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Abstract

Environmental stress is a fundamental facet of life and a significant driver of natural se-
lection in the wild. Gene expression diversity may facilitate adaptation to environmental
changes, without necessary genetic change, but its role in adaptive divergence remains
largely understudied in Neotropical systems. In Amazonian riparian forests, species
distribution is predominantly influenced by species' waterlogging tolerance. The flood-
ing gradient delineates distinct wetland forest types, shaping habitats and species
characteristics. Here we investigated the molecular basis of environmental stress re-
sponse in a tropical ground-herb species (Ischnosiphon puberulus) to environmental var-
iation in Amazonian riparian forests. We compared environmental variables and gene
expression profiles from individuals collected in two forest types: Igapé and Terra firme
in the Amazonian riparian forests. Predictable seasonal flooding poses a significant
challenge in Igapé compared to Terra firme environments, with the former presenting
higher water column height and longer flooding duration. Our findings suggest that
contrasting environmental conditions related to flooding regimes are important drivers
of population genetic differentiation and differential gene expression in I. puberulus.
Enriched gene ontology terms highlight associations with environmental stresses, such

as defence response, water transport, phosphorylation, root development, response
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1 | INTRODUCTION

Environmental stress constitutes a fundamental aspect of life and
a significant driver of natural selection in the wild. The study of
environmental stress responses at the genomic level has provided
important insights into the mechanisms underpinning the ability
of species to thrive in environmental gradients (Van Straalen &
Roelofs, 2011). However, most research on genome and transcrip-
tomic environmental stress analyses focus on model organisms sub-
jected to stress factors within experimental and control conditions
(Penna & Naithani, 2022). Nevertheless, there remains a notable gap
in research concerning organisms surviving, growing and reproduc-
ing under natural conditions, particularly within complex gradients
of environmental stress. Population heterogeneity has fundamen-
tal implications for adaptive phenotype fitness along environmental
gradients. In this context, local adaptation may lead to population
divergence and culminate in ecological speciation. In fact, ecological
divergence of populations is a requirement for ecological speciation
(Nosil, 2012; Schluter, 2009). Despite the growing literature on the
role of local adaptation in population divergence, speciation and
the evolution of reproductive isolation, few studies have inferred
the role of gene expression in Neotropical systems (but see Leal
et al., 2020, Raffini et al., 2020).

In Amazonian riparian forests, plant distribution is mainly de-
termined by species' tolerance to waterlogging (Junk, 1989; Luize,
Bauman, et al., 2024; Luize, Palma-Silva, et al., 2024; Wittmann
et al., 2010). Also, contrasting environmental conditions, specially
under small geographic scales might be an important factor in the
divergence between populations of Amazonian trees (Brousseau
et al., 2021). Moreover, examining genomic mechanisms is crucial for
comprehending how plants adapt to the changing conditions within
riparian ecosystems. Habitats and species are strongly affected by
the Amazon basin flood pulse, addressing different wetland forest
types (Junk et al., 2011; Luize, Bauman, et al., 2024; Luize, Palma-
Silva, et al., 2024). It is therefore presumed that the Amazonian
wetland forests represent linear refuges for species sensitive to
waterlogging, from upland Terra firme riparian forests to clear-water
floodplain forests (Igapd), one of the wetland typologies marginal to
larger rivers (Junk et al., 2011). The increasing tolerance to the flood-
ing gradient along the riparian zone, coupled with the high species
turnover among streams and small rivers in riparian Terra firme for-
ests (Schietti et al., 2014), can contribute to complementing regional

to auxin, salicylic acid and oxidative stress. By uncovering key environmental stress
response pathways conserved across populations, . puberulus offers novel genetic in-
sights into the molecular basis of plant reactions to environmental constraints found in

flooded areas of this highly biodiverse neotropical ecosystem.

adaptation, Amazonian forest, differential gene expression, Neotropical biomes, population

diversity and structuring the distribution of species at the local scale.
Thus, riparian vegetation total number of species varies according
to soil water saturation, which decreases towards higher positions
of the land (Gregory et al., 1991), and the flood pulse that modifies
the environment quickly in time and space (Junk & Piedade, 1997).
Notwithstanding, the response of biodiversity within Amazonian
riparian forests to future climate and environmental changes will
encompass not only shifts in species distribution but also in the intri-
cate genomic mechanisms and pathways involved in environmental
stress responses, especially in plants confronting varying flooding
patterns—an aspect of knowledge that remains poorly understood
in such habitats.

Ground-herbs, that is plants that spend their entire life cycle on
the forest floor (Costa, 2004), commonly represent almost one third
of the tropical forest total species diversity (Spicer et al., 2020). The
distribution of ground-herb species changes along environmental
gradients such as soil, water and light (Drucker et al., 2008). Among
the neotropical herbs, Marantaceae is one of the most important
families (Gentry & Emmons, 1987), predominating in Amazonian
forest ecosystems (Costa, 2004; Duivenvoorden & Lips, 1995;
Poulsen & Balslev, 1991). Ischnosiphon puberulus Loes. is a wide-
spread Amazonian ground herb, from both primary and second-
ary forests, commonly growing in dense riverside shrubberies
(Andersson, 1977). Details on its reproductive biology are unknown,
but ants and crickets are likely effective seed dispersers (Santana
et al., 2016). Understanding the adaptive responses of ground-herb
species to environmental variation must provide crucial information
on the evolution of the megadiverse Amazonian rainforest biota as
well as new insights into key ecological functions affecting the dis-
tribution of Amazonian plants.

The interdisciplinary field of ecological genomics seeks to un-
derstand the genetic mechanisms underlying responses of organ-
isms to their natural environments (Ungerer et al., 2008). Moreover,
transcriptomics analysis provides a pathway towards a mechanistic
understanding driving functional responses to natural environments
and their genetic basis. Gene expression diversity is the ability of
genes to modulate their expression levels, producing new pheno-
types, without a necessary genetic change and may facilitate ad-
aptation to environmental changes (Lépez-Maury et al., 2008).
Furthermore, in situ sampling of expressed genes, where the mul-
tivariate spectra of environmental gradients interact with the de-
veloping individual, promise to identify and characterize genes with
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broad ecological and evolutionary relevance (Rivera et al., 2021). A
comprehensive analysis of mechanisms through which species adapt
and persist in stressful and changing habitats is crucial for the under-
standing and conservation of populations facing changing environ-
mental conditions.

Here, we conducted a study on ecological transcriptomics of
flooding regimes in the abundant ground-herb, Ischnosiphon puberu-
lus (Marantaceae), a widely distributed species in the riparian zone
of the Cupari River, in the Brazilian Amazon. We investigated nat-
ural populations of I. puberulus in two distinct types of Amazonian
wetlands: floodplains with predictable, long-lasting, monomodal
flood pulses in a clear-water river (i.e. Igapé forest), and wetlands
subjected to short, unpredictable, polymodal flood pulses (i.e., Terra
firme riparian forests) (Junk et al., 2011). We aimed to explore novel
genetic insights into the molecular basis of environmental stress re-
sponse in this tropical plant species. For that, we hypothesized that
environmental differences (i.e. flooding lasting period, water column
height and canopy openness) imposed by flooding regimes will pro-
mote differential gene expression responses between I. puberulus in-
dividuals from Igapé and Terra firme forests. We first predicted that
transcripts differentially expressed between Igapé and Terra firme
populations will be mostly linked with responses to abiotic stress (i.e.
waterlogging, drought, and low light stresses). Thus, we would ex-
pect that populations adapted to floodplains have higher expression
of genes related to stress response, mainly those involved in ener-
getic balance, water transport and hormones, as compared to small
stream riparian populations. Second, we predict that environmental
differences will be associated with genetic differences, indicating
that isolation by environment, rather than isolation by distance, is
the primary driver of genetic differentiation between Igapé and Terra

firme riparian populations. If these predictions are corroborated, we

[ ) Igapé\‘,
| @ Terra-firme
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expect to identify locally adapted genes associated with divergent
environments.

To accomplish this, we characterized the environments where
samples were taken and also assembled and annotated a reference
chromosome-level genome for the species, based on PacBio and
Omni-C reads. Using this reference genome, we analysed transcrip-
tomes of individuals of I. puberulus from Igapé and Terra firme, aiming
to identify genes under differential expression as well as to reveal
contrasting patterns of genetic differentiation between Igapé and

Terra firme individuals.

2 | MATERIALS AND METHODS
2.1 | Studyarea

We conducted this study in the Brazilian national sustainable
use protected area Tapajos National Forest (TNF), located on the
right bank of the Tapajos River, Brazilian Amazon (-4.022310 to
-3.744208°S, -54.921920 to -55.392877°W, ICMBio 2014). TNF
covers 527,319 hectares (Soares, 2004) and is mostly vegetated by
evergreen rainforest (Veloso et al., 1991) over Dystrophic Yellow
Latosols, deep soils with low cation exchange capacity (Hernandez
etal. 1993). The Cupari River is aright tributary of the lower Tapajés
River, with part of its basin located in the TNF area (Figure 1). Cupari
River basin has 721,620ha and its area belongs to the tropical
rainy climate with annual thermal variation below 5°C. According
to Képpen-Geiger's climatic classification, its typology is “Am”, or
rather, tropical monsoon climate, with a dry season and intense
rains for the rest of the year. The mean annual rainfall is 1820 mm,

with great variation along the year and higher precipitation records

. Flooding extension
(Hess et al. 2015)

FIGURE 1 Population sampling of Ischnosiphon puberulus. Sampling sites within the Amazon River basin (a) and the Tapajos sub-basin (b).
Sampling Igapé and Terra firme areas are indicated in blue (c) and red (d), respectively. Elevation deficits are represented by a black and white

gradient in b and flooding extension as green coloured areas in c.
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from January to May (Soares, 2004). Tributaries usually draining
Ferralsols often present transparent, crystalline waters (Herrera
et al., 1978), as the Cupari River.

2.2 | Environmental variables

To characterize the sampling sites of I. puberulus (Figure 1), we set
six 250m long riparian plots along the Cupari basin within the TNF.
Sampling was carried out monthly from November 2018 to January
2020. Sample site locations within the watershed were randomly se-
lected considering at least 1 km minimum distance (linear and hydro-
graphic) between each other. Sampling sites were installed in Terra
firme (C6, C9 and C12) and Igapé (C1, C2 and C3) forests, the former
was represented by riparian forests of small order streams and the
latest by the Cupari River main channel, to capture natural environ-
mental changes throughout the fluvial waterlog.

Flooding parameters were measured with a hydrological station
to sample monthly river level data at each riparian site. We recorded
the water column height (i.e. the vertical distance from the bottom
of the river/stream and the flowing water) and the flooding dura-
tion (i.e. the number of months with waterlogged soil). We used one
limnimetric ruler per site to record river level, which were installed
in the dry season and sampled monthly from December 2018 to
January 2020. Limnimetric rulers were 3m high, graduated at each
10cm, and positioned at the margin and the bottom of the river/
stream channels. Its exact position was marked with coloured tape
on tree trunks, and GPS coordinates were taken to enable the mea-
surements during the flood period, when the rulers at the larger river
sites were submerged. For such cases, we used an anchor-like device
attached to a rope to estimate river/stream depth at the same point
of the ruler. For the water column height (cm), we used the maximum
value of each riparian sampled site, and for flooding duration (num-
ber of months), we used the total number of months with water-
logged soil at the sampling site. We assumed that Igap¢ sites would
present highest values for both variables, given their lower position
in the terrain, compared to Terra firme sites.

Canopy openness (%) was estimated from plan digital pho-
tographs taken during the wet season between November and
December 2019. On each site (C1, C2, C3, C6, C9 and C12), a
250m line positioned parallel to the adjacent water body (stream
or river) was marked every 50m (0, 50, 100, 150, 200, 250m),
summing six canopy openness subsamples per site. Subsamples
consist of four photos taken perpendicularly to the forest canopy,
at 2m high from the ground, at north, south, east and west di-
rections, with a Nikon® Af-s Nikkor® 35mm lens. Each site can-
opy openness information was composed by four photos from six
subsamples, summing 24 digital photographs per site. Each photo-
graph was converted to monochromatic (black and white) images
using an image editor (Adobe® Photoshop® CSé), and canopy
openness percentage was calculated as the mean of the propor-
tion of white pixels from the total amount of pixels per image
(Bleich et al., 2014).

2.3 | High quality genome sequencing

For PacBio HiFi sequencing, young leaf tissue of a single individual
of I. puberulus sampled in Igapé population C3 was sent to Arizona
Genomics Institute (The University of Arizona, USA). Total genomic
DNA was extracted from this sample using the cetyl trimethylammo-
nium bromide method (CTAB) (Doyle & Doyle, 1987). A whole-genome
shotgun sequencing library was prepared with SMRTbell Express
Template Prep Kit 2.0 (Pacific Biosciences, Menlo Park, CA), includ-
ing DNA fragmentation, DNA damage repair and end repair, hairpin
adapter ligation and DNA purification. Long-read High fidelity—HiFi—
sequencing was performed on a Sequel lle in circular consensus se-
quencing (CSS) mode, producing 15.6 Gb of HiFi sequence data.

To help with the phasing of the genome and with the scaffolding,
we also generated high-resolution chromatin conformation capture
(Hi-C) using the Omni-C kit for this individual. The Dovetail Omni-C
library was constructed and sequenced by Arizona Genomics
Institute (The University of Arizona, USA) by using standard proto-
cols (Dovetail Genomics, Dovetail Omni-C Kit Catalogue #21005).
One gram of flash-frozen leaf tissue of the same I. puberulus indi-
vidual was ground using a SPEX Sample Prep Freezer Mill. Nuclei
isolation was performed using the Circulomics LN2 Plant Tissue
Protocol (Circulomics NUC-LNP-001). The nuclei pellet was resus-
pended in 1X PBS, aliquoted into three tubes and centrifuged at
6000rpm for 5min. The supernatant was then discarded and the
nuclei pellets flash frozen for storage at -80°C. One aliquoted nu-
clei pellet was then processed using the mammalian cell protocol
with Dovetail Omni-C protocol mammals V1.3. Completed libraries
were sequenced on an lllumina NovaSeq 6000 PE150.

24 | Chromosome-level genome assembly

Prior to assembly procedures, we evaluated the quality of the raw
PacBio data with Blobtools v1.1.1 (Laetsch & Blaxter, 2017) and ge-
nome size and heterozygosity was investigated with GenomeScope2
and SmudgePlots v0.2.3 (Vurture et al., 2017). We used the soft-
ware Hifiasm v0.19.7-r598 (Cheng et al., 2021) to assemble a phased
genome with the PacBio HiFi and Omni-C reads. Scaffolding of
each haplophased assembly was performed with YAHS (Zhou
et al., 2023), followed by manual curation with PretextView v0.2.5
(Howe et al.,, 2021). Genome assembly accuracy and complete-
ness was assessed for each phased haplotype with Quast v5.0.2
(Gurevich et al., 2013), BUSCO v5.0 (Manni et al., 2021) and Merqury
v1.3 (Rhie et al., 2020).

2.5 | Gene prediction and structural annotation

Genome annotation was carried out using the haplophase 1, due to
higher completeness-related assembly summary statistics, evaluated
by Quast (Gurevich et al., 2013). The identification of repetitive re-
gions and masking of genome assembly of I. puberulus was performed
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with RepeatModeler v2.0.3 (Flynn et al., 2020) and RepeatMasker
v4.1.1 (Tarailo-Graovac & Chen, 2009), using the soft-masking option
(-xsmall). RNA-seq data of two individuals per sampled population of
I. puberulus (see below) was used in the aid of the genome annota-
tion. We used BBMap (Bushnell, 2014) to align the RNA-seq reads
against the genome. The structural annotation was then carried out
with the BRAKER2 pipeline (Brana et al., 2021), following the “Braker
with RNA-seq data” pipeline mode, using the aligned RNA-seq data
as extrinsic evidence. The annotation was done using the genome
files containing the 13 largest scaffolds (pseudomolecules) on the I.
puberulus' genome. Gene density, protein-coding sequence content
and also the GC content were then plotted into a Circosplot with the
R package circlize (Gu et al., 2014), to better visualize the genomic

features that were found and annotated.

2.6 | Population sampling and RNA extraction

We conducted RNA-seq analysis to characterize differential expres-
sion and infer patterns of genetic differentiation in 41 individuals of
Ischnosiphon puberulus collected under two antagonist and stress-
ful conditions: periodically flooded forests Igapé (three sites) and
mostly non-flooded forest Terra firme (three sites) (Figure 1) dur-
ing the end of the dry season (december 2021). Leaf samples were
collected in RNAlater solution (Thermo Fisher Scientific, USA) at
room temperature and subsequently stored at -80°C until RNA ex-
traction. Each sample was georeferenced and one voucher was de-
posited in the HSTM herbarium (M.A.Buitrago 472). Total RNA was
extracted from fresh leaves using a QIAGEN RNeasy® Plant Mini
Kit (Qiagen, Finland). We used agarose gel 1% stained with gel-red
(Biotium Inc., USA) to check the quality and integrity of extracted
RNA, and further quantified the samples using Qubit4 fluorometer
Invitrogen (Thermo Fisher Scientific, USA). Samples were sent to
Macrogen Inc. (South Korea) to perform the total RNA library con-
struction using TruSeq stranded mRNA library kit. Paired-end se-
quencing was performed on the Illumina NovaSeq 6000 platform
(pair-end reads of 100 pb ~50 M reads per sample).

2.7 | Transcriptome assembly and annotation

We examined quality metrics from the lllumina paired-end raw
reads using FastQC (https://www.bioinformatics.babraham.ac.
uk/projects/fastqc/). We then corrected erroneous k-mers from
reads using Rcorrector v1.0.4 (Song & Florea, 2015) with de-
fault settings and removed reads with unfixable errors using
(https://github.com/harvardinf
ormatics/TranscriptomeAssemblyTools). After trimming adaptors

TranscriptomeAssemblyTools

and low-quality bases using TrimGalore v.0.6.0 (http://www.bioin
formatics.babraham.ac.uk/projects), we removed ribosomal RNA
listed in the SILVA database (Quast et al., 2012) using the bbduk.sh
script from the BBMap package v38.90 (https://jgi.doe.gov/data-
and-tools/bbtools/).
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Filtered reads from a subset of 12 samples (two samples per pop-
ulation) were further used to perform the de novo assembly of a ref-
erence transcriptome guided by the haplophase 1 of the reference
genome of . puberulus using Trinity v2.8.5 (Grabherr et al., 2011; Haas
et al., 2013). For this, we aligned the filtered reads against the species'
genome using STAR v2.7.9 (Dobin & Gingeras, 2015), then merged the
individual BAM files and sorted the coordinates using SAMtools v.1.10
(Danecek et al., 2021). We ran the genome-guided de novo assembly in
Trinity by setting the maximum intron length to 1000bp. General as-
sembly statistics were obtained with TrinityStats.pl script. We assessed
the completeness of the transcriptome by aligning assemblies against
the Viridiplantae IPG database and tested for the benchmarking uni-
versal single-copy ortholog (BUSCO) content (Sim&o et al., 2015).

We carried out the functional annotation of the reference tran-
scriptome using OmicsBox v3.0.30 (BioBam, Valencia, Spain) (Gétz
et al., 2008) platform. For this, we filtered for contigs longer than
300bp and aligned them against the NCBI non-redundant NR pro-
tein database for Viridiplantae with an e-value cut-off of 10e-5. We
also used the InterProScan (Zdobnov & Apweiler, 2001) to retrieve
protein domains and the Kyoto Encyclopedia of Genes and Genomes
(KEGG) to obtain the attribution of Enzyme Commission (EC) terms
and metabolic pathways.

2.8 | Differential expression analysis

We compared the patterns of gene expression between I. puberu-
lus samples from Terra firme and Igapd sites following the Trinity
pipeline. To do so, we mapped filtered reads to the reference tran-
scriptome using Bowtie 2 and summarized read counts of each of
the 41 samples as implemented in the RSEM 2.01 software (Li &
Dewey, 2011). Then, we used the Trinity script run_DE_analysis.pl
to perform the differential expression analysis at transcript level
based on the isoform count matrix with edgeR R-package (Robinson
et al., 2010) by setting a false discovery rate (FDR) cut-off of 0.001
and a minimum of four-fold expression change. We further clus-
tered all differentially expressed transcripts according to the pat-
terns of differential expression using a matrix of FPKM values
computed from TMM normalization of the isoform count matrix. A
GO enrichment analysis was used to infer over-represented biologi-
cal processes among the differentially expressed transcripts (DETs)
between Terra firme and Igapé using the R-package topGO (Alexa
& Rahnenfuhrer, 2010) by setting the Elim-Kolmogorov-Smirnov
method with a significance threshold of 0.01. To exclude redundant
terms (semantic similarity >0.7) and summarize information coming
from the enriched GO terms, we performed a semantic analysis im-
plemented in the REVIGO Web server (Supek et al., 2011).

2.9 | SNP calling

Filtered RNA-Seq reads were mapped on the haplophase 1 reference
genome of I. puberulus using a two-pass procedure in STAR v2.7.9
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(Dobin & Gingeras, 2015) for robust and accurate variant discovery.
We performed the 1-pass STAR mapping, then used the splice junc-
tions obtained during the 1-pass to re-generate the genome indices to
run the 2-pass step mapping. Following the workflow of the Genome
Analysis Toolkit v4.2.0.0 (GATK; DePristo et al., 2011; Van der Auwera
et al., 2013) for RNAseq short variant discovery, we marked dupli-
cate reads and added read groups using Picard (http://broadinstitute.
github.io/picard). We then used SplitNCigarReads tool to split reads
into exon segments (getting rid of Ns but maintaining grouping infor-
mation) and hard-clip any sequences overhanging into the intronic re-
gions. The GATK module ‘HaplotypeCaller’ was used to call genotypes
for each sample; then, ‘GenomicsDBImport’ and ‘GenotypeGVCFs’
GATK modules were used to call variants among samples. We filtered
out SNP clusters (i.e. three or more SNPs in a sliding window of 35
pb) and any variant with Fisher strand (FS) values <30.0 and quality by
depth (QD)< 2.0 using the ‘VariantFiltration’ GATK module. We also
used VCFtools v0.1.17 (Danecek et al., 2011) to retain only biallelic
SNPs, with minimum read depth of 10, minimum allele frequency of 2%
and maximum of 10% missing individuals. We excluded four out of 41
individuals with more than 10% missing data to obtain the full dataset.
A thinned dataset was further generated by subsampling one SNP per
window of 10,000bp using VCFtools to perform the genetic structure
analysis, which requires non-linked loci, and estimate population-level
genetic diversity.

2.10 | Population genetic analyses

We inferred patterns of genetic structure from SNPs dataset in I. puber-
ulus using a Bayesian analysis implemented in the software Structure
v2.3.4 (Falush et al., 2003; Pritchard et al., 2000). Structure was run
under the admixture model allowing for correlated allele frequencies,
using a burn-in of 100,000 followed by 500,000 Markov Chain Monte
Carlo (MCMC) iterations. Ten replicate runs were performed for each
value of K (number of clusters) ranging from one to seven and the best
K was inferred by Structure Harvester v0.6.94 (Earl & VonHoldt, 2012).
The individual admixture proportions for the best K averaged across
runs was visualized with CLUMPAK (Kopelman et al., 2015).

To compare within-site genetic diversity between Igapdé and
Terra firme sites, we calculated allelic richness, observed (H,) and
expected (Hg) heterozygosities, and inbreeding coefficient (F)
with their confidence intervals based on 100 bootstrap using the R
packages ‘diveRsity’ (Keenan et al., 2013), ‘PopGenKit’' (Paquette &
Paquette, 2011) and ‘hierfstat’ (Goudet, 2005). We also estimated
the genetic differentiation among sites using pairwise F¢; values as

calculated by R-package ‘hierfstat’.
2.11 | Environmental correlates of genetic
differentiation

We performed Mantel tests on the genetic differentiation in I. pu-
berulus to test for the relative effects of isolation by distance (IBD)

and isolation by environment (IBE). To do so, we calculated pairwise
F<; among sampled sites using R package ‘PopGenKit’, then line-
arized the values as F¢/(1-F4;) (genetic differentiation matrix). We
also calculated pairwise geographical distances from the sites coor-
dinates (geographical matrix) and pairwise Euclidean environmen-
tal distances based on the per-site water column maximum height,
flooding period and canopy openness in conjunction or indepen-
dently (four distinct environmental matrices) using the ‘vegdist’
function in R package ‘vegan’ (Oksanen et al., 2022). As sampling
sites follow a bimodal distribution, we ran each Mantel test using
Spearman correlation and tested for their significance using 1000
permutations with ‘vegan’. We also used a partial Mantel to evalu-
ate the effect of the environmental distance on the genetic dif-
ferentiation controlling for the geographical distance using ‘vegan’

based on the Spearman correlation.

3 | RESULTS
3.1 | Environmental variables

Sampling sites vary in terms of the environmental variables accessed
(water column height, flooding duration and canopy openness per-
centage), mostly because of the position in the drainage system
(Figure 1). While Igapés forests sites remained submerged for up to
8months, the Terra firme riparian forests sites remained submerged
for a maximum of 3months (Table S1). Variation was even greater
in the height of the water column; as the Terra firme sites varied
much more among themselves than the Igapé sampling sites. While
the maximum water column height in Igapds varied approximately
between 6.8 and 8.1m, such variation on Terra firme was between
0.18 and 1.8 m (Table S1). The site C12 had 0.18 m of maximum water
column height, being characterized as a small headwater stream, and
its influence on the soil and adjacent vegetation should be more dis-
creet, compared to the other sites. Although canopy opening also
varied between sites, it was dense in all of them (minimum of 5% and
maximum of 12% of opening, see Table S1). Nevertheless, the Igapé
forest sites showed greater canopy openness variation between sites

than the Terra firme forest sites.

3.2 | Genome assembly and structural annotation

We generated a total of 15.6 Gb of HiFi sequence data (~49x
coverage) and 43.6 Gbp of OmniC data (~133x coverage) to
assemble the genome. The SmudgePlot analysis indicates the
species is diploid. The high-quality chromosome-level phased
genome assembly for Ischnosiphon puberulus produced a genome
size of 328 Mbp for haplophase 1 and 341 Mbp for haplophase 2
(Figure 2). After scaffolding and manual curation, we obtained a
total of 81 and 74 scaffolds for haplophase 1 and 2, respectively,
and 13 large scaffolds for each haplophase, which is consist-
ent with the chromosome number reported for the congeneric
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FIGURE 2 Circosplot of Ischnosiphon puberulus genomic features in each chromosome. (a) Gene density, (b) GC content along the genome

and (c) protein-coding sequence density.

species I. leucophaeus (2n=26, Santos et al., 2022). The size of
each pseudomolecule varied from ~14 to ~30 Mb, with telomeric
repeats in one or both ends. The I. puberulus genome showed a
N50 of 25.5Mb and~99% of orthologous genes were found in
the Embryophyta ortholog database v10. Merqury analysis indi-
cated a completeness of >83% for both haplophases separately
and 99.43% when analysed together. The structural annotation
indicates that 49.16% of I. puberulus genome is composed of re-
petitive elements. A total of 60,471 protein coding genes were
detected on I. puberulus' 13 scaffolds (haplophase 1), with 4.92
exons per gene and an average gene length of 2717.77 bp. We
found a higher density of genes and protein-coding sequences
near the telomeric regions on most I. puberulus chromosomes
(Figure 2). The same pattern was observed for GC content,
which showed higher abundance near chromosomes' ends rather
than near the centromeric regions (Figure 2). Assemblies and

underlying raw sequencing data were deposited on NCBI under
BioProject PRJINA1055542.

3.3 | Transcriptome assembly and
functional annotation

The assembled reference transcriptome had a total of 139,637 con-
tigs, of which 103,398 contigs were longer than 300 pb (average con-
tig length=1299.53 pb, N50=1709 pb), after removing redundant
(100% identity) contigs, and one contig from viral origin, 102,727
contigs remained for further analyses. According to the BUSCO
analysis, 94.2% of the genes were complete, while fragmented and
missing genes corresponded to only 3% and 2.9%, respectively. We
annotated gene ontology (GO) terms for ca. 49.6% of the contigs
(50,885 out of 102,727).
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3.4 | Differential gene expression patterns

Samples from contrasting flooding conditions (Terra firme vs.
Igapd) were well differentiated by their gene expression profiles
(Figure 3a). Gene expression analysis identified a total of 4326
differentially expressed transcripts (DETs) between such environ-
ments out of a total 68,387 identified transcripts. Among these,
1948 were upregulated in Igapé (Figure 3b; Table S2) and 2309
were upregulated in Terra firme (Figure 3c; Table S3). The analysis
implemented in topGO pointed to 29 non-redundant GO-terms
significantly enriched for this comparison (p <.01) (Table 1). These
GO-terms are associated with an array of biological functions. The
most significant enriched GO terms between Terra Fime and Igapé
were defence response, water transport, phosphorylation, root
development, response to auxin, responses to oxidative stress and
responses to salicylic acid (Table 1), which are known to represent
universal components in responses to abiotic stresses responses
(i.e., waterlogging, drought, UV-radiation, etc) in plants (Gupta
et al., 2016; Mittler, 2006; Roelofs et al., 2008).

Several genes involved in plant protection by signalling the ac-
tivation of stress response were differentially expressed in this
study. For instance, ~40 DETs between Igapé and Terra firme are
putative cytochrome P450 (CYP) enzymes: cytochrome P450,
flavonoid 3’-monooxygenase (CYP75B137-like; EC: 1.14.14.82),
flavin-containing monooxygenase (EC: 1.14.13.8), flavonoid
3’,5-hydroxylase (EC 1.14.14.81), flavanone 3-dioxygenase, abscisic

acid 8’-hydroxylase (CYP707A1; EC 1.14.14.137) and protein LUTEIN
DEFICIENT 5 (EC: 1.14.14.158). Likewise, ~30 DETs were identified
as potential thioredoxins and glutaredoxins and its associated en-
zymes: Thioredoxin-disulfide reductase, thioredoxin family protein,
thioredoxin H2-2, thioredoxin superfamily protein, thioredoxin-like
1-2, thioredoxin-like protein AAED1, thiol-disulfide oxidoreductase
LTO1, ferredoxin-thioredoxin reductase catalytic chain, monothiol
glutaredoxin-Sé, glutaredoxin family protein, glutaredoxin-C8-like,
glutathione S-transferase, glutathione synthetase and ascorbate
transporter.

Other genes were upregulated only in Igapé: DELLA gene
family plays key roles in regulating plant development and stress
response (Luo et al., 2023); early light-induced protein 1 (ELIP);
drought-induced protein 1; protein LOW PSII ACCUMULATION
1; RuBisCO large subunit-binding protein subunit alpha; superox-
ide dismutase [Fe] 2; and chlorophyll(ide) b reductase NYC1 (EC
1.1.1.294) (Table S2). Some genes were overexpressed only in
Terra firme populations, such as monodehydroascorbate reductase
(EC:1.6.5.4), EID1-like F-box protein 3, heat shock cognate 70kDa
protein 2, aquaporin TIP4-3, protein YELLOW LEAF 1, phyto-
chromobilin: ferredoxin oxidoreductase, enolase 2 (EC:2.7.11.17)
(Table S3).

Our gene expression analysis detected a third cluster of 68
DETs upregulated in individuals from the Terra firme C12 popula-
tion, when compared to other individuals from Terra firme (Cé and
C9) or those from Igapé (C1-C3, Figure 3d). These are significantly
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FIGURE 3 Gene expression patterns between Ischnosiphon puberulus sampled in Terra firme and Igapd. Sample correlation matrix heatmap
for 4326 differentially expressed transcripts (a). Expression levels of the subsets of genes upregulated in the Igapé (=1948, in b), Terra firme

(=2309, in ¢) and C12 population (=68, in d).
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TABLE 1 Non-redundant enriched GO-terms in the comparison among differentially expressed transcripts of Terra firme and Igapé
samples of Ischnosiphon puberulus.

GO term Name Log (p-value) Log (size) Frequency Uniqueness Dispensability
GO0:0006952 Defence response -2.123 3.202 7.383 0.878 0.440
GO:0016310  Phosphorylation -4.503 3.143 6.437 0.775 0.449
GO:0048364  Root development -2.091 2.742 2.555 0.939 0.312
GO0:0009733  Response to auxin -2.259 2.656 2.096 0.873 0.469
GO0:0006979 Response to oxidative stress -4.441 2.640 2.022 0.889 0.000
GO0:0009751 Response to salicylic acid -2.697 2.246 0.811 0.881 0.313
GO0:0034219 Carbohydrate transmembrane transport -2.199 1.897 0.361 0.808 0.434
GO:0010090  Trichome morphogenesis -2.003 1.806 0.292 0.896 0.449
GO0:1990961 Xenobiotic detoxification by transmembrane -2.843 1.708 0.232 0.737 0.170
export across the plasma membrane
GO:0006833  Water transport -2.061 1.602 0.181 0.863 0.364
G0:0009395  Phospholipid catabolic process -2.672 1.362 0.102 0.704 0.078
GO0:0009147 Pyrimidine nucleoside triphosphate metabolic -2.605 1.342 0.097 0.716 0.502
process
G0:0042938  Dipeptide transport -2.394 1.279 0.083 0.859 0.277
GO0:0001731 Formation of translation preinitiation complex -3.062 1.079 0.051 0.853 0.000
G0:0010199 Organ boundary specification between lateral -2.155 1.000 0.042 0.932 0.000
organs and the meristem
GO:0043631  RNA polyadenylation -2.131 0.845 0.028 0.879 0.141
G0:0072488 Ammonium transmembrane transport -2.448 0.845 0.028 0.826 0.437
G0:1990547 Mitochondrial phosphate ion transmembrane -2.466 0.602 0.014 0.842 0.340
transport
GO:0000957  Mitochondrial RNA catabolic process -2.189 0.477 0.009 0.830 0.411
G0:0097510 Base-excision repair, AP site formation via -2.233 0.301 0.005 0.826 0.206

deaminated base removal

Note: In bold are the top significant enriched GO term between Terra fime and Igapé.

enriched for 25 non-redundant GO-terms linked to diverse meta-
bolic processes and to putative adaptive processes, such as water
transport, defence response and response to oxidative stress
(Table S4).

3.5 | Genetic diversity and population
differentiation

After calling and filtering SNPs using the GATK workflow, we ob-
tained a total of 65,472 high-quality transcriptome-derived SNPs
(full dataset). The additional filtering step used to retain unlinked loci
from the full dataset resulted in 7,387 SNPs (thinned dataset).
Structure bayesian analysis revealed three well-defined clusters
based on the thinned dataset; the first formed by samples from the
three Igapd populations, the second formed by samples from two
Terra firme populations (i.e. Cé6 and C9) and the third represented
by C12 Terra firme population (Figure 4a). The analysis showed no
pattern of admixture in the codifying part of the genome among
these clusters. The pairwise genetic differentiation between Igapd
and Terra firme populations also evidences this differentiation by
the highest F.; values among populations from distinct flooding

conditions (F;=0.250-0.422), than those from the same flooding
condition (Fs;=0.091-0.122), with exception of C12, which was
highly differentiated from all other populations (F¢;=0.373-0.422;
Table S5).

Levels of genetic diversity were similar in Terra firme and Igapd
populations, with exception of C12, which showed slightly lower
observed and expected heterozygosities (Figure 4b, Table Sé).
Although not significant, the allelic richness was also lower in C12
than in the remaining populations. Inbreeding coefficients were
negative for all analysed populations due to the excess of heterozy-
gotes, with no consistent differences between Terra firme and Igapé
(Figure 4b, Table S5).

3.6 | Environmental correlates of genetic
differentiation

We detected no significant correlation between population ge-
netic differentiation (F¢;/(1-Fg7)) and geographical distances
(Mantel r=.236, p=.139), indicating the absence of isolation-
by-distance among [. puberulus populations. The correlation
between genetic differentiation and environmental distance, as
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FIGURE 4 Population genetic structure and genetic diversity per population of Ischnosiphon puberulus. Bar plot depicting the Structure
clustering analysis for K=3 based on 7387 transcriptome-derived SNPs sampled in six populations from either Igapé or Terra firme (a). Mean
estimates and 95% confidence intervals of observed and expected heterozygosity, allelic richness and inbreeding coefficient, per population (b).

determined by the variation of the three environmental variables
in conjunction, suggests a trend towards significance (Mantel
r=.336, p=.055). In fact, when testing each environmental vari-
able separately, mantel tests indicate weak and non-significant
correlation between genetic differentiation and canopy open-
ness or flooding period. On the other hand, population genetic
differentiation and water column height was strongly and sig-
nificantly correlated (Mantel r=.582, p=.015), suggesting that
genetic variation was better explained by the effect of isolation-
by-environment. When we controlled for the geographical
distance, such a relationship remained strong although not sig-
nificant (Partial Mantel r=.621, p=.068).

4 | DISCUSSION

Here we showed that gene expression profiles were well differen-
tiated between populations from the Igapé and Terra firme forests
(Figure 3a). Moreover, differentiation in gene expression was highly
congruent with population genetic divergence between Igapé and
Terra firme (Figure 4a). The presence of isolation by environment
suggests that environmental differences, such as water column
height, serve as the primary drivers of population differentiation
and gene expression patterns. Indeed, seasonal waterlogging is

one of the most prominent environmental challenges in Igapé com-
pared to Terra firme environments (Parolin et al., 2004). In agree-
ment, here we observed environmental contrasts between Igapd
and Terra firme were evidenced by the great differences in water
column height and duration of flooding periods. Our results sug-
gest that environmental differences imposed by flooding regimes
promoted population genetic differentiation and differential tran-
script expression responses in I. puberulus individuals from Igapé and
Terra firme forests. Furthermore, enriched GO terms revealed that
most differentially expressed genes were associated with abiotic
stress: defence response, water transport, phosphorylation, root
development, response to auxin, responses to oxidative stress and
responses to salicylic acid (Table 1). Our data not only informed us
about the genetic structure of I. puberulus populations but also pro-
vided important information about the environmental variables that
may be responsible for the divergent gene expression maintaining
the observed genetic structure.

Among enriched GO terms, we found several differential ex-
pressed transcripts associated with cytochrome P450 (CYP) genes
and thioredoxins and glutaredoxins antioxidant systems. CYPs
are versatile enzymes involved in numerous biological processes
of plant growth and development, and they play a crucial role in
plant protection by signalling the activation of stress response
(Pandian et al., 2020). Thioredoxins and glutaredoxins are also
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involved in plant growth and development as well in protecting
plants from oxidative damages caused by abiotic stresses (Meyer
et al., 2012). Abiotic stresses typically induce oxidative damage as
a consequence of increased production of reactive oxygen spe-
cies (ROS). As mitochondria and chloroplasts are the main cellular
compartments that experience oxidative burst when plants face
stressful conditions (Blokhina et al., 2003), we may argue that
enriched GO terms and DTE analyses may have revealed differ-
ences in respiration and photosynthesis between Terra firme and
Igapé populations. Anoxia (deficiency of oxygen) is a primary ef-
fect of waterlogging (Ashraf, 2012) already well documented for
Amazonian trees (Piedade et al., 2010). As plants face excessive
energetic pressure on primary photochemistry and have reduced
energy production through respiration under oxygen deprivation,
an effective antioxidant defence systems is needed to limit oxida-
tive damage and enhance the stress resistance of plants, avoiding
lipid peroxidation, oxidation of proteins, enzyme inhibition and in-
jury to DNA/RNA (Hasanuzzaman et al., 2017).

The putative cytochrome P450 (CYP) genes identified in this
study likely play a pivotal role in the environmental stress response
of plants in both Igapé and Terra firme populations and suggest that
these plants may have the ability to detoxify the adverse effects of
ROS by producing a range of antioxidants. In plants, cytochrome
P450 belongs to a large family of genes with numerous functions
in many important cellular processes, which are crucial to plant re-
silience under abiotic stress (Hansen et al., 2021). The expression
of various CYP genes is regulated in response to abiotic stress and
plays a central role in regulating anaerobic metabolism, detoxifica-
tion and hormone signalling pathways (Renault et al., 2014). Their
involvement in flavonoid metabolism, abscisic acid signalling and
other stress-related pathways indicate their role in plant adaptation
strategies (Hansen et al., 2021; Pandian et al., 2020). Flavonoids are
known to play an essential role in stress mitigation, acting as anti-
oxidants and signalling molecules and protecting plants from oxida-
tive damage induced by drought, salt, cold, UV-radiation and heavy
metals (Shomali et al., 2022). In fact, in our study we found several
DET CYP genes belonging to flavonoid biosynthesis. Although few
studies have investigated the specific response of flavonoid ac-
cumulation and expression in plants under waterlogging stress (Li
et al., 2021; Wang et al., 2019), several genes encoding cytochrome
P450 were responsive to waterlogging (Arbona et al., 2017; Li
etal.,, 2021; Rastogi et al., 2020; Xu et al., 2017; Yin et al., 2017). The
molecular and biochemical processes catalysed by CYPs have been
extensively studied, particularly in model and crop plants (Pandian
et al., 2020). Nevertheless, their effects on plant function, especially
in non-model organisms, remain to be fully uncovered.

Several thioredoxins and glutaredoxins were differentially ex-
pressed between Igapé and Terra firme populations. They consti-
tute families of thiol oxidoreductases belonging to key antioxidant
systems providing defence against oxidative stress (Geigenberger
et al., 2017; Hasanuzzaman et al., 2017; Meyer et al., 2012). These
antioxidants interact with hormones and signalling molecules and
act in detoxifying ROS, toxic metals and xenobiotics in plants
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facing salinity, drought, extreme temperature, heavy metals and
light stress (Geigenberger et al., 2017; Hasanuzzaman et al., 2017).

Predictability and long-term duration of flooding in Amazonian
rivers can enforce a pressure on individual performance strong
enough to result in the evolutionary selection of conspicuous phe-
notypic differences between terra firme and floodplain populations
as observed in I. puberulus. For instance, seedlings of the Central
Amazonian tree Himatanthus sucuuba under flooding conditions
show rapid formation of lenticels, adventitious roots and aeren-
chyma when facing submersion, and they also have greater concen-
trations of soluble sugars and starch in roots, larger seedling mass
and accumulated more biomass in roots and stems in comparison
to Terra firme seedlings (Ferreira et al., 2009). Investigations on the
carbohydrate content of roots from some other Amazonian wetland
tree species indicate that the demand for energy is met by translo-
cating and storing carbohydrates in the roots during the terrestrial
phase, which are then consumed during the flooding period (Scarano
et al, 1994). Moreover, the oxygen released from adventitious
roots in the oxygen-rich layer near the water surface also fosters
the growth of harmful bacteria and fungi, prompting the activation
of effective mechanisms against pathogens in the rhizosphere (De
Simone et al., 2003).

In our study, we also identified DETs associated with light
stresses. In Igapé, early light-induced protein 1 (ELIP) and chlo-
rophyll(ide) b reductase NYC1 were overexpressed (Table S2).
These genes are involved in response to high-light stress (Hutin
et al., 2003; Sato et al., 2015). While ELIP photoprotective role in-
volves chlorophyll binding during pigment-protein turnover or stabi-
lizing assembly under light stress (Sato et al., 2015), NYC1 is the main
enzyme responsible for the regulation of the level of chlorophyll b in
Arabidopsis, maintaining the stability of photosystems under high-
light conditions (Hutin et al., 2003). At this time we would like to
emphasize that any stressful condition reducing the consumption of
ATP and NADPH in photosynthesis (e.g. through limitation in CO,
diffusion from atmosphere to chloroplasts or inhibition of RuBisCO
activity) will cause an excessive energetic pressure in electron trans-
port chain in thylakoids and then lead to oxidative stress. Therefore,
those overexpressed genes linked initially to light stress are likely
modulated by flooding, the most common stressor in Igapd. In fact,
flooding is known to decrease photosynthesis in several Amazonian
species (Parolin et al., 2001).

Interactions among gene expression profiles due to stress fac-
tors may enhance the tolerance and resilience to adverse envi-
ronmental conditions (Mittler, 2006). Varied genomic approaches
can offer new insights into biological phenomena of ecological and
evolutionary significance. Studies of simultaneous abiotic stresses
under controlled conditions are well documented in crop and
model plants (Mittler, 2006), although molecular mechanisms un-
derlying the abiotic responses of plants to a combination of stress-
ors, which are common-place in the lifetime of a real organism in
nature, are not well elucidated. These interactions are of great
ecological relevance and may promote niche divergence and adap-
tations to extreme conditions (Roelofs et al., 2008). Altogether our
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results demonstrate that differential gene expression determined
by species' tolerance to flooding might also play a role in adaptive
divergence among populations in the Amazonian riparian forests.
While enrichment for pathways related to waterlogging stresses
suggests they may facilitate acclimation to floodplain habitats, di-
rect functional evidence validating their adaptive significance is
still needed.

Specialization of tree species to Amazonian floodplains has been
relatively well studied (Luize, Palma-Silva, et al., 2024; Parolin, 2009;
Piedade et al., 2010). At the community level, the correlation be-
tween the phylogenetic composition of tree and forest types
demonstrates that ecological selection impacts the distribution of
Amazonian tree lineages (Luize, Bauman, et al., 2024); both terra firme
and floodplain wetlands harbour many shared species in the Amazon
region (Kubitzki, 1989; Luize, Bauman, et al., 2024). However, less
understood are the processes operating at the microevolutionary
scale within rapidly evolving lineages, as in ground herbs, which are
often fully submerged during the peak of flooding. Additionally, the
biogeographic processes and other evolutionary mechanisms in-
volved in adapting to amphibious habitats remain understudied. Also
important is the fact that flooding resulting from climate change is
a real threat (Chevuturi et al., 2023) that will likely increase the risk
of hypoxic stress, both in natural communities as in crop fields. The
flood-adaptive genetic resources recovered here can inspire future
conservation applications for riparian restoration.

Further studies that investigate the functional and ecological
genomics of the candidate genes observed in this study will signifi-
cantly enhance our understanding of their roles in local adaptation
to environmental stresses encountered by I. puberulus in Igapé and
Terra firme populations. For instance, conducting complementary
common garden experiments and field transplantations to assess
survival and fecundity across genotypes would provide essential
functional gene validation. This approach will deepen our under-
standing of the non-exclusive role of local adaptation and plasticity
in promoting population divergence in this important neotropi-
cal system. Additionally, mapping trait-associated loci would aid
in establishing connections between phenotype and genotype.
Furthermore, information about the pattern of growth (both below
and above-ground) and also about physiological and biochemical
responses of . puberulus to flooding are essential to validate and
confirm that the molecular responses related to gene expression
were effective in improving plant performance in both sites. In such
scenario, measurements of leaf gas exchange (photosynthesis/res-
piration and transpiration), primary photochemistry, leaf water sta-
tus and sap flow, anaerobic and antioxidant metabolisms, hormonal
balance, biomass production and partitioning and an in-depth char-
acterization of the root system would prove the ecological perfor-
mance proposed by gene expression.
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