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Abstract

Seed germination is a key phase that transitions the seed from dormancy to active growth,
where imbibition emerges as the initial event, followed by aquaporin-mediated regula-
tion of cellular water that supports metabolic reactivation under favourable conditions.
Aquaporins are small integral membrane proteins that facilitate the passive transport of
water and small solutes across membranes and play key roles in plant development and
physiology. In terrestrial plants, aquaporins are classified into five main types—PIPs, TIPs,
NIPs, SIPs, and XIPs—with PIPs and TIPs being the most abundant and widely expressed.
Whilst knowledge of seagrass aquaporins and their physiological roles remains limited,
their functional involvement in seed germination is largely unknown. In this study of
the marine seagrass Cymodocea nodosa, transcriptome assembly and analysis enabled the
identification of aquaporin-encoding sequences, which were subsequently used for gene
expression analysis during germination. Three well-defined seed stages of C. nodosa were
analysed to assess expressions patterns of PIPs, TIPs, NIPs, and SIPs. Results showed that
transcript levels of PIP, TIP, and SIP aquaporins exhibit differential expression patterns,
and the changes are mainly associated with activation responses related to seed germina-
tion progress. Overall, this study provides one of the first foundations for investigating
aquaporin function during seed germination in marine seagrasses, defining expression
patterns across imbibition and early germination, and positioning C. nodosa as a valuable
in vitro model for exploring the regulation of aquaporin activity by environmental and
physiological factors.

Keywords: aquaporins; Cymodocea nodosa; nodulin 26-like intrinsic proteins (NIPs);
plasma membrane intrinsic proteins (PIPs); small basic intrinsic proteins (SIPs); seagrasses;
tonoplast intrinsic proteins (TIPs)

1. Introduction
Seed development is a critical process involving coordinated physiological, biochemi-

cal, and molecular events through which a fertilized ovule develops into a mature, viable
seed capable of germinating under favourable conditions. This process is tightly regulated
by hormonal balance and signalling, particularly by abscisic acid (ABA) and gibberellins
(GAs). During seed germination, water uptake, or imbibition, represents the first step of the
process, as storage reserves are made available through hydrolytic enzyme activation [1,2].
The inward and outward movement of water within and across seed tissues can be mod-
ulated by the regulated activity of aquaporins, among other physical and physiological
factors. In terrestrial plants, aquaporins (AQPs) play important roles in water transport and
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cell membrane permeability, processes essential for seed development and germination, as
well as for transpiration and water movement in roots, stems, and leaves [3].

Aquaporins are a family of small (24–30 kDa) integral membrane proteins that facili-
tate the passive influx and efflux of water and small solutes across biological membranes in
plants. A plethora of aquaporin isoforms have been identified and localised in different
tissues, indicating their roles in water transport and in developmental and physiological
processes. Plant aquaporins are classified into five major groups: plasma membrane in-
trinsic proteins (PIPs), tonoplast intrinsic proteins (TIPs), nodulin 26-like intrinsic proteins
(NIPs), small basic intrinsic proteins (SIPs), and X-intrinsic proteins (XIPs) [4–6]. More-
over, aquaporins often display dual subcellular localisation and are grouped into several
subfamilies, among which PIPs and TIPs are the most abundantly expressed [7].

Molecular mechanisms underlying aquaporin function in seagrasses remain largely
unexplored. Available evidence, which is primarily derived from studies of vegetative
tissues, suggests that aquaporins facilitate the transport of water and small solutes, a
process essential for osmotic regulation and acclimation to marine conditions. Further-
more, genomic and expression studies have revealed multiple aquaporin subfamilies that
play tissue- and condition-specific roles [8]. In this context, transcriptome annotation
provides a comprehensive catalogue of expressed genes and their functions, serving as
a foundation for transcriptomic approaches to identify regulatory pathways involved in
dormancy release, water uptake, and metabolic activation during seed germination in
terrestrial plants [9]. Such approaches are particularly valuable in marine angiosperms,
whose genomes remain poorly characterised compared with those of terrestrial plants [10].
Transcriptomic datasets further allow for the exploration of the expression dynamics of
the stress-related genes, aquaporins, and enzymes involved in reserve mobilisation. They
also provide a conceptual framework—largely established in terrestrial systems—for inter-
preting molecular processes underlying seed rehydration, enzyme activation, and cellular
expansion during germination [11,12]. Together, this knowledge serves as a foundation
for extending molecular analyses to seed physiology in marine angiosperms, including
analyses of gene regulatory networks, aquaporin function, hormonal control, and the
timing of key cellular events underlying successful germination.

Cymodocea nodosa is a marine angiosperm that belongs to the monocot clade (order
Alismatales). It produces dormant seeds which germinate and establish seedlings once
dormancy is broken. Dormancy release is associated with water uptake and metabolic
reactivation, leading to germination and seedling establishment [13,14]. Seed germination
in C. nodosa progresses through three stages, namely, Stage 0, corresponding to the closed
seed; Stage I, marked by rupture of the dorsal crest at the extreme, which represents the
first sign of germination; and Stage II, characterised by the protrusion of the cotyledon and
subsequently, the radicle, indicating completion of the process [13]. Germination is assumed
to occur through gradual imbibition leading to the rehydration of the endosperm and the
activation of metabolic processes. These events, in turn, promote vacuolisation, marking a
transition from storage of reserve substances to mobilisation and cellular expansion. The
developmental stages are regulated by intense metabolic activity, which provides energy
for the mobilisation of stored reserves through enzymatic hydrolysis and produces sugars
that sustain the early stages of germination [13].

Given that water uptake is a central driver of the metabolic and structural transitions that
characterise seed germination, understanding the molecular regulation of water movement is
essential to elucidate the mechanisms underlying dormancy release and early seed germination.
The present work analyses, through droplet digital PCR, the gene expression of four groups of
aquaporins annotated in the transcriptome of C. nodosa to shed light on molecular mechanisms
regulating dormancy breakage and germination across the three defined stages of the seed.
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2. Results and Discussion
2.1. Data Set of Transcriptomes

Three transcriptomes corresponding to Stage 0, Stage I, and Stage II were indepen-
dently assembled and analysed, and a merged transcriptome was generated to make
possible comprehensive comparative analyses across seed stages.

Sequencing yielded more than 4 Gbp (4,163,963,512 bp) of high-quality data, with an
average read length of approximately 1800 bp and a mean read quality of Q41, correspond-
ing to an expected error rate of one per 12,500 bases (Table 1). The metrics indicate excellent
data quality suitable for reliable transcriptome assembly, isoform annotation, gene expres-
sion profiling, and functional analyses, including the identification of aquaporins [15–19].

Table 1. HiFi sequencing summary from transcriptome of Cymodocea nodosa seeds.

Total number of HiFi reads 2,287,393

Total yield (bp) 4,163,963,512

Mean read length (bp) 1820

Median read quality (Q) Q41

Mean number of passes 20
Total HiFi reads, total number of high-fidelity consensus reads; total yield, total bases produced; mean read
length, average read size; median read quality, median Phred Q score; mean number of passes, average number of
subread passes per read.

The Full-Length Non-Concatemer (FLNC) reads, clustering, and isoform generation
indicated optimal values for the analysis of the transcriptome of each stage and the merged
transcriptome. The number of FLNC reads was consistent across stages, reflecting a
relatively balanced contribution from all three stages in terms of both read counts and high-
quality (HQ) isoform numbers, with no evident bias toward any stage (Table 2) [20–23].
The mean length of the FLNC reads was 1690 bp. The high number of HQ isoforms per
sample (stage) indicates a highly comprehensive functional representation. In the merged
transcriptome analysis, both HQ and low quality (LQ) isoforms accounted for a total of
more than 238,000 isoforms. After removing redundancies, the final number of unique
isoforms was 123,024 (Table 2).

Table 2. Quality metrics from transcriptome of Cymodocea nodosa for three seed stages (Stage 0, I,
II) and merged transcriptome (Total). FLNC, Full-Length Non-Chimeric reads; HQ, high-quality
isoforms; LQ, low-quality isoforms. Note: FLNC reads are full-length transcripts used to construct
isoforms, which are classified as HQ or LQ, based on sequencing and structural quality.

Transcriptome Readings FLNC Isoforms HQ Isoforms LQ

Stage 0 772,179 86,467 14
Stage I 595,035 70,183 7
Stage II 591,088 81,984 11

Total 123,000 24

BUSCO analysis yielded very good results for the transcriptome of the three stages and
the merged transcriptome, showing very high percentages of complete and essential genes,
minimal gene fragmentation, and relatively low proportions of single-copy or missing genes
(Table 3). The high duplication rate indicates the presence of many isoforms and splicing
variants, which is likely associated with increased alternative splicing or differential gene
expression during the early germination stages [24–27].
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Table 3. BUSCO parameters (%) from transcriptome of Cymodocea nodosa for three seed germination
stages (Stage 0, I, II) and merged transcriptome (Mix).

Transcriptome Complete BUSCO Duplicated Fragmented Missing

Stage 0 96.1 89.8 1.2 2.7
Stage I 93.3 83.5 1.6 5.1
Stage II 92.5 83.9 2.7 4.8

Mix 97.2 93.3 1.2 1.6

2.2. Identification of Aquaporins Sequences

A total of 18 full length aquaporin-encoding genes were identified in the transcriptome
of Cymodocea nodosa seeds from a total of 88 complete aquaporin transcripts (Figure 1).
The number of aquaporins identified in C. nodosa is consistent with that in other studies,
as it can range from 15–30, depending on tissue, physiological state, and assembling
quality in monocotyledonous and other angiosperms [28]. Moreover, evidence show that,
although angiosperm genomes contain dozens of aquaporin genes, only a small subset
is significantly expressed in seeds during maturation and germination [11,29–32]. Thus,
in terrestrial plants, the Oryza sativa genome encodes 33 aquaporins, of which 10 to 12
showed significant expression during germination [30], whereas 35 aquaporin have been
identified in the genome of Arabidopsis thaliana (Table 4) [9,32]. Regarding aquaporin type,
expression during seed germination in A. thaliana is predominantly associated with TIP
isoforms, whereas PIP aquaporins generally show lower transcript abundance [32,33].

Table 4. Aquaporins number expressed in genome and main isoforms during seed germination in
some terrestrial plants. nd, non-determined; TIP, tonoplast intrinsic proteins; PIP, plasma membrane
intrinsic proteins.

Species Aquaporins
Number Expressed Aquaporins Aquaporin and

Main Isoforms References

Arabidopsis thaliana 35 2–3 TIP3-1, TIP3-2, TIP5-1 [32]

Oryza sativa 33 ≥10–12 PIP1s, PIP2s, TIPs [30]

Zea mays 41 nd ZmTIP3, other TIPs and PIPs [11]

Phaseolus vulgaris nd 2 PvTIP3-1, PvTIP3-2 [31,34]

Glycine max nd 2 GmTIP3-1, GmTIP3-2 [29]

In the marine angiosperm seagrass Zostera marina, a genomic and transcriptomic study
of the leaves, roots, and flowers identified 25 aquaporin genes in its genome. Through
tissue-specific RNA-Seq, 24 of these 25 genes showed expression in the roots, vegetative
tissue (leaves), and male and female flowers [8].

All full-length aquaporin-encoding genes identified in C. nodosa (18 sequences) re-
trieved from the UniProt database, of which 10 correspond to PIP, 4 to SIP, 3 to TIP, and
1 to NIP, together with 70 additional aquaporin-encoding genes from Alismatales, the
same order to which C. nodosa belongs, were used for phylogenetic analysis to provide an
appropriate phylogenetic framework for comparative analysis. The C. nodosa nucleotide
sequences were translated into their corresponding amino acid sequences prior to analy-
sis. A matrix of 86 aa sequences and 1161 positions was obtained after adding the three
GPLs outgroup sequences and removing identical sequences using ALTER (Supplementary
Tables S1 and S2). A minimum bootstrap support threshold of 70 was applied to assess the
reliability and robustness of the maximum-likelihood analysis.
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Figure 1. Maximum-likelihood phylogenetic tree of 18 full-length aquaporins of Cymodocea nodosa transcriptome with 70 aquaporin-encoding genes from the order
Alismatales retrieved from UniProt database, including three aquaglyceroporin sequences (Rhizophagus irregularis, I3W9F7, and Botryotinia fuckeliana, A0A384JPP3
and A0A384JSZ0) used as the outgroup. The substitution model was automatically selected and incorporated free rate heterogeneity (+R). Node support was
assessed using the ultrafast bootstrap approximation with 1000 bootstrap replicates and a minimum correlation coefficient of 0.99. Numbers above branches refer to
ML support.
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The maximum-likelihood analysis revealed relationships between C. nodosa aqua-
porins and aquaporin proteins from other Alismatales species. Cymodocea nodosa amino
acid sequences clustered with predicted amino acid sequences corresponding to the NIP,
PIP, TIP, and SIP aquaporin subfamilies retrieved from UniProt, with bootstrap support
values ranging from 98 to 100 (Figure 1). The presence of these four subfamilies has been
recognized in monocots and Brassicaceae [8]. As plant aquaporin subfamilies are typically
represented by multiple gene copies, the sequence sets corresponding to PIPs, TIPs, SIPs,
and NIPs identified in the Cymodocea nodosa transcriptome were considered to likely rep-
resent distinct aquaporin gene members. In contrast, aquaporin isoforms derived from
alternative splicing or post-transcriptional variation were not addressed in this study, as
subclade assignments may be influenced by inconsistent or provisional annotations (e.g.,
uncharacterised or putative aquaporins; Supplementary Table S1). Consistent with this
approach, functional relationships among individual aquaporin isoforms remain poorly
resolved and were therefore beyond the scope of the present work [35]. Overall, aquaporins
expressed in C. nodosa seeds show a conserved subfamily composition and phylogenetic
organisation typical of angiosperms.

2.3. Gene Expression of Aquaporins During Seed Germination

Seed germination in C. nodosa depends on water uptake to initiate metabolic processes,
while dormancy release, when present, is required to permit germination [13,36]. Dormancy
is considered, in functional terms, as a reversible state released prior to water uptake and
metabolic activation. Water diffusion across cell membrane is facilitated by aquaporins,
which are integral membrane proteins in charge of transporting water, as well as small and
neutral solutes. A genome study in the eelgrass Zostera marina revealed 25 aquaporins,
which were grouped in four subfamilies (NIP, TIP, SIP and PIP), distributed in roots,
vegetative tissue, and flowers [8]. Beyond recognition of aquaporin types, it is a fact
that nothing is known about the functional role of aquaporins during the development of
marine seagrasses, despite its importance for seed survival. In line with this, antibody-based
studies of aquaporins in Posidonia have primarily been linked to the regulation of water
transport rather than to water-driven processes underlying seed germination [37,38]. Here,
time-course analysis of C. nodosa seed germination reveals dynamic changes in the transcript
abundance of PIP, TIP, and SIP aquaporins across germination stages, from the closed seed
stage, through rupture of the dorsal crest as the first visible sign of germination, to cotyledon
and subsequent radicle protrusion, representing the final stage of the germination sequence.
In C. nodosa, one gene sequence of each aquaporin type, namely NIP, TIP (TIP2) and PIP
(PIP4), is downregulated, while other gene sequences belonging to the PIP-, SIP- and
TIP- aquaporin type are upregulated towards the end of the germination period (Stage
II; Figure 2). The observation that aquaporin sequences exhibit significant differential
expression patterns suggests that they may play roles in seed imbibition and in subsequent
metabolic activation processes accompanying early seed germination in C. nodosa. This
finding aligns with the known ability of aquaporins to transport a variety of solutes
beyond water.

Changes in transcript abundance, specifically between two TIPs (upregulated TIP 1
and downregulated TIP2) and among the five PIP contigs (with only PIP4 being downreg-
ulated; Figure 2A,B) may be associated with physiological changes accompanying early
seed germination. Beyond seed germination, other studies have reported differential PIP
expression in angiosperm species, indicating subtle interactions between aquaporins and
their water-channel activities [39]. Regarding SIPs, they are likely to fulfil comparable
roles during seed germination, as their transcript levels increase by approximately twofold
(Figure 2C). This is consistent with the pattern observed in plants, in which aquaporin
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transcript abundance rises toward the final stages of seed development, coinciding with
increased metabolic activity [12]. In terrestrial plants, including Arabidopsis, SIPs help main-
tain water balance, whilst NIPs generally show low expression levels and are associated
with floral development and nitrogen-fixing root nodules [7,40]. Furthermore, NIPs have
been related to transient expression in specialised organs involved in the transport of small
solutes [41]. In C. nodosa, the ca. 50% downregulation of NIP transcripts in Stage II seeds
(10 transcript copies × µL−1) may represent a mechanism to limit inward water uptake
once dormancy has been broken. These results may be explained by considering nitrogen
acquisition in C. nodosa and other marine species. Unlike terrestrial plants, nitrogen ac-
quisition in these species is mediated by associated microorganisms in the leaves rather
than through root nodules [42]. Nonetheless, NIP expression in terrestrial plants can vary
among tissues and development stages depending on their transport substrates, leading to
their classification into three types (NIP-I, -II and -III) [43]. In C. nodosa, these potential NIP
types could not be clearly distinguished in the phylogenetic analysis and thus appear as a
single NIP sequence, possibly explaining their differential gene expression pattern. This
observation is consistent with findings from the Zostera species, where no NIP sequences
were identified [8].

Gene expression of aquaporins can be differentially regulated in a myriad of processes
that accompany germination, such as fusion of protein storage vacuoles into large central
lytic vacuoles, which contributes to increased turgor pressure and cell elongation [28,44].
Correlation between the expression of specific aquaporin types and the presence of distinct
vacuole types has been reported in orthodox seeds such as Arabidopsis [45], rice [46], and
broad beans [47], as well as in the recalcitrant seeds of the horse chestnut [48]. Water
influx into the cell is primarily facilitated by PIPs as they act like water channels, while
excess water is transported into the vacuole through tonoplast aquaporins (TIPs). TIPs not
only regulate cell turgor pressure via controlled gating [7], but they are also thought to be
involved in the maintenance of reactive species homeostasis during seed development, as
degradation of polysaccharides, lipids and proteins is assumed to occur [49].

In C. nodosa, the presence of aquaporin-encoding transcripts was observed to be abun-
dant throughout three stages of seed germination, with significantly higher levels during
cotyledon emergence and elongation (Stage II) compared to those in seeds displaying an
opened dorsal crest at the extreme end (Stage I) of C. nodosa. This increase ranges from 1.5
to 170-fold in transcript abundance in Stage II for different PIP contigs (Figure 2B). For the
two TIP contigs, the transcript levels varied ca. 3-fold across the stages, showing an increase
in TIP1 expression and a decrease in TIP2 as seeds germinate (Figure 2A). High transcript
abundance of PIP and TIP aquaporins during the three seed germination stages of C. nodosa
is consistent with their key roles in water balance reported for other plant physiological
processes and also reflects the high evolutionary conservation of these aquaporin families
in plants [50]. Taken together, these observations suggest that the expression of PIP and
TIP aquaporins is coordinated and stage-dependent during seed germination in C. nodosa.

Additionally, it has been suggested that the process of seed germination involves
changes in vacuolar remodelling. This includes the predominance of storage vacuoles in
the early stages and the presence of lytic vacuoles during cotyledon emergence. These
structural changes are accompanied by regulated water fluxes, suggesting that aquaporin
function is modulated at multiple regulatory levels during germination. Plant growth
regulators and post-translational modifications, including those influenced by ions such
as Ca2+, can modulate aquaporin activity during germination [7]. Water uptake-related
signalling is therefore regulated by both hormonal and physical cues, contributing to seed
imbibition and dormancy release. At the transcriptional level, aquaporin expression has
been reported to be regulated by abscisic acid (ABA), which inhibits amylase activity, and
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by gibberellins (GAs), which promote it [51]. Furthermore, aquaporin gene expression
can be influenced by nutritional cues, such as nitrogen deficiency [52], and environmental
factors, including light and temperature [53,54]. These observations indicate that seed
germination is regulated by an interplay of physical, hormonal and metabolic cues, in
addition to water transport.

*
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Figure 2. Expression of genes that encode aquaporin proteins in three stages of seeds of the seagrass
Cymodocea nodosa. (A) Tonoplast intrinsic proteins (TIPs); (B) plasma membrane intrinsic proteins
(PIPs); (C) small basic intrinsic proteins (SIPs). Expressions (transcript copies × µL−1) are shown as a
percentage relative to expression in the closed seed (Stage 0) (100%, dashed horizontal line). Closed
seed (Stage 0) gene expressions (i.e., 100%) were TIP1 = 15 ± 3.10 × 10−3; TIP2 = 28 ± 1.4 × 10−3;
PIP1 = 9.5 ± 3.04 × 10−3; PIP2 = 0 ± 1.02 × 10−1; PIP3 = 1.5 ± 2.07 × 10−3; PIP4 = 135 ± 4.4 × 10−3;
PIP5 = 0 ± 1.00 × 10−1; SIP1 = 11.5 ± 2.90 × 10−3; and SIP2 = 49 ± 2.76 × 10−3. * indicates
a significant difference (p < 0.05) between Stage II and Stage I; # is the difference between each
aquaporin with its control (Stage 0).

https://doi.org/10.3390/plants15050732

https://doi.org/10.3390/plants15050732


Plants 2026, 15, 732 9 of 15

Consistent with the aforementioned, metabolite analyses of C. nodosa seeds have
revealed the presence of an inhibitor of brassinosteroid synthesis and pyrrolidines, the
latter being degradation products of polyamines [55]. Polyamines are known to play
roles during the growth and development of C. nodosa and have been described as an
anti-senescence inducing factor [56]. Together, these findings point to the involvement of
metabolic and hormone-related processes during dormancy release and early germination,
acting alongside water uptake-associated cellular changes. Accordingly, although results
suggest that different PIPs are involved in C. nodosa germination and that TIPs may regulate
turgor pressure and degradation processes, it remains difficult to determine the precise time
during germination when aquaporin functionality corresponds to vacuolization changes,
embryo water uptake capacity, or hormonal control mechanisms. Aside from the temporal-
expression pattern, it also can also be suggested that variations in aquaporin transcript
abundance may also reflect spatial distribution differences, as previously reported among
seeds, cotyledon and roots tissues [57].

In summary, the differential expression of aquaporins across germination stages indi-
cates their involvement in water-related processes during dormancy release and early seed
germination. Moreover, changes in the expression of PIP and TIP transcripts, coinciding
with cotyledon emergence and radicle protrusion, suggest stage-dependent modulation
of aquaporin expression and provide a molecular framework for interpreting processes
related to water transport during germination in seagrass seeds. Further studies could
explore aquaporin regulation in response to varying salinity levels, particularly considering
that C. nodosa seed germination predominantly occurs in vitro at 15 psu [13].

3. Materials and Methods
3.1. Defined Stages of Cymodocea nodosa Seeds

Seeds of C. nodosa were collected on the south coast of Gran Canaria Island (Canary
Islands, Spain). They were washed and cultivated in 15 psu seawater for 25–30 days, as
previously described [13], to induce germination. Three different stages were identified
according to the germination stage. The dormant stage (Stage 0, control) corresponds to an
intact seed. Stage I refers seeds with an opening of dorsal crest at the extreme, which takes
ca. 2 w from Stage 0, and finally, a cotyledon emerges and elongates in Stage II (Figure 3).
Moreover, around day 25, the first roots are oppositely formed, and a complete seedling is
developed by day 35, consisting of a bundle, three leaves and several seminal roots [13]. For
each germination stage, ca. 15–20 seeds were withdrawn and treated as a pooled sample.

3.2. RNA Extraction and Reverse Transcription

Total RNA from pooled seeds of each stage (stages of seeds 0, I and II) was isolated
using TRI-Reagent® (Sigma, St. Louis, MO, USA), according to the manufacturer’s instruc-
tions. The isolated RNA samples were individually suspended in 20 µL of 1 M Tris-HCl
(pH 8), 0.5 M EDTA, and treated with DNase (1 Umg-1, Promega, Madison, WI, USA) to
destroy contaminating DNA. RNA was quantified using BioExperion with a minimum RIN
quality of 7 or higher. Extracted RNA from each sample (~1 µg) was reverse transcribed in
the presence of oligo (dT) and primers with randomly generated sequences from an iScript
cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). The reverse transcription procedure
was carried out at 25 ◦C for 5 min, 42 ◦C for 30 min, and 85 ◦C for 5 min. The integrity of
the cDNA was validated using a NanoDrop spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). The products were kept at 4 ◦C until used for gene expression.
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Figure 3. Stages of seeds of Cymodocea nodosa. (A) Asterisk corresponds to a closed seed (Stage 0).
Arrowhead indicates seeds with an opening of dorsal crest at the extreme (Stage I). Insert: seed size
of C. nodosa. (B) Cotyledon emerge and elongation occurs, as corresponds to seeds in Stage II.

3.3. Construction of Seed cDNA Libraries

Three cDNA libraries (stages of seeds 0, I and II) were constructed and sequenced
using SMRT Cell 1M Sequel II PacBio equipment. All libraries were sequenced indepen-
dently to increase the deep sequencing and facilitate the search for aquaporin transcription
differences among three seed stages.

The preparation of Iso-Seq transcriptomic libraries and sequencing reactions were carried
out by the Genomics Section of the Central Support Service for Experimental Research (SCSIE)
at the University of Valencia. PacBio includes an mRNA selection step based on the poly(A) tail,
which enables the sequencing of high-quality full-length transcripts with complete poly(A) tails
and facilitates the analysis of isoforms and alternative polyadenylation events.

To assess the completeness of the assembled transcriptome, a Benchmarking Universal
Single-Copy Orthologs (BUSCO) [58] analysis was performed using the eukaryota_odb10
lineage dataset, which includes 255 conserved orthologous genes representative of eukary-
otic species. BUSCO was run in transcriptome mode (euk_tran) to evaluate the presence of
complete, fragmented, and missing genes within the assembled transcripts. This analysis
allowed us to quantify the proportion of essential genes recovered, providing an objective
measure of the completeness and quality of the transcriptome assembly. The results were
reported as percentages of complete (single-copy and duplicated), fragmented, and missing
BUSCOs, thus serving as a standard metric for transcriptome assembly evaluation. The
Rapid Analysis of Transcriptome Data platform (TRAPID) webserver was used to assign
annotations and GO terms to the predicted genes of the aquaporins, as well as to detect
open reading frames (ORFs) and frameshift corrections at each transcript [59,60]. The
TRAPID database, joined to PLAZA 4.5 plant database [59], also assigns functions based
on sequence similarity.

3.4. Identification of Aquaporins Sequences

Full sequence transcripts, gene sequences with a start- and end-codon, identified as
aquaporins, were selected from the transcriptome. Then, a maximum-likelihood (ML) [61]
analysis was conducted to compare C. nodosa transcripts with those aquaporins identified
in the UniProt database [62], utilizing a selection of completely identified aquaporins listed
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for the Alismatales order (Supplementary Table S1). Too short and too long sequences
were eliminated to minimize artifacts as a long-branch attraction in the inferred phylogeny.
Due to the close phylogenetic relationship between aquaporins and aquaglyceroporins
(GLPs) [63–65], three GLPs were selected, one from Rhizophagus irregularis (I3W9F7) and
two from Botryotinia fuckeliana (A0A384JPP3, A0A384JSZ0), and were used as an outgroup
for the phylogenetic analysis of C. nodosa aquaporins.

An alignment dataset was constructed using MAFFT [66] from the amino acid se-
quences of the aquaporins protein-coding genes retrieved from UniProt DB [62], which is
linked to the National Center for Biotechnology Information (NCBI, https://www.ncbi.
nlm.nih.gov, accessed on 26 November 2025) and to the EMBL-EBI (European Molecular
Biology Laboratory European Bioinformatics Institute, https://www.ebi.ac.uk/, accessed
on 26 November 2025), and from the translated full sequence transcripts of aquaporins from
C. nodosa transcriptome. Molecular databases at the UniProt were searched using “aqua-
porin” as a text query and filtered by “Taxonomy [OC]” (Alismatales [16360]). The ALTER
webserver [67] was used to transform protein alignments in different format conversions
and eliminate identical sequences (Supplementary Table S2).

The ML analysis was performed using the IQ-TREE webserver [68,69] with automatic
detection of the substitution model [70], with Free Rate heterogeneity (+R) [71,72], Ultrafast
bootstrap approximation [73] with 1000 bootstrap alignments, and 0.99 of the minimum
correlation coefficients.

Once the C. nodosa sequences were clustered according to aquaporin type (i.e., PIP, SIP,
TIP and NIP), alignments for each clade were performed through Sequencher v. 5.0.1 (Gene
Codes Co.; Ann Arbor, MI, USA) to design pairs of specific primers with the corresponding
nt sequences given in the transcriptome.

3.5. Gene Expression Through ddPCR

Gene expression of each aquaporin type (ie., PIP, SIP, TIP and NIP) was assayed
through droplet digital PCR (ddPCR) for each of three germination stages for C. nodosa
seeds. Specifically, gene expression was evaluated by designing five primer pairs for PIP
(PIP1-PIP5), two for SIP (SIP1 and SIP2) and TIP (TIP1 and TIP 2), and one for NIP (Table 5).
For quantification of each target transcript by ddPCR, QX200 ddPCR EvaGreen Supermix
(Bio-Rad) was used, according to the manufacturer’s instructions. Briefly, for each sample,
a PCR reaction mix (final volume, 20 µL) was prepared containing 1.5 µL of cDNA, 10 µL of
QX200 ddPCR Eva Green Supermix, and 0.22 µL of each primer (10 µM), which was then
loaded into a cartridge. Then, an oil droplet (70 µL) was loaded into each cartridge, and the
cartridge was covered with a gasket. Each cartridge was individually introduced into the
droplet generator, and finally, droplets of ~40 µL were transferred to the amplification plate.
For each gene, three replicates were analysed for each seed stage. PCR amplification was
performed with a C1000 Touch Thermal Cycler (Bio-Rad) using the following conditions:
an initial step at 95 ◦C for 5 min; followed by 40 cycles of 95 ◦C for 30 s, an experimentally
determined annealing temperature for each contig sequence for 1 min, and 72 ◦C for 45 s;
a single step at 4 ◦C for 5 min; and a temperature ramping from 4 ◦C to 90 ◦C at a rate of
2 ◦C s−1 for 5 min. After amplification, each sample was quantified using QuantaSoft v1.7.4
software (Bio-Rad). Data from merged wells (corresponding to each group of replicates)
were retrieved, and the concentration of each group is given as the average number of
transcript copies per µL.
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Table 5. Primer sequences (forward and reverse) for each type of aquaporin (TIP, SIP, NIP and PIP) of
Cymodocea nodosa.

Gene Name Primer ID Primer Forward (5′-3′) Primer Reverse (5′-3′)

nodulin 26-like intrinsic proteins NIP tgctgagagttctggtgttg gtcccaaacacctctgctaata
tonoplast intrinsic proteins type 1 TIP 1 atcgccgccttggcatacgg ggttcacgtgcccaccggagatgt
tonoplast intrinsic proteins type 2 TIP 2 acccggacacaattcgcgc atcttcccgagagcaagaacagagcctt
small basic intrinsic proteins type 1 SIP1 ttccatgaatcccgccaatg ggcagatccagtagacgtagaa
small basic intrinsic proteins type 2 SIP2 agctgccttcctccgacaatgg cacaggaacgtcatcagcccgt
plasma membrane intrinsic proteins type 1 PIP1 atgtcgaaggaagtcacggtggaga aacgaccagcggcggaactcct
plasma membrane intrinsic proteins type 2 PIP2 ccactgatgccaagaggaat tggtggcaaggtgaacaa
plasma membrane intrinsic proteins type 3 PIP3 caagaggaacgccagagatt gtgaacaaggtacacggagag
plasma membrane intrinsic proteins type 4 PIP4 atgcaccaggggagggact aaggaccacgtgcccagttc
plasma membrane intrinsic proteins type 5 PIP5 cgtctccaccatcatcacttac accatgcgatgccaagaa

3.6. Data Analysis

Gene expression (transcript copies × µL−1) is expressed as mean ± standard deviation
(SD; n = 3). Statistical comparisons of concentrations were performed using R software
(https://www.r-project.org, accessed on 26 November 2025) [74]. Differences in aquaporin
gene expression were assessed using one-way ANOVA, followed by post hoc Tukey’s HSD
and Dunnett’s T3 tests, with significance set at p ≤ 0.05. Comparisons were conducted
between seed Stages II and I, as well as between each seed stage and the control (Stage 0).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants15050732/s1, Table S1: Aquaporin sequences from Al-
ismatales retrieved from the UniProt database and used in this study; Table S2: Sequences used
for the ML tree with its UniProt ID code of Full lenght and identical transcripts of aquaporin from
Cymodocea nodosa. Bold font corresponds to Cymodocea nodosa transcripts used in the ML tree.
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26. Pomianowski, K.; Burzyński, A.; Kulczykowska, E. A de novo transcriptome assembly of the European flounder (Platichthys
flesus): The preselection of transcripts encoding active forms of enzymes. Front. Genet. 2021, 12, 635. [CrossRef]

27. Su, T.; Hollas, M.A.R.; Fellers, R.T.; Kelleher, N. Identification of splice variants and isoforms in transcriptomics and proteomics.
Annu. Rev. Biomed. Data Sci. 2023, 6, 357–376. [CrossRef]

28. Hoai, P.T.; Tyerman, S.D.; Schnell, N.; Tucker, M.; McGaughey, S.A.; Qiu, J.; Groszmann, M.; Byrt, C.S. Deciphering aquaporin
regulation and roles in seed biology. J. Exp. Bot. 2020, 71, 1763–1773. [CrossRef] [PubMed]

29. Sudhakaran, S.; Lee, S.; Kim, J.; Lee, H. Potential role of TIP3 aquaporins in seed germination and stress response in Glycine max.
Front. Plant Sci. 2025, 16, 1001234. [CrossRef]

30. Matsunami, M.; Hayashi, H.; Murai-Hatano, M.; Ishikawa-Sakurai, J. Effect of hydropriming on germination and aquaporin gene
expression in rice. Plant Growth Reg. 2021, 97, 263–270. [CrossRef]

https://doi.org/10.3390/plants15050732

https://doi.org/10.3389/fpls.2016.01896
https://doi.org/10.3390/ijms21249485
https://doi.org/10.3389/fpls.2017.01334
https://doi.org/10.1104/pp.111.183129
https://www.ncbi.nlm.nih.gov/pubmed/21908688
https://doi.org/10.1038/nature16548
https://doi.org/10.3389/fpls.2022.831916
https://doi.org/10.1111/pce.13561
https://doi.org/10.1515/BOT.2010.019
https://doi.org/10.1016/0304-3770(91)90080-O
https://doi.org/10.1111/tpj.14120
https://www.ncbi.nlm.nih.gov/pubmed/30288819
https://doi.org/10.1038/s42003-024-06598-4
https://www.ncbi.nlm.nih.gov/pubmed/39080448
https://doi.org/10.1038/s41587-022-01435-7
https://doi.org/10.1093/plcell/koab077
https://doi.org/10.1093/gigascience/giaa123
https://doi.org/10.1371/journal.pone.0238942
https://doi.org/10.1186/s12284-022-00577-1
https://doi.org/10.1186/s12870-020-02608-9
https://doi.org/10.1186/s12870-019-2133-z
https://doi.org/10.7554/eLife.93629
https://doi.org/10.1016/j.jbc.2024.108123
https://doi.org/10.3389/fmars.2021.618779
https://doi.org/10.1146/annurev-biodatasci-020722-044021
https://doi.org/10.1093/jxb/erz555
https://www.ncbi.nlm.nih.gov/pubmed/32109278
https://doi.org/10.3389/fpls.2025.1001234
https://doi.org/10.1007/s10725-021-00725-5
https://doi.org/10.3390/plants15050732


Plants 2026, 15, 732 14 of 15

31. Daniels, M.; Yeager, M. Phosphorylation of TIP3 aquaporins during Phaseolus vulgaris seed development and germination. Plant
Physiol. Biochem. 2019, 139, 82–91. [CrossRef]

32. Gattolin, S.; Sorieul, M.; Frigerio, L. Mapping of tonoplast intrinsic proteins in maturing and germinating Arabidopsis seeds
reveals dual localization of embryonic TIPs to the tonoplast and plasma membrane. Mol. Plant 2011, 4, 180–189. [CrossRef]

33. Sakurai, J.; Ishikawa, F.; Yamaguchi, T.; Uemura, M.; Maeshima, M. Identification of 33 rice aquaporin genes and analysis of their
expression and function. Plant Cell Physiol. 2005, 46, 1568–1577. [CrossRef] [PubMed]

34. Zhou, Y.; Setz, N.; Niemietz, C.; Qu, H.; Offler, C.E.; Tyerman, S.D.; Patrick, J.W. Aquaporins and unloading of phloem-imported
water in coats of developing bean seeds. Plant Cell Environ. 2007, 30, 1566–1577. [CrossRef] [PubMed]

35. Jang, J.Y.; Rhee, J.Y.; Kim, D.G.; Chung, G.C.; Lee, J.H.; Kang, H. Ectopic expression of a foreign aquaporin disrupts the natural
expression patterns of endogenous aquaporin genes and alters plant responses to different stress conditions. Plant Cell Physiol.
2007, 48, 1331–1339. [CrossRef]

36. Upretee, P.; Bandara, M.S.; Tanino, K.K. The role of seed characteristics on water uptake preceding germination. Seeds 2024, 3,
559–574. [CrossRef]

37. Maestrini, P.; Giordani, T.; Lunardi, A.; Cavallini, A.; Natali, L. Isolation and expression of two aquaporin-encoding genes from
the marine phanerogam Posidonia oceanica. Plant Cell Physiol. 2004, 45, 1838–1847. [CrossRef]

38. Serra, I.A.; Nicastro, S.; Mazzuca, S.; Natali, L.; Cavallini, A.; Innocenti, A.M. Response to salt stress in seagrasses: PIP1;1
aquaporin antibody localization in Posidonia oceanica leaves. Aquat. Bot. 2013, 104, 213–219. [CrossRef]

39. Temmei, Y.; Uchida, S.; Hoshino, D.; Kanzawa, N.; Kuwahara, M.; Sasaki, S.; Tsuchiya, T. Water channel activities of Mimosa pudica
plasma membrane intrinsic proteins are regulated by direct interaction and phosphorylation. FEBS Lett. 2005, 579, 4417–4422.
[CrossRef]

40. Wallace, I.S.; Choi, W.G.; Roberts, D.M. The structure, function and regulation of the nodulin 26-like intrinsic protein family of
plant aquaglyceroporins. Biochim. Biophys. Acta (BBA)-Biomembr. 2006, 1758, 1165–1175. [CrossRef]

41. Alexandersson, E.; Fraysse, L.; Sjövall-Larsen, S.; Gustavsson, S.; Fellert, M.; Karlsson, M.; Kjellbom, P. Whole gene family
expression and drought stress regulation of aquaporins. Plant Mol. Biol. 2005, 59, 469–484. [CrossRef] [PubMed]

42. Welsh, D.T. Nitrogen fixation in seagrass meadows: Regulation, plant–bacteria interactions and significance to primary produc-
tivity. Ecol. Lett. 2000, 3, 58–71. [CrossRef]

43. Su, Y.; Han, R.; Sun, H.; Gong, H.-J. Nodulin 26-like intrinsic protein CsNIP2;2 is a silicon influx transporter in Cucumis sativus L.
J. Integr. Agric. 2022, 21, 685–696. [CrossRef]

44. Obroucheva, N.V.; Sinkevich, I.A.; Lityagina, S.V.; Novikova, G.V. Water relations in germinating seeds. Russ. J. Plant Physiol.
2017, 64, 625–633. [CrossRef]

45. Vander Willigen, C.; Postaire, O.; Tournaire-Roux, C.; Boursiac, Y.; Maurel, C. Expression and inhibition of aquaporins in
germinating Arabidopsis seeds. Plant Cell Physiol. 2006, 47, 1241–1250. [CrossRef]

46. Li, G.W.; Peng, Y.H.; Yu, X.; Zhang, M.H.; Cai, W.M.; Sun, W.N.; Su, W.A. Transport functions and expression analysis of vacuolar
membrane aquaporins in response to various stresses in rice. J. Plant Physiol. 2008, 165, 1879–1888. [CrossRef]

47. Novikova, G.V.; Tournaire-Roux, C.; Sinkevich, I.A.; Lityagina, S.V.; Maurel, C.; Obroucheva, N. Vacuolar biogenesis and
aquaporin expression at early germination of broad bean seeds. Plant Physiol. Biochem. 2014, 82, 123–132. [CrossRef]

48. Obroucheva, N.V.; Lityagina, S.V.; Novikova, G.V.; Sin’kevich, I.A. Vacuolar status and water relations in embryonic axes of
recalcitrant Aesculus hippocastanum seeds during stratification and early germination. AoB Plants 2012, 2012, pls008. [CrossRef]

49. Chinnasamy, G.P.; Sundareswaran, S.; Subramanian, K.S.; Raja, K.; Renganayaki, P.R.; Marimuthu, S. Aquaporins and their
implications on seeds: A brief review. J. Appl. Nat. Sci. 2021, 13, 970–980. [CrossRef]

50. Li, Q.; Tong, T.; Jiang, W.; Cheng, J.; Deng, F.; Wu, X.; Zeng, F. Highly conserved evolution of aquaporin PIPs and TIPs confers
their crucial contribution to flowering process in plants. Front. Plant Sci. 2022, 12, 761713. [CrossRef]

51. Shu, K.; Liu, X.D.; Xie, Q.; He, Z.H. Two faces of one seed: Hormonal regulation of dormancy and germination. Mol. Plant 2016, 9,
34–45. [CrossRef]

52. Liu, L.H.; Ludewig, U.; Gassert, B.; Frommer, W.B.; von Wiren, N. Urea transport by nitrogen-regulated tonoplast intrinsic
proteins in Arabidopsis. Plant Physiol. 2003, 133, 1220–1228. [CrossRef]

53. Sato-Nara, K.; Nagasaka, A.; Yamashita, H.; Ishida, J.; Enju, A.; Seki, M.; Shinozaki, K.; Suzuki, H. Identification of genes regulated
by dark adaptation and far-red light illumination in roots of Arabidopsis thaliana. Plant Cell Environ. 2004, 27, 1387–1394. [CrossRef]

54. Katsuhara, M.; Chung, G.C.; Sakurai, J.; Murai, M.; Izumi, Y.; Tsumuki, H. Low temperature and aquaporins, a molecular
mechanism of water transport. Cryobiol. Cryotechnol. 2007, 53, 21–32. [CrossRef]

55. Garcia-Jimenez, P.; Rico, M.; del Rosario-Santana, D.; Arbona, V.; Carrasco-Acosta, M.; Osca, D. Metabolite profiling and
antioxidant activities in seagrass biomass. Mar. Drugs. 2025, 23, 193. [CrossRef]

56. Marián, F.D.; Garcia-Jimenez, P.; Robaina, R.R. Polyamine levels in the seagrass Cymodocea nodosa. Aquat. Bot. 2000, 68, 179–184.
[CrossRef]

https://doi.org/10.3390/plants15050732

https://doi.org/10.1016/j.plaphy.2019.03.012
https://doi.org/10.1093/mp/ssq051
https://doi.org/10.1093/pcp/pci172
https://www.ncbi.nlm.nih.gov/pubmed/16033806
https://doi.org/10.1111/j.1365-3040.2007.01732.x
https://www.ncbi.nlm.nih.gov/pubmed/17927694
https://doi.org/10.1093/pcp/pcm101
https://doi.org/10.3390/seeds3040038
https://doi.org/10.1093/pcp/pch213
https://doi.org/10.1016/j.aquabot.2011.05.008
https://doi.org/10.1016/j.febslet.2005.06.082
https://doi.org/10.1016/j.bbamem.2006.03.024
https://doi.org/10.1007/s11103-005-0352-1
https://www.ncbi.nlm.nih.gov/pubmed/16235111
https://doi.org/10.1046/j.1461-0248.2000.00111.x
https://doi.org/10.1016/S2095-3119(21)63748-6
https://doi.org/10.1134/S102144371703013X
https://doi.org/10.1093/pcp/pcj094
https://doi.org/10.1016/j.jplph.2008.05.002
https://doi.org/10.1016/j.plaphy.2014.05.014
https://doi.org/10.1093/aobpla/pls008
https://doi.org/10.31018/jans.v13i3.2830
https://doi.org/10.3389/fpls.2021.761713
https://doi.org/10.1016/j.molp.2015.08.010
https://doi.org/10.1104/pp.103.027409
https://doi.org/10.1111/j.1365-3040.2004.01241.x
https://doi.org/10.20585/cryobolcryotechnol.53.1_21
https://doi.org/10.3390/md23050193
https://doi.org/10.1016/S0304-3770(00)00111-X
https://doi.org/10.3390/plants15050732


Plants 2026, 15, 732 15 of 15

57. Fraysse, L.C.; Wells, B.; McCann, M.C.; Kjellbom, P. Specific plasma membrane aquaporins of the PIP1 subfamily are expressed in
sieve elements and guard cells. Biol. Cell 2005, 97, 519–534. [CrossRef] [PubMed]

58. Simão, F.A.; Waterhouse, R.M.; Ioannidis, P.; Kriventseva, E.V.; Zdobnov, E.M. BUSCO: Assessing genome assembly and
annotation completeness with single copy orthologs. Bioinformatics 2015, 31, 3210–3212. [CrossRef] [PubMed]

59. Bucchini, F.; Del Cortona, A.; Kreft, Ł.; Botzki, A.; Van Bel, M.; Vandepoele, K. TRAPID 2.0: A web application for taxonomic and
functional analysis of de novo transcriptomes. Nucleic Acids Res. 2021, 49, e101. [CrossRef] [PubMed]

60. Van Bel, M.; Diels, T.; Vancaester, E.; Kreft, L.; Botzki, A.; Peer, Y.; Coppens, F.; Vandepoele, K. PLAZA 4.0: An integrative resource
for functional, evolutionary and comparative plant genomics. Nucleic Acids Res. 2018, 46, D1190–D1196. [CrossRef]

61. Felsenstein, J. Evolutionary trees from gene frequencies and quantitative characters: Finding maximum likelihood estimates.
EVO 1981, 35, 1229–1242. [CrossRef]

62. The UniProt Consortium. UniProt: The Universal Protein Knowledgebase in 2023. Nucleic Acids Res. 2023, 51, D523–D531.
[CrossRef]

63. Zardoya, R.; Villalba, S. A phylogenetic framework for the aquaporin family in eukaryotes. J. Mol. Evol. 2001, 52, 391–404.
[CrossRef]

64. Abascal, F.; Irisarri, I.; Zardoya, R. Diversity and evolution of membrane intrinsic proteins. Biochim. Biophys. Acta 2014, 1840,
1468–1481. [CrossRef]

65. Zardoya, R.; Irisarri, I.; Abascal, F. Aquaporin discovery in the genomic era. In Aquaporins in Health and Disease, 1st ed.; CRC
Press: Boca Raton, FL, USA, 2016; pp. 1–13.

66. Katoh, K.; Misawa, K.; Kuma, K.; Miyata, T. MAFFT: A novel method for rapid multiple sequence alignment based on fast Fourier
transform. Nucleic Acids Res. 2002, 30, 3059–3066. [CrossRef]

67. Glez-Peña, D.; Gómez-Blanco, D.; Reboiro-Jato, M.; Fdez-Riverola, F.; Posada, D. ALTER: Program-oriented format conversion of
DNA and protein alignments. Nucleic Acids Res. 2010, 38, W14–W18. [CrossRef]

68. Nguyen, L.; Schmidt, H.; von Haeseler, A.; Minh, B. IQ-TREE: A fast and effective stochastic algorithm for estimating maximum-
likelihood phylogenies. Mol. Biol. Evol. 2015, 32, 268–274. [CrossRef] [PubMed]

69. Trifinopoulos, J.; Nguyen, L.; von Haeseler, A.; Minh, B. W-IQ-TREE: A fast online phylogenetic tool for maximum likelihood
analysis. Nucleic Acids Res. 2016, 44, W232–W235. [CrossRef] [PubMed]

70. Kalyaanamoorthy, S.; Minh, B.Q.; Wong, T.K.F.; von Haeseler, A.; Jermiin, L.S. ModelFinder: Fast model selection for accurate
phylogenetic estimates. Nat. Methods 2017, 14, 587–589. [CrossRef] [PubMed]

71. Soubrier, J.; Steel, M.; Lee, M.S.Y.; Der Sarkissian, C.; Guindon, S.; Ho, S.Y.W.; Cooper, A. The influence of rate heterogeneity
among sites on the time dependence of molecular rates. Mol. Biol. Evol. 2012, 29, 3345–3358. [CrossRef]

72. Yang, Z. A space-time process model for the evolution of DNA sequences. Genetics 1995, 139, 993–1005. [CrossRef] [PubMed]
73. Minh, B.Q.; Nguyen, M.A.T.; von Haeseler, A. Ultrafast approximation for phylogenetic bootstrap. Mol. Biol. Evol. 2013, 30,

1188–1195. [CrossRef] [PubMed]
74. R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing. 2021. Available

online: https://www.r-project.org/ (accessed on 8 September 2025).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/plants15050732

https://doi.org/10.1042/BC20040122
https://www.ncbi.nlm.nih.gov/pubmed/15898953
https://doi.org/10.1093/bioinformatics/btv351
https://www.ncbi.nlm.nih.gov/pubmed/26059717
https://doi.org/10.1093/nar/gkab565
https://www.ncbi.nlm.nih.gov/pubmed/34197621
https://doi.org/10.1093/nar/gkx1002
https://doi.org/10.1111/j.1558-5646.1981.tb04991.x
https://doi.org/10.1093/nar/gkac1052
https://doi.org/10.1007/s002390010169
https://doi.org/10.1016/j.bbagen.2013.12.001
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1093/nar/gkq321
https://doi.org/10.1093/molbev/msu300
https://www.ncbi.nlm.nih.gov/pubmed/25371430
https://doi.org/10.1093/nar/gkw256
https://www.ncbi.nlm.nih.gov/pubmed/27084950
https://doi.org/10.1038/nmeth.4285
https://www.ncbi.nlm.nih.gov/pubmed/28481363
https://doi.org/10.1093/molbev/mss140
https://doi.org/10.1093/genetics/139.2.993
https://www.ncbi.nlm.nih.gov/pubmed/7713447
https://doi.org/10.1093/molbev/mst024
https://www.ncbi.nlm.nih.gov/pubmed/23418397
https://www.r-project.org/
https://doi.org/10.3390/plants15050732

	Introduction 
	Results and Discussion 
	Data Set of Transcriptomes 
	Identification of Aquaporins Sequences 
	Gene Expression of Aquaporins During Seed Germination 

	Materials and Methods 
	Defined Stages of Cymodocea nodosa Seeds 
	RNA Extraction and Reverse Transcription 
	Construction of Seed cDNA Libraries 
	Identification of Aquaporins Sequences 
	Gene Expression Through ddPCR 
	Data Analysis 

	References

