
 

 

 

 

University of Trás-os-Montes and Alto Douro 

 

 

Cytogenomic analyses in almond after treatment with 

biostimulants 

 

 

- Definitive Version - 

 

Master dissertation in Agronomic Engineering 

 

 

Ana Paula Ribeiro Esteves 

 

 

Supervisor: Doutora Ana Isabel Ferreira de Carvalho 

Co-Supervisor: Professor Doutor José Eduardo Lima Brito 

 

 

Vila Real, 2020 

  



II 

 

University of Trás-os-Montes and Alto Douro 

 

 

Cytogenomic analyses in almond after treatment with 

biostimulants 

 

- Definitive Version - 

 

Master dissertation in Agronomic Engineering 

 

 

Ana Paula Ribeiro Esteves 

 

 

Supervisor: Doutora Ana Isabel Ferreira de Carvalho 

Co-Supervisor: Professor Doutor José Eduardo Lima Brito 

 

 

Jury composition:  

 

___________________________________________________________________________ 

___________________________________________________________________________ 

___________________________________________________________________________ 

 

 

 

Vila Real, 2020 

  



III 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The presented doctrines are the exclusive responsibility of the author. 

  



IV 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Many people owe the greatness of their lives to the problems they had to overcome.” 

Robert Baden-Powell 

  



V 

 

Acknowledgements 

Concluding this last stage, I would like to express my sincere gratitude for all the 

assistance, availability and performance provided by all the people who, directly or indirectly, 

contributed to the development of this work. To all the ones involved, I present my sincere 

thanks.  

To the University of Trás-os-Montes and Alto Douro (UTAD), on behalf of the 

Magnificent Rector, Professor Doctor António Fontainhas Fernandes, for the possibility of 

being able to study at this institution and for providing all the conditions for the development 

of this work. 

To the Director of the Master in Agronomic Engineering, on behalf of Professor 

Doctor Virgílio Falco for accepting the dissertation plan. 

To Doctor Ana Isabel Ferreira de Carvalho for accepting to be my supervisor and 

for all the advice, teachings, unconditional support and excellent guidance. I am also grateful 

for the dedication and for received me so well in the laboratory. Thanks for everything! 

To Professor Doctor José Eduardo Lima Brito, my co-supervisor and responsible 

researcher of the Plant Cytogenomics Laboratory at the Department of Genetics and 

Biotechnology of UTAD, where this work was done, for being another great pillar of this 

work, for allowing me to develop this work and for accepting as his Master student. I’m 

grateful for accompanying me, sharing of knowledge, for all the warnings and advice and for 

always believing in me and my abilities. 

To Professor Doctor Carlos Correia, for allowing me to collaborate to his research 

work, and to integrate the field team missions to Mogadouro and for all the availability during 

the development of this dissertation.  

To my family, especially my parents, for making this possible, supporting me in all 

my decisions and believing in my dreams. Thanks for all your efforts over the past few years. 

To João, a special thanks for all the affection, support, help, patience, motivation and 

all the moments he provided. Thanking you is not enough for everything you did, and you 

continue to do! 



VI 

 

To Ana Catarina, faithful companion of my master’s degree, for the good and bad 

moments we spent, for the words of comfort and motivation, for the adventures lived and for 

showing me that it is never too late to achieve and follow our dreams. 

To Roque for helping me in the field missions and for sharing of plant material. 

To Baltazar and Heitor for all the joyful days in the laboratory, for always listening 

and advising me, but for all the friendship over the past few years. Thank you for all the 

breaks we needed so much! 

 

 

 

 

 

 

 

 

 

 

  



VII 

 

Resumo 

A amendoeira, Prunus dulcis, tem elevada importância económica e nutritiva a nível 

mundial. Em Portugal, no Nordeste Transmontano, a cultura de amendoeira tem vindo a 

aumentar. Porém, esta região apresenta climas extremos que prejudicam a produtividade e a 

qualidade da amêndoa que podem ser melhoradas pela aplicação de bioestimulantes e/ou 

fertilizantes. Apesar de estes tratamentos induzirem benefícios, também pode ocorrer alguma 

toxicidade. Como os processos biológicos da planta dependem da estabilidade celular e 

genómica, a análise citogenómica dos efeitos de bioestimulantes e fertilizantes permitirá 

selecionar o tratamento mais eficaz. 

Neste trabalho efetuou-se a aplicação de bioestimulantes, baseados em algas (AN) e 

aminoácidos (AA), e fertilizantes contendo boro em solução (BE) e sólido (BS), em 

amendoeiras da cultivar ‘Vairo’ instaladas num pomar em Mogadouro para selecionar o 

tratamento que conferiu maior estabilidade citogenómica, por comparação com árvores não-

tratadas (controlo).  

A aplicação de BS no solo realizou-se em março de 2019 e as aplicações foliares (AN, 

BE e AA) iniciaram-se em maio de 2019 com repetições mensais até agosto. Folhas jovens 

foram colhidas em junho, julho e agosto para análise citogenética e molecular. O ciclo 

mitótico foi analisado em células do mesófilo, e a estabilidade genómica (GTS) foi inferida 

pela análise dos padrões moleculares obtidos com cinco sistemas marcadores nas plantas 

tratadas relativamente ao controlo. 

O índice mitótico (MI) aumentou significativamente (p˂0,05) em todos os tratamentos 

relativamente ao controlo, particularmente nos tratamentos AA e BS, e também de junho até 

agosto. Este resultado foi corroborado pela diminuição significativa (p˂0,05) do número 

médio de interfases. O controlo apresentou a menor percentagem de células em divisão com 

anomalias (%DCA). Embora a maior %DCA (68,74%) tenha sido registada no tratamento AA 

em julho, diminuiu significativamente (p˂0,05) em agosto (30,58%). Diferentes anomalias 

foram encontradas em células interfásicas e mitóticas. A maioria das células mitóticas 

encontrava-se em profase, com o maior número médio (129,67) na interação controlo × julho. 

Este resultado poderá explicar-se pelo stress abiótico causado pelo clima extremo da região, 
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bloqueando o ciclo mitótico. Os maiores números médios de telofases registaram-se no BE e 

BS, sugerindo progressão da mitose.  

O aparecimento de novas bandas e/ou desaparecimento de bandas (polimorfismos) 

relativamente às amplificadas no controlo sugeriram instabilidade genómica. Os tratamentos 

com maior número de bandas polimórficas foram: AN e BS em junho; AA e BS em julho; e 

AN e BE em agosto. Os valores de GTS mais elevados detetaram-se no BE e AA. As 

amostras de agosto apresentaram padrões distintos, justificando o seu agrupamento 

distanciado das restantes. Três dos cinco sistemas marcadores utilizados indicaram uma GTS 

mais elevada em agosto, provavelmente devido ao número superior de aplicações de cada 

tratamento, exceto para BS.  

Em conclusão, a integração dos dados citogenéticos e moleculares revelou que os 

tratamentos BE e AA parecem ter conferido uma mitose mais regular e uma GTS mais 

elevada às amendoeiras da cultivar ‘Vairo’ nas condições ambientais em que foi estudada. 

 

Palavras-chave: Anomalias cromossómicas; bioestimulantes; boro; marcadores moleculares; 

mitose foliar; Prunus dulcis. 
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Abstract 

The almond, Prunus dulcis, has high economic and nutritional importance worldwide. 

In Portugal, at the Northeast region, the almond crop has been increasing. Although this 

region presents an extreme climate that hampers almond productivity and quality, it can be 

improved by biostimulants and/or fertilisers application. Despite these treatments induce 

benefits some some toxicity can also occur. Since the plant biological processes depend on 

the cellular and genomic stability, the cytogenomic analysis of the biostimulant and fertiliser 

effects will allow the selection of the most effective treatment.  

In this work, biostimulants based on seaweed (AN) and amino acids (AA), and 

fertilisers containing boron in solution (BE) and solid (BS), were applied to almond trees of 

cultivar ‘Vairo’ installed in an orchard at ‘Mogadouro’, to select the treatment that conferred 

higher cytogenomic stability, in comparison with untreated (control) trees. 

The BS application on the soil was made in March of 2019, and the canopy treatments 

(AN, BE e AA) began in May of 2019 being monthly repeated till August. Young leaves were 

sampled in June, July and August for cytogenetic and molecular analysis. The mitotic cycle 

was analysed in mesophyll cells, and the genomic template stability (GTS) was inferred 

through the analysis of molecular patterns achieved with five marker systems in the treated 

plants relative to the control. 

The mitotic index (MI) increased significantly (p˂0.05) in all treatments relative to the 

control, particularly in treatments AA and BS, and also from June to August. This result was 

corroborated by the significant decrease (p˂0.05) of the mean number of interphases. The 

control presented the lowest percentage of dividing cells with anomalies (%DCA). Although 

the highest %DCA (68.74%) was registered in the treatment AA and July, it decreased 

significantly (p˂0.05) in August (30.58%). Different anomalies in interphase and mitotic cells 

were found. Most of the mitotic cells were in prophase, and its highest mean number (129.67) 

was detected in control × July interaction. This result can be explained by the abiotic stress 

caused by the extreme climate of the region, arresting the mitotic cycle. The highest mean 

numbers of telophases were registered in BE and BS, suggesting mitosis progression. 
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The appearance of new bands and/or disappearance of bands (polymorphisms) relative 

to the ones amplified in control suggested genomic instability. The treatments with the highest 

number of polymorphic bands were: AN and BS in June; AA and BS in July; and AN and BE 

in August. The highest GTS values were detected in BE and AA. The samples of August 

presented distinct patterns, justifying their distant clustering relative to the others. Three out 

of the five marker systems used, indicated a higher GTS in August, probably due to the higher 

number of applications of each treatment, except for BS.  

In conclusion, the integration of the cytogenetic and molecular data revealed that the 

BE and AA treatments seem to confer a more regular mitosis and a higher GTS, to the almond 

trees of cultivar ‘Vairo’ in the environmental conditions in which it was studied. 

 

Keywords: Biostimulants; boron; chromosomal anomalies; leaf mitotic cell cycle; molecular 

markers; Prunus dulcis. 
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1 LITERATURE REVIEW 

1.1 Origin, distribution and taxonomy of Prunus dulcis 

 The almond, Prunus dulcis (Mill.) D. A. Webb, syn. Prunus amygdalus Batsch, is one 

of the most important tree nut species in the world. Some authors believe that almond 

originated from one or more wild species at the deserts and lower mountain slopes of the 

Central and Southwestern Asia, and it was later spread to the Mediterranean, North America 

and the Southern Hemisphere (Micke and Kester, 1998; Martins et al., 2003; Martínez-

Gómez et al., 2006; Zeinalabedini et al., 2010).  

The cultivation of almond in the Iberian Peninsula increased during its occupation by 

the Muslims. Still, besides the historical and commercial relations, the species adapted very 

well and spread out through the Mediterranean region (Martins et al., 2003). Currently, the 

almond tree it is spread all over the world, with the European continent showing the largest 

area of distribution (37%) and Oceania, the lowest one (2%) (FAOSTAT 2020a). 

The taxonomic classification of the species P. dulcis is presented in Table 1.1. 

 

Table 1.1. Taxonomic classification of the species P. dulcis (adapted from Rodrigues, 2017). 

 

Kingdom Plantae 

Division Angiosperms 

Class Embryopsida 

Order Rosales 

Family Rosaceae 

Subfamily Prunoideae 

Genus Prunus 

Subgenus Amygdalus 

Species Prunus dulcis 
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The family Rosaceae is composed of 91 genera and approximately 3,000 species, 

including other flowering plants with high economic importance like plum, cherry and peach 

(Christenhusz and Byng, 2016; Rodrigues, 2017).  

P. dulcis is highly correlated to peach (Prunus persica L. Batsch) (Martins et al., 

2003). 

The genus Prunus is divided into five different subgenera, Amygdalus, Prunus, Cerasus, 

Lithocerasus and Padus (Chin et al., 2014). P. dulcis belongs to the subgenus Amygdalus, 

being later characterised as sweet almond, destined for food and human consumption 

industries, or bitter almond, used by pharmaceutical industries to produce essential oils 

(Loghavi et al., 2011). 

 

1.2 Economic importance of almond 

In 2018, the total plantation area of almond was estimated to 2,07 million hectares 

(ha), occupying Spain, United States of America (USA), Morocco, Iran, Syria, Italy, Turkey 

and Australia 80% of the total area (FAOSTAT 2020a) (Fig. 1.1). In the past 12 years, 

almond plantation area has been increasing in these countries, except for Iran and Syria. 

However, the plantation area is not equivalent to the productivity of each country. In 2018, 

the world production of almond reached 3,2 million tonnes (ton), with America being the 

continent with the highest production rate, followed by Europe (15%), Asia (15%), Africa 

(9%) and Oceania (2%) (FAOSTAT 2020a). The leading productive country is the USA with 

1,87 million ton, followed by Spain, Iran, Morocco, Syria and Turkey (FAOSTAT 2020a). 
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Figure 1.1. Countries with the highest areas of almond plantation. Adapted from FAOSTAT (2020a). 

 

Since 2007 to 2018, the worldwide almond production was quite irregular. Despite the 

significant decrease seen between 2011 and 2015, a fast-growing occurred in 2017 and 2018 

(FAOSTAT 2020b) (Fig. 1.2). This increase in production can be justified by the full irrigated 

production practised in some countries (Egea et al., 2010). 

 

 

Figure 1.2. World area of harvested almonds (blue) and world production of almonds (red) (FAOSTAT 2020b). 
  

0

100

200

300

400

500

600

700

Spain USA Morocco Iran Syria Italy Turkey Australia

m
ilh

ar
es

 d
e 

h
ec

ta
re

s
2007

2008

2009

2010

2011

2012

2013

2014

2015

2016

2017

2018



  Literature review 

 

4 

        

In Europe, Spain, Italy, Greece and Portugal are the four major producer countries of 

almond, corresponding to 98% of production (INE, 2018). Consequently, these same 

countries support the income of this sector, and in 2017 they made a profit of 649 million 

euros in exports of shelled and unshelled almonds (FAOSTAT 2020c). 

In Portugal, thousands of hectares, extended from the north (‘Trás-os-Montes’) to the 

south (‘Algarve’), are used for almond plantation. In 2018, the Portuguese plantation area 

corresponded to 39 thousands of hectares of almond orchards, with the largest representation 

at the region of ‘Trás-os-Montes’ (INE, 2018). 

Currently, Portugal is the 19th largest almond producer in the world with 21 thousands 

of ton, with the ‘Trás-os-Montes’ region representing 48% of the national almond production, 

followed by ‘Alentejo’ (43%) and ‘Algarve’ (5%) (INE, 2018). The production increase in 

‘Alentejo’ it is related to the expansion of the plantation area since 2014 [INE 2020]. Figure 

1.3 shows the national production (ton) of almonds in the different Portuguese agrarian 

regions. 

 

 

Figure 1.3. Almond production (ton) per Portuguese agrarian region. Adapted from [INE 2020]. 
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The Mediterranean region is spread over about 3,800 km from the extreme of Portugal 

to the coast of Lebanon. It is characterised by a subtropical climate, with hot and dry 

summers, cold and humid winters, and soils rich in iron, it presents the optimum conditions 

for the development of the almond tree (Sundseth, 2010). 

In Portugal, the areas where almond is distributed are under the Mediterranean climate 

with temperatures generally favourable to its development.  

The almond tree adapts to different types of climate. It tolerates temperatures below 15 

ºC or above 35 ºC, with reduced vegetative development, but a temperature range between 25 

ºC and 35 ºC is considered optimal for its photosynthetic activity (Rodrigues, 2017). The 

needs for cold hours during the winter range from 200 to 500 hours with temperatures below 

7.2 ºC. 

Stony soils with a slope and reduced water retention capacity allow the almond tree to 

adapt. However, this type of soils makes it difficult to retain water and nutrients (Rodrigues, 

2017). This soil is characteristic of the Northeast region of Portugal, the region with the 

largest area of almond trees in the country, resulting in low production.   

In almond plantation, the choice of rootstocks that ensure vigour and suited to planting 

place and cultivars is important (Rubio-Cabetas, 2016). Also, in the Mediterranean region, 

almond cultivars with a fast development are required to avoid late frosts that compromise the 

yield. Therefore, new almond cultivars such as ‘Vairo’, ‘Marinada’, ‘Constantí’ and 

‘Tarraco’, were developed (Vargas et al., 2008, 2010; Lordan et al., 2019).  

The ‘Vairo’ cultivar was produced by the Institute of Agrifood Research and 

Technology (IRTA) and resulted from the cross between the cultivars ‘4-665 IRTA’ and 

cultivar ‘Lauranne’. Usually, the almond trees of ‘Vairo’ cultivar have high vegetative vigour, 

a moderate density of foliage and branching (Fig. 1.4-a). The ‘Vairo’ cultivar is self-fertile 

and has late flowering, ensuring high productivity (Fig. 1.4-b and 1.4-c) (Vargas et al., 2008, 

2010).  
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Figure 1.4. Morphological characteristics of the ‘Vairo’ cultivar: (a) density of foliage and branching, (b) pre-

harvest almonds and (c) ripened almonds. 

 

Few studies have been carried out on almond trees belonging to the cultivar ‘Vairo’ 

but those available report that it presents high productivity, vigour and nut size (Lordan et al., 

2019). 

 

1.3 Impact of climate changes in the production of dry fruits 

Worldwide, the impact of global warming tends to vary among countries due to 

differences in local climate, economic development and adaptive capacity of the plant species 

in each region (Tol et al., 2004; Hsiang et al., 2019; Abd-Elmabod et al., 2020). However, the 

on-going and future occurrence of extreme temperatures, a decrease of precipitation, high 

emissions of carbon dioxide, accumulation of ozone in the atmosphere and reduced 

availability of water are compromising the agricultural productivity (Cox et al., 2018). 

In the Mediterranean region, the increase of hotter and drier periods and the decrease 

of the colder and rainier period will have remarkable effects on agriculture (Zalidis et al., 

2002; Souza and Azevedo, 2012; Ouda et al., 2016; Muñoz-Rojas et al., 2017). Abiotic 

stresses such as drought, high temperatures and decrease of water availability and soil quality 

have been affecting significantly the production of dry fruits, namely almond, in the 
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Mediterranean region (Paeth et al., 2008; Whitehead et al., 2009; Luedeling, 2012; Rodríguez 

et al., 2020). Therefore, is essential to study and evaluate the impacts of climate changes on 

productivity and development of the vegetative cycle of the almond tree (Kodad et al., 2010; 

Luedeling et al., 2013; Rodríguez et al., 2020). 

In the phenology of almonds, there are essential processes for their development, 

especially the dormancy phase of flower buds and subsequent bud break (Campoy et al., 

2011a; Rodrigues, 2017). The dormancy phase consists of a period of inactivity in the plant 

growth that constitutes a defence mode since the meristems interrupt their activity to avoid 

irreversible damage in the meristematic cells (Rodríguez et al., 2020). According to 

Rodrigues (2017), there are three types of bud dormancy: (i) the paradormancy - an initial 

phase that is controlled by external factors; (ii) the endodormancy – Influenced by internal 

factors and considered highly important because it allows the plant to be exposed to 

unfavourable conditions during the winter (Campoy et al., 2011b, 2012; Jones et al., 2012); 

and (iii) the ecodormancy that depends on the hours of heat. The bud dormancy in almond 

and other fruit trees requires an accumulation of a minimum number of cold hours (to break 

the endodormancy) but also of heat hours for the sprouting (Egea et al., 2003; Martínez-

Gómez et al., 2017; Prudencio et al., 2018; Rodríguez et al., 2020). 

Due to global warming, the anticipation of the spring allows the almond tree to flower 

earlier, but in case of occurrence of late frosts, the reproductive success will be compromised 

(Luedeling et al., 2013). On the other hand, in some varieties, the anticipated spring allows a 

late flowering, due to the delay in the accumulation of enough cold hours (Pope et al., 2015; 

Lorite et al., 2020). 

Beyond the phenological impacts, the abiotic stresses generated by the climate 

changes address physiological, cellular and molecular alterations in plants. The oxidative 

stress that results from the high production and accumulation of reactive oxygen species 

(ROS) constitutes a secondary effect of abiotic stress. The oxidative stress can lead to lipid 

peroxidation, and damage of proteins and DNA, compromising physiological, biochemical 

and molecular processes (Ferreira and Abreu, 2007; Munné-Bosch et al., 2013; Pinto et al., 

2015). Hence, in the last years, besides the use of almond cultivars with late flowering, 

agricultural practices have been tested to mitigate the negative impacts of climate changes in 

the biology and yield of this highly economically important species. Besides, to the test of 
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combinations of grafts and rootstocks finding an appropriate combination with high resistance 

to abiotic stress maintains a high almond quality and increase the production (Parker and 

Abatzoglou, 2017; Čolić et al., 2020). Biostimulant treatments have been used to increase the 

tolerance to abiotic and biotic stresses and to improve the yield, product quality and the 

vegetative growth of almond (Tarantino et al., 2018; Arrobas et al., 2019; Basile et al., 2020; 

Del Buono, 2020). 

 

1.4 Fertilisers and biostimulants 

Conventional agriculture plays a fundamental role in meeting the food needs of the 

human population, so the growing use of chemical fertilisers and pesticides is seen as a 

lifeline. The high exploitation of these products leads to air and underground water pollution 

by eutrophication of water bodies due to their high concentrations of chemical substances 

(Bhardwaj et al., 2014). Agriculture, to combat its use, has channelled its efforts towards the 

production of foods rich in nutrients and of higher quality, with the emergence of sustainable 

agriculture (Bhardwaj et al., 2014; Atieno et al., 2020). Currently, the agricultural sector faces 

challenges related to the increase of the crop productivity and efficiency of resources 

management, and to reduce the environmental impacts on ecosystems (Rouphael and Colla, 

2020). Therefore, the excessive use of pesticides and fertilisers should be replaced by 

biostimulants, and other approaches, to reduce the use of agrochemicals effectively and to 

improve the sustainability of the agricultural system (Rouphael and Colla, 2020). 

The definition of fertilisers has been changing over the years (du Jardin, 2015; EU, 

2019). Fertilisers are all inorganic materials providing macronutrients and micronutrients, but 

also chelating and complexing agents intended to optimize the delivery of micronutrients to 

plants (du Jardin, 2015). ‘Fertiliser’ means material, whose primary function is to provide 

nutrients to plants, which is not the case of biostimulants. Additionally, ‘primary nutrient’ 

means the elements nitrogen (N), phosphorus (P) and potassium (K) only, whilst ‘secondary 

nutrient’ means the elements calcium (Ca), magnesium (Mg), sodium (Na) and sulphur (S) 

(du Jardin, 2015). Micronutrients mean the trace elements such as boron (B), cobalt (Co), 

copper (Cu), iron (Fe), manganese (Mn), molybdenum (Mo), and zinc (Zn) that are essential 

for plant growth in reduced amounts compared to the primary and secondary nutrients (du 

Jardin, 2015).  
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By definition, biostimulants promote plant growth by other means than the provision 

of nutrients and may be considered as enhancers of fertilisers performance (du Jardin, 2015).  

 

 Acceptance of biostimulants in organic agriculture 

As reported by Yakhin et al. (2017), is complex to define the biological basis of 

biostimulants as a class of compounds due to the complexity and varied sources of 

biostimulants available in the market: bacteria, fungi, seaweed, and raw materials of plant, 

animal and humate sources, which are then the target of industrial processing. These authors 

present a chronological review about the early definitions of biostimulants which started in 

1951 with the terms ‘biogenic stimulators’ and ‘biogenic stimulants’, the terminology and 

evolution of general concepts about this theme. However, to distinguish the biostimulants 

from other existing legislative product categories, such as fertilisers and pesticides, it was 

proposed the following definition for biostimulants:  

“A formulated product of biological origin that improves plant productivity as a 

consequence of the novel or emergent properties of the complex of constituents, and not as a 

sole consequence of the presence of known essential plant nutrients, plant growth regulators, 

or plant protective compounds” (Yakhin et al., 2017). 

One of the revolutionary technologies in sustainable agricultural was the use of 

microorganisms or molecules derived from living organisms to increase fruit production, 

where plant growth-promoting rhizobacteria are associated (Adedeji et al., 2020; Atieno et 

al., 2020; Barros-Rodríguez et al., 2020; Khatoon et al., 2020). According to du Jardin 

(2015), any microorganism or substance applied to plants to increase its nutritional efficiency, 

tolerance to abiotic stress and/or the quality of the harvest, should be designed as a 

biostimulant. 

In 2009, the European Union (EU) was implemented the use of biostimulants in 

organic farming, under the supervision of the Regulations (CE) no. 1069/2009 and (CE) no. 

1107/2009. In 2018, due to the non-conformity about the regulatory regime related to the 

classification of biostimulants, it was defined in Parliament that these products would be 

classified as biofertilisers (EU, 2019). Despite not providing nutrients directly to the plant, 
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these products stimulate the natural nutrition processes, optimize their efficiency and reduce 

the rate of nutrient application, complementing the role of fertilisers (EU, 2019). Currently, 

the legislation about the use of biostimulants in agriculture follows the Regulation (EU) 

2019/1009, where they become eligible under CE marking and excluded from the scope of 

Regulation (CE) no. 1107/2009 of the European Parliament and Council (EU, 2019) as a plant 

protection product. The most recent definition of plant natural biostimulants, under the 

Regulation (EU) 2019/1009, is the following: 

“A plant biostimulant shall be an EU fertilising product the function of which is to 

stimulate plant nutrition processes independently of the product's nutrient content with the 

sole aim of improving one or more of the following characteristics of the plant or the plant 

rhizosphere: i) nutrient use efficiency, ii) tolerance to abiotic stress, iii) quality traits or iv) 

availability of confined nutrients in the soil or rhizosphere” (Del Buono, 2020). 

 

 Biostimulants: main categories, modes of action and benefits 

Biostimulants stimulate plant growth, productivity and stress tolerance (Yakhin et al., 

2017). Presently, there is no detailed and characterised list of substances and microorganisms 

incorporated in biostimulants. Nonetheless, biostimulants based on a wide range of materials 

such as: living microbial cultures; microbial, animal or plant extracts, soil organic residues, 

industrial by-products and chemicals, and synthetic molecules have been commonly used in 

fruit and horticultural species (Plenchette et al., 2005; Vacheron et al., 2013; Colla et al., 

2014; Lola-Luz et al., 2014; Deepmala et al., 2015; du Jardin, 2015; Olivares et al., 2015; Saa 

et al., 2015; Rafiee et al., 2016). 

Seven main categories of biostimulant products used in agriculture and horticulture 

that have been consensually accepted among researchers, stakeholders, and regulators because 

they cover both substances and microorganisms (Calvo et al., 2014; du Jardin, 2015). The 

brief description of these main categories of biostimulants can be found in du Jardin (2015) 

and consist in the following: (1) humic and fulvic acids; (2) protein hydrolysates and N-

containing compounds; (3) seaweed extracts and botanicals; (4) chitosan and other 

biopolymers; (5) inorganic compounds; (6) beneficial fungi; and (7) beneficial bacteria 

(mainly plant growth-promoting rhizobacteria - PGPRs).  
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Since in the present work, the two biostimulants used were based on seaweed extract 

and free amino acids, only these two categories will be described below.   

Seaweed, when exposed to unfavourable temperature, salinity and radiation 

conditions, produces compounds in response to stress that is essential for their survival 

(Shukla et al., 2016). The use of seaweed extracts as biostimulants allows these compounds to 

improve the phytochemical content by increasing the concentration of bioactive molecules 

(e.g. antioxidants) in the treated plant (Lola-Luz et al., 2014; Carillo et al., 2020). Although 

the existence of several seaweed species, the ones that are highly used for the manufacture of 

extracts to be used as biostimulants, are: Ascophyllum nodosum, Eckloni maxima, Macrocystis 

pyrifera and Durvillea potatorum (Khan et al., 2009; Battacharyya et al., 2015). Seaweed 

extracts contain macronutrients and micronutrients such as N, P, K, Ca, Mg, Zn, Fe, Mn, Cu, 

as well as some growth regulators, carbohydrates, minerals, betaines, sterols, proteins and 

vitamins (Saa et al., 2015; Rafiee et al., 2016). The presence of these compounds in seaweed 

extracts favours the root development, mineral absorption, increases the chlorophyll content, 

vegetative growth and productivity, and ensures the soil structuring and moisture retention 

(Khan et al., 2009; Saa et al., 2015; Rafiee et al., 2016). 

The biostimulants based on seaweed extracts are mostly applied to fruit and 

horticultural species such as almond, apple, grapevine, olive, tomatoes, spinach, carrots, 

pepper, potatoes and beans (Jayaraj et al., 2008; Chouliaras et al., 2009; Fan et al., 2011; 

Manna et al., 2012; Carvalho et al., 2013; Lola-Luz et al., 2014; Saa et al., 2015; Spinelli et 

al., 2015; Mancuso et al., 2017; Goñi et al., 2018; Soppelsa et al., 2018). In these species, the 

seaweed-based biostimulants enhanced the plant growth and development, improved the 

product quality and tolerance to abiotic and biotic stresses (Jayaraj et al., 2008; Chouliaras et 

al., 2009; Fan et al., 2011; Manna et al., 2012; Carvalho et al., 2013; Lola-Luz et al., 2014; 

Saa et al., 2015; Spinelli et al., 2015; Mancuso et al., 2017; Goñi et al., 2018; Soppelsa et al., 

2018). 

Protein hydrolysates are composed by a mixture of polypeptides, oligopeptides and 

free amino acids, and result from partial or extensive enzymatic or chemical hydrolysis of 

animal or plant protein sources (Colla et al., 2014, 2015). The protein hydrolysates have 

beneficial effects on the functioning and regulation of plant metabolism and physiology, by 

improving the absorption and transport of amino acids and peptides (Colla et al., 2015; du 



  Literature review 

 

12 

        

Jardin, 2015). The use of protein hydrolysates as biostimulants of fruit trees, vegetables and 

cereals such as grapevine, strawberry, banana, tomato, spinach, lettuce, corn, among others, 

increases the plant growth, yield, product quality and stress tolerance (Kunicki et al., 2010; 

Lisiecka et al., 2011;  Gurav and Jadhav, 2013; Colla et al., 2015; Lucini et al., 2015; 

Rouphael et al., 2017; Boselli et al., 2019; Bavaresco et al., 2020).  

The mode of action of biostimulants is complex because they do not act directly on the 

plant, but through mechanisms, which may vary according to their purpose, crop and 

environment. Also, the mode of action of biostimulants can promote or inhibit plant growth, 

can reduce the abiotic and biotic stresses or can induce a combined action (Colla and 

Rouphael, 2015). 

According to Rafiee et al. (2016), the biostimulants can stimulate and improve the 

defence mechanisms of the plants against pests, diseases or unfavourable climate conditions, 

also benefiting its state, shelf-life, root development, and/or seed germination rate. 

Some mechanisms of action are related to the processes of nitrogen (N) assimilation, 

modification and mobility of PGPR, induction and signal transduction on metabolic pathways 

(Rafiee et al., 2016; Yakhin et al., 2017). Active molecules present in biostimulants increased 

the N assimilation by stimulating the synthesis and activity of enzymes that act in the Krebs 

cycle (Schiavon et al., 2008; Ertani et al., 2009; Kour et al., 2020). The inoculation of the 

plant rhizosphere with the bacteria species Azotobacter chroococcum or Azospirillum 

lipoferum constitutes an alternative to high fertilization rates with nitrogen. Besides, these 

bacteria release phytohormones such as gibberellic acid, as well as acetic acid, that stimulate 

the plant growth, the absorption of nutrients and photosynthesis (Chen et al., 2002; Mahfouz 

and Sharaf-Eldin, 2007; Wargent et al., 2013; Niazi et al., 2014). Other authors stated that 

biostimulants promote complex regulatory actions that induce the plants to focus on increased 

productivity, fruit quality and stress tolerance (Leite et al., 2016; Rafiee et al., 2015, 2016; 

Karimi et al., 2019), including the synthesis of secondary metabolites involved in defence 

mechanisms (Fumagali et al., 2008; Rafiee et al., 2016; Shih and Morgan, 2020). 

The induction of the phenylpropanoids pathway using protein hydrolysates obtained 

from alfalfa plants (alfalfa hydrolysate - AH) induced tolerance to salt stress upon increasing 

the activity of the phenylalanine ammonia-lyase (PAL) enzyme and flavonoids synthesis 

(Rafiee et al., 2016), as well as by the stimulation of enzymes involved on the N metabolism 
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(Colla et al., 2015). Also, the use of biostimulants allows the expression of genes encoding 

phytoalexins (enzymes involved in defence mechanisms) (Yang et al., 1997; Vasconsuelo and 

Boland, 2007). 

 The studies of almond trees treated with biostimulants have been focused on the 

evaluation of physiological, yield, nutritional effects and the characterisation of vegetative 

and reproductive traits (Saa et al., 2015), and the benefits gathered by the plants are 

unequivocal. However, no studies focusing on the biostimulants impact at the plant 

cytogenomic level were developed so far.  

 

1.5 Plant cytogenomic studies focusing on the mitotic cell cycle analysis and genomic 

stability  

Plant cytogenomic studies have been performed to evaluate the regularity of the 

mitotic cell cycle and genomic stability of varieties or species under different types of abiotic 

stress.  

As reported by Calvo et al. (2014), despite the growing use of biostimulants in 

agriculture, many scientists consider biostimulants to be lacking peer-reviewed scientific 

evaluation. Also, as recently stated by Silva et al. (2020), the wide usage of plant 

biostimulants has underestimated the possible occurrence of environmental risks. Silva et al. 

(2020) analysed the cytotoxic and genotoxic effects of plant biostimulants widely used in 

Brazil in the non-target Allium cepa L. (onion) plant species and an aquatic species (Artemia 

salina). The authors concluded that the biostimulants, and substances included in its 

composition, may be toxic to non-target plants and toxic to aquatic organisms due to the 

leaching of those substances from the soil. To the best of our knowledge, cytogenomic 

approaches were never used to assess cytogenomic stability as a result of biostimulant 

treatments. Nonetheless, we are confident that the methodologies used in the present 

dissertation can contribute for the choice of the best treatment to be applied to almond trees of 

cultivar ‘Vairo’ since proper cell division and genome stability are required to crucial 

morpho-physiological, biochemical, cellular and molecular processes.  
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 Mitotic cell cycle analysis 

Plant Cytogenetics constitutes an essential tool in the scope of genetic breeding and 

agriculture. Both classical and molecular cytogenetic techniques have been efficient in several 

studies of fundamental and applied research that had an impact on these fields. Cytogenetic 

studies comprise the analysis of the chromosomal structure, function and behaviour during the 

cell cycle; the physical location of repetitive DNA sequences and its distribution in the 

genome; nuclear architecture; nucleolar activity and detection of structural rearrangements in 

response to abiotic stress, among others (Ponnuraj and Alwi, 2009; Carvalho et al., 2013, 

2015, 2019; Pavia et al., 2014; Delgado et al., 2017a; Reis et al., 2018). 

Concerning to the global climate changes that greatly affect the productivity and 

quality of crops, in the last two decades, several cytogenetic studies have been focusing on the 

analysis of the mitotic cell cycle in various plant species under unfavourable environmental 

conditions or induced abiotic stresses within controlled environments. Most of those studies 

focused on the analysis of the mitotic cell cycle by using root-tips (Pekol et al., 2016; Reis et 

al., 2018; among many others). However, for some wood species, such as grapevine and 

almond, the roots are not easily accessible. They may not present the required length or 

quality to be used for cytogenetic analyses. Still, chromosomal preparations can be performed 

by using young leaves that allow the analysis of the mitotic cycle in mesophyll cells, as 

recently demonstrated in V. vinifera (Carvalho et al., 2018, 2019).  

When plants are exposed to certain stress, create a defence mechanism that inhibits 

the cell division due to the activity of molecules that regulate the cell cycle such as the 

cyclin-dependent kinases - CDK (Porceddu et al., 2001; Shinozaki and Yamaguchi-

Shinozaki, 2007). Inhibition of CDK activity leads to a reduction in the number of cells 

causing the cell cycle to stop in G1/S or G2/M phases, prolonging the S-phase or delaying 

mitosis (Porceddu et al., 2001; Veylder et al., 2003; Kitsios and Doonan, 2011; Carvalho et 

al., 2018). As a consequence, in most of the cell cycle analyses performed in plants under 

stress, the mitotic index (MI) decrease accompanied by a high percentage of dividing cells 

with anomalies (DCA) (Badr and Ibrahim, 1987; Nefic et al., 2013; Pekol et al., 2016; 

Carvalho et al., 2018, 2019; Reis et al., 2018).  

Irregularities can be observed in interphase and mitotic cells (Nefic et al., 2013; 

Zhang et al., 2014; Carvalho et al., 2018, 2019). In the particular case of interphase, the use 
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of the salt-nylon silver nitrate staining technique has been demonstrating how different 

environmental stress, cytotoxic or genotoxic factors can affect the area, shape and integrity 

of the nucleolus (Nefic et al., 2013; Zhang et al., 2014; Carvalho et al., 2018, 2019).  

Mitotic spindle and chromosomal anomalies such as micronuclei presence, chromatin 

stickiness, C-mitosis, chromatin bridges, laggard chromosomes and multipolarity have been 

widely indicated in various plant species response to stress (Nefic et al., 2013; Pekol et al., 

2016).  

Inactivation of the mitotic spindle and random scattering of condensed chromosomes 

gives rise to C-mitosis (Ahmed and Grant, 1971; Badr and Ibrahim, 1987). This type of 

anomaly occurred in various plants species in response to toxicity or environmental stresses 

(Ahmed and Grant, 1971; Badr and Ibrahim, 1987; Zhang et al., 2014; Pekol et al., 2016; Reis 

et al., 2018; Carvalho et al., 2019). 

Chromatin “stickiness” is an irreversible anomaly that results from high contraction 

and chromosomal condensation, depolymerization of DNA and partial dissolution of proteins, 

may occur in all mitotic or meiotic phases and can lead to cell death (Pekol et al., 2016; 

Carvalho et al., 2018; Reis et al., 2018; Mercado and Caleño, 2020).  

As far as we know, similar cytogenetic analyses were never performed in almond. In 

fact, during the literature review, few cytogenetic studies performed in almond were found. 

The chromosomes of the Prunus species such as almond, apricot and peach, have small size 

being hard to be karyotyped (Oginuma, 1987), justifying the scarcity of cytogenetic studies 

within this genus. Martínez-Gómez et al. (2005) presented a single karyotype analysis in 

almond performed on root-tip mitotic chromosomes. 

 

 Genomic stability analysis using molecular markers 

Molecular markers allow the detection of genetic variability among different 

individuals based on polymorphisms detected on the DNA sequences (Bered et al., 1997; 

Lanza et al., 2000). Despite the existence of several types of molecular markers, some of 

them are considered best suited for the detection of genomic instability or stability in plants 

that are under any particular abiotic stress or that have been grown in vitro. The use of 
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molecular markers in plantlets grown in vitro is useful for the determination of somaclonal 

variants and to assess the genetic stability of the in vitro propagated plant material (Martins et 

al., 2004).  

Genomic instability generated by any abiotic stress, mutagen/ toxic agent or heavy 

metal can also be assessed with molecular markers, and the analysis of the produced 

molecular patterns can be useful to select tolerant/ sensitive genotypes (Correia et al., 2014; 

Al-Ashkar et al., 2020).  

In the following items are described the five marker systems that were used in this 

work to assess the genomic instability in control and biostimulant-treated almond trees.  

 

1.5.2.1 Random amplified polymorphic DNA (RAPD) 

The RAPD markers are based on the PCR technique, simple, dominant, use a single 

arbitrary primer with 10 bp per reaction, and do not require the knowledge of the sequence of 

the target DNA (Welsh and McClelland, 1990; Williams et al., 1990). The size of the 

amplified products can range around 300 bp to 2,000 bp, and the detected polymorphism may 

arise from the existence of point mutations, insertions or deletions in the sequences of the 

primer binding sites (Bered et al., 1997; Lanza et al., 2000; Bardakci, 2001).  

RAPDs have been used in the construction of genetic maps, estimation of 

phylogenetic relationships, analysis of genetic variability and stability, and DNA 

fingerprinting in different plant species (Martins et al., 2004; Chakrabarti et al., 2006; 

Kalpana et al., 2012; Ciarmiello et al., 2015; Felbinger et al., 2020). 

 

1.5.2.2  Inter-simple sequence repeat (ISSR) 

ISSRs are multilocus markers based on PCR that use a single primer with 16 to 21 bp 

per reaction to amplify the genomic DNA between two adjacent and inversely oriented SSR 

regions (Zietkiewicz et al., 1994; Fig. 1.5).  
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Figure 1.5. Schematic representation of the amplification of ISSR markers (Sudarsono, 2013). 

 

The ISSR primer should have a repeated nucleotide sequence, (CA)n, proper to an SSR 

with 2 to 4 degenerated nucleotides anchored at the 3’- or 5’-ends of the primer, resulting on 

sequences such as (CA)8 and (AGC)6 (Godwin et al., 1997; Bornet and Branchard, 2001). 

ISSR markers were used for genomic mapping, DNA fingerprinting, diversity analysis 

and phylogenetic studies (Kalpana et al., 2012; Bhadkaria et al., 2020; Ramzan et al., 2020; 

Zafar-Pashanezhad et al., 2020). 

 

1.5.2.3 Retrotransposons - based markers  

The high dispersion, ubiquity and prevalence of retrotransposons (RTNs) in plant 

genomes allowed the development of molecular markers based on these genomic sequences. 

They are replicated by successive and reverse transcription and insertion of new copies of 

complementary DNA (cDNA), providing numerous advantages as markers (Kalendar et al., 

1999). The polymorphisms generated by the insertion activity of the RTNs (Teo et al., 2005; 

Carvalho et al., 2012; Jones et al., 2012) allowed the development of marker systems such as 

inter-retrotransposon amplified polymorphism (IRAP), retrotransposon-microsatellite 

amplified polymorphism (REMAP) and inter-primer binding site (iPBS), among others 

(Kalendar et al., 1999, 2010). 
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In the IRAP method, the amplification takes place between two RTNs that are near 

each other, using long terminal repeats (LTRs) as primers (Fig. 1.6). The LTRs of RTNs 

contain essential sequences for expression (promoter and processing signals) and integration, 

that can be used for the designing of primers to amplify dispersed members of a RTN family 

(Kalendar et al., 1999). 

 

 

Figure 1.6. Schematic representation of the amplification of IRAP markers. BARE-1 retrotransposons are 

depicted as LTRs (long terminal repeats) bounding the internal coding region (purple box) inserted within 

flanking DNA (red line). PCR primers facing outward from the 5’ (yellow arrows) and 3’ (red arrows) ends of 

the LTRs will amplify intervening DNA from BARE-1 elements (IBHU 2018).  

 

 

Microsatellites or simple sequence repeats (SSRs) and RTNs are abundant and 

ubiquitous in the plant genomes, which allowed the development of the REMAP markers that 

amplify the genomic DNA between one SSR and one RTN, located at opposite strands at an 

amplifiable distance (Kalendar et al., 1999). Compared to IRAPs, the REMAP method 

depends on one outward-facing LTR primer and second primer from a microsatellite. They 

were designed to the (GA)n, (GT)n, (CA)n, (CAC)n, (GTG)n and (CAC)n microsatellites and 

anchored to the microsatellite 3’ terminus by the addition of one selective base at the 3’ end. 

This avoid polymorphism from variation in microsatellite repeat length and to permit 

amplification from multiple microsatellite loci (Kalendar et al., 1999; Fig. 1.7). 
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Figure 1.7. Schematic representation of the amplification of REMAP markers. A primer similar to one of used 

in the IRAP method is used together with a primer consisting of simple sequence repeats (black arrow) (IBHU, 

2018). 

 

For the amplification of iPBS markers, one or two primers whose sequence is 

complementary to the primer binding site (PBS) of an LTR can be used (Kalendar et al., 

2010). The PBS primer anneals on the PBS region of two proximal LTRs with head-to-head 

orientation, and the two LTRs, as well as the genomic DNA between them, will be amplified 

(Fig. 1.8).  

According to Kalendar et al. (2010), the iPBS methodology offers several advantages. 

First, it is universal, in the way that all RTNs which do not have internal coding domains, can 

serve as targets; second, it can be used for cloning RTNs; and third, the PBS is adjacent to the 

LTR, facilitating its isolation.  
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Figure 1.8. Schematic representation of the amplification of iPBS markers (from Monden et al., 2014). 

 

The iPBS markers have been used to assess the genetic diversity among individuals, 

genomic mapping and DNA fingerprinting (Kalendar et al., 2010; Baloch et al., 2015; 

Coutinho et al., 2018). 

 

1.6 Objectives 

With this work aimed to analyse how two biostimulant treatments, one based on 

seaweed extract and the other in free amino acids, and of two fertilisers based on boron 

application (in solution and solid), can affect the regularity of the leaf mitotic cell cycle and 

the genomic stability of almond trees of the cultivar ‘Vairo’, from an orchard with three years 

old and located at ‘Mogadouro’ (NE Portugal), by comparison with untreated trees (control). 
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2  MATERIALS AND METHODS 

2.1 Experimental design and plant material 

In this work it were analysed a total of 60 almond trees of the cultivar ‘Vairo’, with 

three years old, growing in an orchard with a planting area of 0.33 ha, located at ‘Mogadouro’ 

(NE of Portugal). The trees were planted with a space of 6 × 6 m among them. The soil of the 

orchard can be classified as Leptosoil since it has a high content of coarse elements and 

reduced content of fine soil that makes it difficult to retain water.  

The trees analysed were distributed into five lines with twelve trees each (Fig. 2.1).  

 

 

Figure 2.1. Geographical distribution of almond trees in the orchard located at ‘Mogadouro’ (Image obtained by 

Google Earth in 2020/07/03). The yellow line surrounds five lines with 12 trees each. Among the five lines, one 

was used as control (untreated trees) and the other four lines received individual treatments. 
 

On the trees of four of the five lines it was applied an individual commercial product 

and the third line received no treatment (control trees). Three of the treatments consisted in 

the foliar application of seaweed extract and free amino acids (biostimulants) and boron 

ethanolamine (fertiliser) and the fourth treatment consisted in the application of solid boron 

on the soil (fertiliser). Concretely, the following treatments were performed according to the 
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manufacturer instructions: Line 1- foliar application (3.0 L.ha-1) of an aqueous solution of 

seaweed extract 100% of Ascophyllum nodosum (AN) at 16.5% (w/v; on dry matter); Line 2 - 

foliar application (1.5 L.ha-1) of an aqueous solution of a liquid fertiliser carrier of boron (B) 

(15.4% B; w/v) in the form of boron ethanolamine; Line 3 - control (no treatment); Line 4 - 

foliar application (1.5 L.ha-1) of an aqueous solution of free amino acids (AA) of animal 

origin at 28.8% (w/v); and Line 5 - soil application (1 kg B.ha-1) of a solid fertiliser carrier of 

boron (11.0% B), at the basis of each tree. From now on, through the text, each line will be 

referred as treatment with the following designation: treatment 1 – AN; treatment 2 – BE; 

treatment 3 – control; treatment 4 – AA; and treatment 5 - BS. 

The monthly foliar spray treatments started in May 2019 and were repeated monthly 

till August, whereas the soil application was made once, in the last week of March. During 

this period, the orchard was rainfed and beyond the mentioned treatments, no additional 

fertilisation was made.  

Five young leaves were sampled per tree, in six trees per treatment (including the 

control) in June, July and August of 2019, performing a total of 90 leaf samples. The same 

tree was sampled for leaves to be used in the cytogenetic and molecular analyses.  

The leaves to be used for cytogenetic analysis were sampled and immediately fixed in 

absolute ethanol and glacial acetic acid in the proportion 3:1 (v/v), transported to UTAD and 

stored at -20 ºC until the preparation of suspensions of mesophyll cells.  

The leaves to be used for the molecular analyses were immediately frozen in liquid 

nitrogen, transported to UTAD and kept at -80 ºC till the isolation of genomic DNA. 
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2.2 Cytogenetic analyses 

2.2.1    Preparation of suspensions of mesophyll cells 

The preparation of the suspensions of mesophyll cells was performed according to the 

protocol described by Carvalho et al. (2018) for Vitis vinifera L. leaves with few 

modifications. Briefly, a small fragment of a fixed leaf with an area of 0.5 cm2 was 

enzymatically digested in a solution of 500 µl of pectinase (4%, v/v) and cellulose (4%, w/v) 

prepared with 1x elution buffer (10 mM Tris, 1mM EDTA, pH 8.0) for 4 h at 37 ºC. After 

tissue disintegration for 1 min in the vortex, the pelleted cells were suspended in 1 ml of 1x 

elution buffer and incubated for 2 min at room temperature. The suspension was centrifuged 

at 3,600 rpm at room temperature for 5 min. The supernatant was discarded, and 500 µl of 

fixative solution (the same described in point 2.1) were added. The last step was repeated 

twice, and cell suspensions were stored at -20 ºC. 

 

 Mitotic chromosome preparations 

The mitotic chromosomal preparations were performed by the “dropping” method by 

using 20 to 40 µl of mesophyll cells suspension that were dropped vertically from a height of 

10 cm onto a glass slide previously cleaned with ethanol 100%. The preparations dried at 

room temperature, horizontally, and were observed under a contrast phase microscope to 

confirm the presence of cells. 

 

 Salt-nylon silver nitrate staining of the chromosomal preparations 

The salt-nylon silver nitrate staining technique was performed according to the 

protocol described by Carvalho et al. (2018) for grapevine mitotic chromosomes. 

The chromosomal preparations were aged for 2h at 60 ºC, then treated in the standard 

saline citrate buffer 2x SSC (composed by sodium chloride and sodium citrate) for 5 min at 

55 ºC, and immediately washed thoroughly in distilled water. After a quick dry step at room 

temperature in the vertical position, over the preparations were dropped 100 µl of an aqueous 

solution of 100% (w/v) of silver nitrate (AgNO3), covered with a nylon coverslip and 
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incubated within a humid chamber for 8 min at 60 ºC. At the end of the staining step, the 

preparations were thoroughly washed in distilled water to stop the reaction, and allowed to 

dry at room temperature, in the vertical position.  

One drop of immersion oil and a 24 × 50 mm glass coverslip were placed over the 

slide, and the silver-stained preparations were observed on the optic microscope. 

 

 DAPI staining of the chromosomal preparations 

Due to the small size of the almond nuclei and chromosomes, a second staining 

method of the chromosomal preparations using 4′,6-diamidino-2-phenylindole (DAPI) was 

tried. Hence, in some of the aged chromosomal preparations, it was placed over the spread, 

one drop of mounting medium VectaShield with DAPI (Vector Laboratories), that was 

covered by a glass coverslip of 24 x 50 mm. These preparations were stored at 4 ºC and later 

observed on the epifluorescence microscope.     

 

  Images capturing and cells scoring 

The images of normal and irregular interphase and mitotic cells were captured on an 

Olympus BX41 microscope (Olympus America, Inc., Hauppauge, New York, USA) using 

bright field and a XC10 charge-coupled device (CCD) digital camera (Olympus America Inc., 

Hauppauge, New York, USA) and the CellSens software (Olympus Soft Imaging Solutions 

GmbH, Münster, Germany). 

On the optical microscope, 50 fields were observed per chromosomal preparation. Per 

observation field, normal and irregular interphase and mitotic cells were scored and identified 

regarding their cell cycle phase and/or type of anomaly. Per sampling date and treatment, 

three preparations were performed, observed and scored in order to constitute three technical 

replicates.  

The cytogenetic data were used for the determination of the: mitotic index (MI) 

according to the formula 1, where the counted cells constitute the sum of interphase (non-

dividing) and dividing cells; and percentage of dividing cells with anomalies (DCA) using 
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formula 2, both expressed in percentage, and determined per chromosomal preparation, 

treatment and sampling date. 

 

Formula 1: 

𝑀𝐼 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑖𝑣𝑖𝑑𝑖𝑛𝑔 𝑐𝑒𝑙𝑙𝑠 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
× 100 

Formula 2: 

𝐷𝐶𝐴 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑖𝑣𝑖𝑑𝑖𝑛𝑔 𝑐𝑒𝑙𝑙𝑠 𝑤𝑖𝑡ℎ 𝑎𝑛𝑜𝑚𝑎𝑙𝑖𝑒𝑠

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑖𝑣𝑖𝑑𝑖𝑛𝑔 𝑐𝑒𝑙𝑙𝑠
× 100 

 

 

2.3 Molecular analyses  

 Extraction of genomic DNA from frozen leaves 

The frozen leaves (-80 ºC) were grounded with liquid nitrogen and used for the 

isolation of genomic DNA with the CTAB-based protocol of Doyle and Doyle (1987) with 

some modifications. The samples were incubated at 65 ºC for 3h30min and occasionally 

inverted. Then, the tubes were placed on ice for 5 min and 900 µL of the solution of 

chloroform and isoamyl alcohol (CIA), in the proportion of 24:1 (v/v) were added. 

After mixing by inversion, the samples were centrifuged at 13,200 rpm, at 4 ºC, for 10 

min. The aqueous phase was transferred to a new 2 ml microtube, and the previous step was 

repeated twice. The last aqueous phase was placed into a new 2 ml microtube, and its volume 

was measured for adding 0.6 volumes of isopropanol (-20 ºC). The genomic DNA was 

allowed to precipitate at -20 ºC overnight. 

In the next day, the samples were centrifuged for 30 min, at 4 ºC and 13,200 rpm. The 

supernatant was discarded, and 500 µL of washing solution (10 mM ammonium acetate and 

76% ethanol, in the proportion of 1:1) were added to the pelleted DNA. After gentle mixing, 

the microtube was placed at -20 ºC for 8 min and then allowed to centrifuge for 5 min at 

13,200 rpm and 4 ºC. 



 Materials and methods 

 

26 

        

The purified genomic DNA was allowed to dry at room temperature for 5 min and 

then was eluted with 70 µl of 1x elution buffer. Simultaneously to the elution, 4 µl of RNAse 

(10 mg/mL) were added for RNA digestion at 37 ºC for two hours. 

Due to the high level of polyphenols in the leaves, most of the genomic DNA samples 

showed a brown colour and were purified with the buffers and white columns of the 

DNeasy® Plant Mini Kit (Qiagen) following the manufacturer instructions. 

 

 

 Visualisation and quantification of the genomic DNA 

The genomic DNA samples were visualized on a UV transilluminator after 

electrophoresis on 0.8% agarose gels prepared with the electrophoretic buffer 1x TBE (Tris, 

Borate and EDTA) and with SYBR Safe DNA Gel Stain (APExBIO) incorporated. 

The genomic DNA samples were quantified in one UV1101 Biotech photometer 

(WPA) and further diluted with ultra-pure water (Cleaver Scientific Ltd.) to prepare working 

solutions with a 40 ng/µl concentration.  

 

 Test of primers 

For the amplification of ISSR, RAPD, IRAP, REMAP and iPBS markers, several 

primers previously designed and used by other authors in different plant species (Carvalho et 

al., 2003, 2012; Wegscheider et al., 2009; Cabo et al., 2014; Delgado et al., 2017b) were 

tested (Table 2.1). Few of the tested RAPD primers were previously used in almond 

(Bartolozzi et al., 1998; Martins et al., 2004).  

The combinations of primers tested here for IRAPs and REMAPs amplification, and 

the attempt to amplify iPBS markers in almond were made for the first time in this work.  
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Table 2.1. Primers tested for the amplification of ISSR, RAPD, IRAP and iPBS markers. 

 

Type of 

primer 
Primer name Sequence 5’→3’ 

Reference (when 

applicable) 

SSR UBC815 CTCTCTCTCTCTCTCTG 

University of British 

Columbia (UBC) 

Primer Set #9 

(Microsatellite) 

UBC818 CACACACACACACACAG 

UBC841 GAGAGAGAGAGAGAGAYC 

UBC856 ACACACACACACACACYA 

UBC857 ACACACACACACACACYG 

UBC888 BDBCACACACACACACA 

Decamer  

(RAPD PCR 

primer) 

OPA-07 GAAACGGGTG 

Oligomers from 

different kits of the 

Operon Technologies 

(Qiagen) 

OPA-08 GTGACGTAGG 

OPA-10 GTGATCGCAG 

OPA-11 CAATCGCCGT 

OPB-11 GTAGACCCGT 

OPC-08 TGGACCGGTG 

OPC-09 CTCACCGTCC 

OPC-16 CACACTCCAG 

OPH-4 GGAAGTCGCC 

OPH-7 CTGCATCGTG 

LTR Stowaway CTTATATTTAGGAACGGAGGGAGT Bento et al. (2008) 

 Sabrina GCAAGCTTCCGTTTCCGC Bento et al. (2008) 

 Sukkula GATAGGGTCGCATCTTGGGCGTGAC Bento et al. (2008) 

 Reverse TY-1 CCYTGNAYYAANGCNGT Teo et al. (2005) 

 Nikita CGCATTTGTTCAAGCCTAAACC Teo et al. (2005) 

 3’-LTR-BARE-1 TGTTTCCCATGCGACGTTCCCCAACA Sheidi et al. (2008) 

 5’-LTR-BARE-1 ATCATTGCCTCTAGGGCATAATTC Sheidi et al. (2008) 

 6149 CTCGCTCGCCCACTACATCAACCGCGTTTATT 
Kalendar et al. 

(1999) 

 6150 CTGGTTCGGCCCATGTCTATGTATCCACACATGGTA 
Kalendar et al. 

(1999) 

 7286 GGAATTCATAGCATGGATAATAAACGATTATC 
Kalendar et al. 

(1999) 

 Tagermina AGAGGAGGATATCCCAACAT Queen et al. (2004) 

 Tar1 CTCCCAGTTGACCAACAA Queen et al. (2004) 

 Thv19 GCCCAACCGACCAGGTTGTTACAG Queen et al. (2004) 

PBS F0100 TAGGTCGGAACAGGCTCTGATACCA  

Wegscheider et al. 

(2009) 

 F0103 ACCGAGCAACTTGAGCTCTGATACCA 

 F0104 CTAGGGTCAAGGGGGCTCTGATACCA  

 F0105 GGGAAATGGTCCGCTCTGATACCA  

 F0113 AGTTCATCGTAGGTGGGCGCCA  

 F0117 ATCCCCAGCGGAGTCGCCA  
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Individual PBS and LTR primers were combined among them to attempt the 

production of additional iPBS and IRAP markers, respectively (Table 2.2). Also, the 

individual SSR primers that allowed the amplification of ISSRs were combined with the 

individual LTR primers that produced IRAPs in order to produce REMAP markers (Table 

2.2).  

 

Table 2.2. Combinations of primers tested for the amplification of additional iPBS, REMAP and IRAP markers. 

 

Marker Combination of primers Marker Combination of primers 

iPBS F0100 + F0103 REMAP Stowaway + UBC888 

 F0100 + F0104  Sabrina + UBC888 

 F0100 + F0105  Sukkula + UBC888 

 F0100 + F0113  3’LTR-BARE-1 + UBC888 

 F0100 + F0117   

 F0103 + F0104 IRAP Reverse TY1 + Tar1 

 F0103 + F0105   

 F0103 + F0113   

 F0103 + F0117   

 F0104 + F0105   

 F0104 + F0113   

 F0104 + F0117   

 F0105 + F0113   

 F0105 + F0117   

 F0113 + F0117   

 

During the testing of primers, a reduced polymorphism among individuals from the 

same treatment was observed (Fig. 2.2).  
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Figure 2.2. RAPD markers amplified with primer OPB-11 in almond plants from: (a) treatment 1 with A. 

nodosum (AN); (b) treatment 2 with boron ethanolamine (BE); (c) treatment 4 based on free amino acids (AA); 

(d) treatment 5 with solid boron (BS); and (e) treatment 3 (control). 

 

Since the molecular markers were used in this work to assess the genomic stability in 

plants treated with biostimulants and boron by comparison with the control, the further 

molecular characterisation assayed with the different marker systems were performed in 

pooled DNA samples of six individuals per treatment and sampling date. The use of DNA 

pools allowed the test of a high number of primers and marker systems (some of them for the 

first time in almond) that would not be possible if individual plants were analysed.  

 

 Amplification and visualisation of molecular markers 

The genomic DNA template used in each reaction mixture consisted of pooled DNA 

samples of six plants per treatment and sampling date. Per primer, 15 DNA pools were used.  

For the ISSRs amplification, the reaction mixture (final volume of 20 µL) contained 

80 ng of genomic DNA template, 10 µM of primer SSR and 10 µL of 2x Taq PCR Master 

Mix kit (Qiagen). The amplification conditions were the same described in (Carvalho et al., 

2005). 

RAPD markers were amplified in a reaction mixture (final volume of 50 µL) and 

contained: 80 ng of genomic DNA template, 1x PCR buffer with (NH4)2SO4, 0.35 µM 

primer, 2.5 mM MgCl2, 0.15 mM dNTPs mixture (1:1:1:1) and 5 units of Taq DNA 

polymerase (Thermo Scientific, ThermoFisher Scientific). The amplification conditions for 

the RAPD markers were the same described by Lima-Brito et al. (2006). 
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For the amplification of the RTN-based markers, iPBS, IRAP and REMAP, the 

reaction mixtures had a final volume of 20 µL and were constituted by 60 ng of genomic 

DNA, primer(s) at a concentration of 5 µM and 10 µL of 2x Taq PCR Master Mix kit 

(Qiagen). The amplification conditions were the same for iPBS, IRAP and REMAP markers 

and consisted in an initial denaturation at 94 ºC for 3 min followed by 34 cycles of 94 ºC for 

30 sec, 53 ºC during 1 min and 72 ºC for 1 min, and a final extension at 72 ºC during 6 min. 

Independently of the marker system, each PCR reaction was repeated at least two 

times, constituting technical replicates for each DNA pool, treatments and sampling dates. 

The amplified products were visualised after electrophoresis on 1.5% agarose gels for 

ISSRs and RAPDs and 2% agarose gels for the RTN-based markers, prepared with 1x TBE 

buffer stained with SYBR Safe DNA Gel Stain (APExBIO). The electrophoresis was 

performed at a constant voltage of 100 V. The gel images were captured on the Molecular 

Image Gel-DocTMXR+ equipment (BIO-RAD) using the ImageLabTM Software (BIO-RAD).  

The molecular weight of each amplified marker was estimated using the GeneRuler 

DNA Ladder MixTM (Thermo Scientific, ThermoFisher Scientific) that was loaded in each 

gel. 

 

 Analyses of the molecular patterns and estimation of genomic template stability 

The amplified bands were analysed for their presence (1) or absence (0) of bands 

among the pooled DNA samples described above. Binary matrices were constructed in the 

Microsoft Excel software for further analyses.  

The molecular patterns of the DNA pools of each treatment (AN, BE, AA and BS) 

were compared with the band pattern of the control plants for the three sampling dates (June, 

July and August of 2019). Modifications relative to the control patterns such as the 

appearance of a new band or the disappearance of bands were considered polymorphisms and 

a decrease in the genomic template stability (GTS). This parameter was estimated according 

to Correia et al. (2014). The percentage of genomic template stability (GTS) was calculated 

with the formula: GTS (%) = (1 −
𝑎

𝑛
)  × 100, where ‘a’ is the average number of 

polymorphic bands, and ‘n’ is the number of all bands amplified in control. The GTS was 
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determined per treatment, sampling date and marker system. The average of the polymorphic 

bands (newly appeared or disappeared relative to the control) detected by the different primers 

of each marker system was calculated for the DNA pool of each treatment and sampling date.  

 

2.4 Statistical, cluster and multivariate analyses 

The cytogenetic results are presented as mean values ± standard error (S.E.) per 

treatment, sampling date, and for the treatment × sampling date interaction. To study the 

effects of treatment and sampling date, two-way analyses of variance (ANOVA), the post hoc 

Fisher’s protected least significant difference (PLSD) test and the equality of variances F test 

were performed with the software StatView 5.0 (SAS Institute Inc. Copyright). The p-value 

significance due to the individual effects and their interaction was established for probabilities 

lower than 5% (p < 0.05). 

To analyse the genetic relationships among the DNA pools of treated and control 

plants of each treatment and sampling date, the molecular data resulting from the presence/ 

absence analyses and respective binary matrices (one per marker system) were used to 

construct dendrograms of genetic similarity using the Unweighted Pair Group Method of the 

Arithmetic Averages (UPGMA), the Jaccard coefficient (Jaccard, 1908), and the software 

NTSYS, version 2.02 pc. 

The principal coordinates analyses (PCoA) and Mantel tests were based on the genetic 

distance matrices calculated with the Nei’s coefficient (Nei, 1987) and determined for each 

marker system. The PCoA and Mantel tests were performed with GenAlEx version 6.502 

(Peakall and Smouse, 2006). 
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3 RESULTS 

3.1 Analysis of the leaf mitotic cell cycle 

 Normal and irregular interphase cells  

Normal and irregular interphase cells were observed in the leaf chromosomal 

preparations of each treatment and sampling date (Fig. 3.1; Table 3.1).  

 

Figure 3.1. Normal and irregular interphase cells stained with silver nitrate showing (a) nucleoli with irregular 

shape (arrow) and (b) the presence of a micronucleolus (arrow). 

 

The mean number of normal and irregular interphase cells showed statistically 

significant differences (p ˂ 0.05) among treatments (T), sampling dates (S) and their 

interaction (T × S) (Table 3.1). 

For each treatment and sampling date, the mean number of normal interphase cells 

was higher than that of the irregular ones (Table 3.1).  

The four treatments showed a higher or a lower mean number of normal and irregular 

interphase cells relative to the control (Table 3.1). The highest mean number of normal 

interphase cells was detected in the AA treatment, whilst the highest value for the irregular 

cells was detected in BE (Table 3.1). 
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Table 3.1. Mean number (± standard error, S.E.) of normal and irregular interphase cells observed per treatment 

(T), sampling date (S) and for the interaction T × S. Different lowercase letters per column indicate statistically 

significant differences (p ˂ 0.05) among T and/or S as revealed by ANOVA, Fisher’s test and/or equality of 

variance F.  

    Normal interphase cells  Irregular interphase cells 

    Mean ± S.E Mean ± S.E 

Treatment (T) 1. A. nodosum (AN) 125.89 ± 19.64 a,c 13.17 ± 3.36 a 

2. Boron ethan. (BE) 127.44 ± 9.48 a 18.67 ± 7.15 c 

3. Control (C) 135.56 ± 16.63 b 14.22 ± 5.38 a 

4. Amino acids (AA) 159.33 ± 16.53 b 18.17 ± 7.45 c 

5. Boron solid (BS) 131.00 ± 8.38 a 15. 89 ± 7.15 b 

Sampling date (S) June 2019 152.30 ± 12.47 c 21.80 ± 6.39 c 

July 2019 140.50 ± 8.98 b 16.03 ± 3.26 b 

August 2019 114.40 ± 10.82 a 10.23 ± 2.27 a 

T × S AN × June 2019 166.67 ± 38.18 13.00 ± 7.70 

AN × July 2019 127.33 ± 21.31 13.17 ± 5.54 

AN × August 2019 83.67 ± 31.52 13.33 ± 5.00 

BE × June 2019 139.00 ± 14.15 17.00 ± 19.41 

BE × July 2019 124.00 ± 10.69 31.67 ± 8.59 

 

BE × August 2019 119.33 ± 25.64 7.33 ± 3.32 

C × June 2019 141.67 ± 13.30 20. 50 ± 14.77 

C × July 2019 176.67 ± 30.36 13.33 ± 6.31 

C × August 2019 88.33 ± 15.60 8.83 ± 4.86 

AA × June 2019 190.33 ± 39.35 30.67 ± 20.40 

 

AA × July 2019 137.33 ± 20.09 17.83 ± 9.24 

AA × August 2019 150.33 ± 23.79 6.00 ± 2.07 

BS × June 2019 125.33 ± 26.91 13.17 ± 6.95 

BS × July 2019 137.33 ± 6.36 18.67 ± 8.58 

BS × August 2019 130.33 ± 6.44 15.67 ± 8.50 

P-value T < 0.05 ˂ 0.05 

S < 0.05 ˂ 0.05 

T × S < 0.05 ˂ 0.05 

 

For both normal and irregular interphase cells, the highest mean values were observed 

in June of 2019 (Table 3.1). Concerning to the interaction T × S, the highest mean number of 

normal interphases was registered for AA × June 2019, whereas the highest value for the 

irregular cells was detected in the interaction BE × July of 2019 (Table 3.1).  

In total, 7,556 interphase cells were scored. Among them, 19.1% (1,443 interphase 

cells) were irregular and showed two types of anomalies, namely, nucleoli with irregular 

shape and presence of micronucleoli, with the former being more frequent (Table 3.2).  
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Table 3.2. Mean number ( ± standard error, S.E.) of interphase cells with irregularly shaped nucleoli, and 

micronucleoli, per treatment (T), sampling date (S) and for the interaction T × S. Different lowercase letters per 

column indicate statistically significant differences (p ˂ 0.05) among T and/or S as revealed by ANOVA, 

Fisher’s test and/or equality of variance F.  

 

    Irregular nucleoli Micronucleoli 

    Mean ± S.E Mean ± S.E 

Treatment (T) 1. A. nodosum (AN) 24.56 ± 3.83 a 1.78 ± 0.93 b 

2. Boron ethan. (BE) 36.89 ± 11.58 e 0.44 ± 0.24 a 

3. Control (C) 25.67 ± 9.49 b 2.78 ± 0.55 c 

4. Amino acids (AA) 33.11 ± 13.42dc 3.22 ± 0.55 c 

5. Boron solid (BS) 31.33 ± 4.74 c 0.44 ± 0.34 a 

Sampling date (S) June 2019 42.67 ± 10.34 c 0.93 ± 0.18 a 

July 2019 30.33 ± 3.83 b 1.73 ± 0.45 b 

August 2019 17.93 ± 3.52 a 2.53 ± 0.72 b 

T × S AN × June 2019 25.00 ± 12.34 0.00 ± 0.58 

AN × July 2019 25.33 ± 2.33 1.00 ± 0.00 

AN × August 2019 23.33 ± 4.10 3.33 ± 2.85 

BE × June 2019 62.33 ± 30.69 1.00 ± 0.58 

BE × July 2019 33.68 ± 9.53 0.33 ± 0.33 

BE × August 2019 14.67 ± 1.20 0.00 ± 0.00 

C × June 2019 40.00 ± 26.67 1.00 ± 0.00 

C × July 2019 23.33 ± 9.96 3.33 ± 0.33 

C × August 2019 13.68 ± 9.68 4.00 ± 1.00 

AA × June 2019 60.00 ± 34.93 1.33 ± 0.33 

AA × July 2019 31.67 ± 15.34 4.00 ± 0.58 

AA × August 2019 7.67 ± 4.26 4.33 ± 0.67 

BS × June 2019 26.00 ± 8.74 0.33 ± 0.33 

BS × July 2019 37.68 ± 3.67 0.00 ± 0.00 

BS × August 2019 30.33 ± 12.03 1.00 ± 1.00 

P-value T ˂ 0.05 ˂ 0.05 

S ˂ 0.05 ˂ 0.05 

T × S ˂ 0.05 ˂ 0.05 
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For both types of irregularities found in interphase cells, statistically significant 

differences (p < 0.05) were noticed among treatments, sampling dates and for the interaction 

T × S (Table 3.2). 

The highest mean values of interphase cells with nucleoli showing irregular shapes 

were verified for treatments BE and AA, in June of 2019 and for the interactions BE × June 

2019, and AA × June 2019 (Table 3.2).  

The average values of interphases with micronucleoli were higher in plants treated 

with amino acids (AA) and in control plants, in August of 2019, as well as for the interactions 

AA × August 2019 and control × August 2019 (Table 3.2). 

 

 Normal and irregular mitotic cells  

Per chromosomal preparation, treatment and sampling date, normal and irregular 

dividing cells were observed.  

In total, 5,569 dividing cells in different mitotic phases were scored. Among them, 

54.1% (3,011 cells) showed different types of anomalies.  

These data allowed the determination of the cytogenetic parameters, MI and %DCA, 

per treatment, sampling date and for the interaction of these factors (Table 3.3). 
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Table 3.3. Mean (± standard error, S.E.) mitotic index (MI) and percentage of dividing cells with anomalies 

(%DCA) determined per treatment (T), sampling date (S) and for the interaction T × S. Different lowercase 

letters per column indicate statistically significant differences (p ˂ 0.05) among T and/or S as revealed by 

ANOVA, Fisher’s test and/or equality of variance F.  

 

    MI (%) %DCA 

    Mean ± S.E Mean ± S.E 

Treatment (T) 1. A. nodosum (AN) 35.95 ± 3.84 a 45.77 ± 5.53 c 

2. Boron ethan. (BE) 39.88 ± 3.52 b 41.80 ± 3.44 b 

3. Control (C) 40.11 ± 3.68 b 38.95 ± 6.32 a 

4. Amino acids (AA) 45.70 ± 3.33 c 50.30 ± 7.82 d 

5. Boron solid (BS) 46.18 ± 1.9 c 51.18 ±3.97 d 

Sampling date (S) June 2019 32.08 ± 2.05 a 46.46 ± 4.75 

July 2019 43.95 ± 2.30 b 43.50 ± 4.29 

August 2019 48.67 ± 1.52 c 46.84 ± 4.24 

T × S AN × June 2019 27.047 ± 6.48 35.76 ± 1.73 

AN × July 2019 33.08 ± 3.72 42.11 ± 9.62 

AN × August 2019 47.69 ± 2.93 59.45 ± 10.99 

BE × June 2019 27.79 ± 3.14 43.70 ± 6.56 

BE × July 2019 40.77 ± 1.02 34.07 ± 4.50 

BE × August 2019 51.07 ± 1.45 47.63 ± 5.51 

C × June 2019 29.67 ± 3.49 48.81 ± 17.52 

C × July 2019 49.76 ± 6.25 30.99 ± 9.10 

C × August 2019 40.91 ± 3.17 37.04 ± 2.80 

AA × June 2019 34.27 ± 2.16 51.59 ± 17.71 

AA × July 2019 51.97 ± 3.84 68.74 ± 0.54 

AA × August 2019 50.86 ± 3.92 30.58 ± 7.32 

BS × June 2019 41.57 ± 2.42 52.43 ± 5.17 

BS × July 2019 44.17 ± 2.00 41.59 ± 1.97 

BS × August 2019 52.81 ± 0.73 59.52 ± 8.8 

P-value T ˂ 0.05 ˂ 0.05 

S < 0.001 > 0.05 

T × S  < 0.05 ˂ 0.05 
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Regarding the MI, the control treatment presented 40.11% of cell division. In 

comparison to the control, the treatments AN and BE showed a significant (p < 0.05) 

reduction of the MI, whereas the AA and BS presented a significant (p < 0.05) increase to 

45.70% and 46.18%, respectively (Table 3.3). 

In terms of sampling date, the highest average value of MI was detected in August 

2019 (46.84%), and it increased significantly (p < 0.001) from June to August (Table 3.3).  

The evaluation of the T × S interactions: AN × sampling date; BE × sampling date and 

BS × sampling date, revealed that the MI values increased significantly (p < 0.05) within each 

treatment from June to August (Table 3.3). The highest mean MI detected among the T × S 

interactions was 52.81%, and it was registered in BS × August (Table 3.3).  

The average values of %DCA were significantly different (p ˂ 0.05) among treatments 

and for the T × S interaction (Table 3.3). The control showed the lowest mean value of 

%DCA (38.95%) among the treatments (Table 3.3). This parameter increased significantly (p 

˂ 0.05) in the remaining treatments, reaching the maximum value in BS (Table 3.3). 

Therefore, to verify which treatment increased the stability or regularity of the mitotic cell 

cycle, we compared the average values of %DCA reached in control × sampling date with the 

remaining interactions treatment × sampling date. Such comparisons evidenced that the 

interactions AN × June 2019 and BE × June 2019 showed lower average values of %DCA 

than control × June 2019 (Table 3.3). Also, the interaction AA × August 2019 showed an 

average value of %DCA lower than that of the control × August 2019 (Table 3.3). Thus, the 

treatments AN, BE and AA may decrease the frequency of anomalies noticed in the control 

plants under the same conditions.  

Tables 3.4 and 3.5 present the average numbers of normal and irregular dividing cells 

in the different mitotic phases, determined per treatment (T), sampling date (S), and for the T 

× S interactions.  
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Table 3.4. Mean (± standard error, S.E.) number of normal prophases, metaphases, anaphases and telophases 

determined per treatment (T), sampling date (S) and for the interaction (T × S). Different lowercase letters per 

column indicate statistically significant differences (p ˂ 0.05) among T and/or S as revealed by ANOVA, 

Fisher’s test and/or equality of variance F.  
 
 
  Normal mitotic cells in the following phases: 

    Prophase Metaphase Anaphase Telophase 

    Mean ± S.E Mean ± S.E Mean ± S.E Mean ± S.E 

Treatment (T) 1. A. nodosum (AN) 40.33 ± 7.27a 2.22 ± 0.64 b 0.33 ± 0.24 c 0.11 ± 0.11 a 

2. Boron ethan. (BE) 62.67 ± 8.40 b 1.33 ± 0.33 a 0.78 ± 0.32 d 0.22 ± 0.15 b 

3. Control (C) 71.67 ± 16.67 c 1.56 ± 0.56 a 0.22 ± 0.15 b 0.22 ± 0.15 b 

4. Amino acids (AA) 82.67 ± 18.89 d 2.00 ±0.55 b 0.22 ± 0.15 b 0.22 ± 0.15 b 

5. Boron solid (BS) 64.78 ± 6.91 b 2.56 ±0.75 b 0.11 ± 0.11 a 0.33 ± 0.17b 

Sampling date (S) June 2019 52.27 ± 11.36 a 1.13 ± 0.24 a 0.40 ± 0.16 b 0.07 ± 0.07 a 

July 2019 74.73 ± 8.80 c 1.93 ± 0.48 b 0.07 ± 0.07 a 0.40 ± 0.16 b 

August 2019 66.27 ± 9.65 b 2.73 ± 0.49 b 0.53 ± 0.22 b 0.20 ± 0.11 b 

T × S AN × June 2019 44.00 ± 16.37  2.00 ± 0.58  0.00 ± 0.00 0.33 ± 0.33 

AN × July 2019 41.33 ± 16.01 1.00 ± 1.00  0.00 ± 0.00 0.00 ± 0.00 

AN × August 2019 35.67 ± 17.68  3.67 ± 1.33  1.00 ± 0.58 0.00 ± 0.00 

BE × June 2019 46.67 ± 17.33 1.00 ± 0.00 1.00 ± 0.58 0.00 ± 0.00 

BE × July 2019 70.67 ± 6.33 0.67 ± 0.33 0.00 ± 0.00 0.33 ± 0.33 

BE × August 2019 70.67 ± 17.74 2.33 ± 0.67 1.33 ± 0.67 0.33 ± 0.33 

C × June 2019 42.00 ± 20.82 0.33 ± 0.33 0.67 ± 0.33 0.00 ± 0.33 

C × July 2019 129.67 ± 17.84 2.67 ± 1.45 0.00 ± 0.00 0.67 ± 0.33 

C × August 2019 43.33 ± 7.69 1.67 ± 0.33 0.00 ± 0.00 0.00 ± 0.00 

AA × June 2019 81.00 ± 54.52 0.67 ± 0.33 0.00 ± 0.00 0.00 ± 0.00 

AA × July 2019 54.33 ± 4.91 2.67 ± 0.88 0.00 ± 0.00 0.67 ± 0.67 

AA × August 2019 112.67 ± 20.80 2.67 ± 1.20 1.00 ± 0.58 0.00 ± 0.00 

BS × June 2019 47.67 ± 4.18 1.67 ± 0.67 0.00 ± 0.00 0.00 ± 0.00 

BS × July 2019 77.67 ± 1.33 2.67 ± 1.45 0.00 ± 0.00 0.33 ± 0.33 

BS × August 2019 69.00 ± 17.78 3.33 ± 1.86 0.33 ± 0.33 0.67 ± 0.33 

P-value T < 0.05 < 0.05 < 0.05 < 0.05 

S < 0.05 < 0.05 < 0.05 < 0.05 

T × S ˂ 0.05 ˂ 0.05 ˂ 0.05 ˂ 0.05 
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Table 3.5. Mean (± standard error, S.E.) number of irregular prophases, metaphases, anaphases and telophases 

determined per treatment (T), sampling date (S) and for their interaction (T × S). Different lowercase letters per 

column indicate statistically significant differences (p ˂ 0.05) and (p < 0.001) among T and/or S as revealed by 

ANOVA, Fisher’s test and/or equality of variance F.  

 

  Irregular mitotic cells in the following phases: 

    Prophase Metaphase Anaphase Telophase 

    Mean ± S.E Mean ± S.E Mean ± S.E Mean ± S.E 

Treatment (T) 1. A. nodosum (AN) 8.61 ± 2.79 a 3.64 ± 0.69 a 1.65 ± 0.37 b 0.04 ± 0.04 b 

2. Boron ethan. (BE) 8.83 ± 2.96 a 4.86 ± 0.81 b 1.19 ± 0.19 a 0.00 ± 0.00 a 

3. Control (C) 11.33 ± 4.15 b 3.22 ± 0.60 a 1.04 ± 0.21 a 0.07 ± 0.05 b 

4. Amino acids (AA) 24.33 ± 7.29 c 5.86 ± 1.43 c 1.41 ± 0.32 b 0.07 ± 0.05b 

5. Boron solid (BS) 25.06 ± 6.85 c 4.06 ± 0.65 a,b 1.28 ± 0.25 a 0.07 ± 0.05b 

Sampling date (S) June 2019 11.80 ± 3.49 a 3.03 ± 0.42 a 0.98 ± 0.15 a 0.02 ± 0.02 

July 2019 18.50 ± 4.27 b 5.20 ± 0.94 c 1.08 ± 0.20 b 0.07 ± 0.04 

August 2019 16.60 ± 4.65 b 4.75 ± 0.60 b 1.88 ± 0.27 b 0.07 ± 0.04 

T × S AN × June 2019 7.67 ± 4.37 1.83 ± 0.66 0.67 ± 0.20 0.00 ± 0.00 

AN × July 2019 7.67 ± 5.90 4.17 ± 1.40 1.11 ± 0.29 0.00 ± 0.00  

AN × August 2019 10.50 ± 4.95 4.92 ± 1.28 3.17 ± 0.98 0.11 ± 0.11 

BE × June 2019 6.50 ± 5.39 3.33 ± 0.88 1.00 ± 0.29 0.00 ± 0.00 

BE × July 2019 12.17 ± 6.40 2.58 ± 1.02 0.33 ± 0.14 0.00 ± 0.00 

BE × August 2019 7.83 ± 4.01 8.67 ± 1.58 2.22 ± 0.36 0.00 ± 0.00 

C × June 2019 4.83 ± 3.05 4.17 ± 1.25 1.61 ± 0.54 0.11 ± 0.11 

C × July 2019 20.17 ± 10.89 3.92 ± 1.20 0.94 ± 0.25 0.11 ± 0.11 

C × August 2019 9.00 ± 4.76 1.58 ± 0.36 0.56 ± 0.20 0.00 ± 0.00 

AA × June 2019 18.00 ± 10.41 3.33 ± 1.05 1.06 ± 0.347 0.00 ± 0.00 

AA × July 2019 32.00 ± 12.89 11.83 ± 3.62 2.50 ± 0.84 0.22 ± 0.15 

AA × August 2019 23.00 ± 15.75 2.42 ± 0.596 0.67 ± 0.18 0.00 ± 0.00 

BS × June 2019 22.00 ± 11.85 2.50 ± 0.70 0.56 ± 0.22 0.00 ± 0.00 

BS × July 2019 20.50 ± 9.91 3.50 ± 0.96 0.62 ± 0.15 0.00 ± 0.00 

BS × August 2019 32.67 ± 14.93 6.17 ± 1.41 2.78 ± 0.58 0.22 ± 0.15 

P-value T ˂ 0.05 ˂ 0.05 ˂ 0.05 ˂ 0.05 

S ˂ 0.05 < 0.05 < 0.05 > 0.05 

T × S ˂ 0.05 < 0.001 < 0.001 ˂ 0.05 
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The mean number of normal prophases, metaphases, anaphases and telophases showed 

statistically significant differences (p ˂ 0.05) among treatments, sampling dates and for the T 

× S interaction (Table 3.4).  

Except for the irregular prophase and metaphase cells of the interaction BE × August, 

most of the scored mitotic cells (normal and irregular) were in prophase (Tables 3.4 and 3.5). 

In fact, most of the dividing cells scored per treatment, sampling date and T × S interaction 

showed the following frequency per mitotic phase: prophase ˃ metaphase ˃ anaphase ˃ 

telophase (Tables 3.4 and 3.5). 

The highest mean number of normal prophases were found in the treatment AA, in 

July, and in the interactions control × July and AA × August (Table 3.4). In the case of the 

mean number of irregular prophases, the highest mean values were detected in the treatment 

BS, in July, and in the interactions BS × August and AA × July (Table 3.5).  

The highest average numbers of normal metaphases were detected in treatment BS, in 

August, and in the interaction AN × August (Table 3.4). The highest mean number of 

irregular metaphases was observed in plants treated with BS, in July, and in the interaction 

AA × July (Table 3.5).  

The highest mean numbers of normal anaphases were registered in plants treated with 

BE, sampled in August and in the interaction BE × August (Table 3.4). The highest mean 

numbers of irregular anaphases were found in plants treated with AN, in August, and in the 

AN × August interaction (Table 3.5).  

The highest average numbers of normal telophases were registered in the treatments 

BS and BE, in July, and in the interactions control × July, and AA × July (Table 3.4). The 

highest average numbers of irregular telophases were in control, AA and BS, in July and 

August, and in the interactions AA × July and BS × August (Table 3.5).  
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 Types of anomalies in the mitotic cells 

In this work, normal and irregular dividing cells in different mitotic phases were 

observed (Fig. 3.2; Tables 3.6 and 3.7).  

Figure 3.2. Normal and irregular dividing cells of almond stained with silver nitrate (a, e, g, i, j, m) or DAPI (b-

d, h, k, l) showing (a, b) normal prophases; (c) one sticky prometaphase (upper); (d) normal metaphase; (e) C-

mitosis; (f) sticky metaphase with one laggard chromosome; (g) metaphase with disturbed chromosomal 

orientation and laggard chromosomes; (h) late metaphase-early anaphase; (i) anaphase with disturbed 

chromosomal orientation and laggard chromosomes; (j) anaphase with disturbed chromosomal orientation and 

one chromatin bridge; (k) multipolar anaphase; (l) normal telophase; and (m) sticky telophase with laggard 

chromosomes. 

 

Table 3.6 depicts the statistical results relative to the average number of prophase and 

metaphase cells with different types of anomalies per treatment (T), sampling date (S) and for 

the T × S interaction.  
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The mean number of irregular prophase and metaphase cells with one or more types of 

anomalies showed statistically significant (p ˂ 0.05) differences among treatments, sampling 

dates and for their interaction (Table 3.6).  

Chromatin with stickiness was observed in all mitotic phases (Fig. 3.2-c, f, m; Tables 

3.6 and 3.7). The lowest average number of sticky prophases was registered in the interaction 

control × June (Table 3.6). The lowest average numbers of sticky metaphases were detected in 

control, June and in the control × August interaction (Table 3.6). The two treatments based on 

boron application and the sampling date of June did not show prophases with micronuclei 

(Table 3.6). The highest averages of sticky prophases were observed in plants treated with BS 

in the sampling date of July and for the interactions BS × July and AA × August (Table 3.6). 

The mean number of prophases with micronuclei showed a higher value in plants treated with 

AA, in July and in the interaction AA × July (Table 3.6). Statistically significant differences 

(p < 0.001) were found among treatments, sampling dates and interactions (Table 3.6). 

The average values of irregular prophases showed statistically significant differences 

(p < 0.05) for the sampling date (S) and interaction of the factors (T × S), and a statistically 

significant difference (p < 0.001) for the effects treatment (Table 3.6). 

Metaphases showed other irregularities, that resulted from anomalies on the structure 

or function of the mitotic spindle, such as C-mitosis (Fig. 3.2-e), laggard chromosomes and 

disturbed chromosomal orientation (Fig. 3.2-d, e, f, g). 

The lowest mean numbers of metaphases with disturbed chromosomal orientation 

were detected in the treatments AA and BS, in June and in the BE × June interaction (Table 

3.6). 

The lowest numbers of C-mitosis was shown by the treatments AN e BS, June, and by 

the interactions control × August and BE × June (Table 3.6).   

 The lowest mean numbers of metaphases with laggard chromosomes were detected in 

control, in June and control × August interaction (Table 3.6).  
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Table 3.6. Mean (± standard error, S.E.) number of irregular prophase and metaphase cells showing with different types of anomalies per treatment (T), sampling date (S), 

and for the T × S interaction. Different lowercase letters per column indicate statistically significant differences (p ˂ 0.05) and (p < 0.001) among T and/or S as revealed by 

ANOVA, Fisher’s test and/or equality of variance F. 

 

  Prophase anomalies Metaphase anomalies 

    Stickiness Micronuclei Stickiness Disturbed C-mitosis  Laggard chromosomes 

    Mean ± S.E Mean ± S.E Mean ± S.E Mean ± S.E Mean ± S.E Mean ± S.E 

Treatment (T) 1. A. nodosum (AN) 17.11 ± 3.88 a 0.11 ± 0.11 b 5.33 ± 1.85 b 2.44 ± 0.67 b 1.11 ± 0.31 a 5.67 ± 1.56 b 

2. Boron ethan. (BE) 17.67 ± 4.22 a 0.00 ± 0.00 a 5.67 ± 1.07 b 3.11 ± 1.39 c 2.44 ± 0.96 b 8.22 ± 2.24 d 

3. Control (C) 22.33 ± 6.55 b 0.33 ± 0.33 c 3.44 ± 1.53 a 3.22 ± 1.09 c 2.78 ± 1.27 b 3.44 ± 1.11 a 

4. Amino acids (AA) 47.33 ± 9.66 c 1.33 ± 0.69 d 7.56 ± 2.94 c 1.67 ± 0.41 a 10.33 ± 4.49 c 3.89 ± 1.20 a 

5. Boron solid (BS) 50.11 ± 6.52 c 0.00 ± 0.00 a 5.89 ± 1.58 b 2.33 ± 0.65 b 1.11 ± 0.26 a 6.89 ± 1.25 c 

Sampling date (S) June 2019 23.60 ± 5.53 a 0.00 ± 0.00 a 4.53 ± 0.99 a 1.53 ± 0.42 a 1.60 ± 0.58 a 4.47 ± 0.91 a 

July 2019 36.00 ± 5.61 c 1.00 ± 0.46 c 6.67 ± 1.94 c 2.00 ± 0.74 b 7.47 ± 2.88 b 4.67 ± 0.97 a 

August 2019 33.13 ± 7.12 b 0.07 ± 0.07 b 5.53 ± 1.29 b 4.13 ± 0.70 c 1.60 ± 0.31 a 7.73 ± 1.54 b 

T × S AN × June 2019 15.33 ± 6.06 0.00 ± 0.00 1.67 ± 0.67 1.33 ± 0.88 0.00 ± 0.00 4.33 ± 1.86 

AN × July 2019 15.33 ± 10.73 0.00 ± 0.00 7.33 ± 4.91 2.33 ± 1.33 1.67 ± 0.33 5.33 ± 2.60 

AN × August 2019 20.68 ± 4.33 0.33 ± 0.33 7.00 ± 2.52 3.67 ± 1.20 1.67 ± 0.33 7.33 ± 4.10 

BE × June 2019 13.00 ± 10.15 0.00 ± 0.00 6.00 ± 1.00 0.33 ± 0.33 4.00 ± 2.52 3.00 ± 1.16 

BE × July 2019 24.33 ± 7.54 0.00 ± 0.00 2.67 ± 1.76 0.67 ± 0.67 1.33 ± 1.33 5.67 ± 3.18 

BE × August 2019 15.67 ± 4.33 0.00 ± 0.00 8.33 ± 1.20 8.33 ± 1.45 2.00 ± 1.00 16.00 ± 1.16 

C × June 2019 9.68 ± 4.81 0.00 ± 0.00 6.67 ± 3.71 2.67 ± 1.20 2.00 ± 0.58 5.33 ± 3.38 

C × July 2019 39.33 ± 14.99 1.00 ± 1.00 2.33 ± 2.33 4.33 ± 3.38 6.00 ± 3.22 3.00 ± 0.58 

C × August 2019 18.00 ± 5.69 0.00 ± 0.00 1.33 ± 0.88 2.67 ± 0.67 0.33 ± 0.33 2.00 ± 0.00 

AA × June 2019 36.00 ± 14.74 0.00 ± 0.00 1.67 ± 0.67 1.00 ± 0.58 1.33 ± 0.67 5.00 ± 2.65 

AA × July 2019 60.00 ± 6.81 4.00 ± 0.00 7.33 ± 4.91 1.33 ± 0.88 27.33 ± 4.81 2.67 ± 1.45 

AA × August 2019 46.00 ± 26.67 0.00 ± 0.00 7.00 ± 2.52 2.67 ± 0.33 2.33 ± 0.88 4.00 ± 2.00 

BS × June 2019 44.00 ± 17.74 0.00 ± 0.00 2.33 ± 0.88 2.33 ± 1.33 0.67 ± 0.33 4.67 ± 2.03 

BS × July 2019 41.00 ± 8.39 0.00 ± 0.00 5.00 ± 0.58 1.33 ± 0.67 1.00 ± 0.58 6.67 ± 2.73 

BS × August 2019 

65.33 ± 6.84 0.00 ± 0.00 10.33 ± 3.48 3.33 ± 1.33 1.67 ± 0.33 

9.33 ± 1.33 
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Table 3.6 (continuation). Mean (± standard error, S.E.) number of irregular prophase and metaphase cells with different types of anomalies per treatment (T), sampling date 

(S), and for the T × S interaction. Different lowercase letters per column indicate statistically significant differences (p ˂ 0.05) and (p < 0.001) among T and/or S as revealed 

by ANOVA, Fisher’s test and/or equality of variance F.  

 

  Prophase anomalies Metaphase anomalies 

  Stickiness Micronuclei Stickiness Disturbed C-metaphase  Laggard chromosomes 

  Mean ± S.E Mean ± S.E Mean ± S.E Mean ± S.E Mean ± S.E Mean ± S.E 

P-value T < 0.001 < 0.001 ˂ 0.05 ˂ 0.05 < 0.001 ˂ 0.05 

S ˂ 0.05 < 0.001 ˂ 0.05 < 0.05 < 0.001 ˂ 0.05 

T × S ˂ 0.05 < 0.001 < 0.05 ˂ 0.05 < 0.001 ˂ 0.05 
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The highest average of sticky metaphases was observed in plants treated with AA, in 

July and for the interactions BS × August (Table 3.6). The average values of irregular 

prophases showed statistically significant differences (p < 0.05) for the treatment (T), 

sampling date (S), and interaction T × S (Table 3.6). 

The highest mean numbers of metaphases with disturbed chromosomal orientation 

were detected in control, in August, and in the interaction BE × August (Table 3.6).  

The highest mean numbers of C-mitosis were observed in treatment AA, in July, and 

in the AA × July interaction (Table 3.6).  

The highest average number of metaphases with laggard chromosomes were detected 

in BE, August, and in the interactions BE × August and BS × August (Table 3.6).  

Table 3.7 presents the statistical results concerning to the average number of anaphase 

and telophase cells with different types of anomalies per treatment (T), sampling date (S) and 

for the T × S interaction.  
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Table 3.7. Mean (± standard error, S.E.) number of irregular anaphase and telophase cells with different types of anomalies per treatment (T), sampling date (S), and for the T 

× S interaction. Different lowercase letters per column indicate statistically significant differences (p ˂ 0.05) among T and/or S as revealed by ANOVA, Fisher’s test and/or 

equality of variance F. 

 
  Anaphase anomalies Telophase anomalies 

 
 Bridges  

Laggard 

chromosomes 
Stickiness Disturbed Unipolar Multipolar 

Sticky with  

laggard chromosomes 

  Mean ± S.E Mean ± S.E Mean ± S.E Mean ± S.E Mean ± S.E Mean ± S.E Mean ± S.E 

Treatment (T) 1. A. nodosum (AN) 2.56 ± 1.45 c 2.56 ± 0.87 c 1.44 ± 0.44 a 1.33 ± 0.97 a 0.22 ± 0.22 b 1.78 ± 0.98 d 0.22 ± 0.22 c 

2. Boron ethan. (BE) 1.67 ± 0.37 a 1.44 ± 0.48 b 1.44 ± 0.44 a 1.33 ± 0.50 a 0.00 ± 0.00 a 1.22 ± 0.64 c 0.00 ± 0.00 a 

3. Control (C) 1.78 ± 0.57 b 0.67 ± 0.24 a 1.67 ± 0.97 b 1.33 ± 0.37 a 0.44 ± 0.24 d 0.33 ± 0.17 b 0.22 ± 0.15 c 

4. Amino acids (AA) 1.78 ± 0.57 b 2.11 ± 1.02 c 1.89 ± 0.75 b 2.22 ± 1.25 c 0.33 ± 0.24 b.c 0.11 ± 0.11 a 0.11 ± 0.11 b 

5. Boron solid (BS) 1.89 ± 0.72 b 1.44 ± 0.65 b 1.22 ± 0.40 a 1.67 ± 0.90 b 0.22 ± 0.22 b 1.22 ± 0.64 c 0.22 ± 0.15 c 

Sampling date (S) June 2019 1.40 ± 0.36 a 0.93 ± 0.23 a 2.13 ± 0.63 b 1.13 ± 0.31 a 0.13 ± 0.09 a 0.13 ± 0.09 a 0.07 ± 0.07 a 

July 2019 1.53 ± 0.35 a 1.73 ± 0.66 b 1.33 ± 0.43 a 1.20 ± 0.78 a 0.13 ± 0.13 a 0.53 ± 0.19 b 0.20 ± 0.15 b 

August 2019 2.87 ± 0.92 b 2.27 ± 0.63 c 1.13 ± 0.31 a 2.40 ± 0.72 b 0.47 ± 0.22 b 2.13 ± 0.71 c 0.20 ± 0.11 b 

T × S AN × June 2019 1.00 ± 0.00 1.00 ± 0.58 1.33 ± 0.88 0.67 ± 0.33 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

AN × July 2019 1.33 ± 0.88 2.33 ± 0.33 1.67 ± 0.88 0.00 ± 0.00 0.00 ± 0.00 1.33 ± 0.67 0.00 ± 0.00 

AN × August 2019 5.33 ± 4.33 4.33 ± 2.40 1.33 ± 0.88 3.33 ± 2.85 0.67 ± 0.67  4.00 ± 2.65 0.33 ± 0.33 

BE × June 2019 1.33 ± 0.33 1.67 ± 0.67 2.00 ± 1.00 1.00 ± 1.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

BE × July 2019 1.00 ± 0.58 0.00 ± 0.00 0.33 ± 0.33 0.33 ± 0.33 0.00 ± 0.00  0.33 ± 0.33 0.00 ± 0.00 

BE × August 2019 2.67 ± 0.67 2.67 ± 0.67 2.00 ± 0.58 2.67 ± 0.68 0.00 ± 0.00 3.33 ± 1.20 0.00 ± 0.00 

C × June 2019 1.68 ± 1.68 0.67 ± 0.33 3.67 ± 2.67 2.33 ± 0.88 0.67 ± 0.33 0.67 ± 0.33 0.33 ± 0.33 

C × July 2019 2.00 ± 0.58 1.00 ± 0.58 1.00 ± 1.00 0.67 ±0.33 0.67 ± 0.67 0.33 ± 0.33 0.33 ± 0.33 

C × August 2019 1.67 ± 0.88 0.33 ± 0.33 0.33 ± 0.33 1.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

AA × June 2019 2.00 ± 1.00 0.67 ± 0.33 2.67 ± 1.33 1.00 ± 0.58 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

AA × July 2019 2.33 ± 1.45 4.67 ± 2.73 3.00 ± 1.53 4.67 ± 3.67 0.00 ± 0.00 0.33 ± 0.33 0.67 ± 0.67 

AA × August 2019 1.00 ± 0.58 1.00 ± 0.00 0.00 ± 0.00 1.00 ± 0.58 1.00 ± 0.58 0.00 ± 0.00 0.00 ± 0.00 

BS × June 2019 1.00 ± 0.58 0.67 ± 0.67 1.00 ± 1.00 0.67 ± 0.33 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

BS × July 2019 1.00 ± 0.00 0.67 ± 0.67 0.67 ± 0.33 0.33 ± 0.33 0.00 ± 0.00 0.33 ± 0.33 0.00 ± 0.00 

BS × August 2019 3.67 ± 1.86 3.00 ± 1.53 2.00 ± 058 4.00 ± 2.31 0.67 ± 0.67 3.33 ± 1.20 0.00 ± 0.00 
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Table 3.7. (continuation) Mean (± standard error, S.E.) number of irregular anaphase and telophase cells with different types of anomalies per treatment (T), sampling date 

(S), and for the T × S interaction. Different lowercase letters per column indicate statistically significant differences (p ˂ 0.05) among T and/or S as revealed by ANOVA, 

Fisher’s test and/or equality of variance F.  

 

  Anaphase anomalies Telophase anomalies 

  Bridges  
Laggard 

chromosomes 
Stickiness Disturbed Unipolar Multipolar 

Sticky with  

laggard chromosomes 

  Mean ± S.E Mean ± S.E Mean ± S.E Mean ± S.E Mean ± S.E Mean ± S.E Mean ± S.E 

P-value T ˂ 0.05 ˂ 0.05 ˂ 0.05 ˂ 0.05 ˂ 0.05 ˂ 0.05 ˂ 0.05 

S ˂ 0.05 ˂ 0.05 ˂ 0.05 ˂ 0.05 ˂ 0.05 < 0.05 ˂  0.05 

T × S ˂ 0.05 ˂ 0.05 ˂ 0.05 ˂ 0.05 ˂ 0.05 ˂ 0.05 ˂ 0.05 
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Irregular anaphases showed chromatin bridges and stickiness as well as disturbed 

chromosomal orientation and polarity that resulted in unipolar and multipolar anaphases 

and lagging chromosomes (Table 3.7). 

The single type of irregularity found on telophase cells was the chromatin stickiness 

accompanied by laggard chromosomes (Table 3.7).  

In the anaphase cells, the most frequent anomalies changed with the treatment, but 

the two that showed the highest mean values were the occurrence of chromatin bridges and 

the presence of laggard chromosomes that were detected in AN (Table 3.7). Concerning to 

the sampling date, most of the anaphase anomalies occurred in August, where in the 

interactions T × S, high mean values of irregular anaphase cells were found in AA × July 

and BS × August (Table 3.7).  

Regarding the irregular telophases, its highest mean number was found in the 

treatments AN, control and BS; in July and August; and in the interaction AA × July 

(Table 3.7). No telophase anomalies in the two boron-based treatments (BE and BS) were 

found (Table 3.7). 

The mean number of irregular anaphase and telophase cells with one or more types 

of anomalies showed statistically significant (p ˂ 0.05) differences among treatments (T), 

sampling dates (S) and T × S interactions (Table 3.7).  
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3.2 Molecular analyses  

 DNA fingerprinting performed with ISSR, RAPD and RTNs-based markers 

Among the various primers tested, we selected six SSR primers and four oligomers, 

for the ISSRs and RAPDs amplification, respectively, based on the amplification and/or 

production of polymorphic patterns among the analysed DNA pools of the control and 

treated plants (Fig. 3.3; Table 3.8).  

 

Figure 3.3. Polymorphic RAPD (a) and ISSR (b) patterns produced with the primer OPB-11 (a) and primers 

UBC857 and UBC888 (b) in the DNA pools of treated plants sampled in June (lanes A1, A2, A4, A5), July 

(lanes B1, B2, B4, B5) and August (lanes C1, C2, C4, C5) in comparison to the patterns of the DNA pools of 

control plants (lanes A3, B3 and C3). M – Molecular weight marker GeneRuler DNA Ladder Plus (Thermo 

Scientific, ThermoFisher Scientific). Notes: 1 – AN; 2 – BE; 3 – control; 4 – AA and 5 – BS treatments. 
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In the case of the RTNs-based markers, various LTR primers (one LTR primer per 

reaction) were tested, but only six showed amplification (Table 3.8). Two of those LTR 

primers, RTY1 and Tar1, produced only two bands per DNA pool. Hence, we combined 

RTY1 and Tar1 to produce additional IRAPs which resulted in polymorphic patterns 

among the DNA pools (Fig. 3.4; Table 3.8). 

 

 

Figure 3.4. RTNs-based molecular markers produced in the DNA pools of treated almond plants sampled in 

June (lanes A1, A2, A4, A5), July (lanes B1, B2, B4, B5) and August (lanes C1, C2, C4, C5) in comparison 

to the patterns of the control DNA pools (lanes A3, B3 and C3). (a) REMAP markers amplified with the 

primers Sukkula + UBC857 and (b) IRAPs amplified with the primer Sukkula. (c) Testing of individual PBS 

primers (left) and their 15 possible combinations (right) in the same DNA pool to amplify iPBS markers. (d) 

iPBS markers amplified with the PBS primers F0103 + F0104. M – Molecular weight marker GeneRuler 

DNA Ladder Mix. 
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Table 3.8. Changes in the molecular patterns of the DNA pools of the treated plants relative to their respective control, detected per treatment (AN, BE, AA and BS) and 

sampling date (June, July and August). Note: C – number of total bands amplified in the control; (a) – number of new bands relative to the control; (b) – number of 

disappeared bands relative to the control. 

 

 

  Treatments in the different sampling dates 

  A1 A2 A4 A5 B1 B2 B4 B5 C1 C2 C4 C5 

Marker Primer(s) C a/b C a/b C a/b C a/b C a/b C a/b C a/b C a/b C a/b C a/b C a/b C a/b 

ISSR 815 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 8 4/8 8 1/6 8 8/1 8 7/1 

 818 10 0/10 10 1/9 10 1/8 10 2/9 2 6/1 2 0/0 2 4/2 2 6/1 8 9/4 8 1/3 8 4/0 8 3/0 

 841 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 9 2/4 9 0/2 9 2/0 9 2/0 

 856 2 0/1 2 0/2 2 0/0 2 3/1 8 0/6 8 0/6 8 0/6 8 6/1 12 4/8 12 0/9 12 5/3 12 6/1 

 857 5 1/2 5 3/2 5 1/1 5 4/0 9 3/5 9 2/1 9 3/3 9 9/3 11 1/9 11 0/8 11 1/2 11 1/2 

 888 6 2/0 6 0/0 6 0/1 6 2/0 5 1/2 5 3/0 5 7/1 5 11/0 11 4/4 11 0/4 11 3/1 11 3/0 

Total ISSR bands 23  23  23  23  24  24  24  24  59  59  59  59  

(a + b)  16  17  12  21  24  12  26  37  61  34  30  26 

RAPD OPA-07 5 0/0 5 0/0 5 2/0 5 1/0 5 1/0 5 1/0 5 2/0 5 2/0 2 8/1 2 5/1 2 3/0 2 6/0 

 OPA-08 2 1/0 2 1/0 2 1/0 2 1/0 5 0/0 5 0/0 5 4/0 5 1/0 6 5/1 6 3/2 6 2/0 6 7/0 

 OPB-11 8 1/2 8 2/2 8 0/0 8 2/1 11 1/2 11 0/3 11 1/4 11 0/5 6 12/1 6 2/3 6 11/4 6 13/1 

 OPC-09 5 0/0 5 0/1 5 0/0 5 0/0 6 0/0 6 0/0 6 0/0 6 0/0 6 0/0 6 0/1 6 0/0 6 0/0 

Total RAPD bands 20  20  20  20  28  28  28  28  20  20  20  20  

(a + b)  4  6  3  5  4  4  11  8  28  17  20  27 

IRAP Stowaway 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 6 0/4 6 4/1 6 0/0 6 0/0 

 Sabrina 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 5 1/5 5 5/5 5 2/3 5 4/2 

 Sukkula 14 0/9 14 0/6 14 0/7 14 0/7 15 2/8 15 2/6 15 2/8 15 0/5 18 2/9 18 2/3 18 2/3 18 1/3 

 3’-LTR 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 9 1/7 9 2/3 9 1/3 9 1/2 

 RTY1+Tar1 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 8 0/0 8 0/0 8 2/0 8 0/2 

Total IRAP bands 14  14  14  14  15  15  15  15  46  46  46  46  

(a + b)  9  6  7  7  10  8  10  5  29  25  16  15 

REMAP Stowaway+888 5 0/0 5 0/0 5 0/0 5 0/0 5 0/0 5 0/0 5 0/0 5 0/0 4 0/3 4 0/1 4 1/0 4 2/0 

 Sabrina + 888 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 4 0/3 4 0/3 4 0/0 4 0/0 

 Sukkula +888 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 4 0/1 4 0/2 4 0/0 4 0/0 

 3’-LTR + 888 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 0 0/0 6 0/2 6 0/2 6 0/0 6 0/0 

 Sukkula +857 7 1/3 7 1/0 7 3/0 7 3/1 9 1/1 9 1/2 9 3/3 9 1/4 12 0/2 12 1/3 12 0/2 12 0/2 

Total REMAP bands 12  12  12  12  14  14  14  14  30  30  30  30  

(a + b)  4  1  3  4  2  3  6  5  11  12  3  4 

iPBS F0100+F0103 5 0/1 5 0/0 5 0/0 5 0/0 5 0/0 5 0/1 5 0/0 5 1/0 5 0/0 5 0/0 5 0/0 5 0/0 

 F0100+F0104 3 0/1 3 0/0 3 0/0 3 0/1 3 0/0 3 0/0 3 0/0 3 1/1 3 0/1 3 0/1 3 0/0 3 0/0 

 F0103+F0104 5 0/3 5 0/2 5 0/2 5 0/2 5 0/0 5 0/2 5 0/4 5 0/1 4 0/0 4 0/0 4 2/0 4 1/0 

 F0103+F0113 4 0/0 4 0/0 4 1/0 4 0/0 5 0/1 5 1/1 5 0/0 5 0/1 5 0/1 5 0/0 5 1/0 5 0/0 

Total iPBS bands 17  17  17  17  18  18  18  18  17  17  17  17  

(a + b)  5  2  3  3  1  5  4  5  2  1  3  1 

Total bands  86   86   86   86   98   98   98   98   172   172   172   172   

(a + b)  38  32  28  40  33  32  57  60  133  89  72  73 
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Although the primers UBC857 and UBC888 presented a percentage of ISSR 

polymorphism lower than 100%, their patterns were highly discriminative among the 15 DNA 

pools (Fig. 3.3). Hence, the four individual LTR primers previously selected for IRAP 

amplification were combined with the primers UBC857 and UBC888 to amplify additional 

REMAPs, but not all combinations were successful (Fig. 3.4-a; Table 3.8). 

Some SSR primers produced 100% of ISSR polymorphism because did not show 

amplification in the DNA pools of leaves sampled in June and July of 2019 (Table 3.8).  

Concerning to the amplification of the iPBS markers, six PBS primers previously 

reported by Weigsheider et al. (2009), were tested (Fig. 3.4-c, left). All the individual PBS 

primers showed amplification of iPBS markers despite the reduced number of bands per lane 

(Fig. 3.4-c, left). Therefore, the six PBS primers were combined among them in the 15 

possible combinations, which produced additional iPBS markers (Fig. 3.4-c, right). Among 

the 15 combinations of PBS primers, six of them produced a higher number of bands per lane 

and were selected for the amplification of iPBS markers in the 15 DNA pools of the control 

and biostimulant-treated plants. Nonetheless, only four combinations of PBS primers (Table 

3.8) produced polymorphic iPBS patterns among the 15 DNA pools (Fig. 3.4-d). 

 

  Estimation of genetic relatedness among the DNA pools 

The binary data resulting from the presence/ absence analysis of bands among the 

DNA pools of the treated and control plants for each treatment and sampling date was used to 

estimate their relationships of genetic similarity (Fig. 3.5). This approach was followed to 

verify which DNA pools of the treated plants were more distantly related to their respective 

control. 

 

3.2.2.1 Analysis of clusters using the UPGMA method 

 

For the UPGMA clustering, the Jaccard coefficient of genetic similarity was used. 

Firstly, five UPGMA dendrograms of genetic similarity based on the molecular data produced 

with each marker system were constructed (Fig. 3.5). 
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Figure 3.5. UPGMA dendrograms of genetic similarity based on the pooled 

molecular data achieved in the 15 DNA pools of treated plants sampled in June 

(A1, A2, A4, A5), July (B1, B2, B4, B5) and August (C1, C2, C4, C5) and their 

respective control (A3, B3, C3) with different marker systems (identified in 

figure). The dashed box indicates the one of the two main groups of each 

dendrogram which includes, in most of them, exclusively the DNA pools of plants 

sampled in August. 
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In each dendrogram, two main groups were observed (Fig. 3.5). Except for the 

UPGMA dendrogram based on the iPBS markers, one of the two main groups of each 

dendrogram enclosed exclusively the five DNA pools of the treated and control trees that 

were sampled in August (Fig. 3.5).  

Only the UPGMA dendrogram based on the pooled RAPD data presents the DNA 

pools of trees sampled in June (code A) clearly clustered apart from those sampled in July 

(code B) (Fig. 3.5). In the remaining dendrograms, the DNA pools of almond trees sampled in 

June and July seem to share high genetic similarity being embedded within the same clusters 

as well as enclosed in the main group (Fig. 3.5).  

Concerning to the individual UPGMA dendrograms, the one based on the pooled ISSR 

data showed a coefficient of genetic similarity ranging from 0.18 to 0.85, indicating 18% of 

genetic similarity among the 15 DNA pools (Fig. 3.5). The samples C4 and C5 showed the 

highest value of genetic similarity, 85% (Fig. 3.5). The DNA pools of plants sampled in June 

and July (codes A and B) have 35% of genetic similarity among them (Fig. 3.5).  

The dendrogram based on the RAPD markers data ranged from 0.29 to 0.93, 

indicating 29% of genetic similarity among the 15 DNA pools (Fig. 3.5). In this dendrogram, 

the DNA pools with the highest genetic similarity among them were A5, B1 and B2, that were 

enclosed with the remaining A and B DNA pools in one of the two main groups. They have 

clustered apart from the DNA pools of trees sampled in August of 2019 (C1 to C5) that 

presented 32.2% of genetic similarity and constituted the second main group (Fig. 3.5).  

The IRAP markers revealed 17% of genetic similarity among the 15 DNA pools (Fig. 

3.5). The DNA pools A4 and A5, which showed the highest value of genetic similarity (75%), 

were enclosed in one of the two main groups of the dendrogram along with the remaining 

DNA pools of almond trees sampled in June (code A) and July (code B) (Fig. 3.5). The 

second main group was exclusively constituted by the DNA pools of trees sampled in August 

(code C) that revealed a genetic similarity of 35.5% being lower than that of the DNA pools 

that compose the other main group (41.5%) (Fig. 3.5).  

The dendrogram based on the REMAP data revealed 31% of genetic similarity among 

the 15 DNA pools (Fig. 3.5). Once more, the DNA pools with codes C4 and C5 showed the 

highest value of genetic similarity (97%) and along with the DNA pools C1, C2 and C3, 
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constitute one of the two main groups of the dendrogram and have 59.5% of genetic similarity 

among them (Fig. 3.5). The DNA pools with codes A and B constitute another main group 

and present 67.4% of genetic similarity among them.  

According to the iPBS data, the 15 DNA pools share among them 80% of genetic 

similarity (Fig. 3.5). The DNA pools A3 and B3 (control plants), as well as the DNA pools 

C3 and C5, presented 96% of genetic similarity among them (Fig. 3.5). The DNA pools C1 

and C2 also showed a high value of genetic similarity between them (95.2%) (Fig. 3.5). The 

UPGMA clustering based on the iPBS markers also divided the 15 DNA pools into two main 

groups. Still in contrast to the previous dendrograms, the second cluster included DNA pools 

of almond trees sampled in June (code A), July (code B) and August (code C) which showed 

87.6% of genetic similarity among them (Fig. 3.5). The other main group included five DNA 

pools with codes A and B and presented 85.2% of genetic similarity (Fig. 3.5). The DNA pool 

with code B4 constituted a branch of the iPBS dendrogram evidencing genetic distance 

relative to the other DNA pools (Fig. 3.5).  

To analyse the genetic relatedness among the molecular patterns of the studied DNA 

pools, we performed Mantel tests whose graphical representation are presented in the 

Appendices section (A1).  

The correlation coefficient between each pair of genetic distance matrices produced by 

the five marker systems used in this work is presented in Table 3.9. 

 

Table 3.9. Correlation coefficient (r) between the genetic distance matrices of each pair of molecular marker 

systems achieved with the Mantel test. Statistically significant differences are presented as: * - p ˂ 0.05 and *** 

- p ˂ 0.001. 

 

Marker system ISSR RAPD IRAP REMAP 

RAPD 0.682    

IRAP 0.630 0.802   

REMAP 0.728*** 0.831 0.933***  

iPBS 0.208 0.149 0.218 0.287* 
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According to the Mantel tests performed between each pair of marker systems, a high 

and significant (p ˂ 0.001) correlation coefficient (0.933) was found between REMAP and 

IRAP, followed by those achieved between REMAP and RAPD (0.831), and between IRAP 

and RAPD (0.802) (Table 3.9). The correlation coefficient between ISSRs and RAPDs was 

0.682 (Table 3.9). The iPBS markers showed a reduced correlation coefficient with each one 

of the remaining marker systems (Table 3.9).  

A high number of markers can produce more reliable estimations of genetic similarity. 

Nonetheless, considering the different target genomic regions of each marker system, and 

their categorization (Nadeem et al., 2018), the combination of the overall molecular data was 

not done. Instead, we combined the ISSR with the RAPD data, despite their reduced 

correlation coefficient (Table 3.9), and performed an additional UPGMA dendrogram of 

genetic similarity based on these two marker systems (Fig. 3.6-a).  

The highest correlation coefficient was found between IRAP and REMAP, but we 

combined these two with iPBS once the three systems belong the class of RTNs-based 

markers and performed an additional dendrogram based on these data (Fig. 3.6-b).  
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Figure 3.6. UPGMA dendrogram of genetic similarity based on the pooled molecular data achieved in the 15 

DNA pools of treated plants sampled in June (A1, A2, A4, A5), July (B1, B2, B4, B5) and August (C1, C2, C4, 

C5) and their respective control (A3, B3, C3) with (a) ISSRs + RAPDs; and (b) RTNs-based markers (IRAP + 

REMAP + iPBS), using the Jaccard’s coefficient. 

 

  

Jaccard

0.25 0.38 0.52 0.65 0.79

          

 A1 

 A4 

 A3 

 A2 

 A5 

 B1 

 B2 

 B3 

 B4 

 B5 

 C3 

 C4 

 C5 

 C2 

 C1 

a 

Jaccard

0.39 0.52 0.64 0.77 0.89

          

 A1 

 A2 

 A3 

 B3 

 A4 

 A5 

 B1 

 B2 

 B5 

 B4 

 C1 

 C2 

 C4 

 C3 

 C5 

b 



Results 

 

59 

        

The UPGMA dendrogram based on the pooled ISSR and RAPD data evidenced 25% 

of genetic similarity among the 15 DNA pools (Fig. 3.6-a). The DNA pools C4 and C5, 

corresponding to the plants treated with AA and BS that were sampled in August, and showed 

the highest value of genetic similarity (79%) (Fig. 3.6-a). The topology of the tree presented 

in Figure 3.6-a showed two main groups: Group I is composed by nine DNA pools of codes A 

and B (plants sampled in June and July) which present among them 50.3% of genetic 

similarity; and Group II is constituted by all DNA pools of plants sampled in August (code 

C), except for C1 (branch), plus the DNA pool with code B5 (treatment BS and trees sampled 

in July), showing 31.1% of similarity among them (Fig. 3.6-a).  

The dendrogram of Figure 3.6-b is based on the pooled data produced by IRAP, 

REMAP and iPBS markers. Its topology reveals the clustering of the 15 DNA pools into two 

main groups and one branch (B4 – trees treated with AA and sampled in July). The RTNs-

based markers evidenced 39% of genetic similarity among the 15 DNA pools, and those with 

codes A4 and A5 (trees treated with AA and BS, respectively, and sampled in June) presented 

the highest value of similarity (89%) (Fig. 3.6-b). The main Group I enclosed 10 DNA pools 

with a genetic similarity of 68.8% among them. In contrast, Group II includes the five DNA 

pools of trees sampled in August (code C), revealing 55.2% of genetic similarity among them 

(Fig. 3.6-b).  

 

3.2.2.2 Principal Coordinates Analysis 

An individual Principal Coordinates Analysis (PCoA) based on the genetic distance 

matrix of each marker system was performed for a more accurate and complete analysis (Fig. 

3.7).  
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Figure 3.7. Principal Coordinates Analysis (PCoA) graphics based on the genetic distance matrix of each marker system: (a) ISSR, (b) RAPD; (c) iPBS; (d) IRAP and (e) 

REMAP, but also based on the pooled (f) ISSR + RAPD; and (g) IRAP + REMAP + iPBS. Note: DNA pools of plants treated with 1 – AN, 2 – BE, 4 – AA and 5 – BS, 

sampled in June (A1, A2, A4, A5), July (B1, B2, B4, B5) and August (C1, C2, C4, C5), and their respective control (A3, B3, C3). 
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In general, the results obtained by the individual PCoA (Fig. 3.7) corroborated the 

results verified on the individual UPGMA dendrograms (Fig. 3.5). Also, the two PCoAs 

based on the pooled data produced by the ISSR and RAPD (Fig. 3.7-a, b) and RTNs-based 

markers (Fig. 3.7-c, d, e) matched the genetic relationships evidenced by the respective 

UPGMA dendrograms (Fig. 3.6). 

Table 3.10 presents the percentage of total variation explained by the first three 

coordinates (axes) as well as their cumulative percentage. 

 

Table 3.10.  Summary of PCoA results based on genetic distance matrices obtained with each molecular marker 

and with the two combined groups of markers based on their classification.  

 

There are various interpretations of a PCoA but considering the criterion of Reis 

(1997), five coordinates can be considered till reaching the explanation of 70% of the total 

variation. Assuming this value, the cumulative percentage based on the first three coordinates 

are near or overcome the 70% value (Table 3.10), evidencing that each marker system or 

group of combined markers were suited to explain the total variation of the achieved 

molecular data. 

 

  Estimation of genomic template stability (GTS)  

Modifications in the molecular patterns such as the appearance of new bands or 

disappearance of others in the DNA pools of treated plants relative to the patterns of the 

control bands have been considered as a decrease in the genomic template stability (GTS) 

Molecular markers % Coord.1 % Coord.2 % Coord.3 % Cum 

ISSR 43.69 11.67 9.79 65.15 

RAPD 44.26 15.21 9.13 68.59 

iPBS 30.82 19.63 17.38 67.83 

IRAP 53.30 10.41 8.89 71.60 

REMAP 63.89 10.68 9.07 83.64 

[ISSR + RAPD] 39.97 13.45 10.77 64.20 

[iPBS + IRAP + REMAP] 52.56 9.66 7.92 70.13 
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(Correia et al., 2014). A similar qualitative evaluation was performed in the present study 

based on the data presented in Table 3.8.  

Figure 3.8 presents the mean percentage of GTS determined for the following: (a) 

interaction marker system × sampling date; (b) combined ISSR + RAPD data per DNA pool; 

and (c) combined iPBS + IRAP + REMAP data per DNA pool. 

Figure 3.8. Mean percentage of genomic DNA template stability (% GTS) determined based on the comparison 

of the DNA pools of treated plants with those of their respective control, for the interactions: (a) marker system 

× sampling date; (b) combined ISSR + RAPD data × treatment; and (c) combined iPBS + IRAP + REMAP data 

× treatment. Notes: 1 - AN; 2 – BE; 4 – AA; and 5 – BS treatments. Sampling dates: A – June; B – July and C – 

August. Different lowercase letters among the bars of each marker system (a) or among the bars of the DNA 

pools for each sampling date (A, B or C) represent statistically significant differences (p ˂ 0.05) indicated by the 

equality of variance F test. The gray lowercase letters in (a) represent statistically significant differences (p ˂ 

0.05) among the marker systems as indicated by the quality of variance F test. 
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 Based on the data achieved with all treatments in comparison with the control, for the 

interaction marker system x sampling date, graphically represented in Figure 3.8-a, it was 

verified that for three out of the five marker system used, the highest GTS values were 

reached in August. 

 The highest values of GTS revealed per treatment based only in the combined ISSR + 

RAPD data were detected in the treatments BE and AA for both June and July, and AA and 

BS for August (Fig. 3.8-b). 

 The highest values of GTS revealed per treatment based on the three RTNs-base 

markers (iPBS + IRAP + REMAP) were identified in the treatments BE and AA for June; 

AN, BS and BE for July, and AA and BS for August (Fig. 3.8-b). 

 The previous analyses of the GTS values indicated that independently of the marker 

system, the biostimulant treatment based on free amino acids (AA), as well as the two 

fertilisers based on the application of foliar (BE) and solid (BS) boron, induced more genomic 

stability to the almond trees. Additionally, some of the highest GTS values were found in 

August which might reveal that a higher number of applications of each treatment can 

contribute for the increase of the genomic stability in comparison to the control trees. 
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4 DISCUSSION 

With the worsening of climate change over the past years, it is necessary to understand 

the behaviour of plant tolerance to the different types of stress, making it essential to take 

short- or long-term measures that develop tolerance to increase productivity, development and 

quality of the plants. Since the forecasted climatic events for the Mediterranean region within 

the next years will reduce the agricultural productivity in various crops (Abd-Elmabod et al., 

2020), one of the main methods to overcome this problem is to select abiotic stress-tolerant 

and late-flowering cultivars through genetic breeding programs (Rubio-Cabetas, 2016).  

Abiotic stresses resulting from climate changes have been affecting the Mediterranean 

regions (El Yaacoubi et al., 2019), including Portugal.  

The almond trees typically grow at optimum temperatures of 25 ºC and 30 ºC, 

ensuring an excellent photosynthetic activity (Rodrigues, 2017). The meteorological data of 

concrete sampling dates in the spring and summer of 2019, were searched at the site of the 

Portuguese Institute of the Sea and the Atmosphere (IPMA). Hence, a low level of 

precipitation (0 mm) and a high level of air temperature (24 ºC) for those days were found 

(IPMA 2019a,b). On the sampling date of June of 2019, the maximum temperature recorded 

in the NE Portugal was 27 ºC, a value of 3 ºC above the average value documented during 

that month and the total precipitation of 31.4 mm (IPMA, 2019b, 2020). In July of 2019, the 

maximum temperature recorded differed 1.1 ºC from the maximum average temperature 

recorded throughout the month (30.8 ºC) with total precipitation of 8.1 mm (IPMA, 2019c, 

2020). Regarding the sampling date of August of 2019, total rainfall of 21.0 mm and a 

maximum temperature of 32.5 ºC, 2.7 ºC above the average value recorded during that month, 

were recorded, (IPMA 2019d, 2020). 

The almond trees studied in this work were exposed daily to the interplay of 

edaphoclimatic factors (temperature, radiation, precipitation, soil) that will also affect the 

results achieved. Therefore, in this work, we aimed to select the best-suited treatment(s) that 

can ensure a sustainable almond production under the extreme climate where they are 

growing and considering the forecasted climate changes to the Iberian Peninsula, based on 

cytogenomic approaches. Although this work focused on the regularity of the leaf mitotic cell 
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cycle and genomic stability, this makes part of a more significant work that will rely on the 

fruits as well as on biochemical, transcriptomics and yield assays.  

 

4.1 Impact of biostimulants and boron-based fertilisers on the leaf cell cycle 

Calvo et al. (2014) reported that despite the wide use of biostimulants, mainly in 

horticulture, the scientific studies about its effects are scarce. Recently, Silva et al. (2020) 

studied the cytotoxicity and genotoxicity generated by reduced concentrations of widely used 

biostimulants, one of them, based on an extract of the A. nodosum seaweed, in non-target 

species. These authors drew attention that the substances included in the biostimulant 

formulation are leached from the soil and can be toxic to plant and aquatic species, and such a 

problem can be enhanced in long-term. 

Plant Cytogenetics constitutes a genetic breeding tool that may enable the selection of 

genotypes tolerant to different abiotic stresses through the assessment of the regularity of the 

cell cycle in root-tips or leaves or evaluation of the nucleolar activity (Pekol et al., 2016; 

Carvalho et al., 2018, 2019, 2020; Reis et al., 2018).  

Compared to other plant species, cytogenetic studies on almond are scarce, probably 

due to the small size and similar shape of its chromosomes (Martínez-Gómez et al., 2005). In 

almond and other Prunus species like cherry and peach, karyotype analysis has been 

performed on mitotic and meiotic chromosomes obtained from root-tips (Yamamoto et al., 

1999; Martínez-Gómez et al., 2005; Kazem et al., 2010). To the best of our knowledge, 

almond chromosomes were never isolated from the dividing mesophyll cells, till the 

development of the present work. This feature can constitute an advantage to further 

cytogenetic studies since the leaves are more easily to be sampled than roots in field-grown 

fruit trees or other species, opening doors to future cytogenetic studies of the effects of 

different treatments. Also, as far as we know, this work is the first cytogenetic evaluation 

performed on almond regarding the study of the cytogenomic effects of the application of 

biostimulants and boron-based fertilisers. This fact was essential, not only for the widening of 

the knowledge of the biostimulant effects but also because a narrow margin between benefits 

and toxicity exists when boron is used as fertiliser. Therefore, the evaluation of the regularity 

and stability of the mitotic cell cycle and genome constitute for the boron-based treatments 
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constitute a surplus about the suitable dosage to be applied to almond. Besides, the 

cytogenomic evaluation of the control almond trees also evidenced how the extreme climate 

conditions of the Portuguese Northeast region over the summer of 2019, impacted on the 

regularity of the leaf mitotic cell cycle, genome stability and how biostimulants and boron-

based fertilisers can mitigate putative negative consequences.  

Four different treatments were applied to the almond trees of cultivar ‘Vario’ grown in 

an orchard at the ‘Mogadouro (NE Portugal). The monthly foliar applications of the two 

biostimulants, A. nodosum seaweed extract (AN) and free amino acids of animal origin (AA), 

and of the fertilisers based on boron ethanolamine in solution (BE), as well as the single 

application of solid boron (BS) to the soil, induced a significant (p ˂ 0.05) increase of the 

mitotic index (MI) relative to the control plants. This increase was particularly high in the AA 

and BS treatments. Also, the MI increased significantly (p ˂ 0.05) from June to August. This 

result was corroborated by the significant reduction (p ˂ 0.05) of the mean number of normal 

and irregular interphase cells, relative to the control, and from June to August.  

Nonetheless, the control treatment presented the lowest percentage of dividing cells 

with anomalies (%DCA). This cytogenetic parameter was significantly (p ˂ 0.05) higher in 

the AA and BS treatments. Although the highest %DCA (68.74%) was registered in the 

interaction AA × July, it diminished drastically and significantly (p ˂ 0.05) in the interaction 

AA × August (30.58%).  

When plants are under stress conditions, it is possible to see a reduction in vegetative 

and root growth due to the inhibition of cell division resulting from the reduction of MI 

during or after the application of stress (Glosh et al., 2016; Pekol et al., 2016; Reis et al., 

2018). Several factors influence MI, such as abiotic stress and the species under study, so it 

should be considered that dividing cells with anomalies or irregularities whose number 

increases on stress are accounted in the calculation of the percentage of MI. 

Two types of anomalies were found in the interphase cells, irregularly shaped nucleoli 

and presence of micronucleoli, with the former being more frequent. These two anomalies 

were more frequent in the AA treatment. As previously mentioned, irregularly shaped 

nucleoli can result from nucleolar disintegration or fusion (Berendsen et al., 2012; Carvalho 

et al., 2019). Similar irregularities were found in other plant species in response to different 

abiotic stresses, including heat stress, and exposure to agrochemicals (Berendsen et al., 2012; 
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Nefic et al., 2013; Pekol et al., 2016; Carvalho et al., 2019; among others). The nucleolus 

responds to various abiotic stresses with changes in their area, number, composition and 

structure (Berendsen et al., 2012; Pekol et al., 2016; Carvalho et al., 2019; Korshikov et al., 

2019). However, their occurrence does not always impair nucleolar activity and protein 

synthesis (Carvalho et al., 2019).  

Abiotic stresses, such as heat stress, induce DNA damage increasing the probability of 

chromosomal and mitotic spindle anomalies (Zhang et al., 2014; Carvalho et al., 2018). 

Different types of anomalies were also found in the almond mesophyll dividing cells. 

Also, in dividing cells at all mitotic phases, it was seen one or more types of anomalies. In 

this work, it was possible to verify the high frequency of dividing cells with chromatin 

stickiness in all phases of mitosis. Similar results were referred to in other studies by Carvalho 

et al. (2018) and Reis et al. (2018). The existence of this type of anomaly results from a high 

contraction and condensation of chromatin (Ahmed and Grant, 1972), DNA depolymerization 

(Darlington, 1942) and partial dissolution of nucleoproteins (Kaufman, 1955) being 

considered by Zhang (2014) as an irreversible anomaly and leading to cell death. 

According to Levan (1938), the C-mitosis results from the inactivation of the mitotic 

spindle due to changes in polymerization and depolymerization of the microtubules (Frantzios 

et al., 2000), affecting the chromosomal orientation generating the random scattering of the 

condensed chromosomes. Damage in the organization, density and integrity of the spindle 

microtubules compromise the chromosomal orientation and disjunction as well as the cell 

polarity (Smertenko et al., 1997) affecting not only metaphase but also anaphase and 

telophase cells (Carvalho et al., 2018). Also, the malfunction of the mitotic spindle can cause 

a delay in chromosomal migration, generating lagging chromosomes (Carvalho et al., 2018). 

The chromatin bridges detected in anaphase are formed due to chromatin fibres that join the 

sister chromatids during metaphase, may be caused by stickiness, keeping them together until 

anaphase or telophase (Zhang et al., 2004). 

The observed types of anomalies were common to others detected in distinct plant 

species under abiotic stresses, including response to cytotoxicity induced by the excess of 

micronutrients (Radić et al., 2005; Truta et al., 2013; Zhang et al., 2014; Pekol et al., 2016; 

Singh and Roy, 2016; Reis et al., 2018; Carvalho et al., 2018, 2019, 2020; Baltazar et al., 

2020), and relied on chromosomal and/or mitotic spindle irregularities.  
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Most of the mitotic cells observed in all treatments and sampling dates were in 

prophase. The highest mean number of normal prophases (129.67) was seen in the interaction 

control × July. This result can explained by the extreme climate that occurs in the summer at 

the NE of Portugal. The summer stress resulting from the interplay of high temperature and 

radiation and water stress can halt the mitotic cell cycle, usually, in prophase or metaphase, as 

seen in grapevine plants grown in this region (Pereira, 2019). The plants, when exposed to 

various stresses, interrupt the cell cycle making mitosis more prolonged concerning 

unexposed plants (Tardieu and Granier, 2000). Similar results were reported in other plant 

species and comparing to different abiotic stresses (Truta et al., 2013; Pekol et al., 2016; Reis 

et al., 2018; Carvalho et al., 2018, 2019, 2020; Baltazar et al., 2020). Smertenko et al. (1997) 

and Nefic et al. (2013) reported that plant cells, when exposed to stress, can show spindle and 

polarity disturbances, inducing longer prophase. The proliferating cells can arrest at the G1/S 

or G2/M phases and, as they are sensitive phases, they do not damage the DNA. However, 

after stimulation or during recovery periods, the cells can re-enter in cell cycle from either 

phase (Kitsios and Doonan, 2011). 

On the other hand, the highest mean values of telophase cells were registered in the 

two boron-based treatments, BE and BS, suggesting the progression and completion of the 

mitotic cell cycle. These two treatments also did not present irregular prophases with 

micronuclei, in contrast to other types of anomalies such as sticky prophases and metaphases, 

metaphases with disturbed chromosomal orientation and laggard chromosomes, and C-mitosis 

that frequently occurred in control, particularly, in the interactions control × June, and control 

× July. Based on these results, it seems that the two-fertiliser boron-based treatments reduced 

the frequency of anomalies while enhanced the mitotic cell division, which is one of the 

functions expected for this micronutrient.   

In sum, the cytogenetic data indicated that the most suited treatments for ensuring the 

regularity of the leaf mitotic cell cycle were AA, BE and BS. 

 

4.2 Impact of biostimulants and boron-based fertilisers on the genome stability 

The genomic stability was based on the comparative analyses of molecular patterns 

among DNA pools of the control and treated plants.  
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During the testing of primers, it was noticed a reduced polymorphism among the 

control plants. This fact can be explained by the use of cuttings clonally propagated, that 

became current in the last decade due to genetic self-incompatibility and/or long breeding 

cycles (Gray, 2003). Therefore, we prepared DNA pools of six plants (treated and control) 

which allowed the testing of a high number of primers and marker systems, and the observed 

DNA polymorphisms between the treatment and the control patterns were considered a result 

of the treatment effect.  

The DNA fingerprinting analyses detected the appearance of new bands and/or the 

disappearance of bands (polymorphism) in patterns of treated plants relative to the control 

ones.  

The treatments with the highest average numbers of polymorphic bands were: AN and 

BS in June; AA and BS in July; and AN and BE in August.  

On the other hand, the highest values of genomic stability were registered in the 

treatments BE and AA, followed by BS.  

The DNA pools of trees sampled in August presented distinct patterns, justifying their 

close clustering in the dendrograms UPGMA of genetic similarity, and their close projection 

in the principal coordinates analysis (PCoA). The highest values of genomic stability were 

obtained in the DNA pools of August, probably due to the higher number of applications of 

the treatment (three times), except for the BS treatment that was applied once in the last week 

of March. 

Among the five marker systems used in this work, RAPDs and ISSRs were considered 

the most discriminative to assess DNA polymorphism among the DNA pools of treated and 

control almond trees and also amplified a higher number of bands. Hence, RAPDs and ISSRs 

are more accurate for further DNA fingerprinting analyses in almond. 

RAPD assays still are an important strategy to analyse polymorphism within plant 

genomic DNA, for instance, the detection of polymorphisms caused by DNA damage (Enan, 

2006; El Ameen, 2013; Cvjetko et al., 2013; Aliyev and Huseynova, 2014; Cenkci and 

Doğan, 2015; Salesh, 2016; Younis et al., 2020). Between RAPD and ISSRs, the former 

amplified a higher number of bands per primer and DNA pool and generated more 
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discriminative patterns than ISSRs. Similar results were reported by others (Peng and Zhang, 

2009; Salesh, 2016). Nevertheless, ISSRs were successfully used in the assessment of genome 

template stability in Plantago sp. exposed to aluminium (Correia et al., 2014),  

According to Yadav et al. (2018) drought studies in Triticum aestivum showed SSR 

stability, favouring the ISSR primers amplification. Several studies reported that ISSR 

demonstrated to be useful in the identification of markers to abiotic stresses (Younis et al., 

2007; Reddy et al., 2009; Tawfik and El-Mouhamady, 2019). 

As stated by Makarevitch et al. (2015) the plant genome is mostly composed of RTNs, 

so it is essential to consider that the plant genome responds to stress by activation of 

transposable elements (Kumar and Hirochika, 2001). Changes in the RTNs patterns were 

expressed as an increase in genomic instability.  

The iPBS markers needed to be deeply tested in almond and some optimisations are 

required particularly in terms of gel resolution of the bands. Nonetheless, the use of an 

individual PBS primer instead of two per reaction is advisable.  

The IRAP markers present a higher percentage of genomic instability due to the high 

number of lost bands in the treatments, along with the different sampling dates. On the 

contrary, the REMAP patterns of the treated plants showed mostly newly appeared bands 

relative to the control patterns. IRAP and/or REMAP markers were successfully used in 

previous studies of genomic instability assessment in plants under stress (Koç et al., 2014; 

Yigider et al., 2016, 2020).  

Overall, the five marker systems used in this work were able to analyse the genomic 

stability, but among them, RAPDs, followed by ISSRs, produced more discriminative patterns 

in almond.  
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5 CONCLUSIONS  

In conclusion, the integration of the cytogenetic and molecular data revealed that the 

treatments performed conferred an enhancement of the cell division relative to the control. 

Despite the increase of the %DCA and detection of various types of anomalies throughout the 

mitotic phases, some treatments conferred higher regularity of the mitotic cell cycle relative to 

the control, namely, the BE and AA. Also, these two treatments conferred the highest values 

of genomic template stability (GTS). Since the molecular data come in line with the 

cytogenetic ones, the present work evidenced that the cell division and genome stability of 

almond cultivar ‘Vairo’ benefit of biostimulant treatments based on free amino acids (AA) or 

foliar application of boron ethanolamine (BE). Despite applied before the summer, the BS 

treatment increased the MI relative to the control, did not generate high %DCA values, and 

induced high GTS, suggesting that its action was preserved. Three of the five marker systems 

revealed higher GTS values in almond trees sampled in August (after three applications of the 

canopy treatments).  

In sum, based on the cytogenomic results achieved in this work, we can conclude that 

for almond trees of cultivar ‘Vairo’, in the edaphoclimatic conditions where it is growing, the 

foliar spraying of free amino acids (AA) or boron ethanolamine (BE) would be the most 

suitable treatments to achieve both cytogenetic and molecular stability.  
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7 APPENDICES 

 

 

A1: Graphic representation of the Mantel tests performed for the genetic distance matrices of: (a) ISSR vs REMAP; (b) ISSR vs RAPD; (c) iPBS vs IRAP; and (d) iPBS vs 

REMAP. 
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A1 (continuation): Graphic representation of the Mantel tests performed for the genetic distance matrices of: (e) IRAP vs REMAP; and (f) RTN vs ISSR/RAPD, using the 

Mantel test. 
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