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Global warming-induced climate change causes significant agricultural

problems by increasing the incidence of drought and flooding events.

Waterlogging is an inevitable consequence of these changes but its effects on

oil palms have received little attention and are poorly understood. Recent

waterlogging studies have focused on oil palm seedlings, with particular

emphasis on phenology. However, the transcriptomic waterlogging response

of mature oil palms remains elusive in real environments. We therefore

investigated transcriptomic changes over time in adult oil palms at plantations

over a two-year period with pronounced seasonal variation in precipitation. A

significant transcriptional waterlogging response was observed in the oil palm

stem core but not in leaf samples when gene expression was correlated with

cumulative precipitation over two-day periods. Pathways and processes

upregulated or enriched in the stem core response included hypoxia, ethylene

signaling, and carbon metabolism. Post-waterlogging recovery in oil palms was

found to be associated with responses to heat stress and carotenoid

biosynthesis. Nineteen transcription factors (TFs) potentially involved in the

waterlogging response of mature oil palms were also identified. These data

provide new insights into the transcriptomic responses of planted oil palms to

waterlogging and offer valuable guidance on the sensitivity of oil palm

plantations to future climate changes.
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1 Introduction

Agricultural crops, and particularly cereals, are vital components

of human diets and have therefore been studied extensively (Parent

et al., 2008; Loreti and Perata, 2020). Erratic climate change has

increased the frequency and severity of crop damage caused by

abiotic stresses such as extreme drought, flooding, and

temperatures. This has provoked worldwide interest in research

aiming to increase the climate resilience of agricultural crops, and

climate resilience has become a major additional target of genetic

engineering and breeding efforts. One of the many environmental

changes caused by climate change is the waterlogging of agricultural

crops due to rapid rainfall. Waterlogging effects caused by extreme

rainfall have been studied extensively in other agronomic crops and

tree species, and are known to cause drastic yield loss and growth

retardation (Glenz et al., 2006; Kreuzwieser and Rennenberg, 2014;

Miyazawa et al., 2014; Tian et al., 2021; Langan et al., 2022). The

situation is similar in oil palm cultivation; many studies have shown

that oil palms are very sensitive to erratic climate change (Corley and

Tinker, 2015; Paterson and Lima, 2018; Abubakar et al., 2021). This

has exacerbated the pressure on the oil palm industry caused by oil

palm fungus attacks, which can reduce yields by 50-80%: extreme

rainfall usually increases environmental humidity, which favors

fungal growth (Paterson et al., 2013; Corley and Tinker, 2015;

Torres et al., 2016; Paterson and Lima, 2018; Abubakar et al.,

2021). Oil palm yield loss is of particular concern because the oil

palm has become a major cash crop in several countries, especially

Indonesia and Malaysia. Nevertheless, waterlogging-response study

of oil palm is still at its rudimentary stage and apparently investigated

on oil palm seedlings grown under controlled conditions (Rivera-

Mendes et al., 2016; Cui et al., 2019; Nuanlaong et al., 2020;

Nuanlaong et al., 2021); there have been no field studies on

waterlogging responses in oil palms growing in real environments.

Sessile plants have evolved complex response mechanisms that let

them adapt to and survive environmental fluctuations that are not

readily reproduced in controlled experiments. Additionally, adult oil

palms are substantially larger and more advanced in their

development than seedlings, which might make them more

resistant to waterlogging but also makes it difficult to study them in

controlled experiments (Rankenberg et al., 2021). Finally, field studies

are important because they can provide direct information on

impacts of climatic change that cannot be studied under controlled

experimental conditions. As such, they are vital for verifying the

results of controlled experiments.

The waterlogging responses under field environment could be

addressed using omics methods such as genomics, transcriptomics,

and proteomics, all of which have been used extensively to study

plants’ molecular responses to climate change. In particular, a

transcriptomic differential gene expression analysis could reveal

waterlogging-responsive genes in planted oil palms and thereby

clarify their molecular responses to waterlogging. A recent

transcriptomic study on the drought stress response in oil palms

successfully identified thousands of differentially expressed genes

(DEGs) in palm seedling roots (Wang et al., 2020), suggesting that a
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similar approach could be used to identify DEGs related to

waterlogging responses.

To the best of our knowledge, the underground soil environment

differs markedly from the aboveground atmospheric environment,

particularly in terms of the availability of oxygen and water. Roots

were proclaimed to be the very first part of plant system to discern

water-deficiency or inundation, which then transmit various

molecular signals to other parts of the plant via long-distance

communication (Takahashi et al., 2020; Yang et al., 2020).

Consequently, most previous studies on waterlogging have focused

primarily on the roots and rarely scrutinized into waterlogging

responses of other plant parts (Rivera-Mendes et al., 2016;

Nuanlaong et al., 2020; Nuanlaong et al., 2021). Leaves may

respond strongly to waterlogging because they are highly sensitive

to osmotic stress and water deficiency in the atmosphere, and leaf

morphological traits are well-established indicators of plant water

status. For instance, leaves exhibit highly variable gene expression

under drought stress and are sensitive to environmental variations

(Kreuzwieser et al., 2009; Carr, 2011; Cui et al., 2019). It would also be

interesting to investigate waterlogging responses in the oil palm trunk

(i.e., the stem) because the trunk is the largest part of an oil palm tree

and serves as the plant’s main carbohydrate sink (Legros et al., 2009;

Tani et al., 2020). Moreover, an earlier study on citrus showed that

trunk growth depends strongly on the plant’s water status (Pérez-

Jiménez and Pérez-Tornero, 2021), indicating that trunk-level

homeostatic responses may exist. The effects of waterlogging on

plant trunks are poorly understood because they have rarely been

studied. However, it is clear that waterlogging responses do not occur

only in plants’ roots and may differ between parts of the plant, giving

rise to tissue- or organ-specific expression patterns (Ellis et al., 1999;

Kreuzwieser et al., 2009; Mustroph et al., 2014; Lothier et al., 2020).

This study was initiated to clarify waterlogging molecular

responses at the transcriptomic level in the non-model crop species

Elaeis guineensis (oil palm) by identifying waterlogging-related DEGs,

biological processes, and regulatory networks. The results obtained

reveal potential waterlogging-responsive traits that could be targeted

for genetic modification in order to create climate-resilient oil palm

varieties and help secure the future health of the oil palm industry.
2 Materials and methods

2.1 Meteorological data

Daily climate data for the Lampung study site were acquired

from a meteorological station located at Radin Inten II (5°14'23"S

105°10'27"E), approximately 39 km away from the study site (data

provided by the Indonesian meteorological department). During

the studied period, the lowest and highest average temperatures at

the palm plantation were 24 °C and 30 °C, respectively. The

meteorological data show that Lampung had a tropical climate

with an average annual precipitation of approximately 1741 mm

during the experimental period. However, there were several

months with extremely low or high precipitation levels.
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2.2 Field sampling

This study was conducted at a flatland palm plantation (formerly

a rubber plantation) in Lampung on the southern tip of Sumatera

Island in Indonesia (5°16'59.8"S, 105°19'56.1"E). Two healthy adult oil

palm trees with the almost same size (ca. 50 cm of stem diameter)

being about 20 meters apart from each other were chosen as study

subjects from a group of 19-21 year-old oil palm trees (tenera

cultivars) that had remained undisturbed in the plantation

environment because the trees underwent no fruit pruning,

defoliation, and fertilization during the experimental period.

Time series sampling was conducted at nine time points from

2017 to 2019: 22 August 2017 (T1), 13 November 2017 (T2), 24

February 2018 (T3), 29 May 2018 (T4), 24 August 2018 (T5), 20

November 2018 (T6), 28 February 2019 (T7), 28 May 2019 (T8),

and 7 September 2019 (T9). Stem cores and leaves were collected

from the two selected oil palms around the noon. A Haglof

increment borer (5.15 mm diameter) was used to extract stem

core samples from palm tree trunks approximately 1 m below the

branch of the lowest frond. For leaf sampling, we selected leaves

from the middle part of mature palm fronds and cut them into

small pieces. The collected plant materials were immediately placed

into a 5 mL plastic tube containing RNAprotect Tissue Reagent

solution (Qiagen, Germany) and kept at -20 °C at Universitas

Gadjah Mada’s laboratory before being transferred to the

laboratory at the Japan International Research Center for

Agricultural Sciences (JIRCAS) where samples were stored at -80

°C before RNA extraction. A schematic diagram showing sampling

procedure of this study presented in Figure S1.
2.3 RNA-seq library construction

Total RNA extraction was performed using approximately 50 mg

plant material with the RNeasy® Plus Mini Kit (Qiagen, Germany)

following the manufacturers’ guidelines. The quality and quantity of

extracted total RNAs were determined using a NanoDropTM One-C

(ThermoFisher Scientific, US), Qubit fluorometer (ThermoFisher

Scientific, US) and an Agilent 4150 TapeStation system (Agilent, US)

according to the manufacturers’ protocols before being sent for

sequencing. A cDNA library of core samples was generated by

preparing the extracted total RNA with the TruSeq Stranded mRNA

LT Sample Prep Kit (Illumina, US) before performing paired-end

sequencing (150 bp) with the NovaSeq 6000 platform to obtain 40

million reads of raw data (6 GB per sample) (Macrogen, South Korea).

For leaf samples, a cDNA library was prepared with the NEBNext®

UltraTM RNA Library Prep Kit (New England Biolabs, US) and

sequenced in the same way by Novogene (Novogene Co. Ltd., China).
2.4 Identification of differentially
expressed genes

The sequencing reads were pre-processed with Trimmomatic-

0.39 (Bolger et al., 2014) to trim low-quality sequences and

sequencing adapters. Using Hisat2 (ver. 2.2.1), trimmed reads were
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then mapped to a representative oil palm genome (Singh et al., 2013)

downloaded from the NCBI database as described by (Pertea et al.,

2016). The number of mapped reads was quantified with Stringtie

(ver. 2.1.7) and read count data were obtained. The count data for the

stem core and leaf samples were standardized separately using the

TMM method as implemented in the R package edgeR (ver. 3.36.0)

(Robinson et al., 2010). Each set of standardized count data was then

analysed for DEGs associated with the Lampung precipitation data by

performing likelihood ratio tests (glmLRT) using edgeR with a

Benjamini-Hochberg false discovery rate (FDR) of 0.05 (Benjamini

and Hochberg, 1995). To determine how to aggregation of the

precipitation data affected the number of identified DEGs, we

performed DEG analyses in which gene expression was related to

cumulative precipitation over a number of days ranging from 1 to 10.

The expression data were processed by scaling the log-transformed

counts per million (CPM) for the DEGs such that they had a mean of

zero and a standard deviation of one. A gene expression heatmap was

then generated with the R package pheatmap (ver. 1.0.12) using the

“ward.D” clustering method. To increase biological replicates, we

make two different groups which representing waterlogging and non-

waterlogging conditions. The alternative approach by grouping T3

and T7 expression data as waterlogging group and then compared to

non-waterlogging group consisting of expression data from other

sampling time points (Waterlogging grouping comparison). The gene

expression analysis procedure and heatmap generation were same as

described earlier. Simple overlapping between PDEGs/NDEGs from

both approaches was conducted to obtain overlapped DEGs. A

similarity score was acquired by referring to proportion of number

of overlapped PDEGs/NDEGs to the number of PDEGs/NDEGs

from former approach.
2.5 Functional analysis of DEGs

To understand the functions of the DEGs, we annotated the E.

guineensis genes using data for the corresponding Arabidopsis

thaliana genes, which were identified based on sequence homology

by performing BLASTP searches (E-value cutoff: 1.0E–10) (Altschul

et al., 1990). Having identified the corresponding A. thaliana genes,

we first investigated whether the set of DEGs contained a significant

number of waterlogging-related genes by comparing them to a list of

genes obtained from an A. thaliana submergence experiment (Yeung

et al., 2018). Fisher’s exact test with the Bonferroni multiple testing

correction was used to evaluate the significance of associations

between overlapping DEGs from E. guineensis and A. thaliana,

with a p-value threshold of 0.05 after applying the Bonferroni

correction. To identify biological processes (BP) and pathways

associated with the DEGs, we conducted Gene Ontology (GO) and

Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment

tests with a p-value threshold of 0.05 using the clusterProfiler package

(ver. 4.2.2) available in R (Ashburner et al., 2000; Kanehisa and Goto,

2000). Gene ontology (GO) data for each E. guineensis gene were

obtained by retrieving GO information for the corresponding A.

thaliana gene from The Arabidopsis Information Resource (TAIR)

(Swarbreck et al., 2008). The overlapped DEGs obtained through

overlapping of PDEGs/NDEGs from both approaches also further
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enriched by GO and KEGG enrichment tests. The workflow of

processing RNA-seq data in this study was summarized in Figure S2.
2.6 Gene regulatory network analysis for
DEGs

To elucidate the transcriptional regulatory relationships

between DEGs, we carried out a gene regulatory network (GRN)

analysis using the GENIE3 package (ver. 1.16.0) in R. For this

analysis, we obtained information on the transcription factors (TFs)

of A. thaliana from PlantTFDB v5.0 (http://planttfdb.gao-lab.org)

and identified potential TFs in E. guineensis based on homology

with A. thaliana genes.

3 Results

3.1 Seasonal patterns of precipitation at the
Lampung oil palm plantation

The daily precipitation at the plantation over the experimental

period labelled with T1-T9 which indicating the sampling dates is

shown in Figure 1. During the studied period, the precipitation

around the T3 and T7 sampling points was clearly significantly

more intense than at any other sampling point. The average daily

precipitation in Lampung was 4.73 mm and the highest daily

precipitation recorded during the study was 115.5 mm. Despite

the daily precipitation was generally around 0-4 mm, the histogram

presented in Figure 1 shows that it was above 30 mm on

approximately 5 % of the days during the experimental period.

This level was considered indicative of heavy rain that could cause

oil palm waterlogging (Figure 1).
3.2 Identification of DEGS correlating with
precipitation in oil palms

To determine whether heavy rain changes gene expression in oil

palms, we tried to identify genes responding to rainfall in the stem
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core and leaf samples. However, it was not clear how the magnitude

of the oil palm response would depend on the cumulative

precipitation over multiple days. We therefore first investigated

how the number of identified DEGs depended on the number of

days over which precipitation was aggregated in the DEG analysis,

which was varied from 1 to 10. The number of detected DEGs

peaked when precipitation was aggregated over two days for the

stem core and three days for leaf samples (Figure 2). Additionally,

the number of DEGs in stem cores greatly exceeded that in leaves:

we identified 586 positively correlated DEGs (PDEGs) and 504

negatively correlated DEGs (NDEGs) in the stem core with

precipitation aggregated over two days (Figure S3). Conversely,

we identified only 6 PDEGs and 7 NDEGs in leaves with

precipitation aggregated over three days (Figure S4). Because this

analysis suggested that stem cores responded more strongly to

rainfall than the leaves, all of our subsequent analyses focused on

the stem core DEGs, which were identified based on the correlation

between their expression and the cumulative precipitation over two-

day periods.

To determine how the stem core DEGs responded to

rainfall, we clustered the samples based on their expression

patterns and visualized the results using a heatmap (Figure 3).

The analysis grouped the T3 and T7 samples into one cluster

that was distinct from the other samples. Both samples were

collected in February, during periods of heavy rain: the

cumulative precipitation over two days was 40.2 mm for T3

and 105.0 mm for T7 (Figure 1).

We also had obtained DEGs correlating precipitation using a

different approach. In this approach, gene expression data of T3 and

T7 was grouped together which then compared to another group

consists of gene expression data from other sampling time points.

The generated heatmap under this approach (Figure S5A) also

presented similar trend as the former approach, which further

confirmed the reliability of our findings. Intriguingly, the

similarity scores obtained by comparing to former approach in

PDEGs and NDEGs are 87% and 66%, respectively (Figures S5B,

S5C). Based on these results, we can exclude the error rate of

obtaining DEGs due to small sample size.
BA

FIGURE 1

(A) Daily precipitation (mm) pattern in Lampung over the experimental period. Labels T1-T9 indicate the sampling time points for this study: 22 August
2017 (T1), 13 November 2017 (T2), 24 February 2018 (T3), 29 May 2018 (T4), 24 August 2018 (T5), 20 November 2018 (T6), 28 February 2019 (T7), 28 May
2019 (T8), and 7 September 2019 (T9). (B) Histogram showing the daily precipitation distribution (mm) in Lampung during the experimental period.
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FIGURE 2

Numbers of positively correlated differentially expressed genes (PDEGs) (blue line), negatively correlated DEGs (NDEGs) (orange line) and total DEGs
(black line) in stem core and leaf samples from mature oil palms. DEGs were identified by analysing the relationship between gene expression and
cumulative precipitation intensity at Lampung over periods of 1-10 days.
FIGURE 3

Stem core transcriptomic expression patterns of mature oil palms at the Lampung plantation correlated with cumulative precipitation over two-day
periods. The red and purple colour scales represent the relative expression levels from higher to lower expression. PDEGs (green) and NDEGs
(brown) are genes exhibiting positive and negative differential expression when correlated with cumulative precipitation over two days, respectively.
The labels TX–1 and TX–2 denote the two samples collected at time point TX.
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3.3 Generation of gene sets through
comparative transcriptome analysis

The PDEGs and NDEGs were overlapped with the DEGs

identified in a submergence experiment using the model plant, A.

thaliana (Yeung et al., 2018) to verify their involvement in

waterlogging-induced stress responses or waterlogging recovery

(Figure 4). In this analysis, submergence-related genes are defined

as genes upregulated during submergence treatment in A. thaliana

while submergence-recovery genes are genes upregulated during

recovery from submergence.

Fisher’s exact test was used to evaluate the significance of the

overlap between the oil palm DEGs and the A. thaliana

submergence-related and submergence recovery genes. This

revealed that the PDEG and NDEG gene sets contained

significantly elevated proportions of submergence-related and

submergence-recovery genes, respectively, when compared to a

reference set of oil palm genes (Figure 4A). However, the

proportion of A. thaliana submergence-recovery genes among the

NDEGs was much lower that of submergence-related genes in

the PDEGs.
3.4 GO and KEGG enrichment of PDEGs
and NDEGs in oil palm core samples

The results described above showed that the PDEGs and

NDEGs identified in the oil palm stem core included significant

numbers of waterlogging-related genes. For this reason, we only

characterized the functions of these waterlogging-related PDEGs

and NDEGs through GO and KEGG enrichment tests. The GO
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enrichment results of PDEGs revealed multiple GO terms that are

closely related to waterlogging including response to hypoxia

(GO:0071456, GO:0001666) and ethylene responses (GO:0009723,

GO:0010105, GO:0071369) in PDEGs (Figure 5 and Supplementary

Data 1). The only GO term enriched among the NDEGs was

response to heat (GO:0009408) (Supplementary Data 1).

We also performed a KEGG enrichment analysis with A.

thaliana as the reference organism to identify the principal

biological and signal transduction pathways of the waterlogging

response. The PDEGs were significantly enriched in the glycolysis/

gluconeogenesis pathway (ath00010), which is known to be

generally stimulated in plants under hypoxic conditions.

Additionally, the carotenoid biosynthesis pathway (ath00906) was

enriched in the NDEGs (Supplementary Data 1).
3.5 Transcription factors regulating the
expression of hypoxia-related genes

The GO and KEGG enrichment analyses suggested the

enrichment of hypoxia-related genes in the stem core DEGs.

Thus, we further analysed the PDEGs, particularly response to

hypoxia, which has been claimed as one of the critical

repercussions of the waterlogging event in plants. To investigate

this further, we performed a gene regulatory network (GRN)

analysis of the PDEGs using GENIE3, which identified 19

candidate TFs associated with the PDEGs (Table 1). Among

these are several TFs known to be involved in the hypoxia

response of A. thaliana, namely LBD41 (LOC105048441), HRA1

(LOC105038181, LOC105035293), and HRE2 (LOC105052544)

(Eysholdt-Derzsó and Sauter, 2019). Consequently, we further
BA

FIGURE 4

Proportion of submergence-related and submergence-recovery genes in the oil palm DEG sets identified by a comparative analysis. PDEGs (blue)
and NDEGs (brown) are DEGs exhibiting positive and negative differential expression when correlated with cumulative precipitation over two days,
respectively. The OTH represents gene sets that were excluded from either PDEGs or NDEGs. The p-value (P) indicates the significance of the
difference between the oil palm DEG sets and (A) thaliana submergence DEG sets as determined using Fisher’s exact test. (A) PDEGs and OTH in the
stem core (B) NDEGs and OTH in the stem core.
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examined the target genes of these four TFs and found some core

hypoxia-related genes identified by Mustroph et al. (2009) in A.

thaliana such as ADH1 (LOC105038502), PCO2 (LOC105047705)

and WIP4 (LOC105032718). Moreover, both of these candidate

TFs as well as their gene targets were very strongly expressed at the
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T3 and T7 sampling points (Figure 6). The regulatory

relationships of these TFs (Tables 1, 2) and their seasonal

expression patterns (Figure 6) strongly suggest that they and

their gene targets are highly engaging with hypoxia and

waterlogging responses in oil palm.
TABLE 1 Significant hypoxia-related TFs in the oil palm stem core.

Transcription factors Descriptions Adjusted p-values

LOC105041281 related to ABI3/VP1 2 (RAV2) 6.09E-12

LOC105051406 basic helix-loop-helix (bHLH) DNA-binding superfamily protein 1.12E-11

LOC105049728 auxin response factor 2 (ARF2) 1.03E-10

LOC105048441* LOB domain-containing protein 41 (LBD41) 2.72E-09

LOC105055150 beta HLH protein 93 (bHLH093) 4.05E-09

LOC105038181* sequence-specific DNA binding transcription factors 9.29E-09

LOC105038610 Plant regulator RWP-RK family protein 2.07E-07

LOC105052623 ALWAYS EARLY 3 (ALY3) 3.78E-07

LOC105035293* sequence-specific DNA binding transcription factors 1.93E-06

LOC105058928 iaa-leucine resistant3 (ILR3) 1.25E-05

LOC105056257 cryptochrome-interacting basic-helix-loop-helix 1 (CIB1) 4.29E-05

LOC105041115 response regulator 2 (RR2) 2.46E-04

LOC105052544* HYPOXIA RESPONSIVE ERF (ETHYLENE RESPONSE FACTOR) 2 (HRE2) 3.58E-04

LOC105047023 G-box binding factor 6 (GBF6) 6.15E-04

LOC105041457 Zinc finger C-x8-C-x5-C-x3-H type family protein 0.002078

LOC105057378 CHINESE FOR 'UGLY' (TSO1) 0.002652

LOC105038344 sequence-specific DNA binding transcription factors 0.013223

LOC105038777 SUPPRESSOR OF GAMMA RADIATION 1 (SOG1) 0.026485

LOC105059673 beta HLH protein 93 (bHLH093) 0.030111
*Expression patterns (bold) shown in Figure 6.
FIGURE 5

Enriched GO terms for DEGs whose expression correlated positively with cumulative precipitation over two days in oil palm stem core samples. The
sizes of the dots indicate the enriched gene count and their colour indicates the p-values after adjustment using a Benjamini-Hochberg FDR of 0.05.
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4 Discussion

4.1 Correlation between cumulative
precipitation and waterlogging-related
DEGs in oil palm

The number of detected DEGs was highest in samples collected

during periods of heavy rainfall in February when aggregating
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precipitation over a time frame of 2 to 3 days. This is consistent

with the findings of an earlier study on waterlogging in oil palms,

which claimed that two days of waterlogging stress was detrimental

to the secondary roots and three days of waterlogging stress led to

elevated mRNA expression of genes responsible for lysigenous

aerenchyma formation (Nuanlaong et al., 2021).

The rainy season of Lampung generally extends from December

to February, so it is very likely that the studied oil palm plantation
B

C D

E F

G

A

FIGURE 6

Expression patterns of hypoxia-related TFs and their target genes in oil palms during the experimental period. (A) LBD41 (B, C) HRA1 (D) HRE2 are
hypoxia-related TFs, and (E) ADH1 (F) PCO2 (G) WIP4 are their target genes. T1–T9 denote the sampling time points. The two blue dots at each time
point show the expression levels of the two stem core samples, and the line shows the mean expression level. Expression levels are plotted in units
of counts per million (CPM).
frontiersin.org

https://doi.org/10.3389/fpls.2023.1213496
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Lim et al. 10.3389/fpls.2023.1213496
would have been waterlogged during this period. This likelihood is

increased by the plantation’s flatland topography, which facilitates

water stagnation and makes it highly prone to waterlogging

following extreme rainfall (McFarlane, 1985; Valipour, 2014).

Eventually, the soil profile of the area will become saturated with

water, resulting in a perched water table in which the soil pores are

filled with water instead of the air that plants need for normal

respiratory activity. This can profoundly affect plant growth and

development. A previous study stated that oil palms are quite

tolerant of high-water tables but are nevertheless vulnerable to

continuous waterlogging, which may provoke stress responses

similar to those induced by drought (Rivera-Mendes et al., 2016).

Some studies have projected waterlogging is common in Sumatra

during the rainy season, and the Indonesian government has even

listed Lampung as a city at severe risk due to climate anomalies

(Supari et al., 2017; Supari et al., 2019; Tangang et al., 2020; Mukhlis

and Perdana, 2022). Additionally, many studies have affirmed that

oil palm requires an even distribution of annual rainfall with a total

precipitation of at least 2000 mm per annum or 100 mm per month

for optimal growth (Hartley, 1988; Corley and Tinker, 2003; Carr,

2011; Paramananthan, 2013). The cumulative precipitation over

just two days was in excess of 30 mm at the T3 and T7 sampling

points, we thus reasonably conclude that waterlogging occurred at

both of these sampling points in the experimental oil palm field.

Moreover, by scrutinizing the transcriptomic changes that occurred

at the T3 and T7 time points, we identified DEGs involved in the

transcriptomic waterlogging responses of adult oil palms. By reason

of the number of identified DEGs was highest when aggregating

precipitation over 2-day periods, we postulated that 2 days of

waterlogging were needed to initiate the waterlogging response of

oil palms correlating to the seasonal rainfall profile in the

experimental plantation.
4.2 Waterlogging caused significant
changes in gene expression in oil palm
stem core

Previous studies on waterlogging in oil palms have examined

seedlings cultivated under controlled conditions (Yulia and Sitorus,
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2012; Rivera-Mendes et al., 2016; Cui et al., 2019; Nuanlaong et al.,

2020; Nuanlaong et al., 2021). The goal of this study was to

complement these works by studying waterlogging responses in

adult palms growing under natural conditions, which is important

because Poorter et al. (2016) have shown that differences between

controlled and field environments can significantly affect plant

performance and growth (Poorter et al., 2016; Forero et al., 2019).

Additionally, previous studies on oil palm waterlogging have

focused on the response in the roots, paying little attention to

other organs. Although the roots exhibit a strong waterlogging

response, responses in other organs also warrant study because

systemic signals allow plants to respond to stress at the whole-plant

level rather than merely at the local or cellular level (Zandalinas

et al., 2020; Omary et al., 2023). Accordingly, there are numerous

research publications have elucidated organ-specific waterlogging

responses in other plants (Ellis et al., 1999; Mustroph et al., 2009;

Hsu et al., 2011; Mustroph et al., 2014; Lothier et al., 2020; Cao et al.,

2022) marked the necessity to investigate waterlogging responses in

other parts of oil palm as well.

Herein, we studied the transcriptomic responses in stem core

and leaves of oil palm towards waterlogging. This revealed that the

samples collected at the T3 and T7 time points had very similar gene

expression profiles that differed markedly from those seen at other

time points. Moreover, an expression heatmap revealed significant

transcriptomic changes in the oil palm stem core (Figure 3) whereas

only minimal transcriptomic changes were detected in the leaves of

the studied plants (Figure 2 , S2). This was unexpected because the

leaves of oil palm seedlings exhibited significant waterlogging-

induced physiological and/or morphological changes in earlier

studies (Yulia and Sitorus, 2012; Rivera-Mendes et al., 2016; Cui

et al., 2019; Nuanlaong et al., 2020). The reliability of these findings

was evaluated using Fisher’s exact test, which indicated that genes

associated with waterlogging were significantly overrepresented

among the DEGs identified in the stem core, while the opposite

was true for the leaves (Figure 4A, B).

To date, both transcriptomic and physiological changes were

observed in oil palm leaves as waterlogging responses reported by

the previous studies, however, not found in adult oil palms

according to our study. The discrepancies between the results

could be arising by several factors. First, it could simply be the
TABLE 2 Significant hypoxia-related genes identified in the oil palm stem core by GRN analysis.

Target genes Descriptions Transcription factors

LOC105032718* Wound-responsive family protein LOC105048441

LOC105034150 LOB domain-containing protein 41 (LBD41) LOC105035293

LOC105034334 unknown protein LOC105048441

LOC105038502* alcohol dehydrogenase 1 (ADH1) LOC105035293

LOC105047965 ACC oxidase 1 (ACO1) LOC105052544

LOC105035293 sequence-specific DNA binding transcription factors LOC105048441

LOC105047705* Protein of unknown function (DUF1637) LOC105038181

LOC105038181 sequence-specific DNA binding transcription factors LOC105052544
*Expression patterns (bold) shown in Figure 6.
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result of age-related differences in developmental stage (Gill, 1970;

Glenz et al., 2006; Rankenberg et al., 2021): previous controlled

experiments examined oil palm seedlings that were usually under

one year old. It should be noted that oil palm seedlings are only

transferred from nurseries to field environments when they are at

least one year old; proper acclimatization and intensive cares are

compulsory for their survivals (Turner and Gillbanks, 1974; Mutert

et al., 1999; Corley and Tinker, 2015). Moreover, these oil palm

seedlings are very sensitive to damage that may occur in natural

environments due to harsh conditions, diseases, or pests (Corley

and Tinker, 2015). The difference in responses may also be related

to the fact that seedlings in developmental stage 1 have less well-

developed systemic signalling capabilities than mature oil palms

and lack a visible stem; many studies have shown that plant stems

can play important roles in environmental stress responses (Gomes

and Prado, 2007; Legros et al., 2009; Carr, 2011; Forero et al., 2012;

da Ponte et al., 2019; Tani et al., 2020). The duration of the

waterlogging event may also be important; this study focused

mainly on transcriptomic changes detected after 2-3 days of

heavy precipitation, which might not be long enough to observe

waterlogging effects in oil palm leaves. Longer periods of

waterlogging were imposed in some earlier controlled studies

where such responses were seen (Rivera-Mendes et al., 2016; Cui

et al., 2019). Finally, mature oil palms can have stem heights of 20 –

30 m and are thus much bigger than seedlings (Corley and Tinker,

2015). Consequently, the leaves of adult oil palms are much further

from the ground than those of seedlings and may be more sensitive

to changes in the aboveground environment than those below

ground. The absence of detectable waterlogging responses in oil

palm leaves is consistent with the results of an earlier waterlogging

study on poplar trees (Kreuzwieser et al., 2009). These factors may

explain why our results are largely consistent with previously

reported waterlogging responses but exhibit some disparities at

the organ-specific level.

Although this is the first published transcriptomic analysis of

waterlogging responses in oil palm stems, the validity of the results

presented here is quite justifiable from several aspects. First, a

significant waterlogging response was detected in the stem core

even though the stem core samples were collected 1 m below the

branch of the lowest frond, which is close to the leaves and very far

from the roots. This is important because the roots are generally

considered to be the organ most strongly involved in detecting and

responding to waterlogging, our results show that waterlogging can

induce organ-specific changes in expression elsewhere in the plant.

The oil palm stem has been notable for functioning as non-structural

carbohydrate depository that serves as a buffer to compensate for

seasonal source-sink imbalances, allowing the plant to grow and

survive under adverse environmental conditions (Legros et al., 2009;

Tani et al., 2020). Its potential involvement in waterlogging responses

is supported by the fact that some flood-tolerant plant species display

morphological or anatomical adaptations such as hypertrophied

lenticels at the stem base that allow gas exchange to occur in the

stem in the event of waterlogging (Glenz et al., 2006; Parelle et al.,

2007; Shimamura et al., 2010; Rivera-Mendes et al., 2016). Many

publications have also concluded that stem flows in trees vary

depending on growth stage and size, the species’ waterlogging
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tolerance, and the duration and intensity of the waterlogging event

(Glenz et al., 2006; Carr, 2011). Finally, it should be noted that the soil

water content depends on the soil type and geographical factors, and

that uncontrolled variation in these parameters could potentially

overpower the effects of changes in precipitation when analysing the

effects of waterlogging and the resulting plant responses.
4.3 Hypoxia and ethylene signalling as the
main waterlogging responses in oil palm

Waterlogging causes hypoxia (i.e., oxygen deficiency) in the

roots of waterlogged plants (Parent et al., 2008; Loreti and Perata,

2020) by virtue of difficulties in gaseous exchange. Accordingly, the

most significantly enriched GO terms among the palm oil stem

PDEGs were related to hypoxia and reduced oxygen levels

(GO:0071456, GO:0036294, GO:0071453, GO:0001666). Terms

associated with ethylene responses (GO:0009723, GO:0010105,

GO:0071369) were also heavily enriched. Ethylene is a prominent

phytohormone that is involved in almost every biological process in

plants, particularly those associated with stress responses,

development, and growth (Johnson and Ecker, 1998; Ali and

Kim, 2018). It is also crucial for stimulating the development of

morphological-anatomical features that facilitate adaptation to or

tolerance of waterlogging such as hypertrophied lenticels,

adventitious roots, and aerenchyma (Ali and Kim, 2018). Several

genes associated with ethylene were highly expressed in waterlogged

roots of Deli x Ghana (GSR) oil palms, including ACS3, ACO, and

ACO1 (Nuanlaong et al., 2020). It is therefore notable that ACO1

(LOC105047965) was one of the PDEGs identified after heavy

rainfall event in the plantation. ACC oxidase (ACO) is known to

involve in the conversion of 1-aminocyclopropane 1-carboxylic acid

(ACC) into ethylene and in biological processes such as hormonal

crosstalk and abiotic stress responses (Pattyn et al., 2021).

The remaining GO terms enriched among the PDEGs also

appear to be related to waterlogging responses because they are

associated with environmental stress responses including defence,

immune, and stimuli responses as well as aging, nutrient homeostasis,

and plant growth (Figure 5 and Supplementary Data 1). One of the

KEGG terms enriched in the PDEGs was the glycolysis/

gluconeogenesis pathway (ath00010), which was expected because

this pathway is known to be ubiquitous in plant waterlogging

responses, compensating for oxygen and energy deficiencies via

fermentation processes or anaerobic respiration. The carbon

metabolism (ath01200) and carbon fixation (ath00710) pathways,

which are both related to sugar metabolism, were also significantly

enriched. This suggests that waterlogging induces increased starch

and sucrose degradation to maintain a constant carbohydrate supply

to waterlogged plants (Parent et al., 2008; Mustroph et al., 2009;

Kreuzwieser and Rennenberg, 2014; Planchet et al., 2017; Cui et al.,

2019; Lothier et al., 2020). Similar findings were obtained in an earlier

transcriptomic study on oil palm seedlings, supporting our results

(Nuanlaong et al., 2020).

Waterlogging has been characterized as a sequential stress like

drought stress, meaning that there are distinct stress responses

during and after the waterlogging occurrence (Striker, 2012; Yeung
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et al., 2018; Wang et al., 2021). The post-stress recovery response

prepares the plant for growth resumption and is therefore

important for overall stress tolerance assessment of the plant.

When water recedes, the abrupt exposure of waterlogged plant

parts to normoxic conditions can induce abiotic stress. Any

mechanisms or processes initiated during this period could be

regarded as elements of the post-waterlogging recovery response.

Thus far, no study has been explored on the recovery of waterlogged

oil palm as oil palm was previously thought to be waterlog- or flood-

tolerant until recent. Myriad of stresses observed in A. thaliana

during post-waterlogging recovery are predominantly oxidative,

osmotic, light, and temperature (heat) stresses (Yeung et al.,

2018). This is consistent with the finding that the only GO and

KEGG terms enriched in the oil palm stem NDEG set, which

consists of candidate waterlogging-recovery genes, were response to

heat (GO:0009408) and the carotenoid biosynthes i s

pathway (ath00906).

Waterlogging events in tropical regions are often accompanied

by reductions in temperature that could alleviate heat stress during

hot weather or exacerbate cold stress during cold periods. Plants

frequently suffer heat stress due to upsurge in environmental

temperatures after water subsides, especially in tropical countries

like Indonesia and Malaysia. Considering climates in these

countries, temperature stress as in heat stress is more likely to be

imposed on oil palms after stagnant soil water went off. Moreover,

the carotenoid biosynthesis pathway, which is important in plant

hormone signal transduction during drought responses, was found

to be significantly enriched in a study on drought tolerance in oil

palms (Wang et al., 2020). These results therefore suggest that oil

palms in plantations are exposed to transient drought-mimicking

conditions after waterlogging and the sudden drainage of soil water.

Aside from this, carotenoids are known eminently for involving in

photosynthesis, counteractive mechanism against abiotic stresses,

phytohormone synthesis, and stress tolerance improvement (Mi

et al., 2022; Pais et al., 2023). Apart from temperature stress, other

stresses that usually arise post-waterlogging recovery period are

infinitesimal. As the case may be the tall figure of adult oil palm, the

waterlogging depth could be shallow and waterlogging effect is

unreachable to leaves that are often exposed to illumination stress.
4.4 ERF-VII transcription factors are
involved in hypoxia and waterlogging
responses in oil palms

The transcriptomic response to waterlogging in adult oil palms

is less well characterized than that in the model plant A. thaliana, so

a comparative analysis with A. thaliana was performed to identify

the transcription factors involved in the waterlogging response in

adult oil palms (Ma et al., 2005; Kobayashi et al., 2013). A GRN

analysis revealed a total of 19 relevant TFs, four of which are known

to be involved in responses to hypoxia. The association between the

known functions of the remaining 15 TFs and the responses to

hypoxia and waterlogging in A. thaliana are unclear.
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One of the four hypoxia-related TFs identified in the GRN was

HRE2, which belongs to the ERF-VII TF family. ERF-VII TFs play

vital roles in responses to waterlogging and hypoxia in A. thaliana

because they influence oxygen sensing via the N-end rule pathway,

which regulates proteasomal degradation under oxygen-rich

condition and vice versa under hypoxic condition. The N-end

rule pathway is a highly conserved protein stabilization system in

both plants and mammals (Licausi et al., 2011; Eysholdt-Derzsó and

Sauter, 2019). A conserved N-terminal motif (MCGGAI/L, termed

the MC motif) in ERF-VIIs plays an essential role in this

degradation pathway and is present in the HRE2 protein

(LOC105052544), supporting the involvement of HRE2 in the

response to waterlogging-induced hypoxia in oil palms (Figure S6).

Another TF identified in the GRN analysis was bHLH, whose

functions in the oil palm waterlogging response are unclear.

However, the bHLH family is one of the largest TF families in A.

thaliana and has pleiotropic regulatory effects. Additionally, bHLH

TF possessed a highly conserved motif that could be found

universally in eukaryotic organisms (Hao et al., 2021). It is also

notable that some of the TFs identified in the GRN analysis are

involved in ethylene responses, namely RAV2 (LOC105041281) and

ARF2 (LOC105049728). This is notable because ethylene signalling

is essential in waterlogging responses (Li et al., 2006; Wang et al.,

2011; Fu et al., 2014; Zhou and Yarra, 2021). Future studies to

elucidate the functions of these TFs and their respective gene targets

in waterlogged oil palms could deepen our understanding of

waterlogging mechanisms in oil palm.
5 Conclusions

Waterlogging responses in oil palms have previously been

studied using seedlings maintained under controlled conditions.

While such studies can provide valuable insights, their results are

not always directly applicable to mature plants grown in field

environments. Moreover, it is impossible to perfectly replicate

field conditions in controlled environments because sessile plants

are naturally exposed to multifactorial stress combinations. The

results presented here thus complement those of earlier studies.

Organ-specific transcriptional responses to waterlogging were

detected in mature oil palms growing in the field, with significant

transcriptional changes occurring in stem core tissue but not in

leaves. This is inconsistent with findings from controlled studies on

waterlogged oil palm seedlings. However, the main waterlogging

responses observed in adult oil palm stems were consistent with

previously reported plant waterlogging responses involving

adaptation to hypoxia and ethylene signalling. Several candidate

TFs and gene targets involved in the waterlogging response were

also identified, with the HRE2 TF belonging to the ERF-VII family

being postulated to have a particularly important role. Further

studies on the age-dependence of the waterlogging response and the

mechanistic roles of the identified TFs and their target genes will be

needed to obtain a comprehensive understanding of the

waterlogging response in oil palms.
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