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Combined transcriptome and proteome
analysis reveal the key physiological processes
in seed germination stimulated by decreased
salinity in the seagrass Zostera marina L.
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Abstract

Background Zostera marina L, or eelgrass, is the most widespread seagrass species throughout the temperate
northern hemisphere. Unlike the dry seeds of terrestrial plants, eelgrass seeds must survive in water, and salinity is the
key factor influencing eelgrass seed germination. In the present study, transcriptome and proteome analysis were
combined to investigate the mechanisms via which eelgrass seed germination was stimulated by low salinity, in
addition to the dynamics of key metabolic pathways under germination.

Results According to the results, low salinity stimulated the activation of Ca** signaling and phosphatidylinositol
signaling, and further initiated various germination-related physiological processes through the MAPK transduction
cascade. Starch, lipids, and storage proteins were mobilized actively to provide the energy and material basis for
germination; abscisic acid synthesis and signal transduction were inhibited whereas gibberellin synthesis and signal
transduction were activated, weakening seed dormancy and preparing for germination; cell wall weakening and
remodeling processes were activated to provide protection for cotyledon protrusion; in addition, multiple antioxidant
systems were activated to alleviate oxidative stress generated during the germination process; ERF transcription factor
has the highest number in both stages suggested an active role in eelgrass seed germination.

Conclusion In summary, for the first time, the present study investigated the mechanisms by which eelgrass seed
germination was stimulated by low salinity and analyzed the transcriptomic and proteomic features during eelgrass
seed germination comprehensively. The results of the present study enhanced our understanding of seagrass seed
germination, especially the molecular ecology of seagrass seeds.

Keywords Seagrass, Zostera marina L., Seed germination, Low-salinity stimulation, Transcriptome and proteome

*Correspondence: 3Center for Ocean Mega-Science, Chinese Academy of Sciences,

Yi Zhou Qingdao 266071, China

yizhou@qdio.ac.cn 4CAS Engineering Laboratory for Marine Ranching, Institute of

'CAS Key Laboratory of Marine Ecology and Environmental Sciences, Oceanology, Chinese Academy of Sciences, Qingdao 266071, China
Institute of Oceanology, Chinese Academy of Sciences, Qingdao SUniversity of Chinese Academy of Sciences, Beijing 100049, China
266071, China Shandong Province Key Laboratory of Experimental Marine Biology,
2Laboratory for Marine Ecology and Environmental Science, Qingdao Qingdao 266071, China

National Laboratory for Marine Science and Technology, Qingdao
266237, China

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-023-04616-x&domain=pdf&date_stamp=2023-11-29

Zhang et al. BMC Plant Biology (2023) 23:605

Background

Seagrasses are marine angiosperms that form large shal-
low meadows with high ecological value [1-5]. However,
seagrass species diversity and coverage have declined
dramatically globally due to both natural and anthropo-
genic disturbance, which have caused the decline of the
critical ecosystem globally [6, 7]. To halt and reverse such
losses, attempts are already underway to restore sea-
grass meadows, various strategies have been adopted [6,
8-12], and seeding has become a widely used restoration
method [9, 13, 14].

Zostera marina L., or eelgrass, is the most widespread
seagrass species throughout the temperate northern
hemisphere of the Pacific and Atlantic [15, 16], and is also
one of the most threatened seagrass species. In recent
years, much efforts of restoration based on eelgrass seeds
have been carried out worldwide [6, 13, 14]. Current
studies on eelgrass seed germination have focused on
seed ecology, mainly on the effects of temperature, salin-
ity, light, sediment type, burial depth, oxygen potential,
and other factors, on seed germination [17]. Unlike the
dry seeds of terrestrial plants, eelgrass seeds must sur-
vive in water [18, 19], and salinity is the key factor influ-
encing eelgrass seed germination, low salinity promoted
seed germination, while high salinity inhibited it [19, 20].
Nowadays, excessive rainfall caused by climatic anoma-
lies may decrease the seawater salinity in seagrass beds
in coastal zone [21, 22], which will affect seagrass seed
germination. Seed germination is regulated both by the
external environment and internal molecular mecha-
nisms. Nonetheless, few studies have explored the molec-
ular dynamics behind seagrass seed germination.

Seed germination is the beginning of the second cycle
of a plant’s life [23]. Germination is the physiological
process by which a seed begins to absorb water until the
radicle emerges [24]. During terrestrial monocotyledon
seed germination, the cotyledon and radicle are cov-
ered by a coleoptile and coleorhiza, respectively, and the
coleorhiza and radicle grow out of the seed in sequence,
following which the coleoptile is pushed upward to the
surface [25-27]. Although eelgrass is a kind of mono-
cotyledon, the physiological process of eelgrass seed

Dormant seeds
(DoS)

Fig. 1 Three stages of eelgrass seed during germination

Dehiscent seeds
(DeS)

Page 2 of 21

germination is slightly different compared to that of ter-
restrial monocotyledon seeds germination: eelgrass seeds
do not produce radicles; the hypocotyl develops into a
swollen basal part (the original embryonic mass) and an
elongated axial part formed by cell divisions at the base
of the cotyledon and plumule; the first leaflike structure
is the cotyledon [28, 29]. Numerous complex physiologi-
cal processes are involved in seed germination, includ-
ing plant hormone metabolism and signal transduction,
nutrient and energy metabolism, cell wall remodeling
and modification, and DNA damage and repair [30, 31].
The exploration of the mechanisms controlling seed
germination has been facilitated greatly by significant
advances in genomics research. Gene expression analyses
at the RNA and protein levels have been used to reveal
seed dormancy and germination characteristics [31-33].
In comparison, transcriptomic analysis is more widely
applied; however, the seed germination process involves
the reactivation of a series of physiological and biochemi-
cal reactions, which are catalyzed or mediated by dif-
ferent proteins, so that it would be valuable to integrate
analyses of protein fractions during seed germination.

To investigate the molecular dynamics of seagrass
seed germination (genetic process) and mechanisms
by which low salinity stimulated eelgrass seed germina-
tion, the present study integrated the transcriptomic and
proteomic profiles of eelgrass seed germination under
low salinity stimulation, and analyzed the key metabolic
pathways during germination in detail. The results of the
present study enhanced our understanding of seagrass
seed biology and could facilitate future seagrass improve-
ment and conservation efforts.

Results

Basic transcriptomic and proteomic data

Transcriptome sequencing of 12 samples (seeds from 3
different states, with 4 replicates in per state, Fig. 1) was
completed, with a total of 76.77 Gb clean data obtained.
The percentage of Q30 bases was >90.94%. Clean reads
were compared with the designated reference genome
for sequence alignment, with the comparison ratio rang-
ing from 83.6 to 95.07%. Principal Component Analysis
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cluster analysis showed that samples from the same treat-
ment were clustered together but clearly separated from
other samples of different treatments, indicating large dif-
ferences among the three treatments (Fig. 2A). A total of
19,526 expressed genes were detected, including 17,332
known genes and 2,194 novel genes. There were 1,787
up-regulated DEGs and 1,401 down-regulated DEGs for
DeS when compared with DoS, and 1,732 up-regulated
DEGs and 436 down-regulated DEGs for GeS when com-
pared with DeS (Fig. 2C). RT-qPCR results showed that
the gene expression trends were consistent with RNA
sequencing data, validating the overall transcriptome
profile (Fig. 3). Quantitative 4D-label-free quantitative
proteomic analysis was performed with the same samples
used for transcriptional profiling, and 165,060 spectrum
and 2,220 proteins were identified. PCA analysis showed
that differences within groups were minor but significant
among the three treatments (Fig. 2B). There were 129 up-
regulated DEPs and 49 down-regulated DEGs for DeS
when compared with DoS, and 130 up-regulated DEGs
and 108 down-regulated DEPs for GeS when compared
with DeS (Fig. 2D). DEGs and DEPs were analyzed in
combination, and 45 DEGs/DEPs were common between
DoS and DeS (Fig. 2E), including 30 co-upregulated
DEGs/DEPs and six co-downregulated DEGs/DEPs
(Fig. 2G); 33 DEGs/DEPs were common between DeS
and GeS (Fig. 2F), including 19 co-upregulated DEGs/
DEPs and two co-downregulated DEGs/DEPs (Fig. 2H).

Comparative transcriptome and proteome analyses
Comparative transcriptome and proteome analyses were
performed for DoS vs. DeS and DeS vs. GeS, with a view
to understand changes that occurred in eelgrass seeds
during the pre-germination (DoS vs. DeS) and germi-
nation stages (DeS vs. GeS). Considering that seed ger-
mination is the reactivation of multiple physiological
metabolic activities, we focused on the metabolic path-
ways involved in the upregulated genes.

Activation of plant signal transduction pathways stimulated
by low salinity

Low salinity stimulates eelgrass seed germination, which
involved in plant signal transduction systems. There-
fore, the present study focused on pathways of Phospha-
tidylinositol signaling system (map04070) and MAPK
signaling pathway-plant (map04016). In the pre-germina-
tion stage, KEGG pathway enrichment analysis of upreg-
ulated DEGs revealed that both pathways contained
some genes that were upregulated significantly, such
as phospholipase C, calmodulin (CaM), and MAPKK
(Table 1), although the two pathways were not signifi-
cantly enriched (p>0.05). In the germination stage, the
two pathways were enriched significantly (p<0.05), with
more upregulated DEGs, such as phospholipase C, CaM,
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MAPK, MAPKK, and MAPKKK (Table 2). We further
analyzed the proteomic analysis results corresponding to
the transcriptome analysis results. In the pre-germina-
tion stage, MAPKK (Zosma03g19400) was upregulated
DEP. There was significant upregulation (p<0.05) of
two CaMs, with FC values of 1.25 and 1.40, respectively.
Phospholipase C was upregulated but not significantly.
In the germination stage, the proteins corresponding to
phospholipase C, CaM, MAPK, MAPKK, and MAPKKK
exhibited up-regulation trends, although they were not
significant.

Mobilization of main reserves in eelgrass seed

In the pre-germination stage, KEGG pathway enrich-
ment analysis was performed on the upregulated DEGs
(Table 3). Among the secondary pathways, tricarbox-
ylic acid (TCA) cycle, amino sugar and nucleotide sugar
metabolism, and glycolysis/gluconeogenesis were signifi-
cantly enriched in carbohydrate metabolism; in addition,
starch and sucrose metabolism, fructose and mannose
metabolism, also had several upregulated genes, such as
sucrose synthase, B-glucosidase, and phosphofructoki-
nase. The results indicated that the breakdown and uti-
lization of starch and sugars provided energy and carbon
sources in the early stages of germination. Proteasome
was the significantly upregulated enrichment pathway,
indicating that the ubiquitin/proteasome pathway was
involved in protein mobilization and degradation during
early seed germination, where the genes enriched either
belong to the 20 S proteasome system or the 26 S pro-
teasome system. In addition, the fatty acid biosynthesis
pathway was enriched significantly, suggesting that the
breakdown of storage lipids was also a critical step in
the early stages of germination. Ribosome and protein
processing in endoplasmic reticulum were the two most
significantly enriched pathways for in genetic informa-
tion processing, with the highest number of DEGs, indi-
cating that the translation and processing of the protein
was significantly activated. Correspondingly, proteomic
analysis identified 16 upregulated DEPs involved in car-
bohydrate metabolism (Table S1). Furthermore, Acetyl-
CoA carboxylase and Long-Chain Acyl-CoA Synthetase
in fatty acid biosynthesis were upregulated, although the
differences were not significant (1<FC<1.5 and p>0.05).
None of the up-regulated DEPs were found in the pro-
teasome pathway; however, a total of 20 proteins with
upregulation trends were identified, with the vast major-
ity of proteins belonging to the 26 S proteasome system,
suggesting that the 26 S proteasome system played a
major role in the degradation of stored proteins.

In the germination stage, KEGG pathway enrichment
analysis was performed on the upregulated DEG set. In
total, 24 KEGG pathways were enriched significantly for
the upregulated genes, with 19 KEGG pathways falling
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Fig. 2 Basic analysis of transcriptomic and proteomic data. (a, b) Principal component analysis (PCA) of transcriptome and metabolome. (¢, d) Differen-
tially expressed genes (DEGs) and differentially expressed proteins (DEPs) statistics. (e, f) Association diagram of DEGs and DEPs. (g, h) Venn analysis of
DEGs and DEPs. DoS, Dormant seeds; DeS, Dehiscent seeds; GeS, Germinated seeds



Zhang et al. BMC Plant Biology (2023) 23:605

gene-ZOSMA_01G35220

®RNA-seq *RT-qPCR
TPM 27-AAct
1,000 1 30
800 T 1 24
600 {18
400 {12
200 lT {6
0 _- = L . 0
DoS DeS GeS
gene-ZOSMA_05G17980
500 1 40
400 T 32
300 | {24
200 1 16
100 I {8
-
0 —- - : 0
DoS DeS GeS
gene-ZOSMA_03G22750
500
400 T {24
300 {18
200 {12
100 f I' 16
0 —- - : - 0
DoS DeS GeS
gene-ZOSMA_02G23380
TPM 27-AAct
800 10
640 | 8
480 | 6
320 T 4
160 | I {2
%
o LB . : 0

DoS DeS GeS

Page 5 of 21

gene-ZOSMA_03G03930

"RNA-seq ~ RT-qPCR

TPM 27-AAct

400 145

320 | [ 136

240 | {27

160 | {18

80 l_ 19

0 -—i = : - 0
DoS DeS GeS
gene-ZOSMA_03G25310

750 15

600 | 12
T

450 | 9

300 6

150 | I 13

o L : : 0
DoS DeS GeS
gene-ZOSMA_03G22940

30,000 115

24,000 {12

18,000 {09

12,000 {06

6,000 I R {03

0 . . 0.0
DoS DeS GeS
gene-ZOSMA_03G18590

27-AAct

115

{12

1 0.9

- 1 0.6

I T 0.3

o 0.0

DoS DeS GeS

Fig. 3 Validation of RNA-seq results by RT-gPCR. Values are the mean + standard error (SE). N=3

under metabolism (Table 4). Among the secondary path-
ways, starch and sucrose metabolism, galactose metabo-
lism, amino sugar and nucleotide sugar metabolism,
fructose and mannose metabolism, pentose phosphate
pathway, and glycolysis/gluconeogenesis were signifi-
cantly enriched pathways in carbohydrate metabolism.
Fatty acid elongation, linoleic acid metabolism, and

a-linolenic acid metabolism were significantly enriched
pathways in lipid metabolism. The results indicated that
carbohydrate metabolism and lipid metabolism pro-
cesses were continuously activated during seed germi-
nation to maintain the mobilization of reserves during
germination. Correspondingly, in the case of the pro-
teomics results (Table S2), six upregulated DEPs were



Zhang et al. BMC Plant Biology (2023) 23:605

Table 1 Upregulated DEGs (DoS vs. DeS) in pathway
phosphatidylinositol signaling system (map04070) and MAPK
signaling pathway-plant (map04016)

Gene name Gene Log2FC Pvalue Sig- Reg-
description (DeS/DoS) nifi- ulate
cant

Phosphatidylinositol signaling system (map04070)
Z0s- Inositol- 1.72 8.75E-58 yes up
ma03g02710 tetrakisphos-

phate 1-kinase

(ITPKT)
Z0s- Calmodulin 140 3.18E-27 yes up
ma02g18430 (CALM)
Zos- Inositol- 1.27 1.19E-18 yes up
ma04g21070 phosphate

phosphatase
Z0s- Calmodulin 1.26 8.52E-17 yes up
ma01g32830 (CALM)
Z0s- Calmodulin 1.20 147E-14 yes up
ma06g09120 (CALM)
Zos- Chaperonin 1.87 1.79E-14 yes up
ma03g33450
Zos- Diacylglycerol 137 1.11E-09 yes up
ma04g01770 kinase 2
Zos- Phospholi- 146 2.18E-04 yes up
ma01g17400 pase C
Z0s- DNAse I-Like 1.07 794E-03 yes up
ma02g24220 superfamily

protein
Z0s- Diacylglyc- 1.01 1.79E-02 yes up
ma04g21910 erol kinase

5-related
MAPK signaling pathway-plant (map04016)
Z0s- Calmodulin 140 3.18E-27 yes up
ma02g18430 (CALM)
Z0s- Calmodulin 1.26 8.52E-17 yes up
ma01g32830 (CALM)
Z0s- Serine/threo-  1.33 2.08E-15 vyes up
ma05g11640 nine-protein

kinase SRK2

(SNRK2)
Z0s- Calmodulin 1.20 147E-14 yes up
ma06g09120 (CALM)
Z0s- LRR receptor 3.75 7.18E-08 vyes up
ma03g25670 serine/threo-

nine-protein

kinase erecta
Z0s- Mitogen-acti-  1.06 751E-06 yes up

ma03g19400 vated protein
kinase kinase

4/5, plant

(MKK4_5P)
Z0s- EIN3-binding  1.66 1.26E-03 yes up
ma01g07670 F-box protein

(EBF1_2)

found in the significantly enriched carbohydrate metab-
olism pathways, and one DEP (Allene oxide synthase,
Zosma01g01290) was upregulated in the significantly
enriched lipid metabolism pathways.
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Conjoint analysis of KEGG results for both stages of
upregulated gene sets revealed that amino sugar and
nucleotide sugar metabolism and glycolysis/ gluconeo-
genesis were KEGG pathways enriched significantly in
both stages (Fig. 4A, p<0.05), indicating that the two
processes played a substantial role in the eelgrass seed
germination process. The upregulated genes and proteins
involved in glycolysis pathway were further visualized
(Fig. 4B).

Plant hormone signal transduction pathway dynamics

The genes and proteins identified in the plant hormone
signal transduction pathway (map04075) were analyzed,
in addition to the key genes and proteins involved in syn-
thesis, catabolism, and signal transduction of abscisic
acid (ABA) and gibberellin (GA).

In the pre-germination stage, 21 DEGs and seven pro-
teins were identified in map04075 (Table S3), with the
expression of mitogen-activated protein kinase kinase
4/5, plant (MKK4_5P) at the transcriptome level being
upregulated significantly and being consistent with that
proteomic level. In the germination stage, 28 DEGs and
seven proteins were identified in map04075 (Table S4).

The ABA-related genes and proteins were analyzed.
In the pre-germination stage, two DEGs related to ABA
synthesis and three DEGs positively regulating ABA sig-
naling were significantly down-regulated, and four DEGs
negatively regulating ABA signaling were significantly
up-regulated (Table 5). None of the DEPs related to ABA
were identified. In addition, two PP2C proteins were
upregulated although not significantly. In the germina-
tion stage, 19 DEGs negatively regulating ABA signaling
were significantly up-regulated, and two DEGs positively
regulating ABA signaling were significantly down-regu-
lated (Table 5). In total, three DEPs were identified in the
proteome, but including two down-regulated PP2C pro-
teins. It is worth that one PP2C protein was upregulated
significantly (p <0.05), although the FC was less than the
defined threshold of 1.35<1.5. In addition, allene oxide
synthase (Zosma01g01290, AOS), an important enzyme
in jasmonic acid synthesis, was found to be a significantly
upregulated protein in 2.2.2 lipid mobilization analysis.

The GA related genes and proteins were analyzed. In
the pre-germination stage, two DEGs related to GA syn-
thesis and three DEGs related to GA regulation were
up-regulated significantly; two DEGs related to GA inac-
tivation were down-regulated (Table 6). In the germina-
tion stage, one DEG related to GA synthesis, two DEGs
related to GA regulation, and one DEG related to GA sig-
naling were significantly up-regulated (Table 6). Regret-
fully, none of the DEPs related to GA in both stages were
identified.



Zhang et al. BMC Plant Biology (2023) 23:605

Page 7 of 21

Table 2 Upregulated DEGs (DeS vs. GeS) in pathway phosphatidylinositol signaling system (map04070) and MAPK signaling pathway-

plant (map04016)
Gene name Gene description Log2FC Pvalue Significant Reg-
(GeS/DeS) ulate
Phosphatidylinositol signaling system (map04070)
Z0sma06g17200 Calcium-binding protein CML30-related 5.95 7.71E-96 yes up
Zosma01g17380 Phosphoinositide phospholipase C 2.1 3.86E-74 yes up
Zosma06g21480 Phosphatidylinositol phospholipase C, delta (PLCD) 1.60 8.04E-68 yes up
Z0sma06g22670 Inositol-phosphate phosphatase 239 9.23E-43 yes up
Zosma04g23450 1-Phosphatidylinositol-3-phosphate 5-kinase 1.86 2.37E-24 yes up
Zosma06g25910 Calcium-binding protein CML (CML) 1.85 6.92E-21 yes up
Z0sma02g16920 Phosphatidylinositol 4-phosphate 5-kinase 1-related 125 2.85E-17 yes up
Zosma02g04740 1-Phosphatidylinositol-3-phosphate 5-kinase (PIKFYVE, 1.05 5.80E-16 yes up
FABT)
Zosma01g17310 Phosphoinositide phospholipase C 1.14 2.88E-12 yes up
Zosma01g17240 Phosphoinositide phospholipase C 4.00 6.01E-12 yes up
Zosma01g17400 Phospholipase C 143 5.68E-08 yes up
Zosma04g21910 Diacylglycerol kinase 5-related 1.20 6.60E-06 yes up
Zosma01g12110 EF-Hand calcium-binding domain containing protein 2.15 6.72E-06 yes up
MAPK signaling pathway-plant (map04016)
Z0sma05g03810 WRKY transcription factor 22 4.75 4.85E-166 yes up
Z0sma06g17200 Calcium-binding protein CML30-related 5.95 7.71E-96 yes up
Z0sma06g09020 Protein phosphatase 2 C 2.70 2.19E-74 yes up
Z0sma04g23910 Transcription factor VIP1 1.95 2.04E-64 yes up
Zosma03g01510 Mitogen-activated protein kinase 1/3 (MAPK1_3) 173 3.67E-54 yes up
Z0sma06g26970 WRKY transcription factor 25-related 4.25 1.15E-52 yes up
Zosma01g16060 Protein phosphatase 2 C (PP2C) 297 1.84E-26 yes up
Zosma02g01750 VQ motif 2.96 3.48E-26 yes up
Zosma02g07340 WRKY transcription factor 1-related 448 9.39E-25 yes up
Zosma06g25910 Calcium-binding protein CML (CML) 1.85 6.92E-21 yes up
Zosma02g23050 Respiratory burst oxidase (RBOH) 5.09 1.31E-14 yes up
Zosma03g19400 Mitogen-activated protein kinase kinase 4/5, plant 1.04 8.35E-13 yes up
(MKK4_5P)
Zosma03g14010 Mitogen-activated protein kinase 5.96 6.31E-09 yes up
Z0sma03g00810 Mitogen-activated protein kinase kinase 7.57 3.71E-08 yes up
Zosma01g03460 Mitogen-activated protein kinase kinase 327 1.57E-07 yes up
Zosma06g01320 Abscisic acid receptor PYL1-related 1.37 1.98E-06 yes up
Z0sma03g35940 Nucleoside-diphosphate kinase (ndk, NME) 2.15 6.45E-06 yes up
Zosma01g12110 EF-Hand calcium-binding domain containing protein 2.15 6.72E-06 yes up
Zosma05g07070 AGC (CAMP-dependent, CGMP-dependent and protein 174 1.10E-05 yes up
kinase C) kinase family protein-related
Zosma04g05340 Mitogen-activated protein kinase 1.09 1.27E-04 yes up
Zosma05g10360 Transcription factor MYC3-related 538 5.98E-04 yes up

Analysis of cell wall-related processes

Degradation, remodeling, and modification of the cell
wall are vital active processes during seed germination.
Therefore, we manually collected DEGs associated with
the processes in two stages (DoS vs. DeS, DeS vs. GeS); in
total, 71 DEGs and 56 DEGs, respectively, were observed
in the two stages. The two gene sets were combined for a
total of 103 genes, and the heat map analysis is presented
in Fig. 5. As the seeds germinated, the cell wall degra-
dation, remodeling, and modification processes were
activated gradually and the expression of related genes
was upregulated. Similarly, we manually collected DEPs

associated with the processes in two stages. Two DEPs
were found in DoS vs. DeS, both of which were pec-
tin methylesterase; 10 DEPs were found in DeS vs. GeS,
including expansin, alpha-mannosidase, pectin methyles-
terase, endo-beta-1,4-glucanase, and beta-1,3-endogluca-
nase. The proteome analysis results were consistent with
the transcriptome analysis results.

Antioxidant system activation

During the activation of metabolic processes follow-
ing imbibition, reactive oxygen species (ROS) pro-
duction increases with an increase in germination,
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Table 3 KEGG pathway enrichment analysis of upregulated differentially expressed genes (DEGs) set (DoS vs. DeS)

Gene Pathway  Description Pvalue First category Second category

Num id

18 map00630  Glyoxylate and dicarboxylate metabolism 1.49E-04 Metabolism Carbohydrate metabolism

13 map00020  Citrate cycle (TCA cycle) 2.92E-04 Metabolism Carbohydrate metabolism

23 map00520  Amino sugar and nucleotide sugar 6.30E-04 Metabolism Carbohydrate metabolism

metabolism

20 map00010  Glycolysis / Gluconeogenesis 7.44E-03 Metabolism Carbohydrate metabolism

9 map00640  Propanoate metabolism 4.30E-02 Metabolism Carbohydrate metabolism

3 map00072  Synthesis and degradation of ketone bodies ~ 3.35E-03 Metabolism Lipid metabolism

10 map00061  Fatty acid biosynthesis 9.46E-03 Metabolism Lipid metabolism

9 map00260  Glycine, serine and threonine metabolism 4.81E-02 Metabolism Amino acid metabolism

6 map00460  Cyanoamino acid metabolism 1.23E-02 Metabolism Metabolism of other amino acids

15 map00900  Terpenoid backbone biosynthesis 4.35E-06 Metabolism Metabolism of terpenoids and

polyketides
2 map00909  Sesquiterpenoid and triterpenoid biosynthesis 2.62E-02 Metabolism Metabolism of terpenoids and
polyketides

57 map03010  Ribosome 240E-07 Genetic Information Translation
Processing

33 map04141  Protein processing in endoplasmic reticulum  4.35E-05 Genetic Information Folding, sorting and degradation
Processing

12 map03050 Proteasome 1.83E-02 Genetic Information Folding, sorting and degradation
Processing

7 map04130  SNARE interactions in vesicular transport 2.17E-02 Genetic Information Folding, sorting and degradation
Processing

26 map04145  Phagosome 1.22E-07 Cellular Processes Transport and catabolism

25 map04144  Endocytosis 2.34E-02 Cellular Processes Transport and catabolism

which stimulates the activation of antioxidant sys-
tems to scavenge excess ROS and maintain intracel-
lular redox homeostasis. We analyzed three GO terms
related to the antioxidant process, namely antioxidant
activity (GO:0016209), response to oxidative stress
(GO:0006979), and cellular response to oxidative stress
(GO:0034599). In total, 35 DEGs were found in DoS
vs. DeS, out of which 23 were upregulated and 12 were
downregulated. Most of the up-regulated antioxidant
enzymes were peroxidase, in addition to glutaredoxin,
glutathione peroxidase, peroxiredoxin, and methionine
sulfoxide reductase. In total, eight DEGs were found
in DeS vs. GeS, all of which were up-regulated. All the
genes of the two stages were combined for joint analysis
(Fig. 6). A number of antioxidant enzymes were activated
to prevent damage from oxidative stress in both the pre-
germination and germinated stages, and the number of
antioxidant enzymes mobilized was higher in the germi-
nated stage. Accordingly, three GO terms (GO:0016209,
G0O:0006979, and GO:0034599) related to antioxidant
processes in the proteome were analyzed. Two upregu-
lated DEPs were found in DoS vs. DeS, namely PLAT/
LH2 family protein (related to lipoxygenase) and gluta-
thione peroxidase. Besides, peroxidase, peroxiredoxin,
superoxide dismutase, and ascorbate peroxidase exhib-
ited upregulation. No DEPs were upregulated in DeS vs.
GeS; however, PLAT/LH2 family protein, peroxiredoxin,

peroxidase superfamily protein, and glutathione peroxi-
dase also exhibited upregulation.

Temporal expression trend analysis

Temporal expression trend analysis of the transcriptome
results was performed at three stages, and three clusters
were significantly enriched, including genes that were
always up-regulated, genes that were always down-reg-
ulated, and genes that were first up-regulated and then
remained unchanged (Fig. 7). Further KEGG pathway
enrichment analysis was performed on the first two gene
sets.

In total, 13 pathways were significantly enriched in the
consistently upregulated gene set, with their primary
classification being mainly related to Metabolism (10).
Carbohydrate metabolism-related pathways accounted
for a half of the pathways in the metabolism pathway,
including amino sugar and nucleotide sugar metabolism,
galactose metabolism, glycolysis/gluconeogenesis, ascor-
bate and aldarate metabolism, and the pentose phos-
phate pathway. In addition, ether lipid metabolism in
lipid metabolism and phosphatidylinositol signaling sys-
tem in signal transduction were significantly enriched. In
total, eight pathways were enriched in consistently in the
downregulated gene set, with their primary classification
being mainly related to Genetic Information Processing

(4).
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Table 4 KEGG pathway enrichment analysis of upregulated differentially expressed genes (DEGs) (DeS vs. GeS)

Gene Pathway id Description Pvalue First category Second category
Num
20 map00500  Starch and sucrose metabolism 3.53E-04 Metabolism Carbohydrate metabolism
11 map00052  Galactose metabolism 3.92E-04 Metabolism Carbohydrate metabolism
19 map00520  Amino sugar and nucleotide sugar 7.60E-04 Metabolism Carbohydrate metabolism
metabolism
12 map00051  Fructose and mannose metabolism 141E-03 Metabolism Carbohydrate metabolism
10 map00030  Pentose phosphate pathway 5.44E-03 Metabolism Carbohydrate metabolism
16 map00010  Glycolysis / Gluconeogenesis 1.07E-02 Metabolism Carbohydrate metabolism
11 map00562  Inositol phosphate metabolism 141E-02 Metabolism Carbohydrate metabolism
9 map00073  Cutin, suberine and wax biosynthesis 1.93E-05 Metabolism Lipid metabolism
8 map00062  Fatty acid elongation 1.43E-03 Metabolism Lipid metabolism
6 map00591  Linoleic acid metabolism 1.84E-03 Metabolism Lipid metabolism
5 map00565  Ether lipid metabolism 2.81E-02 Metabolism Lipid metabolism
8 map00592  alpha-Linolenic acid metabolism 6.62E-03 Metabolism Lipid metabolism
8 map00350  Tyrosine metabolism 1.20E-02 Metabolism Amino acid metabolism
7 map00360  Phenylalanine metabolism 221E-02 Metabolism Amino acid metabolism
21 map00940  Phenylpropanoid biosynthesis 8.49E-05 Metabolism Biosynthesis of other secondary
metabolites
10 map00941  Flavonoid biosynthesis 3.04E-03 Metabolism Biosynthesis of other secondary
metabolites
5 map00905  Brassinosteroid biosynthesis 4.71E-03 Metabolism Metabolism of terpenoids and polyketides
6 map00920  Sulfur metabolism 2.35E-02 Metabolism Energy metabolism
10 map00480  Glutathione metabolism 4.39E-02 Metabolism Metabolism of other amino acids
21 map04016  MAPK signaling pathway - plant 4.96E-05 Environmental Infor-  Signal transduction
mation Processing
13 map04070  Phosphatidylinositol signaling system 2.65E-03 Environmental Infor-  Signal transduction
mation Processing
37 map04626  Plant-pathogen interaction 1.52E-07 Organismal Systems Environmental adaptation
11 map04712  Circadian rhythm - plant 2.98E-03 Organismal Systems ~ Environmental adaptation
5 map04933  AGE-RAGE signaling pathway in diabetic  8.16E-03 Human Diseases Endocrine and metabolic disease

complications

Protein-protein interaction networks analysis of two stages
DEGs and DEPs were associated to conduct PPI network
analysis. In the pre-germination stage, and UDP-glucose
6-dehydrogenase (UGDH, Zosma01g01970) was at the
center of the network, followed by UDP-glucuronate
4-epimerase 6 (Zosma05g02140), chitinase-related (Zos-
ma01g36510), a-amylase (Zosma03g17270), sucrose syn-
thase (Zosma06g17360), s-adenosylmethionine synthase
(Zosma04g26690) and inorganic pyrophosphatase (Zos-
ma05g16090) (Fig. 8). PPI analysis did not present a good
aggregation result, and the genes were dispersed in the
germination stage.

Transcription factors analysis of two stages

Transcription factor (TF) prediction was performed
on the identified genes based on the TF database,
PlantTFDB, and a total of 976 transcription factors were
predicted, corresponding to 1044 transcripts (Fig. 9A).
To identify the key TFs in the pre-germination and ger-
mination stages, several major TF families associated
with seed dormancy and germination were counted,
including MYB, B3, NAC, WRKY, bZIP, and AP2/ERF,

in the DoS vs. DeS-up and DeS vs. GeS-up gene sets.
Ethylene-responsive TF (ERF) numbers were the high-
est in the pre-germination period, including eight ERFs,
and two dehydration-responsive element binding pro-
teins (DERBs) (Fig. 9B); in the germination stages, ERF,
WRKY, and NAC were the top three TFs in terms of
number (Fig. 9C).

Discussion

It has been observed that the increase in freshwater
input from precipitation and surface run-off in the spring
appears to trigger seed germination in many habitats [29,
34]. Laboratory experiments have also found that low
salinity can promote the germination of eelgrass seeds,
and this attribute can be applied to eelgrass seedling cul-
tivation by improving the germination rate of eelgrass
seeds, which can further be applied to the ecological res-
toration of eelgrass beds [20, 35, 36]. This study focused
on exploring the molecular dynamics behind the germi-
nation of eelgrass seeds after low-salinity treatment, and
analyzed in detail the key metabolic pathways, in order to
increase the understanding of the biology of eelgrass seed
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Fig. 4 Conjoint analysis of pre-germination and germination stages. (a) Kyoto Encyclopedia of Genes and Genomes (KEGG) results for two stages of
upregulated DEGs sets. The ordinate represents the pathway name, and the abscissa is the enrichment factor, the larger the enrichment factor, the
greater the degree of enrichment, the size of the circle indicates the number of genes enriched in the pathway, the circle color represents the p value. (b)
Upregulated genes and proteins involved in glycolysis pathway, the red font indicates the same genes identified by both transcriptome and proteome

germination and providing basic information for future
improvement of seagrass breeding.

Low salinity stimulates the activation of signaling system
pathway

According to the results of the present study, during
seed germination, genes encoding phospholipase C
in the phosphatidylinositol signaling system pathway,
genes encoding MAPKKK, MAPKK, and MAPK in the
MAPK signaling pathway-plant pathway, and genes
encoding CaM that are common to both pathways,

were upregulated at both the transcriptional and trans-
lational levels. Ca?"-dependent signals feature as sig-
nal initiators, integrators, or transducers, underpin the
regulatory mechanisms that control dormancy allevia-
tion and seed germination [37, 38]. Phosphoinositide/
phospholipase C (PI/PLC) signals act upstream of Ca**
signals, and they furnish a cascade of second messenger
systems for the induction of Ca®* signals [37], and the
PI/PLC pathways were also implicated in the regulation
of seed germination via employed by ABA and GA [37,
39, 40]. The MAP kinase cascade reaction consisting of
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Table 5 Differentially expressed genes (DEGs) identified involved in abscisic acid (ABA) regulation in the pre-germination stage (DoS
vs. DeS) and the germination stage (DeS vs. GeS)

Gene name Gene description Log2FC Pvalue Significant Regulate Function
(DeS/DoS or
GeS/DeS)
DoS vs. DeS
Zosma03g34840 Zeaxanthin epoxidase (ZEP, ABAT) -2.39 2.12E-02 yes down ABA
Zosma01g01740 Carotenoid cleavage dioxygenase (CCD) -1.27 7.02E-17 yes down synthesis
Zosma02g18130 Abscisic acid insensitive 5-like protein 4 -1.08 2.61E-20 yes down Positively
Zosma04g24260 ABA responsive element binding factor (ABF) -1.09 6.18E-04 yes down regulat-
Z0sma05g03420 Abscisic acid insensitive 5 -1.44 1.66E-29 yes down ing ABA
signaling
Zosma05g04480 Protein phosphatase 2 C 61-correlated 1.36 9.21E-36 yes up Negative-
Z0sma05g15080 Protein phosphatase 2 C 33-correlated 1.16 1.05E-11 yes up ly regulat-
Z0sma06g16930 Protein phosphatase 2 C 10-correlated 1.52 5.50E-11 yes up ihg ABA
Zosma01g03800 Protein phosphatase 2 C 33-correlated 1.73 2.78E-07 yes up signaling
DeS vs. GeS
Zosma04g24260 ABA responsive element binding factor (ABF) -1.29 3.95E-04 yes down Positively
Zosma04g25480 Abscisic acid receptor PYR/PYL family (PYL) -1.79 242E-23 yes down regulat-
ing ABA
signaling
Zosma02g21670 Protein phosphatase 2 C-like protein-related  6.75 8.67E-135 yes up Negative-
Zosma06g22190 Protein phosphatase 2 C 63-related 584 147E-07 yes up ly regulat-
Zosma01g02300 Protein phosphatase 2 C 27-related 4.86 5.56E-03 yes up ir_19 AE_;A
Z0sma02g21130 Protein phosphatase 2 C 36-related 350 540E-53 yes up signaling
Zosma01g36660 Protein phosphatase 2 C-like protein-related  3.07 7.01E-48 yes up
Zosma01g16060 Protein phosphatase 2 C 297 1.84E-26 yes up
Zosma01g25210 Protein phosphatase 2 C 36-related 297 421E-15 yes up
Z05sma06g09020 Protein phosphatase 2 C 16-related 2.70 2.19E-74 yes up
Zosma05g28040 Protein phosphatase 2 C 2.06 3.73E-39 yes up
Z0sma01g03800 Protein phosphatase 2 C 33-related 1.96 3.64E-41 yes up
Zosma04g25340 Protein phosphatase 2 C 12-related 1.94 2.84E-35 yes up
Z0sma05g31280 Protein phosphatase 2 C 46-related 146 7.53E-35 yes up
Z0sma06g16930 Protein phosphatase 2 C 10-related 1.24 1.12E-15 yes up
Zosma05g15080 Protein phosphatase 2 C 33-related 1.21 481E-23 yes up
Z0sma04g22810 Protein phosphatase 2 C 68-related 1.21 142E-11 yes up
Z0sma06g28610 Protein phosphatase 2 C homolog 2/3 1.21 3.23E1 yes up
Zosma03g21390 Protein phosphatase 2 C 46-related 1.11 423E-18 yes up
Zosma01g09260 Protein phosphatase 2 C 10-related 1.05 5.50E-11 yes up
Zosma05g21020 Protein phosphatase 2 C 20-related 1.03 1.62E-11 yes up

MAPKKK-MAPKK-MAPK, regulated by a second mes-
senger, can amplify and transmit the signal continuously,
regulating the expression of the corresponding down-
stream genes [41, 42].

Based on the above findings, we speculated that when
the seeds were dormant, the water did not enter the
seeds due to the higher external osmotic pressure under
high salinity seawater conditions. In contrast, under low
salinity conditions, external water entered the seeds due
to osmotic pressure difference, which was similar to
the imbibition by dry terrestrial seeds following water
absorption, resulting in the activation of intracellular sig-
naling. Thereafter, the signal was cascaded to the nucleus,
where the expression of the relevant genes was regulated,

in turn initiating subsequent germination-related physi-
ological processes.

Essential roles of carbohydrates, lipids, and proteins in
eelgrass seed germination

The metabolic activity of dormant seeds is attenuated or
silent until seed imbibition occurs; afterward, dormancy
is broken, germination is activated, and seed stores of
starch, protein, and lipids are mobilized actively in the
transformation process, allowing subsequent emergence
of the radicle and seedling establishment [31, 43]. Stud-
ies have shown that eelgrass seed contained on average
approximately 50% starch (DW), 10% protein (DW),
and 1.3% lipids (DW), with starch being the main form
of energy reserve in eelgrass seeds on a weight basis [44,
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Table 6 Differentially expressed genes (DEGs) identified involved in gibberellins (GA) regulation in the pre-germination stage (DoS vs.

DeS) and the germination stage (DeS vs. GeS)

Gene name Gene description Log2FC P value Significant Regulate Function
(DeS/DoS or
GeS/DeS)
DoS vs. DeS
Z0sma06g07970 Ent-kaurene oxidase 331 5.94E-04 yes up GA synthesis
Zosma05g07360 Gibberellin 3-beta-dioxygenase 287 3.23E-12 yes up
Z0sma04g19670 Gibberellin regulated protein 4 2.72 1.71E-14 yes up GA
Zosma02g20910 Gibberellin regulated protein 212 1.06E-11 yes up regulation
Z0sma03g29110 Gibberellin regulated protein 1.56 2.78E-07 yes up
14-related
Z0sma06g03950 Gibberellin 2-beta-dioxygenase -1.70 5.57E-04 yes down GA
2-related inactivation
Z0sma02g18300 Gibberellin 2-beta-dioxygenase 4 -2.29 6.73E-03 yes down
DeS vs. GeS
Zosma06g07970 Ent-kaurene oxidase 2.78 3.00E-14 yes up GA synthesis
Zosma03g31640 GRAS domain family (GRAS) 324 1.48E-36 yes up GA signal
transduction
Z0sma03g29100 Gibberellin regulated protein (GASA)  1.49 4.06E-05 yes up GA
Zosma03g29110 Gibberellin regulated protein 1.23 1.02E-06 yes up regulation

14-related

45]. According to our gene expression data, starch and
sucrose metabolism, and fructose and mannose metabo-
lism pathways were enriched with several up-regulated
DEGs at both stages, and significant up-regulation of
related enzymes occurred at the proteomic level, includ-
ing amylase, starch synthase, sucrose synthase, and fruc-
tokinase. The enzymes hydrolyze starch as well as other
sugars into glucose or fructose, which then participate
in energy production pathways, such as glycolysis and
the TCA cycle, providing sufficient energy for eelgrass
seed germination. Comparison of our data with seed ger-
mination data for terrestrial plants, such as rice, barley,
and quinoa, also revealed similarities, with the upregula-
tion of genes encoding components of sugar, starch, and
lipid metabolism [31, 43, 46]. It has been demonstrated
that glycolysis was the main source of energy produced
by respiration during early germination in some spe-
cies [47-49]. According to our analysis results, eelgrass
seed germination was no exception. Glycolysis was the
enriched significantly pathway of persistently upregu-
lated genes in the temporal expression analysis, which
indicated that the glycolytic process was activated con-
tinuously during eelgrass seed germination and was the
main energy source.

Lipids in seeds of higher plants can be used as energy
sources during embryonic development [50]. During
seed germination, mobilization of stored lipids begins
with the breakdown of accumulated triacylglycerols in
the oil bodies to free fatty acids and glycerol [51]. Acetyl
Co-A produced by fatty acid B oxidation generates suc-
cinate in acetaldehyde vesicles via the glyoxylate cycle.
Subsequently, succinate is exported to the mitochondria

to participate in the TCA cycle, providing the energy and
carbon skeleton for subsequent germination and seedling
establishment [52]. KEGG pathway enrichment analysis
in the present study identified several lipid metabolism-
related pathways as significantly upregulated in both
stages. In addition, temporal expression analysis identi-
fied one lipid metabolism pathway that was consistently
upregulated; the results suggested that the breakdown
of stored lipids was also a critical step in the germina-
tion process of eelgrass seeds. Seed storage proteins are
the main source of amino acids in the early stages of seed
germination, which can be used for the synthesis of sub-
sequent enzymes and structural proteins, and are also
vital for energy production [53-56]. Proteins in soybean
seeds are degraded by protease and 26 S proteasome sys-
tem, whereas rice seeds are degraded by protease dur-
ing germination [49, 56]. Our combined transcriptomic
and proteomic analysis results indicated that the degra-
dation dynamics of storage proteins involved in eelgrass
seed germination were similar to those of soybean seeds,
implying that the 26 S proteasome system played a major
role in their degradation. In addition, seed germination
activates various physiological processes, which involve
the resynthesis of a large number of enzymes, which
could explain the significant activation of protein transla-
tion and processing processes.

GA and ABA-related gene and protein dynamics

Seed dormancy and germination cannot be regulated
without phytohormones. ABA and GA have been dem-
onstrated to be the two most critical factors [57]. ABA
is associated with the induction and maintenance of
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dormancy, and GA is associated with seed germination
promotion [57]. We analyzed the synthesis, degrada-
tion, and signal transduction of ABA and GA. Overall,
we observed that some genes involved in ABA synthesis
and positive signal transduction were repressed, some
genes involved in ABA negative signal transduction were
activated; and some genes involved in GA synthesis and
positive signal transduction were activated.

Specifically, genes such as ZEP, CCD, ABF, and ABI5
were down-regulated significantly during the pre-ger-
mination stage, and PP2C genes were up-regulated sig-
nificantly in both the pre-germination and germination
stages. Based on genetic and functional studies in Arabi-
dopsis, key components of the ABA biosynthetic pathway
include ZEP/ABA1, which catalyzes the conversion of
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zeaxanthin to all-trans zeaxanthin, and NCED, belong-
ing to a subfamily of CCD, which cleaves 9-cis xantho-
phylls to xanthoxin, a precursor of ABA [58, 59]. ABI5
is a bZIP TF and a core TF in ABA signaling that inhib-
its seed germination and maintains seed dormancy [60,
61]. ABRE binding factor (ABF) TFs regulate the expres-
sion of ABRE-dependent genes; therefore, ABF is also
a positive regulator of ABA signaling, promoting seed
dormancy and inhibiting seed germination [62]. PP2C
is one of the core components of ABA signaling; it inter-
acts with SnRK2s, leaving ABA signaling pathway in the
“oft” state [63, 64]. AOS is an important enzyme in the
synthesis of jasmonic acid, which promotes seed germi-
nation by inhibiting ABA synthesis and promoting ABA
inactivation [65, 66]. In the present study, ZEP and CCD
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genes were down-regulated significantly and AOS were
upregulated significantly, indicating a decrease in ABA
synthesis; conversely, the down-regulation of ABF and
ABI5 and the up-regulation of PP2C indicated that ABA
signaling was inhibited. The two activities resulted in the
gradual weakening of dormancy in eelgrass seeds. Studies
have shown that GA stimulated germination by inducing
hydrolases that weaken barrier tissues, such as the endo-
sperm or seed coat, induce mobilization of seed storage,
and embryo expansion [67]. According to our results,
the expression levels of KAO and GASA genes were
consistently up-regulated during the pre-germination
to germination stage; significant up-regulation of GA3-
oxidases occurred during the pre-germination stage.
KAO is a class of cytochrome P450 monooxygenases
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in the CYP88A subfamily that catalyzes the conversion
of t-kaurenoic acid (KA) to the precursor (GA12) of all
GA, thereby determining plant GA concentration [68].
GA3ox catalyzes the final step of the GA biosynthesis
pathway to produce active GA molecules [69]. GASA
is a class of gene family induced by GA that encodes a
small molecular polypeptide [70]. Rubinovich and Weiss
[70]. observed that overexpression of the GA-inducible
GASAA4 gene in Arabidopsis promoted the response to
GA, thereby facilitating flowering and seed germination.

Cell wall loosening and remodeling

Endosperm weakening is a crucial stage of the seed ger-
mination process. It facilitates radicle breaking through
the endosperm and completion of the germination
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Trend analysis chart
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Fig. 7 Temporal expression trend analysis chart. Changes in gene expression trends is shown. Each profile corresponds to a rectangle, the number in
the upper left corner of the rectangle is the profile number, starting from 0, the broken line is the trend of expression quantity over time, and the value in
the lower left corner is its corresponding significance level, p-value. Colored trend charts: Indicate that the temporal pattern of the profile is in line with
significant change trend, and the profiles with same color represent belonging to the same cluster (profiles with similar trend are grouped together).
Uncolored trend charts: the temporal pattern of profile is in line with non-significant change trend
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Fig. 8 Protein-Protein Interaction network analysis in the pre-germination stage. A node represents a protein, and an edge represents an interaction
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the connectivity (degree), the larger the node, indicating the greater importance of the node gene in the network
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process [71]. Cell Wall Loosening factors (CWLFs)
weaken the cell wall by encoding enzymes and non-enzy-
matic factors, resulting in weakening of the mechani-
cal strength of the cell wall. Enzymatic CWLFs mainly
include enzymes encoding the degradation of cellu-
lose, hemicellulose and pectin [72-75]. Nonenzymatic
CWLFs mainly include genes encoding expansin and
genes related to ROS metabolism [75, 76]. According to
our results, a large number of CWLF genes were signifi-
cantly upregulated in two stages, such as genes encoding
cellulose degradation (endoglucanase, beta-glucosidase);
genes encoding hemicellulose degradation (beta-manno-
sidase; beta-galactosidase; beta-xylosidase; XTHs); genes
encoding pectin degradation (pectinesterase; polygalac-
turonase); genes encoding expansin (expansin); and genes
encoding ROS (peroxidase). More importantly, several
corresponding proteins were significantly upregulated
at the proteomic level, and the activation of the genes
provided assurance for endosperm to break through the
endosperm cell wall, in turn allowing smooth eelgrass
seed germination. In addition to CWLFs, some cell wall
remodeling enzymes (CWREs), associated with cell wall
synthesis, loosening and enhancement, played indispens-
able roles in seed germination. CWREs generally include
the same genes as the enzymatic CWLFs. For example,
XTHs, which can also act as cell wall-modifying pro-
teins, are involved in the regulation of embryonic axis
or radicle elongation during seed germination [77, 78].
Our findings revealed that the gradual exposure of the

cotyledon, as the seed germination process proceeded,
implied a continuous process of cell wall degradation,
modification, and remodeling, which was reflected in the
heat map showing a substantial increase in the number
and abundance of the associated genes.

Activation of antioxidant system

Studies have shown that when resting dry seeds absorb
water, their oxygen uptake increased and mitochondrial
energy metabolism was reactivated, which provided an
important source of ROS [79]. Our analysis revealed
that most of the DEGs and proteins identified in both
stages were peroxidases, implying that peroxidases may
be the main antioxidant enzymes for scavenging ROS in
eelgrass during germination. In addition, we observed
that lipoxygenase (LOX) as well as peroxiredoxins were
important at both the transcriptome and proteome lev-
els. LOX is widely believed to be involved in lipid mobi-
lization during the early stages of seed germination, and
facilitates ROS removal during the rapid mobilization of
germinating seed reserves to alleviate the oxidative stress
[56]. Peroxiredoxin is also a ROS scavenger that protects
functional proteins from ROS during seed germination
[52, 56]. Based on the heat map analysis, the number of
up-regulated genes was greater in germination stage than
in pre-germination stage, implying that the mitochon-
drial metabolic activity was enhanced during the germi-
nation process, resulting in greater ROS production.
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HUB genes of the germination process

The results of PPI analysis of DEGs-DEPs at the pre-ger-
mination stage showed that the HUB gene at the center of
the network was UDP-glucose 6-dehydrogenase (UGDH,
Zosma01g01970), «-amylase, sucrose synthase, and
s-adenosylmethionine synthase also have higher degree.
However, at the germination stage, PPI analysis did not
display a good aggregation result and the genes were
dispersed. In plants, UGDH is one of the key enzymes
involved in amino sugar and nucleotide sugar metabo-
lism and is closely related to polysaccharide biosynthesis
[80, 81]. Both amylase and sucrose synthase were sig-
nificantly up-regulated at the transcriptional and protein
levels, suggesting an important role during eelgrass seed
germination. Many studies have also shown that starch
hydrolases and sugar hydrolases were vital enzymes in
the seed germination process [52, 82]. We think that dur-
ing the germination phase of eelgrass seeds, under the
action of amylase and sucrose synthase, the starch stored
in the seeds begins to break down and produce ATP and
carbohydrate material, which are used not only in seed
germination but also in subsequent emergence of the
radicle. Methionine metabolism also plays a major role
in seed germination [83]. S-adenosylmethionine synthe-
tase (metK) is a key enzyme involved in the synthesis of
s-adenosylmethionine (AdoMet), which is a precursor of
polyamine, vitamin biotin, and ethylene biosynthesis and
provides essential metabolites for DNA synthesis, meth-
ylation regulation, and hormone regulation [27]. Our
results revealed significant upregulation of metK at both
the transcriptome and proteome levels, which is consis-
tent with the characteristic accumulation of metK prior
to radicle emergence [83, 84].

ERF transcription factors in eelgrass seed germination
Our analysis revealed that the ERF family was the most
abundant in both stages, and presumably ERF TFs played
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an important role in the seed germination process. The
AP2/ERF (APETALA2/ethylene response factor) struc-
tural domain family is a plant-specific [85, 86]. In recent
years, several studies have revealed the regulatory mech-
anism of AP2/ERF-like TFs involved in plant seed germi-
nation. Liu and Wu [87] found that an ERF transcription
factor isolated from tomato significantly reduced the
sensitivity to ABA and auxin during seed germination by
inhibiting a key component of the ABA signaling path-
way, thereby promoting germination. The following year,
Liu et al. [88] also found that ERF transcription factors
could promote tomato seed germination through the
GA-mediated glucose signaling pathway. Gupta et al. [85]
also identified an AP2/ERF TF that negatively regulated
ABA responses by altering ABA levels/signaling path-
ways, thereby promoting seed germination.

Conclusion

In the present study, transcriptomics and proteomics
were combined to analyze the regulatory network and
the dynamics of key physiological processes in eelgrass
seeds at three stages from dormancy to germination
under low salinity stimulation (Fig. 10). According to
our results, low salinity stimulated the activation Ca**
signaling and phosphatidylinositol signaling, and further
initiated various subsequent germination-related physi-
ological processes through the MAPK cascade. Starch,
lipids, and storage proteins were actively mobilized to
provide energy and substrate for germination; ABA syn-
thesis and signal transduction were inhibited, whereas
GA synthesis and signal transduction were activated,
weakening seed dormancy and preparing seeds for ger-
mination; cell wall weakening and remodeling processes
were activated to provide protection for cotyledon emer-
gence. In addition, multiple antioxidant systems were
activated to alleviate the oxidative stress generated during
the germination process. PPI analysis of DEGs-DEPs of

Low salinity seawater
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Second Messenger: Ca?*, PI/PLC
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Fig. 10 Mechanisms via which low salinity stimulates eelgrass seed germination
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pre-germination revealed that HUB gene at the center of
the network was udp-glucose 6-dehydrogenase (UGDH,
Zosma01g01970), followed by a-amylase, sucrose syn-
thase, suggesting that the activation of carbohydrate
metabolism, such as starch, was essential to support eel-
grass seed germination in the early stages. Identification
of transcription factors revealed the highest number of
ERF TFs in both stages, and it was hypothesized that the
ERF family played an active role in the seed germination
process. The present study investigated the mechanisms
of eelgrass seed germination stimulated by low salinity,
and further comprehensively analyzed the dynamics of
key physiological processes at the transcriptome and pro-
teome levels, providing experimental data for subsequent
in-depth studies of the regulatory mechanisms related to
seagrass seed germination.

Materials and methods

Experimental design

In this study, eelgrass seeds were collected from their
natural habitats, and the collection processes of both
conformed to local and national regulations. The voucher
specimens of Z. marina were deposited in Marine Bio-
logical Museum of the Chinese Academy of Sciences
(MBMCAS). The samples were identified by Yi Zhou, a
Professor at IOCAS. Specifically, mature eelgrass seeds
collected from Swan Lake, Weihai City, Shandong Prov-
ince, China, in September 2021, and the seed germina-
tion season in the area was the following spring [89].
Collected seeds were stored in recirculating seawater
tanks (1 m X 1.2 m X 1.5 m) in a laboratory. In Decem-
ber, the seeds are dormant and do not germinate under
natural seawater conditions; however, low salinity condi-
tions can promote rapid seed germination. Consequently,
in December, 2,000 seeds (four replicates, 500 seeds per
replicate) were placed in low salinity seawater with a
salinity of 5 ppt; another 1,000 seeds (four replicates, 250
seeds per replicate) were placed in natural seawater with
a salinity of 30 ppt. Seeds under both treatments were
placed at a temperature of 15 °C and in the dark for ger-
mination. After 24 h, dormant seeds (DoS) were collected
from the natural seawater group; dehiscent seeds (DeS)
and germinated seeds (GeS) were collected from the low
salinity seawater group (Fig. 1). The samples were imme-
diately snap-frozen in liquid nitrogen for 15 min after
collection, and then stored in a -80 °C refrigerator until
the subsequent transcriptomic and proteomic analyses.

RNA sequencing and RT-qPCR

Seeds from three states (DoS/DeS/GeS, four replicates)
were obtained for transcriptome sequencing, and the
procedure was as follows: first, using TRIzol® Reagent to
extract total RNA from eelgrass seed tissues, then DNase
I (TaKara) were used to remove genomic DNA. We
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select high quality RNA samples to construct subsequent
sequencing library. Secondly, we isolated mRNA, and
further fragmented it with fragmentation buffer. Then,
mRNA was used as templates to synthesize double-
stranded cDNA. Subsequently, we performed end-repair,
phosphorylation, and “A” base addition to synthesized
¢DNA, in which the target fragments of 300 bp were
selected for libraries, which were then performed for 15
PCR cycles amplification on 2% Low Range Ultra Aga-
rose. Finally, after quantification by TBS380, the Illumina
NovaSeq 6000 sequencer (2x150-bp read length) were
used to sequence the paired-end RNA-seq sequencing
library.

To obtain clean reads with high quality, we performed
trim and quality control on raw paired-end reads. After-
ward, Zostera marina were selected as the reference
genome for separately alignment of clean reads to get
mapped reads. To identify DEGs (differentially expressed
genes) between two different samples, the expression lev-
els of each transcript were calculated according to the
transcripts per million reads (TPM) method. RSEM was
used to quantify gene abundances. DESeq2 software was
used for differential expression analysis. Screening crite-
ria for DEGs were: p-adjust<0.05 and |log2FC| > 1.

Eight genes were selected for RT-qPCR to validate the
transcriptome, with 18 S rRNA as reference gene (Table
S5). The above extracted RNA was used as a template for
reverse transcription to obtain ¢cDNA. Pre-experimen-
tal results showed that the electrophoresis gel of each
primer was a single bright band under specific condi-
tions, indicating that there was no specific amplification
and the primers were qualified. The RT-qPCR solution
included 10 pL of 2x ChamQ SYBR Color qPCR Master
Mix, 0.8 pL of both forward and reverse primers (5 pm
each), 0.4 pL of 50x ROX Reference Dye, 2 pL of template
(cDNA), and 6 pL of ddH20, made-up to a total volume
of 20 pL. Cycling conditions were as follows: the initial
step was 95 °C for 5 min, and then 40 cycles (melting
at 95 °C for 5 s, annealing at 55 °C for 30 s, and exten-
sion at 72 °C for 40 s). Each treatment group had three
replicates, and each replicate sample had three multiple
pores. The relative expression level was calculated using
the 2722 method.

Proteome analyses

The 4D-label free quantitative proteomic analysis was
performed on the same batch of samples (DoS1/2/3/4,
DeS1/2/3/4, and GeS1/2/3/4) used for transcription pro-
filing. The detailed operation was as follows: first, the
total protein was extracted from the sample; secondly,
the concentration of protein supernatant was deter-
mined using the Bicinchoninic acid (BCA) method; third,
protein samples were subjected to SDS-PAGE (sodium
dodecyl sulfate-polyacrylamide gel) electrophoresis
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analysis to evaluate whether the sample quality met the
standards; fourth, the qualified protein samples were
treated with reductive alkylation; fifth, an equal amount
of protein from each sample was digested with trypsin;
sixth, the peptides were desalted and peptide concen-
trations were determined; seventh, trypsin-digested
peptides were analyzed using an EASY nLC-1200 sys-
tem (Thermo, USA) coupled with a timsTOF Pro2 mass
spectrometer (Bruker, Germany) at Majorbio Bio-Pharm
Technology Co. Ltd. (Shanghai, China); eighth, MS/MS
spectra were searched using MaxQuant v2.0.3.1 software
against the protein database. Finally, bioinformatic analy-
sis of proteomic data was performed using the Majorbio
Cloud platform (https://cloud.majorbio.com).

P-values and Fold change (FC) for the proteins
between the two groups were calculated using R pack-
age “t-test” The thresholds of fold change (>1.5 or <0.67)
and P-value<0.05 were used to identify differentially
expressed proteins (DEPs). Functional annotation of
all identified proteins was performed using GO (http://
geneontology.org/) and KEGG pathway (http://www.
genome.jp/kegg/). DEPs were further used for Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis. Protein-protein
interaction (PPI) analysis was performed using String
v11.5 (https://string-db.org/).
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