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RESUMO

O milho € uma das mais importantes culturas, empregado principalmente na
alimentagdo humana e animal e, em paises como os Estados Unidos,
largamente utilizado na producdo de etanol. A despeito dos diversos estudos
realizados com milho ao longo dos anos, seu transcriptoma complexo ainda
representa um desafio ao entendimento das redes de regulagédo associadas a
interacdo com organismos benéficos ou compostos orgénicos, como as
substancias humicas. Nos ultimos anos, RNAs nao-codificantes tém sido
apontados como elementos-chave na regulagcédo da expressao génica, incluindo
os chamados RNAs longos nao-codificantes (INncRNAs). Somente um trabalho
descreveu a participacdo de IncRNAs em milho submetido a bioestimulante
microbiano (fungo arbuscular micorrizico). Nao foram identificados estudos na
literatura descrevendo a participacdo de IncRNAs em milho colonizado por
organismos benéficos, como a bactéria endofitica diazotrofica - Herbaspirillum
seropedicae -, ou na adicdo de acido humico. Este trabalho teve como objetivo
caracterizar, por meio de analises de bioinformatica, INcRNAs expressos em
milho submetido a bioestimulantes como bactéria promotora do crescimento
vegetal - Herbaspirilum seropedicae - e acido humico. Para identificar os
IncRNAs conhecidos, foi realizada uma busca em bases de dados e artigos.
Para a identificacdo de novos IncRNAs, um transcriptoma foi montado a partir
de bibliotecas de RNA-seq de milho colonizado pela bactéria e também com a
adicdo de acido humico. Através de um pipeline computacional, identificamos
um total de 32.501 IncRNAs conhecidos de alta confianga (HC-IncRNAs) e
6.418 novos IncRNAs candidatos (NC-IncRNA) nos transcriptomas. O perfil de
expressao de IncRNAs revelou 3.263 HC-IncRNAs conhecidos e 1,050 novos
IncRNAs diferencialmente expressos (DE) nas seis diferentes comparagoes.
Também identificamos as redes regulatorias de DE-IncRNAs por meio da
previsdo de genes-alvo e miRNAs. Tanto os IncRNAs novos quanto os
conhecidos foram investigados quanto a atuarem como alvos/decoys de
microRNAs. Identificamos 20 IncRNAs atuando como alvos de 41 diferentes
miRNAs, e 3 IncRNAs atuando como decoys de 11 miRNAs. Os resultados
mostraram que os INcCRNAs tém como alvo genes associados a diferentes
processos, como transducdo de sinal hormonal, resposta ao acido abscisico
(ABA) e ao etileno, ligacdo ao Ca?", resposta a auxina; ubiquitinagao;
composicao da parede celular externa e sinalizacdo transmembrana, entre
outros. A obtencao de redes de interagao INcCRNA-mRNA-miRNA nos ajudou a
esclarecer as funcdes dos IncRNAs a partir das fungdes de seus alvos,
sugerindo o envolvimento desses importantes transcritos ndo-codificantes com
a regulacdo de hormdénios vegetais. Esperamos, com os resultados obtidos,
esclarecer o papel dos IncRNAs no processo de interagdo do milho com
organismos benéficos e substancias organicas.

Palavras-chave: Zea mays; microorganismos benéficos; substancias humicas;
NcRNAs; bactéria endofitica diazotroéfica.
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ABSTRACT

Maize is one of the most important crops, used mainly in human and animal
food and, in countries like the United States, widely used in the production of
ethanol. Despite the many studies carried out with maize over the years, its
complex transcriptome still represents a challenge to the understanding of the
regulatory networks associated with the beneficial organisms or organic
compounds, such as humic substances. In recent years, non-coding RNAs
have been identified as key elements in the regulation of gene expression,
including the so-called long non-coding RNAs (IncRNAs). Only one study
described the participation of IncRNAs in maize submitted to microbial
biostimulant (arbuscular mycorrhizal fungus). Thus, this work aimed to
characterize, through bioinformatics analysis, INcRNAs expressed in maize
subjected to biostimulants such as plant growth-promoting bacterium -
Herbaspirillum seropedicae - and humic acid. To identify and characterize
maize IncRNAs, we used RNA-seq libraries constructed from inoculated and
uninoculated seedling roots with H. seropedicae and humic acid. Through a
computational pipeline, we identified a total of 32,501 known high-confidence
IncRNAs (HC-IncRNAs) and 6,418 new candidate IncRNAs (NC-IncRNAs) in
the transcriptomes. The IncRNA expression profile revealed 3,263 known HC-
IncRNAs and 1,050 new IncRNAs differentially expressed (DE) in the six
different comparisons. We also identify the regulatory networks of DE-IncCRNAs
by predicting target genes and miRNAs. Both new and known IncRNAs were
investigated as to whether they act as targets/decoys of microRNAs. We
identified 20 IncRNAs acting as targets of 41 different miRNAs, and 3 IncRNAs
acting as decoys of 11 miRNAs. The results showed that IncRNAs target genes
associated with different processes, such as hormonal signal transduction,
abscisic acid (ABA) and ethylene response, Ca*" binding, auxin response;
ubiquitination; composition of the outer cell wall and transmembrane signaling,
among others. Furthermore, INcCRNAs-mRNAs-miRNAs interaction networks
were constructed and showed the potential of IncRNAs as a key regulatory
element. Our results showed that INncRNAs are involved in different processes
during the interaction of maize with the bacteria H. seropedicae and in the
presence of humic acid, including the participation of elements associated with
different plant hormones. We hope, with the results obtained, to clarify the role
of IncRNAs in the process of maize interaction with beneficial organisms and
organic substances.

Keywords: Zea mays; beneficial microorganisms; humic substances; ncRNAs;
diazotrophic endophytic bacteria.



1. INTRODUGAO

1.1 Milho: taxonomia, aspectos gerais, genéticos e econémicos

O milho (Zea mays L.) pertence a classe Liliopsida (Monocotyledonae); a
familia Poaceae (Gramineae) (ILTIS; DOEBLEY, 1980; STRABLE; SCANLON,
2009) e a tribo Andropogoneae. A familia Poaceae inclui também a cana-de-

agucar (Saccharum spp.) e importantes cereais, como o sorgo (Sorghum

bicolor), o trigo (Triticum aestivum), a cevada (Hordeum vulgare), a aveia

(Avena sativa) e o arroz (Oryza sativa), como podemos observar na Figura 1.

As gramineas se originaram entre 55 e 70 milhdes de anos, e englobam

todas as principais culturas de cereais, além de aproximadamente 10.000

outras espécies relacionadas n&o domesticadas (BOLOT et al.,

KELLOGG, 2001).
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Figura 1 Filogenia mostrando o milho e algumas espécies
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Para compreender a evolugao genémica do milho é importante estudar
sua domesticacdo (DOEBLEY, 2004). O milho tem como centro de origem a
regido Mesoamericana, e acredita-se que ele tenha se originado no México. Os
registros arqueoldogicos e as anadlises filogenéticas mostram que sua
domesticacao aconteceu entre 6.000 e 10.000 anos A.E.C., a partir do teosinto,
a espécie silvestre mais préxima do milho domesticado (HUFFORD et al.,
2012; MATSUOKA et al., 2002; PIPERNO; FLANNERY, 2001).

O teosinto (Zea mays subsp. mexicana) é uma graminea perene e anual
do género Zea, nativo do México e da América Central (FUKUNAGA et al.,
2005). O género Zea compreende quatro espécies: Z. luxurians, Z.
diploperennis, Z. perennis e Z. mays, esta ultima compreendendo quatro
subespécies: ssp. mays, ssSp. mexicana, Ssp. parviglumis e ssp.
huehuetenangensis (FUKUNAGA et al., 2005; VOLLBRECHT; SIGMON, 2005).
Postula-se que um unico evento de domesticagdo aconteceu na regido central
do Rio Balsas, sul do México, com posterior diversificagcdo do milho nas terras
altas entre as provincias de Oaxaca e Jalisco (MATSUOKA et al., 2002) e,
ap6és a descoberta das Américas no século XV, o milho rapidamente se
espalhou pelo mundo (GALINAT, 1988).

Um estudo mais recente sobre a domesticacdo e dispersdo do milho
sugere que O processo se iniciou no sudoeste do México, ha 9.000 A.E.C., e
sua dispersdo pela América do Sul teria ocorrido ha 7.000 A.E.C. (KISTLER et
al.,, 2020). A América do Sul, por essa perspectiva, constituiu um centro
secundario de domesticagcao do milho. Mais tarde, teria ocorrido um influxo do
milho da América do Sul para a América Central.

O milho ancestral surgiu ha 4,8 milhdes de anos, através de um evento
de alotetraploidizagao segmentar de dois genomas progenitores que divergiram
do sorgo (GAUT; DOEBLEY, 1997; SWIGON"OVA et al., 2004). Assim como
em outras plantas, a poliploidizacdo desempenhou um importante papel em
sua evolucédo (MESSING, 2009; WENDEL, 2000). O genoma do milho moderno
(N=10 cromossomos) tem 2,4 Gb e é 18 vezes o tamanho do genoma de
Arabidopsis thaliana, 5 vezes o genoma do arroz (O. sativa) e 3 vezes 0
genoma do sorgo (S. bicolor) (GOFF et al., 2005; KAUL et al.,, 2000;
PATERSON et al., 2009; SCHNABLE et al., 2009). Consiste, principalmente, de

fragbes repetitivas ndo génicas, pontuadas por ilhas com genes unicos ou



pequenos grupos de genes (LLACA; CAMPBELL; DESCHAMPS, 2011). Em
sua versdo 4 (APGv4), o genoma de milho possui 39.498 genes e 131.496
transcritos codificantes de proteinas anotados (JIAO et al., 2017). Na porgéo
repetitiva do genoma foram identificados 130.000 elementos méveis.

O milho é usado como alimento humano, ragdo animal e matéria prima
industrial em paises desenvolvidos (TESTER; LANGRIDGE, 2010). Nos
Estados Unidos, uma importante parcela do milho é utilizada para a producgao
de etanol (alcool etilico), empregado como combustivel para motores e aditivo
para a gasolina (ROSENTRATER, 2011). A produgéao global de milho alcangou
1,2 bilhdes de toneladas, com os Estados Unidos ocupando a primeira posicao,
seguidos por China e Brasil. Estima-se um aumento de 7% da safra dos
Estados Unidos (384 milhdes de toneladas); 22,8% da China (273 milhdes de
toneladas) e aumento de 31% da safra brasileira (114 milhdes de toneladas)
(Global Trade, 2022).

1.2 LncRNAs: quem sao, onde estao e o que fazem?

Analises de transcriptoma de eucariotos mostraram que mais de 90% do
genoma é transcrito em RNAs n&o codificadores (ncRNAs, do inglés non-
coding RNA) (CHEKANOVA et al., 2007; KAPRANOQV et al., 2007). Os ncRNAS
sao transcritos de sequéncias de DNA, que nao possuem ORFs funcionais
(WILUSZ; SUNWOO; SPECTOR, 2009) e, durante muito tempo, foram
ignorados pelos pesquisadores.

O desenvolvimento das novas tecnologias, aliado ao crescente numero
de projetos de sequenciamento, proporcionou um acumulo de dados biologicos
(BERNAL; EAR; KYRPIDES, 2001), possibilitando a descoberta de um numero
cada vez maior de ncRNAs de eucariotos (SABIN; DELAS; HANNON, 2014),
sendo alguns destes diretamente envolvidos com alteragées epigenéticas e
modificacdes celulares, dentre diversas fungdes. Em plantas, ncRNAs séao
classificados em ncRNAs lineares e RNAs circulares (circRNAs), conforme
podemos observar na Figura 2. O subconjunto de ncRNAs lineares é
constituido pelo RNA transportador (tRNA), RNA ribossomal (rRNA), pequeno
RNA nucleolar (snoRNAs), microRNAs, pequenos RNAs de interferéncia



(siRNAs), RNAs que interagem com PIWI (piRNAs) e RNAs longos nao
codificadores (INncRNA) (SANTOSH; VARSHNEY; YADAVA, 2015).

—)l ncRNAs de manutengdo |—a! tRNAs | T
MiRNAS ndo-conservados
ncRNAs lineares
hc-siRNAs
ncRNAs regulatorios siRNAs secundarios
NCRNAS Jonggs inteoiices | NAT-siRNAs
T
—)| circRMAS intrénicos | logos intergénicos
ncRNAs circulares |—9| UTR circRNAs |
circRNAs intergénicos
Outros circRNAsS

Figura 2 Classificagdo dos ncRNAs de plantas. Fonte: Adaptada de Liu et al. (2017).

Com base na fungado molecular, os ncRNAs lineares podem ser divididos
em duas classes: ncRNAs de manutengcdo (rRNAs, tRNAs e snoRNAs) e
NncRNAs reguladores, estes ultimos classificados em duas subcategorias:
pequenos RNAs (sRNAs) (que incluem os miRNAs e os siRNAs) e os IncCRNAs,
que incluem os IncRNAs intrénicos e os IncRNAs intergénicos (LIU et al.,
2017).

Em plantas, uma classe tardiamente explorada de ncRNAs (quando
comparada com animais) tem chamado a atengdo dos pesquisadores: 0s
INcRNAs. Os IncRNAs sado transcritos com tamanho superior a 200
nucleotideos e destituidos de potencial codificante (ou com potencial para
codificar peptideos com menos de 100 aminoacidos) (JIN et al., 2013; WANG
et al.,, 2014a; ZHANG et al., 2014b) e podem ser classificados em seis

principais tipos, como podemos observar na Figura 3.
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Figura 3 Classificacdo dos INcRNAs de acordo com a localizagdo gendmica. Fonte:
Adaptada de Vieira et al. (2017).

Chama-se de IncRNA senso (A) quando o IncRNA se sobrepde a regiao
de transcricdo de um ou mais éxons de outro gene na mesma cadeia e
antisenso (B), quando se sobrepbe a um ou mais éxons , na cadeia oposta;
bidirecional (C), quando o inicio da transcricdo do IncRNA e outro gene na
cadeia oposta estdo proximos; intrénicos (D), quando se originam inteiramente
de introns; enhancer (E), quando o IncRNA esta localizado em regibes de
enhancer e intergénico (ou lincRNA, do inglés long intergenic non-coding RNA)
(F), quando esta no intervalo entre dois genes (DEVAUX et al.,, 2015;
PONTING; OLIVER; REIK, 2009).

Identificar novos INcRNAs em plantas € um grande empreitada, cuja
realizacao tem sido facilitada pelos avangos das ferramentas de bioinformatica,

que proporcionam diversos tipos de analises por meio de programas e



ferramentas computacionais. Consultando os principais bancos de dados que
possuem IncRNAs de plantas, fica claro como o avango das pesquisas
proporcionou a identificacdo de um grande numero de sequéncias (Quadro 1).
Esse acumulo foi subsidiado pelo advento de novas técnicas de
sequenciamento atreladas ao desenvolvimento de abordagens computacionais,
uma vez que a maioria destes INncRNAs foi identificada por meio de abordagens

in silico.

Quadro 1 Bancos de dados que contém de IncRNAs de plantas (consulta em 09 de
marco de 2022').

Total de
Bases de espécies Total de
dados de IncRNAs Enderego
plantas
AInC 682 10.855.598 http://14.139.61.8/AInC/index.html
CANTATAdb 39 239.631 http://cantata.amu.edu.pl/
DsTRD 1 27.687 http://bi.sky.zstu.edu.cn/DsTRD/home.php
EVLNncRNAs 56 506 https://www.sdklab-biophysics-dzu.net/EVLncRNAs2/#
GreeNC v. 2.0 94 491.595 http://greenc.sequentiabiotech.com/wiki2/Main _Page
MAPsInc 1.0 21 88.459 https://lncrnapipe.cimap.retslic?g/DefauIt.aspx#templatemo-
NONCODE 23 94.697 http://www.noncode.org/index.php
PLNCDB V2.0 80 1946372 https://www.tobaccodb.org/pIncdb/
PIncRNAdb 4 5.107 http://bis.zju.edu.cn/PIncRNADB/index.php
RiceLncPedia 6.925 http://3dgenome.hzau.edu.cn/RiceLncPedia#/
RLncRNABase 1 6.064 http://bioinfo.tnau.ac.in/RLncRNABase/index.html

Inicialmente, uma limitagdo dos bancos de dados de IncRNAs de plantas
era o fato de serem pouco compreensiveis em comparagdo aos bancos de
IncRNAs de animais, servindo, muitas vezes, apenas de meros depodsitos de
onde as sequéncias podiam ser baixadas. Com o tempo, bancos de dados
mais compreensiveis foram desenvolvidos. CANTATAdb (SZCZESNIAK;
ROSIKIEWICZ; MAKALOWSKA, 2016) € um dos bancos de dados de IncRNAs
de plantas mais compreensiveis, possibilitando, inclusive, a verificacdo da
expressao dos IncRNAs. AInC (SINGH; VIVEK; KUMAR, 2021) € um banco de

dados de IncRNAs de angiospermas, contando com o maior numero de

1Alguns bancos de dados de nosso conhecimento ndo puderam ser consultados pois os links de acesso
ndo estavam ativos na data da consulta: PNRD; PlantNATsDB; IncRNAdb e PLNIncRbase.



espécies (682) dentre os bancos consultados. EVLncRNAs (ZHOU et al., 2021)
€ um banco de dados curado manualmente e validado por abordagens
experimentais. GreeNC v. 2.0 (DI MARSICO et al., 2022) é um colecdo de
IncRNAs de plantas identificados computacionalmente. MAPsInc 1.0 (ZHAO et
al., 2018) é um repositorio de IncRNAs de plantas medicinais e aromaticas.
NONCODE (ZHAOQO et al., 2016) € um banco de dados dedicado a RNAs ngo-
codificantes (com a excegdo de rRNAs e tRNAs), abrigando milhares de
transcritos de diferentes espécies de animais e plantas. PLncDB V2.0 (JIN et
al., 2021) € um banco de dados de IncRNAs de plantas, incluindo dados de
alvos dos IncRNAs e ferramentas para explorar a regulagdo epigenética dos
mesmos. PIncRNAdb (BAI et al., 2019b) também €& um banco de dados
dedicado a IncRNAs de plantas. Alguns bancos de dados abrigam sequéncias
de apenas uma espécie: DsTRD (SHAO et al., 2016), um banco de IncRNAs da
planta medicinal modelo Salvia miltiorrhiza; RiceLncPedia (ZHANG et al.,
2021), um banco curado de IncRNAs de arroz, e RLncRNABase, constituido
por INcRNAs de arroz compilados de outras trés bases de dados: GreeNC,;
PNRD e PLNIncRBase.

Os bancos de dados sdo importantes por facilitarem o acesso dos
pesquisadores as sequéncias, e sao alimentados pela descoberta de novos
INcRNAs, pelo uso de abordagens in silico. A qualidade/confiabilidade dos
IncRNAs identificados depende da ferramenta de bioinformatica empregada.
Diferentes ferramentas de bioinformatica foram desenvolvidas para a

identificacao de IncRNAs, como podemos ver no Quadro 2.

Quadro 2 Algumas ferramentas para a identificagao de INcCRNAs.

Ferramenta Organismo Web server? Referéncia
PlantRNA_Sniffer Planta Nao (VIEIRA et al., 2017)
Humano
LncFinder Rat https://bmbl.bmi.osumc.edu/Incfinder/ (HAN et al., 2019)
ato
Vertebrado
PLEK Nao (Ll; ZHANG; ZHOU, 2014)
Planta
Humano (ACHAWANANTAKUN et
LncRNA-ID Nao
Rato al., 2015)
Humano
IncRScan-SVM Nao (SUN et al., 2015)
Rato
DeepLNC . .
Humano https://bioserver.iiita.ac.in/deepinc/ (TRIPATHI et al., 2016)




(continuag&o do Quadro 2)

Ferramenta Organismo Web server? Referéncia
Humano
Rato
COME Mosca Nao (HU et al., 2017)
Verme
Planta
(LERTAMPAIPORN et al.,
SCORE Varios Nao
2014)
Humano
http://csbl.bmb.uga.edu/mirrors/JLU/L
Lncident Verme (HAN et al., 2016)
ncident/index.php
Rato
PLIT Planta Nao (DESHPANDE et al., 2019)
Humano https://sunlab.cpy.cuhk.edu.hk/iSeeR
iSeeRNA (SUN et al., 2013a)
Rato NA/webserver.html
Linc-SF Humano Nao (WANG et al., 2014c)
IncRNA-MFDL Humano Nao (FAN; ZHANG, 2015)
(ZHAO; SONG; WANG,
IncScore Animal Nao
2016)
http://mm20132014.wicp.net:57203/L
LncRNApred Humano (PIAN et al., 2016)
ncRNApred/home.jsp
Humano
longdist Rato Nao (SCHNEIDER et al., 2017)
Peixe
FEELnc Animal Nao (WUCHER et al., 2017)
PLncPRO Planta Nao (SINGH et al., 2017)
TLCLnc Animal Nao (HU; ANDREWS, 2017)
LncADeep Humano Nao (YANG et al., 2018)
(SIMOPOULOS;
CREMA Planta Nao WERETILNYK; GOLDING,
2018)
Humano
TERIUS Nao (CHOI; NAM, 2018)
Rato
Humano
LncRNAnet Nao (BAEK et al., 2018)
Rato
LGC Varias https://ngdc.cncb.ac.cn/lgc/calculator (WANG et al., 2019)
IncRNA-LSTM Planta Nao (MENG et al., 2019)
PLncWX Planta Nao (GUO et al., 2021)
https://scbb.ihbt.res.in/DeepPInc/inde
DeepPInc Planta (GUPTA et al., 2021)
x.php
LncPred-IEL Animal Nao (XU et al., 2020)
Humano
PredLnc-GFStack Nao (LIU et al., 2019)
Rato
IncRNADetector Planta https://Incrnapipe.cimap.res.in/ (SHUKLA et al., 2021)
RNAplonc V1.1 Planta Nao (NEGRI et al., 2019)




(final do Quadro 2)

Ferramenta Organismo Web server? Referéncia
PIncRNA-HDeep Planta Nao (MENG et al., 2021)
ltLnc-BXE Planta Nao (ZHANG et al., 2020)
LncPipe Humano Nao (ZHAO et al., 2018)

Dentre as ferramentas que possuem web server e sao aplicaveis ao
estudo de IncRNAs em plantas, DeepPInc obteve precisdo superior a 95%
(GUPTA et al., 2021). IncRNADetector foi desenvolvido para a identificagao de
INcRNAs em plantas, e testado com espécies medicinais e aromaticas
(SHUKLA et al., 2021). Dentre as ferramentas que nao possuem web server,
PlantRNA_Sniffer é interessante porque foi desenvolvida para a predicdo de
lincRNAs, e testada com cana-de-agucar e milho (VIEIRA et al.,, 2017),
integrando ferramentas conhecidas de bioinformatica com técnicas de
aprendizado de maquina (machine learning). COME (HU et al., 2017) foi
desenvolvido para a identificacdo de novos INcCRNAs em bibliotecas de RNA-
seq por meio de aprendizado de maquina supervisionado, treinado com
MRNAs e IncRNAs, e foi testado com A. thaliana. SCORE (LERTAMPAIPORN
et al., 2014) foi testado com genomas de varias espécies diferentes, incluindo
O. sativa e é capaz de identificar varios ncRNAs, combinando um modelo de
regressao logistica com um classificador hibrido baseado em RF (em inglés,
random forest). PLIT (DESHPANDE et al., 2019) foi desenvolvido para a
identificacdo de ncRNAs em transcriptomas de plantas, e utiliza um modelo
baseado em iterative Random Forests (iRF). PLncPRO foi testado na
identificacdo de IncRNAs responsivos a estresse abidtico (seca e salinidade)
em arroz e grao-de-bico, e é baseado em aprendizagem de maquina e usa o
algoritmo random forest (SINGH et al., 2017). A intencdo dos pesquisadores
era desenvolver um modelo de predigdo aplicavel a plantas modelo e nao-
modelo, monocotiledéneas e eudicotileddbneas. CREMA ¢é baseado em
aprendizagem de maquina, e em seu treinamento foram utilizados apenas
IncRNAs validados experimentalmente, e resultados superiores foram obtidos
com IncRNAs de plantas (SIMOPOULOS; WERETILNYK; GOLDING, 2018).
LncRNA-LSTM utiliza uma rede neural para a predi¢ao dos INcRNAs (MENG et
al., 2019). PLncWX foi testado com algas, musgo, samambaias,
monocotiledéneas e dicotiledéneas, e obteve desempenho superior a 90%

(GUO et al., 2021). RNAplonc foi treinado com agrido, pepino, soja, alamo e
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arroz, e apresentou resultados bastante positivos (NEGRI et al.,, 2019).
PIncRNA-HDeep, um modelo hibrido de predicdo e que nao necessita de

conhecimentos prévios para a predicdo de IncRNAs, apresentou sensitividade,
precisdo e acuracia superiores a 90% com milho (MENG et al., 2021). ItLnc-
BXE foi testado com seis espécies de plantas, e obteve desempenho superior
a outras ferramentas disponiveis, com mais de 96% de eficiéncia (ZHANG et
al., 2020).

Uma importante caracteristica dos INncRNAs é a auséncia de potencial de
codificagdo de peptideos, o que pode ser verificado por meio de diferentes
ferramentas, algumas delas com web server, como podemos observar no
Quadro 3.

Quadro 3 Ferramentas para calculo de potencial codificante de sequéncias.

Ferramenta Web server Referéncia
RNASamba https://rnasamba.lge.ibi.unicamp.br/ (CAMARGO et al., 2020)
CPC http://cpc.cbi.pku.edu.cn/ (KONG et al., 2007)
CPC2 http://cpc2.gao-lab.org/ (KANG et al., 2017)
LGC https://ngdc.cncb.ac.cn/lge/ (WANG et al., 2019)
CNIT http://cnit.noncode.org/CNIT/ (GUO et al., 2019)

(ARRIAL; TOGAWA;
PORTRAIT http://bicinformatics.cenargen.embrapa.br/portrait/
MARCELO, 2009)
CPPred Nao (TONG; LIU, 2019)
(LIU; GOUGH; ROST,
CONC Nao
2006)
(LIN; JUNGREIS; KELLIS,
PhyloCSF Nao
2011)
CNCI Nao (SUN et al., 2013b)
(NACHTIGALL;
CodAn Nao KASHIWABARA,;

DURHAM, 2021)

As diferentes ferramentas para calculo do potencial codificante dos
transcritos utilizam abordagens igualmente diversas. CPC (KONG et al., 2007)
e CPC2 (KANG et al., 2017), por exemplo, dependem de bancos de dados de
proteinas a fim de classificar as sequéncias. Transcritos que nao apresentam
hits com sequéncias dos bancos de proteinas, nesse caso, tendem a ser
classificados como nao-codificantes. RNASamba (CAMARGO et al., 2020), por
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outro lado, busca superar as limitagdes impostas pela dependéncia de bancos
de dados de sequéncias codificantes, procurando caracteristicas intrinsecas
das sequéncias (obtidas a partir de k-mers) que permitam identifica-las como
ndo-codificantes, por meio do uso de uma rede neural. CNIT (Coding-Non
Coding Identification Tool) é uma atualizagdo de outra calculadora de potencial
codificante (CNCI, Coding-Non-Coding Index), buscando maior precisdo e
rapidez, sendo 200 vezes mais rapido do que seu antecessor (GUO et al.,
2019). PORTRAIT é baseado em SVM, e recomendado para espécies pouco
estudadas, utilizando dois modelos: um dependente e outro independente de
proteinas preditas a partir dos proprios transcritos (ARRIAL; TOGAWA,;
MARCELO, 2009). CPPred é uma ferramenta baseada em SVM e em multiplas
caracteristicas extraidas dos IncRNAs, sendo mais eficiente com ncRNAs
curtos (TONG; LIU, 2019). CONC é baseado em SVM, e utiliza multiplas
caracteristicas das sequéncias caso elas estivessem codificando, como
comprimento do peptideo e presengca de homologos (LIU; GOUGH; ROST,
2006). PhyloCSF é um método de gendbmica comparativa, comparando
alinhamentos multiespécie para determinar se uma dada sequéncia € ou nao
codificante (LIN; JUNGREIS; KELLIS, 2011). CodAn (Coding sequence
Annotator) prevé regidbes CDS e UTR de transcriptomas de eucariotos
(NACHTIGALL; KASHIWABARA; DURHAM, 2021).

Além de todos os aspectos listados anteriormente, diversos outros
podem ser explorados por meio de abordagens in silico. LncRNAs podem
interagir com DNA, RNA, proteinas ou com a cromatina (PINKNEY; WRIGHT;
DIERMEIER, 2020), e diferentes ferramentas tém sido desenvolvidas com o
objetivo de predizer, dentre outros aspectos, a interacdo dos IncRNAs (Quadro
4).

Quadro 4 Ferramentas para diferentes estudos in silico envolvendo IncRNAs.

Ferramenta Web server? Referéncia

Predigao da estrutura secundaria

http://rna.tbi.univie.ac.at/cqi- (GRUBER et al.,
RNAfold web server
bin/RNAWebSuite/RNAfold.cgi 2008)
Predigao da localizagao subcelular
o ) (ZENG et al.,
DeepLnclLoc http://bicinformatics.csu.edu.cn/DeeplLncloc/ 2022)




12
(final do Quadro 4)

Ferramenta | Web server? Referéncia
Interagcdo RNA-RNA
LncTar http://www.cuilab.cn/Inctar (LI et al., 2014)
(MANN; WRIGHT;
IntaRNA http://rna.informatik.uni-freiburg.de/IntaRNA/Input.jsp BACKOFEN,
2017)
Interagado IncRNA-proteina
(CIRILLO et al.,
Global Score Nao
2016)
(WEKESA et al.,
PLRPIM
2019)

Vias funcionais
LncRNAs2Pathways | Nao (HAN et al., 2017)
Ligacdo microRNA IncRNA

(FURIO-TARI et
spongeScan Nao
al., 2016)
Identificagao de sitios de edigao em IncRNAs
(PICARDI et al.,
REDItools Nao
2014)

RNAfold web server faz parte do Vienna RNA Websuite, um conjunto de
ferramentas para analisar RNA (GRUBER et al., 2008), dotadas de uma
interface de internet que torna o uso mais amigavel. RNAfold web server é
utilizado para predizer a estrutura secundaria de energia livre minima de
sequéncias. DeepLncLoc é uma ferramenta que prediz a localizacdo subcelular
de IncRNAs (ZENG et al., 2022). LncTar € uma ferramenta de predicédo de
interacdo INcCRNA-RNA, que utiliza a minimizagao de energia livre para predizer
os pares (LI et al., 2014). IntaRNA é uma ferramenta de predi¢ao da interagao
RNA-RNA, e se utiliza de acessibilidade ao sitio de interagao e de predigao de
seeds para determinar os pares que interagem (MANN; WRIGHT; BACKOFEN,
2017). O algoritmo computacional Global Score foi o primeiro capaz de predizer
interagbes globais e locais de RNAs e proteinas (CIRILLO et al., 2016).
PLRPIM é um método desenvolvido para predizer a interagdo entre IncCRNAs
de plantas e proteinas baseado, dentre outros aspectos, em k-mer (WEKESA
et al., 2019). LncRNAs2Pathways é capaz de identificar vias funcionais
influenciadas por um conjunto de IncRNAs selecionados pelo usuario (HAN et
al., 2017). spongeScan é uma ferramenta capaz de predizer IncRNAs atuando

como ceRNAs (esponjas de miRNAs), com uma interface de internet (FURIO-
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TARI et al., 2016). REDItools é uma ferramenta que se propde a detectar
eventos de edicdo de RNA (PICARDI et al., 2014).

A utilizacdo de bibliotecas de RNA-seq para a identificacdo de IncRNAs
tem se tornado rotina na pesquisa com essas moléculas, inclusive em plantas
(WANG; CHEKANOVA, 2019). As proprias bibliotecas de RNA-seq podem ser
utilizadas para o calculo da expressdo dos IncRNAs. Se as sequéncias forem
conhecidas, a técnica de microarrays pode ser empregada para a obtengao da
expressao dos IncRNAs (RAI et al., 2019).

As abordagens experimentais, que se seguem como verificagdo das
sequéncias preditas computacionalmente, constituem uma importante etapa da
caracterizagao funcional dos IncRNAs. Diante da vastiddo de IncRNAs
identificados computacionalmente, apenas uma pequena parcela foi validada e
teve sua funcionalidade confirmada experimentalmente (Figura 4). Plantas
modelo (A. thaliana, O. sativa e Z. mays) possuem o maior numero de IncRNAs

verificados experimentalmente.

180 1
160 | 160
140 -
120 A
100 1
80 -

60 4
43

40 -

Namero de IncRNAs funcionais

Figura 4 Numero de IncRNAs funcionais experimentalmente validados das 10
primeiras plantas listadas no EVLNncRNA2.0. Adaptada de (CHEN et al., 2021).

Em plantas, IncRNAs ja foram caracterizados exercendo diferentes
fungdes (Figura 5), associadas, por exemplo, a: resposta ao frio; resposta ao
calor; amadurecimento de frutos; metabolismo de nitrogénio e de fosfato;

resposta a hormonios vegetais, como auxinas e etileno; processos especificos
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de raiz; nodulagdo; gametogénese; defesa contra organismos patogénicos;

producao de

diversos outros.

antocianinas; florescimento; desenvolvimento da plantula e

eTM160 — A. thaliana (Wu et
al., 2013)

ASCO/Inc351 -
(Bardou et al., 2014)

A. thaliana HID1- A. thaliana

(WangY.etal, ~\ "7 \
2014) ¥ Y \F

MAS — A thaliana (Zhao et
al., 2018)

asHSFB2a — A thaliana
(Wunderlich et al_, 2014)

csi-eTM166 - C.sinensis (Ke
et al , 2019)

TCONS_00061773 — S.
lycopersicum (Chen et al |

Cs1 909600 — C. sinensis
(Liuetal., 2017)

ANTOCIANINAS

A MLNC3.2 — M. domestica
“{“(Yanget al_, 2019)

IncRNA38026 - L. esculentum
(Hou et al | 2020)

ELENA1- A. thaliana (Seo et
al., 2017)

IPS1 - A. thaliana (Franco-Zorrilla
et al., 2007)

2016) Atd- A thaliana (Shin et al., 2006
Mtd - M. truncatula (Shin et al_,
7 2006)
Ap,g:zin'; R\ N :/”/
== A
3 p o
thaliana (Ariel | {7 ® b
etal. 2014) L Sy 14.007 ® © =
Etileno ASCO/Inc351 - A thaliana (Bardou pri-miR165a- A. thaliana HSFB2
IncRNAZ081 — etal , 2014) (Lauressergues et al., 2015) j\sth i A
S. lycopersicum | | MIKKI— O. sativa (Cho and pri-miR171d— V. vinifera o r?[;:::ﬁ; L
(Wang et al_, Paszkowski, 2017) (Chen et al_, 2020) | 2014
2018a) APOLO —A. thaliana (Ariel et al., 2014) Al )

Figura 5 LncRNAs funcionais caracterizados em diferentes plantas.

Plantas modelo, como A. thaliana, Medicago truncatula, O. sativa e

Nicotiana tabacum ja tiveram IncRNAs identificados sob diferentes tipos de

estresse biotico e abidtico. O primeiro INncCRNA de planta, ENODA40, foi isolado
de nédulos de M. truncatula (CRESPI et al., 1994). Em M. truncatula, 582

IncRNAs responsivos a deficiéncia de fosfato foram identificados, e trés deles

foram caracterizados funcionalmente (WANG et al., 2017). Na mesma espécie,

foram identificados IncRNAs responsivos a frio (ZHAO et al., 2020b) e a

estresse osmotico e salinidade (WANG et al., 2015b). Em A. thaliana, foram

identificados IncRNAs responsivos a: luz azul (SUN et al., 2020b); temperatura
(SEVERING et al., 2018); limitacdo de fosfato (YUAN et al., 2016). Em arroz,
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foram identificados IncRNAs: responsivos ao frio (LENG et al., 2020);
responsivos a seca (WEIDONG et al., 2020); desenvolvimento da semente
(ZHAO et al., 2020a); resisténcia a patogeno (JAIN et al., 2017); fertilidade e
fotomorfogénese (WANG et al., 2021); senescéncia (HUANG et al., 2021). Em
N. tabacum foram identificados IncRNAs: associados a raiz (CHEN et al.,
2019); desenvolvimento de brotos axilares (WANG et al., 2022), e em resposta
a nematdodeo (LI et al., 2018). A identificacdo de IncRNAs envolvidos em
respostas de defesa de plantas descortina um interessante cenario, colocando-
os com potencial de atuagdo no controle de pragas. Magnaporthae oryzae é
um fungo que causa sérios danos a cultura de arroz, e o trabalho de Jain et al.
(2017) comparou os IncRNAs de uma linhagem de arroz resistente ao fungo,
com e sem a inoculagdo de M. oryzae, por meio de analise de transcriptoma.
Foram identificados diversos lincRNAs passiveis de participarem da resposta
da planta ao patégeno. Em tabaco, foram identificados 565 IncRNAs
diferencialmente expressos em plantas colonizadas pelo nematdide-das-galhas
(Meloidogyne sp.). A analise de Gene Ontology (GO) revelou que os alvos
desses IncRNAs estdo envolvidos na resposta da planta a: estresse bidtico;
inducdo da resisténcia sistémica; transducdo de sinal hormonal e resposta
hipersensivel, associando esses INcCRNAs a resposta ao patégeno (LI et al.,
2018).

Diversas plantas ndo-modelo também tiveram IncRNAs identificados,
como: Cajanus cajan (NITHIN et al., 2017); Populus euphratica (MA et al.,
2019); Solanum lycopersicum (WANG et al., 2015a); S. bicolor (SUN et al.,
2020a); Ananas comosus (BAI et al., 2019a); Musa itinerans (LIU et al., 2018),
dentre muitas outras espécies.

Alguns IncRNAs receberam mais ateng¢ao por parte dos pesquisadores
ao longo do tempo, especialmente por causa de suas fungdes em eventos
ainda ndo completamente compreendidos, como, por exemplo, a passagem por
vernalizacdo, nodulacdo em raiz e a resposta da planta a privacdo de
nutrientes, como o fosfato (Pi). Nesse caso, destacamos quatro exemplos cujos
mecanismos de acao tém sido bastante explorados: COOLDAIR/COOLAIR;
ENOD40 e IPS1 (Figura 6).
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COOLAIR

ENODA40

IPS1

Figura 6 Estruturas secundarias de IncRNAs de plantas bem estudados obtidas pelo
RNAfold web server. A — A. thaliana COLDAIR (GenBank: HG975388.1); B - M.sativa
ENOD40 (GenBank: X80263.1); C — A. thaliana IPS1 (GenBank: NM_180219.1); D —
A. thaliana COOLAIR (GenBank: GQ352646.1).

COLDAIR e COOLAIR sao dois IncRNAs produzidos a partir do gene
FLOWERING LOCUS C (FLC). FLC é um repressor floral, reprimido
epigeneticamente e, devido ao interesse em elucidar os mecanismos de
floracdo, FLC é um dos genes de plantas mais estudado (MICHAELS;
AMASINO, 1999; WHITTAKER; DEAN, 2017). O FLC é reprimido por duas
vias: via autbnoma e via de vernalizacéo (JIAO et al., 2019). Vernalizagdo € um
fendbmeno bem estudado, encontrado em plantas de clima frio, por meio da
qual ha um impedimento do florescimento durante o inverno, com a permissao
da floragdo apenas com a chegada da primavera (KIM et al., 2009). Em A.

thaliana, COLDAIR é um IncRNA que reprime o gene FLC, e s6 se associa a
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cromatina no l6cus de FLC (KIM; XI; SUNG, 2017). Em A. thaliana, COOLAIR é
um IncRNA antisenso expresso do locus de FLC, e responde ao frio (HAWKES
et al., 2019). A despeito da baixa conservagao a nivel de sequéncia primaria,
seu padrao de expressao e estrutura secundaria in vitro sdo altamente
conservados em Brassicaceae (JIAO et al., 2019).

ENOD40 (do inglés early nodulin gene) € um IncRNA envolvido em
processos de regulagdo simbiotica entre leguminosas e bactérias (FUJITA et
al.,, 1993). Interessantemente, ENOD40 é necessario para a simbiose do
nédulo radicular, mas n&o é necessario o nédulo de simbiose radicular
actinorrizico (GANGULY et al., 2021). Foi visto em M. truncatula que ENOD40
produz um ncRNA funcional e dois peptideos curtos, cuja perturbagdo de
ENOD40 provocou diminuicdo da nodulacdo. Além disso, ENOD40 atua
alterando a localizacdo da proteina MtRBP1, provocando uma mudanca de
MtRBP1 para o citoplasma e, na auséncia do IncRNA, a proteina permanece
no nucleo (CHEN; CHEN; ZHANG, 2015; SOUSA et al., 2001).

IPS1 (do inglés Induced by Phosphate Starvation 1) € um IncRNA
identificado primeiramente em A. thaliana e que funciona como target mimic de
mir399 (FRANCO-ZORRILLA et al.,, 2007; WU et al., 2013). IPS1 age como
decoy, impedindo que mir399 se ligue ao seu alvo original (PHOZ2, Phosphate
2).

A despeito do interesse na identificacdo de novos INcCRNAs em diversas
espécies de plantas, a participagdo destes importantes reguladores da
expressao génica em eventos de interagdo com organismos endossimbiontes

permanece pouco compreendida, necessitando de maiores investigagoes.

1.3 LncRNAs envolvidos em diferentes processos em raizes

As raizes das plantas possuem diferentes fungdes. Sao responsaveis
por fixar os vegetais ao solo, resistindo a forga do vento ou as aguas das
chuvas; captam agua e nutrientes do solo, possibilitando que sejam conduzidos
até as partes superiores e, nao menos importante, interagem com
microorganismos presentes no solo, 0os quais podem beneficiar ou prejudicar o
desenvolvimento da planta. Nao é de se espantar que IncRNAs tenham sido

descritos como importantes elementos reguladores de processos em raiz.
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Em A. thaliana submetida a seca, estresse salino ou limitagao de fosfato,
42 IncRNAs com aumento de expressao em raiz e responsivos a pelo menos
um desses estresses foram identificados (BEN AMOR et al.,, 2009). Os
mesmos autores verificaram que a superexpressao de dois desses INncRNAs
interferiram no crescimento das raizes de Arabidopsis.

Em células de raiz, APOLO (AUXIN REGULATED PROMOTER LOOP
RNA) é um IncRNA que participa da regulagdo do crescimento primario e da
resposta ao gravitropismo (BAZIN; BAILEY-SERRES, 2015). APOLO interfere
na estrutura da cromatina proxima ao seu gene alvo, PINOID (PID) (ARIEL et
al., 2014). PINOID codifica uma proteina quinase responsavel pela localizagao
do transportador de auxina PIN-FORMED 2 (PIN2) (HUANG et al., 2010).
APOLO e PINOID séo corregulados, e ambos respondem a auxina exdégena.

Considerando a homeostase de fosfato (Pi), foi verificado em A. thaliana
que dois IncRNAs (At4 and IPS1) tém sua expressao fortemente induzida em
plantas submetidas a privagao de fosfato. Mutantes de At4 exibem problemas
de distribuicdo de Pi entre raiz e parte aérea quando em privacgao de fosfato
(BURLEIGH; HARRISON, 1999; SHIN et al., 2006). At4 e IPS1 agem como
decoys de mir399, prevenindo que esse miRNA se ligue ao seu transcrito alvo
(PHO2), que esta envolvido com a regulagdo do carregamento de Pi no xilema
(HUANG et al., 2013; LIU et al., 2012). Em arroz, o IncRNA cis-NATPHO ., esta
envolvido com a homeostase de Pi (JABNOUNE et al., 2013). Cis-NATPHO1»
atua potencializando a traducdo de OsPHO1;2, que codifica uma proteina
envolvida com o transporte de Pi do xilema da raiz para a parte superior da
planta (SECCO; BAUMANN; POIRIER, 2010).

ASCO (Alternative Splicing COmpetitor) ¢ um IncRNA que atua
regulando o splicing alternativo de proteinas NSR (Nuclear Speckle RNA-
binding), modulando diretamente o crescimento e desenvolvimento da raiz com
regulagédo por auxina (BARDOU et al., 2014). A auxina € um regulador positivo
do crescimento da raiz (HU et al., 2021), e a superexpressdo de ASCO produz
plantas extremamente sensiveis a esse horménio. Diversos outros IncRNAs,
além de ASCO, interagem com NSR, indicando que eles também direcionam
eventos de splicing alternativo dependente de NSR (BAZIN et al., 2018).

Em Petunia x hybrida, o gene Sho, envolvido na produg¢éo de citocininas,

produz um transcrito ndo-codificante de sua fita antisenso (ZUBKO; MEYER,
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2007). Citocininas sao hormdnios vegetais inibidores do crescimento da raiz e
essenciais para senescéncia e desenvolvimento de brotos e folhas (AMASINO,
2005; MOK; MARTIN; MOK, 2000). Produzidas na ponta da raiz e em locais
especificos da parte aérea (NORDSTROM et al., 2004), citocininas s&o
empregadas para regeneragao de plantas (BISHOPP; HELP; HELARIUTTA,
2009). Parece haver uma correlagéo entre a expressédo de Sho e seu transcrito
antisenso o que leva a producdo de sRNAs de 24 nucleotideos em varios
tecidos, menos na raiz. Isso sugere que a manutencdo da produgdo de
citocininas em raiz se deve a nao degradagao do IncRNA Sho, o qual parece
estar diretamente relacionado com a biogénese de citocininas em Petunia x
hybrida (ZUBKO; MEYER, 2007).

LncRNAs de raiz tém sido descritos como reguladores em resposta a
diferentes fatores abitticos. Em A. thaliana, DRIR (DRought-Induced IncRNA)
esta intimamente relacionado a resisténcia da planta ao estresse hidrico e
salino, controlando genes relacionados a translocagao hidrica e resposta a
ABA (QIN et al.,, 2017). Em algodao (Gossypium hirsutum), o IncRNA973 é
responsavel por regular genes envolvidos na resposta a estresse salino
(ZHANG et al., 2019). Em mandioca (Manihot esculenta), o INncRNA340 atua
como mimic do miR169, regulando a resposta a seca e ao frio (LI et al., 2017).

A disponibilidade de nutrientes, como o nitrogénio (N) & capaz de
modular a arquitetura radicular em diferentes espécies (FORDE, 2014; FORDE;
WALCH-LIU, 2009). Leguminosas possuem uma caracteristica unica: sao
capazes de se associar com bactérias fixadoras de nitrogénio (KISTNER;
PARNISKE, 2002), o que as coloca como componentes importantes de praticas
agricolas menos dependentes de insumos quimicos (ZHAO et al.,, 2020c).
ENOD40 é um IncRNA envolvido no processo de nodulagao, e seu gene possui
conservagao de certas regides entre plantas nao-leguminosas (GULTYAEV;
ROUSSIS, 2007). O silenciamento de ENOD40 em L. japonicus provoca
atenuagdo da formacdo de nddulos (KUMAGAI et al., 2006). E interessante
ressaltar que outras fungdes sao atribuidas a ENOD40, como elemento-chave
na regulagdo da expressao génica ou pela produgcdo de dois peptideos que
interagem com a sacarose sintase, modulando o fluxo de sacarose na
nodulagdo (BARDOU et al.,, 2011; CAMPALANS; KONDOROSI; CRESPI,
2004).
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1.4 LncRNAs de milho associados a diferentes processos biolégicos

Em um tempo relativamente curto, o milho se diferenciou grandemente
de seu ancestral selvagem, e foi proposto que IncRNAs tiveram participagao
neste processo como intermediarios de novos genes (HEZRONI et al., 2015).
Um estudo recente identificou 18.165 IncRNAs em milho, por meio da analise
de 749 experimentos de RNA-seq (HAN et al., 2018), e concluiu que o milho
possui um transcriptoma extremamente complexo. Em milho, centenas de
IncRNAs foram identificados em resposta a diferentes tipos de fatores bidticos
e abidticos, como: calor; frio; seca; salinidade; boro; alagamento; colonizagéo
por fungo benéfico; giberelina e deficiéncia de nitrogénio (LV et al., 2016, 2019;
PANG et al., 2019; WANG et al., 2018; YU et al., 2020; ZHANG et al., 2014a).

Em milho, a literatura relata que a identificacdo de IncRNAs tem sido
feita, majoritariamente, por meio de bioinformatica, com posterior verificagdo da
existéncia do IncRNA, principalmente, por PCR (do inglés Polymerase Chain
Reaction). Considerando bancos de dados que abrigam IncRNAs de milho e
artigos: CANTATAdb (10761); GreeNC (7129); EVLncRNAs (26); NONCODE
(4717); Lv et al. 2016 (7245); Li et al. (2014) (20163); Zhu et al. (2017) (753);
Huanca-Mamani et al. (2018) (48345); Pang et al. (2019) (3488); Yu et al.
(2020) (6099); Han et al. (2019a) (5941); Han et al. (2019b) (18165); Boerner e
McGuinis (2492); Zhang et al. (2014) (664); Wang et al. (2015) (11105); Wang
et al. (2018) (9933), totalizando 157026 IncRNAs (valores redundantes, autores
podem ter depositado as sequéncias nos bancos de dados; alguns autores nao
disponibilizaram arquivos com as sequéncias).

A maioria absoluta dos IncRNAs identificados por abordagens
computacionais permanece como sequéncias putativas e sem caracterizacao
de suas fungdes. Alguns IncRNAs de milho, por outro lado, foram fortemente
associados aos respectivos estresses, por meio de diferentes
ensaios/abordagens, sugerindo seus papeéis como elementos reguladores dos
processos (Figura 7).



21

ALAGAMENTO SECA
4 ﬁ ,‘s% TCONS_00177501 MSTRG.6838.1
™y — 1 i ;
T ’,-ﬁ. (Yuetal., 2020) _‘.’_ (Pang et al., 2019)
r.s TCONS_00056395

Was= TCONS_00082174
“ GRMZM2G088590_T04
CALOR (Zhang et al_, 2014)

MSTRG. 11125

MSTRG. 4636

m§$gg?§g§; DEFICIENCIA DE
MSTRG.31362 NITROGENIO
(Lvetal 2019)

LNC_002923
(Maet al  2021)
HOMEOSTASE DE
FOSFATO GRAVITROPISMO
P
: PILNCR1 ,«*’f& IR TCONS_00007363
@ .. (Duetal, 2018) / 1 A \ p (Wang et al_, 2018)
EXPANSAO FOLIAR FLORAGAO DEFESA
GRMZM2G374777
GRMZM2G078523 Gwzkmz%f 3:”0 GRMZM2G097084
/ GRMZM2G 147020 Ve 2%51%9 ) (Wekesaet al_, 2019)
(Wekesaet al., 2019) )

Figura 7 LncRNAs verificados experimentalmente em milho e suas fungdes.

Yu et al. (2020) associaram o INncRNA TCONS_00177501 a tolerancia do
milho ao alagamento, pois esse INCRNA faz parte de um médulo obtido a partir
de uma rede de coexpressao que inclui transcritos codificantes de proteinas e
INcRNAs de raiz. A expressdo de TCONS_00177501 foi relacionada ao gene
Zm00001d029280. Diferentes IncRNAs foram identificados como responsivos a
calor (LV etal., 2019), e a tolerancia a baixas concentragdes de fosfato (Pi) em
milho foi associada ao modulo formado pelo INcRNA PILNCR1 e miR399 (DU
et al., 2018). Por meio de expressao transiente do IncRNA LNC_002923 em
Nicotiana benthamiana, foi demonstrado que ele poderia guiar a clivagem de
Zm00001d015521 com a participacdo de ZmmiR159 (MA et al., 2021).
GRMZM2G088590 T04 € um IncRNA que se apresentou reprimido em raiz
tratada por 5h, e induzido em raiz com 10h de tratamento (seca) (ZHANG et al.,
2014a). Wekesa e colaboradores (2019) associaram diferentes IncRNAs de

milho a defesa, floracdo e expansao foliar.
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1.5 Bioestimulantes e plantas

Os bioestimulantes, como produtos comerciais, necessitam passar por
uma regulamentacdo. O Regulamento de Produtos Fertilizantes da Uni&o
Européia (EU) (European Union (EU) Fertilizing Products Regulation) propde
considerar como bioestimulante um produto capaz de estimular os processos
nutricionais das plantas, melhorando um ou mais aspectos, como
produtividade, tolerancia a estresse abiotico ou uso mais eficiente de nutrientes
(RICCI et al., 2019), e devera constar no rétulo do produto as vantagens que
ele proporciona com especificagao do tipo de planta beneficiado.

Os bioestimulantes compreendem um conjunto heterogéneo de
substéncias e microorganismos, caracterizadas por: natureza diversa; fung¢des
bioldgicas diversas; efeitos convergentes para as mesmas fungdes agricolas
(aumento da resisténcia a estresse abidtico; eficiéncia no uso de nutrientes;
melhoria da cultura). E interessante lembrar que o aumento da resposta a
estresse biotico € deixado de fora, mantendo bioestimulagdo e biocontrole
separados. A definicdo de bioestimulante, logo, deve estar atrelada as fung¢des
agricolas dos compostos e microorganismos utilizados (DU JARDIN, 2015).

Entre os bioestimulantes microbianos, estdo os fungos microrrizicos
arbusculares e bactérias promotoras do crescimento vegetal. Fungos
frequentemente sdo encontrados associados a raizes de plantas,
estabelecendo relagdes benéficas ou agindo como parasitas (BEHIE;
BIDOCHKA, 2014). A partir do aparecimento das plantas terrestres, plantas e
fungos coevoluiram, estabelecendo diversos tipos de relacionamento
mutualistico (BONFANTE; GENRE, 2010; JOHNSON; GRAHAM, 2013).
Fungos micorrizicos, que sdo encontrados em mais de 90% dos vegetais, sao
exemplos de organismos associados com plantas, sendo os fungos
micorrizicos arbusculares bastante difundidos em plantas cultivadas
(BONFANTE; GENRE, 2010; BEHIE; BIDOCHKA, 2014). Desta forma, as
micorrizas tém constituido alvo de crescente interesse como um recurso para a
ampliagdo das praticas agricolas sustentaveis, pois promovem diversos
beneficios as plantas, como resisténcia a estresse bidtico e abidtico; aquisicao
de micro e macronutrientes e equilibrio hidrico (AUGE, 2001; GIANINAZZI et
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al., 2010; HARRIER; WATSON, 2004; VAN DER HEIJDEN et al., 2006). Alguns
trabalhos tém sugerido a existéncia de uma verdadeira rede de conexao,
permitindo a comunicacao entre as hifas e as plantas de uma comunidade, o
que implica em um potencial uso para a agricultura (JOHNSON; GILBERT,
2015; SIMARD et al., 2012). A utilizagdo das micorrizas na agricultura exige
uma adaptacdo das plantas aos microrganismos, assim como de mudangas no
manejo agricola (GIANINAZZI| et al., 2010; PLENCHETTE et al., 2005). Apesar
de promissor, o uso de produtos com fungos micorrizicos tem o desafio da
propagacdo em larga escala (DALPE; MONREAL, 2004), assim como da
compreensdao das especificidades fungo-hospedeiro e da dinamica
populacional dos sistemas agricolas (DU JARDIN, 2015). Diferentemente de
micorrizas, fungos endofiticos (Trichoderma spp. e Piriformospora indica, por
exemplo), conseguem viver parte do ciclo de vida fora da planta e, uma vez
colonizando raizes, sdo capazes de transferir nutrientes para o hospedeiro
(BEHIE; BIDOCHKA, 2014). As propriedades desses fungos como inoculantes
tém sido estudadas, apontando para um potencial uso na agricultura
sustentavel, especialmente por serem mais faceis de multiplicar in vitro.
Trichoderma spp., inclusive, tém sido relatado como dotado de potencial
biopesticida e de biocontrole (MUKHERJEE et al., 2013; NICOLAS et al,,
2014).

Bactérias interagem com plantas de diversas formas: de forma
mutualistica ou parasitaria; interagdes na rizosfera, no rizoplano e no interior
das células; interagdes perenes ou temporarias, até mesmo com transmissao
de bactérias por meio das sementes; alteragcdes na eficiéncia do uso de
nutrientes; promovendo resisténcia a fatores abidticos e a patogenos; e
regulacdo do crescimento da planta (AHMAD; PICHTEL; HAYAT, 2008). Dois
tipos principais de bactérias sdo reconhecidos como bioestimulantes agricolas:
endossimbiontes mutualisticos (Rhizobium) e bactérias promotoras do
crescimento de plantas (BPCV). Rhizobium ja é comercializado como
biofertilizante (DU JARDIN, 2015), e seu funcionamento e as contribuicdes para
a pratica agricola ja foram extensamente estudados. As BPCVs atuam sobre os
mais diferentes processos, incluindo a nutricdo e o crescimento vegetal e a
defesa contra fatores bidticos e abidticos (AHMAD; PICHTEL; HAYAT, 2008;
BABALOLA, 2010; BERENDSEN; PIETERSE; BAKKER, 2012; BERG et al.,
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2014; BHATTACHARYYA; JHA, 2012; GAIERO et al., 2013; PHILIPPOT et al.,
2013; (VACHERON et al., 2013). Os beneficios dos microorganismos variam
enormemente a depender do gendtipo da planta considerada, sendo alguns
efeitos especificos das cepas utilizadas ou, ainda, do sinergismo entre
diferentes microorganismos, o que pode limitar a utilizacdo deste recurso. A
formulagdo do bioinoculante também pode influenciar os resultados de campo
(ARORA; KHARE; MAHESHWARI, 2011; BRAHMAPRAKASH; SAHU, 2012).
Contudo, o uso de bactérias como bioestimulante de plantas vem encontrando
espaco no mercado mundial (BERENDSEN; PIETERSE; BAKKER, 2012).

Existem, ainda, os chamados bioestimulantes de plantas nao-
microbianos, que compreendem principalmente hidrolisados de proteinas
(protein hydrolysates, PHs) e extratos de algas marinhas (seaweed extracts,
SWE) (ROUPHAEL; COLLA, 2020). Os hidrolisados de proteinas, que
compreendem principalmente peptideos sinalizadores e aminoacidos livres,
sao capazes de conferir maior resisténcia de plantas a estresse, assim como
melhorar a germinagdo e o crescimento de plantulas, a qualidade e
produtividade de frutos (COLLA et al., 2017). Os extratos de algas marinhas,
obtidos a partir de algas vemelhas, verdes e marrons sao os mais comumente
utilizados na agricultura e na horticultura. As algas colhidas no mar dificultam a
padronizagcao dos produtos obtidos, o que torna necessaria a procura por
producdo padronizada de algas para fins de pesquisa e uso industrial
(ROUPHAEL; COLLA, 2020). As algas podem constituir fontes renovaveis de
bioestimulantes de plantas (CHIAIESE et al., 2018). Subprodutos derivados de
atividades agricolas e industriais, desde que atendam a determinados critérios,
como estar livres de agrotdxicos e de metais pesados, assim como possuirem
disponibilidade e facilidade de armazenamento, podem constituir fontes de
bioestimulantes de plantas. Esses subprodutos incluem vermicomposto, lodo
de esgoto e compostagem de lixo urbano (XU; GEELEN, 2018).

Ainda no grupo dos bioestimulantes nao-microbianos temos as
substancias humicas. Substancias humicas se referem ao acido humico e acido
fulvico, e sdo pequenas moléculas anfifilicas com capacidade de formar
agregados moleculares ou supramoleculares em solucdo e em superficies
minerais (PALUMBO et al., 2018; PICCOLO, 2001; SCHAUMANN, 2006). A
atividade bioldgica do acido humico é conhecida desde 1917 (BOTTOMLEY,
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1917). Os efeitos das substancias humicas sobre as plantas sdo dependentes
da concentracao utilizada e das propriedades fisico-quimicas, propriedades
estas intimamente relacionadas ao material que deu origem as substancias
hamicas empregadas. Algumas pesquisas associaram os efeitos das
substancias humicas a presenca de compostos que possuem atividade
semelhante a de hormonios (MORA et al., 2010; NARDI et al., 1994). Ja foram
demonstrados diferentes efeitos das substancias humicas sobre plantas, como:
controle da disponibilidade de nutrientes em milho (EYHERAGUIBEL;
SILVESTRE; MORARD, 2008); absorcdo e assimilagcdo de nitrogénio
(VACCARO et al., 2009); mudangas na arquitetura de raiz (CANELLAS et al.,
2002; NARDI et al., 2002; ZANDONADI; CANELLAS; FACANHA, 2007);
intensificagdo da atividade de H*-ATPase (NARDI et al., 1991; ZANDONADI et
al., 2010); alteragdes no metabolismo secundario (ciclo de Krebs, fotossintese,
glicolise) (LOTFI et al., 2018; ROOMI et al., 2018); aumento do numero de
compostos fenodlicos (ERTANI et al., 2011); reducdo da infeccdo das plantas
(OLIVARES et al., 2015) e incremento da protecdo vegetal (HERNANDEZ et
al., 2015).

Tanto os bioestimulantes de plantas nao-microbianos quanto os
microbianos sdo reconhecidos como fontes renovaveis, capazes de contribuir
para praticas agricolas mais sustentaveis, seja agindo como biofertizantes em
solos com baixa disponibilidade de N e P ou contribuindo para o aumento da
resisténcia das culturas a fatores abidticos, principalmente seca e salinidade
(BACKER et al., 2018; BITTERLICH et al., 2018; GRANADA et al., 2018). Ja foi
demonstrada uma acdo complementar entre fungos micorrizicos e bactérias
promotoras de crescimento, indicando os beneficios do uso de mais de um
recurso combinado (BACKER et al., 2018; BITTERLICH et al., 2018; TURRINI
et al., 2018). O desenvolvimento de produtos a partir de consorcios de
microorganismos, como o consorcio Trichoderma-Azotobacter, pode constituir
uma estratégia interessante para um manejo mais eficiente e praticas agricolas
menos prejudiciais ao ambiente (WOO; PEPE, 2018).

Uma BPCV que tem sido utilizada como modelo para estudos da
interacdo planta-bactéria endofitica é a H. seropedicae (CHUBATSU et al.,
2012; DIVAN BALDANI; BALDANI; DOBEREINER, 2000; PEDROSA et al.,

2011). Esta BPCV foi isolada de cana-de-agucar, arroz, sorgo e milho
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(FERRARI et al., 2014; MONTEIRO et al., 2012; OLIVARES et al., 1996) e tem
auxiliado na compreensao do complexo processo de promogéo de crescimento
promovido pela bactéria (BODDEY et al., 1995; ELBELTAGY et al., 2001;
GYANESHWAR et al., 2002; JAMES, 2000; JAMES et al., 2002; RONCATO-
MACCARI et al., 2003).

Os mecanismos de interacdo das plantas com bioestimulantes, como
BPCV e acido humico, sdao complexos e ainda necessitam de estudos
relacionados ao entendimento da modulacdo de redes transcricionais.
Considerando o papel regulatério que ncRNAs apresentam, alguns estudos
identificaram que miRNAs podem estar associados a resposta da planta a
microorganismos benéficos: em milho colonizado por bactérias endofiticas
diazotroficas (Azospirillum brasilense e H. seropedicae), os miRNAs miR397,
miR398, miR408, e miR528 se mostraram induzidos pela colonizagdo por H.
seropedicae (THIEBAUT et al.,, 2020). Esses miRNAs estdo associados a
homeostase de cobre, um micronutriente envolvido em vias de diferentes
processos bioldgicos, como a fotossintese e a eliminagdo de espécies reativas
de oxigénio. Em feijdo (Phaseolus vulgaris) inoculado com Rhizobium tropici,
miR398 teve decréscimo de expressao (NAYA et al., 2014), com aumento de
expressao de seus alvos (CSD1 e Nod19), sugerindo a participagdo de miR398
no estagio inicial de colonizagdo por R. tropici. Em soja (Glycine max)
inoculada com a bactéria fixadora de nitrogénio Bradyrhizobium japonicum
miR172 apresentou aumento de expressdo em noédulo. miR172 funciona
promovendo a nodulagéo ao regular negativamente seu alvo, NNC1, um gene
que possui papel central na repressdo da nodulagdo (WANG et al., 2014).
Ainda em soja com B. japonicum, miR167 também apresentou aumento de
expressao em raiz, apos 24 horas da inoculacdo, e esta envolvido na
sinalizagao por auxina (WANG et al., 2015). Também foram verificados altos
niveis de miR167 em nodulos, sugerindo participagdo deste miRNA na
nodulagao, além da regulagdo hormonal (WANG et al., 2009; LUIS et al., 2012).
A colonizagao de arroz pelo fungo Piriformospora indica provocou o aumento
de expressao de miR159 e miR396 em folhas, durante estresse hidrico. Esses
dois miRNAs tém como alvos os fatores de transcricao MYB e GRF, que estao
envolvidos no controle do crescimento e na economia de agua. Desta forma,

mudangas na expressao de miR159 e miR396 levam ao aumento da tolerancia
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da planta ao estresse hidrico pelo controle de seus alvos (FARD et al., 2017).
Em M. truncatula colonizado pelo fungo Rhizophagus irregularis, miR171 esta
associado a colonizagéo pelo fungo, e mostrou aumento de express&o em raiz,
enquanto seu alvo (NSP2) teve sua expressao diminuida. A superexpressao de
miR171 provoca redugdo da colonizagdo do fungo em raiz, o que sugere a
participagcdo desse miIRNA em uma via de controle da colonizagdo pela
regulacdo de NSP2 (LAURESSERGUES et al., 2012). Com relacdo aos
IncRNAs, Han e colaboradores (2019) reportaram que 63 IncRNAs foram
diferencialmente expressos na associacdo de milho com Rhizophagus
irregulares (fungo AM). Estes poderiam estar envolvidos na regulagédo da troca
de nutrientes entre a planta e o fungo, mostrando o potencial regulatério de

IncRNAs a ser explorado em plantas submetidas a bioestimulantes.
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2. OBJETIVOS

2.1 OBJETIVO GERAL

Caracterizar, por meio de analises de bioinformatica, IncRNAs expressos
em milho submetido a colonizagao por H. seropedicae com adigao de acido

humico.

2.2 OBJETIVOS ESPECIFICOS

A — |dentificar os IncRNAs de milho descritos/caracterizados na literatura;

B - Identificar IncRNAs ja caracterizados e novos IncRNAs em bibliotecas de
transcriptoma de milho submetido a colonizacdo por H. seropedicae com
adicdo de acido humico;

C — Analisar a expressao dos IncRNAs em bibliotecas de transcriptoma de
milho submetido a colonizacdo por H. seropedicae com adicdo de acido
hdmico;

D — Identificar IncRNAs que sao alvos de miRNAs;

E — Identificar os mMRNAs alvos de IncRNAs;

F — Construir redes de interagdo de miRNAs-IncRNAs-mRNAs.
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3. ARTIGO — SUBMETIDO A REVISTA PLANTA - A1

Long non-coding RNAs from maize roots treated with plant
biostimulants targets elements related to hormonal regulation
pathways
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Main conclusion The IncRNAs from maize roots target genes related to
several biological processes when plants are subjected to colonization by H.
seropedicae and humic acids, including regulation by hormones such as
abscisic acid and auxins, and response to biotic and abiotic stresses.

Abstract: Long non-coding RNAs (IncRNAs) constitute a class of non-coding
RNAs (ncRNAs) responsible for playing critical regulatory roles at different
stages of development and in plants subjected to different types of biotic and
abiotic stress. Despite the increase of studies on plant IncRNAs in recent years,
the functions of IncRNAs in maize (Zea mays L.) subjected to colonization by
beneficial microorganisms and the response to humic acids remain unknown.
To identify and characterize maize IncRNAs, we used single-end RNA-seq
libraries constructed from roots of non-inoculated seedlings and inoculated with
diazotrophic endophytic bacteria Herbaspirillum seropedicae and humic acid.
Through a computational pipeline, we identified a total of 32,501 known High-
Confidence IncRNAs (HC-IncRNAs) and 6,418 novel candidate IncRNAs (NC-
INcRNASs) in the transcriptomes. The expression profile of INncRNAs revealed
3,263 HC-IncRNAs and 1,050 NC-IncRNAs significantly differentially expressed
(DE) in the six different comparisons. We also identified the regulatory networks
of DE-IncRNAs by predicting cis-target genes and miRNAs. The results showed

that IncRNAs target genes associated with different processes, such as
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hormone signal transduction, abscisic acid (ABA) and ethylene response, Ca®'-
binding, auxin response; outer cell wall composition, and transmembrane
signaling, among others. Furthermore, interaction networks of IncRNAs-
MRNAs-miRNAs were constructed and showed the potential of IncRNAs as a
key regulatory element. Our results showed that IncRNAs are involved in
different processes during the interaction of maize with bacteria H. seropedicae
and in the presence of humic acid, including the participation of elements

associated with distinct plant hormones.

Keywords: Zea mays — ncRNAs — IncRNAs — miRNAs — endophytic bacteria -

humic substances
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1. Introduction

Biostimulation of plants by biocontrol agents or natural or synthetic
compounds has been growing enormously in agriculture in the past decade.
The application of bioactive compounds or beneficial microorganisms to the
plant enhances growth, tolerance to environmental stresses, boost nutrient
uptake and crop quality (du Jardin 2015; Brown and Saa, 2015). Biostimulants
are promising to face chemical fertilizers high costs and environmental damage
once they benefit crops productivity with the activation of plants’ metabolism
(Bulgari et al., 2014).

Among the beneficial microorganisms used for plant biostimulation, the

genus Herbaspirillum has been isolated and characterized in different plant
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species, such as rice, sorghum, sugarcane, and wheat (Monteiro et al. 2012).
The genus Herbaspirillum comprises gram-negative, vibroid bacteria that carry
one to three polar flagella. Some members can fix atmospheric N2, being called
diazotrophic (Baldani et al. 1986, 1996). The association of the genus
Herbaspirillum with several plant species, especially members of the Poaceae
family, has been one of the best-studied models of plant-bacteria interaction
(Monteiro et al. 2012).

Despite the different studies about the interaction of H. seropedicae with
plants, several molecular aspects of this association have yet to be fully
elucidated. In a field experiment, Dartora et al. (2016) found a 12% increase in
the phosphorus (P) content of the corn leaf subjected to colonization by A.
brasilense and H. seropedicae, supplemented by N fertilization. Azevedo et al.
(2019) demonstrated biochemical and molecular changes in maize inoculated
with H. seropedicae and with the addition of humic acids isolated from
vermicompost (Azevedo et al. 2019). Under these conditions, maize showed
overexpression of aquaporins, with an increase in the efflux of H* in the root. In
addition to the bacteria, the use of humic substances in crops has shown
positive results in productivity. Testing the combination of humic substances
and H. seropedicae delivered as foliar spray application under field conditions,
Canellas et al. (2013) obtained an increase of 65% of the maize grain
production.

Humic substances have been successfully used as biostimulants (Jindo
et al. 2020). In 1917, the biological activity of humic acids was described
(Bottomley 1917). Subsequently, other properties of humic acids were
described: hormone-like nature (Nardi et al. 2002; Canellas et al. 2008);
promoting expression of genes encoding specific enzymes, such as membrane
H*ATPase (Elena et al. 2009) and increased nitrate absorption (Piccolo et al.
1992). It has even been shown that humic substances can affect the root
growth and architecture, mainly inducinglateral roots formation of maize
(Canellas et al. 2002).

Humic substances refer to humic acid (HA) and fulvic acid, and are small
amphiphilic molecules capable of forming molecular or supramolecular
aggregates in solution and on mineral surfaces (Palumbo et al. 2018; Piccolo
2002; Schaumann 2006). HAs are used in the pharmaceutical industry,
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medicine, agriculture, and remediation of pollutants, among other technological
applications (Melo et al. 2016). The biological activity of humic acids on maize
was higher for low molecular weight fractions 35-175 kDa (VICkova et al. 2009).
Humic acids extracted from lignite increased different biological activities in
maize seedlings (David et al. 2014). Stimulation of maize seedlings by humic
acids positively modulated hormonal regulatory pathways and abiotic stress
response genes (Canellas et al. 2020). Humic acids extracted from green
compounds demonstrated positive effects on corn growth (Monda et al. 2018),
as well as humic acids from coal and peat (Mindari et al. 2014).

Regardless of the strategy used for plant biostimulation, we must
broaden our understanding of the molecular mechanisms involved in the plant's
response to the treatment used. An important group of molecules that have
been associated with different molecular mechanisms are the long non-coding
RNAs (IncRNAs), belonging to the class of non-coding RNAs (ncRNAs).
NcRNAs control gene expression by various mechanisms, including chromatin
remodeling and regulation of expression at the transcriptional and post-
transcriptional levels (Kaikkonen et al. 2011), and are divided into two classes:
small ncRNAs (sRNAs, with <40 nucleotides) and long ncRNAs (IncRNAs, with
>200 nucleotides).

LncRNAs comprise a class of ncRNAs, with the following characteristics:
a total absence of open reading frame (ORF) or presence of an ORF with <100
amino acids (Kapranov et al. 2007); length >200 nt (Kim and Sung 2012); GC
content lower in comparison with mRNAs (Niazi and Valadkhan 2012), as well
as a smaller number of exons, and low expression when compared to protein-
coding genes, which can even make their annotation more difficult (Derrien et
al. 2012). The characterization of many IncRNAs revealed nuclear localization,
the composition of polyadenylated and non-polyadenylated transcripts, low level
of sequence conservation and expression (Kapranov et al. 2007; Wu et al.
2008). Moreover, IncRNAs can target genes or miRNAs and act as decoys of
miRNAs (Statello et al. 2021).

Maize (Zea mays L.) is one of the most important plant crops. In addition
to direct consumption in human food and animal feed production, maize is
widely used as an industrial material in developed countries, as well as for the
production of ethanol (Tester and Langridge 2010). In maize, different works
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identified IncRNAs. Using ribosomal RNA depletion, Lv et al. (2016) identified
7,245 IncRNAs in plants grown under nitrogen-limited conditions, being 637
identified as nitrogen-responsive IncCRNAs. Li et al. (2014b) identified 20,163
putative IncRNAs, with 1,704 IncRNAs classified as highly confidential. Zhu et
al. (2017) identified 753 IncRNAs in maize seeds. These IncRNAs revealed
specific tissue and stage specificity and differential expression, indicating
participation in seed development. Huanca-Mamani et al. (2018), working with
maize from the Atacama Desert, identified 48,345 IncRNAs in plants subjected
to the combined stress of salinity and excess boron. Of these, 1,710 were
shown to be responsive to combined stresses. Pang et al. (2019) identified
3,488 high-confidence IncRNAs in maize subjected to drought stress, being
1,535 identified as drought-responsive. Yu et al. (2020) identified 6,099
IncRNAs in maize plants subjected to waterlogging stress, being 3,190
differentially expressed. Han et al. (2019b) identified 18,165 high-confidence
IncRNASs, with 6,872 of them conserved between maize and teosinte. Using full-
length maize cDNA, Boerner and McGinnis (2012) identified 2,492 candidate
IncRNAs. Zhang et al. (2014) identified 664 drought stress-responsive INncCRNAs.
Wang et al. (2015) identified 11,105 lincRNAs from the RNA-seq of different
organs and developmental stages in maize. Using SNPs associated with
agronomic traits of interest, the authors identified 951 maize IncRNAs genes
associated with leaf development. Wang et al. (2018) identified 9,933 IncRNAs,
22 differentially expressed under gibberellin stimulation. Considering
biostimulants, Han et al. (2019a) identified 5,941 IncRNAs in maize root
submitted to colonization by the arbuscular mycorrhizal fungi Rhizophagus
irregularis, being 63 differentially expressed. They found most of IncRNAs were
involved in nutrient exchange between plant-benefic fungi.

Taking advantage of the significant amount of IncRNAs already identified
in maize, we aimed to identify known and new candidate IncRNAs involved in
maize root response to plant biostimulants - endophytic diazotrophic bacteria H.
seropedicae and humic acids; conditions in which the participation of maize
InNcRNAs had not yet been investigated. We constructed a database of high-
confidence IncRNAs (HC-IncRNAs) and built a support vector machine
algorithm to identify novel candidate IncRNAs (NC-IncRNAs) responsive to the
treatments. Computational analyses were applied to identify differentially
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expressed IncRNAs and construct interaction networks of IncCRNAs-miRNAs-
MRNAs to understand the molecular mechanisms of plant-bacteria interaction
and response to humic acid.

2. Materials and methods
2.1 Maize RNA-seq libraries

All procedures for germination, cultivation in pots, inoculation with H.
seropedicae, and humic acid treatment were described in Nunes et al. (2019,
2021). Briefly, maize seeds var. Dekalb 7815 were surface sterilized in 0.5%
NaClO solution for 30 min, followed by three times of 5 min washing in sterilized
water and germinated for three days in filter paper. Then, seedlings were
transferred to 2 L pots containing 2mM CaCl, and inoculated with a bacterial
suspension of H. seropedicae strain HRC54 containing 10® cells. mL (B:
bacteria treatment), treated with humic acids equivalent to 3.5 mM C. L™ (HA:
humic acid treatment) and its combination (B+HA) compared to non-treated
plants (CTL: control). The experimental assay was carried out with four
treatments (control, bacteria, humic acids and bacteria plus humic acids) and
three biological replicates. After five days of treatment exposition, total RNA
from control roots and five days treated plants was extracted and sequenced on
lllumina HiSeq 2500 system to construct the RNA-seq libraries. Single-end
libraries were generated, with RNA selection by the poly-A+ tail, with three
biological replicas of each treatment and control, totaling 12 libraries

(Supplementary Table 1).

2.2 Transcript assembly
The quality of the Ilibraries was evaluated using FASTQC

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to remove reads

with average base quality lower than 20. Trimmomatic (v0.39) (Bolger et al.,
2014) removed reads containing adapter sequences. The reads from each
RNA-seq library were aligned against the B73 genome reference (RefGen_v4
AGPv4) by using HISAT2 version 2.1.0 (Kim et al. 2015) with default
parameters, along with the maize gene annotation file containing exon-intron
boundaries (in GFF3). Finally, StringTie (v. 2.1.4) (Pertea et al. 2015) was used
to assemble and merge transcripts with default parameters.
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2.3 Construction of high confidence dataset of IncRNAs

LncRNAs are available in two databases, CANTATA and GreeNC
(Gallart et al. 2016; Szczeséniak et al. 2016), and seven different works (Lv et al.
2016; Li et al. 2014b; Huanca-Mamani et al. 2018; Han et al. 2019; Boerner and
McGinnis 2012; Zhang et al. 2014 and Pang et al. 2019) were used to construct
a dataset of known IncRNAs. First, the sequences were concatenated into a
single file and eliminated redundancies. Then, to increase data accuracy and
decrease the number of false positives, the known IncRNAs sequences were
aligned against maize CDS (RefGen_v4 AGPv4) and those with 100% of
coverage and identity with CDS were discarded. These filtered sequences were
identified as high confidence IncRNAs dataset (HC-IncRNAs). Finally, to
determine the known HC-IncRNAs in our transcriptome, the dataset of IncRNAs
was aligned against the transcriptome using BLASTN (cutoff threshold of an E-
value less than 1e-4), and sequences with =270% alignment and 100% identity

were considered known HC-IncRNAs.

2.4 Identification of NC-IncRNAs with support-vector machine learning

An identification pipeline was developed for the prediction of NC-
IncRNAs. First, transcripts were size-filtered, and all with <200 nt were
discarded. Then, the transcripts were submitted to the online RNASamba tool
(Camargo et al. 2020) to calculate the potential coding and remove coding
sequences. The transcripts were then submitted to BLAST against the Rfam
database 14.7 (Griffiths-Jones et al. 2003). Next, we discard transcripts that
presented hits with non-coding RNA and other structured RNA elements. Then,
the remaining transcripts were submitted to the TransDecoder tool
(https://github.com/TransDecoder/TransDecoder/releases) to discard transcripts
with ORF >300 nt (>100 amino acids).

Finally, the transcripts that survived the previous steps were submitted to

our modelto increase the reliability of the INcCRNAs prediction. The model uses
the Support Vector Machine (SVM) method to predict maize IncRNAs and
protein-coding transcripts (PCTs). The model's pipeline was based on three
steps: building the database, choosing features, and constructing the model.
Genome transcripts from B73 maize (RefGen_v4 AGPv4; Gramene) annotated
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as non-coding or PCTs were obtained and used as raw data. To maintain data
consistency, a filtering step was performed. Only transcripts with more than 200
bp were kept in the first step. In the second step, a BLAST between the groups
(PCTs and IncRNAs) was performed to remove the outliers classified with the
opposite class. The transcripts were filtered by standard deviation based on
their characteristics in the third step. In the fourth stage, both classes were
balanced, and the same number of transcripts from each were randomly
selected. Finally, our database was assembled with 58,214 IncRNAs and
58,214 PCTs. The features used in the model were: set of nucleotide
combinations, obtained using the method of Schneider et al. (2017): 'AA", 'AAA’,
'AAAA', 'AC', 'ACA', 'ACT', 'AG', 'AGA', 'AGC', 'AGT', 'AT", 'ATA', 'ATC', 'ATG',
'CAC', 'CAG', 'CAT', 'CC', 'CCC', 'CG', 'CGA', 'CGC', 'CT", 'CTA', 'CTC', 'CTG',
'GAC', 'GAG', ‘GAT', 'GCA', 'GCG', 'GCT'", 'GG', 'GGG', 'GT', 'GTC', 'GTG',
TAC', 'TAG', 'TAT', 'TCA', 'TCG', 'TCT', ‘TG, 'TGA', 'TGC', 'TGT', 'TT', 'TTT',
"TTTT' (Schneider et al. 2017); the size of the ORFs; and the ratio of the size of
the ORFs to the size of the transcript. Finally, the model was trained using the
selected characteristics and the database as input, obtaining an accuracy of
92%.

2.5 Differential expression of mMRNAs and known and new IncRNAs
Differential expression of known and new IncRNAs and mRNAs was
done according to the general flowchart shown in Supplementary Figure 1.
StringTie (v. 1.3.4) (Pertea et al. 2015) was used to assemble transcripts and
estimate normalized gene expression. Multi-overlap reads or fragments were
not considered in the count. Gffcompare (v0.10.5)

(https://ccb.jhu.edu/software/stringtie/gffcompare.shtml) was used to compare

assembled and reference transcripts. Further, featureCounts (subread-v1.6.2)
(Liao et al. 2014) was used to count the number of reads per feature at
transcript levels, while normalized expression was estimated in TPM. DESeq2
(Love et al. 2014) was used to calculate the differential gene expression. We
used the log2 transformed TPM values for this analysis log2(TPM+1). For the
calculation of fold change (FC), the treatments were compared as follows:
(bacteria/control; humic_acid/control; bacteria+humic/control;
bacteria+humic_acid/bacteria; bacteria+humic_acid/humic acid and
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humic_acid/bacteria). We used log2 (fold-change) and adjusted p-value < 0.05
(moderated t-statistic) to select significantly expressed genes. LncRNA
expression heatmaps were generated using Morpheus (Ryan et al. 2020). Venn
diagrams were generated using a webtool

(http://bioinformatics.psb.ugent.be/webtools/\Venn/).

2.6 Prediction of miRNA targets, functional target mimicries (miRNA
decoys), and mRNA targets

The prediction of target mMRNAs of IncRNAs was performed using the
LncTar tool (Li et al. 2014a). The coding sequences of our transcriptome were
used as targets (only the transcripts that were differentially expressed in
different comparisons — 9,776 mRNAs). The mRNAs identified as targets were
annotated using the Phytozome (v13) and/or NCBI.

A total of 324 maize mature miRNA sequences available in miRBase
(version 22.1: May 2021, https://www.mirbase.org/) were downloaded to predict
MiRNA-INcRNA interactions. The interaction between miRNAs-target-IncRNAs
was predicted using the psRNATarget tool (2017 Update) (Dai et al. 2018b).
The parameters for the prediction of INcRNAs as potential decoys or miRNA
targets were adopted as defined by Fan et al. 2015, as described: (1) for
IncRNAs that are targeted by miRNAs,at most one mismatch or indel between
the 9" and 12™ position of the 5' end of the miRNA; the number of mismatches
<4 nucleotides in other regions and absence of continuous mismatches; (2) for
IncRNAs that are decoy of miRNAs, number of mismatches and indels >1 and
<6 between the 9™ and 12" positions of the 5' end of the miRNA; the perfect
match between the 2" and 8" positions of the 5' end of the miRNA, and

number of mismatches and indels <4 in other regions.

2.8 Construction of miRNA-IncRNAs-mRNA interaction networks

The interaction networks of miRNAs-IncRNAs-mRNAs were constructed
following the steps: i) INncRNAs identified as targets of miRNAs were connected;
i) differentially expressed mRNAs identified as targets of miRNAs were
connected to the respective miRNAs; iii) differentially expressed mRNAs
predicted as IncRNA targets, using the LncTar program were connected to the

respective IncRNAs; iv) the expression of IncRNAs and mRNAs in each
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treatment were signaled in the networks following a colorscheme (blue for
down-regulated and red for up-regulated). After sorting the mRNAs predicted by
LncTAr (smallest to largest dG, deltaG), the 10 mRNAs with the smallest dGs
were selected for inclusion in the co-expression networks. The miRNA target
genes were selected using the psRNATarget tool and the AGPv4 maize

genome (maximum expectation value =3.0).

3. Results
3.1 Construction of a comprehensive set of HC-IncRNAs from maize and
identification of NC-IncRNAs from twelve root transcriptomes

By searching the available IncRNAs already reported in two databases —
CANTATA and GreeNC — and seven studies (Lv et al. 2016; Li et al. 2014b;
Huanca-Mamani et al. 2018; Han et al. 2019; Boerner and McGinnis 2012;
Zhang et al. 2014 and Pang et al. 2019), a total of 141,315 IncRNAs sequences
were downloaded. The IncRNAs sequences were subjected to filtration of
redundant sequences and maize CDS, which resulted in 124,739 unique
IncRNAs (Figure 1). These sequences were identified as high confidence
INcRNAs (HC-IncRNAs). Furthermore, we identified by BLASTN the HC-
IncRNAs against twelve root transcriptomes from maize seedlings inoculated
with H. seropedicae, treated with humic acid, and treated with its combination
and non-treated plants. In total, 32,501 transcripts were identified as HC-
IncRNAs.

The identification of NC-IncRNAs from maize root was made according to

the general pipeline shown in Figure 1:
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Figure 1 General flowchart of the pipeline used to identify the maize root IncRNAs.

To identify novel maize IncRNAs of twelve root transcriptomes, we used
432,144,184 cleaned reads from RNA-seq libraries, which were used to
assemble 192,521 transcripts. After assembling, the transcripts were submitted
to a series of steps to obtain novel candidate INcRNAs (NC-IncRNAs). First, the
size filtering discarded 3,796 transcripts with a size smaller than 200 nt. Then,
the coding transcripts were removed, leaving 14,456 sequences. Of these,
4,857 were similar to known HC-IncRNAs and were discarded. We also
excluded 242 transcripts with a hit to Rfam and 2,512 that showed ORF >100
nt. The remaining 6,845 transcripts were submitted to our SVM algorithm, and
109 sequences are identified as coding and discarded. Finally, the 6,736
transcripts were aligned against maize CDS (B73 RefGen_v4) and those that
showed 100% identity and plus orientation were discarded. Transcripts that

aligned with minus orientation were classified as antisense; those who aligned
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with less than 100% identity and plus orientation were classified as sense;
transcripts that did not align to any CDS were classified as lincRNAs. Finally,
6,418 transcripts were identified as NC-IncRNAs.

The know HC-IncRNAs and novel IncRNAs showed similar
characteristics from those already described in the literature for other plant
species (Figure 2A-B), reinforcing the high quality of the IncRNAs identified in

the present work.
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Figure 2 Characteristics of maize IncRNAs. (A) Size of IncRNAs. (B) The number of
exons in maize IncRNAs. (C) Proportion of sense, antisense and intergenic INcCRNAs.

We found that a significant part of the NC-IncRNAs (~32%) have a size
<300 nt, while most of the HC-IncRNAs (33%) are greater than 4,000 nt (Figure
2A). Therefore, the NC-IncRNAs discovered in maize are smaller than the
known ones. Regarding the number of exons, 18% of HC-IncRNAs showed
number of exons greater than 12. While the majority of NC-IncRNAs (~40%)
having two exons (Figure 2B). Moreover, a higher percentage of NC-IncRNAs
have 1-3 exons when compared to HC-IncRNAs. The proportion of sense,
antisense, and intergenic IncRNAs were variable among the two groups. A
greater proportion of NC-IncRNAs showed an intergenic origin, while the HC-

IncRNAs were sense IncCRNAs (Figure 2C).
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3.2 Expression profile of HC-IncRNAs and NC-IncRNAs in maize submitted
to biostimulants

To explore the expression profile of HC- and NC-IncRNAs, we evaluate
the amount of IncRNAs with exclusive expression in each of the three different
treatments and control, and the IncRNAs with expression above one TPM
(Figure 3). The proportion of exclusive HC-IncRNAs were greater than NC-
IncRNAs. We found a similar amount of exclusive INcRNAs in all treatments, but
in plants inoculated with the bacteria (Figure 3A). In contrast, the exclusive HC-
IncRNAs from bacteria — B — treatment showed high expression, together with
the treatment B+HA (Figure 3B). For NC-IncRNAs, the only B+HA showed high
expressed IncRNAs (Figure 3C). Among the IncRNAs with >1 TPM, the three
treatments induced the expression of IncRNAs with a gradual increase from
CTL to B+HA treatment (Figure 3D). The expression of NC-IncRNAs followed
the same pattern (Figure 3F), while a similar expression profile was found in
HC-IncRNAs on the four conditions (CTL, B, HA, B+HA) (Figure 3E).
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Figure 3 Proportion of differentially expressed IncRNAs identified after comparisons
between different treatments. (A) Number of exclusive IncRNAs. (B) HC-IncRNAs
expression. (C) NC-IncRNAs expression. (D) Number of IncRNAs >1 TPM. (E) HC-
IncRNAs expression. (F) NC-IncRNAs expression.
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We used StringTie and DESeqg2 to identify the differentially expressed
IncRNAs between CTL, B, HA, and B+HA. Among the differentially expressed
IncRNAs, 3,263 were HC-IncRNAs and 1,050 were NC-IncRNAs. To investigate
the regulation of differential expressed HC- and NC-IncRNAs in roots inoculated
with the H. seropedicae, treated with humic acid, and submitted to both bacteria
and humic acid, we constructed volcano plots with the fold change and p-value
of HC- and NC-IncRNAs from DESeq2 analysis (Figure 3). We found a similar
expression profile between HC- and NC-IncRNAs, with a more significant
proportion of up-regulated transcripts in the B/CTL and B+HA/HA comparisons
(Figure 4A,F). In general, the inoculation with the bacteria seems to induce
IncRNAs in contrast with humic acid treatment (Figure 4A, D, E, F), even when

the roots were treated with both bacteria and humic acid (Figure 4E-F).
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Figure 4 Proportion of differentially expressed IncRNAs identified after comparisons
between different treatments. (A)

We compared the number of up- and down-regulated IncRNAs in the
different conditions by constructed venn diagrams (Figure 5A-B). Considering
the treatments versus control, the up- and down-regulated charts showed that
few differentially expressed INcCRNAs are shared between B/CTL and HA/CTL,
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demonstrating the high specificity of IncRNAs related to the bacteria and humic
acid treatment. Among the HC-IncRNAs, the highest number of shared IncRNAs
were 188 and 262 in up- and down-regulated HC-IncRNAs respectively
between HA/CTL and B+HA/CTL (Figure 5 A). In the NC-IncRNAs, the most
shared IncRNAs were 34 and 50 in up- and down-regulated respectively
between HA/CTL and B+HA/CTL (Figure 5B). Among the three treatments
comparisons, the number of shared IncRNAs was less than 21 (Figure 5). The
B+HA/B and B+HA/HA shared the greatest amount of up- and down-regulated
IncRNAs. The B+HA/CTL showed to be the condition which highest numbers of
HC- and NC-IncRNAs were specifically regulated (Figure 5).
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Figure 5 Venn diagrams showing the total differentially expressed IncRNAs identified
when different treatments are compared. (A) HC-IncRNAs and (B) NC-IncRNAs.

In most of the comparisons, the up- and down-regulated IncRNAs were

treatment specific; for example, 475 HC-IncRNAs were up-regulated only in the

B+HA/CTL. These IncRNAs, which seem to respond only to a particular

condition, were selected and, their expressions are shown in Figure 6.
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Figure 6 Expression profile of IncRNAs identified as differentially expressed in at least
one specific condition. (A) 1,365 HC-IncRNAs and (B) 504 NC-IncRNAs.

Considering the differentially expressed HC-IncRNAs selected from Venn
diagrams, we observed that 1,173 were upregulated and 631 were
downregulated (Figure 6A). After removing the transcripts that were repeated

between treatments, we obtained a set of 1,365 IncRNAs differentially
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expressed in at least one comparison. For NC-IncRNAs, 456 IncRNAs were
upregulated and 206 downregulated. A total of 504 differentially expressed
IncRNAs were identified in at least one comparison (Figure 6B). The number of
upregulated IncRNAs is practically double the number of downregulated ones
for both HC-IncRNAs and NC-IncRNAs. Observing the HC-IncRNAs and the
NC-IncRNAs, we noticed that a large part of them have their expression
upregulated in the B+HA combination, suggesting a combinatorial effect of the

treatments.

3.3 LhcRNAs-mRNA-miRNA interaction networks

Several IncRNAs have been identified as precursors of microRNAs
(miRNAs) and small interfering RNAs (siRNAs) (Reinhart et al. 2002; Hirsch et
al. 2006), besides acting as decoys or targets of miRNAs. To explore the
functional role of INncRNAs in response to H. seropedicae inoculation and humic
acid treatment, we first identified IncRNAs that can interact with miRNA
regulation. We have identified 20 IncRNAs that function as targets for 41
different miRNAs from 12 families (miR171, miR156, miR164, miR159, miR319,
miR167, miR169, miR396, miR11970, miR394, miR395, and miR393). Of the
20 IncRNAs that function as targets, 17 are HC-IncRNAs, and three are NC-
INcRNAs (Table 1). We found the most of the INcRNAs were up-regulated in
B/CTL comparison and down-regulated in HA/B, suggesting again that the

bacteria induces the expression of these INncCRNAs.



Table 1 The 20 IncRNAs identified as miRNAs targets and its regulations.

47

log2 (FC) per comparison

IncRNA miRNA Classification

B/ICTL HA/CTL  B+HA/CTL B+HA/B B+HA/HA  HA/B
MSTRG.28442.1  miR156 HC-IncRNA 2,13 5,24 3,26 2,87
MSTRG.30248.1  miR159 HC-IncRNA 2,71 -4,17 -3,98
MSTRG.1701.4 miR159 HC-IncRNA 3,60 7,27 2,11 2,81
MSTRG.1345.1 miR164 HC-IncRNA -1,98 2,76 -3,13 -0,78 -2,33
MSTRG.28681.1  miR164 HC-IncRNA 4,25 2,70 5,20 0,81 2,37 -1,59
MSTRG.6488.1 miR164 HC-IncRNA 2,10 -3,03
MSTRG.22772.1  miR167 HC-IncRNA 5,92 7,91 5,08 -4,51
MSTRG.32740.1  miR169 HC-IncRNA 1,57 2,77 -4,17 -2,88
MSTRG.35167.2  miR169 HC-IncRNA 2,99 -1,25 217 -3,64
MSTRG.13870.1  miR169 HC-IncRNA 4,53 -2,45 -3,65
MSTRG.6199.1 miR171 HC-IncRNA -2,99 -1,74 -3,60
MSTRG.6278.1 miR171 HC-IncRNA 3,72 4,22 1,71
MSTRG.27679.1  miR171 HC-IncRNA 3,98 2,88
MSTRG.9813.3 miR393 HC-IncRNA 291 -4,05 -2,16
MSTRG.17640.2  miR394 HC-IncRNA 3,75 2,98 -2,31
MSTRG.17609.8  miR395 HC-IncRNA 4,23 6,18 1,46 3,24 -1,86
MSTRG.7192.1 miR396 HC-IncRNA 3,74 4,99 2,64 -2,43
MSTRG.10242.4  miR159 NC-IncRNA -1,81 3,38
MSTRG.3891.1 miR167 NC-IncRNA 1,12 -1,67 -2,97 -3,98 2,73
MSTRG.26611.2 miR11970  NC-IncRNA 3,06 2,63 -1,80

After predicting IncRNAs-miRNA targets, the IncRNAs acting as miRNAs
decoys were identified (Supplementary Table 2). We have identified three HC-
IncRNAs (MSTRG.13897.1, MSTRG.30197.3, and MSTRG.34402.1) acting as
decoys for 11 miRNAs from three other families (miR399, miR169, and miR319,

respectively). The IncRNAs were modeled using RNAfold web server (Gruber et

al. 2008), and their secondary structures are shown in Figure 7, together with

the alignments of the respective miRNAs identified as decoys.
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mir3e9 miRNA 21 GUCCCGUUAAGAGGAAACCGU 1
INcRNA-MSTRG.13897.1 2 SoE

Target 519 CUGUGUUGLUCUUCULUGGEG 533

miRNA 2@ CGAUCGGUUCUUCUGGACGG 1

mir169 e osrrasinne
IncRNA-MSTRG.30197.3 1,rpet 1742 GCUCGGCUAGASGACCUGCA 1761

siRNA 20 CCCUCGUGGGAAGUCAGGUU 1
miR319 5 = T
IncRNA-MSTRG.34402.1 i SRR ey
Target 1056 GGGUGGGCCCCUCAGUCCAC 1075

Figure 7 The three HC-IncRNAs identified as decoys of miRNAs in maize. Alignments
showing gaps and mismatches.

The 20 IncRNAs predicted as targets of miRNAs were submitted to the
LncTar program to predict their target mMRNAs. Among the predicted mRNAs,
the 10 with the lowest dG values for each of the analyzed IncRNAs were
selected (Supplementary Table 3). The functional annotation of mRNAs
predicted as IncCRNA targets revealed an association with different processes,
such as hormone signal transduction (MYB); abscisic acid (ABA) and ethylene
response (ABA_WDS; AP2); Ca*-binding (EF-hand); auxin response (PINY;
SAUR); outer cell wall composition (GP1), and transmembrane signaling
(TspO_MBR), among others.

For the 20 IncRNAs predicted as miRNA targets, miRNA-IncRNAs-
mRNA interaction networks were constructed, which show the regulation
mediated by miRNAs and IncRNAs in maize submitted to colonization by

bacteria and/or humic acid treatment. Figure 8 showed six up-regulated
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IncRNAs related to hormonal regulation, targeting elements responsive to

different hormones, such as ABA, auxins, and ethylene.



o —

Scale [(log2 (FC)]

<=6 -5 4 -3-2-1012 3 4

down- regulated mRNA up- regulated mRNA

miRNA

Figure 8 IncRNAs-mRNA-miRNA interaction networks of up- and down-regulated IncRNAs that appear to
hormones. The networks were constructed with the INncCRNA in the center, linked to the miRNA that cleave
these networks, the regulation of IncRNAs was obtained by the comparison of treatments with the control co
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Among the 20 IncRNAs identified as miRNA targets, 4 of them
(MSTRG.6199.1, MSTRG.30248.1, MSTRG.28681.1 and MSTRG.3891.1) were
differentially expressed in the three treatment versus control comparisons
(B/CTL, HA/CTL and B +HA/CTL), allowing to study the contrasts of its
regulation regarding these treatments.

MSTRG.6199.1 was downregulated in the three comparisons, having its
expression suppressed by both bacteria and humic acid, and was predicted to
be target of miR171g. This miRNA targets an auxin-related gene (named
Auxin_repressed in the regulatory network), upregulated in the B/CTL
comparison. Interestingly, this gene was not differentially expressed in the
HA/CTL comparison. On the other hand, Auxin_repressed was upregulated in
the B+HA/CTL comparison, in addition to another miR171g target (here called
Kinase), downregulated. This gene is annotated as a non-specific
serine/threonine protein kinase. Serine/threonine protein kinases are proteins
responsible for phosphorylating the OH group of serine or threonine in other
proteins. Auxin_repressed is annotated as DORMANCY/AUXIN ASSOCIATED
FAMILY PROTEIN, and was upregulated in the combination of B+HA/CTL
treatments. In Arabidopsis, this gene is a negative regulator of defense against
virulent bacterial pathogens, with increased expression after inoculation with the
pathogen Pseudomonas syringae (Roy et al. 2020).

MSTRG.30248.1 is also downregulated in the three comparisons (B/CTL,
HA/CTL and B+HA/CTL), and was predicted to be target by miR159c/d, one of
the targets of this miRNA being the MYB transcription factor gene (called MYB-
A and MYB-B in the interaction network). In plants, MYB is related to several
processes, including stress response and hormonal signal transduction. Two
MYB genes were differentially expressed and upregulated in the B+HA/CTL
comparison, and only one of them in the HA/CTL comparison. Another
miR159c/d target gene that was differentially expressed only in the combination
of B+HA/CTL treatments was the one noted as Pectinesterase/Pectin
methylesterase (called Pectinesterase in the interaction network),
downregulated. Pectin methylesterases are encoded by a multigene family, and
are associated with cell wall modifications (Wu et al. 2018).

MSTRG.28681.1 was upregulated in the three comparisons (B/CTL,
HA/CTL and B+HA/CTL), and was predicted to be a target of miR164a. A gene
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encoding an Hsp70 protein (HSP70) was predicted to target miR164a. Hsp70
are heat shock proteins, ubiquitously expressed and highly conserved (Mayer
and Bukau 2005). Hsp70 was upregulated in the three comparisons. In the
combination of treatments, 2zf-RING_2, another miR164a target, was
upregulated. Zinc finger proteins, like zf-RING_ 2, are proteins with a wide
variety of molecular functions and can interact with DNA, RNA, and other
proteins (Cassandri et al. 2017), suggesting a wide variety of possible functions
within the cell. Still in the B+HA/CTL comparison, a gene annotated as Calcium-
transporting ATPase (called ATPase in the regulatory network) was
upregulated. Ca**-ATPases carry out the transport of ions across membranes,
and are associated with the maintenance of intracellular calcium levels and the
transmission of signals and, thus, modulating different metabolic pathways
(Huda et al. 2013). Finally, two genes annotated as non-specific
serine/threonine protein kinase (named Kinase-A and Kinase-B in the regulatory
network) were downregulated in all treatments.

MSTRG.3891.1 was upregulated in the B/CTL comparison and
downregulated in HA/CTL and B+HA/CTL, and was predicted to target
miR167h/i and miR169l. miR167h/i targets genes annotated as Tam3-
transposase (called Transposase-a/b/c in the interaction networks). Tamg3,
unlike the other transposable elements, is not epigenetically regulated in
Antirrhinum majus, and its regulation is mediated by a BED-zinc finger domain
of the gene itself (Zhou et al. 2017). The miR169I target, a gene annotated as
EIN3-binding F-box protein (named EBF1_2 in the regulatory network) is related
to ethylene regulation in Arabidopsis. This transcription factor senses ethylene
and is related to different plant responses. In the absence of ethylene, different
EIN proteins are ubiquitinated and degraded (Binder et al. 2007). In B/CTL,
EBF1_2 was upregulated, while in HA/CTL and B+HA/CTL comparisons it was
downregulated, suggesting that the miR169l is upregulated in these last two
conditions.

The mRNAs predicted to be targets of the selected IncRNAs are
associated with several different functions. In Figure 8, in the B/CTL
comparison, we can see that 3 targets (zein, GRP-1 and ATL65) of
MSTRG.6199.1 are upregulated, while another 7 are downregulated. The target
annotated as Glycine-rich cell wall structural protein 2 (called GRP-1 in the
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interaction network) belongs to a superfamily of genes associated with the
response to different types of biotic and abiotic stress (Mangeon et al. 2010).
The target annotated as RING-H2 finger protein ATL65 (named ATL6S in the
interaction network) belongs to the group of ring finger proteins, associated with
important roles in the response to abiotic stress. In tomato, a ring finger gene
was constitutively expressed in several tissues, including roots (Song et al.
2016). Among the downregulated targets, EF-HAND CALCIUM-BINDING
DOMAIN CONTAINING PROTEIN (called EF-hand-7/8 in the interaction
network) is a domain present in proteins involved in calcium (Ca®") regulation.
Calcium is related to the signaling of different hormones and the plant's
response to environmental stress (Day et al. 2002). Another target, the gene
annotated as jasmonate ZIM domain-containing protein (named JAZ) is related
to programmed cell death in tomato and Nicotiana benthamiana and acts as
negative regulators of jasmonate signaling in Arabidopsis (Ishiga et al. 2013).

In the HA/CTL comparison, all targets of MSTRG.6199.1 were
downregulated, including Auxin_inducible, DCL1, and AP2. For example, DCL1
(Dicer homolog 1) is involved in RNA-mediated post-transcriptional gene
silencing, acting in the miRNA biosynthesis. AP2 (AP2/ERF domain) responds
to ethylene, an endogenous hormone that influences different plant growth and
development aspects. The gene annotated as AUXIN-REGULATED PROTEIN-
RELATED) (named Auxin_inducible in the interaction network) belongs to a
family of auxin-response genes. Auxin is involved in most of the pathways
responsible for plant growth (Hagen and Guilfoyle 2002).

In the B+HA/CTL comparison, all targets of MSTRG.6199.1 were
downregulated, with the exception of the gene annotated as glycine-rich cell
wall structural protein 2 (called cell-wall protein2), as mentioned before, belongs
to a superfamily of genes associated with the response to different types of
biotic and abiotic stress. Two targets related to plant defense are worth
mentioning: Geranylgeranyl Diphosphate Synthase (called GGPP) and a
thaumatin. The silencing of GGPP in tobacco decreases plant resistance to the
pathogen Manduca sexta (Jassbi et al. 2008), and thaumatin comprises a family
of proteins related to the development of plants, fungi and animals, as well as
the defense response (de Jesus-Pires et al. 2019). Thaumatins even have their
expression induced in maize subjected to abiotic stress (Frendo et al. 1992).
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In the B/CTL comparison, MSTRG.30248.1 has half of the targets
downregulated and half upregulated. The ROOT PHOTOTROPISM PROTEIN 2
gene (called RPT2) and the ZIP zinc/iron transport family (Zip) gene were
upregulated. RPT2, in Arabidopsis, is related to hypocotyl photosensitivity
(Haga et al. 2015) and Zip belong to a family of metal transport proteins
(Guerinot 2000). In the HA/CTL comparison, all targets were downregulated,
including RPT2, upregulated in the B/CTL comparison. AP2, responsive to
ethylene, is downregulated in both HA/CTL and B+HA/CTL comparisons. These
expression profiles suggest that the miR159c¢/d could be upregulated in B/CTL,
which will target the MSTRG.30248.1, releasing the RPT2, Zip, among others.

In the combined treatment B+HA/CTL, we found a single upregulated
MSTRG.30248.1 target, a Putrescine N-hydroxycinnamoyltransferase (here
called Putrescine), an enzyme that has caffeoyl-CoA and putrescine as
substrates, and which catalyzes the reaction that produces CoA and N-
caffeoylputrescine. Other interesting  downregulated targets are
Xylosyltransferase (Xyloglucan 6-alpha-D-xylosyltransferase) and TspO_MBR
(TspO/MBR-related  protein). Xylosyltransferases act on xylose, a
monosaccharide obtained from the hydrolysis of xylan, the main fraction of
hemicellulose. TspO_MBR, on the other hand, are members of a superfamily of
proteins involved in transmembrane signaling.

In the B/CTL comparison, MSTRG.28681.1 has the ABA/WDS induced
protein (ABA_WDS) gene and a SAUR family protein (SAUR) as downregulated
targets. SAUR (small auxin up-regulated RNA) proteins are a family of auxin-
responsive genes (Stortenbeker and Bemer 2019). Proteins with the ABA-Water
Deficit Stress Domain (ABA-WDS) domain belong to the family of ASR proteins,
involved in abiotic stress tolerance (Yacoubi et al. 2021). Among the
upregulated genes, we have Metallothionein (named Metallothio 2) and a
copper transporter (named Ctr). In maize, metallothioneins are small proteins
related to the plant's response to heavy metals, in addition to participating in
plant growth and development (Gao et al. 2022). The copper transporter
comprises a family of copper transporters characterized in rice (Yuan et al.
2011). In the HA/CTL comparison, two downregulated genes are worth
mentioning: Auxin_inducible and NPR1 interacting (NPR1_interact). NPR1 is

associated with plant response to salicylic acid in Arabidopsis, participating in
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acquired systemic resistance (Kuai et al. 2015). In the B+HA/CTL comparison,
the COPPER TRANSPORTER 1-RELATED gene (called Copper-transporter in
the interaction network) is upregulated, as is PROTEIN GLUTAMINE DUMPER
(GDU), a plant-specific membrane protein (Pratelli et al. 2010). Among the
downregulated targets, we have: zf-RING_2; thaumatin and NPR1_interact.

The IncRNA MSTRG.3891.1 was upregulated in the B/CTL comparison
and downregulated in the HA/CTL and B+HA/CTL comparisons. Two of its
targets, the auxin efflux carrier PIN9 and the tubulin-folding cofactor D (named
tubulin in the interaction network), associated with tubulin (Lopez-Fanarraga et
al. 2001), were upregulated in both the B/CTL and HA/CTL comparisons. AP2,
responsive to ethylene, was downregulated in the three comparisons (B/CTL,
HA/CTL and B+HA/CTL). GP1 (vegetative cell wall protein gp1 precursor) was
downregulated both in the B/CTL comparison and in the HA/CTL comparison.
Finally, observing the B+HA/CTL comparison, only one target of
MSTRG.3891.1 was upregulated, the gene annotated as cysteine-rich receptor-

like protein kinase 19 (called kinase in the interaction network).

4. Discussion

This study identified and characterized maize IncRNAs, particularly those
associated with plant response to plant bioestimulants (H. seropedicae bacteria
and humic acid). Bioinformatics analyses allowed the identification of 124,739
HC-lcnRNAs and 6,418 candidate NC-IncRNAs. The IncRNAs associated with
the plant's response to the treatments were characterized, mainly, in terms of
the following aspects: i) their expression levels; ii) their miRNAs and mRNAs
targets and, iii) their potential molecular functions, inferred through the
construction of interaction networks.

For a long time, the non-coding sequences of genomes were ignored by
researchers, who focused only on the coding regions. For example, despite the
extensive transcription of the human genome, supposedly only 2% of transcripts
encode functional proteins (Birney et al. 2007). The other unidentified
transcripts constituted the called “dark matter” of the genome (Karlik et al.
2019), and the IncRNAs come from these regions (Kung et al. 2013). It has
even been suggested that INncRNAs constitute 80% of the total ncRNAs in the
genome (Zhang et al. 2013).
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Maize IncRNAs respond to different biotic and abiotic stresses as
identified in other studies (Lv et al. 2016; Huanca-Mamani et al. 2018; Wang et
al. 2018; Pang et al. 2019; Han et al. 2019a). However, the regulation of
INcRNAs in maize colonized by H. seropedicae with humic acid was not
explored yet. Our study used RNA-seq libraries obtained from maize root
submitted to the inoculation with H. seropedicae and/or humic acid treatment to
explore the potential role of INncCRNAs in response to these conditions. After
assembling the transcriptome, 6,418 transcripts out of 192,521 were identified
as new IncRNAs (3.3% of the transcriptome). We also constructed a
comprehensive dataset of known HC-IncRNAs, representing 16.8% of the
transcriptome.

The HC-IncRNAs and NC-IncRNAs showed characteristics described in
the literature; most transcripts have between 200 nt and 300 nt (35%) and only
one exon (80%). Furthermore, the expression of INcRNAs was lower than that
of mMRNAs. Comparison between HC-IncRNAs and NC-IncRNAs revealed
important differences between them. Regarding size, 32% of NC-IncRNAs are
between 200-300 nt in length. On the other hand, 33% of HC-IncRNAs are
>4,000 nt. Most NC-IncRNAs have 1-2 exons, while 18% of HC-IncRNAs have
more than 12 exons. These characteristics were observed by work with maize
(Zhu et al. 2017) and are general characteristics of IncRNAs.

The analysis of the expression of IncRNAs with >1 TPM showed a
gradual increase in the expression of the control for the combination of the
bacteria with humic acid, which suggests that the combined use of the two
treatments may have a synergistic effect on the expression of some IncCRNAs.
Regarding the treatments, the expression profile of HC-IncRNAs and NC-
INcRNAs was similar, with a predominance of upregulated IncRNAs in B/CTL
and B+HA/CTL. The bacteria appears to induce the expression of a greater
number of INcRNAs when compared to humic acid. The same can be observed
in the expression heatmap, where the combination of treatments (B+HA)
presents a large number of INcRNAs with higher expression than in the other
treatments or in the control. Wang et al. (2016) identified 867 novel IncCRNAs in
maize, many of which exhibited tissue-specific expression. The largest tissue-
specific IncRNAs were identified in pollen and other smaller groups in the root,
endosperm, tassel, and ear (Wang et al. 2016). In addition, our work identified
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root-derived INcCRNAs whose expression seems to be higher when maize is
colonized by H. seropedicae and treated with humic acid.

Although thousands of IncRNAs have been identified to date, a
significant portion of them has an unknown function (Sherstyuk et al. 2018). In
this case, interaction networks can help understand the role interest-based on
relationships with other regulatory elements. As suggested by Yang et al.
(2019), IncRNAs can regulate the expression of mRNAs through competitive
endogenous RNA. Similarly, maize IncRNAs may be controlling their target
MRNAs through competition with miRNAs. In this context, it is possibly better to
understand the functions of INcRNAs from their targets. Our results suggest that
IncRNAs can act in signaling processes by regulating their mMRNA targets or the
targets of associated miRNAs. In the B/CTL comparison, the expression of
MSTRG.6199.1 and their targets, suggested that the miR171g could be
upregulated, cleaving this IncRNA, and releasing the Auxin_repressed (the
miR171g target). This can induce the expression of GRP-1 e ATL65 in plants
stimulated by the bacteria, which could impact their response to biotic and
abiotic stresses. In work by Thiebaut et al. (2014), miR171 was shown to be up-
regulated in maize colonized by endophytic beneficial diazotrophic bacteria. A
similar profile was observed in B+HA/CTL, where the possible cleavage of
MSTRG.6199.1 by miR171g, release the cell-wall protein2. The downregulation
of Kinase by miR171g in B+HA/CTL reinforces the role of MSTRG.6199.1 in
modulation of stresses responses when the plant is submitted to biostimulants
analyzed here.

MiR159, which targets MSTRG.30248.1, was up-regulated in the
presence of Pseudomonas syringae and also in maize colonized by the bacteria
H. seropedicae (Thiebaut et al. 2014). miR159c/d targets a MYB transcription
factor gene. MYB constitutes a large family of transcription factors related to the
most diverse functions, such as response to biotic and abiotic stress, defense,
metabolism, among others (Ambawat et al. 2013). Interestingly, our results
showed that the MSTRG.30248.1 could be targeted by the miR159c/d in plants
submitted to the bacteria, releasing the RPT2, Zip, among others. In contrast,
plants submitted to B+HA the MSTRG.30248.1 and Pectinesterase seems to be
preferentially cleaved by the miR159 c/d, increasing the expression of
Putrescine, which is related to ABA responses and development. This suggests
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that bacteria and humic acid in combination could modulate the cell wall
structure and inducing plant development by regulate IncRNAs.

Genes related to hormone response were associated with different
IncRNAs. MSTRG.28681.1 targets different genes related to plant response to
ABA and auxins, suggesting its participation in these hormones' processes.
Cura et al. (2017) observed that the inoculation of maize with Azospirillum sp.
and Herbaspirillum sp. increased maize drought tolerance. In inoculated plants,
the ZmVP14 gene involved in ABA synthesis showed low expression (Cura et
al. 2017). MSTRG.28681.1 was upregulated in B, HA and B+HA treatments
compared to control plants. However, the downregulation of ABA_WDS and
SAUR was only found in B treatment. In HA and B+HA, the downregulated
targets of MSTRG.28681.1 were related to biotic stress responses. In the
MSTRG.28681.1 network, the miR164a targets were more diversified in B+HA
treatment, although bacteria and humic acid treatments regulated genes related
to abiotic and biotic stress (e.g., HSP70 and Kinase).

Other hormone-related genes were identified as targets for
MSTRG.3891.1 - AP2, associated to ethylene and PIN9, related to auxin
transport. The miR169I targets EBF1_2 and also MSTRG.3891.1. Interestingly,
the induction of EBF1_2 was only found In B treatment, suggesting that the
miR169I is downregulated by the bacteria. Thiebaut et al. (2014) found the
miR169 downregulated in plants inoculated with H. seropedicae.

The effects of colonization by beneficial bacteria or humic acid on plants
have been investigated for some time. This work shows that maize IncRNAs
may be associated with several biological processes, emphasizing regulatory
elements related to hormones and comparing the responses mobilized when a
biostimulant is placed in contact with a plant. Finally, our results showed the
participation of IncRNAs and miRNAs in the plant network response to bacteria
and humic acid, with IncRNAs targeting target genes associated with different
processes, such as resistance to biotic and abiotic stress, and plant hormones

signaling.

5. Conclusions and perspectives
Considering climate change and the growing demand for food, it is

necessary to characterize better the molecular mechanisms of plant responses
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to a/biotic stress and the plant-beneficial microorganism interaction. In this
scenario, the identification and characterization of IncRNAs, molecules whose
roles in the regulation of critical biological processes has been evidenced by
several studies, can help to understand the interaction with other coding and
non-coding molecules, defining communication networks that can be
manipulated to the improvement and obtaining of new cultivars.

We identified and characterized IncRNAs in maize submitted to
colonization by H. seropedicae and humic acid addition; identified miRNAs
related to these INcCRNAs, and obtained interaction networks, associating these
IncRNAs with different biological processes, including elements involved in the
plant's response to hormones, such as ABA and auxins. The regulation of
MSTRG.6199.1 targets (GRP-1; ATL65 and cell-wall protein2) suggests the
participation of this INcCRNA in the plant response to biotic and abiotic stresses.
In the case of IncRNA MSTRG.30248.1, some of its targets suggest
involvement in the response to ABA, while MSTRG.3891.1 has auxin-
associated targets. The downregulated targets of MSTRG.28681.1 were related
to biotic stress responses, suggesting the participation of this IncRNA in the
plant response to the presence of the bacteria.

Finally, our results suggest that these INncCRNAs are involved in the plant's
response to biotic and abiotic stress, as well as in hormone-regulated
processes. Furthermore, the participation of IncRNAs in the process of
colonization by the bacteria H. seropedicae and with the addition of humic acid
was evidenced by the regulation of different IncRNAs, which seem to respond to
treatments. The interaction networks between IncCRNAs-mRNAs-miRNAs also
suggest an interesting conversation between gene expression regulatory
elements.

We hope that the characterization of maize IncRNAs will contribute to a
better understanding of the roles of these essential regulatory elements of gene
expression, including plant responses to beneficial organisms. The molecular
mechanisms behind plant colonization by endophytic microorganisms and
response to humic acid can help to enhance their use to increase crop

productivity.
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4. CONCLUSOES GERAIS

A partir dos resultados obtidos concluimos que:

e Foram identificados 6.418 novos INcCRNAs e 32.501 IncRNAs conhecidos
no transcriptoma;

e Os IncRNAs identificados possuem caracteristicas semelhantes aquelas
ja observadas em outros trabalhos: grande parte possui entre 200 e 300
nucleotideos e possuem entre 1 e 2 éxons;

e Os mRNAs preditos como alvos dos IncRNAs estdo associados a
diferentes processos, como: resposta a fatores bidticos a abidticos;
ligagcao a calcio; defesa; resposta a hormdnios (como ABA e auxinas);
transporte de cobre, dentre outros;

e 20 IncRNAs foram preditos como alvos de miRNAs, e 3 IncRNAs como
decoys;

e As redes de interacdo podem auxiliar na identificacdo das fungdes dos
INcRNAs a partir das fungdes de seus alvos e dos miRNAs associados;

e IncRNAs de milho submetido a bactéria H. seropedicae com adicao de
acido humico possuem como alvos genes relacionados a vias reguladas

por hormonios.
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Supplementary Figure 1 General flowchart of the pipeline used to calculate the
expression of known and new INcRNAs from root maize RNA-seq libraries.



Supplementary Table 1 Statistics of RNA-seq libraries.

Sample

Control

Bacteria

Humic acid

Bacteria + humic acid

Run
Sample_T1
Sample_T2
Sample_T3
Sample_T4
Sample_T5
Sample_T6
Sample_T7
Sample_T8
Sample_T9

Sample_T10
Sample_T11
Sample_T12

Clean Reads
78363202
27991757
52062618
45585879
13358763
41012903
39491808
21056212
32687190
14785114
31536296
34212442

Aligned reads
66424680
24211511
45023166
29945577
11249226
29574629
33104418
17952633
26683791
12752339
26564291
26850061

Aligned reac
84.77
86.50
86.48
65.69
84.21
72.11
83.83
85.26
81.63
86.25
84.23
78.48



Supplementary Table 2 LncRNAs acting as decoys of miRNAs.

miRNA_Acc. Target_Acc. Expectation miRNA_start miRNA_end Target_start Targe
zma-miR399a-3p 4.0 1 21 519 5
zma-miR399c¢-3p 4.0 1 21 519 5
zma-miR399d-3p MSTRG.13897 1 4.0 1 21 519 5
zma-miR399h-3p ' ' 4.0 1 21 519 5
zma-miR399b-3p 4.5 1 21 519 5
zma-miR399e-3p 4.5 1 21 519 5
zma-miR1690-3p MSTRG.30197.3 5.0 1 20 1742 1
zma-miR319a-3p 5.0 1 20 1056 1
zma-miR319¢-3p MSTRG.34402.1 5.0 1 20 1056 1
zma-miR319d-3p ' ' 5.0 1 20 1056 1
zma-miR319b-3p 5.0 1 20 1056 1



Supplementary Table 3 Annotations of mMRNAs identified as IncRNA and miRNAs targets, using the LncTa

mRNAs
bacteria | control

Targets
MSTRG.34864.1

Zm00001d051795_T001
Zm00001d017438_T001
MSTRG.29272.1

Zm00001d003197_T001
MSTRG.13988.1
Zm00001d011925_T001

Zm00001d027457_T001
Zm00001d038216_T001

Zm00001d048268_T001

Targets
Zm00001d038884_T001

Zm00001d010856_T001
Zm00001d014748_T001
MSTRG.34452.1

Phytozome
X
EF-HAND CALCIUM-BINDING
DOMAIN CONTAINING PROTEIN
X

X
EF-HAND CALCIUM-BINDING
DOMAIN CONTAINING PROTEIN
X

LURP-one-related (LOR)
ATP-synthase-associated (ATP-
synt_Z)

AP2 domain (AP2)
jasmonate ZIM domain-containing
protein (JAZ)

Phytozome
Mitogen-activated protein kinase
kinase kinase / MLTK
PERIPHERAL-TYPE BENZODIAZEPINE
RECEPTOR
Benzyl alcohol O-benzoyltransferase
X

IncRNA MSTRG.6199.1

NCBI
19-kDa-zein

X

glycine-rich cell wall structural protein 2
transcriptional regulatory protein algP

X
RING-H2 finger protein ATL65
X

X
IncRNA MSTRG.30248.1

NCBI

X
X
F-box/LRR-repeat MAX2



Zm00001d005051_T001
Zm00001d021197_T001

Zm00001d033256_T001
Zm00001d033446_T001
Zm00001d036925_T001
Zm00001d007274_T001

Targets
Zm00001d035021_T001

Zm00001d040786_T001
Zm00001d046664_T001
Zm00001d043323_T001
Zm00001d002773_T001
Zm00001d042633_T001
Zm00001d048959_T001
Zm00001d035659_T001
Zm00001d032475_T001

Zm00001d043299_T001

Targets
MSTRG.20520.1
Zm00001d019734_T001
Zm00001d026028_T001

ROOT PHOTOTROPISM PROTEIN 2

Alpha-L-fucoside fucohydrolase
Ca2+-independent phospholipase
A2

ZIP zinc/iron transport family
F-box
KELCH-REPEAT PROTEIN SKIP20

Phytozome
Pectin methylesterase inhibitor
(PMEI)
ABA/WDS induced protein
(ABA_WDS)
X
Ctr copper transporter
Cupredoxin
NUCLEOPORIN-RELATED
aquaporin SIP (SIP)
Metallothionein (Metallothio_2)

SAUR family protein (SAUR)
photosystem Il PsbW protein
(psbW)

Phytozome
X
AP2 domain (AP2)
zinc-finger of the FCS-type, C2-C2

x

xX X X

X
IncRNA 28681.1

NCBI

X X X X X X X X

X
IncRNA 3891.1

NCBI
NAC1 transcription factor-like
X
X



Zm00001d040292_T001
MSTRG.5077.1
MSTRG.27054.1
MSTRG.17763.1
MSTRG.5071.1
MSTRG.3731.2
MSTRG.11857.1

humic acid | control

Targets
Zm00001d008370_T001
Zm00001d043784_T002

Zm00001d025947_T001

Zm00001d017383_T001
Zm00001d011925_T001
Zm00001d025477_T001
MSTRG.33057.1
Zm00001d026584_T003
Zm00001d029172_T001

Zm00001d014029_T001

(zf-FLZ)
Late embryogenesis abundant
protein (LEA 3)

X X X X X X

Phytozome
Geranylgeranyl-PP synthetase
Zinc finger, RING-type
AUXIN-REGULATED PROTEIN-
RELATED
MYB-LIKE DNA-BINDING PROTEIN
MYB
LURP-one-related (LOR)

AP2 domain (AP2)

ADENYLATE KINASE 1
X
MYB-LIKE DNA-BINDING PROTEIN
MYB

X
vegetative cell wall protein gp1
aldose reductase
Mu transposon
vegetative cell wall protein gp1 precursor
tubulin-folding cofactor D
putative auxin efflux carrier PIN9

IncRNA MSTRG.6199.1

NCBI
X
X

X
X
X

Grx_I1 - glutaredoxin subgroup llI
X

endoribonuclease Dicer homolog 1

X
IncRNA MSTRG.30248.1



Targets
Zm00001d014642_T001

Zm00001d038884_T001
Zm00001d011655_T001
Zm00001d038676_T001

Zm00001d017900_T001
Zm00001d021205_T001
Zm00001d005051_T001
Zm00001d014748_T001

Zm00001d029924_T001

Zm00001d031454_T001

Targets

Zm00001d031194_T001
Zm00001d046154_T001

Zm00001d035021_T001
Zm00001d039997_T001

Zm00001d021961_T001
Zm00001d046927_T001

Phytozome
EXOCYST COMPLEX PROTEIN EXO70
Mitogen-activated protein kinase
kinase kinase / MLTK
Mitogen-activated protein kinase
kinase kinase / MLTK
Xyloglucan 6-alpha-D-
xylosyltransferase
DOF ZINC FINGER PROTEIN DOF1.1-
RELATED
AP2 domain (AP2)

ROOT PHOTOTROPISM PROTEIN 2
Benzyl alcohol O-benzoyltransferase
DIMETHYLANILINE
MONOOXYGENASE
BROMODOMAIN CONTAINING
PROTEIN

Phytozome
CAMP-RESPONSE ELEMENT
BINDING PROTEIN-RELATED

RING FINGER DOMAIN-CONTAINING
Plant invertase/pectin
methylesterase inhibitor (PMEI)
NPR1 interacting (NPR1_interact)
Alpha-L-fucosidase / Alpha-L-
fucoside fucohydrolase
PROTEIN GLUTAMINE DUMPER 1-

NCBI

xX X X X

X
IncRNA 28681.1

NCBI



RELATED

Zm00001d042633_T001 NUCLEOPORIN-RELATED X
Zm00001d048959_T001 aquaporin SIP (SIP) X
Auxin responsive protein
Zm00001d032088_T001 (Auxin_inducible) X
CAMP-RESPONSE ELEMENT
Zm00001d046664_T001 BINDING PROTEIN-RELATED X

Zm00001d053908_T001 Zinc finger, CCHC-type X
Zm00001d005663_T001 Succinic dehydrogenase X
Zm00001d050462_T001 EXOCYST COMPLEX PROTEIN EXO70 X

MSTRG.20520.1 X NAC1
Zm00001d053843_T001 Wound-induced protein X

MSTRG.5077.1 vegetative cell wall protein gp1 X
Zm00001d019734_T001 AP2 domain (AP2) X

MSTRG.3731.2 X tubulin-folding cofactor D

MSTRG.11857.1 X auxin efflux carrier PIN9
Zm00001d040751_T001 X non-specific lipid-transfer protein

Zm00001d006489_T001 Senescence regulator S40 X
Zm00001d043784_T002 zinc ion binding X
Zm00001d029172_T001 X endoribonuclease Dicer homolog 1



Zm00001d017438_T001
Zm00001d014563_T001

Zm00001d011495_T001
Zm00001d008370_T001
MSTRG.29272.1
Zm00001d016698_T001
MSTRG.33057.1

Targets
Zm00001d014642_T001

Zm00001d021329_T001

Zm00001d038884_T001
Zm00001d011655_T001

Zm00001d038676_T001

Zm00001d017900_T001
Zm00001d021205_T001
Zm00001d010856_T001
Zm00001d010652_T001
Zm00001d014748_T001

Targets
Zm00001d019365_T001

X

pathogenesis-related group 5

protein, thaumatin type
protein serine/threonine
phosphatase activity

Geranylgeranyl-PP synthetase

X
X
X

Phytozome
EXO70-G1 PROTEIN
Putrescine N-

hydroxycinnamoyltransferase
Tyrosine-protein kinase catalytic

domain
Protein kinase domain
Xyloglucan 6-alpha-D-
xylosyltransferase

DOF ZINC FINGER PROTEIN DOF1.1-

RELATED
AP2 domain (AP2)

TspO/MBR-related protein
EID1-LIKE F-BOX PROTEIN 3
Benzyl alcohol O-benzoyltransferase

Phytozome

P-hydroxyphenylpyruvate oxidase

glycine-rich cell wall structural protein 2

X
X
transcriptional regulatory protein algP
protein BIC1
Grx_I1 - glutaredoxin subgroup IlI
IncRNA MSTRG.30248.1

NCBI
X

xX X X X

X
IncRNA 28681.1

NCBI
X



Zm00001d031194_T001
Zm00001d041553_T001

Zm00001d035021_T001
Zm00001d039997_T001
Zm00001d021961_T001

Zm00001d046927_T001

Zm00001d046664_T001
Zm00001d046154_T001
Zm00001d043323_T001

Targets
Zm00001d005663_T001
Zm00001d050462_T001

MSTRG.20520.1
Zm00001d019734_T001
Zm00001d036044_T001

Zm00001d053908_T001
Zm00001d026028_T001
MSTRG.11727.1
MSTRG.11555.2
Zm00001d002394_T001

miRNAs

CAMP-RESPONSE ELEMENT
BINDING PROTEIN-RELATED

Thaumatin family (Thaumatin)
Plant invertase/pectin
methylesterase inhibitor (PMEI)

NPR1 interacting (NPR1_interact)

ALPHA-L-FUCOSIDASE 3
PROTEIN GLUTAMINE DUMPER 1-
RELATED
CAMP-RESPONSE ELEMENT
BINDING PROTEIN-RELATED

Zinc finger, RING-type
COPPER TRANSPORTER 1-RELATED

Phytozome
Succinic dehydrogenase
Exocyst complex protein Exo70
NAC1 transcription factor-like
AP2/ERF domain
Exonuclease I
COLD SHOCK DOMAIN CONTAINING

PROTEINS

611zinc-finger of the FCS-type
X
X
Methionyl-tRNA synthetase

X
X
X
IncRNA 3891.1

NCBI
X

xX X X X

X
X

classical arabinogalactan protein 4
cysteine-rich receptor-like protein kinase 19

X



Targets
Zm00001d032081_T001

Zm00001d025554_T001
Zm00001d027463_T001

Zm00001d035467_T001

Zm00001d010961_T001
Zm00001d028277_T001
Zm00001d030380_T001
Zm00001d021994_T001
Zm00001d015778_T001
Zm00001d046518_T001
Zm00001d046519_T001
Zm00001d022460_T001

Zm00001d021225_T004

Zm00001d028032_T001

miRNA
zma-miR171g-5p

zma-miR164a-3p
zma-miR171g-5p

zma-miR164a-3p

zma-miR164a-3p
zma-miR167h-3p / zma-miR167i-3p
zma-miR167h-3p / zma-miR167i-3p
zma-miR167h-3p / zma-miR167i-3p

zma-miR169I-3p
zma-miR159¢-3p / zma-miR159d-3p
zma-miR159c¢-3p / zma-miR159d-3p
zma-miR159¢-3p / zma-miR159d-3p

zma-miR164a-3p

zma-miR164a-3p

Phytozome
DORMANCY/AUXIN ASSOCIATED FAMILY PROT!
Hsp70 protein (HSP70) // Xylanase inhibitor N-ter
(TAXi_N)
Non-specific serine/threonine protein kinase
Non-specific serine/threonine protein kinase / Thre
specific protein kinase
Non-specific serine/threonine protein kinase / Thre
specific protein kinase
Tam3-transposase (Ac family)
Tam3-transposase (Ac family)
Tam3-transposase (Ac family)
EIN3-binding F-box protein (EBF1_2)
MYB TRANSCRIPTION FACTOR
MYB TRANSCRIPTION FACTOR
Pectinesterase / Pectin methylesterase
RING FINGER DOMAIN-CONTAINING // SUBFAMIL
NAMED
Calcium-transporting ATPase / Calcium-translocat
type ATPase



