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RESUMO

O nitrogénio (N) é um dos nutrientes mais importantes e exigidos pela cultura do milho
e 0 que mais onera a producdo agricola, pois na maioria dos solos agricultaveis este
elemento ndo esta disponivel em niveis necessarios para atingir altas produtividades. Uma
alternativa é a utilizagdo de produtos biologicos (bactérias do género Azospirillum) e o
micronutriente molibdénio (Mo), que também €é importante, pois esse micronutriente
interfere diretamente no metabolismo do N. O objetivo desse trabalho foi investigar o
efeito da inoculacdo com Azospirillum brasilense associada a aplicacdo de Mo e N no
desenvolvimento produtivo e na eficiéncia do uso do N e eficiéncia fotossintética do N
em plantas de milho cultivada em solo da regido trépico umido maranhense. Trés
experimentos de campo foram conduzidos no municipio de Séo Luis (2° 30' S, 44° 18' O,
24 metros acima do nivel do mar), Estado do Maranhdo, Brasil. O delineamento
experimental foi em blocos casualizados com quatro repeticfes e oito tratamentos.
Quando o efeito do tratamento foi significativo, sete contrastes ortogonais foram
analisados. Os tratamentos foram uma dose de N 140 kg ha, uma dose de Mo 90 g ha*
e métodos de inoculacdo de A. brasilense (semente e foliar). As variaveis dependentes
analisadas foram: indice de clorofila foliar, altura da planta, didmetro do caule, altura de
insercdo da primeira espiga, peso de 100 sementes, produtividade de grdos, indice de
colheita, matéria seca da parte aérea e eficiéncia de uso de nitrogénio. Avaliamos também
caracteristicas fisioldgicas no inicio do estagio de florescimento (aproximadamente 20
dias apds a adubacdo de cobertura) e do gréo leitoso (aproximadamente 40 dias apds a
adubacdo de cobertura) as caracteristicas foram: assimilacdo fotossintética de COp,
condutancia estomatica, concentracdo intercelular de CO., indice de clorofila foliar e a
eficiéncia do uso de N fotossintético. A inoculacdo com A. brasilense, nitrogénio e Mo
mostrou-se potencialmente utilizavel pois os resultados mostraram que a combinacao (A.
brasilense, Mo e N) aumentou 5,1% da eficiéncia do uso do nitrogénio e 12,68% da
eficiéncia do uso de N fotossintético. No entanto, ndo houve aumento na produtividade
de grdos. Por outro lado, Mo e N combinados aumentaram 17,8% a produtividade de
grdos quando comparadas as plantas de milho inoculadas apenas com A. brasilense.
Diante desses resultados é necessario propor novas pesquisas com o papel de elucidar
melhor o papel do Mo na ligacdo com bactérias promotoras de crescimento e seus efeitos

na rizosfera e na produtividade de gréos.

Palavras-chave: Tropico umido, bactérias diazotréficas, nutricdo de plantas.



ABSTRACT

Nitrogen (N) is one of the most important nutrients required by the maize crop and the
most burdensome on agricultural production since in most arable soils this element is not
available at the levels necessary to achieve high yields. An alternative is the use of
biological products (bacteria of the genus Azospirillum) and the micronutrient
molybdenum (Mo), which is also important, as this micronutrient directly interferes with
N metabolism. The objective of this work was to investigate the effect of inoculation with
A. brasilense associated with the application of Mo and N on the productive development
and on the N use efficiency and N photosynthetic efficiency in maize plants grown in soil
from the humid tropic region of Maranh&o. Three field experiments were carried out in
the municipality of S&o Luis (2° 30" S, 44° 18" W, 24 meters above sea level), State of
Maranhdo, Brazil. The experimental design was in randomized blocks with four
replications and eight treatments. When the treatment effect was significant, seven
orthogonal contrasts were analyzed. The treatments were a dose of N 140 kg ha!, a dose
of Mo 90 g ha! and methods of inoculation of A. brasilense (seed and leaf). The
dependent variables analysed were: leaf chlorophyll index, plant height, stem diameter,
height of insertion of the first ear, weight of 100 seeds, grain yield, harvest index, shoot
dry matter and nitrogen use efficiency. We also evaluated physiological characteristics at
the beginning of the flowering stage (approximately 20 days after top dressing) and milky
grain (approximately 40 days after top dressing). The characteristics were: photosynthetic
CO2 assimilation, stomatal conductance and intercellular concentration of CO>. leaf
chlorophyll index and photosynthetic N use efficiency. Inoculation with A. brasilense,
nitrogen and Mo proved to be potentially usable as the results showed that the
combination (A. brasilense, Mo and N) increased 5.1% of the nitrogen use efficiency and
12.68% of the photosynthetic nitrogen use efficiency. However, there was no increase in
grain yield. On the other hand, Mo and N combined increased grain yield by 17.8% when
compared to corn plants inoculated only with A. brasilense. Given these results, it is
necessary to propose further research with the role of better elucidating the role of Mo in
the link with growth-promoting bacteria and its effects on the rhizosphere and on grain

yield.

Keywords: Humid tropic, diazotrophic bacteria, plant nutrition.
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1. INTRODUCAO GERAL

A agricultura é uma atividade indispensavel para o0 mundo porque desempenha um
papel importante no fornecimento de alimentos para a populacdo mundial. Por outro lado, a
pesquisa agricola tem um problema real e urgente a ser resolvido: produzir mais alimentos em
um espago menor, ou seja, aumentar a produtividade das lavouras. O foco é usar um método
chamado "land sparing — efeito poupa-terra”: para produzir mais alimentos em um espaco
menor. 1sso visa ndo expandir a area cultivavel, mas intensificar a producao e fortalecer a
protecdo ambiental alocando mais espaco para fitorremediacdo (técnica de descontaminacao
de solo e agua, através da utilizacdo de plantas). Atualmente a corrida pela ndo expanséo de
novas areas agricolas, tem levado pesquisadores a se esforcarem para aumentar a produtividade
das lavouras, com foco na quantidade e a qualidade dos produtos, a viabilizagdo dos custos de
investimento e a concretizacdo final de planos ecologicamente corretos e socialmente justos.
Nesse campo, podemos focar na cultura do milho (Zea mays L.), por ser de grande importancia
econOmica e alimentar.

O milho é uma cultura de importancia global em virtude da sua diversidade de
utilizacdo, extensdo da area cultivada e elevada capacidade produtiva. Os maiores produtores
mundiais sdo os Estados Unidos, Canada e o Brasil. Na safra de 2019/2020 o Brasil obteve
produtividade média de 5,531 Mg ha' (CONAB, 2020).

E sabido que as lavouras de milho sdo altamente dependentes de um bom manejo de
fertilizantes de nitrogénio. Embora o manejo da fertilizacdo das lavouras de milho tenha
melhorado, o nitrogénio (N) ainda é um dos principais fatores que levam a baixa produtividade
das lavouras de milho (USDA, 2017). O N é o nutriente mais necessario no ciclo produtivo da
lavoura de milho, e sua deficiéncia pode causar perdas significativas de produtividade. Os
fertilizantes nitrogenados respondem por grande parte do custo de fertilizacao das lavouras de
milho, que pode variar dependendo da produtividade necessaria (DARTORA et al., 2013). A
maioria dos solos nos tropicos umidos € deficiente em nitrogénio, apenas 30% a 40% do
nitrogénio € usado pelas lavouras e 60% a 70% do nitrogénio é perdido por lixiviacao,
volatilizagdo e desnitrificagédo (HIREL et al., 2007; KONG et al., 2016).

A fixacdo bioldgica de nitrogénio (FBN) é benéfica para o suprimento de parte do N
necessario a cultura do milho durante seu ciclo produtivo. Nas monocotiledéneas, a FBN ocorre
por meio de bactérias diazotrdficas, ao qual iremos destaca o género Azospirillum Esses
microrganismos sdo capazes de reduzir o N atmosférico (N2) a aménia (NH4*) pela quebra da

ligacdo triplice do N através da enzima nitrogenase, com alto consumo de energia na forma de
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adenosina trifosfato (ATP) (SANGOI et al., 2015). As bactérias diazotréficas também podem
atuar no crescimento vegetal, produgdo de horménios (auxinas, citocininas, giberelinas,
etileno) e atuam como agentes de controle biolégico de patdgenos (CORREA et al., 2008). Em
geral, as bactérias diazotroficas geram beneficios ao desenvolvimento das plantas pela
combinacdo de todos esses mecanismos listados acima (DOBBELAERE et al., 2003). No
entanto, a inconsisténcia dos resultados de pesquisas inviabiliza inferéncias sobre as possiveis
interacOes das bactérias diazotroficas e a disponibilidade de N mineral no que diz respeito a
resposta da planta (BREDA et al. 2020), pois o nitrato (NOs) também é um modulador da
arquitetura da raiz e pode atuar em um papel sinérgico na melhoria da exploracéo do solo pelas
plantas (FORDE 2014). Nesse sentido, a genética das plantas e o ambiente afetam o
metabolismo das bactérias diazotroficas e, consequentemente, a resposta de promog¢do do
crescimento das plantas. Os estudos genéticos sdo fundamentais para descrever e revelar as
etapas e funcionalidades das bactérias diazotroficas e seus efeitos nas monocotiledéneas.

Diante desse cenario, uma alternativa para redugdo da dependéncia de fertilizantes
nitrogenados nas lavouras de milho, é a utilizacdo consorciada de bactérias diazotroficas do
género Azospirillum e o micronutriente molibdénio (Mo). Essa associacdo tem como objetivo,
aumentar o rendimento produtivo da lavoura de milho e manter o balango nutricional adequado.

O Mo é um micronutriente exigido pelas plantas em pequenas quantidades. No entanto,
sua deficiéncia é tdo prejudicial quanto a falta de um macronutriente (N, K e P), principalmente
pois afeta diretamente o metabolismo do nitrogénio (TAIZ; ZEIGER, 2017). A utilizacdo de N
pelas plantas de milho pode ser potencializada com o uso de Mo, uma vez que, este
micronutriente € constituinte de enzimas que permitem a assimilagéo de N via fixacdo bioldgica
por microrganismos diazotroficos (nitrogenase) efou N sintético (nitrato redutase)
(PICAZEVICZ et al., 2017).

As plantas absorvem Mo na forma de molibdato (MoO4?) (VALENTINI et al., 2005).
Embora a quantidade necessaria seja pequena, o teor nos tecidos da planta € geralmente inferior
a 1,0 mg kg* de matéria seca. (MENGEL; KIRKBY, 1987). Estudos constataram que o uso de
Mo com Azospirillum brasilense (GANAPATHY; SAVALGI, 2006) e fertilizantes
nitrogenados sintéticos (VALENTINI et al., 2005) pode aumentar o crescimento e a
produtividade das plantas de milho. No entanto, o efeito da pulverizacdo de Mo na
produtividade do milho é diferente, dependendo da localizag&o e do tipo de solo.

Diante dos relatos apresentados, a comunidade cientifica possui um déficit de
informacdes sobre o uso de bactérias diazotroficas (Azospirillum brasilense) associadas a

adubacdo com o micronutriente Mo e seus efeitos em plantas de milho em solo da regido do
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tropico tmido maranhense, o que pode contribuir para a reducédo parcial de uso do N sintético
aplicado em cobertura e potencializar os beneficios dessa técnica com o consequente aumento

da produtividade.
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2. REVISAO BIBLIOGRAFICA
2.1. Cultura do milho

O milho (Zea mays L.), € uma espécie, pertencente a familia das Poaceas (antiga familia
das gramineas), possivelmente tem origem americana, foi encontrado em pequenas ilhas
proximas ao litoral mexicano. Para alguns membros da comunidade cientifica, o milho é
originario do Teosinte (Zea mexicana L.), uma graminea anual originaria do Meéxico e da
Guatemala, por meio de selecdo feita pelo homem, outros membros defendem a hipotese de
que o milho e o Teosinte diferenciam-se a mais tempo de um ancestral comum (SOUZA, 2017).

Apos o descobrimento das Américas, o milho foi levado para o continente europeu,
onde plantas foram cultivadas em jardins até seu valor alimenticio tornar-se conhecido
(OKUMURA et al., 2011). Na contemporaneidade, devido a sua alta capacidade de adaptacao
a diversas condicdes de cultivo, e em virtude da grande variedade de genoétipos existentes, a
cultura do milho esta presente em todos o0s continentes e sua producdo mundial s6 perde para
a cultura do trigo e a do arroz (SILVA et al., 2014).

A cultura do milho, possui papel incontestavel na economia mundial e brasileira devido
a sua posicao entre as espécies agricolas com maior area de cultivo (MORO; FRITSCHE,
2015). No Brasil, os maiores produtores de milho na safra de 2019/2020 foram os estados de
Mato Grosso, Parana, Goias, Mato Grosso do Sul e Minas Gerais. O estado do Maranhéo
participou com uma producdo de aproximadamente 977,3 mil toneladas (CONAB, 2020).

Nas condi¢cbes de exploracdo do milho no Brasil, grande parte das cultivares possui
ciclo de producéo entre 105 e 180 dias, periodo compreendido entre a semeadura e a colheita
(MOREIRA, 2015). Segundo Magalhées et al. (2006) a cultura do milho, para expressar seu
potencial produtivo, necessita em média de 600 mm de precipitacao e temperaturas entre 25 e
30 °C.

A importancia econémica do milho gréo é caracterizada pelas diversas formas de sua
utilizacdo, que vai desde a alimentacdo animal, como forragem conservada para o periodo da
seca e na fabricacdo de farelos até a industria quimica, como matéria prima de mais de 500
produtos e a industria alimenticia, como amido, farinhas e 6leo (OKUMURA et al., 2011).

Ha vérios fatores que limitam a produtividade do milho, como por exemplo, doengas,
pragas, déficit hidrico, disponibilidade e assimilacéo de nutrientes. Em relagdo a fertilidade, a
cultura do milho é muito exigente em fertilizantes, principalmente nitrogenados
(FERNANDES et al., 2008). Neste sentido, estudos devem ser intensificados com o intuito de
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desenvolver técnicas alternativas e promissoras para a eficacia da incorporacao do nitrogénio

nas plantas de milho, o que refletird em estratégia econémica e de menor impacto ambiental.

2.2. Nitrogénio

O nitrogénio (N) é um nutriente essencial absorvido pelas raizes, convertido em
aminodcidos para compor diversas moléculas nas raizes e na parte aérea das plantas durante
todo o periodo de crescimento (WANG; XING, 2017). E importante, sobretudo nos estadios
iniciais do desenvolvimento vegetal, quando sua disponibilidade se relaciona diretamente com
as maiores eficiéncias de utilizacdo pelas plantas. Nas plantas de milho é importante na fase de
aproximadamente quatro folhas, quando se define o potencial produtivo (RITCHIE et al.,
2003).

O N possui papel fundamental no metabolismo vegetal por participar diretamente na
biossintese de proteinas e clorofilas (ANDRADE et al., 2003). E constituinte de proteinas,
enzimas, coenzimas, acidos nucléicos, fitocromos e integra a molécula da clorofila. Além disso,
afeta as taxas de iniciacdo e expanséo foliar, o tamanho final e a intensidade de senescéncia
das folhas, o desenvolvimento da area foliar e a taxa de fotossintese, o crescimento radicular,
o rendimento bioldgico, o tamanho e nimero de espigas, a massa de gréos e indice de espiga,
a altura de planta, o comprimento da espiga, o didmetro de colmo, a insercdo de espiga, 0
namero de plantas acamadas e quebradas e a qualidade de graos (SILVA, 2014). A maioria dos
fertilizantes nitrogenados empregados na cultura milho sdo hidrossollveis, e rapidamente
liberam para o solo NOs e NH4*, sendo desta forma prontamente assimilaveis pela planta.
Assim, as plantas de milho, por remover grandes quantidades de nitrogénio, requer o uso de
adubacdo nitrogenada em cobertura para complementar a quantidade suprida pelo solo. O N é
predominantemente derivado de fertilizantes, fixacdo bioldgica de N2, mineralizacdo do N
organico de esterco animal, residuos de culturas e matéria organica do solo (SOUZA, 2017),
no entanto, por sua alta mobilidade, o N est& susceptivel a perdas e pode ocasionar riscos
ambientais (MENDES, 2016).

Em grande parte dos solos brasileiros, a quantidade de N € insuficiente, fazendo-se
necessario o fornecimento externo do nutriente em concentracdo adequada para garantir o
crescimento, desenvolvimento e a produtividade das plantas de milho (BELARMINO et al.,
2003), e isso, deve ser feito respeitando-se os limites do solo, para evitar a degradacéo. Nesse
contexto, 0 manejo da adubacdo nitrogenada é realizado com o intuito de garantir boa

produtividade, em funcdo da dindmica do N, grandes quantidades desse nutriente s&o
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adicionadas ao solo, o que pode levar a perdas e degradacdo do ambiente. E tendo em vista a
crescente demanda por fertilizantes nitrogenados e a preocupagdo com as possiveis perdas e
contaminacdo do ambiente (FERNANDES; LIBARDI, 2007), faz-se necessaria a aplicagdo de
N na forma parcelada em cobertura (YAMADA; ABDALA, 2000), como também, a
investigacdo de alternativas para suprimento de N via fixacdo biolégica ou fertilizantes
alternativos. Isso reduzira as perdas do nutriente e aumentara sua eficiéncia de uso (BOTREL
etal., 1999).

Com esse conhecimento, surge a necessidade de buscar alternativas para diminuir as
perdas através do parcelamento da adubacdo de cobertura, assim como buscar alternativas para
suplementar com N os plantios. Uma opcao € favorecer a fixacdo bioldgica de N, essa técnica
pode incrementar o rendimento da cultura do milho sem prejuizos aos recursos naturais (BASI,
2013).

2.3. Eficiéncia do Uso do Nitrogénio (EUN)

Nas Ultimas décadas, os esforcos tém sido direcionados no sentido de otimizar a
eficiéncia de utilizacdo de nutrientes pelas plantas, visando reduzir os custos de producao,
evitar a degradacdo dos recursos ambientais e aumentar o rendimento das culturas
(KOLCHINSKI; SCHUCH, 2003). Nesse sentido, existem diversos caminhos possiveis para
aumentar a eficiéncia do uso do nitrogénio (EUN). Um dos caminhos mais simples é a reducéo
nas doses de adubos nitrogenados para niveis que sejam produtivos e seguros ambientalmente
(FERNANDEZ et al. 1998).

O uso de fertilizantes em culturas de gréos e fibras também é importante na manutencao
das reservas de N do solo. Alta produtividade com doses baixas de N, normalmente significa
que a quantidade de N exportada com a colheita € maior do que a adicionada, o que contribui
para o empobrecimento do solo (ALVES et al., 2006). Fernandes et al. (2005) estudando doses
de N em seis cultivares de milho e a eficiéncia de uso desse nutriente pela cultura, em regido
de cerrado, verificaram que a eficiéncia do uso de nitrogénio de todos os hibridos testados
diminuiu com o aumento da dose de N aplicada. Além disso, observaram ainda que as doses
de N influenciaram principalmente a massa de 100 grdos e a produtividade de grdos. Dessa
forma, nos estudos sobre a dindmica do N no sistema solo-planta, muitas vezes, é dificil
quantificar a origem deste nutriente (SCIVITTARO et al., 2000).

A eficiéncia nutricional, pode ser definida como a quantidade de matéria seca ou graos

produzidos por unidade de nutriente aplicado (FAGERIA, 1998). A eficiéncia da utilizagdo do
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nitrogénio adicionado ao solo, por sua vez, se refere ao grau de recuperacdo desse elemento
pelas plantas, considerando as perdas que geralmente ocorrem (BREDEMEIER,;
MUNDSTOCK, 2000). A eficiéncia nutricional depende de varios processos fisioldgicos, tais
como absorc¢do, assimilacdo e retranslocacdo do nitrogénio pela planta (MOLL et al., 1982;
CARVALHO, 2011) e pode ser aumentada com a adocao de praticas de manejo apropriadas.

Especificamente em milho, Moll et al. (1982) definiram a eficiéncia de uso do N (EUN)
como a massa de grdos dividida pela massa de N aplicado no solo (Gw/Ns), ambas expressas
na mesma unidade, como por exemplo, gramas por planta. Entretanto, a produtividade de gréos
também se destaca como bom parametro da eficiéncia de utilizacdo do N (CARVALHO, 2011).
Para Fageria (1998) ao avaliar experimentos de campo, a producdo de grdos foi o melhor
parametro para avaliagéo da eficiéncia nutricional em culturas anuais.

Os principais componentes de avaliacdo da EUN sdo a eficiéncia de absorcdo do N
(EAN), a eficiéncia de utilizacdo do N (EUtN) e a eficiéncia de remobilizacdo do N (ERN) (LE
GOUIS et al., 2000). A EAN representa a capacidade das plantas em absorver o N disponivel
do solo. A EUtN é definida como a relagéo entre o rendimento da cultura e o N total absorvido
pela planta (N nos graos + N na biomassa), ou seja, essa medida indica o rendimento de graos
obtido para cada unidade de N absorvido pela planta. Em adig&o, a eficiéncia de remobilizacéo
do N (ERN) representa a capacidade das plantas em translocar o N ap0s a antese da parte
vegetativa para os gréos. Cultivares com uma maior ERN tendem a acelerar a senescéncia e
aumentar os niveis de N nos grdos (GAJU et al., 2014).

Segundo Fidelis et al. (2007), a identificacdo de gendtipos capazes de absorver e utilizar
0 nitrogénio de forma eficiente é um dos caminhos para aumentar a EUN na cultura do milho,
incrementar a producdo, minimizar as perdas e reduzir a contaminagdo do meio ambiente.
Entretanto, a melhor eficiéncia nutricional é aquela obtida sob nivel de nutriente adequado em
que a produtividade maxima é obtida, visto que a eficiéncia nutricional diminui com niveis
crescentes de um nutriente, devido ao suprimento desse nutriente exceder as necessidades da
cultura (FAGERIA, 1998). Fernandes et al. (2005) e Farinelli; Lemos (2010), relataram que a
eficiéncia do uso de nitrogénio em todos os hibridos testados nas pesquisas, diminuiu com o
aumento da dose de N aplicada.

Nesse contexto, o conhecimento da relacdo entre os caracteres envolvidos na eficiéncia
nutricional e o uso racional da adubacdo nitrogenada é fundamental, ndo apenas para aumentar
a eficiéncia de recuperacdo do nitrogénio, mas também para aumentar a produtividade da
cultura e diminuir o custo de producdo (FAGERIA et al., 2007).
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2.4. Fixacdo Bioldgica do Nitrogénio (FBN)

O nitrogénio ainda que seja 0 gas mais abundante na atmosfera, ndo é prontamente
assimilado pelas plantas. A forma que as plantas assimilam o N difere entre as espécies
vegetais, as quais absorvem principalmente as formas inorganicas deste nutriente, o nitrato ou
0 aménio (WILLIANS; MILLER, 2001; FAGERIA et al. 2003; SOUZA; FERNANDES,
2006).

O nitrogénio gasoso (N2) compde 78% da atmosfera terrestre. A fixacdo de nitrogénio
requer a quebra da ligacédo tripla covalente de excepcional estabilidade do N.. Contudo, 0s
gases atmosféricos também se difundem para o espaco poroso do solo e o N2 pode ser
aproveitado por alguns microrganismos, principalmente bactérias que ali habitam, gracas a
acdo da enzima dinitrogenase, que tem a capacidade de romper a tripla ligacdo do N2 e reduzi-
lo a NH3, a mesma forma obtida no processo industrial (HUNGRIA et al., 2011; TAIZ,
ZEIGER,2017).

A fixacdo biologica de nitrogénio (FBN) é um processo de transformacéo do N2 na
forma inorgéanica combinada NHs. A FBN envolve uma sucesséo de processos que comegam
com a adaptacdo da bactéria a planta e culminam na fixacdo do N2 atmosférico (FAGAN, et
al., 2007)

Todo o sistema de fixacédo bioldgica de nitrogénio é coordenado pelo complexo enzima
nitrogenase, que é formado por duas unidades proteicas, a ferro-proteina (Fe-proteina) e a
molibdénio-ferro-proteina (MoFe-proteina) que séo responsaveis pela fixacdo de nitrogénio
(BURRIS, 1999; MYLONA et al., 1995; TAIZ; ZIEGER, 2017). Para que ocorra a FBN ¢é
necessario que a nitrogenase esteja em condicfes anaerdébicas. Na reacdo de reducdo do N2 a
nitrogenase € auxiliada por uma enzima transportadora de elétrons, a ferredoxina, originaria do
fotossistema | da fase fotoquimica da fotossintese (BURRIS, 1999; TAIZ; ZIEGER, 2017).

A capacidade de reduzir o nitrogénio atmosférico a amonia, esta restrita a um pequeno
grupo de microrganismos denominados diazotroficos, ou fixadores de N2 (NOVAKOWISKI
et al., 2011). Pesquisas sobre as bactérias diazotroficas tiveram inicio no Brasil ha mais de 40
anos. Essas pesquisas foram realizadas pela renomada pesquisadora Johanna Débereiner e seus
colaboradores (MOREIRA et al. 2010).

Esses microrganismos estdo distribuidos em diversos grupos filogenéticos e habitam
varios ecossistemas em vida livre, em simbiose com leguminosas como o feijoeiro e o feijdo

caupi, ou endofiticamente em raizes ou parte aérea de poaceae como milho, bem como de
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espécies forrageiras como Brachiaria ssp., Paspallum notatum F. entre outras (WEBER et al.,
2000; MOREIRA et al., 2010).

Dentre as diazotréficas, bactérias do género Azospirillum associam-se a rizosfera da
planta de milho e podem contribuir com a nutri¢do nitrogenada da cultura (FIGUEIREDO et
al., 2009). Pesquisa realizada por Novakowiski et al. (2011), demonstrou que as bactérias do
género Azospirillum podem promover o crescimento vegetal através da producdo de
fitoreguladores e sider6foros ou por aumentar a disponibilidade de fésforo.

No processo de FBN em gramineas, somente uma parte do nitrogénio fixado
diretamente para a planta associada é secretado para suprir parcialmente suas necessidades. Ja
em leguminosas, a inoculac¢do das culturas com microrganismos, ainda que fixem nitrogénio,
ndo conseguem suprir totalmente as necessidades das plantas em relacdo ao N (HUNGRIA,
2011).

O grande interesse na fixacao biolégica em gramineas é devido a maior facilidade de
aproveitamento de &gua das mesmas em relacdo as leguminosas, pela maior efetividade
fotossintética. As gramineas apresentam um sistema radicular fasciculado, tendo vantagens
sobre o sistema pivotante das leguminosas para extrair agua e nutrientes do solo; e por serem
as gramineas largamente utilizadas como alimento pelo homem. Por isso, a FBN é um processo
importante para a economia em adubos nitrogenados e equilibrio ambiental (DOBEREINER,
1992).

2.5. Azospirillum brasilense

As bactérias diazotréficas ndo simbioticas (BDNS) atuam no desenvolvimento das
plantas por meio da FBN e também pela producéo e liberacdo de substancias reguladoras do
crescimento vegetal (SILVA; MELLONI, 2011). No grupo das bactérias diazotroficas nao
simbioticas (BDNS), destaca-se o0 género Azospirillum. Pesquisas consideram as bactérias do
género Azospirillum como diazotréficas facultativas, capazes de colonizar raizes de plantas
ndo leguminosas interna e externamente (BALDANI et al., 1997). Esse género é caracterizado
por organismos de metabolismo bastante versatil, o que confere caracteristicas adaptativas, que
permitem a sobrevivéncia em meio nutritivo rico e protetor existente na rizosfera das plantas
(STEENHOUDT; VANDERLEYDEN, 2000). As BDNS podem desempenhar importante
papel na sustentabilidade dos ecossistemas, uma vez que incorporam N2 por meio da fixacao
bioldgica (DOBBELAERE et al., 2003).
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A fixacdo de nitrogénio pelas bactérias diazotroficas ndo simbioticas (BDNS) ocorre
em ambiente natural, temperatura ambiente e seu crescimento ideal varia numa faixa de
temperatura entre 28 e 41° C (ECKERT et al., 2001), ocorrem em niveis bem menores de
energia, consumindo os agucares da planta, mas que sdo compensados pelo aporte de N
fornecido ao sistema (ALVES, 2007).

As bactérias do género Azospirillum sdo de vida livre, rizobactérias capazes de
promover 0 crescimento das plantas e aumentar a produtividade em muitas culturas de
importancia econdbmica. Essas bactérias podem atuar no crescimento da planta através das
sinteses de hormonios, principalmente auxinas (a4cido 3-indolacético), giberelinas e citocininas
(FIGUEIREDO et al., 2009). Ocorre também a sintese de etileno, podendo agir como
solubizador de fosfato ou acelerador do processo de mineralizagdo (PERSELLHO-
CARTINEAUX et al., 2003; SA JUNIOR, 2012). Todo esse processo de sintese tem como
consequéncia uma maior absorcao de agua e nutrientes (CORREA et al., 2008) resultando em
uma planta mais vigorosa e produtiva (BASHAN et al., 2004; HUNGRIA, 2011).

As bactérias diazotroficas foram descobertas no inicio da década de 1970 pela
pesquisadora da Embrapa Dr2. Johanna Dobereiner. Essas bactérias auxiliam por diversos
mecanismos na nutri¢do nitrogenada das culturas. Dentre esses mecanismos, destacam-se a
producdo de horménios, que interferem no crescimento das plantas e podem alterar a
morfologia das raizes, possibilitando a exploracdo de maior volume de solo (BASHAN;
HOLGUIN, 1997; ZAIED et al., 2003), o aumento do processo da reducdo assimilatoria de
nitrato disponivel no solo (BODDEY et al., 1986) e a fixagdo bioldgica do N2 (INIGUEZ et
al., 2004). Entre esses mecanismos, 0 aumento do sistema radicular, estimulado pela presenca
de bactérias, através da producdo de substancias promotoras do crescimento radicular, pode
resultar em maior absor¢do de minerais e de agua (OKON; LABANDERA-GONZALEZ,
1994).

As caracteristicas benéficas destas bactérias podem ser resumidas em: capacidade de
penetrar na raiz das plantas, antagonismo a agentes patogénicos, associacdo com Varias
gramineas e com ndo gramineas (morango, tabaco, café e outras), producdo de hormonios
promotores de crescimento e desenvolvimento, baixa sensibilidade as variacdes de temperatura
e ocorréncia em todos os tipos de solo e clima (ARAUJO, 2008).

E importante salientar que o processo de fixacdo biolGgica por essas bactérias em
associacdo com gramineas supre apenas parcialmente as necessidades das plantas em
nitrogénio (HUNGRIA et al., 2011). N&o é recomendado a substituicdo total da adubacao

nitrogenada por bactérias diazotréficas ndo simbioticas.
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2.6. Molibdénio

O molibdénio (Mo) tem sua principal funcdo associada ao metabolismo do nitrogénio
(N), e relaciona-se as enzimas redutase do nitrato e nitrogenase, de modo que os sintomas de
deficiéncia se confundem com aqueles do nitrogénio (MARSCHNER, 1995). E capaz de
mediar diversas reacGes de oxirreducdo nos sistemas bioldgicos (SRIVASTAVA, 1997).
Participa como co-fator de enzimas redutase do nitrato, a oxidase da xantina, a oxidase de
aldeido e a oxidase de sulfeto. A deficiéncia de Mo provoca reducdo na concentracdo de
clorofilas nas folhas, acarretando decréscimo de fotossintese e prejuizo no metabolismo do N,
tendo como consequéncia o acumulo de nitrato no tecido das plantas (BORKET, 1989).
Portanto, qualquer deficiéncia desse elemento pode comprometer o metabolismo do N,
diminuindo o rendimento das culturas.

O N absorvido pelas plantas na forma de nitrato (NO3") é reduzido a amonia (NH3),
possibilitando assim sua assimilacdo. A primeira reacdo do processo redutivo € catalisada pela
redutase do nitrato, sendo o Mo um cofator dessa enzima que reduz o NO3™a nitrito (NO2). O
(NO2) é reduzido a amodnia e assimilado na forma orgénica por meio do sistema glutamina
sintetase glutamina oxoglutarato unida transferase (GS-GOGAT) com sintese de aminoacidos
e, posteriormente, de proteinas, clorofila e outros compostos (CRAWFORD et al., 1989).
Assim, a producdo de metabolitos nitrogenados (aminoacidos e proteinas) é afetada pela
deficiéncia de Mo o0 uma vez que ocorre decréscimo na atividade da redutase do nitrato na
auséncia do cofator. Com isso, ocorre diminuicdo na sintese de aminoacidos e,
consequentemente, de proteinas. Dessa forma, o Mo exerce papel direto no crescimento e
desenvolvimento das plantas (VALETINI et al., 2005).

As respostas a adubacdo molibidica estdo relacionadas ao requerimento de Mo por
varios tipos de molibdoenzimas (Mo-enzimas) presentes nas plantas. Essas Mo-enzimas
podem estar envolvidas na reducdo e assimilacdo do N (nitrato redutase, NR), fixacdo do N
(nitrogenase), catabolismo de purinas (xanthine dehydrogenase/oxidase), sintese de acido
abscisico, ABA, e acido indol-3 acético (aldeido oxidase, AO) e metabolismo do enxofre
(sulfite oxidase, SO) (KAISER et al., 2005). Destas as de maior relevancia para as plantas estdo
a nitrato redutase e a nitrogesnase (HAMLIN, 2007).

O Mo utilizado pelas plantas pode ser originado do préprio solo ou resultante da
aplicacdo de produtos quimicos e/ou organicos que o0 contenham em sua composicao
(PEREIRA et al., 2012). Geralmente, as fontes de micronutrientes de produtos quimicos

variam de modo consideravel na sua forma fisica, reatividade quimica, custo, teor do nutriente
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e eficiéncia agronémica. O fornecimento do fertilizante molibdico as plantas tem sido feito de
trés formas principais: aplicacdo direta no solo, aplicacdo foliar e aplicacdo direta na semente
(PEREIRA, 2010).

O Mo interfere diretamente no crescimento e desenvolvimento do milho e
consequentemente, na producdo de graos, por meio do metabolismo do N (PEREIRA et al.,
1999). A faixa critica de concentracéo de Mo no milho é de 0,1 a0,2 mg kg* (DIOS; BROYER,
1965). No milho, a deficiéncia de Mo encurta os internos, reduz a &rea foliar e causa o
desenvolvimento de clorose nas folhas (AGARWALA et al., 1978). O manejo adequado da
adubacdo com molibdénio é imprescindivel para o melhor aproveitamento da adubacdo
nitrogenada (FERREIRA et al., 2001).
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Highlights

e The combination (A. brasilense, Mo and N) increased 5.1% nitrogen use
efficiency;

e Application methods A. brasilense on seed increased 13.4% nitrogen use
efficiency;

e Molybdenum and nitrogen increased 17.8% grain yield;
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ABSTRACT

The objective this is study was to evaluated the effectiveness of inoculation methods of
A. brasilense, N rate and molybdenum on yield and N use efficiency in maize plants
cultivated in the sub-humid tropical regions of Brazil. Three field trials were conducted
in a randomized complete block design with four replicates and eight treatments. The
treatments were 140 kg ha! of N, 90 g ha! of Mo and inoculation methods of A.
brasilense (seed and leaf). In experiment 2, all treatments did affect grain yield, 100 -
seed weight, harvest index, leaf chlorophyll index (LCI), stem diameter, insertion height
of the first ear (IHFE) and shoot dry matter. In experiment 3, all treatments did affect
grain yield, nitrogen use efficiency (NUE), harvest index, leaf chlorophyll index (LCI),
stem diameter, insertion height of the first ear (IHFE), plant height and shoot dry matter.
The inoculation with A. brasilense, N and Mo showed the potential to be used, and the

results showed that Mo is the limiting factor for grain yield and NUE.

Keyswords: nitrogen fertilization, biological nitrogen fixation, plant growth-promoting
rhizobacteria, Zea mays.
1. INTRODUCTION

Nitrogen (N) is the most significant agricultural input for crops to achieve high
yield, is consumed by the crop roots throughout the growing season (Wang and Xing,
2017; Picazevicz, Krudra and Moreno, 2017; Galindo et al. 2017; Bloch et al. 2020), but
excessive N inputs make it a difficult problem for optimal use of N (Norr, 2017). Excess
or low supply of the nutrients will result in reduced nitrogen use efficiency (NUE) and
cause significant losses in grain yield and grain quality (Haroon et al, 2019).

Nitrogen is considered a major limiting factor for maize (Zea mays L.) grain yield
because it is an essential component of all proteins and enzymes, nucleic acids that make

up DNA, and chlorophyll that enables the process of photosynthesis in plants (Leghari et
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al. 2016). Low yields are generally attributed to low fertility soils that require high
fertilizer inputs for optimal productivity (Martins et al, 2018). In this context cultivation
of maize in tropical soil from the Amazonian periphery do not adequately supply the
plant's demand for nitrogen.

Agronomic management for improved nitrogen use efficiency (NUE), the use of
agroecological practices is the key to increase maize production while reducing
environmental pollution. One possibility such as inoculation by plant growth-promoting
bacteria (PGPB) can represent a sustainable alternative for increase nutrient use
efficiency in tropical agriculture (Perreira et al. 2020). Inoculation technology with PGPB
has been presented worldwide as an important tool for reaching sustainability in
agriculture due to its low environmental and production costs compared with industrial
inputs (Oliveira et al. 2017).

PGPB colonize rhizosphere or plant root and improve plant health and growth.
Some of the most important plant growth promoting bacteria activity include biological
nitrogen fixation (BNF)( Pankievicz et al., 2019), production of indolic compounds and
siderophores, increase on 1—aminocyclopropane—1—carboxylate deaminase activit
(Ambrosini and Passaglia, 2017), solubilization of mineral phosphates (Luduefia et al.,
2018; Qi et al., 2018) and production of phytohormones, such as salicylic acid,
gibberellins, cytokinins and indole-3-acetic acid (IAA) (Cassan and Diaz-Zorita, 2016;
Fukami et al., 2017; Dahal et al., 2017; Gouda et al., 2018). The diazotroph Azospirillum
brasilense (free-living diazotrophic bacteria) is considered a model PGPB, and a great
amount of information regarding the physiology of its growth and development has been
published (Fendrik et al., 1995; Cassan et al., 2015, Cassan et al, 2020). Several positive

results in the development and productivity of corn have been reported with inoculation
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with Azospirillum brasilense (strains Ab-V5 and Ab-V6) in tropical conditions (Martins
et al., 2018; Oliveira et al., 2018; Galindo et al., 2019).

Molybdenum is the micronutrient required in the least amount by plants.
However, there is a close relationship between the supply of Mo, the activity of nitrate
reductase, and the growth of plants. (Kirkby and Romheld, 2004). Therefore, the supply
of Mo is closely associated with the utilization and metabolism of N. Nitrogen utilization
by maize can be potentiated by molybdenum (Mo), since it is a constituent of enzymes
that allow the assimilation of this macronutrient via biological fixation by diazotrophic
microorganisms (nitrogenase) and/or N fertilization (nitrate reductase) (Picazevicz et al,
2017). The increase in maize growth and production has already been observed with the
use of Mo combined with Azospirillum brasilense (Ganapathy and Savalgi, 2006) and N
fertilizer (Valentini et al., 2005)

The combined use of chemical and biological inputs in the cultivation of non-
legumes can contribute to reduce costs and optimize production (Picazevicz et al, 2017).
Less is known about the effects of inoculation methods of A. brasiliense, N rates and
molybdenum on physiological characteristics, yield, and N use efficiency on maize plants
grown in the sub-humid tropical regions of Brazil. Thus, we evaluated the effectiveness
of inoculation methods of A. brasilense, nitrogen and molybdenum on yield and N use

efficiency in maize plants cultivated in the sub-humid tropical regions of Brazil.

2. MATERIALS E METHODS

2.1. Field site description
Three field trials were conducted in the municipality of So Luis (2°30'S,
44°18'W, 24 m above sea level), State of Maranhdo, Brazil. The first trial was stablished

from February 2018 to May 2018, the second trial from October 2018 to January 2019
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and third trial from March 2019 to July 2019. The region has a hot, semi-humid,
equatorial climate, with mean annual rainfall of 2,200 mm and two well-defined seasons:
a rainy season from January to June, and a dry season with pronounced water deficits

from July to December. The climatic conditions during the trials are shown in Figure 1.

P Experiment 1 - Experiment 2 4 Experiment 3 5
Seedinlg Top cl|ressing Halrvest Seedin.lg Top qressing Ha:rvest Seedinlg Top cliressing Harvest
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Figure 1. Rainfall (mm) and maximum and minimum temperatures obtained from the
data base National Institute of Meteorology of Brazil (INMET) during the corn cultivation
(all seasons) in the period from January 2018 to July 2019.

The trials were conducted under a no-tillage system. The field had not been
cultivated with any agricultural crop for at least 10 years (2003-2013). Maize and cowpea
(Vigna unguiculata L. Walp) had been cultivated in the field after 2013. The remaining
straws from previous maize and cowpea crops were left on the soil surface. The soil in

this area is a Typic Hapludult (Soil Survey Staff, 1999), with pH in CaCl2 (soil:solution
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ratio of 1:2.5) = 5.3; organic matter = 5 g dm3; P (resin) = 31 mg dm3; K* = 1.7 mmolc
dm3; Ca?* = 24 mmolc dm3; Mg?* = 15 mmolc dm3; H* + AI¥* = 19 mmolc dm3; sum
of bases = 40.7 mmolc dm3; cation exchange capacity at pH 7 = 59.7 mmolc dm3; base
saturation = 68%; and coarse sand = 260 g kg, fine sand = 640 g kg?, silt = 20 g kg,
and clay = 120 g kg and texture sandy loam.

No mechanical soil preparation was carried out before the maize sowing. At 30
days before sowing in 2017 was applied 1.0 Mg ha-1 of dolomitic limestone (32% CaO,
15% MgO, and total neutralizing power of 91%) without incorporation.

2.1. Experimental design, treatment, and field management

The experimental design was a randomized complete block design with four
replicates and eight treatment (Table 1). The treatments were composed from one N rate
of 140 kg ha?*, one Mo rate of 90 g ha* and inoculation methods of A. brasilense (seed
and leaf). Each plot consisted of four 4 m-long rows, spaced 0.8 m apart. The outer rows
of each plot and 0.5 m from each end of the rows were used as borders.

Table 1. Treatment arrangement of all seasons 2018/2019 with Azospirillum brasilense
(seeds and leaf), nitrogen and molybdenum rates.

Treatments Nitrogen Molybdenum Azospirillum Azospirillum
(kg/hat) (g/hat) seeds leaf
(ml/hat) (ml/hat)
Sowing Topdressing  Topdressing Sowing Topdressing

1 - - - - -
2 40 100 - - -
3 40 100 - 100 -
4 40 100 - - 200
5 40 100 90 - -
6 40 100 90 100 -
7 40 100 90 - 200
8 40 100 90 100 200

At sowing furrow, 40 kg ha* of N (granulated urea), 80 kg ha* of P.Os (simple
superphosphate), and 100 kg ha* of K2O (potassium chloride) were applied in all trials.

Seeds of the maize simple hybrid PIONNER 30F35® was sown at a density of four seeds
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per meter (5 plants m?). Seedling emergence occurred between four and six days after
sowing for all trials. All plots were irrigated after the sowing with 15 mm of water, using
a drip tape system and 2-day intervals, for a good and uniform seedling emergence.
Approximately every 3 days without rainfall after seedling emergence, the plots were
irrigated with 15 mm of water (2-hour irrigation). The plants were irrigated when there
was no or low rainfall in the previous week. When there was a need to irrigate, we use
the drip tape with flat emitters inside, 16mm diameter, thickness from 0.6mm, spacing
from 20cm.

Topdressed N (100 kg hat of N) (granulated urea, with 46% of N) was manually
applied when the maize plants had six leaves completely expanded (V6) and was evenly
applied along the furrows at 10 cm away from the plants. All plots were immediately
irrigated after N fertilizer with approximately 15 mm of water to minimize ammonia
volatilization. Topdressed Mo (90 g ha'') (ammonium molybdate) applied when the maize
plants had six leaves completely expanded (V6) by spraying the solution, using a sprayer
equipped with one cone nozzle (XR 11002; Teejet®, Wheaton, USA), with a flow rate of
200 L hat of water. A plastic sheet was used to protect adjacent plots from unwanted
spray drift.

The seeds and leaves of maize plants were inoculated with Azospirillum
brasilense, using the commercial strains Ab-V5 and Ab-V6 (Nitro 1000 Gramineas; Nitro
1000, Cascavel, Brazil) at rates of 100 mL and 200 mL of the liquid inoculant per hectare
(2x108 CFU [colony forming unity] mL™?), respectively. The seeds were microbiolized
one hour before sowing the crop, and the leaves were inoculated at V6 stage maize by
spraying the solution, using a sprayer equipped with one cone nozzle (XR 11002;
Teejet®, Wheaton, USA), with a flow rate of 200 L ha of water. A plastic sheet was

used to protect adjacent plots from unwanted spray drift.
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Deltamethrin (59 ha* active ingredient) was applied to control fall armyworm
(Spodoptera frugiperda), when needed. Weeds were controlled by manual hoeing until
the N topdressing application.

2.3. Measurements collected

The following nutritional evaluations were performed: leaf chlorophyll index
(LCI), measured indirectly using a portable non-destructive chlorophyll meter SPAD-502
(Minolta Co., Japan). The readings were performed in 5 plants per plot, and total N
concentration in leaves, collecting 2 leaves in the flowering stage were analyzed using the
Kjeldahl method (Tedesco et al., 1995).

The following productive component measurements were performed at 100 days
after emergence for all experiments, plant height, defined as the distance (cm) from the
ground level to the apex of the spike, at harvest time; stem diameter, insertion height of
the first ear (IHFE). Five plants from each plot were collected from two central rows to
determine plant dry weight and plant N concentration. These plants were separated into
grain and shoot plant, then oven-dried at 70 °C to constant weight and weighed. Grain
dry weight plus shoot dry weight represented the total plant dry weight. Total N
concentration of each fraction (grain and shoot plant) was analysed using the Kjeldahl
method (Tedesco et al., 1995) and the N content was calculated as the product of N
concentration by its dry weight. Grain N content plus shoot N content represents the plant
N content (aboveground). All ears from the central two rows of each plot were hand-
harvested. Grain yield was calculated and adjusted to 13% moisture content and 100-seed
weight. This moisture content is the minimum considered for the marketing of maize in
Brazil.

Based on the measurements of plant dry weight and N content, we calculated

harvest index dividing the grain dry weight by the plant dry weight and N harvest index
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dividing the grain N content by the plant N content. The N use efficiency and its two
components were calculated according to Moll et al. (1982): i) N utilization efficiency
(kg kg%, kg of grain per kg of N extracted) = grain yield/plant N content, ii) N uptake
efficiency (kg kg, kg of N in plant per kg of N applied) = plant N content/N rates, iii) N
use efficiency (kg kg, kg of grain per kg of N applied) = NUpE x NUtE = grain yield/N
rates.
2.4. Statistical analyses

All data were initially tested for homogeneity of variance with O’Neill and
Mathews test and for normality using the Shapiro Wilk test. When the effect of treatment
was significant (p < 0.05) its sum of squares were partitioned into seven orthogonal

contrasts (below). Values were reported as means + standard deviation (n=4).

The following orthogonal contrasts are:

a) T1vs. T2 to T8 (this contrast check the effect of N deficiency in maize plants)

b) T2 vs. T3 to T8 (this contrast check the effect of new production technology)

c) T3 and T4 vs T5 to T8 (this contrast check the effect of Azospirilum versus the
combination Mo and Azospirilum)

d) T3 vs. T4 (this contrast check the effect of Azospirilum on seed versus Azospirilum
on leaf, without Mo application)

e) T5 vs T6 to T8 (this contrast check the effect of Mo versus Azospirillum, regardless of
the form of application)

f) T6 vs T7 and T8 (this contrast check the effect of Azospirilum on seed versus
Azospirilum, regardless of the form of application)

g) T7 vs T8 (this contrast check the effect of Azospirilum on leaf versus combination

Azospirilum on seed with Mo application).
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Statistical analyses were performed using the statistical Software R version 4.0.2 (R

Core Team, 2021) and the ExpDes.pt package (Ferreira; Calvacanti and Nogueira, 2014).

3. RESULTS

In experiment 1, treatments affected grain yield, 100-seed weight, nitrogen use
efficiency (NUE), leaf chlorophyll index (LCI), stem diameter, insertion height of the
first ear (IHFE) and shoot dry matter (Table 2). Treatments did not affect harvest index
(p = 0.50, mean = 63.56 + 2.93 %) and plant height (p = 0.24, mean = 1.54 + 0.11 m).

In experiment 2, treatments affected grain yield, 100 - seed weight, harvest index,
leaf chlorophyll index (LCI), stem diameter, insertion height of the first ear (IHFE) and
shoot dry matter, however, treatments did not affect NUE (p = 0.06, mean = 36.50 + 3.67
kg kg!) and plant height (p = 0.10, mean = 1.64 + 0.08 m).

In experiment 3, all treatments did affect grain yield, nitrogen use efficiency
(NUE), harvest index, leaf chlorophyll index (LCI), stem diameter, insertion height of the
first ear (IHFE), plant height and shoot dry matter, however, treatments did not affect 100
- seed weight (p = 0.19, mean = 22.49 + 1.78 g).

Maize plants N deficiency was either 31% for grain yield, 4.2% LCI, 5.3 % stem
diameter, 5.9% IHFE, 4.4% shoot dry matter (Exp. 1), 23.6% grain yield, 14.7% LCI,
35.2% stem diameter, 13.8% IHFE, 4.8% shoot dry matter (Exp. 2), 39.3% grain yield,
17.5% harvest index, 28.9% LCI, 23.7% plant height, 10.5% stem diameter, 10.7% IHFE
(Exp. 3) greater compared when maize plants fertilized of nitrogen. However, 3.24%
shoot dry matter was increased with N deficiency in experiment 3 (1 vs T2 to T8, Table
3and 4).

Maize plants fertilized with 140 kg ha* of nitrogen, 90 g ha* of Mo and inoculated

A. brasilense (seed and leaf) was either 3.9% stem diameter and 5.5% shoot dry matter
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(Exp.1), 8.3% for 100 seed weight, 15.3% stem diameter (Exp.2) and 5.1% NUE and
2.9% IHFE (Exp. 3) greater compared when maize plants only fertilized with 140 kg ha
1 of nitrogen. However, there was a reduction 6.3% for 100 - seed weight, 4.2% IHFE
(Exp. 1), 10.6% IHFE, 9.3% shoot dry matter (Exp. 2), 20.5% LCI, 4.8% stem diameter
and 8.5% shoot dry matter (Exp. 3) (2 vs T3 to T8, Table 3 and 4).

Maize plants only inoculated of A. brasilense was either 1.95% IHFE (Exp.1),
8.55% 100 — seed weight, 3.4% harvest index and 17% stem diameter (Exp.2) increased
compared when maize plants combination inoculated of A. brasilense and fertilized with
90 g ha* of Mo. However, there was a reduction 10% for NUE, 3.8% LCI and 8.9% stem
diameter (Exp.1), 5.8% harvest index and 16% LCI (Exp 3) (T3 an T4 vs T5toT8, Table
3and 4).

The effect of A. brasilense on seed increased 13.4% NUE, 6.1% shoot dry matter
(Exp. 1), 13.3% 100 — seed weight, 2.1% LCI (Exp. 2), 4.8% stem diameter, 8.8% shoot
dry matter (Exp. 3), when compared the effect A. brasilense on leaf without Mo.
However, there was a reduction 8.4% harvest index, 2.8% shoot dry matter (Exp. 2),
11.9% harvest index (Exp. 3) (T3 vs T4, Table 3 and 4).

The effect of Mo increased 4.4% stem diameter (Exp. 1), 17.8% grain yield,
10.4% 100 — seed weight, 11% harvest index, 8.1% stem diameter (Exp. 2), 10.3% NUE,
6.6% LCI and 2.4% shoot dry matter (Exp. 3) when compared maize plants inoculated A.
brasilense, regardless of the form of application. However, there was a reduction 5.9%
for IHFE and 7.7% shoot dry matter (Exp. 1), 21.5% grain yield, 7.2% harvest index,
3.88% stem diameter (Exp.3) (T5 vs T6 to T8, Table 3 and 4).

The effect of A. brasilense on seed increased 8.1% for 100 — seed weigh, 12.4%
NUE, 4.7% LCI, 6% IHFE (Exp. 1), 13.4% grain yield, 8.8% shoot dry matter (Exp.2),

8.6% harvest index, 7.9% NUE, 3.7% stem diameter (Exp. 3) when compared A.
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brasilense regardless of the form of application. However, there was a reduction 3% for
shoot dry matter (Exp. 1), 5.6% LCI, 6.4% IHFE (Exp. 2) and 5.8% shoot dry matter
(Exp. 3) (T6 vs T7 and T8, Table 3 and 4).

The effect of A. brasilense on leaf increased 5.7% for LCI (Exp. 1), 22.5% grain
yield, 7.9% harvest index, 20.1% stem diameter, 21.4% IHFE, 6.7% shoot dry matter
(Exp. 2) when compared A. brasilense on seed with Mo. However, there was a reduction
10.5% for NUE, 10.2% for shoot dry matter (Exp. 1), 12.4% harvest index and 5.1%

IHFE (Exp. 3) (T7 vs T8, Table 3 and 4).

4. DISCUSSION

We wanted to understand how the combined use of chemical (N and Mo) and
biological (A. brasilense) inputs affects the yield and N use efficiency in maize plants
cultivated in the sub-humid tropical regions of Brazil. Although it is known that
microorganisms favor the growth of crops, less is known about the interactions between
diazotrophic (A. brasiliense), N rates and molybdenum in maize plants and how this
influences plant growth promoting properties, yield and N use efficiency.

Notably, N is the nutrient that is most demanded by maize plants and directly
affects crop development and yield (Galindo et al. 2020). Nitrogen fixation is a key
service in the ecology of plants, but it is an energy-expensive process. Therefore,
diazotrophs are critical in the nitrogen fixation process, but generally represent a minority
among bacterial communities in plants (Somers et al. 2005; Rajendran et al. 2008; Cassan
et al. 2009; Hungria et al. 2010; Cassan et al. 2014), and nitrogen fixation is a tightly
regulated process that is deactivated when the fixed nitrogen is available.

In the present study, exact mechanisms of the effect of Azospirillum inoculation,
nitrogen and molybdenum on the development of maize plants were not evaluated, but it

is very likely that the improvement in grain yield, LCI and NUE (except experiment 2),
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reflected in the improvement of shoot dry matter, plant height, length of ear height. The
due effect of new production technology is associated inoculated Azospirillum its known
ability to promote plant growth (Hungria et al. 2010; Galindo et al. 2016; Fukami et al.
2017; Martins et al. 2018; Salvo et al. 2018). To Molybdenum, for being a constituent of
enzymes (nitrate reductase - NR and glutamine synthetase - GS) and to nitrogen, which
enables plant development.

The growth-promoting mechanisms due to A. brasilense may have improved the
plants' ability to exploit the soil more efficiently, as indicated in studies using A.
brasilense (Martins et al. 2018; Fukami et al. 2018a; Fukami et al. 2018b, Leite et al.
2019, Zeffa et al. 2019). Furthermore, the application of Mo reduces these adverse effects
(N health, increased tissue nitrate concentration), plant growth and development, and thus
increases crop yield (Kaiser et al. 2005; Kovacs et al. 2015). Finally, the important use of
nitrogen maize can be enhanced by molybdenum (Mo), as it is a constituent of enzymes
that allow the assimilation of this macronutrient via biological fixation by diazotrophs.
microorganisms and/or fertilization with N (Imran et al. 2019).

We also observed that the effect of A. brasilense on seed increased NUE and shoot
dry matter (experiment 1 and 2), when compared the effect A. brasilense on leaf without
Mo. The stimulation of plant root growth by A. brasilense induces an increase in the water
absorption and nutrient acquisition rates (including N), which clearly improves the
assimilation of N in the biomass and, more generally, plant growth. This capacity is
mediated by the bacterial colonization of the roots and their ability to produce different
phytohormones, mostly during early stages of plant development and absolve root
exudates, it is known maize exudates contain carbohydrates, amino acids and organic
acids that serve as carbon sources for bacteria in the rhizosphere (Carvalhais et al. 2011;

Van Deynze et al. 2018). On the hand, foliar application of A. brasilense creates an
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unknown interaction between the leaf surface of the plant and the microorganism, which
needs to be further investigated (Preininger et al. 2018). Fukami et al. (2016) reported
that spray inoculation with A. brasilense either on leaves or soil can increase plant growth
and can replace 25% of N fertilization on maize. In addition, abiotic factors such as
humidity and light have a great impact, furthermore biotic factors including herbivores
and the competition between colonizing microbes.

Nitrogen use efficiency is controlled by a complex set of interactions among
genotype, growing environment, and agronomic management (Hirel et al. 2011; Cafias et
al. 2010). In the present study, the new production technology increased NUE. According
to Cormier et al. (2013), two strategies can be designed to improve the NUE: increasing
the yield on a constant N supply and/or maintaining a high yield by reducing the N supply,
a role that can be performed by Mo and as a consequence, helping to achieve a higher
grain yield (Munareto, 2016; Galindo et al., 2019a). On the other hand, Calonego et al.
(2010) discovered that the absence of Mo foliar supply made for the accumulation of
nitrate in common bean leaves: this as a result of the increased nitrogen availability in the
soil, which indicated the inefficiency of nitrogen assimilation of plants in the absence of
Mo. Srivastava (1997) came to a similar conclusion, stating that in molybdenum-deficient
plants, nitrate-reductase activity is often reduced, which results in the buildup of a high
concentration of NOs. Mo deficiency likely resulted in an unbalanced nitrogen
metabolism, so nitrogen metabolism is seen as a cycle that can be affected by a plant's
Mo status (Hu et al., 2002, Yu et al., 2006). Nitrate accumulation in crop plants due to
molybdenum deficiency might have serious consequences for human health. Excess
nitrate consumption can increase the risk of cancer in adults and causes serious health

damage especially in children. (Sanchez-Echaniz et al., 2001)
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Due to the several mechanisms reported to promote plant growth, Bashan and de-
Bashan (2010) proposed the “theory of multiple mechanisms” in which the bacterium
leads to a cumulative or sequential pattern of effects, resulting from mechanisms
occurring simultaneously or consecutively. According to these authors, there is no single
mechanism involved in the promotion of plant growth by specie A. brasilense but a
combination of a few or many mechanisms determined by inoculant-plant-environment

interactions. (Galindo et al. 2020).

5. CONCLUSIONS

The inoculation with A. brasilense, N and Mo, showed potential to be used,
because in our study the combination increased 5.1% NUE. However, there was no
increase in grain yield. On the other hand, Mo and N increased 17.8% grain yield when
compared maize plants inoculated A. brasilense.

Therefore, studies conducted under conditions that challenge the maize plants in
terms of stress, biotic or/and abiotic, are necessary to better understand the role of Mo,
applied alone or in combination with growth-promoting bacteria in the sub-humid tropical

regions of Brazil
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Table 2. Mean value (+ SD) of grain yield, 100-seed weight, harvest index, nitrogen use efficiency (NUE) and leaf chlorophyll index (LCI),
experiments 1,2 and 3 in the maize under field conditions in research farm, Maranhdo State University, Maranhéo State, Brazil.

Treatments Experiment 1 Experiment 2 Experiment 3
Grain 100- NUE LCI Grain 100- Harvest LCI Grain Harvest NUE LCI
Yield seed Yield seed Index Yield Index
weight weight
t/hhat g kg kg ! - t/hat g % - t/hat % kg kg ! -
1 3,6+0,2 30,0£2,1 - 51,5+1,3 4304 27,3t1,7 68,419 54,0£3,7 1,8+0,2  40,9+1,6 - 73,8+3,6
2 4,8+0,7 32,8t1,2 36,022 52,9+2,6 6,0£0,4 25,7+15 66,5£2,5 58,5+2,6 3,04+£0,7 50,229 23,6+2,1 111,2+28
3 5,2+0,1 30,9+1,4 37,1+12 525+2,6 58+0,6 31,3t16 66,625 58,624 3,2¢0,8  44,6£35 20,7£2,2 88,9+25
4 4,8+0,7 32,2+1,3 32,7+2,1 522+15 57£0,2 27,612,3 72,1+2,7 62,0+2,6 2,9+0,6  50,6£2,4 225+2,7 88,9+2,7
5 5,3£0,5 29,8+1,2 37,6%£3,7 54,6%1,2 6,3+0,6 29,816 73,724 60,7+2,1 2,6£0,7 48,0x15 17,0£2,2 954429
6 5,8+0,9 32,6£1,1 43,823 56,6t1,2 56+04 25,615 66,716 59,819 3,6£0,5 54,6+2,3 24,2+1 103,1£3,7
7 5,3£0,7 29,2+1,4  36,4%£3,2 55,5422 55+0,4 27,2+2,2 67,7£1,6 63,924 3,2£0,2 47,0x2,6 22,6£1,7 105,6%£2,4
8 5,4+0,8 30,8t14 40,3x2,6 52,3t15 43+0,1 27,2+13 62,3x1,8 62,4122 2,9+0,3 52,816 20,8+2,3 102,5+2,8
Contrast p value
lvs2to8 0.001 0,128 - 0,026 <0,001 0,670 0,720 <0,001 <0,001 <0,001 - <0,001
2vs3to8 0,165 0,027 0,195 0,326 0,104 0,014 0,175 0,068 0,910 0,660 0,051 <0,001
34vs5t08 0,140 0,131 <0,001 0,004 0,152 0,013 0,048 0,224 0,993 0,009 0,627 <0,001
3vs4 0,419 0,245 0,030 0,810 0,733 0,005 <0,001 0,077 0,583 0,002 0,218 0,974
5vs6to8 0,529 0,212 0,104 0,908 <0,001 0,004 <0,001 0,378 0,074 0,023 <0,001 <0,001
6vs78 0,240 0,006 0,003 0,022 0,015 0,143 0,237 0,043 0,116 0,005 0,055 0,519
7vs8 0,897 0,136 0,055 0,018 0,001 0,957 0,003 0,400 0,517 0,003 0,223 0,085




Table 3. Mean value (£ SD) of plant height, stem diameter, insertion height of the first ear (IHFE) and shoot dry matter, experiments 1,2 and 3.

Treatments Experiment 1 Experiment 2 Experiment 3
Stem IHFE Shoot Dry Stem IHFE Shoot Dry Plant Stem IHFE Shoot Dry
diameter Matter diameter Matter height diameter Matter
............ CM ..oiveinnn, kg ha' e CM kg ha'? e O kg ha!
1 11,09+0,3 89,18+3,6 3575,2+445 11,06+3,9 46,70+2,1 3867,08+78,8 1,11+0,18 15,1+0,3 50,9#4,1 4670,8+25,8
2 11,23+0,4 97,60+1,1 3536,7+55,1 14,09+2,8 58,15+1,9 4361,7+89,5 1,46+0,20 17,3+0,6  54,9+3,1 4875,6+20,9
3 10,96£0,4 95,09+3,7 3865,11+59,8 19,32+2,3 51,3243,5 3985,1+49,9 1,50+0,10 17,1£0,2 58,425 4658,4+53,3
4 10,92+0,5 97,1612 3644,1+81,5 18,84+2,1 53,50+2,8 4043,7x72,4 1,41+0,11 16,3x0,6  57,5+3,2 4279,5£37,7
5 12,63+0,7 89,47+2,6 3574,2+659 15,84+3,6 57,68+1,2 4100,6+47,3 1,48+0,10 16,2+0,2 58,129 4546,6+44,7
6 12,16+0,6 98,78+3,6 3776,3+70,0 17,68+2,6 50,81+2,2 4229,9+72,5 1,45+0,06 17,3£0,7  55,6%2,2 4270,6+59,4
7 12,35+0,5 91,47+2,3 3700,1+65,5 18,68+1,7 60,56+£3,6 3991,5+77,7 1,47+0,11 16,4+0,6  56,1+2,1 4546,1+79,6
8 11,72+0,7 94,12+2,4  4079,9+87,7 14,93+2,2 47,62+3,3 3723,8+85,9 1,43+0,15 16,9£0,1  58,9+1,7 4492 4+72,7
Contrast p value
lvs2to8 0,025 <0,001 0,003 <0,001 <0,001 <0,001 <0,001 <0,001 <0,001 <0,001
2vs3to8 0,044 0,041 <0,001 0,008 0,003 <0,001 0,901 0,057 0,031 <0,001
34vs5t08 <0,001 0,037 0,377 0,023 0,126 0,181 0,924 0,960 0,427 0,814
3vs4 0,913 0,302 <0,001 0,822 0,241 0,043 0,213 0,042 0,544 <0,001
5vs6t08 0,057 0,003 <0,001 0,338 0,004 0,172 0,577 0,045 0,329 <0,001
6vs7,8 0,666 <0,001 0,017 0,525 0,048 <0,001 0,969 0,053 0,154 <0,001

7vs8 0,079 0,189 <0,001 0,026 <0,001 <0,001 0,594 0,179 0,066 0,134
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Highlights

e The combination of A. brasilense, Mo and N increased 12,68% photosynthetic
nitrogen use efficiency;

e Application methods A. brasilense on seed average increased 18.5% photosynthetic
nitrogen use efficiency;

e Molybdenum and nitrogen increased at 6.73% photosynthetic nitrogen use efficiency
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ABSTRACT

Nitrogen (N) plays a vital role in plant growth, as it is a constituent of nucleotides and proteins.
However, the effects induced by combination molybdenum (Mo), N and Azospirillum
brasilense on photosynthetic efficacy have not been investigated. The objective this is study,
evaluated the of inoculation methods A. brasilense, nitrogen and molybdenum on
ecophysiological parameters on maize plants cultivated in the sub-humid tropical regions of
Brazil. Three field trials were conducted in a randomized complete block design with four
replicates and eight treatment. The treatments were 140 kg ha* of N, 90 g ha' of Mo and
inoculation methods of A. brasilense (seed and leaf). In experiment 1, treatments 20 days after
top dressing did affect stomatal conductance (gs), intercellular CO, concentration (Ci), leaf
chlorophyll index (LCI) and photosynthetic nitrogen use efficiency (PNUE). In experiment 2,
treatments did affect Ci, LCI and PNUE 20 and 40 days after top dressing. In experiment 3,
treatments did affect A, gs, 20 days after top dressing, Ci, LCI, PNUE. The average of the
experimental results showed a positive effect of the application N, Mo and A. brasilense
compared to only N or without N. This combination increased PNUE 12,68%. Therefore, it is
evident from this study that the application of A. brasilense in combination with N and Mo
improves N retention, N uptake, photosynthetic apparatus and PNUE of corn grown in sandy

soils with poor physical and chemical properties.

Keyswords: Zea mays; photosynthesis; ecophysiological; biological nitrogen fixation,
nitrogen fertilization.

1. INTRODUCTION
Maize (Zea mays L.) is a cereal widely cultivated throughout the world due to the
important role it plays in the different world agribusiness supply chain. The culture stands out

as a source of products for human and animal nutrition (Santos et al, 2017). Nitrogen (N) is
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typically a limiting nutrient for the production of most of the cereals, and most importantly for
maize (Yue et al. 2021), because it is an essential component of all proteins and enzymes,
nucleic acids that make up DNA, and chlorophyll that enables the process of photosynthesis in
plants (Leghari et al. 2016), moreover nitrogen (N) plays a vital role in plant growth and
productivity.

N supply has a significant impact on photosynthesis by affecting leaf structure and
nitrogen distribution in the leaf (Mu and Chen, 2021). Photosynthesis, or the conversion of
light energy into chemical energy, control a variety of physiological, biochemical and
molecular processes that substantially contribute to the plant growth and development. (Sener
et al. 2016, Imran et al. 2019).

Physiologically, the relationship between leaf N and net photosynthetic rate is well
documented (Chen et al, 2016). However poor N management has contributed to increased N
losses by ammonia (NHs) volatilization, nitrate (NO3) leaching and nitrous oxide (N20)
emissions, which have both economic and environmental consequences (Linquist et al. 2013;
Abalos et al. 2014; Martins et al. 2015, 2017; Galindo et al. 2020). These problems indicate
the need for a new strategy or alternative, to increased production on maize, nitrogen use
efficiency and photosynthetic capacity per unit leaf N.

Many studies have shown molybdenum (Mo) plays an essential role in many
biochemical processes in plants and is a constituent of nitrogenase (Fageria et al., 2011;
Marschner, 2012; Kovécs et al, 2015; Barbosa et al, 2021), the enzyme that catalyzes the
reduction of atmospheric nitrogen into ammonia, and a cofactor in nitrate reductase (Silva et
a., 2017). Mo is less available to plants in acidic soils (typical tropical soils). The limitations
of molybdenum in acidic soils indicate the need for strategy Mo foliar supply for plants

(Calonego et al., 2010, Kovacs et al., 2015).
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The use of biological technigues such as plant growth-promoting bacteria (PGPB) can
represent a sustainable alternative for cereal growth in sub-humid tropical regions of Brazil.
(Martins et al., 2018; Galindo et al., 2019). In this sense, inoculation and application of PGPB
especially A. brasilense is an important strategy in maize cultivation. Several benefits have
been attributed to the inoculation with A. brasilense, including the supply of N by the biological
nitrogen fixation (BNF) process (Hungria et al., 2010; Fukami et al., 2017), stimulation of root
growth (Lin et al., 2012; Santi et al., 2013), phosphate solubilization (Rodriguez et al., 2004),
and increased tolerance to abiotic (Bulgarelli et al., 2013, Fukami et al., 2018) and biotic
(Correa et al., 2008) stresses. In the case of the Brazilian commercial strains of A. brasilense
Ab-V5 and Ab-V6, the main effects have been attributed to the production of phytohormones
(Hungria et al., 2010; Fukami et al., 2017).

The most frequent technique of inoculation is via seeds, however, another strategy of
application of the PGPB is the foliar, where the PGPB are sprayed over the leaves of the
cultivation. The foliar application creates an unknown interaction between the plant leaf surface
and the microorganism, which needs to be further investigated (Preininger et al., 2018;
Efthimiadou et al., 2020). It should also be noted that the efficiency of inoculation via seeds
can be affected by the use of chemicals during treatment, such as fungicides and insecticides,
which reinforces the importance of researches and analysis to use supplementary forms of
inoculation (Boleta et al., 2020).

The need for agriculture that maintains ecosystems and biodiversity, the search for
solutions that combine increased production and increasingly sustainable agricultural practices
IS necessary. Some studies analyze crop production, however, the interaction of the
ecophysiological system is still not very explored. Plants can look healthy and no productive.
Therefore, the objectives of this study were to evaluate the effects of the combined use of

chemical (N and Mo) and biological (A. brasiliense) factors on physiological parameters on
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maize plants grown in the sub-humid tropical regions of Brazil. It was hypothesized that co-
application N, Mo, and A. brasilense would enhance the photosynthetic efficiency of maize

plants.

2. MATERIALS E METHODS
2.1.  Field site description
Three field trials were conducted in the municipality of S&o Luis (2°30'S, 44°18'W, 24
m above sea level), State of Maranhdo, Brazil. The firts trial was stablished from February
2018 to May 2018 (Experiment 1), second from October 2018 to January 2019 (Experiment 2)
and third from March 2019 to July 2019 (Experiment 3). The region has a hot, semi-humid,
equatorial climate, with mean annual rainfall of 2,200 mm and two well-defined seasons: a
rainy season from January to June, and a dry season with pronounced water deficits from July

to December. The climatic conditions during the trials are shown in Figure 1.
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Figure 1. Rainfall (mm) and maximum and minimum temperatures obtained from the data base
National Institute of Meteorology of Brazil (INMET) during the corn cultivation (all seasons)
in the period from January 2018 to July 2019.

The trials were conducted under a no-tillage system. The field had not been cultivated
with any agricultural crop for at least 10 years (2003-2013). Maize and cowpea (Vigna
unguiculata L. Walp) had been cultivated in the field after 2013. The remaining straws from
previous maize and cowpea crops were left on the soil surface. The soil in this area is a Typic
Hapludult according to USDA soil taxonomy (Soil Survey Staff, 1999), with pH in CaCl2
(soil:solution ratio of 1:2.5) = 5.3; organic matter =5 g dm3; P (resin) = 31 mg dm™; K* = 1.7
mmolc dm3; Ca?* = 24 mmolc dm3; Mg?* = 15 mmolc dm3; H* + AIF* = 19 mmolc dm'3; sum
of bases = 40.7 mmolc dm3; cation exchange capacity at pH 7 = 59.7 mmolc dm3; base
saturation = 68%; and coarse sand = 260 g kg!, fine sand = 640 g kg, silt = 20 g kg™, and

clay = 120 g kg and texture sandy loam.
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No mechanical soil preparation was carried out before the maize sowing. At 30 days
before sowing in 2017 was applied 1.0 Mg ha-1 of dolomitic limestone (32% CaO, 15% MgO,

and total neutralizing power of 91%) without incorporation.

2.2.  Experimental design, treatment, and field management
The experimental design was a randomized complete block design with four replicates
and eight treatment (Table 1). There were one N rate 140 kg ha*, one Mo rate 90 g ha* and
inoculation methods of A. brasilense (seed and leaf). Each plot consisted of four 4 m-long rows
spaced 0.8 m apart. The outer rows of each plot and 0.5 m from each end of the rows were used
as borders. Treatment arrangement of all seasons 2018/2019 with Azospirillum brasilense
(seeds and leaf), nitrogen and molybdenum rates.

Table 1. Treatment arrangement of all seasons 2018/2019 with Azospirillum brasilense (seeds
and leaf), nitrogen and molybdenum rates.

Treatments Nitrogen Molybdenum  Azospirillum  Azospirillum
(kg/hat) (g/hat) seeds leaf
(ml/hat) (ml/hat)
Sowing Topdressing Topdressing Sowing Topdressing
1 - - - - -
2 40 100 - - -
3 40 100 - 100 -
4 40 100 - - 200
5 40 100 90 - -
6 40 100 90 100 -
7 40 100 90 - 200
8 40 100 90 100 200

At sowing furrow, 40 kg ha! of N (granulated urea), 80 kg ha-1 of P,Os (simple
superphosphate), and 100 kg ha! of K>O (potassium chloride) were applied in all trials. Seeds
of the maize simple hybrid PIONNER 30F35® was sown at a density of four seeds per meter
(5 plants m?). Seedling emergence occurred between four and six days after sowing for all
trials. All plots were irrigated after the sowing with 15 mm of water, using a drip tape system

and 2-day intervals, for a good and uniform seedling emergence. Approximately every 3 days
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without rainfall after seedling emergence, the plots were irrigated with 15 mm of water (2-hour
irrigation). The plants were irrigated when there was no or low rainfall in the previous week.
When there was a need to irrigate, we use the drip tape with flat emitters inside, 16mm
diameter, thickness from 0.6mm, spacing from 20cm.

Topdressed N (100 kg ha* of N) (granulated urea) was manually applied when the
maize plants had six leaves completely expanded (V6) and was evenly applied along the
furrows at 10 cm away from the plants. All plots were immediately irrigated after N fertilizer
with approximately 15 mm of water to minimize ammonia volatilization. Topdressed Mo (90
g ha'l) (ammonium molybdate) applied when the maize plants had six leaves completely
expanded (V6) by spraying the solution, using a sprayer equipped with one cone nozzle (XR
11002; Teejet®, Wheaton, USA), with a flow rate of 200 L ha-1 of water. A plastic sheet was
used to protect adjacent plots from unwanted spray drift.

The seeds and leaves of maize plants were inoculated with Azospirillum brasilense,
using the commercial strains Ab-V5 and Ab-V6 (Nitro 1000 Gramineas; Nitro 1000, Cascavel,
Brazil) at rates of 100 mL and 200 mL of the liquid inoculant per hectare (2x108 CFU [colony
forming unity] mL-1), respectively. These strains have not been used in sub-humid tropical
regions of the State of Maranhé&o, Brazil. The seeds were inoculated one hour before sowing
the crop, and the leaves were inoculated at V6 stage by spraying the solution, using a sprayer
equipped with one cone nozzle (XR 11002; Teejet®, Wheaton, USA), with a flow rate of 200
L ha-1 of water. A plastic sheet was used to protect adjacent plots from unwanted spray drift.

Deltamethrin (5 g ha-1 active ingredient) was applied to control fall armyworm
(Spodoptera frugiperda), when needed. Weeds were controlled by manual hoeing until the N

topdressing application.
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2.3.  Measurements collected

The features were evaluated at the beginning of tasseling stage, (approximately 20 days
after topdressed) and milk stage (approximately 40 days after topdressed). The photosynthetic
CO2 assimilation (A), stomatal conductance (gs) and intercellular CO2 concentration (Ci) was
measured with a portable LI-COR gas exchange system LI-6400 (LI-COR, Lincoln, USA),
operating as an open system. The measurements were conducted under a clear and sunny day,
and with photosynthetically active radiation of 1,500 pmol m-2 s-1. The average leaf
temperature inside the chamber was 33.6+0.2 °C, and a CO2 concentration of 4001 pmol CO>
mol s. At least two measurements were performed on third leaf above the ear leaf in two
plants, and more were performed when the first two values presented high variation. The
average of the four readings was taken as a replicate. The leaf chlorophyll index (LCI), was
measured indirectly using a portable non-destructive chlorophyll meter SPAD-502 (Minolta
Co., Japan).

The same leaves that had been used for the photosynthetic CO, assimilation
measurements were harvested. Subsequently, 20 leaf disks of approximately 1.8 cm? were
taken and the remaining leaf tissues were oven-dried at 70 °C to a constant weight to calculate
the specific leaf area (leaf area per unit of dry weight). Total N concentration in leaves were
analyzed using the Kjeldahl method (Tedesco et al., 1995). In addition, the photosynthetic N
use efficiency (PNUE) was calculated by dividing photosynthetic CO; assimilation by specific
leaf N (N concentration per unit leaf area) (Sinclair; Horie, 1989; ; Rodriguez-Lépez et al.,

2014).

2.4.  Statistical analyses
All data were initially tested for homogeneity of variance with O’Neill and Mathews

test and normality using the Shapiro and Wilk test. When the effect of treatment was significant
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(p < 0.05), a set of seven orthogonal contrasts (below) was analysed. The precise p values of

these contrasts were reported. VValues were reported as means + SD.

Orthogonal contrasts:
a) T1 vs. T2 to T8 (this contrast check the effect of N deficiency in maize plants)
b) T2 vs. T3 to T8 (this contrast check the effect of new production technology)
c) T3and T4 vs T5 to T8 (this contrast check the effect of Azospirilum versus the combination
Mo and Azospirilum)
d) T3 vs. T4 (this contrast check the effect of Azospirilum on seed versus Azospirilum on leaf,
without Mo application)
e) T5 vs T6 to T8 (this contrast check the effect of Mo versus Azospirillum, regardless of the
form of application)
f) T6 vs T7 and T8 (this contrast check the effect of Azospirilum on seed versus Azospirilum,
regardless of the form of application)
g) T7 vs T8 (this contrast check the effect of Azospirilum on leaf versus Azospirilum on seed
with Mo application).

The data were analysed using the statistical software R v. 3.6.1 (R Core Team, 2019)
with the RStudio Version 1.2.5019 interface (RStudio Team, 2019) and the ExpDes.pt package

(Ferreira; Calvacanti and Nogueira, 2014).

3. RESULTS
In experiment 1, treatments were evaluated at 20 days after topdressing (20 DATD) did
affect stomatal conductance (gs), intercellular CO> concentration (Ci), leaf chlorophyll index
(LCI) and photosynthetic nitrogen use efficiency (PNUE). Treatments were evaluated at 40
days after topdressing (40 DATD) did affect Ci, LCI, PNUE. Treatments did not affect CO>
assimilation (A) (p = 0.06, mean = 43.17 + 3.66), 20 DATD and CO; assimilation (p = 0.93,

mean =44.67 + 3.42) and stomatal conductance (p = 0.62, mean = 0.34 + 0.05) 40 DATD).
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In experiment 2, treatments were evaluated at 20 DATD did affect Ci, LCI and PNUE
and treatments were evaluated at 40 DATD did affect Plas (40 DATD). Treatments did not
affect CO2 assimilation (, p = 0.124, mean = 51.1 + 2.62) and stomatal conductance (, p = 0.39,
mean = 0.55 + 0.13) at 20 DATD. CO- assimilation (p = 0.09, mean = 26.22 + 2.81) and
stomatal conductance (p = 0.57, mean = 0.59 + 0.14) at 40 DATD.

In experiment 3, treatments were evaluated at 20 DATD did affect A, gs, Ci, LCI, PNUE
and treatments were evaluated at 40 DATD did affect PNUE Treatments did not affect CO>
assimilation (p = 0.06, mean = 23.3 £2.52) and stomatal conductance (p =0.65, mean = 0.6
0.68) at 40 DATD.

About the contrasts, maize plants N deficiency (T1) was either at 20 DATD in
experiment 1 (16.4% LCI, 13.7 % PNUE), experiment 2 (16.5% Ci, 14.5% LCI), experiment
3 (2% Ci, 26.1% LCI) and at 40 DATD in experiment 1 (18.5% LCI), experiment 2 (7.2% Ci,
8.9% LCI, 9.9 PNUE) and experiment 3 (7.61% Ci, 21.6% LCI) greater compared when maize
plants fertilized of nitrogen. However, at 20 DATD in experiment 1 (4.4% Ci), experiment 3
(8.6% A, 22.1% gs) and at 40 DATD experiment 1 (8.3% Ci, 5.3% PNUE), experiment 3 (6.5%
PNUE) was increased with N deficiency (T1 vs T2 to T8, Table 2, 3, 4 and 5).

Maize plants fertilized with 140 kg ha* of nitrogen, 90 g ha! of Mo and inoculated A.
brasilense (seed and leaf) was either at 20 DATD in experiment 1 (18.2% gs,), experiment 2
(3.3% LCI) and at 40 DATD in experiment 1 (18.8% Ci, 5.8% LCI), experiment 2 (2% LClI,
11.7% PNUE) and experiment 3 (10.2% LCI, 9.6% PNUE) greater compared when maize
plants only fertilized with 140 kg ha'! of nitrogen. However, there was a reduction at 20 DATD
in experiment 1 (2.6% Ci, 6.9% LCI), experiment 2 (13.3% PNUE), experiment 3 (10.6% Ci,
20.6% LCI) and at 40 DATD in experiment 1 (12.9% PNUE), experiment 2 (3% Ci),

experiment 3 (7.3% Ci) (T2 vs T3 to T8, Table 2, 3, 4 and 4).
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Maize plants only inoculated of A. brasilense was either at 20 DATD in experiment 1
(3.4% LCI) and at 40 DATD in experiment 1 (9.3 Ci) and experiment 3 (10.2% LCI) greater
compared when maize plants combination inoculated of A. brasilense and fertilized with 90 g
ha! of Mo. However, there was a reduction at 20 DATD in experiment 1 (6.6% Ci, 2.7%
PNUE), experiment 2 (10.6% Ci), experiment 3 (3.9% Ci, 16.2% LCI) and at 40 DATD in
experiment 1 (0.5% PNUE), experiment 2 (0.1% Ci, 8.8% PNUE) (T3 and T4 vs T5 to T8,
Table 2, 3, 4 and 5).

The effect of A. brasilense on seed increased at 20 DATD in experiment 1 (7.9% Ci
and 7.8% PNUE), experiment 2 (11.7% Ci and 17% PNUE), experiment 3 (9.7% Ci) and at 40
DATD in experiment 1 (30.7% PNUE) respectively, when compared the effect A. brasilense
on leaf without Mo. However, there was a reduction at 20 DATD in experiment 1 (27.2% Gs),
experiment 3 (16.9% PNUE) and 40 DATD in experiment 1 (10.8% LCI), experiment 2 (3.2%
Ci, 12.6% PNUE) and experiment 3 (9% PNUE) (T3 vs T4, Table 2, 3, 4 and 5).

The effect of Mo increased at 20 DATD in experiment 1 (3.9 Ci, 17.2% PNUE),
experiment 3 (7% A, 13% Gs, 6.7% LCI and 4% PNUE) and 40 DATD in experiment 1 (10%
Ci, 10.5% PNUE), experiment 2 (3.1% Ci, 8.7% PNUE), experiment 3 (14.3% LCI) when
compared maize plants inoculated A. brasilense, regardless of the form of application.
However, there was a reduction at 20 DATD in experiment 3 (6.1% Ci) and at 40 DATD in
experiment 1 (10.6% LCI), experiment 3 (5.1% PNUE) (T5 vs T6T8, Table 2, 3, 3 and 5).

The effect of A. brasilense on seed increased at 20 DATD in experiment 2 (5.4%
PNUE), experiment 3 (3.2% Ci) and 40 DATD in experiment 1 (6.35% Ci and 7.1% PNUE),
experiment 2 (2.3% Ci and 4% LCI) when compared A. brasilense regardless of the form of
application. However, there was a reduction at 20 DATD in experiment 1 (27.2% gs, 46.7%
PNUE) and 40 DATD in experiment 2, 3 (12.7% and 14% PNUE) respectively (T6 vs T7 and

T8, Table 2, 3, 4 and 5).
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The effect of A. brasilense on leaf increased at 20 DATD in experiment 1 (17.1% gs
and 14.6% Ci), experiment 2 (11.3% Ci and 15.6% PNUE), experiment 3 (14.5% gs, 2.4% Ci)
and 40 DATD in experiment 1 (19.6% PNUE), experiment 3 (4.3% Ci and 7.4% LCI) when
compared A. brasilense on seed with Mo. However, there was a reduction at 40 DATD in
experiment 1 (7.6% Ci), experiment 2 (3.4% LCI and 16.6% PNUE) (T7 vs T8, Table 2, 3, 4

and 5).

6. DISCUSSION

In the present study, we wanted to understand how the combined use of chemical and
biological inputs affects the Photosynthesis, PNUE and efficiency of photochemistry in maize
plants cultivated in the sub-humid tropical regions of Brazil. Nitrogen (N) is an essential but
generally limiting nutrient for biological systems (Udvardi et al. 2021) Bacteria of the genus
Azospirillum, native to the soil, and its association with plants has a series of beneficial
responses such as increasing the synthesis of photosynthetic pigments (chlorophyll) (Boleta et
al., 2020; Bulegon et al., 2017). Molybdenum (Mo) is an essential micronutrient for higher
plants and plays an important role in the photosynthetic process due to its major involvement
in the chlorophyll biosynthesis pathway (Yu et al., 2006) and in the chloroplast configuration
and ultrastructure (Yu et al., 2005).

PNUE is a ratio determined simultaneously by numerator (A) and denominator (foliar
nitrogen concentration) (Gou et al. 2016). Photosynthesis is an enzyme-mediated process that
largely depends on Ribulose-1, 5-bisphosphate carboxylase-oxygenase (Rubisco enzyme).
Rubisco enzyme, as the key enzyme that accounts for up to 30% of total leaf nitrogen, is often
positively correlated to nitrogen availability and could directly influence photosynthetic
capacity (Zhou, 2005; Pooter and Evans, 1998; Sims et al., 1998). In the present study the
feature PNUE is affected in all experiments in 20 and 40 DAAT. This suggested that maize

plants have a higher light energy convention and electron transport rate. Maize plants invested
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N to Rubisco. The COz concentration is higher in the vicinity of Rubisco in maize plants. Thus,
a lower amount of Rubisco is sufficient to achieve high photosynthetic rate (Seemann et al.,
1984; Sage et al., 1987; Mu and Chen, 2021).

Nitrogen availability in leaves is strongly positively correlated with photosynthesis,
chloroplast structure, and chlorophyll content (Liu et al., 2018). Mo plays a key role in N
absorption and assimilation pathways through enzymatic regulation (Campbell, 2001; Schwarz
et al.,, 2009), indicating that Mo application may trigger many nitrogen-dependent
physiological, biochemical and molecular processes through effective N acquisition, leading
to plant N overall response to availability. Our results indicated that the effect of the new
production technology on PNUE at 20 DAAT is not improved when compared with maize
plants only fertilized nitrogen. Probably the Mo leaf spray had a low translocation, due to the
acidic pH (<5.2) in soil, resulting in low Mo phloem mobility and xylem certainly affected Mo
absorption (Valenciano et al., 2011). Campo and Hungria (2002) reported that Mo foliar
spraying presents rapid translocation, after application of five days, they observed a higher
concentration of molybdenum in the nodules of soybean plants. On the other hand, the effect
of combined use of Mo and N leads increase of 10% in PNUE when compared maize plants
inoculated A. brasilense.

Chlorophyll content is strongly correlated with light, PNUE and the final growth and
development of vegetative organs (Liu et al., 2018). In addition, chlorophyll a and b play a key
role in photosynthetic CO» assimilation, participating in the absorption, transfer and conversion
of light energy (Sui et al., 2010). In the present study, the leaf chlorophyll index increased in
almost all experiments, due to the positive relationship with N and Mo supply. Suggesting that
combined application N and Mo induced significant increases in the chlorophyll a and b
contents. Irman et al., 2019 indicates that Mo might have an essential role in the chlorophyll

biosynthesis. Yu et al. (2006) report that in their essays the chlorophyll biosynthesis process,
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the transformation of -aminolaevulinic acid (ALA) into uroporphyrinogen Il (Uro I11),
intermediates in the chlorophyll biosynthesis pathway, occurs in the chloroplast matrix instead
of the membranes thylakoids and in the absence of Mo the transformation process is blocked
and results in a decrease in the chlorophyll content in the leaf tissues.

Generally, Gs is often used to denote the extent of opening of stomata and Ci to indicate
the assimilation ability of mesophyll cells for COz in plants, which are important indices of the
photosynthesis of plants and have close relationships with CO2 assimilation (Farquhar and
Sharkey 1982). In the present study, the disparities in results may have been a function of series
environmental factors including water and nutrient status, light, CO2 levels and temperature.

According to the set of results, probably the increase in the efficiency of the use of
photosynthetic nitrogen (PNUE) induced by Mo and A. brasilense occurred with the
improvement of the photosynthetic apparatus and also by the better absorption and assimilation

of N.

7. CONCLUSIONS
The average of the experimental results showed a positive effect of the application N,
Mo and A. brasilense. This combination increased PNUE 12,68%. Therefore, this study
showed that the application of A. brasilense in combination with N and Mo improves N
retention, N uptake, photosynthetic apparatus and PNUE of corn grown in sandy soils with
poor physical and chemical properties.
However, further studies should be carried out to explore the molecular basis of Mo-

induced changes in the photosynthetic apparatus.
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Table 2. Effect of treatments evaluated at 20 days after topdressing, mean value (+ SD)
of CO, assimilation (A, umol CO..m?2s?), stomatal conductance (gs mol m=2.s?),
intercellular CO2 concentration (Ci, pmol CO2/ mol) and leaf chlorophyll index (LCI).
Experiments 1,2 and 3.

Treatments Experiment 1 Experiment 2 Experiment 3
Os Ci LCI Ci LCI A Os Ci LCI
1 0,42+0,07 143,926 41,419 105,0£3,0 51,124 40,2£0,9 0,67+0,04 151,9+44 70,2£3,5
2 0,38+0,03 147,629 51,4+1,7 126,2£2,9 57,2137 36,9+2,0 0,59+0,08 168,8+2,9 112,0+2,6
3 0,37+0,06 141,9+3,3 51,7+2,1 136,5+1,4 60,5+3,3 35,0£2,3 0,55+0,05 157,6£2,5 86,355
4 0,51+0,08 131,4+2,6 49,7+1,2 122,2+5,1 59,3+3,6 37,2£1,6 0,55+0,03 143,6+2,8 87,4+3,1
5 0,53+0,11 150,8+3,3 48,3+2,3 120,8+3,9 59,8+3,9 39,6+1,7 0,60+0,02 147,2+24 106,945,1
6 0,39+0,05 143,8+2,8 47,9+2,6 127,6£3,1 58,7+£3,7 36,7+2,0 0,54+0,02 152,8+4,5 101,9+4,7
7 0,55+£0,05 156,3+2,7 48,1+2,9 130,7£3,9 62,1+3,7 37,8+1,1 0,55+0,08 159,7+4,0 104,1+4,4
8 0,45+£0,02 133,439 49,429 115,8£3,5 61,9+3,2 36,0£3,2 0,47+0,05 155,8+2,6 93,6%4,7
Contrast p value
lvs2to8 0,297 <0,001 <0,001 <0,001 <0,001 0,009 <0,001 0,017 <0,001
2vs3to8 0,013 0,007 0,057 0,748 0,098 0,914 0,136 <0,001 <0,001
34vs5t08 0,160 <0,001 0,017 <0,001 0,653 0,121 0,609 0,003 <0,001
3vs4 0,004 <0,001 0,193 <0,001 0,619 0,156 0,947 <0,001 0,683
5vs6to8 0,106 0,002 0,911 0,075 0,592 0,032 0,019 <0,001 0,002
6vs78 0,010 0,589 0,512 0,068 0,138 0,859 0,364 <0,001 0,165
7vs8 0,043 <0,001 0,354 <0,001 0,936 0,140 0,044 0,023 <0,001
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Table 3. Effect of treatments evaluated at 20 days after topdressing, mean value (£ SD)
of photosynthetic nitrogen use efficiency (PNUE, umol CO2 g*. N. s1). Experiments 1,2

and 3.

Treatments Experiment 1

Experiment 2  Experiment 3

PNUE PNUE PNUE

1 86,6+2,3 154,4+3,9 107,3+4,6

2 100,4+3,5 171,1+2,2 108,2+3,4

3 102,145,1 163,9+3,8 97,5+2,6

4 94,734 140,2+4,1 117,4+1,1

5 116,3+3,8 151,6+3,7 110,9+3,5

6 73,4+1,8 143,5+4,5 108,5+2,8

7 109,6+4,1 164,8+4.,4 105,245,2

8 106,1+3,9 138,8+2,9 105,9+3,6

Contrast p value

lvs2to8 <0,001 0,604 0,813
2vs3to8 0,957 <0,001 0,719
34vs5t08 0,090 0,132 0,912
3vs4 0,014 <0,001 <0,001
5vs61t08 <0,001 0,2071 0,022
6vs7,8 <0,001 0,0013 0,136
7vs8 0,209 <0,001 0,738
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Table 4. Effect of treatments evaluated at 40 days after topdressing, mean value (+ SD)
of CO, assimilation (A, umol CO..m?2s?), stomatal conductance (gs mol m=2.s?),
intercellular CO2 concentration (Ci, umol CO2/ mol) and leaf chlorophyll index (LCI).
Experiments 1,2 and 3.

Treatments Experiment 1 Experiment 2 Experiment 3
Ci LCI Ci LCI Ci LCI
1 98,51+3,1 41,4428 230,4+3,8 97,1+2,3 229,7425 64,1+4,5
2 75,82+3,7 47,0£2,3 252,7¢1,9 103,6+2,9 262,1+35 72,3£3,0
3 86,12+4,5 48,5+3,0 247,841,9 109,7+3,3 248,4+2,2 88,1+2,3
4 87,3243,9 54,3+29 255,9+2,8 107,4+3,7 248,6+2,0 86,9455
5 89,60+2,9 47,5+2,6 251,5+1,7 107,9+2,2 2442422 90,945,7
6 95,00£3,2 51,9£3,9 239,8+3,7 108,8+3,2 243,5£3,3 74,8+2,9
7 105,15+3,6 53,7+2,6 244,61£2,7 102,4+3,6 252,5+4,6 82,5+4,8
8 97,71£3,6  52,1+3,1 246,4+3,1 106,5+1,7 241,649 76,4431
Contrast p value
lvs2to8 <0,001 <0,001 <0,001 <0,001 <0,001 <0,001
2vs3to8 <0,001 0,006 <0,001 0,034 <0,001 <0,001
3,4vs5t0 8 <0,001 0,952 <0,001 0,102 0,056 0,001
3vs4 0,650 0,005 <0,001 0,278 0,951 0,676
5vs6t08 <0,001 0,003 <0,001 0,249 0,400 <0,001
6vs7,8 0,009 0,577 <0,001 0,023 0,111 0,076

7vs8 0,009 0,420 0,317 0,060 <0,001 0,047
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Table 5. Effect of treatments evaluated at 40 days after topdressing, mean value (+ SD)
of photosynthetic nitrogen use efficiency (PNUE, umol CO2 g*. N. s1). Experiments 1,2

and 3.

Treatments Experiment 1 Experiment 2 Experiment 3
PNUE PNUE PNUE

1 164,0+2,8 70,4+3,3 94,2+4,6

2 174,2+4,4 69,1+4,2 81,6+2,7

3 175,7+4,6 68,1+3,5 84,527

4 134,4+4,3 78,0+3,9 92,8+4,6

5 164,4+3,0 88,7+3,6 86,8+2,8

6 154,4+4,6 74,6+4,9 99,4+5,0

7 159,0+4,9 77,6127 87,8+4,7

8 127,845,2 90,6+1,8 86,6+3,4

Contrast p value

lvs2to8 <0,001 <0,001 0,015
2vs3to8 <0,001 <0,001 <0,001
34vs5t08 0,049 <0,001 0,393
3vs4 <0,001 0,001 0,008
5vs61t08 <0,001 0,001 0,073
6vs7,8 0,002 <0,001 <0,001
7vs8 <0,001 <0,001 0,674
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CONSIDERACOES FINAIS

A dindmica de aperfeicoamento da produtividade dos cereais avanca em direcdo
a utilizacdo combinada de produtos quimicos e biolégico, principalmente no viés da
sustentabilidade com produtos de baixo custo.

Este trabalho abre a possibilidade de utilizacdo de manejo nutricional da cultura
do milho com a combinacdo de nitrogénio, molibdénio e bactérias diazotroficas (A.
brasilense), gerando conhecimento cientifico sobre a interacdo de nutrientes e das

bactérias diazotroficas em solo do tropico umido brasileiro.
A tese abre novas linhas de pesquisas, sendo estas:

1. Teste em diferentes condic¢des de solos do tropico imido brasileiro;

2. Avaliacdo molecular da interagé@o entre nitrogénio, molibdénio e bactérias
diazotrofica na rizosfera;

3. Avaliagéo de produtividade, eficiéncia do uso do nitrogénio e eficiéncia
fotossintética do uso do nitrogénio com a dose 6tima de nutrientes e

concentracdo ideal de bactérias diazotréficas para os solos do tropico imido.
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Your Paper ¥ Way

We now differentiate between the requirements for new and revised submissions. You may choose to
submit your manuscript as a single Word or PDF file to be used in the refereeing process. Only when
your paper is at the revision stage, will you be requested to put your paper in to a 'correct format’
for acceptance and provide the items required for the publication of youwr artide.

To find out more, please visit the Preparation section below.

INTRODUCTION

1. Original full papers {Regular Papers)

2. Review articlesshould cover a part of the subject of active current inberest.

3. Short Communications

3.1 Report of preliminary results of important research [pilot investigation; e.g. no duplications or
with other restrictions).

3.2 Newly developed methodology or modification of existing methodology, possibly description of
first test.

3.3 Results of the application of an earlier published research methodology on other crops or under
different condibions (fact finding or recipes) that are nevertheless of interest to an international
readership.

4. Book Reviews will be induded in the journal on a range of relevant books which are not mora
than 2 years old.

Original papers should report the results of original research. The material should not have been
previously published elsewhere, except in a preliminary form. Reviews should cover a part of the
subject active current interest. They may be submitted or invitedand the full review should not exceed
10000 words.

Short Communications should be as completely documented, both by reference to the literature and
description of the experimental procedures employed, as a regular paper. They should not occupy
more than 4 printed pages (about 8 manuscript pages, including figures, etc.].

For consultation or suggestions please contact the Editors-in=Chief.

Co i ¥
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You nuse this 1|sttc| ca.rnr out a fimal check of your submission before you send it to the journal for
review. Please check the relevant section in this Guide for Authors for more details.

Ensure that the following items are present:

One author has been designated as the corresponding author with contact details:
+ E=mail address
« Full postal address

All necessary files have been uploaded:

Manuscript:

# Include keywords

« All figures (include relevant captions)

= All tables (induding titles, description, footnotes)

+ Ensure all figure and table citations in the text match the files provided
+ Indicate clearly if color should be used for any figures in print
Graphical Abstracts f Highlights files (where applicable)

Supplemental files (where applicable)

Further considerations

* Manuscript has been 'spell checked’ and "grammar checked"

« All references mentioned in the Reference List are cited in the text, and vice versa

* Permission has been obtained for use of copyrighted material from other sources {including the
Intemeat)
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« A competing interests statement is provided, even if the authors have mo competing interests to
declare

= Joummal policies detailed in this guide have been reviewed

= Referee suggestions and contact details provided, based on jourmnal requirements

For further information, visit our Support Center.

BEFORE YOU BEGIN

Ethics in publishing

Authorship of the paper (ICMIE)

Authorship should be limited to those who have made a significant contribution to the conception,
design, execution, and interpretation of the reported study. All those who hawve made significant
contributions should be listed as co-authors. ‘Where there are others who have participated in certain
substantive aspects of the research project, they should be acknowledged or listed as contributars.
The comesponding author should ensure that all appropriate co-authors and no inappropriate co=
authors are induded on the paper, and that all co-authors have seen and approved the final version
of the paper and have agreed to its submission for publication.

For more information on Ethics in publishing and Ethical guidelines for journal publication see hitps://
www.elseviercom/publishingethics and https://fwww.elsevier.com/ethicalguidelines.

All authors must disclose any finandal and personal relationships with other people or organizations
that could inappropriately influence (bias) their work. Examples of potential conflicts of interest include
employment, consultancies, stock ownership, honoraria, paid expert testimony, patent applications)/
registrations, and grants or other funding. All authors, including those without competing interests
to declare, should create a declaration of competing interest statement (which, where relevant, may
specify they hawe nothing to dedare). To do so, authors should wuse this tool and upload to the
submission system at the Attach Files step. Please do not convert the .docx template to another
file type. Author signatures are not reguired.

I:'.l'.-ll--I = I:..'. -\.-'..'..:I-.Iul-\.:':".- .'"'. ¥ :.I..r l:.:I-.-\.'

Submission of an article implies that the work described has not been published previously (except in
the form of an abstract, a published lecture or academic thesis, see "Multiple, redundant or concurrent
publication’ for more information), that it is not under consideration for publication elsewhers, that
its publication is approved by all authors and tacitly or explicity by the responsible authorities whera
the work was carried out, and that, if accepted, it will not be published efsewhere in the same form, in
English or in any other language, including electronically without the written consent of the copyright-
hobder. To verify originality, your article may be checked by the originality detection service Crossref
Similarity Checl.

Pregrints

Flease note that preprints can be shared anywhere at any time, in line with Elsevier's sharing policy.
Sharing your preprints e.g. on & preprint server will mot count as prior publication (see "Multiple,
redundant or concumrent pubfication’ for more information).

Fraprint post g o SERN
In sy of Open Scence, this jouwrnal offers its authors a free preprint posting service. Preprints
provide early registration and dissemination of your research, which fadlitates early citations and

coflaboration.

During submission to Editorial Manager, you can choose to release your manuscript publicdy as a
preprint on the preprint server SSEN once it enters peer-review with the journal. Your choice will have
no effect on the editorial process or outcome with the journal. Please note that the cormesponding
author is expected to seek approval from all co-authors before agreeing to release the manuscript
publicly on S5RMN.

You will be notified via email when your preprint is posted online and a Digital Object Identifier (DOT)
is assigned. Your preprint will remain globally available free to read whether the journal accepts ar
rejects your manuscript.

For more information about posting to S5RN, please consult the S5REN Terms of Use and FADs.
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Indusive language acknowledges diversity, conveys respect to all people, ks sensitive to differences,
and promofes egqual opportunities. Content should make no assumptions about the beliefs or
commitments of any reader; contain nothing which might imply that one individual is superior to
another on the grounds of age, gender, race, ethmicty, culture, sexual orientation, disability or health
condition; and use inclusive language throwghouwt. Authors should ensure that writing is free from bias,
stereptypes, slang, reference to dominant culture and/or cultural assumptions. ‘We advise to sesk
gender neutrality by using plural nouns {"clinicians, patientsf/clients") as default/wherever possible
to avoid using "he, she," or "hefshe." We recommend avoiding the use of descriptors that refer
to personal attributes such as age, gender, race, ethnicity, culture, sexual orientation, disability or
health condition unless they are relevant and valid. When coding terminology is used, we recommend
to avoid offensive or exclusionary terms such as "master”, "slave”, "blacklist" and “"whitelist". We
suggest using alternatives that are more appropriate and (self-) explanatory such as “primary”,
"secondary”, "blocklist® and “allowlist™. These guidelines are meant as a point of reference to help
identify appropriate language but are by no means exhaustive or definitive.

For transparency, we sncourage authors to submit an author statement file outlining their individual
contributions to the paper using the relevant CRediT roles: Conceptualization; Data curation;
Formal analysis; Funding acquisition; Investigation; Methodology; Project administration; Resources;
Software; Supervision; Validation; Visualization; RolesyWriting - original draft; Writing - review &
editing. Authorship statements should be formatted with the names of authors first and CRediT role{s)
follawing. More details and an example

ithorshi

Authors are e to consider carefully the list and order of authors before submitting their
manuscript and provide the definitive list of authors at the time of the onginal submission. Any
addition, deletion or rearrangement of author names in the authorship list should be made only
before the manuscript has been accepted and only if approved by the journal Editor. To reguest such
a change, the Editor must receive the following from the corresponding author: {a) the reason
for the change in author list and (b} written confirmation (e=mail, letter) from all authors that they
agree with the addition, remowval or rearrangement. In the case of addition or removal of authors,
this includes confirmation from the author being added or removed.

Only in exceptional droumstances will the Editor consider the addition, deletion or rearrangement of
authors after the manuscript has been accepted. While the Editor considers the request, publication
of the manuscript will be suspended. If the manuscript has already been published in an online issue,
any reguests approved by the Editor will result in a comigendum.

Article transfer service

This journal is part of our Articke Transfer Service. This means that if the Editor feels your article is
mare suitable in one of our other participating journals, then you may be asked to consider transferring
the article to one of those. If you agree, your article will be transferred automatically on your behalf
with no need to reformat. Please note that your artide will be reviewed again by the mew journal.
More information.

Upon acceptance of an article, authors will be asked to complete a "Journal Publishing Agreement’ (see
mare information on this). An e-mail will be sent to the corresponding author confirming receipt of
the manuscript together with a "Jourmal Publishing Agreement’ form or a link to the online version
of this agreement.

Subscribers may reproduce tables of contents or prepare lists of articles including abstracts for internal
circulation within their institutions. Permission of the Publisher is required for resale or distribution
ouktside the institution and for all other dervative works, including compilations and translations. If
excerpts from other copyrighted works are included, the author({s) must obtain wnitten permission
from the copyright owners and credit the source(s) in the article. Elsevier has preprinted forms for
use by authors in these cases.

For gold open access artides: Upon acceptance of an articke, authors will be asked to complete a

'License Agreement” {more information). Permitted third party reuse of gold open access artides is
determined by the author's choice of user license.
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Author rights
As an author you {or your employer or institution} hawve certain rights to reuse youwr work. More
information.

Elsevier supports responsible sharing
Find out how you can share your research published in Elsevier journals.

[

You are regues to identify who provided financial support for the conduct of the research andfor
preparation of the article and to briefly describe the robe of the sponsor(s), if any, in study design; in
the collection, analysis and interpretation of data; in the writing of the report; and in the decision to
submit the article for publication. If the funding source(s) had no such involvement then this should
be stated.

st i P S

Fleaze 'H‘i-Ei‘t nur Open Access page for more information.

Elsevier Researcher Academy

Researcher Academy is a free e-learning platform designed to support early and mid-career
researchers throughout their research journey. The "Learmn” environment at Researcher Academy
offers several interactive modules, webinars, downloadable guides and resources to guide you through
the process of writing for research and going through peer review. Feel free to use these free resources
to improve your submission and navigate the publication process with ease.

Open 3

Language {usage and editing services)

Please write your text in good English {American or British usage is accepted, but not a mixture of
these). Authors who fesl their English language manuscript may reguire editing to eliminate possible
grammatical or spelling ermors and to conform to correct scientific English may wish to use the English
Language Editing service available from Elsevier's Author Services.

Submission

COur online submission systemn guides you stepwise through the process of entering your article
details and uploading your files. The systerm converts your article files to a single PDF file used in
the peer-review process. Editable files (e.g., Word, LaTeX) are required to typeset your artide for
final publication. All correspondence, including notification of the Editor's decision and requests for
revision, is sent by e-mail.

Submit your article
Please submit your artide via hitps://www.editoralmanager. com/HORTI default.aspx

Referees

Suggesting 5 reviewers is required for submission. Please note that only one suggested reviewer can
be from your own country, and suggest four potential reviewers from different countries including full
contact details and e-mail addresses. Mote that the Editor retains the sole right to decide whether
or not the suggested reviewers are used.

PREPARATION

;_'=|.'-_'."|_"_«.

For guestions about the editorial process (including the status of manuscripts under review) or for
technical support on submissions, please visit our Support Center.

NEW SUBMISSTONS

Submission to this journal proceeds totally online and you will be guided stepwise through the creation
and uploading of your files. The system automatically converts your files to a single PDF file, which
is used in the peer-review process.

As part of the Your Paper Your Way service, you may choose to submit your manuscript as a single file
to be used in the referesing process. This can be a POF file or a Word document, in any format or lay=-
out that can be used by referees to evaluate your manuscript. It should contain high emough guality
figures for refereeing. If you prefer to do so, you may still provide all or some of the source files at
the initial submission. Please note that individual figure files larger than 100 MB must be wuploaded
separately.
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References

There are no strict requirements on reference formatting at submission. References can be in any
style or format as long as the style is consistent. Where applicable, authon{s) name(s}, journal title/
book title, chapter ttlefarticle title, year of publication, volume number/book chapter and the article
number or pagination must be present. Use of D01 is highly encouraged. The reference style used by
the journal will be applied to the accepted article by Elsewvier at the proof stage. Note that missing
data will be highlighted at proof stage for the author to cormmect.

Formatting requirements

There are no strict formatiing reguirements but all manuscripts must contain the essential elements
needed to convey your manuscript, for example Abstract, Keywords, Inmtroduction, Materials and
Mathods, Reswlts, Conclusions, Artwork and Tables with Captions.

If your article includes any Videos andfor other Supplementary material, this should be included in
your initial submission for peer review purposes.

Divide the article into clearly defined sections.

Please ensure the text of your paper is double-spaced and has consecutive line numbering
= this is an essential peer review requirement.

Figures and tables embedded in text

Please ensure the figures and the tables included in the single file are placed next to the relevant text
im the manuscript, rather than at the bottom or the top of the file. The corresponding caption should
be placed directly below the figure or table.

This journal operates a single anonymized review process. All contributions will be initially assessed by
the editor for suitability for the journal. Papers deemed suitable are then typically sent to a minimum of
two independent expert reviewers to assess the scientific guality of the paper. The Editor is responsibla
for the final dedsion regarding acceptance or rejection of articles. The Editor's decdision s final. Editors
are not involved in decisions about papers which they have written themselves or have been written
by family members or colleagues or which relate to products or services in which the editor has an
interest. Any such submission is subject to all of the journal's usual procedures, with peer review
handled independently of the relevant editor and their research groups. More information on types
of peer reviaw.

REVISED SUBMISSTONS

Use of word processing softwane

Regardiess of the file format of the original submission, at revision you must provide us with an
editable file of the entire article. Keep the layout of the text as simple as possible. Most formatting
codes will be remowed and replaced on processing the artide. The electronic text should be prepared
in @ way very similar to that of conventional manuscripts (see also the Guide to Publishing with
Elsewvier). See also the section on Electronic artwork.

To avoid unnecessary ermors you are strongly advised to use the "spell-check' and "grammar-check’
functions of your word processor.

Subdivision = bered sections

Divide wour article into clearly defined and numbered sections. Subsections should be numbered
1.1 (chen 1.1.1, 1.1.2, ...}, 1.2, etc. (the abstract is not included in section numbering). Use this
numbering also for intermal oross-referencing: do mot just refer to ‘the text”. Any subsection may be
given a brief heading. Each heading should appear on its own separate line.

Introduction
State the objectives of the work and provide an adeguate background, avoiding a detailed literature
survey or a summary of the results.

Materal and methods

Provide sufficient details to allow the work to be reproduced by an independent researcher. Methods
that are already published should be summarized, and indicated by a reference. If quoting directly
from a previously published method, use quotation marks and also cite the source. Any modificabions
to existing methods should also be described.

Results
Results should be dear and concise.
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Discussion

This should explore the significance of the results of the work, not repeat them. Avoid extensive
citations and discussion of published literature. Results and Discussion should be two separate
sections.

Conclusions

The main conclusions of the study may be presented in a short Conclusions section, which may stand
alone or form a subsection of a Discussion or Results and Discussion section.

Appendices

If there is more than one appendi:, they should be identified as A, B, etc. Formulae and equations in
appendices should be given separate numbering: Eq. (A.1), Eq. (A.2), etc.; in a subseguent appendix,
Eq. (B.1} and so on. Similarty for tables and figures: Table A.1; Fig. A.1, etc.

# Title. Concise and informative. Titles are often wsed in information-retrieval systems. Awoid
abbreviations and formulae where possible.

= Author names and affiliations. Please clearly indicate the given name(s) and family name(s)
of each author and check that all names are accurately spefled. You can add your name between
paremthesas in your own script behind the English transliteration. Present the authors® affiliation
addresses (where the actual work was done) below the names. Indicate all affiliations with a lower-
case superscript letter immediately after the author's name and in front of the appropriate address.
Provide the full postal address of each affiliation, including the country mame and, if available, the
g=mail address of each author

= Corresponding author. Clearly indicate who will handle correspondence at all stages of refereeing
and publication, also post-publication. This responsibility includes answering any future gueries about
Methodology and Materials. Ensure that the e-mail address is given and that contact details
are kept up to date by the corresponding author.

= Present/permanent address. If an author has moved since the work described in the article was
done, or was visiting at the time, a 'Present address’ {or "Permanent address") may be indicated as
a footmote to that author's name. The address at which the author actually did the work must be
retained as the main, affiliation address. Superscript Arabic numerals are used for such footnotes.
Highlights are mandatory for this journal as they help increase the discoverability of your article via
search engines. They consist of a short collection of bullet points that capture the novel results of

your research as well as new methods that were used during the study (if any). Please have a look
at the examples here: example Highlights.

Highlights should be submitted in a separate editable file in the online submission system. Flease
use "Highlights" in the file name and include 3 to 5 bullet points (maximum 85 characters, including
spaces, per bullet point]).

A concise and factual abstract is required. The abstract should state briefly the purpose of the
research, the principal results and major conclusions. An abstract is often presented separately from
the article, so it must be able to stand alone. For this reason, References should be avoided, but if
essential, then cite the author{s) and year(s). Also, non=standard or uncommaon abbreviations should
be awoided, but if essential they must be defined at their first mention in the abstract itsalf.

Graphical abstract

Although a graphical abstract is optional, its use is encouraged as it draws more attention to the online
article. The graphical abstract should summarize the contents of the artide in a concise, pictorial form
designed to capture the attention of a wide readership. Graphical abstracts should be submitted as a
separate file in the online submission system. Image size: Please provide am image with a minimum
of 531 = 1328 pixels (h = w) or proportionally more. The image should be readable at a size of § =
13 cm using a regular screen resolution of 96 dpi. Preferred file types: TIFF, EPS, POF or MS Office
files. You can view Example Graphical Abstracts on our information site.

Authors can make use of Elsavier's lllustration Services to ensure the best presentation of their images
and in accordance with all technical requirements.
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Immediately after the abstract, provide a maximum of 6 keywords, using American spelling and
awoiding general and plural terms and muftiple concepts {avoid, for example, "and’, 'of'). Be sparing
with abbreviations: only abbreviations firmily established in the field may be eligible. These keywords
will be used for indexing purposes.

Abbreviations

Define abbreviations that are not standard in this field in a footnote to be placed on the first page
of the article. Such abbreviations that are umavoidable in the abstract must be defined at their first
mention there, as well as in the footnote. Ensure consistency of abbreviabions throughout the article.

Acknowledgements

Collate acknowledgements in a separate section at the end of the articde before the references and do
nok, therefore, include them on the title page, as a footnote to the title or otherwise. List here those
individuals who provided help during the research {e.qg., providing language help, writing assistance
or proof reading the article, etc.}.

Formatting of funding sources
List funding sowrces in this standard way to facilitate compliance to funder's requirements:

Funding: This work was supported by the National Imstitutes of Health [grant numbers xoo, yyyy];
the Bill & Melinda Gates Foundation, Seattle, WA [grant number zzzz]; and the United States Institutes
of Peace [grant number aaaa].

It is not necessary to include detailed descriptions on the program or type of grants and awards. When
funding is from a block grant or other resources available to a university, college, or other research
institution, submit the name of the institute or organization that provided the funding.

If mo funding has been provided for the research, please indude the following sentence:

This research did not receive any specific grant from funding agencies in the public, commerdal, or
nok=for-profit sectors.

T f LT il it

Follow intermationally accepted rules and conventions: use the international system of units (SI). If
other units are mentioned, please give their equivalent in 51

Authors and Edibor{s) are, by general agreement, obliged to accept the rules goverming biological
nomenclature, as laid down in the Intermational Code of Botanical Nomenclature, the International
Code of Nomenclature of Bacteria, and the International Code of Zoological Nomenclature.

All bictica (crops, plants, insects, birds, mammals, etc. ) should be identified by their scientific names
whien the English term is first used, with the exception of common domestic animals.

All biocides and other organic compounds must be identified by their Geneva names when first used
in the text. Active ingredients of all formulations should be likewise identified.

For chemical nomendature, the conventions of the Imtermational Unfon of Pure and Applied
Chemistry and the official recommendations of the JUPAC-IUE Combined Commission on Biochemical
Momenciature should be followed.

Math formulae

Present simple formulag in the line of normal text where possible. In principle, varnables are to be
presented in falics.

Mumber consecutively any eguations that have to be displayed separate from the text (if referred
to explicitly in the text).

Subscripts and superscripts should be clear

Greek letters and other non=-Roman or handwritten symbols should be explained in the margin where
they are first used. Take special care to show clearly the difference between zero (0) and the letter
0, and betwesn one (1) and the letter 1.

Give the meaning of all symbols immediately afber the equation in which they are first used. For
simple fractions use the solidus (/) instead of a horizontal line.
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Egquations should be numbered serially at the right-hand side in parentheses. In general only eguations
explicitly referred to in the text need be numbered.

The use of fractional powers instead of root signs is recommended. Also powers of e are often more
conveniently denoted by exp.

Levels of statistical significance which can be mentioned without further explanation are: “=,” P
<0.01 and P <0.001.

In chemical formulae, valence of ions should be given as, e.g., ca®*
should precede the symbaols, e.g., Bg.

Footmotes

Footnotes should be used sparingly. Number them consecutively throughout the article. Many word
processors build footnotes into the text, and this feabure may be used. Should this not be the case,
indicate the position of footnotes in the text and present the footnotes themselves separately at the
end of the artide.

Electronic anwork

General points

= Make sure you use wniform lettering and sizing of your original artwork.

= Preferred fonts: Aral (or Helvetica}, Times New Roman (or Times), Symbol, Courier.

= Mumber the illustrations according to their sequence in the text.

= Use a logical naming convention for your arbwark files.

= Indicate per figure if it is a single, 1.5 or 2-column fitting image.

# For Word submissions only, you may still provide figures and their captions, and tables within a
single file at the revision stage.

= Please note that individual figure files larger than 10 MB must be provided in separate source files.

, not as Ca™~, Isotope numbers

A detailed guide on electronic artwark is available.

You are urged to visit this site; some excerpts from the detailed information are given here.
Formats

Regardiess of the application used, when your electronic artwork is finalized, please "save as' or
convert the images to one of the following formats {note the resolution reguirements for line drawings,
halftones, and line/halftone combinations given below):

EPS (or PDF}): Vector drawings. Embed the font or save the text as 'graphics'.

TIFF {or JMGE): Color or grayscale photographs (halftones): always use a minimuem of 300 dpi.

TIFF {or IPG): Bitmapped line drawings: use a minimum of 1000 dpi.

TIFF (or JPG): Combinations bitmapped linefhalf-tone {color or grayscale): a minimum of 500 dpi
is required.

Please do not:

« Supply files that are optimized for screen use (e.qg., GIF, BMP, PICT, WPG); the resolution is too low.
& Supply files that are too low in resolution.

# Submit graphics that are disproportionately large for the content.

Color artwork

Flease make sure that artwork files are in an acceptable format (TIFF {or JPEG), EPFS (or PDF), ar
M5 Office files) and with the correct resolution. If, together with your accepted articke, you submit
usable cobor figures then Elsevier will ensure, at no additional charge, that these figures will appear
in color online (e.g., Sciencelirect and other sites) regardless of whether or not these illustrations
are reproduced in codor in the printed version. For color reproduction in print, you will receive
information regarding the costs from Elsevier after receipt of your accepted article. Pleasa
indicate your preference for color: in print or online only. Further information on the preparation of
electronic artwork.

Figure captions

Ensure that each illustration has a caption. A caption should comprise a brief title (not on the figure
itself) and a description of the illustration. Keep text in the illustrations themselves to a minimum but
explain all symbols and abbreviations used.
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Flease submit tables as editable text and not as images. Tables cam be placed either next to the
refevant text im the artice, or on separate page(s} at the end. Number tables comsecutively in
accordance with their appearance in the text and place any table notes below the table body. Be
sparing in the use of tables and ensure that the data presented in them do not duplicate resulis
described elsewhere in the article. Please avoid using vertical rules and shading in table cells.

>
r-

Citation in text
Please ensure that every reference cited in the text is also present in the reference list (and vice
wversa). Any references cited in the abstract must be given in full. Unpublished results and personal
communications are not recommended in the reference list, but may be mentioned in the text. If these
references are included in the reference list they should follow the standard reference style of the
journal and should include a substitution of the publication date with either "Unpublished results’ or
'Personal communication’. Citation of a reference as 'in press’ implies that the item has been accepted
for publication.

Reference links

Increased discoverability of research and high guality peer review are ensured by online links to
the sources cited. In order to allow us to create links to abstracting and indexing services, such as
Scopus, CrossRef and PubMed, please ensure that data provided in the references are correct. Please
note that incorrect surmames, journalfbook titles, publication year and pagination may prevent link
creation. When copying references, please be careful as they may already contain errors. Use of the
DOl is highly encouraged.

A DOl is guaranteed never to change, so you can use it as a permanant link to any electronic article.
An example of a citation wusing DO for an article not yet in an issue is: VanDecar 1.C., Russo R.M.,
James D.E., Ambeh W.B., Franke M. {2003). Aseismic continuation of the Lesser Antilles slab beneath
northeastern enezwela. Journal of Geophysical Research, https://doi.org/10.10249/ 200118000884
Fiease note the format of such citations should be in the same style as all other references in the paper.

Web references

As a minimum, the full URL should be given and the date when the reference was last accessed. Any
further information, if known [(DOI, author names, dates, reference to a source publication, etc.},
should also be given. Web references can be listed separately {e.q., after the reference list) under a
different heading if desired, or can be included in the reference list.

Data references

This journal encourages you to cite underlying or relevant datasets in your manuscript by dting them
im your text and incuding a data reference in your Reference List. Data references should include the
following elements: author name(s), dataset title, data repository, version (where available), year,
and global persistent identifier. Add [dataset] immediately before the reference so we can properly
identify it as a data reference. The [dataset] identifier will not appear in your published article.
References in a special issue

Please enswre that the words 'this issue’ are added to any references in the fist {and any citations in
the text) to other articles in the same Special Issue.

Reference management software

Mast Elsevier journals have their reference template available in many of the most popular reference
management software products. These include all products that support Citation Style Language
styles, such as Mendeley. Using ditation plug-ins from these products, authors only need to select
the appropriate joumnal template when preparing their artide, after which dtations and bibliographies
will be automatically formatted in the journal's style. If no template is yet available for this journal,
please follow the format of the sample references and citations as shown in this Guide. If you use
reference management software, please ensure that you remove all field codes before submitting
the electranic manuscript. More information on how to remove field codes from different reference
management software.

Reference formatting

There are no strict reguirements on reference formatting at submission. Feferences can be in any
style or format as long as the style is consistent. ‘Where applicable, authon{s) name(s), journal titlef
book title, chapter titlefarticle title, year of publication, volume number/book chapter and the article
number or pagination must be present. Use of D01 is highly encouraged. The reference style used by
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the journal will be applied to the accepted article by Elsevier at the proof stage. Note that missing data
will be highlighted at proof stage for the author to correct. IF you do wish to format the references
yourself they should be arranged according to the following examples:

Reference siyle

Text: All citations in the text should refer to:

1. Single author: the awuthor's name (without initials, unless there i ambiguity) and the year of
publication;

2. Two authors: both authors' names and the year of publication;

3. Three or more aubhors: first author's name followed by “et al." and the year of publication.
Citations may be made directly {or parenthetically). Groups of references can be listed either first
alphabetically, then chronologically, or vice versa.

Examples: ‘'as demonstrated (Allan, 2000a, 2000b, 19%99; Allan and Jlomes, 1999)... Or, as
demonstrated (Jones, 1999; Allan, 2000)... Kramer et al. {2010} have recently shown ._.°

List: References should be amanged first alphabetically and then further sorted chronologically if
necessary. More than one reference from the same authors) in the same year must be identified by
the letters "a’, 'b°, "c’, etc., placed after the year of publication.

Examples:

Reference to a journal publication:

Van der Geer, )., Hanraads, 1.A.l., Lupton, RLA., 2010. The art of writing a scientific article. 1. Sci.
Commun. 163, 51=-59. https://doi.org/10.1016/§.5c.2010.00372.

Reference to a journal publication with an artiche number:

Van der Geer, 1., Hanraads, 1.A.]1., Lupton, RLA., 2018. The art of writing a scientific article. Heliyon.
19, e00205. https://doi.org/10.1016/7. heliyon.2018.e00205.

Reference to a book:

Strunk I, W., White, E.B., 2000. The Elemenis of Style, fourth ed. Longman, New York.

Reference to a chapter in an edited book:

Mattam, G.R., Adams, L.B., 2009. How to prepare an electronic version of your article, in: Jones, B.S.,
Smith , R.Z. (Eds.}, Introduction to the Electronic Age. E-Publishing Inc., Mew York, pp. 281-304.
Reference to a website:

Cancer Research UK, 1975. Cancer statistics reports for the UK. http://www.cancerresearchuk.org/
aboutcancery statisticsfcancerstatsreport) (accessed 13 March 2003).

Reference to a dataset:

[dataset] Oguro, M., Imahiro, 5., Saito, 5., Nakashizuka, T, 2015. Mortality data for Japanese oak
wilt disease and surrounding forest compositions. Mendeley Data, v1. hitps:/fdoi.org/10.17632f
wwWjIEnb 3G 1.

Reference to software:

Coon, E., Berndt, M., Jan, A, Svyatsky, O., Atchley, A., Kikinzon, E., Harp, [, Manzini, G., Shelef,
E., Lipnikov, K., Garimella, R., Xu, C.,, Moulton, 0., Karma, 5., Painter, 5., Jafarov, E., & Maolins, 5.,
2020. Advanced Terrestrial Simulator (ATS) v0.88 (Version 0.88). Zenodo. https://doi.org/10.5281f
renodo. 3727209,

Journal abbreviations source
Journal mames should be abbreviated according to the List of Title Word Abbreviations.

Elsevier accepts video material and animation seguences bo support and enhance your scientific
research. Authors who hawve video or animation files that they wish to submit with their article are
strongly encouraged to include links to these within the body of the article. This can be done in the
same way as a figure or table by referring to the video or animation content and noting in the body
text where it should be placed. All submitted files should be properly labeled so that they directly
refate to the video file's content. In order to ensure that yowr video or animation material is directly
usable, please provide the file in one of our recommended file formats with a prefermred maximum
size of 150 MB per file, 1 GB in total. Video and animation files supplied will be published online in
the electronic wersion of your article in Elsevier Web products, induding Sciencelirect. Please supply
'stills' with your files: you can choose any frame from the wvideo or animation or make a separate
image. These will be used instead of standard icons and will personalize the link to your video data. For
maore detailed instructions please visit our wvideo instruction pages. Note: since video and animation
cannot be embedded in the print wersion of the journal, please provide text for both the electronic
and the print version for the portions of the article that refer to this content.
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i-.ndude 1I:l|:E|3I:tl'|'E data visualizations in your publication and let your readers interact and engage
more closely with your research. Follow the instructions here to find out about available data
visualization options and how to include them with your article.

ol Tt

Supplementary material such as applications, images and sound clips, can be published with your
article to emhance it. Submitted supplementary items are published exactly as they are received [ Excel
or PowerPoint files will appear as such online). Please submit your material together with the article
and supply a concise, descriptive caption for each supplementary file. If you wish to make changes to
supplementary material during any stage of the process, please make sure to provide an updated file.
Do ot annotate any corrections on a previous version. Please switch off the Track Changes' option
in Microsoft Office files as these will appear in the published version.

Resparch data
This journal encourages and enables you to share data that supports your research publication
where approgriate, and enables you to interlink the data with your published articles. Research data
refers to the results of observations or experimentation that validate research findings. To fadlitate
reproducibility and data reuse, this journal also encourages you to share your software, code, models,
algorithms, protocols, methods and other useful materials related to the project.

Below are a number of ways in which you can associate data with your article or make a statement
about the availabifity of your data when submitting your manuscript. If you are sharing data im one of
these ways, you are encouraged to cite the data in your manuscript and reference list. Please refer to
the "References” section for more information about data dtation. For more information on depositing,
sharing and using research data and other relevant research materials, visit the research data page.
Data linking

If you have made your research data available in a data repository, you can link your article directy to
the dataset. Elsevier collaborates with a number of repositories to link articles on ScenceDirect with
relevant repositories, giving readers access to underying data that gives them a better understanding
of the research described.

There are different ways to link your datasets to your article. When available, you can directly link
your dataset to your article by providing the relevant information in the submission system. For more
informatbion, visit the database linking page.

For supported data repositories a8 repository banner will automatically appear next to your published
article on Sciencelirect.

In addition, you can link to relevant data or entities through identifiers within the text of your
manuscript, using the following format: Database: xooo (e.g., TAIR: ATIGO1020; CCDC: 734053;
PDB: 1XMN).

Mendeley Data

This journal supports Mendeley Data, enabling you to depaosit any research data (induding raw and
processed data, wideo, code, software, algonthms, protocols, and methods) associated with your
manuscript in a free-to-use, open access repository. During the submission process, after uploading
your manuscript, you will have the opportunity to upload your relevant datasets directly to Mendeley
Data. The datasets will be listed and directly accessible to readers next to your published article online.

For more information, visit the Mendeley Data for journals page.

Data in Brief

You hawe the option of converting any or all parts of your supplementary or additional raw data into
a data artide published in Data in Brief. A data article is a new kind of article that ensures that your
data are actively reviewed, curated, formatted, indexed, given a DOl and made publicly available
to all upon publication (watch this video descrbing the benefits of publishing your data in Data in
Briaf). You are encouraged to submit your data article for Data in Brief as an additional item directly
alongside the revised version of your manuscript. If your research article is accepted, your data article
will automatically be transferred owver to Data in Bref where it will be editorially reviewed, published
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open access and linked to your research artide on Scienceliirect. Please note an open access fee is
payable for publication in Data in Brief. Full details can be found on the Data in Brief website. Please
use this template to write your Data in Brief data artide.

MethodsX

You have the option of converting relevant protocols and methods into one or multiple MethodsX
articles, a new kind of article that describes the details of customized research methods. Many
researchers spend a significant amount of time on developing methods to fit their specific needs or
setting, but often without getting credit for this part of their work. MethodsX, an open access journal,
now publishes this information in order to make it searchable, peer reviewed, citable and reproducible.
Authors are encouraged to submit their Methodsx articke as an additional item directly alongside the
revised version of their manuscript. If your research article is accepted, your methods article will
automatically be transferred over to Methods¥ where it will be editorially reviewed. Please note an
open access fee is payable for publication in Methods¥. Full details can be found on the Methodsx
website. Please use this template to prepare your MethodsX article.

Data statement

To foster transparency, we encourage you to state the availability of your data in your submission.
This may be a requirement of your funding body or institution. If your data is unavailable to access
or unsuitable to post, you will have the opportunity to indicate why during the submission process,
for example by stating that the research data s confidential. The statement will appear with your
published articke on Sciencelirect. For more information, visit the Data Statement page.

AFTER ACCEPTANCE

JiifireE proofl correction

To ensure a fast publication process of the article, we kindly ask authors to provide us with their proof
corrections within two days. Corresponding authors will receive an e=-mail with a link to our online
proofing system, allowing annotation and correction of proofs online. The environment is similar to
MS Word: in addition to editing text, you can also comment on figures/tables and answer guestions
from the Copy Editor. Web-based proofing provides a faster and less error-prone process by allowing
you to directly type your cormections, eliminating the potential introduction of ermors.

If preferred, you can still choose to annotate and upboad your edits on the PDF version. All instructions
for proofing will be given in the e-mail we send to authors, induding altermative methods to the online
version and POFR

We will do everything possible to get your article published guicklty and accurately. Please use this
proof only for checking the typesetting, editing, completensss and correctness of the text, tables and
figures. Significant changes to the article as accepted for publication will only be considered at this
stage with permission from the Editor. It is important to emsure that all corrections are sent back
to us in one communication. Please check carefully before replying, as inclusion of any subsequent
corrections cannot be guaranteed. Proofreading is solely your responsibility.

Offprints
The corresponding author will, at no cost, receive a customized Share Link providing 50 days free
access to the final published version of the article on Sciencelirect. The Share Link can be used for
sharing the article via any communication channel, indluding email and social media. For an extra
charge, paper offprints can be ordered via the offprint order form which is sent once the article is
accepted for publication. Both corresponding and co-authors may order offprints at any time wvia
Elsevier's Author Services. Cormesponding authors who have published their artidle gold open access
do not receive a Share Link as their final published version of the article is available open access on
ScienceDirect and can be shared through the article DOI fimk.

AUTHOR INQUIRIES

Visit the Elsevier Support Center to find the answers you need. Here you will find everything from
Frequently Asked Questions to ways to get in touch.

You can also check the status of your submitted article or find out when your accepted article will
be published.

& Copyright 2018 Elsevier | hitps://www. elsevier.com
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