersion). For each magnification, ˜40 z-stacks were 

collected. Quantification of the ThT signal was performed by measuring the ratio of intensity 

to area for selected areas of each type of tissue using ImageJ analysis. For this, 5 stacks were 

considered for each seed section. For germination study, the seed sections were stained with 

Congo red and ThT. The birefringence due to Congo red staining was observed using 

polariser microscope. ThT signal in this case, was visualized using Leica DM 2500 widefield 

fluorescence microscope using green emission filter. The intensity for three areas of each 

section was measured and normalized to area to calculate changes in intensity using ImageJ. 

The graphs were plotted using Origin Pro 9.1. All experiments were repeated thrice for 

statistically significant results.  

 

Supplemental data files:  

1. Figure S1 Acid fuchsin and calcofluor staining to demarcate the proteinaeous and 

carbohydrate-rich regions 
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Figure legends: 

Figure 1 Acid fuchsin staining and SEM analysis of monocot and dicot seed sections. The 
protein-specific dye, acid fuchsin exhibits characteristic magenta color in the seed coat (black solid 
arrow), aleurone (black dashed boxes) and sub-aleurone layer (black dashed arrow) of wheat 
(Triticum aestivum) (a) and barley (Hordeum vulgare) (b). In the dicot seeds, the stain is visible in the 
protein storage bodies of cotyledon cells (black dashed boxes) of chickpea (Cicer arietinum) (c) and 
mungbean (Vigna radiata) (d). Acid fuchsin stains the aleurone and cotyledon cells prominently, 
exhibiting the proteinaceous deposits in these cells. SEM (Scanning Electron Microscopy) analysis of 
wheat (e) and mungbean (f) reveal that the structure of the aleurone and cotyledon cells are 
maintained after histological processing. (Gamma value for each bright-field image ranges from 0.6-
0.9, the changes in brightness/contrast has been applied to whole image) 
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Figure 2 Thioflavin T stained sections of monocot and dicot seed.  Both wheat (Triticum 
aestivum) (a, b and e) and barley (Hordeum vulgare) (c, d and j) exhibit an intense fluorescence in the 
aleurone layer as compared to the endosperm cells, suggesting an enrichment of amyloid-like protein 
aggregates in these regions. The dicot seeds of chickpea (Cicer arietinum) (f and g) and mungbean 
(Vigna radiata) (h and i) exhibit an intense signal in the protein storage bodies of cotyledons. The 
white dashed boxes represent intense fluorescing areas of 10X magnified images and white solid 
lined boxes represent similar areas in 40X magnified images. The insets represent magnified portions 
of the solid lined boxes. (*p<0.05, **p<0.01) (Gamma and intensity value for each confocal image is 
kept same for quantification purpose) 

 

Figure 3 Proteostat® stained sections of monocots and dicots to confirm the presence of 
amyloidic aggregates. The monocot seeds wheat (Triticum aestivum) (a) and barley (Hordeum 
vulgare) (b) and dicot seeds of chickpea (Cicer arietinum) (c) and mungbean (Vigna radiata) (d), 
demonstrate the presence of possible amyloids or amyloid-like aggregates in the protein storage 
bodies of aleurone and cotyledon cells as evident from the red fluorescence in these areas. (Gamma 
values for each image ranges from 0.8-2.5 to bring uniformity, changes in brightness/contrast has 
been applied to whole image) 

 

Figure 4 Congo red stained sections of monocot and dicot seeds to confirm amyloids. Left two 
panels represent the apple-green to red birefringence when the sample is placed between two 
polarisers at 10X magnification. The right two panels show the same at 40X magnification. Both 
wheat (Triticum aestivum) (a-d) and barley (Hordeum vulgare) (e-h) aleurone cells show a visible 
change in the apple-green birefringence, characteristic of amyloids as indicated by the white dashed 
boxes inside the insets. Similar changes in birefringence are observed in some regions of the protein 
storage bodies of cotyledon cells of chickpea (i-l) (Cicer arietinum) and mungbean (Vigna radiata) (m-
p). (Gamma values for 10X panels vary from 0.6-1.21, while for 40X panel, Gamma ranges from 0.5-
0.9 for facilitating clear birefringence visualization, no changes in imaging parameters were done 
while rotating polarizer; the insets have been enhanced regarding brightness/contrast for clear 
presentation) 

 

Figure 5 Congo red and Thioflavin T (ThT) staining of germinated monocot and dicot seeds 
and quantification of amyloid signature. In both barley (Hordeum vulgare) (a and b) and chickpea 
(Cicer arietinum) (c and d), Congo red staining of both non-germinated and germinated seed tissue 
sections exhibit amyloid signatures. ThT staining of non-germinated seeds of barley (e) and chickpea 
(g) show an apparent higher fluorescence intensity compared to germinated sections of barley (f) and 
chickpea (h) respectively. The fluorescence intensity is plotted (i) and shows significant decrease in 
amyloid signature in germinated seeds as compared to non-germinated ones. (*p<0.05) (Gamma for 
Congo red stained sections are in the range of 0.5-0.6, For quantification purpose by ThT, the 
Gamma value of barley germinated and non-germinated seed both were 1.82, for chickpea Gamma 
was 2.03, to avoid discrepancies in quantification) 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 8, 2021. ; https://doi.org/10.1101/2021.09.08.459376doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.08.459376
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

Figure 1 Acid fuchsin staining and SEM analysis of monocot and dicot seed sections. The 
protein-specific dye, acid fuchsin exhibits characteristic magenta color in the seed coat (black 
solid arrow), aleurone (black dashed boxes) and sub-aleurone layer (black dashed arrow) of 
wheat (Triticum aestivum) (a) and barley (Hordeum vulgare) (b). In the dicot seeds, the stain is 
visible in the protein storage bodies of cotyledon cells (black dashed boxes) of chickpea (Cicer 
arietinum) (c) and mungbean (Vigna radiata) (d). Acid fuchsin stains the aleurone and cotyledon 
cells prominently, exhibiting the proteinaceous deposits in these cells. SEM (Scanning Electron 
Microscopy) analysis of wheat (e) and mungbean (f) reveal that the structure of the aleurone and 
cotyledon cells are maintained after histological processing. (Gamma value for each bright-field 
image ranges from 0.6-0.9, the changes in brightness/contrast has been applied to whole image) 
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Figure 2 Thioflavin T stained sections of monocot and dicot seed.  Both wheat (Triticum 
aestivum) (a, b and e) and barley (Hordeum vulgare) (c, d and j) exhibit an intense fluorescence 
in the aleurone layer as compared to the endosperm cells, suggesting an enrichment of amyloid-
like protein aggregates in these regions. The dicot seeds of chickpea (Cicer arietinum) (f and g) 
and mungbean (Vigna radiata) (h and i) exhibit an intense signal in the protein storage bodies of 
cotyledons. The white dashed boxes represent intense fluorescing areas of 10X magnified images 
and white solid lined boxes represent similar areas in 40X magnified images. The insets represent 
magnified portions of the solid lined boxes. (*p<0.05, **p<0.01) (Gamma and intensity value for 
each confocal image is kept same for quantification purpose) 
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Figure 3 Proteostat® stained sections of monocots and dicots to confirm the presence of 
amyloidic aggregates. The monocot seeds wheat (Triticum aestivum) (a) and barley (Hordeum 
vulgare) (b) and dicot seeds of chickpea (Cicer arietinum) (c) and mungbean (Vigna radiata) (d), 
demonstrate the presence of possible amyloids or amyloid-like aggregates in the protein storage 
bodies of aleurone and cotyledon cells as evident from the red fluorescence in these areas. 
(Gamma values for each image ranges from 0.8-2.5 to bring uniformity, changes in 
brightness/contrast has been applied to whole image) 
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Figure 4 Congo red stained sections of monocot and dicot seeds to confirm amyloids. Left 
two panels represent the apple-green to red birefringence when the sample is placed between 
two polarisers at 10X magnification. The right two panels show the same at 40X magnification. 
Both wheat (Triticum aestivum) (a-d) and barley (Hordeum vulgare) (e-h) aleurone cells show a 
visible change in the apple-green birefringence, characteristic of amyloids as indicated by the 
white dashed boxes inside the insets. Similar changes in birefringence are observed in some 
regions of the protein storage bodies of cotyledon cells of chickpea (i-l) (Cicer arietinum) and 
mungbean (Vigna radiata) (m-p). (Gamma values for 10X panels vary from 0.6-1.21, while for 40X 
panel, Gamma ranges from 0.5-0.9 for facilitating clear birefringence visualization, no changes in 
imaging parameters were done while rotating polarizer; the insets have been enhanced regarding 
brightness/contrast for clear presentation) 
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Figure 5 Congo red and Thioflavin T (ThT) staining of germinated monocot and dicot seeds 
and quantification of amyloid signature. In both barley (Hordeum vulgare) (a and b) and 
chickpea (Cicer arietinum) (c and d), Congo red staining of both non-germinated and germinated 
seed tissue sections exhibit amyloid signatures. ThT staining of non-germinated seeds of barley 
(e) and chickpea (g) show an apparent higher fluorescence intensity compared to germinated 
sections of barley (f) and chickpea (h) respectively. The fluorescence intensity is plotted (i) and 
shows significant decrease in amyloid signature in germinated seeds as compared to non-
germinated ones. (*p<0.05) (Gamma for Congo red stained sections are in the range of 0.5-0.6, 
For quantification purpose by ThT, the Gamma value of barley germinated and non-germinated 
seed both were 1.82, for chickpea Gamma was 2.03, to avoid discrepancies in quantification) 
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