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RESUMO GERAL

A palma de oleo africana ou dendezeiro (Elaeis guineensis) é uma oleaginosa de
grande importancia econémica e social. No Brasil, o cultivo da palma de 6leo no Cerrado é
viavel, mas requer irrigacdo artificial devido a estiagem prolongada nessa regido. Nesse
contexto, 0s estresses abioticos, como a seca e a salinidade, representam desafios devido a
escassez hidrica e a salinizacdo dos solos irrigados. O Amarelecimento Fatal (AF), uma
desordem sem causa conhecida, € uma limitacdo para a producdo da palma de dleo africana
no Brasil. Deste forma, o presente estudo teve como objetivo utilizar uma anélise abrangente
e em larga escala de single-omics analysis (SOA) e multi-omics integration (MOI) para
estudar a resposta da palma de dleo a estresses abidticos (seca e salinidade) e ao
Amarelecimento Fatal (AF). Para o estudo, foram coletadas amostras foliares de dendezeiro
jovens sob estresse salino (12 dias) e privagdo hidrica (14 dias) para realizar analises de RNA-
seg, UHPLC-MS e LC-MS/MS, para transcriptbmica, metabolémica e protebmica,
respectivamente. Para o estudo do AF, foram coletados folhas e solo de plantas assintométicas
e sintomaticas no periodo seco e chuvoso em Santa Barbara do Para, Para, Brasil. Para o
material de folha, foram realizadas analises de RNA-seq e metabolémica. Para o solo foi
realizada uma analise da estrutura e composicdo quimica. Para salinidade, o total de 129
metabdlitos, 436 transcritos completos e 74 proteinas que representam enzimas foram
diferencialmente expressas. Para seca, 269 metabdlitos, 1955 transcritos completos e 131
proteinas foram diferencialmente expressas. Foram encontradas similaridades e
dissimilaridades na resposta da palma de 6leo ao estresse salino e a seca. A analise de MOI
revelou uma lista de vias impactadas, mas destacamos o0 metabolismo de cisteina e metionina
(map00270) como a via mais impactada em ambos os estresses e a analise de correlacdo
revelou 91,55% de semelhancas nos perfis qualitativos. Para o AF, os perfis de metabdlitos e
fisico-quimicos do solo e folhas nédo justificaram as diferencas no fenotipo das plantas. Ao
todo, a analise single-dmics (SOA) realizada no presente estudo permitiu a identificacdo de
320 enzimas (a partir da analise do transcriptoma) e 254 metabolitos nas folhas de plantas de
dendezeiros submetidas & andlise de integracdo multi-dmica (MOI). Essa anélise de MOI
produziu uma lista de 27 vias metabolicas afetadas pela mudanca da estacdo seca para
chuvosa, tendo pelo menos dez enzimas e metabdlitos expressos diferencialmente. Um
conjunto de 56 proteinas/genes, regulados negativa ou positivamente em plantas sintomaticas
quando comparadas com as assintomaticas, independente da estacdo do ano, apresenta
evidéncias de interrupcdes na resisténcia de ndo hospedeiro a patégenos ndo adaptados e na
imunidade basal a patdgenos adaptados, causada pelas condi¢cBes anaerdbicas enfrentadas
pelas plantas. Por fim, nossos resultados permitem indicar genes candidatos para a engenharia
genética de espécies de culturas resistente a ambos 0s estresses. Para 0 AF, embora nossos
dados ndo revelem de fato a natureza da doenca, os componentes moleculares identificados
podem abrir novas portas para produzir materiais resistentes a esta doenca e criar um sistema
de diagnostico precoce.

Palavras-chave: Estresse abiotico; Estresse bidtico; Integragcdo multi-émica.



GENERAL ABSTRACT

The African oil palm or oil palm (Elaeis guineensis) is an oilseed of great economic
and social importance. In Brazil, oil palm cultivation in the Cerrado is feasible, but requires
artificial irrigation due to the prolonged drought in this region. In this context, abiotic stresses,
such as drought and salinity, pose challenges due to water scarcity and salinization of irrigated
soils. Fatal yellowing (FY), a disorder with no known cause, is a limitation for African oil
palm production in Brazil. Thus, the present study aimed to use a comprehensive and large-
scale analysis of single-omics analysis (SOA) and multi-omics integration (MOI) to study the
response of oil palm to abiotic stresses (drought and salinity) and to Fatal Yellowing (FY).
For the study, leaf samples of young oil palm under salt stress (12 days) and water deprivation
(14 days) were collected to perform RNA-seq, UHPLC-MS and LC-MS/MS analyses, for
transcriptomics, metabolomics and proteomics, respectively. For the FY study, leaves and soil
of asymptomatic and symptomatic plants were collected in the dry and rainy season in Santa
Bérbara do Para, Pard, Brazil. For leaf material, RNA-seq and metabolomics analyzes were
performed. For the soil, an analysis of the structure and chemical composition was carried out.
For salinity, a total of 129 metabolites, 436 complete transcripts and 74 proteins representing
enzymes were differentially expressed. For drought, 269 metabolites, 1955 complete
transcripts and 131 proteins were differentially expressed. Similarities and dissimilarities were
found in the response of oil palm to salt stress and drought. MOI analysis revealed a list of
impacted pathways, but we highlighted cysteine and methionine metabolism (map00270) as
the most impacted pathway in both stresses and correlation analysis revealed 91.55%
similarities in qualitative profiles. For FY, the metabolite and physical-chemical profiles of
the soil and leaves did not justify the differences in the phenotype of the plants. In all, the
single-omics analysis (SOA) performed in the present study allowed the identification of 320
enzymes (from transcriptome analysis) and 254 metabolites in the leaves of oil palm plants
subjected to multi-omics integration analysis (MOI). This MOI analysis produced a list of 27
metabolic pathways affected by the change from dry to wet season, having at least ten
differentially expressed enzymes and metabolites. A set of 56 proteins/genes, down- or up-
regulated in symptomatic versus asymptomatic plants, regardless of season, provide evidence
of disruptions in host resistance to non-adapted pathogens and in basal immunity to adapted
pathogens, caused by the anaerobic conditions faced by plants. Finally, our results allow us to
indicate candidate genes for the genetic engineering of crop species resistant to both stresses.
For FY, although our data do not really reveal the nature of the disease, the identified
molecular components may open new doors to produce materials resistant to this disease and
create an early diagnosis system.

Keywords: Abiotic stress; Biotic stress; Multi-omics integration.



ORGANIZACAO DA TESE

A presente tese foi organizada em quatro capitulos referentes aos artigos publicados e as
perspectivas futuras. O Capitulo 1 refere-se ao capitulo de livro “Oil Palm Fatal Yellowing
(FY), a Disease with an Elusive Causal Agent”, que traz uma revisdo bibliografica dos
estudos sobre Amarelecimento Fatal (AF), o impacto da doenca para o cultivo da palma de
6leo no Brasil e no mundo, além das novas ferramentas introduzidas e as perspectivas para
estudos futuros. O Capitulo 2 refere-se ao artigo “Molecular Interplay between Non-Host
Resistance, Pathogens and Basal Immunity as a Background for Fatal Yellowing in Qil
Palm (Elaeis guineensis Jacq.) Plants”, que apresenta um exercicio de integracdo multi-
omica envolvendo transcriptdmica e metabolémica de dendés afetados pelo AF em periodo
seco e chuvoso, além de uma analise da composicdo fisico-quimica do solo e folhas. O
Capitulo 3 refere-se ao artigo “Insights from a Multi-Omics Integration (MOI) Study in
Oil Palm (Elaeis guineensis Jacq.) Response to Abiotic Stresses: Part One—Salinity”,
que descreve um exercicio de integragdo multi-6mica envolvendo transcriptémica, protedmica
e metabolémica de dendés jovens submetidos ao cultivo sob estresse salino. O Capitulo 4
refere-se ao artigo “Insights from a Multi-Omics Integration (MOI) Study in Oil Palm
(Elaeis guineensis Jacq.) Response to Abiotic Stresses: Part Two—Drought”, que
descreve um exercicio de integracdo multi-dmica envolvendo transcriptémica, protedbmica e

metaboldmica de dendés jovens submetidos ao cultivo sob estresse a seca.
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1. APRESENTACAO GERAL

Elaeis guineensis Jacg., conhecido popularmente como palma de 6leo africana ou
dendezeiro, é uma espécie de palmeira oleaginosa pertencente a familia Arecaceae, nativa do
continente africano (CORLEY; TINKER, 2015). A palma de 0leo é reconhecida como a
oleaginosa de maior produtividade, do seu fruto sdo extraidos o 6leo de palma (mesocarpo) e
6leo de palmiste (améndoa) (NORRRAHIM et al., 2022). Com uma produtividade média de
2,94 toneladas por hectare, a palma de 6leo supera outras cultivares tradicionais como o
girassol (0,74 t), a colza (0,72 t) e soja (0,46) (RITCHIE; ROSER, 2021).

Os 06leos vegetais obtidos do fruto do dendezeiro sdo utilizados na industria
alimenticia (68%), em aplica¢des industriais, tais como na producdo de cosméticos, sabdes,
detergentes, velas e produtos de limpeza (27%), e na producdo de biocombustiveis (5%)
(RITCHIE; ROSER, 2021). Desta forma, a palma de éleo desempenha um papel importante
na seguranca alimentar em varias partes do mundo (ADADE, 2022). Contudo, seu uso ainda
varia de pais para pais, na Alemanha, por exemplo, a bioenergia é o maior uso, respondendo
por 41% (RITCHIE; ROSER, 2021).

A palma de 6leo é cultivada em regides de florestas tropicais umidas, com grande
disponibilidade hidrica para crescimento saudavel e desenvolvimento adequado dos frutos
(CORLEY; TINKER, 2015). A producdo é predominantemente concentrada no sudeste
asiatico, com a Indonésia e a Malésia respondendo por cerca de 84% da oferta global
(NORRRAHIM et al., 2022). Na ltima década, a producdo global de palma de 6leo quase
dobrou, saindo de 43 milhGes de toneladas em 2009 para 79 milhGes em 2019, motivado pelo
crescimento populacional e econdmico dos paises (RITCHIE; ROSER, 2021).

O Brasil é o pais com a maior area com condic¢des edafoclimaticas favoraveis para o
cultivo de palma de 6leo, no entanto, o pais ocupa apenas a 102 posi¢do no ranking mundial
dentre os paises produtores (INDEXMUNDI, 2022). Estima-se que existam cerca de 30
milhdes de hectares de terras no pais que atendem aos critérios adequados para o cultivo do
dendezeiro, mas apenas 200 mil hectares estdo sendo efetivamente utilizados para essa
atividade (RAMALHO FILHO et al., 2010; RITCHIE; ROSER, 2021).

Existem algumas razdes que dificultam o melhor aproveitamento do potencial
produtivo do Brasil na regido amazonica e, dentre elas, destacam-se: desafios relacionados a
regularizacdo fundiaria, a legislacdo rigorosa para a utilizacdo de areas degradadas na
Amazonia e, principalmente, questfes relativas aos impactos ambientais, como desmatamento
e perda da biodiversidade (HOMMA, 2016).
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O plantio da palma de ¢leo fora das florestas tropicais Umidas é visto como uma
oportunidade de expandir a zona de produgdo, promover o desenvolvimento econdémico de
outras regides e reduzir a pressao sobre a biodiversidade (ANTONINI; MALAQUIAS, 2019).
A regido do Cerrado brasileiro corresponde a cerca de 24% da superficie brasileira, estima-se
que existam aproximadamente de 25 milhdes a 30 milhGes de hectares de pastagens
degradadas ou em processo de degradacdo que podem ser aproveitadas para o cultivo do
dendezeiro (GALINARI, 2014).

A expansdo da industria da palma de 6leo da Amazonia para a regido do Cerrado
enfrentara desafios, sendo a disponibilidade reduzida de 4gua durante os meses mais secos do
ano um dos principais (ANTONINI; MALAQUIAS, 2019). No entanto, é importante notar
que a regido do Cerrado possui uma consideravel rede hidrografica, que pode fornecer o
suporte hidrico necessario para sustentar o cultivo da palma de 6leo durante o periodo de
estiagem (TELES, 2014).

Estudos tém demonstrado que a palma de éleo apresenta uma produtividade no
Cerrado superior em comparacao com o cultivo em regides Umidas quando é empregado um
sistema de irrigacdo artificial (TELES, 2014). No entanto, é provavel que o cultivo da palma
de 6leo enfrente desafios relacionados a salinidade do solo, uma vez que cerca de 25% a 30%
dos solos irrigados sdo afetados por algum grau de salinizacdo (ZAMAN et al., 2018). Além
disso, o estresse hidrico, devido as mudancas climaticas, ndo deve ser s6 um problema do
cultivo em regides aridas e semiaridas, como também nas zonas de cultivo tradicional da
palma de 6leo (MIRANDA, et al., 2009).

Aleém dos desafios relacionados aos estresses abioticos, 0 Amarelecimento Fatal (AF),
uma doenca de causa desconhecida, destaca-se como uma das principais limitacdes para o
cultivo da palma de 6leo africana na América e, especialmente, no Brasil (Bittencourt et al.,
2022). O primeiro registro do AF foi em 1927 no Panama, enquanto o primeiro relato no
Brasil ocorreu em 1974. Desde entdo, tém sido conduzidas investigacdes abrangentes para
identificar o agente causal do AF (BITTENCOURT et al., 2022).

Os sintomas do AF iniciam-se com amarelecimento dos foliolos basais das folhas
intermediarias seguida de lesdo necrdtica que aparece nas extremidades dos foliolos que
evoluem para a seca total dessas folhas. Em seguida, ha a seca da folha flecha, podendo
ocorrer a remissdo temporaria das folhas, com o declinio generalizado e morte da planta de 7
a 10 meses ap0s o0 aparecimento dos primeiros sintomas. Nas raizes foi observada a reducéo
do ndmero de células meristematicas e, consequentemente, do crescimento e

desenvolvimento, além da lignificacdo das raizes secundarias e quaternarias. Autores apontam
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que os danos nas raizes sejam 0s primeiros sintomas do AF, antes mesmo do surgimento dos
sintomas na parte aérea (VAN SLOBBE, 1991; BITTENCOURT et al., 2022).

N&o existem métodos de controle da doenca para o AF e a alternativa para a producgéo
de 6leo de palma em regides de elevada incidéncia do AF no Brasil € a partir do cultivo do
hibrido interespecifico, obtido do cruzamento entre Elaeis guineensis e Elaeis oleifera
(origem americana). No entanto, o custo de producdo do hibrido aumenta devido a
polinizacdo manual, necessaria para o desenvolvimento dos frutos e obtencdo dos dleos
vegetais (CUNHA; LOPES, 2010).

Estudos que buscaram uma origem bidtica foram inconclusivos e, utilizando preceitos
da fitopatologia classica, os organismos fitopatdgenos isolados de plantas que apresentavam
sintomas ndo foram capazes de atender aos postulados de Koch. Uma possivel causa abiética
foi considerada, mas avaliacdes quimicas das folhas e raizes, composicdo do solo, nédo
forneceram um embasamento concreto para um possivel fator primario do ambiente
(BITTENCOURT et al., 2022).

Por muitos anos a Pudricion del Cogollo, causada pelo oomiceto do género
Phytophthora, foi confundida com o AF na América, no entanto, uma abordagem
metagendmica reforcou a distin¢do entre as duas doencas (COSTA et al., 2018). Um possivel
fator abidtico ligado a compactacdo do solo e a uma condicéo de hipoxia ganhou forcas nos
ultimos anos, e um estudo de protebmica apontou que plantas saudaveis para o AF se
encontram sob estresse em solos alagados (NASCIMENTO et al., 2018).

O cultivo da palma de 6leo em condicBes de baixa disponibilidade hidrica e solos
salinos requer a disponibiliza¢éo de cultivares tolerantes a essas condi¢des (MURUGESAN et
al., 2017). Da mesma forma, AF é um problema que requer esforcos para identificar seu
agente causal, fornecer biomarcadores para identificacdo dos individuos doentes em fase
inicial e direcionar programas de melhoramento genético (RODRIGUES-NETO et al., 2018).
Desta forma, o uso de novas ferramentas biotecnoldgicas disponiveis pode dar suporte para
compreender a resposta da palma de 6leo aos estresses abidticos e ao AF (RAY; SATYA et
al., 2014).

Omicas é um termo utilizado para descrever as técnicas e abordagens que envolvem o
estudo abrangente dos componentes moleculares de um organismo, como O genoma
(gendmica), o transcriptoma (transcriptdmica), o proteoma (protedbmica) e o metaboloma
(metabolémica) (GUPTA et al., 2013). Nos ultimos anos houve um notavel avango no
desenvolvimento das ferramentas émicas, com maior poder de geracdo de dados e diminuicao

dos custos associados a essas técnicas (YANG et al., 2021). Nesse contexto, as analises



13

singulares de dmicas (Singular Omics Analysis — SOA) sdo largamente utilizadas para estudar a
resposta das plantas a diferentes tipos de estresses (GUPTA et al., 2013).

A integracdo de 6micas (Multi-Omics Integration — MOI) é uma abordagem que vem
ganhando cada vez mais espaco, uma vez que permite uma avaliacdo abrangente e holistica
dos sistemas biologicos (JAMIL et al., 2020). A integragdo das camadas facilita a
identificacdo de componentes moleculares que desempenham papéis-chave em determinadas
vias biologicas, fornecendo insights valiosos para a manipulacdo genética e o
desenvolvimento de caracteristicas desejaveis em plantas e organismos (WANG et al., 2023).

No entanto, a integracdo exige a utilizagdo de abordagens bioinformatica e estatisticas
avancadas, que em alguns contextos ainda nao estdo disponiveis, para extrair informacGes
relevantes e identificar padrdes significativos nos dados (HU et al., 2022). Além disso, é
necessario desenvolver modelos matematicos e algoritmos que permitam a integracdo dos
diferentes niveis de dados e a compreensdo dos processos bioldgicos subjacentes (PICARD et
al., 2021).

Tendo em vista todo o contexto apresentado sobre a importancia da palma de 6leo para
a seguranca alimentar e seus diversos usos, a oportunidade de diversificacdo da area de
cultivo da palma de 6leo, e as grandes perdas causadas pelo AF, o presente estudo teve como
objetivo aplicar ferramentas dmicas em analise singular (SOA) e de integragdo (MOI) para
estudar a resposta do dendezeiro aos estresses abioticos, seca e salinidade, e ao
amarelecimento fatal, a fim de identificar vias e genes afetados por essas condi¢cdes para
servir como subsidio para programas de melhoramento e, na questdo do AF, também para a

criagdo de um sistema de diagnose precoce.
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Abstract

Fatal yellowing disease (FY) is a bud rot-type disease that severely affects oil
palm plantations in Latin America. Since 1974, when it was first reported in Brazil,
this disorder has been responsible for severe economic losses in the oil palm indus-
try; and, for nearly 50 years, several studies have tried to identify its causal agent,
without success. The etiological studies regarding FY in oil palm explored either
biotic and abiotic stress scenarios, in a single or combined manner. Most recently,
the hypothesis in favor of one biotic cause has lost some grounds to the abiotic one,
mainly due to new insights regarding deficient aeration in the soil, which reduces
the potential for oxy-reduction, causing changes in the ionic composition of the
soil solution. This review presents an overview of the history of this disease and
the several efforts done to fulfill Koch’s postulates over the last 40 years, besides
discussing recent studies that revisited this subject using some omics technics. We
conclude by discussing further uses of omics via a multi-omics integration (MOI)
strategy to help finally find out what is really behind the genesis of FY. Finding this
elusive causal agent of FY out will allow either the development of a more efficient
diagnostic tool and the advance in studies trying to find out the source of the
genetic resistance hidden in the genome of the American oil palm.

Keywords: Elaeis guineensis, palm oil, epidemiology, tropical diseases, etiology,
abiotic stress, biotic stress

1. Introduction

The African oil palm (Elaeis guineensis Jacq.) is a palm tree originally from the
West Coast of Africa and currently distributed in three regions of the equatorial
tropics; Africa, Southeast Asia, and Central and South America, where it exists in
the wild, semi-wild, and cultivated form [1]. Among the oilseeds, it is the one with
the highest average yield, producing 4 to 6 tonnes per year of vegetable oil [2]. The
fruit palm oil (mesocarp) and the palm kernel oil (almond) are the raw material for
several products in the food industry, in the cosmetic and personal hygiene indus-
try, and the biofuels industry [3, 4]. Palm oil provides 36% of the global supply of
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vegetable oils with a considerable increase, from crude palm oil (CPO) production
from 5.3 million tonnes in 1981 to 71.45 million tonnes in 2018 [2].

The Asian continent concentrates most of the CPO production, led by Indonesia
and Malaysia, which together accounts for 85% of the world’s CPO production
[4]. However, the limited availability of areas for cultivation in Southeast Asia has
opened new frontiers for expansion, culminating in the growth of Latin America’s
share in the global production of oil palm [5]. Latin America has the largest suit-
able area for oil palm cultivation, notably led by Brazil (2,283,000 krnz), Peru
(458,000 krnz), and Colombia (417,000 km?) [5]. Among Latin countries, Colombia
is the world’s fourth-largest producer of CPO and the first in the Americas, with an
estimated production of 1.67 million tonnes in 2020, followed by Guatemala with
852 thousand tonnes and Honduras with 580 thousand tonnes [4].

Unfortunately, oil palm plantations in this geographical area are affected by a
wide variety of pests and diseases that negatively affects productivity and discour-
age investment in this sector [1]. Notably, “bud-rot type” diseases pose the greatest
threat to oil palm plantations in Latin America [6]. Among them, Pudricién del
Cogollo (PC) and Fatal Yellowing (FY) are the diseases that cause most of the dam-
age, both presenting a common symptom: rotting of the spear leaf that evolves until
reaching the apical meristem system leading to the death of individuals [6, 7]. By
far, the FY exhibits the most dramatic scenario because, in contrast to PC, its causal
agent remains unknown, hindering effective sanitary control practices [8].

Fatal Yellowing was first identified by Reiking in 1928 in oil palm plantations in
Panama, with cases reported in Colombia, Ecuador, Peru, Costa Rica, Venezuela,
Suriname, Nicaragua, and, reportedly, in Central Africa, after that [6]. In Brazil, it was
only in 1974 that the first symptomatic individuals were identified and, from the epi-
demiological explosion that occurred in the 1980s, FY started to represent the greatest
threat to oil palm in the country [9]. As a result, several studies began to search for the
possible biotic causal agent behind it and its putative vectors [8]. However, the research
efforts made for more than 30 years have not exactly pointed out organisms directly
linked to FY's cause [10-16]. Some studies also looked for possible abiotic causes, with
inconclusive results so far [17-19]. Recently, techniques such as metabolomics, pro-
teomics, and metagenomics started to be applied to provide insights into the possible
FY etiology, initiating a new phase in the process to solve this problem [20-22].

Although Brazil has more than 30 million hectares with an aptitude for oil palm
production, it currently has less than 1% of this area destined for this purpose [23].
Fatal Yellowing is the main contributor to hinder the expansion of the oil palm
industry in Brazil, and the attempts to control the emergence of sick plants have
not been successful, and its nature remains a mystery [10]. This review intends to
analyze descriptively the studies carried out to investigate the FY problem in Brazil,
besides pointing out new strategies employed for understanding the development of
the disease, confirm the real cause behind it, and develop tools for early diagnostics.

2. The oil palm industry: social & economic importance
2.1In the world

Oil palm is originally from West Africa and adapted to the intertropical areas of
Africa, Asia, South and Central America [1]. It is the most profitable oil crop, as it
presents a higher yield with a lower production cost [24]. Its oil yield is of the order
of 4-6 tonnes per hectare per year of CPO, much higher than that presented by
other crops, such as rapeseed (0.69 t), sunflower (0.69 t), and soybeans (0.44 t) [3].
Another positive point is that this crop uses only 6% of the area to produce 36% of

2
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the global oil supply, while soy, for example, occupies 40% of the land to generate
26% [4, 24]. Because of that, oil palm stands out as a player fundamental to help the
world meet the growing global demand for vegetable oil in 2050 that will be around
240 million tonnes [25, 26].

The expansion of the oil palm industry has been strongly encouraged by govern-
ments and private sectors in Southeast Asia [27]. It is by far the most productive
region in the world, supplying 85% of the CPO produced, reflecting the rapid
expansion of the cultivated area that started in the middle of the last century [25].
The commercial oil palm plantations in Indonesia, for instance, went from 70 thou-
sand hectares in 1961 to 6.78 million hectares in 2018, with a considerable increase
of 9.582% during this period [2]. As a result, Southeast Asia production rose to
63.26 million tonnes in 2018, or a 22,378% increase in the period [2, 3].

Africa has not seen an expansion of the oil palm industry as significant as
Southeast Asia in the last 60 years [3, 28]. The area occupied by oil palm increased
from 3.55 million hectares in 1961 to 4.55 million hectares in 2018 in the African
continent, representing an increase of only 33% (Figure 2) [2]. Meanwhile, the
Americas now occupy 6% of the international market, producing around 4.89 mil-
lion tonnes of palm oil in 2018, a 273% increase in the last two decades [2].

The considerable increase in oil palm production was supported mainly by the
advances in genetic breeding programs that increased oil productivity more than 2
folds since 1960 [1].

Most of the CPO and its derivatives produced stays in the Asian markets that
absorb 51% of the total, led by India, which imports 19.4%, and China 13.0% [29].
The European markets, which import 26%, have the Netherlands (6.1%) and Italy
(4.3%) as the leading importers [23]. Africa (12%), the Middle East (4%), and Latin
and North America (7%) also have a consumer market for vegetable oils, and palm
oil from Southeast Asia helps to supply the demand [29]. The global vegetable oil
market allocates 70% of total production to food and 30% to non-food industrial
purposes, such as, for example, the production of cosmetics and personal hygiene
products (24%) and as a raw material for the production of biofuels (5%) [26].

2.2 In Latin America

The increase in global palm oil production in the 21st century is due mainly to
new plantations in producing countries, especially in Malaysia and Indonesia [27].
However, due to a reduction in the areas available for expanding cultivation in
Southeast Asia, an opportunity opened up to expand to new frontiers to meet the
growing global demand for palm oil [5]. As a result, Latin America became one of
the most promising regions for oil palm cultivation, as it has one of the largest areas
suitable for cultivation, notably represented by Brazil, Peru, and Colombia [5].

Brazil, Colombia, Costa Rica, Ecuador, Guatemala, Honduras, Mexico, Peru,
and Venezuela produce together 4.65 million tonnes of palm oil, representing 6%
of world production in 2020 [2]. Colombia is the largest oil palm producer in this
region and ranks 4th in the World, with 1.61 million tonnes produced in 2018, or
33% from the annual palm oil of Latin America (Figure1) [2, 30]. Guatemala
produced a total of 875 thousand tonnes in 2018 what places the country in the
2nd position in Latin America [2, 31]. Honduras is in the 3rd, followed by Ecuador,
Brazil, Costa Rica, and Venezuela [2].

2.3 In Brazil

The first oil palm plants arrived in Brazil in the 16th century, adapting very
well to the Northeast region of the country [32]. The oil palm industry in Brazil
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Figure1.
Land use for oil palm cultivation in central and South America since 1980, in hectares. Source: adapted from
our wold in data [2].

Figure 2.

Fatal yellowing (FY) disease in oil palm. (a) Oil palm plantation affected by FY; (b) individual showing signs
of yellowing and necrosis of the intermediate leaves; (c, d, e) evolution of yellowing and dryness of the spear leaf
with the presence of necrotic tissue, and (f) root section of an individual with signs of rot. Source: by authors.

stayed as a small industry until 1960, when, due to increasing demand for oil for
cooling steel sheets in the national steel park, it started to experience significant
growth [33]. In 1967, the oil palm cultivation expanded to the Para State, in the
North region of Brazil, with the first commercial-scale plantations comprising
about 3.000 hectares [32].
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Driven by technical advances and growth in demand for vegetable oils, there
was a significant increase in the cultivated area of oil palm in Brazil, which went
from 11 thousand hectares in 1980 to more than 236 thousand hectares in 2008 [3].
Brazil has large areas with the aptitude for oil palm production, favored by climatic
conditions similar to the most productive regions in the world [1]. However, until
2014, less than 1% of this area was occupied by commercial plantations [34, 35].
Brazil’s position as the 13th, and 23rd, in palm oil production and on the produc-
tivity scale, respectively, in the world, is due mainly to this under-utilization of
available areas [3, 32].

Oil palm production is concentrated in Para state, which accounts for 97.19%
of the cultivated area and 97.99% of the national palm oil production, followed
by Bahia (1.98%), Roraima, and Amazonas [36]. The expansion of cultivation to
already deforested areas in the Amazon and other regions in Brazil is an opportu-
nity to reduce pressure on forests and supply the palm oil demand from the food
and energy sectors [35]. To make the plantations more environmentally sustainable,
the Brazilian Government launched the agro-ecological zoning (ZAE) program
in 2010, a legal mechanism to delimit the oil palm cultivation area [37]. This area
include Acre, Amapda, Amazonas, Mato Grosso, Pard, Rondénia, Roraima and
Tocantins, part of Maranhio and five municipalities in Goids state, comprising
about 59% of the Brazilian territory [35].

3. The fatal yellowing (FY) disease
3.1 History in the world

Several fatal syndromes of bud-rot severely affect plantations of oil palm in
South and Central America [6, 38]. Bud-rot type disease was reported for the first
time on oil palm plantations in Suriname in the 1920s, followed by another inci-
dence in Panama reported by Reinking in 1927 [6]. In general, symptoms of bud-rot
type diseases initiate with chlorosis of the youngest leaves and later necrosis that
rapidly reach immature tissues of the meristem, causing a collapse of the spear leaf
and plant death [9]. Bud rot diseases can take two forms: a lethal form found in
Ecuador, Brazil, and in certain zones of Colombia and Suriname, and a non-lethal
one, with a high recovery rate, found mainly in the Colombian Llanos [6]. The
disease is synonym to a few other names such as “pudricién del cogollo” (PC) in
most Spanish speaking countries, “PC tipica” (PCt) or “PC diversa” (PCd) in the
plantation Palmeras del Ecuador (PDE) in Eastern Ecuador, “amarelecimento fatal”
(AF) in Brazil, “spear rot “in Suriname [1, 6, 7].

The first large-scale bud rot damage on oil palm plantations in Latin America
was due to the PC disease in northern Colombia, where a field of 2,800 hect-
ares located in the Turbo region was virtually devastated by PC in 1965 [9]. In
Suriname, the spear rot was first registered in the Victoria region in 1976 on
four-year-old oil palms in a plantation of 1,700 hectares. Despite the phytosani-
tary practices applied to control the disease, an exponential progression reduced
the original area by 85% [39]. In Ecuador, the first PC cases happened in 1976
on four-year-old oil palms on the Pacific slopes of the Ecuadorian cordillera [1],
and, like other regions, the plantation was decimated by the disease in a few
years [6]. Recently Martinez et al. [7] carried out a study in Colombia to isolate
microorganisms and reproduce PC in healthy oil palm plants and, in conclusion,
they postulate that the oomycete Phytophthova palmivora is associated with the
emergence of PC.
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Fatal yellowing exhibits, by far, the most dramatic scenario among the bud-rot
type diseases of oil palm in the Americas. The factors linked to the emergence of
this disease in some countries remain unknown after experiencing more than 50
years of outbreaks in Brazil, Ecuador, Panama, Suriname, Costa Rica, Nicaragua,
Honduras, Peru, and Venezuela [6, 9, 10].

3.2 History in Brazil

The FY disease first appeared in Brazil in 1974, with sporadic occurrences
in a field established in 1967 near Benevides, a city in the Para State [8, 12]. The
disease progressed slowly in the following years, from 25 symptomatic plants in
1978 to 125 in 1981. In 1984, ten years after the first report, the number of plants
diagnosed with FY was 465 [11]. In the first ten years after its first appearance,
the disease progressed in a linear model, and the numbers of affected plants
remained more or less the same per unit of time. This mode of progress indicated
that the contamination did not occur from plant to plant. However, the numbers
of affected plants rose to 9,968 in 1986 and 32,673 in 1987, starting a period of
exponential increase [11]. In the first two decades after its first occurrence in
Brazil, approximately 100 thousand oil palm trees died from this disease, resulting
in the loss of entire plantations [11, 40].

Roguing was then put in place to maintain the source of the inoculum of a
possible pathogen to a minimum, eliminating all plants showing symptoms up to
one month after the discovery [40, 41]. The oil palm industry promoted training on
the fast and precise recognition of FY symptoms to guarantee the effectiveness of
this phytosanitary measure [42]. Despite it, the disease kept on occurring in plants
between the 15th and the 16th year after planting, making FY one of the main prob-
lems of this crop in Brazil. Not surprisingly, this discouraged the expansion of oil
palm cultivation in the affected regions [11]. As the inability to identify the causal
agent and promote effective control of FY persists, the oil palm industry remains in
a state of insecurity to expand in the regions affected by FY [42].

3.3 Symptomatology and diagnosis

Proper and early disease diagnosis is vital for applying control practices at the
right moment. Without an efficient and effective early diagnosis of the disease
and the disease-causing agent, any control measures will be inefficient [43].
Until the FY etiology is known and diagnostic systems developed, the only way
to find out that a plant has this disease is by checking for characteristic symp-
toms and signs. Once a plant is diagnosed with FY, it must undergo roguing. In
Brazil, symptoms identification in the field is still the only diagnostic system
used for FY [8, 12].

An oil palm plant affected by FY shows necrosis or dryness of the spear leaf
that evolves towards the base, then the region of the meristem rots, and a foul odor
is felt in some cases (Figure 2) [12, 44]. The process of rotting of the meristem
region, frequently observed in rainy seasons, motivated the initial designation of
the disease as spear leaf rot [8, 40]. After losing the spear leaf, there is a general
decline leading to plant death; however, some individuals during this process may
temporarily re-issue a new one [12, 18]. In plants affected by FY, chlorosis appears
in leaflets at the base of the intermediate leaves, which advances towards the
extremity, followed by necroses frequently observed in younger leaves [6]. There
is no synchronism between the spear leaf necrosis and the chlorosis of the leaflets.
The FY symptoms always begin with leaflets chlorosis, which led to the Fatal
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Yellowing disease name [1]. In Brazil, the oil palm tree usually dies 7 to 10 months
after the onset of the first symptoms, but it can vary depending on the region [41].
Once the oil palm plant gets affected by FY, the developed bunches can reach

the maturation stage and are not affected. However, the immature ones rot, and
the inflorescence abort [40, 41]. The root system is visibly affected, and emission
of new primary roots reduced, leading to a total cease of roots growth. FY kills the
tips of the roots generating new false primary ones. In addition, the root tissue is
usually necrotic at the beginning of the appearance of symptoms in the aerial part
[45, 46]. On the other hand, no apparent internal symptoms are observed, such as
rot or necrosis of the stipe and vascular system, a characteristic that is also seen in
PC [41].

4. A genetic source of resistance to FY

The causal agent of FY is still unknown, but a possible genetic solution for this
problem exists. This genetic solution resides upon the fact that the American oil
palm (Elaeis oleifera (Kunth) Cortés) and the interspecific hybrids between this
species and the African oil palm are considered resistant to this disease [47].

The genus Elaeis (from the Greek Elaion that means oil) belongs to the class
Liliopsida (Monocotyledones), order Arecales (Palmales), family Arecaceae
(Palmae), subfamily Arecoideae, tribe Cocoseae (Cocoinaea) and, subtribe
Elaeidinae [48, 49]. This genus consists of two species, E. guineensis and E. oleifera,
with a pantropical distribution and two distinct diversity centers, Nigeria and South
America, respectively [50-52]. The former is the African oil palm, the predominant
species in commercial plantations Worldwide, and known in Brazil as “Dendé”;
and the latter is the American oil palm, which originated from Central and South
America, and is known as “Caiaué” [53].

The American oil palm is endemic to Equatorial America, with natural popula-
tions distributed from Central America to northern South America, including the
countries of Brazil, Colombia, Costa Rica, Ecuador, French Guiana, Honduras,
Mexico, Nicaragua, Panama, Peru, Suriname, and Venezuela [1]. In Surinam, there
are dense stands on poor, sandy soil, while in Colombia, it can grow in damp or even
swampy situations near or on the banks of rivers [1].

The American oil palm also has a history of use as a source of vegetable oils and
other products, but its most important value to the oil palm industry is its capacity
to hybridize with the African oil palm [1]. The interest in the germplasm of this
species is due to valuable characteristics for breeding programs of the African oil
palm, such as slow growth, oil quality (mainly unsaturated oil) [54], and disease
resistance, including FY [47].

These two species can sexually cross and generate fertile interspecific hybrids
with intermediate characteristics to the two parental species [55]. Some interspe-
cific hybrids between these species are already commercially available, and the
Brazilian genetic group of E. oleifera is parental to most of them — Manicoré (BRS
Manicoré from Embrapa, and [Mangenot x Manicoré] x La Mé from PalmElit
SAS), Manaus (Amazon from ASD Costa Rica), and Coari (Coari x La Mé, Coari x
Yangambi) [47].

Independent whether the origin of FY is biotic or abiotic, or a combination
of both, once it is finally known, new studies will be necessary to confirm this
genetic resistance and gain insights on possible strategies to transfer this resis-
tance to the African oil palm more efficiently and effectively, besides the use of
interspecific crosses followed by backcrosses.
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5. The search for the causal agent
5.1 Biotic stress
5.1.1 Insects

After the epidemiological explosion of FY in 1986, Embrapa (the Brazilian
Agricultural Research Corporation) started conducting studies on insects as a
possible vector of the FY causal agent [8]. As the spread of the disease followed
the direction of the prevailing winds, while natural barriers - such as roads,
rivers, and glades - were not sufficient to prevent it supported this hypothesis
[8, 56]. This hypothesis on a possible entomological role in the spread of FY also
resided in the fact that this disease has similarities with the lethal yellowing-type
disease that affects other palms. This disease that affects several other palms is
due to insect-transmitted phytoplasmas [57]. Initially, from inventory obtained
in plantations affected by FY in the municipalities of Alvaraes, in the Amazonas
State, and Benevides, in the Pard State, the main insects suspected of being
responsible for the transmission corresponded to Persis sp. and Myndus crudus
because they are commonly found in oil palm plantations and depend on palm oil
for nutrition [15].

Initially, an inventory of insects captured directly on the oil palm plantations
located inside and outside areas with FY occurrence was generated. Healthy oil
palm plants, isolated in cages made of wood and nylon canvas, received populations
of the inventoried insects, and the plants monitored for symptoms appearance.
After using almost one million insects in the FY transmission test, no symptomatic
plant appeared, and there was no relationship between the affected areas with the
collected insect fauna [15, 58]. Additional studies have attempted to establish a link
between the insects Contigucephalus sp., Omolicna sp., and Myndus crudus and this
disease, but they all gave negative results. Consequently, the authors discarded a
Homoptera as the FY vector and suggested new studies on possible very active and
rare insect species [8, 56].

Another study attempted to investigate the relationship between the presence of
homopterans in the vegetation cover in oil palm plantations and the occurrence of
FY [12]. No relation between the vegetation cover and FY occurrence appeared as
the disease manifested itself either in an area covered with Pueraria spp. as in areas
where there were grasses, especially Brachiaria spp. [25]. Studies using a series of
chemicals in areas where FY occurs - such as insecticides, fungicides, and bacteri-
cides - did not reduce the appearance and development of FY [40].

5.1.2 Phytoplasmas

Phytoplasmas are prokaryotes of the Class Mollicutes that cause diseases in
several plant species, including several economically important ones [59]. As
biotrophic parasites, they colonize the elements riddled with the phloem and can
also be found inside the vectors [60]. These organisms are responsible for Lethal
Yellowing (LF), a fatal disease that affects the coconut (Cocos nucifera L.) and at
least 36 other palm species in the Americas [61, 62].

Insects from the Homoptera order, popularly known as leafhoppers, are the vec-
tors for most phytoplasmas causing disease in plants [63]. Biological characteristics,
symptoms, and specificity of the insect vector were the focus of the first studies
aiming to associate phytoplasmas with plant diseases [64, 65]. Later, new and more
accurate DNA-based techniques started to dominate these studies, leading to the
production of specific oligonucleotides for diagnosis [65].
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Transmission electron microscopy was, for many years, the tool used for the
detection and study of the cytological interaction between phytoplasmas and the
hosts [66]. Studies using this tool were not successful in associating phytoplasma
with FY, been replaced by new molecular techniques for the same purpose [8].
Studies carried out by Brioso et al. [67, 68] using nested-PCR in oil palm plants
symptomatic for FY found just a very few samples positives for the presence of
phytoplasmas from the SrI and 16SrI groups, which do not allow to associate these
phytoplasmas to FY. An attempt to reproduce the disease was carried out by graft-
ing intermediate leaf tips with FY into healthy seedling petioles and, during the
period of two years, healthy individuals did not show symptoms characteristic
of FY and, thus, the hypothesis proposing phytoplasma as the causal agent was
discarded [12].

5.1.3 Fungi, bactervia, and nematodes

In the attempt to establish a causal relationship between plant pathogenic fungi,
bacteria, and nematodes with FY, some studies tried to reproduce the symptoms in
healthy young and adult oil palm plants inoculated with some of these microorgan-
isms previously isolated from symptomatic plants [69, 70].

A pathogenicity test focused on studying the growth, reproductive and devel-
opmental habits of microorganisms, included one-year-old nursery plants with
individual inoculations and a mixture of three fungi (Fusarium sp., Pythium sp.,
and Coprinus sp.) isolated from symptomatic plants; and again, the inoculum was
unable to reproduce the disease in healthy oil palm trees [69]. The possibility of
mechanical transmission between symptomatic and asymptomatic individuals by
some microorganisms was also tested, with no success [69]. The chemical control
attempts using fungicides or antibiotics failed to link fungi and bacteria to FY in oil
palm [11].

Interestingly, some authors have observed similarities between the disease PC
in Colombia and FY in Brazil. Furthermore, the oomycete Phythophtora palmivora
was reported to be the PC causal agent [7]. The strategy used by Martinez et al. [7]
was to remove tissue from oil palm plants exhibiting early symptoms of PC disease
to inoculate fruit traps. Once microbial growth was observed in the fruits, tissue
was transferred to culture media and pure cultures were obtained. Using the DNA
isolated from the pure culture, amplification of the ITS region was performed
and sequence analysis showed 99.9% homology to P palmivora. The same study
reported pathogenicity tests where sporangia were inoculated into the base of the
spear of 150 oil palm nursery plants. After 3 to 4 days, the first symptoms of PC
were observed in 85% of the plants [7]. However, full PC symptom development
occurred in 15% of inoculated oil palm plants, and depended on environmental
conditions. In another experiment, 20 immature spear leaves were inoculated with
P palmivora, and 3 days later all tissues were disintegrated, displaying a character-
istic odor. Microscopy experiments showed the presence of P. palmivora in these
tissues, and it was re-isolated using the fruit trap technique.

Nematodes are typically wormlike invertebrates able to live in the soil or inside
plant structures such as roots, stems, leaves, and flowers and can cause morphologi-
cal and developmental changes in their hosts [71]. The hypothesis of a nematode
as a causative agent of FY came from observations of FY and the red ring disease
- caused by the nematode Bursaphelenchus cocophilus - in the same area. Ferraz [72]
did not observe this nematode in necrotic tissues or young leaves. Some studies
found nematodes in the spear leaf rake and young leaves of symptomatic plants and
the soil of oil palm plantations with a history of FY but were unable to link it to the
appearance of this disease [24, 72].
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5.1.4 Vivuses and vivoids

Other plant pathogens studied as potential causal agents of FY in oil palm were
viruses and viroids. Several methods, including mechanical transmission, grafting,
pollen-mediated dispersion, transmission electron microscopy, nested RT-PCR,
RCA - rolling circle amplification, and electrophoresis, were used to test the
hypothesis of a virus or a viroid as the causal agent of FY, without success [8, 10].

Lin et al. [73] evaluated extracts from plants with and without FY using the
polyacrylamide gel electrophoresis technique, and the band patterns generated in
both samples did not reveal any apparent difference. The same author also carried
out a study to purify virus particles via separation with a fractional density gradient
with no success [74]. Kitajima [75] evaluated ultrafine tissues from roots, leaves,
and spear leaf of symptomatic and asymptomatic individuals by transmission
electron microscopy, but no pathogen could be associated with FY.

Other studies have directed their efforts towards viroids, which are the smallest
known phytopathogens, consisting basically of a single-stranded, circular RNA
molecule not encapsulated [76, 77]. Beuther et al. [13] searched for viroids and
viroid-like RNAs in oil palm plants using two-dimensional gel electrophoresis and
return gel electrophoresis of nucleic acid extracts, with no success in showing alink
between this type of pathogen and FY.

5.2 Abiotic stress

The initial pieces of evidence of a possible abiotic cause for FY came from
observations made about the indefinite dissemination pattern in affected areas,
with an exponential growth form not observed in the case of biotic stresses [78, 79].
Among the possible abiotic causes linked to the appearance of FY, there are lower
and higher amounts of water, high or low temperature, high content of soluble salts
in the soil, soil pH unsuitable for oil palm, nutritional deficiencies or excesses, pres-
ence of toxic organic compounds and intensity and balance of nutrients [78].

The regions with oil palm plantations and FY occurrence located in the North
region of Brazil have soils with patches of quartz sand interspersed with patches of
lateritic concretions and are subject to prolonged floodings, 5 to 6 months per year
[41]. Thus, studies started aiming to understand the composition of the soil and its
influence on FY emergence.

The concentrations of Cu, Fe, Mn, and Zn in the leaves of healthy and symptom-
atic oil palm plants and resistant interspecific hybrids were determined and found
out that their concentrations were below the ideal range, suggesting their involve-
ment in the appearance of FY [80]. Compact soils that stay temporarily saturated
by rainfall suffer oxidation by anoxia, making it impossible for plants to absorb Fe
[80]. Based on these observations, applications of ferrous sulfate were carried out
on plants under different stages of FY, but after 120 days of the experiment, there
was no regression of the disease in the evaluated oil palms [80].

The physical properties of the soil from areas with the occurrence of FY revealed
that they were naturally well-drained and deep but had a thickening or compacting
between the depths of 30 cm and 60 cm, as well as the occurrence of speckles in
this depth, which results in soil saturation in the superficial layer during the rainfall
season [81]. Bernardes [82] carried out chemical analysis on roots of symptomatic
plants, and the results did not allow to pinpoint any element imbalance that could
be responsible for FY. Another fact that needs consideration as possibly linked to a
potential cause for the disease is the fact that at the moment when the first symp-
toms appear in the aerial part, the root system is severely impaired, which explains
the plants’ lack of response to fertilization and other interventions [82].
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A series of field observations made in the heart of the oil palm production area
in Brazil led to new hypotheses for a possible abiotic cause for FY [83]. The main
field observations taken into consideration were: a higher occurrence of flooding
in oil palm plantations, in comparison to the previous level, observed under native
vegetation cover; the layers close to the soil surface without vegetation cover or with
oil palm tend to stay close to water saturation for periods much longer than in the
native forest; the presence of mottled-iron reduction in the profile of the oil palm
plantations, and the redox-potential values (Eh) below —200 mV; and the presence
of reduced iron ions on the soil surface in oil palm plantations during periods of
intense rain [83].

The new hypotheses were brought together and summarized as: Deficient
aeration reduces the potential for oxy-reduction in the soil, causing changes in the
ionic composition of the soil solution (reduction of Fe?* ions; NO**; Mn?"). The soil
solution with a high concentration of reduced ions initially causes damage to the
root system (Figure 3) predisposing the oil palm plant to physiological disturbances
(passive poisoning and attacks of secondary pathogens) whose symptoms are
known as FY [84].

To gain insights into the idea of oxygen deficiency (hypoxia) in the origin of FY,
a study by Encinas [85] evaluate the influence of land use and temporal variations
on the dynamics of nutrients in the solution of soil and water at an oil palm planta-
tion and a nearby area still with primary forest. Another by Muniz [83] compared
the changes in water flow at an oil palm plantation and a nearby area still with
native vegetation cover and evaluated its effects on iron dynamics and the structure
of the soil. These two studies gathered additional shreds of evidence to further
support this hypothesis, such as the electrical conductivity increased during a long
flooding period (95 days), indicating that ions from the aggregates migrate to the
solution; the soil pH increases after the initial flooding period, reaching values close
to neutrality, with a subsequent reduction, but above the values found in aerated
soil; the soil redox potential decreases during the flooding period, forming a highly
reducing environment; the total carbon contained in the macroaggregates reduced

Figure 3.

Oil palm plant showing reduction of the voot system in hypoxia conditions (A), and soil clouds showing
the typical reductimorphic or oximorphic color mottles caused by stagnating soil envivonment (B). Source:
Wenceslau Teixeiva.
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after flooding for a period of 11 days; the iron contained in the aggregates of Yellow
Latosols with medium texture migrates to the soil solution under flooding condi-
tions; there is a high negative correlation between the iron in the flooding solution
and the DMG of the aggregates in the Yellow Latosols, and flooding for a period of
11 days promotes the destabilization of aggregates of Yellow Latosols with medium
goethite texture.

6. New technologies to gain insights on the FY causal agent

The so-called ‘omics’ techniques (Figure 4) provide new opportunities to study
oil palm FY. To get insights on FY possible causal agent, different research groups
in Brazil have used metagenomics, metabolomics, and proteomics analysis [20-22].
To our knowledge, no work focusing on transcriptomics and FY has been published
yet. The most commonly used approach in these studies is to compare healthy
plants (without symptoms of FY) to those showing disease symptoms at different
stages of progression. In contrast to more traditional non-molecular studies of FY,
these techniques provide a global glimpse of the organism by looking at the associ-
ated microbiota (metagenomics), the complete protein content (proteomics), or
metabolite content (metabolomics) of cells.

6.1 Metagenomics

Koch’s postulate was fundamental to the identification of disease-causing
microorganisms [86]. In short, the strategy of isolating and cultivating the potential
pathogen, and inoculating it into a healthy organism to confirm the symptoms of
the disease, brought many advances to the study of infectious diseases [87]. More
recently, due mainly to the advent of next-generation sequencing (NGS) technolo-
gies, the frontiers of microbiology expanded to those microorganisms that we can-
not cultivate by classical microbiology techniques. That has opened the possibility
to test the hypothesis that a microorganism not grown in vitro easily is the cause of
FY [88]. If this is the case, metagenomics would be the technique to study FY.

Metagenomics is a culture-independent approach to study microbial communi-
ties. A metagenomics strategy allows one to skip the step of isolation and cultivation
of microbial species. Metagenomics studies can contribute to elucidate the identity

Figure 4.

Schematic showing a healthy oil palm tree (green leaves) and another one (yellow leaves) showing fatal
yellowing (FY) symptoms. Different molecular techniques such as metagenomics, metabolomics and proteomics
can be used to compavre these contrasting biological situations. Metagenomics is a culture-independent technique
that can be used to identify the microorganisms present. Metabolomics can used to identify and quantify
cellular metabolites. Proteomics allows the identification of differentially expvessed proteins. These ‘omics’
techniques are important high throughput tools that have been used to understand the biology of oil palm when
challenged by FY disease. (cvedit: Clarissa Kruger).
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metabolic capabilities as well as the interactions between the organisms of the com-
munity [97]. One limitation to this method, however, is that the plant host genome
sequence needs to be available and subtracted in silico from microbial community
sequences. If possible, it is useful to find a way to selectively extract microbial DNA
from the samples before sequencing to avoid or reduce the presence of the plant host
DNA [98]. It should be noted that if the complexity of the microbial community is
high or if a lot of host DNA is present in the sequenced samples, inadequate sequenc-
ing depth might be an important limitation to this method. To our knowledge this
approach has not been used yet to search for the causal agent of FY.

6.2 Proteomics and metabolomics

Proteome designates the set of proteins expressed by a cell, tissue, or organism
at any given time [99]. Proteomic tools make it possible to obtain a protein profile
with precision and sensitivity with the aid of electrophoresis, chromatography,
mass spectrometry, and bioinformatics [99]. Proteomics is more and more used
nowadays to understand plant responses to different biotic and abiotic stress
conditions [100, 101].

In this context, and based on the hypothesis that the primary stress behind FY
was abiotic and present in the soil, proteomics was applied to study this disease
[21]. This hypothesis is based on observations regarding symptoms seen in the root
system before they appeared in the aerial part [83]. Soil compaction, which hinders
drainage and subject the roots to long periods of flooding in a hypoxia condition,
would be in the origin of the stress [83].

Nascimento et al. [21] carried out a proteomic analysis to compare the protein
profiles from symptomatic and asymptomatic oil palm plants, employing the mass
spectrometry technique. The study looked for proteins linked to tolerance induc-
tion to relate the different areas collected and the distinct stages of the disease,
analyzing the roots of symptomatic plants in early, intermediate, and final stages.

Proteins involved in the metabolism of phenylpropanoids and lignins, with a
recognized role in reducing the effects of biotic and abiotic stress, were negatively
regulated in symptomatic individuals, aggravating FY symptoms. In asymptomatic
plants, enzymes such as S-adenosylmethionine - with a crucial role in methionine’s
biosynthetic metabolism - showed a recognized action in response to the stress.
Plants with FY symptoms showed some pathogen-related proteins positively
regulated, implying a progression of infection by biotic agents [21].

The hypothesis of a possible physiological dysfunction caused by factors pres-
ent in the soil was reinforced by the large accumulation of antioxidant proteins in
asymptomatic individuals [21]. The participation of the antioxidant system may
indicate some level of resistance, considering that this system is vital for plants
in conditions of soil flooding [102]. In addition, the accumulation of aldehyde
dehydrogenase may indicate that the root system is under an anaerobic condition as
it converts the acetaldehyde, promoting plant survival in this condition [21, 103].
Thus, these results indicate that plants affected by FY are in abiotic stress condi-
tions and, with the damages done to the roots, it becomes a gateway for several
opportunistic organisms [21].

In contrast to proteomics, metabolomics refers to a comprehensive analysis to
identify the set of metabolites presentin a sample with the aid of analytical tech-
niques, such as liquid chromatographies or liquid—gas, associated or not with mass
spectrometry, among others [104].

Rodrigues-Neto et al. [20] performed the first metabolomics work to study FY in
Brazil using an untargeted metabolomics strategy to prospect metabolites differen-
tially expressed in the leaves of FY symptomatic and asymptomatic plants. A high
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and/or the genetic and metabolic capabilities of the microorganisms present in a
sample, including any that are potentially pathogenic [89].

In this sense, metagenomics complements the classic techniques of isolation and
cultivation of microorganisms, and one can apply it to study different classes of
microorganisms (e.g., viruses, bacteria, fungi, archaea) [22, 90-92]. Metagenomics
protocols begin with the extraction of total DNA from the sample of interest,
which contains microorganisms. Samples can be many different ones, such as
soil or plant parts with FY disease symptoms. There are distinct ways to study the
microbial community from this DNA. Many studies in different plants use the
ribosomal RNA (rRNA) gene or ITS amplification approach (i.e., PCR amplifica-
tion with specific primers) to identify the microorganisms present, including a
potential pathogen [93-95].

16S rRNA gene-specific primers amplify bacterial and archaeal sequences
(16S rDNA). Similarly, the 18S rRNA gene and the ITS-specific primers amplify
fungal sequences. The ITS refers to the internal transcribed spacer, the DNA situ-
ated between the small-subunit ribosomal RNA and large-subunit rRNA genes.
The 16S rDNA, 18S rDNA, and the ITS regions are highly polymorphic, thus
allowing taxonomical identification of the microorganisms present in a sample.
The PCR-amplified DNA is then sequenced and submitted to bioinformatics
analysis to compare the obtained sequences with sequence databanks, leading to a
putative microorganism. In summary, this metagenomics approach that combines
PCR amplification with NGS allows identifying microorganisms present in the
community [96].

The first metagenomics work to use ITS amplification and high throughput
NGS to study FY in Brazil was performed by Costa et al. [22], who evaluated
fungal communities associated with leaves of oil palm plants, with and without
symptoms of FY. Leaves from health plants and from plants showing FY symptoms
in three different disease stages (stages 2, 5, and 8) were obtained. Because of the
similarities between PC and FY, using primers specific to the genus Phythophtora,
the authors attempted PCR-amplification of oil palm leaf samples showing symp-
toms of FY. Weak amplification was obtained in only one sample. Thus, this study
provided preliminary evidence that DNA of the genus Phytophtora may not be
commonly present in Brazilian FY, contrary to what has been reported in Colombia
[7]. However, further experiments with more samples, and additional controls are
needed to clarify the validity of this initial observation.

The Costa et al. [22] study reported the analyses of fungal diversity using the ITS
region. Results showed that the fungal community in different healthy asymptom-
atic oil palm leaves are more similar to each other than those presenting FY disease
symptoms. The fungal communities were not the same among all the symptomatic
samples, and were not consistent even between samples at the same stage of FY
disease. Importantly, no fungal taxon had its relative proportion increased in leaves
across all the FY diseased oil palm plants. It was hypothesized that the changes
observed in the fungal community composition could be a secondary effect of FY
disease. Similar metagenomic studies to analyze the viral, bacterial and archaeal
communities associated with FY are needed.

A less common metagenomic approach that can also be used to study plant
disease is to assemble genomes from the metagenome obtained from plants showing
symptoms of disease. In this case, instead of using PCR to amplify a specific gene,
one can completely sequence the DNA extracted from the samples of interest, and
use bioinformatics tools to assemble genomes (metagenome-assembled genomes)
of the microorganisms present. This type of methodology allows, in addition to
identifying microorganisms present, access to their genomes. This creates the possi-
bility of studying the genetic relationship among the species present, and predicting
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throughput method based on metabolic fingerprinting MS, using UHPLC coupled
to high-resolution mass spectrometry (HRMS), was employed, and chemometric
analysis, PCA and PLS-DA, were used to evaluate metabolic differences. This study
aimed at prospecting a biomarker for FY early diagnosis, besides gaining insights on
pathways responsive to this disease valuable for future improvement studies.

Nine secondary metabolites were detected in a higher concentration in the healthy
plants in comparison to the FY affected ones: Glycerophosphorylcholine, arginine,
asparagine, paniculatin or apigenin 6,8-di-C-hexose, tyramine, Chlorophyllide,
1,2-dihexanoyl-sn-glycero-3-phosphoethanolamine, proline, malvidin 3-glucoside-
5-(6”-malonylglucoside) or kaempferol 7-methyl ether 3-[3-hydroxy-3-methylgl-
utaryl-(1—> 6)]-[apiosyl- (1-> 2)-galactoside]. These metabolites made possible to
identify different metabolic pathways that have been affected by the FY, such as
the glycerophospholipid metabolism, the isoquinoline alkaloid biosynthesis, the
flavonoid biosynthesis, the tetrapyrrole biosynthesis and citrate cycle derivatives
pathways.

Unfortunately, due to the fact that these metabolites are already described in
the literature as linked to other types of stress, they are not good candidate for
biomarkers; except for two of them, glycerophosphorylcholine and 1,2-dihexanoyl-
sn-glycero-3-phosphoethanolamine [20].

7. Final considerations

Fatal yellowing disease represents a threat of great magnitude to the Brazilian
oil palm industry. For decades, several studies attempted to identify its causal agent
without success. As a result, no measures used today can effectively reduce the
economic loss for the oil palm industry due to this disease. The only glimpse of hope
in solving this problem still resides in the genetic resistance found in the American
oil palm. However, the road to transfer this resistance through interspecific crosses
and backcrosses is very long and has many uncertainties.

The search for the primary stress leading to FY must go on, whether it is of biotic
or abiotic origin - or the combination of both. Only then might be able to block its
occurrence, or, if not possible to do that, develop early diagnostic tools to reduce its
spread to a minimum.

Recent studies using single omics analysis have shown that these new technics
can take the etiological studies regarding FY in oil palm to another level. We
postulate that transcriptomics should be the next step in using omics to gain further
insights regarding this disease. Even more, we believe that it should be done under
the scope of a multi-omics integration (MOI) strategy, together with metabolomics,
proteomics, and ionomics, at least.
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Abstract: An oil palm (Elaeis guineensis Jacq.) bud rod disorder of unknown etiology, named Fatal
Yellowing (FY) disease, is regarded as one of the top constraints with respect to the growth of the
palm oil industry in Brazil. FY etiology has been a challenge embraced by several research groups
in plant pathology throughout the last 50 years in Brazil, with no success in completing Koch’s
postulates. Most recently, the hypothesis of having an abiotic stressor as the initial cause of FY has
gained ground, and oxygen deficiency (hypoxia) damaging the root system has become a candidate
for stress. Here, a comprehensive, large-scale, single- and multi-omics integration analysis of the
metabolome and transcriptome profiles on the leaves of oil palm plants contrasting in terms of FY
symptomatology—asymptomatic and symptomatic—and collected in two distinct seasons—dry
and rainy—is reported. The changes observed in the physicochemical attributes of the soil and
the chemical attributes and metabolome profiles of the leaves did not allow the discrimination of
plants which were asymptomatic or symptomatic for this disease, not even in the rainy season,
when the soil became waterlogged. However, the multi-omics integration analysis of enzymes and
metabolites differentially expressed in asymptomatic and /or symptomatic plants in the rainy season
compared to the dry season allowed the identification of the metabolic pathways most affected by
the changes in the environment, opening an opportunity for additional characterization of the role
of hypoxia in FY symptom intensification. Finally, the initial analysis of a set of 56 proteins/genes
differentially expressed in symptomatic plants compared to the asymptomatic ones, independent
of the season, has presented pieces of evidence suggesting that breaks in the non-host resistance
to non-adapted pathogens and the basal immunity to adapted pathogens, caused by the anaerobic
conditions experienced by the plants, might be linked to the onset of this disease. This set of genes
might offer the opportunity to develop biomarkers for selecting oil palm plants resistant to this
disease and to help pave the way to employing strategies to keep the safety barriers raised and strong.

Keywords: bud rot; hypoxia; molecular plant biology; pathogen; palm oil; fatal yellowing; molecular
mechanisms; transcriptomics; metabolomics; multi-omics; non-host resistance; immunity

1. Introduction

Throughout the last decade, oil palm (Elaeis guineensis Jacq.) has been the source of
the most consumable vegetal oils on the planet [1]. Palm oil and palm kernel oil increased
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in consumption from 64 to approximately 85 million metric tons between the 2013 /14
and 2022/23 seasons. In the top oil palm production countries, the palm oils yield an
average of four metric tons per hectare, far better than soybean, canola, peanuts, and other
known oilseed crops in terms of oil yield [2,3]. Indonesia, Malaysia, Nigeria, Thailand, and
Colombia are the top five countries in the world in terms of oil palm harvested area [3].

Brazil has about 200,000 hectares harvested with oil palm nowadays, even though
there are over seven million hectares of preferential area for oil palm cultivation in the so-
called Legal Amazon Area, an area of more than five million square kilometers comprising
nine states, and larger than the Amazon biome itself [4]. In 2010, a Sustainable Palm
Oil Production Program was launched that aimed to strengthen the palm oil industry in
the country. Such program had as guidelines: (a) the protection of the environment, the
conservation of biodiversity, and the rational use of natural resources; (b) the respect for
the social function of property; (c) the expansion of oil palm cultivation exclusively in
areas already occupied by man; (d) encouraging cultivation to recover degraded areas; (e)
social inclusion; and (f) the environmental regularization of rural properties [5]. More than
a decade after launching that program, the problem of FY study is very real, especially
in Brazil.

A closer look at the reasons behind the failure to succeed in this endeavor will reveal
a complex and multi-factor scenario where the Fatal Yellowing (FY) disease, a bud rod
disorder of unknown etiology, is one of the top constraints affecting the growth of the oil
palm industry in the country [6]. FY symptoms initiate with the yellowing of the leaflets at
the base of the intermediate leaves and progress to necrosis of the edges, which spreads to
the other leaves. Subsequently, necrosis and dryness of the spear leaf occur, which evolves
towards the meristem region, causing decay and culminating in the death of the oil palm
plant. Generally, symptoms progress to oil palm death in a few months (acute form) to
three years (chronic) [7,8].

The etiology of FY has been a challenge embraced by several research groups in
plant pathology throughout the last 50 years, with no success in completing Koch’s third
postulate—inoculation of a healthy plant with the cultured microorganism must recapit-
ulated the disease [6]. Furthermore, the exponential growth of cases and the undefined
pattern of spread of the disease weaken a possible biotic primary cause [9]. Most recently,
the hypothesis of having an abiotic stressor as the initial cause of FY has gained ground [6].
Silveira et al. [10] showed surface compaction of the soils in the area where FY occurs. This
condition can lead to soil saturation with water where oxygen deficiency (hypoxia) possibly
damages the root system. An imbalance of nutrients such as Copper, Iron, Manganese, and
Zinc has been suggested as a possible cause [11]. Silveira et al. [10] found that the evolution
of FY symptoms was more pronounced when there was a reduction in Boron and Copper
in the soil. On the other hand, the application of iron sulfate in the study conducted by
Viégas et al. [11] ruled out Fe deficiency being involved. Muniz [12] reaffirms the same,
and also observed that poor aeration reduces the redox potential of the soil, increasing the
concentration of reduced ions, such as Fe?*, NO**; Mn®*, predisposing oil palm to toxicity
(abiotic effect) and leaving it vulnerable to opportunistic pathogen attacks (biotic effect).

Recent studies using single omics analysis (SOA), such as genomics/meta-genomics,
transcriptomics/ meta-transcriptomics, proteomics/ meta-proteomics, metabolomics, epige-
nomics, ionomics, and phenomics, have shown that these new techniques can take the
etiological studies regarding FY in oil palm to another level [13-15]. Costa et al. [13] used
a metagenomics approach to rule out the hypothesis that Phytophthora palmivora could
be the causal agent of FY in Brazil, as has been shown to be the case for Pudricion del
Cogollo in Colombia, a disease characterized by the rotting of all the new tissues, pre-
serving the leaves that were formed before infection. This comycetes is responsible for
the first symptoms, and opens doors for several opportunistic pathogens that promote
the intensification of the rotting [16,17]. Rodrigues-Neto et al. [14] applied untargeted
metabolomics analysis to characterize the leaves of FY asymptomatic and symptomatic oil
palm plants, and identified two metabolites (glycerophosphorylcholine and 1,2-dihexanoyl-
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sn-glycero-3-phosphoethanolamine) with no known direct relation to plant stress, and
which are presented as potential biomarkers. Nascimento et al. [15], used a proteomics
approach to describe protein alterations associated with FY in oil palm roots, and found
enzymes that suggested an anaerobic condition before or during FY. According to [15],
their finding suggests that changes in abiotic factors may precede the occurrence of FY,
paving the way for opportunistic pathogens.

In the present study, we carried out a comprehensive, large-scale, single- (SOA) and
multi-omics integration (MOI) analysis of the metabolome and transcriptome profiles on the
leaves of oil palm plants contrasting in terms of FY symptomatology—asymptomatic and
symptomatic—and collected in two distinct seasons—dry and rainy. We also performed
an analysis of leaf chemical and soil physicochemical composition. The initial goals of
such a study were to obtain insights into the possible occurrence and role of oxygen
deficiency (hypoxia) in the onset of FY and to search for molecular symptoms (gene- and
metabolic pathway-based) that could reveal opportunities for genetic control of this disease
of unknown etiology.

2. Results
2.1. Soil Physicochemical and Leaf Chemical Analysis

In Figure 1, to facilitate the understanding, a design of this study is presented. Figure 2
and Table S2 summarize the results of the ionomics analysis of the soil and oil palm leaves
collected in the dry period (DP) and wet period (WP). Asymptomatic and symptomatic
plants were compared within each period and between periods.

(Rainy Season)

(Drought Season) "
Dry period Soll Le}s’es Wet period
Transcriptomics
u
Metabolomics
L — | Z
y lonomics |
2 z
Inside period analysis ] Between period analysis ]
Omics Analysis:
Dry period: Asymptomatic plants:
Asymptomatic vs Symptomatic plants , | Analysis of DEGs and DEMs 4 Dry vs Wet Periocs
[*”?0 Pathways Analysis o
Wet period: 14 GO Analysis A Symptomatic plants:
Asymptomatic vs Symptomatic plants MOI Analysis Dry vs Wet Periocs

Figure 1. Experimental design for sample collection, and the general work-flow of the strategy of the
analysis carried out in four scenarios—symptomatic vs. asymptomatic in the dry period; symptomatic
vs. asymptomatic in the wet period; wet vs. dry period in symptomatic plants; and wet vs. dry in
asymptomatic ones.

In the soil, Carbon, Chlorine, Sodium, Phosphorus, and Zinc showed significant
differences (p < 0.05) between FY asymptomatic and symptomatic plants in the DP, with
all showing reduced values in the DP. In soils sampled in the WP, only Calcium and Zinc
showed significant differences p < 0.05), with increased amounts in the symptomatic plants.
Soil organic matter and pH showed significant (p < 0.05) lower values in samples from
symptomatic plants in the DP but not in the WP. On the other hand, cationic exchange
capacity, acidity, and clay showed significant (p < 0.05) lower values in soil samples from
symptomatic plants. Finally, Ca/CEC (cation-exchange capacity) and K/CEC showed
higher values in soil samples from symptomatic plants.
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Figure 2. Physical-chemical characteristics of the soil (A) and chemical from the leaves (B) of FY
asymptomatic and symptomatic oil palm plants sampled in two time-points: Dry period—DP and
Wet period—WP. The ns means non-significant. The asterisks indicate a significant difference between
the two groups (f-test). * p < 0.05; ** p < 0.01; *** p < 0.001; *** p < 0.0001.

When comparing the soil samples collected in DP and WP conditions, K, Ca, Cu, Fe,

Mn, Zn, Na, Al, pH, CEC, OM, silt, and clay showed significantly distinct values (p < 0.05).
K, Cu, Mn, Zn, Al, OM, and silt showed higher values in WP conditions, while Ca, Fe, Na,
pH, CEC, and clay showed lower values in that condition (Figure 2 and Table S2).

In the case of the leaves from FY asymptomatic and symptomatic oil palm plants in

the DF, only Phosphorus and Iron showed significantly distinct values (p < 0.05), lower in
the latter plants. Meanwhile, Calcium was the only element showing a different (and lower)
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value in the symptomatic plants in the WP. When comparing the leaf samples collected in
DP and WP conditions, N, P, K, Mg, Cl, Cu, and Mn showed significantly distinct values
(p <0.05), with N, Mg, and Mn being lower in WP, and P, K, Cl, and Cu higher (Figure 2
and Table S2).

A principal component analysis (PCA) was performed, revealing the clustering of
micro- and macro-nutrients from soil and leaf samples, as well as soil complex and gran-
ulometry, accordingly to the collection period (Figure 3). When performing PCA within
each period, no clustering of FY asymptomatic and symptomatic plant groups appeared
(Figure S1).
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Figure 3. Principal component analysis (PCA) of the micro— and macro—nutrients from soil (A) and
leaves (B), assorted complex (C) and granulometry (D) including all samples of FY asymptomatic
and symptomatic oil palm plants sampled in Dry and Wet period.

2.2. Metabolomics Analysis

The Statistical Analysis module of the MetaboAnalyst 5.0 returned 1924, 576, 2469,
and 272 peaks for the positive and negative polar and lipidic fractions, respectively, when
using the dry period (DP) samples. There were 29 peaks differentially expressed in the
positive polar fraction, and 22 in the negative polar fraction. Regarding the lipidic fractions,
29 and 9 were differentially expressed in the positive and negative ones, respectively.
Accordingly to the Functional Analysis module of the MetaboAnalyst 5.0, 89 differentially
expressed peaks are below the minimal number for functional interpretation using the
combined meta-analysis of the mummichog and GSEA pathways. However, when using
false discovery rate (FDR) < 0.06, the number of differentially expressed peaks rose to 121,
above the minimal number necessary for the functional interpretation analysis. In this case,
it was possible to identify 15 differentially expressed metabolites (DEMs) with FDR < 0.05
(Table 1).
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Table 1. List of metabolites identified in the leaves of oil palm affected by fatal yellowing in the dry
period, after submitting the differentially expressed (DE) peaks to the pathway topology analysis
module in MetaboAnalyst 5.0. FDR: False Discovery Rate; FC: Fold Change.

Query

Matched

Mo Compionid Matched Form Mass Diff Compound Name Log,(FC) FDR Profile
792.12440 C00024 M-H,O+H[1+] 1.95 x 103 Acetyl-CoA -5.37 0.0004 Down
742.22112 C03541 M+K[1+] 218 x 10~ THEF-polyglutamate —5.17 00012 Down
293.21349 C06427 M-H+OI-] 1.28 x 10~3 alpha-Linolenic acid -1.11 0.0026 Down
312.16523 C16448 M-C3H O, +H[1+] 1.43 x 103 Dihydrozeatin-O-glucoside 1.93 0.0111 Up
836.28348 C05275 M-HCOOK+H][1+] 2.18 x 10—3 trans-Dec-2-enoyl-CoA —-2.53 0.0220 Down
409.38261 C01054 M-H,O+H[1+] 233 x 1074 (S)-2,3-Epoxysqualene —4.13 00305 Down
425.37851 C22116 M-HCOOH+H[1+]  6.34 x 107* 3beta-Hydroxy-4beta —2.62 00305 Down

(9Z,11E,15Z)-(13S)-
309.20812 C04785 M-H[-] 9.86 x 107 Hydroperoxyoctadeca- —1.33 0.0346 Down
9,11,15-trienoate
4 3beta-Hydroxy-9beta-pimara-
361.20077 C18016 M+HCOO[] 7a5x 1074 NS d)i,ene-lx};, e ~120 00346 Down
426.38263 C22121 M(C13)+H[1+] 1.45 x 103 Cycloeucalenone —226 00359 Down
407.36819 C03313 M-HCOOH+H[1+] 883 x 10~ Phylloquinol —1.90 00372 Down
87.00852 C00258 M-H,O-HI[-] 212 x 1074 D-Glycerate 0.75 0.0384 Up
446.16191 C00101 M(C137)-HI[-] 1.00 x 10-3 Tetrahydrofolate —0.64 0.0398 Down
129.01926 C06032 M-H;O-H[-] 3.35 x 107> D-erythro-3-Methylmalate 1.00 0.0401 Up
173.00911 C00311 M-H,O-H[-] 1.61 x 105 Isocitrate 1.00  0.0447 Up

In the case of the wet period (WP) samples, the ultra-high performance liquid chro-
matography and tandem mass spectrometry (UHPLC-MS/MS) statistical analysis returned
1976, 771, 2824, and 461 chromatography peaks for the positive and negative polar and
lipidic fractions, respectively. None of them presented differentially expressed peaks using
the statistical analysis criteria (FDR < 0.05). When applying the principal component anal-
ysis (PCA) to detect any inherent patterns within the data in the DP and WP samples, one
could not completely separate the groups between the asymptomatic and the symptomatic
plants in all fractions analyzed (Figure S2).

When looking for DEMs between FY asymptomatic oil palm plants from DP and WP,
the statistical analysis returned 2267, 836, 2675, and 487 chromatography peaks for the
positive and negative polar and lipidic fractions, respectively. Altogether, 2749 differentially
expressed chromatography peaks were identified among the asymptomatic plants and
subjected to functional interpretation via analysis in the Functional Analysis module of
MetaboAnalyst 5.0 (see Section 4), and the combined meta-analysis of the mummichog
and GSEA pathways resulted in a list of 303 DEMs (Supplementary Table S3). Likewise,
for the FY symptomatic plants from DP and WP, the statistical analysis returned 2259, 789,
2549, and 487 peaks for the positive and negative polar and lipidic fractions, respectively.
Altogether, 2446 differentially expressed peaks were identified among the symptomatic
plants, and subjected to functional interpretation as before, resulting in a list of 259 DEMs
(Table S4). These two groups of DEMs had 179 metabolites in common (Table S5), while
their behavior in the asymptomatic and symptomatic oil palm plants showed a very weak
positive correlation (Figure 4).
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Figure 4. Histogram and correlation analysis of the Log,(FC) of common differentially expressed
metabolites from Dry vs. Wet periods of FY asymptomatic and symptomatic plants by pairwise
comparison. Dots represent metabolites positively regulated in FY symptomatic plants; x’s represent
metabolites negatively regulated in FY asymptomatic plants. Blue dots and x’s represent metabo-
lites positively regulated in FY symptomatic plants, and orange dots and x’s represent metabolites
negatively regulated under FY asymptomatic plants. FC = Fold Change.

2.3. Transcriptomics Analysis

When comparing the leaf transcriptome of asymptomatic and symptomatic plants
collected in the dry period, 274 proteins were differentially expressed (DEPs) when using an
FDR < 0.05, and an FC # 1, with 103 upregulated and 171 downregulated. In the wet period,
the number of DEPs increased to 1087, with 456 upregulated and 631 downregulated. That
amount of differentially expressed proteins—274 and 1087—correspond, respectively, to
just 0.63% and 2.50% of all 43,551 proteins present in the reference genome of E. guineensis
(Singh et al., 2013). A group of 70 DEPs appeared in both DP and WP, and a correlation
analysis was performed to compare their expression profiles under two scenarios, allowing
the visualization of 56 proteins with similar expression profiles in the leaves of oil palm
plants due to the FY disease, independently of whether it was the dry or wet period
(Figure 5).

On the other hand, when comparing the leaf transcriptome of asymptomatic plants in
both periods, 6058 proteins were differentially expressed when using an FDR < 0.05, and
an FC # 1, with 3071 upregulated and 2987 downregulated. Likewise, when comparing
the leaf transcriptome of symptomatic plants in both periods, the number of DEPs was
5426, 2781 upregulated, and 2645 downregulated. A group of 3806 DEPs appeared in
both the asymptomatic and symptomatic plants, and a correlation analysis was performed
to compare their expression profiles under the two scenarios studied, showing a strong
positive correlation (Figure 6). Such transcriptomics results show that the leaf transcriptome
of oil palm plants becomes more affected by the change in the environment—from the dry
to rainy seasons—than by the presence of the FY disease. Meanwhile, the disease effects
were more prevalent in the WP compared to the DP.
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Figure 5. Histogram and correlation analysis of the Log(FC) of common differentially expressed
metabolites by pairwise comparison from Dry and Wet periods of FY asymptomatic vs. symptomatic
analysis. Dots represent metabolites positively regulated in the Dry period; x’s represent metabolites
negatively regulated in the Wet period. Blue dots and x’s represent metabolites positively regulated
under the Dry period, and orange dots and x’s represent metabolites negatively regulated in the Wet
period. FC = Fold Change.

After removing the 3806 DEPs that appeared in both the asymptomatic and symp-
tomatic plants from the above-mentioned group of 5426 ones, a set of 1620 that appeared
only in the symptomatic plants underwent gene ontology analyses. This set represents
those genes/proteins affected by the change from the dry to rainy season, but only in the
FY symptomatic plants; there was a direct link between the disease and the environment.
In terms of enzyme category, the two most prevalent groups of enzymes were transferases
and hydrolases, followed by translocases and oxidoreductases (Figure 7A). In the case of
biological process (BP), protein phosphorylation and regulation of transcription, both had
approximately 80 positive hits. Protein, ATP, and RNA binding were the most prevalent
molecular functions (MF), in that order. Finally, in terms of cellular component (CC),
membrane had almost 700 positive hits all together (Figure 7B).
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Figure 6. Histogram and correlation analysis of the Log,(FC) of common differentially expressed
genes by pairwise comparison from Dry vs. Wet periods of FY asymptomatic and symptomatic
analysis. Dots represent genes positively regulated in FY symptomatic plants; x’s represent genes
negatively regulated in FY asymptomatic plants. Blue dots and x’s represent metabolites positively
regulated in FY symptomatic plants, and orange dots and x’s represent metabolites negatively
regulated in FY asymptomatic plants. FC = Fold Change.
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2.4. Multi-Omics Integration Analysis

The MOl analysis was employed three times in this study. First, it integrated DEMs and
DEPs identified when comparing symptomatic and asymptomatic plants within an specific
scenario—dry period or wet period. Here, 15 DEMs and 30 differentially expressed enzymes
(out of the 274 DEPs identified when evaluating the differences between symptomatic and
asymptomatic plants in the dry period) underwent integration using the Omics Fusion
platform. The results revealed that two pathways had five or more of those enzymes
differentially expressed; they were Carbon fixation pathways in prokaryotes (p00720)
and Methane metabolism (map00680), both with two DEPs and three DEMs. On the
other hand, as there were no DEMs identified in the wet period, only the 51 differentially
expressed enzymes (out of the 1.087 DEPs identified when evaluating the differences
between symptomatic and asymptomatic plants in the wet period) were analyzed using
the above-cited platform. The results revealed Glycolysis/Gluconeogenesis (map00010) as
the only pathway with five differentially expressed enzymes.

Then, in a second moment, MOI was employed to integrate 96 enzymes—found
among the 1620 DEPs that appeared only in the symptomatic plants and underwent
gene ontology analyses—and the 80 DEMs present only in symptomatic plants when
comparing WP and DP. The results revealed three pathways with ten or more enzymes and
metabolites differentially expressed; they were Glycolysis/Gluconeogenesis (map00010),
Methane metabolism (map00680), and Cysteine and methionine metabolism (map00270),
respectively, with 12, 10, and 10 features (Table 2).

Table 2. List of the pathways most affected in symptomatic plants, or in both symptomatic and
asymptomatic plant at once, obtained via Multi-Omics Integration (MOI) using Omics Fusion, and
with 10 or more enzymes and metabolites common to both phenotypes.

Comman Only in Symptomatic
(Symptomatic and Asymptomatic)
Pathway Pathway ID
Enzymes & . Enzymes & -
Metabolites Enzymes Metabolites Metabolites Enzymes Metabolites
Purine metabolism 230 32 15 17 9 4 5
Porphyrin and <:_hlor0phyll 860 29 10 19 4 3 1
metabolism
Phenylpropanoid biosynthesis 940 20 4 16 4 2 2
Starch and sucrose metabolism 500 19 17 2 5 4 1
Glycolysis/Gluconeogenesis 10 17 14 3 12 9 3
Carbon fixation pathways in
prokaryotes 720 17 5 12 8 2 6
Cysteine and methionine metabolism 270 16 8 8 10 7 3
Ubiquinoneand other, 130 16 2 14 5 1 4
terpenoid-quinone biosynthesis
Pentose phosphate pathway 30 15 9 6 8 5 3
Aminoacyl-tRNA biosynthesis 970 14 12 2 3 3 0
Methane metabolism 680 14 8 6 10 7 3
Glyoxylate and d'lcarboxylate 630 14 - - 5 3 2
metabolism
Pyruvate metabolism 620 13 8 5 7 5 2
Glycerophospholipid metabolism 564 12 10 2 5 4 1
Glutathione metabolism 480 12 7 5 7 5 2
Citrate cycle (TCA cycle) 20 12 7 5 4 3 1
Glycine, serine and threonine
setabolidin 260 12 7 5 4 3 1
Galactose metabolism 52 1 6 5 5 4 1
Pyrimidine metabolism 240 11 4 7 4 1 3
Carotenoid biosynthesis 906 11 0 11 6 0 6
Flavonoid biosynthesis 941 11 0 11 4 0 4
Amino sugar and ngcleonde sugar 520 10 9 1 5 4 1
metabolism
Carbon fixation in photosynthetic 710 10 - 3 7 5 2

organisms
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Table 2. Cont.
Common Only in Symptomati
(Symptomatic and Asymptomatic) y e b
Pathway Pathway ID £ P E R
nzymes . nzymes .
Metabolites Enzymes Metabolites Metabolites Enzymes Metabolites

Sulfur metabolism 920 10 6 4 4 1 3
Terpenoid backbone biosynthesis 900 10 5 5 4 2 2
Steroid biosynthesis 100 10 1 9 8 1 7
Biosynthesis of various secondary 998 10 0 10 > 0 2

metabolites—part 2

Finally, the group of 5426 DEPs present in the symptomatic plants, and that also
including the 3806 DEPs present in the asymptomatic ones, underwent analysis for en-
zyme selection—there were 320 enzymes—and subsequent integration with the 259 above-
mentioned DEMs. In Table 2, a list of 27 metabolic pathways affected only in symptomatic
plants, or in both the asymptomatic and symptomatic plants at once, by the change of
season—from dry to rainy—is presented. Three pathways had 20 or more enzymes and
metabolites differentially expressed; they were Purine metabolism (map00230), Porphyrin
and chlorophyll metabolism (map00860), and Phenylpropanoid biosynthesis (map00940),
respectively, with 32, 29, and 20 enzymes and metabolites.

3. Discussion

Throughout the 50 years since this disease first appeared in Brazil, several initiatives
in Brazil and abroad tried to elucidate the etiology of this disease. Not a single one was able
to fulfill Koch’s third postulate. With no knowledge about the causal agent(s), nothing was
done to develop a diagnostic system or a control measure. For those interested in knowing
more about this disease, we encourage you to read [6].

The initial goal of this study was to obtain insights into the possible occurrence and
role of oxygen deficiency (hypoxia) in the onset of FY. In that sense, the results showed
that the soil underwent much more profound changes in its physicochemical attributes
as a function of the season—the change from the dry to rainy season—than as a function
of the cultivation of oil palm plants symptomatic or asymptomatic for FY. In the rainy
season, the wet soil increased the availability of K, Cu, Mn, Zn, and Al, while decreasing
the availability of Ca, Fe, and Na. Concomitantly, it caused a reduction in the pH, clay
contents, and cation-exchange capacity, in addition to an increase in the organic matter.

The increase in the availability of cationic micronutrients (Cu, Mn, Zn) and Al in the
wet soil, in general, may be related to the decrease in pH. It is known that the lower the soil
pH, the greater the availability of cationic micronutrients. Soil pH dropped from a value
close to 5.0 (dry period) to 4.1 (wet period). With excess water in the soil, in addition to K,
an increase in the availability of other bases, such as Ca and Mg, was expected. However,
we saw a decrease in Ca, Fe, and Na, while Mg did not change. The drop in pH may have
affected the availability of Ca, Mg, and Na. It is also necessary to consider the changes that
occur with the alternation between aerobic and anaerobic conditions, which is reflected in
the oxide reduction potential of the soil. For example, organic matter breakdown is slower
under anaerobic conditions than under aerobic conditions [18]. And effectively, organic
matter increased in the wet period in the oil palm field that supplied the samples for the
present study. Additionally, much of the Fe?* formed during reductive dissolution is likely
to have been chelated with soil organic matter and, possibly, eluted from the soil; some will
have been held by cation exchange in the constituent clay minerals [19].

In summary, the differences in physicochemical attributes of the soil where the sampled
oil palm plants grew did not justify the difference in phenotypes—symptomatic and
asymptomatic regarding FY—and the same was true for the chemical attributes of the
leaves from such plants. So, independently of whether the plants were under hypoxia due
to excessive rain and soil waterlogging, no differences regarding leaves and soil attributes
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justified the distinct FY phenotypes seen among the plants sampled for this study. Would
that be different in the leaf metabolome?

Surprisingly, only 15 differentially expressed metabolites (DEM) appeared between
symptomatic and asymptomatic plants in the dry period. In the wet period, it was even
worst, with no DEM found when using FDR < 0.05 as the statistical analysis criteria. In
synthesis, the metabolomes from the leaves of oil palm plants did not present pathways
highly affected by the disease. The same was not true for those cases where the metabolomes
were from plants with the same phenotype but at different seasons. Here, it was possible to
select 80 metabolites that only differentially expressed in the symptomatic plants, not in the
asymptomatic; and those metabolites allowed the identification of four pathways affected
in sick plants by the rainy season; they were Steroid biosynthesis (map00100), Carbon
fixation pathways in prokaryotes (p00720), Carotenoid biosynthesis (map00906), and Purine
metabolism (map00230). Such pathways represent a direct link between the disease and
the environment and might help to understand, at the molecular level, the intensification
of the FY symptoms seen in the leaves in the rainy season. It is common sense that in
the rainy season, the visual FY symptoms intensify (Denpasa’s staff—Dendé do Para S/ A
company—www.denpasa.com.br (accessed on 30 June 2023), personal communication).

As mentioned in Bittencourt et al. [20], untargeted metabolomics allows the search
for novel metabolic perturbations in various biological systems. However, as seen in the
present study, when using the profile of hundreds or thousands of peaks with varying
chemical properties, just a few dozen metabolites are identified. The reasons behind this are
the still limited capacity to identify novel compounds of interest and the need for advanced
and more robust databases [21]. Would that be different in the leaf transcriptome?

RNA-Seq uses deep-sequencing technologies to characterize the transcriptome pro-
filing of a cell, a tissue, an organ, or even the entire organism, and provides a far more
precise measurement of levels of transcripts and their isoforms than any other methods [22].
Accordingly to Wang et al. [22], characterizing the transcriptome allows us to catalog all
types of transcripts present in that cell/tissue/organ/organism at a specific moment, and
to quantify the changes in expression levels of each transcript under distinct scenarios;
moreover, it allows us to determine the transcriptional structure of genes, in terms of their
start sites, 5 and 3’ ends, splicing patterns and other post-transcriptional modifications.

RNA-seq became a powerful tool to study host-pathogen interactions, enlarging
the horizon of opportunities for the development of early diagnosis tools, as well as for
the identification of candidate genes to be employed in the development of improved
genotypes resistant to a specific disease [23-26]. In the present study, RNA-Seq allowed
not only the identification of genes/proteins differentially expressed in the leaves of FY
symptomatic oil palm plants in comparison to the asymptomatic ones—either in the dry or
rainy seasons— but also the identification of those differentially expressed in plants with
similar FY-based phenotypes between seasons.

A set of 56 genes/proteins differentially expressed in the leaves of oil palm plants
symptomatic for FY compared to asymptomatic ones, either in the dry or rainy seasons, was
selected after transcriptomics analysis. They are molecular symptoms in the plant directly
linked to the disease, which are positively (33 proteins) or negatively (23 proteins) expressed
in the symptomatic plants—in comparison with the asymptomatic ones—independently of
the season. Here, three of them underwent discussion, and the remaining 53 genes /proteins
will undergo further analysis, and the results will be reported in the future. The protein
most negatively regulated among those 56 selected (Figure 7) codes for a ribosomal protein
large (RPL) subunit. RPLs are the components of the ribosome machinery and, to a certain
extent, are required for protein synthesis. The ribosomal proteins names follow the subunit
of the ribosome to which they belong—the small (S1 to S31) and the large (L1 to L44) [27].

This oil palm RPL belonged to the Ribosomal protein L19 protein family (IPR001857)
and the Ribosomal protein L19 homologous superfamily type (IPR038657). In symp-
tomatic plants, the expression level of that gene was reduced to 1.7% and 0.27% of the
initial level seen in the asymptomatic plants in the dry and rainy seasons, respectively.
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Nagaraj et al. [28] showed that when NbRPL19 was silenced in Nicotiana benthamiana, the
non-host resistance became compromised, and the same was true in Arabidopsis mutants
for AtRPL19. More recently, Ramu et al. [29] reported that RPL10-silenced N. benthamiana
plants showed compromised disease resistance against the non-host pathogen Pseudomonas
syringae pv. tomato T1.

Non-host resistance (NHR) is a safety barrier that protects plants from a large and
diverse array of potential phytopathogens. Non-host species present an innate immunity
that cannot be overcome by potential pathogenic microbes, resulting from a series of
physical, chemical, and inducible defenses. NHR is a very durable type of resistance,
which has raised great interest everywhere regarding its genetic basis and functionally
transferring it to plant species of commercial interest [30-32].

Besides being linked to resistance against non-host pathogens, RPL19 also showed
high RNA-chaperone activity in a trans-splicing assay where the pre-mRNA of the thymidy-
late synthase (td) gene containing a group I intron was spliced into two halves [33].
Kovacs et al. [34] showed that RPL19 from E. coli is partially unstructured and/or has
molten globule-like characteristics once without the support of rRNA, and exhibited potent
chaperone activity with the substrates alcohol dehydrogenase (ADH) and lysozyme in
three different chaperone assays. Finally, Gorelova et al. [35] demonstrated that one of
the bifunctional dihydrofolate reductase/thymidylate synthase (DHFR-TS) isoforms of
A. thaliana (At2¢21550) operates as an inhibitor of its homologs, regulating DHFR and TS
activities. Such regulation affects folate abundance. Gorelova and colleagues also pro-
posed a novel function of folate metabolism in plants, which is the maintenance of the
redox balance by contributing to NADPH production through the reaction catalyzed by
methylenetetrahydrofolate dehydrogenase, thus allowing plants to cope with oxidative
stress [35].

At2¢21550 codes for NP_001324557.1, and using that protein sequence once to Blastp
against the reference genome of oil palm [36], six positive hits appeared. Five were from a
gene (LOC105048636) in chromosome seven. The former did not differentially express in
the transcriptome of oil palm plants, but the latter did. There, the latter showed reduced
expression in the rainy season, compared with the dry season, in both the asymptomatic
and symptomatic plants, but was not differentially expressed in symptomatic plants com-
pared with asymptomatic plants in the dry or rainy seasons. According to InterPro [37],
XP_029121477.1 (coded by LOC105048636) is a representative of the bifunctional dihy-
drofolate reductase/thymidylate synthase (IPR012262) family, is positive for the dTMP
biosynthetic process (GO:0006231), the one-carbon metabolic process (GO:0006730), the
tetrahydrofolate biosynthetic process (GO:0046654), the biological process, and for thymidy-
late synthase activity (GO:0004799), dihydrofolate reductase activity (GO:0004146), and
transferase activity, for transferring one-carbon groups (GO:0016741), and for molecular
function. Altogether, the results in the present study show that the negative regulation of
XP_029121477.1 is due to the changes in the environment—from dry to rainy season— and
is not linked to the change in phenotype from asymptomatic to symptomatic.

This specific oil palm RPL is under the regulation of twelve genes, according to a
gene regulatory network available in our lab [38] featuring epigenetic regulators and
transcription factors from the oil palm genome and built based on the strategy reported by
McCoy et al. [39]. Such analysis was performed by applying GENIE3 to mine 306 public oil
palm transcriptome datasets. Such a study used 1333 unique regulators and 27,642 target
genes from the oil palm reference genome [36]. The expression profiles of the twelve genes
showed seven of them not present or not differentially expressed in the four scenarios
evaluated in the present study. The scenarios are: (a) symptomatic vs. asymptomatic
in the dry period; (b) symptomatic vs. asymptomatic in the wet period; (c) wet vs. dry
period in symptomatic plants; and (d) wet vs. dry in asymptomatic ones. Among the
remaining five, three were not differentially expressed in the two first scenarios but were
positively regulated in the two last. Finally, two were only differentially expressed in the
third scenario; one positive and one negative. In summary, such results do not allow us to
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point out any direct effect of any of those 12 regulatory genes in the changes of expression
observed in EgRPL19-2 in the two first scenarios.

The whole genome sequence of the American oil palm (E. oleifera) [40] revealed four
positive hits for ribosomal protein L19-2. A Blastp analysis of those four positive hits
against the oil palm reference genome [36] allowed the identification of two proteins in
the African oil palm with expression profiles highly different from each other in the four
above-mentioned scenarios. The E. guineensis RPL19-2 protein, whose expression level was
highly reduced in FY-symptomatic plants in the dry and rainy seasons, compared to the
asymptomatic ones, has very high identification with three of the above-mentioned positive
hits for ribosomal protein L19-2 protein in E. oleifera, a species known to be resistant to
FY [6].

Among those 33 proteins down-regulated there were two WAK-like proteins (WAKLs).
Wall-associated kinases (WAKs) and WAKs-like proteins (WAKLs) belong to a plant-specific
subfamily of the receptor-like kinase family (IPR045274), and some of them have been
implicated in resistance to bacterial and fungal diseases [41,42]. When investigating the
defense role of a pathogen-induced WAK gene from wheat chromosome 7D, designed as
TaWAK?7D, Qi et al. [41] suggested that such a gene positively participates in the defense
against infection by the soilborne and necrotrophic fungus Rhizoctonia cerealis, through
activating the expression of several pathogenesis-related (PR) genes, including Chitinase3,
Chitinase4, PR1, PR17 and B-1,3-Glucanase.

Plants have either plasma membrane-localized receptor kinases (RKs) or receptor-like
proteins that perceive pathogen- or microbe-associated molecular patterns (PAMPs/MAMPs),
as well as damage-associated molecular patterns (DAMPs). Recognizing such patterns
triggers immunity, which contributes to basal immunity to adapted pathogens and NHR to
non-adapted pathogens by the induction of both local and systemic immune responses [43].

The expression levels of the two WAKLs proteins—differentially expressed in the
leaves of FY-symptomatic oil palm plants in the present study—were reduced to 25-45%
of the initial level seen in the asymptomatic plants. The genes that code XP_010934766.2
(LOC105054847), a wall-associated receptor kinase 2-like protein, and XP_010934767.1
(LOC105054848), a putative wall-associated receptor kinase-like 16, are located side by side
in chromosome 12 of the oil palm reference genome [36]. According to InterPro [37], they
are representative of the Receptor-like kinase WAK-like (IPR045274) family, positive for
protein phosphorylation (GO:0006468) and for cell surface receptor signaling (GO:0007166),
for biological process, and ATP binding (GO:0005524), protein kinase activity (GO:0004672),
calcium ion binding (GO:0005509), polysaccharide binding (GO:0030247), and molecular
function. Moreover, they showed 85% of identity measured across approximately their
entire amino acid sequence.

Again, the gene regulatory network in our lab [38] showed that no unique regula-
tor regulates the LOC105054848 (XP_010934767.1) gene/ protein, and the LOC105054847
(XP_010934766.2) might be under the regulation of 16 genes. The transcriptome generated
in the present study revealed that 13 genes out of the 16 were not present in the transcrip-
tome or did not differentially express in any of the four scenarios evaluated. Among the
remaining three, two were negatively and one positively regulated in the last scenario.
Finally, two were differentially expressed only in the third scenario; one positively and one
negatively. In summary, such results also do not allow to us to point out any direct effect of
any of those 16 regulatory genes in the changes of expression observed in LOC105054847
in the first two scenarios.

The pathway-based MOI analysis performed in this study using the Omics Fusion
platform brought together enzymes (from transcriptomics studies) and metabolites that
expressed differentially in the leaves of oil palm plants under distinct conditions (dry and
wet periods or dry and rainy seasons). First, the analysis integrated differentially expressed
metabolites and enzymes found only in symptomatic plants and then those found in both
asymptomatic and symptomatic plants. By doing that, our results revealed those pathways
affected by the environment—independently of the FY phenotype—but also allowed us to
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map those enzymes and metabolites that play a role only in the symptomatic plants. For
instance, in the case of Purine metabolism (map00230), five metabolites (out of seventeen)
appeared only in the symptomatic plant, and the same was true for four enzymes (out
of fifteen). Moreover, two of the remaining twelve metabolites had distinct qualitative
expression profiles, while all remaining proteins had similar qualitative expression profiles
in asymptomatic and symptomatic plants. At the same time, this allowed the identification
of metabolites and enzymes with similar qualitative expression profiles but with differences
in the quantitative one. For instance, Inosine monophosphate (IMP—C00130) was positively
regulated 113 times in the symptomatic plants and only 3 times in the asymptomatic ones;
meanwhile, Inosine diphosphate (IDP—C00104) was positively regulated 88 times in the
symptomatic plants, and negatively in only 7% of the asymptomatic ones (Tables 2—4).

Table 3. List of genes/proteins integrated in the purine metabolism (map00230), the top most affected
pathway, and their behavior in FY asymptomatic and symptomatic oil palm plants, obtained via
Multi-Omics Integration (MOI) using Omics Fusion.

Protein ID UniProt EC Number FC Profile FC Profile
Accession Symptomatic Symptomatic Asymptomatic =~ Asymptomatic

XP_010912022.1 AOA6I9QPT3 1.17.4.1 —4.0 DOWN -23 DOWN
XP_010938967.1 AOA6I9S8I9 27125 -25 DOWN —3.0 DOWN
XP_010911123.2 AOAB6I9QKC5 2.7.1.40 -59 DOWN —-3.6 DOWN
XP_010930617.1 AOA6I9RQ67 2.7.1.40 —-18 DOWN —28 DOWN
XP_010919863.2 AOA6I9R3I3 2.7.1.40 -29 DOWN -22 DOWN
XP_010924524.1 AOA6I9RE71 2746 -25 DOWN -27 DOWN
XP_010937073.1 AO0A6I954K9 2748 —42 DOWN -3.3 DOWN
XP_010910297.1 A0A619QJ47 2765 —4.0 DOWN -3.6 DOWN
XP_010933384.1 AO0A6I9RX86 2\7:6:5 —2.6 DOWN -29 DOWN
XP_010932410.1 AO0A6I9RU27 2765 -2.8 DOWN -27 DOWN
XP_010921622.1 A0A6I9R798 2765 —49 DOWN —54 DOWN
XP_029119510.1  AOASN4F2W4 2774 —3.6 DOWN —47 DOWN
XP_010932834.1 AO0A6I9RV40 2774 -22 DOWN —24 DOWN
XP_010920819.1 AOA6I9R728 3546 -3.3 DOWN -3.7 DOWN
XP_010937877.2 AOA6I9S697 3546 —4.6 DOWN -22 DOWN
XP_029116569.1 AOASN4EWM4 5422 -20 DOWN -3.0 DOWN
XP_010934074.1 AOAB6I9RXY5 5422 -19 DOWN -21 DOWN
XP_010911922.1 AOA6I9QMW6 2427 18 ur -13 NDE
XP_010920467.1 AOA6I9R4T4 2.7.1.20 19 ur 1.2 NDE
XP_029117373.1 AOASBN4IDS85 2746 1.5 ur -12 NDE
XP_010933513.1 AOAB6I9RX]3 2.7.1.40 —6.4 DOWN No No
XP_010905734.1 AOA6I9QAR4 1733 21 ur 1.6 ur
XP_010907802.1 AOA6I9QFGS8 1733 32 ur 2.8 UP
XP_010941354.1 AOA6I9SCAS 2743 17 ur 1.7 ur
XP_010908713.1 AOA6I9QHG6 2743 18 ur 1.9 ur
XP_010935173.1 AOA6I9RZH1 2743 4.6 ur 39 ur
XP_010919758.1 AOA6I9RIM7 2746 24 ur 1.5 ur
XP_010933580.1 AOA6I9RXP4 2746 3.6 ur 2.6 ur
XP_010943858.1 AOAG6I9SH]3 2765 39 ur 2.8 ur
XP_010914531.2 AOA6I9QT08 63.3.1 1.7 ur 1.8 ur
XP_010910143.1 AOA6I9QKR6 6.3.4.13 22 ur 1.9 ur

The groundwater at the oil palm field where the plants sampled in the present study
were growing was almost on the soil surface during the rainy season (Figure 8E), indicating
that those plants were growing in waterlogged soil and likely experiencing oxygen defi-
ciency (hypoxia), which was possibly affecting their root system. The soil physical-chemical
and leaf chemical analyses pointed out differences due to changes in the environment but
not due to the FY phenotype. It is common sense that in the rainy season, the visual
symptoms of this disease intensify, and the results of the present study show that the num-
ber of differentially expressed genes/proteins and metabolites is much higher when one



Int. J. Mol. Sci. 2023, 24,12918

57

16 of 24

compares plants with the same phenotype in different seasons than between symptomatic
and asymptomatic plants in a specific season.

Table 4. List of metabolites integrated in the purine metabolism (map00230), the top most affected
pathway, and their behavior in FY asymptomatic and symptomatic oil palm plants, obtained via
Multi-Omics Integration (MOI) using Omics Fusion.

Matched Form Fold Change Profile Fold Change Profile
KEGGID Compound Symptomatic Asymptomatic Asymptomatic Symptomatic Symptomatic
C00104 1DP M-HCOOK+H[1+] 0.07 DOWN 87.59 upP
(5
06197 P1,P3-Bis(3-adenosyl) M+NaCl[1+4] 0.16 DOWN 0.05 DOWN
triphosphate
C00212 Adenosine M+Cl[-] 0.30 DOWN 497 UP
C00387 Guanosine M-+Na[l1+] 0.52 DOWN 254 uP
2-(Formamido)-N1-(5'-
C04640 phosphoribosyl) M+HCOONa[1+] 027 DOWN 0.20 DOWN
acetamidine
5-Hydroxy-2-oxo-4-
C12248 urelco-2,2-dihydm Mi1+] 042 DOWN 288 uP
1H-imidazole-5-
carboxylate
C00242 Guanine M-+Na[l+] 0.12 DOWN 9.74 19) 54
C00224 Adenylyl sulfate M-NH;+H[1+] 0.19 DOWN 274 ur
C00655 Xanthosine 5'-phosphate M+NaCl[1+] 0.37 DOWN 298 UP
1-(5'-Phosphoribosyl)-5-
amino-4
C04823 . . M-HCOOH+H][1+] 0.20 DOWN 7.89 ur
(N-succinocarboxamide)-
imidazole
C00301 ADP-ribose M-H,O-HI[-] No No 022 DOWN
C00385 Xanthine M+Na-2H[-] No No 7.90 ur
C00206 dADP M+3H[3+] No No 14.49 uUP
C02091 (S)-Ureidoglycine M[1+] No No 251 ur
C00059 Sulfate M(S34)-H[-] No No 227 ur
1-(5'-Phosphoribosyl)-5-
C04677 amino-4 M-H[-] 10.95 upP 66.60 upr
imidazolecarboxamide
C00130 M-H;O,+H[1+] 293 ur 112.58 18] 34

Oxygen deficiency in plants affects several metabolic pathways, and under such con-

ditions substantial changes in the expression levels of transcripts, proteins, and metabolites
have been observed [44,45]. However, the initial cellular response to a decrease in Oy
availability, regardless of whether the species is tolerant or not, is the promotion of the
anaerobic metabolism of pyruvate, which is highly conserved in plants and animals [46,47].
Perhaps for this reason, glycolysis and the Krebs cycle are the most-studied metabolic
pathways under conditions of hypoxia/anoxia, as pyruvate is the end product of the first
and the initial substrate of the second.

The MOI results from this present study showed that all three metabolites identified
in the Glycolysis /Gluconeogenesis (map00010) pathway were differentially expressed only
in the symptomatic plants, and all were positively regulated in the rainy season. Beta-D-
Fructose 6-phosphate (C05345) was the metabolite with the top increase in expression level,
12 x, followed by beta-D-Fructose 1,6-bisphosphate (C05378), with 5x, and Acetaldehyde
(C00084), with 3 x. In the case of the TCA Cycle (map00020) pathway, just one (S)-Malate
(C00149) was differentially expressed only in symptomatic plants, with a 6 increase in
expression level. Isocitrate (C00311), cis-Aconitate (C00417), and 2-Oxoglutarate (C00026)
are negatively regulated in asymptomatic plants and positively regulated in symptomatic.
In terms of proteins, Malate dehydrogenase and Succinate--CoA ligase [ADP-forming]
subunit beta (mitochondrial) experienced a 50% increase in expression, and phospho-
enolpyruvate carboxykinase (ATP) expression level was reduced to 25% of the level in
symptomatic plants during the rainy season, without any change in expression level in the
asymptomatic plants.
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Figure 8. Overview of the sample site, soil condition and FY general phenotype; oil palm symptomatic
(A) and asymptomatic (B) for FY; second leaf after spear leaf collected from a symptomatic (C) and
asymptomatic (D) oil palm individual; waterlogged soil in the sample site from Dry period (E);
sample site in Santa Barbara do Pard, Para, Brazil (F).

4. Materials and Methods
4.1. Soil and Leaf Samples—Collection and Chemical and Physicochemical Analysis

The soil and plant material used in this study came from a commercial oil palm
plantation belonging to Denpasa—Dendé do Pard S/ A company (www.denpasa.com br,
accessed on 30 June 2023) located in Santa Barbara do Para, state of Pard, northern Brazil
(1°13'25" S and 48°17'40” W, 21 m above sea level). This oil palm field started in 2011 and
has shown a high incidence of FY, with about 19% of plants affected in 2021, according to
Denpasa’s staff (personal communication) (Figure 8).

Soil and leaf samples were collected from asymptomatic and symptomatic plants in
the intermediate stages of the disease [48] in two distinct periods: in October 2021—the
dry period (DP)—and in June 2022—the wet period (WP). The selected asymptomatic
individuals had never shown symptoms of AF, according to Denpasa’s staff (personal
communication). The same individuals were sampled in the DP and WP, with only one
symptomatic plant replaced (Table S1).

Soil samples collected from three equidistant points around the plant stem—one meter
from it and at 10 cm in diameter and 30 cm deep holes—were homogenized and stored in a
plastic bag. Six asymptomatic and six symptomatic plants were sampled in DP, totaling
twelve samples, and eight in WP, per treatment, totaling sixteen. Before being sent for
analysis, all soil samples were dried at room temperature. Leaves from six asymptomatic
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and six symptomatic plants were sampled in DP and WP, totaling 24 samples. Leaf samples
were dried in an oven at 65 °C, ground using a Wiley mill (Model TE 680, Tecnal, Piracicaba,
SP, Brazil), and passed through a 1 mm (20-mesh) sieve. Soil and leaf samples underwent
analysis at Soloquimica (www.soloquimica.com.br)—DP samples—and at Terra Analises
para Agropecuaria (www.laboratorioterra.com.br)—WP samples.

4.2. Experimental Design and Statistical Analysis

A completely randomized design was adopted to investigate the influence of two
factors and their interaction on the selected soil and leaf variables. The four groups (‘treat-
ments’) were then constituted of combinations of the state of the soil of the experimental
area (DP and WP) and the status of plants regarding the FY disorder (symptomatic or
asymptomatic). Analyses considered two methods: (a) a separate analysis for each period
state, and (b) a conjoint analysis using data from both periods.

We investigated the influence of plant state (symptomatic or asymptomatic) on each of
the response variables classified into four groups: soil/leaf macro and micronutrient, soil
sorption complex, and soil granulometry. The one-way analysis of variance (ANOVA) was
used in this study. Because the factor plant status has only two levels, the ANOVA F-test
was applied to compare the factor means. Then we also performed a principal component
analysis (PCA) for each of the four groups of variables, as a graphical complementary way
of investigating whether plant status was a factor for separating plant groups.

The two-way repeated measures ANOVA quantified the influence of period status
and plant status, and their interaction on each response variable. The means corresponding
to each period status within plant status were compared via the F-test for contrasts and
the means for each plant status were determined by ANOVA F-tests. The PCA was also
performed for each of the four groups of variables, but using measurements made during
the wet and dry periods and including all samples. We used those measurements that were
present in both periods.

In both situations, the statistical software SAS/STAT® was employed; PCA was
carried out using the PRINCOMP Procedure for PCA analyses, and the GLM (General
Linear Model) Procedure for the ANOVAs (SAS Institute Inc., 2020, Tokyo, Japan). Data
were standardized before running PCAs to avoid conflicts due to the different magnitudes
of the response variables within each group. The significance level adopted for ANOVAs
was 0.05.

4.3. Transcriptomics Analysis

The second apical leaf, counted after the arrow leaf, was collected for transcriptomic
analysis, and a total of six leaflets from each side of the intermediate portion of the leaf
were harvested and sectioned into 10 cm portions from their base. The leaflet sections were
stored in RNA later™ solution (Invitrogen, Waltham, MA, USA) on ice, transported to the
laboratory, removed from the RNA later™ solution, and kept at —80 °C until extraction. Six
biological replicates were collected from symptomatic and six from asymptomatic plants in
DP and WP, totaling 24 samples.

Total RNA was isolated from oil palm leaves using the Qiagen RNeasy® Plant Mini
kit (QIAGEN, Redwood City, CA, USA), following the manufacturer’s protocol. The
quantity and quality of RNA were measured using a Nanodrop Qubit 2.0 fluorometer (Life
Technologies, Carlsbad, CA, USA). Library preparation and RNA-Seq were performed
by the GenOne Company (Rio de Janeiro, R], Brazil) using an Illumina platform and the
paired-end strategy:.

All RNA-Seq analyses were performed using the OmicsBox platform, version 2.2.4 [49].
We used FastQC [50] and Trimmomatic [51] for quality control, read filtering, and removal
of low-quality bases. The oil palm reference genome [36]—files downloaded from NCBI
(BioProject PRINA192219; BioSample SAMN02981535) in October 2020—was used to align
the RN A-Seq data using standard OmicsBox version 2.2.4 parameters, through the STAR
software [52].
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HTSeq version 0.9.0 was used to quantify gene or transcript expression [53], applying
the standard parameters of OmicsBox version 2.2.4. Paired differential expression analysis
between experimental conditions (symptomatic vs. asymptomatic) was performed using
edgeR version 3.28.0 [54], applying a simple design and exact statistical test without filtering
for low-count genes.

4.4. Metabolomics Analysis

The leaf samples for metabolomics analysis were collected simultaneously and using
the same criteria as for the transcriptomics samples, following the “split-sample data”
strategy. Six biological replicates were collected for both symptomatic and asymptomatic
individuals in DP and WP, resulting in a total of 24 samples.

Before solvent extraction, all samples underwent grounding in liquid nitrogen. We
employed a well-established protocol [55,56] to extract the metabolites in three phases
(polar, non-polar, and protein pellet) from aliquots of 50 mg of ground tissue. The solvents
used were methanol grade UHPLC, acetonitrile grade LC-MS, formic acid grade LC-MS,
and sodium hydroxide ACS grade LC-MS, all from Sigma-Aldrich, with water treated in a
Milli-Q system from Millipore.

The analytical method ultra-high performance liquid chromatography and tandem
mass spectrometry (UHPLC-MS/MS) was used in this study, with the UHPLC system
(Nexera X2, Shimadzu Corporation, Kyoto City, Japan) equipped with a C8 reverse-phase
column from Waters Technologies (Acquity UPLC HSS T3, 1.8 um, 2.1 by 150 mm at
35 °C). Solvent A was 0.1% (v/v) formic acid in water and solvent B was 0.1% (v/v) formic
acid in acetonitrile/methanol (70:30, v/v). The gradient elution used, with a flow rate of
0.4 mL min—!, was as follows: 0—1 min isocratic, 0% B; 1-3 min, 5% B; 3-10 min, 50% B;
10-13 min, 100% B; 13-15 min isocratic, 100% B; then five minutes re-balancing to the initial
conditions. The column temperature was set at 40 °C.

High-resolution mass spectrometry was used for detection (MaXis 4G Q-TOF MS,
Bruker Daltonics), equipped with an electrospray source in positive (ESI-(+)-MS) and
negative (ESI-(—)-MS) modes. The settings of the mass spectrometer were as follows:
capillary voltage, 3800 V; dry gas flow, 9 L min~!; dry temperature, 200 °C; nebulizer
pressure, 4 bar; and final plate offset, 500 V. The rate of acquisition spectra was 3.00 Hz,
mass range m/z 70-1200 for the polar fraction analysis and n/z 300-1600 for the lipidic
fraction. For external calibration of the equipment, we used a sodium formate solution
(10 mM HCOONa solution in 50:50 v/v isopropanol and water containing 0.2% formic
acid), injected through a six-way valve at the beginning of each chromatographic run.
Ampicillin (M + H] + m/z 350.1186729 and [M — H]~ m/z 348.1028826) was the internal
standard for later peak normalization of data analysis.

The DataAnalysis 4.2 software (Bruker Daltonics, Bremen, Germany) was the first
used to analyze the raw data from UHPLC-MS, as mzMXL files. Pre-processing of data was
performed using XCMS Online [57,58], including peak detection, retention time correction,
and alignment of the metabolites. CentWave was used for peak detection (maximum peak
width, 20 s; Am/z =10 ppm; minimum peak width, 5s). For the alignment of retention times,
the parameters were mzwid = 0.015, minfrac = 0.5 and bw = 5. The unpaired parametric
t-test (Welch t-test) was used for the statistical analysis at the pre-processing stage.

Initially, the pre-processed data (csv file) underwent analysis in the Statistical Analysis
module of the MetaboAnalyst 5.0 [59], using the Pareto method as scaling [60]. Then, the
differentially expressed peaks (DEPs)—those passing the criteria of false rate discovery
(FDR) < 0.05 and Log;(fold change [FC]) # 1—were selected and submitted to the Func-
tional Analysis module, applying the following parameters: molecular weight tolerance of
5 ppm; mixed ion mode; joint analysis using both the mummichog [61] and Gene Set En-
richment Analysis (GSEA) [62] algorithms, and the latest KEGG version of the Oryza sativa
pathway library. The p-value cutoff from the mummichog algorithm was at 1.0 x 107°.

DEPs with two or more matched forms were observed. In those cases, the mass error
was the criteria for the feature selection, keeping the smallest. Then, KEGG IDs with two or
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more features (m.z) were also observed; and, again, the smallest mass error was the criteria
for the feature selection. Finally, the KEGG IDs of the matched compounds—one KEGG
ID per m.z—were submitted to the pathway analysis module for visualization through
integrating enrichment and pathway topology analysis [63]. The parameter sets were the
hypergeometric test and the latest KEGG version of the O. sativa pathway library.

4.5. Correlation and Integratomics Analysis

DEPs and DEMs underwent correlation analysis under two distinct scenarios, symp-
tomatic X asymptomatic plants and dry x wet periods. First, to check for the data distri-
bution, the Data Overview module of Omics Fusion [64], the web platform for integrative
analysis of omics data, was used, and then the Scatter Plot one for the correlation analysis be-
tween the sets of data—a pairwise combination of the different scenarios evaluated. The in-
put data was the Log,(FC) from the DE molecules obtained from the single-omics analysis.

The DEPs and DEMs identified underwent a pathway-mapping approach of integra-
tion using the Omics Fusion platform [64]. Before the integration, the NCBI accession
of enzymes was converted to UniProt ID. Thus, the input data used were the UniProt
accession ids for transcriptomics and KEGG ids for metabolomics. The data underwent
enrichment through several databases (EMBL—www.embl.org (accessed on 30 June 2023),
KEGG—www.genome.jp /kegg (accessed on 30 June 2023), NCBI—www.ncbi.nlm.nih.gov
(accessed on 30 June 2023), and UniProt—www.uniprot.org (accessed on 30 June 2023), and
then the module “KEGG feature distribution” was used to map these omics data in known
pathways—www.genome.jp /kegg/annotation (accessed on 30 June 2023)).

5. Conclusions

This study aimed to obtain insights into the possible occurrence and role of oxygen
deficiency (hypoxia) in the onset of Fatal Yellowing (FY), a disease of unknown etiology
that limits the oil palm industry in Brazil. Soil and leaf samples from asymptomatic
and symptomatic plants in the intermediate stages of the disease were collected in two
distinct periods: in October 2021—the dry season—and in June 2022—the rainy season. The
changes observed in the physicochemical attributes did not allow for the discrimination
of plants asymptomatic or symptomatic for this disease, not even in the rainy season,
when the soil became waterlogged. The same was true for the chemical attributes and the
metabolome profiles of the leaves. Only transcriptome profiles of the leaves allowed the
identification of molecular symptoms able to distinguish symptomatic from asymptomatic
plants, independently of the season—dry or rainy. A set of 56 proteins/ genes, negatively or
positively regulated in symptomatic plants compared to the asymptomatic ones, resulting
from this study, is undergoing additional analysis, aiming at a broad in silico functional
annotation and the validation of the RNA-Seq expression profile employing qPCR analysis.

Altogether, the single-omics analysis (SOA) performed in the present study allowed
the identification of 320 enzymes (from the transcriptome analysis) and 254 metabolites on
the leaves of oil palm plants that underwent multi-omics integration (MOI) analysis. Such
a set was composed of enzymes and metabolites differentially expressed in asymptomatic
and symptomatic plants in the rainy season—waterlogged soil—compared to the dry
season, plus those differentially expressed only in the symptomatic ones. Such an MOI
analysis produced a list of 27 metabolic pathways affected by the change from dry to rainy
season, with at least ten enzymes and metabolites differentially expressed. Starting from
the premise that the visual FY symptoms intensify in the rainy season, we postulate that a
closer look at such pathways might reveal insights into the role of hypoxia in the symptom
intensification of FY.

Finally, the closer analysis of three out of the fifty-six proteins/genes selected employ-
ing transcriptomics analysis under four distinct scenarios strongly points to the following
postulate: the oxygen deficiency (hypoxia) experienced by the oil palm plants for long
periods of the year promotes stress in the roots of those plants and triggers, directly or
indirectly, a cascade of events that breaks some of the safety barriers that protect plants from
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a large and diverse array of potential phytopathogens. Breaks in the non-host resistance
to non-adapted pathogens—as suggested by the strong negative regulation of EgRPL19-2
in both seasons—as well as in the basal immunity to adapted pathogens, as pointed out
by the negative regulation of this gene and of two WAKSs-like proteins belonging to a
plant-specific subfamily of the receptor-like kinase family (IPR045274), are the initial basis
for such a postulate. By doing this, it creates the possibility for opportunist microorganisms
in the soil to infect the plant and promote this bud-rot type of disease. Whether a specific
opportunistic pathogen is prevalent or not still needs further evaluation, although we also
postulate that this might not be the case.

Why do we find asymptomatic plants surrounded by symptomatic ones after spending
a decade in the same conditions? The variability in the expression profiles of those three
genes—and several others among the 53 remaining for further characterization—within
this plant species, but also in the American oil palm (E. oleifera) population, and inside
the populations of inter-specific hybrids between these two species, can pave the way
to answering this question and identify bio-markers for the selection of oil palm plants
resistant to the Fatal Yellowing disease. Mapping the differences in the promoter sequence
of such genes, as well as those between them and their orthologs in the American oil palm,
might help developing gene editing strategies able to protect such genes from the cascade
of events triggered by the abiotic stress, and maintain the safety barriers raised and strong.
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Abstract: Oil palm (Elaeis guineensis Jacq.) is the number one source of consumed vegetable oil
nowadays. Itis cultivated in areas of tropical rainforest, where it meets its natural condition of high
rainfall throughout the year. The palm oil industry faces criticism due to a series of practices that
was considered not environmentally sustainable, and it finds itself under pressure to adopt new and
innovative procedures to reverse this negative public perception. Cultivating this oilseed crop outside
the rainforest zone is only possible using artificial irrigation. Close to 30% of the world’s irrigated
agricultural lands also face problems due to salinity stress. Consequently, the research community
must consider drought and salinity together when studying to empower breeding programs in
order to develop superior genotypes adapted to those potential new areas for oil palm cultivation.
Multi-Omics Integration (MOI) offers a new window of opportunity for the non-trivial challenge of
unraveling the mechanisms behind multigenic traits, such as drought and salinity tolerance. The
current study carried out a comprehensive, large-scale, single-omics analysis (SOA), and MOI study
on the leaves of young oil palm plants submitted to very high salinity stress. Taken together, a total of
1239 proteins were positively regulated, and 1660 were negatively regulated in transcriptomics and
proteomics analyses. Meanwhile, the metabolomics analysis revealed 37 metabolites that were upreg-
ulated and 92 that were downregulated. After performing SOA, 436 differentially expressed (DE)
full-length transcripts, 74 DE proteins, and 19 DE metabolites underwent MOI analysis, revealing sev-
eral pathways affected by this stress, with at least one DE molecule in all three omics platforms used.
The Cysteine and methionine metabolism (map00270) and Glycolysis/Gluconeogenesis (map00010)
pathways were the most affected ones, each one with 20 DE molecules.

Keywords: transcriptomics; proteomics; metabolomics; integratomics; abiotic stress; African oil palm

1. Introduction

Qil palm (Elaeis guineensis Jacq.) has the highest productivity among the main oilseed
crops, reaching 3-8 times more oil per area than any other crop [1]. In 2021/2022, approxi-
mately 82 million metric tons of palm oil and palm kernel oil was consumed worldwide,
making oil palm the number one source of consumed vegetable oil in the world [2]. It is
the raw source of a wide range of products used by many industries, such as the food and
steel industries, the manufacture of cleaning products, the pharmaceutical and cosmetics
industries, and the biofuels industry [3].

Several countries placed, in the equatorial belt, expanded oil palm plantations in
tropical forests where this crop meets its natural condition of high rainfall throughout the
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year [4]. Despite the significant economic gains, this movement imposes environmental
stresses, such as biodiversity loss, greenhouse gas emissions, land degradation, and air and
water pollution [1]. In Brazil, over 95% of the oil palm plantations are in the Amazon rain-
forest, where only 2.14% of the total area destined for commercial plantations is currently
in use [5]. This under-utilization status is due to many constraints, such as environmental
legal restrictions imposed by the Brazilian Government and logistical difficulties, which
together hinder the production flow to the main industrial areas in the country and also
the occurrence of pests and diseases [6,7].

Outside the Amazon rainforest, there is an extensive area in Brazil with favorable
conditions for cultivating oil palm [8]. There are many logistic advantages to producing oil
palm outside the Amazon region, offering a window of opportunity to increase the area
with oil palm plantations and, consequently, the total national palm oil yield. However,
these areas experience long periods of drought throughout the year when oil palm does not
meet the physiological water requirement to maintain productivity [8-10]. Consequently,
the oil palm grower needs to irrigate the crop and must do so with proper management to
avoid soil salinization.

Approximately 30% of the world’s irrigated agricultural lands are damaged by salin-
ity, negatively affecting the productivity of traditional crops [11]. Most crop plants have
evolved under very low soil salinity, and, under high salt, their development is highly
inhibited, even leading to death at a concentration ranging between 100 and 200 mM
NaCl [12]. Salinity stress affects plants by decreasing the osmotic potential of the soil
solution, making it harder for the root to absorb water from the soil and consequently expe-
riencing drought stress, and by accumulating sodium and chloride ions in the cytoplasm,
leading to the inhibition of many enzyme reactions due to ion toxicity [13]. Salt stress
tolerance in plants involves many morphophysiological and biochemical changes, such as
stomatal closing, osmolyte accumulation, and increased Na* /Cl~ antiporter, governed by
multigenic traits [14].

Considering those circumstances, it is clear that any initiative to promote oil palm
cultivation outside the Amazon Forest in Brazil needs to take drought and salinity to-
gether when researching for knowledge and technology to empower breeding programs
to develop superior genotypes for those regions. The first challenge is understanding
the morphophysiological, biochemical, and molecular responses of oil palm to these two
abiotic stresses. In doing so, our group has studied the response of young oil palm plants
from different angles, applying different omics platforms, alone or in combination [6,15,16].
Vieira and colleagues showed that young oil palm submitted to a high concentration of
NaCl reduces the rates of CO, assimilation, stomatal conductance to water vapor, and
transpiration [6]. Then, Ref. [15] confirmed a preponderant role of transcription factors in
the early response of oil palm plants to salinity stress, and [16] identified the pathways and
the metabolites most affected by drought stress.

The current study is a new step on our research activities characterizing the biochem-
ical and molecular responses of E. guineensis to salinity stress, where we carried out a
comprehensive, large-scale, single-omics analysis (SOA), and Multi-Omics Integration
(MOI) analysis of the metabolome, transcriptome, and proteome profiles on the leaves of
young oil palm plants submitted by Vieira and colleagues [6] with repsect to very high
salinity stress.

2. Results
2.1. Oil Palm Transcriptome under Salinity Stress

When comparing salt-stressed against control plants, the pairwise differential expres-
sion analysis revealed 2728 differentially expressed (DE) proteins in the oil palm genome
at False Discovery Rate (FDR) < 0.05 in which 1138 were upregulated (Log2(FC) > 0) and
1590 were downregulated (Log2(FC) < 0) (Table 1, Supplementary Table S1).
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Table 1. Differentially expressed (DE) peaks and features in the leaves of young oil palm plants
submitted to salinity stress selected by means of three distinct omics platforms (transcriptomics,

metabolomics, and proteomics).

Transcriptomics Number of Features Up Down Non-DE
WGS-Proteins 43,551 1138 1590 40,823
Metabolomics Number of Peaks Up Down Non-DE
Positive Polar 2843 18 34 2791
Negative Polar 1855 19 58 1778

Proteomics * Number of Features Up Down Non-DE
LC/MS 813 101 70 642

*Up = Proteins found exclusively in stressed samples + Proteins that attended to statistical criteria of PatternLab
V software; Down = Proteins found exclusively in control samples + Proteins that attended to statistical criteria of
PatternLab V software [17].

A total of 1165 proteins with 792 distinct K numbers were present among the 2728 DE
ones, including 693 enzymes, from which 436 belonged to known pathways (Supplementary
Table S1).

The set of 693 enzymes underwent gene ontology analyses, and only the ten most
populated groups per GO term are shown in Figure 1. The biological process subgroups
with the largest number of representatives were carbohydrate metabolic process, followed
by protein phosphorylation and fatty acid biosynthesis process. For molecular function,
the most populated subgroups were ATP binding, metal ion binding, and heme binding.
Finally, for cellular component the integral component of membrane came in first, followed

by cytoplasm and cytosol components.
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Figure 1. Gene Ontology (GO) annotation classification statistics graph from full-length transcriptome
and proteome in the leaves of young oil palm plants under salinity stress; classified accordingly to
biological process, cellular component, and molecular function. Only the ten most populated groups
per GO term are shown. Numbers represent the amount of positive hits.
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Furthermore, the DE enzymes were also classified according to the Enzyme Commis-
sion (EC) number, a numerical classification scheme for enzymes based on the chemical
reaction. At a first level of classification that involves a general type of enzyme-catalyzed
reaction that ranges from one to six, enzymes were dominated by oxidoreductases (EC 1),
transferases (EC 2) and hydrolases (EC 3) classes (Figure 2a). In the subclasses of oxidore-
ductases class (EC 1), DE enzymes were represented mainly by those acting on paired
donors, with the incorporation of or reduction in molecular oxygen (EC 1.14), followed by
enzymes acting on the CH-OH group of donors (EC 1.1) and acting on the aldehyde or
oxo group of donors (EC 1.1). The most representative subclass of transferases class (EC 2)
included those with a function of transferring phosphorus-containing groups (EC 2.7),
acyltransferases (EC 2.3) and glycosyltransferases (EC 2.4). Finally, the hydrolases (EC 3)
had subclasses with compounds involved and acting on ester bonds (EC 3.1), glycosy-
lases (EC 3.2), and acting on peptide bonds (peptidases) (EC 3.4) subclasses that were
standing out.
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Figure 2. Gene Ontology (GO) annotation classification statistics graph from full-length transcriptome
and proteome in the leaves of young oil palm plants under salinity stress; classified accordingly to
chemical reactions by which proteins are classified according to E.C. Only the three prevalent classes
are shown: oxireductases (EC 1), transferases (EC 2), and hydrolases (EC 3). (a)—Transcriptomics
Single Analysis, and (b)—Proteomics Single Analysis.
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2.2. Oil Palm Proteome under Salinity Stress

A global proteomics analysis led to the identification of 3234 and 2872 peptides with
high confidence (FDR < 0.01) in control and stressed samples, respectively, which infers up
to 1809 protein entries from E. guineensis proteome (Uniprot) in both conditions—control
and stressed (Table 2).

Table 2. Absolute numbers of all peptides and proteins identified via proteomics analysis in the
leaves of young oil palm plants submitted to salinity stress.

Control Stressed Total
Peptide Spectrum Match (PSM) 5419 5391 10,808
Total number of peptides 3234 2872 4254
Number of unique peptides 1805 1606 2426
Total number of proteins entries 1497 1436 1809
Total number of proteins using the 826 831 1019

maximum parsimony criterion

Approximately 38% of proteins (688) were inferred from more than four peptides, and
about 34% (622) had at least one proteotypic peptide observation. A list of all peptides
and proteins confidently identified, as well as a simplified list of 1019 proteins according
to the maximum parsimony criterion, is presented in Supplementary Tables S2-S4. Con-
trol and stressed conditions shared 662 protein identifications; 62 and 89 proteins were
uniquely detected in control and stressed samples, respectively (Figure 3a, Supplementary
Tables S5-S7).

Cormal
a I Stressed

62 662

Kai0p e

v
et Change

Figure 3. Summary of the proteomics analysis performed on the leaves of young oil palm plants
under salinity stress using the PatternLab for Proteomics V software. (a) Control and stressed
conditions shared 662 protein identifications; 62 and 89 proteins were uniquely detected in control
and stressed samples, respectively; (b) volcano plot of the differentially abundant proteins reported
by Pattern Lab’s T Fold module, where 20 proteins showed statistically significant differences in their
abundance—proteins in blue were significantly up-regulated while the ones in red were significantly
down-regulated between stressed and control samples.
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Twenty proteins showed statistically significant differences in their abundance be-
tween stressed and control samples (Table 3). As shown in Figure 3b, 12 proteins (in blue)
were significantly up-regulated while eight (in red) were significantly down-regulated
between stressed and control samples. A group of 642 proteins did not meet the statistical
criteria and was not considered for further analysis (Table 1). Our differential abundance
analysis considered proteins identified at least in two replicates in each condition. This
filtering process decreased the list of 316 and 380 proteins uniquely identified in stressed
and control to 89 and 62, respectively.

Table 3. List of the differentially expressed proteins detected in both biological conditions (Stressed
and Control) with statistical significance (FDR < 0.05).

Fold Signalin  Signal in Gene ID at

Entry Class Chistige p-Value Control Stessed NCBI Description
AOA6I9RY35 UP 350631 000860 000027 000094 LOCI05054572 Probable inactive purple acid
phosphatase 29
AOA6I9QVF6 ur 3.25426 0.02982 0.00104 0.00340 LOC105040203  GTP-binding nuclear protein
A0A6I9R375 UP 3.25426 0.02982 0.00085 0.00275 LOC105043116  GTP-binding nuclear protein
AOA6I9RFH3 ur 3.25426 0.02982 0.00104 0.00340 LOC105047773  GTP-binding nuclear protein
AODA6I9QCS1 ur 2.87620 0.00511 0.00059 0.00169 LOC105033701 Proteasome subunit alpha type
A0A6I9QQJ4 ur 2.43453 0.01697 0.00103 0.00251 LOC105039272  60S ribosomal protein L35a-1
B3TLX9 ur 2.43453 0.01697 0.00103 0.00251 LOC105037063  60S ribosomal protein L35a-1
AOAGI9QWAS  UP 233349 001927 000071 000165 LOCI05039716  Succinate-semialdehyde
dehydrogenase
uncharacterized protein
AOA6I9RGS3 UP 2.14817 0.02330 0.00062 0.00133 LOC105045986 LOC105045986
B3TLY5 UP 1.83395 0.00630 0.00105 0.00193 CAT2 Catalase
AODA6I9QQQ6 UP 1.76320 0.00012 0.00068 0.00119 LOC105039332 V-ATPase 69 kDa subunit
AOA6I9R4U7 ur 1.63284 0.00286 0.00276 0.00450 LOC105044322 Malate dehydrogenase
AOA6I9S1Z5 DOWN  —163290 000151 000166  0.00101 LOCI05055575 TUBisCO large subunit-binding
protein subunit alpha
AOA6I9QJN4 DOWN —1.84374 0.00267 0.00177 0.00096 LOC105036569 CBBY-like protein
AQA6I9RPV6 DOWN —1.84374 0.00267 0.00177 0.00096 LOC105051320 CBBY-like protein
AOAGJOPHA7 DOWN 188477 000179 000395 000210 LOCI05044080 erredoxin—NADP reductase,
chloroplastic
uncharacterized protein
AO0A6I9S919 DOWN  —2.00037  0.01375 0.00091 0.00045  LOC105058225 LOC105058225
AOA6I9RWU5 DOWN —2.19127 0.02157 0.00284 0.00129 LOC105054048 actin-101
AOAGIRC26 DOWN 221145 001945 000172 000078 LOCI05047077 ~ Sorbitol dehydrogenase
isoform X2
AOA6I9RDE7 DOWN  —221145 001945 000172  0.00078  LOC105047077 sorbitol dehydrogenase

isoform X1

This group of 171 DE protein sequences—including those found exclusively in control
(62) and stressed (89) in at least two replicates and those 20 proteins that attended to
the statistical criteria of PatternLab V software—was submitted to functional annotation
and MOI analyses. The KEGG mapper reconstruction results revealed 131 proteins with
84 distinct K numbers, including 99 enzymes. Seventy-three enzymes belonged to known
pathways and were used in the MOI analysis.
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This set of 171 selected proteins was then submitted to gene ontology analyses, and
again only the ten most populated groups per GO term are shown in Figure 1. The
biological process subgroups with the largest number of proteins were translation, followed
by carbohydrate metabolic process, fatty acid biosynthetic process, proteolysis, pentose-
phosphate shunt, oxidative branch, and glucose metabolic process. For molecular function,
the proteins were mainly distributed in the subgroups of ATP binding, structural constituent
of ribosome, and metal ion binding. Finally, the cellular component of the cytoplasm came
in first, followed by the nucleus and cytosol.

The prevalent chemical reactions by which proteins were classified according to EC
were Oxireductases (EC 1), transferases (EC 2), and hydrolases (EC 3) classes (Figure 2b).
In the subclasses of oxidoreductases, the main groups were acting on the CH-CH group
of donors (EC 1.3), acting on Ch or CH(2) groups of donors (EC 1.17), and acting on
the aldehyde or oxo group of donors (EC 1.2). The most representative subclasses of
transferases class included those with a transferring phosphorus-containing groups (EC 2.7)
and transferring nitrogenous groups (EC 2.6). For hydrolases, those acting on carbon—
nitrogen bonds (EC 3.5) and acting on acid anhydrides (EC 3.6) came first.

2.3. Oil Palm Metabolome under Salinity Stress

Statistical analysis on Metaboanalyst returned 2843 and 1855 peaks, respectively, in
the polar-positive and polar-negative fractions (Table 1). Fifty-two peaks were differentially
expressed, and eighteen were up-regulated and thirty-four were down-regulated in the
polar-positive while seventy-seven were differentially expressed in the polar-negative, in
which nineteen were up-regulated and fifty-eight were down-regulated.

All 129 peaks differentially expressed were then submitted to functional interpretation
via analysis in the MS Peaks to Pathway module, and the combined mummichog and
GSEA pathway meta-analysis resulted in a list of 19 differentially expressed metabolites
(DEMs), which was then submitted to the pathway topology analysis module (Table 4).
The monobactam biosynthesis (map00261); arginine biosynthesis (map00220); beta-alanine
metabolism (map00410); pentose phosphate pathway (map00030); carbon fixation in photo-
synthetic organisms (map00710); alanine, aspartate and glutamate metabolism (map00250);
galactose metabolism (map00052); and glutathione metabolism (map00480) pathways came
out as the one with a raw p < 0.05 (Figure 4).

Table 4. List of metabolites identified in the leaves of young oil palm plants submitted to salinity stress
via metabolomics analysis, after submitting the differentially expressed (DE) peaks to the pathway
topology analysis module in MetaboAnalyst 5.0. FDR: False Discovery Rate; and FC: Fold Change.

%l::sy Cl‘\)d:‘t;::g d Matched Form Dizleizsnce Compound Name FDR Log,(FC)
145.01452 C00026 M-H[-] 2.69 x 10* Oxoglutaric acid 0.0106 -0.4146
616.17640 C00032 M[1+] 8.96 x 104 Heme 0.0039 2.8661
106.04953 C00049 M-CO+HJ[1+] 253 x 10~* L-Aspartic acid 0.0292 0.9617
306.07651 C00051 M-H[-] 227 x 105 Glutathione 0.0204 1.5265
289.03241 C00117 M+CH3COOI[-] 3.46 x 1075 D-Ribose 5-phosphate 0.0475 -09714
427.01748 C00224 M(C13)-H[-] 1.46 x 1073 Adenosine phosphosulfate 0.0172 —0.6544
172.98600 C00262 M+K-2H[-] 7.55 x 1074 Hypoxanthine 0.0004 -1.5351
203.22237 C00750 M+H[14] 6.58 x 10~4 Spermine 0.0036 2.4559
163.04033 C00811 M-H[-] 2.65 x 1074 4-Hydroxycinnamic acid 0.0065 -0.3818
162.02134 C01419 M-NH3+H[1+] 6.49 x 10~* Cysteinylglycine 0.0263 1.2145
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Table 4. Cont.
Query Matched Mass
Mass Compound Matched Form Difference Compound Name FDR Log2 (FC)
260.02535 C05345 M(C13)-H[-] 492 x 107 Beta-D-Fructose 6-phosphate 0.0489 -1.0337
359.11946 C05399 M-H+O[-] 3.09 x 10~ Melibiitol 0.0103 ~1.6922
254.09610 C05401 M(C13)-H[-] 1.95 x 10—* Galactosylglycerol 0.0410 -0.7515
326.09623 C05839 M(C13)-H[-] 6.61 x 105 c'}s\‘bem‘u.c'““’sy"z‘ 0.0472 ~1.4286
ydroxycinnamate
277.06946 C05911 M-CO+H[1+] 1.11 x 103 Pentahydroxyflavanone 0.0143 -1.0759
337.05555 C10107 M+H20+H][1+] 1.09 x 104 Myricetin 0.0313 -2.4012
y 2-C-Methyl-D-erythritol
i —4 y. y
337.00976 C11453 M+CH3COO[-] 8.02 x 10 2,4-cyclodiphosphate 0.0272 0.8232
n » -
259.02223 C17214 M+CI37[] 145 x 104 2 'Me‘hy'g:i‘(’i)l""pylmahc 0.0222 ~0.9440
44791027 G00005 M(C13)+2H [2+] 130 x 10-3  (GIcNAc)2 (Man)3 (PP-Dol)1 0.0263 0.4044
3.0
2.5
¢ Monobactam biosynthesjs
50 Arginine biosynthesis
5,“- / beta-Alanine metabolism
Eﬂ / Carbon fixation in photosynthetic organisms
= "‘ @ Pentose phosphate pathway
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Figure 4. Summary of the pathway analysis in the leaves of young oil palm plants under salin-
ity stress using the Pathway Topology Analysis modules of MetaboAnalyst 5.0. The metabolome

view resulted from the analysis in the Pathway Topology Analysis module using the Hypergeo-

metric test, the relative betweenness centrality node importance measure, and the latest KEGG

version of the Oryza sativa pathway library. Pathway impact takes into account both node central-

ity parameters—betweenness centrality and degree centrality—and represents the importance of
annotated compounds in a specific pathway.



Plants 2022, 11, 1755

75

90f19

2.4. Integrating Oil Palm Transcriptome, Proteome and Metabolome

A total of 510 enzymes (436 from transcriptomics analysis and 74 from proteomics anal-
ysis) (Supplementary Table S8) and 19 metabolites from metabolomics analysis (Table 3), all
selected as differentially expressed in the leaves of young oil palm plants (stressed /control),
were submitted to MOI analysis.

By applying the Omics Fusion platform to perform the MOI analysis, results revealed
a group of eleven pathways affected by salinity stress, and with at least one molecule
differentially expressed in each one of the three omics platforms used (Table 5). The
Cysteine and methionine metabolism (map00270) and the Glycolysis/Gluconeogenesis
(map00010) pathways came tied first in this list, each one with 20 unique molecules from
the transcriptome/ proteome / metabolome integrative analysis (Supplementary Table S9).

Table 5. List of top eleven pathways affected by salinity stress obtained via Multi-Omics Integration
(MOI). Transcriptomics, proteomics, and metabolomics data from leaves of young oil palm plants
after being under 0.0 (control) and 2.0 (stressed) g of NaCl /100 g of substrate for 12 days.

Pathway Pathway ID 0_;:—curren'ce of Occurre{lce of Occumenc.e of Qccurrence of
ranscripts Proteins Metabolites Unique Molecule

Cysteine and methionine metabolism 270 15 5 2 20

Glycolysis/Gluconeogenesis 10 17 3 1 20

Glyoxylate and dicarboxylate metabolism 630 14 4 1 16

Carbon fixation in photosynthetic organisms 710 12 2 2 15

Glycine, serine and threonine metabolism 260 1 2 1 14

Pentose phosphate pathway 30 10 4 2 14

Glutathione metabolism 480 9 3 3 13

Amino sugar and nucleotide sugar metabolism 520 10 2 1 12

Carbon fixation pathways in prokaryotes 720 7 6 1 11
Citrate cycle (TCA cycle) 20 4 1
Butanoate metabolism 650 2 1

3. Discussion

Soil salinization reduces plant growth and productivity of most terrestrial crops with
economic importance, including oil palm [13]. In the case of oil palm, Refs. [6,18,19]
reported the development of salinization protocols, which are necessary to study the
response of E. guineensis to this abiotic stress in the search for some intraspecific trait
variability. Such protocols are also needed to select tolerant oil palm genotypes developed
via genetic engineering or genome editing strategies. These two studies generated not only
morphophysiological, biochemical, and molecular insights into the response of this species
to this abiotic stress but also reported on the ionic imbalance in the substrate, roots, and
leaves of young oil palm plants under salinity stress.

Salinity tolerance is a multigenic trait that governs physiological, biochemical, and
molecular mechanisms to facilitate water retention and/or acquisition, protect chloro-
plast functions, and maintain ion homeostasis [13]. Datasets in genomics, transcriptomics,
proteomics, metabolomics, epigenomics, ionomics, and phenomics are accumulating ev-
erywhere, intending to gain insights into the mechanisms behind plant interaction with
abiotic stresses; however, due to the molecular complexity of such interaction, single-omics
analyses (SOA) will have limited power in delivering a more systemic and accurate pic-
ture of those responses. Multi-Omics Integration (MOI) strategies [20] are a new window
of opportunity facilitating hypothesis generation, leading to the non-trivial challenge of
unraveling the mechanisms behind this multigenic trait.

In the present study, SOA showed that carbohydrate metabolism and translation were
the most affected biological process subcategories for differentially expressed genes and
proteins, respectively. In addition to being a substrate for energy production, carbohydrates
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play a role in plant stress perception and signal transduction and can also mediate osmotic
regulation and carbohydrate distribution [21].

From the translation point of view, the protein synthesis machinery is quite sensitive
to salt since the production of new proteins is crucial for salinity tolerance [22]. Salinity-
tolerant species have a more efficient system for regulating transcription, synthesis, and
protein processing when compared to sensitive species [23]. Genes encoding the plastid
translation machinery in Arabidopsis thaliana are salt responsive, indicating a possible role
in supporting chloroplast functionality [23]. Reaumuria soongarica (Pall.) Maxim., a salt-
tolerant species, showed a complex pattern of protein expression, mainly those involved in
translation, ribosomal structure, and biogenesis [24].

The dominant molecular function for DE enzymes identified in this study was ATP-
binding proteins. These enzymes use the energy of ATP hydrolysis to catalyze a series
of chemical reactions [25]. Most ATP-binding proteins are intracellular and extracellular
transmembrane proteins, participating in the movement of various molecules and, under
stress conditions, in intracellular osmotic balance maintenance [26]. ABC transporters that
constitute one of the most populated families of proteins driven by ATP hydrolysis revealed
a complex expression pattern in E. guineensis under drought stress, pointing to their role in
controlling the influx and efflux of chemical molecules while in water scarcity [27].

Integral membrane components, the most affected subcategory of cellular components,
include, in this category, proteins incorporated into cell membranes. Salt stress causes
damage to the cell membrane, altering its permeability, lipid composition, and enzyme
activity [28]. Several factors cause changes in the structure of cell membrane compo-
nents during salt stress; among them, the excessive production of reactive oxygen species
(ROS) is highlighted, which causes conformational changes in membrane proteins and
lipid peroxidation, reducing the efficiency of transport systems and increasing membrane
permeability [29].

In salinity-tolerant cultivars, an increase in the antioxidant defense system occurs,
reducing lipid peroxidation and maintaining adequate levels of membrane permeability.
On the other hand, there is an increase in the leakage of electrolytes from the membranes,
which indicates a loss of membrane integrity in the sensitive plants [29]. The increase in
electrolyte leakage has already been evident in oil palm leaves, indicating possible damage
caused by salinity, with direct consequences in photosynthetic capacity reduction and
biomass accumulation [18].

In the present study, an attempt to integrate three distinct omics platforms—
transcriptomics, proteomics, and metabolomics—was reported for the first time to gain
further insights into the mechanisms behind the response of young oil palm plants to
salinity stress. The MOI strategy used in the present study is a pathway-based approach
for integrating omics datasets. Such integration was only possible due to the selection
and characterization of salt-responsive genes coding for enzymes in the oil palm reference
genome. Enzymes catalyzing reactions in a metabolic pathway are the bridges to connect
transcriptomics, proteomics, and metabolomics datasets in such an integratomics study.

The present MOI study revealed eleven pathways affected by the salinity stress in
the leaves of the young oil palm plant, with at least one molecule differentially expressed
in all three platforms used. The Cysteine and methionine metabolism (map00270) and
Glycolysis/Gluconeogenesis (map00010) pathways were the most affected ones. Even
though this study identified other pathways, further discussion will concentrate only on
these two.

Reactions that promote cysteine (Cys) biosynthesis are involved in the pathway of
cysteine and methionine metabolism [30]. Cys acts as a sulfur donor for the biosynthesis of
many essential bio-molecules, such as methionine, vitamins, co-factors, and Fe-S groups,
and for the production of glutathione (GSH), considered the principal determinant of
cellular redox homeostasis [30]. The enzymes serine O-acetyltransferase (EC 2.3.1.30)
and cysteine synthase (EC 2.5.1.47) usually carry out the Cysteine biosynthesis in two
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steps. These enzymes are highly conserved in plants and are responsible for maintaining
homeostasis between cysteine consumption and sulfate reduction [31].

Among the enzymes integrated into the cysteine and methionine metabolism pathway,
seven and twelve were up- and down-regulated in the leaves of young oil palm plants
under salinity stress, respectively. Serine O-acetyltransferase experienced an approximately
11-fold increase in expression, while L-lactate dehydrogenase experienced a decrease of
about 90% in its original expression level. As cysteine is the first organic compound in
the primary metabolism of sulfate, the elevated transcription of serine O-acetyltransferase
may indicate that sulfate entry into the pathway plays a role in the saline stress response in
oil palm. In tobacco, plants over-expressing bacterial serine O-acetyltransferase conferred
resistance to high levels of oxidative stress with a four-fold higher cysteine expression [32].
Recently, Ref. [33] demonstrated that the exogenous application of nitric oxide (NO), a
compound that regulates the response to different stresses in plants, increased the content
of enzymes synthesizing Cys, helping maintain the cellular homeostasis in plants under
the osmotic tension.

Amino acid methionine has nutritional value for plants, participating in the initiation
of translation, in addition to being a precursor of S-Adenosyl methionine (SAM), the
donor of the methyl group that regulates different essential cellular processes, such as
cell division, synthesis cell wall, chlorophyll synthesis, and membrane synthesis [34].
SAM is synthesized from adenosine triphosphate (ATP) and methionine by the enzyme
S-adenosylmethionine synthetase—SAMS (EC 2.5.1.6). The present study showed that
this enzyme had a 2.6 fold increase in expression under salinity stress. Overexpression
of the SSSAMS2 gene from the halophyte plant of Suaeda salsa L. in transgenic tobacco
plants enhanced salt tolerance, as indicated by maintaining a higher photosynthetic rate
and accumulation of more biomass [35].

GSH is a low molecular weight thiol crucial for maintaining the regulation of cel-
lular redox homeostasis [30]. Two ATP-dependent enzymes, glutamate-cysteine ligase
(EC:6.3.2.2) and GSH synthetase (EC:6.3.2.3), catalyze GSH synthesis from cysteine, glu-
tamate, and glycine [36]. In the present study, the metabolite glutathione (C00051) up-
regulated 2.9 fold while the enzyme glutathione synthase downregulated to 70% of its
original levels in the leaves of young oil palm plants under salinity stress. Meanwhile, all
versions of glutamate—cysteine ligase found in the reference genome of oil palm [37,38]
were non-DE. The exogenous application of GSH reversed the effects of salt stress on
seedlings of tomatoes, as well as the expression and activities of enzymes related to the
synthesis and metabolism of GSH, including gamma-glutamylcysteine synthetase (y-ECS)
and glutathione synthetase (GS), among others [39].

The glycolysis pathway directly supplies energy to plant cells from reactions that
oxidize hexoses to produce ATP and pyruvate, the latter acting as a substrate for entry into
the citric acid cycle (TCA). Conversely, the gluconeogenesis pathway synthesizes hexoses
using low molecular weight compounds to meet energy needs under the conditions of
reduced glucose supply [40]. The ATP-dependent 6-phosphofructokinase 2 (PKF) and
pyruvate kinase (PK) enzymes from the glycolytic pathway did downregulate in the leaves
of young oil palm plants under saline stress. Those two enzymes, together with hexokinase,
are regulators of glycolysis, as they participate in irreversible reactions [40]. The energy
production via glycolysis plays a role in the saline stress response in plants as it provides
ATP to support the stress condition [41].

That was evident in the study by [41], where salt stress inhibited the growth of Cucumis
sativus L. with a significant reduction in ATP production rates [41] and applied exogenous
putrescine (Put), reversing the saline stress with positive modulation in the PFK and PK
levels. In halophyte species Bruguiera sexangular, both PFK and PK enzymes increased
expression in response to long-term salinity [42]. This suggests that increased PFK and PK
activity increases the activity of the glycolytic pathway to maintain normal physiological
metabolism under saline stress conditions in halophyte species. Salinity stress possibly
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promoted a reduction in ATP production as it negatively affected enzymes in the flow of
glycolysis and TCA in oil palm.

Fructose-1,6-bisphosphatase (FBPase) and phosphate dikinase (PPDK), enzymes of the
gluconeogenesis pathway, were negatively regulated in oil palm under salt stress. Under
saline stress conditions, the active synthesis of sugars by this route contributes to mitigating
the osmotic stress effect resulting from the submission of plants to a saline environment. In
maize (Zea mays L.), the photosynthesis rate was similar between control plants and plants
under neutral salt stress, suggesting that gluconeogenesis acted on the active synthesis of
sugars and the maintenance of osmotic balance [43].

The overexpression of TaFBA-10 in A. thaliana (L.) Heynh increased FAB activity with
positive effects on scavenging ROS under cold stress, whereas chlorophyll content was
severely affected [44]. The PPDK enzyme, in turn, is an enzyme involved in the regulation of
the C4 pathway in plants. PPDK enzyme activity increases in salinity tolerant accessions of
Miscanthus sinensis Andersson [45]. In this manner, the activity of this enzyme compensates
for the suppression of the Calvin Cycle by saline stress.

Another enzyme that participates in energy production is L-lactate dehydrogenase
type B (LDH). This enzyme did downregulate in young oil palm plants under salinity
stress. Lactate dehydrogenase (LDH) converts pyruvate to lactate that regenerates NAD +
to maintain cellular respiration under anaerobic conditions. Under flood stress conditions,
the initiation of fermentation responds to keeping energy supply in hypoxia conditions [46].
The downregulation of the LDH enzyme in palm oil at 12 DAT indicates a deficiency in
response to salinity stress and may indicate a possible anaerobic condition caused by it.

Vieira and colleagues showed that young oil palm plants are sensitive to high concen-
trations of NaCl [6]. The present MOI study, which used datasets generated from leaf tissue
collected by Vieira and colleagues, showed that enzymes competing for energy production
in the glycolysis and gluconeogenesis pathways were negatively affected by salinity stress
in the leaves of young oil palm plants. Concomitantly, gluconeogenesis, which involves the
synthesis of glucose from non-carbohydrate substances, apparently does not represent an
immediate response to reduced glucose supply in this oilseed crop under such stress.

The samples for transcriptome, metabolome, and proteome analyses were collected at
once, exactly 12 days after the onset of the stress, using a split sample study design. In terms
of data integration, accordingly to [47], the ideal situation is to have samples originating
from the same biological source material and obtained at the same time—a piece of tissue
may be cut into several sections and one used for a specific omics platform analysis, whilst
the other is used to another one. In such design, the samples are more similar in that they
all are assumed to produce data without batch effects between the different omics data
sets [47].

It is clear that the small number of DE metabolites was the main limitation of the
pathway-based MOI approach used in this study. The biggest number of DE metabolites
in the eleven most affected pathways identified in the MOI analysis was three, while
there were up to six proteins and 17 transcripts. The possible main reason to the fact
that only 19 metabolites were differentially expressed in the leaves of young oil palm
plants submitted to salinity stress was the mmetabolomics approach used. The untargeted
metabolomics is an exciting technology for searching for novel metabolic perturbations in
various biological systems, allowing the profile of many hundreds or thousands peaks with
varying chemical properties at once; however, there are still various obstacles, such as the
limited capability to identify novel compounds of interest and the need for advanced and
more robust databases [48]. In the present study, we used the latest KEGG version of the O.
sativa pathway library.

4. Materials and Methods
4.1. Plant Material, Experimental Design and Saline Stress

The oil palm plants used in this study were clones regenerated out of embryogenic
calluses obtained from the leaves of an adult plant—genotype AM33, a Deli x Ghana from
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ASD Costa Rica, as previously reported by [6]. Before starting the experiments, plants
were standardized accordingly to the developmental stage, size, and number of leaves.
They were in the growth stage known as bifid saplings, and the experiment was performed
in March 2018 in a greenhouse at Embrapa Agroenergy in Brasilia, DF, Brazil (5-15.732°,
W-479007). The main environmental variables (temperature, humidity, and radiation)
fluctuated according to the weather conditions and underwent monitoring throughout
the entire experimental period using the data collected at a nearby meteorological station
(5-15.789°, W-47.925°).

The experiment consisted of five salinity levels (0.0, 0.5, 1.0, 1.5, and 2.0 g of NaCl per
100 g of substrate (a mixture of vermiculite, soil, and the Bioplant commercial substrate
(Bioplant Agricola Ltda, Nova Ponte, MG, Brazil), in a 1:1:1 ratio, on a dry basis), with four
replicates in a completely randomized design (for additional details, see [6]). The substrate
mixture was fertilized using 2.5 g L~! of the N-P205-K20 formula (20-20-20). For the omics
(transcriptomics, metabolomics, and proteomics) analysis described in the present study,
we collected the apical leaves from control and stressed plants (0.0 and 2.0 g of NaCl per
100 g of substrate) 12 days after imposition of the treatments (DAT).

4.2. Transcriptomics Data Analysis

Leaves harvested from control and stressed plants were immediately immersed in lig-
uid nitrogen and stored at —80 °C until RNA extraction; three plants for treatments. Details
regarding total RNA extraction and quality analysis, library preparation, and sequenc-
ing are in [15,19]. RNA-Seq raw sequence data are in the Sequence Read Archive (SRA)
database of the National Center for Biotechnology Information (NCBI) under BioProject
number PRJNA573093.

All the transcriptomics analysis was performed with OmicsBox platform—version
2.0.36 [49], as previously described by [15,17]. The oil palm genome [19,20]—downloaded
from NCBI (BioProject PRINA268357; BioSample SAMNO02981535) in September 2021—was
the reference genome for RN A-Seq data alignment. The pairwise differential expression
analysis between experimental conditions (Stressed Plants—12 DAT X Control—12 DAT)
was performed through edgeR software version 3.28.0 [50], applying a simple design and
an exact statistical test without the use of a filter for low counts genes.

4.3. Proteomics Data Analysis

Leaves samples for proteomics analysis were harvested, immediately immersed in
liquid nitrogen, and then stored at —80 °C until protein extraction; three plants for control
and three from stressed plants. Approximately 5.0 g of ground tissue—with 0.02 g/g of PVP
(polyvinylpolypyrrolidone) added to it—was weighed and mixed with 3.0 mL of buffer
(50 mM Tris HCI + 14 mM (-mercaptoethanol, pH 7.5) and 30 uL of protease inhibitor.
After gently stirring the suspension on ice for 10 min, it was centrifuged at 10.000 G at
4.0 °C for 15 min. Then, 1.0 mL of the supernatant was transferred to 2.0 mL microtubes,
mixed with 1.0 mL of 10% TCA (trichloroacetic acid) solution in acetone, kept at —20 °C
for 2 h for protein precipitation, and then centrifuged at 10,000 G at 4.0 °C for 15 min. The
protein pellet underwent wash with ice-cold 80% acetone, followed by centrifugation under
the same conditions as above. After washing twice, we stored it at —80 °C until protein
quantification [51] and visualization in an SDS-PAGE Gel.

After protein quantification, all samples went to the GenOne company (Rio de Janeiro,
R]J, Brazil) fort protein preparation and LC-MS/MS analysis. After undergoing treatment
with 10 mM DTT at 56 °C for 30 min, followed by 40 mM iodoacetamide (IDA) at room
temperature in the dark and also for 30 min. Then, samples were incubated for 20 h at
37 °C with trypsin (1:50) in a thermomixer at 800 rpm. At last, after adding 50 uL of 95%
acetonitrile and 5% TFA, samples were stirred three times at 1000 rpm for 15 min for tryptic
peptides extraction, vacuum dried, and dissolved in 20 uL of 0.1% formic acid in water.

For a global proteomics analysis, we adopted a label-free quantitation approach using
spectral counting by LC-MS/MS passing the samples through a nano-high performance
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liquid chromatography (EASY 1000; Thermo Fisher, Waltham, MA, USA) coupled to
Orbitrap Q Exactive Plus (Thermo Scientific, Waltham, MA, USA) mass spectrometer. An
MS scan spectra ranging from 375 to 2000 1 /z were acquired using a resolution of 70,000
in the Orbitrap. We used the Xcalibur software (version 2.0.7) (Thermo Scientific, Waltham,
MA, USA) to obtain the data in biological triplicates.

The PatternLab for Proteomics V software [23] was used to process the raw files. We
used the Comet algorithm [52], the E. guineensis Uniprot reference database (30,667 entries),
and 123 common contaminant proteins (Proteome ID: UP000504607) to perform peptide
sequence matching (PSM) and employed a target-reverse strategy to increase confidence in
protein identifications [53]. The search considered semi-specific candidates and allowed a
maximum of two missed cleavages. Fixed cysteine carbamidomethylation and variable me-
thionine oxidation were applied; the Comet search engine used a precursor mass tolerance
of 40 ppm and a fragment compartment tolerance of 0.02.

We employed the SEPro—Search Engine Processor—module of PatternLab [54] to
validate the peptide spectrum matches and, subsequently, grouped identifications by
enzymatic specificity (semi-specific), resulting in two distinct subgroups. Then, we applied
XCorr, DeltaCN, Spectral Counting Score, and Peaks Matched values to generate a Bayesian
discriminator. SEPro automatically establishes a cutoff score to accept a 1% false discovery
rate (FDR) based on the number of decoys performed independently on each subset of data,
resulting in a false positive rate independent of the triptych status. We chose a minimum
sequence length of six amino acid residues and discarded similar proteins that represent an
identical sequence and consist of a fragment of another one. At last, a final list of mapped
proteins was composed only of PSMs with less than five ppm.

4.4. Metabolomics Data Analysis

Leaves harvested from control and stressed plants were immediately immersed in
liquid nitrogen and stored at —80 °C until metabolite extraction: four plants for treatments.
Before solvent extraction, all samples underwent grounding in liquid nitrogen. The solvents
used were methanol grade UHPLC, acetonitrile grade LC-MS, formic acid grade LC-MS,
sodium hydroxide ACS grade LC-MS, all from Sigma-Aldrich, and water treated in a Milli-
Q system from Millipore. We employed a well-established protocol [16,55,56] to extract
the metabolites in three phases (polar, non-polar, and protein pellet). Aliquots of 50 mg
of ground sample were transferred to 2 mL microtubes, and then 1 mL of a mixture of 1:3
(v:0) methanol/methyl tert-butyl ether (MTBE) at —20 °C was added. Homogenization on
an orbital shaker at 4.0 °C and ultrasound treatment in an ice bath were each performed
for 10 min. As the next step, we added 500 puL of a mixture of 1:3 (v:v) methanol /water to
each microtube. After centrifugation (15,300 g at 4.0 °C for 5 min), an upper non-polar
(green) and a lower polar (brown) phase and a protein pellet remained in each microtube.
After transferring both fractions separately to 1.5 mL microtubes, they were submitted to
a Speed vac system (Centrivap, Labconco) to be vacuum dried. Finally, the dry-fraction,
resuspended in 500 pL of 1:3 (v:v) methanol and water mixture and transferred to vials,
were now ready for analysis.

Analytical method UHPLC-MS/MS (ultra-high performance liquid chromatography
and tandem mass spectrometry) was used in this study. The UHPLC system (Nexera X2,
Shimadzu Corporation, Kyoto, Japan) was equipped with a reverse-phase column from
Waters Technologies (Acquity UPLC HSS T3, 1.8 um, 2.1 by 150 mm at 35 “C). Solvent A
was 0.1% (v:v) formic acid in water and solvent B was 0.1% (v:v) formic acid in acetoni-
trile /methanol (70:30, v:v). The gradient elution used, with a flow rate of 0.4 mL min~ 1,
was as follows: 0—1 min isocratic, 0% B; 1-3 min, 5% B; 3-10 min, 50% B; 10-13 min, 100% B;
13-15 min isocratic, 100% B; then, 5 min rebalancing was conducted to the initial conditions.
The rate of acquisition spectra was 3.00 Hz, mass range n/z 70-1200 for the polar fraction
analysis and m/z 300-1600 for the lipidic fraction.

High-resolution mass spectrometry was used for detection (MaXis 4G Q-TOF MS,
Bruker Daltonics) equipped with an electrospray source in positive (ESI-(+)-MS) and
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negative (ESI-(—)-MS) modes. The settings of the mass spectrometer were as follows:
capillary voltage, 3800 V; dry gas flow, 9 L min~!; dry temperature, 200 °C; nebulizer
pressure, 4 bar; final plate offset, 500 V. For the external calibration of the equipment, we
used a sodium formate solution (10 mM HCOONa solution in 50:50 v:v isopropanol and
water containing 0.2% formic acid) injected through a six-way valve at the beginning of each
chromatographic run. Ampicillin ([M+H] + m/z 350.1186729 and [M-H]- m/z 348.1028826)
was the internal standard for later peak normalization on data analysis.

DataAnalysis 4.2 software (Bruker Daltonics, Bremen, Germany) was the first used
to analyze the raw data from UHPLC-MS, as mzMXL files. Pre-processing of data was
performed using XCMS Online [57,58], including peak detection, retention time correction,
and alignment of the metabolites. CentWave was used for peak detection (Am/z = 10 ppm;
minimum peak width, 5 s; maximum peak width, 20 s). For the alignment of retention
times, the parameters were as follows: mzwid = 0.015; minfrac = 0.5; bw = 5. The unpaired
parametric t-test (Welch t-test) was used for the statistical analysis at the pre-processing
stage. Then, a data set was created from control (0.0 g) and stressed plants subjected to
NaCl/100 g of the fresh substrate at 12 DAT. All with four biological repeats.

The pre-processed data (csv file) underwent analysis in the Statistical Analysis module
of the MetaboAnalyst 5.0 [59,60]. The scaling used was the Pareto method [61]. Afterward,
the differentially expressed peaks (DEPs) selected were those passing the criteria of false
rate discovery (FDR) < 0.05 and Log; (fold change (FC)) # 1. When using the MS Peaks to
Pathway module to analyze the selected DEPs, we employed the following parameters:
molecular weight tolerance of 5 ppm; mixed ion mode; joint analysis using both the
mummichog [62] and Gene Set Enrichment Analysis—GSEA [63] algorithms; the latest
KEGG version of the O. sativa pathway library. The p-value cutoff from the mummichog
algorithm was at 1.0 x 10~5.

When two or more matched forms were observed as DEP (in the case of isotopes), the
mass error was the criteria for the feature selection for the comparison with metabolite
databases, keeping the smallest [56]. The mass error was also the criteria in the case
of a single matched compound relative to two or more DEPs. The mass spectra of all
DEPs underwent analysis for more information about the adduct forms obtained from
the database comparison. Subsequently, we performed the putative annotation of the
metabolites of interest by applying the filtered exact mass data to the molecular formula
from KEGG.

Finally, the KEGG IDs of the matched compounds were submitted to the pathway
analysis module for visualization through integrating enrichment and pathway topology
analysis [64]. Parameter sets were as follows: the hypergeometric test and the latest KEGG
version of the O. sativa pathway library.

4.5. Functional Annotation and Itegratomics Analysis

The results obtained using OmicsBox and PatternLab V underwent a functional classi-
fication. Distinct multiFASTA files generated were submitted to the functional classification
in the BlastKOALA platform [64].

The approach used to integrate the three omics was pathway mapping, and the
analysis was performed using the Omics Fusion platform [65]. Previously to the integration
of multi-omics data, the NCBI accession of transcripts related to enzymes was converted to
UniProt ID. Thus, the input data used were the IDs of each omics, which include UniProt
Accession for transcriptomics and proteomics, and KEGG ID for metabolomics. Firstly,
the data were enriched through several databases (EMBL, KEGG, NCBI, and UniProt),
and then the module “KEGG feature distribution” was used to map these omics data in
known pathways.

5. Conclusions

Previously, in addition to showing that young oil palm submitted to a high concentra-
tion of NaCl reduces the rates of CO, assimilation, stomatal conductance to water vapor,
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and transpiration, our group also confirmed a preponderant role of transcription factors
in the early response of oil palm plants to salinity stress [6,15]. Data from ionomics, phe-
nomics, and transcriptomics (mRNA and miRNA) were employed to show that. Currently,
two new omics platforms joined this list—metabolomics and proteomics—and a first MOI
study was performed. For phenomics—-morphophysiological characterization, data came
from two salinity stress experiments carried out in November 2017 and March 2018, and
all the transcriptome, metabolome, and proteome data came from one of the experiments
at once, 12 days after the onset of the stress, using a split-sample study design. Extensive
leaf necrosis was already visible when the samples from the stressed treatment (electrical
conductivity of ~40 dS m~') were collected, and one must consider that when analyzing
these omics data sets.

The SOA and MOI studies here reported generated new insights on the response the
early response of oil palm plants to salinity stress, pointing out genes, proteins, metabolites,
and pathways directly affected by this stress. The eleven pathways identified by MOI
analysis definitely appear at the top of the list as priorities for further studies. However, it
is clear that two factors limited the accomplishments of the MOI study—the small number
of differentially expressed metabolites identified via an untargeted metabolomics approach
and the lack of data regarding the Log,(FC) from the proteins found exclusively in the
control and stressed treatments when using the global proteomics analysis. No Log»(FC)
from most of the DE proteins was identified, and only 19 DE metabolites limited the use of
correlation studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article /10.3390/plants11131755 /s1, Table S1: Proteins from the oil palm genome
differentially expressed (FDR < 0.05) in the leaves of young oil palm plants under salinity stress.
FC—Fold Change; CPM—Count Per Million; FDR—False Discovery Rate; Kegg Orthology number;
E.C. number; Table S2: a—List of all peptides confidently identified in oil palm conditions; b—list of
all proteins confidently identified in oil palm conditions; c—all proteins confidently identified in oil
palm conditions with maximum parsimony criterion; Table S3: a—list of the proteins detected only
in control biological condition; b—list of the proteins detected only in stressed biological condition;
c—list of all differentially expressed proteins detected in both biological conditions (Stressed and
Control) with statistical significance (FDR < 0.05); Table S4: a—list of 510 differentially expressed
enzymes (436 from transcriptomics and 74 from proteomics) prospected in the transcriptome and
proteome of young oil palm plants under salinity stress and submitted to integrative analysis; b—
The top two pathways with the largest number of components and its description, obtained from
transcriptomics, proteomics, and metabolomics integrative analysis using the Omics Fusion platform.
Table S5: List of the proteins detected only in control biological condition; Table S6: List of the proteins
detected only in stressed biological condition; Table S7: List of all proteins detected in both biological
conditions (Stressed and Control) with statistical significance (FDR < 0.05); Table S8: List of 510
differentially expressed enzymes (436 from transcriptomics and 74 from proteomics) prospected in
the transcriptome and proteome of young oil palm plants under salinity stress and submitted to
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the Omics Fusion platform.
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Abstract: Drought and salinity are two of the most severe abiotic stresses affecting agriculture
worldwide and bear some similarities regarding the responses of plants to them. The first is also
known as osmotic stress and shows similarities mainly with the osmotic effect, the first phase of
salinity stress. Multi-Omics Integration (MOI) offers a new opportunity for the non-trivial challenge
of unraveling the mechanisms behind multigenic traits, such as drought and salinity resistance.
The current study carried out a comprehensive, large-scale, single-omics analysis (SOA) and MOI
studies on the leaves of young oil palm plants submitted to water deprivation. After performing
SOA, 1955 DE enzymes from transcriptomics analysis, 131 DE enzymes from proteomics analysis,
and 269 DE metabolites underwent MOI analysis, revealing several pathways affected by this stress,
with at least one DE molecule in all three omics platforms used. Moreover, the similarities and
dissimilarities in the molecular response of those plants to those two abiotic stresses underwent
mapping. Cysteine and methionine metabolism (map00270) was the most affected pathway in all
scenarios evaluated. The correlation analysis revealed that 91.55% of those enzymes expressed
under both stresses had similar qualitative profiles, corroborating the already known fact that plant
responses to drought and salinity show several similarities. At last, the results shed light on some
candidate genes for engineering crop species resilient to both abiotic stresses.

Keywords: transcriptomics; proteomics; metabolomics; integratomics; abiotic stress; African oil palm

1. Introduction

The palm oil industry established itself in places around the world where the oil palm
(Elaeis guineensis Jacq.), the number one source of vegetable oil consumed today, exists in
its natural environment of high rainfall throughout the year. Those places are in an area of
5° latitude from the Equator line, and as one moves further north or south in the tropical
belt, one experiences long periods of drought throughout the year when oil palm does not
receive the physiological water level required to maintain productivity. Consequently, the
oil palm grower must embrace artificial irrigation, together with the production cost linked
to it, not to mention the risk of facing problems of soil salinization.

A recent report by the UN Convention to Combat Desertification, entitled Drought in
Numbers 2022—Restoration to Readiness and Resilience, brings to light the dimension of
the damages caused by this abiotic stress on the planet and shows to some extent what is
needed to overcome this problem and sustainably ensure food security [1]. Drought stress is
one of the most severe environmental stresses affecting agriculture worldwide. The efficient
and effective use of genetics and biotechnology is among the most proactive interventions
necessary to mitigate the effects of water deprivation on plant productivity [2].
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Plant response to drought is a complex biological system that needs investigation via
an integrative approach that must involve both drought-tolerant and intolerant genotypes.
Resistance to drought in plants results from the dynamic interaction of various parts of this
system that need deep understanding in order to enable the design of approaches for the
effective vertical or horizontal transfer of such traits to drought intolerant genotypes [2,3].
A Multi-Omics Integration (MOI) study [4-6], made viable due to the recent massive
generation of genomics, transcriptomics, proteomics, and metabolomics datasets, is helping
the non-trivial challenge of unraveling the mechanisms behind this multigenic trait, and
mapping not only resistance genes but also their hot spots for precision genome editing [7].

Plant responses to drought and salinity stresses show several similarities, especially in
the first phase of the latter, the osmotic effect [8-10]. Distinct studies showed the existence
of genes able to promote resistance to more than one abiotic stress at once. For instance,
Brini et al. [11] showed that the transgenic Arabidopsis thaliana plants overexpressing two
distinct genes from wheat were much more resistant to both stresses than the isogenic
wild-type plants. The same was true for Feng et al. [12], who overexpressed a gene from
pepper in A. thaliana and showed that this gene positively regulates heat, salt, and drought
resistance in pepper. In another example, Zhang et al. [13] overexpressed three genes from
sweet potato in sweet potato and obtained genetically modified plants tolerant to salt and
drought stresses.

Jha et al. [14], Zargar et al. [15], Muthuramalingam et al. [16], and Bittencourt et al. [17]
are a few examples of recent reports dealing with the use of MOI approaches toward
understanding plant responses to these abiotic stresses. The current study is a step forward
in our research activities on characterizing the biochemical and molecular response of
oil palm to abiotic stress. After carrying out a comprehensive, large-scale, single-omics
analysis (SOA) and an MOI analysis of the metabolome, transcriptome, and proteome
profiles on the leaves of young oil palm plants submitted to salinity stress [17], we here
report a similar study characterizing the response of this oilseed crop to water deprivation.
Furthermore, the differentially expressed (DE) molecules responsive to both drought (from
this study) and salt (from [17]) underwent additional MOI analysis and correlation study to
identify the commonalities and differences in the response of such plants to both stresses.

2. Results
2.1. Oil Palin Transcriptome under Drought Stress

When comparing drought-stressed plants against the control ones, the pairwise dif-
ferential expression analysis revealed that out of the 43,551 proteins from the oil palm
genome [18,19], 8421 (19.34%) were differentially expressed (DE) at False Discovery Rate
(FDR) < 0.05; being 4262 upregulated (Log,(FC) > 0) and 4159 downregulated (Log,(FC) <0)
(Supplementary Table S1).

This group of 8421 DE protein sequences was submitted to analysis in the BlastKOALA
annotation tool for the K number assignment, revealing 4133 DE proteins with K number
and 1955 with Enzyme Commission (EC) numbers. This set of 1955 DE enzymes underwent
gene ontology analyses to classify them accordingly to biological process (BP), molecular
function (MF), and cellular component (CC).

The BP subgroups with more representatives were protein phosphorylation, followed
by carbohydrate metabolic process, phosphorylation, proteolysis, and cellular oxidant
detoxification. For MF, the most populated subgroups were ATP binding, metal ion
binding, iron ion binding, and heme binding. Finally, for the CC subgroup, the integral
component of the membrane came in first, followed by the cytoplasm, nucleus, and cytosol
components (Figure 1a).

Furthermore, the DE enzymes underwent classification according to the EC number,
a numerical classification scheme for enzymes based on the chemical reaction. The first
classification level involves a general type of enzyme-catalyzed reaction that ranges from
one to six, and the oxidoreductases (EC 1), transferases (EC 2), and hydrolases (EC 3)
classes dominated. Enzymes acting on paired donors, with the incorporation or reduction
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in molecular oxygen (EC 1.14) was the most populated group among the subclasses of
oxidoreductases, with 86 hits. The most representative subclass of transferases included
those with a function of transferring phosphorus-containing groups, glycosyltransferases,
and acyltransferases, with 218, 123, and 86 hits, respectively. Finally, the hydrolases had
the following subclasses standing out with over 50 hits: compounds involved and acting
on ester bonds, acting on peptide bonds (peptidases), glycosylases, and acting on acid

anhydrides (Figure 1b).
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Figure 1. Gene Ontology (GO) annotation classification statistics graph from full-length transcriptome
in the leaves of young oil palm plants under drought stress. Classified accordingly to biological
process, cellular component, and molecular function (a); and to chemical reactions by which proteins
are classified according to EC (b). Only the most populated groups per GO term, and only the three
prevalent classes of enzymes are shown. Numbers represent the amount of positive hits.

2.2. Oil Palm Proteome under Drought Stress

It was possible to identify with high confidence (FDR < 0.01) a total of 3659 and
3824 peptides in control and stressed samples, respectively, which infers up to 1859 protein
entries from E. guineensis proteome (Uniprot) in both conditions (Table 1).

Seven hundred and seventy-nine proteins were inferred from more than four peptides
and five hundred and ten had at least one proteotypic peptide observation. All peptides
and proteins identified and the list of 1085 proteins according to the maximum parsimony
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criterion are presented in Supplementary Tables S2-S4. The control and salt-stressed
treatments shared 706 protein identifications, while 76 and 152 proteins were uniquely
detected in control and stressed samples, respectively (Supplementary Tables S5 and S6).
Fifty-six proteins showed statistically significant differences in their abundance between
stressed and control samples; among them, there were thirty-five proteins upregulated and
twenty-one downregulated (Supplementary Table S7). Our differential abundance analysis
considered proteins identified at least in two replicates in each condition.

Table 1. Absolute numbers of all peptides and proteins identified via proteomics analysis in the
leaves of young oil palm plants submitted to drought stress.

Control Stressed Total
Peptide Spectrum Match (PSM) 6733 6495 13,065
Total number of peptides 3659 3824 5182
Number of unique peptides 2098 2088 3068
Total number of proteins entries 1353 1617 1859
Total number of proteins using the maximum parsimony criterion 762 934 1085

A group of 284 proteins that attended to the statistical criteria of PatternLab V software
underwent functional annotation and MOI analyses, being 76 found exclusively in the
control plants, 152 found only in the drought-stressed plants, and 56 showed statistically
significant differences in their abundance between the two treatments used. Those 284 DE
proteins underwent analysis in the BlastKOALA annotation tool, revealing 215 DE proteins
with K numbers and 131 with EC numbers.

This set of 131 DE enzymes underwent gene ontology analyses to classify them
accordingly to biological process (BP), molecular function (MF), and cellular component
(CC). The BP top subgroups were carbohydrate metabolic processes, followed by cellular
oxidant detoxification and glycolytic process, with 13, 10, and 10 hits, respectively. For MF,
the proteins were mainly from subgroups of ATP binding, metal ion binding, magnesium
ion binding, and pyridoxal phosphate binding, all with over ten hits. Finally, the CC of the
cytoplasm came in first, followed by the cytosol, integral component of membrane, and
mitochondrion, all with over ten hits (Figure 2a).

The prevalent chemical reactions according to EC were Oxireductases (EC 1), trans-
ferases (EC 2), and hydrolases (EC 3) classes. In the subclasses of oxidoreductases, the top
group was acting on a peroxide as an acceptor, followed by acting on the CH-OH group
of donors and acting on the aldehyde or oxo group of donors. The most representative
subclass of transferases class was the one with transferring phosphorus-containing groups
(Figure 2b).

The results from transcriptome and proteome single-omics analysis (SOA), when
comparing drought-stressed young oil palm plants against the control ones, show that the
ATP binding came as the number one BP affected by the stress, followed by the metal ion
binding process. Meanwhile, transferring phosphorus-containing groups, glycosyltrans-
ferases, and acyltransferases were subclasses of prevalent chemical reactions in both SOA
(Figures 1 and 2).

2.3. Oil Palm Metabolome under Drought Stress

The statistical analysis performed on the MetaboAnalyst has returned 3363 and
2538 peaks in the positive and negative polar fractions, respectively. Ninety-six were
up- and seventy-one downregulated in the polar-positive. Two hundred ninety-one were
up- and nine downregulated, in the polar-negative.

All 467 differentially expressed peaks (DEPs) were then submitted to functional in-
terpretation via analysis in the MS Peaks to Pathway module, and the combined mum-
michog and GSEA pathway meta-analysis produced a list of 269 differentially expressed
metabolites (DEMs), which underwent analysis in the pathway topology analysis module
(Supplementary Table S8). The tyrosine metabolism (map00350); phenylpropanoid biosyn-
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thesis (map00940); arginine biosynthesis (map00220); isoquinoline alkaloid biosynthesis
(map00950); pyrimidine metabolism (map00240); arginine and proline metabolism (map00330);
betalain biosynthesis (map00965); monobactam biosynthesis (map00261); valine, leucine and
isoleucine biosynthesis (map00290); pentose phosphate pathway (map00030); aminoacyl-
tRNA biosynthesis (map00970); flavonoid biosynthesis (map00941); histidine metabolism
(map00340); stilbenoid, diarylheptanoid and gingerol biosynthesis (map00945); riboflavin
metabolism (map00740); phenylalanine, tyrosine and tryptophan biosynthesis (map00400);
and one carbon pool by folate (map00670) pathways were the most affected pathways with
araw p < 0.05; in this order, from top to bottom.
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Figure 2. Gene Ontology (GO) annotation classification statistics graph from proteome in the leaves
of young oil palm plants under drought stress. Classified accordingly to biological process, cellular
component, and molecular function (a); and to chemical reactions by which proteins are classified
according to EC. Only the most populated groups per GO term, and only the three prevalent classes
of enzymes are shown (b). Numbers represent the amount of positive hits.

2.4. Integrating Oil Palm Transcriptome, Proteome and Metabolome under Drought Stress

The approach used to integrate the datasets from the three omics platforms was a
pathway-based mapping approach, similar to that previously used by Bittencourt et al. [17]
(Figure 3).

All enzymes (from SOA analysis—transcriptomics or proteomics) and metabolites
(from metabolomics SOA analysis), selected as differentially expressed in the leaves of
young oil palm plants (stressed /control), underwent MOI analysis.

When applying the Omics Fusion platform to perform the MOI analysis, a group
of 56 pathways appeared as affected by drought stress, with at least one molecule dif-
ferentially expressed in each of the three omics platforms used. Those pathways with
>20 unique molecules differentially expressed are shown in Table 2. The Cysteine and
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methionine metabolism (map00270) pathway came first, with 47 molecules from the tran-
scriptome/ proteome /metabolome integrative analysis (Figure 4).

2.5. Commonalities and Dissimilarity in the Transcriptome, Proteome, and Metabolome Profiles of
Young Oil Palm Plants Separately Submitted to Drought and Salinity Stresses

To generate the data regarding the commonalities and dissimilarity in the response of
young oil palm plants separately submitted to drought and salinity stresses, all datasets
generated in this present study underwent a comparison analysis with the equivalent
datasets that had been previously generated and used in Bittencourt et al. [17].

In the transcriptomics analysis, there is a positive correlation between the behavior of
the 554 enzymes differentially expressed under drought and salinity stresses (Supplemen-
tary Table S9) when 91.15% of the enzymes had the same qualitative profile (upregulated
or downregulated), independently of the stress condition (Figure 5). This result is a strong
amount of evidence that there are several commonalities regarding gene expression—
molecular dynamics—in young oil palm plants submitted separately to these two abiotic
stresses. It is also a valuable source of information to further study the osmotic effect. How-
ever, 8.85% of those enzymes had different qualitative profiles (Figure 5), where 29 enzymes
were downregulated under salt stress and upregulated under drought (Figure 6a), and 20
had the opposite behavior (Figure 6b).
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Figure 3. Summarized workflow used to Single-Omics Analysis (SOA), KOALA Annotation,
and Multi-Omics Integration (MOI) applied to characterize the transcriptomics, proteomics, and
metabolomics datasets generated from the leaves of young oil palm plants submitted to abiotic stress.
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In the case of the proteomics analysis, a group of enzymes were also differentially
expressed under both abiotic stresses (Table 3). Most of them had the same qualitative
profile independently of the stress condition and a minority had different ones. For in-
stance, enzymes AOA6JOPP21 and AOA6I95451, two isoforms coded by the same gene
(LOC105053549) in the oil palm genome and described as L-ascorbate peroxidases in the
KEGG database, were upregulated under drought stress and downregulated almost to no
detection under salt stress.

In the case of the metabolomics analysis, a group of 13 metabolites was also differ-
entially expressed in both scenarios. Among them, eight had the same qualitative profile,
independently of the stress and five had different ones (Figure 7). The metabolite Melibiitol
(C05399) was the one that showed the highest quantitative difference in expression, with
a Logy(FC) of —4.698 (or 3.85% of the initial expression level in the control treatment)
under salinity stress and of 1.53 (or 190% on the top of the initial expression level) under
drought stress.

At last, when applying the Omics Fusion platform to perform the MOI analysis
using only the proteins and metabolites DE in both scenarios, Cysteine and methionine
metabolism came first in the list of most affected pathways, with 15 full-length transcripts
coding for enzymes, two enzymes (from the proteomics analysis), and two metabolites
(Table 4).

Table 2. List of the pathways most affected by drought stress—number of unique molecules—obtained
via Multi-Omics Integration (MOI). Transcriptomics, proteomics, and metabolomics data from leaves of
young oil palm plants 14 days after imposition of the treatments (control and water deprivation).

o Pathway Occurrence of Unique

ID Transcripts Proteins Metabolites Molecules
Cysteine and methionine metabolism 270 30 8 14 47
Purine metabolism 230 25 3 17 42
Porphyrin and chlorophyll metabolism 860 24 4 12 37
Amino sugar and nucleotide sugar metabolism 520 25 4 9 35
Glycine, serine, and threonine metabolism 260 24 7 9 34
Pyrimidine metabolism 240 17 1 16 33
Glycolysis/Gluconeogenesis 10 26 9 4 30
Phenylpropanoid biosynthesis 940 12 3 18 30
Pentose phosphate pathway 30 17 8 11 29
Arginine and proline metabolism 330 16 1 13 29
Aminoacyl-tRNA biosynthesis 970 13 1 15 29
Glyoxylate and dicarboxylate metabolism 630 17 8 8 28
Pyruvate metabolism 620 20 6 5 26
Starch and sucrose metabolism 500 22 5 3 26
Tyrosine metabolism 350 13 2 12 25
Phenylalanine, tyrosine, and tryptophan biosynthesis 400 17 1 8 25
Methane metabolism 680 16 5 8 24
Alanine, aspartate, and glutamate metabolism 250 18 5 6 24
Lysine degradation 310 14 3 9 24
Tryptophan metabolism 380 15 4 7 23
Terpenoid backbone biosynthesis 900 17 4 5 23
Carbon fixation in photosynthetic organisms 710 19 6 3 22
Citrate cycle (TCA cycle) 20 16 8 5 21
Arginine biosynthesis 220 9 3 11 21
Galactose metabolism 52 12 3 8 21
Valine, leucine, and isoleucine degradation 280 15 2 5 21
Carbon fixation pathways in prokaryotes 720 13 4 6 20
Glutathione metabolism 480 13 3 74 20
Glycerolipid metabolism 561 15 2 4 20
Ascorbate and aldarate metabolism 53 13 1 7 20
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Table 3. E Ly d in the leaf of young oil palm plants under both drought and salinity stresses.
Sor Profil Fold Ch.
Protein ID GeneID* KO Number EC i = St 3 Description_ KEGG
Salt Drought Salt Drought Salt Drought
AOA6JOPH47  LOC105044080 K02641 11812 Common Common Down Down ~1.885 ~3.730 ferredoxin-NADP+ reductase
B3TLY5 CAT2 K03781 111.1.6 Common Common Up Up 1.834 3.177 catalase
B3TM49 s Down Up NA 3277 12-dihydroxy-3-keto-5-
LOC105035746 K08967 1131153 Only Control Common methylthiopentene
AOA6I9QHS4 o Down Up NA 2463 dioxygenase
AOA6J0PS13  LOC105039298 K15918 Only Control Only Control Down Down NA NA D-glycerate 3-kinase
ADA6I9RVC5  LOC105053135 K05396 Only Control ~ Only Control Down Down NA NA D-cysteine desulfhydrase
i%:?]gr;;l LOC105053549 K00434 Only Control Only Stressed Down Up NA NA L-ascorbate peroxidase
AOA6I9RWM2  LOC105053973 K00344 Only Control Only Stressed Down Up NA NA NADPH: quinone reductase
AOABI9QWL2  LOC105040656 K03405 Only Stressed Only Stressed Up Up NA NA magnesium chelatase subunit 1
AOA6I9QXLO  LOC105041662 K10525 Only Stressed Only Stressed Up Up NA NA allene oxide cyclase
AOA6JOPKN5  LOC105048171 K03405 Only Stressed Only Stressed Up Up NA NA magnesium chelatase subunit [
AOA6I9QUVS  LOC105040597 K00430 Only Stressed ~ Only Stressed Up Up NA NA peroxidase
reversibly glycosylated
M1H922 LOC105057156 K13379 Only Stressed Only Stressed Up Up NA NA polypeptide/UDP-
AOA6I9R7VO  LOC105045344 arabinopyranose
AOA6I9R784  LOC105045348 mutase
AOA6I9QEA6  LOC105033962 K25108 32173 Only Stressed ~ Only Stressed Up Up NA NA licheninase
AOA6I9R7NO  LOC105045343
ADA6I9QD17  LOC105033964
- C Number; C; Present in both control and stressed; NA—Not Applicable;

Up—|

e ID—In Elaeis guineensis genome at NCBL; KO—KEGG Orthology; EC—Enz
Up Down—Dx lated
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Figure 4. Enzymes (EC number) and metabolites (KEGG Compound number) from the Cysteine
and methionine metabolism (map00270) pathway differentially expressed in the apical leaf of young
oil palm plants submitted to drought stress. Metabolites differentially expressed are shown as
orange circles, metabolites non-differentially expressed are shown as white circles, and enzymes non-
differentially expressed are shown as white, and those differentially expressed are shown as green
(from transcriptomics), as blue (from proteomics), and green/blue rectangles (from transcriptomics
and proteomics).
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Figure 5. Histogram and correlation analysis of the Logz (FC) of differentially expressed enzymes by
pairwise comparison of two scenarios—drought and salinity stress. FC—fold change. Dots represent
enzymes positively regulated under salt stress, x’s represent enzymes negatively regulated under salt
stress. Blue dots and x’s represent enzymes positively regulated under drought-stress, and orange
dots and x’s represent enzymes negatively regulated under drought-stress.
Table 4. Molecules (full-length transcripts, metabolites, and proteins) from the Cysteine and methio-
nine metabolism (map00270) pathway differentially expressed in the apical leaf of young oil palm
plants under both drought and salinity stresses.
Salinity Drought
Ty D ipti
Mame ype EC KO logFC Profile  Source  logFC Profile  Source escopion
XP_010905665.1 TRNS 23.1.30 K00640 34 Up NA 47 Up NA CBSE,‘ serine O-acetyltransferase
XP_010914049.1 ~TRNS 41150  K01611 07 Up NA 21 Up NA speb, m?@ﬂmﬁm&“‘“’“m
XP_010915297.1 TRNS 25147  K01738 09 Up NA 25 Up NA cysK; cysteiné synthase
XP_010920378.1 TRNS  2.61.1 K14454 1.0 Up NA 38 Up NA GOTL; ”Pf;fé;fa‘;‘;ﬁ"m‘mse'
XP_010921340.1 TRNS 2516  K00789 14 Up NA 24 Up NA paetk; MAT S adenosylmethionirie

synthetase
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Table 4. Cont.
Salinity Drought
N Type EC KO Description
ame P 1ogFC _ Profile  Source  logFC  Profile  Source P
XP 0109244851  TRNS 23130  K00640 09  Down  NA —07 Down NA cysE; serine O-acetyltransferase
serA, PHGDH; D-3-phosphoglycerate
XP_0109275101 TRNS  11.195  K00088  —08  Down  NA 12 Down  NA Sehydngennse /2 oxegiib b tatuctase
XP_010928399.1 TRNS 2.7.1.100 K00899 -1.0 Down NA —25 Down NA mE 5-methylthioribose kinase
XP 0109319321 TRNS 6323 K2145 05 Down  NA 11  Down NA X%lulathlone synthase
alanine-glyoxylate
XP_010938608.1 ~TRNS 26144  K00830  —06 Down  NA 32 Down NA "ama"“f‘ase/ serine-glyoxylate
transaminase/serine-pyruvate
nsaminase
GTK; L-glutamine—4-(methylsulfanyl)-2-
XP_0109393941 TRNS 261117  K23977  —05 Down  NA 07 Down  NA oxobutanoate
aminotransferase
XP_010941130.1 TRNS 1.1.1.27 K00016 —34 Down NA -17 Down NA LDH, Idh; L-lactate dehydrogenase
XP 010942121 TRNS 25116  K00797 07 Down  NA 05 Up NA speE, SRM. SPES; spermidine synthase
XP 0109432201 TRNS 11137  K00026  —06 Down  NA 19  Down NA MDH?2; malate dehydrogenase
XP 0197112151 TRNS 2615 KO0815 0.8 U NA 1.0 Up NA TAT; tyrosine aminotransferase
C00051 METB - NA 03 md,'? NA 0.9 Up NA Glutathione
00049 METB - NA 11 P NA 16 Up NA ) L-Aspart. )
AoA6l9QHSt  proT 13U kogee; N NA oc 13 Up com 2 d"‘yd“”‘y&k‘“""s*“e'hy Ihiopentene:
AOAGIRVC5 ~ PROT 44115  K0539% NA NA oc NA NA oc Decystame césulﬂ‘arldrase
B3TM49 prOT  1BILE wose7  NA NA oc 17 Up com  1Zdihy droxy-3-keto-5 methy liniopentene

dioxygenase

0732

NA—Not Applicable; OC—Only Control; COM—Common, present in the control as well as the stressed treatments.
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Figure 6. Heatmap of the differentially expressed enzymes from transcriptomics analysis that
showed different qualitative profiles in the two scenarios studied—drought and salinity stresses.
(a)—downregulated in salt and upregulated in drought stress; and (b)—upregulated in salt and
downregulated in drought stress.
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1.095 C00049 - L-Aspartate
1.530 -C05399 - Melibiitol
4
-1.403 -0.603 C00026 - Oxoglutaric acid
-1.164 -0.778 C05345 - beta-D-Fructose 6-phosphate
2
0.372 -0.706 C11453 - 2-C-Methyl-D-erythritol 2,4-cyclodiphosphate
-0.273 -0.574 C05401 - 3-beta-D-Galactosyl-sn-glycerol
-0 -0.153 -1.213 C05911 - Pentahydroxyflavanone
0.280 0.902 C00051 - Glutathione
0.562 1.460 C00032 - Heme
-2
0.193 1.420 C01419 - L-Cysteinylglycine
-1.861 1.076 C17214 - 2-(3'-Methylthio}propylmalic acid
-4
-0.892 0.567 C00224 - Adenylyl sulfate
-1.290 0.569 -C05839 - cis-beta-D-Glucosyl-2-hydroxycinnamate
salt Drought

Figure 7. Heatmap of the 13 differentially expressed metabolites that were found in the two scenarios
studied—drought and salinity stresses.

3. Discussion

Plant response to water deprivation shows several similarities with the first phase of
salinity stress, the osmotic effect [8—10]. The current study is a step further in a study in our lab
that applies different omics platforms to characterize the morphophysiological and molecular
responses of young oil palms to two abiotic stresses—salinity and drought [17,20-23].

The young oil palm plants used in the study by Bittencourt et al. [17] and the ones
used in the present study are clones of a specific plant—genotype AM33, a Deli x Ghana
from ASD Costa Rica. Moreover, they were of almost similar age, cultivated under the
same main environmental variables—as they were submitted to stress almost at the same
time in the same greenhouse, and the stresses lasted 12 days in the case of salinity and
14 days in the case of drought, or almost the same time. Consequently, one can say that
it is a unique opportunity to use all omics datasets—transcriptomics, proteomics, and
metabolomics—from either one of the studies to map the similarities and dissimilarities in
the response of those plants to those abiotic stresses. It is important to state that, in the case
of salinity stress, plants were under field conditions throughout the entire experiment to
ensure that the osmotic effect was due to the excess of salt in the soil and not otherwise [20].

In the present study, single-omics analyses showed that the most affected biological
process subcategories in the transcriptome were protein phosphorylation, carbohydrate
metabolic, and phosphorylation processes; meanwhile, in the proteome, the most affected
ones were carbohydrate metabolism, cellular oxidant detoxification, and glycolytic pro-
cesses. The transcriptomics and proteomics results, whether under salinity [17] or drought
stress (present study), show that the most affected biological process subcategories in the
transcriptome and proteome profiles are very much the same in the apical leaf of young oil
palm plants.

Stress mitigation results from the action of several distinct proteins, allowing plants
to survive under unfavorable conditions, including water deprivation. Post-translation
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modifications, such as protein phosphorylation, promote changes in those proteins that
already existed in the cells before the onset of the stress and play roles important in plant
resistance to abiotic stresses [24,25]. Carbohydrate metabolism also plays a role in plant
stress perception and signal transduction, besides being a substrate for energy production
and a mediator of osmotic regulation and carbohydrate distribution [26].

The number one molecular function affected by drought or salinity stress in the apical
leaf of young oil palm plants, revealed by both the transcriptome and proteome profiles
obtained here and by Bittencourt et al. [17], was ATP binding. ATP binding proteins (ABPs)
have a binding site that allows adenosine-5’-triphosphate (ATP) molecules to interact, and
they have roles important in membrane transport and the regulation of various metabolic
processes. The ATP-binding cassette (ABC) transporters belong to a large protein family
and are present in the membranes of chloroplasts, mitochondria, peroxisomes, and vacuoles.
They participate in several biological processes of regulation in plants, including resistance
to drought and salinity stresses, and are considered reliable targets for developing stress-
tolerant crop plants in the future [27]. Consequently, it was no surprise that the number one
cellular component affected by the two abiotic stresses in question, either under drought or
salinity stress, was an integral component of a membrane in the transcriptome profile and
cytoplasm in the proteome profile.

The oxidoreductases, transferases, and hydrolases classes of enzymes had the highest
number of positive hits, similar to what we saw in Bittencourt et al. [17]. Within those
classes, one can find several subclasses equally affected by drought and salinity stress.
Several successful cases of resistance to abiotic stresses achieved by the overexpression
of genes coding for oxidoreductases, transferases, or hydrolases enzymes are available in
the scientific literature [28-30], showing that here also resides reliable targets to generate
stress-tolerant crop plants.

The integration of transcriptomics, proteomics, and metabolomics datasets to gain fur-
ther insights into the mechanism behind the response of young oil palm plants to drought
stress used a much larger number of differentially expressed molecules compared to the
MOI study carried out previously by Bittencourt et al. [17], when a total of 510 enzymes
and 19 metabolites, differentially expressed under salinity stress, were used. Here, 1955 DE
enzymes from transcriptomics analysis, 131 DE enzymes from proteomics analysis, and
269 differentially expressed metabolites (DEMs) underwent MOI analysis. The conse-
quent result was a significant increase in the number of unique DE molecules in the most
affected pathways.

The present MOI study showed that the Cysteine and methionine metabolism was
the most affected pathway in the apical leaf of young oil palm plants under drought stress,
with 47 unique DE molecules. In Bittencourt et al. [17], this pathway was the number
one in the rank of affected ones, tied together with Glycolysis/Gluconeogenesis pathway
(map00010), both with 20 unique DE molecules. The latter turned out to be the seventh
most affected pathway in the list of the most affected ones in young oil palm plants under
drought stress, with 30 unique DE molecules. Glycine, serine, and threonine metabolism
(map00260) and Amino sugar and nucleotide sugar metabolism (map00520) were present
in both lists of most affected pathways, with 34 and 35 unique DE molecules, respectively,
in plants under drought stress, and 14 and 12 DE molecules, respectively, under salinity
stress [17]. At last, in the present study, when performing the MOI analysis only with the
molecules (proteins and metabolites) differentially expressed in both scenarios—drought
and salinity stresses—the Cysteine and methionine metabolism pathway again turned out
to be the most affected.

Even though this study identified other pathways, further discussion will concen-
trate only on cysteine and methionine metabolism. Cysteine and methionine are sulfur-
containing amino acids. Besides being the metabolic sulfide donor for all cellular compo-
nents containing reduced sulfur, cysteine is also a precursor of methionine, glutathione,
phytochelatins, iron-sulfur clusters, vitamin cofactors, and multiple secondary metabolites,
and the incorporation of sulfide into cysteine takes place in chloroplasts, mitochondria, and
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the cytoplasm [31]. Our results show that L-serine O-acetyltransferase, the first enzyme in
cysteine biosynthesis, which catalyzes the synthesis of O-acetylserine (OAS) from acetyl-
CoA (AcCoA) and L-serine (L-Ser), is upregulated in the apical leaf of young oil palm
plants under saline (Logz(FC) = 3.4) as well as drought stress (Logz(FC) = 4.7). The same is
true for the cysteine synthase, which catalyzes the synthesis of L-cysteine and acetate from
OAS and hydrogen sulfide and showed a ~2-fold and ~6-fold increase, respectively, under
saline and drought stresses.

Several enzymes from the omnipresent methionine salvage pathway (MSP), which
uses dioxygen to regenerate methionine, associated with a ratchet-like step that prevents
methionine back degradation [32], were differentially expressed in the apical leaf of young
oil palm plants under saline and drought stresses. Enzymes from this pathway, such
as S-adenosylmethionine synthetase, S-adenosylmethionine decarboxylase, and tyrosine
aminotransferase, were positively regulated under both abiotic stresses. Meanwhile,
5-methylthioribose kinase and L-glutamine-4-(methylsulfanyl)-2-oxobutanoate aminotrans-
ferase were both downregulated. Resistance to salt and oxidative stress was achieved
in Arabidopsis plants by the overexpression of a S-adenosylmethionine synthetase gene
from salt-resistance sugar beet [33]. Barley stripe mosaic virus-based virus-induced gene
silencing (BSMV-VIGS) of a S-adenosylmethionine synthetase gene in the Tibetan wild
barley genotypes XZ5 severely compromised its resistance to both drought and salinity
stress [34].

Besides mapping the commonalities in the molecular response of young oil palm
plants to drought and salinity stresses, the present study also reported the molecules that
displayed the opposite behavior when submitted separately to those two stresses. Stachyose
synthetase (XP_010931766.1) is the enzyme that showed to most opposite behavior, down-
regulated under salt stress (Log,(FC) = —5.5) and upregulated in drought (Log»(FC) = 4.9).
This enzyme catalyzes the reaction that produces myo-inositol plus stachyose from alpha-
D-Galactosyl-(1->3)-1D-myo-inositol and Raffinose and was regulated positively in the
drought-tolerant conifer Larix olgensis A. Henry under PEG-simulated drought stress [35].
According to Okemo et al. [36], the shoots of Tripogon loliiformis—an Australian resurrection
plant—accumulated stachyose synthase transcripts and stachyose during drought stress.
Stachyose triggers the formation of the hallmarks of plant apoptotic-like cell death in the
desiccation-sensitive Nicotiana benthamiana but not the resilient T. loliiformis. Because of
that, the stachyose synthase gene from this species is a potential candidate for improving
stress resistance.

The present study, and the one by Bittencourt etal. [17], used transcriptome datasets from
the apical leaf of young oil palm plants already showing extensive necrosis [20,23]. The reason
stachyose synthase gene in E. guineensis increased approximately 32-fold under drought
but decreased by almost 100% under saline stress, and considering that the transcriptome
profiles used came from leaves with extensive necrosis, this is a question that needs further
study to be answered.

The enzyme that showed to second most opposite behavior, downregulated under salt
stress (Log2(FC) = —2.3) and upregulated in drought (Log2(FC) = 3.1), is a Topoisomerase
II (XP_010931766.1). John et al. [37] over-expressed a topoisomerase II gene from tobacco in
Nicotiana tabaccum and observed an increase in the resistance to salt stress.

The enzyme (XP_010934998.1) that showed the most opposite behavior, upregulated
under salt stress (Log,(FC) = 1.9) and downregulated in drought (Log,(FC) = —3.1), is a
member of the Cytochrome P450, E-class, group IV (IPR002403), protein family. Cytochrome
P450s (CYPs) act as versatile catalysts and play a crucial role in the biosynthesis of secondary
metabolites, antioxidants, and phytohormones in higher plants. The expression of several
CYP genes is regulated in response to environmental stresses, with a role important in the
crosstalk between abiotic and biotic stress responses, which make them candidate genes for
engineering crop species resilient to biotic and abiotic stresses [38].
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4. Materials and Methods
4.1. Plant Material, Growth Conditions, Experimental Design, and Drought Stress

The oil palm plants used in this study are clones of the ones used in the Bitten-
court et al. [17] study. All plants—from both studies—came from the same embryogenic
calluses. The young oil palm plants used in both studies were clones regenerated out
of embryogenic calluses obtained from the leaves of an adult plant—genotype AM33, a
Deli x Ghana from ASD Costa Rica; and were subjected to treatments when they were in
the growth stage known as “bifid” saplings. Before starting the experiments, plants were
standardized according to their developmental stage, size, and the number of leaves.

The experiment consisted of two water availability levels (field capacity—control and
water deprivation—stressed), with four replicates in a completely randomized design.
For the omics (transcriptomics, metabolomics, and proteomics) analysis described in the
present study, we collected the apical leaves from control and stressed plants 14 days after
imposing the treatments (DAT). See Rodrigues-Neto et al. [21] and Salgado et al. [23] for
additional details regarding growth conditions, experimental design, drought stress, and
the morphophysiological response of the oil palm plants.

4.2. Single-Omics Data Analysis, Functional Annotation, and Integratomics Analysis

Samples harvested from control and stressed plants were immediately immersed
in liquid nitrogen and stored at —80 “C until RN A /Protein/Metabolite extraction; three
replicates (plants) per treatment for RNA and protein extraction and four for the extraction
of metabolites.

See Salgado et al. [22] for additional details on total RNA extraction, quality anal-
ysis, library preparation, and sequencing. The RN A-Seq raw sequence data are in the
Sequence Read Archive (SRA) database of the National Center for Biotechnology Informa-
tion (NCBI) under the BioProject number PRJNA573093. The transcriptomics analysis was
performed using the OmicsBox platform—version 2.0.36 [39], as previously described [22].
The oil palm genome [18,19]—downloaded from NCBI (BioProject PRINA268357; BioSam-
ple SAMNO02981535) in September 2021—was the reference genome for RNA-Seq data
alignment. The pairwise differential expression analysis between experimental conditions
(Stressed Plants X Control) was performed as described [17].

The protein extraction protocol used here was the same used before [17]. The same
happened for protein preparation and LC-MS/MS analysis at the GenOne company (Rio
de Janeiro, R, Brazil). Data were acquired in biological triplicates using the the Xcalibur
software (version 2.0.7) (Thermo Scientific, Waltham, MA, USA). Raw files were processed
using the PatternLab for Proteomics V software [40], also as described by [17].

The metabolite extraction protocol used here was the same used by [17]. The Data-
Analysis 4.2 software (Bruker Daltonics, Bremen, Germany) was the first used to analyze
the raw data from UHPLC-MS as mzMXL files, and the pre-processing of data, peak detec-
tion, alignment of retention times and the statistical analysis at the pre-processing stage
was similarly used by [17]. Then, a dataset was created from control and stressed plants.
The pre-processed data (csv file) underwent analysis in the Statistical Analysis, MS Peaks
to Pathway, and pathway analysis modules of the MetaboAnalyst 5.0 [41,42], exactly as
previously described [17]. The differentially expressed peaks (DEPs) selected were those
passing the criteria of false rate discovery (FDR) < 0.05 and Log; (fold change [FC]) # 1.

The differentially expressed (DE) full-length ORFs and proteins identified in the
OmicsBox and PatternLab V analysis underwent KOALA annotation before MOI analysis
(Figure 1). The approach used to integrate the three omics was pathway-based mapping,
performed using the Omics Fusion platform [43], as shown in Figure 1 and previously
described [17].
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4.3. Correlation Analysis of Differentially Expressed Molecules under Two Distinct
Scenarios—Salinity and Drought Stresses

To perform a correlation analysis of differentially expressed (DE) full-length RN As,
proteins, and metabolites under two distinct scenarios, we used sets of data with the DE
molecules from this present study and re-used the respective ones from [17]. First, to
check the data distribution, we used the Data Overview module of Omics Fusion [43],
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 was the Log,(FC) from the DE molecules
obtained from the single-omics analysis.

5. Conclusions

The SOA and MOI studies here reported generated new insights on the early response
of young oil palm plants to drought stress, pointing out genes, proteins, metabolites, and
pathways directly affected by this stress.

The MOI study performed using the molecules differentially expressed under drought
(from this study) and salinity stress (from [14]) gave a unique opportunity to map the
similarities and dissimilarities in the molecular response of those plants to those abiotic
stresses of very high importance.

All MOI studies showed that cysteine and methionine metabolism was the most
affected pathway, independent of the abiotic stress applied. This was also the case when
only those molecules differently expressed under both abiotic stresses were considered.

The correlation analysis revealed that only 8.85% of those enzymes which were dif-
ferently expressed under both stresses had different qualitative profiles, corroborating the
already known fact that plant responses to drought and salinity show several similarities,
with emphasis on the osmotic effect.

Finally, besides allowing us to map the pathways most affected by two abiotic stresses
in the leaves of young oil palm plants, this study also generated a list of genes, proteins,
and metabolites responsive to those stresses. This list can be used as valuable information
to help those interested in the prospection and validation of candidate genes to promote
resistance to both abiotic stresses once overexpressed in oil palm or other plant species.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants11202786/s1, Table S1: Proteins from the oil palm genome
differentially expressed (FDR < 0.05) in the leaves of young oil palm plants under drought stress.
FC—Fold Change, CPM—Count Per Million, FDR—False Discovery Rate, Kegg Orthology number,
and E.C. number; Table S2: List of all peptides confidently identified in oil palm conditions; Table S3:
List of all proteins confidently identified in oil palm conditions; Table S4: All proteins confidently
identified in oil palm conditions with maximum parsimony criterion; Table S5: List of the proteins
detected only in control biological condition; Table S6: List of the proteins detected only in stressed
biological condition; Table S7: List of all differentially expressed proteins detected in both biological
conditions (Stressed and Control) with statistical significance (FDR < 0.05); Table S8: List of metabo-
lites identified in the leaves of young oil palm plants submitted to drought stress via metabolomics
analysis, after submitting the differentially expressed (DE) peaks to the pathway topology analysis
module in MetaboAnalyst 5.0; Table S9: group of 554 enzymes differentially expressed under both
abiotic stresses—drought and salinity.
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2. CONSIDERACOES FINAIS

A palma de 6leo africana (Elaeis guineensis) tem grande potencial de suprir parte
consideravel da demanda global por éleos vegetais. O plantio da palma de 6leo fora das areas
tradicionais de cultivo, em florestas tropicais Umidas, é visto como uma oportunidade de
expandir a zona de produgédo, promover o desenvolvimento econdmico de outras regides e
reduzir a pressao sobre a biodiversidade.

As mudancas climaticas e a ampliacdo da zona de cultivo devem impor a palma de
6leo, no futuro, desafios que podem impactar negativamente sua produtividade.
Destacadamente, dentre os estresses abidticos que afetam as culturas, a disponibilidade
hidrica e o estresse salino estdo entre 0s mais preocupantes. No mesmo contexto, o
Amarelecimento Fatal (AF) é visto com um dos principais obstaculos a producdo da palma de
oleo africana na América.

Os estudos de SOA (Singular Omics Analysis) e MOI (Multi-Omics Integration)
realizados neste trabalho forneceram uma compreens@o mais aprofundada sobre a resposta de
plantas jovens da palma de 6leo ao estresse de salinidade e seca, e ao amarelecimento fatal.
Os resultados oferecem uma visdo abrangente dos mecanismos moleculares envolvidos na
resposta da palma de 6leo, fornecendo uma base de conhecimento para pesquisas futuras e o
desenvolvimento de estratégias para 0 melhoramento genético no contexto apresentado €, no
ambito do AF, um direcionamento para a melhor compresséo do efeito do alagamento como
um fator importante para o surgimento da doenca.

Nossos resultados destacaram o metabolismo de cisteina e metionina como a via mais
afetada no estresse a seca e a salinidade a partir da integracdo de enzimas e metabdlitos.
Destacamos em nosso estudo a similaridade entre as enzimas diferencialmente expressas nos
dois cenarios, com a maioria delas apresentando comportamento semelhante. Desta forma, a
lista de genes, proteinas, e metabdlitos responsivos aos estresses abioticos seca e salinidade
encontrados, em uma avaliacdo de integracdo dentro de vias, representam um conjunto de
componentes valiosos para trabalhos que pretendem prospectar e validar genes para promover
resisténcia a ambos os estresses abidticos em palma de 6leo ou outras espécies de plantas.

Em nossa abordagem sobre o AF, utilizando os dados de perfis fisico-quimicos dos
solos, ndo conseguimos estabelecer uma correlagdo entre a composi¢éo do solo e das folhas
com os fendtipos sintomatico e assintomatico. Embora esses resultados sejam consistentes

com diversos estudos, destacamos ser de grande importancia que estudos futuros verifiquem
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as condigdes do solo, uma vez que a hipdtese de o AF ser uma doenca ligada a fatores do solo,
mas sem influéncia priméria da falta ou excesso de macro e micronutrientes.

Para SOA e MOI no ambito do AF, nossas descobertas abrem caminho para estudos
futuros com o intuito de aprofundar a compreensao do AF. Observamos evidéncias dentro dos
56 genes/proteinas diferencialmente expressos, comparando-se plantas sintomaticas e
assintomaticas, independente do periodo, que fatores ligados a quebra de resisténcia contra
patdgenos ndo adaptados e a imunidade basal, ligado as condi¢BGes anaerdbicas no periodo
chuvoso, sejam os fatores cruciais para o aparecimento do AF. Postulamos essa hipdtese com
base na regulacdo negativa de EgRPL19-2 em ambas as estacOes e de duas proteinas
semelhantes a WAKs de uma subfamilia especifica das plantas da familia de quinases
semelhantes a receptores (IPR045274).

Dessa maneira, os resultados apresentados fornecem uma base para o desenvolvimento
de biomarcadores, com o propésito de selecionar plantas resistentes a doenca. Isso é
especialmente relevante devido a presenca de individuos, como o0s assintomaticos
selecionados para o presente estudo, que nunca manifestaram sintomas de AF, mesmo em
regibes com severa incidéncia da doenca. Além disso, a comparacdo molecular com Elaeis
oleifera, a espécie resistente a doenca, permitird direcionar estratégias de edicdo genética,
visando criar genotipos capazes de tolerar as condi¢des de solo propicias ao surgimento do
AF.

Por fim, apresentamos a integracdo dados gerados pelas diferentes tecnoldgicas
Omicas, como transcriptdmica, metabolémica e protedbmica, como uma estratégia promissora
para o estudo da resposta das plantas as doencas e a condi¢cbes ambientais adversas, gerando
subsidios para programas de melhoramento genético da palma de dleo e de outros recursos

vegetais.



