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Abstract
Background and aims Kandelia obovata, a dominant mangrove species in China, produces complex
buttress roots and prop roots in intertidal wetlands where high quantities of nitric oxide (NO) are
produced by reducing sediments. NO, a key signaling molecule, participates in an array of plant
physiological and developmental processes. However, it is unclear whether NO functions in K. obovata
root system establishment.

Methods Here, we used a transcriptomic approach to investigate the potential role of NO in the regulation
of K. obovata lateral root development and growth. Transcript pro�les and bioinformatics analyses were
used to characterize potential regulatory mechanisms.

Results NO enhanced K. obovata lateral root development and growth in a dose-dependent manner. RNA-
seq analysis identified 1,593 differentially expressed genes (DEGs), of which 646 and 947 were up- and
down-regulated in roots treated with NO donor. Functional annotation analysis demonstrated that the
starch and sucrose pathway was signi�cantly induced in response to NO. A suite of DEGs involved in
hormone signal transduction and cell wall metabolism was also differentially regulated by NO. Taken
together, our results suggest that a complex interaction between energy metabolism, multiple hormone
signaling pathways, and cell wall biosynthesis is required for the NO regulation on lateral root
development and growth in mangrove plant K. obovata.

Conclusion NO appears to contribute to the formation of the unique root system of mangrove plants. 

Introduction
Nitric oxide (NO) is a small gaseous signaling molecule that has aroused the interest of plant scientists
during the last decade because of its versatile roles in multiple biotic and abiotic stresses, including
heavy metal stress (Li et al. 2018), waterlogging (Chen et al. 2016), drought (Mata and Lamattina 2001),
and high salinity (Shen et al. 2018). NO also participates in various plant physiological and
developmental processes, such as �oral transition (He et al. 2004), stomatal movement (Wilson et al.
2008), and seed germination (Libourel et al. 2006). 

Increasing evidence suggests that NO participates in plant root development and growth. For example,
low concentrations of sodium nitroprusside (SNP), an NO donor, induce root growth and increase
ligni�cation in soybean seedlings (Böhm et al. 2010) and inhibit root elongation in maize (Zhao et al.
2007). NO was reported to promote waterlogging tolerance in the euhalophyte Suaeda salsa by
enhancing adventitious root formation through increases in endogenous NO production and nitric oxide
synthase (NOS) activity (Chen et al. 2016). Moreover, NO mediates downstream signaling during H2-
induced adventitious root organogenesis in cucumber (Zhu et al. 2016) and is the key signal in cell wall
remodeling of Arabidopsis root hair cells (Moro et al. 2017). In addition, NO helps to regulate lateral root
development in tomato, probably operating within the auxin signal transduction pathway (Correa-
Aragunde et al. 2004). NO is required for indole-3-butyric acid (IBA)-triggered adventitious rooting in
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Phaseolus radiatus L. (Huang et al. 2007). Sun et al. (2016) reported that NO-activated seminal root
elongation in rice under nitrogen and phosphate de�ciencies is associated with another group of plant
hormones, strigolactones. Extensive physiological and biochemical studies on the role of NO in root
development have been conducted in recent decades. However, the transcriptional changes and
molecular mechanisms by which NO mediates lateral root establishment require further exploration.

Mangrove forests are the dominant intertidal ecosystems along tropical and subtropical coastlines
around the world (Lin 1999). They play irreplaceable ecological roles in the overall coastal ecosystem,
providing critical ecosystem services such as coastal protection, biodiversity support, habitat provision,
and water quality improvement (Lin 1999). To survive in habitats with chronic periodic �ooding,
mangrove plants have developed complex root systems with specialized characteristics, including
various forms of aerial roots with pneumatophores in Avicennia marina, plank roots in Xylocarpus
grantum, and stilt roots in Rhizophora mucronate (Naidoo et al. 1997, Youssef and Saenger 1996). 

Kandelia obovata, the “true mangrove”, belongs to the family Rhizophoraceae and is regarded as a
viviparous plant (Chen et al. 1995). The normal sexual reproduction of K. obovata produces non-dormant
embryos that grow primarily by hypocotyl elongation to form cigar-shaped seedlings, which remain
attached to the parent trees for several months (Chen et al. 1995). After the hypocotyls drop off into the
mud, a root system gradually develops with both complex buttress roots and prop roots. 

Another important characteristic of the mangrove wetland is the high quantity of NO produced in the
reducing sediments (Chen et al. 2010). Nonetheless, it is unclear whether this NO functions in K.
obovata root system establishment. Likewise, few genomic resources are available to study patterns of
gene expression and molecular mechanisms that underlie this process. In this study, we used a
transcriptomic approach to investigate the possible function of NO in the modulation of K. obovata
lateral root development and growth. 

De novo transcriptome sequencing based on high-throughput technology has been successfully
employed to analyze gene expression in non-model plant species and serves as a powerful tool for
revealing the molecular basis of multiple biological processes (Li et al. 2018, Wei et al. 2014). This
technology has been used in previous studies of root formation. For example, Wei et al.
(2014) demonstrated that genes associated with plant hormone signal transduction, cell wall
organization, secondary metabolism, and glutathione metabolism potentially facilitate adventitious
rooting in IBA-treated Camellia sinensis. Li et al. (2018) identi�ed 4,294 differentially expressed genes
(DEGs) and revealed that adventitious root formation in apple rootstocks is a complex process that
depends primarily on the auxin signaling pathway. In addition, RNA-Seq is widely employed to
characterize gene expression patterns and molecular mechanisms associated with lateral root initiation
in maize (Jansen et al. 2013). This technique provides opportunities to elucidate the complex genetic
backdrop and metabolic mechanisms of lateral root development and growth at the transcriptomic level.

In this study, various concentrations of NO (supplied by SNP) were used to investigate the functions of
NO in lateral root development and growth of K. obovata. NO induced lateral root development and
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growth in a dose-dependent manner. RNA-Seq was used to further explore the underlying regulatory
mechanisms, and sets of DEGs associated with SNP addition were identi�ed. Functional analysis of the
DEGs indicated that NO mediates lateral root development by altering the expression of genes involved in
starch and sucrose metabolism, hormone signal transduction, and cell wall metabolism. 

Materials And Methods

Plant culture conditions and treatments
Propagules of K. obovata were collected from the Zhangjiang Estuary (23o55’N, 117o26’E) in Fujian
Province, China. Healthy propagules of uniform size were planted randomly in pots (14 cm height, 12 cm
diameter) �lled with rinsed sand, with one propagule per pot. The optimum salinity for K. obovata growth
at the sampling site is nearly 12‰ (Pan et al. 2018), and the hypocotyls were therefore grown with
Hoagland solution containing 12‰ salinity. The pots were maintained in a greenhouse with 800–1000
μmol m−2 s−1 photosynthetically active radiation (PAR), 60–70% relative humidity, and an air temperature
of 25–28 °C (Chen et al. 2011, Chen et al. 2010).

SNP, frequently employed as an experimental tool with which to explore the effects of NO, was used as an
exogenous NO donor (Shen et al. 2018). Propagules of similar size were divided into two groups. The �rst
group was provided with Hoagland solution that contained 12‰ salinity and various amounts of SNP (0,
0.05, 0.1, 0.2, 0.5, 1, 5, 10 mM) in order to identify a suitable SNP concentration for use in subsequent
experiments. In the second group, 200 μM FeSO4 or K3[Fe(CN)6] were used as additional controls for
SNP to discern the putative role of SNP derivatives (Shen et al. 2018). Besides, NO scavenger (2-(4-
carboxyphenyl)-4,4,5,5- tetramethylimidazoline-1-oxyl-3-oxide, cPTIO) was further used to clarify the role
of NO in the lateral root development and growth of K. obovata. All solutions were replaced every 3 d to
maintain constant concentrations (Chen et al. 2010). After 30 d, lateral roots of each treatment group
were sampled and replicated three times. In addition, twenty plants were randomly mixed from each
replicate as one sample, followed snap-frozen in liquid N2 and stored at −80 °C with the exception of
some fresh roots that were used for morphology analysis with a Microtek ScanWizard EZ scanner and
LA-S image analysis software (Hangzhou Wanshen Detection Technology Co., Ltd., China). Brie�y, the
collected fresh lateral roots were cleaned with distilled water. After wiping dry, roots of each treatment
were placed in plastic container (30 cm × 48 cm) and scanned with Microtek ScanWizard EZ scanner. The
lateral root length and surface area were subsequently analysis by LA-S image analysis software. 

Determination of endogenous NO content
NO content was determined and calculated according to Kwan et al. (2015) by using the Griess Reagent
System kit with three replicates according to the manufacturer’s instructions.
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RNA extraction and data processing
Lateral root samples from two treatments (0 mM SNP [CK] and 0.2 mM SNP [NO]) were fully ground in
liquid N2, and total RNA was extracted using an RNA isolation kit (Bioteke, China). 

Transcriptome sequencing was performed on the Illumina NovaSeq platform. Clean reads were generated
by trimming adapters, low-quality reads, and unknown bases (N). The clean, high-quality data were used
for subsequent analyses. Transcriptome assembly was performed with Trinity (Grabherr et al. 2011).
FPKM (fragment per kilobase transcriptome per million mapped reads) values and the DESeq2 R package
were used to perform differential gene expression analysis (Love et al. 2014, Trapnell et al. 2010), and
genes with |log2Fold Change| > 1 and FDR-adjusted p-values < 0.05 were de�ned as DEGs. Gene Ontology
(GO) and Kyoto encyclopedia of genes and genomes (KEGG) enrichment analyses were performed on the
DEGs (Mao et al. 2005, Young et al. 2010). GO terms with corrected p-values < 0.05 were de�ned as
signi�cantly enriched and used to identify the primary biological functions of the DEGs. Likewise, a p-
value < 0.05 was used to define significantly enriched pathways in the KEGG enrichment analysis.

Validation of RNA-Seq analysis by quantitative real-time
PCR
Total RNA was extracted with an RNA isolation kit as described above. The cDNA was synthesized with a
5 × All-In-One RT MasterMix kit (Abm, Canada). Sequences of gene-speci�c PCR primers are provided in
Supplementary Table S1. Gene expression was normalized to that of 18S rRNA (GenBank accession:
AY289625.1). For qRT-PCR, samples were analyzed in triplicate using a 20 μL PCR mixture that
contained 2.0 μL cDNA, 0.4 μL primers, 10 μL 2 × ChamQ Universal SYBR qPCR Master Mix (Vazyme),
and 7.2 μL ddH2O. The ampli�cation reaction conditions were 95 °C for 3 min, followed by 40 cycles of
95 °C for 10 s, annealing at 60 °C for 30 s, and dissociation at 72 °C for 20 s. Relative mRNA expression
levels were calculated using the 2−ΔΔCt method (Livak and Schmittgen 2001).

Statistical analysis
All data are presented as means ± SE, and statistical analyses were performed with SPSS software (one-
way ANOVA, p < 0.05, SPSS for MAC, version 21).

Results

Responses of K. obovata roots to exogenous NO supply
First, we studied the ability of NO to regulate K. obovata lateral root development and growth by
examining its impacts on root morphology. We tested various concentrations of the NO donor SNP in
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order to identify a suitable concentration for subsequent investigations. As shown in Fig. 1, 0.05–1 mM
SNP dramatically enhanced lateral root development and growth in K. obovata (Fig.1A–D), and 0.2 mM
was the optimal concentration. By contrast, lateral root development and growth were strongly inhibited
at higher concentrations of 5 and 10 mM (Fig. 1). 

FeSO4 (Fe) and K3[Fe(CN)6] (CN) were used as additional controls to assess possible disturbances
caused by SNP derivatives like Fe and ferricyanide. Besides, NO scavenger cPTIO was also applied as a
negative control. Seedlings treated with 0.2 mM SNP had signi�cantly greater root fresh weight, total root
length, and root surface area compared with the CK. Moreover, Fe or CN treatment did not cause any
signi�cant alterations in these parameters (Fig. 2A–C). However, these effects were inhibited by cPTIO
(Supplementary Fig. S1A-C). Besides, SNP application resulted in dramatically elevated NO contents in
lateral roots compared with control. On the contrary, NO contents were decreased with the addition of NO
scavenger cPTIO (Supplementary Fig. S2). These results indicate that NO itself, rather than other SNP
derivatives, was responsible for enhanced lateral root development and growth in K. obovata. The 0 mM
(CK) and 0.2 mM SNP (NO) treatments were adopted the RNA-Seq experiment.

De novo assembly and annotation of root transcriptomes 
We performed RNA-Seq analysis to investigate the molecular mechanisms by which exogenous
NO modulates lateral root development and growth. Three independent biological replicates of the CK
and NO treatments were used for paired-end sequencing. Information on the sequencing and assembly of
the root transcriptomes is presented in Table 1. After �ltering adapters and low-quality reads, we obtained
47,338,778 to 59,158,346 clean reads for individually sequenced libraries. The Q20 and Q30 values were
97.17–97.46% and 92.33–92.95%, and the GC contents were 45.59–45.75%. A set of 314.97 million
clean reads was assembled with Trinity, resulting in the identi�cation of 135,465 transcripts with an
average length of 2,391 bp and 122,736 unigenes with an average length of 2,609 bp (Fig. 3A and B). The
lengths of all transcripts and unigenes ranged from 201 to 17,241 bp (Fig. 3A and B). Of these unigenes,
110,839 (90.07%) were longer than 500 bp, 96,330 (78.40%) were longer than 1000 bp, and 68,328
(55.66%) were longer than 2000 bp (Fig. 3D). A total of 24,962 (20.34%) unigenes were annotated using
the above-mentioned databases, and 109,049 (88.84%) unigenes received hits to at least one database,
as shown in Table 2. 

Functional classi�cation of assembled unigenes
We performed a sequence similarity search to further discern the putative functions of the assembled
unigenes. In total, 105,999 (86.36%) unigenes had signi�cant hits to known proteins (Table 2). Among
these unigenes, 37.7% and 50.2% had 60–80% and 80–95% similarity to their top BLASTX hit, and 5.7%
and 6.4% had 40–60% and 95–100% similarity (Supplementary Fig. S3A). 45.7% of unigenes had
BLASTX hits with E-values between 0 and 10−100 (Supplementary Fig. S3B). The most frequent BLASTX
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matches to our unigenes derived from Hevea brasiliensis (24.6%), Jatropha curcas (13.5%), Manihot
esculenta (11.9%), Populus trichocarpa (11.7%), and Ricinus communis (8.9%). The remaining unigenes
(24.6%) had top hits to sequences from other species (Supplementary Fig. S3C).

To further evaluate the putative functions of all unigenes, we performed Clusters of Orthologous Groups
of proteins (COG), GO and KEGG annotation to categorize them and their encoded proteins into different
functional categories. Twenty-�ve different categories were identi�ed, comprehensively covering most
biological activities (Supplementary Fig. S4). The largest fraction of unigenes was assigned to the
general function category (14.4%). A large proportion of genes was also assigned to the posttranslational
modi�cation, protein turnover, and chaperones category (12.5%), followed by RNA processing and
modi�cation (7.82%), signal transduction mechanisms (7.81%), and translation, ribosomal structure, and
biogenesis (7.62%) (Supplementary Fig. S4). GO analysis showed that 85,532 of the 105,999 unigenes
were divided into 55 GO terms, of which cellular process, metabolic process, single-organism process, cell
part, binding, and catalytic activity were the most common (Supplementary Fig. S5). In the pathway-
based analysis, 21,388 unigenes (57.82%) were assigned to metabolism, 10,166 (27.48%) to genetic
information processing, 2,283 (6.17%) to cellular processes, 1,611 (4.35%) to organismal systems, and
1,544 (4.17%) to environmental information processing (Supplementary Fig. S6). 

GO and KEGG enrichment analysis
To identify candidate genes involved in NO-induced lateral root development and growth, gene expression
patterns were compared between NO-treated and CK roots of K. obovata seedlings. A total of 1,593 DEGs
were identi�ed, 646 up-regulated (Fig. 4, red symbols) and 947 down-regulated (green symbols).

Functional enrichment analyses were performed to identify the putative molecular functions and
biochemical pathways of the DEGs. GO enrichment analysis showed that genes up-regulated after
exogenous NO addition were signi�cantly enriched in GO terms related to carbohydrate metabolism, such
as carbohydrate metabolic process (GO:0005975), disaccharide metabolic process (GO:0005984), glucan
metabolic process (GO:0044042), and polysaccharide metabolic process (GO:0005976) (Fig. 5). By
contrast, the down-regulated DEGs were signi�cantly enriched in GO terms associated with protein
metabolism, including protein phosphorylation (GO:0006468), protein modi�cation by small protein
conjugation (GO:0032446), and protein ubiquitination (GO:0016567). KEGG pathway enrichment analysis
further indicated that starch and sucrose metabolism (ko00500), photosynthetic related metabolism
(ko00860, ko00195, and ko00196), and ABC transporters (ko02010) were signi�cantly enriched only in
the up-regulated DEGs (Fig. 6). Phenylpropanoid biosynthesis (ko00940) and cyanoamino acid
metabolism (ko00460) were enriched in both the up- and down-regulated gene sets. The down-regulated
DEGs were enriched in biological processes mainly associated with plant-pathogen interactions and the
biosynthesis of secondary metabolites. Taken together, our results suggest that starch and sucrose
metabolism may be essential for NO regulation of lateral root development in K. obovata.
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DEGs involved in starch and sucrose metabolism
Enrichment analysis showed that 16 DEGs (ten up- and six down-regulated) were involved in starch and
sucrose metabolism (Fig. 7A). Of these, �ve of six genes encoding sucrose synthase (SUS), one gene
encoding hexokinase (HK), two genes encoding trehalose 6-phosphate synthase (TPS), one gene
encoding trehalose 6-phosphate phosphatase (TPP), and one gene encoding beta-amylase (BMY) were
up-regulated. Three genes encoding cell wall invertase (CWIN), one gene encoding alpha-trehalase (treA),
and one gene encoding glycogen phosphorylase (glgP) were down-regulated.

DEGs involved in plant hormone signal transduction
Sixteen DEGs were associated with plant hormone signal transduction (Fig. 7B). Among those associated
with auxin signaling, eight of ten were down-regulated, including two of three genes encoding
auxin/indole-3-acetic acid protein (Aux/IAA), three of four genes encoding auxin response factor (ARF),
one gene encoding auxin-response factor SAUR36 (SAUR36), and one gene encoding GH3-auxin
responsive promoter (GH3). Two genes encoding abscisic aldehyde oxidase (AAO) were involved in
abscisic acid biosynthesis, and one gene encoding abscisic acid insensitive 5 (ABI5) was involved in
abscisic acid signaling. One gene encoding 1-aminocyclopropane-1-carboxylate acid (ACC)
synthase (ACS) and two genes encoding ACC oxidase (ACO) were involved in ethylene biosynthesis, and
one gene encoding ethylene insensitive 2 (EIN2) was involved in ethylene signaling. In addition, �ve DEGs
were associated with brassinosteroid (BR) signaling. Two DEGs were up-regulated, one encoding BR
insensitive 1 (BRI1) and one encoding BR-signaling kinase (BSK). Two genes encoding BR resistant 1
(BZR1) and one gene encoding BR insensitive 2 (BIN2) were down-regulated.

DEGs involved in cell wall metabolism
Forty-two DEGs related to cell wall metabolism were differentially expressed after exogenous NO addition
(Fig. 7C). Nineteen DEGs were associated with cellulose metabolism, including three genes encoding
cellulose synthase A (CESA), two genes encoding COBAR-like protein (COBL4), one gene encoding
endoglucanase 25 (KOR), and thirteen genes encoding beta-glucosidase (GLU). Six DEGs were associated
with pectin metabolism, including one gene encoding galacturonosyltransferase 8 (GAUT8), two genes
encoding pectinesterase (PME) and pectinesterase/pectinesterase inhibitor (PMEI), and one gene
encoding pectate lyase (PL). In addition, four of seven genes involved in hemicellulose metabolism were
up-regulated. Among them, two of three genes encoding xyloglucan endotransglucosylase/hydrolase
(XTH), one gene encoding UDP-glucuronic acid decarboxylase 2 (UXS2), and one gene encoding
xyloglucan glycosyltransferase 12 (CSLC12) were up-regulated. In addition, we also identi�ed other genes
involved in cell wall-related metabolism, such as three genes encoding expansin (EXP), three genes
encoding L-ascorbate oxidase (AO), and single genes encoding leucine-rich repeat extensin-like protein 4
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(LRX4), glucuronokinase 1 (CLcAK1), UDP-glucuronate:xylan alpha-glucuronosyltransferase 2 (GUX2),
and UDP-arabinose 4-epimerase (MUR4).

Comparison of sequencing data and qRT-PCR results
To validate the RNA-Seq data, we performed qRT-PCR on 10 randomly selected genes. Gene expression
patterns measured by qRT-PCR were consistent with those measured by RNA-Seq (Fig. 8A–J). In addition,
there was a strong positive correlation (R2 = 0.8397) between qRT-PCR data and FPKM values (Fig. 8K).
Together, these results suggest that the sequencing data were reliable.

Discussion
Mangrove wetlands are in�uenced by chronic periodic tidal inundation, which is responsible for the
typical characteristics of marsh habitats, such as abundant organic matter and nutrients and a reducing
environment (Chen et al. 2010). Such wetlands serve as appropriate habitats for multiple microbes that
contribute to the production of NO. We have previously investigated daily variations in NO emission �ux
in K. obovata wetlands (Chen et al. 2010). Based on this previous work, we designed the current study to
unravel the effects of NO on root development and growth of a mangrove plant, K. obovata, using SNP as
an exogenous NO donor. We found that NO promoted lateral root growth in a dose-dependent manner
(Fig. 1). Under normal physiological conditions, NO is an important signaling molecule for a diverse range
of organisms’ physiological processes. However, excess NO produced in the organisms has obvious
cytotoxicity. Now, various studies have been widely described its dual roles in the plant kingdom, which
might depend on the cellular conditions and NO contents (Beligni and Lamattina 1999, Böhm et al. 2010).
In soybean, high amounts of NO functioned as a stress factor resulting the decreasing of root growth that
is corelated with cell death. Whereas lower concentration of NO, due to its action as a signaling molecule,
could induce soybean root growth and ligni�cation (Böhm et al. 2010). Studies also showed that the high
concentration of NO accumulated in roots could effectively inhibit the root elongation and growth of
tomato (Correa-Aragunde et al. 2004) and wheat (Groppa et al. 2008). In accordance with these results,
some differences in the lateral root development and growth were found depending on the SNP
concentration, the low concentrations (0.05–1 mM) stimulated the growth very effectively with the
optimum concentration of 0.2 mM, while reverse in�uence was observed at higher SNP
concentrations. However, few genomic resources were available for this genus. A de novo transcriptomic
approach was therefore helpful for further investigating the changes in global gene expression that
underlie modulation of K. obovata lateral root development by NO.

Changes in global gene expression induced by NO in K.
obovata 
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Transcriptome sequencing was performed on the NovaSeq Illumina platform. After quality �ltering, we
assembled 122,736 unigenes from NO and CK libraries, and 105,999 of the unigenes showed signi�cant
similarity to known proteins in the NCBI Nr database (Table 2). The remaining 13.64% unannotated
unigenes may be speci�c to K. obovata or may be homologous to genes with unknown biological
functions in other species. Cellular process, metabolic process, single-organism process, cell part, binding
and catalytic activity were the primary GO terms assigned to the unigenes, and these may be considered
putative biological processes that respond to NO (Supplementary Fig. S5). This result is consistent with
previously published transcriptomic data in which binding and catalytic activities predominated at the
transcriptome level in response to NO in Arabidopsis thaliana (Hussain et al. 2016) and Gossypium
hirsutum (Huang et al. 2018). KEGG pathway classi�cation identi�ed speci�c pathways involved in
lateral root growth, such as transport and catabolism, signal transduction, translation, carbohydrate
metabolism, and environmental adaptation (Supplementary Fig. S6). 

Further functional enrichment analysis indicated that starch and sucrose metabolism was signi�cantly
up-regulated in response to NO (Figs. 5 and 6). Moreover, DEGs associated with plant hormone signal
transduction and cell wall metabolism were also differentially regulated by NO (Fig. 7). Similarly, Li et al.
(2016) suggested that sugar metabolism and the auxin and cytokinin signaling pathway primarily
contributed to root development in grafted apple. GO enrichment analysis of birch cells treated with SNP
also indicated that NO had a signi�cant impact on carbohydrate metabolism and cell wall
biosynthesis (Zeng et al. 2014). 

The highly represented pathways and signi�cantly enriched GO terms in our study suggested that NO
positively enhances lateral root development and growth of K. obovata through the modulation of starch
and sucrose metabolism, plant hormone signaling, and cell wall metabolism.

NO modulates genes associated with starch and sucrose metabolism to promote lateral root
development and growth of K. obovata

Both internal and external factors impact the root growth of higher plants, and sugar is a particularly
important internal factor (Ruan 2014). The mangrove plant K. obovata has a speci�c reproductive
strategy known as vivipary (Chen et al. 1995). It has been demonstrated that hypocotyls of viviparous
seedlings contain a considerable amount of starch that is used as an energy source during the early
phase of development (Hanashiro et al. 2004). In this study, a key starch metabolic gene encoding β-
amylase (BMY) was induced in response to exogenous NO, suggesting that NO may accelerate the
process of starch hydrolysis, providing the necessary energy for lateral root development and growth. 

Sucrose is the major form of carbohydrate translocated from photosynthetic sources to non-
photosynthetic sinks such as the root system. When it reaches a sink, sucrose must be broken down into
hexoses or their derivatives for use in multiple metabolic and biosynthetic processes (Ruan 2014).
Invertase (INV) and sucrose synthase (SUS) are two major enzymes that are responsible for the cleavage
of sucrose in higher plants (Ruan 2014). In this study, �ve of six SUS genes were up-regulated, whereas
three INV genes encoding a typical cell wall invertase (CWIN) were down-regulated in K. obovata roots
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after exogenous NO treatment (Fig. 7). Claeyssen and Rivoal (2007) demonstrated that CWIN activity
coupled with a high hexose/sucrose ratio was commonly associated with high cell division rates during
root initiation and expansion. Thereafter, a switch to the later maturation stage was accompanied by a
shift from the INV to the SUS pathway of sucrose degradation (Claeyssen and Rivoal 2007, Weber et al.
1997). Increased SUS activity was associated with a transition from cell division to cell differentiation
and elongation (Claeyssen and Rivoal 2007, Weber et al. 1997). We therefore inferred that NO may have a
role in the promotion of lateral root elongation through up-regulation of SUS expression. This result is
consistent with the changes in root morphology observed under exogenous NO addition (Fig. 1). 

After the breakdown of sucrose into Glc and Frc, Frc can be irreversibly transformed into fructose 6-
phosphate (F6P) by hexokinase (HK) (Galina and da Silva 2000). F6P may enter glycolysis and the
tricarboxylic acid (TCA) cycle to produce energy, or it may be converted into UDP-Glc as a glucosyl donor
for the synthesis of cell wall β-glucan (Galina and da Silva 2000). In this study, HK expression was
markedly increased under exogenous NO addition, suggesting that NO may play a pivotal part in
enhancing K. obovata lateral root development and growth by providing a consistent source of energy
and cell wall polysaccharides. 

Trehalose, a source of energy and carbon, can protect bioactive substances and cellular membranes from
inactivation or denaturation under adverse stress conditions (Elbein et al. 2003). Trehalose biosynthesis
in plants is a two-step pathway catalyzed by trehalose-6-phosphate (Tre6P) synthase (TPS) and Tre6P
phosphatase (TPP) via Tre6P (Elbein et al. 2003). In this study, three genes associated with trehalose
biosynthesis were up-regulated (two TPS and one TPP) in response to exogenous NO, whereas a gene
encoding trehalase, which breaks down trehalose to form two Glc, was down-regulated. Trehalose
metabolism has a fundamental and pervasive role in the life of plants (van Dijken et al.
2004). Overexpression of a Tre6P synthase/phosphatase fusion gene in rice elevated trehalose
accumulation and conferred high tolerance to salt, drought, and low-temperature stresses (Garg et al.
2002). In addition, AtTPS1 is central to normal vegetative growth and the switch to �owering in
Arabidopsis (van Dijken et al. 2004). In the present study, expression of TPS and TPP was dramatically
induced by NO, and that of treA was depressed, implying that trehalose biosynthesis is enhanced by
exogenous NO addition and may contribute to K. obovata lateral root development and growth. Taken
together, our results suggest that starch and sucrose metabolism is accelerated by NO, thereby supplying
more energy to promote lateral root development of K. obovata. 

NO modulates genes associated with plant hormone signal transduction to promote lateral root
development and growth of K. obovata

Lateral root development and growth—including cell division, differentiation, expansion, and patterning—
are tightly modulated by phytohormones (Bao et al. 2004, Ren and Gray 2015). One of the functions of
auxin in plants is to regulate transcription by promoting the ubiquitination of auxin/indole-3-acetic acid
(Aux/IAA) proteins through the activity of the SKP1-Cullin-F-box (SCF) complex and auxin transport
inhibitor response1 (TIR1) or its paralog, auxin receptor F-box protein (ABF) (Deng et al. 2012). The auxin
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response factors (ARFs) released from the degradation of Aux/IAAs serve as transcriptional repressors or
activators of speci�c genes that contain the auxin-responsive element (AuxRE) promoter element (de
Jong et al. 2015, Waller et al. 2002).

In this study, �ve auxin response genes (IAA16, IAA27, AUX22, SAUR36, and GH3) and four auxin
response factor genes including one ARF1 and three ARF9 were differentially expressed in the roots of K.
obovata in response to exogenous NO (Fig. 7). The primary auxin response genes can be classi�ed into
three major groups: Aux/IAAs, SAURs (SMALL AUXIN UP RNA) and GH3s (Gretchen Hagen3). Aux/IAA
proteins are transcriptional repressors, and SlIAA15 down-regulated tomato lines showed increased
lateral root formation (Deng et al. 2012). GH3 family proteins promote the conversion of active IAA to its
inactive form (Yang et al. 2015). Here, four primary auxin response genes (IAA27, AUX22, SAUR36, and
GH3) were differentially expressed in response to exogenous NO, suggesting that the establishment of an
appropriate auxin response system is important for NO’s mediation of lateral root development and
growth in K. obovata.

BRs are linked to lateral root development and interact with auxin to increase lateral root formation in
Arabidopsis (Bao et al. 2004). It was well-known that the BR signal is perceived by the plasma-membrane-
localized receptor kinase BRI1 and proceeds through the co-receptor BAK1 and additional downstream
positive and negative regulators to mediate the expression of BZR1 and its homolog, BES1, which directly
control BR-responsive gene expression (Chung and Choe 2013, Ye et al. 2011). Our results indicated that
NO takes role in the BR signaling pathway to modulate root development and growth in K. obovata. The
BR receptor kinase BRI1 and the positive regulator BSK were signi�cantly up-regulated, whereas the
negative regulator BIN2 and the transcription factors BZI1 and BES1 were signi�cantly down-regulated.
Combined with previous studies (Chung and Choe 2013, Ye et al. 2011), our results suggest that NO may
promote lateral root development and growth by enhancing the BR perception and signaling pathway.

The action of ethylene in lateral root formation has previously been characterized using mutants in
Arabidopsis(Alonso and Stepanova 2004, Negi et al. 2008). In the present study, one gene encoding ACC
synthase (ACS) and two genes encoding ACC oxidase (ACO) were signi�cantly down-regulated in
response to exogenous NO (Fig. 7). These genes are involved in the two committed steps of the ethylene
biosynthesis pathway. Initially, S-adenosyl-L-methionine (SAM) is transformed by ACS into ACC, in what
is generally considered the rate-limiting step. Ethylene is then released from ACC by ACO (Park et al.
2018). Previous work has shown that the aco1-1 Arabidopsis mutant has reduced ethylene production in
root tips and enhanced lateral root development compared to the wild type (Park et al. 2018). Our results
suggest that NO in�uences ethylene synthesis, potentially affecting lateral root development through the
suppression of ACS and ACO. A gene encoding ethylene insensitive 2 (EIN2) was also signi�cantly down-
regulated in response to exogenous NO. EIN2 is an important signal transducer in the ethylene signaling
pathway, and its functional de�ciency in Arabidopsis gives rise to conspicuous ethylene insensitivity and
a failure to display known ethylene responses (Miyata et al. 2013, Roman et al. 1995). LjEIN2-1 and
LjEIN2-2 from Lotus japonicus together control ethylene signaling to suppress root growth and nodule
formation (Miyata et al. 2013). Based on our data and previous work, we concluded that NO may
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decrease the expression of ACS, ACO and EIN2, therebyreducing ethylene biosynthesis and signaling and
enhancing lateral root development and growth.

Accumulated evidence suggests that abscisic acid (ABA), a universal stress hormone, takes part in the
regulation of lateral root development (De Smet et al. 2003, Xing et al. 2016). Two genes encoding
abscisic aldehyde oxidase (AAO) and abscisic acid insensitive 5 (ABI5) were identi�ed in this study (Fig.
7), both are associated with ABA synthesis and signaling. AAO functions in the �nal step of ABA
biosynthesis by oxidizing ABA aldehyde to ABA (Seo et al. 2000). ABI5, a basic leucine zipper
transcription factor, acts as a molecular hub in the NO-mediated balance between early development and
stress (Albertos et al. 2015). NO facilitates seed germination in Arabidopsis through a mechanism linked
to ABI5 degradation (Albertos et al. 2015). Taken together, these results suggest that decreased ABA
levels and expression of ABI5 mediated by NO may contribute to K. obovata lateral root development and
growth.

NO modulates expression of genes associated with cell wall metabolism to promote K. obovata lateral
root development and growth 

Plant cell growth is restricted by the cell walls, dynamic and complex structures that consist of
polysaccharides (mainly cellulose, hemicellulose, and pectin), highly glycosylated proteins, and
lignin (Somerville et al. 2004). In the present study, exogenous NO altered the expression of 42 DEGs
associated with cell wall biosynthesis and modi�cation (Fig. 7).

As the major component of plant cell walls, cellulose is necessary for plant morphogenesis. Cellulose
synthase (CESA) was �rst identi�ed in cotton �bers (Pear et al. 1996), and its central role in the
biosynthesis of crystalline cellulose was con�rmed using the rsw1 mutant of Arabidopsis (Arioli et al.
1998). Decreased CESA in primary walls is correlated with inhibited cell elongation and was revealed in
some of these mutants to be associated with elevated levels of ethylene and jasmonate (Ellis et al.
2002). Genetic studies have identi�ed a number of genes that contribute to the overall process of
cellulose biosynthesis, including genes that encode endoglucanase 25 (KOR) and COBAR-like protein
(COBL). KOR participates in cell wall assembly during the processes of cell plate maturation and cell
elongation in cytokinesis, and it is necessary for the formation of cellulose micro�brils and the secondary
cell wall (SCW) in the developing xylem (Zuo et al. 2000). COBL, encoding a glycosyl-phosphatidyl
inositol-anchored protein, is primarily responsible for SCW biosynthesis. It affects cellulose crystallinity
status and the orientation of cell expansion (Niu et al. 2015). A previous study revealed that GhCOBL9A
and GhCOBL13 are predominantly expressed during SCW biosynthesis in �ber development and are co-
expressed with GhCESA4, GhCESA7, and GhCESA8 in Gossypium hirsutum (Niu et al. 2015). In the
present study, three CESA, two COBL, and one KOR gene were up-regulated in response to exogenous NO
(Fig. 7), suggesting that NO may induce the expression of thesegenes to promote cell elongation and
cellulose deposition during lateral root development and growth.

Xyloglucan is a polysaccharide that makes up about 20–25% (dry weight) of the primary cell wall in
dicotyledons (Fry 1989). Xyloglucan endotransglucosylase/hydrolases (XTHs), key enzymes in
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xyloglucan metabolism, promote cell expansion by catalyzing the cleavage of xyloglucan molecules and
assembling new raw materials into the cell wall matrix (Pan et al. 2017). Two of three XTHs were
signi�cantly up-regulated in response to exogenous NO and may have promoted cell wall extension
during lateral root development and growth. Other DEGs were also involved in hemicellulose metabolism,
such as genes encoding cellulose synthase-like protein(CSL) and UDP-glucuronate:xylan alpha-
glucuronosyltransferase 2 (GUX2) (Chou et al. 2015, Mortimer et al. 2010). AtCSL superfamily genes can
be classi�ed into six subfamilies and are thought to encode the catalytic subunits of enzymes that
synthesize hemicellulose backbones (Chou et al. 2015, Richmond and Somerville 2000). Three genes
encoding CSLs were differentially expressed in response to exogenous NO, indicating that NO may
in�uence the biosynthesis of hemicellulose backbones.

Xylan, the principal hemicellulose in many plant secondary cell walls, has a backbone of β-(1,4)-linked
xylosyl residues that is variably substituted with side chains, including methylglucuronic acid (MeGlcA)
and glucuronic acid (GlcA) (Lee et al. 2012). GUX2, a xylan glucuronosyltransferase, is required in order to
substitute the xylan backbone with MeGlcA (Mortimer et al. 2010). De�ciency of GlcA and MeGlcA side
chains in the gux1/2/3 triple mutant led to reduced secondary cell wall thickening and decreased plant
growth in Arabidopsis(Lee et al. 2012). In the present study, GUX2 was up-regulated in response to
exogenous NO (Fig. 7), suggesting that NO may in�uence secondary cell wall deposition in K.
obovata roots.

Pectin represents up to one-third of the cell wall dry mass and is crucial for the control of cell
elongation (Hocq et al. 2017). Several DEGs were associated with pectin metabolism, such as a
galacturonosyltransferase 8 gene (GAUT8), pectin methylesterase genes (PMEs), and pectin
methylesterase inhibitor genes (PMEIs). GAUTs are pectin biosynthesis enzymes, and GAUT4-silenced
tomato fruits have reduced starch accumulation and lower pectin levels, which contribute to greater fruit
�rmness (de Godoy et al. 2013). In this study, GAUT8 was up-regulated in response to exogenous NO (Fig.
7), suggesting that NO treatment may alter pectin content and solubility in K. obovata. PME modi�es cell
walls by demethylesteri�cation of the homogalacturonan (HG) backbone. PMEI, a speci�c proteinaceous
inhibitor, is in charge of �ne regulation of PME activity in vivo (Roeckel et al. 2008, Wolf et al. 2003). For
example, Roeckel et al. (2008) reported that the interactions between PMEs and PMEIs are of vital
importance to the cell wall stability of the tobacco pollen tube tip. In addition, inhibition of PME activity
by two Arabidopsis PMEIs is a crucial means of controlling pectin esteri�cation (Wolf et al. 2003). In our
study, PME and PMEI were differentially expressed in response to exogenous NO (Fig. 7), suggesting that
NO may affect the interaction between PME and PMEI, thereby promoting cell wall expansibility and
leading to increased lateral root development and growth.

Additional DEGs were also involved in cell wall metabolism. These included genes encoding L-ascorbate
oxidase (AO), leucine-rich repeat extensin-like protein 4 (LRX4), glucuronokinase 1 (GlcAK1), UDP-
glucuronic acid decarboxylase 2 (UXS2) and UDP-arabinose 4-epimerase (MUR4). AO plays a signi�cant
role in redox maintenance and oxidative bursts in apoplasts, thereby controlling cell division and
expansion (Xin et al. 2016). Two of three AO genes were up-regulated in response to exogenous NO (Fig.
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7), suggesting that NO may promote AO activity and thereby modulate cell division and expansion in K.
obovata. The importance of LRX for cell wall formation has been reported previously (Baumberger et al.
2003, Draeger et al. 2015). For example, lrx1/lrx2 mutants showed impaired root hair cell wall structure
and growth (Baumberger et al. 2003), and numerous alterations in the cell wall structure of lrx3, lrx4, and
lrx5 mutants con�rmed the important role of LRX proteins in cell wall development (Draeger et al. 2015).
In this study, LRX4 expression increased in response to exogenous NO, suggesting that NO may mediate
cell wall formation and development through its effects on LRX4 expression. A. thaliana GlcAK is a key
kinase that catalyzes the formation of UDP-GlcA and promotes the formation of cell wall polymers by
supplying the required sugar donors (Pieslinger et al. 2010). GlcAK was up-regulated in response to
exogenous NO, suggesting that NO positively regulates GlcAK expression, thereby promoting the
synthesis of cell wall polymers for lateral root development and growth. UXS has been studied in a wide
range of plants because of its vital role in sugar nucleotide interconversion and therefore in plant cell wall
biosynthesis (Seifert 2004). The expression of UXS2 increased markedly in response to exogenous NO,
providing further evidence that NO in�uences cell wall biosynthesis in K. obovata. Arabinose (Ara) is an
important constituent of various plant cell wall polymers and is essential to plant development and
growth (Rautengarten et al. 2011). The MUR4 mutant of Arabidopsis, which has a defective UDP-xylose 4-
epimerase, exhibits impaired cell wall growth (Burget and Reiter 1999) associated with reduced synthesis
of Ara-containing wall polymers. In the current study, MUR4 expression was sharply elevated in response
to NO, suggesting a potential role for NO in cell wall Ara biosynthesis. Taken together, our results
demonstrate that NO is likely to play an important role in the metabolism of cellulose, hemicellulose,
pectin and other cell wall components, thereby possibly promoting the root development and growth of K.
obovata.

Conclusion
The role of NO in regulating the lateral root development and growth of a mangrove plant K. obovata was
discerned in this study. We demonstrated that exogenous NO promoted K. obovata lateral root growth
and morphology in a dose-dependent manner. Transcriptome data revealed that NO could confer more
energy, modulate hormone signal transduction and cell wall metabolism-associated genes to accelerate
the root development of K. obovata. Based on these �ndings, we propose a mechanism by which NO
promotes lateral root development and growth in the mangrove plant K. obovata (Fig. 9).

Declarations
Author contributions

M. W., H. L. and H. Z. designed the experiments. M. W. and H. L. performed and analyzed the
transcriptomic data. M. W. wrote the paper. Y. Z., C. G., D. M, Z. S, W. W, J. Z and Y. Y gave the
suggestions. H. Z. revised this paper. All authors have read and approved the manuscript.

Acknowledgments



Page 17/33

This work was �nancially supported by the National Key Research and Development Program of China
(2017YFC0506102) and the Natural Science Foundation of China (NSFC) (32171740, 31870581,
31570586 and 31601133).

References
1. Albertos P, Romero-Puertas MC, Tatematsu K, Mateos I, Sanchez-Vicente I, Nambara E, Lorenzo O

(2015) S-nitrosylation triggers ABI5 degradation to promote seed germination and seedling growth.
Nat Commun 6: 8669.

2. Alonso JM, Stepanova AN (2004) The ethylene signaling pathway. Science 306: 1513-1515.

3. Arioli T, Peng LC, Betzner AS, Burn J, Wittke W, Herth W, Camilleri C, Hofte H, Plazinski J, Birch R, Cork
A, Glover J, Redmond J, Williamson RE (1998) Molecular analysis of cellulose biosynthesis in
Arabidopsis. Science 279: 717-720.

4. Bao F, Shen JJ, Brady SR, Muday GK, Asami T, Yang ZB (2004) Brassinosteroids interact with auxin
to promote lateral root development in Arabidopsis. Plant Physiol 135: 1864-1864.

5. Baumberger N, Steiner M, Ryser U, Keller B, Ringli C (2003) Synergistic interaction of the two
paralogous Arabidopsis genes LRX1 and LRX2 in cell wall formation during root hair development.
Plant J 35: 71-81.

�. Beligni MV, Lamattina L (1999) Is nitric oxide toxic or protective? Trends Plant Sci 4: 299-300.

7. Böhm FMLZ, Ferrarese MDLL, Zanardo DIL, Magalhaes JR, Ferrarese-Filho O (2010) Nitric oxide
affecting root growth, ligni�cation and related enzymes in soybean seedlings. Acta Physiol Plant 32:
1039-1046.

�. Burget EG, Reiter WD (1999) The mur4 mutant of Arabidopsis is partially defective in the de novo
synthesis of uridine diphospho L-arabinose. Plant Physiol 121: 383-389.

9. Chen J, Wu FH, Wang WH, Zheng CJ, Lin GH, Dong XJ, He JX, Pei ZM, Zheng HL (2011) Hydrogen
sulphide enhances photosynthesis through promoting chloroplast biogenesis, photosynthetic
enzyme expression, and thiol redox modi�cation in Spinacia oleracea seedlings. J Exp Bot 62: 4481-
4493.

10. Chen J, Wu FH, Xiao Q, Yang ZH, Huang SK, Wang JA, Wu YG, Dong XJ, Pei ZM, Zheng HL (2010)
Diurnal variation of nitric oxide emission �ux from a mangrove wetland in Zhangjiang River Estuary,
China. Estuar Coast Shelf S 90: 212-220.

11. Chen J, Xiao Q, Wu FH, Dong XJ, He JX, Pei ZM, Zheng HL (2010) Nitric oxide enhances salt
secretion and Na+ sequestration in a mangrove plant, Avicennia marina, through increasing the
expression of H+-ATPase and Na+/H+ antiporter under high salinity. Tree Physiol 30: 1570-1585.

12. Chen TS, Yuan F, Song J, Wang BS (2016) Nitric oxide participates in waterlogging tolerance through
enhanced adventitious root formation in the euhalophyte Suaeda salsa. Func Plant Biol 43: 244-253.

13. Chen YQ, Lan CY, Wang YS, Nora FYT (1995) Anatomical structures and ecological adaptations of
mangrove propagules. Acta Sci Nat Univ Sunyatseni 34: 70-75.



Page 18/33

14. Chou YH, Pogorelko G, Young ZT, Zabotina OA (2015) Protein-protein interactions among xyloglucan-
synthesizing enzymes and formation of golgi-localized multiprotein complexes. Plant Cell Physiol
56: 255-267.

15. Chung Y, Choe S (2013) The regulation of brassinosteroid biosynthesis in Arabidopsis. Crit Rev Plant
Sci 32: 396-410.

1�. Claeyssen E, Rivoal J (2007) Isozymes of plant hexokinase: Occurrence, properties and functions.
Phytochemistry 68: 709-731.

17. Correa-Aragunde N, Graziano M, Lamattina L (2004) Nitric oxide plays a central role in determining
lateral root development in tomato. Planta 218: 900-905.

1�. de Godoy F, Bermudez L, Lira BS, de Souza AP, Elbl P, Demarco D, Alseekh S, Insani M, Buckeridge M,
Almeida J, Grigioni G, Fernie AR, Carrari F, Rossi M (2013) Galacturonosyltransferase 4 silencing
alters pectin composition and carbon partitioning in tomato. J Exp Bot 64: 2449-2466.

19. de Jong M, Wolters-Arts M, Schimmel BCJ, Stultiens CLM, de Groot PFM, Powers SJ, Tikunov YM,
Bovy AG, Mariani C, Vriezen WH (2015) Solanum lycopersicum AUXIN RESPONSE FACTOR 9
regulates cell division activity during early tomato fruit development. J Exp Bot 66: 3405-3416.

20. De Smet I, Signora L, Beeckman T, Inze D, Foyer CH, Zhang HM (2003) An abscisic acid-sensitive
checkpoint in lateral root development of Arabidopsis. Plant J 33: 543-555.

21. Deng W, Yang YW, Ren ZX, Audran-Delalande C, Mila I, Wang XY, Song HL, Hu YH, Bouzayen M, Li ZG
(2012) The tomato SlIAA15 is involved in trichome formation and axillary shoot development. New
Phytol 194: 379-390.

22. Draeger C, Fabrice TN, Gineau E, Mouille G, Kuhn BM, Moller I, Abdou MT, Frey B, Pauly M, Bacic A,
Ringli C (2015) Arabidopsis leucine-rich repeat extensin (LRX) proteins modify cell wall composition
and in�uence plant growth. BMC Plant Biol 15: 155.

23. Elbein AD, Pan YT, Pastuszak I, Carroll D (2003) New insights on trehalose: a multifunctional
molecule. Glycobiology 13: 17R-27R.

24. Ellis C, Karafyllidis I, Wasternack C, Turner JG (2002) The Arabidopsis mutant cev1 links cell wall
signaling to jasmonate and ethylene responses. Plant Cell 14: 1557-1566.

25. Fry SC (1989) The structure and functions of xyloglucan. J Exp Bot 40: 1-11.

2�. Galina A, da Silva WS (2000) Hexokinase activity alters sugar-nucleotide formation in maize root
homogenates. Phytochemistry 53: 29-37.

27. Garg AK, Kim JK, Owens TG, Ranwala AP, Do Choi Y, Kochian LV, Wu RJ (2002) Trehalose
accumulation in rice plants confers high tolerance levels to different abiotic stresses. P Natl Acad Sci
USA 99: 15898-15903.

2�. Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit I, Adiconis X, Fan L, Raychowdhury
R, Zeng QD, Chen ZH, Mauceli E, Hacohen N, Gnirke A, Rhind N, di Palma F, Birren BW, Nusbaum C,
Lindblad-Toh K, Friedman N, Regev A (2011) Full-length transcriptome assembly from RNA-Seq data
without a reference genome. Nat Biotechnol 29: 644-652.



Page 19/33

29. Groppa MD, Rosales EP, Iannone MF, Benavides MP (2008) Nitric oxide, polyamines and Cd-induced
phytotoxicity in wheat roots. Phytochemistry 69: 2609-2615.

30. Hanashiro I, Ikeda I, Honda O, Kawasaki S, Fujimori K, Takeda Y (2004) Molecular structures and
some properties of starches from propagules of mangrove species. J Exp Mar Biol Ecol 309: 141-
154.

31. He YK, Tang RH, Hao Y, Stevens RD, Cook CW, Am SM, Jing LF, Yang ZG, Chen LG, Guo FQ, Fiorani F,
Jackson RB, Crawford NM, Pei ZM (2004) Nitric oxide represses the Arabidopsis �oral transition.
Science 305: 1968-1971.

32. Hocq L, Senechal F, Lefebvre V, Lehner A, Domon JM, Mollet JC, Dehors J, Pageau K, Marcelo P,
Guerineau F, Kolsek K, Mercadante D, Pelloux J (2017) Combined experimental and computational
approaches reveal distinct pH dependence of pectin methylesterase inhibitors. Plant Physiol 173:
1075-1093.

33. Huang AX, She XP, Huang C, Song TS (2007) The dynamic distribution of NO and NADPH-diaphorase
activity during IBA-induced adventitious root formation. Physiol Plant 130: 240-249.

34. Huang J, Wei HL, Li LB, Yu SX (2018) Transcriptome analysis of nitric oxide-responsive genes in
upland cotton (Gossypium hirsutum). PLoS ONE 13: e0192367.

35. Hussain A, Mun BG, Imran QM, Lee SU, Adamu TA, Shahid M, Kim KM, Yun BW (2016) Nitric oxide
mediated transcriptome pro�ling reveals activation of multiple regulatory pathways in Arabidopsis
thaliana. Front Plant Sci 7: 975.

3�. Jansen L, Hollunder J, Roberts I, Forestan C, Fonteyne P, Van Quickenborne C, Zhen RG, McKersie B,
Parizot B, Beeckman T (2013) Comparative transcriptomics as a tool for the identi�cation of root
branching genes in maize. Plant Biotechnol J 11: 1092-1102.

37. Kwan YM, Meon S, Ho CL, Wong MY (2015) Cloning of nitric oxide associated 1 (NOA1) transcript
from oil palm (Elaeis guineensis) and its expression during Ganoderma infection. J Plant Physiol
174: 131-136.

3�. Lee C, Teng Q, Zhong RQ, Ye ZH (2012) Arabidopsis GUX proteins are glucuronyltransferases
responsible for the addition of glucuronic acid side chains onto xylan. Plant Cell Physiol 53: 1204-
1216.

39. Li GF, Ma JJ, Tan M, Mao JP, An N, Sha GL, Zhang D, Zhao CP, Han MY (2016) Transcriptome
analysis reveals the effects of sugar metabolism and auxin and cytokinin signaling pathways on
root development and growth of grafted apple. BMC Genomics 17: 150.

40. Li K, Liang YQ, Xing LB, Mao JP, Liu Z, Dong F, Meng Y, Han MY, Zhao CP, Bao L, Zhang D (2018)
Transcriptome analysis reveals multiple hormones, wounding and sugar signaling pathways mediate
adventitious root formation in apple rootstock. Int J Mol Sci 19: 2201.

41. Li Q, Huang WL, Xiong C, Zhao J (2018) Transcriptome analysis reveals the role of nitric oxide in
Pleurotus eryngii responses to Cd2+ stress. Chemosphere 201: 294-302.

42. Libourel IGL, Bethke PC, De Michele R, Jones RL (2006) Nitric oxide gas stimulates germination of
dormant Arabidopsis seeds: use of a �ow-through apparatus for delivery of nitric oxide. Planta 223:



Page 20/33

813-820.

43. Lin P (1999) Mangrove ecosystem in China. Beijing: Science Press.

44. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-time
quantitative PCR and the 2(T)(-Delta Delta C) method. Methods 25: 402-408.

45. Love MI, Huber W, Anders S (2014) Moderated estimation of fold change and dispersion for RNA-seq
data with DESeq2. Genome Biol 15: 550.

4�. Mao XZ, Cai T, Olyarchuk JG, Wei LP (2005) Automated genome annotation and pathway
identi�cation using the KEGG Orthology (KO) as a controlled vocabulary. Bioinformatics 21: 3787-
3793.

47. Mata CG, Lamattina L (2001) Nitric oxide induces stomatal closure and enhances the adaptive plant
responses against drought stress. Plant Physiol 126: 1196-1204.

4�. Miyata K, Kawaguchi M, Nakagawa T (2013) Two distinct EIN2 genes cooperatively regulate
ethylene signaling in Lotus japonicus. Plant Cell Physiol 54: 1469-1477.

49. Moro CF, Gaspar M, da Silva FR, Pattathil S, Hahn MG, Salgado I, Braga MR (2017) S-
nitrosoglutathione promotes cell wall remodelling, alters the transcriptional pro�le and induces root
hair formation in the hairless root hair defective 6 (rhd6) mutant of Arabidopsis thaliana. New Phytol
213: 1771-1786.

50. Mortimer JC, Miles GP, Brown DM, Zhang ZN, Segura MP, Weimar T, Yu XL, Seffen KA, Stephens E,
Turner SR, Dupree P (2010) Absence of branches from xylan in Arabidopsis gux mutants reveals
potential for simpli�cation of lignocellulosic biomass. P Natl Acad Sci USA 107: 17409-17414.

51. Naidoo G, Rogalla H, vonWillert DJ (1997) Gas exchange responses of a mangrove species,
Avicennia marina, to waterlogged and drained conditions. Hydrobiologia 352: 39-47.

52. Negi S, Ivanchenko MG, Muday GK (2008) Ethylene regulates lateral root formation and auxin
transport in Arabidopsis thaliana. Plant J 55: 175-187.

53. Niu EL, Shang XG, Cheng CZ, Bao JH, Zeng YD, Cai CP, Du XM, Guo WZ (2015) Comprehensive
analysis of the COBRA-Like (COBL) gene family in Gossypium identi�es two COBLs potentially
associated with �ber quality. PLoS ONE 10: e0145725.

54. Pan CL, Yao SC, Xiong WJ, Luo SZ, Wang YL, Wang AQ, Xiao D, Zhan J, He LF (2017) Nitric oxide
inhibits Al-induced programmed cell death in root tips of peanut (Arachis hypogaea L.) by affecting
physiological properties of antioxidants systems and cell wall. Front Physiol 8: 1037.

55. Pan DZ, Wang LX, Tan FL, Lu S, Lv XJ, Zaynab M, Cheng CL, Abubakar YS, Chen SP, Chen W (2018)
Phosphoproteomics unveils stable energy supply as key to �ooding tolerance in Kandelia candel. J
Proteomics 176: 1-12.

5�. Park CH, Roh J, Youn JH, Son SH, Park JH, Kim SY, Kim TW, Kim SK (2018) Arabidopsis ACC oxidase
1 coordinated by multiple signals mediates ethylene biosynthesis and is involved in root
development. Mol Cells 41: 923-932.



Page 21/33

57. Pear JR, Kawagoe Y, Schreckengost WE, Delmer DP, Stalker DM (1996) Higher plants contain
homologs of the bacterial celA genes encoding the catalytic subunit of cellulose synthase. P Natl
Acad Sci USA 93: 12637-12642.

5�. Pieslinger AM, Hoep�inger MC, Tenhaken R (2010) Cloning of glucuronokinase from Arabidopsis
thaliana, the last missing enzyme of the myo-inositol oxygenase pathway to nucleotide sugars. J
Biol Chem 285: 2902.

59. Rautengarten C, Ebert B, Herter T, Petzold CJ, Ishii T, Mukhopadhyay A, Usadel B, Scheller HV (2011)
The interconversion of UDP-arabinopyranose and UDP-arabinofuranose is indispensable for plant
development in Arabidopsis. Plant Cell 23: 1373-1390.

�0. Ren H, Gray WM (2015) SAUR proteins as effectors of hormonal and environmental signals in plant
growth. Mol Plant 8: 1153-1164.

�1. Richmond TA, Somerville CR (2000) The cellulose synthase superfamily. Plant Physiol 124: 495-498.

�2. Roeckel N, Wolf S, Kost B, Rausch T, Greiner S (2008) Elaborate spatial patterning of cell-wall PME
and PMEI at the pollen tube tip involves PMEI endocytosis, and re�ects the distribution of esteri�ed
and de-esteri�ed pectins. Plant J 53: 133-143.

�3. Roman G, Lubarsky B, Kieber JJ, Rothenberg M, Ecker JR (1995) Genetic analysis of ethylene signal
transduction in Arabidopsis thaliana: �ve novel mutant loci integrated into a stress response
pathway. Genetics 139: 1393-1409

�4. Ruan YL (2014) Sucrose metabolism: gateway to diverse carbon use and sugar signaling. Annu Rev
Plant Biol 65: 33-67.

�5. Seifert GJ (2004) Nucleotide sugar interconversions and cell wall biosynthesis: how to bring the
inside to the outside. Curr Opin Plant Biol 7: 277-284.

��. Seo M, Koiwai H, Akaba S, Komano T, Oritani T, Kamiya Y, Koshiba T (2000) Abscisic aldehyde
oxidase in leaves of Arabidopsis thaliana. Plant J 23: 481-488.

�7. Shen ZJ, Chen J, Ghoto K, Hu WJ, Gao GF, Luo MR, Li Z, Simon M, Zhu XY, Zheng HL (2018)
Proteomic analysis on mangrove plant Avicennia marina leaves reveals nitric oxide enhances the
salt tolerance by up-regulating photosynthetic and energy metabolic protein expression. Tree Physiol
38: 1605-1622.

��. Somerville C, Bauer S, Brininstool G, Facette M, Hamann T, Milne J, Osborne E, Paredez A, Persson S,
Raab T, Vorwerk S, Youngs H (2004) Toward a systems approach to understanding plant-cell walls.
Science 306: 2206-2211.

�9. Sun HW, Bi Y, Tao JY, Huang SJ, Hou MM, Xue R, Liang ZH, Gu PY, Yoneyama K, Xie XN, Shen QR, Xu
GH, Zhang YL (2016) Strigolactones are required for nitric oxide to induce root elongation in
response to nitrogen and phosphate de�ciencies in rice. Plant Cell Environ 39: 1473-1484.

70. Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren MJ, Salzberg SL, Wold BJ, Pachter
L (2010) Transcript assembly and quanti�cation by RNA-Seq reveals unannotated transcripts and
isoform switching during cell differentiation. Nat Biotechnol 28: 511-515.



Page 22/33

71. van Dijken AJH, Schluepmann H, Smeekens SCM (2004) Arabidopsis trehalose-6-phosphate
synthase 1 is essential for normal vegetative growth and transition to �owering. Plant Physiol 135:
969-977.

72. Waller F, Furuya M, Nick P (2002) OsARF1, an auxin response factor from rice, is auxin-regulated and
classi�es as a primary auxin responsive gene. Plant Mol Biol 50: 415-425.

73. Weber H, Borisjuk L, Wobus U (1997) Sugar import and metabolism during seed development. Trends
Plant Sci 2: 169-174.

74. Wei K, Wang LY, Wu LY, Zhang CC, Li HL, Tan LQ, Cao HL, Cheng H (2014) Transcriptome analysis of
indole-3-butyric acid-induced adventitious root formation in nodal cuttings of Camellia sinensis (L.).
PLoS ONE 9: e107201.

75. Wilson ID, Neill SJ, Hancock JT (2008) Nitric oxide synthesis and signalling in plants. Plant Cell
Environ 31: 622-631.

7�. Wolf S, Grsic-Rausch S, Rausch T, Greiner S (2003) Identi�cation of pollen-expressed pectin
methylesterase inhibitors in Arabidopsis. FEBS Lett 555: 551-555.

77. Xin S, Tao CC, Li HB (2016) Cloning and functional analysis of the promoter of an ascorbate oxidase
gene from Gossypium hirsutum. PLoS ONE 11: e0161695.

7�. Xing L, Zhao Y, Gao JH, Xiang CB, Zhu JK (2016) The ABA receptor PYL9 together with PYL8 plays
an important role in regulating lateral root growth. Sci Rep 6: 27177

79. Yang G, Chen S, Jiang J (2015) Transcriptome analysis reveals the role of BpGH3.5 in root
elongation of Betula platyphylla × B. pendula. Plant Cell Tissue Org 121: 605-617.

�0. Ye HX, Li L, Yin YH (2011) Recent advances in the regulation of brassinosteroid signaling and
biosynthesis pathways. J. Integr. Plant Biol 53: 455-468.

�1. Young MD, Wake�eld MJ, Smyth GK, Oshlack A (2010) Gene ontology analysis for RNA-seq:
accounting for selection bias. Genome Biol 11: R14.

�2. Youssef T, Saenger P (1996) Anatomical adaptive strategies to �ooding and rhizosphere oxidation in
mangrove seedlings. Aust J Bot 44: 297-313.

�3. Zeng FS, Sun FK, Li LL, Liu K, Zhan YG (2014) Genome-scale transcriptome analysis in response to
nitric oxide in birch cells: implications of the triterpene biosynthetic pathway. PLoS ONE 9: e116157.

�4. Zhao DY, Tian QY, Li LH, Zhang WH (2007) Nitric oxide is involved in nitrate-induced inhibition of root
elongation in Zea mays. Ann Bot 100: 497-503.

�5. Zhu YC, Liao WB, Niu LJ, Wang M, Ma ZJ (2016) Nitric oxide is involved in hydrogen gas-induced cell
cycle activation during adventitious root formation in cucumber. BMC Plant Biol 16: 146.

��. Zuo JR, Niu QW, Nishizawa N, Wu Y, Kost B, Chua NH (2000) KORRIGAN, an Arabidopsis endo-1,4-β-
glucanase, localizes to the cell plate by polarized targeting and is essential for cytokinesis. Plant Cell
12: 1137-1152.

Tables



Page 23/33

Figures

Table 1 Summary of sequence assembly after Illumina sequencing. CK1-3: control plant without SNP
addition; NO1-3: plant treated with 0.2 mM SNP.

Sample Raw reads Clean reads Clean bases Error (%) Q20 (%) Q30 (%) GC (%)

CK1 55,456,022 54,843,800 8.23G 0.03 97.17 92.33 45.62

CK2 52,646,010 52,008,068 7.8G 0.03 97.31 92.60 45.64

CK3 47,931,948 47,338,778 7.1G 0.03 97.31 92.63 45.69

NO1 51,938,206 51,221,678 7.68G 0.03 97.29 92.57 45.59

NO2 50,989,436 50,398,246 7.56G 0.03 97.46 92.95 45.75

NO3 59,888,930 59,158,346 8.87G 0.03 97.41 92.88 45.68

 

Table 2 Summary of unigenes annotation against public available databases. Nr, NCBI non-redundant
protein sequences; Nt, NCBI non-redundant nucleotide sequences; KO, Kyoto Encyclopedia of Genes and
Genomes Ortholog; Swiss-Prot, a manually annotated and reviewed protein sequence database;
KOG/COG, euKaryotic Ortholog Groups/Clusters of Orthologous Groups of proteins; Pfam, Protein family
database.

Annotated public database   Number of unigenes Percentage (%)

Annotated in NR 105,999 86.36

Annotated in NT 94,002 76.58

Annotated in KO 49,134 40.03

Annotated in SwissProt 88,209 71.86

Annotated in PFAM 85,532 69.68

Annotated in GO 85,532 69.68

Annotated in KOG/COG 39,489 32.17

Annotated in all Databases 24,962 20.33

Annotated in at least one Database 109,049 88.84

Total Unigenes 122,736 100
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Figure 1

Effects of SNP concentrations (0-10 mM) on lateral root phenotype (A), average root fresh weight (B), root
length (C), root surface area (D), and root number of K. obovata seedlings. Data are presented as means
± SE (p < 0.05).
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Figure 2

Effects of SNP and its derivatives on average lateral root fresh weight (A), root length (B), root surface
area (C), and root number of K. obovata seedlings. Data are presented as means ± SE (p < 0.05). CK:
control plant without SNP addition, SNP: plant treated with 0.2 mM SNP, CN: plant treated with 0.2 mM
K3[Fe(CN)6], Fe: plant treated with 0.2 mM FeSO4.
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Figure 3

Length distribution of assembled transcripts (A and C) and unigenes (B and D) from K. obovata seedling
roots.
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Figure 4

Volcano plot showing differential gene expression levels. Up- and down-regulated genes are represented
by red and green symbols. Genes with no signi�cant expression change are represented by blue symbols.
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Figure 5

The most highly enriched GO terms of DEGs after NO treatment. The x-axis represents the number of
DEGs in the enriched groups. The y-axis represents the different functional groups. The enriched GO
terms of up-regulated DEGs are marked in red, and those of down-regulated DEGs are marked in green.
Most of the up-regulated DEGs are enriched in carbohydrate metabolic process, whereas most of the
down-regulated DEGs are enriched in protein metabolism.
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Figure 6

KEGG enrichment analysis of DEGs after NO treatment. Enriched KEGG pathways of up-regulated DEGs
(A) and down-regulated DEGs (B). Scale bar on the right represents the p-value. Starch and sucrose
metabolism, photosynthetic related metabolism, and ABC transporters were signi�cantly enriched only in
up-regulated DEGs. Down-regulated DEGs were mainly enriched in the biosynthesis of secondary
metabolites and plant-pathogen interaction.
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Figure 7

Selected genes related to starch and sucrose metabolism (A), hormone signal transduction (B), and cell
wall metabolism (C). The up- or down-regulated DEGs are represented in red or green. The color bar
represents the intensity of gene expression.
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Figure 8

Transcriptional expression levels of ten candidate genes measured by qRT-PCR and RNA-seq in the
seedling roots of K. obovata treated with or without NO donor. A: XTH, xyloglucan
endotransglucosylase/hydrolase, B: CESA, cellulose synthase, C: PMEI, pectin methylesterase inhibitor, D:
PME, pectin methylesterase, E: PL, pectate lyase, F: AAO, abscisic aldehyde oxidase, G: ACS, 1-
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aminocyclopropane-1-carboxylate acid synthase, H: BZR1, BR resistant 1, I: PAL, phenylalanine ammonia-
lyase, J: BSK, BR-signaling kinase. Data are presented as means ± SE (p < 0.05).

Figure 9

Schematic presentation of the promotion of K. obovata lateral root development by NO. The expression
pro�les of DEGs are marked in columns. Red represents up-regulation, and green represents down-
regulation. AAO, abscisic aldehyde oxidase, ABA, abscisic acid, ABI5, abscisic acid insensitive 5, ACC, 1-
aminocyclopropane-1-carboxylate acid, ACO, 1-aminocyclopropane-1-carboxylate acid oxidase, ACS, 1-
aminocyclopropane-1-carboxylate acid synthase, AO, L-ascorbate oxidase, ARF1, auxin response factor 1,
ARF9, auxin response factor 9, AUX, auxin, AUX22, auxin-induced protein AUX22, BIN2, BR insensitive 2,
BMY, beta-amylase, BR, brassinosteroid, BSK, BR-signaling kinase, BZR1, BR resistant 1, CESA, cellulose
synthase A, COBRA4, COBRA-like protein 4, CSL, cellulose synthase-like protein, CWIN, cell wall invertase,
GLU, beta-glucosidase, BRI, BR insensitive 1, EIN2, ethylene insensitive 2, ER, endoplasmic reticulum, ETH,
ethylene, EXP, expansin, GAUT8, galacturonosyltransferase 8, GH3, GH3 auxin-responsive promoter,
GLcAK1, glucuronokinase 1, glgP, glycogen phosphorylase, GUX2, UDP-glucuronate:xylan alpha-
glucuronosyltransferase 2, HK, hexokinase, IAA16, auxin-responsive protein IAA16, IAA27, auxin-
responsive protein IAA27, KOR, endoglucanase 25, LRX4, leucine-rich repeat extensin-like protein 4, MUR4,
UDP-arabinose 4-epimerase, PL, pectate lyase, PME, pectinesterase, PMEI, pectinesterase/pectinesterase
inhibitor, SAM, S-adenosyl methionine, SAUR36, auxin-responsive protein SAUR36, SUS, sucrose synthase,
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TPP, trehalose 6-phosphate phosphatase, TPS, trehalose 6-phosphate synthase, treA, alpha-trehalase,
UXS2, UDP-glucuronic acid decarboxylase 2, XTH, xyloglucan endotransglucosylase/hydrolase.
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