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Abstract

Seaweed extracts (SWEs) are becoming integrated into crop production systems due to their multiple beneficial effects including growth promotion
and induction of defence mechanisms. However, the comprehensive molecular mechanisms of these effects are yet to be elucidated. The current
study investigated the transcriptomic changes induced by SWEs derived from Sargassum vulgare and Acanthophora spicifera on tomato and sweet
pepper plants. Tomato and sweet pepper plants were subjected to foliar treatment with alkaline extracts prepared from the above seaweeds.
Transcriptome changes in the plants were assessed 72 h after treatments using RNA sequencing. The treated plants were also analysed for defence
enzyme activities, nutrient composition and phytohormonal profiles. The results showed the significant enrichment of genes associated with sev-
eral growth and defence processes including photosynthesis, carbon and nitrogen metabolism, plant hormone signal transduction, plant—pathogen
interaction, secondary metabolite metabolism, MAPK signalling and amino acid biosynthesis. Activities of defence enzymes were also significantly
increased in SWE-treated plants. Plant nutrient profiling showed significant increases in calcium, potassium, nitrogen, sulphur, boron, copper, iron,
manganese, zinc and phosphorous levels in SWE-treated plants. Furthermore, the levels of auxins, cytokinins and gibberellins were also signifi-
cantly increased in the treated plants. The severity of bacterial leaf spot and early blight incidence in plants treated with SWE was significantly
reduced, in addition to other effects like an increase in chlorophyll content, plant growth, and fruit yield. The results demonstrated the complex
effect of S. vulgare and A. spicifera extracts on the plants’ transcriptome and provided evidence of a strong role of these extracts in increasing plant
growth responses while priming the plants against pathogenic attack simultaneously. The current study contributes to the understanding of the
molecular mechanisms of SWEs in plants and helps their usage as a viable organic input for sustainable crop production.
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Introduction management protocols since a large number of studies have
recorded multiple beneficial effects in many economically
important crops including tomato, sweet pepper, cucumber,
carrot and strawberry (El Boukhari ez al. 2020; Ali et al.
2021a). The application of seaweed extracts (SWEs) has
been shown to promote plant growth and yield in green-
house and field conditions (Ali et al. 2019, 2021b) and even
in home-garden growing conditions (Rajendran et al. 2022).
Additional SWEs have also been able to enhance plant re-
sistance towards a myriad of pathogens through the elicit-
cides, especially in developing nations where their use re- ation of various growth and defen;e signalling n'etworks
mains largely unregulated and unmonitored (Aktar ez al. (Tuchy et al. 2013) and even to ab10t1c stresses (Kasim et al.
2009; Kesavachandran et al. 2009). Therefore, newer and 2015; Xu and Leskovar 2015; Ali et al. 2018).

innovative methods are urgently needed for establishing sus- S Previous w;)rk donj thhzfg hextracts. prepgred from
tainable agricultural systems. One such promising method argassum vulgare and Acanthophora spicifera in tomato

is the incorporation of seaweed-based biostimulants in crop and sweet pepper showed that crops treated with the

The establishment of sustainable agricultural practices is at
the forefront of today’s ever-changing environment. The re-
liance and rampant misuse of pesticides in modern crop pro-
duction systems have resulted in major challenges to global
agricultural and environmental sustainability (Battacharyya
et al. 2015; Ali et al. 2021a). Pathogenic resistance, envir-
onmental pollution, toxic bioaccumulation of pesticides in
produce, pesticide poisoning and high food-importation
bills are influenced by the dependency on chemical pesti-
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extracts had lower disease severity levels and produced
higher yields. Further investigations also concluded that the
extracts had no direct antimicrobial activities. Instead, S.
vulgare and A. spicifera extracts were able to elicit defence
and growth responses in the two crops via genetic modula-
tion of defence genes. These results showed the upregulation
of marker genes including PR-1a, Pinll and ETR-1, which
are involved in the salicylic acid (SA), jasmonic acid (JA)
and ethylene (Et) pathway-mediated defence signalling.
Simultaneously, genes involved in the biosynthesis of cyto-
kinins (IPT), gibberellins (Ga20x) and auxins (IAA) were
also upregulated (Ali et al. 2021b). These studies were
done using the gold-standard qPCR technique, which, al-
though is very accurate, remains very targeted only to cer-
tain known genes of interest. However, RNA-sequencing
approaches allow for the documentation of global changes
in the transcriptome in response to a treatment, and hence,
it is regarded as the ‘catch-all technique’ (Stark ez al. 2019).
The current study therefore utilized next-generation RNA
sequencing to capture the global transcriptome changes in
tomato and sweet pepper in response to foliar treatment
with S. vulgare and A. spicifera SWEs as a means to eluci-
date their mechanisms of action. The information gathered
from the study will provide insights into the mechanisms
of action of SWEs which could therefore be corroborated
with the previously demonstrated elicitor activities of SWEs
in plants.

Methodology

Experimental design

In a greenhouse, healthy 6-week-old tomato (Hybrid-61) and
sweet pepper (Amrit) plants were transferred into 1-gallon
plastic containers with a 1:1 peat moss and soil combination.
The plants were grown at 30°C, 70-85 % relative humidity and
600-1000 pmol photons per m? per second with ~12-h photo-
period. Irrigation was supplied via a drip system with each plant
receiving 20 mL water, three times a day (Ali et al. 2022).
Sargassum vulgare (TRIN 50547) and A. spicifera (TRIN
50548) were collected from the north coast of Trinidad, West
Indies. Extracts of S. vulgare (SV) and A. spicifera (AS) were
prepared using a 2 % KOH alkaline solution according to Ali
et al. (2021b). Samples of both extracts were subsequently
sent to J.H.G. Analytical Services Limited, Waterford, Ireland,
for compositional profiling. The analysis included major
hormones, and polysaccharide bioactive analyses including
laminarins, fucoidans and alginic acid. Plants were treated
with a foliar spray of 0.5 % v/v SWE (AS or SV) (5 mL SWE
per litre) at a rate of 15 mL per plant and a water control after
1 week of acclimatization. A fine mist was applied to only
allow for foliage cover and to avoid unnecessary drippage to
the soil. The plants were sampled for gene expression analysis
72 h after treatment by collecting two fully expanded leaves at
the third and fourth nodes from the base of the stem. The sam-
ples were instantly transferred to liquid nitrogen and used for
RNA extraction. There were 20 plants maintained per treat-
ment, and duplicate plants were sampled for each treatment.

RNA extraction and lllumina high-throughput
sequencing

The Trizol reagent (Invitrogen, USA) was utilized to extract
total RNAs from 500 mg of leaf tissue as per the guidelines
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from the manufacturer. The quantification of RNA was car-
ried out using a Jenway Genova NanoSpec and a denaturing
agarose gel electrophoresis was employed to check the integ-
rity of the RNA. The RNAs from two biological replicates
were sent for RNA sequencing (Novogene, USA). Agarose
gel electrophoresis, a Thermo-Fisher NanoDrop spectro-
photometer, and the Agilent 2100 bioanalyser were used to
quantify and assess integrity and purity of the extracted RNA.
Samples with >20 ng uL-' RNA (=20 pL), OD, . >2.0,
OD, 5 22.0 and an RNA integrity number (RIN)>6.3,
with a flat baseline were considered usable for sequencing.
The ¢cDNA library was made utilizing the Illumina RNA
NEBNext Ultra II kit. The library quality was assessed using
Qubit 2.0 (library concentration preliminary test), Agilent
2100 bioanalyser (insert size assessment) and qPCR (to ac-
curately calculate the library’s effective concentration). RNA
sequencing was done via the NovaSeq 6000 platform to
generate ~20 million paired-end reads for each sample. The
experiment’s raw RNA-sequencing fastq data files were de-
posited in the NCBI’s Short Read Archive (SRA) database
under the bioproject PRJNA782171. The sequencing read
statistics can be seen in Supporting Information—Table S1).

Sequence quality assessment, mapping and
differential expression analysis (reference-based)

The bioinformatic analysis [see Supporting Information—Fig.
S1] was done using the Galaxy Platform (https://galaxyproject.
eu/) (Afgan er al. 2018). FastQC Version 0.72 was used to
examine the quality of the raw sequencing reads (Andrews et
al. 2015). The reads were filtered using Trimmomatic, Galaxy
Version 0.38.1 (Bolger e al. 2014) to trim ends and remove
short (<100 bp) and poor-quality reads with the preserva-
tion of read pair association. A base quality call accuracy of
99.9 % or Phred quality score of 30 was used as the quality
cut-off mark. The trimmed reads were then re-subjected
to FasqQC analyses to verify that good-quality reads were
obtained after trimming. The high-quality trimmed reads were
then mapped onto their respective reference genomes using
the hierarchical indexing tool, HISAT2, Version 2.1.0 (Kim et
al. 2015) [see Supporting Information—Table S2]. The reads
from the tomato samples were mapped against the Solanum
lycopersicum cv. Heinz 1706 (GCA_000188115.3) and those
from the sweet pepper samples were mapped to the Capsicum
annuum cv. Zunla-1 reference genome (GCA_000710875.1).

The BAM files generated from HISAT2 mapping were ana-
lysed to determine the mapping quality of reads to the ref-
erence genomes using the QualiMap BamQC tool, Version
2.2.2 (Okonechnikov et al. 2016). The Phred quality scores
of the mapped reads in the BAM files were also deter-
mined using the Read Quality tool embedded in the RSeQC
package, Version 2.6.4 (Wang et al. 2012). Following map-
ping, featureCounts, Version 2.0.1 was utilized to acquire the
raw counts and annotations (Liao et al. 2014). Gff annotation
files were obtained from NCBI (Agarwala et al. 2018). The
annotated count data were then subjected to differential gene
expression analysis employing the edgeR package, Version
3.24.1, with the trimmed mean of mean values normalization
factor (Robinson et al. 2009; Liu et al. 2015). Differentially
expressed genes (DEGs) were classified as genes with false
discovery rates (FDRs) and corrected P-values of less than
0.05. Downregulated and upregulated genes were labelled as
those with log, fold changes of <-2 or 2+2, respectively. The


http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plac046#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plac046#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plac046#supplementary-data
https://galaxyproject.eu/
https://galaxyproject.eu/
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plac046#supplementary-data

Ali et al. -Transcriptome-wide modulation in tomato and sweet pepper 3

TBtools, Version 1.0971 (Chen et al. 2020) software was util-
ized to construct volcano plots, Venn diagrams and heatmaps.

De novo transcript assembly and differential
expression of unmapped reads

The unaligned forward and reverse reads from each sample
generated from HISAT2 were used in the De-Novo ana-
lysis [see Supporting Information—Fig. S2]. Trinity (Galaxy
Version 2.9.1) was used to assemble the unaligned reads
employing the inchworm, chrysalis and butterfly pack-
ages (Grabherr et al. 2011). Initially, all unaligned forward
reads were concatenated as well as unaligned reverse reads
using the concatenate data set tool (Galaxy Version 1.0.0).
The Trinity assembly was assessed for completeness and ac-
curacy using BUSCO (Galaxy Version 5.0.0) and RNA Quast
(Galaxy Version 2.2.0). Bowtie2 was subsequently used to
map the unaligned paired reads to the Trinity assembly fol-
lowed by gene counting using the RSEM package (RNA-
Seq by Expectation-Maximization) (Galaxy Version 1.1.17)
(Grabherr et al. 2011). The package TransDecoder (Haas er
al. 2013) was then implemented to find potential coding re-
gions within the Trinity assembly (Galaxy Version 5.5.0). The
.pep file from TransDecoder was used to obtain protein an-
notations using NCBI BLAST+ blastp (Camacho ez al. 2009;
Cock ef al. 2015). The tomato .pep and sweet pepper .pep
files were analysed using Blastp against the S. lycopersicum
(https://www.uniprot.org/proteomes/UP000004994) and C.
annuum (https://www.uniprot.org/proteomes/UP000189700)
proteomes embedded in UniProt (Bateman 2019). The hits
were filtered to reflect a percent identity and query coverage
percentage of >80. As previously stated, differential expres-
sion was done using the edgeR program.

Gene ontology and pathway enrichment

Ontological and enrichment analyses categorize important
gene clusters engaged in structural, physiological and bio-
logical activities. The Blast2Go (Gotz et al. 2008) tool em-
bedded in the OmicsBox software (OmicsBox 2019) was used
for enrichment analysis. Fisher’s exact test was conducted to
test the significance of gene ontology (GO) terms whereby
GOs with a corrected P-value and FDR of <0.05 with the
Benjamini—-Hochberg statistic were considered significantly
enriched. Kyoto Encyclopaedia of Genes and Genomes
(KEGG) pathway mapper was used to execute pathway en-
richment (Kanehisa ez al. 2019) and KEGG Orthology-Based
Annotation System (Xie et al. 2011) online tool using the
Benjamini-Hochberg FDR correction technique and the
hypergeometric test/Fisher’s exact test. Significantly enriched
pathways in the list of DEGs were classified as pathways
having an FDR-adjusted P-value of <0.05.

Validation of DEGs by real-time polymerase chain
reaction (qPCR)

The independent gold-standard qPCR assay was conducted
to validate the DEGs obtained from the Illumina RNA-Seq
analysis. Based on the results, 14 genes were chosen for val-
idation which included those involved in defence pathways
and phytohormone biosynthesis. The list also included genes
upregulated or downregulated by both SWE treatments but
also those upregulated by one SWE and downregulated by
the other. De novo-aligned transcripts were also validated by
qPCR using the WRKY transcription factor and ferredoxin

gene. The IDT-Primer Quest tool was used to create the spe-
cific primers [see Supporting Information—Tables S3 and S4].
The housekeeping gene, actin, was utilized in the validation
experiment. A correlation analysis was conducted and the
RNA-Seq log, fold change values were plotted against qPCR
log fold change values for each treatment group with repre-
sentative R? values. This assay consisted of three biological
replicate plants per treatment.

Analysis of endogenous plant hormones

To investigate the influence of SWEs on endogenous plant
hormone levels, leaf samples from three biological replicates
of tomato and sweet pepper plants were collected per treat-
ment and analysed for phytohormone levels (betaines, auxins,
cytokinins, gibberellins strigolactones and brassinosteroids)
at J.LH.G. Analytical Services Limited (Waterford, Ireland).

Assessment of plant defence enzymes

Tomato and sweet pepper plants were foliar-sprayed with AS
and SV extracts. Three biological replicate plants were sam-
pled 72 h after treatment for the analysis of plant defence
enzymes including chitinase (CHI), B-1,3-glucanase (GLU),
phenylalanine ammonia lyase (PAL), peroxidase (POD)
and polyphenol oxidase (PPO). The rate of formation of
N-acetylglucosamine utilizing chitin (crab shells) as the sub-
strate was used to quantify CHI, which was assessed using
585-nm absorbance (Tonon ez al. 1998). B-1,3-glucanase was
measured using absorbance at 500 nm and the amount of
glucose released using laminarin as the substrate (Tonon et al.
1998). Phenylalanine ammonia lyase activity was determined
using absorbance shifts at 290 nm caused by the conversion
of L-phenylalanine to trans-cinnamic acid (Sila ez al. 2016).
Peroxidase activity was measured at 420-nm absorbance
using the substrate pyrogallol (Hammerschmidt et al. 1982).
Polyphenol oxidase activity was analysed by measuring
changes in absorbance at 495 nm using the substrate catechol
(Ali et al. 2021b).

Effects of SWEs on disease reduction and plant
growth

The trial consisted of 60 plants per treatment and was out-
lined as previously mentioned in the greenhouse section above.
Plants were foliar-treated with 0.5 % SWE as previously men-
tioned. To confirm the elicitation effects, 6 h after treatment,
30 plants per treatment were foliar-spray-inoculated with
a bacterial cell suspension of Xanthomonas campestris pv.
vesicatoria (1.5 x 108 CFU per mL) or a conidial suspension
of Alternaria solani (1 x 10° spores per mL) (Ali ez al. 2021b).
Xanthomonas campestris pv. vesicatoria and A. solani are
the causal agents of bacterial leaf spot and early blight, re-
spectively. The plants were subsequently kept under humid
conditions (48 h) in the greenhouse for the infection to set.
Additional SWE treatments were applied every 10 days until
the end of the crop stage. The percent of disease was scored
using a disease rating scale by Ali et al. (2016) (1=0 %;
2=1-10 %; 3=11-25 %; 4=26-40 %; 5=41-55 %;
6 > 56 %). The other uninfected plants (30 plants per treat-
ment) were treated with the SWEs as previously mentioned.
At the active bearing stage, chlorophyll content of mature
leaves at the fourth node was assessed utilizing a chloro-
phyll meter (atLEAF+, FT Green LLC, USA) along with plant
height, fruit yield and total dry biomass.
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Analysis of plant nutrients

Leaves and roots from three biological replicates of tomato and
sweet pepper plants were collected from each treatment and
sent to Agro Services International, FL, USA, for the analysis of
plant nutrient levels. The nutrient elements quantified included
calcium, nitrogen, potassium, sodium, magnesium, copper, sul-
phur, boron, copper, phosphorus, manganese and zinc.

Statistical analysis

All data sets excluding the sequencing data were analysed
using IBM SPSS Statistical software package, Version 27 (IBM
Corporation 2011). The significance amongst the groups was
tested by one-way analysis of variance (ANOVA) followed by
LSD post hoc analysis (P < 0.05). Pearson correlation analysis
was carried out to test the linear association between chosen
RNA-Seq DEGs and the gPCR results. A probability value of
less than 0.05 was considered a significant difference.

Results
Compositional analysis of A. spicifera and S.
vulgare extracts

Table 1 gives an insight into various bioactive compounds
present in both extracts. The chemical components included
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mannitol, alginic acid, laminarins and fucoidan as well as
total polysaccharides and carbohydrates. It also gives quan-
titative measures of protein and fat content, fibre, oils and
other important nutrients. From Table 1, the bioactive com-
pounds with the highest concentration observed were alginic
acid in both AS (11.6 %W) and SV (9.4 %W) extracts fol-
lowed by fucoidans.

Table 2 illustrates hormone profiling in the SWEs.
Cytokinin content dominated the other hormones tested in
both extracts, of which A. spicifera had 45.00 mg kg™! and
S. vulgare had 29.00 mg kg~'. Gibberellins and auxins were
also present in high quantities compared to the other hor-
mones tested. Betaines and strigolactones were much lower
and brassinosteroids accounted for the lowest hormone level
of less than 0.002 mg kg™! in both extracts.

Overview of RNA-Seq mapping statistics and

general DEG profiling for tomato and sweet pepper
Sequencing read and mapping statistics are highlighted in
Supporting Information—Tables S1 and S2. It can be noted
that over 98 % of all reads for all samples were retained
after quality filtering of Phred score of 30 and above [see
Supporting Information—Fig. S3]. There was a low error rate
for all samples (0.03 %) and the mapping rate was generally

Table 1. Bioactive compositional profiling of A. spicifera and S. vulgare extracts.

Parameter Type of analysis Reported levels in SWEs
A. spicifera (%W) S. vulgare (% W)

Mannitol HPLC-PDA 4.800 5.102
Alginic acid HPLC-PDA 11.558 9.375
Laminarins HPLC-PDA 5.025 4.460
Fucoidan GC-MS 6.124 5.245
Protein content Kjeldahl digestion 12.818 9.990
Fat content Soxhlet extraction 2.345 2.160
Saturates HPLC-PDA 0.556 0.560
Unsaturates HPLC-PDA 1.724 1.600
Omega-3 oils HPLC-PDA 0.400 0.450
Omega-6 oils HPLC-PDA 1.300 1.150
Carbohydrates HPLC-PDA 30.500 28.800
Polysaccharides HPLC-PDA 27.500 24.200
Dietary fibre content Digestion/gravimetry 38.900 35.500
Iodine as I? Ton chromatography 71.000 112.00

The key components include total polysaccharides and carbohydrates as well as total fucoidan, laminarin, mannitol and alginic acid content.

Table 2. Hormonal content of A. spicifera and S. vulgare SWEs.

Parameter Type of analysis Reported levels in SWEs
A. spicifera (mg kg™) S. vulgare (mg kg™')

Betaines HPLC-PDA 0.023 0.014
Auxins HPLC-PDA 23.000 13.000
Cytokinins HPLC-PDA 45.000 29.000
Gibberellins GC-MS 33.000 17.000
Strigolactones Kjeldahl digestion 0.246 0.085
Brassinosteroids Soxhlet extraction <0.002 <0.002
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higher for tomato > 90 % compared to sweet pepper > 85 %.
The remaining unaligned reads were assembled and analysed
using the Trinity de novo algorithm. Figure 1 illustrates the
general upregulated and downregulated transcript profiles
of treatment groups for both reference- and de novo-based
analysis. A log, fold change of >+2 for upregulated and <-2
for downregulated, and a P-value and FDR of <0.05 were
used for filtering DEGs. Tomato plants treated with SV
had the overall highest DEGs compared to the other treat-
ment groups. In comparison to the other groups, SV-treated
sweet pepper plants exhibited the lowest DEG profile.
Furthermore, there were more upregulated genes in all four
groups for both reference-based and de novo-based analysis
compared to downregulated DEGs. The red SWE (AS) treat-
ments had similar proportions in DEGs in both crops com-
pared to SV-treated plants (Fig. 2). Most reads aligned to the
S. lycopersicum and C. annuum references [see Supporting
Information—Fig. S4] with most enzyme classes being as-
sociated with oxidoreductases, transferases and hydrolases
[see Supporting Information—Fig. S5] in the list of tran-
scripts. All downstream analyses were carried out with com-
bined de novo- and reference-based results.

Clustering and heatmap visualization of DEG
profiles

The Venn diagram shown in Fig. 3 illustrates 29 common
annotated transcripts for all four treatment groups. There
were 499, 159, 184 and 390 unique DEGs occurring in SV
tomato, SV sweet pepper, AS tomato and AS sweet pepper,
respectively. A heatmap shows the 29 DEGs in the four treat-
ment groups, for tomato and sweet pepper where two distinct
clusters were observed. A clear pattern was shown for to-
mato and sweet pepper, where the upregulation of one set of
DEGs in one crop was accompanied by the downregulation
of the same DEGs in the other crop (Fig. 4). Peroxidase 64
and the late embryogenesis abundant protein genes were
the highest upregulated DEGs in the list, whereas GDSL

500 4
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300 ] 53 83

200

100 ] 258 Pl

esterase/lipase and the receptor-like protein 12 were the most
downregulated transcripts. However, GDSL esterase/lipase
was highly downregulated in sweet pepper but upregulated in
tomato. Furthermore, the receptor-like protein 12 was highly
downregulated in tomato but upregulated in sweet pepper.

GO and KEGG pathway enrichment analysis for
DEG profiles in tomato and sweet pepper

Figure 5A and B illustrates the various enriched GO terms in
the three main ontological groupings (biological processes,
BP; molecular functions, MF; and cellular components, CC)
for tomato and sweet pepper. The Fisher’s exact test was used
to define the significant enhancement of GO terms, with GOs
having a corrected P-value and FDR of <0.05 based on the
Benjamini-Hochberg method (Haynes 2013). As seen in Fig.
SA for tomato, most enriched terms belonged to BP including
biological regulation, macromolecule modification and phos-
phorous metabolism. Some of the highly enriched MF terms
included catalytic activity, kinase and hydrolase activity. The
main enriched terms for CC included the extracellular region
and cytoplasm. Contrastingly, in sweet pepper (Fig. 5B), re-
sponses to chemicals, stress, catabolic processes and protein
phosphorylation were the top BP in both upregulated and
downregulated DEGs. The most substantially enriched GO
keywords for MF in sweet pepper were kinase activity, carbo-
hydrate derivative binding and organic cyclic compound
binding. For CC, the endoplasmic reticulum, chloroplast
and endomembrane systems were the most enriched terms
for both upregulation and downregulation in sweet pepper.
According to the hypergeometric test/Fisher’s exact test and
the FDR Benjamini-Hochberg correction technique, a rich
factor bubble plot was created to illustrate significant KEGG
pathway statistics. Significantly enriched pathways were clas-
sified as those with an FDR-adjusted P-value of <0.05. In
Fig. 61, it can be seen that SV tomato had the greatest number
of enriched terms, as expected since SV tomato had the greatest
number of DEGs. The majority of terms belonged to metabolic
pathways and the biosynthesis of secondary metabolites. The
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Figure 1. Total up- and downregulated gene profiles for tomato and sweet pepper plants due to treatment with SWEs. The DEG profiles are based on
both reference-based and de novo-based analyses. The criteria used for significantly expressed DEG filtering were o < 0.05, FDR < 0.05 and fold change

>+2 for upregulated and <-2 for downregulated genes.
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Figure 2. \olcano plot highlighting changes in the regulation of genes in SWE-treated plants. Genes that were upregulated (red), downregulated (blue)
or had no significant changes (grey) due to the application of SWE. The graph plotted denotes the P-value on the vertical axis on a logged 10 scale
against gene expression ratios (log, fold change) on the horizontal axis on a logged 2 scale. The criteria used for DEG filtering were o < 0.05, FDR < 0.05
and fold change >+2 for upregulated and <-2 for downregulated. A = AS tomato; B = AS S. pepper; C = SV tomato; D = SV S. pepper.

more important significantly enriched terms included DEGs en-
gaged in phenylpropanoid biosynthesis, plant hormone signal
transduction, plant-pathogen interaction, MAPK signalling
and photosynthesis to name a few (Fig. 61). The downregulated
KEGG terms seen in Fig. 6ii were much lower in numbers when
compared to upregulated terms in Fig. 6i. Most DEGs for the
downregulated list fell within the same metabolic pathways
and under biosynthesis of secondary metabolites.

Correlation analysis of DEGs quantified by RNA-
Seq and the gPCR assay

Figure 7 shows a positive correlation between the results of
the DEG quantification by RNA-sequencing experiment and

the qPCR of gene expression assay. The actin gene was chosen
as the reference housekeeping gene for the qQPCR experiment.
Primer efficiency ranged between 98 and 99 %. All plots in
Fig. 7 had R? values of 0.75 or greater, signifying a strong
positive correlation. Figure 7C (SV tomato) had the strongest
correlation (88.9 %) and Fig. 7D (AS tomato) had the lowest
(78.8 %).

Effect of SWEs on endogenous phytohormone
levels in plants

In an effort to study the implication of SWE foliar sprays on
endogenous hormonal levels of plants, a hormonal profiling
assay was done simultaneously with the RNA sequencing. This
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was carried out to compare and relate DEGs to metabolite
changes in the plant. Figure 8 shows that the SWE treatments
(AS and SV) in tomato and sweet pepper led to an enhanced
accumulation of three important phytohormones including

SV Tomato

AS S. Pepper

AS Tomato SV S. Pepper

Figure 3. \Venn diagram highlighting gene regulation profiles of
commonly expressed genes in SWE-treated plants. The list represents
only common genes annotated in both crops.
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Figure 4. Heatmap of expressed genes of upregulated or downregulated in all four treatment groups. Rows and columns were clustered using

correlation distance and average linkage.

auxins, cytokinins and gibberellins as compared to control
plants. Cytokinin content was the highest, followed by gibber-
ellins and auxins. All three hormone levels were significantly
higher than the control according to ANOVA and LSD ana-
lysis (P < 0.05). However, the levels of betaines, strigolactones
and brassinosteroids were not significantly different in com-
parison to the control group [see Supporting Information—
Table S5]. Brassinosteroids were at the lowest levels in relation
to the other five hormones for both crops (<0.002 mg kg™').

Effect of SWE on defence enzyme activities

The activities of CHI, GLU, PAL, POD and PPO were all sig-
nificantly higher (P < 0.05) in SWE-treated tomato and sweet
pepper plants after 72 h of foliar treatment (Fig. 9). The ac-
tivity of CHI was the overall highest, whereas activity of PAL
was the lowest. Overall sweet pepper plants had higher en-
zyme activity compared to tomato plants.

Effects of SWEs on disease reduction and plant
growth

Application of both SWEs was able to significantly reduce
disease levels (P < 0.05) (Table 3) of bacterial spot and early
blight while simultaneously leading to significant increases
(P < 0.05) in plant height, chlorophyll content and fruit har-
vest (Table 4) in both tomato and sweet pepper crops.
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Figure 5. Number of significantly enriched GO terms for biological processes (BP), molecular functions (MF) and cellular components in tomato (A) and

sweet pepper (B).

Effects of SWEs on nutrient and mineral content of

tomato and sweet pepper roots and shoots

Analyses were done to test the effects of AS and SV extracts on
plant nutrient profiles. Generally, both SWEs led to increased nu-
trient profiles of both tomato and sweet pepper. Furthermore,

both root and shoot tissue showed a substantial rise in nutritional
content.

Calcium, sulphur, boron, copper, iron, manganese and
zinc were all significantly enriched in tomato shoots com-
pared to control plants (Table 5). Interestingly, nitrogen
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Figure 6. (i) Rich factor bubble plot of significantly enriched KEGG pathway statistics for upregulated genes. The rich factor represents the ratio of
the DEG number to the total genes in a certain pathway. The Q-value represents the corrected P-value ranging from 0 to 1. The colour and size of the
bubbles represent the range of the Q-value and the number of DEGs mapped to the indicated pathways, respectively. The top enriched pathways are
shown for the upregulated gene list. A = AS tomato; B = AS S. pepper; C = SV tomato; D = SV S. pepper. (i) Rich factor bubble plot of significantly
enriched KEGG pathway statistics for downregulated genes. The rich factor represents the ratio of the DEG number to the total genes in a certain
pathway. The Q-value represents the corrected P-value ranging from 0 to 1. The colour and size of the bubbles represent the range of the Q-value and
the number of DEGs mapped to the indicated pathways, respectively. The top enriched pathways are shown for the downregulated gene list. A = AS

tomato; B = AS S. pepper; C = SV tomato; D = SV S. pepper.

was only significantly enhanced in tomato shoots with
AS treatment, whereas magnesium and phosphorous were
only increased in SV-treated tomato shoots. Both sodium
and potassium remained unchanged in tomato shoots
(Table 5).

In sweet pepper-treated shoots, calcium, potassium, ni-
trogen, copper, iron, manganese and zinc levels significantly
increased (Table 5). Only boron level was significantly greater
in AS-treated pepper and tomato shoots compared to the
control. The level of phosphorous was significantly higher in
SV-treated sweet pepper shoots than in the control. Both to-
mato and sweet pepper plant shoots treated with SV extract
showed this change in phosphorus levels.

In tomato roots, the levels of calcium, magnesium, potas-
sium, nitrogen, phosphorous, sulphur, boron, copper, iron,
manganese and zinc significantly increased in SWE-treated to-
mato plants. Boron, however, was significantly increased only
in SV-treated tomato roots (Table 6). Further, calcium, mag-
nesium, potassium, nitrogen, phosphorous, sulphur, copper,
iron, manganese and zinc levels significantly increased in
SWE-treated sweet pepper roots, whereas sodium and boron
remained unchanged (Table 6).

In general, AS-treated plants had significantly higher levels
of calcium in leaves than SV and control plants. Higher
levels of calcium were also seen in roots of AS-treated plants,
but were not significantly different from SV-treated plants.
Generally, the levels of calcium, potassium and nitrogen were
higher than the other macronutrients. In general, the iron
content remained the highest among the micronutrients in
the SWE-treated plants. For example, there was a 241.77 %

increase in AS-treated tomato leaves and a 196.62 % increase
in SV-treated tomato leaves for iron content (Table 5).

Discussion

Overview of the transcriptomic response in plants
due to SWE priming

The transcriptome snapshot after 72 h of foliar treatment
with two different SWEs was evaluated for tomato and sweet
pepper plants. The RNA sequencing and bioinformatic ana-
lysis showed significant enrichment of genes involved in
processes that affect plant growth and defence capability
including photosynthesis, carbon and nitrogen metabolism,
plant hormone signal transduction, plant—pathogen inter-
action, secondary metabolite metabolism, MAPK signalling,
amino acid biosynthesis and several other metabolic net-
works. The upregulation of these genes can be therefore
linked to greater plant biomass, yield and stress resistance
in SWE-treated plants. Based on gene homology annotation,
there were 29 significantly expressed genes (DEGs) in the
four treatment groups, and of these, peroxidase 64 was the
highest upregulated gene. The accumulation of peroxidases
has been linked to increased auxin metabolism, formation of
suberin and lignin, cell wall cross-linking, synthesis of phyto-
alexins and reactive oxygen species (ROS) and reactive ni-
trogen species metabolism (Almagro et al. 2009). Reactive
oxygen species have been identified as important molecules
in the priming defence mechanism of plants (Borges et al.
2014). Interestingly, the GDSL esterase/lipase gene was one
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Figure 6. (ii) Continued

of the most downregulated overall, but only in sweet pepper.
Contrastingly this gene was upregulated in tomato. The GDSL
esterase/lipase gene has been linked to multifunctional pro-
cesses including plant growth and defence, and also resistance
to the necrotrophic fungus Alternaria brassicicola, mainly
through Et-mediated signalling mechanisms (Chepyshko et al.
2012). The receptor-like protein 12 was highly downregulated
in tomato but was upregulated in sweet pepper. This receptor
gene has also been associated with various signalling trans-
duction mechanisms which led to growth and increased de-
fence responses (Lv et al. 2016). Besides these two genes,
several other genes followed similar patterns of upregulation
in one plant species and downregulation in the other spe-
cies, as shown in the heatmap. This is usually the case with
complex plant systems as they exhibit varied responses to
external stimuli even though they may belong to the same
family.

Plant defence responses

Many unique bioactive chemicals found in SWEs, such as
ulvans, laminarins and carrageenans, have been demon-
strated to trigger plant defence mechanisms against a wide
range of diseases (Cluzet ef al. 2004; Bajpai et al. 2019).
These bioactive molecules can serve as priming agents or
pathogen-associated molecular patterns (PAMPs), which
therein leads to Induced Systemic Resistance (ISR) and
Systemic Acquired Resistance (SAR) responses. The re-
sults showed that SWE-primed plants had higher amounts
of pathogenesis-related protein synthesis genes (e.g. PR,
PR4, PR4-A, PR-5, PR-STH-2) which therefore points to-
wards SA signalling for defence. Many other genes were
also upregulated that are known to contribute towards
pathogenic defence and even alleviation of abiotic and bi-
otic stress. The pathogenesis-related gene transcriptional
activator PTIS was highly upregulated in both crop plants
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by both SWE treatments. This gene has been documented
to play roles in Pto-mediated resistance and was directly
linked to Pseudomonas syringae resistance in tomato (He
et al. 2001). The genes associated with the late embryogen-
esis abundant protein was the second highest upregulated
gene in the experiment. This gene has been linked to many
protective functions in plants, including aiding in drought,
salinity and cold stress (Chen et al. 2019).

Additionally, auxin biosynthesis genes were also reported as
highly upregulated, and even though most studies show this
phytohormone to be a plant growth regulator, it also plays
a role in plant defence (Fu and Wang 2011). Furthermore,
the abscisic acid receptor PYL4-like was also identified in the
experiment as highly upregulated by both extracts. This gene
has been linked with JA signalling and has been shown to
confer downstream resistance by signal transduction facili-
tated by ABA-activated protein kinases (Garcia-Andrade er
al. 2020).

The initiation of some of these key genes and other
phytohormone-related genes implies that both the AS and
SV extracts led to a prime-triggered plant signalling cascade
of several phytohormone signalling pathways. Additionally,
receptor-like kinases, for example, LRR receptor-like serine/
threonine-protein kinases, were also upregulated across both
plant models with AS and SV treatments. These kinases are
known to play an important role in defensive response signalling
as well as developmental control mechanisms and regulation of
a myriad of cellular activities (Afzal et al. 2008; Lee et al. 2017).

Cell wall modification

Interestingly, in the current study, there were cell wall
biosynthesis-related transcripts that were highly upregulated
after SWE application in both crops. For example, there were
several MYB transcription factor genes highly upregulated
and these have been directly linked to secondary cell wall
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Figure 7. gPCR validation of DEGs from the RNA-Seq analysis. A = SV S. pepper; B = AS S. pepper; C = SV tomato; D = SV tomato. RNA-Seq log, fold
change was plotted against gPCR log fold change values and correlation represented by the R? value on each plot. Actin was used as the reference
housekeeping gene. The bar graphs highlight the selected candidate genes with their represented log,FC values with vertical bars representing SD

(mean = 3 biological replicates).

formation together with cellulose and lignin synthesis
(Miedes et al. 2014). Another example was the upregulation
of class Il peroxidases which have been associated with

secondary cell wall biosynthesis (Lin ez al. 2016). All these
mechanisms would favourably contribute to the plant’s de-
fence capacity.
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Figure 8. Plant hormone levels in sweet pepper and tomato leaves after treatment with SWEs. The data represent the mean level of auxins, cytokinins
and gibberellins from three replicate plants per treatment. The data represent the mean of three plants and vertical bars represent standard deviation.
The significance was tested by one-way ANOVA followed by LSD post hoc analysis (P < 0.05). Different letters denote a significant difference between
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treatments and were much lower compared to the other three hormones [see Supporting Information—Table S5]. Statistical tests were done on

crops separately.
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Figure 9. Effects of AS and SV SWEs on tomato and sweet pepper defence enzyme activities 72 h after foliar treatment. The data represent the mean
of three plants and vertical bars represent standard deviation. The significance was tested by one-way ANOVA followed by LSD post hoc analysis
(P < 0.05). Different letters denote a significant difference between groups where P < 0.05. Statistical tests were done on crops separately.

Table 3. Effect of application of SWEs on disease severity of bacterial
leaf spot and early blight of tomato and sweet pepper plants.

Treatments Bacterial leaf spot Early blight

Tomato S. pepper Tomato S. pepper
Control 67.16 =1.83a 60.01 =£1.71a 58.39=1.56a 50.97+1.6%a
NY% 40.13 =1.32b 47.84 =1.36b 38.36=1.69b 31.05=1.20b
AS 3211 £2.06c  37.99 =1.61c 27.47+1.98c 29.93+1.79%

The data represent the mean = SD of # = 30 plants. Significance was
tested by one-way ANOVA followed by LSD post hoc analysis (P < 0.05).
Different letters denote a significant difference between groups where

P < 0.05. Statistical tests were done on each crop separately.

Trade-off between defence and growth of plants

In an effort to better implement agricultural practices, one
must acknowledge the implications for increased plant
growth while simultaneously maintaining a defensive fort

against attacking pathogens. There was a balanced trade-off
observed in the current study between plant development and
the prevalence of different defensive mechanisms. This was
evident from the transcriptional profile which revealed the
upregulation of genes such as ETR1, PR1a, Pinll, etc., whilst
plant growth continued to increase significantly compared
to control plants. Priming or re-treating plants have been
shown to be effective regimes for reaching essential growth
and stable defence mechanism goals (Bajpai et al. 2019; Islam
et al. 2020). Priming of plants is an intuitive, adaptive and
even low-cost mechanism that aids in the effective stimulus
of faster, stronger and more lasting defence inducible ef-
fects. This type of balancing strategy is also connected to
enhanced biotic and abiotic tolerance in crops (Martinez-
Medina et al. 2016). With a large number of genes associ-
ated with redox signalling and sensing, the transcriptome
changes observed in this study confirm the priming effect of
the SWEs. Additionally, based on the cellular and molecular
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Table 4. Effect of foliar application of SWEs on plant growth parameters (plant height, chlorophyll content, total fruit yield).

Treatments Plant height (cm) Chlorophyll content Total fruit yield (kg)
Tomato S. pepper Tomato S. Pepper Tomato S. Pepper

Control 83.72 + 1.65a 66.77 +2.21a 42.95 = 1.24a 45.19 = 1.74a 17.26 + 1.24a 18.00 = 1.22a

N 99.05 = 1.96b 80.16 = 1.78b 50.93 = 1.34b 55.25+1.53b 22.72 =+ 1.38b 27.55 +1.52b

AS 110.97 = 1.55¢ 86.36 + 1.73¢ 51.83 = 1.60c 57.27 £1.57¢ 23.56 = 1.02b 30.16 =+ 1.83¢

The data represent the mean = SD of # = 30 plants. Total fruit yield harvest was from 30 plants. Significance was tested by one-way ANOVA followed by
LSD post hoc analysis (P < 0.05). Different letters denote a significant difference between groups where P < 0.05. Statistical tests were done on each crop

separately.

Table 5. Analysis of nutrient profile of shoots of tomato and sweet pepper treated with AS and SV extracts.

Tomato S. pepper

Nutrient element AS SV Control AS SV Control

Calcium (%) 3.80 = 0.030¢ 2.50 = 0.010b 1.65 = 0.050a 4.10 = 0.901c 3.33+0.901b 1.33+0.113a
Magnesium (%) 0.53 +0.001a 0.63 +0.001b 0.67 = 0.004b 0.37 + 0.002ns 0.34 + 0.021ns 0.35 = 0.004ns
Potassium (%) 2.19 = 0.010ns 2.22 +0.020ns 2.20 = 0.030ns 3.22+0.991¢ 2.76 £ 0.121b 2.11 +0.098a
Sodium (%) 0.07 = 0.001ns 0.05 + 0.001ns 0.05 = 0.005ns 0.04 = 0.002ns 0.03 = 0.002ns 0.03 = 0.004ns
Nitrogen (%) 6.22 + 0.070b 4.59 £ 0.072a 4.55 +0.065a 5.66 +1.021¢ 5.12+0.111b 3.55 +0.005a
Phosphorus (%) 0.25 + 0.004a 0.39 + 0.002b 0.21 = 0.001a 0.12 + 0.002a 0.43 + 0.014b 0.11 = 0.132a
Sulphur (%) 0.09 = 0.003b 0.09 = 0.004b 0.04 = 0.004a 0.04 = 0.001ns 0.03 = 0.001ns 0.02 = 0.001ns
Boron (ppm) 38.0 = 0.340c 32.0 + 0.440b 27.0 +0.670a 26.12 = 1.102b 23.34 = 0.032a 22.12 = 0.322a
Copper (ppm) 81.9 = 1.230c¢ 78.9 = 0.450b 62.7 + 0.550a 99.12 = 1.112¢ 76.22 = 1.021b 5543 +1.221a
Iron (ppm) 810 = 1.003¢ 703 +1.012b 237 «1.050a 777.34 +1.212¢ 712.22 =+ 1.421b 201.21 = 1.092a
Manganese (ppm) 88 = 0.201¢ 36+0.111b 30 +0.431a 76.45 = 1.032¢ 55.43 £1.121b 23.23 +1.112a
Zinc (ppm) 57 +0.053¢ 51+1.021b 31+1.112a 45.32 +1.218¢ 40.21 = 1.081b 22.23 = 0.443a

The data represent the mean = SD of 7 = 3 plants. Significance was tested by one-way ANOVA followed by LSD post hoc analysis (P < 0.05). Different
letters denote a significant difference between groups where P < 0.05 and ns denotes no significant difference. Statistical tests were done on crops separately.

Table 6. Analysis of root nutrient profile in tomato and sweet pepper treated with AS and SV extracts.

Tomato S. pepper

Nutrient element AS N\% Control AS SV Control
Calcium (%) 2.72 +0.111b 2.58 £ 0.012b 1.99 = 0.042a 3.11+0.121b 3.10+0.111b 1.43 = 0.439a
Magnesium (%) 0.71 = 0.002¢ 0.65 = 0.004b 0.31 = 0.022a 0.70 = 0.002b 0.77 £ 0.021b 0.44 = 0.053a
Potassium (%) 2.90 = 0.102c 2.21+0.121b 1.13+£0.212a 4.45 = 0.195b 4.11 £ 0.227b 3.01 + 0.045a
Sodium (%) 0.06 = 0.003ns 0.05 = 0.002ns 0.04 = 0.001ns 0.03 = 0.001ns 0.03 = 0.004ns 0.04 = 0.002ns
Nitrogen (%) 4.79 £ 0.111c 4.37 £0.212b 4.23 +0.320a 5.01+0.231b 5.11 +0.022b 3.98 +0.981a
Phosphorus (%) 0.30 = 0.002b 0.34 = 0.002b 0.21 = 0.003a 0.41 = 0.002b 0.44 = 0.004b 0.31 +0.025a
Sulphur (%) 0.14 = 0.003¢ 0.08 + 0.001b 0.01 = 0.020a 0.11 = 0.120b 0.09 = 0.004b 0.02 + 0.042a
Boron (ppm) 26 +0.221a 34 +0.902b 25 +0.85%a 21.21 = 0.550ns 25.22 +0.333ns 23.22 = 0.227ns
Copper (ppm) 56.6 +0.298b 54.8 +0.221b 50.1+0.776a 61.21 = 0.216¢ 56.33 £0.236b 44.33 + 0.389a
Iron (ppm) 1179 = 1.112c 1157 = 1.021b 1000 = 1.002a 1323 = 0.878¢ 1190 = 0.228b 1050 = 0.128a
Manganese (ppm) 114 = 0.322b 113 £ 1.121b 76 £1.111a 210 = 0.341b 209 = 0.023b 188 + 0.820a
Zinc (ppm) 83 +1.001b 70 = 1.043b 55+0.667a 99.11 = 0.002b 93.22 +0.221b 76.34 = 0.238a

The data represent the mean = SD of # = 3 plants. Significance was tested by one-way ANOVA followed by LSD post hoc analysis (P < 0.05). Different
letters denote a significant difference between groups where P < 0.05 and ns denotes no significant difference. Statistical tests were done on crops separately.

GO terms such as transcription factor activities, as well as
chaperones and folding catalysts, there was a clear pattern of
priming of plants against future infections. The chaperones
are involved in proper protein folding which would drive the
translation of proteins and help with the precise folding and

maintenance leading to the optimal functioning of the pro-
teins. Collectively, the results demonstrated how effective the
SWEs can be as priming agents on plants because of their di-
verse composition of bioactive compounds which are capable
of evoking multiple favourable effects in plants.
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Induction of oxidative phosphorylation and
photosynthesis-related genes

Photosynthesis is a crucial frontier for plant growth, devel-
opment and production (Kohli et al. 2020). Seaweed ex-
tracts were shown to upregulate several genes associated with
photosynthetic activities in the current investigation. Seaweed
extract treatment significantly upregulated the cytochrome
¢ oxidase subunit 6a. This gene belongs to the mitochon-
drial electron transport chain in the oxidative phosphoryl-
ation pathway. Cytochrome ¢ oxidase is the module of the
respiratory chain which catalyses the reduction of oxygen to
water and is of utmost importance in providing cellular en-
ergy and sets and maintains metabolic homeostasis (Radin et
al. 2015; Wilson 2017). Ferredoxin was highly upregulated
by the SWEs in the current study. Ferredoxin (Fds) are dir-
ectly involved in nitrogen and sulphur metabolism (Knaff and
Hirasawa 1991), as well as enzymes involved in secondary
metabolism (Brouquisse ez al. 1989). Fds also contribute
electrons to the reduction of NADP via the Ferredoxin-
NADP+-Reductase (Knaff and Hirasawa 1991). Fds are also
involved in redox-controlled chloroplastic enzyme modula-
tion through flow towards ferredoxin-thioredoxin-reductase
and thioredoxins (Knaff and Hirasawa 1991). Additionally,
they play critical roles in electron dissemination and the pres-
ervation of the redox environment of the stroma (Holtgrefe
et al. 2003) as well as in nitrogen and sulphur assimilation,
chlorophyll biosynthesis, and the synthesis of phytochrome
and fatty acids (Hanke and Mulo 2013).

The current study also showed a vastly upregulated
chloroplastic ATP synthase gene (>3 fold change) by the SWEs.
This gene is critical as it is responsible for the majority of cel-
lular ATP production and is referred to as a ‘rotary enzyme’
(McCarty et al. 2000). A recent study indicated that, besides
contributing to ATP synthesis, the upregulation of the alpha-
subunit of the ATP chloroplastic synthase gene contributed to
strengthening plant resistance towards Botrytis cinerea (grey
mould) as well as development of broad-spectrum resistance
in tobacco (Gong ef al. 2021).

Stilbenoid, diarylheptanoid and gingerol
biosynthesis

The stilbenoid, diarylheptanoid and gingerol biosynthesis
pathways were significantly upregulated by both SWEs in
both crops. This gives evidence for enhanced biosynthesis
of stilbenoid, gingerols and diarylheptanoids. Antioxidant,
anticancer, antibacterial, anti-inflammatory and antiallergic
properties are among the biological and pharmacological ef-
fects of these substances (Jiang et al. 2017).

The caffeoyl-CoA O-methyltransferase was also upregula-
ted by the SWEs. O-methyltransferases comprise a large
group of enzymes that methylate the oxygen atom in a series
of secondary metabolites that include flavonoids, alkaloids
and phenylpropanoids. This type of methylation is critical in
abiotic stress tolerance, disease resistance and even lignin bio-
synthesis in plants (Bureau ez al. 2007).

The upregulation of acylsugar coding genes by the
SWEs was significant in the current study. Acylsugars
belong to a group of specially made plant metabolites
that deter pests whereby these compounds are secreted
through the trichomes of solanaceous plants (Moghe ef
al. 2017). Furthermore, acylsugars from other species
have also been documented to be toxic deterrents to a
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broad spectrum of herbivores and phytopathogens (Hare
2005; Luu et al. 2017).

Transporters

The transportation mechanism in plants is of paramount
importance since it involves several processes including the
acquisition of nutrients, developmental processes, cellular
homeostasis, as well as for proper communication and for
evoking coordinated responses (Larsen et al. 2017). In this
study, several transporters were upregulated due to the ap-
plication of SWEs. This coupled with the increase in plant
nutrient contents in plants can pave some way to the growth-
promoting and disease resistance inducible effects by SWEs.
One important group included the highly upregulated nitrate
transporters, e.g. high-affinity nitrate transporters (NRT).
These nitrate transporters have been linked to an array of
functions that are all important for plant development
including nutrient uptake and translocation, root architec-
ture, storage of vacuole nitrates and proteins, ionic balance,
cellular pH, circadian clock-regulated nitrogen and carbon
equilibrium, and abiotic and biotic sensing (Fan et al. 2017).
A study on an NRT2 gene showed that its overexpression
led to overall biomass and yield increase in tomato (Fu ef al.
2015). NRT was also linked to changes in ROS which de-
creased the infection levels of Erwinia in Arabidopsis thaliana
(Dechorgnat et al. 2012).

A transporter enzyme, glutathione S-transferase, was also
highly expressed in SWE-treated plants. This ubiquitous en-
zyme has been linked to many processes including the extra-
cellular transport of frans-resveratrols and auxin in grapevine
(Martinez-Marquez et al. 2017). Aquaporin genes were also
significantly upregulated in SWE-treated plants. These form
membrane channel proteins which are present in all branches
of life, but plants have the most diversity in aquaporin homo-
logues. Approximately 47 aquaporins have been identified in
tomato and around 73 in sweet pepper (Reuscher ef al. 2013;
Lee et al. 2021). They possess key roles in the transportation
of small neutral solutes, metal ions and gases as well as being
a critical regulator in plant-water relations. Additionally,
aquaporins can facilitate the transport of hydrogen peroxide
across the membrane, thus contributing to the initiation of
plant defence via PAMP-triggered immunity induction and
SAR, which are followed by MAPK cascades, callose produc-
tion, stomatal regulation and the production of PR proteins
(Li et al. 2020).

The SWEs also activated an ATP-binding cassette as ob-
served in the current study, but only in AS-treated tomato
plants. Genes in this cassette regulate the transport of organic
acids, phytohormones, metal ions, secondary metabolites and
so play crucial roles in plant development (Ofori et al. 2018).

A group of genes coding for several metal ion transporters
were also upregulated, e.g. potassium channel SKOR, copper
transporter 1, Fe (2+) transport protein, zinc transporter 4
and vacuolar iron transporter 1. These metal transporters are
involved in the acquisition and translocation of important nu-
trients which are required in almost all BP, including photo-
synthesis, and conferring tolerance to abiotic and biotic stress
(Gonzalez-Guerrero et al. 2016). For example, the vacuolar
iron transporter 1 has been documented as a regular trans-
porter for iron homeostasis in plants through the transpor-
tation of cytoplasmic ferrous ions, leading to an increase in
iron content in plants (Kato ef al. 2019). Both AS and SV
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SWE-treated tomato and sweet pepper had a significant rise
in iron content in the current study. Besides the usage of iron
for photosynthesis, studies have shown that increased levels
of iron can lead to disease reduction in plants by means of
defensive generation of ROS (Fones and Preston 2013) and
immune-engaged cell death through ferroptosis mechanisms
(Herlihy et al. 2020). Possibly, these mechanisms together
would have contributed to the increased levels of disease re-
sistance observed in SWE-primed plants.

Phytohormonal modulation in SWE-treated tomato
and sweet pepper

Plants produce several phytohormones which are low-
molecular-weight natural products, and they are responsible
for all developmental and physiological aspects from ger-
mination all the way to senescence, as well as in reaction to
biotic/abiotic stimuli. In this study, both AS and SV extracts
were profiled for auxins, cytokinins, gibberellins, betaines,
strigolactones and brassinosteroids. Cytokinin content dom-
inated the hormones tested in both extracts, which was fol-
lowed by gibberellins and auxins. However, their action on
plants given the very low levels of SWE extract application in
plants remains sceptical.

Cytokinin is important to plant growth regulation, ran-
ging from functions such as cell division, axillary bud re-
lease, photomorphogenic development initiation and shoot
apical meristem development (Werner and Schmiilling 2009).
Interestingly, cytokinin was the highest accumulated hormone
in both SWEs and plant tissues compared to the others.

The cytochrome P450 gene was upregulated in all SWE-
treated plants, whereas cytokinin catabolic genes were
repressed. This gene is a crucial component in cytokinin syn-
thesis mechanism (Xu et al. 2015) and as a result, the elevated
levels of cytokinin in SWE-treated plant tissues might be ex-
plained in part by this observation. This phenomenon was
also documented in A. nodosum extract-treated Arabidopsis
plants (Wally et al. 2013a).

The auxin content was also high in tomato and pepper tissues
in the present study. Many auxin-synthesis-related genes were
expressed such as auxin-induced protein 15A, small auxin-up
protein 58, auxin response factor 3, etc. Moreover, these tran-
scripts were generally more abundant compared to cytokinin
biosynthesis-related genes. The increase in auxin-related genes
noted in this study is quite opposite from a previous study on
A. nodosum extracts on Arabidopsis. These contrasting results
may be due to differences in the SWE composition as well as
variations in plant processes and differences in environmental
conditions used for screening plants (Wally ez al. 2013b).

In the current investigation, the gibberellin concentration
in SWE-primed plant tissues was significantly greater in com-
parison to control plants. This was coupled with the upregulation
of genes such as GA20-oxidase (GA20ox) and GA3-oxidase
(GA3ox) which code for metabolic enzymes in the gibberellin
synthesis pathway (Chen er al. 2016). Gibberellins are engaged
in multiple plant developmental processes encompassing, seed
germination, stem extension, expansion of leaves, development
of trichomes, maturation of pollen, flowering induction and
fruit quality (Achard and Genschik 2009; Chen et al. 2016) and
many of these effects were previously noted in plants treated
with SWEs (Ali et al. 2021a; Dookie et al. 2021).

Though hormonal analysis of the extracts revealed the
presence of phytohormonal substances especially cytokinins,

auxins and gibberellins, however, because the rate of applica-
tion (5 mL L) to plants which equates to a 200x dilution,
the actual available levels of hormones are too low to work
on the plant system on their own. Therefore, the hormonal
effect seen might be mostly due to the upregulated expres-
sion of the hormonal pathway genes that are involved in the
synthesis of hormones or downregulation of hormonal catab-
olism genes which would have eventually caused the observed
plant growth stimulation.

Conclusion

The overall transcriptomic response of both tomato and
sweet pepper plants to A. spicifera and S. vulgare SWEs was
the upregulation of key marker genes responsible for both
growth stimulation and abiotic and biotic stress tolerance.
The study therefore illustrates and warrants further explor-
ation of locally available seaweeds for biostimulant usage in
crop production due to their multifaceted effects on crops.
The study can be used as a benchmark target for molecular
responses in plants due to seaweed biostimulants and to com-
pare the effects observed with other biostimulants and other
plant systems. Furthermore, the research bolsters the reper-
toire for SWE which is a natural organic product to boost
sustainability by utilizing this inexpensive bioresource within
integrated management approaches rather than capitalizing
on a single market niche product.
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pepper and tomato leaves treated with seaweed extracts that
were insignificant compared to the control-treated plants.

Figure S1. Data processing pipeline for reference-based
transcriptomic raw reads.

Figure S2. Data processing pipeline for de novo-based
transcriptomic raw reads.

Figure S3. Phred mapping quality score plot output from a
representative sample.

Figure S4. Blast hit distribution of sequences for tomato (A)
and sweet pepper (B).

Figure S5. Enzyme hit distribution for sweet pepper and
tomato.

Conflict of Interest

None declared.

Acknowledgements

We thank the SARGOOD-FED-INTERREG V-Caraibes
Research Programme and the UWI-RDI Research Initiative
for supporting the research.



16

Contributions by the Authors

O.A.: experimentation, methodology, data curation, formal
data analysis, validation, visualization, writing original draft.
A.R.: resources, methodology, supervision, quality control,
writing—review and editing of draft. J.].: conceptualization,
funding acquisition, project administration, resources, super-
vision, methodology, writing—review and editing of draft.

Data Availability

The RNA-sequencing fastq data files were deposited in
the NCBI’s Short Read Archive (SRA) database under the
bioproject PRJNA782171. All the sequence analysis data
generated during this study were included in this published
article and the Supporting Information file.

Literature Cited

Achard P, Genschik P. 2009. Releasing the brakes of plant growth: how
GAs shutdown della proteins. Journal of Experimental Botany
60:1085-1092.

Afgan E, Baker D, Batut B, Van Den Beek M, Bouvier D, Ech M, Chilton
J, Dave CN, Griining BA, Guerler A, Hillman-Jackson J, Hiltemann
S, Jalili V, Rasche H, Soranzo N, Goecks ], Taylor J, Nekrutenko A,
Blankenberg D. 2018. The Galaxy platform for accessible, reprodu-
cible and collaborative biomedical analyses: 2018 update. Nucleic
Acids Research 46:537-544.

Afzal AJ, Wood AJ, Lightfoot DA. 2008. Plant receptor-like serine
threonine kinases: roles in signaling and plant defense. Molecular
Plant-Microbe Interactions. doi:10.1094/MPMI-21-5-0507.

Agarwala R, Barrett T, Beck J, Benson DA, Bollin C, Bolton E, Bourexis
D, Brister JR, Bryant SH, Canese K, Cavanaugh M, Charowhas C,
Clark K, Dondoshansky I, Feolo M, Fitzpatrick L, Funk K, Geer
LY, Gorelenkov V, Graeff A, Hlavina W, Holmes B, Johnson M,
Kattman B, Khotomlianski V, Kimchi A, Kimelman M, Kimura M,
Kitts P, Klimke W, Kotliarov A, Krasnov S, Kuznetsov A, Landrum
M], Landsman D, Lathrop S, Lee JM, Leubsdorf C, Lu Z, Madden
TL, Marchler-Bauer A, Malheiro A, Meric P, Karsch-Mizrachi 1,
Mnev A, Murphy T, Orris R, Ostell J, O'Sullivan C, Palanigobu,
Vasuki P, Anna RP, Lon P, Borys P, Kim D, Rodarmer K, Sayers EW,
Schneider V, Schoch CL, Schuler GD, Sherry ST, Siyan K, Soboleva
A, Soussov V, Starchenko G, Tatusova AT, Thibaud-Nissen F,
Todorov K, Trawick BW, Vakatov D, Minghong W, Eugene Y,
Aleksandr Z, Zbicz K. 2018. Database resources of the National
Center for Biotechnology Information. Nucleic Acids Research
46:8-D13.

Aktar W, Sengupta D, Chowdhury A. 2009. Impact of pesticides use in
agriculture: their benefits and hazards. Interdisciplinary Toxicology
2. d0i:10.2478/v10102-009-0001-7.

Ali N, Ramkissoon A, Ramsubhag A, Jayaraj J. 2016. Ascophyllum ex-
tract application causes reduction of disease levels in field toma-
toes grown in a tropical environment. Crop Protection 83:67-75.
https://doi.org/10.1016/j.cropro.2016.01.016.

Ali O, Ramsubhag A, Jayaraman J. 2018. Ascophyllum nodosum (Lin-
naeus) Le Jolis seaweed extract improves seed germination in to-
mato and sweet pepper under NaCl-induced salt stress. Tropical
Agriculture 95:141-148.

Ali O, Ramsubhag A, Jayaraman J. 2019. Biostimulatory activities of
Ascophyllum nodosum extract in tomato and sweet pepper crops
in a tropical environment. PLoS One 14:140-155.

Ali O, Ramsubhag A, Jayaraman J. 2021a. Biostimulant properties of
seaweed extracts in plants: implications towards sustainable crop
production. Plants. doi:10.3390/plants10030531.

Ali O, Ramsubhag A, Jayaraman J. 2021b. Phytoelicitor activity of Sar-
gassum vulgare and Acanthophora spicifera extracts and their pro-
spects for use in vegetable crops for sustainable crop production.
Journal of Applied Phycology 33:639-651.

AoB PLANTS, 2022, Vol. 14, No. 6

Ali O, Ramsubhag A, Daniram B Jr. Ramnarine S, Jayaraman J. 2022.
Transcriptomic changes induced by applications of a commercial
extract of Ascophyllum nodosum on tomato plants. Scientific Re-
ports 12:1-13. https://doi.org/10.1038/s41598-022-11263-z.

Almagro L, Gémez Ros LV, Belchi-Navarro S, Bru R, Ros Barcel6 A,
Pedrefio MA. 2009. Class III peroxidases in plant defence reac-
tions. Journal of Experimental Botany. doi:10.1093/jxb/ern277.

Andrews S, Krueger F, Seconds-Pichon A, Biggins F, Wingett S. 2015.
FastQC. A quality control tool for high throughput sequence data.
Babraham Bioinformatics. Babraham Institute 1:1.

Bajpai S, Shukla PS, Asiedu S, Pruski K, Prithiviraj B.2019. A biostimulant
preparation of brown seaweed Ascophyllum nodosum suppresses
powdery mildew of strawberry. Plant Pathology Journal 35:406-416.

Bateman A. 2019. UniProt: a worldwide hub of protein knowledge.
Nucleic Acids Research 47:506-515.

Battacharyya D, Babgohari MZ, Rathor P, Prithiviraj B. 2015. Seaweed
extracts as biostimulants in horticulture. Scientia Horticulturae.
doi:10.1016/j.scienta.2015.09.012.

Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer
for illumina sequence data. Bioinformatics 30:2114-2120.

Borges AA, Jiménez-Arias D, Expdsito-Rodriguez M, Sandalio LM,
Pérez JA. 2014. Priming crops against biotic and abiotic stresses:
MSB as a tool for studying mechanisms. Frontiers in Plant Science.
doi:10.3389/fpls.2014.00642.

Boukhari Mohammed EL M El, Barakate M, Bouhia Y, Lyamlouli
K. 2020. Trends in seaweed extract based biostimulants:
manufacturing process and beneficial effect on soil-plant systems.
Plants. doi:10.3390/plants9030359.

Brouquisse R, Weigel P, Rhodes D, Yocum CF, Hanson AD. 1989. Evi-
dence for a ferredoxin-dependent choline monooxygenase from
spinach chloroplast stroma. Plant Physiology 90:322-329.

Bureau T, Lam KC, Ibrahim RK, Behdad B, Dayanandan S. 2007. Struc-
ture, function, and evolution of plant O-methyltransferases. Gen-
ome 50:1001-1013.

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K,
Madden TL. 2009. BLAST+: architecture and applications. BMC
Bioinformatics 10:1-10.

Chen C, Hao C, Yi Z, Hannah RT, Margaret HE, Yehua H, Rui X.
2020. TBtools: An integrative toolkit developed for interactive
analyses of big biological data. Molecular Plant. doi.org/10.1016/j.
molp.2020.06.009.

Chen S, Wang X, Zhang L, Lin S, Liu D, Wang Q, Cai S, El-Tanbouly
R, Gan L, Wu H, Li Y. 2016. Identification and characterization of
tomato gibberellin 2-oxidases (GA20xs) and effects of fruit-specific
SIGA20x1 overexpression on fruit and seed growth and develop-
ment. Horticulture Research 3. doi:10.1038/hortres.2016.59.

Chen Y, Li C, Zhang B, Yi ], Yang Y, Kong C, Lei C, Gong M. 2019.
The role of the late embryogenesis-abundant (LEA) protein fam-
ily in development and the abiotic stress response: a comprehen-
sive expression analysis of potato (Solanum tuberosum). Genes 10.
doi:10.3390/genes10020148.

Chepyshko H, Lai CP, Huang LM, Liu JH, Shaw JE 2012.
Multifunctionality and diversity of GDSL esterase/lipase gene fam-
ily in rice (Oryza sativa L. japonica) genome: new insights from
bioinformatics analysis. BMC Genomics 13:101-133.

Cluzet S, Torregrosa C, Jacquet C, Lafitte C, Fournier ], Mercier L,
Salamagne S, Briand X, Esquerré-Tugayé MT, Dumas B. 2004.
Gene expression profiling and protection of Medicago truncatula
against a fungal infection in response to an elicitor from green
algae Ulva spp. Plant, Cell and Environment 27:917-928.

Cock PJA, Chilton JM, Griining B, Johnson JE, Soranzo N. 2015. NCBI
BLAST+ integrated into Galaxy. GigaScience 4:56-78.

Dechorgnat J, Patrit O, Krapp A, Fagard M, Daniel-Vedele F. 2012.
Characterization of the Nrt2.6 gene in Arabidopsis thaliana: a
link with plant response to biotic and abiotic stress. PLoS One 7.
doi:10.1371/journal.pone.0042491.

Dookie M, Ali O, Ramsubhag A, Jayaraman J. 2021. Flowering gene
regulation in tomato plants treated with brown seaweed extracts.
Scientia Horticulturae 276. doi:10.1016/).scienta.2020.109715.


http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plac046#supplementary-data
https://doi.org/10.1094/MPMI-21-5-0507
https://doi.org/10.2478/v10102-009-0001-7
https://doi.org/10.1016/j.cropro.2016.01.016
https://doi.org/10.3390/plants10030531
https://doi.org/10.1038/s41598-022-11263-z
https://doi.org/10.1093/jxb/ern277
https://doi.org/10.1016/j.scienta.2015.09.012
https://doi.org/10.3389/fpls.2014.00642
https://doi.org/10.3390/plants9030359
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1038/hortres.2016.59
https://doi.org/10.3390/genes10020148
https://doi.org/10.1371/journal.pone.0042491
https://doi.org/10.1016/j.scienta.2020.109715

Ali et al. -Transcriptome-wide modulation in tomato and sweet pepper 17

Fan X, Naz M, Fan X, Xuan W, Miller AJ, Xu G. 2017. Plant nitrate
transporters: from gene function to application. Journal of Experi-
mental Botany. doi:10.1093/jxb/erx011.

Fones H, Preston GM. 2013. The impact of transition metals on bacter-
ial plant disease. FEMS Microbiology Reviews 37:495-519.

Fu]J,Wang$.2011. Insights into auxin signaling in plant—pathogen inter-
actions. Frontiers in Plant Science 2. doi:10.3389/fpls.2011.00074.

Fu Y, Yi H, Bao J, Gong J. 2015. LeNRT2.3 functions in nitrate ac-
quisition and long-distance transport in tomato. FEBS Letters
589:1072-1079.

Garcia-Andrade ], Gonzélez B, Gonzalez-Guzman M, Rodriguez
PL, Vera P. 2020. The role of Aba in plant immunity is mediated
through the Pyr1 receptor. International Journal of Molecular Sci-
ences 21:1-22.

Gong C, Cheng MZ, Li JE Chen HY, Zhang ZZ, Qi HN, Zhang Y,
Liu J, Chen XL, Wang AX. 2021. The A-subunit of the chloroplast
ATP synthase of tomato reinforces resistance to gray mold and
broad-spectrum resistance in transgenic tobacco. Phytopathology
111:485-495.

Gonzalez-Guerrero M, Escudero V, Saéz A, Tejada-Jiménez M. 2016.
Transition metal transport in plants and associated endosymbionts:
arbuscular mycorrhizal fungi and rhizobia. Frontiers in Plant Sci-
ence. doi:10.3389/fpls.2016.01088.

Gotz S, Garcia-Gémez JM, Terol J, Williams TD, Nagaraj SH, Nueda
M]J, Robles M, Talén M, Dopazo J, Conesa AA. 2008. High-
throughput functional annotation and data mining with the
Blast2GO suite. Nucleic Acids Research 36:3420-3435.

Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit I,
Adiconis X, Fan L, Raychowdhury R, Zeng Q, Chen Z, Mauceli E,
Hacohen N, Gnirke A, Rhind N, Di P, Federica B, Bruce WN, Chad
L-T, Kerstin F, Nir RA. 2011. Full-length transcriptome assembly
from RNA-Seq data without a reference genome. Nature Biotech-
nology 29:644-652.

Haas B]J, Papanicolaou A, Yassour M, Grabherr M, Blood PD, Bowden
J, Couger MB, Brian E, David L, Bo L, Matthias M, Matthew D,
Ott M, Orvis J, Pochet N, Strozzi F, Weeks N, Westerman R, Wil-
liam T, Dewey CN, Henschel R, Leduc RD, Friedman N, Regev A.
2013. De novo transcript sequence reconstruction from RNA-Seq
using the trinity platform for reference generation and analysis.
Nature Protocols 8:1494-1512.

Hammerschmidt R, Nuckles EM, Ku¢ J. 1982. Association of enhanced
peroxidase activity with induced systemic resistance of cucum-
ber to Colletotrichum lagenarium. Physiological Plant Pathology
20:73-76.

Hanke G, Mulo P. 2013. Plant type ferredoxins and ferredoxin-
dependent metabolism. Plant, Cell and Environment 36:1071-
1084.

Hare JD. 2005. Biological activity of acyl glucose esters from Datura
wrightii glandular trichomes against three native insect herbivores.
Journal of Chemical Ecology 31:1475-1491.

Haynes W. 2013. Benjamini-Hochberg method. In: Dubitzky W,
Wolkenhauer O, Cho KH, Yokota H. eds. Encyclopedia of Systems
Biology. Springer, New York, NY. https://doi.org/10.1007/978-1-
4419-9863-7_1215.

He P, Warren RE, Zhao T, Shan L, Zhu L, Tang X, Zhou JM. 2001.
Overexpression of Pti5 in tomato potentiates pathogen-induced
defense gene expression and enhances disease resistance to Pseudo-
monas syringae pv. tomato. Molecular Plant-Microbe Interactions
14:1453-1457.

Herlihy JH, Long TA, McDowell JM. 2020. Iron homeostasis and
plant immune responses: recent insights and translational im-
plications. Journal of Biological Chemistry. doi:10.1074/jbc.
REV120.010856.

Holtgrefe S, Bader KP, Horton P, Scheibe R, Von Schaewen A,
Backhausen JE. 2003. Decreased content of leaf ferredoxin changes
electron distribution and limits photosynthesis in transgenic potato
plants. Plant Physiology 133:1768-1778.

IBM Corporation. 2011. IBM SPSS statistics for windows. Armonk,
NY: IBM Corp.

Islam MT, Gan HM, Ziemann M, Hussain HI, Arioli T, Cahill D. 2020.
Phaeophyceaean (brown algal) extracts activate plant defense
systems in Arabidopsis thaliana challenged with Phytophthora
cinnamomi. Frontiers in Plant Science 11. doi:10.3389/
fpls.2020.00852.

Jiang Y, Liao Q, Zou Y, Liu Y, Lan J. 2017. Transcriptome analysis
reveals the genetic basis underlying the biosynthesis of volatile
oil, gingerols, and diarylheptanoids in ginger (Zingiber officinale
Rosc.). Botanical Studies 58. doi:10.1186/s40529-017-0195-5.

Kanehisa M, Sato Y, Furumichi M, Morishima K, Tanabe M. 2019.
New approach for understanding genome variations in KEGG. Nu-
cleic Acids Research 47:595.

Kasim WA, Hamada EAM, Shams El-din NG, Eskander S. 2015. Influ-
ence of seaweed extracts on the growth, some metabolic activities
and yield of wheat grown under drought stress. International Jour-
nal of Agronomy and Agricultural Research 7:173-189.

Kato T, Kumazaki K, Wada M, Taniguchi R, Nakane T, Yamashita K,
Hirata K, Ishitani R, Ito K, Nishizawa T, Nureki O. 2019. Crystal
structure of plant vacuolar iron transporter VIT1. Nature Plants
5:308-315.

Kesavachandran CN, Fareed M, Pathak MK, Bihari V, Mathur N,
Srivastava AK. 2009. Adverse health effects of pesticides in agrar-
ian populations of developing countries. Reviews of Environmental
Contamination and Toxicology. doi:10.1007/978-1-4419-0028-
9 2.

Kim D, Langmead B, Salzberg SL. 2015. HISAT: a fast spliced aligner
with low memory requirements. Nature Methods 12:357-360.
Knaff DB, Hirasawa M. 1991. Ferredoxin-dependent chloroplast en-

zymes. BBA - Bioenergetics. doi:10.1016/S0005-2728(05)80277-4.

Kohli A, Miro B, Balié J, Hughes JD’A. 2020. Photosynthesis research:
a model to bridge fundamental science, translational products, and
socio-economic considerations in agriculture. Journal of Experi-
mental Botany. doi:10.1093/jxb/eraa087.

Larsen B, Xu D, Halkier BA, Nour-Eldin HH. 2017. Advances in
methods for identification and characterization of plant trans-
porter function. Journal of Experimental Botany. doi:10.1093/jxb/
erx140.

Lee DS, Kim YC, Kwon SJ, Ryu CM, Park OK. 2017. The Arabidopsis
cysteine-rich receptor-like kinase Crk36 regulates immunity
through interaction with the cytoplasmic kinase BIK1. Frontiers in
Plant Science 8. doi:10.3389/fpls.2017.01856.

Lee YM, Chae GY, Kim MK, Kim S. 2021. Comparative analysis of re-
annotated genes provides insight into evolutionary divergence and
expressions of aquaporin family in pepper. Plants 10. doi:10.3390/
plants10061039.

Li G, Chen T, Zhang Z, Li B, Tian S. 2020. Roles of aquaporins in
plant—pathogen interaction. Plants. doi:10.3390/plants9091134.

Liao Y, Smyth GK, Shi W. 2014. FeatureCounts: an efficient general
purpose program for assigning sequence reads to genomic features.
Bioinformatics 30:923-930.

Lin CY, Li Q, Tunlaya-Anukit S, Shi R, Sun YH, Wang JP, Liu J, Loziuk
P., Edmunds CW, Miller ZD, Peszlen I, Muddiman DC, Sederoff RR,
Chiang VL. 2016. A cell wall-bound anionic peroxidase, Pi##rPO21,
is involved in lignin polymerization in Populus trichocarpa. Tree
Genetics and Genomes 12. doi:10.1007/s11295-016-0978-y.

Liu R, Li Q, Tunlaya-Anukit S, Shi R, Sun YH, Wang JP, Liu J. 2015. Why
weight? Modelling sample and observational level variability improves
power in RNA-Seq analyses. Nucleic Acids Research 43:200-234.

Luu Van T, Weinhold A, Ullah C, Dressel S, Schoettner M, Gase K,
Gaquerel E, Xu S, Baldwin IT. 2017. O-acyl sugars protect a wild
tobacco from both native fungal pathogens and a specialist herbi-
vore. Plant Physiology 174:370-386.

Lv Y, Yang N, Wu J, Liu Z, Pan L, Lv S, Wang G. 2016. New insights
into receptor-like protein functions in Arabidopsis. Plant Signaling
and Behavior 11:333-340.

Martinez-Medina A, Flors V, Heil M, Mauch-Mani B, Pieterse CM],
Pozo MJ, Ton J, van Dam NM, Conrath U. 2016. Recognizing
plant defense priming. Trends in Plant Science. doi:10.1016/j.
tplants.2016.07.009.


https://doi.org/10.1093/jxb/erx011
https://doi.org/10.3389/fpls.2011.00074
https://doi.org/10.3389/fpls.2016.01088
https://doi.org/10.1007/978-1-4419-9863-7_1215
https://doi.org/10.1007/978-1-4419-9863-7_1215
https://doi.org/10.1074/jbc.REV120.010856
https://doi.org/10.1074/jbc.REV120.010856
https://doi.org/10.3389/fpls.2020.00852
https://doi.org/10.3389/fpls.2020.00852
https://doi.org/10.1186/s40529-017-0195-5
https://doi.org/10.1007/978-1-4419-0028-9_2
https://doi.org/10.1007/978-1-4419-0028-9_2
https://doi.org/10.1016/S0005-2728(05)80277-4
https://doi.org/10.1093/jxb/eraa087
https://doi.org/10.1093/jxb/erx140
https://doi.org/10.1093/jxb/erx140
https://doi.org/10.3389/fpls.2017.01856
https://doi.org/10.3390/plants10061039
https://doi.org/10.3390/plants10061039
https://doi.org/10.3390/plants9091134
https://doi.org/10.1007/s11295-016-0978-y
https://doi.org/10.1016/j.tplants.2016.07.009
https://doi.org/10.1016/j.tplants.2016.07.009

18

Martinez-Marquez A, Martinez-Esteso M]J, Vilella-Antén MT, Sellés-
Marchart S, Morante-Carriel JA, Hurtado E, Palazon J, Bru-
Martinez R. 2017. A tau class glutathione-S-transferase is involved
in trans-resveratrol transport out of grapevine cells. Frontiers in
Plant Science 8. doi:10.3389/fpls.2017.01457.

McCarty RE, Evron Y, Johnson EA. 2000. The chloroplast ATP syn-
thase: a rotary enzyme? Annual Review of Plant Biology 51:83—
109.

Miedes E, Vanholme R, Boerjan W, Molina A. 2014. The role of the sec-
ondary cell wall in plant resistance to pathogens. Frontiers in Plant
Science. d0i:10.3389/fpls.2014.00358.

Moghe GD, Leong BJ, Hurney SM, Jones AD, Last RL. 2017. Evolu-
tionary routes to biochemical innovation revealed by integrative
analysis of a plant-defense related specialized metabolic pathway.
ELife 6. doi:10.7554/eLife.28468.

Ofori PA, Mizuno A, Suzuki M, Martinoia E, Reuscher S, Aoki K,
Shibata D, Otagaki S, Matsumoto S, Shiratake K. 2018. Genome-
wide analysis of Atp binding cassette (Abc) transporters in tomato.
PLoS One 13. doi:10.1371/journal.pone.0200854.

Okonechnikov K, Conesa A, Garcia-Alcalde F 2016. Qualimap 2:
advanced multi-sample quality control for high-throughput
sequencing data. Bioinformatics 32:292-294.

OmicsBox — Bioinformatics Made Easy, BioBam Bioinformatics. 2019
https://www.biobam.com/omicsbox.

Radin I, Mansilla N, Rodel G, Steinebrunner 1. 2015. The Arabidopsis
COX11 homolog is essential for cytochrome ¢ oxidase activity.
Frontiers in Plant Science 6. doi:10.3389/fpls.2015.01091.

Rajendran R, Jagmohan S, Jayaraj P, Ali O, Ramsubhag A, Jayaraman
A. 2022. Effects of Ascophyllum nodosum extract on sweet pep-
per plants as an organic biostimulant in grow box home garden
conditions. Journal of Applied Phycology 34. doi:10.1007/s10811-
021-02611-z.

Reuscher S, Akiyama M, Mori C, Aoki K, Shibata D, Shiratake K. 2013.
Genome-wide identification and expression analysis of aquaporins
in tomato. PLoS One 8. doi:10.1371/journal.pone.0079052.

Robinson MD, McCarthy DJ, Smyth GK. 2009. EdgeR: a bioconductor
package for differential expression analysis of digital gene expres-
sion data. Bioinformatics 26:139-140.

AoB PLANTS, 2022, Vol. 14, No. 6

Sila SL, Potty VP, Santhoshlal PS. 2016. Detection of phenylalanine
ammonia-lyase activity in different plant parts. International Jour-
nal of Pharma and Bio Sciences 7:100-104.

Stark R, Grzelak M, Hadfield J. 2019. RNA sequencing: the teenage
years. Nature Reviews Genetics. doi:10.1038/s41576-019-0150-2.

Tonon C, Andreu A, Aued ME, Van Damme M, Huarte M, Daleo GR.
1998. Defence reactions in two potato cultivars following infec-
tion with two races of Phytophthora infestans. Potato Research
41:319-325.

Tuchy L, Chowariska J, Chojnacka K. 2013. Seaweed extracts as
biostimulants of plant growth: review. Chemik 67:636-641.

Wally OSD, Critchley AT, Hiltz D, Craigie JS, Han X, Zaharia LI,
Abrams SR, Prithiviraj B. 2013a. Regulation of phytohormone
biosynthesis and accumulation in Arabidopsis following treatment
with commercial extract from the marine macroalga Ascophyllum
nodosum. Journal of Plant Growth Regulation 12:32-37.

Wally OSD, Critchley AT, Hiltz D, Craigie JS, Han X, Zaharia LI,
Abrams SR, Prithiviraj B. 2013b. Regulation of phytohormone
biosynthesis and accumulation in Arabidopsis following treatment
with commercial extract from the marine macroalga Ascophyllum
nodosum. Journal of Plant Growth Regulation 32:324-339.

Wang L, Wang S, Li W. 2012. RSeQC: quality control of RNA-Seq ex-
periments. Bioinformatics 28:2184-2185.

Werner T, Schmiilling T. 2009. Cytokinin action in plant development.
Current Opinion in Plant Biology. doi:10.1016/5.pb1.2009.07.002.

Wilson DE. 2017. Oxidative phosphorylation: regulation and role in
cellular and tissue metabolism. Journal of Physiology. doi:10.1113/
JP273839.

Xie C, Mao X, Huang |, Ding Y, Wu J, Dong S, Kong L, Gao G, Li CY,
Wei L. 2011. KOBAS 2.0: a web server for annotation and identifi-
cation of enriched pathways and diseases. Nucleic Acids Research
39:201-215.

Xu C, Leskovar DI. 2015. Effects of Ascophyllum nodosum seaweed
extracts on spinach growth, physiology and nutrition value under
drought stress. Scientia Horticulturae 183:39-47.

Xu J, Wang XY, Guo WZ. 2015. The cytochrome P450 superfamily:
key players in plant development and defense. Journal of Integra-
tive Agriculture. doi:10.1016/52095-3119(14)60980-1.


https://doi.org/10.3389/fpls.2017.01457
https://doi.org/10.3389/fpls.2014.00358
https://doi.org/10.7554/eLife.28468
https://doi.org/10.1371/journal.pone.0200854
https://www.biobam.com/omicsbox
https://doi.org/10.3389/fpls.2015.01091
https://doi.org/10.1007/s10811-021-02611-z
https://doi.org/10.1007/s10811-021-02611-z
https://doi.org/10.1371/journal.pone.0079052
https://doi.org/10.1038/s41576-019-0150-2
https://doi.org/10.1016/j.pbi.2009.07.002
https://doi.org/10.1113/JP273839
https://doi.org/10.1113/JP273839
https://doi.org/10.1016/S2095-3119(14)60980-1

