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Abstract: Avicennia marina forests fulfill essential blue carbon and ecosystem services, including
halting coastal erosion and supporting fisheries. Genetic studies of A. marina tissues could yield
insight into halophyte adaptive strategies, empowering saline agriculture research. We compare
transcriptomes from A. marina pneumatophores, stems, leaves, flowers, seeds, and transcriptomes
across four widely divergent environments in the Indo-Pacific (Red Sea, Arabian Gulf, Bay of Bengal,
and Red River Delta) to decipher the shared and location-, tissue-, and condition-specific functions.
On average, 4.8% of transcripts per tissue were uniquely expressed in that tissue, and 12.2% were
shared in all five tissues. Flowers’ transcript expression was the most distinct, with domain-centric
gene ontology analysis showing high enrichment for stimulus-responsive processes, as well as genes
implicated in flowering (hydroxygeraniol dehydrogenase, TPM = 3687) and floral scent biosynthesis
(e.g., benzoyl_coenzyme_A, 2497.2 TPM). Pneumatophores highly expressed antioxidant genes,
such as glutathione S-transferase (GST, TPM = 4759) and thioredoxin (TRX, TPM = 936.2), as well
as proteins in the GO term ‘Hydroquinone:oxygen oxidoreductase activity’ (enrichment Z = 7.69,
FDR-corr. p = 0.000785). Tissue-specific metabolic pathway reconstruction revealed unique processes
in the five tissues; for example, seeds showed the most complete expression of lipid biosynthetic
and degradation pathways. The leaf transcriptome had the lowest functional diversity among the
expressed genes in any tissue, but highly expressed a catalase (TPM = 4181) and was enriched for the
GO term ‘transmembrane transporter activity’ (GO:0015238; Z = 11.83; FDR-corr. p = 1.58 × 10−9),
underscoring the genes for salt exporters. Metallothioneins (MTs) were the highest-expressed genes
in all tissues from the cultivars of all locations; the dominant expression of these metal-binding and
oxidative-stress control genes indicates they are essential for A. marina in its natural habitats. Our
study yields insight into how A. marina tissue-specific gene expression supports halotolerance and
other coastal adaptative strategies in this halophytic angiosperm.

Keywords: genomics; halophytes; salt tolerance; transcriptomics; gray mangrove

1. Introduction

Mangroves support coastal ecosystems despite salinity, oxygen, and temperature
extremes [1–5]. They are comprised of distantly related tree species that have converged
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to dwell on saline shorelines [6,7]. Among mangroves, Avicennia species are particularly
hardy in the face of environmental extremes. However, they have relatively shallow genetic
diversity and are vulnerable to environmental perturbations from anthropogenic climate
changes [8–11].

Avicennia forests provide blue carbon and ecosystem services for their surrounding
populations [4]. Their ability to halt coastal erosion, support fisheries, and sequester
atmospheric carbon make them outstanding contributors to global environmental sus-
tainability. These services are enabled by the preservation and propagation of crucial
species, such as A. marina [12]. Further genome-level studies will reinforce afforestation
efforts. Establishing additional omics resources for A. marina, including genomics, tran-
scriptomics, metabolomics, and subsequent comparative analyses, will inform critical
decisions regarding cultivar choices, suitable afforestation locations, and possible trans-
genic species implementation.

The unique ecophysiology of A. marina has facilitated its survival in a wide variety
of Indo-Pacific coastal biomes [8,10,13–22]. It has colonized coasts from Africa and Asia
to Zealandia since the early Holocene [23]. Habitat environments range from hypo- to
hypersaline, and annual average, low, and high temperatures in A. marina-colonized
locations range from Africa to New Zealand. The species has adapted to survive in a wide
range of intertidal biome types. Furthermore, unrelated mangrove lineages have undergone
convergent evolution towards functionally similar adaptations [6,7]. Factors advantageous
in a seafaring lifestyle include seed survival across ocean voyages, secondary growth
through successive cambia formation [20,24], halotolerance [25–29], and multifunctional
pneumatophores that cope with a vast array of abiotic stressors [15,30,31].

A. marina inhabits the coastline of the Red Sea [32], a region occasionally characterized
by extreme heat and salinity [13,14,19,21,22,33]. Cultivars from this region are suitable
models to study the resilience of these angiosperms in the face of intense abiotic stress.
The mechanisms behind A. marina’s resilient biology, especially in areas such as the Red
Sea, can inform translational agronomical research. Oxidative stress results from salt
toxicity that prohibits saline agriculture of most commercial crops; increasing resistance
will allow productive transgenic species to thrive using readily available saline irrigation.
The implementation of seawater irrigation would promote food security in the face of
anticipated shortages in freshwater supply [34–37], as well as expand saline agriculture
into inarable regions [28,38–42].

The mechanisms used by A. marina leaves to maintain photosynthesis in the face of
high salt levels is the subject of intensive research, as salt is toxic to photosystems [43–48]
yet accumulates at high levels in A. marina leaves [26]. A recent study examined Avicennia
officinalis leaves’ response to salt stress and found 1404 genes expressed after salt treat-
ment [30]. Salt stress can be mitigated by osmolyte accumulation [45,49–51] and active
transport [42,52–57]. Membrane integral active transporters are essential for A. marina
survival and responsible for the large salt crystals that commonly form on the surface
of A. marina leaves [58]. Despite intensive research into Avicennia’s leaves and pneu-
matophores, research into its other tissues, including flowers, seeds, and developing shoots,
is lacking. Insight into how these tissues support Avicennia’s seafaring lifestyle could be
obtained by examining their transcriptomic expression profiles.

Here, we highlight the expression of genes involved in processes essential for these
understudied tissues. We use A. marina transcriptomes from different tissues and geogra-
phies to find commonalities of intrinsic gene expression patterns responsible for its ability
to survive in conditions that would be prohibitive for other angiosperms. This informa-
tion will be useful in understanding what core genotypes can promote successful saline
agronomy endeavors.
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2. Materials and Methods
2.1. Sequence Sources

Our five-tissue transcriptome dataset consisted of tissue samples we previously iso-
lated and used to annotate a high-quality A. marina reference [59]. We used the high-quality
reference genome recently published by the NYUAD Marine Biology Laboratory [59] for
chromosome-level read mapping (see Figure S1). Reference transcripts for expression anal-
yses were from He et al. (2020) [7]. Finally, we used public RNAseq data from A. marina
cultivars from the Red Sea (NCBI BioProject: PRJNA591919), Vietnam (NCBI Bioproject: PR-
JDB6605, Department of Biotechnology, Graduate School of Engineering, Osaka University,
Japan), India (NCBI Bioproject: PRJNA283781, M.S. Swaminathan Research Foundation,
Chennai, India), and China (NCBI Bioproject: PRJNA350568, Lingnan Normal Univer-
sity, Zhanjiang, China) to further relate our tissue-specific transcriptomes to natural gene
expression patterns.

2.2. Sequence Processing and Alignment

Adapters and filter low-quality bases (<Q20) were removed with the CLC Genomics
Workbench (v11.0; Qiagen, Hilden, DE) trim tool. Filtered reads were used for mapping
to the reference transcriptome [7] to determine the differentially expressed genes (DEGs,
see Table S1) using the CLC Genomics Workbench (v11.0; Qiagen, Hilden, DE). Mapping
of RNAseq reads to the reference genome [59] was done in HISAT2 [60], similarly to [61],
to observe the global expression patterns (see also Dataset S1). Mapping to the reference
transcripts was done in the CLC Genomics Workbench (v11.0; Qiagen, Hilden, DE) in
the same manner as [62]. Briefly, genes were extracted from the reference genome [59]
(using annotations of the type gene). Other annotations on the gene sequences were
preserved (e.g., coding sequences, introns, exons, and untranslated regions). Then, the
annotated transcripts (using annotations of type mRNA) were extracted. If there were
several annotated splice variants, they were all extracted. The mRNA annotation type was
used for deciphering exon–exon boundaries. Reads were mapped against all the transcripts
plus the entire gene, so all the exon–exon junctions were joined in the extracted transcript.
Mapped reads were categorized and assigned to the genes (elaborated later in this section),
and expression values for each gene and transcript were calculated. Then, putative exons
were identified, following guidelines [63–65]. The default parameters for alignment were
used, including no more than two mismatches per aligned read, ten maximum hits for a
read, a 90% minimum length fraction mapped, and a minimum similarity fraction of 0.8.

Differential expression was calculated for each gene using transcripts-per-kilobase
million (TPM) for accurate comparison between samples (TPM = (R * 106)/(T * L), where T
is the sum of all length-normalized transcript counts, R is the number of reads mapped to
a transcript, and L is the length of the transcript) [66–69]. Transcripts with a TPM value
of ten or higher were classified as actively expressed unless stated otherwise, and those
with TPM values of less than ten were deemed unexpressed. This filtering strategy for a
classification-based feature selection resolved 400–600 ‘uniquely’ expressed genes in each
tissue. A caveat of this study was the lack of triplicate samples for each condition; thus,
qualitative comparative analyses comprised methods used here. Expression values for
TPM, FPKM, RPKM, and raw values are in Table S1 (Red Sea, five tissues) and Table S2
(samples from various geographies).

2.3. Uniform Manifold Approximation Projection

The DEG TPMs in each tissue informed the Uniform manifold approximation pro-
jection (UMAP, [70]) in TensorFlow (tensorflow.org; https://projector.tensorflow.org/,
accessed on 12 March 2021) to cluster different annotated genes by their tissue-specific
expression profiles. Although UMAP is primarily used to decipher single-cell RNAseq
expression data, its adept embedding clustering algorithm lends itself to a wide variety
of applications. Briefly, UMAP clusters data points from variables in multiple dimensions
using fuzzy simplices to preserve local relationship information while approximating their

https://projector.tensorflow.org/
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embedding. For the projection shown in Figure S1, the ‘3D’ visualization mode was selected,
and the 15 nearest neighbors for each data point were used to calculate the approximations.
Graphs were manually optimized for visual clarity. Data points represented individual
transcripts and were colored according to the tissue showing the highest expression in TPM.

2.4. Hierarchical Clustering

Hierarchical clustering was done using Pearson’s correlation coefficient or 1-cosine
similarity (Figure S3) distance metrics and by using an average agglomeration method [71]
in Morpheus (https://software.broadinstitute.org/morpheus, accessed on 12 March 2021).

2.5. Intersection Analyses

Interactive Venn [72] and UpsetR (Figure S2) [73] were used to discern the shared and
uniquely expressed genes and KEGG orthologs. Uniquely expressed genes >10 TPM are
listed for each tissue in Table S1.

2.6. Domain-Centric GO Enrichment Analysis

The tissue-specific enrichment analysis was carried out using Domain-centric Gene
Ontology (dcGO, [74]). Preliminary HMMsearch (hmmer.org) was performed on trans-
lated reference transcripts with the command ‘hmmsearch –noali -E 0.000000001 –cpu 28
–domtblout $OUT $IN.aa.fa’. The software dcGO statistically infers associations between
GO terms and combinations of PFAM domains. Unique transcripts were used as inputs for
each tissue; the discovered GO terms shown are non-unique. An additional dcGO analysis
with unique GO terms in each tissue from uniquely expressed genes (doubly-unique) is
shown in Figure S4. A false discovery rate (FDR) threshold of 0.001 was used for detection
of enrichment.

2.7. GO Network

The baseline GO network was constructed from the full GO list downloaded from
http://geneontology.org/docs/download-ontology/ (accessed on 5 September 2020). The
‘core ontology’ file (go.obo http://purl.obolibrary.org/obo/go.obo, accessed on 3 July 2022;
Core ontology (OBO Format)) was used to create the network infrastructure in Cytoscape
(cytoscape.org, accessed on 3 July 2022). Expression data were mapped to the nodes on the
network corresponding to the GO terms.

2.8. Metabolic Map Reconstruction

Metabolic maps were reconstructed using the Interactive Pathways Explorer (iPath) (a
web-based tool for the visualization, analysis, and customization of various pathway maps;
https://pathways.embl.de/, accessed on 23 November 2021). Briefly, KEGG ortholog (KO)
designation lists corresponding to genes expressed at >10 TPM were uploaded for each
tissue (see also Table S3).

2.9. Manhattan and Violin Plots

Sequence reads from public RNAseq data from A. marina cultivars in Vietnam (NCBI
Bioproject: PRJDB6605, Department of Biotechnology, Graduate School of Engineering,
Osaka University, Japan), India (NCBI Bioproject: PRJNA283781, M.S. Swaminathan Re-
search Foundation, Chennai, India), and China (NCBI Bioproject: PRJNA350568, Lingnan
Normal University, Zhanjiang, China) were mapped to reference transcripts [7], to obtain
the TPMs, and plotted in Plotly (https://plotly.com/, accessed on 23 November 2021,
px.scatter, y=violin), to show the highest-expressed transcripts and overall expression
distributions2.10. Graphics

Figure 1B was provided by NASA. The International Space Station Program supports
the laboratory as part of the ISS National Lab to help astronauts take pictures of Earth
that will be of great value to scientists and the public, and to make those images freely
available on the Internet. Astronaut photograph ISS052-E-15927 was acquired on 14 July

https://software.broadinstitute.org/morpheus
http://geneontology.org/docs/download-ontology/
http://purl.obolibrary.org/obo/go.obo
cytoscape.org
https://pathways.embl.de/
https://plotly.com/
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2017, with a Nikon D4 digital camera using an 1150 mm lens and is provided by the ISS
Crew Earth Observations Facility and the Earth Science and Remote Sensing Unit, Johnson
Space Center. The image was taken by a member of the Expedition 52 crew. The image has
been cropped and enhanced to improve contrast, and lens artifacts have been removed.
Caption by Andi Hollier, Hx5, JETS Contract at NASA-JSC.
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Figure 1. Overview of the RNAseq data source tissues and geographies. (A) Locations (stars) of the
A. marina RNAseq samples. Map and location visualized in Plotly. (B) Jeddah Port, showing the
industrialization near the Red Sea mangrove sampling site. Image courtesy of NASA. (C) A. marina
flowers. (D) A. marina seeds. (E) A. marina leaves. (F) A. marina stems. (G) A. marina pneumatophores.
Mangrove tissue photos reproduced with permission from Dr. Alexey Sergeev.

Automatic generation of images was carried out in Plotly (Plotly express; https://plotly.
com/python/plotly-express/, accessed on 23 November 2021) and R (https://www.r-
project.org, accessed on 23 November 2021), ggplot2 (https://ggplot2.tidyverse.org, ac-
cessed on 23 November 2021), and processed with Adobe Illustrator (v25.2.3) and Adobe
Photoshop CC (v20.0.6) for clarity and annotation. Circos (http://circos.ca/, accessed on
4 April 2020 [75]) was used to plot the TPM expression values of the RNAseq from various
tissues mapped to the reference chromosomes for Figure S1 [59] with HISAT2 [60]. Hierar-
chical clustering was done in Morpheus (https://software.broadinstitute.org/morpheus,
accessed on 19 May 2021). The GO network was created in Cytoscape (cytoscape.org,
accessed on 3 July 2022).

3. Results and Discussion

We sampled sequencing reads obtained from A. marina in various locations in the
Indo-Pacific region and collated them into a database. These reads were the basis for
transcriptome comparisons between tissue types and geographies (Figure 1). Our charac-

https://plotly.com/python/plotly-express/
https://plotly.com/python/plotly-express/
https://www.r-project.org
https://www.r-project.org
https://ggplot2.tidyverse.org
http://circos.ca/
https://software.broadinstitute.org/morpheus
cytoscape.org
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terization of the expressed functions was facilitated by the reference genome and coding
sequence annotations [7]. In addition, we used the high-quality reference genome recently
published by the NYUAD Marine Biology Laboratory [59] for mapping reads to chro-
mosomes (Figure S1; Dataset S1). Finally, we used public RNAseq data from A. marina
cultivars in Vietnam (NCBI Bioproject: PRJDB6605, Department of Biotechnology, Graduate
School of Engineering, Osaka University, Japan), India (NCBI Bioproject: PRJNA283781,
M.S. Swaminathan Research Foundation, Chennai, India), and China (NCBI Bioproject:
PRJNA350568, Lingnan Normal University, Zhanjiang, China) to further relate our tissue-
specific transcriptomes to natural gene expression patterns in A. marina. Together, these
datasets provide a basis to study organ-specific transcriptomes in A. marina.

3.1. A. marina Coding Potential and Transcriptome

A. marina can survive extreme conditions because of the genes transcribed by its
relatively compact, unchanging genome. We examined de novo-predicted genes, de novo-
assembled transcriptomes, and evaluated expression profiles from two published reference
sequence sources. Compared to other angiosperms, all A. marina transcriptomes published
so far show high expression of a collection of genes implicated in heat and drought toler-
ance. Thus, their transcriptomic profiles contain the blueprints for angiosperm survival in
harsh conditions.

Here, we analyze five separate transcriptome profiles from pneumatophore, leaf,
flower, seed, and shoot tissue samples of A. marina. We compare these profiles with each
other as well as transcriptomes from various tissues and locations throughout the Indo-
Pacific, including India, Vietnam, and China. Investigation into these transcriptomic profiles
yielded insight into the functional roles of each tissue and how they support A. marina’s
seafaring lifestyle.

One of the most remarkable findings from our studies was that genes for metalloth-
ionein showed the highest expression regardless of tissue type or cultivar location (see
Table S1). This finding provides strong evidence that metallothioneins are key components
for A. marina antioxidant systems regardless of location, climate, or environment. Other
significant findings include arrays of desiccation-related genes, especially in seawater-
immersed tissues, and flower-specific genes involved in pollinator attraction processes.
Below, we detail the features of the sampled transcriptomes. Tissue-specific transcriptomes
are described in the order of their expression track rings in Figure S1.

3.2. A. marina Tissue-Specific Transcript Expression

Expressed genes were determined by having a coverage depth of >10 transcripts per
kilobase million (TPM) unless stated otherwise. Downstream analyses on defined gene sets
were uniform manifold approximation projection (UMAP [70]; Figure S1), hierarchical bi-
clustering (Figure 2), Hidden Markov Model (HMM) alignment to known protein families
(PFAMs [76,77]), and gene ontology (GO) enrichment analyses by tissue and location. The
five tissues shared major chromosomal regions of high expression, with notable exceptions
(Figure S1). These regions were in the outer arms; centromeric regions displayed canonical
low transcript expression (Figure S1; Dataset S1).

Hierarchical bi-clustering of DEGs highlighted tissue-specific gene clusters (Figure 2).
Uniquely-expressed (>10 TPM) clusters of DEGs (Table S1) for each tissue are described
in the following sections, with implications for A. marina’s abiotic stress resistance. For
insight into the relationship of different A. marina gene expressions at a snapshot of the
Red Sea cultivar, Uniform Manifold Approximation Projection (UMAP; [70]) was applied
(Figure S1) to the TPM profiles from five tissues (Table S1). Root-specific genes clustered
near the seed and leaf genes; flowers and stems clustered tightly but were isolated from
other tissues. Leaf-dominant genes were centrally projected, implying a median expression
level for highly differentially expressed genes between the flower-stem and pneumatophore-
seed groups. Roots and seeds are the only two A. marina tissues with prolonged seawater
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exposure; thus, similar gene expression networks may be required by these tissues to
survive in these conditions.
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Figure 2. Segregation of Red Sea A. marina gene clusters based on tissue-specific expression patterns.
Pnps. = Pneumatophores. (A) Hierarchical bi-clustering of transcripts-per-million (TPM) normalized
read counts from the five mangrove tissues using Pearson’s correlation (see Table S1). The y-axis indi-
cates transcripts. Darker clusters in each tissue correspond with GO enrichment networks. (B) Venn
diagram showing reference transcripts >10 TPM from five tissues. Leaves had the smallest unique
set, while stems expressed the most transcripts >10 TPM. Figure S2 shows additional intersections
not shown here. (C) Unique and shared KEGG Orthology (KO) in the unique gene sets from (B).
Approximately 60% of KOs from the uniquely expressed genes in each tissue are shared with one or
more other tissues. Nearly one-third of (C) KOs in any given tissue are unique to that tissue, while
the ratio of unique (B) transcripts is 1/15th the expressed transcript count. This discrepancy suggests
a high redundancy in function coded for by A. marina transcripts.

We used unique KEGG KO terms (see References [6,7]) as input for each tissue, with
red lines representing unique pathways for flowers, leaves, pneumatophores, seeds, and
stems (see Figure 3). The reference transcripts were used as queries in HMMsearch to detect
PFAMs (E < 1 × 10−9). These PFAMs were used to discover domain-centric gene ontology
(dcGO; [74]) functional enrichment using either one or two exclusion filters. The first
filtering step removed transcripts expressed in more than one tissue; uniquely expressed
transcripts were used for dcGO [74] enrichment (Figure 3). The second filter removed any
GO terms shared amongst tissues.
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3.3. Flower-Specific Transcript Expression

A. marina flowers accumulate relatively large amounts of sweet nectar and are polli-
nated by insects. Pollination by long-distance-traveling insects is crucial for species stability.
Honeybees are the dominant pollinator of temperate A. marina, and pollinator-mediated
competition has been reported [78]. Recent studies have hinted at a hidden world of man-
grove insect interactions, with up to 160 distinct species per sampled site [79]. Insect-flower
interactions can be interrogated at the molecular level in A. marina by examining the genes
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involved in nectar formation and chemical signaling. We examined the expressed genes
involved in these processes.

Flower-specific genes yielded 5398 PFAMs, which contributed to enrichment in 577 GO
terms (FDR corr. p = 0.001). Gene ontology analyses of flower-specific genes showed
enrichment for stimulus-responsive processes; for example, the term ‘response to hormone’
(GO:0009725) was highly enriched in flowers (Z = 14.81; FDR-corr. p = 3.85 × 10−25; see
also Table S3).

A large portion of flower-specific transcripts coded for proteins with known roles
in flowering timing, such as cytochromes [44,80–85]. Putative cytochromes and ferredox-
ins were uniquely expressed in the flower transcriptome (Table S1), corresponding to the
proposed roles of these enzymes in season-responsive flower developmental timing [86–89].
We note that multi-copper-containing glycoproteins (e.g., laccases; EC 1.10.3.2; i.e.,
p-diphenol: dioxygen oxidoreductase) were uniquely expressed in flowers. Mutations
in Arabidopsis homologs of these genes have shortened the time to flowering [90]. An
8-hydroxygeraniol dehydrogenase (HGD; AM_02435) was also highly expressed in flowers
(TPM = 3687). Gene ontology analysis with flower-specific transcripts revealed enrich-
ment in processes related to the aforementioned redox reactions (e.g., ‘cation homeostasis’
(GO:0055080; Z = 8.83; FDR-corr. p = 7.36 × 10−11) and ‘response to metal ion’ (GO:0010038;
Z = 8.96; FDR-corr. p = 3.72 × 10−10) (see also Table S3).

The flower RNAseq evidence is consistent with a pollinator-dependent flowering
strategy in A. marina. Genes in pathways for nectar formation were uniquely expressed in
flowers. Polygalacturonases (AM_00332 and AM_0031), three pectate lyases (AM_01234,
AM_03511, AM_07809), and a pectinesterase (AM_01717) were uniquely expressed in
flowers. These genes are implicated in nectar formation to attract pollinators, including
honeybees [78]. Cheminformatic research has established molecular links between phy-
tochemical signaling interventions and the regulation of the multi-enzyme arachidonic
acid (AA) metabolic network [91]. The cysteine-rich peptide family gibberellic acid (GA)-
stimulated Arabidopsis (GASA)/GA-stimulated transcript (GAST) plays critical roles in
plant growth, development, and responses to abiotic and biotic stresses [92–94]. The GA-
stimulated transcript (GAST1) was found in Arabidopsis roots and shoots, whereas our
unique transcripts (AM_24369) were found in the flowers.

Pollination is a crucial yet understudied aspect of A. marina’s dispersal. Volatile organic
carbon compounds produced by flowers attract and regulate pollinator visitations [95].
Insight into the genetic mechanisms governing A. marina’s pollination preferences would
assist conservation and afforestation endeavors. Here, we show the uniquely expressed
genes in flowers with putative roles in floral scent biosynthesis and nectar formation.
Benzoyl_coenzyme_A (benzyl_alcohol_benzoyl_transferase, AM_23483, TPM = 2497.2) was
one of the highest-expressed flower genes. This enzyme is responsible for the floral scent in
a wide variety of ornamental plants (REFs). Thus, its role in Avicennia is likely to attract
pollinators. 8-Hydroxygeraniol dehydrogenase (HGD; AM_02435) was highly expressed
in flowers (TPM = 3687). In plants, monoterpene 8-hydroxygeraniol is an intermediate
between geraniol and secologanin, among other floral compounds [96]. Secologanin is a
branchpoint monoterpene in terpene indole alkaloid biosynthesis; activity through this
pathway produces bioactive alkaloid secondary metabolites that sources the cornucopia of
volatile organic carbons to attract pollinators [97–102].

A. marina has a short flowering period; the high expression of HGD is consistent with
a burst of floral volatile organic carbon (VOC) production, which could signal migratory
insects for pollination. Pollination by migratory insects is especially prevalent in desert
regions, where resources are scarce or are only seasonally available. The sampling site
and flanking areas (i.e., MENA countries and territories) occupy the largest deserts on
earth; migratory pollinators in these areas likely provide significant benefit for A. marina
propagation and, perhaps, evolution of the species. Finally, an MIP-family (NIP) aquaporin
(AM_01631) was uniquely expressed in flowers (TPM = 4.3). Although its expression was
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lower than the 10 TPM cutoff used in this study, this aquaporin may have a flower-specific
role, with implications for flower stability (i.e., wilt prevention) in high-heat conditions.

3.4. Seed-Specific Transcript Expression

Avicennia species have less capacity for local dispersion by clonal propagation com-
pared to other mangrove species (e.g., Rhizophora [103]) but propagate to distant shores
through ocean currents [104] with resilient, cryptoviviparic seeds. This shift in energy
expenditure investment from clonal propagation to seed potency has given them an evo-
lutionary edge to live in otherwise inhabitable shorelines. Seeds expressed 14,636 genes
with TPM >10; 774 of these were unique. Seed-expressed genes had putative roles in
development, including coordinating the timing for senescence and ripening. Unique
seed-expressed genes included an egg cell-secreted protein (AM_33231). Orthologs of this
gene are known to mediate gamete interactions during fertilization in Arabidopsis [105,106].
We found an ethylene_receptor_isoform_1 unique transcription factor (AM_06004) in seeds.
Ethylene is a simple two-carbon gas that is required for a variety of plant processes, such
as seed germination, seedling growth, leaf and petal abscission, organ senescence, and
pathogen responses. Genes for Jumonji (AM_23304) and Myb (AM_16379), among other
(AM_18056, AM_08631) transcription factors, were uniquely expressed (>10 TPM) in seeds.
These genes play roles in chromatin remodeling and temporal- and temperature-dependent
transcription orchestration [107–109], which are processes implicated in seed senescence
and ripening timing [110].

A type 2 metallothionein (MT-2; AM_26466) was expressed at relatively low levels
(96 TPM) in seeds; however, its expression was high in the other four tissues from the Red
Sea cultivar: leaves (35,065 TPM), stems (30,600 TPM), pneumatophores (18,035 TPM), and
flowers (9652 TPM; also see Table S1). An MT-3 protein had similarly high expression in all
tissues except flowers, consistent with tissue-specific suppression [111]. Other genes with
potential roles in ripening include the uniquely expressed isoform of an ethylene receptor
(AM_06004; TPM = 6237 in seeds) and a metalloendopeptidase (AM_05873) in seeds. This
transcript was expressed at 194 TPM in seeds but less than 10 TPM in other tissues. This
digestive enzyme may promote ripening in A. marina seeds. Leaf and seed expression
profiles clustered together based on Pearson correlation scores (Figure 2A); transcript
expression similarity between these two tissues is seen in other plant species [112]. A
G3P dehydrogenase was highly expressed in seeds; this was one of the rare examples of a
primary metabolic gene with an expression like leaves (TPM = 2614 in seeds, TPM = 3082
in leaves; expressed as AM_02817 in both tissues). Fatty acid (FA) biosynthesis and
degradation pathways showed higher activity in seeds and pneumatophores.

3.5. Leaf-Specific Transcript Expression

Leaves had less overall diversity of transcript expression; however, photosynthesis-
associated genes were highly expressed in leaves. For example, rubisco subunits were
highly expressed (TPM 15,000–20,000; see Table S1). The expression of transcripts involved
in photosynthetic processes was an order of magnitude higher in leaf tissue, which can
be attributed to their abundant chloroplasts [113]. Transcript expression was suppressed
on several leaf chromosomes (e.g., right arms of Chr 21 and Chr 12), and leaves had the
lowest number of expressed CDSs with annotated PFAMs. Overall, 12,645 genes were
expressed at TPM >10 in leaves, and 415 of these were unique to leaves (Table S1). The leaf
transcript with the highest expression was AM_26466 (35,065 TPM in leaves), annotated
as an MT-2 [18]. Leaves had relatively high expression of central metabolism genes. The
AM_26466 transcript was also expressed at high levels in the other four tissue and likely
plays a critical role in A. marina survival. Glyceraldehyde-3-phosphate dehydrogenase
was expressed at 1911 TPM in leaves but at less than 400 TPM in the other tissues, and
fructose-bisphosphate aldolase was expressed at 5404 TPM in leaves but at less than
1000 TPM in other tissues (Table S1). These results are consistent with high metabolic
activity in leaves, exemplifying the capacity for energy generation in these chloroplast-rich
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tissues. Reconstructed GO networks also display strong enrichment for ‘plastid’ and related
processes in leaves (Figure 4).
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Figure 4. Domain-centric gene ontology (dcGO, [74]) enrichment in uniquely expressed transcripts
in the Red Sea cultivar visualized in Cytoscape using the base GO core ontology association network.
Panels show GO enrichment networks from uniquely expressed genes in each of five A. marina tissues.
Hypergeometric distributions were the null hypotheses; false discovery rate (FDR, [114])-corrected
p values (colorscale) are from Fischer’s exact tests and Benjamini–Hochberg correction for multiple
hypotheses against the hypergeometric null background. Z-scores indicate enrichment and are
calculated by subtracting matches and dividing by the standard deviation with all UniProt entries
following a true-path rule. A least-squares regression trendline is overlaid on each plot. Leaves
showed a sharp bias in Z-score compared to the PFAM counts, indicating specialization. Z-score
indicates enrichment or distance of the overlapping PFAM group with the constituents of the GO
term. All p-values shown are < 0.001. Protein family domain counts in each GO term are shown in
the color scale. The node size corresponds to the Z-score from dcGO [74] enrichment analysis.

Active salt efflux relies on ATP and other intracellular energy stores. Avicennia modu-
lates salt influx and efflux through leaf pores; rhythmic fluctuations in salt secretion rates
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correspond to environmental salinity [29]. Candidate salt gland genes were expressed in
concordance with [27]. The leaf-specific expression of ATPases may assist salt efflux in
this tissue. The ATPc subunit was uniquely expressed in leaves at >10 TPM. This subunit
has a rapid turnover rate in vivo [115,116], explaining its high expression in leaves. The
GO term ‘transmembrane transporter activity’ (GO:0015238) was highly enriched in leaves
(Z = 11.83; FDR-corr. p = 1.58 × 10−9, 13 PFAMs in this GO term), highlighting a possible
role for the constituent genes in salt efflux.

Dehydrins have characteristically high expression in salt glands [27]; we observed the
CDSs AM_1543 (Dehydrin, TPM = 67.2) and AM_31570 (Dehydrin_DHN1, TPM = 1504)
expressed in leaves. Stems (TPM = 2701) and seeds (TPM = 2099) also expressed this
dehydrin isoform at high levels, indicating that salt glands may be present and active in
these non-leaf A. marina tissues.

Although the Red Sea samples were collected in the winter, we observed the high
expression of genes involved in photorespiration in leaves. For example, a photorespiration
enzyme, glycolate oxidase (GLO; AM_06008), was highly expressed in leaves (TPM = 1603).
Although GLO isoforms have divergent roles [48], the overexpression of at least one GLO
isoform has been reported to confer improved photosynthetic capacity under high heat
and light conditions [117].

We searched for the expression of genes involved in cuticle formation. This type
of secondary growth may be essential for A. marina’s desiccation tolerance, especially in
periods of high temperatures, such as in the summers in the Middle East and Africa. A
variety of wax and lipid biosynthetic genes are responsible for cuticle formation, although
this process has not been well-studied in A. marina. Leaves expressed 39 lipid metabolism
CDSs at TPM >10, many with putative roles in cuticle synthesis (see Figure S3). However,
the only wax synthase we observed, ‘wax synthase isoform 3′ (AM_21438), was highly
expressed in flowers (TPM = 79.3) rather than in the leaves (TPM = 6.1). Hierarchal cluster-
ing of extracted lipid metabolic genes revealed two clusters of genes uniquely and highly
expressed in leaves (Figure S3). Genes in the leaf-specific clusters included a non-specific
lipid-transfer protein-like protein (AM_27366), plastid lipid-associated proteins (AM_10546,
AM_04326), a lipid-binding protein (AM_04326), a StAR-related lipid transfer protein
(AM_18353), calcium lipid-binding proteins (AM_28011, AM_13767), a galactolipid galacto-
syltransferase (AM_07797), and a constitutive plastid-lipid associated protein (AM_04709;
see also Figure S3).

A type-2 MT, together with a collection of photosynthetic genes, was expressed far
more than other leaf-expressed genes (Table S1). Type-2 MTs respond to oxidative stress
(Mir, 2004), bind metals [118], and mitigate oxidative stress in Avicennia [119] (Babaei-
Bondarti and Shahpiri, 2020); however, MTs are less studied than their mammalian coun-
terparts [120] (Freisinger, 2008). Transgenic E. coli expressing a recombinant type-2 MT
(GST-OsMTI-2b) accumulated more Pb2+, Ni2+, Cd2+, Zn2+, and Cu2+ than the controls and
had a higher tolerance to these metals [121]. Metallothioneins mitigate metal-induced oxida-
tive stress [118,120,122–124], but recent studies have shown that MT isoforms can mitigate
salt-induced oxidative stress as well. For example, a salt-responsive, date palm metalloth-
ionein 2A (PdMT2A) conferred salt tolerance in transgenic experiments on Saccharomyces
cerevisiae and Arabidopsis thaliana [125].

Over the last decade, several strategies for improving photosynthesis and crop yield
have been extensively discussed, including leaf morphology and light interception. Leaf
morphology and physiology are inextricably linked to light capture efficiency and temper-
ature regulation. The leaf-specific transcription is related to alpha-form rubisco activase
(AM 33275). Increased rubisco activase levels may thus improve photosynthetic efficiency
by increasing the amount of rubisco activated for CO2 fixation.

The antioxidant capacity of A. marina leaves must be sufficient to defend cellular
integrity, especially of cellular membranes, in the face of seawater immersion from tidal
fluxes. Visibly dehydrated salts from tidal fluctuations are regularly observed on A. marina
leaves, as well as large salt crystals from cellular efflux from salt glands. A transcript coding
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for a catalase was highly expressed in leaves (AM_25336; TPM = 4181). Similar catalases
facilitate radical detoxification (e.g., H2O2 removal [46,126–129]). A ferric-chelate reductase
expressed at high levels (AM_22465; leaf TPM = 2578) may also be involved in maintaining
redox homeostasis in leaves.

3.6. Stem-Specific Transcript Expression

Stems had the highest number of genes expressed at >10 TPM (n = 15,802 transcripts).
Gene ontologies with high counts of contributing PFAMs were seen, indicating that
A. marina stems retain a generalist expression profile. The expression profile in stem tissue
represented an intermediate state between leaf and flower expression profiles (also see
Figure S1). The correlation of expression patterns in these three tissues may be due to their
relatively dry lifestyle; in contrast, pneumatophores and seeds endure long seawater im-
mersion periods. Metabolic pathways related to the mitochondrial beta-oxidation pathway
were prominently featured among the unique KEGG terms. This process is a major source
of energy from the degradation of fatty acids, which are abundant in stems and seeds.

Many highly expressed, stem-specific transcripts had putative antioxidant functions
(Table S1). Although metallothioneins (MTs) were among the most highly expressed genes
in all five tissues, stems had the widest variety of MT types expressed. The highest-
expressed stem transcript, an MT-2 (AM_26466; TPM = 30,600), had more than twice
as high the expression of the next-ranked gene (Uncharacterized protein; AM_04606;
TPM = 4708). A BlastP search with the 262 amino acid protein from AM_04606 yielded a
match with a homolog in Olea europaea var. sylvestris (E-value = 9e × 10−77, 47.04% identity)
that was annotated as an acid phosphatase. An Interproscan (ebi.ac.uk/interpro) search
revealed that AM_04606 was a haloacid dehydrogenase (HAD). The HAD superfamily
includes a variety of detoxification-related proteins [130]. These proteins respond to heavy
metal (e.g., cadmium [131]) and salinity and alkaline [37] stress in other angiosperms, and
their high expression here indicates that the HAD salinity and alkaline stress response
mechanisms are conserved and amplified in A. marina. The implementation of HAD
in transgenic, phosphate-deficient wild-type rice (Oryza sativa) [132] led to phosphate-
accumulating rice able to overcome nutrient shortages.

Dehydrins are essential for plant response and adaptation to abiotic stresses. Dehy-
drins are highly hydrophilic, thermostable proteins that accumulate in vegetative plant
tissues during drought or salt stress, or in seeds during maturation and drying [133].
A hydrophilic, glycine-rich dehydrin (AM_31570; DHN1; TPM = 2700) was highly ex-
pressed in stem tissue. These short (~100 amino acid) proteins are induced in response
to dehydration, elevated salt, and low temperature [134]. Our data suggest that they
preferentially occupy hardy stem tissue in A. marina. Although two lignin-forming an-
ionic peroxidases were unique to stems (AM_07165, AM_07166), lignin glucosyltrans-
ferases (AM_31811, AM_31812) were uniquely expressed in pneumatophores. The high
expression of HAD, MT, and other detoxification and antioxidant transcripts in stems
(e.g., HSP70 (AM_04996; TPM = 1107), gamma-thionin/defensin (AM_11821; TPM = 1204),
and thioredoxin (AM_24260; TPM = 1870.9)) outline the genetic mechanisms for abiotic
stress resistance in A. marina.

3.7. Pneumatophore-Specific Transcript Expression

The pneumatophores of A. marina develop in oxygen-poor soils and filter out salt
while absorbing water, essential nutrients, and oxygen [135]. They grow as pencil-width
tubes to penetrate dense, low-oxygen mud (Figure 1). We found 554 genes uniquely
expressed (>10 TPM) in A. marina pneumatophores compared to the other four tissues from
the Red Sea cultivar, BioProject: PRJNA591919. Transcripts with putative roles in lignin
biosynthesis outline a route to hardy, successful pneumatophore formation necessary for
roots in low-oxygen soils. The pneumatophore transcriptome had the unique expression of
several genes with putative roles in halogen degradation, indicating a possible mechanism
to degrade otherwise harmful environmental xenobiotics.
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A. marina must cope with salt stress while absorbing water and nutrients from the
surroundings. A key mechanism for absorbing water while repelling excess salt is ul-
trafiltration, a process carried out by aquaporins and similar integral membrane trans-
porters [42,136–140]. Six transcripts coding for aquaporins (NIP1.1) were expressed in
pneumatophores: AM_29290 and AM_02471 were expressed at >10 TPM; AM_29291,
AM_24990, AM_32021, and AM_01631 were expressed at sub-threshold levels. These aqua-
porins likely contribute to A. marina’s uptake of water from hypersaline waters, although
their full ecophysiology is yet to be elucidated. Various transporter proteins, including
H+ -ATPases, ATP-binding cassette transporters, and aquaporins, were found in proteomic
studies of A. officinalis membranes [141]. NIP1.1 aquaporin expression was found to con-
tribute to hydrogen peroxide sensitivity in Arabidopsis [142]; thus, A. marina may tightly
regulate the expression of its NIP1.1 isoforms to maintain osmotic balance. The low ex-
pression of four NIP1.1 genes in A. marina may reflect this delicate balance between water
uptake and membrane lipid peroxidation mitigation. Aquaporins are essential for water
filtration in A. marina [29,42,57,136–143]; our data suggest that low levels of expression are
sufficient in natural conditions.

The Avicennia–seawater interface is dominated by thick mucilages, comprising the
pneumatophore extra cellular matrix (ECM). Avicennia ECMs support the maintenance of
osmotic balance between the seawater and inner tissues. A xyloglucan endo-transglycosylase
(AM_08706) was uniquely expressed in pneumatophores (TPM = 134.97). These enzymes
remodel cell wall hemicellulose molecules and likely help to generate salt-resistant ECMs
for Avicennia.

The chemistry of mangrove root environments is highly reducing and rich in hydrogen
sulfides and other toxic molecules [31,144]. Furthermore, they are highly anaerobic com-
pared with the root environments of most other angiosperms that are waterlogged in their
natural environments. For example, poplar has a robust short-term waterlogging response,
invoking hydrological conductance detours in a shift to fermentative metabolism [145].
A. marina root environments are hostile to most angiosperms and necessitate robust molec-
ular defenses by plant roots. Here, we investigated the pneumatophore-specific expression
for responsible genes.

The A. marina rhizosphere is an assemblage of microorganisms exchanging nutrient
and waste molecules and providing physical, stabilizing interactions for the A. marina
pneumatophore system [14]. The A. marina rhizosphere is scantly studied, although mi-
crobiome interactions, and potential fauna interactions, have critical roles in A. marina
pneumatophores and their greater mangrove ecosystems. The assimilation of other nutri-
ents, especially organic molecules that may require processing for a bioactive form, is likely
facilitated by halotolerant pneumatophore microbiome community members [3,14,15].
Uniquely expressed transcripts in pneumatophores included genes predicted with roles
in A. marina’s rhizosphere interactions (as detailed in Reference [3], e.g., using purine
(nitrogen) transporters and cytokines). An aspartate-semialdehyde dehydrogenase (ASD,
AM_32125, EC 1.2.1.11) was uniquely expressed in pneumatophores (TPM = 11.7). The
ASD enzyme is not well-conserved in higher plants [146–151]; but, its presence indicates
potential rhizosphere feeding strategies. The ASD reaction represents a critical branch
point in nitrogenous amino acid synthesis with possible involvement in nitrogenous com-
pound transformation in relationship to surrounding microbial producers. It forms an early
branch point in the biosynthetic pathway to lysine, methionine, leucine, and isoleucine
from aspartate. The ASD also synthesizes microbial cell wall constituents, including di-
aminopimelate. Neighboring microbes may feed A. marina nitrogenous compounds with a
payback of more complex molecular building blocks for specialized cell walls as in other
plants [152–155]. Additionally, the biosynthesis of steroids and steroid precursor molecules
was also prominently highlighted in our root-specific KEGG analyses, and these may form
the building blocks for microbe–host communication in A. marina’s rhizosphere.

Protein-L-isoaspartate O-methyltransferase (AM_26147; EC:2.1.1.77) was highly ex-
pressed in pneumatophores (TPM = 110.9); PRIM proteins in Arabidopsis thaliana respond
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to salt and other abiotic stress [156]. Arabidopsis PRIMs promote seed longevity and germi-
nation vigor; however, a similar role in A. marina was not supported by our transcriptomic
evidence. MTs are crucial components of the cellular antioxidant network [18,157]. Trans-
genic experiments using A. marina MTs in E. coli have considerably boosted its antioxidant
capacity [119]. Our data suggest that the expression of these proteins should be considered
the primary defense mechanism of A. marina against oxidative stress in each of the five
tissues we sampled and in leaf tissues from cultivars in the Indian and Pacific oceans.

Although MTs were shared, high-expression outliers in most samples, a variety of
other putative antioxidant genes were also highly expressed. A glutathione S-transferase
(GST) transcript had relatively high expression (TPM = 4759) in pneumatophores. We
previously reported the relatively high copy number of GSTs in coastal photosynthetic
microbes [158]; the duplication and increased expression of GSTs may also facilitate coastal
habitation. Protein families in the GO term ‘Hydroquinone:oxygen oxidoreductase activity’
were uniquely enriched in pneumatophores (Z-score = 7.69, FDR-corr. p = 0.00079). Quinone
cofactors are crucial components of redox cycling; many quinone derivatives can form
a redox cycle in conjunction with glutathione to generate oxygen [159]. Salt accelerates
oxidative stress, and the salinity in the Red Sea can reach 40.5–41.8 ppt [13]. Strong redox
buffer cycles, such as the quinone regeneration processed detected in our enrichment
analysis, are necessary for oxidative stability at the tide-delimited border between anoxia
and hyperoxia in A. marina pneumatophores.

3.8. Comparison of A. marina Transcriptomes across Geographies and Climates

Transcripts with the highest expression were common in A. marina samples from
different geographic locations, solidifying the role of these critical proteins as supportive of
A. marina growth and survival in diverse habitats (Figure 5). For example, AM_26466, a
metallothionein (Huang and Wang, 2010), was highly expressed in nearly every sample.
Interproscan searches with this small (72 amino acids) protein matched IPR000347, which
has a class II metallothionein protein family domain (PF01439) and the GO molecular func-
tion ’metal ion binding’ (GO:0046872). A. marina leaf samples from the Red Sea, India, and
Vietnam showed higher expression of AM_26466 than heavy-metal-treated lab cultivars,
indicating that the high expression of this gene is inherent to A. marina’s natural transcrip-
tome. Another short protein (AM_31570, 203 amino acids) was predicted to function as
a water-responsive dehydrin. The only protein observed to be highly expressed specifi-
cally in treated (either PEG or heavy metals) A. marina leaves was AM_20119 (GO terms:
‘glycolytic process’ (GO:0006096), ‘fructose-bisphosphate aldolase activity’ (GO:0004332),
and ‘catalytic activity’ (GO:0003824)). The only high-molecular-weight (HMW) protein
(1662 amino acids) with considerable expression (920.5 TPM) was annotated as a multifunc-
tional redox/glutamate synthase, expressed exclusively in Red Sea leaves. A larger protein
(AM_33275) was highly expressed in Red Sea A. marina leaves as well as heavy-metal and
control leaves from Shanghai. The AM_33275 protein was predicted to have ATPase activity
(IPR003959, PF00004) and membrane localization (SignalP-TM).

Transcripts coding for MTs were highly expressed in A. marina leaves from distant
geographies and habitats. These proteins regulate heavy metal homeostasis in the human
immune system [123] and act to chelate toxic metals in plants and their microbial com-
munity members [118,120,122,124,160]. Several studies have highlighted the potential for
bioaccumulation of pollutants, especially heavy metals, in the Red Sea [161–164]. The toxic-
ity of heavy metals near the Jeddah coast has been documented in fish [161–164]. Heavy
metals cause damaging oxidative stress to cells through redox interactions to form free
radicals [165–167]. Various biomolecules, including MTs [118,120,168], function to protect
cells from damaging free radicals. The ubiquitous high expression of MTs in A. marina
transcriptomes from various sources highlights its importance for survival across a broad
range of abiotic stressors.
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Figure 5. Comparison of the A. marina expression profiles in distant Indo-Pacific samples. Expression
values for A. marina leaves from the Red Sea and India, Shanghai, and Vietnam coasts, as well as
their distributions, are shown along the y-axis. High expression outliers are noted with annotation
names and functions (MTII = type-2 metallothionein; RbcS = rubisco small subunit; F2BP = fructose
2,6-bisphospatase; Gly cleavage = glycine cleavage; Glu synth = glutamine synthesis). Metalloth-
ioneins and rubisco subunits had the highest expression in most samples, indicating that an an-
tioxidant defense system fueled by high carbon input is characteristic of A. marina independent of
geography or climate.

We sought to discover the genetic bases for the unique phenotypes of A. marina’s
organs. Overall, the RNAseq data yields insight into how tissue-specific expression forms
the basis for the stress resistance and broad propagation of A. marina. Genes such as
dehydrins and metallothioneins form the backbone of Avicennia’s environmental resilience,
and our data shows that their expression is high across a variety of tissues and geographical
locations. Our analyses showed quite divergent expression profiles in the different tissues,
and this reveals that many collections of expressed genes are missed when sampling single
tissues for organismal analysis. Sampling multiple tissues will need to become a more
prevalent practice in mangrove studies, to establish a comprehensive overview of these
model halophytes.

4. Conclusions

We investigated the transcriptomic profiles of A. marina tissues and from different
ecotypes to understand the genetic basis for its ability to survive a seafaring lifestyle. The
expression of genes such as MTs, dehydrins, salt efflux pumps, cytochromes, HADs, and
lignin glucosyltransferases were prominent features in the tissues implicated in sustaining
growth in the face of seawater immersion. The foremost expression of MTs in all samples
suggests their primary role in halotolerance. Although many of the A. marina genes
we described have biotechnology potential for saline agriculture, optimizing the use of
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transgenic MTs should provide a strong backbone for non-halotolerant plants to tolerate
seawater irrigation. In conclusion, we demonstrated the distinct transcripts and functions
that can be used for future research into the use of A. marina, to determine their potential
application in improving plant stress tolerance. Our analyses of tissue-specific analyses
of A. marina transcriptomes will constitute a valuable resource for researching specific
processes, functional descriptions, and pathways.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy12092030/s1, Figure S1: Circos and UMAP plots of tissue-
specific transcriptomes. Figure S2: UpsetR [73] plot highlighting shared genes expressed at >10 TPM in
the five tissues from the Red Sea cultivar. Figure S3: Expression patterns of lipid metabolic genes in the
five Red Sea tissues. Table S1: Differentially-expressed genes mapped to the reference CDSs. Table S2:
Expression values (TPM) for the mapping of external datasets (.fastqs) downloaded from NCBI. Table S3:
dcGO enrichment from PFAMs in tissue-specific, uniquely-expressed transcripts (≥10 TPM). And
Supplementary datasets for “Tissue-specific transcriptomes outline halophyte adaptive strategies in the
gray mangrove, Avicennia marina” are available at https://zenodo.org/record/6793097#.YsJ7xexBxew
(accessed on 3 July 2022).
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