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ABSTRACT 

 
 
 
 

KHAN, Shahid; D.Sc.; Darcy Ribeiro Northern Fluminense State University. 
December, 2020. Proteomics and nitrogen use discrimination for contrasting 
popcorn genotypes. Advisor: Antônio Teixeira do Amaral Júnior. Co-advisors: 
Vanildo Silveira and Gonçalo Apolinário de Souza Filho. 

 
To feed the world population and compete in the world food security, much more 

nitrogen (N) fertilizers are used for plant growth and yield. However, more N fertilizer 

causes economic and environmental loss, the possible solution to sustain popcorn 

production even at low nitrogen level is improving the N-use efficiency (NUE) of the 

crop. In Chapter 1 two contrasting inbred lines, P2 (nitrogen efficient), L80 (nitrogen 

inefficient), and their F1 hybrid (P2 x L80) were evaluated under two different pot 

experiments and harvested at different vegetative stages. To study the root and 

shoot dry weight, nitrogen content and to provide the most reliable information about 

the evaluation of NUE and its components of uptake and utilization (with the 

inclusion and exclusion of root N content) based on biomass. At both stages, the F1 

hybrid and inbred line P2 were found better than L80 for NUE and its components 

of uptake and utilization efficiency. In both stages, the leaf N content was found 

more than root and stem N content and hybrid mostly demonstrated high 

performance for all the studied traits compare to their parents. Extremely low and 

high N levels were found more discriminating for N use and dry weight, respectively. 

High heterosis was found in low N application for shoot dry weight (SDW), root dry  

                                                              xii 



 

 

weight (RDW), shoot N content (SNC), NUE, and N uptake efficiency under both 

stages. At early stage V6 (six fully expanded leaf), it was observed from the root N 

content variation among the genotypes that root N content plays a role in the uptake 

and utilization efficiency and should be considered while measuring the uptake and 

utilization efficiency. It was also determined that at the early stage plant absorbs 

more N than the later stage. The similarities among the genotypes for the root N 

content at VT (tasseling) stage evidenced that root N content at a later stage does 

not affect the uptake efficiency and utilization efficiency. The genetic parameter 

performance for N use, uptake, shoot dry weight, and N content could favor the 

genetic gain in advanced segregating generations. The objectives of Chapter 2 

were: To investigate the heterosis and genetic effect for agronomic and 

physiological traits; to uncover the differentially abundant proteins (DAPs) involved 

in the F1 hybrid vigor, and uncover the DAPs associated with nitrogen use efficiency 

(NUE) and its indices. For the DAPs study, Label-free LC-MS/MS shotgun 

proteomics approach was used. A total of 1,693 proteins were identified between 

the inbred lines and their F1 hybrid, out of which 257 and 309 non-additive DAPs 

were found in the high and low N levels, respectively. Under low N level, the F1 

hybrid compared to the parental inbred lines P2 and L80 presented several DAPs 

involved in photosynthesis metabolism, oxidation process, and folding protein 

process. In both N environments, the greater accumulation of expression of proteins 

related to water uptake and less accumulation of repairing proteins in the F1 hybrid 

could be related to the heterotic effect. The more accumulation of DAPs in the F1 

hybrid and the over-dominance, and high heterotic effects for plant height, leaf area, 

root dry weight, root N content, net photosynthetic rate, nitrogen use, and uptake 

efficiency suggest that nitrogen use efficiency could be improved through breeding. 
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RESUMO 

 
 
 
 

KHAN, Shahid; D.Sc.; Universidade Estadual do Norte Fluminense Darcy Ribeiro. 
Dezembro, 2020. Proteômica e uso de nitrogênio discriminação para contrastante 
genótipos de milho-pipoca. Orientador: Antônio Teixeira do Amaral Júnior. Co-
orientadores: Vanildo Silveira e Gonçalo Apolinário de Souza Filho. 

 
Para alimentar a população mundial e contribuir na segurança alimentar, uma 

grande quantidade de fertilizantes nitrogenados são usados no desenvolvimento 

das plantas. No entanto, o uso indiscriminado desses fertilizantes causa danos 

econômicos e ambientais. A solução possível para sustentar a produção de pipoca, 

mesmo com baixo nível de nitrogênio (N), é melhorar a eficiência do uso de N (EUN) 

da cultura. No Capítulo 1, duas linhagens contrastantes, P2 (EUN), L80 (Ineficiente 

no uso de nitrogênio - IUN) e seu híbrido F1 (P2 x L80) foram avaliados em dois 

experimentos, com recipientes diferentes e colhidos em diferentes estádios 

vegetativos, isto é, V6 (seis folhas completamente expandidas) e VT 

(pendoamento). Foram avaliadas as seguintes características: massa seca de raiz 

e da parte aérea, bem como o conteúdo de nitrogênio. Em ambos os estádios, o 

híbrido F1 e a linhagem P2 foram considerados melhores do que L80, para EUN e 

seus componentes de absorção e eficiência de utilização. Em adição, foi 

encontrado maior conteúdo de N na folha, em relação a raiz e ao colmo. Os híbridos 

apresentaram desempenho superior para todas as características estudadas, 

quando comparados com seus parentais. Níveis extremamente baixos e altos de N  

xiv 



 

 

foram considerados mais discriminativos para o uso de N e massa seca, 

respectivamente. Alta heterose foi encontrada na aplicação de baixo nível de N para 

massa seca da parte aérea (MSPA), massa seca da raiz (MSR), conteúdo de N da 

parte aérea (CNPA), EUN e eficiência de absorção de N, em ambos estádios 

fenológicos. No estádio V6, foi observado variação no conteúdo de N da raiz entre 

os genótipos. O conteúdo de N da raiz mostrou-se importante na caracterização da 

eficiência de absorção e utilização de nitrogênio. Também foi determinado que no 

estádio inicial (V6) a planta absorve mais N do que no estádio posterior (VT). As 

semelhanças entre os genótipos para o conteúdo de N da raiz no estádio VT, 

evidenciaram que o conteúdo de N da raiz em um estágio posterior não afeta a 

eficiência de absorção e utilização. O desempenho do parâmetro genético para uso, 

absorção, massa seca da parte aérea e conteúdo de N, pode favorecer o ganho 

genético em gerações segregantes avançadas. Os objetivos do Capítulo 2 foram: 

Investigar a heterose e o efeito genético para características agronômicas e 

fisiológicas. Com isso, descobrir as proteínas diferencialmente abundantes (PDAs) 

envolvidas no vigor do híbrido F1 e descobrir os PADs associados à eficiência no 

uso de nitrogênio e seus índices. Para o estudo de PDAs, foi utilizada a abordagem 

proteômica shotgun LC-MS / MS sem rótulo. Um total de 1.693 proteínas foram 

identificadas entre as linhagens e seu híbrido F1, das quais 257 e 309 DAPs não 

aditivos foram encontrados nos níveis alto e baixo de N, respectivamente. Sob 

baixo nível de N, o híbrido F1 comparado com as linhagens parentais P2 e L80 

apresentou número expressivo de PADs envolvidos no metabolismo da 

fotossíntese, processo de oxidação e processo de dobramento de proteínas. Em 

ambos níveis de N, a maior expressão de proteínas relacionadas à absorção de 

água e menor acúmulo de proteínas reparadoras no híbrido F1 pode estar 

relacionado ao efeito heterótico. O maior acúmulo de PADs no híbrido F1, a sobre-

dominância e heterose elevada para altura de planta, área foliar, massa seca da 

raiz, conteúdo de N da raiz, taxa fotossintética líquida, uso de nitrogênio e eficiência 

de absorção, demonstram que a eficiência do uso de nitrogênio pode ser 

incrementada por meio da exploração dos efeitos heterósticos. 

 
 
 
 

 

xv 



19  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

1. REVIEW OF LITERATURE 

 
 
 

1.1. Popcorn 
 

Popcorn belongs to genus Zea, specie Zea mays and subspecies Zea mays 

everta and having diploid (2n) chromosome number of 20 (Chris and Hawau, 2016). 

Popcorn grain is the type of hard and small grain, able to expand its endosperm due 

to the presence of oil and moisture, which, under heating at the appropriate 

temperature, put pressure on the pericarp until it breaks; this phenomenon is the 

basic difference between popcorn and common corn (Zinsly and Machado, 1987; 

Silva et al., 1993). 

Popcorn was derived from the mutation of a wild type of maize. After that, it 

was cultivated and consumed by a human being, but this hypothesis is not 

consistent because the popping expansion is a polygenic trait (Erwin, 1949). 

Goodman and Smith (1987) reported genetic and cytological evidence that proves 

the relationship between maize and teosinte; therefore, they proposed that popcorn 

was derived from teosinte. Compared to the common corn, the popcorn plant has 

some peculiarities such as the smaller size of the spike, greater susceptibility to 

diseases and pests, smaller thickness, and resistance of the stem. Consequently, 

greater lodging and breaking, grain and grain rot, requiring special care in grain 

harvesting and drying, to avoid damage to the pericarp and endosperm (Sawazaki, 

2001). 

Popcorn is an important food in the whole world and more efficiently 

consumed in Brazil. Due to the increase in the population, the consumption of 

popcorn is also increased because of the high demand of the market, so it will be 
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necessary to improve the genetic variability and its production to meet the growing 

demand for the product (Effa et al., 2015; Almeida et al., 2018). There is a high 

market demand for popcorn production in the country. Popcorn cultivation has been 

increasing in several regions of Brazil, mainly due to the increase in the consumption 

of natural popcorn and industrialized products. Popcorn, due to its demand and 

commercial value, may represent a good alternative for small producers (Catapatti 

et al., 2008).  

So to develop and release the popcorn cultivars it will be our main priority to 

mitigate the dependency and import of genotypes from foreign countries and offering 

the producers and consumers varieties with high productivity, expansion capacity, 

and efficiently use nitrogen fertilizer. 

 

1.2. Importance of Nitrogen in Plants 
 

Nitrogen is one of the most important constituents of life. All plants and 

animals to survive most abundantly use nitrogen. The atmosphere is made up of 

approximately 80% nitrogen, but because of its unreactive form, we have no access 

to nitrogen. Currently, 50% of the human population directly and indirectly 

dependent on nitrogen for their food. Nowadays, about 83 million metric tons of 

nitrogen are used in the world, which is about a 100‐fold increase over the last 100 

years. About 60% of global nitrogen fertilizer is used for producing the world's three 

major kinds of cereal: rice, wheat, and maize. Projections estimate that 50 to 70% 

more cereal grain will be required by 2050 to feed 9.3 billion people. This will require 

increased use of nitrogen of similar magnitude if the efficiency with which nitrogen 

is used by the crop is not improved (Kong et al., 2017; Liu et al., 2017; Heinz et al., 

2019).  

The nutrients, which are absorbed by the plants in a large quantity among all 

the nutrients, nitrogen is more important because it is an essential component of 

protein. The long-term strategy of nitrogen use in agriculture likely will involve 

increased reliance on fertilizer nitrogen, biological nitrogen fixation (BNF) by 

leguminous crops, and wastes (including farm, urban, and industrial wastes) and 

their efficient management (Granato et al., 2014; Wu et al., 2017). Nitrogen is the 

most limiting nutrient for crop production in many of the world's agricultural areas 

and its efficient use is important for the economic sustainability of cropping systems. 

Furthermore, the dynamic nature of N and its propensity for loss from soil‐plant 
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systems create a unique and challenging environment for its efficient management. 

Crop response to applied nitrogen and use efficiency are important criteria for 

evaluating crop nitrogen requirements for maximum economic yield (Lv et al., 2016) 

that’s why crop productivity relies heavily on nitrogen fertilization.  

Production and application of nitrogen fertilizers consume huge amounts of 

energy, and excess is detrimental to the environment; therefore, increasing plant 

nitrogen use efficiency (NUE) is essential for the development of sustainable 

agriculture (Xu et al., 2012). The large amounts of nitrogen fertilizer applied to most 

cropping systems support high yields but cause nitrogen pollution. More efficient 

use of nitrogen in cropping systems can be achieved through improved nitrogen 

management practices combined with genetic improvement of the crop (Santos et 

al., 2017).  

In plants, nitrogen is of great importance due to its main role in the 

metabolism, being a constituent of chlorophyll, amino acids, nucleic acids, and 

proteins. Therefore, the major biochemical reactions taking place in the plant is 

because of the presence of nitrogen. Nitrogen is of great importance in increasing 

grain yield and raising protein content (Hirel et al., 2007; Taiz and Zeiger, 2013). 

Due to these traits, nitrogen is the element that causes greater effects on the 

productivity increase in maize crop (Duete et al., 2008; Civardi et al., 2011). The 

requirements of N for corn and popcorn vary considerably with the different stages 

of development of the plant, being minimal in the initial stages, increasing with the 

increase of the rate of growth, and reaching a peak during the flowering until the 

beginning of grain formation (Okumura et al., 2011; Santos et al., 2017).  

Although there are great differences in the methods of applications and the 

rate of use of nitrogen fertilizers. Nitrogen will continue being one of the limiting 

factors for corn and popcorn production since it requires large participation of the 

costs of applications in the total value of the production and this value has been 

increasing and may limit its use in the future (Santos et al., 2017; Yaregal, 2019). 

Popcorn plant is highly influenced by nitrogen fertilizer application. If the nitrogen 

supply is enhanced up to 150 kg per ha, the grain yield, popping expansion, and 

protein content of the grain is significantly increased (Singh et al., 2017). According 

to Gözübenli and Konu (2010), the rate of nitrogen fertilizer has a great impact on 

popcorn yield. Nitrogen mostly enhances very effectively plant growth, grain yield, 

and popping expansion in popcorn hybrid. Nitrogen use can greatly increase the 

optimum plant density that can directly increase the grain yield of popcorn. 
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Pricinotto et al. (2014) studied different nitrogen rates and application times 

in popcorn and found that nitrogen has a great influence on grain yield, plant height, 

thousand-grain weight, and leaf area index. Effa et al. (2015) elaborated the popcorn 

yield and nutrient composition and its effect by nitrogen fertilizer and found that 

same as other corn varieties have required to enrich the soil of nitrogen. The 

nitrogen application rate not only enhances significantly thousand-grain weight, 

grain yield, popping expansion, plant height, leaf area index, and total dry matter but 

significantly change with different nitrogen application.  

 

1.3. Nitrogen Use Efficiency (NUE) 
 
In the past half-decade, the application of synthetic nitrogen fertilizer to 

farmland resulted in a dramatic increase in crop yields but with considerable 

negative impacts on the environment. Therefore, new solutions are needed 

simultaneously to increase yields while maintaining, or preferably decreasing, 

applied nitrogen to maximize the NUE of crops (Han et al., 2015). Recovery of 

nitrogen in crop plants is usually less than 50% worldwide. Low recovery of nitrogen 

in the annual crop is associated with its loss by volatilization, leaching, surface 

runoff, denitrification, and plant canopy. Low recovery of nitrogen is not only 

responsible for the higher cost of crop production but also environmental pollution. 

Hence, improving NUE is desirable to improve crop yields, reducing the cost of 

production, and maintaining environmental quality (Mu et al., 2015).  

To improve nitrogen efficiency in agriculture, integrated nitrogen 

management strategies that take into consideration improved fertilizer along with 

soil and crop management practices are necessary. Including livestock production 

with cropping offers one of the best opportunities to improve NUE (Andorf et al., 

2019). Worldwide, NUE for cereal production is approximately 33%. The 

unaccounted 67% represents a $15.9 billion annual loss of nitrogen fertilizer 

(assuming fertilizer-soil equilibrium). Increased cereal NUE must accompany 

increased yields needed to feed a growing world population that has yet to benefit 

from the promise of N-fixing cereal crops (Kant et al., 2010). These differences in 

farming system practices fundamentally affect nitrogen availability and NUE and 

could impact crop traits and breeding strategies required to optimize NUE.  

Nitrogen fertilizer use in the world continues to increase in many countries 

and has remained relatively constant for the past 15 years in Western Europe and 
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the United States. NUE expressed as grain production per unit of nitrogen applied 

has shown a decrease for all countries. Grain production within each country shows 

a linear increase with nitrogen applied. Management of nitrogen in farming systems 

is difficult because of the interactions among soil mineralization potential, soil water 

availability, and the type of crop grown (Omara et al., 2019; Torres et al., 2019). 

Nitrogen fertilization has been used for decades to increase crop yield with a 

relatively low efficiency since a considerable fraction (up to two-thirds) of nitrogen 

input accumulates as runoffs. The resulting nitrous oxide emissions in the 

atmosphere and nitrate leaching from soil have detrimental consequences to the 

environment (Signor et al., 2013). To reduce eutrophication and the costly 

component of crop production, there is an immediate need to reduce nitrogen 

fertilizer inputs. To compensate for that reduction, improved crop genotypes must 

be sought with higher NUE, particularly its uptake component (Edgerton, 2009; Den 

Herder et al., 2010; Kant et al., 2010).  

Improving nutrients use efficiency of crop plants, especially at low input, is 

essential to ensure sustainable food production in the future (Rodrigues et al., 2017). 

Therefore, to reduce nitrogen fertilizer pollution, there is an urgent need to improve 

NUE. The development of genotypes, which can grow and yield well at low nitrogen 

levels, may provide a solution (Hakeem et al., 2012). To overcome this obstacle, an 

alternative is the development of cultivars that are efficient in using nitrogen. With 

this, several breeders have been making the selection of popcorn cultivars adapted 

to environments deficient in nitrogen and/or identifying genotypes responsive to the 

application of this nutrient in popcorn.  

Mundim et al. (2013) evaluated 25 popcorn lines under contrasting levels of 

N in a greenhouse and compared the performance of popcorn inbred lines for NUE. 

They concluded that nitrogen greatly affects the popcorn plant and selected 

superior, efficient, and responsive inbred lines based on daily growth, shoot dry 

weight, root dry weight, total dry weight, and NUE. Santos et al. (2017) conducted a 

study to use GGE biplot to discriminate the efficiency of popcorn inbred lines for 

nitrogen use efficiency and stated that the popcorn inbred lines perform significantly 

differently for grain yield and popping expansion in the different nitrogen 

environment. They stated that it is of utmost importance to develop efficient and 

responsive genotypes for the use of nitrogen and the selection of outstanding 

popcorn genotypes for the NUE gets more focus and it is an important aim of the 

current public and private research-breeding program.  
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Kumar (2009) studied the responses of popcorn populations under different 

nitrogen levels and found that popcorn is highly responsive to nitrogen and it is an 

important aspect to utilize the efficiency of nitrogen for popcorn genotypes. He 

declared that increasing nitrogen level greatly increases the total dry weight per 

plant, length of cob, grain yield, and grain protein content. Therefore, studying and 

understanding the molecular mechanism of different nitrogen use efficiency levels 

for different genotypes may provide some basic facts in crop production and 

improvement with minimum use of nitrogen. Effa et al. (2015) documented a study 

on popcorn and investigated the performance of popcorn under different four N 

levels and three different lime (calcium carbonate) levels and reported that grain 

yield performance was better and most rewarding with the moderate N application. 

 

1.4. Intellectual Property based on Popcorn 
 

In agriculture, the development of new improved plant varieties and 

protecting and safeguarding them is the most important aspect for sustaining the 

quality and enhancing the performance of plants. Plant breeders and plant 

biotechnologists perform many experiments, research, efforts and invest their skills, 

time, and other resources to develop new plant varieties for sustaining life on the 

earth. On a complimentary basis, the plant breeder and plant biotechnologist 

deserve some rights to protect their novel research and varieties that provide 

possibilities to recover the cost and accumulation for future research speculation. 

These complementary approaches do not aim to make a barrier for the companies, 

farmers, or other research breeders to multiply, propagate, commercialized, and sell 

the breeder seeds but its purpose is to encourage the research breeder and different 

companies work to grow because they will observe that such research work efforts 

return financial supports.  

In the world, the International Union for the Protection of New Varieties of 

Plants (UPOV) and World Intellectual Property Organization (WIPO) worked as an 

international organization that protect different patent and plant varieties while there 

are some countries specific organization that protect different patent and plant 

varieties on a national level. Protection and registration of new plant varieties under 

national and international organizations is an important aspect and this protection 

and registration are done either by the public institute or by private companies.  

According to Marinho et al. (2011), in Brazil, 73.1% of registration and 
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protection of new plant varieties are performed by private bodies and 21.3% are by 

the public institute. While in the private companies registration 50% protection and 

registration of new plant varieties were performed by foreign companies like 

Monsanto, Syngenta, Sakata, Dow Agrosciences, and DuPont Pioneer, which is a 

clear fact that these private companies dominate the local and international seed 

market. Protection and registration of popcorn genotypes have a crucial role in 

agriculture research and agricultural marketing services because popcorn is widely 

used. In the last few years, the multinational seed companies get more 

compensation through popcorn and its hybrids cultivars production and registration. 

Regarding popcorn, the USA and Brazil have a great role in launching new 

varieties and protecting and registering these varieties because the USA is the first 

and Brazil is the third top producer of popcorn. On the International Union for the 

Protection of New Varieties of Plants (UPOV) plant variety database, it is suggested 

that for detailed information about the plant varieties registration, please consult the 

relevant offices on a national level. So according to the Plant Variety Protection 

Office, the United States Department of Agriculture (PVPO-USDA) registered a total 

of 2297 corn varieties in the USA from 1994 to 2017, out of which 8 belonged to 

popcorn. While in the last five years, 963 varieties of corn were registered in the 

USA, out of which, there was no popcorn variety registered (USDA, 2017). 

According to the current statistic of MAPA (2019), a total of 114 popcorn 

verities were registered. It is important to note that out of these 114 popcorn cultivars 

only two public institute - Darcy Ribeiro North Fluminense State University (UENF) 

registered 15 and Campinas Agronomic Institute (IAC) registered 13 (MAPA, 2019) 

– while the rest were registered by private seed holding companies. The IAC 

(Campinas Agronomic Institute) registered IAC 112, IAC 12, IAC 125, IAC 138 1 2 

3, IAC 138 8 30, IAC 14 2 3 1, IAC 268, IAC 367, IAC 8383, IAC 9614, IAC 98, IAC 

HS SAM, IAC Pipoca Sam; whereas the UENF (Darcy Ribeiro North Fluminense 

State University) registered UENF-14, UENF Explosão, UENF HS-01, UENF HS-

02, UENF HS-03, UENF HS-04, UENF HS-05, UENF UEM-01, UENF UVV-01, 

UENF N-01, UENF N-02, UENF N-03, UENF P-01, UENF P-02, UENF P-03).  The 

simple hybrid UENF N-01, UENF N-02 e UENF N-03 are efficient and responsive 

for the use of nitrogen, with high grain yield and popping expansion. 
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2. CHAPTERS 

 
 
 
 

2.1. DISCRIMINATION OF NITROGEN USE, UPTAKE AND 

UTILIZATION EFFICIENCIES IN CONTRASTING POPCORN 

GENOTYPES 

 
 

 

2.1.1. INTRODUCTION 

 
Among the varieties belonging to Zea mays L., popcorn (Zea mays L. var. 

everta) occupies a prominent position due to the average price charged by the sack, 

three times higher than that of common corn (Jele et al., 2014). Popcorn contains 

583 Kcal/100g of energy intake and 49% saturated fats, 45% carbohydrates, 7% 

proteins (USDA, 2017). Coco Jr. and Vinson (2019) reported that popcorn not only 

a famous fiber healthy food snack around the world but is also a significant source 

of dietary polyphenol antioxidants due to the high amount of bio-accessible 

polyphenols. Brazil is currently the second-largest popcorn consumer in the world, 

just after the United States. Its consumption rose from 30,000 tons/year to 70,000 

tons/year in the last four years. However, its commercial cultivation is still lower than 

its potential (Oliveira et al., 2018). 

There are currently many factors involved in the pressure on agricultural 

productivity. These factors include increased demand for human food and feed in 

developing nations with large populations, decreasing supplies, and the rising cost 
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of fossil fuel energy required for fertilizer production (Li et al., 2017). From an 

agronomic and economic point of view, the main motive for crop improvement over 

the last century has been yield (Conant et al., 2013). The boosting in the crop yield 

was because of the plant breeding techniques and extensive use of fertilizers 

(Tilman et al., 2011; Andrews and Lea, 2013). Among these fertilizers, nitrogen (N) 

is a major factor in agricultural production, where it can be supplied through chemical 

synthesis (Andrews and Lea, 2013), organic rotation (Tuomisto et al., 2012), or 

biological nitrogen fixation (Vitousek et al., 2013). 

Nitrogen (N) is a fundamental macro element for the growth and development 

of plants, and its availability is the main limiting factor in most ecosystems (Song et 

al., 2019). The nutrient demand for N has been important in tropical regions, where 

maize is grown on low fertility soils, with considerable land in Brazil (Delima and 

Borém, 2018). The soils of these regions have the least natural availability of the 

nutrient requiring supplementary applications, which makes nitrogen fertilization one 

of the most commonly used agricultural practices and consequently more costly. 

According to FAO (2017), it was predicted that the N demand in the world will be 

increased from 153,902 to 156,284 a thousand tonnes from 2019 to 2020 while in 

Latin America it will be increased from 9,501 to 9,863 thousand tonnes. In Brazil in 

2018, the volume of fertilizer imports was 24.96 million tons, an increase of 4% over 

2017. In total, nitrogen fertilizers accounted for 35% of total volume, equivalent to 

8.77 million tons, increased by 1% over 2017 (GlobalFert, 2019). 

However, nitrogen fertilizers applied in agriculture are not used efficiently by 

high-yield crops such as wheat, maize, and rice. Only 33% of the applied N is 

captured by the plant, the rest is lost to the environment (Almeida et al., 2018). As 

a consequence, the use of fertilizers in agriculture has serious negative impacts on 

the economy and the diverse functioning of ecosystems. The most typical examples 

of such an impact are the eutrophication of freshwater and marine ecosystems, 

resulting from leaching due to the high rates of nitrogen fertilizers applied in 

agricultural fields (Santos et al., 2019). 

Demand for the most efficient cultivar in the use of nitrogen is desirable more 

and more that could be possible through the selection of superior genotypes (Souza 

et al., 2009; Silva et al., 2010; Mundim et al., 2013; Almeida et al., 2018). Since 

cereals such as corn, wheat, and rice are the most staple foods of humans in the 

world, improving their NUE is a major challenge for sustainable agriculture (Kant et 

al., 2010). Thus improving NUE in major crops, such as popcorn is the foremost 
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challenge for sustainable agriculture.  

Therefore, it is necessary to select and produce new varieties that require 

less N-based fertilizer, maintaining high yields, and grain quality (Simons et al., 

2014). The two important reasons to improve NUE in grain crop in demand to use 

less N fertilizer are the economic gain and the decline in N pollution (Yaregal, 2019). 

Han et al. (2015) and Santos et al. (2019) documented that approximately US $2.3 

billion could be saved in annual costs of N fertilizer by improving only 1% in nitrogen 

uptake efficiency. They also estimated that damage caused by excess use of N in 

Europe was found to the US $91–$466 billion annually. Through genetic and 

breeding programs, it is possible to develop nitrogen efficient maize cultivars that 

produce more or the same amount of grains, with less demand for nitrogen and, 

therefore, with lower production costs and less environmental impact (Fritsche-Neto 

and Borém 2012; Xu et al., 2013).  

However, the nutrient use efficiency of popcorn is little known (Mundim et al., 

2014). Exploring the genetic variation for nutrients efficiency should be useful to 

developed cultivars with high efficiency of N, which can lead to a higher yield, given 

the limited availability of nutrients, and consequently reduce the demand for 

fertilizers (Almeida et al., 2018). Thus in the last few years, the nitrogen use 

efficiency (NUE) in popcorn has been receiving great attention. Genetic diversity for 

the nitrogen use efficiency in popcorn has been used to identify efficient and 

inefficient genotypes at contrasting levels for nitrogen availability (high and low) that 

may be useful to generate a segregating population for mapping loci of quantitative 

traits (Mundim et al., 2013; Almeida et al., 2018).  

To compare the performance of genotypes at different nitrogen levels, 

nitrogen used efficiency (NUE) and its component of nitrogen uptake efficiency 

(NUpE) and utilization efficiency (NUtE) can be exploited. The background about 

NUE and its component of uptake and utilization based on grain weight was first 

proposed by Moll et al. (1982) that, NUE is the ratio of grain weight to N available in 

the soil or the product of N uptake efficiency (ratio of total N in the plant to N available 

in the soil) and N utilization efficiency (ratio of grain weight to total N in the plant). 

Then Good et al. (2004) described based on biomass that NUE is the ratio of shoot 

dry weight to N applied, NUpE (ratio of N in the plant to N applied), and NUtE (ratio 

of shoot dry weight to N in the plant). But until now the plant breeder and physiologist 

are uncertain about the NUE component of uptake and utilization with including the 

root N content. Because most of the researcher dealing with these aspects have 
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different thoughts and suggestion to include only the shoot N content (N content of 

leaf and stem) (Rodrigues et al., 2017; Menz et al., 2018) or to include the total N 

content in the plant (N content of shoot and root) (Good et al., 2004; Mundim et al., 

2013; Almeida et al., 2018).  

Previously Santos et al. (2017) evaluated 29 popcorn inbred lines from the 

germplasm bank of Popcorn Research Breeding Program of Darcy Ribeiro North 

Fluminense State University (UENF) and performed a field experiment for two 

contrasting nitrogen level at two different locations. Through the GGE biplot 

approach and based on nitrogen use efficiency and grain yield inbred lines were 

classified as efficient and responsive (12 inbred lines), inefficient and non-

responsive (12 inbred lines), and intermediate efficient and responsive (5 inbred 

lines). While in the current study improving steps were included to evaluate the two 

most contrasting inbred lines, for N use and their F1 hybrid under two different pot 

experiments with the following objectives: i) to evaluate the performance of these 

genotypes for root, shoot dry weight, and N content. ii) To provide the most reliable 

and specific information about the N use, uptake, and utilization efficiency (with the 

inclusion and exclusion of root N content) based on the dry weight. iii) To find the 

contrasting N levels and vegetative stage that affect NUE for further comparative 

proteomics and molecular study. iv) To understand the relationship between the 

traits related to NUE. v) To evaluate the perspective of genetic gains for NUE by the 

estimate of genetic parameters. 

 

 

 

2.1.2. MATERIALS AND METHODS 

 

 

2.1.2.1. Experimental Material 
 

Two experiments were conducted at the greenhouse of Darcy Ribeiro North 

Fluminense State University (UENF), located in Campos dos Goytacazes, Rio de 

Janeiro, Brazil in different nitrogen level, harvested at different vegetative stages 

while using the same experimental material, comprised of two popcorn contrasting 

inbred lines P2 efficient and responsive and L80 inefficient and non-responsive for 

nitrogen use efficiency and their hybrid (F1: P2 × L80) (Santos et al., 2017). 
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2.1.2.1.1. First Experiment (Exp#1): Growth Condition and Traits 
Measurements 

 
Exp#1 was performed in March 2018, using Hoagland and Arnon's (1950) 

solution modified for nitrogen source by nitrate with the following five doses, N100% 

(224.09 mg L-1), N75% (168.09 mg L-1), N50% (112.04 mg L-1), N25% (56.04 mg 

L-1) and N10% (22.40 mg L-1) (Table 1). The experiment was conducted in a 

randomized complete block with a simple factorial design (3 genotypes × 5 nitrogen 

levels) with four blocks and three pots per block and one plant per pot in the 

greenhouse plastic pots (35L) containing 50% sand and 50% of fine vermiculite 

(Mundim et al., 2013; Torres et al., 2019). The plants were daily irrigated with water 

and at V2 (two fully expanded leaf) stage and the nutrients were provided after every 

two days regarding the need of plants (Mundim et al., 2013; Almeida et al., 2018). 

 

Table 1 – Solution with five different contrasting N levels, based on the Hoagland 
and Arnon Solution (1950). 

Stock Solution 

Concentration (mL L-1) 

10% 
25
% 

50
% 

75
% 

10
0% 

Ca(NO3)2 4H2O (2 mol 
L-1) 

0.4 1 2 2 2 

KNO3 (2 mol L-1) - - - 2 2 

MgSO4 (1 mol L-1 ) 2 2 2 2 2 

FeEDTA (25 g L-1) 1 1 1 1 1 

Micro* 1 1 1 1 1 

H3BO3 (25 mM) 1 1 1 1 1 

NaNO3 (2 mol L-1 ) - - - - 2 

CaCl2 (2 mol L-1 ) 1.6 1 - - - 

KCl (1 mol L-1 ) 4 4 4 - - 

K2HPO4 (1 mol L-1) 1 1 1 1 1 

K2SO4 (0,5 mol L-1 ) 1 1 1 1 1 

*Micro: CuSO45H2O = 125 mg L-1; KCl = 3728 mg L-1; MnSO4 H2O = 845 mg L-1; 
ZnSO4. 7H2O = 578 mg L-1; (NH4)6Mo7O24. 4H2O = 88 mg L-1. 

 
 

The plants were harvested at V6 (six fully expanded leaf) stage (Figure 1) 

and then the root, leaf, and stem were separately wrapped in paper bags and dried 

in an oven at 72 ºC for 72 h. 
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Figure 5 –  Popcorn plant of inbred lines P2, L80 and their hybrid demonstrating 
V6 (six fully expanded leaves) stage. 

 

All the traits studied were measured as follows. 

 
2.1.2.1.2. Shoot, Root, and Total Dry Weight (g) 

 
After drying leaf, stem, and root in the oven the shoot dry weight (SDW), root 

dry weight (RDW), and total dry weight (TDW) were measured using a digital 

balance of high precision.  

 

2.1.2.1.3. Shoot, Root, and Total N Content (mg) 
 

N concentration was determined by the Kjeldahl method (Helrich, 1990) to 

obtained shoot N content (SNC = SDW × N concentration in the shoot), root N 

content (RNC = RDW × N concentration in root), total N content (TNC = TDW × N 

concentration in shoot and root). 

 

2.1.2.1.4. Nitrogen Use Efficiency (mg.mg-1) 
 

Nitrogen use efficiency (NUE) was calculated as the ratio of shoot dry weight 

to total N applied. 

NUE =
SDW

Total N applied
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2.1.2.1.5. Nitrogen Uptake Efficiency with and without Root N Content 
(mg.mg-1) 

 
Nitrogen uptake efficiency with root N content (NUpE-wR) was calculated as 

the ratio of N content in the plant to total N applied. 

NUpE − wR =
N content in plant (shoot and root)

Total N applied
 

Nitrogen uptake efficiency without root N content (NUpE-w/oR) was 

calculated as the ratio of N content in the shoot to total N applied. 

NUpE − w/oR =
N content in shoot

Total N applied
 

 

2.1.2.1.6. Nitrogen Utilization Efficiency with and without Root N Content 
(mg.mg-1) 
 

Nitrogen utilization efficiency with N content of root (NUtE-wR) was calculated 

as the ratio of shoot dry weight to N content in the plant.  

NUtE − wR =
SDW

N content in plant (shoot and root)
 

Nitrogen utilization efficiency without root N content (NUtE-w/oR) was 

calculated as the ratio of shoot dry weight to N content in the shoot. 

NUtE − w/oR =
SDW

N content in shoot
 

 

2.1.2.1.7. Second Experiment (Exp#2) Growth Condition and Traits 
Measurements 
 

The Exp#2 was conducted in September 2018 with the same experimental 

material while using the following two doses, N100% (224.09 mg L-1) and N50% 

(112.04 mg L-1) (Table 1) and ten blocks with one plant per block and pot. The 

plants were harvested at VT (tasseling) stage (Figure 2).
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Figure 6 –  Popcorn plant of inbred lines P2, L80, and their hybrid demonstrating 
VT (tasseling) stage. 

 

The following studied traits were measured. 

 

2.1.2.1.8. Relative Chlorophyll Content 
 

SPAD-502 meter was used to obtained leaf chlorophyll content by averaging 

three samples taken down on the sixth leaf at 35, 38, 41, 44, 47, 50, and 53 days 

after sowing (DAS).  

 

2.1.2.1.9. Leaf Area (m2) 
 

After harvesting the plant at the VT stage and leaf area (LA) was measured 

by summing the leaf area of all the leaves of a single plant using leaf area meter (Li-

3100, Li-Cor), and then the root, leaf, and stem were separately wrapped in paper 

bags and dried in the oven at 72 ºC for 72 h. After drying the dry weights, N content, 

nitrogen use efficiency, and its components were measured similarly to Exp#1. 
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2.1.2.2. Statistical Analysis 
 

2.1.2.2.1. Analysis of Variance 
 

The data recorded for different traits were subjected to analysis of variance 

(ANOVA) technique to interpret fixed effects and likelihood ratio test (LRT) for 

variance components.  

 

These analyses were performed using R software (R Core Team, 2015) with 

the lme4 package (Bates et al., 2015), using the model:  

Y𝒊𝒋𝒌= 𝝁 + 𝒃𝒌 + 𝒈𝒊 + 𝒏𝒋 + (𝒈×𝒏)𝒋 + 𝒆𝒊𝒋𝒌 

where Y𝒊𝒋𝒌 = measured phenotype for a given trait of the ith genotype, 

submitted to jth nitrogen level, in kth block, 𝜇 = general constant or grand mean 

(intercept model); 𝑏𝑘 = random effect of kth block, where 𝑏𝑘 𝑁𝐼𝐷(0,𝜎𝑏2); 𝑔𝑖 = main 

effect of ith genotype; 𝑛𝑗 = the main effect of jth nitrogen level; (𝒈×𝒏)𝒊𝒋 = the effects 

of the interaction between the ith genotype with jth nitrogen level; and 𝑒𝑖𝑗𝑘:= random 

residual effect, that corresponds the effect of ijkth plot, where 𝑒𝑖𝑗𝑘 𝑁𝐼𝐷 (0,𝜎𝑒2). 

 

2.1.2.2.2. Heterosis 
 

 Mid-parent (MP) heterosis was calculated as “the hybrid performance in 

relation to the mid-performance of the parents” (Ige et al., 2018; Liu et al., 2018) as 

follows. 

MP Heterosis (%) =
(Mean of F1 − Mean of parents)

Mean of parents
× 100 

 

2.1.2.2.3. Mean Comparisons and Regression Analysis 
 

 Tukey test was used for genotype mean comparisons (Comparing to LSD 

test, Tukey test is more robust, precise, and estimate the variance from the whole 

set of data as a pooled estimate. In contrast, the LSD test estimates the variances 

only from two of all the groups) and regression analysis was conducted for and N 

levels.  

 

2.1.2.2.4. Genetic Parameters and Principal Component Analysis (PCA) 
 

For the estimation of the genetic parameters, analysis of variance was 

performed including only the inbred lines P2 and L80 and the levels of nitrogen, in 
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both experiments. From the ANOVA mean squares between the inbred lines and N 

levels, the following parameters were estimated: the phenotypic variance 

component, by the estimator σ2P = MSg/r (where MSg is the genotype mean square 

and r is the number of repetitions); genotypic variance component, by the estimator 

σ2G = (MSg - MSe)/r (where MSe corresponds to the error mean square; coefficient 

of experimental variation, by the estimator CVe% = 100.(MSe)1/2/µ (where µ is the 

average of treatments); coefficient of genotypic variation, by estimator CVg% = 100.( 

σ2G)1/2/µ; variation index, by estimator VI = CVg/CVe; and heritability, by estimator 

H² = σ2G / σ2P. 

For a better understanding of the relationship between the variables, a graph 

of the principal component (PCA) was generated for each environment, including all  

the traits evaluated. All the analysis and graphs were performed under the R 

software (R Core Team, 2015). 

 

 

2.1.3. RESULTS AND DISCUSSION 

 
 

2.1.3.1. Exp#1: Assessment of Dry Weights and N Content at V6 Leaf 
Stage 
 

The shoot dry weight (SDW), root dry weight (RDW), and total dry weight 

(TDW) showed significant (P = 0.01) variation among popcorn genotypes (parents 

and hybrid). Likewise, the N levels also had a significant (P = 0.01) impact on SDW 

and TDW except for the RDW. However, the G × N interaction did not influence the 

SDW, RDW, and TDW (Table 2). From the mean (Table 3), it was observed that 

inside all the N levels, the shoot, root, and total dry weight of hybrid were found 

statistically similar with P2 because of its maternal effect while different from L80 but 

the hybrid and P2 means were always found superior to L80. The lowest shoot and 

total dry weights were found in N10% while the highest values for the shoot and total 

dry weights were found in N75% and from N75% to N100% a slight decrease in 

shoot and total dry weights were found that was also reported by Fu et al. (2017). 

From N10% to N100%, P2 exhibited an increase of 76.60% and 58.30% for SDW 

and TWD, respectively. Hybrid revealed a 29.35% and 18.67% increase for SDW 

and TDW, respectively, while for L80 this increase was insignificant. The shoot dry 

weight directly affects the nitrogen use and utilization efficiencies (Mundim et al., 

2013; Fu et al., 2017). The coefficients of variation (CV %) for the shoot, root, and 
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total dry weight were 19.93%, 25.51, and 19.28%, respectively (Table 2) that show 

a very low CV % as compared to Torres et al. (2019) while working with corn and 

calculated 31.34%, 28.61% and 27.06% for root, shoot and total dry weight, 

respectively. 

The shoot nitrogen content (SNC), root nitrogen content (RNC), and total 

nitrogen content (TNC) were significantly (P = 0.01) different for genotypes and N 

levels while non-significant for G × N interaction (Table 2). It was detected from the 

mean (Table 3) that inside N75% the shoot, root, and total N content exhibited high 

differences between hybrid, P2, and L80 but in N100% the hybrid was found 

statistically the same as P2.  

The lowest shoot, root, and total N content were found in N10% while the 

highest values for the shoot, root, and total N content were found in N75% and from 

N75% to N100% a slight decrease in the shoot, root, and total N content were found 

that was also reported by Ciampitti et al. (2013) and Fu et al. (2017). From N10% to 

N100%, P2 exhibited 140.10% and 126.00% increase for SNC and TNC, 

respectively. L80 demonstrated an increase of 192.1% and 171.10% for SNC and 

TNC, respectively from N10% to N100%. From N10% to N100%, hybrid revealed 

86.20, 13.50%, and 75.76% increase for SNC, RNC, and TNC, respectively, while 

for L80 this increase was insignificant.  

It’s interesting to mention that, L80 showed a huge percent of change for SNC 

and TNC from N10% to N100% compared to P2 and hybrid but insignificant change 

for SDW, RDW, and TDW, clearly indicate that L80 does not utilize well the available 

N and comparatively demonstrated less and insignificant shoot, root, and total dry 

weight. In the shoot or root, N content is directly proportional to the N uptake while 

inversely proportional to the utilization efficiency. Our results (Table 3) showed that 

with the increasing supply of N, the shoot and root N content increased but the 

NUpE-wR and NUpE-w/oR decreased (Table 5) because the amount of N content 

found in shoot and root was much less than the total N supply or in the other words 

there was a big gap between the N absorb and supply evidenced by Ciampitti et al. 

(2013). Low coefficients of variation (CV %) for the shoot, root, and total N content 

of 21.50%, 25.52%, and 20.75% were respectively found that represent a great 

precision (Table 2). 

At the V6 stage, it was observed that the leaf dry weight and leaf N content 

were found greater than stem and root dry weight and N content and with the 

increasing supply of nitrogen form N10% to N100% the leaf, stem dry weight, and 
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N content were increased more than root dry weight and N content (Figure 3, A and 

B). This leaf, stem dry weight, and N content differences and augmentation were 

observed more for P2 and hybrid than L80. Kappes et al. (2013) and Otie et al. 

(2016) also documented that nitrogen is mainly abundant in leaves, chiefly in 

photosynthetic enzymes. Hence, plant dry weight and grain yield are extremely 

associated with leaf N content. Ciampitti et al. (2013) also observed similar results 

while studying maize hybrids under three different N rates (0N, 112N, and 224N).
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Table 2 – Analysis of variance of genotypes (G), nitrogen (N), and G x N interaction for the shoot, root, and total dry 
weight and N content at V6 stage. 

Source of 

Variation 
DF 

Mean Squares 

SDW (g) RDW (g) TDW (g) SNC (mg) RNC(mg) TNC(mg) 

Block 3 0.11 0.14 0.11 2736.43 280.83 1992.72 

Genotypes (G) 2 24.23** 1.91** 39.32** 137857.01** 1971.02** 171674.13** 

Nitrogen (N) 4 3.34** 0.08ns 4.14** 48291.04** 192.24** 54079.61** 

G x N 8 0.41ns 0.08ns 0.75ns 3458.28ns 86.15ns 4295.10ns 

Error 42 0.30 0.043 0.47 2219.34 48.03 2609.62 

Total 59       

Mean  2.76 0.81 3.57 219.01 27.14 246.16 

CV (%)  19.93 25.51 19.28 21.50 25.52 20.75 

** Represent statistically highly significant at P < 0.01, * mean statistically significant at P < 0.05, and ns showed non-
significant at P ≥ 0.05. DF: degree of freedom, SDW: shoot dry weight, RDW: root dry weight, TDW: total dry weight, 
SNC: shoot N content, RNC: root N content, and TNC: total N content. 
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Table 3 – Mean values of popcorn genotypes for shoot, root, and total dry weight 
and N content under five different N applications at the V6 stage. 

Genotypes N10% N25% N50% N75% N100% 

  SDW (g) 

P2 1.93 a 3.39 a 3.81 a 3.42 a 3.41 a 

L80 0.89 b 1.62 b 1.49 b 1.72 b 1.84 b 

Hybrid 2.76 a 3.30 a 3.92 a 4.36 a 3.57 a 

  RDW (g) 

P2 0.72 ab 0.95 a 1.00 a 0.80 b 0.78 a 

L80 0.41 b 0.54 b 0.46 b 0.45 b 0.58 a 

Hybrid 0.99 a 1.17 a 1.06 a 1.40 a 0.89 a 

  TDW (g) 

P2 2.64 a 4.33 a 4.81 a 4.22 c 4.18 a 

L80 1.30 b 2.16 b 1.95 b 2.17 b 2.42 b 

Hybrid 3.75 a 4.48 a 4.98 a 5.76 a 4.45 a 

  SNC (mg) 

P2 121.41 ab 244.74 a 296.8 a 292.62 b 291.51 a 

L80 57.32 b 126.38 b 117.88 b 156.40 c 167.41 b 

Hybrid 168.00 a 241.20 a 314.95 a 375.83 a 312.79 a 

  RNC (mg) 

P2 20.37 ab 29.23 ab 31.77 a 28.93 b 28.94 a 

L80 12.65 b 18.15 b 15.64 b 15.74 c 22.27 a 

Hybrid 28.14 a 38.76 a 36.27 a 48.42 a 31.94 a 

  TNC (mg) 

P2 141.78 ab 273.97 a 328.57 a 321.55 b 320.45 a 

L80 69.97 b 144.53 b 133.51 b 172.14 c 189.68 b 

Hybrid 196.14 a 279.96 a 351.21 a 424.25 a 344.73 a 

Means followed by the same lowercase letters in the column do not differ 
statistically from one another by the Tukey test at 5% probability. SDW: shoot dry 
weight, RDW: root dry weight, TDW: total dry weight, SNC: shoot nitrogen content, 
RNC: root nitrogen content, and TNC: total nitrogen content. 
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Figure 7 – Comparisons of leaf, stem, and root dry weight (A) and N content (B) 
of the three popcorn genotypes under five different N applications at the V6 stage. 
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2.1.3.2. Exp#1: Reflection of Nitrogen Use Efficiency (NUE) and its 
Components of Uptake and Utilization at V6 Leaf Stage 
 

It was quite interesting that nitrogen use efficiency (NUE), nitrogen uptake 

efficiency with root N content (NUpE-wR), and nitrogen uptake efficiency without 

root N content (NUpE-w/oR) demonstrated significant (P = 0.01) variation among 

the genotypes, N levels, and G x N interaction. When the genotypes were assessed 

under different N levels, significant (P = 0.01) differences were found for NUE, 

NUpE-wR, and NUpE-w/oR in all the N levels except in N100% (Table 4). The 

highest mean values for NUpE-wR and NUpE-w/oR were observed for genotypes 

in N10% while the lowest in N100% (Table 5). The hybrid show better performance 

than P2 and L80 while, P2 was found better than L80 for NUE, NUpE-wR, and 

NUpE-w/oR. This performance was observed more clearly under low N supply of 

N10% and N25% than high N supply of N75% and N100% (Figure 4) and it’s 

because of increasing N level (Hartmann et al., 2015) and at high concentration of 

N all the genotype use and absorb N mostly the same evidenced by Mundim et al. 

(2013). With an increasing supply of N application, the mean values of NUE, NUpE-

wR, and NUpE-w/oR were decreasing for the genotype as follows N10% ˃ N25% ˃ 

N50% ˃ N75% ˃ N100%. The amount of decrease found for NUE, NUpE-wR and 

NUpE-w/oR from N10% to N100% for P2 were 82.30%, 77.30%, and 76.10%, for 

L80 were 79.20%, 72.90%, and 70.60%, and while for hybrid were 87.10%, 82.30% 

and 81.50%, respectively (Table 5). This amount of reduction was associated with 

the ratio of SDW to N content in plant and N content in shoot respectively and 

because of the 25% increase of N applied in each level (Table 3). Fu et al. (2017) 

also stated a 29% decrease for NUE while studying the effect of five different N rates 

on sweet-waxy maize in a greenhouse experiment.  

Significant (P = 0.01) variation was observed for nitrogen utilization efficiency 

with root N content (NUtE-wR) among the genotypes and N levels, and similarities 

were found for nitrogen utilization efficiency without root N content (NUtE-w/oR) 

among the genotypes (Table 4). Because in low and high N levels the shoot N 

converted to biomass was equally utilized by the genotypes in the provided N levels 

(Menz et al., 2019). The genotypes revealed highest mean value for NUtE-wR and 

NUtE-w/oR in N10% while the lowest in N100% (Table 5). The amount of decrease 

found for NUtE-wR from N10% to N100% for P2 was 22.80%, for L80 was 23.40%, 

and for hybrid was 26.60%, respectively (Table 5). These significant differences for 

NUtE-wR and non-significant for NUtE-w/oR means that it’s critical to include 
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the root N content (N in the plant) while measuring the utilization efficiency because 

at early stages of plant root is also a part of N content in the plant. Kant et al. (2010) 

also reported that at the early vegetative stage leaves and roots act as a sink for N 

uptake and utilization. The product of N uptake and utilization efficiency has a direct 

measure of NUE (Moll et al., 1982; Good et al., 2004; Mundim et al., 2013) but at 

the same time if we are considering NUpE-w/oR and NUtE-w/oR (Menz et al., 2018) 

we are ignoring the N content of root that is also a part of the plant because in case 

of uptake or another word absorption mean the N content that is absorbed by the 

plant from the available or applied N in the soil or solution, while in N utilization the 

plant utilizes the absorb N for the root, stem, leaf, growth and grain production, so 

its noteworthy that measuring NUpE-wR and NUtE-wR (Good et al., 2004; Almeida 

et al., 2018) is a more reliable way of uptake, utilization and use efficiency. This 

ability of N uptake and utilization was observed differences among the genotypes 

(P2, L80, and their hybrid). 

The coefficients of variation (CV%) for the NUE and its components were 

range 2.50% to 19.38% (Table 4) that show a very low CV% as compared to Mundim 

et al. (2013) while working with popcorn and calculated 19.60% to 36.20% and 

Granato et al. (2014) mentioned 29.63% to 30.60% in corn for NUE and its 

components at V6 stage under low and high N condition. Grounded on our low CV%, 

the experiment showed great precision. 
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Table 6 – Analysis of variance of genotypes (G), N, and G x N interaction for nitrogen use efficiency (NUE) and its 
components of uptake and utilization at the V6 leaf stage. 

 Source of 

Variation 
DF 

Mean Squares 

NUE 

(mg.mg-1) 

NUpE-wR 

(mg.mg-1) 

NUpE-w/oR 

(mg.mg-1) 

NUtE-wR 

(mg.mg-1) 

NUtE-w/oR 

(mg.mg-1) 

   Block 3 42.07 0.06 0.05 8.26 16.01 

Genotypes (G) 2 8796.16** 5.71** 4.47** 33.94** 21.13ns 

Nitrogen (N) 4 15826.00** 8.34** 5.83** 189.39** 371.46** 

G x N 8 1553.32** 0.69** 0.53** 2.99ns 2.90ns 

G/N 10 3001.89** 1.69** 1.32**   

G/N10% 2 11425.00** 5.78** 4.45**   

G/N25% 2 2070.69** 1.35** 1.05**   

G/N50% 2 981.12** 0.83** 0.68**   

G/N75% 2 415.10* 0.41** 0.31**   

G/N100% 2 117.53ns 0.10ns 0.09ns   

N/G 12 6310.88** 3.24** 2.30**   

N/P2 4 5723.31** 3.09** 2.22**   

N/L80 4 1203.49** 0.77** 0.50**   

N/Hybrid 4 12005.85** 5.87** 4.17**   

Error 42 88.62 0.07 0.04 5.16 6.98 

Total 59           

Mean  48.92 1.34 1.17 34.29 38.99 

CV (%)  19.24 19.38 17.86 6.62 6.78 

** Represent statistically highly significant at P < 0.01, * mean statistically significant at P < 0.05, and ns showed non-

significant at P ≥ 0.05. DF: degree of freedom, NUE: nitrogen use efficiency, NUpE-wR: nitrogen uptake efficiency with 

root N content, NUpE-w/oR: nitrogen uptake efficiency without root N content, NUtE-wR: nitrogen utilization efficiency 

with root N content and NUtE-w/oR: nitrogen utilization efficiency without root N content. 
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Figure 8 – Performance of three popcorn genotypes under five different N levels 
for NUE (A), NUpE-w/oR (B), and NUpE-wR (C) at the V6 stage. 
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Table 7 – Mean values of popcorn genotypes for nitrogen use efficiency (NUE) and 
its components of uptake and utilization under five different N levels at the V6 leaf 
stage. 

Genotypes N10% N25% N50% N75% N100%  

  NUE (mg.mg-1) 

P2 109.66 b 77.19 a 43.44 a 25.98 ab 19.4 a 

L80 50.41 c 36.86 b 16.93 b 13.03 b 10.51 a 

Hybrid 157.08 a 75.27 a 44.63 a 33.13 a 20.32 a 

  NUpE-wR (mg.mg-1) 

P2 2.69 b 2.08 a 1.25 a 0.81 ab 0.61 a 

L80 1.33 c 1.10 b 0.51 b 0.44 b 0.36 a 

Hybrid 3.72 a 2.13 a 1.33 a 1.07 a 0.66 a 

  NUpE-w/oR (mg.mg-1) 

P2 2.30 b 1.86 a 1.13 a 0.74 ab 0.55 a 

L80 1.09 c 0.96 b 0.45 b 0.40 b 0.32 a 

Hybrid 3.19 a 1.83 a 1.20 a 0.95 a 0.59 a 

  NUtE-wR (mg.mg-1) 

P2 40.91 ab 37.27 a 34.8 a 31.98 a 31.6 a 

L80 38.01 b 33.53 a 33.54 a 29.94 a 29.11 a 

Hybrid 42.27 a 35.49 a 33.77 a 31.11 a 31.03 a 

  NUtE-w/oR (mg.mg-1) 

P2 47.60 a 41.82 a 38.63 a 35.35 a 34.89 a 

L80 46.32 a 38.36 a 38.20 a 32.96 a 33.17 a 

Hybrid 49.3 a 41.13 a 37.80 a 35.01 a 34.24 a 

Means followed by the same lowercase letters in the column do not differ statistically 
from one another by the Tukey test at 5% probability. NUE: nitrogen use efficiency, 
NUpE-wR: nitrogen uptake efficiency with root N content, NUpE-w/oR: nitrogen 
uptake efficiency without root N content, NUtE-wR: nitrogen utilization efficiency with 
root N content and NUtE-w/oR: nitrogen utilization efficiency without root N content. 
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2.1.3.3. Exp#2: Assessment of SPAD Reading and Leaf Area under 
Different N Levels at VT Leaf Stage 
 

The leaf chlorophyll concentration that was measured with SPAD-502 meter 

on the sixth leaf at 35, 38, 41, 44, 47, 50, and 53 days after sowing (DAS) showed 

significant variation for N levels, genotypes (G), time (T) and G × T interaction, while 

non-significant for G × N, N × T and G × N × T interaction (Table 6). It was observed 

that at 35DAS the hybrid leaf chlorophyll concentration was found more than P2 and 

L80 while the P2 and L80 showed approximately the same concentration for 

chlorophyll. From 35DAS to 44DAS the SPAD meter reading was increased for all 

the three genotypes approximately the same but from 44DAS to 53DAS the 

chlorophyll concentration was decreased for all the genotypes but the L80 showed 

a high decrease in chlorophyll concentration compared to P2 and hybrid (Figure 5). 

So it’s worth mention that, the chlorophyll concentration in the leaf increased over 

time but after a certain time the concentration of chlorophyll starts decreasing along 

with the age of the leaf. Our results were evidenced by Argenta et al. (2004) and 

Zhao et al. (2018) while studying the leaf chlorophyll reading under nine N levels 

and six N levels in maize respectively. 

The leaf area (LA) measured at the VT stage showed significant differences 

among the genotypes, while for N levels and G × N interaction non-significant results 

were observed (Table 7). From the mean values, it was noticed that under N50% 

the hybrid was found different from their parents and the inbred line P2 and L80 

were found the same, while under N100% the differences for LA were varied like 

hybrid > P2 > L80. It was also noteworthy that P2 was found more responsive 

compare to hybrid and L80 to the N supply and exhibited 21% of the increase in the 

LA (Table 8). Effa et al. (2015) documented that leaf area was augmented with 

increasing N level while studying the effect of four N rates on popcorn. Amanullah 

et al. (2014) and Anwar et al. (2017) reported a study, that increasing N rate 

augmented the mean specific leaf area, leaf area per plant, and leaf area index while 

studying the effect of four N rates on maize genotypes. They further documented 

that N levels had a positive effect on plant growth and total dry mass. Deuner et al. 

(2008) performed a greenhouse experiment while studying the effect of three N 

levels via application of N in leaf (foliar application) and direct application through 

the soil and reported that, the leaf area of maize hybrids were increased by 

increasing the N levels and that finally improved the dry mass of the plant.



48  

 

 

Figure 5 – Performance of the three popcorn genotypes for leaf chlorophyll 
concentrations along time. 
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Table 8 – Analysis of variance of genotypes, nitrogen, time, and their respective interaction for SPAD reading. 
Source of 

Variation 

Block 

(B) 

Nitrogen 

(N) 

Genotype 

(G) 

NxG Error 

A 

Time (T) NxT GxT NxGxT Error 

B 

Total Mean 

DF 9 1 2 2 45 6 6 12 12 324 419 40.24 

MS 21.86 91.09* 73.01* 0.80ns 16.02 168.79** 6.31ns 8.92* 3.62ns 4.82 9.35 
 

CVa = 9.95%, CVb = 5.45%, DF = degree of freedom and MS = mean squares. 
 

 

 

 

 

 



50  

 

2.1.3.4. Exp#2: Assessment of Dry Weights and N Content at VT Leaf 
Stage 
 

At the VT stage, the shoot dry weight (SDW), root dry weight (RDW), and 

total dry weight (TDW) showed significant (P = 0.01) variation for genotypes, and 

the N levels significantly (P = 0.05) impact only the SDW. The G × N interaction 

significantly (P = 0.05) influenced the RDW and total TDW (Table 7). From the mean 

values (Table 8) hybrid showed high SDW, RDW, and TDW compared to their both 

parents (P2 and L80) in N50%. In N100%, the hybrid demonstrated the same 

performance as P2 and different from L80 for SDW and TDW, in contrast, for RDW, 

these differences were insignificant among the genotypes means in N100%. The 

hybrid and P2 showed augmentation of 40.80% and 27.22% in the root and total dry 

weights from N50% to N100%, respectively; in contrast, for L80 this increase was 

insignificant. It’s also noteworthy that the hybrid showed 39.70% and 10.50% 

decrease in the root and total dry weights from N50% to N100%, respectively, also 

documented by Torres et al. (2019), that may be because of heterotic effect and 

also in limited N (N50%) supply the plants can increase root depth, cortical cell size 

(Gao and Lynch, 2016), root cortical aerenchyma (Saengwilai et al., 2014a; 

Chimungu et al., 2015) that ultimately affect the root dry weight. The CV% found for 

SDW and TDW were 17.37% and 18.02% (Table 7), respectively which was quite 

less, while for RDW it was 31.68% that was documented the same by Torres et al. 

(2019). 

 The shoot nitrogen content (SNC) and total nitrogen content (TNC) at the 

VT stage demonstrated significant (P = 0.01) differences among the genotypes and 

N levels and non-significant for G × N interaction. In contrast, for the root nitrogen 

content (RNC), the significant (P = 0.05) differences were only found for the N levels 

(Table 7). It was detected from the mean values that under N50%, the SNC and 

TNC were found more for the hybrid than parents (P2 and L80), in contrast, in 

N100%, the hybrid was statistically similar to P2 and different from L80. The mean 

of hybrid and P2 for RNC were found different, and the L80 showed similarities with 

P2 and hybrid in N50%. In N100%, the variations between the mean of P2, L80, and 

hybrid were found alike for RNC (Table 8). It's north worthy that under N100% the 

means of L80, P2, and hybrids are similar for the RDW and RNC but not for the SNC 

and SDW because it evidenced that at VT stage the L80 absorbed the same N but 

does not utilize efficiently as utilized by hybrid and P2 (Table 8). P2 exhibited 

60.53%, 35.32%, and 37.56% increase for RNC, SNC, and TNC, respectively from 
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N50% to N100%. Hybrid revealed 19.60% and 16.60% of increase from SNC and 

TNC while 3.80% of decrease for RNC, respectively from N50% to N100%, in 

contrast, for L80 this increase was insignificant (Table8). The CV% values observed 

for SNC, RNC and TNC were 16.73%, 31.73%, and 16.99% (Table 7), respectively 

that was quit lesser than documented by Almeida et al. (2018) for stover (stem + 

leaf + cob) N content and mature stover N content while studying the effect of N 

levels in popcorn genotypes. 

At VT the stem dry weight was found more than leaf and root dry weight while 

the leaf content was observed more than stem and root N content (Figure 6, A and 

B), significant that until VT stage leaf still play a role in the process of photosynthesis. 

With the increasing supply of nitrogen from N50% to N100% the leaf, stem dry 

weight, and N content were augmented more than root dry weight and N content. 

This leaf, stem dry weight, and N content differences and augmentation were 

observed more for P2 and hybrid than L80 that was also found the same at the V6 

stage.
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Figure 6 – Comparisons of leaf, stem, and root dry weight (A) and N content (B) of 
the popcorn inbred lines P2, L80 and their hybrid under two different N 
applications at VT stage.
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Table 9 – Analysis of variance of genotypes (G), nitrogen (N), and G x N interaction for the shoot, root and total dry 
weight, N content, and leaf area at VT stage. 

Source of 
Variation 

DF 

Mean Squares 

SDW (g) RDW (g) TDW (g) SNC (mg.g-1) RNC (mg.g-1) TNC (mg.g-1) LA (m2) 

 Block 9 22.28 6.78 43.40 10870.44 412.19 13947.48 0.0027 
Genotypes (G) 2 482.63** 96.95** 963.06** 259900.06** 1111.76ns 282576.82* 0.15067** 
Nitrogen (N) 1 76.32* 12.66ns 26.81ns 159942.51** 2010.02* 197812.42** 0.00417ns 
G x N 2 33.35ns 52.44** 156.82** 13316.21ns 993.00ns 17353.69ns 0.00261ns 

G/N 4  74.70** 559.944**     
G/N50%  2  141.67** 792.30**     
G/N100% 2  7.72ns 327.58**     

N/G 3  39.17** 113.48*     
N/P2 1  16.65ns 245.63**     
N/L80 1  0.04ns 7.09ns     

N/Hybrid 1  100.85** 87.73ns     

Error 45 17.14 4.28 29.93 7083.81 378.17 9198.11 0.00155 

Total 59        

Mean  23.84 6.53 30.36 503.05 61.28 564.33 0.2743 

CV (%)  17.37 31.68 18.02 16.73 31.73 16.99 14.34 

** Represent statistically highly significant at P < 0.01, * mean statistically significant at P < 0.05, and ns showed non-
significant at P ≥ 0.05. DF: degree of freedom, SDW: shoot dry weight, RDW: root dry weight, TDW: total dry weight, 
SNC: shoot N content, RNC: root N content, and TNC: total N content. 
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Table 10 – Mean values of the popcorn inbred lines P2, L80 and their hybrid for dry 
weights, N content, leaf area, nitrogen use efficiency (NUE), and its components of 
uptake and utilization under two different N applications at VT stage. 

Genotypes N50% N100% N50% N100% 
 

NUE (mg.mg-1) NUpE-wR (mg.mg-1) 

P2 29.69 b 18.46 a 0.66 b 0.45 a  

L80 23.62 c 12.64 b 0.54 c 0.31  b 

Hybrid 39.85 a 21.84 a 0.88 a 0.56  a 

  NUpE-w/oR (mg.mg-1) NUtE-wR (mg.mg-1) 

P2 0.60 b 0.41 a 45.04 a 40.61  a 

L80 0.47 c 0.27 b 44.23 a 41.17  a 

Hybrid 0.78 a 0.50 a 45.41 a 39.17  a 

  NUtE-w/oR (mg.mg-1) SDW (g) 

P2 49.48 a 45.31 ab 21.29 b 26.47 a 

L80 50.56 a 47.75 a 18.26 b 19.54 b 

Hybrid 51.05 a 43.19 b 28.58 a 28.88 a 

  RDW (g) TDW (g) 

P2 4.46 b 6.28 a 25.75 b 32.76 a 

L80 5.20 b 5.11 a 23.46 b 24.65 b 

Hybrid 11.32 a 6.83 a 39.89 a 35.70 a 

  SNC (mg) RNC (mg) 

P2 432.09 b 584.73 a 42.11 b 67.60 a 

L80 361.63 b 411.32 b 53.57 ab 65.50 a 

Hybrid 560.55 a 668.00 a 70.80 a 68.11 a 

  TNC (mg) LA (m2) 

P2 474.19 b 652.33 a 0.23 b 0.28 b 

L80 415.21 b 476.82 b 0.20 b 0.20 c 

Hybrid 631.35 a 736.12 a 0.37 a 0.37 a 

Means followed by the same lowercase letters in the column do not differ statistically 
from one another by the Tukey test at 5% probability. NUE: nitrogen use efficiency, 
NUpE-wR: nitrogen uptake efficiency with root N content, NUpE-w/oR: nitrogen 
uptake efficiency without root N content, NUtE-wR: nitrogen utilization efficiency with 
root N content, NUtE-w/oR: nitrogen utilization efficiency without root N content, 
SDM: shoot dry weight, RDW: root dry weight, TDW: total dry weight, SNC: shoot 
nitrogen content, RNC: root nitrogen content, TNC: total nitrogen content and LA: 
leaf area. 
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2.1.3.5. Exp#2: Reflection of Nitrogen Use Efficiency (NUE) and its 
Components of Uptake and Utilization at the VT Stage 
 

Significant (P = 0.01) dissimilarities were found among the genotypes and N 

levels for NUE, NUpE-w/oR and NUpE-wR. The G x N interaction demonstrated 

significant (P = 0.05) differences for the NUE and insignificant for NUpE-w/oR and 

NUpE-wR. When the genotypes were studied under N50% and N100% levels, 

significant (P = 0.01) differences were found for NUE (Table 9). From the mean 

values (Table 8) the hybrid was found statistically superior to their parents and P2 

was greater than L80 under N50% for NUE, NUpE-w/oR, and NUpE-wR in contrast, 

under N100% the hybrid was found statistically the same as P2 and different from 

L80. The amount of reduction exhibited by P2 from N50% to N100% were 37.82%, 

31.67%, and 31.82%, for NUE, NUpE-w/oR, and NUpE-wR, respectively. L80 

demonstrated a decrease of 46.48%, 42.55%, and 42.59% from N50% to N100% 

for NUE, NUpE-w/oR, and NUpE-wR, respectively. Hybrid revealed a decrease of 

46.19%, 35.90%, and 36.36% from N50% to N100% for NUE, NUpE-w/oR, and 

NUpE-wR, respectively. The CV% obtained at the VT stage for NUE, NUpE-w/oR, 

and NUpE-wR were 19.68%, 19.05%, and 19.26%, respectively (Table 9) that was 

quite less observed by Almeida et al. (2018). 

The nitrogen utilization efficiency without root N content (NUtE-w/oR) showed 

significant (P = 0.01) dissimilarities among the genotypes, N levels and G x N 

interaction. The nitrogen utilization efficiency with root N content (NUtE-wR) 

exhibited significant (P = 0.05) variations among N levels and G x N interaction while 

similarities were observed among the genotypes. When the genotypes were 

evaluated under N50% and N100% levels significant (P = 0.01) differences were 

found for NUtE-w/oR only in N100% and the NUtE-wR exhibited resemblance in 

both N levels (Table 9). The mean values were found superior for L80 than hybrid 

for the NUtE-w/oR under N100% and under N50% they were found similar, while 

NutE-wR exhibited similarities for the genotypes under both N levels. From N50% 

to N100%, P2 exhibited a reduction of 8.43% and 9.84% for NUtE-w/oR and NUtE-

wR, respectively. From N50% to N100%, L80 demonstrated a decrease of 5.56% 

and 6.92% for NUtE-w/oR and NutE-wR, respectively. Hybrid revealed a decrease 

of 15.40% and 13.74% from N50% to N100% for NUtE-w/oR and NUtE-wR, 

respectively (Table 8). CV % observed for NUtE-w/oR and NUtE-wR were 5.21% 

and 4.63%, respectively (Table 9) that were quite lower presented by Granato et al. 

(2014) and Almeida et al. (2018). 
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The percent changes observed for the genotypes at VT stage for NUpE-

w/oR, NUpE-wR, NUtE-w/oR, and NUtE-wR almost negligible that is clear evidence 

that at maturity level including the N content of root does not make any effect on the 

measurement of uptake and utilization efficiency. 

Wu et al. (2019) reported the same while examining 11 maize inbred lines 

under two contrasting N supply and documented that the NUE and NUpE-w/oR vary 

among the genotypes and for N levels and also these variations were more 

prominent in low N levels. Almeida et al. (2018) also documented the same result 

for NUpE-wR and NUtE-wR while studying popcorn genotypes under low and high 

N levels. Granato et al. (2014) also found parallel results by evaluated 53 maize 

genotypes under two contrasting N levels and demonstrated high variation among 

the genotype, N levels, and G x N interaction for NUE and further stated that the 

NUE revealed greater genetic variability under low N supply. These findings show 

that the low N availability enables the genotypes to demonstrate differences for N 

use, uptake and utilization and allowing the breeder to select the most efficient 

genotypes.  
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Table 9 – Analysis of variance of genotypes (G), N, and G x N interaction for nitrogen use efficiency (NUE) and its 
components of uptake and utilization at VT leaf stage. 

Source of Variation DF 

Mean Squares 

NUE  
(mg.mg-1) 

NUpE-wR 
(mg.mg-1) 

NUpE-w/oR 
(mg.mg-1) 

NUtE-wR 
(mg.mg-1) 

NUtE-w/oR 
(mg.mg-1) 

 Block 9 32.37 0.02 0.02 24.72 25.77 
Genotypes (G) 2 809.58** 0.44** 0.38** 1.54ns 24.45** 
Nitrogen (N) 1 2695.68** 0.96** 0.75** 314.42** 367.09* 
G x N 2 79.54* 0.02ns 0.010ns 12.70* 34.18** 

G/N 4 444.56**   7.12ns 29.32** 
G/N50%  2 672.55**   3.64ns 6.41ns 

G/N100% 2 216.57**   10.60ns 52.23** 

N/G 3 951.59**   113.27** 145.15** 
N/P2 1 630.34**   98.14** 87.15** 
N/L80 1 602.80**   46.92** 39.34* 

N/Hybrid 1 1621.62**   194.77** 308.97** 

Error 45 22.96 0.01 0.01 3.90 6.23 

Total 59      

Mean  24.35 0.57 0.50 42.61 47.88 

CV (%)  19.68 19.26 19.05 4.63 5.21 
** Represent statistically highly significant at P < 0.01, * mean statistically significant at P < 0.05 and ns showed non-significant at 

P ≥ 0.05. DF: degree of freedom, NUE: nitrogen use efficiency, NUpE-wR: nitrogen uptake efficiency with root N content, NUpE-

w/oR: nitrogen uptake efficiency without root N content, NUtE-wR: nitrogen utilization efficiency with root N content, and NUtE-

w/oR: nitrogen utilization efficiency without root N content. 
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2.1.3.6. Comparison and Differences Observed at the V6 Stage (Exp#1) 
and VT Stage (Exp#2) 
 

It was observed that at both stages, the SDW and SNC demonstrated 

significant differences for the genotypes. At the V6 stage, the RNC showed 

significant differences for the genotypes while at the VT stage, these differences 

among the genotypes for RNC were non-significant, which clarify that root N content 

at the early vegetative stage (V6 stage) is important to be considered. It was noted 

that at both of the stages the TDW and TNC were more affected by the shoot dry 

weight and shoot N content respectively. 

Nitrogen use efficiency confirmed significant variation among the genotypes, 

N levels, and G x N interaction at both stages. It’s also worth mentioning that, at the 

V6 stage, the G x N interaction was found significant for both type of N uptake 

efficiency (NUpE-wR and NUpE-w/oR) while at the VT stage, this G x N interaction 

was found insignificant that demonstrate that at early stages of the plant (V6) the 

genotypes are influenced by different N levels and varied for N uptake efficiency 

(NUpE-wR and NUpE-w/oR) compared to later stages of the plant (VT). This is 

significant to note that at early stages (up to V8) maize plant absorb more N than 

comparing to later stages that’s why fertilization mostly supplied uptoV6 and V8 

stage of plant (Heinz et al., 2019).  

Quite interesting to note that at the early stage (V6) the variation among the 

genotypes were found significant for NutE-wR and insignificant for NutE-w/oR, that 

clarifies that it’s critical to include N content of root while measuring the utilization 

efficiency because at an early stage the N absorb is also utilized for root growth. At 

the VT stage, the G x N interaction was found significant for both types of N 

utilization efficiency (NUtE-wR and NUtE-w/oR) while at the V6 stage this G x N 

interaction was found insignificant that validate that at the later stage of plant (VT) 

the genotypes are influenced by different N levels and varied for N utilization 

efficiency (NUtE-wR and NUtE-w/oR). At the VT stage, the genotypes demonstrated 

insignificant variation for NUtE-wR and RNC that direct, measuring utilization 

efficiency with the exclusion of root N content (Mundim et al., 2013; Almeida et al., 

2018; Menz et al., 2018). 
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2.1.3.7. Heterosis 
 

In the popcorn hybrid breeding program, an important aspect in the 

production and identification of a group of inbred lines that maximize the expression 

of heterosis in hybrid. Shull (1908) reported the concept of heterosis in maize 

improvement. Heterosis is defined as the superiority of the F1 hybrid over its parents, 

but if this superiority of the F1 hybrid over its parents mean, then this termed is Mid-

parent (MP) heterosis (Ige et al., 2018). MP heterosis describes the hybrid 

performance in relation to the mid-performance of the parents (Liu et al., 2018).  

At the V6 stage, the MP heterosis was calculated and the highest heterosis 

was perceived in low N supply of N10% while the lowest heterosis was found mostly 

in high N supply of N100% (Table 10). The highest MP heterosis was observed in 

low N (N10%) were 96.30%, 95.70%, 87.90%, and 85.30% for NUE, SDW, SNC, 

and NUpE-wR respectively. The lowest MP heterosis found in low N was 7.10% for 

NUtE-wR. For some of the traits the heterosis drastically decreased in N25% and 

then increased in N50% and N75% and then finally decreased in N100% (Table 10), 

so for that purpose different type of transformation methodologies (Box-Cox 

transformation and linear, exponential, and power regression transformation) were 

tried to adjust this drastic decrease and increase but we still found the same results, 

that’s why it was decided to present the analysis based on a real dataset. The drastic 

decrease found in N25% was a random increase in the parent mean compare to 

hybrid. In the highest N supply (N100%) the highest MP heterosis found was 

36.30%, 36.10%, 36.00%, and 35.00% for SNC, NUpE-wR, SDW, and NUE 

respectively (Table 10). Based on heterosis at the V6 stage SDW, SNC, NUE, and 

NUpE-wR should be considered for hybrid evaluation.  

Rockenbach et al. (2018) documented a study in popcorn on the protein 

associated with heterosis and observed MP heterosis for root dry weight. Li et al. 

(2014) conducted a study while evaluating 8 inbred lines and 28 F1 hybrids (obtained 

by partial diallel crosses excluding reciprocal crosses) under low and high N 

availability and reported that, shoot biomass demonstrated high MP heterosis in 

both N while the grain yield proven high MP heterosis in low N level compare to high 

N levels. Ige et al. (2018) studied ten open-pollinated varieties (OPV) of maize and 

their 45 F1 hybrids (obtained through partial diallel crossing) under six different 

environment for stress-free, low N, and high N environments and calculated 

heterosis and documented that under low environment the MP heterosis for grain 
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yield was comparatively less than high N and stress-free environment. Liu et al. 

(2018) studied six maize inbred lines and their 15 F1 hybrids under low and high 

phosphorous (P) level and documented high MP heterosis for shoot dry weight and 

root dry weight under low P compared to high P supply while observed high MP 

heterosis for phosphorous use efficiency (PUE) under high P availability. 

At the VT stage, the MP heterosis revealed the same decline of heterosis 

from N50% to N100% and it was further proved that the highest MP heterosis was 

found in low N supply (N50%) compared to high N supply (N100%). The highest MP 

heterosis was observed in low N (N50%) were 134.40%, 72.10%, 49.50%, 46.70% 

and 44.50% for RDW, LA, NUE, RNC, NUpE-wR and SDW respectively. The lowest 

MP heterosis obtained in N50% was 1.80% found for NUtE-wR. In high N supply of 

N100%, the highest MP heterosis was 54.20%, 47.40%, 40.50%, 34.10 and 25.50% 

for LA, NUpE-wR, NUE, SNC and SDW respectively (Table 11). Different studies 

documented that the effect of heterosis could be seen more in a different stress 

environment. Chairi et al. (2016), for example, reported high heterosis in maize 

under a water stress environment for some of the root traits, Liu et al. (2018) 

observed high heterosis in maize under phosphorus (P) stress for the shoot and root 

traits. Li et al. (2014) also conducted a study in maize and revealed high heterosis 

for shoot biomass and grain yield under low N. 

 

Table 10 – MP heterosis at V6 stage under five different N applications. 

Traits  N10% N25% N50% N75% N100% Mean 

SDW (g) 

H
e
te

ro
s
is

 

95.70 31.70 47.90 69.60 36.00 56.20 

       
RDW (g) 75.20 57.10 45.20 124.00 30.90 66.50 

       
SNC mg.g-1 87.90 29.90 51.90 67.40 36.30 54.70 

       
RNC mg.g-1 70.40 63.60 53.00 116.80 24.70 65.70 

       
NUE (mg.mg-1) 96.30 31.90 47.90 69.90 35.90 56.40 

       
NUpE-wR (mg.mg-1) 85.30 33.90 51.10 71.20 36.10 55.50 

       
NUtE-wR (mg.mg-1) 7.10 0.30 -1.20 0.50 2.20 1.80 

NUE: nitrogen use efficiency, NUpE-wR: nitrogen uptake efficiency with root N 
content, NUtE-wR: nitrogen utilization efficiency with root N content, SDM: shoot dry 
weight, RDW: root dry weight, SNC: shoot nitrogen content, and RNC: root nitrogen 
content. 
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Table 11 – MP heterosis at VT stage under two different N applications. 

Traits  N50% N100% Mean 

SDW (g) 

H
e
te

ro
s

is
 

44.50 25.50 35.00 
    
RDW (g) 134.40 19.90 77.20 
    
SNC (mg.g-1) 41.20 34.10 37.70 

    
RNC (mg.g-1) 47.90 2.30 25.20 

    
NUE (mg.mg-1) 49.50 40.50 44.90 

    
NUpE-wR (mg.mg-1) 46.70 47.40 47.00 

    
NUtE-wR (mg.mg-1) 1.70 -4.20 -1.20 
    
LA (m2) 72.10 54.20 63.10 

NUE: nitrogen use efficiency, NUpE-wR: nitrogen uptake efficiency with root N 
content, NUtE-wR: nitrogen utilization efficiency with root N content, SDM: shoot dry 
weight, RDW: root dry weight, SNC: shoot nitrogen content, RNC: root nitrogen 
content, and LA: leaf area. 
 

2.1.3.8. Genetic Parameters and Principal Component Analysis at the 
V6 and VT Stages 
 

The coefficients of genetic variation (CVg) vary between 7% and 113% in 

Expt. 1, in the variables NUtEw/oR and NUE, and between 3% and 30%, in Expt. 2, 

in the variables NUtEw/oR and NUpEw / oR, respectively. In general, CVg, variation 

index (VI) and H2 values were high, except for NUtE-wR and NUtE-w/oR in Expt. 1. 

The NUtE-wR and RDW, represented genotypic variance component value with a 

negative sign in Expt. 2, the negative value being replaced by zero, as proposed by 

(Khuri et al., 1985; Hallauer et al., 2010). Also, in Expt. 2, the RNC showed higher 

CVe and low H2 of 36.63% and 0.50, respectively compared to other traits (Table 

12). 

Between the uptake and utilization indices, the results of the genetic 

parameters revealed a greater genetic variation in the NUpE-wR and NUpE-w/oR 

measures compare to NUtE-wR and NUtE-w/oR, for the two inbred lines. It is 

suggested that although there is a great contrast between the inbred lines in terms 

of performance at different N levels, allowing very high values of CVg, VI, and H2, 

the indices of utilization are less efficient to reveal these differences. On the other 

hand, the results demonstrate that there is a strong genetic effect on the traits of dry 

weight and N content, in all parts of the plants, and on the NUE, NUpE-wR, and 

NUpE-w/oR indices (Table 12). 
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The principal component (PCA) of Expt. 1 and Expt. 2 of the biplot explained 

97.3% and 92.65% of the total variation among the popcorn genotypes for the 

studied traits across all the N levels, respectively (Figures 7A and 7B). The length 

of vectors in Figures 3A and 3B are alike, which displays all the traits have a similar 

magnitude of variation. In both PCAs, the vectors of the shoot, root, total dry weight, 

and N content were found closed because of their close association. In contrast, the 

vectors of nitrogen use, uptake, and utilization efficiency were found closed because 

of their close relationship. The head of each vector represented the direction of the 

highest performance of traits for the genotype in each N level in both of the 

experiments. Thus in Expt. 1, the NUE, NUpE-wR, NUpE-woR, NUtE-wR, and 

NUtE-woR were the highest performing traits for inbred line P2 and hybrid in N10%; 

the SDW, RDW, TDW, SNC, RNC, and TNC were the highest performing traits for 

inbred line P2 in N50%, and hybrid in N50% and N100%. In Expt. 2, NUE, NUpE-

wR, NUpE-woR, and RDW were the highest performing traits for hybrid in N50%; 

SDW, SNC, RNC, and TNC were the highest performing traits for inbred line P2 and 

hybrid in N100%. The ellipse in Figures 7A and 7B showing the same group of 

treatment belong to the same genotype. 

From the principal component (PCA) figures 7A and 7B of the biplot, it was 

observed the traits related to nitrogen use, uptake, and utilization efficiency were 

well discriminated in low N levels. Thus, the genotypes could be evaluated at a low 

N level for finding high differences for the nitrogen use, uptake, and utilization 

efficiency. In contrast, the dry weight and N content were well distinguished in high 

N levels. Hence, the genotypes could be assessed at a high N level for obtaining 

high differences of dry weight and N content. Granato et al., (2016) reported that a 

low level of nitrogen and phosphorous provided more chances for genotype 

discrimination. Hence, genotype evaluations should be performed in low nutrient 

availability that will lead to a better assessment of genetic variability for nitrogen and 

phosphorous use. In contrast, the mean of shoot dry weight was decreased by 51% 

under low N compared to high N. Therefore, a high N level was found more reliable 

for discriminating shoot dry weight. Adu et al., (2018) documented that the low N 

environment could be regarded as the most discriminating environment for selecting 

low and high N efficient genotypes.  
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Table 12 – Genetic parameters for dry weights, N content, nitrogen use, uptake, and utilization efficiency at the V6 
and VT stage. 
 Expt. 1, V6 stage (Two inbreed lines, five N levels, and four repetitions) 

Parameters NUE NUpE-wR NUpE-w/oR NUtE-wR NUtE-w/oR RDW SDW TDW SNC RNC TNC 

σ2P 2113.25 1.37 1.14 15.49 8.61 0.32 7.07 10.40 38649.25 300.22 45762.25 

σ2G 2106.65 1.37 1.14 14.49 7.36 0.32 7.01 10.34 38262.50 296.59 45371.75 

CVe 12.75 14.67 13.71 5.87 5.78 15.04 20.49 16.71 21.01 17.04 18.86 

CVg 113.78 104.61 108.85 11.17 7.00 84.51 112.57 106.55 104.47 76.99 101.62 

VI 8.92 7.13 7.94 1.90 1.21 5.62 5.49 6.38 4.97 4.52 5.39 

H2 1.00 1.00 1.00 0.94 0.85 0.99 0.99 0.99 0.99 0.99 0.99 

 Expt. 2, VT stage (Two inbreed lines, two N levels, and ten repetitions) 

σ2P 35.28 0.02 0.02 0.02 3.10 0.05 24.77 27.00 14867.90 13.63 13747.80 

σ2G 32.20 0.02 0.02 -0.30 2.48 -0.20 22.59 23.57 13978.50 6.91 12607.40 

CVe 26.33 25.35 25.43 4.12 5.17 29.69 21.82 21.96 21.08 36.63 21.16 

CVg 26.89 26.59 30.65 - 3.26 - 22.22 18.21 26.42 11.75 22.25 

VI 1.02 1.05 1.21 - 0.63 - 1.02 0.83 1.25 0.32 1.05 

H2 0.91 0.93 0.94 - 0.80 - 0.91 0.87 0.94 0.51 0.92 

NUE: nitrogen use efficiency, NUpE-wR: nitrogen uptake efficiency with root N content, NUpE-w/oR: nitrogen uptake 
efficiency without root N content, NUtE-wR: nitrogen utilization efficiency with root N content, NUtE-w/oR: nitrogen 
utilization efficiency without root N content SDW: shoot dry weight, RDW: root dry weight, TDW: total dry weight, SNC: 
shoot N content, RNC: root N content, and TNC: total N content. σ2P: phenotypic variance component; σ2G: genotypic 
variance component; CVe: coefficient of experimental variation; CVg: coefficient of genotypic variation and VI: 
variation index. 
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Figure 7 – Principal component analysis 
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2.1.4. CONCLUSION 

 
 

It was concluded that at both of the stages the F1 hybrid and the inbred line 

P2 were found close and better than inbred line L80 for N use, uptake, utilization, 

dry weight, and N contents. Measuring NUE based on dry weight is mainly affected 

by shoot dry weight, uptake, and utilization efficiency. In both of the stages, the leaf 

N content was found more than root and stem N content, and hybrid mostly 

demonstrated high performance for all the studied traits compare to their parents. 

The traits related to nitrogen use, uptake, and utilization efficiency were well 

discriminated against in low N levels. Thus, the genotypes could be evaluated at a 

low N level for finding high differences for the nitrogen use, uptake, and utilization 

efficiency. In contrast, the dry weight and N content were well distinguished in high 

N levels. Hence, the genotypes could be assessed at a high N level for obtaining 

high differences of dry weight and N content. High heterosis was found in low N 

application and SDW, RDW, SNC, NUE, and N uptake efficiency demonstrated high 

heterosis at both of the stages. 

Regarding N uptake and utilization efficiency, the results further suggest, at 

the early stage (V6), root N content (RNC) should be considered while measuring 

the uptake and utilization efficiency and, the plants absorb more N at V6 than the 

VT stage. At the later stage (VT), RNC should not be important to consider for uptake 

and utilization efficiency.The highest values of coefficient of genotypic variation, 

variation index, and heritability for the N use, uptake, shoot dry weight, and N 

content at both of the stages could favor the achievement of the genetic gain in 

advanced segregating generations. 
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2.2. UNCOVERING THE DIFFERENTIALLY ABUNDANT 

PROTEINS BEHIND THE NITROGEN USE EFFICIENCY AND 

ITS ASSOCIATION WITH AGRONOMIC AND 

PHYSIOLOGICAL TRAITS IN POPCORN 

 
 
 

2.2.1. INTRODUCTION 

 
 

Nitrogen (N) is an important nutrient for plants, participating as a unit of 

nucleic acids and proteins, and also an essential part of secondary metabolites and 

directly impacts crop yields. The adequate supply of N to crops increases crop yield 

but on the other hand, its deficiency results in leaf chlorosis, stunted growth, and 

low yields (Kusano et al., 2011; Qin et al., 2019). The increase in the crop yield was 

because of the extensive use of fertilizers, the world is dependent on chemical 

fertilizers. Among these fertilizers, N is a major factor in agricultural production, and 

it can be supplied through chemical synthesis (Andrews & Lea, 2013), organic 

rotation (Tuomisto et al., 2012), or biological nitrogen fixation (Vitousek et al., 2013).  

The consumption of fertilizer is increasing constantly worldwide and the rate 

of N fertilizer use has been increased by approximately 8-fold since 1960 (Lu & Tian, 

2017). Because of excessive fertilizer use, unnecessary N lost from the plant-soil, 

directly impact environmental damage in the form of leaching, denitrification, surface 

run-off, volatilization, and emission of nitrous oxide that increase global warming by 

296 times more in comparison to the carbon dioxide  (Lei et al., 2018; Khan et al., 

2020). Approximately 67% (represents $15.9 billion annual) loss of nitrogen fertilizer 
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(assuming fertilizer-soil equilibrium) taken place only for wheat, maize, and rice 

production (Kant et al., 2011). The present needs for agriculture are reduced cost of 

production, balanced use of fertilization, and control of the negative impact of 

fertilizers on the environment (Yousaf et al., 2017).  

Increased yields are needed to feed a growing world population that has yet 

to benefit from the promise of N-fixing cereal crops. Therefore, increasing cereal 

NUE is the need of the hour to get the optimum yield at a low N supply (Nazir et al., 

2016). By improving only 1% in the NUE could save 2.3 billion US$ annually. 

Therefore, breeding for nitrogen efficient genotypes is an economically and 

environmentally sustainable goal in the United Nation Organization. To increase the 

NUE of crops, it’s essential to understanding the mechanisms of N assimilation (N 

uptake) and remobilization (N utilization) during the plant life cycle (Han et al., 2015). 

N absorption and utilization in the plant are governed by two types of nitrogen 

transporter genes, nitrate transporters (NRT) genes take N in the form of nitrate 

(NO3) and ammonium transporters (AMT) genes take N in the form of ammonium 

(NH4). Plant nitrate uptake generally involves two types of transport system, one 

involving high-affinity transport system (HATS) activated during low nitrate 

availability and the other low-affinity transport system (LATS) activated during high 

nitrate availability (Glass et al., 2002; Y. Y. Wang et al., 2012). The LATS nitrate 

transporters involved in the maize root nitrate uptake were ZmNRT1.1A, 

ZmNRT1.1B, and ZmNRT1.2, while the HATS were ZmNRT2.1 and ZmNRT2.2. 

The NRT1.1 acts as a dual affinity nitrate transporter (Garnett et al., 2013).  

The nitrate moves into the cell with the help of NTR and is reduced to nitrite 

(NO2) by an enzyme called nitrate reductase (NR). The nitrite then transfers to 

plastid and is reduced to ammonium through nitrite reductase (NiR) enzyme. The 

ammonium resulting from nitrate or direct ammonium uptake through AMT is further 

integrated into amino acids by the glutamine synthetase (GS)/glutamate synthase 

(GOGAT) cycle (Kant et al., 2011; Goel & Singh, 2015). The NRT1.1 (CHL1), 

NRT1.2, NRT2.1, NRT2.2, and NRT2.4 are involved in nitrate uptake and movement 

from soil to root. Nitrate excretion transporter 1 (NAXT1), a transporter in the NRT1 

family, mediates nitrate efflux under acid load. NRT1.5, NRT1.8, and NRT1.9 play 

a role in regulating root-to-shoot xylem transport of nitrate (Y. Y. Wang et al., 2012).  

These findings propose that a large number of genes and pathways are 

involved in NUE, and it’s a difficult task to improve plant NUE by changing only in 

one component of N. But the complexity of NUE could be simplified by identifying 
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the master switched that are directly involved in the regulation of genes responsible 

for N metabolism (Nazir et al., 2016). Studying differentially abundant proteins 

(DAPs) provide a biological snapshot at a particular time of a cell, tissue, or organ. 

Hence, by taking advantage of DAPs, it is possible to map with the genes in the 

maize reference genome, these candidates' genes and regulatory switches 

underlying the NUE could be used as molecular markers.  

The hybrid vigor or heterosis was first documented by Shull (1948) that it’s 

the superior performance of F1 hybrid over its parents. Heterosis is considered one 

of the greatest practical achievements in the maize breeding program (Chairi et al., 

2016). The magnitude of heterosis extensively varies among different traits because 

the hybrid shows heterotic effects at the same time for different traits. Due to the 

complexity of heterosis, the comparison of proteomic in hybrid and their parents 

shows an increase of DAPs in a hybrid that contributes to heterotic effects. Several 

comparative proteomic studies in maize have been used for the identification of 

DAPs and biological processes related to heterosis (Marcon et al., 2013; 

Rockenbach et al., 2018).  

Han et al., (2015) stated that to develop high N use efficient genotypes, it is 

important to study them in the low and high N doses to provide them an opportunity 

to compete for growth and yield under low N level in comparison to high N level. The 

current study was performed to i) evaluate the popcorn inbred lines P2 (N-efficient), 

L80 (N-inefficient), and their F1 hybrid (N-efficient) for comparative proteomics, 

agronomic, physiological, and genetic study under different N applications; ii) 

investigate the heterosis effect for agronomic and physiological traits; iii) to disclose 

the DAPs involved in the F1 hybrid vigour, and iv) uncover the DAPs associated to 

NUE and its indices. 

 
 
 

2.2.2. MATERIALS AND METHODS 

 
 

2.2.2.1. Plant Material and Growth Condition 
 

Two popcorn (Zea mays var. everta) inbred lines (P2, L80) and their F1 hybrid 

(P2♀ × L80♂) were used, which were earlier found contrasting for nitrogen use 

under field (Santos et al., 2017) and greenhouse conditions (Khan et al., 2020) at 
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different vegetative stages. The present experiment was performed in the 

greenhouse of Darcy Ribeiro North Fluminense State University (UENF) in January 

2020 (Latitude = 21⁰9’23“ S; Longitude = 41⁰10’40” W; Altitude = 14 m with a variable 

temperature between 25 °C and 38 °C and the relative air humidity ranging from 70 

to 76%), using two contrasting N doses as N100% (224.09 mg L-1) and N10% (22.41 

mg L-1) of the modified Hoagland, D. Arnon (1950) solution for N source by nitrate 

(Khan et al., 2020).  

A randomized complete block design was used with two factorial treatment 

arrangement (3 genotypes × 2 nitrogen levels) with seven blocks, three-pot per 

block and one plant per pot. Out of these seven blocks three random blocks were 

considered as a pool of leaves representing biological replicates for protein 

sampling. Another four blocks were used for morphological, agronomic, and 

physiological data. Seeds were grown in plastic pots (35L) containing sand washed 

with deionized water. The plants were daily irrigated with deionized water and 

nutrients were provided at the V2 (two fully expanded leaves) stage, after every two 

days regarding the plant's needs (Mundim et al., 2013; Torres et al., 2019; Khan et 

al., 2020). 

 

2.2.2.2. Morphological and Agronomic Measurements 
 

At the V6 (six fully expanded leaves) stage plant height (PH, cm) was 

measured from the sand surface to the collar of the sixth leaf. After harvesting the 

plant, the total leaf area (LA, cm2) was measured by summing the leaf area of all the 

leaves of a single plant using a leaf area meter (Li-3100, Li-Cor). At harvest, the 

roots were separated from the sand with slight mechanical shaking inside the sieve. 

Then, the roots were washed with tap water to remove the substrate then rinsed 

with distilled water and dried superficially with paper towels. Afterward, on an acrylic 

tray (24.3 x 37.2 cm) containing about 1.0 L of water (0.5 to 1.0 cm deep), the root 

samples were spread and photographed on Canon 600D Digital SLR camera with 

a Canon 18-55 mm f/13.5 AF EF-S lens. This procedure reduced the root overlap. 

Afterward, GIA Roots Software (Galkovskyi et al., 2012) was used to compute root 

area (RtA, cm2), root volume (RtV, cm3), root width (RtW, cm), and total root length 

(RtL, m). 

The leaf, stem, and root, were separately wrapped in paper bags and dried 

in the forced air circulation oven at 72 ºC for 72 h to find stem dry weight (SDW, g), 
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leaf dry weight (LDW, g), and root dry weight (RDW, g) using a high precision digital 

balance. The N accumulation was determined as the total ammonium (NH4
+) in plant 

dried tissues by the method of Nessler (Jackson, 1965). They were measured as 

stem N content (SNC: SDW × N concentration in the stem, mg), leaf N content (LNC: 

LDW × N concentration in the leaves, mg), and root N content (RNC: RDW × N 

concentration in roots, mg).  

With this information, we calculated the N use efficiency (NUE: shoot dry 

weight (sum of SDW and LDW)/ total N applied ), N uptake efficiency (NUpE: N 

content in the plant (sum of SNC, LNC, and RNC) / total N applied ), N utilization 

efficiency (NUtE-wR: shoot dry weight/ N content in the plant), and N  translocation 

efficiency (NTrE: N content in the shoot/N content in the plant ) ( Fu et al., 2017; 

Rodrigues et al., 2017; Almeida et al., 2018; Menz et al., 2018; Khan et al., 2020). 

 

2.2.2.3. Physiological Measurements 
 

The net photosynthetic rate (A, μmol m−2 s−1), stomatal conductance (gs, 

mmol H2O m−2 s−1), and transpiration rate (E, mmol m−2 s−1) were calculated by 

using an easily moveable open-system infrared gas analyzer (LI-6400, Li-COR, 

Lincoln, Nebraska, USA). The system incorporated a CO2 controller which was used 

to set the CO2 concentration inside the leaf chamber to 400 μmol CO2 (mol air) −1. 

The 6 cm2 chamber was fitted with a red-blue light source (6400-02B), the 

photosynthetically active radiation (PAR) inside the chamber was fixed at 1500 μmol 

m-² s-¹. The relative chlorophyll content was measured using MultispeQ V 1.0 

(PHOTOSYNQ INC, East Lansing, Michigan, USA) reading SPAD-650. The data 

was recorded in the morning between 08:00 and 10:00 am on full sunny days on the 

fully expanded non-detached 6th leaf at the V6 stage (Fromm & Fei, 1998; Isla et 

al., 2016). 

 

2.2.2.4. Proteomic Measurements 
 

The proteomic evaluation was also performed at the V6 stage of the plants. 

The sixth fully expanded leaf was collected from all the plants of each block to 

constitute a pool (three biological samples per treatment), and instantaneously 

frozen in liquid nitrogen and stored at -80 °C. Each pool was then ground into fine 

powder in a ceramic mortar and pestle under liquid nitrogen and 300 mg was used 

for protein extraction. 
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2.2.2.5. Protein Extraction 
 

Proteins were extracted using the trichloroacetic acid (TCA)/acetone method 

(Damerval et al., 1986), with modifications. The samples were resuspended in 1 mL 

of cold extraction buffer containing 10% (w/v) TCA (Sigma Chemical Co., St. Louis, 

MO) in acetone with 20 mM dithiothreitol (DTT) (GE Healthcare) and vortexed for 5 

min at 8 °C. The mixture was maintained at −20 °C for 1 h and then centrifuged at 

16,000g for 30 min at 4 °C. The resulting pellets were washed three times with cold 

acetone plus 20 mM DTT and centrifuged for 5 min/each wash. The pellets were air-

dried and resuspended in buffer containing: 7 M urea; 2 M thiourea; 2% Triton X-

100; 1% DTT; 1 mM phenylmethylsulphonyl fluoride (PMSF) (Sigma-Aldrich) and 

after that vortexed for 30 min at 8 °C and centrifuged for 20 min at 16,000g. The 

supernatants were collected and the protein concentrations were determined using 

a 2-D Quant Kit (GE Healthcare, Piscataway, NJ, USA). 

 

2.2.2.6. Protein Digestion 
 

Aliquots of 100 µg of proteins/each sample were used for protein digestion 

using trypsin. Before triptych digestion, protein samples were precipitated using 

methanol/chloroform methodology to remove any interference from the samples 

(Nanjo et al., 2012). After precipitation, the samples were suspended in 7 M urea 

and 2 M Thiourea solution for appropriate suspension. Protein digestion was 

performed using the filter-aided sample preparation (FASP) methodology, described 

by Wiśniewski et al. (2009), with minor modifications. Before the start of digestion, 

a filter integrity test was carried out (Hernandez-Valladares et al., 2016).  

After testing, 100 µg of protein from each sample was added to a Microcon-

30 kDa filter (Millipore) (Lipecka et al., 2016), washed with 200 µL 50 mM ammonium 

bicarbonate (solution A) and centrifuged at 10,000 g for 15 min at 25 °C (all 

centrifugations in this step were performed in this condition). This wash was 

repeated once more for complete removal of urea before protein reduction. 

Subsequently, 100 µL 50 mM DTT made in solution A was added, shaken, and 

incubated for 20 min at 60 ° C (1 min shaking and 4 min stopped, at 650 rpm). After 

this step, 200 µL of 8 M urea and 50 mM of ammonium bicarbonate (solution B) 

were added and centrifuged for 15 min. For protein alkylation, 100 µL with 50 mM 

chilled iodoacetamide (GE Healthcare), prepared in solution B was added, shaken, 

and incubated for 20 min at 25 °C in the absence of light (1 min shaking and 19 min 
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standing at 650 rpm). Subsequently, two washes were made with 200 µL of solution 

B and centrifuged for 15 min. Finally, another wash was performed with solution A. 

In this last wash, it was centrifuged until approximately 50 µL of the sample 

remained. 

For protein digestion, 25 µL of 0.2% (v / v) RapiGest (Waters, Milfod, CT, 

USA) and 25 µL of trypsin solution (40 ng / µL, V5111, Promega, Madison, WI, USA 

were added ), gently shaken and incubated for 16 h at 37 ° C (1 min shaking and 4 

min standing at 650 rpm). To elute the peptides, the filter was transferred to a new 

microtube and centrifuged for 10 min. 50 µL of solution A was added and centrifuged 

for 15 min. This wash was redone twice. For RapiGest precipitation and trypsin 

inhibition, 5 µL of 15% trifluoroacetic acid (TFA, Sigma-Aldrich) was added, gently 

shaken, and incubated for 30 min at 37 ° C. Then, the samples were centrifuged for 

15 min, and the supernatants were collected and dried under a vacuum. The 

peptides were suspended in 100 µL of a solution containing 95% 50 mM ammonium 

bicarbonate, 5% acetonitrile, and 0.1% formic acid. The resulting peptides were 

quantified using a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific) 

using readings at A205 nm. 

 

2.2.2.7. Mass Spectrometry Parameters 
 

Mass spectrometry was performed using a UPLC nanoAcquity coupled to an 

SYNAPT G2-Si instrument (Waters, Manchester, UK). The biological triplicates 

were injected in a volume corresponding to 2.5 µg of peptides. For separation, the 

samples were injected in an M-Class Symmetry C18 5 μm (180 μm × 20 mm) column 

at 5 μL min-1 for 3 min and then in an M-Class HSS T3 1.8 μm analytical reverse-

phase column (75 μm × 150 mm) at 400 nL min-1 using a nanoAcquity UPLC 

(Waters). The column temperature was 45 ° C with a binary gradient for peptide 

elution. The gradient consisted of mobile phase A composed of water (Tedia, 

Fairfield, Ohio, USA) plus 0.1% formic acid (Sigma-Aldrich) and mobile phase B 

composed of acetonitrile (Sigma-Aldrich) plus 0.1% formic acid. The elution gradient 

started at 5% B, increasing to 43.8% up to 101.12 min and from 43.8% B to 99% up 

to 105.12 min, being maintained up to 109.12 min, then decreasing to 5% B up to 

111.12 min and maintained at 5% B until the end of the injection at 127.00 min.  

The instrument settings were based on (Distler et al., 2014) for independent 

data acquisition (IDA) enhanced by ion mobility spectrometry (IMS). Briefly, mass 
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spectrometry was performed in positive mode and resolution mode (mode V), 

35,000 FWHM, with ion mobility. The ion mobility separation (HDMSE) used an IMS 

wave velocity ramp starting with 800 m.s-1 ending with 500 m.s-1; helium and IMS 

gas flow of 180 and 90 mL.min-1, respectively. The transfer collision energy 

increased from 19 V to 55 V in high-energy mode; the cone and capillary voltages 

were 30 V and 3000 V, respectively.  A gas bar of 0.5 bar and purge gas of 150 L.h-

1 was used. The source temperature was set to 100 ° C. For time-of-flight (TOF) 

parameters the scan time was set to 0.5 seconds in continuum mode, and the mass 

range was 50-2000 Da. The human [Glu1] fibrinopeptide B (Sigma-Aldrich) at 100 

fmol µL-1 was used as an external calibrant, and lock mass acquisition was 

performed every 30 seconds. Mass spectrum acquisition was performed by 

MassLynx v.4.0 software (Waters). 

 

2.2.2.8. Protein Identification and Functional Analysis 
 

Spectra processing and database search conditions were performed using 

ProteinLynx Global SERVER (PLGS) software v.3.02 (Waters). The HDMSE 

analysis followed the parameters: Apex3D of 150 counts for low-energy threshold; 

50 counts for elevated-energy threshold; 750 counts for intensity threshold; one 

missed cleavage; minimum fragment ions per peptide equal to three; minimum 

fragment ions per protein equal to seven; minimum peptides per protein equal to 

two; fixed modifications of carbamidomethyl (C) and variable modifications of 

oxidation (M) and phosphoryl (STY); default false discovery rate (FDR) < 0.01; 

automatic peptide and fragment tolerance. 

The protein identification was performed using the Z. mays L. databank from 

UniprotKB (Proteome ID: UP000007305, October 01, 2020). Label-free 

quantification analysis was performed using ISOQuant software v.1.7 (Distler et al., 

2014). The parameters used were: peptide and protein FDR < 0.01; sequence 

length of at least six amino acid residues; and minimum peptide score equal six. 

Samples were normalized by a multidimensional normalization process which 

corrects peak intensities based on the intensity and retention time domains. The 

software performed the relative protein quantification based on the TOP3 method. 

The abundances of shared peptides were redistributed to the respective source 

proteins followed by the TOP3-based quantification based on relative abundances 

of uniquely assigned peptides (Distler et al., 2014). 
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2.2.2.9. Statistical Analysis 
 

A two-way analysis of variance (ANOVA) technique was performed to study 

the main effect of genotype, N levels, and their interaction using the following model:  

Y𝒊𝒋𝒌 = 𝝁 + 𝒃𝒌 + 𝒈𝒊 + 𝒏𝒋 + (𝒈×𝒏)𝒊𝒋 + 𝒆𝒊𝒋𝒌 

where Y𝑖𝑗𝑘 = measured phenotype for a given trait of the ith genotype, 

submitted to jth nitrogen level, in the kth block, 𝜇 = general constant or grand mean 

(intercept model); 𝑏𝑘 = random effect of the kth block, where 𝑏𝑘 𝑁𝐼𝐷(0,𝜎𝑏
2); 𝑔𝑖 = main 

effect of ith genotype; 𝑛𝑗 = the main effect of jth nitrogen level; (𝒈×𝒏)𝒊𝒋 = the effects of 

the interaction between the ith genotype with jth nitrogen level; and 𝑒𝑖𝑗𝑘 = random 

residual effect, that corresponds the effect of ijkth plot, where 𝑒𝑖𝑗𝑘 𝑁𝐼𝐷 (0,𝜎𝑒
2). 

For genotype mean comparison least significant difference (LSD) test was 

conducted at a 5% level of significance. All the analyses were executed under R 

software (R Core Team, 2020), and for graphs, Prism 8.0 was used.  

Gene action was calculated as the relative importance of dominant and 

additive gene action as an estimate of the ratio of dominant to additive effects (d/a) 

(De Lima et al., 2019). Mid-parent heterosis (MPH) and Best-parent heterosis (BPH) 

were calculated as “the hybrid performance concerning the mid-performance of the 

parents and best performance of the parent, respectively” (Ige et al., 2018; Liu et 

al., 2018; Rockenbach et al., 2018) as follows. 

MPH (%) =
(Mean of F1 − Mean of parents)

Mean of parents
× 100 

 

BPH (%) =
(Mean of F1 − Mean of best parent)

Mean of best parent
× 100 

 

For proteomics analysis, only proteins present (or absent for unique proteins) 

in the three biological repetitions were accepted for differential accumulation 

analysis to guarantee the quality of the data processing. Proteins were considered 

differentially accumulated if the contrast between two treatments showed a 

significant difference by the T-Test (P-value < 0.05) between the means of the 

triplicates and if the value of the relative accumulation (treated/control) was greater 

than 1,5 times. Functional annotations were performed using the OMICSBOX v1.1 

software (Conesa et al., 2005). Aiming to assess the groups, a principal component 

analysis (PCA) was conducted using prcomp::stats v.3.5.1 (R Core Team, 2020) 

and plotted using ggbiplot::ggbiplot v.0.55 (Vu, 2011) on R software.
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2.2.3. RESULTS 

 

 
2.2.3.1. Plant Growth Responses 

 
In characteristics directly related to plant growth and dry weight, such as plant 

height (PH), leaf area (LA), leaf dry weight (LDW), stem dry weight (SDW), and root 

dry weight (RDW), the inbred line P2 was higher than L80 for most of the traits, 

although it showed significant superiority (p = 0.05) only in LA at both N levels, in 

LDW and SDW in N100% and PH in N10%. The characteristics PH and RDW 

showed less response to the increase of N in the inbred line P2, of 4.86% (PH) and 

29.17% (RDW), concerning inbred line L80, of 27.71% and 96.55%, respectively. 

The resultant F1 hybrid from the inbred lines P2♀ and L80♂ was significantly 

superior in all of these growth-related characteristics, at N100% (Figure 2.1). In the 

environment with low nitrogen availability, for some characteristics, the hybrid 

showed similar results to the parent P2. For example, in N10%, the hybrid did not 

differ from P2 in the evaluation of SDW (Figure 2.1C) and PH (Figure 2.2A). The 

superior performance of the hybrid for most traits indicated a possible manifestation 

of a large heterotic effect, as expected and widely known for maize culture. In both 

N levels, the values of mid-parent heterosis (MPH) and best parent heterosis (BPH) 

showed a positive heterotic effect and the average degree of dominance indicate a 

gene action of over-dominance for these characteristics related to plant growth and 

dry weight (Table 2.1). 

Among all the quantified root traits, root area, root volume, root width, and 

total root length were found more sensitive with significant variations among the 

genotypes. The differences among the N levels were found significant only for the 

root width while the interaction effect was found significantly different for root area, 

root width, and total root length. In the low N environment, the hybrid was always 

found superior compared to both of their parents, while the inbred line L80 was the 

worse genotype for all the root traits except root volume (Figure 2.1). In the low N 

level, the mid-parent heterosis (MPH) and best parent heterosis (BPH) were 

observed positive for all the studied root traits. In the high N level, the MPH was 

found positive for the root width and root area while negative for the root volume 

and total root length while the BPH was found positive for the root width and negative 

for the root area, root volume, and total root length (Table 2.1).  
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Figure 2.1 – (A) Leaf area (cm2), (B) Leaf dry weight (g), (C) Stem dry weight (g), 
and (D) Root dry weight (g). Mean + standard error bars with the same lowercase 
letters indicate genotypes do not differ statistically by LSD test at 5% probability. **, 
* = Significant at 0.01 and 0.05 probability, respectively, ns = non-significant.  
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Figure 2.2 – (A) Root area (cm2), (B) Root volume (cm3), (C) Total root length (m), 
and (D) Root width (cm). Mean + standard error bars with the same lowercase letters 
indicate genotypes do not differ statistically by LSD test at 5% probability. **, * = 
Significant at 0.01 and 0.05 probability, respectively, ns = non-significant. 
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Table 2.1 – The Heterotic effect of all the traits, showing the mid-parent heterosis 
(MPH), best-parent heterosis (BPH), and gene action under N10% and N100% 
environment. 
 

Characteristics 

MPH% BPH% Gene Action* 

N10% N100% N10% N100% N10% N100% 

Plant height (PH, cm) 33.53 42.82 17.94 38.07 2.54 12.43 

Leaf area (LA, cm) 94.15 69.29 48.99 54.20 3.11 7.08 

Leaf dry weight (LDW, g) 149.69 115.53 77.88 69.04 3.71 4.20 

Stem dry weight (SDW, g) 154.12 119.35 71.43 68.32 3.20 3.94 

Root dry weight (RDW, g) 167.53 107.84 114.58 99.46 6.79 25.67 

Nitrogen use efficiency 

(NUE, mg/mg-1) 

151.20 116.79 75.56 68.78 3.51 4.11 

Nitrogen uptake efficiency 

(NUpE, mg/mg-1) 

133.96 116.33 61.94 70.97 3.01 4.38 

Nitrogen utilization efficiency 

(NUtE, mg/mg-1) 

5.96 0.47 9.22 -3.10 1.99 0.13 

Nitrogen translocation efficiency 

(NTrE, mg/mg-1) 

0.36 14.80 -16.23 -5.93 0.02 0.67 

Leaf nitrogen content (LNC, mg) 140.86 115.52 66.58 69.60 3.16 4.27 

Stem nitrogen content (SNC, mg) 115.95 126.11 45.10 82.22 2.37 5.24 

Root nitrogen content (RNC, mg) 134.62 102.89 84.34 94.01 4.94 22.48 

Net photosynthetic rate 

(A, μmol m−2 s−1) 

26.98 32.47 16.00 22.10 2.85 3.82 

Stomatal  conductance 

(gs, mmol H2O m−2 s−1) 

37.50 32.87 20.55 15.85 2.67 2.24 

Transpiration rate 

(E, mmol m−2 s−1) 

48.92 43.46 25.61 20.72 2.64 2.31 

Relative chlorophyll content 14.81 15.95 9.69 9.59 3.17 2.75 

Root width (RtW, cm) 59.87 21.91 30.35 15.12 2.64 3.71 

Root area (RtA, cm2) 66.71 5.38 41.19 -8.66 3.69 0.35 

Root length (RtL, m) 57.24 -0.07 33.75 -13.66 3.26 0.00 

Root volume (RtV, cm3) 46.08 -0.93 27.73 -19.82 3.21 -0.04 

*Gene Action: Over-dominance ( > 1.25); Complete dominance (0,8 to 1,25); 
Partial dominance (0,2 to 0,8), and Additive effect (-0,2 to 0,2).
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2.2.3.2. Nitrogen Accumulation and Its Use 
 

Regarding the nitrogen accumulation capacity, expressed by the stem 

nitrogen content (SNC), leaf nitrogen content (LNC), and root nitrogen content 

(RNC) evaluations, the inbred line P2 showed means higher than L80 under both 

low and high N levels (N10% and N100%), not differing only for RNC in N100% 

(Figure 2.3). The hybrid again showed a similar response to parental inbred line P2, 

not differing from the inbred line P2 in the SNC evaluation under N10%, while 

significantly higher in all other N content evaluations in the different parts of the 

plant. There was a strong increase in the accumulation of N in plants under N100% 

compared to N10% (Figure 2.3), with emphasis on the inbred lines L80 in the SNC 

evaluation, where the increase was 332%. Also, it is noteworthy that high positive 

levels of MPH and BPH were observed, and the gene action of over-dominance for 

these three characteristics, especially at high levels of N (Table 2.1). 

The trait nitrogen use efficiency (NUE), showed a reduction close to 80% in 

N100% concerning N10% in all three genotypes. Following the same trend, nitrogen 

uptake efficiency (NUpE) showed a reduction of close to 70% in the three genotypes 

in N100% and, for nitrogen utilization efficiency (NUtE), there was a reduction of 

around 30%. For these three indices, no differences were observed in the levels of 

efficiency among the genotypes in N100%, while in N10%, the hybrid genotype was 

the most efficient for NUE and NUpE, and followed by the P2 inbred line and the 

least efficient was L80 in these two indices (Figure 2.4). The NUtE index, on the 

other hand, indicated that there was no difference among the genotypes in terms of 

the ability to transform N absorbed into dry matter.  

The NTrE index, which measures the efficiency of translocation of N from the 

roots to the aerial part, showed a difference in the increase in efficiency with the 

highest level of N applied, and the inbred line P2 and hybrid showed the highest 

averages in both N levels and an increase of 33% and 49%, respectively, in N100% 

compared to N10% (Figure 2.4). About mid-parent heterosis (MPH) and best-parent 

heterosis (BPH), positive and high values were observed for the NUE and NUpE 

indices and gene action of over-dominance in both N levels. For the NUtE and NTrE 

indices, the MPH was observed positive and low, while the BPH showed negative 

values for NTrE in both N levels and NUtE only in N100%. The NUtE demonstrated 

an over-dominance effect in a low N environment while the additive effect in a high 

N environment and NTrE exhibited a gene action of additive or partial dominance 
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effect in both N levels (Table 2.1). According to the results of the NUE, NUpE, and 

NUtE indices, genotypes tend to be less efficient at a higher level of N, with no 

positive linear relationship between N levels and indices. 

 

 
Figure 2.3 – (A) Plant height (cm), (B) Leaf N content (mg), (C) Stem N content 
(mg), and (D) Root N content (mg). Mean + standard error bars with the same 
lowercase letters indicate genotypes do not differ statistically by LSD test at 5% 
probability. **, * = Significant at 0.01 and 0.05 probability, respectively, ns = non-
significant.  
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Figure 2.4 – (A) Nitrogen use efficiency (mg.mg-1), (B) Nitrogen uptake efficiency 
(mg.mg-1), (C) Nitrogen utilization efficiency (mg.mg-1), and (D) Nitrogen 
translocation efficiency (mg.mg-1). Mean + standard error bars with the same 
lowercase letters indicate genotypes do not differ statistically by LSD test at 5% 
probability. **, * = Significant at 0.01 and 0.05 probability, respectively, ns = non-
significant.  
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2.2.3.3. Physiological Responses 
 

The net photosynthetic rate, stomatal conductance, and relative chlorophyll 

content demonstrated significant effects among the genotypes used and the 

nitrogen levels applied. It was observed, for the net photosynthetic rate and relative 

chlorophyll content, that under low (N10%) and high (N100%) N levels the inbred 

line L80 and the F1 hybrid showed a greater discrepancy between them, while inbred 

line P2 was shown to be intermediate and the best parent (Figure 2.5A and 2.5D). 

The transpiration rate, despite having significant differences among the genotypes, 

did not show significant increases with the increase of the N levels. The transpiration 

rate and stomatal conductance demonstrated a high mean comparison among the 

genotype under a low N environment. However, at a high N level, the hybrid was at 

par with the inbred line P2 and unlike from L80 (Figure 2.5B and 2.5C). At a low N 

environment, the values of the net photosynthetic rate, stomatal conductance, 

transpiration rate, and relative chlorophyll content showed a statistically significant 

increase among the genotypes as such L80 < P2 < hybrid.   

The heterotic effects of the physiological traits were studied as mid-parent 

heterosis (MPH) and best-parent heterosis (BPH). The MPH and BPH effects were 

observed positive for all the physiological studied traits and the highest MPH and 

BPH were found for the net photosynthetic rate and stomatal conductance under 

both N levels (Table 2.1). From these positive heterotic effects, we observed that 

the F1 hybrid performed well for the net photosynthetic rate, stomatal conductance, 

transpiration rate, and relative chlorophyll content compared to both of its parents. 

In low N level, the values of MPH and BPH were observed more compare to high N 

level, that also evidence that nitrogen stress discriminates well the behavior of hybrid 

over its parents. All the physiological traits under study exhibited an over-dominance 

gene effect.  
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Figure 2.5 – (A) Net photosynthetic rate (A, μmol m−2 s−1), (B) Stomatal 
conductance (gs, mmol H2O m−2 s−1), (C) Transpiration rate (E, mmol m−2 s−1), and 
(D) Relative chlorophyll content. Mean + standard error bars with the same 
lowercase letters indicate genotypes do not differ statistically by LSD test at 5% 
probability. **, * = Significant at 0.01 and 0.05 probability, respectively, ns = non-
significant. 
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2.2.3.4. Proteomic Profiles 
 

It was detected a total of 1693 proteins (Supplementary Table 2.1). The 

principal component analysis (PCA in pairwise data) graph provided clustering and 

trends present in protein profiles mainly in the inbred line L80. The F1 hybrid and 

parental inbred line (P2 ♀) were clustered together, revealing possible differences 

in the pattern of response due to genetic background (Figure 2.6). A visual 

inspection of the first three components, plotting the rotation coordinates, provided 

us with some possible proteins that may be causing this response pattern. We 

filtered the 20 proteins that most influenced each of the first five components, which 

had differential expression in at least one comparison (between genotype, or 

between the N environments). 

Figure 2.6 – Principal Component Analysis (PCA) for reduction of dimensionality 
(proteins and treatments were considered dimensionally and triplicates, 
respectively). 
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Among the differentially accumulated proteins (DAPs) filtered on the PCA 

are: Actin-7 (B4FRH8), Beta-glucosidase2 (K7TGE1), Chlorophyll a-b binding 

protein, chloroplastic (B6T2Y9), Photosystem I iron-sulfur center (P11601), 

Sedoheptulose-17-bisphosphatase chloroplastic (A0A1D6N713), Chlorophyll a-b 

binding protein, chloroplastic (B4FJG1), Nucleoside diphosphate kinase (C0HHC4), 

Lipoxygenase (A1XCI1), Herbicide safener binding protein (O49010) and 

Chlorophyllase-1 (C0PCY5). 

 

2.2.3.5. DAPs Affected by Nitrogen Environments 
 

In comparisons between environments and within genotypes, 21 up-

accumulated plus 17 unique were detected in the parental inbred line (P2 ♀) in the 

environment with the high availability of N (N100) compared to the environment with 

the low availability of N (N10) (P2N100/P2N10). In this same contrast, 32 down 

DAPs were detected, plus 21 unique ones in N10. In the parental inbred line (L80 

♂), there were 38 up DAPs plus 16 unique ones in N100 and 30 down DAPs plus 

22 unique ones in N10 (L80N100/L80N10). In the hybrid, 25 DAPs up, 19 unique in 

N2, and 21 DAPs down, plus 13 unique in N10 (F1N100/F1N10) were detected 

(Figure 2.7). 
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Figure 2.7 – Heatmap of relative protein abundance of differentially accumulated 
proteins in the F1 hybrid and their parents with up-accumulation in N100 
environment, in F1N100/F1N10, P2N100/P2N10, and L80N100/ L80N10 
comparison. 
 
DAPs Among the Genotypes 

 
In the comparison within environments and among genotypes, only 

comparisons involving the hybrid and its parents were considered. In the 

comparison of F1N10/P2N10, 50 proteins were up-accumulated plus 16 unique in 

the F1 hybrid. On the other hand, 71 proteins were down-accumulated, plus 27 

unique in the parental inbred line P2. In the comparison F1N10/L80N10, 90 proteins 

were up-accumulated plus 26 unique in the F1 hybrid. While 107 proteins were 

down-accumulated, plus 28 unique in the parental inbred line L80. 

Under the N100 environment between the hybrid and parents, In the 

F1N100/P2N100 comparison, 56 proteins were up-accumulated, plus 19 unique in 

the F1 hybrid, while 41 down-accumulated, plus 21 unique ones in the parental 

inbred line P2. In the F1N2/L80N2 comparison, 70 proteins were up-accumulated, 
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27 unique in the F1 hybrid, while 97 down-accumulated, 18 unique in the parental 

inbred line L80. Some proteins remained with greater accumulation in the hybrid 

compared to both parents (Figure 2.8). Only two DAPs retained up-accumulated in 

the F1 hybrid, in both N10 and N100 environments compared to parental inbred 

lines, these were an Alanine-glyoxylate aminotransferase (B6T171) and 2 

Cystathionine gamma-synthase 1 chloroplastic (A0A1D6K488). 

 

Figure 2.8 – Heatmap of relative protein abundance of differentially accumulated 
proteins in F1 hybrid compared to both parents, in F1N10/P2N10 + F1N100/P2N100 
and F1N10/L80N10 + F1N100/L80N10. 
 

2.2.3.6. Molecular Functions of DAPs 
 

In the functional annotation of DAPs from N environments comparison 

(Figure 2.9), several molecular functions (MF) of gene ontology were observed in 

the comparisons between N environments. Both F1 hybrid and parental inbred lines 

showed a slightly different pattern. The parental inbred line P2 in the N100 

environment exhibited mainly calcium ion binding, beta-glucosidase activity, and 
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ATPase activity molecular functions. On the other hand, the parental inbred line L80 

in the same environment ( N100%), showed DAPs up in the translation elongation 

factor activity, ribosome binding, GTPase activity, and glutamate-ammonia ligase 

activity. Both parental inbred lines showed a major number of DAPs down-

accumulated in comparison to their F1 hybrid. In the F1 hybrid, the translation 

elongation factor activity, pyruvate, phosphate dikinase activity, glutamate 

decarboxylase activity, glucose-1 phosphate adenylyltransferase activity, 

carbohydrate-binding, ATP-binding, and acid phosphatase activity were found up 

accumulated. The F1 hybrid showed many MF related to energetic pathways. 

Figure 2.9 – Molecular Function annotation of differentially accumulated proteins in 
the comparison of F1N100/F1N10, P2N100/P2N10, and L80N100/L80N10. In red, 
the protein count of DAPs down-accumulated, and in blue DAPs up-accumulated. 
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When the genotypes were compared within each environment of N (low - N10 

and high - N100), it was possible to observe a differential response in the F1 hybrid 

to the parents (Figure 2.10 and Figure 2.11). For example, ATP binding was a 

molecular function with greater accumulation of DAPs in the F1 hybrid than in both 

parents, especially in the environment with low N availability. 

Figure 2.10 – Molecular Function annotation of differentially accumulated proteins 
in the comparison of F1N10/P2N10 and F1N100/P2N100. In red, the protein count 
of DAPs down-accumulated, and in blue DAPs up-accumulated. 
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Figure 2.11 – Molecular Function annotation of differentially accumulated proteins 
in the comparison of F1N10/L80N10 and F1N100/L80N100. In red, the protein count 
of DAPs down-accumulated, and in blue DAPs up-accumulated. 

 

2.2.3.7. Biological Processes 
 

Similar to molecular functions, the biological processes of DAPs were 

annotated, comparing the genotypes in each environment (Figure 2.12 and Figure 

2.13). A sign that both parents were under stress, which was not seen in the up-

accumulated DAPs in the F1 hybrid, was the proteins involved in the repair process 

of other poorly folded proteins. In the comparison between the F1 hybrid and the 

parent L80 in F1N10/L80N10 (Figure 2.11), down-accumulated DAPs were 

observed in this contrast related to the molecular functions of binding of unfolded 



91 
 

 
 

proteins, and in the biological processes in the comparison of F1N10/P2N10, we 

see several down-accumulated DAPs related to a cellular response to unfolded 

proteins.  

Figure 2.12 – Biological Processes annotation of differentially accumulated proteins 
in the comparison of F1N10/P2N10 and F1N100/P2N100. In red, the protein count 
of DAPs down-accumulated, and in blue DAPs up-accumulated. 
 

In the F1N10/L80N10 comparison (Figure 2.13), again the biological 

processes that indicate a possible better regulation of the F1 hybrid's intracellular 

environment were showed. Up-accumulated DAPs related to proton export to the 

extracellular environment were observed, with BP proton transport through the 

transmembrane and proton export through the plasma membrane. 



92 
 

 
 

Figure 2.13 – Biological Processes annotation of differentially accumulated proteins 
in the comparisons of F1N10/L80N10 and F1N100/L80N100. In red, the protein 
count of DAPs down-accumulated, and in blue DAPs up-accumulated. 

 

Some processes showed a different response when the F1 hybrid was 

compared with the two parents under stress. For example, BP photosynthesis, light 

collection in photosystem I, showed more down-accumulated DAPs when the hybrid 

was compared with the parental inbred line P2 (comparison F1N10/P2N10, Figure 

2.12), however more up-accumulated DAPs when compared with the parental 

inbred line L80 (F1N10/L80N10 comparison, Figure 2.13). Thus it was verified the 

heterotic effect of the proteins differentially expressed in these in the comparison 

between the genotypes within each environment, classifying them in ++, +, - and -.  
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2.2.3.8. Heterotic Effect of Non-additive DAPs 
 

Among the 257 non-additive DAPs in the environment N100, 134 were 

classified as high parent abundance (+), 77 as low parent abundance (-), 13 as 

above-high parent abundance (++), and 33 as below-low parent abundance (--). In 

the N10 environment, non-additive DAPs were 309, 162 were classified as high 

parent abundance (+), 102 as low parent abundance (-), 11 as above-high parent 

abundance (++), and 34 as below-low parent abundance (--). The results 

demonstrated that the high parent abundance class constituted the most frequent 

heterotic effect in the hybrid in both environments (Figure 2.14). 

Figure 2.14 – Heterotic effect of the proteins differentially expressed in the 
comparisons between the genotypes within each environment, non-additive DAPs 
were classified in: above-high parent abundance (++), below-low parent abundance 
(--), high parent abundance (+), and low parent abundance (-). 

 
The only protein that showed a heterotic effect above-high parent abundance 

(++) in both environments was an ATP: ADP antiporter activity (A0A1D6H7J2). In 

the environment with low availability of N (N10%), the most prominent heterotic 

effect is above-high parent abundance (++), the quinone binding proteins 

(A0A1X7YHE3), unfolded protein binding (K7UCZ5), serine-pyruvate transaminase 

activity (B6T171), ribulose- phosphate 3-epimerase activity (A0A1D6PJA1), mRNA 
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binding (A0A1D6PZ18), uracil phosphoribosyltransferase activity (B4FR28), 

chaperone binding (A0A1D6H5I4), GTPase activity (P16976), ATP: ADPA3 (ATP: 

AD6) binding (A0A1D6QG65). In the N10% environment, were highlighted with ++ 

heterotic effect: quinone binding (A0A1X7YHE3), unfolded protein binding 

(K7UCZ5), serine-pyruvate transaminase activity (B6T171), ribulose-phosphate 3-

epimerase activity (A0A1D6PJA1), mRNA binding (A0A1D6PZ18), uracil 

phosphoribosyltransferase activity (B4FR28), chaperone binding (A0A1D6H5I4), 

GTPase activity (P16976), ATP:ADP antiporter activity (A0A1D6H7J2), catalytic 

activity (A0A1D6M363), ATP binding (A0A1D6QG65) 

In the environment with high availability of N (N100%), the prominent 

heterotic effect was above-high parent abundance (++) with the DAPs pyruvate, 

phosphate dikinase activity (A0A1D6M428), transketolase activity (A0A1D6NVZ7), 

proton-exporting ATPase activity, phosphorylative mechanism (A0A1D6DVK6), 

phosphoglucomutase hydrophilic activity (A0A1) transmembrane transporter activity 

(K7VRI2), pyrophosphate hydrolysis-driven proton transmembrane transporter 

activity (A0A1D6FI91), ATPase activity (A0A1D6HKA8), phosphoenolpyruvate 

carboxylase activity (A0A1D6QPT1), Rhodanese domain-containing6D6 (AT0A1) 6 

chelatase activity (A0A1D6GEW5), ATP: ADP antiporter activity (A0A1D6H7J2), 

nutrient reservoir activity (A0A1D6MTQ6).
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2.2.4. DISCUSSIONS 

 

 
2.2.4.1. Agronomic, Physiological, Nitrogen Use, and its Indices 

 
Based on previous studies with the L80 and P2 inbred lines (Santos et al., 

2017), greater plant development was expected, as for the production of dry matter, 

in the inbred line P2 at high and low levels of N. That is, greater efficiency of P2 

concerning L80, considered inefficient. The use of more contrasting levels of N was 

efficient in discriminating genotypes and N doses and, concerning previous studies 

using less contrasting doses and more N levels (Santos et al., 2017; Khan et al., 

2020) it allowed resource savings and a better distribution of degrees of freedom 

among treatments.  

The over-dominance relationship in most characteristics allows efficient 

genotypes and hybrid was found better for nitrogen use and uptake efficiency, plant 

height, dry weight of leaf, stem, and root with good performance in other attributes 

such as disease resistance, good expansion capacity and drought-tolerant, to 

include breeding programs for the efficiency of N. According to studies relating 

irrigation and N fertilization, management for drought tolerance may be intrinsically 

related to the performance of the plant with low or moderate levels of N, and root 

development (Y. Wang et al., 2019; Zamora-Re et al., 2020). In addition, the 

development of the aerial part was also superior in the hybrid concerning the 

parental average and the superior parent average (P2). These high values of over-

dominance must be related mainly to the fact that the parental genotypes belong to 

different heterotic pools, which has the potential to increase dominance deviations 

(Hallauer et al., 2010), explained by the complementarity of favorable alleles 

between the two lines (Mezmouk & Ross-Ibarra, 2014; Giraud et al., 2017). 

The decrease in the NUE and NUpE of genotypes at high doses of N is 

expected, according to several studies (Stamatiadis et al., 2016; Q. Li et al., 2017; 

Srivastava et al., 2018), and can be explained by the rapid loss of N (Zhu et al., 

2016). Therefore, the importance of identifying efficient genotypes in N use, 

absorption, and translocation, to optimize the cost-benefit ratio in the application of 

N, in ecological and economic terms, avoiding the excessive use of non-renewable 

resources and higher N2O emissions (Hoben et al., 2011; C. Xu et al., 2017; Pareja-
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Sánchez et al., 2020). In this study, the advantage of the hybrid concerning the 

parents, and the inbred line P2 concerning the L80, in terms of performance in 

environments with low N inputs, allows more sustainable cultivation. 

The NUtE and NTrE indices show that, although the genotypes showed a 

good translocation capacity of N to the aerial part in N100%, the conversion into 

biomass was negatively correlated. The content of N in all parts of the plant was 

much higher in N100% compared to N10%, mainly taking into account that it is an 

experiment with pot and sand, in which the effects of the association of fungi with 

the roots are limited due to the low content of available organic matter (Hodge & 

Fitter, 2010; X. X. Wang et al., 2018). 

In this work, the root growth of the hybrid combination surpassed parents with 

a great advantage, suggesting potential for tolerance to water deficit, in addition to 

showing greater efficiency in the use and absorption of N by N10%. In low N level, 

the means values of the root area, root volume, root width, and total root length 

showed a greater discrepancy among the genotypes compare to high N level 

because N stress bounds plant aerial growth, while it upholds root growth, enabling 

the root system to grow well and deeper in the soil (Lynch et al., 2014; Y. Xu et al., 

2019). Our results showed that the mean value of hybrid is lower in high N level 

compared to low N level (Figure 5) because hybrid was more efficient for nitrogen 

use and its indices. High nitrogen efficient genotypes continued larger root diameter 

and greater vessel conductance, because of larger size and number of cells and 

vessels, and reduced the induction of aerenchyma formation under low N. These 

phenotypes responses in root either could be causally beneficial directly to enhance 

NUE or they could be the results of greater root architecture (Yang et al., 2019). We 

further observed that the inbred lines showed weaker responses in root parameters 

than their hybrid and the heterotic effect increase in low N levels that were also 

similarly found by (Chun et al., 2005).  These differences reveal that root study is 

relatively more significant in the adaptation of popcorn to N stress.  

The increase in the values of the relative chlorophyll content characterizes 

very clearly the gain of heterosis in the hybrid due to the increase of nitrogen. N 

which is a key component of chlorophyll (Bondada & Syvertsen, 2003; Stanton et 

al., 2013), and the main constituent of the RuBisCO enzyme, responsible for the 

assimilation of carbon in the leaf tissue (Evans, 1989; Khamis et al., 1990; Sharwood 

et al., 2017). In this way, the significant increase in the synthesis of chlorophylls and 

Rubisco with the increase in nitrogen doses allows the gain in the net photosynthetic 
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rate, due to the significant increase in the complex light collectors (LHCII and LHCI), 

responsible for allocating more energy to the formation of ATP and NADPH in the 

photochemical step that will be used in the Calvin-Benson cycle for CO2 assimilation 

(Hikosaka & Terashima, 1995; Mu et al., 2016).  

Besides, the greater synthesis of Rubisco enables the greater activity of this 

enzyme, under optimal conditions, optimizing the fixation of atmospheric CO2 and 

its conversion into photoassimilates (Lawlor, 2002; Mu et al., 2016). These 

responses can be observed by increasing the net photosynthetic rate obtained in 

this study, both by obtaining a superior hybrid and increasing nitrogen doses. It is 

also observed that the net photosynthetic rate is related to the gains of heterosis 

that promote an increase in stomatal conductance, which promotes the highest rate 

of transpiration observed among the genotypes, and in contrast allows the greatest 

influx of CO2 for the leaf mesophyll, which are weak variables influenced by the 

increase in nitrogen supply. The increases in the relative chlorophyll content (SPAD) 

and the net photosynthetic rate are directly correlated with the efficiency of nitrogen 

translocation observed between the genotypes and with the increase in the leaf area 

and the accumulation of dry weight, given the greater carbon fixation per unit leaf 

area and translocation of photoassimilates to stems and roots (Kavanová et al., 

2008; N. Liu et al., 2018; Y. Li et al., 2019), as seen in our study increase in the 

nitrogen level promoted an increase of leaf area, plant height and leaf dry weight for 

the genotypes L80, P2, and F1 hybrid. 

The average degree of dominance estimated as gene action showed a 

genetic interaction present in each trait under each N level. These genetic 

interactions are particularly significant in defining the degree of heterosis in hybrids. 

Heterosis depends mainly on the type of gene action, such as additive, partial 

dominant, complete dominant, and over-dominant, associated with the genetic 

variance of parents (Hallauer et al., 2010; Mulualem & Abate, 2016). We found that 

majority of the studied traits are under the effect of complete or over-dominance 

except NUtE, RtL, RtV under N100%, and NTrE in both N levels. This indicates that 

hybrid mean performance is more or close to the mean of the best parent. Over-

dominance gene action effects are the most important for plant growth, dry weight, 

nitrogen use, and its indices because the exploitation of heterosis is a favorable 

genetic way out to mitigate environmental stress. Heterosis has been considered 

the most important aspect of efficient selection, which resulted in the rapid increase 
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in the maize grains yield and improved the adaptation to stress conditions in the last 

decades (Tollenaar et al., 2004; Lima et al., 2019). 

 

2.2.4.2. Differentially accumulated proteins (DAPs) 
 

In the current study, we found comprehensive proteomic differences among 

the parental inbred line and their F1 hybrid under different N levels. Proteins that 

changed their differential accumulation under different genotypes and nitrogen 

levels, may also play an important role in nitrogen use, uptake, utilization efficiency, 

relative chlorophyll content, photosynthetic rate, transpiration rate, and other plant 

developmental traits. 

A total of 1,693 proteins were found among the genotypes. With the help of 

PCA, we find the most ten important proteins that were differential and highly 

variable among the different comparisons. It was verified that with the analysis of 

dimensionality reduction and agronomic traits, as there is a response from the F1 

hybrid closer to the parental inbred line P2, with fewer DAPs in F1/P2, and more 

DAPs in F1/L80 comparison. Among the proteins that are more accumulated in the 

F1 hybrid concerning the parental inbred line L80, it was possible to observe that 

several proteins were related to the molecular functions in the photosynthetic 

apparatus (Figure 9 and Supplementary Table 1). 

Actine-7 is one of the important proteins from the small actin group and cell 

cytoskeleton and plays a key role in cytoplasmic streaming, cell growth, 

development, and stress defense-related functions. From the results, actin-7 was 

found up accumulated in the F1 hybrid in comparison with both of its parents that 

make the hybrid more vigorous. Nazir et al. (2016) found actin-11 down-regulated 

in maize contrasting genotype for nitrogen tolerance under low N. Huang et al. 

(2020) conducted a study in maize on genomic identification and characterization of 

actin family genes under different stress and concluded that a small class of actin-

binding proteins known as an actin-depolymerizing factor (ADF) regulates the 

dynamics of actin in cells. Furthermore, he stated that ADF genes differentially 

induce abiotic and phytohormone stresses and performed roles in plant 

development. 

Chlorophyll a-b binding protein, chloroplastic (CABs; B6T2Y9 and B4FJG1) 

and Sedoheptulose-1, 7-bisphosphatase chloroplastic (A0A1D6N713) were found 

up accumulated in F1 hybrid and inbred line P2 in comparisons to L80. The CABs 
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are light-harvesting complex (LHC) works as a light receptor, it captures the light 

and transfers the excitation energy to photosystem I (PS-I) and photosystem II (PS-

II) (X. De Liu & Shen, 2004; Wei et al., 2018). Sedoheptulose-1, 7-bisphosphatase 

chloroplastic is an enzyme that helps in the removal of a phosphate group 

from sedoheptulose-1,7-bisphosphatase to produce sedoheptulose 7-phosphate. It 

is also known as Sedoheptulose-bisphosphatase or SBPase. This SBPase protein 

is exceptional to the Calvin cycle and plays an important role in photosynthetic 

organisms (Raines et al., 2000). In the current study, the up accumulation of CABs 

and SBPase in the F1 hybrid and P2 inbred lines in comparisons to L80 is clear 

evidence that CABs and SBPase help in the plant photosynthesis and Calvin cycle, 

respectively that’s why F1 hybrid and inbred line P2 demonstrated a high relative 

chlorophyll content, photosynthetic rate, transpiration rate, NUE, and other plant 

developmental traits. Desclos et al. (2008) reported that a type of chlorophyll-binding 

protein known as Brassica napus drought 22 kD (BnD22) protein helps in the 

utilization of recycling N from sources, and impact positively on nitrogen use 

efficiency.  El-Rabey et al. (2015) found a change in the abundance of chlorophyll 

a-b binding protein in date palm under salt stress. Nazir et al. (2016) demonstrated 

that SBPase was expressed differently between the genotype irrespective of the 

nitrogen level. 

Herbicide safener binding protein (O49010) was found up abundance in the 

F1 hybrid and inbred line P2 in comparison to inbred line L80 irrespective of N levels. 

It is a type of protein that binds with herbicides safeners or antidotes and defend 

plants from herbicide damage. Herbicide safener binding proteins are absent in 

wheat, oat, and barley while present in maize and sorghum, which respond to 

safener (Scott-Craig et al., 1998). Davies & Caseley (1999) stated that herbicide 

safeners not only selectively defend plants from the attack of herbicide but also does 

not impact the activity of the target weed. The high abundance of herbicide safener 

binding protein in F1 hybrid and inbred line P2 proves that along with high efficiency 

for N they are also resistant to weeds. 

Among the DAPs in the comparison between environments, two proteins 

were detected only in the N100 environment, in all genotypes, being possible 

evidence that any gene related to the N response of the parents was inherited to the 

hybrid. These were, a Photosystem I reaction center subunit N (K7UCS1) and an 

Elongation factor Tu (B4FVB2). Corroborating this hypothesis, there was no DAP in 

the parents in the N100/N10 comparison that was not in the hybrid, except for a 
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mitochondrial Alanine aminotransferase 2 (A0A1D6KCZ2). The hybrid presented 

several DAPs in F1N100/F1N10, which were not DAPs in the parental inbred lines 

P2 ♀ and L80 ♂ (Figure 7). 

In the comparison between the F1 hybrid and its parent P2, it is possible to 

observe that the F1 hybrid has more DAPs related to water uptake activity, proton 

export ATPase activity, nutrient reservoir activity, mRNA binding, and GTPase 

activity. The F1 hybrid, even with low availability of N, still manages to activate 

downstream signaling related to greater uptake activity of water in the roots, leading 

to greater accumulation of nutrients, maybe especially the N. The main difference 

may be the activity of the water channels. Another point is that the F1 hybrid also 

shows DAPs related to oxidation-reducing activities, but parent P2 shows more from 

oxidation by the greater accumulation of proteins with the reductive activity of 

oxidation. As the hybrid has a more similar protein profile with parent P2 compared 

to L80, a few differences between these two may be the target for the best use of 

the N by F1 hybrid. 

The protein Lipoxygenase (LOX) was found unchanged in all the comparison 

tags except in the F1N10/L80N10, where it was found down and up accumulated 

between the hybrid and parental inbred line L80♂ under low N. The LOX is used as 

vegetative storage proteins (VSPs) which play a vital function in the storage of 

excess nitrogen, water stress, high salinity, disease resistance and response to 

insect (Porta & Rocha-Sosa, 2002; Viswanath et al., 2020). LOX family has been 

identified as candidate genes for Fusarium ear rot disease. Nitric oxide (NO) 

molecules formed from nitrogen, act directly in the regulation of LOX (Mur et al., 

2013). Nemchenko et al. (2006) reported that two maize LOXs genes, ZmLOX10 

and ZmLOX11 were specially expressed in the maize leaves in response to cold 

stress and wounding. 

When the F1 hybrid was compared with the parent L80, a wider range of 

molecular function classes were observed (Figure 11). It was demonstrated that the 

hybrid has DAPs with greater accumulation in some classes related to 

photosynthetic processes, or even improvements in the photosynthetic apparatus. 

For example, DAPs up-accumulated in 2 iron - 2 sulfuric group bonds, ATP, and 

processes involving phosphorus and chlorophyll bonds. In contrast, parental L80 

shows great peroxidase activity, which is already well known for its expression and 

accumulation in plants under stress. When both the F1 hybrid and parent L80 were 

under the environment with high availability of N, some processes showed DAPs 
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that under stress occurred only in the F1 hybrid, such as ATP bonds and GTPase 

activity. This may indicate that, even under stress, the F1 hybrid could still grow 

better than the parent L80. 

Another point, other DAPs in F1N10/P2N10 up-accumulated, precisely 

related to protein folding. This may be linked to the increased activity of the hybrid's 

water uptake, and this lack of “ability” in the parents causes a change in the 

intercellular concentrations of solutes and possible deregulation of the properties of 

the medium, leading to the instability of several proteins. This explains the great 

activity of parents in dealing with and correcting protein folding problems. 

This approach can be particularly interesting because it is still unclear what 

the heterosis mechanism looks like since the F1 hybrid received the alleles in 

inheritance from both of the parents that encode these proteins. However, as the F1 

hybrid only got half of its alleles in the inheritance from his maternal inbred line P2, 

it was not enough for a greater accumulation of DAPs for this BP in the F1 hybrid, 

but it was enough to be greater than its paternal inbred line L80. The question that 

is still elucidated is whether the sum of the alleles allows producing more proteins, 

or whether this sum allows production by alternative ways. 

A protein is known as photosystem I iron-sulfur center (P11601) was found 

down accumulated in the inbred line P2 and F1 hybrid in comparisons to L80 under 

high N level (N100%). This is a type of protein molecule which combine with a non-

protein molecule of iron-sulfur (Fe-S) center and required for electron transfer 

reactions during photosystem I. Chloroplast depend on many of the Fe-S proteins 

and help in many metabolic processes e.g., carbon fixation, nitrogen and sulfur 

assimilation that are taking place in chloroplasts (Przybyla-Toscano et al., 2018). 

Nath et al. (2016) demonstrated that the photosystem I iron-sulfur center (PsaA) is 

a core subunit of photosystem I and the reduction in the abundance of the PsaA 

may cause complete loss of PH I activity. 

Chlorophyllase-1 (C0PCY5) was found up abundance in the inbred line L80 

in comparison to the F1 and inbred line P2 irrespective of N levels. This protein is 

present in chloroplast and works as a catalytic enzyme by removing the phytol group 

from chlorophyll. Gupta et al. (2011) studied the role of chlorophyllase in chlorophyll 

and stated a negative correlation between the chlorophyllase activity and chlorophyll 

content in fresh as well as stored leaves. Harpaz-Saad et al. (2007) reported that 

chlorophyllase work as a rate-limiting enzyme in chlorophyll breakdown and is 

regulated post-translationally. Because of the up abundance of the chlorophyllase 
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in the inbred line L80 in comparison to the F1 and inbred line P2, the inbred line L80 

demonstrated low relative chlorophyll content, photosynthetic rate, transpiration 

rate, NUE, and other plant developmental traits. 

 

 

2.2.5. CONCLUSIONS 
 
 

We identified components involved in the response to the nitrogen 

environment in popcorn. The F1 hybrid compared to the parental inbred lines P2 and 

L80 presented several DAPs involved in photosynthesis metabolism, oxidation 

process, and folding protein process that together might be effective in the 

construction of an apparatus to mitigate the stress related to low availability of N 

(N10%). The F1 hybrid was found similar to the inbred line P2, which has already 

been identified as more efficient in the use of N. Probably the heterotic effect allowed 

a greater development of the root and other characteristics, which resulted in greater 

accumulation of expression of proteins related to water uptake, and less 

accumulation of repairing proteins. The overdominance and high heterotic effects 

for plant height, leaf area, root dry weight, root N content, net photosynthetic rate, 

nitrogen use, and uptake efficiency demonstrated that nitrogen use efficiency could 

be improved through breeding.  
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