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RESUMO GERAL

O dendezeiro (Elaeis guineensis Jacq.) é uma oleaginosa de grande importancia econdmica,
podendo render até 10 vezes mais 0leo do que outras oleaginosas, como soja e canola. Em
2021/2022, o mundo consumiu aproximadamente 82 milhdes de toneladas de 6leo de palma e
oleo de palmiste e, a medida que a demanda aumenta, € necessario expandir o rendimento. No
Brasil, existe uma extensa area propicia ao plantio de dendé; no entanto, essas areas passam por
longos periodos de estiagem, exigindo irrigacao artificial para ser sustentavel. Cerca de 30%
das terras agricolas irrigadas do mundo sdo danificadas pela salinidade, afetando negativamente
a produtividade das culturas. Assim, para expandir o cultivo de dendé para essas areas no Brasil,
é preciso entender melhor a resposta dessa oleaginosa aos estresses de seca e salinidade. Os
microRNAs (miRNAS) estdo diretamente relacionados com a regulacdo pos-transcricional da
expressdo génica e sdo moléculas essenciais na resposta da planta ao estresse abiotico. Nosso
grupo realizou um estudo para entender como essa oleaginosa responde a dois estresses
abidticos, predizendo e caracterizando miRNAs em dendezeiros jovens expostos a seca € a
salinidade e, em seguida, realizando a caracterizacdo de um grupo seleto de fatores de
transcrigdo responsivos a ambos os estresses. Coletamos amostras foliares de dendezeiros
jovens - submetidos ou néo a estresse salino (12 dias) e privacdo hidrica (14 dias) - e realizamos
RNA-seq e smallRNA-seq. Os dados smallRNA-seq passaram por uma curadoria rigorosa
usando mireap versdo 0.2, Shortstack versao 3.4 e psRNA-Target e subsequente analise de
expressao diferencial e anotagdo funcional usando software apropriado, enquanto os dados
RNA-seq passaram por extensa analise de anotacao estrutural e funcional e analise de expressao
diferencial usando qPCR. Os dados de sequenciamento gerados permitiram a identificacdo de
genes-alvo de miRNAs putativos no genoma do 6leo de palma e entender melhor os papéis
desses genes reguladores em resposta ao estresse. Setenta e nove e 81 miRNAs apareceram sob
salinidade e estresse hidrico, respectivamente, com 52 miRNAs conhecidos e 29 novos. A
anotacdo funcional dos genes-alvo putativos de miRNAs expressos diferencialmente sob sal e
estresse hidrico revelou varios fatores de transcricdo. Um grupo de 20 fatores de transcricéo -
expressos diferencialmente nas folhas de plantas jovens de dendezeiros sob ambos os estresses
- foi selecionado e posteriormente caracterizado, mostrando 23 dominios distintos e sete
motivos conservados nas regides codificantes, além de sete elementos de ac¢do cis relacionados
a aresposta ao estresse na regido promotora. A superexpressao ou nocaute de tais genes resultou
em tolerancia a esses estresses abioticos em outras espécies de plantas. Os resultados aqui
apresentados mostram um padrao de expressdo semelhante para ambos 0s estresses abioticos,
indicando que esses genes podem desempenhar papéis essenciais na adaptacdo das plantas ao
estresse. Nossa pesquisa sugere que esses genes devem ser validados in planta como genes
candidatos em um programa de melhoramento genético focado na resisténcia das culturas a
seca e ao estresse salino.

Palavras-chave: Estresse abiotico. Fator de transcricdo. RNA ndo-codante. Palma de dleo.
Estresse hidrico. Estresse salino.



GENERAL ABSTRACT

The oil palm (Elaeis guineensis Jacq.) is an oilseed crop of great economic importance and can
yield up to 10 times more oil than other oilseed crops, such as soybean and canola. In
2021/2022, the world consumed approximately 82 million tons of palm oil and palm kernel oil,
and as demand increases, expanding the yield is necessary. In Brazil, there is an extensive area
suitable for planting oil palm; however, these areas go through long periods of drought,
requiring artificial irrigation to be sustainable. Around 30% of the world's irrigated farmland is
damaged by salinity, negatively affecting crop productivity. So, to expand oil palm cultivation
to such areas in Brazil, one must better understand the response of this oilseed crop to drought
and salinity stresses. MicroRNAs (miRNAs) are directly related to the post-transcriptional
regulation of gene expression and are essential molecules in the plant response to abiotic stress.
Our group performed a study to understand how this oilseed crop responds to two abiotic
stresses by predicting and characterizing miRNAs in young oil palms exposed to drought and
salinity and then performing the characterization of a select group of transcription factors
responsive to both stresses. We collected leaf samples from young oil palm trees - subjected or
not to salt stress (12 days) and water deprivation (14 days) - and performed RNA-seq and
smallRNA-seq. The smallRNA-seq data underwent rigorous curation using mireap version 0.2,
Shortstack version 3.4 and psRNA-Target and subsequent analysis of differential expression
and functional annotation using appropriate software, while RNA-seq data underwent extensive
analysis of structural and functional annotation and differential expression analysis using
gPCR. The sequencing data generated allowed the identification of putative miRNA target
genes in the oil palm's genome and to further understand the roles of these regulatory genes in
response to stress. Seventy-nine and 81 miRNAs appeared under salinity and drought stress,
respectively, with 52 known and 29 new miRNAs. Functional annotation of the putative target
genes of differentially expressed miRNAs under salt and water stress revealed several
transcription factors. A group of 20 transcription factors - differentially expressed in the leaves
of young oil palm plants under both stresses - were selected and further characterized, showing
23 distinct domains and seven conserved motifs in the coding regions, in addition to seven cis-
acting elements related to the stress response in the promoter region. Overexpression or
knockout of such genes resulted in tolerance to these abiotic stresses in other plant species. The
results presented here show a similar expression pattern to both abiotic stresses indicating that
these genes may play essential roles in plant adaptation to stress. Our research suggests that
these genes should be validated in planta as candidate genes in a genetic improvement program
focused on crop resistance to drought and salinity stress.

Keywords: Abiotic stress. Transcription factor. Non-coding RNA. Oil palm. Drought stress.
Salt stress.
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1.INTRODUCAO GERAL

O Elaeis guineensis Jacg, também conhecida como palmeira africana ou dendé, é
originario da Africa ocidental, pertencente a familia Arecaceae. O dendé é uma oleaginosa de
grande importancia econémica e alta produtividade, com uma producdo de 85 milhdes de
toneladas métricas no ano de 2022/2023, superando as demais oleaginosas como soja (60
milhGes de toneladas), colza (31 milhdes de toneladas) e girassol (18,5 milhGes de toneladas)
(Barcelos et al., 2015); Shahbandeh, M, 2023; (Statista, 2023; Ritchie & Roser., 2021).

O dleo extraido do fruto do dendé é um produto extremamente versatil, sendo obtido a
partir do mesocarpo (6leo de palma) e da améndoa (6leo de palmiste). 68% da sua producéo é
destinada ao setor alimenticio para producdo de margarina, paes, pizzas, chocolates e 6leo de
cozinha. Sendo também utilizado em aplica¢bes industriais (27%), como producdo de
detergente e cosméticos, e na producdo de bioenergia (5%). Destacando que essa distribuicao
da porcentagem de Gleo destinado a bioenergia varia de pais para pais, onde alguns paises
chegam a utilizar cerca de 41% da sua producdo total para a producdo de biocombustivel
(Ritchie & Roser., 2021).

O dendé é uma planta de clima tropical, que necessita de chuva por um longo periodo
do ano, luz solar adequada e condi¢6es Umidas, sendo que as terras adequadas para plantio estdo
em uma faixa estreita ao redor do equador, tendo sua producéo concentrada em paises da Africa,
América do Sul e Sudeste Asiatico. Dos quais a Indonésia e a Mal&sia lideram a produgdo com
84% da oferta global (Ritchie & Roser., 2021; Norrrahim et al., 2022). No Brasil existe uma
extensa area apropriada para o plantio do dendé, localizada nas regides centro-oeste e nordeste,
entretanto essas areas passam por longos periodos de seca ndo atingindo o nivel adequado de
agua para manter a produtividade do dendé, sendo necessario assim, a utilizagdo de irrigacao
artificial (Costa et al., 2018; Wei et al., 2021).

O nivel de precipitacdo ideal para que a palma de 6leo mantenha sua produtividade e
rendimento maximo € de 2.000 mm/ ano, nao suportando um periodo superior a 90 dias de seca.
Caso o nivel de &gua esteja abaixo do ideal, o dendé estard exposto ao estresse hidrico,
promovendo danos vegetativos em casos de estresse hidrico leve, podendo evoluir a morte em
casos mais severos; levando a um impacto negativo nas plantacfes de dendé (Azzeme et al.,
2016) Corley et al., 2018).

A escassez hidrica em regides aridas e semiaridas, onde a precipitagdo e insuficiente

para atender a demanda hidrica das culturas, lixiviam os sais minerais da zona radicular
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promovendo assim a salinizagdo do solo (Shahid et al., 2018; Zaman et al., 2018). Além do
aumento dos niveis de dgua subterranea salina devido a seca, a salinizagéo do solo também é
causada por irrigacdo excessiva e mudancas climaticas, sendo que cerca de 25% a 30% dos
solos irrigados séo afetados pela salinizacdo (Ma et al., 2022; Zaman et al., 2018), com uma
estimativa que em 2050 mais da metade da terra esteja salinizada (Machado & Serralheiro,
2017; Shahid et al., 2018).

O estresse salino nada mais € que o acumulo excessivo de sal no solo, resultando na
inibicdo do crescimento e desenvolvimento da planta, levando a morte; em escala global,
nenhuma outra substancia toxica é tdo perigosa quanto o sal para as culturas (Abogadallah,
2010; Ma et al., 2022; Munns & Tester, 2008). As altas concentragdes de sal no solo limitam a
absorcéo de agua e nutrientes na planta, induzindo estresses primarios como o estresse osmotico
e 0 estresse ibnico. Sendo que esses estresses primarios provocam o estresse oxidativo que
levam a uma série de estresses secundarios, como alteracBes de processos metabdlicos e
fisiologicos (S. Zhao et al., 2021).

Apesar de ja existirem diversos estudos de estresse salino e seca em grandes culturas
como arroz e milho (Nelson et al., 2007, 2007; B. Zhao et al., 2009), pouco se sabe sobre 0s
mecanismos envolvidos nas respostas do dendé frente ao estresse hidrico e salino sendo
necessario melhor compreensdo para o desenvolvimento de uma agricola sustentavel,
contribuindo assim para promover a seguranca alimentar global.

Atualmente diversos estudos vém sendo realizados para melhor compreensdo da
reprogramacao celular que ocorre nas plantas quando submetidas aos estresses abioticos, sendo
que essa reprogramacao regula a expressdo de diversos genes em niveis transcricionais e pés-
transcricionais (Banerjee et al., 2017; Xu et al., 2019). Diante disso os miRNAS, que séo
reguladores transcricionais e pds-transcricionais, vem sendo frequentemente relacionados com
a modulacdo da resposta e tolerancia das plantas aos estresses abiéticos (G. Sun, 2012; X. Sun
et al., 2019; Xu et al., 2019). Entretanto, quando analisado no contexto do papel dos miRNAs
na resposta do dendé ao estresse abiodtico, nenhum trabalho foi encontrado.

Simultaneamente, os fatores de transcricdo (TFs) desempenham papéis centrais na
resposta da planta a diferentes estimulos abioticos, permitindo que ela responda e se adapte
rapidamente a determinadas condi¢6es, como seca, salinidade, calor, frio, entre outras (Li et al.,
2022; Zhang et al., 2022). Os TFs ativam ou reprime a transcri¢do de genes-alvo, ligando-se a
elementos de agéo cis dentro das regides promotoras e participam de vias de transducdo de

sinal. Cerca de 10% dos genes das plantas codificam fatores de transcri¢éo, sendo classificados
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em familias, de acordo com seus dominios de ligacdo ao DNA (Khaksefidi et al., 2015; Li et
al., 2022).

Diante de todo o contexto aqui apresentado sobre a importancia do dendé, a necessidade
de expansao afim de garantir a seguranca alimentar, e os desafios encontrados frente a expansao
territorial da palma de dleo; os objetivos desse trabalho foram (I) realizar a previsdo e
caracterizacdo de miRNAs responsivos ao estresse de seca e salinidade em plantas de dendé,
(1) identificar genes-alvo putativos de miRNAs no genoma de dendé, (Il1) realizar uma
comparacdo in silico do perfil de expressdo dos miRNAs e (IV) caracterizacdo estrutural e

funcional de TFs comumente afetados por ambos 0s estresses.
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2.CONSIDERACOES FINAIS

No decorrer desta tese, j& destacamos a grande importancia do dendé e sua grande
expansdao comercial. Entretanto, junto com a grande expansdo nos esharramos com uma serie
de restricGes ambientais. Por outro lado, existem areas que s@o adequadas para o plantio, mas
passam por longos periodos de seca ou que possuem alto teor de salinidade. Diante disso, fez-
se necessario estudos para melhor compreender os mecanismos de resposta do dendé aos
estresses abioticos afim de desenvolver espécies mais tolerantes as condi¢des adversas.

De acordo com este cenario, ja era relatado a participacdo dos miRNAS na regulacéo da
expressao de genes responsivos ao estresse abidtico, como seca e salinidade, em espécies como
arroz, milho e arabidopsis. No entanto ainda era escasso 0s estudos envolvendo a anotacdo de
miRNAs em dendé, sendo que esses estudos ja realizados abordavam a participacdo desses
miRNAs no desenvolvimento e crescimento do dendé, mas quanto ao seu envolvimento na
resposta ao estresse salino e seca, essa informacao era inexistente.

O nosso trabalho possibilitou a identificacdo de 29 novos miRNAs especificos de dendé,
relatados pela primeira vez na literatura, responsivos ao estresse de seca e 27 desses 29 séo
responsivos ao estresse de sal. Além desse grande avango, também realizamos a anotacao de
81 miRNAs conservados que também estdo envolvidos na regulacéo da resposta das plantas de
dénde quando submetidos a ambos os estresses. Com isso, foi possivel analisar os genes alvo
desses miRNAs, pressupor como esses miRNAS promovem a regulacdo dos seus genes alvos
e por fim, em qual processo esses genes alvos estdo envolvidos.

Nossos resultados mostraram que 8 miRNAs foram regulados negativamente em plantas
de dendé quando submetidas aos estresses de seca e salinidade, e que seus respectivos genes
alvos apresentaram uma regulacdo positiva, também em ambos os cenarios. Através da
anotacédo funcional desses 8 genes alvo, foi mostrado que trés deles expressam INCRNAs, sendo
gue estudos ja mostraram o envolvimento dos INcRNAs na resposta adaptativa de plantas ao
estresse abidtico. Dos demais, dois codificam proteinas da superfamilia facilitadora Major, um
para a enzima modificadora de histonas com atividade demetilase, um para uma proteina da
familia de ziper homeodominio-leucina de classe I11 e um para familia MIF.

A riqueza dos dados gerados a partir desses dois trabalhos de prospecgdo e
caracterizagdo de miRNAs em dendé, proporciona um grande avango na busca por selecéo de
possiveis genes que promovam a resisténcia aos estresses abidticos. Sendo evidenciado o vasto
numero de fatores de transcricdo que estavam sendo regulados pelos miRNAs, contribuindo na

resposta do dendé ao estresse. De acordo com a literatura, os fatores de transcri¢cdo exercem
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uma fungéo essencial na regulacdo da expresséo de genes que auxiliam na adaptagdo das plantas
as condicdes adversas impostas pelo ambiente.

Ao selecionarmos um grupo de 20 fatores de transcricdo responsivos ao estresse de
salinidade e seca, conseguidos aprofundar nosso conhecimento a niveis de estrutura,
promotores e dominios, na tentativa de encontrar algum padrao entre eles. Ao final, mostramos
que dos 20 genes selecionados, 18 apresentam 0 mesmo comportamento em ambos o0s estresses,
0 que nos possibilita o melhoramento genético de ambos 0s estresses com uma unica tecnologia.

A partir dos dados gerados ao final dessa tese, faz-se necessario uma curadoria rigorosa
e aprofundada em cada possivel gene identificado, para que validacdes e selecbes experimentais
sejam realizadas e juntamente com a superexpressao ou repressdo desses genes em plantas de
ciclo curto proximas ha familia do dendé, gerando assim informac6es valiosas para programas

de melhoramento genético da palma de 6leo.
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The Role of Noncoding RNAs in
the Response of Oil Palm Plants to
Abiotic Stresses

Fernanda Ferreiva Salgado, Priscila Grynberg
and Manoel Teixeira Souza Junior

Abstract

The genus Elaeis comprises two species, E. guineensis Jacq. and E. oleifera (Kunth)
Cortés, which are known as the African and the American oil palms, respectively.
The African oil palm originated from West Africa and is the predominant species
in commercial plantations. This oilseed crop is the number one source of consumed
vegetable oil in the World. Several abiotic stressors affect the plant life cycle interfer-
ing with growth and productivity. Salinity and drought are abiotic stresses that affect
plantations on all continents, resulting in the loss of billions of dollars annually.
MicroRNAs (miRNAs) are small endogenous noncoding RNAs that impact almost all
biological processes, affecting either the transcriptional or posttranscriptional regula-
tion of gene expression. Here we describe the R&D initiatives on oil palm miRNAs,
highlighting the current knowledge on miRNAs’ involvement in oil palm response
to abiotic stress and postulating possible miRNA-based strategies for the genetic
improvement of oil palm salinity and drought stresses tolerance.

Keywords: abiotic stress, tolerance, transcription factor, transcriptome, noncoding
RNA, oil palm, drought stress, salt stress

1. Introduction

Oil palm (Elaeis guineensis Jacq.) is known as the most productive oilseed crop in
the World, bearing great economic importance due to its large-scale production and
high efficiency of the extraction and refining processes to obtain palm oil and palm
kernel oil [1, 2]. In 2021/2022, the World consumed approximately 82 million metric
tons of palm oil and palm kernel oil, making this oilseed crop the number one source
of consumed vegetable oil [3].

The oil palm industry faces criticism due to a series of unsustainable practices
(deforestation and consequent biodiversity loss, increased greenhouse gas emis-
sions, and environmental and aquatic pollution), finding itself under pressure to
adopt new and innovative procedures that could help this sector reverse this nega-
tive public perception [4]. Darkwah and Ong-Abdullah [5] highlighted some of

these procedures, such as choice for intensification over extensification, adoption of
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precision agriculture technologies, support for smallholder farmers, sustainability
certification, and circular economy.

Oil palm plantations are in areas with tropical forests in the equatorial belt, as they
need high rainfall throughout the year [6]. In Brazil, for instance, there is an extensive
area with favorable conditions for cultivating oil palm outside the Amazon rainforest;
however, those areas experience long periods of drought when oil palm does not meet
the physiological water requirement to maintain productivity [7], and, consequently,
need to be artificially irrigated with proper management to avoid soil salinization.
Approximately 30% of the irrigated land area in the World is affected by salt [8],
which, to a certain extent, shows a link between drought and salinity stresses.

Studies have shown that the progression of abiotic stresses is limiting global
agricultural production, with no sign of reversal shortly [9-11], making it necessary
to develop crops that are resilient to different abiotic stresses, such as drought and
salinity, ensuring food security. Therefore, it is currently a challenge for plant scien-
tists to develop crops resistant or tolerant to these conditions, capable of withstanding
climatic instabilities and environmental stresses, especially combinations of these
stresses. So, the research community aiming to develop knowledge and technology
to allow oil palm breeding programs in Brazil and elsewhere to breed for superior
genotypes must consider that.

Plants respond to environmental stimuli in a complex and highly coordinated
manner at biochemical, physiological, and molecular levels [11-13]. When exposed to
stress, rapid and effective reprogramming at the molecular level is required to adapt
to unfavorable conditions [12, 14, 15]. This reprogramming regulates the expression
of stress-responsive genes, especially at transcriptional and posttranscriptional levels
[14, 16, 17].

micro RNAs (miRNAs) are posttranscriptional and translational regulators
frequently correlated with plant stress tolerance and modulating stress response [15,
18, 19]. miRNAs have enormous potential for crop improvement, being the focus of
studies by scientists in recent years [18, 20-22].

Therefore, the main objectives of this review are to describe the R&D initiatives
known to date on oil palm (Elaeis spp.) miRNAs, to report on their biogenesis and
mode of action, to summarize the current knowledge on miRNAs’ involvement in oil
palm response to abiotic stress, and to postulate possible miRNA-based strategies on
the genetic improvement of oil palm’s tolerance to abiotic stress.

2. miRNA biogenesis and mode of action

miRNAs are a class of endogenous, noncoding sRNAs transcribed from introns,
exons, or intergenic regions [11]. They play a role in posttranscriptional RNA-
mediated gene silencing and expression by complementary interaction with their
mRNA target site [23, 24]. The biogenesis of plant miRNAs has been reported mainly
in Avabidopsis thaliana (L.) Heynh. (Figure1) [25].

Plant miRNAs range from 21 to 24 nucleotides in length [26]. Similar to
protein-coding genes, miRNA genes (MIRs) are commonly transcribed by RNA
polymerase II, forming a single-stranded precursor RNA called primary miRNAs
(pri-miRNAs) that have imperfect self-complementary folding regions. Still in
the nucleus, the 5 m7G-cap and 3’ polyadenylation are added to promote better
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Biogenesis of plant miRNAs. A miRNA gene is transcribed by RNA polymerase II, giving rise to a primary
transcript (pri-miRNA), which is then capped and polyadenylated. DCL1 processes pri-miRNA, perhaps in two
or morve steps, and HEN1 methylate it to produce the miRNA/miRNA" duplex. HST transports the duplex to the
cytosol, and the miRNA strand gets incorporated into RISC. The nuclear export of miRNAs may occur before or
after RISC assembly. According to the degree of complementarity with the target site, miRISC will either cleave
the mRNA or inhibit its translation.

stability. Then the pri-miRNAs are converted into miRNA precursor sequences
(pre-miRNA) by the action of DICER-LIKE 1 (DCL1) along with other associated
proteins [15, 27].
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The 3’ end of the initial miRNA/miRNA" duplex is methylated by the nuclear
protein HUA ENHANCER 1 (HEN1), thus preventing untemplated 3’ polymeriza-
tion that accelerates miRNA turnover [28]. The mature miRNA is then transported
from the nucleus to the cytoplasm by the HASTY protein (HST), then loaded onto
AGONAUTE (AGO) proteins and incorporated into an RNA-induced silencing
complex (RISC), while often the star miRNA molecules (miRNA *) do undergo
degradation. The AGO/miRISC complex search for RNA molecules through sequence
complementarity, promoting posttranscriptional gene silencing through endonucleo-
lytic cleavage or translation inhibition [25, 29]. The miRNA mechanisms of biogenesis
and function are still unclear; however, studies have shown that they are involved in
several cellular processes, including development, differentiation, division, and cell
death [11, 26, 30].

An individual miRNA can regulate multiple transcripts, and a single transcript can
be acted upon by several distinct miRNAs [11]. The miRNA can regulate the expres-
sion of its target gene using three strategies: (a) degradation of a target transcript
through almost perfect complementarity; (b) inhibition of translation; or (c) DNA
methylation. Regulation via degradation of the target transcript results in the degra-
dation of intron sequences, and these cleaved sequences generate dsRNA molecules
with the aid of RDR2 and then produce I-siRNA molecules of 21 and 22 nucleotides.
Subsequently, the I-siRNA associated with the AGO-RISC complex directs the cleav-
age of the target mRNA sequence [31, 32].

Regarding the regulation via translation inhibition, only the roles of AGO1 and
AGO10 have so far been understood [33, 34]. On the other hand, the miRNA-medi-
ated inhibition mechanism remains unclear. At last, studies show that miRNAs in A.
thaliana bind to AGO4, AGO6, and AGO9 to promote transcriptional gene silencing
of target genes through RNA-directed DNA methylation (RADM) [27].

3. miRNAs playing a role in plant response to abiotic-drought and
salinity-stress

Abiotic stress, such as deprivation or excess of water, high salinity, low or high
temperature, heavy metals, and ultraviolet radiation, is a negative impact caused by
nonliving factors on living organisms [35, 36]. They are primary stresses that arise in
the plantations limiting seed germination, plant growth, and plant development; and,
in some cases, resulting in the death of the plants.

Salinity and drought are two of the most prevalent abiotic stress worldwide,
affecting plantations on all continents and resulting in the loss of billions of
dollars annually. Plants have developed several mechanisms to combat drought
stress, and several genes associated with the response of plants to this stress are
known [12, 37]. One of these responses is the positive and/or negative regulation
of several transcription factors (TF) related to numerous physiological and cellular
functions [38].

The dehydration responsive elements (DREB) are TF related to the activation
of genes responsive to drought stress tolerance, and its overexpression can result in
tolerance to water deficit in plants. Similarly, the transcription factor MYB regulates
negatively in plants during drought stress since it is related to stomata opening [11,
39]. However, the overexpression of other genes associated with drought stress in
plants did not result in the expected drought tolerance, demonstrating the complexity
of mechanisms responsible for plant tolerance to water stress [40].

1
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Several research groups have identified and reported miRNAs responsive to water
stress in several species, such as rice—Oryza sativa L. [41], soybean—Glycine max
(L.) Merr. [42], barley—Hordeum vulgare L. [43], and Arabidopsis [44]. Those water
stress-responsive miRNAs belong to three classes. The first class includes miRNAs
targeting transcription factors that contribute to the gene regulation of the stress
response, comprising miR156, miR159, miR165, miR169, miR171, miR172, miR319,
and miR396 [21, 44, 45].

In the second class, the miRNAs are involved in the direct response to water stress,
some of which are miR167, which is responsible for directing the auxin response fac-
tors ARF6 and ARF8 [46]; miR168, which targets the ARGONAUTE 1 (AGO1) mRNA
[47]; and miR393 and miR394, which target F-box protein mRNAs that play roles in
drought tolerance [45, 48, 49]. The last class contains miRNAs such as miR397 and
miR408, which have hydrolase and oxidoreductase genes as their target gene [50, 51].

Zhou and colleagues [41] identified 30 miRNAs differentially expressed in rice
under drought stress, 19 were new miRNAs. Regarding their expression, 14 were
upregulated (miR159, miR169, miR171, miR319, miR395, miR474, miR845, miR851,
miR854, miR896, miR901, miR903, miR1026, and miR1125) and 16 downregulated
(miR156, miR159, miR170, miR171, miR172, miR319, miR396, miR397, miR408,
miR529, miR896, miR1030, miR1035, miR1050, miR1088 and, miR1126). In soybean,
upregulation of miRseql3, miR397ab, miR1513c, miR169-3p, and miR166-5p was
observed in sensitive plants, while the same miRNAs were downregulated on tolerant
crops [42].

When it comes to salinity stress, several genes are related to the plant’s stress
response, including those involved in ion channel activation, signal transduction,
and modification regulated by plant growth factors, especially the morphological
architecture of the root [52]. In A. thaliana, studies have shown increased expression
of miRNAs miR156, miR158, miR159, miR165, miR167, miR168, miR169, miR171,
miR319, miR393, miR394, miR396, and miR397 in response to salt stress, while
miR398 was downregulated [21].

According to Ding and colleagues, when analyzing corn variants tolerant and
sensitive to salt stress, members of the miR396, miR167, miR164, and miR156 families
downregulated, while miRNAs miR474, miR395, miR168, and miR162 upregulated
in the tolerant ones [18]. In radish (Raphanus sativus), 22 new and 49 already known
miRNAs appeared under salt stress [53]. In young oil palm plants under saline stress,
27 new and 52 already known miRNAs appeared [15]. When analyzing the expression
profile of these miRNAs, 72 of them showed negative differential expression and the
remaining seven had no significant differential expression [15].

Recent studies allowed a better understanding of the mechanisms of action of
miRNAs and their relationship in response to different abiotic stresses [38, 54, 55].

It is necessary to highlight that miRNAs are species-specific and present different
expression levels when analyzed in distinct plant species or within a specific one
under the same stress [15, 24].

4. miRNAs in oil palm (Elaeis spp.)

Despite many advancements in the prediction and characterization of miRNAs
in plants, there are only a few studies where researchers report the identification
and characterization of miRNAs in oil palm, either under abiotic stress conditions
or not. Currently, there are 10 published studies reporting miRNAs identification
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and characterization in oil palm [15, 30, 56-63]. Considering the great economic
importance of oil palm, the number of miRNA studies reported on this oilseed crop is
relatively low (Table1).

Nasaruddin and colleagues found five potential miRNA encoding sequences in
oil palm by a combined homology and structural analysis approach, having roles
in regulating the auxin response, floral development, and basal transcription [30].
Mehrpooyan, Othman, and Harikrishna [56] identified in oil palm six paralogs
of miR172, a regulator of the APETALA2 (AP2)-like family transcription factors.
Their results suggested that the expression of different miR172 precursor paralogs is
tissue-specific and showed that each of the two mature miR172 isoforms had different
expression patterns during floral development.

Low and colleagues identified 14 miRNAs in contigs assembled from sequences
generated from the hypomethylated or gene-rich regions in the genomes of both spe-
cies from the Elaeis genera [57]. Target prediction of these miRNAs identified just one
putative target gene, similar to the Rab21-family small GTPase, a small GTP-binding
protein of the Ras superfamily. Silva and colleagues identified 57 mature miRNAs
in E. guineensis and 52 in E oleifera, respectively, revealing that majority of them are
transcription factors involved in the plant development process [58].

According to Somyong et al. [59], miRNA159 is related to the determination of
females in oil palm trees, which is directly related to the higher production of oil
palm trees, since palm oil with high number of female inflorescence and of clusters
is most favorable. Noting that no expression of EgmiR159a was found in male flow-
ersin their study, confirming its role in female sexual differentiation (Table 1). Ho
and colleagues identified 15 oil palm-specific miRNA candidates when investigating
microRNA expression in female inflorescence at two stages of floral [60].

In Gao etal. [61], the micro RNA EgmiR179 regulates the biosynthesis of metabo-
lites through the negative regulation of its target gene NDT1, increasing oil content in
palm oil [61]. Zheng and colleagues identified 452 microRNAs (miRNAs), including
170 conserved miRNAs and 282 new miRNAs, when gaining insights into the oil palm
regulatory mechanisms of lipid and fatty acid metabolism. They found 37 fatty acid
synthesis-related genes as putative miRINA-target genes and indicated that 22 con-
served miRNAs and 14 new ones might be involved in fatty acid metabolism path-
ways. Tregear et al. [63] reported finding 30 previously unreported oil palm miRNA
genes in a molecular study of the process of sexual differentiation in the immature
inflorescence of oil palm.

Our research group reported prospecting and characterizing miRNAs in oil
palm plants under salinity stress (Table 1) [15]. That was the first step in a study
prospecting and characterizing miRNAs in oil palm plants under salinity [64] or
drought stress and looking for insights on commonalities—miRNAs and putative
miRNA-target genes—on the molecular response of young oil palm plants to these
two abiotic stresses.

We did find 81 miRNAs—52 known ones and 29 new ones (Figure 2)—and
139 differentially expressed putative miRNA-target genes [15, 64]. In Salgado et al.
[15], miR166, miR169, miR319, miR396, miR529, and egu-miR24sds showed altered
expression profiles in young oil palm plants subjected to salt stress, both targeting
TF, indicating a miRNA-dependent posttransitional regulation during the plant’s
response to the environment.

All miRNAs identification and characterization studies done so far in oil palm
allowed the identification of 55 miRNA families or groups of miRNAs that derive
from a common ancestor (Figure 3).
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Structure of the 29 new miRNAs identified in oil palm (Elaeis guineensis) plants exposed to abiotic
stresses—salinity and drought (Source: [15, 64]).
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Families of miRNAs found in oil palm, and the amount of members per family.

5. miRNA-based strategies to improve oil palm tolerance to abiotic stress

In the last decade, due to the recent advances in high-throughput sequencing
techniques, vis-a-vis the empowerment of bioinformatics tools, much progress has
been made in characterizing and understanding miRNAs mechanism of action, and
predicting their target genes [65-68].

The possibility of the involvement of miRNAs in the regulation of genes directly
related to the modulation of the impact of abiotic stress on plants has enabled
researchers to take the next step by altering the expression levels of miRNAs, either
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by overexpression or knocking down strategies. This step attempts to gain further
insights that could allow the development of distinct ways to generate superior geno-
types harboring tolerance to those stresses, either by vertical or horizontal transfer of
genes or even by genome editing [8].

According to Hajyzadeh et al. [69], the overexpression of miR408 in chickpea
(Cicer arietinum L.) resulted in improved drought tolerance. Plants overexpressing
the pre-miR408 from A. thaliana were without wilting and drying after 8 days of
undergoing the drought treatment, unlike the control plants [69]. Arabidopsis plants
overexpressing miR408 showed resilience to multi-stress environments—salinity and
drought [70]. Through biochemical analysis and fluorescence imaging with measures
of the photosystem efficiency, it was reported tolerance of the transformants com-
pared to control ones [70].

Transgenic lines of creeping grass (Agrostis stolonifera L.) overexpressing rice pre-
miR393 showed a better tolerance response to saline stress (at 250 mM for 10 days),
drought (15 days), and heat (40°C at day, 35°C at night, 13 days), confirming that
miR393 is a potent candidate to confer resistance to multiple stresses [71]. According
to Baek and colleagues, the overexpression of miR399f in Arabidopsis promoted
greater tolerance to salinity and treatment with abscisic acid (ABA) [72]. Arabidopsis’
putative miRNA-target genes—ABF3 and CSP41b—had low expression levels in
transgenic plants, and these genes are related to stress due to their participation in
ABA signaling [72].

Although the strategy of overexpression of miRNAs is dominant among the
studies to obtain plants resistant to different stresses, the inhibition approach is
also being promoted through the use of the short tandem target mimic (STTM)
approach, causing loss of function [11]. Although there has been an increase in
studies on the use of miRNAs to obtain plants resistant to multi-stress, there is still a
long way to go.

According to Ferdous and colleagues, the overexpression of Hv-miR827 in barley
(H. vulgare cv. “Golden Promise”) influenced the grain weight and allowed the plants
to recover after drought treatment, in addition to providing an improvement in the
efficiency of the use of water [73]. Such behavior is also in transgenic Arabidopsis
plants overexpressing the miRNA Ath-miR827 [74, 75].

miR319 is one of the oldest and most conserved miRNA families in plants, respon-
sive to several stresses, including drought and salinity, based on high-throughput
sequencing [76]. Studies have shown that its overexpression in transgenic creeping
grass resulted in tolerance to salt and drought stresses; and it was linked to downregu-
lation of at least four putative target genes of miR319 (AsPCF5, AsPCF6, AsPCF8, and
AsTCP14) [77].

So far, no studies are known reporting on successfully horizontally transferring
(or editing) miRNAs to or from oil palms aiming at achieving tolerance to abiotic
stresses. Our research group prospected stress-responsive miRNAs and putative
target genes that are good candidates for such endeavor [15, 64]. miRNAs and their
putative target genes responsive to both stresses at once are the priority candidates for
further studies.

Among putative target genes responsive to both stresses identified by our group
in oil palm, there are some IncRNAs. Several studies have shown that IncRNAs play
essential roles and different functions in the biological processes of plants. They can
play a role as sSRNA precursors to produce sRNAs, such as miRNAs and siRNAs. In
response to different stresses, IncRNAs also play a role in the RNA-directed DNA
methylation (RdADM) pathway [78-80].
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6. Conclusions and future perspectives

Due to a series of unsustainable practices used by the oil palm industry, there is
criticism pressuring it to adopt new and innovative procedures, including getting
away from the tropical rain forests.

Predictably, primary stresses (abiotic and biotic) will arise once the industry
establishes itself in those new areas for oil palm cultivation, forcing it to search for
tools to deal in an economically sustainable way with them. Salinity and drought are
on the top of such a list of primary abiotic stresses. Many studies report successful
attempts to increase plants’ tolerance to such stresses by altering the expression levels
of miRNAs, either by overexpression or knocking down strategies. Despite the great
economic importance of oil palm, we found only 10 published studies reporting miR-
NAs identification and characterization in this oilseed crop. When considering abiotic
stresses, the scenario is even worst; only one published study so far. In this sense, it
is clear that further studies are necessary on the role of miRNAs - and their putative
target genes - in oil palm’ response to abiotic stress. Besides that, as candidate genes
become available from those studies, it will be necessary to validate their potential as
tools to generate superior genotypes harboring tolerance to those stresses, either by
vertical or horizontal transfer of genes or even by genome editing.
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Abstract

Background: Several mechanisms regulating gene expression contribute to restore and reestablish cellular homeo-
stasis so that plants can adapt and survive in adverse situations. MicroRNAs (miRNAs) play roles important in the
transcriptional and post-transcriptional requlation of gene expression, emerging as a regulatory molecule key in the
responses to plant stress, such as cold, heat, drought, and salt. This work is a comprehensive and large-scale miRNA
analysis performed to characterize the miRNA population present in oil palm (Elaeis guineensis Jacq.) exposed to a
high level of salt stress, to identify miRNA-putative target genes in the oil palm genome, and to perform an in silico
comparison of the expression profile of the miRNAs and their putative target genes.

Results: A group of 79 miRNAs was found in oil palm, been 52 known miRNAs and 27 new ones. The known miR-
NAs found belonged to 28 families. Those miRNAs led to 229 distinct miRNA-putative target genes identified in

the genome of oil palm. miRNAs and putative target genes differentially expressed under salinity stress were then
selected for functional annotation analysis. The regulation of transcription, DNA-templated, and the oxidation-reduc-
tion process were the biological processes with the highest number of hits to the putative target genes, while protein
binding and DNA binding were the molecular functions with the highest number of hits. Finally, the nucleus was the
cellular component with the highest number of hits. The functional annotation of the putative target genes differen-
tially expressed under salinity stress showed several ones coding for transcription factors which have already proven
able to result in tolerance to salinity stress by overexpression or knockout in other plant species.

Conclusions: Our findings provide new insights into the early response of young oil palm plants to salinity stress and
confirm an expected preponderant role of transcription factors - such as NF-YA3, HOX32, and GRF1 - in this response.
Besides, it points out potential salt-responsive miRNAs and miRNA-putative target genes that one can utilize to
develop oil palm plants tolerant to salinity stress.

Keywords: Abiotic stress, Elaeis guineensis, Transcription factor, Transcriptome, Non-coding RNA

Background
MicroRNAs (miRNAs) are small endogenous non-cod-
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important in the transcriptional and post-transcriptional
regulation of gene expression, emerging as a regulatory
molecule key in the responses to plant stress, and the
main components of miRNA show high conservation
between species [2, 3].

The synthesis of plant miRNAs happens in the nucleus,
where the encoded plant miRNA genes are processed by
polymerase II to form miRNAs [4]. Long sequences of
miRNAs are folded into a hairpin structure, known as
primary miRNAs or pri-miRNAs, and are then cleaved
by DCL1 to form short and incomplete double-stranded
structures called pre-miRNAs [5]. Pre-miRNAs are
cleaved by DCL1 or DCL4 to form a double-stranded
miRNA known as miRNA dimer. Subsequently, the meth-
yltransferase HEN1 carries out methylation of the 3’ end,
and the miRNA is then transported to the cytoplasm by
the plant homologous protein exportin-5 (HASTY, HST).
Then the miRNA single-chain and the AGO protein form
the RISC complex, binding to the complementary target
mRNA to cleave or inhibit translation, obtaining negative
regulation of the target gene [6, 7].

Several abiotic stressors, such as cold, heat, drought,
and salt, affect the plant life cycle interfering with growth
and productivity [8]. Several mechanisms regulating gene
expression contribute to restore and reestablish cellu-
lar homeostasis so that plants can adapt and survive in
adverse situations. miRNAs play a role important in reg-
ulating gene expression in response to stress conditions
[1,9].

Abiotic stresses upregulate some genes and downreg-
ulate others, depending on the role played by the gene.
miRNAs responsive to water stress are present in Oryza
sativa [10, 11], Arabidopsis thaliana [12], and Medicago
truncatula [13, 14]. Sunkar and Zhu [15] showed that
miR319c is positively regulated in Arabidopsis when sub-
jected to cold stress but did not change when subjected
to dehydration, salt, or ABA. Several miRNAs, such as
miR156, miR159, miR167, miR171, miR319, and miR396,
showed differential expression levels during the response
to salt stress in Arabidopsis sp. [12] and Zea mays [16].
Using state-of-the-art sequencing technology (NGS) to
identify miRNAs responsive to salt, Dong et al. [17] iden-
tified 104 differentially expressed miRNAs in soybean
nodules under salt stress.

Some studies have reported miRNAs in oil palm.
Nasaruddin et al. [18] found five new potential miRNA
encoding sequences in a collection of 7284 oil palm
EST sequences by a combined homology and structural
analysis approach, having roles in regulating the auxin
response, floral development, and basal transcription.
Low et al. [19] applied a homology approach to identify
14 miRNAs in contigs assembled from sequences gen-
erated from the hypomethylated or gene-rich regions
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of Elaeis guineensis and E. oleifera genomes. Silva et al.
[20] identified 57 mature miRNA in E. guineensis and 52
in E oleifera, respectively, and miRNA-target prediction
revealed that most of these miRNA-putative target genes
are transcription factors involved in the plant develop-
ment process, particularly the regulation of root develop-
ment. Ho et al. [21] investigated microRNA expression
in oil palm female inflorescences at two stages of floral
development corresponding to the emergence of floral
meristems and the formation of floral organs, identifying
15 oil palm-specific miRNA candidates. Zheng et al. [22]
identified 52 miRNAs in a study aiming to gain insights
into the regulatory mechanisms of lipid and fatty acid
(FA) metabolism in oil palm.

Oil palm (Elaeis guineensis Jacq.) is a source of vegeta-
ble oil that has great importance in many economic sec-
tors. In Brazil, over 95% of the oil palm plantations are
in the Amazon region. Due to environmental restric-
tions imposed on the use of the Amazon rainforest, and
the logistical difficulties to flow the production to the
main industrial centers in the country, there is a crescent
demand of growers for the cultivation of oil palm in other
geographic regions in the country. One must use irriga-
tion in oil palm plantations outside the Amazon region
in Brazil, mainly due to long periods of drought observed
in these alternative regions with potential for oil palm
cultivation [23, 24]. Between 25 and 30% of the irrigated
land area in the World is affected by salt and is essen-
tially commercially unproductive [25]. Because of that,
Embrapa started working on a multi-omics approach
to characterize morphophysiological and molecular
responses of oil palm (E. guineensis) to drought and salin-
ity stresses [26].

The current study is a follow-up to the characterization
of the morphophysiological responses of oil palm plants
to drought and salinity stress [24, 26]. We carried out a
comprehensive, large-scale miRNA analysis to character-
ize the miRNA population present in oil palm exposed
to a high level of salt stress, to identify miRNA-putative
target genes in the oil palm genome, and to perform an
in silico comparison of the expression profile of the miR-
NAs and their putative target genes.

Results

As shown previously in Vieira et al. [24], the electrical
conductivity (EC) of the saturation extract increased,
and the water potential (Ww) decreased in a NaCl dose-
dependent manner. At the 12th day after imposing the
stress (DAT), the EC values ranged from +2 dS m~! (con-
trol plants) to +45 dS m™! (stressed plants in substrate
treated with 2.0g of NaCl per 100g of the substrate),
while the Ww values varied from zero to —1.42MPa,
respectively (data not shown). There were no differences
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in the average evapotranspiration between the groups on
day zero; however, when subjected to stress, the plants
started to show differences in the evapotranspiration
rates, remaining until the end of the experiment (data not
shown).

At 12 DAT, it is visible a reduction in the rates of CO,
assimilation (A), stomatal conductance to water vapor
(gs), and transpiration (E), which correlated with the
amount of NaCl used (Fig. 1A, B, and D). On the other
hand, the increase in intercellular CO, concentration (Ci)
also correlated with the amount of salt used (Fig. 1C).
Stressed plants at the highest NaCl dose were already
showing senescence of the leaves at 12 DAT (Fig. 2).
Based on the morphophysiological responses of young
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oil palm plants to salinity stress (Figs. 1 and 2, and Vieira
et al. [24]), both the control and the 2.0g of NaCl per
100g of the substrate treatments - which will be from
now on referred as control and stressed treatments —
were selected to the characterization of the microRNA
and mRNA profiles.

Identification of known and novel miRNAs, and differential
expression analysis of miRNAs

The small RNA raw sequence data (9 fastq files) used
in this study have been uploaded in the Sequence Read
Archive (SRA) database of the National Center for
Biotechnology Information under Elaeis guineensis
microRNA_Drought and Salinity Stresses - BioProject
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Fig. 1 Box plots of the changes in gas exchange parameters in oil palm plants grown under increasing concentrations of NaCl in the cultivation
substrate. A Net CO, assimilation rate (4); (B) stomatal conductance rate to water vapor (gs); (C) intercellular CO, concentration (Ci); and (D)
transpiration rate (£). Medians and interquartile ranges are shown. The values represent the average of four replicates. The significance of differences
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0.0 0.5
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Fig.2 Young oil palm (Elaeis guineensis) plants at the bifid-sapling growth stage, after 12days under salt stress. The value below each potrepresents
the amount of NaCl added to each 100g of substrate, oven-dried at 105°C for 24h

number of PRJNA646488, BioSample SAMN12799239.
All adapter-free small RNA sequences (from all nine
fastq files) were concatenated into a single file and sub-
mitted for miRNA prediction using mireap version 0.2
and Shortstack version 3.4, generating 96 positive hits
for potential miRNAs (data not shown). Concomitantly,
all adapter-free small RNA sequences from control and
salt-stressed samples (three replicates) were submitted
to assemble and then mapped against the oil palm refer-
ence genome [27], generating 3384 positive hits (data not
shown).

A search in the database with the 3384 hits to the oil
palm genome, using the database with the potential
miRNAs, led to a total of 79 miRNAs, being 52 known
miRNAs and 27 new ones (Fig. 3). The length of the 27
new ones ranges from 21 (24 miRNAs) to 22 (3 miR-
NAs) nucleotides (Supplementary Table 1). The genes of
the 79 miRNAs identified in this study ranged from 68
to 285bp in length and spread throughout all 16 chro-
mosomes of the E. guineensis genome (Supplementary
Table 2). Several miRNAs are present in more than one
place in the genome, in different chromosomes, or at
different positions in the same chromosome. Chromo-
somes 01, 04, and 08 had the highest miRNAs amount,
12, 11, and 11, respectively. Twenty-eight miRNAs got
mapped to 28 unplaced scaffolds. The highest number of
miRNAs in one unplaced scaffold was three, in scaffold
NW_011551039.1 (Supplementary Table 2).

The new putative miRNA genes are between 68 and
267bp in length (Supplementary Table 2). Regarding the
location of these genes in the genome of E. guineensis, 20
of them were in intragenic and nine in intergenic regions

(Table 1). Of the genes present inside genes, only the
egu-miR16sds, egu-miR17sds, egu-miR22sds, and egu-
miR26sds genes are in non-characterized ones (Table 1).

The 52 known miRNAs found in this study belonged
to 28 families. Among these families, the largest were
miR156 and miR169 (5 members each), followed by
miR166 and miR396 (4 members), miR159 and miR171
(3 members), miR168, miR319, miR393, miR395,
miR399 and miR529 (2 members), and miR160, miR162,
miR167, miR172, miR390, miR391, miR397, miR4 82,
miR528, miR530, miR535, miR536, miR827, miR828, and
miR2637 (one member).

Among the 79 known and novel miRNAs, 72 showed
a significant (probability >0.95) different level of expres-
sion under saline stress; however, all were downregulated
(Supplementary Table 2). These differentially expressed
(DE) miRNAs had their expression level reduced in the
range from 39.75 to 99.82%. In general, those DE miR-
NAs with their genes located in different regions in the
genome did not present very distinct Log,(FC) values;
the only exception was ppe-miR397 (Supplementary
Table 2).

Prediction and differential expression analysis

of miRNA-putative target genes

The psRNA-Target online program, version 2, led to 425
positive hits as miRNA-putative target genes. When ana-
lyzing the mode of inhibition of these positive hits, the
vast majority, 398, presented an mRNA cleavage mode
and the remaining 27 a translation inhibition (Supple-
mentary Table 3). It usually occurs because of some
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incompatibility around the center of the complementary
region, as the central area is essential for cleavage [27].

Out of the 425 positive hits, there were 229 distinct
putative target genes; based on the LOC Ids from the
oil palm reference genome. Among these putative target
genes, 150 were target to just one miRNA, and 79 were
target to more than one miRNA - ranging from two to 36
miRNA per target gene (Supplementary Table 3).

The RNA-seq fastq files used in this study - from
control and stressed plant samples, three replicates/
treatment - are part of a group of 18 fastq files that
have been uploaded in the Sequence Read Archive
(SRA) database of the National Center for Biotech-
nology Information under Elaeis guineensis Tran-
scriptome_Drought and Salinity Stresses - BioProject
PRJNA573093, BioSample SAMN12799239. The tran-
scriptome analysis showed that over 90% of the raw
read pairs survived the preprocessing stage requir-
ing a minimum average quality of reads >30 and the
minimum length of reads >75 nucleotides. Over 95%

of the high-quality read pairs mapped to the reference
genome available at NCBI [28]. The reference genome
has 29,567 genomic features of type ‘gene’ retrieved
from 2781 ref. sequences in GCF_000442705.1_EG5_
genomic.fna file; however, 4213 of these features
had no aligned reads detected in any of the samples
(Table 2).

When comparing control against stressed plants,
the pairwise differential expression analysis revealed
that out of the 29,567 features from the E. guineensis
genome [28], 5366 were DE at False Discovery Rate
(FDR) < 0.05 (data not shown); being 2380 upregulated
(Log,(FC) > 0) and 2986 downregulated (Log,(FC)<0).
By applying the same criteria for the differential expres-
sion analysis of the 229 distinct miRNA-putative target
genes previously prospected (Supplementary Table 3),
a group of 24 upregulated and 27 downregulated genes
were identified (data not shown). These 51 DE putative
target genes were integratively and functionally anno-
tated (Table 3, Supplementary Table 4).
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Table 1 New miRNAs identified in the oil palm (Elaeis guineensis) genome

miRNA Name  Shortstack cord Location  GenelD? Gene description

egu-miR01sds  NC_025994.1:56908176-56,908276  Intragenic ~ LOC105039763  26S proteasome non-ATPase regulatory subunit 8 homolog A
egu-miR01sds  NW_011550933.1:850430-850,534  intragenic  LOC105061524  ubiquitin carboxyl-terminal hydrolase 3
egu-miR02sds  NC_025996.1:22888879-22,888,988  Intragenic  LOC105042830  E3 ubiquitin-protein ligase HAKAl homolog
egu-miR03sds  NC_025997.1:33290362-33,290,493  intragenic  LOC105045464  hydroxymethylglutaryl-CoA lyase, mitochondrial
egu-miR04sds  NC_025998.1:32639960-32,640,067  Intergenic ~ NA NA

egu-miR0ssds  NC_026000.1:8768033-8,768,169 intergenic  NA NA

egu-miR06sds  NC_026001.1:23573097-23,573,199  intragenic  LOC105051421  plant UBX domain-containing protein 11
egu-miR07sds ~ NW_011552138.1:10926-10,993 intragenic  LOC105035654  probable peptide/nitrate transporter At3g43790
egu-miR07sds  NC_026007.1:3222601-3,222,690 intergenic  NA NA

egu-miR08sds  NW_011551761.1:8894-9002 intragenic  LOC105035396  probable DNA helicase MCM8

egu-miR09sds  NW_011553407.1:22959-23,079 intragenic  LOC105036110  vesicle-associated membrane protein 721
egu-miR10sds  NW_011552437.1:17925-18,039 intergenic  NA NA

egu-miR11sds  NC_025995.1:12779980-12,780,080  intragenic  LOC105040786  serine/threonine-protein phosphatase PP1
egu-miR12sds  NC_026007.1:23368340-23,368461  Intergenic  NA NA

egu-miR13sds  NC_025996.1:46674015-46,674,106  intergenic  NA NA

egu-miR14sds  NC_026002.1:30893315-30,893,427  intragenic  LOC105053431  E3 ubiquitin protein ligase DRIP2

egu-miR14sds  NC_026001.1:19506680-19,506,793  intergenic ~ NA NA

egu-miR14sds  NC_025997.1:18353407-18,353,516  intergenic ~ NA NA

egumiR14sds  NW_011550939.1:17612-17,724 intragenic  LOC105031979  probable GDP-L-fucose synthase 1

egu-miR14sds  NW_011551049.1:134162-134,274  intragenic  LOC105033684  mevalonate kinase

egu-miR15sds ~ NC_026003.1:10876077-10876,178  intragenic ~ LOC105053747 265 proteasome non-ATPase regulatory subunit 2 homolog A
egu-miR16sds  NC_025993.1:8597526-8,597,635 intragenic  LOC10503%9415  uncharacterized LOC105039415 — INcCRNA

egu-miR17sds  NW_011551539.1:60051-60,120 intragenic  LOC105035181  uncharacterized LOC105035181 — INCRNA

egu-miR18sds  NC_025997.1:42070048-42,070,195  Intergenic ~ NA NA

egu-miR19sds  NC_026006.1:8032758-8,032,862 intragenic  LOC105057555  UPF0496 protein At5g66675-like

egu-miR20sds  NW_011551034.1:756120-756,299 intragenic  LOC105033525  histone-lysine N-methyltransferase ATXR2

egu-miR21sds  NC_025994.1:23652674-23,652,776  Intragenic ~ LOC105038330  transcription factor VIP1

egu-miR22sds  NC_025996.1:56111754-56,112,020  intragenic ~ LOC105044280  uncharacterized LOC105044280 - protein coding
egu-miR23sds  NC_026002.1:13066673-13,066,777  intergenic ~ NA NA

egu-miR24sds  NC_025996.1:46873993-46,874,094  Intragenic  LOC105043881  ATP-dependent DNA helicase SRS2-like protein At4g25120
egu-miR25sds  NW_011551090.1:713220-713417  intragenic  LOC105034003  ubiquitin receptor RAD23d

egu-miR26sds  NC_025993.1:37595103-37,595,199  intragenic ~ LOC105054928  uncharacterized LOC105054928 - protein coding
egu-miR27sds ~ NC_025996.1:40372686-40,372,807  intragenic  LOC105043419  shaggy-related protein kinase epsilon

 BioProject PRINA192219 and BioSample SAMN02981535, available at NCBI

Integrating the expression profiles from DE
miRNA-putative target genes and their respective DE
miRNAs

By integrating the expression profiles of the upregulated
miRNA-putative target genes and their respective miR-
NAs, twenty-one of them showed just one DE miRNA,
one showed two (LOC105047586), and one showed four
(LOC105046708) linked to the miRNA-target gene, while
one had a non-differentially expressed miRNA linked
to it (LOC105059776) (Table 3). On the other hand, by
integrating the expression profiles of the downregu-
lated miRNA-putative target genes and their respec-
tive miRNAs, twenty-five of them showed just one, and

two showed two (LOC105054987, LOC105059511) DE
miRNA linked to the miRNA-target gene, while one
had a non-differentially expressed miRNA linked to it
(LOC105058639) (Table 3).

Among the 40 DE miRNAs with DE miRNA-puta-
tive target genes, 28 had only one target gene, nine had
three, and three had three (Table 3). DE miRNAs vvi-
miR171j, gu-miR18sds, and egu-miR03sds had three
distinct DE putative target genes presenting different
profiles when submitted to salinity stress. Vvi-miR171j
downregulated to 15% of its expression level in the con-
trol plants, while its putative target genes downregulated
to 38 (LOC105060969), 41 (LOC105059511), and 50%
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Table 2 Statistics of RNA-Seq data from six samples of oil palm plants submitted to two treatments (0 and 2g of NaCl per 1009
of the substrate); three replicates per treatment. Mapping to reference genome EG5 (BioProject PRINA192219 and BioSample
SAMN02981535) available at NCBI

Sample Control_R1 Control_R2 Control_R3 Stressed_R1 Stressed_R2 Stressed_R3

Input Read Pairs 30,974,342 32,078,783 21,419,898 21,159,877 22,423,080 23,655,116

Both Surviving 28,199,684 / 28,906,033/ 19,458,233 / 19,244,188/ 20,264,942 / 21,601,656/ 91.32%
Reads 91.04% 90.11% 90.84% 90.95% 90.38%

Uniquely Mapped 26,504,692 / 27,293,855/ 17,156,499 / 17,076,951/ 17,363,794 / 19,753,290/ 91.443%
Reads 93.98%% 94.423% 88.171% 88.738% 85.684%

Average Mapped  294.02 294.58 29541 29544 295.79 295.68

Length

Reads Mappedto 730,067/ 2.589% 654,325 / 2.264% 1,775953/9.127% 1,621,318/8425% 2,403,469/ 11.86% 1,270,546/ 5.882%
Multiple Loci

Reads Alignedto 24370328/ 25,185,822/ 15,143,708 / 14,791,141/ 13,979,922/ 17,597,354/ 78.43%
Feature of Type 86.72% 87.68% 7245% 72.16% 62.26%

lgene’a

Reads Not Aligned 1,701,727 / 6.06% 1,665,256 / 5.80% 1,758,058 / 841% 2,081,861/10.16% 3,185,020/ 14.18% 1,930,248 / 8.60%
to Feature

Reads Alignedto 1,599,065/ 5.69% 1,432,045 / 4.9%% 3,746405/17.92% 3421,162/166%% 5,091,435/2267% 2,683,016/ 11.96%
More Than One

Feature

@ 29,567 genomic features of type ‘gene; retrieved from 2781 ref. sequences in GCF_000442705.1_EG5_genomic.fna & 4213 features (14.25%) for with no aligned

reads was detected in any of the samples

(LOC105054987). DE miRNA egu-miR18sds also down-
regulated to 15% of its expression level in the control
plants, while one of its putative target genes upregulated
to 189% (LOC105055689) and two downregulated to
39 (LOC105031985) and 67% (LOC105061136). On the
other hand, while egu-miR03sds downregulated to 21% of
its expression level in the control plants, one of the puta-
tive target genes downregulated to 74% (LOC105048718)
and the other two upregulated to 137 (LOC105040914)
and 143% (LOC105059001) of their initial expression
level (Table 3).

LOC109505530 was the miRNA-target gene that expe-
rienced the highest expression level increase in the leaf
of oil palm plants due to saline stress. This gene is one of
two found as targetted by aof-miR536, but the only one
to upregulate due to this stress. The saline stress led aorf-
miR536 to downregulate to less than 10% the level found
in the control plants, while LOC109505530 upregulated
to almost eight times its initial expression level (Fig. 4A).
LOC105046708 is target of three distinct miRNAs (ata-
miR166d-3p, sly-miR166¢c-3p, and osa-miR166i-3p)
in the genome of oil palm. This gene experienced an
increase of approximately 80% due to saline stress, while
the miRNAs targetting it downregulated to between 13
and 18% the level found in the control plants (Fig. 4A).

All oil palm new miRNAs identified in this study
downregulate due to saline stress. However, their dif-
ferentially expressed putative target genes belonged to
two groups according to their response to saline stress,
seven upregulated and 13 downregulated (Fig. 4B). In the

case of egu-miR13sds and egu-miR18sds, the fate of their
respective putative target genes — each one had 3 - were
completely distinct, with some upregulating and some
downregulating due to saline stress (Fig. 4B).

Functional annotation of the differencially expressed
putative target genes

Among the 51 DE miRNA-putative target genes selected
for functional annotation analysis, twenty had posi-
tive hits for biological process, 33 for molecular func-
tion, and eight for cellular component (Supplementary
Table 4). The regulation of transcription, DNA-templated
(GO:0006355), was the biological process with the high-
est number of hits, six, followed by the oxidation-reduc-
tion process (GO:0055114) with five. Protein binding
(G0:0005515) and DNA binding (GO:0003677) were the
molecular functions with the highest number of hits, six,
five, respectively. The cellular component with the high-
est number of hits was the nucleus (GO:0005634), four,
followed by the membrane (GO:0016021). Four genes
had hits for domains from the GRAS family, a player
important in gibberellin signaling [29].

The functional annotation analysis led to 18
known proteins, besides three IncRNA genes
and three uncharacterized/unknown pro-

teins. Among the 18 proteins there are six differ-
ent kinds of transcription factors (LOC105054175,
LOC105056468,  LOC105046708, @ LOC105039459,
LOC105048659, and LOC105043768). The remain-
ing protein are: SPX-MFS proteins (LOC105043377,
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Table 3 Profile of differentially expressed miRNA and their differentially expressed target genes from oil palm. False discovery rate
(FDR), counts per milllion (CPM), and fold change (FC)

Target Gene miRNA

ID? Expression profile ~ FDR log,FC  log,CPM  Name Expression profile  Probability  log,FC
LOC105032827 up 0.017 0.639 7657 0sa-miR159a.2 DOWN 096 =173
LOC105032890 UpP 0.005 0.527 6.145 egu-miR12sds DOWN 100 —549
LOC105034273 UP 0.007 0.710 5.881 ssp-miR827 DOWN 1.00 —293
LOC105035262 up 0.020 0500 6.502 atr-miR393 DOWN 0.98 —0.92
LOC105039459 UP 0.029 1704 —0.968 bdi-miR529-5p DOWN 1.00 —230
LOC105040914 uUP 0.047 0451 4.664 egu-miR03sds DOWN 1.00 —223
LOC105043377 uUpP 0.000 1670 5.767 Ssp-miR827 DOWN 1.00 —293
LOC105043768 UP 0.008 0530 7.110 atr-miR31%e DOWN 0.99 —1.93
LOC105043777 UP 0.001 0591 6.996 wi-miR828a DOWN 1.00 —1.87
LOC105046708 UP 0.047 0823 1.782 ata-miR166d-3p DOWN 1.00 —251
LOC105046708 UP 0.047 0.823 1.782 atr-miR166b DOWN 1.00 —2.76
LOC105046708 UpP 0.047 0.823 1.782 0sa-miR166i-3p DOWN 1.00 =292
LOC105046708 UP 0.047 0.823 1.782 sly-miR166c-3p DOWN 1.00 —1.76
LOC105047586 UP 0.000 1.863 0439 bra-miR168a-5p DOWN 1.00 =2:32
LOC105047586 UP 0.000 1.863 0439 bra-miR168c-5p DOWN 1.00 —1.83
LOC105048659 UP 0.013 0.705 3.253 egu-miR24sds DOWN 095 —1.51
LOC105050858 UpP 0.001 0.699 5484 egu-miR11sds DOWN 1.00 —4.26
LOC105051200 UP 0.001 1.303 23815 atr-miR535 DOWN 1.00 —1.09
LOC105052568 upP 0.002 0.836 5.573 mtr-miR2673b DOWN 1.00 —643
LOC105054175 uUP 0.047 1.208 0522 ata-miR396b-5p DOWN 1.00 —253
LOC105054413 UP 0.000 1.031 5014 osa-miR2118p DOWN 1.00 —0.81
LOC105055689 UpP 0.000 0.921 4.005 egu-miR18sds DOWN 0.99 —2.72
LOC105056468 UP 0.000 1.366 4716 ata-miR169d-5p DOWN 098 —2.57
LOC105056609 UP 0.008 1.037 2.980 ata-miR167d-5p DOWN 1.00 =255
LOC105059001 UP 0.016 0514 4.698 egu-miR03sds DOWN 1.00 —223
LOC105059776 uP 0.009 0.654 4.620 egu-miR27sds NDEP NDE NDE
LOC105059810 up 0.045 0419 5.282 egu-miR09sds DOWN 1.00 =322
LOC109505530 UP 0.000 2.950 —0.450 aof-miR536 DOWN 1.00 —355
LOC105031985 DOWN 0.000 —1.367 3216 egu-miR18sds DOWN 099 =272
LOC105032107 DOWN 0.006 —0512 5732 mes-miR393d DOWN 1.00 —148
LOC105033129 DOWN 0.002 —0622 4.658 egu-miR17sds DOWN 0.99 —4.15
LOC105034164 DOWN 0.000 —1053 5714 ata-miR172b-3p DOWN 0.98 =127
LOC105035561 DOWN 0.000 —1006 3118 ata-miR399a-3p DOWN 1.00 —8.83
LOC105038401 DOWN 0.000 —0902 33N egu-miR10sds DOWN 1.00 =295
LOC105039220 DOWN 0.004 —0617 4451 aof-miR391 DOWN 1.00 —6.71
LOC105041147 DOWN 0.000 —0.834 3.888 egu-miR09sds DOWN 1.00 —3.22
LOC105043694 DOWN 0.000 —=1.320 4.891 aof-miR536 DOWN 1.00 =355
LOC105046087 DOWN 0.035 —0.5% 7.237 egu-miR07sds DOWN 100 —2.05
LOC105046096 DOWN 0.037 —0.493 4.096 egu-miR24sds DOWN 095 =50
LOC105048141 DOWN 0.000 —1.356 2377 egu-miR21sds DOWN 098 —278
LOC105048606 DOWN 0.000 —2.036 2656 ata-miR395¢-3p DOWN 1.00 —2.65
LOC105048718 DOWN 0.022 —0434 5325 egu-miR03sds DOWN 1.00 =223
LOC105048722 DOWN 0.000 —0548 3.893 egu-miR08sds DOWN 1.00 —2.50
LOC105048783 DOWN 0.038 =133 2.064 ata-miR171a-3p DOWN 0.99 —3.64
LOC105049211 DOWN 0.005 —0757 3512 ata-miR167d-5p DOWN 1.00 —255
LOC105052116 DOWN 0.006 —0515 5.757 egu-miR04sds DOWN 1.00 =911
LOC105054869 DOWN 0.01 —0624 3628 egu-miR23sds DOWN 0.96 —1.65
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Table 3 (continued)

Target Gene miRNA

1D? Expression profile ~ FDR log,FC log,CPM  Name Expression profile  Probability  log,FC
LOC105054987 DOWN 0.000 —0.990 5.245 mdm-miR171b DOWN 100 —1.94
LOC105054987 DOWN 0.000 —0.990 5.245 wi-miR171j DOWN 099 —2.74
LOC105057798 DOWN 0.018 —1.098 2516 osa-miR15%a.2 DOWN 0.96 =173
LOC105058639 DOWN 0.001 —0688 4776 gma-miR482a-3p NDE NDE NDE
LOC105059511 DOWN 0.000 —1281 3.868 mdm-miR171b DOWN 1.00 —1.94
LOC105059511 DOWN 0.000 —1281 3.868 wi-miR171j DOWN 0.99 —2.74
LOC105060969 DOWN 0.000 —1382 1.982 wi-miR171j DOWN 0.99 —2.74
LOC105061136 DOWN 0.007 —0578 3.982 equ-miR18sds DOWN 0.99 —2.72
LOC105061318 DOWN 0.002 —1663 0.209 ata-miR396b-5p DOWN 1.00 —=2:53
LOC105061572 DOWN 0.038 —0470 4.505 egu-miR07sds DOWN 1.00 —2.05

2 BioProject PRINA192219 and BioSample SAMN02981535, available at NCBI; ® NDE non differentially expressed

LOC105034273), JMJ16 protein (LOC105055689),
TIR-1 like protein (LOC105035262), Delta4-sphin-
golipid-FADS-like  protein  (LOC105059001), PPR
repeat-containing protein (LOC105032890), TPR repeat-
containing protein (LOC105059776), Exportin 1-like
protein (LOC105040914), 4-Oxalocrotonate Tautomer-
ase protein (LOC105050858), Glycosyltransferase protein
(LOC105056609), protein ORANGE (LOC105043777),
and Actin protein (LOC105032827).

Discussion

Among the few studies reporting miRNA in oil palm
[18-22], none of them has studied the role of this type
of macromolecule in the response of this species to salin-
ity stress. So, to the best of our knowledge, this is the
first report on the expression profile of oil palm miRNAs
and their putative target genes when subjected to saline
stress.

The 52 orthologous miRNAs identified in this study
belong to 28 different families previously reported in oil
palm as expressed in floral meristems - miR156, miR160,
miR166, miR167, miR168, miR172, miR396, miR528,
and miR535, by Ho et al. [21]; in the development of the
mesocarp — miR156, miR395, and miR528, by Fang et al.
[30]; and in shoot apical meristem, immature and mature
flowers - miR156, miR159, and miR160, by Nasaruddin
et al. [18] using ESTs from a study by Ho et al. [31].

The expression profile of the 79 miRNAs found in this
study revealed that 72 of them downregulate in the salt-
stressed plants, and the remaining had no significant
differential expression (Supplementary Table 2). The gen-
otypic specificity of the miRNAs behavior is usually evi-
dent since different genotypes express the same miRNA
but at different levels [8, 32]. According to Sunkar et al.
[8], a miRNA that presents negative regulation during

stress probably targets positive regulators of stress toler-
ance, generating an accumulation of gene products.
Dong et al. [17] reported that miR159, miR169, and
miR319 showed highly significant negative regulation
in soybean nodules when subjected to salt stress. Other
studies showed that miR393, miR394, miR396, and
miR156 were responsive to this stress in Arabidopsis thal-
iana, Zea mays, Populus tremula, Populus trichocarpa,
Oryza sativa, and Glycine max [15, 16, 33—35]. Accord-
ing to Ding et al. [16], miR159, miR160, miR162, miR164,
miR166, miR167, miR168, miR171, miR319, miR395,
miR396, and miR399 were responsive to the salt stress in
the roots of corn when subjected to a 200 mM NaCl con-
centration. In P. trichocarpa, miR530 downregulate dur-
ing salt stress, the same behavior observed in Arabidopsis
spp. to miR396 [36]. These results corroborate with the
miRNAs found in oil palm when subjected to salt stress.
Some studies show that a single miRNA can selectively
regulate its targets in a non-linear dose-dependent man-
ner, so preferred mRNA targets may vary over the devel-
opmental stages, depending on the level of expression
of regulatory miRNAs [21, 37]. In Ho et al. [21], valida-
tion using RNA degradome data supports that a single
miRNA may regulate multiple targets, and an mRNA
may be regulated by more than one miRNA, suggesting
a complex and fine-tuned interaction network between
miRNAs and their targets at the post-transcriptional
level. Ho and colleagues’ results corroborate with ours
in oil palm subjected to salt stress, as miR171, egu-
miR03sds and egu-miR18sds showed differential expres-
sion, and each one of them had three putative target
genes also differentially expressed; the same is true to a
putative target gene regulated by multiple miRNAs.
Many miRNAs play a role in the response of plants
to abiotic stresses, such as salinity, through post-
transcriptional regulation, which has been the focus
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of several studies [1, 8, 22, 38]. Different reports
demonstrate that several miRNA-target genes are
transcription factor mRNAs (TFs), indicating miRNA-
dependent post-transitional regulation during the
development and response to the environment [39,
40]. In plants, approximately 7-10% of the genes code
for TFs at distinct moments, and dozen plant TF gene

families precisely coordinate the spatial and temporal
expression of downstream genes associated with abiotic
stress [41, 42]. The present study showed that miRNAs
miR166, miR169, miR319, miR396, miR529, and egu-
miR24sds showed altered expression profiles in young
oil palm plants subjected to salt stress; and, through
functional analysis, that they regulate TFs transcript
levels, which in turn affect the protein levels of the TFs.
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The squamosa promoter-binding-like protein 17
homolog gene in oil palm (LOC105039459) is the puta-
tive target gene to miR529. While this miRNA under-
went an 80% decrease in expression, its target gene
showed a 70% increase in the apical leaf of young oil
palm plants under very high salt stress. Squamosa pro-
moter-binding (SBP) and SBP-Like (SPL) proteins are
putative transcription factors having a plant-specific
SBP domain consisting of 76 amino acids in length that
regulates several biological processes, including salinity
stress. Hou et al. [43] overexpressed the VpSBP16 gene
from grape (Vitis vinifera) in A. thaliana and observed
an enhancement in the tolerance to salt and drought
stress during seed germination, as well in seedlings
and mature plants, by regulating SOS and ROS sign-
aling cascades. On the other hand, the OsSPLI10 and
CaSBP12 genes negatively control salt tolerance in rice
and pepper, respectively [29, 44].

The transcription factor bHLH143 homolog gene in
oil palm (LOC105048659) is the putative target gene of
egu-miR24sds. While this miRNA underwent a 65%
decrease in expression, its putative target gene showed a
63% increase in the apical leaf of young oil palm plants
under very high salt stress. The basic helix-loop-helix
(bHLH) TFs are a large gene family in the plant genome,
and some of these TFs regulate plant responses to abi-
otic stresses, including salt stress. The overexpression of
the SIbHLH22 gene in tomato plants increased the toler-
ance to drought and salinity stress by improving the ROS
scavenging system, increasing osmotic potential, and
enhanced the accumulation of secondary metabolites
[45]. Qiu et al. [46] overexpressed the MfbHLH38 gene
- from the resurrection plant Myrothamnus flabellifolia -
in Arabidopsis and observed enhanced tolerance to both
drought and salinity stresses through increasing water
retention ability, regulating osmotic balance, decreasing
stress-induced oxidation damage, and possibly partici-
pated in ABA-dependent stress-responding pathway.

The GATA transcription factor 27 homolog gene in
oil palm (LOC105043768) is the putative target gene to
miR319. While this miRNA underwent a 74% decrease in
expression, its target gene showed a 44% increase under
very high salt stress. GATA TFs belong to one of the
most conserved families of zinc-finger TFs [47]. Tran-
script abundance analysis using salt-sensitive and salt-
tolerant rice genotypes indicated differential expression
of GATA TF genes in response to various abiotic stresses
such as salinity, drought, and exogenous ABA, suggesting
inherent roles of diverse GATA factors in abiotic stress
signaling [48]. Nutan et al. [49] have shown that the over-
expression of the OsGATAS8 gene results in salinity tol-
erance in rice seedlings, as it maintains ion homeostasis
and restricts membrane damage.
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The homeobox-leucine zipper protein HOX32
homolog gene in oil palm (LOC105046708) is the puta-
tive target gene to four distinct miRNAs from the miR166
family. While these miRNAs underwent a 70-87%
decrease in expression, its target gene showed a 78%
increase in the apical leaf of young oil palm plants under
very high salt stress. Arabidopsis thaliana has four dis-
tinct classes of homeodomain leucine zipper (HD-ZIP)
transcription factors — HD-ZIPI to HD-ZIPIV - organ-
ized in multi-genes families [50]. Bhattacharjee et al. [51]
carried out a functional analysis of two candidates stress-
responsive HD-ZIP I class homeobox genes from rice,
OsHOX22, and OsHOX24, and showed that these genes
were highly upregulated under various abiotic stress con-
ditions, including salinity stress, at different stages of
development, including seedling, mature and reproduc-
tive stages. Besides that, Bhattacharjee and colleagues
also overexpressed the OsHOX24 gene in Arabidopsis
plants showing that its overexpression does not result
in a detectable difference in the phenotype and various
growth parameters compared to the wild type under nor-
mal growth conditions; however, it does result in higher
sensitivity to salinity stress.

The growth-regulating factor 10 homolog gene in oil
palm (LOC105054175) is the putative target gene to
miR396. While this miRNA underwent an 83% decrease
in expression, its target gene showed a 131% increase in
the apical leaf of young oil palm plants under very high
salt stress. microRNA miR396 controls the expression of
several growth-regulating factors (GRFs), and the GREF-
miRNA396 regulatory module appears to be central to
several developmental processes, including flower and
seed formation, root development, and the coordina-
tion of growth processes under adverse environmen-
tal conditions, including salt stress [52—54]. Genetically
modified creeping bentgrass (Agrostis stolonifera) over-
expressing Osa-miR396¢, a rice miRNA396 gene, showed
enhanced salt tolerance associated with improved water
retention, increased chlorophyll content, cell membrane
integrity, and Na'exclusion during high salinity expo-
sure; however, they exhibited altered development [53].
RNA-sequencing analysis revealed that GRF1 and GRF3
regulate the expression of many clock core genes and
genes with stress- and defense-related functions [55].
AtGRF7 - a repressor of stress-responsive genes under
non-stress conditions — suppresses DREB2A expres-
sion to preserve plant growth rate [56]. DREB2A is a TF
whose transcriptional and post-translational activation
increases osmotic stress tolerance in Arabidopsis [55].
atgrf7 lost function mutants are more tolerant to drought
and salinity stresses [52].

Nuclear factor Y (NF-Y) proteins are widespread
in plants, animals, and other eukaryotes and are also
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known as CCAAT Binding Factor (CBF) or Heme Activa-
tor Protein (HAP); and they modulate the expression of
downstream putative target genes via two main mecha-
nisms [57]. The heterotrimer — NF-YA-YB-YC — binds to
the CCAAT box present in the promoter region of the
downstream putative target genes through NF-YA and
regulates the expression of the putative target genes. The
idea of NF-YA competing with TFs, and suppressing the
formation of the NF-YB-YC-TF complex, was postulated
[58]; however, according to Zhao et al. [57], there is still
no direct molecular evidence to support it.

Different members of the NFY gene family, includ-
ing NF-YA, are targets of the miR169 family, and studies
have shown that overexpression of NF-YA in Arabidopsis
increased the plant’s tolerance to salt stress, increasing
the expression of abscisic acid [59]. A hypothetical model
presented by Leyva-Gonzalez et al. [58] proposes that
in plants growing under non-stress conditions, NF-YA
expression is low due to high levels of miR169 but suf-
ficient to activate the transcription of genes which pro-
moters contain the CCAAT box. In plants exposed to
abiotic stress, NF-YA levels increase due to their tran-
scriptional activation and to the reduction in the miR169
levels. Increased NF-YA levels repress early abiotic stress
response genes probably by sequestering NF-YB-YC, cre-
ating a regulatory loop to arrest early responses that rep-
resent high energy and carbon costs, and participating in
the activation of a late one.

Our results showed that the NF-YA3 homolog gene
(LOC105056468) expression level in the apical leaf
of salt-stressed young oil palm increased 158%, while
miR169 had its expression level decreased to 17%. The
gene that expresses the miR169 targetting the NF-YA3
homolog gene in oil palm is at two places in the oil palm
genome, chromosomes 08 and 13, but only the one in the
former chromosome differentially expressed under salin-
ity stress (Supplementary Table 2). As the salinity stress
reduces the amount of miR169 in the leaves of young oil
palm plants, we postulate that more NF-YA3 would be
available to compete with any NF-YB-YC-TF complex,
resulting in more of the NF-YA-YB-YC complex, which
could restore some of the main biological functions of
this complex, such as drought tolerance.

A high concentration of soluble salts in the soil can
directly affect plant growth in two distinct phases —
osmotic and ionic -, whose duration and intensity vary
according to the plant species and salt levels [60]. There is
a rapid reduction in the osmotic potential in the osmotic
stress phase that restricts water absorption and, there-
fore, reduces transpiration rates [60, 61]. Salinity in its
first phase of salt stress is much similar to that of drought
stress, and many common responses between salinity and
drought stresses are also expected [62]. In the present
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study, the stressed plants showed a rate of evapotranspi-
ration about half of the one in the control ones, which
shows that the young oil palm plants were experiencing
the osmotic stress at 12 DAT [24]. The ionic phase, on
the contrary, occurs more slowly and depends not only
on the saline concentration but also on the exposure time
and on the plant’s capacity to accumulate or expel toxic
ions [60, 63].

The young oil palm plants used in this study had been
for 12days under salinity stress when collecting leaves
for the transcriptome characterization [24], which can
be considered a short period when dealing with a peren-
nial crop. Those plants had already shown - in the high-
est level of NaCl used - premature senescence, chlorosis,
and necrosis of adult leaves, and consequently a reduc-
tion in the photosynthetic area available to support con-
tinued growth (Fig. 2). Such symptoms result from a high
Na? level in the plant that disrupts protein synthesis and
interferes with enzyme activity [25]. In the case of these
young oil palm plants, one can see an increase of almost
4X in Nat and 2X in CI” in the absorption roots in the
highest level of NaCl used, but not in the apical and basal
leaves; showing that these plants were already starting to
experience ionic stress [24].

Conclusion

This comprehensive and large-scale miRNA analysis
characterized the miRNA population present in the
leaves of young oil palm plants exposed to a high level of
salt stress, to identify miRNA-putative target genes in the
oil palm genome, and to perform an in silico comparison
of the expression profile of the miRNAs and their puta-
tive target genes, resulting in:

a) The identification of 79 miRNAs, 52 known miRNAs,
and 27 new ones; 72 of them differentially expressed
under salinity stress. The new ones received the names
egu-miR(01to27)sds, where egu is the abbreviation of
Elaeis guineensis and sds stands for salinity and drought
stress;

b) The prediction of 229 distinct genes as the targets to
these 79 miRNAs in the oil palm genome; 150 of them
were target to just one miRNA and the remaining 79 to
two or more. Fifty-one miRNA-putative target genes dif-
ferentially expressed under salinity stress;

c) The functional annotation of 24 putative target genes
upregulated under salinity stress. Among these genes,
there were six that code for transcription factors and
three for IncRNA; and.

d) The identification of potential targets genes — based
upon evidence of a target gene-miRNA interaction
under salinity stress - that can be tested as candidate
genes to develop salinity stress tolerant oil palm plants.
The development of salt-tolerant oil palm genotypes can
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come from overexpression or knock out of some of these
miRNA or their respective putative target genes, either
by a CRISPR/Cas genome editing strategy or by employ-
ing classic Agrobacterium- or biolistic-mediated genetic
modification.

Methods

Plant material and growth conditions

The oil palm plants used in this study were clones regen-
erated in our lab out of embryogenic calluses obtained
from leaves of an adult plant belonging to the E. guineen-
sis genotype AM33, a Deli x Ghana from ASD Costa Rica
(http://www.asd-cr.com). The protocols and procedures
implemented to regenerate the plants are described in
Corréa et al. [64]. Plants were kept in black plastic pots
(5L), containing 1700 g of a mix of vermiculite, soil, and a
commercial substrate (Bioplant®), ina1:1:1 ratio on a dry
basis, and fertilized using 2.5 g/L of the formula 20-20-
20. Before starting the experiments, plants were stand-
ardized accordingly to the developmental stage, size,
and number of leaves. The experiment was performed
in a greenhouse at Embrapa Agroenergy (www.embra
pa.br/en/agroenergia) in Brasilia, DF, Brazil (S-15.732°,
W-47.900°). The main environmental variables (tem-
perature, humidity, and radiation) measured at a nearby
meteorological station (S-15.789°, W-47.925°) fluctuated
according to the weather conditions. The oil palm plants
used in this study were in the growth stage known as
“bifid saplings” when subjected to salt stress.

Experimental design and saline stress

The experiment was carried out in March 2018 and
consisted of five treatments (0.0, 0.5, 1.0, 1.5, and 2.0g
of NaCl per 100g of substrate), with four replicates in
a completely randomized design. For details regarding
moisture content, field capacity, and electric conductiv-
ity in the substrate, determined preliminarily, see Vieira
etal. [24].

To salinize the substrate, the amount of NaCl corre-
sponding to the level to be applied to each treatment was
dissolved in an amount of tap water standardized and
calculated by the difference between the amount of water
previously present in the fresh substrate and the amount
of water retained for the substrate to reach field capac-
ity. Applying the right amount of water to get the sub-
strate field capacity was a means of ensuring that there
was no extravasation of the solution and loss of Na® or
Cl™. Thus, the amount of salt added would remain in the
substrate.

Plants were under stress for 12 days, with daily water
maintenance by replacing the lost volume with tap
water. The difference between total weight (TW) (con-
tainer, soil, water added to reach field capacity, and plant
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weights, altogether) and the daily weight (DW) is equal
to the amount of water necessary to replace daily water
losses due to evapotranspiration. Such a procedure was
essential to allow the same level of electric conductivity
and water potential accordingly to the dose of salt added
to the substrate.

Gas exchange measurements

Gas exchange was measured on the middle third of the
apical leaf, in a previously marked area, between 9:00 and
11:00a.m. [24]. The parameters of leaf gas exchange [net
CO, assimilation rate (4), transpiration rate (E), stoma-
tal conductance to water vapor (gs), and intercellular CO,
concentration (Ci)] were measured by a portable infrared
gas analyzer LI-COR Mod. 6400XT (LI-COR, Lincoln,
NE, USA) equipped with a measuring chamber (2 x 3
cm) with artificial light system LI-COR Mod. 6400-02B.
The extracted data was provided by the OPEN software
version 6.3. The block temperature was 25°C, PAR was
1500 pmol/m?/s, the relative humidity of the air inside
the measuring chamber was between 50 and 60%, the
airflow index was 400 umol/s, and the CO, concentra-
tion was 400 ppm in the reference cell, using the model
6400-01 CO, mixer with cylinder CO, (7.5g). After sub-
mitting the gas exchange data to the Kruskal-Wallis test,
we applied the Dunn’s test (p <0.05) to those data with
significant differences between treatments.

Transcriptomics

Apical leaves from three control and stressed plants (0.0
and 2.0g of NaCl per 100 g of substrate), collected 12days
after imposition of the treatments (DAT), were imme-
diately immersed in liquid nitrogen and then stored at
—80°C until RNA extraction, library preparation, and
sequencing.

Total RNA extraction and quality analysis, library preparation
and sequencing

Total RNA was isolated from oil palm leaves using the
Qiagen RNeasy® Plant Mini kit (QIAGEN, CA, USA)
following the manufacturer’s protocol. RNA quantity
and quality were measured using a Nanodrop Qubit 2.0
Fluorometer (Life Technologies, CA, USA) and an Agi-
lent Bioanalyzer Model 2100 (Agilent Technologies, Palo
Alto, CA). The GenOne Company (Rio de Janeiro, R],
Brazil) performed the RNA-Seq using an Illumina HiSeq
platform and the paired-end strategy. The Functional
Genomics Center / ESALQ-USP (Piracicaba, SP, Brazil)
performed the small RNAs sequencing using an Illumina
HiSeq platform.
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RNA-Seq data analysis

The OmicsBox version 1.3 [65] was employed to perform
all RNA-Seq analyses. We used FastQC [66] and Trim-
momatic [67] for quality control, filter reads, and remove
low-quality bases. The oil palm reference genome [27] —
files downloaded from NCBI (BioProject PRJNA192219;
BioSample SAMNO02981535) on October 2020 - was used
to align the RNA-Seq data using default parameters from
OmicsBox version 1.3 through software STAR [68]. The
default parameters from OmicsBox version 1.3 through
HTSeq version 0.9.0 were employed to quantify expres-
sion at the gene or transcript level [69]. The pairwise
differential expression analysis between experimental
conditions (Control vs. Stressed) was performed through
edgeR version 3.28.0 [70], applying a simple design and
an exact statistical test without a filter for low counts
genes.

miRNAs data analysis

The small RNA raw data was submitted to the cutadapt
software version 2.7 [71], generating adapter-free small
RNA reads 20-24 nucleotides long. The Rfam version
12.0 database was used to remove contaminants, fol-
lowed by mapping to the oil palm reference genome [27]
using Bowtie2 [72].

All adapter-free small RNA sequences (stressed and
control) were concatenated into a single file for miRNA
prediction. The prediction was then made using mireap
version 0.2 (https://sourceforge.net/projects/mireap)
and Shortstack version 3.4 (https://github.com/MikeA
xtell/ShortStack), independently or in an association.
Both programs generate clusters of sequences lined up
in genomic regions. Ideally, these clusters indicate the
genomic location and the miRNA precursor, mature
miRNA, and miRNA* sequences. Shortstack also ana-
lyzes precursor and hairpin metrics formed according to
parameters established by Axtell and Meyers and clas-
sifies them in Y (confirmed miRNA) or N1-N15, where
N15 means that the candidate has all the correct metrics,
but the miRNA* is absent [73]. The clusters formed by
the mireap were analyzed by Shortack to obtain the clas-
sifications of each miRNA. StrucVis (https://github.com/
MikeAxtell/strucVis) was used in sequences classified as
Y or N15 by ShortStack and/or ShortStack-mireap for
structural evaluation of miRNA. Finally, manual cura-
tion was made of all miRNAs classified as Y and N15.
The length of the strings, the predicted structure of the
hairpin, and the annotation by homology were evaluated
(miRBase - http://www.mirbase.org/search.shtml).

The prediction of miRNA-putative target genes was
performed using the psRNA-Target online program,
version 2 (https://bio.tools/psrnatarget), with the
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following parameters: 5 of top targets, 5 expectation,
1 Penalty for other mismatches. For the analysis of dif-
ferential expression of miRNAs, we used the NOISeq
R package [74]. For this, the individual counts of each
sample were used as input. The genes that showed p val-
ues >0.95 were designated as differentially expressed.
To functionally annotate the differentially expressed
miRNA-putative target genes we used the LOC id to
get to the protein sequence at NCBI, and then submit-
ted it to the InterProScan search at InterPro (http://
www.ebi.ac.uk/interpro/) [75].
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Oil palm (Elaeis guineensis Jacq.) is a oilseed crop of great economic
importance drastically affected by abiotic stresses. MicroRNAs (miRNAs)
play crucial roles in transcription and post-transcription regulation of gene
expression, being essential molecules in the response of plants to abiotic
stress. To better understand the molecular mechanisms behind the response
of young oil palm plants to drought stress, this study reports on the prediction
and characterization of miRNAs and their putative target genes in the apical
leaf of plants subjected to 14 days of water deprivation. Then, the data from
this study were compared to the data from a similar study that focused on
salinity stress. Both, the drought-and salt-responsive miRNAs and their
putative target genes underwent correlation analysis to identify similarities
and dissimilarities among them. Among the 81 identified miRNAs, 29 are
specific for oil palm, including two (egu-miR28ds and egu-miR29ds) new
ones — described for the first time. As for the expression profile, 62 miRNAs
were significantly differentially expressed under drought stress, being five up-
regulated (miR396e, miR159b, MiR529b, egu-miR19sds, and egu-miR29ds)
and 57 down-regulated. Transcription factors, such as MYBs, HOXs, and NF-
Ys, were predicted as putative miRNA-target genes in oil palm under water
deprivation; making them the most predominant group of such genes. Finally,
the correlation analysis study revealed a group of putative target genes
with similar behavior under salt and drought stresses. Those genes that are
upregulated by these two abiotic stresses encode IncRNAs and proteins linked
to stress tolerance, stress memory, modulation of ROS signaling, and defense
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response regulation to abiotic and biotic stresses. In summary, this study
provides molecular evidence for the possible involvement of miRNAs in the
drought stress response in oil palm. Besides, it shows that, at the molecular
level, there are many similarities in the response of young oil palm plants to

abiotic stress, tolerance, transcriptome, transcription factor, non-coding RNA,

Salgado et al.
these two abiotic stresses.
KEYWORDS
IncRNA
Introduction

Oil palm (Elaeis guineensis Jacq.) is a palm tree from the
Arecaceae family, classified as one of the most productive oil seed
crops (Wang, L. et al., 2020). Originally from West Africa, it has
been successfully introduced and exploited commercially in Asia,
Africa, and Latin America. Indonesia and Malaysia are the largest
palm oil-producing nations (EPOA, 2020). This species has great
economic importance due to the high fruit production and oil
efficiency extraction, with refining processes that render both
palm oil and palm kernel oil (Corley, 2009; Silva et al, 2016). Palm
oil is the raw material for cosmetics, medicines, candles, soaps,
biofuels, and lubricating greases, and its demand is increasing
(Abrapalma, 2018).

Oil palm does not withstand long periods of severe or
moderate drought, and its fruit yield decreases considerably
under water scarcity (Azzeme et al, 2016). It requires
~2,000 mm/year of water and does not tolerate drought for more
than 90 days (Corley et al., 2018). According to Silva et al. (2016,
2017), water stress from seven to 21 days induced physiological
changes and affected the growth of oil palm seedlings; while
deficit induced photosynthetic
acclimation in young oil palm plants (Lopes Filho et al., 2021).

repetitive water events
However, there is not much information about the molecular
mechanisms behind the responses of oil palm plants to
drought stress.

MicroRNAs (miRNAs) are small molecules of non-protein-
coding RNAs, 20 to 24 nucleotides (nts) in length, derived from
single-stranded precursors, which form a secondary stem-loop
structure (Xin et al., 2015). They are involved in gene expression
regulation at a post-transcription level in plants, animals, fungi,
and viruses (Denli et al., 2004; Lytle et al., 2007; Ventura et al,
2008; Xu et al, 2019). miRNAs molecules are highly conserved in
plants (da Silva et al,, 2016).

Several studies have shown that miRNAs are involved in many
biological and metabolic processes (Comai and Zhang, 2012; Sun,
2012). They play crucial roles in plant growth regulation (Mallory
et al., 2004), flower development (Chen, 2004; Zhu et al., 2009),
and responses to abiotic stresses, such as drought and salinity (Liu
etal, 2008; Ding etal,, 2009; Lv et al., 2010; Chen et al., 2018; Qiu
et al., 2020; Salgado et al., 2021; Zeeshan et al., 2021).
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Water stress-responsive miRNAs are present in Oryza sativa
(Zhou et al., 2010), Medicago truncatula (Wang et al., 2011), and
Arabidopsis thaliana (Liu et al., 2008). Zhou et al. (2010) described
11 down-and eight up-regulated miRNAs in rice plants under
drought stress. Li et al. (2008) reported that miR169a and miR169¢
are significantly down-regulated by drought, promoting increased
drought resistance in arabidopsis. They postulated that it was
because one of the miR169 targets, NFYAS5 (Nuclear Factor YAS5),
is a crucial transcription factor that regulates the expression of
numerous drought stress-responsive genes (Li et al., 2008).

Studies have shown that miR398 and miR408 are positively
regulated by water deficit in M. truncatula, leading to the negative
regulation of its target genes (COX5b, CSD1, and plantacyanin;
Trindade et al, 2010). In Zea mays, miRNAs modulate the
expression of MAPK (mitogen-activated protein kinase), PLD
(phospholipase D), PHD (proline dehydrogenase), and POD
(peroxidase; Wei et al, 2009); which are known to be involved in
plant response to environmental stresses as part of signaling
pathways (MAPK and PLD) or as having role in the
ROS-scavenging system (PHD and POD).

Although some studies identified miRNAs in oil palm (Md
Nasaruddin et al., 2007; Xiao et al., 2013; Low et al., 2014; da Silva
et al, 2016; Salgado et al,, 2021), only a few miRNAs from
E. guineensis are in miRBase (version 2.1). To the best of our
knowledge, there are no reports on prospecting and characterizing
drought-responsive miRNAs in oil palm. This study reports on the
prediction and characterization of miRNAs responsive to drought
stress in oil palm plants and their target genes. Besides, the
drought- (from this study) and salt-responsive (from Salgado
et al, 2021) miRNAs and their putative target genes underwent
correlation analysis to identify similarities and dissimilarities
among them.

Materials and methods

Plant material, growth conditions,
experimental design, and drought stress

The oil palm plants used in this study were clones regenerated
out of embryogenic calluses (Corréa et al., 2015) obtained from
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leaves of an adult plant belonging to the E. guineensis genotype
AM33, a Deli x Ghana from ASD Costa Rica.! The plants used in
this study were different of the one used in the Salgado et al.
(2021) study; although, all plants - from both studies — came from
the same embryogenic calluses; consequently, they are all clones
of the same plant.

The embryogenic calluses were transferred to a regeneration
medium on January 2016 and kept ina BOD chamber at 30°C and
a 16/8-h light/dark photoperiod. On July and December 2016, the
plants regenerated in vitro were put in 200-mL plastic cups
containing vermiculite and a commercial substrate (Bioplant® —
Bioplant Agricola Ltda., Nova Ponte, MG, Brazil), in a 1:1 ratio, on
a dry basis; transferred to the PGW40 growth chamber (Conviron,
Winnipeg, Canada), with air temperature at 25+ 2°C, relative
humidity at 60 + 10%, and light intensity at 500 + 50 pmolm=—s~",
for acclimation; and then transferred to a greenhouse. Once
acclimated, they were transferred to black plastic pots (3.5L)
containing 1,200 g of vermiculite, soil, and a commercial substrate
(Bioplant®) mix, in a 1:1:1 ratio — on a dry basis; and fertilized
using 2.5g/L of the formula nitrogen (N), phosphorus (P), and
potassium (K) fertilizer 20-20-20.

Before starting the experiments, plants were screened
accordingly to their development stage, size, and number of leaves,
to use the most uniform group of plants possible. The experiment
was performed in a greenhouse in Brasilia, DF, Brazil (S-15.732°,
W-47.900°). Main environmental variables (temperature,
humidity, and radiation), measured at a nearby meteorological
station (S-15.789°, W-47.925°), fluctuated according to the
weather conditions. Plants underwent drought stress in the
growth stage known as bifid saplings.

Two experiments were carried out in November 2017
(Experiment 1) and March 2018 (Experiment 2), and both
consisted of two treatments: a control one, with four replicates,
and a drought stress one, with six replicates. The experimental
design was completely randomized blocks. All plants in the
control treatment were maintained at field capacity throughout
the entire experiment, while plants in the drought stress treatment
were initially at field capacity, and then they were deprived of
water addition for 14 days.

Evapotranspiration rate and gas
exchange measurements

Plant weight was measured daily and individually to
determine the water lost by evapotranspiration. The weight of the
vessels containing control plants was measured, and the soil
received water to field capacity, with no water added in the
remaining treatment. The daily evapotranspiration average
measured before the onset of experiments 1 and 2 was considered
100%. The gathered data was then calculated from this initial

1
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value, as follows: evapotranspiration (%) = day evapotranspiration
(mL) x 100 (%)/mean evapotranspiration before stress (mL). After
submitting the data for normality analyses using the Shapiro-Wilk
test, an statistical analysis was performed by the Student’s ¢-test at
5% probability using GraphPad.

The parameters of leaf gas exchange [net CO, assimilation rate
(A), transpiration rate (E), stomatal conductance to water vapor
(gs), and intercellular CO, concentration (Ci)] were measured
using a portable infrared gas analyzer LI-COR Mod. 6400XT
(LI-COR, Lincoln, NE, United States) equipped with a measuring
chamber (2 x 3 cm) with artificial light system LI-COR Mod. 6400-
02B. We used the OPEN software version 6.3 to extract the data.
The block temperature was 25°C, PAR was 1,500 pmol/m?/s, the
relative humidity of the air inside the measuring chamber was
between 50 and 60%, the airflow index was 400 pmol/s, and the
CO, concentration was 400 ppm in the reference cell, using the
model 6400-01 CO2 mixer with cylinder CO, (7.5g). After
submitting the gas exchange data to the Kruskal-Wallis test,
we applied the Dunn’ test (p <0.05) to those data with significant
differences between treatments. The gas exchange measurements
were on the middle third of the apical leaf, in a previously marked
area, between 9:00 and 11:00a.m., only in the first experiment.

Transcriptomics analysis

Apical leaves from three control and three drought-stressed
plants, collected 14 days after setting up the treatments (DAT),
were immediately immersed in liquid nitrogen and stored at
—80°C until RNA extraction, library preparation, and sequencing.
Total RNA isolation, as well as the RNA quantity and quality
analysis, were performed as described in Salgado etal. (2021). The
GenOne Company (Rio de Janeiro, RJ, Brazil) performed the
RNA-Seq using an Illumina HiSeq platform and the paired-end
strategy. The Functional Genomics Center / ESALQ-USP
(Piracicaba, SP, Brazil) performed the small RNAs sequencing
using an Illumina HiSeq platform.

The OmicsBox version 1.3 (OmicsBox, 2019) was employed
to perform all RNA-Seq analyses, using the same pipeline of
analysis described previously in Salgado et al. (2021). Here,
we also used FastQC (Andrews, 2018) and Trimmomatic (Bolger
et al, 2014) for quality control, STAR (Dobin et al., 2013) to align
the high-quality reads to the oil palm genome (Singh et al., 2013),
and HTseq to quantify expression at the gene or transcript level
(Anderset al., 2015). The small RNA raw data was also submitted
to the same pipeline of analysis described previously in Salgado
etal (2021); and here we generated adapter-free small RNA reads
using the Cutadapt software (Martin, 2011), mapped them to the
reference genome using Bowtie2 (Langmead et al, 2009). The
following parameters were used to run bowtie: -a (report all
alignments per read) and -V 0 (no mismatches were allowed). The
oil palm genome (Singh et al, 2013) — files downloaded from
NCBI (BioProject PRINA192219; BioSample SAMN02981535) on
October 2020 — was again used as reference genome.
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All adapter-free small RNA sequences (stressed and control)
were concatenated into a single file for miRNA prediction. The
miRNA prediction was made using mireap version 0.2* and
Shortstack version 3.4,” independently or in an association. Both
programs generate clusters of sequences lined up in genomic
regions. Ideally, these clusters indicate the genomiclocation and
the miRNA precursor, mature miRNA, and miRNA* sequences.
StrucVis* was used in sequences classified as Y or N15 by
ShortStack and/or ShortStack-mireap for structural evaluation
of miRNA. At last, manual curation was made of all miRNAs
classified as Y (confirmed miRNA) or N1-N15, where N15
means that the candidate has all the correct metrics, but the
miRNA* is absent (Axtell and Meyers, 2018). The length of the
strings, the predicted structure of the hairpin, and the annotation
by homology were evaluated in miRBase using the default
criteria.’

The prediction of miRNA-putative target genes was performed
using the psRNA-Target online program, version 2,° with the same
parameters used in Salgado et al. (2021). The NOISeq R package
(Tarazona et al., 2015) was used for the analysis of differential
expression of miRNAs, having the individual counts of each
sample as input. The genes that showed p-values>0.95 were
designated as differentially expressed (DE).

Determination of biomass and soil water
potential

Shoots and roots from three control and three drought-
stressed plants, collected 14 days after setting up the treatments
(DAP), were taken apart and weighed for fresh biomass
determination and then dried in a forced-air oven at 65°C to
constant weight to determine dry biomass. The leaf relative water
content (RWC) was measured after 14 DAP in the oil palm plants;
as well as the water potential (¥w) of the substrate.

After harvesting the plants and homogenizing the soil,
three samples were collected per pot to analyze soil water
potential, using the WP4C equipment (Dew Point
PotentiaMeter, METER Group, Inc.). Soil samples were placed
in the equipment in the accurate reading mode, as indicated by
the manufacturer. The results allow the comparison between
the different treatments concerning the energy state of the soil
water, which refers to the soil water content. After submitting
the data for normality analyses using the Shapiro-Wilk test, an
statistical analysis was performed by Student’s f-test at 5%
probability, using GraphPad.

(o2 B ©, B U U R S
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Correlation analysis of differentially
expressed miRNAs and mRNAs under
two distinct scenarios — salinity and
drought stresses

To perform correlation analysis of differentially expressed
(DE) miRNAs and their respective putative target genes under two
distinct scenarios, we used sets of data having the DE miRNAs and
mRNAs from this present study and re-used the respective ones
from Salgado et al. (2021). First, to check the data distribution,
we used the Data Overview module of the Omics Fusion (Brink
et al,, 2016), the web platform for integrative analysis of Omics
data,” and then the Scatter Plot one for the correlation analysis
between the sets of data—a pairwise combination of the different
molecules and scenarios evaluated. The input data used was the
Log, (FC) data of the DE miRNAs and the DE target genes
obtained from the single-omics analysis.

Results

Morphophysiological responses of young
oil palm plants to drought stress

The evapotranspiration rate of the control plants remained
high and constant during experiments 1 and 2. Meanwhile, the
water deficit caused a gradual reduction in the evapotranspiration
rates in the drought-stressed plants, in both experiments
(Figures 1A,B). Oil palm plants kept for 14 days under drought
stress started to show morphological changes in the leaves, such
as yellowing and necrosis of the edge and tip (Figure 1C). The leaf
relative water content (RWC) in the oil palm plants subjected to
drought stress for 14 days dropped ~50% compared to the control
plants. The water potential (‘Pw) of the substrate at the end of the
experiment averaged 0.19MPa in the control treatment and
—13.60 in the drought-stressed one.

The stressed plants showed a reduction in shoots and roots
fresh weight, averaging 87.19 and 61.59 g, respectively. Meanwhile,
the control plants averaged 122.18 and 220.34 g, respectively. Such
a significant reduction did not happen in either shoot or root dry
weight, where stressed plants averaged 36.37 and 40.23g,
compared to an average of 36.85 and 55.44 g, respectively, for the
control plants.

The reduction in the Pw led to a reduction in most of the gas
exchange parameters assessed. The net CO, assimilation rate (A),
the stomatal conductance rates (gs), and the transpiration rate (E),
showed a significant reduction of 81.03%, 87.74%, and 86.17%,
respectively, in comparison with their respective control plants
(Figures 2A-C). The intracellular concentration of CO, (Ci) in the
drought stressed plants showed a low percentage of reduction
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(19.28%) when compared to the control, with no statistical
difference (Figure 2D).

Identification of known and novel
miRNAs and differential expression
analysis of miRNAs

The raw reads generated ranged from 14.2 and 57.6 million
per sample, presenting an extensive resource for discovering
miRNAs (Table 1). After filtering out low-quality reads and
removing adapters, the number of remaining clean reads ranged
from three and 15 million. A total of 85,871,550 sequences,
ranging from 20 to 24 nts in length, was then submitted to further
analysis in the Rfam version 12.0 database, in order to remove
non-coding RNAs — rRNA, tRNA, snRNA and snoRNA. The
miRNA prediction was performed after mapping the remaining
61,666,402 small RNA sequences (Table 1) against the oil palm
reference genome and concatenating them into a single file,
generating 5,701 positive hits, from which 163 were Y and 5,538
were N15. The miRNA prediction was performed after mapping

Frontiers in Plant Science

05

the remaining 61,666,402 small RNA sequences (Table 1) against
the oil palm reference genome and concatenating them into a
single file, generating 5,701 positive hits, from which 163 present
all necessary characteristics, including the exact miRNA-star, to
be annotate as a miRNA (code Y), and 5,538 were classified as a
“maybe” (N15), in accordance with miRNA analysis codes from
Shortstack, requiring a manual curation.

A total of 81 miRNAs resulted from a manual curatorship
evaluating the length of the strings (20-22nts), predicting the
structure of the hairpin by strucVis version 0.4,° and annotation
by homology in the miRBase database,” being 52 conserved
miRNAs already reported in other species and 29 oil palm-specific
miRNAs (Table 2). It is a fact that plant miRNAs are generally 20
to 22 nt in size, with 23 and 24 being rare (Axtell and Meyers,
2018). The 24 nt sequences represent siRNAs, and none of them
was pointed out as a possible miRNA by the Shortstack and
mireap programs after the curation process employed in this
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FIGURE 2
Gas exchange rates in leaves of young oil palm plants subjected to 14 days of drought stress in greenhouse conditions: (A) net CO, assimilation
rate — A; (B) transpiration rate — E; (C) stomatal conductance — gs; and (D) intercellular CO; concentration — Ci. After submitting the gas exchange
data to the Kruskal-Wallis test, Dunn's test (p<0.05) was applied to data with significant differences between treatments. ns - not significantly
different, and ** or *** - significantly different

TABLE 1 Oil palm sRNA statistics and clean read length distribution.

Samples Raw reads (%)

After Cutadapt (20-24nt) After Rfam (20-24 nt)

Control_R1_Lanel
Control_R1_Lane2
Control_R2_Lanel
Control_R2_Lane2
Control_R3_Lanel
Control_R3_Lane2
Drought_R1_Lanel
Drought_R1_Lane2
Drought_R2_Lanel
Drought_R2_Lane2
Drought_R3_Lanel
Drought_R3_Lane2

17,359,260 (100%)
19,137,482 (100%)
19,766,560 (100%)
21,788,523 (100%)
25,695,279 (100%)
28,288,139 (100%)
23,959,300 (100%)
26,514,939 (100%)
14,201,378 (100%)
15,714,905 (100%)
52,289,340 (100%)
57,646,162 (100%)

5,701,540 (32.84%)
6,283,384 (32.83%)
6,304,031 (31.89%)
6,965,496 (31.97%)
5,769,021 (22.45%)
6,370,094 (22.52%)
6,471,468 (27.01%)
7,182,696 (27.09%)
3,063,342 (21.57%)

4,405,869 (25.38%)
4,809,227 (25.13%)
5,179,368 (26.20%)
5,682,583 (26.08%)
3,307,121 (12.87%)
3,560,220 (12.59%)
4,410,743 (18.41%)
4,824,005 (18.19%)
1,825,359 (12.85%)

3,063,342 (19.49%) 1,978,270 (12.59%)
13,652,218 (26.11%) 10,366,551 (19.83%)
15,044,918 (26.10%) 11,317,086 (19.63%)

study, demonstrating the robustness of the prediction, annotation,
and curation process used. Among the 29 new miRNAs, 27 were
similar to those already reported by Salgado et al. (2021) in oil
palm under salinity stress — egu-miR01sds to egu-miR27sds. The
two new miRNAs identified in this study, egu-miR28ds, and
egu-miR29ds, have a length of 21 nts and are located in intragenic
regions of the E. guineensis genome (Table 2). The former is the
target GTPase-activating protein GYP7 gene (LOC105043478)
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and has a length of 144 nts, while the latter is in an uncharacterized
protein (LOC105044755) and has 101 nts. The GTPase-activating
protein GYP7 gene is 9,498 nts long, has five exons, and code for
two protein isoforms in the E. guineensis genome. The
egu-miR28ds gene is located in the third and longest exon. The
uncharacterized LOC105044755, on the other hand, is 2,165nts
long and has no intron, and the egu-miR29ds gene is located
pretty much in the middle of it.
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TABLE 2 The two new oil palm-specific miRNAs predicted in this study, and their putative target genes predicted using psRNA-Target online

program, version 2.

miRNA miRNA size Mireap Shortstack miRNA gene size
egu-miR28ds 21nt o - 144nt
Location Gene ID* Gene description miRNA_Aligned Fragment
intragenic LOC105043478 GTPase-activating protein GYP7 UAGUAGUCUCCAAAUCACAUG
Alignment Target Gene_Aligned Fragment Target Gene ID Target Gene Description
5" UAUGUGAUUUGAAGACUGCUG 3’ LOC105039667 Probable protein-S-isoprenylcysteine O-methyltransferase
5" UGUGAAAUUUGGAGGCUACUA 3* LOC105050641 GBF-interacting protein 1-like
5" UGUGAAAUUUGGAGGCUACUA 3'
5" UGUGAAAUUUGGAGGCUACUA 3’
5" UGUGAAAUUUGGAGGCUACUA 3
miRNA miRNA size Mireap Shortstack miRNA gene size
egu-miR29ds 21 nt o o 101 nt
Location Gene ID* Gene description miRNA_Aligned Fragment
intragenic LOC105044755 Uncharacterized - protein coding UCUCGGGCGGCGACCUCCUCC
Alignment Target Gene_Aligned Fragment Target Gene ID Target Gene Description
5’GGAGGAAGUCGCCGCCCGAGA 37 LOC105054028 Probable xyloglucan galactosyltransferase GT19
5’GGAAGAGGUCGCCGCCGGAGC 3” LOC109506582 Probable protein phosphatase 2C 8
5'UGAGGCGG-CGCCGCCCGAGA 3 LOC105041954 Protein FATTY ACID EXPORT 2
5'UGAGGCGG-CGCCGCCCGAGA 37 LOC105053017 Protein FATTY ACID EXPORT 7
5’GGAUGCGGUUGCCGCCCGAGG 3/ LOC105041155 EF1A lysine methyltransferase 2

To avoid the annotation of false-positive miRNAs, we followed
the curation criteria suggested by Axtell and Meyers (2018),
evaluating the predicted structure of the hairpin of the new
miRNAs (Figure 3), both show precise excision of the initial stalk
duplex of a precursor RNA, without secondary stalks or large
internal loops (greater than five nts), with a processing precision
above 94%.

Sixty-two out of the 81 known and novel miRNAs showed a
significant (probability >0.95) different level of expression under
drought stress. While miR396e, miR159b, miR529b,
egu-miR19sds, and egu-miR29ds were up-regulated, the
remaining 57 miRNAs had their expression level reduced,
compared to the level in the control treatment
(Supplementary Table 1). The ppe-miR397 miRNA appeared in
different positions of the genome, with distinct differential
expression levels, and, at position NC_025997.1:28868274-
28868388, it was down-regulated (p<0.97), while at position
NC_025993.1:61023997-61024130 it did not show significant
(p<0.77) differential expression (Supplementary Table 1).

Prediction and differential expression
analysis of miRNAs-putative target genes

The psRNA-Target online program - version 2 — led to 357
positive hits as DE miRNA-putative target genes. Based on the
LOC Ids from the oil palm reference genome (Singh et al., 2013),

10 R = el )
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there were 185 distinct putative target genes out of the 357 positive
hits. All 62 DE miRNA had two or more putative target genes.

Almost 100% of the high-quality read pairs in all samples
mapped to the oil palm reference genome, which had 29,567
genomic features of type “gene” retrieved from 2,781 ref. sequences
in GCF_000442705.1_EG5_genomic.fna file; however, 4,115 of
these features had no aligned reads detected in any of the samples
(Table 3).

When comparing drought-stressed against control plants, the
pairwise differential expression analysis revealed that out of the
185 distinct miRNA-putative target genes, 88 differentially
expressed at False Discovery Rate (FDR)<0.05; being 44
positively regulated (Log,(FC)>0) and 44 negatively regulated
(Log,(FC) < 0). The down-regulated miRNA-putative target genes
experienced a reduction in the expression level, ranging from
28% to almost 100%. On the other hand, the up-regulated
miRNA-putative target genes increased from 1.28X to 166.24X
(Table 4).

Integrating the expression profiles from
DE miRNA-putative target genes and
their respective DE miRNAs

The interaction between DE miRNAs and their putative target
genes was investigated using Cytoscape — version 3.8.2," which
led to the identification of a total of 102 miRNA-mRNA

1
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FIGURE 3
Structure of the new miRNAs identified in oil palm under water deficit.

TABLE 3 Statistics of RNA-Seq data from six samples of oil palm plants subjected to two treatments (control and drought stress); three replicates

per treatment.
Control treatment Stressed treatment

Sample*

R1 R2 R3 R1 R2 R3
Input high quality read pairs 28,506,037 27,758,299 27,482,363 29,085,207 29,056,879 30,875,128
Aligned reads to feature 15,462,284 23,380,536 14,294,486 17,136,348 20,031,805 25,942,349
Aligned reads to no feature 4,422,784 2,283,704 4,201,816 5,803,528 4,325,704 2,977,275
Ambiguous 230.22 401.78 225.45 199.44 228.05 315.77
Alignment not unique 8,390,751 1,692,282 8,760,612 5,945,893 4,471,325 1,639,731
Low alignment quality 0 0 0 0 0 0
Not aligned 2 2 0 0 0 0

Mapping to reference genome EG5 (BioProject PRINA 192219 and BioSample SAMNO02981535) available at NCBI.
*29,567 genomic features of type “gen€’, retrieved from 2,781 ref sequences in GCF_000442705.1_EG5_genomic.fna & 4,115 features (13.92%) for with no aligned reads was detected in

any of the samples.

interactions, involving 62 DE miRNAs and 88 DE mRNAs. The
analysis showed that a single miRNA can regulate multiple
mRNAs and that a single mRNA can correlate with more than one
miRNA, suggesting that the miRNA-mRNA interaction network
involved in water stress is highly complex.

By integrating the expression profiles of the miRNA-putative
target genes and their related miRNAs, 26 DE miRNA had just one
DE putative target gene, 15 had two, eight had three, five had four,
and eight had none. On the other hand, among the 88 DE putative
target genes, 79 of them had just one DE miRNA, seven had two,
one had three, and one had four (Table 4).

miR396e and egu-miR29ds, with a respective increment of
116% and 361%, were up-regulated due to drought stress, while
their putative target genes had their expression level reduced to
25% and 71%, respectively (Table 4; Figure 4). LOC105053992 was
the putative target gene that experienced the highest increase in
expression, 166.24X higher than in the control plant. It
experienced regulation by two miRNAs (ama-miR156 and
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ata-miR156e-5p) that were down-regulated to about 50% of the
level in the control plant (Figure 4).

Functional annotation of the
differentially expressed target genes

The target genes underwent functional annotation using the
InterProScan database. Among the 88 DE target genes selected for
functional annotation, 32 had positive hits for biological processes,
50 for molecular function, and 19 for cellular components.
Transmembrane transport (GO:0055085) and regulation of
transcription by DNA (GO:0006355) had the highest number of
biological processes present, five; followed by hormone response
processes (GO: 0009725), protein phosphorylation (GO:
0006468), pigment biosynthetic process (GO: 0046148), histone
lysine methylation (GO: 0034968), lipid metabolic process (GO:
0006629), oxidation-reduction process (GO: 0055114) and
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TABLE 4 Profile of differential expressed miRNA and their differential expressed putative target genes from oil palm plants.

miRNA Putative target gene

Name EP Probability FC Log,FC 1D EP FC Log,FC FDR
ama-miR156 Down 1.00 0.54 —0.89 LOC105053992 Up 166.24 7.38 0.00
ata-miR156e-5p Down 1.00 0.57 —0.381 LOC105053992 Up 166.24 7.38 0.00
bra-miR168a-5p Down 1.00 0.25 -2.02 LOC105047586 Up 44.07 5.46 0.00
bra-miR168¢c-5p Down 1.00 0.20 —-2.33 LOC105047586 Up 44.07 546 0.00
ppe-miR397 Down 0.97 0.38 -1.40 LOC105046309 Up 30.64 494 0.00
egu-miR02sds Down 1.00 0.01 —742 LOC105042156 Up 28.34 4.82 0.01
ppe-miR397 Down 0.97 0.38 —-1.40 LOC105036954 Up 22.40 449 0.00
ata-miR528-5p Down 0.99 0.24 =2.05 LOC105036904 Up 19.12 426 0.00
egu-miR20sds Down 0.97 0.07 -391 LOC105046327 Up 14.61 3.87 0.01
ssp-miR827 Down 1.00 0.12 —3.04 LOC105043377 Up 12.69 367 0.00
ata-miR167d-5p Down 1.00 0.31 -1.67 LOC105053405 Up 8.21 3.04 0.00
gma-miR482a-3p Down 0.99 0.77 —0.38 LOC105043410 Up 7.96 299 0.00
egu-miR25sds Down 0.97 0.23 =210 LOC105036224 Up 7.73 295 0.00
ata-miR166d-3p Down 1.00 0.15 -2.78 LOC105046708 Up 6.30 2.66 0.00
atr-miR166b Down 1.00 0.27 —1.88 LOC105046708 Up 6.30 2.66 0.00
osa-miR166i-3p Down 1.00 0.13 —-2.99 LOC105046708 Up 6.30 2.66 0.00
sly-miR166¢-3p Down 0.99 0.32 —1.63 LOC105046708 Up 6.30 2,66 0.00
ata-miR396e-5p Down 0.97 0.49 -1.03 LOC105033560 Up 4.72 224 0.03
ata-miR160c-5p Down 1.00 0.13 -2.99 LOC105044300 Up 4.66 222 0.00
egu-miR07sds Down 1.00 0.23 -2.09 LOC105044919 Up 4.34 212 0.00
ata-miR160c-5p Down 1.00 0.13 =299 LOC105038384 Up 3.49 1.80 0.00
aof-miR395a Down 1.00 0.09 —345 LOC105041393 Up 3.45 1.79 0.00
atr-miR535 Down 0.99 0.57 —0.82 LOC105051200 Up 3.44 1.78 0.00
mtr-miR2673b Down 0.99 0.03 —5.21 LOC105060921 Up 3.44 1.78 0.00
mdm-miR171b Down 1.00 0.34 —1.57 LOCI105043623 Up 312 1.64 0.00
osa-miR2118p Down 1.00 0.58 —0.78 LOCI105054413 Up 3.05 L6l 0.00
egu-miR04sds Down 1.00 0.00 =779 LOC105040907 Up 2.86 151 0.00
bra-miR319-3p Down 1.00 0.27 —1.89 LOC105032078 Up 2.71 1.44 0.00
atr-miR156¢ Down 1.00 0.55 —0.87 LOC105061255 Up 2.67 142 0.03
bdi-miR529-5p Down 1.00 0.24 —2.08 LOC105061255 Up 2.67 142 0.03
egu-miR07sds Down 1.00 0.23 -2.09 LOCI105061572 Up 2.59 1.37 0.00
osa-miR2118p Down 1.00 0.58 -0.78 LOC105054674 Up 2.50 1.32 0.00
egu-miR18sds Down 0.97 0.32 —1.63 LOC105055689 Up 245 129 0.00
egu-miR15sds Down 0.99 0.32 —1.64 LOC105044088 Up 241 127 0.00
egu-miR05sds Down 1.00 0.12 -3.09 LOC105045735 Up 2.40 1.26 0.00
egu-miR10sds Down 1.00 0.15 =270 LOC105043130 Up 1.78 0.83 0.00
ata-miR528-5p Down 0.99 0.24 -2.05 LOC105055547 Up 1.77 0.82 0.00
aof-miR395a Down 1.00 0.09 —345 LOC105038678 Up 1.67 0.74 0.00
aof-miR391 Down 0.99 0.09 —3.53 LOC105045520 Up 1.63 071 0.00
egu-miR11sds Down 0.99 0.08 -3.62 LOC105050858 Up 1.63 0.70 0.00
egu-miR10sds Down 1.00 0.15 -2.70 LOC105034850 Up 1.62 0.69 0.00
ssp-miR827 Down 1.00 0.12 -3.04 LOC105034273 Up 1.60 0.68 0.00
egu-miR02sds Down 1.00 0.01 —742 LOC105047587 Up 1.60 0.68 0.01
ata-miR169i-3p Down 1.00 0.07 -392 LOC105043671 Up 1.60 0.68 0.00
ata-miR528-5p Down 0.99 0.24 -2.05 LOC105034839 Up 1.52 0.61 0.00
ata-miR169i-3p Down 1.00 0.07 -3.92 LOC105060868 Up 1.47 0.55 0.00
egu-miR08sds Down 1.00 0.11 -3.22 LOC105042656 Up 1.45 053 0.00
bra-miR168a-5p Down 1.00 0.25 —2.02 LOCI105051551 Up 1.39 048 0.01
bra-miR168a-5p Down 1.00 0.25 —2.02 LOCI105042722 Up 1.28 0.36 0.04

(Continued)
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TABLE 4 (Continued)
miRNA Putative target gene
Name EP Probability FC Log,FC ID EP FC Log,FC FDR
ssp-miR827 Down 1.00 0.12 —3.04 LOC105054157 Down 0.00 -7.75 0.00
ata-miR169i-3p Down 1.00 0.07 —-3.92 LOC105051537 Down 0.03 —5.26 0.00
ata-miR399a-3p Down 1.00 0.01 —6.21 LOC105035561 Down 0.03 —5.13 0.00
ata-miR395c-3p Down 1.00 0.08 —3.64 LOC105048606 Down 0.04 —4.60 0.00
egu-miR20sds Down 0.97 0.07 -391 LOC105032247 Down 0.06 —4.18 0.00
egu-miR08sds Down 1.00 0.11 —-322 LOC105048722 Down 0.14 —2.82 0.00
atr-miR159 Down 1.00 0.23 -2.13 LOC105043705 Down 0.16 —2.65 0.00
egu-miR05sds Down 1.00 0.12 -3.09 LOC105041381 Down 0.16 =261 0.00
egu-miR03sds Down 0.99 0.48 —1.05 LOC105059001 Down 0.17 —2.58 0.00
aof-miR391 Down 0.99 0.09 —353 LOC105039220 Down 0.17 —257 0.00
mes-miR399f Down 1.00 0.01 —6.62 LOC105052027 Down 0.20 -2.29 0.00
egu-miR09sds Down 1.00 0.21 -222 LOC105041147 Down 0.22 =221 0.00
ata-miR396e-5p Down 0.97 0.49 —1.03 LOC105033558 Down 0.25 -2.02 0.00
ata-miR528-5p Down 0.99 0.24 -2.05 LOC105048962 Down 0.29 -1.77 0.00
ata-miR169i-3p Down 1.00 0.07 —-3.92 LOC105047549 Down 0.31 —1.71 0.03
ata-miR390-5p Down 0.98 0.22 =220 LOC105053593 Down 0.31 —1.70 0.00
bdi-miR169c-3p Down 1.00 0.08 —3.67 LOC105046060 Down 0.33 —1.61 0.03
gma-miR482a-3p Down 0.99 0.77 —0.38 LOC105058639 Down 0.33 —1.58 0.00
egu-miR01sds Down 1.00 0.16 —2.60 LOC105055591 Down 0.34 —1.56 0.00
egu-miR04sds Down 1.00 0.00 -7.79 LOC105052116 Down 0.36 —147 0.00
ata-miR167d-5p Down 1.00 0.31 —1.67 LOC105049211 Down 0.38 —141 0.00
aof-miR395a Down 1.00 0.09 —345 LOC105042288 Down 0.38 —141 0.00
vvi-miR828a Down 0.96 0.58 —0.78 LOC105051514 Down 0.41 —1.28 0.00
ata-miR396e-5p Down 0.97 0.49 -1.03 LOC105052992 Down 0.44 -120 0.00
ata-miR396e-5p Down 0.97 0.49 -1.03 LOC105042167 Down 0.48 -1.05 0.00
egu-miR11sds Down 0.99 0.08 —3.62 LOC105056373 Down 0.49 —1.02 0.00
egu-miR26sds Down 0.97 0.13 -291 LOC105056373 Down 0.49 —1.02 0.00
mdm-miR171b Down 1.00 0.34 —1.57 LOC105059511 Down 0.49 —1.02 0.00
egu-miR18sds Down 0.97 0.32 —1.63 LOC105031985 Down 0.50 —-1.01 0.00
bdi-miR530b Down 0.99 0.21 —2.23 LOC105055997 Down 0.50 —1.00 0.00
mdm-miR171b Down 1.00 0.34 —-1.57 LOC105054013 Down 0.53 —-0.92 0.00
mdm-miR171b Down 1.00 0.34 —1.57 LOC105054987 Down 0.58 —0.79 0.00
egu-miR15sds Down 0.99 0.32 —1.64 LOC105050166 Down 0.58 —-0.78 0.01
vvi-miR828a Down 0.96 0.58 —0.78 LOC105043777 Down 0.59 —0.77 0.00
vvi-miR828a Down 0.96 0.58 —0.78 LOC105039801 Down 0.61 —0.70 0.00
egu-miR11sds Down 0.99 0.08 —3.62 LOC105049000 Down 0.62 —0.69 0.01
egu-miR03sds Down 0.99 0.48 —1.05 LOC105048718 Down 0.63 —0.66 0.00
egu-miR08sds Down 1.00 0.11 —3.22 LOC105049925 Down 0.63 —0.66 0.00
egu-miR03sds Down 0.99 0.48 —1.05 LOC105060476 Down 0.67 —0.58 0.00
egu-miR07sds Down 1.00 0.23 —-2.09 LOC105058953 Down 0.68 —0.56 0.02
egu-miR22sds Down 0.99 0.06 —4.18 LOC105060538 Down 0.68 —0.56 0.02
ata-miR399a-3p Down 1.00 0.01 —6.21 LOC105047412 Down 0.68 —0.56 0.00
mes-miR399f Down 1.00 0.01 —6.62 LOC105047412 Down 0.68 —0.56 0.00
aof-miR395a Down 1.00 0.09 —345 LOC105041383 Down 0.71 —0.50 0.00
osa-miR2118p Down 1.00 0.58 —0.78 LOC105044139 Down 0.72 —0.48 0.02
cme-miR396e Up 0.97 2.16 1.11 LOC105033558 Down 0.25 —2.02 0.00
egu-miR29ds Up 0.97 4.61 220 LOC105053017 Down 0.71 —0.49 0.01
cme-miR396e Up 0.97 2.16 L11 LOC105033560 Up 4.72 224 0.03
(Continued)
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TABLE 4 (Continued)

miRNA Putative target gene

Name EP Probability FC Log,FC ID EP FC Log,FC FDR
egu-miR19sds Up 0.95 1.45 0.54 LOC105049219 Up 3.62 1.86 0.00
cpa-miR159b Up 0.97 2.32 121 LOC105032078 Up 271 144 0.00
osa-miR529b Up 0.98 3.28 1.71 LOC105061255 Up 2.67 142 0.03

False discovery rate (FDR), Identity in the reference genome EG5 at NCBI (ID), and fold change (FC). EP, Expression profile; FC, Fold Change (Drought/Control).
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histone methylation (GO: 0016571), with two each
(Supplementary Table 2).

For molecular functions, the GO terms that appeared the
most were protein binding (GO: 0005515), with nine occurrences,
followed by DNA binding (GO: 0003677), with eight, and ATP
binding (GO: 0005524), with seven. The cellular component most
frequently present was the nucleus (GO: 0005634), with seven
occurrences, followed by the membrane (GO: 0016020), with six,
and the integral membrane component (GO: 0016021), with four
(Supplementary Table 2).

When analyzing the most expressed domains, TF_GRAS
(IPR005202) came first with 4, followed by SPX domain
(IPR004331) with three, and SET_dom (IPR001214), Tyrosinase_
Cu-bd (IPR002227), Protein kinase domain (IPR000719), SANT/
Myb (IPR001005), and SBP_dom (IPR004333) with two hits each.
MES family, with three members, was the largest one, followed by
the ABC, Polyphenol_oxidase, and Hist-Lys_N-MeTrfase_plant
families with two members each (Supplementary Table 2).

To further characterize the putative target genes, the LOC
numbers were used to identify the ID of the protein coded by
them. Nine LOC numbers were from genes coding for ncRNAs,
and the remaining 79 led to the identification of 138 proteins
(distinct XP id). These 138 proteins were submitted to analysis in
the GhostKOALA platform (Kanchisa et al., 2016), and in the

EggNOG v5.0 platfom (Huerta-Cepas et al., 2019; Cantalapiedra
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et al., 2021). The results of the hierarchical, functional and
phylogenetic annotation using the EggNOG platform, having the
Liliopsida class
Supplementary Table 3; only 132 out of the 138 proteins were
annotated. Only 44 proteins were annotated in the GhostKOALA
platform, being 11 transcription factors from three families —
MYB, HOX, and NF-Y.

as taxonomic scope, is presented in

Correlation analyses of DE
miRNA-putative target genes and their
respective DE miRNAs

First, 72 miRNAs differentially expressed in young oil palm
plants under salinity stress (Salgado et al., 2021) were submitted
to correlation analysis against 62 from the present study
(Figure 5A). Then, 51 DE miRNA-putative target genes from
Salgado etal. (2021) underwent correlation analysis against the 88
from the present study (Figure 5B). These results revealed eight
miRNA-putative target genes upregulated in both scenarios,
salinity and drought stress (Figure 5B), that also had the miRNAs
targeting them down-regulating in those scenarios (Figure 5A).
Among them, there were three genes expressing IncRNAs, two
coding for proteins from the Major facilitator superfamily, one for
a putative histone-modifying enzyme harboring a demethylase
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FIGURE 5
Histogram and correlation analysis of the Log, (FC) of differentially expressed (DE) miRNAs (A) and their respective DE putative target genes (B), by
pairwise comparison of two scenarios: Salt stress and Drought stress. Stars of same color identify miRNAs (in A) and their respective putative target
genes upregulated in both stresses (in B). FC, Fold Change.

activity, one for a protein from the class IIT homeodomain-leucine
zipper family, and one for a protein from the Macrophage
migration inhibitory factor (MIF) family.

Discussion

Palms are considered the third most important economic
group of plants, second only to grasses and legumes (Meerow
etal, 2012). miRNAs have been described as master regulators of
gene expression and involved in controlling growth and
development and plant responses to different stresses (Liu et al.,
2008; Ding et al., 2009; Djami-Tchatchou et al., 2017). Still, little
information on palm miRNA is available (Md Nasaruddin et al.,
2007; Low et al., 2014; da Silva et al., 2016; Ho et al., 2017; Zheng
et al., 2019; Salgado et al,, 2021), and none of them studied the
miRNAs involved in the response of oil palm plants to drought
stress. Thus, this is the first report of prospecting oil palm miRNAs
and analyzing their expression profile together with their target
genes under water deprivation.

The reduction of gs and 'WPw seen in the present study, inducing
an abrupt stomatal closure, is a shred of evidence that oil palm has
a high sensitivity to drought. It suggests that mechanisms for water
control mediate the decrease in gs; in other words, that water
deprivation is sensed by the roots, triggering the production of
abscisic acid (ABA), which results in stomatal closure mediated by
a transduction cascade (Chaves et al., 2009; Cutler et al., 2010;
Silva et al, 2016). The effects of A reduction during water deficit
(Figure 2A) may be related to the increase in diffusive (stomatal
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and mesophilic restrictions) and biochemical limitations (Chaves
et al., 2009; Flexas et al., 2012).

This study identified 81 miRNAs, where 52 miRNAs are
deeply conserved among various plant species, such as A. thaliana
(Liu etal., 2008), O. sativa (Zhou et al., 2010), Populus trichocarpa
(Lu et al, 2008), and M. truncatula (Wang et al., 2011). Some of
them, miR156, miR160, miR166, miR167, miR168, miR172,
miR396, miR528, and miR535, have already been found in oil
palm by Ho et al. (2017) in floral meristems, while Fang et al.
(2013) identified miR156, miR395, and miR528 in the mesocarp
of oil palm fruits. Also, Md Nasaruddin et al. (2007) identified
miR156, miR159, and miR160 in oil palm’s apical meristem and
immature and mature flowers. The other 29 miRNAs are specific
for oil palm (Table 3), from which 27 have been already reported
in our previous study (Salgado et al, 2021) - regarding oil palm
responses to salinity stress, and two (egu-miR28ds and
egu-miR29ds) reported for the first time.

Sixty-two out of the 81 miRNAs showed significant differential
expression. While five of them up-regulated under drought stress,
the remaining 57 were down-regulated (Table 4). That is a
behavior similar to the one seen usually in genes encoding
proteins — meaning that a miRNA expression is also up-or down-
regulated in response to stress (Fang et al., 2013), as also shown
for A. thaliana (Liu et al., 2008), O. sativa (Zhou et al., 2010),
P. trichocarpa (Lu et al., 2008), M. truncatula (Wang et al., 2011),
among others.

A series of transcription factor (TFs) putative genes were also
targeted by miRNAs in such plants when submitted to drought
stress, as already seen in young oil palm plants under salinity
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stress (Salgado et al,, 2021). TFs, such as auxin response factors
(ARFs), squamosa promoter binding proteins, ethylene response
transcription factors, MYB transcription factor, homeobox-
leucine protein zipper HOX, transcription factor GAMYB, and
nuclear transcription factor Y, which are responsible for regulating
plant growth and development (Wu and Poethig, 2006; Gandikota
etal, 2007), were predicted as putative miRNA-target genes in oil
palm under water deficit in this study.

Most of these miRNAs targeting TFs were down-regulated
(miR156, miR160c-5p, miR166d-3p, miR169i-3p, miR156¢,
miR166b, miR529-5p, miR319-3p, egu-miR02sds, egu-miR07sds,
egu-miR11sds, egu-miR26sds, miR171b, miR166i-3p,
miR166¢-3p), indicating that the decrease in these miRNAs will
increase the expression of some corresponding transcription
factors, thus promoting the activation of a set of encoding genes
to play defensive roles against abiotic stresses. This behavior is
present in other species under water deficit (Liu et al., 2008; Zhou
et al., 2010).

The plant response to drought stress is very similar to the
initial plant response to salinity stress, and many common
occurrences between these two primary stresses are also expected
(Uddin et al., 2016). Salgado et al. (2021) observed that miRNAs
miR166, miR169, miR319, miR396, and miR529 shows reduced
expression profiles in young oil palm plants subjected to salt stress,
a similar behavior to what happened in oil palm plants under
drought stress. It is proved, through functional analysis, that these
miRNAs regulate the levels of transcription of TFs, thus affecting
the levels of TF proteins.

miR529 in the leaves of oil palm plants under salinity (Salgado
et al, 2021) and drought stress showed a reduction of 80% and
76% in expression levels, respectively. Both showed up-regulation
of their putative target gene — SBP (squamosa promoter-binding-
like protein) — by ~70%. Squamosa promoter binding proteins are
putative transcription factors with a plant-specific SBP domain
consisting of 76 amino acids in length responsible for regulating
various biological processes, including drought and saline stress.
According to studies carried out by Hou et al. (2018), the
overexpression of the homologous SBP16 gene from grapes ( Vitis
vinifera) in A. thaliana promoted an increase in tolerance to
drought and salinity stresses during seed germination, as well as
in seedlings and mature plants, regulating the signaling cascades
of SOS and ROS.

egu-miR02sds showed a 99% reduction in its expression level
in plants under drought stress, promoting a 60% increase in the
expression of its putative target gene NF-YB (LOC105047587 —
nuclear transcription factor Y subunit B-4-like), a similar behavior
shown when under salt stress (Salgado et al.,, 2021). The Nuclear
factor Y (NF-Y) is a ubiquitous transcription factor with high
affinity and sequence specificity for the CCAAT box, a cis-element
present in about 25% of eukaryotic gene promoters. NF-Y is a
heterotrimeric complex composed of three distinct subunits
(NE-YA, NF-YB, and NE-YC; Mantovani, 1999). Studies shows
that NE-Y is responsible for activating a transcriptional cascade
critical for drought resistance, where its overexpression improves
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resistance and promotes drought tolerance in arabidopsis and
maize (Nelson et al., 2007; Liu et al., 2008).

According to Li et al. (2008), overexpression of NF-YA5 in
arabidopsis reduced water loss in leaves and resulted in a resistance
to water stress higher than the wild type. Nelson et al. (2007)
showed that NF-YB overexpression promoted drought tolerance
in maize, based on the responses of several stress-related
parameters, including chlorophyll content, stomatal conductance,
leaf temperature, reduced wilting, and maintenance of
photosynthesis. Thus, NF-Y is crucial for expressing a series of
genes responsive to drought stress, and its induction takes place at
both transcriptional and post-transcriptional levels (Li et al., 2008;
Liu et al., 2008).

The miRNAs miR168, miR395, miR396, miR397 were also
down-regulated and are directly involved in the stress response
process or stress tolerance (Sunkar et al., 2005; Gray-Mitsumune
and Matton, 2006). miR168 regulates the Argonaute 1 (AGO1)
gene in A. thaliana and P. trichocarpa (Lu et al., 2005). AGO1
proteins can be directly associated with siRNAs / miRNAs before
and after recognizing their mRNA targets and are required for
normal plant development (Vaucheret et al,, 2004). In the present
study, miR168 expression level experienced a 75% reduction in
drought-stressed plants, while its putative target gene
(LOC105042722 - protein argonaute 1A-like) up-regulated 28%.

The present study led us to identify two new oil palm-specific
miRNAs and enabled a comparative analysis of expression levels
with miRNAs in oil palm reported under salt stress (Salgado et al.,
2021). Comparative studies of miRNAs can help to increase our
understanding, at a regulatory level, of the events that give rise to
new species or the emergence of specific characteristics. The
correlation analysis done in this present study showed that
IncRNAs might play some role in the response of young oil palm
plants to both drought and salinity stresses. Long non-coding
RNAs (IncRNAs) are >200 nucleotides-long RNAs that are not
translated into functional proteins but have cellular functions of a
structural and/or regulatory nature (Statello et al, 2021).
Accordingly to Jha and colleagues, IncRNAs play an essential role
in plant adaptation to various abiotic stresses, such as drought,
heat, cold, heavy metal toxicity, and nutrient deficiency (Jha
et al., 2020).

The Major Facilitator Superfamily (MES) is the largest group
of secondary active membrane transporters that shows a much
larger number of genes in plant genomes than in bacteria, yeast,
or animals (Nino-Gonzdlez et al,, 2019). Again, the correlation
analysis done in this present study showed that an MFS gene plays
a role in the response of young oil palm plants to both abiotic
stresses under consideration. Genes from the MFS are involved in
plant response to abiotic stress in arabidopsis, mediating drought
and salt tolerance (Remy et al., 2013; Wang, D. et al., 2020).

Finally, regarding the remaining three proteins shown to
be potentially playing a role in the response of young oil palm
plant to drought and salinity stresses — a putative histone-
modifying enzyme harboring a demethylase activity, a protein
from the class III homeodomain-leucine zipper family, and a
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protein from the MIF family, reports are there linking them to
stress memory (Bhadouriya et al., 2021), regulation of defense
response to abiotic and biotic stresses (Sharif et al., 2021), and
modulation of ROS signaling (Zhao et al., 2021).

Many studies are available where the main objective is to
compare the effects of those or more two types of stresses on plant
growth and development (Chaves et al., 2009; de Oliveira et al.,
2013; Uddin et al., 2016; Ma etal., 2020). This present study allowed
us to visualize some of the similarities and dissimilarities — regarding
expression analysis of miRNAs and their putative target genes —
young oil palm plants have with the response to two highly
important environmental stresses, drought and salinity. As far as
we know, this is the first time such type of study is done in oil palm.

The present study and our previous one (Salgado etal,, 2021)
used plants with the same genetic background (clones from the
same plant), the same age (young oil palm plants), almost similar
duration of stress (12 and 14 days, respectively for salinity and
drought stress), same omics platform (transcriptome of mRNAs
and smallRNAs), and the same group of analytical tools. All these
commonalities between these two studies allowed us analyze the
similarities and dissimilarities regarding expression analysis of
miRNAs and their putative target genes, what it a valuable set of
information to help us in the search for genes that can be used to
promote future attempts to horizontally transfer tolerance at once
to both stresses; not only to oil palm, but also other plant species
(Patel et al., 2019; Chaudhary et al., 2021).

Conclusion

This study characterized the miRNA population and their
miRNA-target genes present in the leaves of young oil palm plants
exposed to drought stress, besides it performed correlation
analysis of the miRNAs and their target genes differentially
expressed under drought and salinity stresses (from Salgado et al.,
2021). Together, those activities resulted in:

(a) The identification of two new miRNAs that received the
names egu-miR28ds and egu-miR29ds, where egu is the
abbreviation of Elaeis guineensis and ds stands for drought stress;
(b) The prediction of 185 distinct genes as the targets to the
81 miRNAs in the genome of oil palm and a total of 102
miRNA-mRNA interactions involving 62 DE miRNAs and
88 DE mRNAs;

(c) Among the 88 DE target genes selected for functional
annotation, 32 had positive hits for biological processes, 50
for molecular function, and 19 for cellular components; and.
(d) Eight miRNA-putative target genes — upregulated under
salinity as well as drought stress — that code for IncRNAs,
proteins from the Major facilitator superfamily, a putative
histone-modifying enzyme harboring a demethylase activity,
a protein from the class IIT homeodomain-leucine zipper
family, and a protein from the Macrophage migration
inhibitory factor (MIF) family.
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Abstract:
transeription factor (TF) genes play crucial roles in the response of plants to abiotic stress. Although
some of these families got systematically studied in many species, little knowledge exists about these

In recent years, many studies have reported that several distinet families of

genes in oil palm (Elaeis guineensis Jacq.). In this study, 20 genes differentially expressed in the
leaves of oil palm plants subjected to salinity or drought stress and encoding TFs belonging to four
families of TFs - MYB, HD-ZIP, NF-Y, and HSFF - got selected for further characterization. The
genes underwent a structural and functional annotation, besides having their RNA-Seq expression
profile validated by the qPCR technique, and a correlation analysis of their response under both
stresses got performed. The annotation analysis of the promoter region showed the presence of
seven cis-acting elements, all already reported to be involved in plants' response to abiotic stress.
The structural and functional characterization of the proteins encoded by the selected genes showed
that some groups present patterns of conserved regions and are orthologs to genes already linked to
salinity or drought resistance in other plant species. It was possible to confirm the RNA-Seq
expression profile of 19 genes, only gene 4 showed the opposite response when using qPCR. Through
correlation analysis, it was possible to observe a high level of similarity in the behavior of the 20
genes in response to drought or salinity stress, a behavior already reported in other species. The
results presented here shed light on the role of 20 TFs in the leaves of young oil palm plants under
severe levels of soil salinity or water deprivation. The high level of similarity in the molecular
response to both stresses allowed the identification of genes that might grant strategies aiming to
develop oil palm plants with a tolerance to both salinity and drought at once.

Keywords: Abiotic stress, tolerance, salinity, drought, transcriptome, MYB, NFY, HD-ZIP, HSFF.
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1. Introduction

Oil palm (Elaeis guineensis Jacq.) is the number one oilseed crop in the world,
considering the amount of vegetal oil consumed yearly. The consumption of palm oil and
palm kernel oil in the 2022/23 season was about 85 million metric tons, ahead of
soybean oil (60 million metric tons), rapeseed oil (31), and sunflower-seed oil (18.5) [1].

Over 95% of the oil palm plantations in Brazil are in the Legal Amazon Area,
specifically in the Northeast region of the Para State. Although Brazil has millions of
hectares with an aptitude for oil palm production, it currently has only about 200,000
hectares destined for this purpose [2]. Any initiative aiming to increase the area
cultivated with oil palm in Brazil faces a dilemma, stay in the Amazon Biome, where this
crop finds a natural environment of high rainfall throughout the year, or go outside this
area. Both options have its pro and cons.

One of the main cons of going somewhere outside the Amazon Biome, more
specifically to the Mid-West and Northeast regions in Brazil, is that there oil palm will
face long periods of drought throughout the year when it will not receive the
physiological water level required to maintain productivity and will demand the use of
artificial irrigation. Accordingly to Corley et al. [3], oil palm requires ~2,000 mm/year of
water and does not tolerate water deprivation for more than 9o days.

The climate in the Cerrado Biome of the Mid-West region of Brazil has two seasons,
rainy summers and dry winters. Some areas in that region experience a period of about
four months without rain. The Northeast region is a semi-arid region where precipitation
is insufficient to meet the water demand of crops. Water scarcity in places like those
leaches mineral salts from the root zone, promoting soil salinization, a global problem
due to its negative impact on agricultural productivity and sustainability [4]. About 30%
of the world's irrigated agricultural land suffers from secondary salinity. That is a
problem experiencing constant growth and expecting to reach more than half of the land
by 2050 [5-7].

Plant response to drought and salinity stresses is a complex and coordinated
process that rapidly and effectively works to restore homeostasis. It consequently
enables the plant to adapt to unfavorable conditions [8]. Such a process regulates the
expression of several stress-responsive gene groups [9], especially at transcriptional and
post-transcriptional levels, with attention given to transcription factors (TFs). There are
plenty of studies available showing that transcription factors (TFs) play central roles in
the plant's response to different abiotic stimuli, allowing them to respond and adapt
promptly to certain conditions, such as heat, drought, salinity, cold, and others [10].
Approximately 7—10% of all plant genes code for TFs at distinct moments, and several TF
gene families are known for precisely coordinating the spatial and temporal expression
of downstream genes associated with abiotic stress [11-12]. So far, 60 distinct TF families
got identified in plants, including heat shock factors (HSPs), which are a class of great
importance that play crucial roles in protecting plants against the effects caused by
various abiotic stresses through the regulation of heat shock proteins [9, 13].

Studies show that overexpression of certain stress-inducible transcription factors,
such as NF-Y, MYB, HD-ZIP, and DREB, can increase tolerance to salinity, drought, or
extreme temperatures and that they play central roles in plant response to different
abiotic stimuli [14, 15]. The homeodomain leucine zipper (HD-Zip) family of
transcription factors is one of the largest plant-specific superfamilies. The TFs from this
family got linked to plant growth modulation and responses to environmental stresses
[16-19], and studies show that their overexpression does promote tolerance to drought
[18, 20, 21], and to drought and salt stresses [22].

In two previous studies, our research group reported comprehensive, large-scale
miRNA and RNA-Seq analyses applied to characterize young oil palm responses to a high
level of salinity [23] and water deprivation [24]. In those studies, we showed that TFs
play a preponderant role in the early response of this oilseed crop to those two abiotic
stresses. Here we describe an additional step toward analyzing those datasets, aiming at
getting more insights into the TF families and their TF genes commonly affected by those
two stresses. To do so, all TF genes differentially expressed got considered, not only
those identified as putative miRNA-target genes. A group of 20 TF genes (and their
promoter sequences) from four distinet TF families underwent structural and functional
annotation, with subsequent qPCR analysis of their behavior in both stress conditions.
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101 2. Results
102 2.1. Selection of transcription factors responsive to drought and salinity stress
103 The results from the GhostKOALA annotation tool, specifically the ones from the
104 KOo300 — Transcription Factor group, revealed 19 and 36 groups of different families of
105 transcription factors responsive to salinity and drought stresses, respectively. There were
106 18 families of differentially expressed TFs present in both sets of results (Supplementary
107 Table 1). Based on information gathered from previous studies [23-26], 20 differentially
108 expressed genes got selected, and they belong to five of those 18 TFs families. Among
109 them, there were 13 genes from the MYB family, three genes from the homeobox-leucine
110 zipper protein (HD-ZIP) family, two genes from the heat shock transcription factor
111 (HSFF) family, one gene from the nuclear transcription family Y subunit beta (NFY-B),
112 and one of the nuclear transcription factor Y gamma (NFY-C) family (Table 1).
113 The RNASeq analysis of those 20 genes selected showed that eleven expressed
114 differentially under saline stress, with fold change values ranging from 1.8 to 10.4 times
115 the expression level seen in the non-stressed plants. Among the nine genes negatively
116 regulated under salinity, gene 17 (XP_010936941.1) had a 17.2 times reduction in the
117 expression level found in the non-stressed plants. Under drought stress, nine out of the
118 20 TFs genes expressed positively; gene 1 (XP_010904805.1) led the rank with a fold
119 change of 50.2. The remaining eleven genes negatively regulated showed reductions
120 ranging from -1.9 to -21.2, compared to the control (Table 1).
121 2.2. Selection of transcription factors responsive to drought and salinity stress
122 The phylogenetic tree obtained using the stretch of 1,432 nucleotides upstream of
123 the start codon of each gene separated the 20 TFs genes into four groups; however, when
124 comparing the expression profiles of the genes under the two stress tested, there was no
125 particular pattern at all (Figure 1A, Table 1). The MEME software revealed three
126 conserved promoter motifs in all 20 genes, and, again, no particular pattern appeared
127 within the four groups found in the phylogenetic tree (Figure 1B).
128
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144 Figure 1. Structural annotation performed on the 1432 bp long sequence upstream of
145 the initiation codon of selected salt and drought stress-responsive genes. A: phylogenetic
146 tree performed using the MEGA11 software. B: Analysis of conserved motifs and their
147 position in the nucleotide sequence. C: Localized cis action elements, their location and

148 frequency.



79

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 4 of 20
149 The use of the PlantCare database revealed seven cis-acting elements related to
150 stress response present in the promoter sequences of those 20 genes, which were: ABRE
151 (ABA-responsive element), STRE (activated by heat shock, osmotic stress, low pH and
152 nutrient deprivation), CGTCA-motif (responsive to methyl jasmonate (MeJA)),
153 TGACG-motif (involved in MeJA responsiveness), TATA-box, CAAT-box, and the
154 salicylic acid and auxin-responsive element as-1 (Figure 1C).
155 The CAAT- and TATA- box elements were present in large amounts in all 20
156 promoter sequences, being directly related to the initiation of gene transcription and
157 enhancing activity, improving the ability of genes to react to adversity to respond to
158 stress abiotic process more efficiently and quickly [27]. Two genes - 3 and 5 - from the
159 HSFF family presented the elements ABRE, as-1, CAAT-box, CGTCA — motif, TATA-box,
160 TGACG — motif, while genes 2, 6, 7, 8, 9, and 10 showed all seven cis-acting elements
161 (Figure 10).
162 2.3. Structural and functional annotation of the coding region
163 Regarding the size of the genes and the numbers and disposition of introns and
164 exons, there was considerable diversity in the coding sequence of the 20 TFs genes
165 analyzed. The longest gene was gene 4, almost 7,500 nucleotides long. The number of
166 introns varied from zero (gene 20) to nine (gene 12). When analyzed by family, one can
167 observe that egMYB presented two introns in most genes, while egHSFF presented one,
168 egNFY zero or one intron, and in egHD-ZIP ranging from two to nine introns (Figure 2).
169
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184 Figure 2. Number and location of intron and exon of selected salt and drought
185 stress-responsive genes in the oil palm genome. The green boxes represent the number
186 of exons and their location in the gene.
187
188 A phylogenetic tree resulted from analyzing the protein sequences of the 20 genes to
189 explore the evolutionary relationship between transcription factor families, besides
190 characterizing the features of conserved motifs and domains (Figure 3). The 20 TFs did
191 group into three clades, where one clade had only the protein from gene 9 - an MYB
192 family individual, and the second one had eight proteins - from genes also belonging to
193 the MYB family. At last, the third clade includes the proteins of the remaining four genes
194 of the MYB family, three genes of the HD-ZIP family, two genes of the HSFF family, and

195 the two genes of the NFY family; both being side by side with their respective groups.
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As for the conserved domains, only the protein coded by gene six had no conserved
domain. The remaining 19 proteins showed 23 distinct conserved domains. The
PLNo03091 and PLNo3212 domains appeared in the proteins coded by genes 1, 2, 7-9, 11,
13, 14, 16-19. Those proteins belong to the MYB family of transcription factors; and had
the REB1, Myb, and SANT domains randomly distributed in them (Figure 3b,
Supplementary Table 2).

In the coding regions of genes 3 and 5 (both of the HSFF family), the domains HSF,
HSF1, HSF_DNA-bind, and HSF_DNA-bind superfamily were found. While in the
protein coded by genes 4, 10, 12, 15, and 20, the domains HOX, homeodomain,
homeodomain superfamily, Homeobox, HHT1, HALZ, H4, Histone superfamily, START,
HAPs5, HD-ZIP_N, START_ArGLABRA2_like, CBFD_NFYB_HMF were also found and
SRPBCC (Figure 3b, Supplementary Table 2).

The MEME program predicted seven conserved motifs in 18 of the 20 proteins
analyzed (Figure 3c). The numbers of conserved motifs vary from one to five per protein,
with the proteins coded by genes 11 and 19 having the highest number of motifs, and the
length of the motifs ranged from eight to 50 amino acids. Furthermore, in domains
PLNo03091 and PLN03212, one can see motifs 1, 2, and 4. Motif 5 was present in the
proteins coded by genes 3 and 5, while motif 6 was present in the proteins coded by
genes 10, 12, and 15. Motif 3 was present in nine proteins, while motif 7 was in three
(genes 10, 11, and 19) (Figure 3c).
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Figure 3. Structural annotation of the protein sequence of selected salt and drought
stress-responsive genes. A: phylogenetic tree performed using the MEGA11 software. B:
Domains of the 19 proteins that were positive on the NCBI platform, where each color
represents a different domain. C: Conserved motifs of the 18 proteins that were positive
and their position in the amino acid sequence, where each color represents a different
motif.

From the functional annotation of the TFs coded by the 20 genes responsive to
drought and salinity stress, 87 activities for biological processes, nine for molecular
functions, and four for cell components were identified (Figure 4, Supplementary Table
3). One should notice that the protein coded by gene 14 had the highest number of GO
terms annotated, with 29 GO terms, followed by those coded by genes 9, 11, and 19, with
23 GO terms for each one (Supplementary Table 3).
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244 2.4. Differential expression and correlation analyses
245 To further characterize the 20 genes selected, their expression levels got determined
246 using qPCR (Figure 5, Supplementary Table 4). In water deprivation, genes 1, 5, 9, and 11
247 were significantly positively regulated, while the remaining genes were negatively
248 regulated. Under salt stress, genes 1, 5, 9, 11-16, and 19 were positively regulated, while
249 genes 2-4, 6-8, 10, 17, 18, and 20 were negatively regulated.
250 The differential expression of the 20 genes under salt and drought stress underwent
251 a correlation analysis. Interestingly, almost all genes showed the same behavior when
252 analyzed under drought and salinity stress conditions, with an R2 score of 0.7317. Only
253 genes 12 and 13 showed opposite behavior when subjected to different stress conditions,
254 being positively regulated under salt stress and negatively under water deprivation
255 (Figure 6).
256 The expression levels of all genes, measured by RNA-Seq and qPCR, were compared
257 under both abiotic stresses (Figure 7). Among the 20 genes tested, only gene 4 showed a
258 different expression pattern, showing a positive regulation response to both conditions
259 when using the RNA-Seq and a negative regulation response when using qPCR.
260
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277 Figure 4. Gene Ontology (GO) plot of annotation rank statistics of selected salt and
278 drought stress-responsive genes in the oil palm genome; classified according to cellular
279 component (blue), molecular function (orange) and biological process (green). The
280 numbers represent the number of positive hits.
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Figure 5. Expression profiles in Log.(FC) of the 20 genes selected using qPCR, A:
resulting from the submission of young oil palm plants to drought stress, in comparison
with the control treatment; and B - resulting from the submission of young oil palm
plants to saline stress, in comparison with the control treatment. FC - fold change.
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Figure 6. Log.(FC) correlation analysis of the 20 selected genes; resulting from the
qPCR analysis, by pairwise comparison of two scenarios: saline stress and water stress.

FC - fold change.
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Figure 7. Correlation analysis of the Log.(FC) of the 20 selected genes. A: Differential
gene expression under saline stress, pairwise comparison of two scenarios: qPCR and
RNASeq; and B: Differential expression of genes under drought stress, pairwise
comparison of two scenarios: qPCR and RNASeq. FC - fold change.

3. Discussion

Soil salinity and water deficit are two of the most severe abiotic stress factors,
restricting the growth and development of many plant species and generating significant
losses in crop productivity [28]. Plants respond to unfavorable conditions through two
pathways, namely the abscisic acid (ABA)-dependent pathway and the ABA-independent
pathway [29]. Transcription factors (TFs) play vital roles in mediating stress tolerance in
both of them, stimulating osmotic homeostasis, and ionic balance, among other elements,
in an attempt to reduce the damage caused by stress in plants [30, 31].

There is a lack of knowledge about the functioning of transcription factors (TFs) in
regulating gene expression in oil palm plants under drought and salt stresses. Recently,
our group reported several transcription factors been affected by those two stresses in
connection with miRNAs [23, 24]. The goal of the present study was to characterize TFs'
found as responsive to both stresses in young oil palm plants, independently of been or
not a miRNA-target gene. To do so, a group of 20 TF genes got selected for further
analysis. Those TFs belong to four distinct families - MYB, HD-ZIP, HSFF, and NF-Y -
previously reported as directly involved in salt and drought resistance in some plant
species.

The first step in the characterization process focused on identifying features
commonly found in the promoter sequences of those genes. Gene promoters contain
essential regulatory cis-elements for regulating gene expression [32], and, in the present
study, as expected, many important cis-elements were present in all 20 promoter regions.
Numerous CAAT-box and TATA-box sequences appeared, presenting themselves
possibly as the most relevant cis-elements of the ones identified. CAAT-box is a
cis-acting element commonly found in promoter sequences with enhancing activity that
may contribute to increased activity of promoters in response to salinity and drought
stress [32]. Meanwhile, the genomic distribution of the TATA box tends to favor
function-specific genes. Such as, TATA-box is rich in promoters of stress-related genes
and is absent in promoters of essential genes, in addition to being associated with rapid
and variable regulation under stress [27, 33].
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374 Besides CAAT — box and TATA — box, other cis-acting elements also reported as
375 having links with response to abiotic stresses appeared, such as ABRE (response to ABA),
376 STRE (activated by heat and osmotic stresses), as-1 (Oxidative Stress-Responsive
377 Element activated by salicylic acid), and CGTCA — motif and TGACG — motif, both
378 responsive to methyl jasmonate (MEJA). Although 18 out of the 20 genes presented
379 similar qualitative profiles in the two scenarios - salt and drought stresses - evaluated,
380 which got validated by RNA-Seq and qPCR analysis, not one specific pattern in terms of
381 the number and position of those above cited cis-acting elements was evident.
382 The second step in the characterization process focused on identifying features in
383 the sequence of the proteins coded by those genes. As expected, regarding the motifs and
384 domains present in the proteins coded by the selected genes, it was possible to identify
385 equivalent patterns among the representatives of each specific TFs family, corroborating
386 the results from the GhostKOALA annotation tool, specifically the ones from the
387 KOo300 — Transcription Factor group.
388 Thirteen of the selected genes belong to the MYB transcription factors family.
389 Several studies have shown that MYB proteins perform multiple functions in response to
390 stresses such as salt, drought, and cold [34-36]. MYB20 (gene 13) showed a positive
391 regulation in the leaves of young oil palm plants under saline stress and a negative under
392 drought. This gene is known for acting as a negative regulator of ABA-mediated stomatal
393 closure under conditions of water stress, and its overexpression results in higher
394 susceptibility to desiccation [37]. According to Wang et al. [36], it positively regulates
395 plant salt tolerance by repressing key ABA repressor, PP2Cs. MYB30 (gene 16) had its
396 expression increased in the leaves of young oil palm plants in response to both stresses.
397 This FT is known for modulating plants' tolerance to salt through the regulation of
398 mitochondrial alternative oxidase AOXis; and the AOXia overexpression rescued
399 salt-sensitive phenotypes [36, 38]. On the other hand, MYB30 positively regulates wax
400 synthesis genes that have a direct link with the biosynthesis of the cuticle, one of the
401 most important plant structures protecting plant leaves from desiccation [36, 39].
402 Two of the selected genes belong to the NF-Y transcription factors family. Nuclear
403 factor Y (NF-Y) proteins, also known as CCAAT Binding Factor (CBF) or Heme Activator
404 Protein (HAP), modulate the expression of downstream genes via a heterotrimer —
405 NF-YA-YB-YC — that binds through NF-YA to the CCAAT box present in the promoter
406 region of those genes. Several members of the NF-Y family and their subunits are
407 regulators of abiotic stress responses in plants [40-44. NF-YA is a target of the miR169
408 family, and the overexpression of NF-YA in Arabidopsis increases its tolerance to salt
409 stress [42].
410 Our previous studies have shown that members of the NF-Y family are regulated by
411 microRNAs (miR169 and egu-miRo2sds) in the leaves of young oil palm plants under
412 salinity and drought stress [23, 24]. Even though the miR169 gene got negatively
413 regulated in oil palm plants under salinity and drought stress, the levels of NF-YA
414 increased only under salt stress [23]. In the present study, NF-YB3 (gene 20) and
415 NF-YC2 (gene 4) got differentially expressed in the leaves of oil palm plants under both
416 abiotic stresses, with the former negatively regulated under salinity and drought stress
417 and the latter positively regulated.
418 A hypothetical model presented by Leyva-Gonzélez et al. [41] proposes that in
419 plants exposed to abiotic stress, NF-YA levels increase due to their transcriptional
420 activation and to the reduction in the miR169 levels, corroborating the results from
421 Salgado et al. [23]. The higher amount of NF-YA represses early abiotic stress response
422 genes probably by sequestering NF-YB-YC, creating a regulatory loop to arrest early
423 responses that represent high energy and carbon costs. If that is the case, that might
424 happen in the leaves of young oil palm plants only under salinity stress, considering that
425 the reduction in the levels of miR169 due to drought stress does not show to affect the
426 level of NF-YA, as seen in Salgado et al. [24].
427 Previous studies have reported that AtNF-YB1 improves plant performance in
428 drought conditions, and its ortholog in maize, ZmNF-YB2, conferred resistance to water
429 stress in the field [40]. That suggests that this would be a starting point for identifying
430 possible markers for genetic improvement. Gene 4, an NF-YC2, was overexpressed in the
431 leaves of oil palm plants under drought and salinity stress; this behavior was reported in

432 conifers (Picea wilsonii) as well, where overexpression of PWHAPs5 (Arabidopsis homolog
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433 NF-YC2) partially rescued the increased sensitivity of NF-YC2 to salt, drought, and ABA
434 treatments, through its positive regulation [42].
435 Three of the selected genes belong to the HD-Zip transcription factors family, one
436 positively (gene 15) and one negatively (gene 10) regulated in both scenarios, and one
437 positively regulated under salinity stress and negatively under drought stress (gene 12).
438 The homeodomain leucine zipper (HD-Zip) transcription factor family is one of the
439 largest plant-specific superfamilies and includes genes with roles in modulating plant
440 growth and response to environmental stresses, and categorized into four subfamilies -
441 HD-Zip I, HD-Zip II, HD-Zip III, and HD-Zip IV [16, 18, 19].
442 The overexpression in Arabidopsis of HaHB4, a drought/ABA-inducible HD-Zip
443 family I gene from sunflower, upregulated transcript levels of several genes involved in
444 JA biosynthesis and defense-related processes, resulting in plants with shorter stem and
445 internode distances, more round leaves and denser hairs; altogether, such phenotypes
446 made the plants tolerant to drought [18, 20]. Overexpression of ATHB-6, a
447 drought-induced HD-Zip I gene from maize, has activated the expression of critical
448 genes in the ABA-dependent and ROS signals pathways and improved tolerance to
449 drought in maize [21]. Overexpression of Zmhdzio, also an HD-Zip I gene from maize, in
450 rice and arabidopsis led to enhanced tolerance to drought and salt stresses [22]. At last,
451 previous research using class I HD-ZIP homeobox genes showed that they get highly
452 regulated under salt stress and that their overexpression in transgenic rice and cotton
453 plants improved salt stress sensitivity [17, 45]. The three HD-Zip genes characterized in
454 this present study belong to the HD-Zip I (gene 10), HD-Zip II (gene 15), and HD-Zip IV
455 (gene 12) subfamilies.
456 The remaining two of the selected genes belong to the HSF family. Heat shock
457 transcription factors (HSF) are a TF class of great importance that play crucial roles in
458 protecting plants against the effects caused by various abiotic stresses [46]. HSFs operate
459 by inducing the accumulation of heat-shock proteins (Hsps) and by mediating the
460 activation of other heat-responsive genes involved in cell protective mechanisms and the
461 homeostasis of reactive oxygen species (ROS) [47]; and are reported as responsive to
462 heat, drought, cold, and salt stresses [48]. There are three classes of HSFs, denominated
463 A, B, and C. The HSFs from class-A have multiple acidic motifs (AHAs) at the C-terminus
464 and function as transeriptional activators, and those from class-B contain a tetrapeptide
465 -LFGV- in the C-terminus, which is assumed to function as a repressor motif by
466 interaction with an unknown co-repressor, while the function of those from class-C is
467 still unknown [47, 49].
468 In Arabidopsis, Pérez-Salamo et al. [50] showed that estradiol-dependent induction
469 of HSFA4A confers enhanced tolerance to salt and oxidative agents, whereas inactivation
470 of that gene results in hypersensitivity to salt stress. The overexpression of LIHsfA3A or
471 LIHsfA3B from lily (Lilium longiflorum) in Arabidopsis showed hypersensitivity to salt
472 stress, and a lack of sucrose exacerbated this salt sensitivity [49]. In the present study,
473 gene 3 - coding for an HSFA3 protein - is negatively regulated in both scenarios, while
474 gene 5 - coding for an HSFC2b protein - was positively regulated.
475 Regarding the expression profile of the selected genes measured by RNA-Seq and
476 qPCR techniques, 18 out of 20 showed similar (qualitatively) expression profiles in the
477 two scenarios; only genes 12 and 13 differed. Such similarity in behavior in the initial
478 responses of plants to salt stress and drought got reported previously [48, 51-53],
479 corroborating our results.
480 Last, and based on the study by McCoy et al. [54], we applied GENIE3 to mine 306
481 public oil palm transcriptome datasets and to construct a gene regulatory network (GRN)
482 featuring epigenetic regulators and transcription factors from the oil palm genome. Such
483 a study [55] used 1,333 unique regulators and 27,642 target genes from the oil palm
484 reference genome [56]. A closer look at this oil palm GRN, and focusing on the 20 TFs
485 genes characterized in the present study, allowed the identification of the genes
486 regulating the TFs and those under regulation by them. Gene 10 (LOC105048648), a
487 candidate gene concerning its potential capability to promote resistance to both salinity
488 and drought stresses by heterologous overexpression, is a target for 16 epigenetic
489 regulators and transcription factors while targeting 278 genes (Supplementary Table 5).
490 A gene expressing a protein belonging to the Transcription activator GLKi/2-like

491 (IPR044825) family is the one with the highest score among those potentially regulating
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492 gene 10, followed by another expressing a protein from the ADP-ribosylation factor
493 GTPase-activating protein AGD11/12/13 (IPR044518) family.
494 4. Materials & Methods
495 4.1. RNA-Seq data generation
496 The RNA-Seq raw sequence data used in this study are available in the Sequence
497 Read Archive (SRA) database of the National Center for Biotechnology Information
498 under Elaeis guineensis Transcriptome_Drought and Salinity Stresses - BioProject
499 PRJINA573093, BioSample SAMN12799239.
500 All information regarding the plant material, growth conditions, and abiotic (salt
501 and drought) stress conditions used in the studies that generated RNA-Seq data are in
502 Salgado et al. [23, 24]. In summary, all plants used in this study were clones regenerated
503 from embryogenic callus obtained from the leaves of an adult plant belonging to the
504 AM33 genotype, and all experiments were carried out in a greenhouse at Embrapa
505 Agroenergia (www.embrapa.br/en/agroenergia), in Brasilia, DF, Brazil (S-15.732 °,
506 W-47.900 °), using young oil palm plants in the growth phase known as bifid saplings.
507 In the salinity stress study, on the 12th day after the imposition of the stress, we
508 collected the apical leaf from three control (0.0 g of NaCl per 100 g of the substrate) and
509 three salt-stressed plants (2.0 g of NaCl per 100 g of the substrate) [23]. In the water
510 deprivation study, apical leaves from control and drought-stressed plants were collected
511 14 days after the imposition of treatments, with three replicates per treatment [24]. In
512 both studies, the plant tissue was immediately immersed in liquid nitrogen and then
513 stored at -80 °C until RNA extraction, library preparation, and sequencing. Total RNA
514 isolation, and RNA quality and quantity analysis, were performed as described by
515 Salgado et al. [23, 24]. The GenOne Company (Rio de Janeiro, RJ, Brazil) performed the
516 RNA-Seq using an Illumina HiSeq platform and the paired-end strategy.
517 4.2. RNA-Seq data analysis
518 Details on the RNA-Seq analyses performed using OmicsBox version 1.3 [56] can be
519 found in Salgado et al. [23, 24]. The high-quality RNA-Seq data got aligned to the oil
520 palm reference genome [57] - files downloaded from NCBI (BioProject PRINA192210;
521 BioSample: SAMNo02981535) in March and October 2020 - using default parameters
522 from OmicsBox version 1.3 through software STAR [58].
523 To quantify expression at the gene or transcript level, we used the default
524 parameters of OmicsBox version 1.3 through HTSeq version 0.9.0 [59]. The pairwise
525 differential expression analysis between the experimental conditions used edgeR version
526 3.28.0 [60], applying a simple design and an exact statistical test; without using a filter
527 for low-count genes [23, 24].
528 4.3. Genes selection and annotation
529 The differentially expressed genes identified in Salgado et al. [23, 24] underwent
530 annotation using the GhostKOALA annotation tool. Based on the results of the KOo3o00
531 — Transcription Factor group, we carried out a manual curation using the following
532 conditions: 1°) Selection of the most relevant families according to the literature; 2°)
533 Selection of differentially expressed genes within these previously selected groups; 3°)
534 Genes that are present in both stresses; and 4°) The genes that showed a higher level of
535 differential expression, both Up and Down.
536 All information regarding intron and exon regions for each gene came from the
537 NCBI (https://www.ncbi.nlm.nih.gov/). To identify the cis-elements in the promoter
538 region, we got a stretch of 1,432 base pairs before the ATG start codon of each gene from
539 the oil palm reference genome [56], and the known elements characterized using the
540 database PlantCARE [61]; the statistical sieve was Score < 5. To analyze the structure of
541 proteins and promoters related to transcription factors, we applied the MEME software
542 (https://meme-suite.org/meme/tools /meme), with a maximum of 10 found motifs.
543 Motifs that did not pass the statistical sieve (E-value < 0.05) got excluded from the
544 analysis.
545 After obtaining the protein sequences of the selected genes from the oil palm
546 reference genome [56], the proteins domains got characterized through the NCBI

547 Conserved Domain Search (www.ncbi.nlm.nih gov/Structure/cdd/wrpsb.cgi ). Those
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548 domains that did not pass the statistical sieve (E-value < 1) got excluded from the
549 analysis. For the functional analysis of proteins, we used the EggNOG platform [62]. For
550 the multiple sequence alignment, we applied the ClustalW program [63]; for both the
551 protein and promoter region data. Subsequently, the phylogenetic trees got built using
552 the maximum likelihood method, using a bootstrap of 1000 replicates, using the
553 MEGAA11 software [64].
554 The figures referring to the results of the cis-element analysis; motifs, protein
555 domains, and intron and exon regions got generated through the Python library “DNA
556 Features Viewer” (https://edinburgh-genome-foundry.github.io/DnaFeaturesViewer/).
557 4.4. RNA extraction, reverse transcriptase-PCR and quantitative real-time PCR
558 analyses
559 Total RNA isolation, and RNA quality and quantity analysis, were performed as
560 described by Salgado et al. [23, 24]. After quantified, the extracted total RNA served as a
561 template for reverse transcription using the commercial kit SuperScriptR (Invitrogen)
562 following the manufacturer's protocol. The positive control gene was the
563 EgEfMPOBo0119 40S mRNA of ribosomal protein S23, a constitutive gene in E.
564 guineensis.
565 For primer design, fasta files from the selected genes got downloaded from NCBI
566 and exported to PerlPrimer software to design primers (Table 2). gPCRs were performed
567 in 96-well optical plates on a 7500 real-time PCR system (Applied Biosystems, Foster
568 City, CA, USA) with a PowerUpTM SYBRTM Green Master Mix, REF A25741 (Thermo
569 Fisher Scientific), following the manufacturer's instructions. The qPCR reaction
570 conditions were as follows: 50°C for 2 min, 95°C for 2 min, followed by 40 cycles of 95°C
571 for 5 seconds and 60°C for 30 seconds. A melting curve got created to analyze the
572 specificity of the reactions. Then, three biological replicates got performed for each
573 sample. The expression level of the untreated sample got set to 1 for normalization.
574 4.5. Pair-by-pair comparison and correlation analysis
575 We performed a pair-by-pair comparison between the different stresses and
576 methods used to analyze and validate the genes; the input data were Log. (Fold Change).
571 The correlation analysis got carried out using the data set referring to the differential
578 expression of genes (DEGs) common to the two scenarios studied (salinity and drought);
579 obtained by qPCR.

580
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Table 1. Pair of primers used in the qPCR analysis of the 20 genes prospected.

Gene

Forward Primer

Reverse Primer

Gene 01
Gene 02
Gene 03
Gene 04
Gene o5
Gene 06
Gene 07
Gene 08
Gene 09
Gene 10
Gene 11
Gene 12
Gene 13
Gene 14
Gene 15
Gene 16
Gene 17
Gene 18
Gene 19
Gene 20

Control Gene*

GATAAGAATGGTCTGAAGAAGGG
GGAGGACCAGAAACTTGTAGAC
TTTTCGCAAGATTGATGCTG
GGTAGACCTCTCTGCATCG
GCTCAACACCTATGGGTTTCG
CACCACTTAAGATCCGTTGCC
ACGAGAAGCTCATTAACTACATCC
GGACCAAGGAGGAAGATGAC
CTAAGTGCTCAGGCTTGAAGAG
TCGAGCGTGGTGTTTAATG
TTTAGGCAATAGGTGGGCAG
AGTCACAGTTCACAAGAGCAC
AGCTAGCAGGATTGCTTAGG
CAAGGGTTCATGGACACCAG
GACACAAGCCATGATTGAAG
CAAGCAAGCTGGTCTATTGAGG
CTTCACTCTAGCGATATCTACCG
CCATGTTGTTCAAAGGAGGG
CCTACTAATACTGGGCTGATGAG
GGTGGGAATTCTTCCTCTTC
CCAGGGTTCAGCTGATTAAG

CAATTGCTGACCACTTGTTCC
ATTAGAGACCATCTGTTGCCC
TCATGAGATGCTCCTGTTGC
CCTACCACCAGCTGAAAATACC
ACCTTCTCTTCGATCTTCCTCTG
GCTATCAAATCCCACCTGTCAC
CTATCAATGACCACCGATTGCC
AGAGACCATTTGTTGCCGAG
GTCCTCCAGTAGTTCTITTATCTCG
CGGAGCAGTACCAAGAGAGG
TATTGAGCTTCTCCACAGACAG
CATTCAGAGCACGAAGGAGAG
CTGGTCAACAGTTTCAGCG
TTCGACCATTTGTTTCCAAGC
TAGCGAGCAACCCTTTTATCTC
CGGCTGGTTTGGATTCACTC
AACGTTTCAACCCTGCTCTC
GCAATTAGAGACCATCTGTTTCC
GGTGTTCCAATAGTTCTTGATGTC
TAATTCAGAGACCAACCCAACC
TCGTCCAAATCCAGCAATC

* EgEfMPOBoo119
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609 Table 2. Profile of transcription factor genes from the leaf of oil palm plants differentially
610 expressed under salt and water stress accordingly to RNA-Seq analysis. Expression Profile (EP),
611 Fold Change (FC), Log. (FC), and False Discovery Rate (FDR).
612
613
Salt Stress Drought Stress
6 1 4 Gene Family Protein ID Description
EP FC Log.(FC) FDR EP FC Log.(FC) FDR

615

1 MYBP XP_010904805.1 transaription factor MYB102 Up 42 24 0.000 Up 502 56 0.000
616

2 MYBP XP_010906239.1 transaription repressor MYBs-like Down 2.6 -3.3 0.000 Down  -21.2 -4.4 0.000
617

3 HSFF XP_010912232.1 heat stress transaription factor A-3 Down 6.3 2.7 0.000 Down 5.8 -2.8 0.000
618

4 NFYC, HAP5 NP_001306836.1 nuclear transcription factor Y subunit C-2-like Up 43 24 0.000 Up 187 4.2 0.000
619

5 HSFF XP_010915439.1 heat stress transcription factor C-2b Up 23 1.2 0.000 Up 11.6 35 0.000
620

6 MYBP XP_0109156774 transcription factor TRY Down -8.8 -34 0.000 Down -5.6 2.5 0.000
621

7 MYBP XP_010916352.1 myb-related protein 308 Down -47 =2 0.000 Down 31 -1.6 0.000
622

8 MYBP XP_010920127.1 myb-related protein 308 Down -55 2.5 0.000 Down -5.4 2.4 0.000
623

9 MYBP XP_010926024.1 transcription factor MYB62 Up 7.0 2.8 0.000 Up 23.2 45 0.000
624

10 HD-ZIP XP_010926338.1 homeobax-leucine zipper protein HOX8 Dovn -1.8 -0.8 0.016 Down B4 -34 0.000
625

11 MYBP XP_010926549.1 myb-related protein 306 Up 1.8 08 0.029 Up 93 3.2 0.000
626

12 HD-ZIP XP_0197087391 homeobax-leucine zipper protein ROC8 Up 2.6 1.4 0.027 Down -35 -1.8 0.007
627

13 MYBP XP_010932583.1 transaription factor MYB20 Up 35 1.8 0.001 Down -2.9 -1.6 0.001
628

14 MYBP XP_010933430.1 myb-related protein Zmi1-like Up 27 15 0.022 Up 10.0 3.3 0.000
629

15 HD-ZIP XP_010933626.2 homeobas-leucine zipper protein HAT4 Up 22 11 0.024 Up 44 21 0.000
630 -

16 MYBP XP_010935898.1 transaription factor MYB30 Up 10.4 3.4 0.000 Up 15.7 4.0 0.000
631 s

17 MYBP XP_010936941.1 transcription factor MYB4 Down -17.2 -441 0.000 Down 7.7 2.9 0.000
632 ) o

18 MYBP XP_010936942.1 th latory C1 protein-lil Down 3.8 -1.9 0.002 Down -57 2.5 0.000
633 )

19 MYBP XP_010939500.1 myb-related protein 306 Up 37 1.9 0.000 Up 52 2.4 0.000
634 . )

20 NFYB, HAP3 XP_010939223.1 nuclear transaription factor Y subunit B-3 Down 1.7 -0.7 0.002 Down 1.9 -0.9 0.000
635
636
637
638
639
640
641
642
643
644
645

646
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647 5. Conclusion
648 To the best of our knowledge, no report shows that oil palm (E. guineensis) has
649 salinity or drought stress tolerance. All transcriptome data collected and analyzed in the
650 present study and in Salgado et al. [23, 24] derived from the apical leaf of young oil palm
651 plants submitted to very high salinity levels in the soil or water deprivation. When we
652 collected those leaves, the plants showed severe symptoms (browning, scorched, dying)
653 as a consequence of being for almost two weeks under stress. Consequently, we assume
654 that those plants were not showing any signs of tolerance; on the contrary, they were
655 affected by high salinity in the soil or water deprivation and would die if kept longer
656 under those conditions.
657 Starting from this premise and remembering that the initial goal of this study was to
658 get more insights on the role of transcription factors in the response of young oil palm
659 plants to those two stresses, it is necessary to state that the development of plants
660 tolerant/resistant to those abiotic stresses was also in the horizon during this study. That
661 is why a search for molecular symptoms that might allow us to set up strategies for
662 genetic engineering/editing got performed.
663 In conclusion, the results presented here shed light on the role of 20 TFs from four
664 different TF families during the response of young oil palm plants to severe levels of
665 salinity in the soil or water deprivation. The behavior of such a group of TFs made it very
666 clear that there is a high level of similarity in the molecular response to both stresses.
667 That similarity allows the search for genes that might grant strategies aiming to develop
668 oil palm plants with a tolerance to both salinity and drought at once. As an example, and
669 based on the results obtained by our group - as well as on the scientific literature
670 available regarding some of the genes here characterized and the success of some of them
671 in achieving tolerance to those abiotic stresses through overexpression or silencing - we
672 postulate that the overexpression of gene 10, an HD-Zip I gene from oil palm, is a
673 valuable strategy to obtain plants with increased tolerance to drought and salinity.
674 However, one must state that once this gene seems to be regulated by 16 and regulating
675 278 genes, such behavior might trigger several pleiotropic effects once overexpressed in
676 the oil palm genome or heterologously.

677
678
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679 Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1,
680 Supplementary Table 1a: Annotation of drought stress-responsive transeription factors in oil palm
681 leaves using the Ghostkoala tool. Supplementary Table 1b: Annotation of drought
682 stress-responsive transcription factors in oil palm leaves using the Ghostkoala tool. Supplementary
683 Table 2: Annotation of the domains of the 19 proteins that were positive in the NCBI, description
684 of the type, superfamily and start-end of the domains. Supplementary Table 3: Classification of the
685 gene ontology (GO) of palm oil genes, being F: molecular function, P: biological process, C: cellular
686 component. Supplementary Table 4: Description of the family and differential expression profile of
687 the 20 oil palm genes expressed under salt and water stress using the gqPCR technique.
688 Supplementary Table 5: List of regulators and targets of gene 10 (LOC105048648), and respective
689 scores.
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