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A B S T R A C T

With the ongoing climate change, African rainforests are expected to experience severe drought events in the
future. In Africa, the tropical genus Erythrophleum (Fabaceae) includes two forest sister timber tree species
displaying contrasting geographical distributions. Erythrophleum ivorense is adapted to wet evergreen Guineo-
Congolian forests, whereas E. suaveolens occurs in a wider range of climates, being found in moist dense forests
but also in gallery forests under a relatively drier climate. This geographical distribution pattern suggests that
the two species might cope differently to drought at the genomic level. Yet, the genetic basis of tolerance
response to drought stress in both species is still uncharacterized. To bridge this gap, we performed an RNA-seq
approach on seedlings from each species to monitor their transcriptional responses at different levels of drought
stress (0, 2 and 6weeks after stopping watering seedlings).

Monitoring of wilting symptoms revealed that E. suaveolens displayed an earlier phenotypic response to
drought stress than E. ivorense. At the transcriptomic level, results revealed 2020 (1204 down-regulated/816 up-
regulated) and 1495 differentially expressed genes (DEGs) in response to drought stress from a total of 67,432
and 66,605 contigs assembled in E. ivorense and E. suaveolens, respectively. After identifying 30,374 orthologs
between species, we found that only 7 of them were DEGs shared between species, while 587 and 458 were
differentially expressed only in E. ivorense or E. suaveolens, respectively. GO and KEGG enrichment analysis
revealed that the two species differ in terms of significantly regulated pathways as well as the number and
expression profile of DEGs (Up/Down) associated with each pathway in the two stress stages. Our results sug-
gested that the two studied species react differently to drought. E. suaveolens seems displaying a prompt response
to drought at its early stage strengthened by the down-regulation of many DEGs encoding for signaling and
metabolism-related pathways. A considerable up-regulation of these pathways was also found in E. ivorense at
the late stage of drought, suggesting this species may be a late responder. Overall, our data may serve as basis for
further understanding the genetic control of drought tolerance in tropical trees and favor the selection of crucial
genes for genetically enhancing drought resistance.
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1. Introduction

Drought has been long recognized as one of the most important
environmental factors driving the geographical distribution of plant
species. It poses tremendous threat to sustainable agriculture and for-
estry worldwide as it severely impairs the survival of plants, mainly in
water-limited ecosystems (Liu et al., 2017; Yang et al., 2018). Tropical
ecosystems support around half of all terrestrial plant and animal spe-
cies, including 96% of tree species, and represent 34% of gross primary
terrestrial productivity (Corlett, 2016). Drought events frequency and
water scarcity are predicted to increase progressively as an outcome of
global climatic changes (Wuebbles et al., 2014; Sprenger et al., 2016),
with profound impacts on the vegetation of the Amazonian, Asian and
African tropical regions (Solomon et al., 2007; Buytaert et al., 2011;
Kirtman et al., 2013; Bonal et al., 2016). Nowadays, African rainforests
are subject to deforestation and habitat degradation (Mayaux et al.,
2004; Duveiller et al., 2008), which make them highly susceptible to
droughts resulting from the expected climatic changes.

The tropical genus Erythrophleum includes two large sister tree
species geographically widespread in the tropical African rainforest and
characterized by their high economic and socio-cultural value: E. sua-
veolens and E. ivorense (Fabaceae–Caesalpinioideae). Although they are
morphologically very similar to each other, these species display a
parapatric distribution and grow in different climatic environments,
representing a wide range of biotic and abiotic conditions that may be
associated with adaptive natural genetic variation (Duminil et al.,
2010). Erythrophleum ivorense is restricted to the wet and evergreen
Guineo-Congolian forests (> 2000mm rainfall) bordering the gulf of
Guinea, from Guinea to Gabon. In contrast, E. suaveolens has a wide
geographical distribution extending from Senegal east to Sudan and
Kenya, and south to Mozambique and Zimbabwe, and is adapted to the
more seasonal climate of semi-deciduous Guineo-Congolian forests
(> 1600mm rainfall) and the drier climate of forest–savanna mosaic
landscapes (1100–1600mm rainfall) (Vivien and Faure, 1985;
Akoègninou et al., 2006; Duminil et al., 2013). The respective geo-
graphical distributions of the two species suggest that they probably
respond to environmental stresses differently at the genomic level. We
therefore hypothesized that these sister species may use divergent
regulatory and metabolic pathways during their interaction with dif-
ferent abiotic constraints.

Due to their contrasting ecological features, these species are pro-
mising evolutionary models of rainforest species. Recent investigations,
mainly focusing on the patterns of genetic variation and demographic
changes, have pointed out a substantial spatial genetic structure in
these species, associated to rainfall gradients and past climatic changes
(Duminil et al., 2010; Duminil et al., 2013; Duminil et al., 2015).
However, the genetic bases and molecular mechanisms underlying their
response to environmental variation have not been yet investigated,
while sister species adapted to contrasted environments offer the pos-
sibility to compare the expression of very similar genomes showing
different adaptations. Here we assume that the wider geographical
distribution of E. suaveolens, compared to E. ivorense, might be attrib-
uted to its better adaptation to severe environmental constraints, in-
cluding drought.

Deciphering the underlying molecular mechanism of plant re-
sponses under drought stress remains a major challenge in biology.
Drought tolerance involving the interplay of a vast array of mechan-
isms, its genetic control is difficult to determine without detailed ge-
netic and sequence information (Liang et al., 2017; Tricker et al., 2018).
In general, drought resistance in plants could be related to various
molecular mechanisms controlled at hormonal and transcriptomic level
(Yıldırım and Kaya, 2017). According to Yates et al. (2014), the typical
response to drought is to reduce the water loss by closing stomata and
diminishing photosynthesis. At the molecular level, plants react to
drought by changing the expression profiles of a large set of genes
encoding for several pathways and transcription factors (TFs) with up-

as well as down-regulation (Gao et al., 2015; Jia et al., 2016). The re-
sponse starts by a step of stress perception that triggers common
pathways (‘plant hormone signal transduction’, ‘Calcium signaling
pathway’ and ‘MAPK signaling pathway’), and many TFs (ATHB7, NAC
and WRKY) involved in signal transduction. Then, a modification in
expression profiles occurs in a cascade of genes involved in several
pathways related to carbohydrate metabolism, oxidative phosphorila-
tion, glycolysis, photosynthesis, transcription, nucleotide and anti-
oxidants metabolisms in order to adjust the reduced water.

A deep transcriptomic analysis, via massively parallel cDNA se-
quencing technology, or RNA sequencing (RNA-seq), could provide
detailed information about gene expression at the mRNA level.
Nowadays, this approach is widely used for quantitative transcriptome
profiling, accurate quantification of gene expression and detecting
differentially expressed genes in order to unravel a diversity of stress
responses at a transcriptome-wide level. RNA-seq is a cost and time-
effective approach, and it has been recently used to analyze global gene
expression in plant responses to various abiotic stresses such as drought
(Huang et al., 2015; Fracasso et al., 2016; de Freitas Guedes et al.,
2018), cold and salt for model and non-model plant species.

In the present study, using an RNA-seq approach, our major interest
was to characterize the leaf transcriptomes of E. suaveolens and E.
ivorense seedlings under drought stress in order to: 1) characterize the
immediate gene expression response to mild short-term drought stress
in the two species at the genome wide level, 2) identify the strategy
employed to cope with severe drought-stress exposure and the main
metabolic pathways involved, and 3) determine the differences in
drought response between the two species.

2. Material and methods

2.1. Plant material and drought stress experiment

Seeds of E. ivorense and E. suaveolens used for the experiment were
collected from mother trees originating from two different localities in
Cameroon: Korup (5° 03′ 55″N; 8° 51′ 28″E) and Mindourou (3° 23′
03″N; 14° 30′ 20″E), respectively. Collected seeds were first grown in a
greenhouse at Gembloux Agro-Bio Tech, Belgium for ten months. In
October 2016, seedlings were moved to a controlled glasshouse set to
25 °C for 12-h days and 22 °C for 12-h nights at the Laboratory of Plant
Ecology, Faculty of Bioscience Engineering, Ghent University, Belgium,
to conduct ecophysiological measurements on 40 seedlings. Here, we
describe only the components of this experiment relevant for our gene
expression study. Plants were well irrigated for 30 days prior to the
drought treatment. After acclimation, seedlings were equally divided
into two groups: well-watered plants (the control plants) and water-
deprived plants (the drought-stressed plants) and arranged in a ran-
domized block design. The drought stress experiment started on
November 1st, 2016 and continued for 10 weeks. For gene expression
analysis, leaf samples were collected from two similarly vigorous
seedlings from each species at three different times during the experi-
ment: before drought treatment (T0), after two weeks (T1) and six
weeks (T2) of drought stress. Leaves were harvested and immediately
frozen in liquid nitrogen and stored at −80 °C for RNA extraction.
Symptoms of stress were monitored weekly by visual inspection of the
signs of wilting in all seedlings according to the 0–5 scale of Tyree et al.
(2002). The soil water content was also recorded weekly using time
domain reflectometry (TDR) as previously reported (Moret-Fernández
et al., 2012). Stages T1 and T2 were considered as the mild drought-
stress and severe drought-stress, respectively (see results).

2.2. RNA extraction, cDNA library preparation and sequencing

Total RNA was extracted from frozen tissues using Plant RNA re-
agent (Invitrogen, Carlsbad, USA) according to the manufacturer's in-
structions and treated with RNase-free DNase to remove the residual
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genomic DNA. The integrity and the concentration of the extracted RNA
were checked by denaturing agarose gel electrophoresis (1%) and
quantified by a Nanodrop spectrophotometer and Qubit (Invitrogen,
Ltd., UK). Equal amount of total RNA (20 μg) was then used for cDNA
library construction using NEXTflex™ Rapid Directional RNA-Seq Kit
(Bioo Scientific, USA) according to manufacturer's instructions. Briefly,
the mRNA was purified from the total RNA using Oligo (dT) magnetic
beads. Fragmentation buffer was then added to break mRNA into short
pieces. The cleaved mRNA fragments were reverse transcribed into
first-strand cDNA, then second-strand cDNA, using random primers and
transcriptase. The double-stranded cDNA fragments were purified by
AMPure XP beads. After adenylation of 3′ ends of DNA fragments, the
resultant double-stranded cDNA were end-repaired and ligated to spe-
cific sequencing adaptors. cDNA fragments were then purified using
AMPure XP beads and enriched by PCR to get the final cDNA library for
transcriptome sequencing. The concentration and the quality of li-
braries were checked using Qubit fluorometer (Life Technologies) and
QIAxcel (Qiagen). Barcoded libraries were then pooled in equimolar
amounts and sequenced in a single lane of an Illumina NextSeq 500
platform at GENOMICS CORE (KULeuven, Belgium) in single-end mode
and high output with reads of 75 bp in length.

2.3. Preprocessing of Illumina reads and de novo transcriptome assembly

The obtained raw data of each sample were initially cleaned by
removing the adapters and filtering out the low-quality sequences
(Q≤ 5) and ambiguous reads sequences (the proportion of N > 5%)
using Trimmomatic software (Bolger et al., 2014). Following quality
check and normalization of data, for each species the clean data of all
samples were merged and de novo assembled using Trinity (Haas et al.,
2013) with default parameters and an optimized k-mer length of 25 to
generate a reference transcriptome. The program CD-HIT was then used
with 98% of sequence identity and a word size of 10 (c= 98% n=10)
to eliminate redundant transcripts (Fu et al., 2012). Furthermore, the
quality of the assembled transcriptomes was assessed by mapping the
reads of individual samples to the assembled transcriptomes using
bowtie2 v.2 (-p 10, -q, -no-unal and -k 20) (Langmead and Salzberg,
2012) and the obtained bam files analyzed with samtools (Li et al.,
2009). Completeness of the assemblies was determined with BUSCO v.2
using the embryophyta_odb9 data set (Simão et al., 2015). Finally, the
assembled contigs on each transcriptome were compared with BLAST+
against the Medicago trunculata protein data set (Mt4.0v2) with an E-
value 1E-20 (Camacho et al., 2009).

2.4. Identification of orthologs

The reciprocal-best-BLAST-hits (RBH) has been considered the most
robust and effective in identifying the orthologs genes between closely
related species (Osada et al., 2008; Elmer et al., 2010; Gao et al., 2018).
In our study, we applied this approach to identify orthologs between E.
ivorense and E. suaveolens. Because the two studied species have di-
verged recently (Duminil et al., 2015), we directly used nucleotide se-
quences to run BLAST search instead of peptide sequence in order to
ensure accuracy of orthologs identification (An et al., 2016). First, the
contigs sets of both species were searched against each other using
BLASTN (package of ncbi-blast-2.6.0+) with a bit score ≥200 and an
E-value < 1E-50 (Baldo et al., 2011; Lee et al., 2013). Then, to discard
putative paralogs, each blast search was parsed to keep hits with at least
98% sequence identity, and a pair was considered orthologous if the
best BLAST hit pointed reciprocally to each other. Moreover, when a
gene contained different isoforms following transcriptome assembly by
Trinity, we checked that the RBH of each isoform always pointed to the
same pairs of Trinity ‘genes’ in the two species before concluding they
were orthologs. This conservative approach might miss some true or-
thologs but should minimize paralogs.

2.5. Functional annotation

All non-redundant transcripts were annotated by searching against
the following databases: UniProtKB/Swiss-Prot, Pfam (version 31.0)
(Finn et al., 2015), Kyoto Encyclopedia of Genes and Genomes (KEGG:
http://www.genome.jp/kegg/) (Kanehisa et al., 2016), and Non-su-
pervised Orthologous Groups (eggNOG) (http://eggnog.embl.de/)
(Huerta-Cepas et al., 2015). Transdecoder 2.0.1 (http://transdecoder.sf.
net) was first used to identify the protein coding sequences of at least
100 amino acids in length within the generated transcriptomes. The
assembled transcripts and the protein coding sequences were then
mapped against UniProtKB/Swiss-Prot database with an E-value cutoff
of 1E-5 using Blastx and Blastp in the program ncbi-blast-2.6.0+, re-
spectively. The protein coding sequences were also searched for con-
served protein domains against the pfam database via HMMER v. 3.1b2
(http://hmmer.org/) (Finn et al., 2011). Using Trinotate software
(https://trinotate.github.io/) (Haas et al., 2013), the obtained outputs
were loaded into a SQLite database to generate an annotation report in
order to perform Gene Ontology (GO) assignments for the annotated
transcripts. GO functional classification was then carried out using the
Web Gene Ontology Annotation Plot (WEGO: http://wego.genomics.
org.cn) software (Ye et al., 2006). For KEGG pathway annotation, the
assembled transcripts were mapped against KEGG database using on-
line KASS server (http://www.genome.jp/tools/kaas/) (updated in
March 2018) with the single-directional best hit information method
(Moriya et al., 2007). Furthermore, the protein coding sequences were
analyzed by eggNOG-Mapper in order to identify the Cluster of ortho-
logous groups (COG) (Huerta-Cepas et al., 2017). Finally, the plant
transcription factors (TFs) were identified and classified into different
families using the iTAK program (Zheng et al., 2016).

2.6. Gene expression and exploratory analysis

Gene expression level of the assembled transcripts of each sample
was separately estimated using the FPKM (fragments per kilobase per
million reads) metric by program RSEM (V 1.2.4), which allows for a
quantification of the expression level of each transcript by assessing
transcript abundance when mapping RNA-seq reads to the assembled
transcriptome (Li and Dewey, 2011). The clean reads of the analyzed
samples were realigned to the final transcriptome assembly using
Bowtie2 v.2 with the aforementioned parameters in order to count the
expression level of each transcript (transcript per million, TPM).

To make a first visualization of the differences in gene expression
among the different samples of the two species we conducted a Non-
metric Multidimensional Scaling (NMDS) ordination based on a
Mahalanobis distance matrix between samples. The distance was
computed on a sample/ortholog table containing ln(1+ TPM) values,
where TPM was here computed considering only the set of c. 30 · 103

orthologs identified (see results).

2.7. Identification and enrichment analysis of the differentially expressed
genes (DEGs)

For each species, the differentially expressed genes (DEGs) were
then screened by comparing gene expression levels between the three
stages of stress (T0, T1 and T2) using the edgeR R package (Robinson
et al., 2010). Here, we considered all transcripts, irrespective of whe-
ther orthologs were identified or not. False discovery rate (FDR) of 0.05
and log2 (fold change) of 2 were set as the threshold for significantly
differential expression.

For the comparative analysis of DEGs between E. ivorense and E.
suaveolens in response to drought, GO enrichment, which is commonly
used for elucidating the biological functions of genes (Young et al.,
2010), was performed using singular enrichment analysis (SEA). We
used the agriGO program (Du et al., 2010) with the default parameters,
and the Medicago truncatula (Fabaceae) gene models as background,
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followed by multiple testing with Bonferroni correction (P-value <
0.05). In addition, DEGs involved in specific KEGG molecular pathways
were enriched and tested based on the hypergeometric distribution

which gives the following P-value: P=1 - ∑ =
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, where A is

the number of annotated genes involved in a specific pathway, B is the
number of all genes with KEGG annotation, x is the number of DEGs
involved in a specific pathway, and y is the number of DEGs. Only
pathways with P≤ 0.05 were considered as significantly enriched. Fi-
nally, using the subset of identified orthologs between the two species,
we assessed the proportion of orthologs that were differentially ex-
pressed in both species.

3. Results

3.1. Phenotypic and physiological response to drought stress

Results showed that for seedlings of both species the soil water
content dropped from c. 50% in the control samples (T0) to c. 20% in
the 2 weeks-stressed plants and to c. 5% at 6 weeks of treatment
(Fig. 1). We noticed that first signs of wilting (slightly wilted stage)
appeared at two weeks in E. suaveolens and at four weeks in E. ivorense
(Fig.1). After five weeks, wilting symptoms increased rapidly, especially
in E. ivorense, so that the two species displayed the same mean wilting
stage at six weeks and E. ivorense seedlings were on average more wilted
than E. suaveolens seedlings after 8 weeks. This pattern was also ap-
parent when considering all seedlings followed for physiological data
(results not shown) and may indicate an early drought response in E.
suaveolens at the morphological and physiological level and thus an
earlier initiation of the molecular mechanisms in response to drought
stress.

3.2. Transcriptome sequencing output and assembly

The sequencing of the 12 pooled libraries generated a total of
181,342,512 raw single-end reads, covering about 14.78 Gb of se-
quencing raw data. After removing adaptors and low quality data,
48,089,328 and 77,798,254 clean reads were retained for E. ivorense
and E. suaveolens, respectively. De novo assembly of the processed reads
yielded 102,420 and 96,600 contigs in E. ivorense and E. suaveolens,
respectively. After removing the redundant transcripts, a total of 67,432
and 66,605 contigs were identified for both species, respectively. In
both assemblies, the smallest contig length was 402 bp, while the

largest was 20,242 bp in E. ivorense and 9125 bp in E. suaveolens, and
average contig lengths reached 760 bp and 661 bp, respectively. The
N50 lengths for the transcriptome assembly reached 1005 bp in E.
ivorense and 1137 bp in E. suaveolens. Additionally, the percentage of G/
C of the clean reads, usually used as an indicator of closeness between
species, was found to be 41% in both species.

Of the total 1440 BUSCO core genes searched, the assessment of E.
ivorense transcriptome completeness reached 1027 genes (71%), con-
sisting of 902 (62.6%) single-copy and 125 (8.7%) duplicated complete
orthologs, with only 130 (9%) fragmented and 283 (19.7%) missing
orthologs. In E. suaveolens, BUSCO identified 758 (52.7%) complete
orthologs (45.5% single-copy and 7.2% duplicated), 260 (18.1%)
fragmented orthologs and 422 (29.2%) missing orthologs. We also
found 9178 (13.6%) genes of E. ivorense and 7203 (10.8%) genes of E.
suaveolens with 80% identity and a > 80% coverage with the M.
trunculata protein set. On the other hand, an average realignment of
reads back to the reference transcriptome exceeded 95% in both species
(Table 1). All of these statistics indicated the high contiguity, coverage
and accuracy of the assembly in both species.

3.3. Exploratory analysis

The RBH approach between the two transcriptomes identified
30,374 orthologous contigs between E. ivorense and E. suaveolens. The
NMDS ordination of the samples based on the expression levels of these
orthologs reveal that the first axis separates clearly the two species
(Fig. 2). Within each species, samples corresponding to replicates at T0
(control) and at T1 (mild stress) were close to each other while those at
T2 (strong stress) displayed more divergent expression patterns that
were not congruent between replicates (Fig. 2).

3.4. Functional annotation of genes

TransDecoder identified 27,910 (41.38%) and 27,382 (41.11%)
contigs with coding sequences (ORFs) in E. ivorense and E. suaveolens,
respectively. Moreover, 28,589 (42.39%) and 26,386 (39.61%) contigs
had significant match with the UniProtKB/Swiss-Prot database (E-value
threshold ≤1E− 5) whereas 16,042 (57.47%) and 14,743 (53.84%)
protein sequences contain protein domains of the Pfam database.
Furthermore, the Gene Ontology (GO) annotation showed that the two
species considerably differ in the number of annotated transcripts with
a total of 10,865 (10.6%) and 20,365 (21.08%) transcripts annotated
for E. ivorense and E. suaveolens, respectively. However, the three major
GO annotation categories were represented by similar percentages in
the two species (Fig. 3). In terms of GO categories, 26 GO terms be-
longed to “Biological process” among which “cellular process” (73.7%;
67.2%) and “metabolic process” (61.5%; 56.5%) were the most

Fig. 1. Effects of drought treatment on soil water content (solid lines) and leaf
wilting signs (dashed lines) in E. ivorense (square) and E. suaveolens (diamond).
Seedlings were watered until time=0. Data are the means of two replicates at
each time point. Arrows indicate when leaf samples were collected to analyze
their transcriptomes (T0, T1=2weeks and T2=6weeks).

Table 1
Total number of cleaned reads that were mapped to their respective assembled
transcriptomes.

Species Sample No. of reads Reads mapped %

E. ivorense Ivo-C-R1 55,495,924 53,913,938 97.15
Ivo-C-R2 1,007,855 987,876 98.02
Ivo-2 weeks-R1 10,426,553 10,129,456 97.15
Ivo-2 weeks-R2 1,428,602 1,376,757 96.37
Ivo-6 weeks-R1 1,452,284 1,410,199 97.1
Ivo-6 weeks-R2 7,987,036 7,806,052 97.73

Total 77,798,254 75,624,278 97.25

E. suaveolens Sua-C-R1 7,134,444 6,863,877 96.21
Sua-C-R2 12,460,616 12,175,086 97.71
Sua-2 weeks-R1 7,568,490 7,352,086 97.14
Sua-2 weeks-R2 769,764 748,983 96.43
Sua-8 weeks-R2 11,229,990 10,765,568 95.86
Sua-8 weeks-R1 8,926,024 8,507,170 95.31

Total 48,089,328 46,412,770 96.44
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represented GO terms, 14 GO terms belonged to “Molecular function”
of which “binding” (60.2%) and “catalytic activity” (53%) were the
most represented GO terms, and 13 GO terms belonged to “Cellular
component” where “cell” (87.9%; 81%) and “cell part” (87.9%; 81%)
were found the most dominant GO terms. Notably, 24 GO terms showed
significant gene number differences (P < 0.001) between the two
species (Additional file 1). After searching against the eggNOG data-
base, a total of 25,730 and 25,302 protein sequences were assigned to

24 functional categories in E. ivorense and E. suaveolens, respectively. All
the identified COG categories were found similarly distributed in both
species. The highest number of the contigs were classified in “Function
unknown” (26%), “Signal transduction mechanisms” (12%), “Post-
translational modification, protein turnover, chaperones” (9%), “Tran-
scription” (8%) and “Carbohydrate transport and metabolism” (5%)
(Fig. 4; Additional file 2). Moreover, similar to GO annotation, the two
species differed significantly in their KEGG annotation. Using the online

Fig. 2. NMDS ordination of the expression levels of 30,374 orthologous transcripts in the 12 samples of Erythrophleum ivorense (filled symbols) and E. suaveolens (open
symbols) at stages T0 (control, circles), T1 (2 weeks of drought stress, diamonds) and T2 (6 weeks of drought stress, squares) for two replicates (a, b) per species.

Fig. 3. Gene Ontogeny (GO) annotations of all identified transcripts in E. ivorense and E. suaveolens. WEGO software was used to produce the graph. GO terms were
divided into the three major GO categories: ‘Biological process’, ‘Cellular component’ and ‘Molecular function’, and the number (right y-axis) and percentage (left y-
axis) of genes were calculated.
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KASS server, we identified 10,820 (16.04%) and 27,994 (42.02%)
KEGG-annotated contigs assigned to 381 and 377 biological pathways
in E. ivorense and E. suaveolens, respectively (Additional file 3). The top
10 represented KEGG pathways in both species are shown in Fig. 5.

3.5. Comparative transcriptome profiling of the two species under drought
stress

To explore the transcriptional response during drought treatments,
samples from 2weeks (T1) and 6weeks (T2) of stress were compared
with their respective controls (T0) and between each other for gene
expression differences. From the comparison groups, T0 vs T1, T0 vs T2
and T1 vs T2, the DEG analysis revealed a total of 2020 and 1495
differentially expressed genes (P-value≥ 0.8 and |log2 (fold
change)|> 2) in E. ivorense and E. suaveolens, respectively. Notably, as
the drought duration lengthened, an increasing number of gene ex-
pression changes were observed in both species. The pattern of ex-
pression profiles of overlapping DEGs on each species was visualized
through a heat map representing the expression levels for these tran-
scripts at 2 and 6weeks (Fig. 6). The generated heat map showed that
the replicates for each stress stage were well clustered. Clustering
analysis showed diverse regulatory patterns of a large proportion of the
identified DEGs in response to the drought stages with significant dif-
ferences in the gene expression profiles between the control, 2 weeks

and 6weeks of stress. Moreover, the expression profiles of 2 weeks
stressed plants were grouped closer to those of the control plants than
to those of 6 weeks stressed plants in both species (Fig. 6).

Globally, from the change of expression patterns (either up- or
down-regulated) of DEGs, it appears that E. suaveolens reacted earlier to
drought stress than E. ivorense at the first stage of stress (406 vs 254
DEGs between T0 and T1), while being relatively less affected following
the severe stage of stress (450 vs 1041 DEGs between T1 and T2;
Fig. 7A). Remarkably, compared to E. ivorense, E. suaveolens displayed
much more up-regulation in response to drought (116 vs 56) at 2 weeks
of stress. At the severe stage of stress, the two species showed con-
trasted expression patterns with a majority of down-regulation in E.
ivorense and of up-regulation in suaveolens (Fig. 7A). A venn diagram
was constructed to further specify commonly and exclusively regulated
genes across the three stages of the drought treatment. Notably, most of
the drought regulated DEGs seem to be late-response genes in both
species (Fig. 7B). Nevertheless, more genes were exclusively differen-
tially expressed at the first stage of stress (T0 to T1) in E. suaveolens
(257 vs 158 in E. ivorense) while more genes were exclusively differ-
entially expressed at the late stage of stress (T1 to T2) in E. ivorense (437
vs 237 in E. suaveolens). The venn diagram (Fig. 7B) showed that in both
species, T2-T0 and T1-T0 comparisons displayed a relatively small
number of shared DEGs, with much higher number of common genes
detected in E. suaveolens (93 vs 45 in E. ivorense). However, a much

Fig. 4. Clusters of Orthologous Groups (COG) annotations of putative proteins in E. ivorense and E. suaveolens. All putative proteins were aligned to the eggNOG
database and were functionally classified into at least 20 functional categories.
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higher number of DEGs were found to be shared between T1-T2 and T0-
T2 in E. ivorense compared to E. suaveolens (517 vs 158).

3.6. Differential expression of orthologs in the two species

To further investigate the overlap of gene expression profiles in the
two species we consider now only the 30,374 identified ortholog genes,
among which 1052 were DEGs in one and/or the other species over the
drought treatment (T0 vs T2 comparison). From the latter, 587 and 458
DEGs were specific to E. ivorense and E. suaveolens, respectively, leaving
only seven shared orthologos DEGs in both species (Fig. 7C). Ery-
throphleum suaveolens displayed more specific DEGs at the early stage of
drought (258 vs 73 in E. ivorense), most of them were down-regulated,
and there was no shared DEGs (Fig. 7C). At the late stage of stress (T1 vs
T2 comparison), more differentially expressed genes were exclusively
identified in E. ivorense (464 vs 299). At this stage of drought, the latter
species showed a drastic increase in the number of up-regulated DEGs
in comparison to the early stage of stress (162 vs 13). However, the
number of up-regulated DEGs in E. suaveolens remains always much
higher than observed in E. ivorense (255 vs 162).

On the other hand, our results showed that only 7 orthologs DEGs

were shared between the two species during the drought treatment.
None of them were identified at the early stage of stress. Considering
the large proportion of specific DEGs identified in each species, these
results indicate that the two species may display different catalogues of
genes in response to drought.

3.7. Functional annotation of DEGs under drought stress

To speculate the function of the identified DEGs on each species, we
applied a GO enrichment analysis using P-value of 0.05 adjusted by
false discovery rate (FDR) as the cutoff. Results showed that 289
(14.3%) and 398 (26.62%) of DEGs were annotated and assigned to 44
and 46 GO terms in E. ivorense and E. suaveolens, respectively (Fig. 8). In
both species, the majority of GO terms fall in the category ‘biological
process’ followed by ‘cellular component’ and ‘molecular function’,
respectively.

The SEA enrichment analysis of the DEGs that were exclusive to
each species indicated possible differences between the two species in
reacting to drought at its different stages. At the early stage of drought,
the DEGs uniquely up-regulated and down-regulated in E. ivorense were
categorized in a small number of GO terms mainly involved in cellular

Fig. 5. The percentage of genes identified in the top 10 KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways in E. ivorense and E. suaveolens.

Fig. 6. Hierarchical cluster analysis of DEGs under 2 weeks or 6 weeks of drought stress compared with the control (A: E. ivorense; B: E. suaveolens).
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component categories such as ‘membrane’, ‘cell’ and ‘cell part’. In E.
suaveolens, we found a large set of greatly enriched up-regulated genes
that encode for GO terms involved in signal transduction (‘intracellular
signaling cascade’; ‘signal transduction’; ‘iron ion binding’; ‘heme
binding’, ‘cation binding’) as well as various metabolism-related GO
terms (‘carbohydrate metabolic process’; ‘fructose metabolic process’;
‘galactose metabolic process’; ‘catalytic activity’) and other related to
abiotic stress response (‘response to abiotic stimulus’, ‘response to ex-
ternal stimulus’; ‘response to stress’). Contrary to E. suaveolens, we no-
ticed that both the up- and the down-regulated genes specific to E.
ivorense were highly enriched in terms linked to abiotic stresses and
involved in signal transduction and metabolic processes only at the late
stage of drought (T1 to T2) (Additional file 1). Overall, these results
suggest that the two species might employ different genetic pathways to
cope with drought at different stages and point toward an earlier re-
sponse to drought in E. suaveolens compared to E. ivorense.

To identify metabolic pathways or signal transduction pathways

displaying significant change in response to drought stress (P
value≤ 0.05), the exclusive and shared DEGs were mapped to terms in
the KEGG database (Additional file 4). After 2 weeks of stress, 28.76%
(21/73) and 66.66% (174/258) of the specific DEGs identified in E.
ivorense and E. suaveolens were associated with 20 and 64 KEGG path-
ways, respectively. In contrast to E. ivorense, in which only one gene
encoding for ‘Plant hormone signal transduction’ was significantly en-
riched, 61 DEGs (48 down-regulated/13 up-regulated) were found
greatly enriched in E. suaveolens. The down-regulated genes were
mainly associated with eight metabolic pathways from which photo-
synthesis (12 DEGs) and glycolysis/gluconeogenesis (6 DEGs) and
oxidative phosphorylation (6 DEGs) were the most represented, and
three signaling pathways: plant hormone signal transduction (4 DEGs),
AMPK signaling pathway (4 DGEs) and calcium signaling pathway (3
DEGs). Similarly, we noticed that almost all the enriched up-regulated
genes (11/13) were associated with metabolic pathways. At the late
stage of drought (2 weeks–6weeks), 50.59% (297/587) and 27.72%

Fig. 7. (A) Analysis of differentially expressed genes (DEGs) at each stage of drought stress, compared with the control in E. ivorense and E. suaveolens. (B and C) Venn
diagrams showing DEGs in both species across the two comparisons (Control vs 2 weeks, Control vs 6 weeks and 2weeks vs 6 weeks) considering (B) all genes found
within each species or (C) orthologous genes. The overlapping values correspond to the number of differentially expressed genes found in common in the two sets of
comparisons.
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(127/458) of the exclusive DEGs were associated with 131 and 65
KEGG pathways in E. ivorense and E. suaveolens, respectively. In E.
ivorense, 62 up-regulated genes were enriched in 24 KEGG pathways
among which ‘photosynthesis’ (8 DEGs), ‘glycolysis/gluconeogenesis’ (8
DEGs), ‘oxidative phosphorylation’ (5 DEGs), glyoxylate and di-
carboxylate metabolism (5 DEGs), ‘mRNA surveillance pathway’ (4
DEGs) and ‘plant hormone signal transduction’ (4 DEGs) were the most
represented, while a set of 19 down-regulated genes were found to be
enriched in 11 pathways, most of them related to ‘metabolism’ and
‘genetic information processing’. In E. suaveolens, 38 DEGs (24 up-
regulated and 20 down-regulated) were enriched in 14 pathways
mainly associated to metabolic processes. It should be noted that genes
encoding for most of the KEGG pathways cited above were found dif-
ferentially expressed and greatly enriched only at the late stage of
drought in E. ivorense and only at the early stage in E. suaveolens.

3.8. Differential expression of transcription factors during the drought
treatment

A total of 1934 (2.69%) and 1783 (2.67%) of the assembled uni-
genes were identified as Transcription factors (TFs) belonging 90 and

87 families in E. ivorense and E. suaveolens, respectively (Additional file
5). Except for STAT, HB-PHD and GRF, which were observed only in E.
ivorense, the remaining TFs families were identified in both species.
Moreover, among the top 10 represented TFs families, nine were found
common between both species. Among the 1052 differentially ex-
pressed orthologs, 15 (6 up-regulated and 9 down-regulated) and 45
(20 up-regulated and 25 down-regulated) differentially expressed TFs
belonging to 6 and 19 families were identified following 2 weeks of
stress in E. ivorense in E. suaveolens, respectively (Additional file 5). At
this stage of drought, we found that most of the differentially expressed
TFs in E. suaveolens were categorized into five major families: NAC (6
DEGs), WRKY (5 DEGs), MYB (5 DEGs), bHLH (5 DEGs) and C2H2 (4
DEGs). In E. ivorense, the most represented TFs families were NAC (4
DEGs), WRKY (3 DEGs), MYB (3 DEGs) and bHLH (3 DEGs). At the late
stage of stress (T1-T2), much more up-regulated TFs were identified in
E. ivorense than E. suaveolens (30 vs 16) (Table 2). Noticeably, among
the top ten differentially expressed TFs revealed in E. suaveolens at the
early stage of stress, five of them (MYB, bHLH, WRKY, NAC and bZIP)
were found the most abundant in E. ivorense at the late stage of drought.
Interestingly, at this stage of stress, these five TFs families showed more
up-regulated expression in E. ivorense than that revealed in E. suaveolens

Fig. 8. Gene ontology (GO) annotation of drought-responsive genes in E. ivorense and E. suaveolens.

Table 2
Top 10 up and down-regulated transcription factors from DEGs of E. ivorense and E. suaveolens transcriptomes after during the drought treatment. (C: control; T1:
2 weeks; T2: 6 weeks).

E. ivorense E. suaveolens

TF families C-T1 C-T2 T1-T2 C-T1 C-T2 T1-T2

Up Down Up Down Up Down Up Down Up Down Up Down

WRKY 1 2 4 3 3 1 3 2 5 3 2 1
MYB 1 2 3 2 3 2 3 2 3 3 1 0
bHLH 1 2 5 1 3 2 2 3 3 3 0 1
NAC 3 1 4 3 3 1 3 3 4 3 1 1
C3H 0 0 3 0 3 0 1 2 2 1 0 1
C2H2 0 0 1 2 1 2 1 3 5 1 1 1
AP2/ERF-ERF 0 0 1 1 1 1 1 2 2 2 1 1
GRAS 0 0 0 2 0 2 0 0 1 0 1 0
bZIP 0 1 4 1 3 1 1 0 0 0 0 0
mTERF 0 1 1 0 0 0 0 1 0 1 0 0
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(15 DEGs vs 4 DEGs) (Table 2).

4. Discussion

Water availability is a critical driver of the geographical distribution
and abundance of plant species (Kunstler et al., 2016), which could
explain the parapatric distribution of sister Erythrophleum species: E.
ivorense is distributed in evergreen rainforests, whereas E. suaveolens is
found in semi-evergreen and in gallery forests under more seasonal
and/or drier climates (Duminil et al., 2013), suggesting that it might be
more adapted to survive drought stress. Our RNA-Seq based compara-
tive transcriptomics analysis of seedlings is a first attempt to unravel
the potential molecular mechanisms underlying the differences in re-
sponse to drought in these species.

Our study focused on analyzing differential gene expression from
the early stage of wilting of the seedlings due to the important roles of
early wilting-responsive genes in mediating the effects of drought stress
(Das et al., 2012). Our results showed that, compared to E. ivorense, E.
suaveolens presented earlier signs of wilting, which suggest that the
latter species displayed earlier morphological response and probably
earlier physiological and molecular responses to drought.

Our transcriptomes generated from Trinity assembly showed similar
characteristics in both species, with N50 and the mean length of the
contigs being comparable to those reported in many Fabaceae species
(e.g., Wegrzyn et al., 2016; Wong et al., 2011) and very similar G/C
content (41%), consistent with observations in other closely related
species (Herraiz et al., 2016). On the other hand, although displaying
similar distributions of GO terms and KEGG pathways, the two species
differed greatly in the number of annotated transcripts in these two
databases. This is probably due to the differences in the amount of
sequencing data generated from the two species and maybe due to the
lack of available genome resources in the subfamily Caesalpinoideae.
While we identified orthologs between the two species for nearly half of
the contigs found within each species, the expression patterns of these
orthologs for the 12 samples studied differed more between species
than between treatments within each species (Fig. 2). Hence, despite
their phylogenetic proximity, the two species display distinct gene ex-
pression patterns.

When exposed to drought stress, plants display various regulatory
mechanisms coupled with extensive gene expression changes (up-reg-
ulation and down-regulation; Shanker et al., 2014; Fox et al., 2017). In
some model plants such as Arabidopsis thaliana (Matsui et al., 2008),
Gossypium hirsutum (Chen et al., 2013), Medicago truncatula (Zhang
et al., 2014) and Oryza sativa (Todaka et al., 2017), much more up-
regulation was observed under drought stress. Similar patterns were
also reported for some tropical and non-tropical tree species relatively
adapted to drought, belonging to diverse botanical families and oc-
curring across heterogeneous environments such as Tectona grandis
(Lamiaceae; Tripathi et al., 2017), Populus davidiana (Salicaceae; Mun
et al., 2017), Prosopis juliflora (Mimosaceae; George et al., 2017) and
Coffea canephora (Rubiaceae; de Freitas Guedes et al., 2018). In con-
trast, much more down-regulation was observed in Quercus lobata
(Fagaceae; Gugger et al., 2017) and Pinus halepensis (Pinaceae; Fox
et al., 2017) endemic to California and Mediterranean basin, respec-
tively. In our results, when the two species were analyzed separately,
we found that E. ivorense displayed more differentially expressed genes
under drought stress (2020 vs 1495), whereas E. suaveolens was char-
acterized by higher rate of up-regulation (62.21% vs 24.75%) over the
duration of the drought treatment, being more evident at the late stage
of drought. We also noticed that almost all the DEGs for which we
found orthologs were exclusive to one of the two species.

Functional enrichment analyses of these DEGs provided clues to the
molecular mechanisms involved in drought response. Our results re-
vealed a large number of GO terms and KEGG pathways that may be
involved in the tolerance to diverse biotic and abiotic constraints. In
agreement with our results, several recent studies have demonstrated

that the crosstalk among signaling and metabolic pathways plays a key
role in stress signaling and drought tolerance (Golldack et al., 2014; de
Zelicourt et al., 2016; Dong et al., 2017; Zhu, 2016). The early drought
response is triggered by the repression or the induction of genes en-
coding primary osmotic stress signals (e.g Ca2+ and MAPK signaling)
or by secondary signal metabolites (e.g. ABA, ethylene, sugars), gen-
erally in a transient mode (Chaves et al., 2003; Chinnusamy et al., 2004;
Huang et al., 2012). Moreover, it has been reported that the down-
regulation of some important metabolic pathways such as photo-
synthesis, oxidative phosphorylation and glycolysis is the primary ac-
climation response to drought stress. These pathways as well as other
involved in compatible solutes (e.g. proline, polyamines, trehalose) and
secondary metabolites (e.g. flavonoids, monobactam) biosynthesis play
a crucial role in controlling the drought response in plants (Krasensky
and Jonak, 2012; Zhang and Xiao, 2018). Indeed, according to Cuin and
Shabala (2007), the early accumulation of antioxidants, soluble sugars,
oligosaccharides and amino acids, resulting from increased protein
degradation, enhances the drought tolerance since these latter may act
as osmolytes or reactive oxygen species (ROS) scavengers. Our path-
ways enrichment analysis showed that, in contrast to E. ivorense, an
extensive down-regulation of genes associated to photosynthesis (12
DEGs), glycolysis/gluconeogenesis (6 DEGs) and oxidative phosphor-
ylation (6 DEGs) and a considerable up- and down-regulation of genes
encoding for some amino acid (Tryptophan) and secondary metabolites
biosynthesis were highly enriched at the early stage of drought in E.
suaveolens. On the other hand, the GO enrichment analysis revealed a
large set of down and up GO terms related to response to stress and
stimuli as well as some cellular processes. These results may, in part,
explain the early wilting symptoms observed in E. suaveolens, as a first
morphological reaction against water shortage. In fact, it has been de-
monstrated that plants react to drought by a reduction in photo-
synthetic activity caused by a small decline in stomatal conductance,
which may have protective effects against stress, by allowing plant
water saving and improving plant water-use efficiency. Taken together,
these findings suggest an earlier response to drought compared to E.
ivorense. In agreement, previous studies have concluded that photo-
synthesis, carbohydrate metabolism and cell division (Nelissen et al.,
2018) are generally down-regulated under early drought stress to
maintain normal metabolic activities under dehydration (Hayano-
Kanashiro et al., 2009). At the late stage of drought (T1-T2), an overall
similar GO and KEGG pathways enrichment pattern was observed in E.
suaveolens, which implies that the main response to drought at the
molecular level in this species occurred at the early stage of stress. The
early down-regulation of the metabolic pathways could be a strategy of
a prompt response to stress allowing to sustain the metabolism even
under severe drought conditions. At the late stage of drought (T1-T2),
we noticed a further enrichment of down and up associated with di-
verse metabolic pathways as well as numerous GO related response to
stress and biological processes in E. suaveolens, which implies that the
response to drought in this species starts early and become stronger
with the intensification of water deficit. However, a noticeable en-
richment of many up-regulated genes involved in signaling and meta-
bolic pathways as well as a large set of GO terms associated many
“Biological process” and “cellular process” categories was revealed in E.
ivorense at the late stage of drought. Such pattern suggests that the latter
species presents a slow and sequential molecular changes and a gradual
preparation of adaptation to drought and thus a late response to
drought compared to E. suaveolens. In agreement, recent reports have
suggested that the up-regulation of genes encoding Ca2+, MAPK sig-
naling as well as some metabolic pathways, including photosynthesis,
glycolysis and biosynthesis of secondary metabolites and lipids, at the
mild stage of drought confers drought tolerance in Pennisetum glaucum
(Poaceae) (Dudhate et al., 2018) and Ammopiptanthus mongolicus (Fa-
baceae) (Gao et al., 2015). Interestingly, given the very small number of
shared DEGs, the contrasted differential expression profiles (down and
up-regulation) observed in the two species along the drought treatment
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suggests that each of them uses its exclusive catalogue of genes to ac-
tivate similar signaling and metabolism-related pathways to respond to
drought at different stages of stress. These findings suggest that one
difference between E. ivorense and E. suaveolens could be the rapidness
of drought perception and the modulation of the pathways involved in
drought response. On the other hand, we noticed that E. suaveolens
displayed more up-regulated genes than E. ivorense over the drought
treatment. Assuming that a large part of these genes may be encoding
for signaling and metabolic pathways but not unannotated using GO
and KEGG databases from E. suaveolens transcriptome, we suggest that
these sets of up-regulated genes could be involved in the response to
drought at its different stages and may confer better drought tolerance
to this species. This is in line with previous comparative studies per-
formed in Oryza sativa (Poaceae) (Lenka et al., 2011) and Trifolium
pratense (Fabaceae) (Yates et al., 2014) genotypes and as well as two
Corchorus species (Tiliaceae) (Yang et al., 2017) and two tallgrass
species (Hoffman and Smith, 2018) with contrasting drought tolerance
in which an increased number of up-regulated genes encoding for sig-
naling and metabolism-related pathways was observed in the tolerant
genotypes.

Several studies have highlighted the key role of transcription factors
(TF) in mediating drought tolerance in plants, including tree species
(Rabara et al., 2015; Joshi et al., 2016; Mun et al., 2017). Some of these
studies have demonstrated that TFs are involved in diverse physiolo-
gical and molecular mechanisms, including stomata and chloroplast
development, signaling, plant growth regulation and various metabolic
and hormonal pathways. In the present study, a comparable number of
TFs and TFs families were identified in E. ivorense and E. suaveolens.
Interestingly, MYB, C2H2, bHLH, WRKY, NAC, bZIP and C3H, which
are considered among the major families associated to the drought re-
sponses in some model plants (Moumeni et al., 2011; Pereira et al.,
2011) were identified among the most represented TFs families in both
species. According to Golldack et al. (2014), the network between these
TFs families plays a major role in ABA and Ca2+ signaling by con-
trolling the intracellular ROS accumulation as well as some epigenetic
processes such as DNA methylation under drought stress. Moreover,
recent studies have demonstrated that the rapid up-regulation of genes
encoding these TFs under drought may enhance drought tolerance in
rice (Hong et al., 2016) and Populus species (Mun et al., 2017). In our
data, this pattern is especially in line in E. suaveolens at the early stage
of drought treatment and only at the severe drought treatment in E.
ivorense in the ten top TFs identified in both species (Table 2). Overall,
the analysis of the differential expression of TFs during drought stress
was in agreement with the overall pattern of gene expression profile
observed in both species. Such pattern confirms that, compared to E.
ivorense, E. suaveolens may exhibit an early response to drought by in-
itiating an extensive transcriptional regulation that enhance the cross-
talk among the diverse signaling, hormonal and metabolic pathways
involved in the regulation of its drought response.

5. Conclusion

The present study represents a first attempt in using the RNA-seq
approach to unravel the genetic basis of drought stress response in E.
ivorense and E. suaveolens, two sister tree species characterized by
contrasting geographical distribution and ecological amplitude in the
African rainforests. The high quality and comprehensiveness of the de
novo assembled transcriptomes generated for both species allowed the
identification of a large number of DEGs implicated in diverse signaling
and metabolic pathways associated with drought tolerance. Our phe-
notypic results revealed that E. suaveolens seedlings seem to suffer
earlier from drought than E. ivorense seedlings but this trend reverted at
a later stage of drought. Our transcriptome data showed also, in the two
studied species, the number of exclusive DEGs far exceeded the number
of shared DEGs, suggesting that each species develops a specific re-
sponse to drought. The analysis of GO terms and KEGG pathways

retrieved from DEGs as well as from differentially expressed TFs sug-
gests that E. suaveolens may present an early response to drought
probably governed by the down-regulation of the major metabolic
pathways and TFs, which could allow the species to maintain only the
sufficient requirements for a normal metabolism under drought stress.
In contrast, E. ivorense seems to display a late response to drought
strengthened by the up-regulation of some TFs and signaling and me-
tabolism-related pathways only at the severe stage of drought. Given
the very small number of shared DEGs, the patterns observed suggest
that each of the study species employs its own catalogue of genes to
modulate drought using similar signaling and metabolic pathways but
at different phases. The present study provides valuable insights on the
genetic basis of drought response in E. ivorense and E. suaveolens.
Understanding these mechanisms could have important implications to
predict the impact of ongoing and future climate change on African
rainforests, as drought events are projected to become more severe in
tropical regions, including African rainforests. As RNA-seq approach
becomes more accessible in ecological studies, the transcriptome re-
sources as well as the obtained results could also serve as a reference for
further work on the genetic basis of abiotic stresses in these two species
and other tropical tree species.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.gene.2019.01.027.
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