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Abstract

Brassica napus L. (B. napus) is well known edible oil crop globally threatened by heavy metal pollution,
particularly vanadium (V), which severely damaged plant growth, biomass accumulation,
photosynthetic efficiency, and antioxidant defense by inducing oxidative stress. Melatonin (MT), a
multifunctional phytohormone, has emerged as a potent regulator of plant responses to abiotic stress;
however, its role in mitigating V-induced phytotoxicity remains largely unexplored in B. napus. In
this study, we evaluated the physio-biochemical and transcriptomic responses of B. napus seedlings
under V stress (100 mg L) with or without MT supplementation (100 uM). MT treatment
significantly reduced V uptake (~66.79%) and alleviated V-induced phenotypic and physiological
damages, restoring biomass, water content, and photosynthetic pigment accumulation. Notably, MT
enhanced chlorophyll fluorescence, gas exchange parameters, and ROS-scavenging by up-regulating
antioxidant enzymes (SOD, POD, CAT, APX) and their corresponding genes. Transcriptomic analysis
identified 1767 deferentially expressed genes (DEGs), with MT reversing V-down-regulated gene
expression and promoting stress-responsive pathways. Weighted Gene Co-expression Network
Analysis (WGCNA) revealed four key modules (turquoise, blue, brown, yellow), where gene
expression was predominantly up-regulated in MT+V treatments. GO and KEGG enrichment
highlighted MT-induced activation of pathways related to abiotic stress responses, including
phenylpropanoid biosynthesis, flavonoid metabolism, and ROS detoxification. Notably, genes
involved in flavonoid (PAL, FLS, CYP73A), lignin (PODs, CAD, COMT), and sinapine biosynthesis
were significantly up-regulated by MT, correlating with reduced H,O, accumulation and enhanced
stress resilience. This study provides novel insights into the molecular and physiological mechanisms
by which MT mitigates V toxicity in B. napus, underscoring its potential application in enhancing
heavy metal stress tolerance in crops through sustainable bio-stimulant strategies.

Keywords: abiotic stresses; vanadium; melatonin; Brassica napus L.; transcriptome

1. Introduction

The Brassica napus L., (B. napus) also known as rapeseed is an important crop belonging to the
Brassicaceae family. B. napus is the major oil produce seed crop in China. China contributes for 20% of
global B. napus production, with 7.5 million hectares of planting area, but the edible oil self-sufficiency
rate is still < 40% [1,2]. Recently, different abiotic stresses such as heat, cold, drought, and heavy
metals adversely affected B. napus production [3,4]. Heavy metal pollution continues to be the most
transcendent agricultural and environmental issue of the 21st century [5,6]. Among them, Vanadium
(V) remains the effective poisonous heavy metal that poses ascetic intimidation on both plants and
humans [7]. The V is the fifth most plentiful trace element in the earth’s crust amid all the transitional
elements mainly in the USA, South Africa, and China [8]. Worldwide, the V production is 57%, China
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is the largest producer and user of V which comprises around 26.5% of V-polluted soil in Southwest
China [9,10]. It is reported that about 10 to 220 mg kg-1 amount of V is present in the earth’s crust,
however higher in human-used soils that need reduction or elimination to not transfer further to
plants and food chains used by humans and animals [11,12]. The V accumulation in plant various
parts induces permanent alterations such as diminished photosynthetic activity, stomatal closer,
suppressed enzymatic activities, leaf necrosis, and cellular structural damage, which ultimately
reduces crop yield [13,14]. At 35 mg L-1 level of V in rice and 40 mg L-1 in tomato, the
malondialdehyde (MDA) and hydrogen peroxide (H202) accumulation was uplifted noticeably,
which in turn reduced the rice growth [8,13]. The enhanced V accumulation than the threshold level
(40-55.8 mg L-1 causes a reduction in plant essential nutrient production thus damaging crop yield
[4,15]. The V high-concentration hinders the physiological, phenotypic, and biochemical activities of
plants hence reducing the plant growth and development, mostly due to reactive oxygen species
(ROS) production, alteration in enzymatic activities, and gene expression [16]. The exogenous V
application (40 and 80 mg L-1) significantly altered the root architecture and reduced the root and
stem fresh weight and fruit production [6,15,17]. Similar results were obtained by [8] in chickpea
(Cicer arietinum L.) at V 25 mg L-1 application. Plants have an essential nutrient known as phosphorus
(P), and its lack can cause serious damage to metabolic, biochemical, and physiological processes.
Nevertheless, both V and P are chemical analogs, and it is reported that V can significantly suppress
the plants’ ability to absorb P [18] Furthermore, V causes weakness, diarrhea, nose bleeding, weight
reduction, and vomiting in Humans [19]. Therefore, in plants, the controlling of V toxicity and
accumulation needs much attention for healthier plant growth and human security.

Melatonin (MT, C13H16N202), also known as N-acetyl-5-methoxy-tryptamine, is an organic
compound having low molecular weight and is commonly present in almost all living organisms
from animals, bacteria, and plants [20-22]. MT was first identified in 1958 in cow’s pineal glands [23],
however in plants, it was first discovered in 1995, later, different researchers reported its presence in
different crops such as tomatoes, rice, and pepper also observed its presence in plant different parts
such leaves, roots, flowers, stems, fruits and seeds, for instance, contain about 5 to 145000 pg g-1
based on fresh weight [24-27]. The physiological and biochemical properties of plants are
significantly influenced by MT, such as gene and enzyme regulation related to growth initiation,
germination, sucrose biosynthesis, germination, and uplifting crop production [24,28]. MT is
involved in the regulation of many important processes i.e., plant growth, flowering, circadian
rhythm, fruit ripening, mitotic spindle formation, lateral root formation, and regeneration of root
[14,24,28]. Moreover, MT supports the plant’s total chlorophyll and carotenoids contents and revokes
the chlorophyll deposition hence increasing the photosynthesis process, and regulating the sugar and
nitrogen metabolism [24,29]. The MT also enhanced the photosynthetic capability by regulating the
expression of PsaK, PsaG, PsaO, PsaH, PsaA, and PsaF genes in photo-system I, and PsbZ, PsbP,
Psb28, PsbQ, PsbY, PsbE, and PsbO genes in photo-system II [30]. Moreover, MT is a significant anti-
stress regulator and plant growth bio-stimulator, specifically under harsh eco-friendly situations,
such as ultraviolet radiation, and different stresses like heavy metals, salt, water, cold, acid rain,
drought, and heat stress [31-34].

This is the first-ever study about the ME defensive mechanism against V toxicity in B. napus in
terms of plant growth and development, plant biomass, root architecture, minerals uptake, and
chlorophyll contents. Besides physiological aspects, the current research is focused on the ME up
regulated genes in response to V (100 mg L-1) toxicity through a comparative transcriptomic study.
The study specifically aimed to investigate the mechanism of action of ME against V and represents
valuable insights into maintaining B. napus growth and development by preparing stress-resilient B.
napus genotypes through modern biotechnological techniques.
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2. Results
2.1. B. napus Phenotype Attributes Under V Stress and MT Supplementation

The B. napus seedlings were subjected individuality to MT (100 uM), and V (100 mg L-1). We
observe that MT improved the phenotypic growth of the seedlings, inversely, V dramatically
decreased the growth of the seedlings including root and shoot growth and leaf number as shown in
Figure 1B. Further, when MT was applied simultaneously with V dose, then we observe that MT
amendment quenched the V induced phytotoxic alteration and improved the phenotypic growth and
seedlings biomass (whole plant weight) compared to uniform V stress (Figure 1B,C). Furthermore,
the V deposition was reduced by MT (~66.79%) in the combined MTV treated seedlings as compared
to V uniformly treated seedlings (Figure 1D). It means that MT can revoke the V uptake by roots and
further to leaves, hence support plant growth and development.

A Germination Hoagland solution Melatonin + Vanadium treatment
(5- Days) (20- Days) (7- Days)
Seed were sown in petri Black plastic pots Control (CK)
dishes in climate- (378 x 278 x 90 mm) filled
controlled chamber with Hoagland nutrient Melatonin (MT)
solution (pH = 5.6) (100 pM)

Temperature 20°C, Time period (day 16 h, night 8 h)

Shifted
Harvested

Vanadium (V)

Relative humidity 75% ‘Temperature (day 27°C, night 23°C]| (100 mg L")
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Figure 1. Influence of MT, V, and combined MTV on B. napus seedlings (A). Diagrammatical representation of
the treatments combination and methodology followed for the current investigation (B). Phenotypes of the B.
napus shoots and roots at the 7th day of doses application (CK, MT, V, MTV) (C). Plant biomass, and (D). V
quantification under V and MTV applications. The concentration of MT and V were 100 uM Na25i03.9H20 and
100 mg L1, NH4VO3, respectively. Data represent as mean, n = 3, + SD. The statistical significance of the data

among different treatments is represented by different lower-case letters, at p < 0.05, according to LSD test.

2.2. Analyses of B. napus Seedlings Phenotypic Attributes

The V dose application made drastic changes in B. napus seedlings vegetative growth and
developments. We observe that V application noticeably reduced the seedlings shoot length (SL)
(70.29), shoot fresh weight (SFW) (50.34), shoot dry weight (SDW) (27.64), Root length (RL) (73.19),
root fresh weight (RFW) (61.29), root dry weight (RDW) (51.37), root relative moisture water content
(RRMC) (37.56), shoot relative moisture water content (SRMC) (66.17), and leaf relative moisture
water content (LRMC) (47.90), as compare to CK (Figure 2A-I), while the MT amendment improved
the seedlings SL (152.90), SFW (185.25), SDW (255.88), RL (156.26), RFW (175.98), RDW (219.33),
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RRMC (309.68), SRMC (198.54), and LRMC (197.87), as compared to uniformly V treated seedlings
(Figure 2A-I). Some other important phenotypic parameters such like root, shoot, and leaf width,
and leaf length analyses under V stress and MT supplementation were given in (Figure S4). The MT
application markedly mitigates the V toxic effects and hence support the Brassica seedlings growth-
related attributes (Figure 2A-I).
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Figure 2. Effect of Melatonin (MT) application on shoot length (A). shoot fresh weight (B). shoot dry weight (C).
Root length (D). root fresh weight (E). root dry weight (F). root relative moisture water content (G), shoot relative
moisture water content (H), and leaf relative moisture water content (I). The concentration of MT and V were
100 uM Na2SiO3.9H20 and 100 mg L- 1, NH4VO3, respectively. Data represent as mean, n = 3, + SD. The
statistical significance of the data among different treatments is represented by different lower-case letters, at p
£0.05, according to LSD test.

2.3. SPAD Index, Photosynthesis, and Leaf Gas Exchange Parameters

The chlorophyll pigments i.e., chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoids
accumulation was uplifted by MT supplementation by 159.67%, 140.67%, and 150.81%, respectively,
(Figure 3A—-C), in the V induced seedlings, while Unsurprisingly, these pigment contents get reduced
by V up to 59.23%, 61.00%, and 62.22%, respectively, as compared to CK (Figure 3A-C). In contrast,
The MT mitigate the V induced toxic effects on plants chlorophyll pigments and improved
chlorophyll contents. Besides this, the MT amendment improved the SPAD index by (220.33%), that
was reduced by V exposure by 52.57% (Figure 3D). Furthermore, the V stress also reduced the leaf
gas exchange parameters Pn, Ci, Gs, and Tr by 51.89%, 55.08%, 42.86%, and 59.74%, as compared to
those brassica seedlings which have no stress (CK) , but the MT supplementation support these
parameters by 45.47%, 41.97%, 47.88%, and 63.46%, respectively, as compared to V induce stress
seedlings (Figure 3E-G). The chlorophyll fluorescence parameters i.e., Fo, Fv, Fm, Fv/Fm, and Fv/Fo
were quantified in the MT, V, MTV, treated seedlings and CK as well (Figure S5). The results showed
that the florescence parameters i.e., maximum quantum of PSII, Fv/Fm; was up-lifted by MT
supplementation up to (145.81%), as compared to V stress seedlings, while on other hand these are
reduced by V exposure by (61.20%), as compared to CK (Figure 3I).
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Figure 3. Melatonin (MT) supplementation uplift chlorophyll pigments; chlorophyll a (A). chlorophyll b (B).
carotenoids (C). SPAD index (D). and promote leaf gas exchange parameters; Pn (E). Ci (F). Gs (G). and Tr (H).
also promote the maximum quantum of PSII, Fv/Fm (I), of B. napus seedlings under V stress. The concentration
of MT and V were 100 uM Na2SiO03.9H20 and 100 mg L- 1, NH4VO3, respectively. Data represent as mean, n =
3, +SD. The statistical significance of the data among different treatments is represented by different lower-case

letters, at p < 0.05, according to LSD test.

2.4. Vanadium (V) Induced Oxidative Stress and Proline Accumulation

After seven days of V stress treatments the oxidative stress markers H202, and MDA were
quantified in the fresh leaves of B. napus seedlings. For instance, in the V stressed seedlings, the H202,
and MDA accumulations were increased significantly by 9.2 and 6.51-folds, respectively, compared
with CK. Importantly, ME amendment decreased these levels by 5.3-, and 5.2-folds, respectively, as
compared to MT and V combined applied seedlings (Figure 4A,B). Proline accumulation takes part
in the scavenging of free radicals or reactive oxygen species (ROS) negative effects, as a result the
proline accumulation is significantly increased in the presence of V stress by 15.11 folds, compared
with CK, while MT amendment reduced the proline content by 5.2-folds, as compared to MT and V
combined applied seedlings (Figure 4C), its mean that MT play a pivotal role in preventing oxidative
stress and scavenge the free radicals.

>
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Figure 4. Melatonin (MT) supplementation successfully reduced the oxidative stress markers; [H202 (A). MDA
(B). and proline (C). levels in B. napus seddlings under V stress. The concentration of MT and V were 100 pM
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Na25i03.9H20 and 100 mg L- 1, NH4VO3, respectively. Data represent as mean, n = 3, + SD. The statistical

significance of the data among different treatments is represented by different lower-case letters, at p < 0.05,
according to LSD test.

2.5. Analyses of Antioxidant Enzymes and Genes Activities

The antioxidant enzymes accumulation in the leaves of B. napus seedlings were investigated
spectro-photometrically to evaluate the possible role of MT on the antioxidant machinery against V.
The antioxidant enzymes (SOD, POD, CAT, and APX)

accumulation was dramatically decreased by V up to (49.65%), (59.07%), (63.86%), and (55.34%),
respectively, as compared to non treated plants (CK), while the MT amendment significantly uplift
these accumulation by (329.16%), (266.69%), (247.21%), and (217.69%), respectively, as compared to
only V stressed seedlings (Figure 5A-C).

In the said treatments, the RT-qPCR relative expression analyses of the linked genes of B. napus
seedlings with the aforesaid antioxidant enzymes were investigated (Figure 5D-F). A significant
decline was noticed in the expression of SOD, POD, CAT, and APX encoding genes BnSOD, BnPOD,
BnCAT, and BnAPX, under V toxicity, as compared to the CK, while the MT supplementation
enhanced the transcript level of these genes by 5.217, 7.979, 7.986, and 4.799- folds, respectively, as
compare to uniform V stressed seedlings.
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Figure 5. Effect of Melatonin (MT) on antioxidant enzymes and linked gene genes; SOD (A&E). POD (B&F). CAT
(C&G). and APX (D&H), in B. napus seedlings under V stress.

The concentration of MT and V were 100 uM Na2S5iO3.9H20 and 100 mg L-!, NH4VO3,
respectively. Data represent as mean, n = 3, + SD. The statistical significance of the data among

different treatments is represented by different lower-case letters (a-c) at p < 0.05, according to LSD
test.

2.6. Transcriptome Assembly and Data Analyses Under V Stress and MT Supplementation

To reveal the mechanism of action and underlying transcriptional dynamics of MT amendment
against V stress, gene expression analyses in CK, MT, V, and MTV treatments were analyzed via;
transcriptome sequencing with three independent biological replicated. Overall, 12 cDNA libraries
were constructed and were pooled to sequencing via; Illumina NovaSeq platform, yielding
approximately ~649.353 raw reads, (Supplementary File S1). The RAW data uploading to NCBI
database is in progress. After removing sequencing errors, ambiguous nucleotide, false sequences,
and assessing the GC content distribution total of ~639.217994 clean reads were retained. On average,
the clean reads had 97.65% (Q20), and 93.72% (Q30) scores, while a GC content of 40% recorded,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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which demonstrated the high quality of the sequencing data (Supplementary File S1). The filtered
clean reads (~639 million) were mapped to the B. napus reference genome and after alignment the
gene expression was measured to obtain raw counts for all genes across different samples.

2.7. Analyses of Deferentially Expressed Genes (DEGs) Under V Stress and MT Supplementation

To investigate the mechanism of action of MT mediated defence against V-induced stress in B.
napus, the deferentially expressed genes (DEGs) were analyzed among MT, V, and MT + V (MTV)
treatments as compared to healthy seedlings (CK), as shown in (Figure 6A). After alignment with the
Brassica napus we get approximately 1767 DEGS. Further, we identified 741 (494 down-regulated, and
247 up-regulated), 789 (428 down-regulated, and 361 up-regulated), and 237 (80 down-regulated, and
157 up-regulated) genes in CK vs MT, CK vs V, and CK vs MTV, respectively. The prominent number
of DEGs were expressed V stressed plants compared to CK, followed by MT, and MTV have least
number of DEGs, means that Brassica activate many genes to cop the V stress. On the other hand, the
decreasing levels of gene expression in MT uniform and in combination with V (MTV) demonstrates
that MT plays prominent role in uplifting the immunity of seedlings against V stress, and mitigate V
toxic effects by maintaining the gene level nearly resemble to CK gene expression levels. The total
number of down-regulated DEGs (1002 DEGs) in all combinations was higher then the up-regulated
genes (765 DEGs) (Figure 6A). The aforesaid mentioned DEGs expression among MT, V, and MTV
compared to CK, respectively, were also represents in the form of expression heatmap (Figure 6B),
and Volcanic representation (Figure 6C). Afterward, to explore specifically the number of DEGs in
each treatment, and MT based DEGs against V stress we performed Venn diagram analyses of the
DEGs, and here we found 12, 16, and 4 DEGs [(CK vs MT) vs (CK vs V)], [(CK vs V) vs (CK vs MTV)],
and (CK vs MTV) vs (CK vs MT)], respectively, in up-regulated DEGs, while no commonly expressed
gene was found (Figure 6D; up-regulated), and 43, 11, and 3 in down-regulated DEGs were found
under the above mentioned treatments comparisons, respectively, while 5 common genes were
expressed in these combinations (Figure 6D; down-regulated), and finally 57, 31 and 7 in up/down
regulated DEGs were found under the above mentioned treatments comparisons, respectively, while
5 common genes were expressed in these combinations (Figure 6D; up/down regulated). In all
comparisons the DEGs (up-down) number between MT and V was more (112 DEGs) as compared to
V and MTV (58 DEGs), and MTV vs MT (14 DEGs) (Figure 6D). The expression of 5 commonly
expressed genes in up and up/down regulated genes were same and their expression among all
treatments was shown in (Figure 6E). The identified DEGs were subjected to further analysis.

B
?- DOWN == UP CKvs MT CKvsV CKvs MTV

g &

Number of DEGs.
H
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Figure 6. Comparative analyses of deferentially expressed genes (DEGs) in B. napus seedlings under different
treatments (A). Total number of up-down DEGs in all treatments (B). Clustering heat-map of DEGs; CK vs MT,
CKvs V, and CK vs MTV, respectively, (C). Volcano representation of DEGs in CK vs MT, CK vs V, and CK vs
MTV, respectively, (D). Venn diagram of up, down, and combined up-down regulated genes, respectively, (E).
Expression heatmap of commonly regulated genes in the up and up/down regulated comparison in Venn

diagram analyses.

2.8. Construction of Weighted Genes Correlation Network Analysis (WGCNA) and Identification of Key
Modules

We performed WGCNA analyses to explore the key regulatory modules and gene clusters which
are significantly associated with V stress mitigating role. The genes clustering dendo gram was
constructed to find-out the key signature genes (Figure 7B). The customized threshold power and the
scale-free topology index was set at 15 and 0.8, respectively for the analyses (Figure 7A). The
hierarchical clustering with prominent topological overlapping genes were followed for
identification of the top four expression network modules (turquoise, blue, brown, and yellow),
beside this, twelve modules were created from the transcripts, and significant connected modules
were found (Figure 7b). The overall expression of the total genes in all module were shown in (Figure
7C). As aresult, 335 out of the 632 genes were linked with four modules (turquoise, blue, brown, and
yellow) (Figure 7). The turquoise, blue, brown, and yellow modules contain 162, 59, 58, and 56 genes,
respectively. Interestingly, the genes in all four modulesi.e., turquoise, blue, brown, and yellow, were
highly expressed in MT + V treatment, followed by MT, and V, respectively. The order of gene
expression in all four modules was MTV>MT>V (Figure 7D-G). It means that MT significantly uplift
the expression of key genes against heavy metal (V) toxicity.

A scale Independence Mean connectivity B Gene cluster dendogram and module colors

Height

Wowmars
C ragnea pik bk re een  Yelow brown v _an A

i
(1]

f{,’/;

Blue module Brown module Yellow module

Figure 7. Weighted Genes Correlation Network Analysis (WGCNA) analysis of network topology; (A). Both
panels show the impact of soft threshold power on scalefree and the impact of it on mean connectivity (B). The
gene cluster dendo gram and module identification (C). The expression heatmap of total genes grouped into 12
gene clusters through WGCNA (D). Turquoise (E). Blue (F). Brown, and (G). Yellow expression network
modules module of genes. The color scale “from dark blue and green to dark red” in the heatmaps showed the

intensity of expression values (-1 to +1).
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2.9. GO and KEGG Enrichment Analyses of DEGs

The gene ontology (GO) enrichment analyses of the DEGs among MT, V, and MTV were
proceeds and overall 44 significantly enriched GO terms (p < 0.05) were obtained, and were divided
in to 3 functional categorizes: BP (Biological processes; 19), CC (Cellular components; 18), and MF
(Molecular function; 7) (Supplementary File S2) (Figure 8A-C). The prominent GO terms in each
category are shown in Figure 8. The highest number of GO terms “18” in all classes (BP, CC, MF)
were obtained in the seedlings having both MT and V combined applications, whereas, “17” were
obtained in the uniformly V stressed seedlings, and the least number of GO terms “9” were identified
in MT supplemented seedlings (Figure 8). Notably, the BP category shows a prominent number of
genes enriched in photosynthesis pathway, in response to stresses (biotic, abiotic, chemical, light,
external and endogenous stimuli), carbohydrate metabolism (phenylpropanoid pathway, lipid
metabolic process, flavonoid metabolic process, and so on) (Figure 8A-C). The number of genes
involved in each pathway in all classes (BP, CC, and MF) were mentioned in (Figure 8D-F) under
MT, V, and MTV treatment applications, respectively, where the highest am significantly expressed
number of genes were obtained in MTV (Figure 8F) in response to chemical, biotic and abiotic stresses
(Supplementary Files S2 and S3).

Majority of the genes in biological process were mostly categorized into response to stress
(GO:0006950), response to stress abiotic stimulus (GO:0009605, GO:0009628), response to chemical
(GO:0042221). In the cellular components category genes were grouped in membrane (GO:0016020),
plasma membrane (GO:0005886), chloroplast (GO:0009507), and cell wall (GO:0005618), while in MF
category gene were classified in catalytic activity (GO:0003824), transferase activity (GO:0016740),
and transporter activity (GO:0005215) (Supplementary Files S2 and S3). From the entire analyses of
GO and KEGG, interestingly, it is noticed that MT supports the heavy metal related pathway genes
expression and hence supports the plant growth and development (Figure 8).

A B Cc - B8P
- CC
25 -

Enrichment score
Enrichment score

Biological process. Cellular component  Molecular function Biological process  Cellular component ~ Molecular function

opiam 1

[ R B ks 2k 2k 5 %
RichFactor RichFactor RichFactor

Figure 8. The GO and KEGG enrichment analysis of deferentially expressed genes in MT, V, and MTV treatments.
GO enrichment of DEGs under (A). MT, (B). V, and (C). MTV treatments. KEGG enrichment of DEGs under (A).
MT, (B). V, and (C). MTV treatments.

2.10. Genes Involved in Phenylpropanoid Pathway

In plants phenylpropanoid pathway is the key metabolic route for conversion of phenylalanine
amino acid in to different significant secondary metabolites such as, flavonoids, lignins, and sinapines
etc. These secondary metabolites play crucial role in different mechanism of plants against various
stresses; biotic and abiotic, and hence play a pivotal role in plant growth and development [35,36].
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All the 24 DEGs in the phenylpropanoid pathway are mainly involved in the said three metabolic
pathways (flavonoids, lignins, and sinapines) and are significantly up-regulated by MT, V, or MTV,
as shown in Figure 9 (Supplementary File 54).

Phenylpropanoid pathway
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Figure 9. Genes invloved in phenylpropanoid pathway. The pathways with yellow color in the end represents
sinapine biosynthesis pathway, the light-blue color showed the lignin biosynthesis pathway, and the golden
color represents the flavonoids biosynthesis pathway. The expression heatmap represents the expression
intensity of the DEGs at each stage in the respective pathways. The color bar from blue (min.) to red (max.)

represents the FPKM expression values of the DEGs.

2.10.1. Flavonoids Biosynthesis

Out of the 24 DEGs, 4 DEGs were involved in flavanol (quercitin, kaempherol, and myricetin)
biosynthesis. In these 4 DEGs one was PAL, one was PTAL, 1 CYP73A, and 1 was FLS, all these genes
were expressed highly significantly in M supplementation combined with V stress seedlings, means
that MT significant up-regulate the expression of these genes to cop ROS production induced by V
(Figure 9).

2.10.2. Liginin Biosynthesis

Beside the 3 commonly expressed DEGs with flavonoids biosynthesis (1-PAL, 1-PTAL, 1-
CYP73A) 19 DEGs out total 24 DEGs were expressed in lignin (Hydrophenyllegnin, guaiacyl, and
syringyl) biosynthesis under M, V, and MTV treatments, among these Six-CAD, eight-PODs, and
one-COMT, were the genes involved in lignin biosynthesis. Majority CAD, POD, and one-COMT
gene was significantly expressed by MT against V in the MTV treatment, while 2 POD
(BnC01g0438850.1, BnC08g0875420.1), one CAD (BnC01g0437400.1), were significantly up-regulated
in V stress seedlings (Figure 9).

2.10.3. Sinapine Biosynthesis

Seven DEGs were involved in sinapine biosynthesis pathway. Beside the 5 common DEGS (1-
PAL, 1-PTAL, 2-CYP73A, and 1-COMT) with flavonoid and lignin biosynthesis pathways 2 DEGs;
one-SCPL19, and one-BRT1 are separately expressed in this pathway, and one in these two
(BnC04g0663490.1) expressed significantly under V stressed seedlings, and the other one
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(BnC01g0450190.1) were significantly up-regulated under MT applied treatments (Figure 9),
(Supplementary File S4).
The expression of all DEGs involved in phenylpropanoid pathway was given in Figure Sé6.

2.11. RT-qPCR Validation of RNA-Seq Data

To verify the reliability and authenticity of the RNA-seq data under the CK, MT, V, and MTV
treatments, we randomly select 10 genes [BnUnng1017900.1 (WRKY), BnC04g0672450.1 (SOD),
BnUnng0956300.1 (ChlBP), BnA05g0216160.1 (HSP), BnA03g0107570.1 (FB), BnA10g0420630.1 (FB),
BnA01g0024270.1 (ChIBP), BnUnngl1002800.1 (CAT), BnA01g0042070.1 (AMPK, CAT), and
BnC08g0885210.1 (APX) from the DEGs for RT-qPCR analyses. A highly significant correlation was
obtained between RNA-seq and RT-qPCR data, that shows revealing the significant positive
correlation between RT-qPCR and RNA-seq data (Figure 10).
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Figure 10. Validation of RNA-seq data via RT-qPCR analysis of randomly selected genes. At left side and green
bars showed the RT-qPCR relative gene expressions, and variables at right side and red line indicates the RNA-

seq expression.

3. Discussion

The current research investigation aimed to explore the melatonin (MT) mediated defence
mechanism in B. napus against vanadium (V) toxicity. Plants have the ability to naturally scavenge
ROS damages induced by heavy metal stresses by improving their antioxidant machinery, but in case,
if this system becomes weak, then supplementation of some exogenous compounds with signification
antioxidant abilities can improve the defence system of the plants against different stress conditions
[37]. MT is one of such exogenous compounds having significant antioxidant properties, and
supports the plant immunity, uplift the stress resistance, act as a signaling molecule, and up-regulate
the stress resistant genes and level of endogenous ME under stress environment Arnao and
Hernandez-Ruiz [25]. Moreover, different latest research publication suggest that MT play a
prominent protective role against abiotic stresses in different plants such as kiwifruit [38], rubber tree
[39], and tomato [40].
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Prevention of V uptake by roots and from roots to upper parts is very important to keep crops
safe from V induced toxicity. Our results showed that V accumulation severely damaged the brassica
growth in term of plant biomass reduction (root, shoot and leaves), inversely MT supplementation
can markedly improved the brassica growth and development (Figures 1B and 3A-F). Majority of the
published research reports suggest that heavy metalsi.e., Ni, Cd, V stress in tomato and rice seedlings
can inhibit the growth and biomass (root, shoot) production prominently, while MT supplementation
can reinforced these growth traits [26,41].

Heavy metal toxicity exhibit diminution in photosynthetic activity, and directly damaged the
photosynthetic system [42], lowered the CO2 exchange, [43,44], and can cause stomatal closure [45,46].
The plant growth have positive correlation with photosynthetic activity, if the photosynthesis rate of
is high the plant growth will be better, vise-versa, and on the other hand the photosynthesis directly
correlated with chlorophyll’s and carotenoids accumulation [47]. The high accumulation of V in B.
napus can prominently decreased the Chlorophyll a, b, carotenoids, SPAD index, Pn, inter cellular
CO2 concentration, Gs, Tr, and maximum quantum of PSII, Fv/Fm levels in the present investigation,
Interestingly, ME supplementation can robustly improved the content of these photosynthetic
pigments and parameters in B. napus seedlings (Figure 3A-I). Our results are aligned with the results
outcome in various crops, including rice, mustard, and chickpea [7,8,48,49], where V accumulation
decreased and MT can increased the photosynthetic pigments and parameters level significantly. The
results revealed that MT successfully mitigate the V toxicity by supporting the photosynthetic
machinery, and hence improve the B. napus seedlings growth (Figure 1B).

Plants when subjected to heavy metal stresses can experience different metabolic disorders, and
can cause ROS overproduction and oxidative stress, which inversely can damage the membrane,
cellular components (DNA, proteins, lipids etc), and finally cause cell death [13,50,51]. In the present
study the V dose dramatically enhanced the oxidative stress markers; H202, MDA, and Proline
(Figure 4A-C). Enhanced accumulation of these chemicals induced oxidative damage in B. napus
seedlings, which is resembled with mustard and rice results [7,48]. On the other hand MT
significantly can reduced these stress marker accumulation (Figure 4A-C). Our study results are
affirmed with the previous results of MT mediated reduction in ROS, MDA and proline accumulation
in C. cathayensis [52], Moringa oleifera [53], Peach fruit [54], Citrullus lanatus [55], Cucumis sativus
[56], and Stevia rebaudiana [57] under variuos environmental stimuli. Thus, our results showed that
MT reduce the oxidative damage, and balanced the membrane damage, and ROS production caused
by V toxicity.

After overproduction of ROS induce by heavy abiotic stresses, the plant release the antioxidant
enzyme to scavenge these free radicals [58]. MT is recognized as well known universal antioxidant
[59], because it can support the plants antioxidant defence machinery and detoxify the ROS
accumulation [60]. In the present work MT noticeably enhanced the accumulation of antioxidant
enzymes (SOD, POD, CAT, and APX) and their relative genes expression (Figure 5A-H). Our results
are aligned with outcomes of the previous researcher in different plants, where MT can successfully
up-regulate the antioxidant enzymes activities under abiotic stresses [52,61,62].

To explore the possible mechanism of action of MT against V toxicity in B. napus, we performed
the RN A-seq analyses among all CK, MT, V, and MTV treated seedlings. Our results showed that MT
significantly mitigate the V toxicity by regulating different genes. The analyses of up/down DEGs
through Venn diagram (Figure 6D) represents 5 common genes under CK, MT, V , and MTV
treatments, among these five DEGs 2 genes were significantly up-regulated by MT (Figure 6E).
During the WGCNA analyses the DEGs represented by signification four modules i.e., turquoise,
blue, brown, and yellow. Interestingly majority of these DEGs in the four modules were up-regulated
by MT uniformly and in combination with V stress, while down-regulated by V toxicity (Figure 7D-
G). The results revealed that MT on molecular level mitigate the V toxicity. The GO analyses explore
that the stress responsive genes were mainly up-regulated by MT (Figure 8) (Supplementary Files 52
and S3).
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Interestingly, in KEGG analyses, the DEGs in phenylpropanoid pathways were significantly up-
regulated by MT (Figure 9). Flovonoids are involved in diverse processes with significant roles, such
like plant flavonoids have been involved in diverse processes, such as plant-microbe interactions,
pigmentation, development, redox and UV protection, and regulation of auxin transport, etc. [63-66].
Most importantly, flavonoids, as vital antioxidants, can scavenge the ROS generation induced by
stresses in plants [67,68]. In consistent with, higher H202 accumulation in V-treatment and reduced
H202 accumulation in M treatment, the expressions of four genes in flavonoids synthesis i.e., 2PAL,
CYP73A, and FLS etc., were significantly uplifted by MT and down-regulated by V which is
significantly enriched in KEGG pathway (Figure 9). Our research outcomes indicate that MT possibly
mitigate V toxicity B. napus seedlings i.e., reducing H20O2 concentration, and ROS production by
regulating the genes involved in flavonoids biosynthesis. Many DEGs involved in lignin and sinapine
biosynthesis were significantly up-regulated by MT supplementation, while down regulated by V
toxicity (Figure 9). In summary, the V stress can cause oxidative stress and increase the ROS
production, also reduced the photosynthesis pigments accumulation, while on the other hand the MT
supports the plant growth and mitigate the toxic effect of V toxicity.

should discuss the results and how they can be interpreted from the perspective of previous
studies and of the working hypotheses. The findings and their implications should be discussed in
the broadest context possible. Future research directions may also be highlighted.

4. Materials and Methods

4.1. Experimental Setup and Growing Conditions

In the present research work the B. napus genotype XiZiYuan (XZY) were used. The seeds were
provided by Pr. Liu Pingwu of Sanya Nanfan Research Institute of Hainan University, Haikou, China.
Initially before sowing the seeds were sterilized by soaking 15 mints in NaClO [(Sodium
hypochlorite, 0.5% (v/v)], followed by thorough rinsing five times with deionized water. About 30
seeds for each treatment were placed in petri plates having wet filter paper with deionised water to
maintain the moisture level for seeds germination. The plates were then shifted to a growth chamber
having controlled growth environment with darkness, having relative humidity (RH) 75%, at 20 oC.
After 5 days of germination the uniform seedlings were shifted to the black hydroponic plastic pots
(with 8.5 cm height, and 10 and 7 cm top and bottom diameter, respectively) enriched with Hoagland
Solution (HS) [69], (pH 5.6 +0.1)]. The HS was replenished every 5 days until 4 leaf stage i.e., 20 days
after shifting to black pot during which the plants were allowed to get adapted with the enriched HS
hydroponic system. The growth conditions inside the growth chamber was maintained as, day/night
(16L/8D hrs), RH 75% + 1%, temperature (23-28 + 1 oC), and for light period the photon flux density
were maintained at 820 pmol m-2s-1.

the MT treatment concentration was selected from the previously conducted study [70], while
for V dose we applied 4 different V concentration i.e., 25, 50, 75, 100 mg L-1, at 4 leaf stage for 7 days
to assess that at which level V maximum reduce the growth and development of the seedlings. After
7 days of the treatment we observe maximum decline in growth of the seedlings with V (100 mg L-1)
application as compared to others (Figures 1 and S1), thus we finalized of V (100 mg L-1) for the
current investigation. The selection was made based on declination of plant biomass (Figure S1).

The current experiment comprised of 4 treatments, (i) Control (CK) with only water application;
(if) Melatonin (MT, C13H16N202) with an amendment of MT (100 uM); (iii) Vanadium (VNH4VO3)
with an amendment of V (100 mg L-1); and (iv) MT + V (MTV) with combined MT and V dose
applications. The above treatments were supplied for 7 days at 4 leaf stage i.e., 20 days after shifting
to black pots as shown in Figure 1 A. After 7 days of doses applications the phenotype of agronomic
traits along with chlorophyll pigments were recorded, and for further analyses of transcriptomic,
molecular, and biochemical activities the roots and shoots were separately stored at -80°C.
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4.2. Measurement of V Accumulation

The accumulation of V content in B. napus seedlings were measured following the protocols of
[13,71], by applying the graphite furnace atomic absorption spectrophotometry (GFAAS-GTA 120).

4.3. Plant Biomass and Relative Water Contents (RWCs) Parameters

The plant biomass i.e whole plant (Fresh weight), while root and shoot fresh and dry weight
were measured by using 3, 3 uniformly growing seedlings for each treatment. After fresh weight
determination the roots and shoots immediately placed inside the oven for 20 minutes at 105 oC. The
root and shoot length was measured by using Vernier Caliper.

Here is the formula used for measuring leaf, root, and shoot RWCs:

RWC % = [(fw — dw) / (tw - dw)] x 100,
where, fw = fresh weight, tw = turgid weight (re-hydrated weight of samples for 24 hrs) or SW =
saturated weight in water, and dw = dry weight. [72].

4.4. Leaf Pigments, Chlorophyll Florescence, and Gassious Exchange Parameters

The methodology of [73] was followed for chlorophyll pigments a, b, and total carotenoids
quantification’s. Briefly, the leaves of B. napus were ground 95% ethanol (v/v) along with calcium
carbonate and quartz salt, followed by dark period for 5 minutes, dilute the solution up to 25 ml using
95% ethanol (v/v). and the OD reading was taken at 663, 645, and 470 nm for Chl a, Chl b, and
carotenoids (Caro), respectively, by using a Spectrophotometer (Lambda 25 UV/VIS), and the activity
was calculated using the [74] formula.

Chla=12.72 A663 - 2.5A 645,
Chlb =22.88 A 645 - 4.67 A663
Caroc = (1000 A470 - 3.27 Ca - 104 Cb) / 229

Where, Chla; is chlorophyll a, Chlb; is chlorophyll b, and Caroc; is carotenoids.

The B. napus upper fully expanded leaves were used for chlorophyll florescence measurement
i.e, Fo, Fv, Fm, and Fv / Fm (Maximum quantum of PSII) using a mini-PAM (miniaturized pulse
amplitude-modulated photosynthesis yield analyzer; Walz, GmbH, Effeltrich, Germany). The
formulas of [75] were used for florescence calculation. The leaves were kept in dark overnight to
maintain dark adaptation.

The portable photosynthesis apparatus (LiCor-6400 LICOR Inc., Lincoln, NE, USA) was used to
record various photosynthetic parameters including, net photosynthetic rate (Pn), transpiration rate
(Tr), stomatal conductance (Gs), and inter-cellular CO2 concentration (Ci). These investigations were
performed in the morning from 9 to 11 am, with control measuring chamber conditions to maintain
800 uM m-2 s-1 photosynthetic photon-flux density, 360 uM mol-1 CO2 concentration, and 22 + 1 oC
leaf temperature.

4.5. Quantification of Oxidative Stress Markers; MDA, H202, and Proline

The fresh leaf of B. napus seedlings about 0.1 g from each treatment and CK was used for
estimation of oxidative stress markeri.e., MDA, H202, and proline. The leaves were grounded to fine
powder with the help of mortar and pestle using liquid nitrogen. The stress markers were quantified
from the supernatant having total soluble proteins and was extracted using 100 mM PBS buffer (900
uL, pH 7.4), followed by the guidelines given in the kits provided by Jiancheng Bioengineering
Institute, Nanjing, Jiangsu, China, for MDA (A003-3-1), H202 (A064-5-1), and proline (A107-1-1). The
OD absorption values were taken at wavelength of 405nm, 560nm, and 520nm, respectively, by using
Lambda 25 UV/VIS Spectro-photometer, PerkinElmer, USA and was calculated recording to the
formula given in the kits.
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4.6. Determination of Antioxidant Enzyme Accumulation

The 1 g liquid nitrogen based crushed leaves of treatments as well as CK (three biological
repeats) were separately homogenized in PBS buffer (1 mL, pH 7.4), and centrifuged for 15 minutes
at 10,000 rpm and 4 °C temperature [160]. After centrifugation the supernatant was used for further
analyses. Furthermore, the accumulation of SOD, POD, CAT, and APX, in the B. napus leaves were
assessed by following the methodology given in A001-4-1, A084-3-1, A007-1-1, and A123-1-1, at
wavelength of 550, 420, 405, and 290 nm, respectively, by using Lambda 25 UV/VIS Spectro-
photometer, PerkinElmer, USA and was calculated recording to the formula given in the kits.

4.7. RNA Extraction, Library Construction and RNA-Seq

The total RNA extraction was performed using “RNAprep Pure Plant Kit (TTANGEN) kit”
methodology. The extracted RNA purity and quality was checked by 1 % agarose gel electrophoresis,
and a Nanodrop®spectrophotomete (Implen, CA, USA). The enzyme DNase-1 was used to remove
the genomic DNA contamination, and to get the perspective amount of cDNA following protocols of
kit (QuantiTect Reverse Transcription Kit). The RNA sequencing libraries were generated using
NEBNext Ultra RNA Library Prep Kit for Illumina (NEB, USA, Catalog #: E7530L) following
manufacturer’'s recommendations, and the Novogene personalized library construction
methodology (Figure S2). The qualified libraries were pooled for RNA-Seq using the Illumina
NovaSeq 6000 54 kit components in Beijing Novogene Bio-informatics Technology Co., Ltd. China.

4.8. RNA-Seq Data Processing, De Novo Transcriptome Assembly, and Functional Annotation

The reliability and quality of the sequenced data was determined by using fastp (version .23.1)
[76], following the recommended methodology of Novogene transcriptome assembly (Figure S3).
Further the obtained clean reads were compared with the reference genome [77] by using HISAT2
(2.0.5) software (Kim et al. 2019) to get the reads alignment detail on the reference genome, that will
further used to count the gene reads in the B. napus genome database [77], (BnIR, Brassica napus
multi-omics database (information resource). The DESeq2 (v1.20.0) software was used for DEGs
analyses and for normalization of the raw read counts. The genes expression quantification’s were
performed based on FPKM (fragments per kilobase of transcript per million mapped reads) values
[78]. The transcript assembly was obtained by using StringTie software [79].

The GO (Gene ontology), and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway
analyses were performed based on deferentially expressed gene sets via; online platform; SRPLOT
(SRplot - Science and Research online plot). Gene enrichment analysis (GSEA) was conducted on the
GO, KEGG, and additional datasets based on the significantly up-regulated and down-regulated
genes of B. napus species. The significantly enriched GO terms were determine at p-value cutoff of at
<0.05.

4.9. Genes Co-Expression Network Analysis

The weighted gene co-expression network analysis (WGCNA) co-expression network analysis
was carried out using online platform iDEP 1.1 (iDEP.96),[80].

4.10. Quantitative Real-Time PCR Analysis

The cDNA synthesis were obtained by following Vazyme HiScript II Q RT SuperMix Kit
(Vazyme, China) methodology. The RT-qPCR was performed on 96-well plates following
methodology of [81], and the kit protocol “ChamQTM SYBR RT-qPCR Master Mix (Vazyme Biotech
Co, Ltd., China)”, and the readings were taken at Lightcycler 96/Lightcycler480Real-timeSystem
(Rochediagnostic,UK). The primers used in the present research investigation are given in
Supplementary File S1. The formula 2-AACT, developed by [82], were used for relative expression.
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4.11. Statistical Analysis

The statistical analysis was performed using SPSS version 22.0 (IBM Corporation, Armonk, NY,
USA). One-way analysis of variance (ANOVA) was completed, and the treatment means were
compared using the LSD (least significant difference) test (at p < 0.05). The graphs were made with
GraphPad prism 8, and SRplot (SRplot - Science and Research online plot).

5. Conclusions

Melatonin (MT) a well known antioxidant agent, has several prominent roles in different plants,
however this is the first ever study to explore the possible functions of MT against Vanadium (V)
toxicity in B. napus L. by modifying many molecular and physio-biochemical processes. MT can
inhibit the uptake of V to control the V accumulation to not exceed to a toxic level. Our results
demonstrate that MT significantly mitigate the ROS production induced by V toxicity, and
interestingly uplift plant biomass, photosynthesis system, antioxidant enzymes and genes expression
and combat against V-phytotoxic effects. The transcriptomic analyses shown that the antioxidant
system protection was carried out by exogenous melatonin supplementation through regulating the
genes engaged in ROS metabolism, photosynthesis, phenylalanin, flavonoids, lignin, and sinapine
biosynthesis. The WGCNA analyses showed the key DEGs in various modules (turquoise, blue,
brown, and yellow) and their expression which was significantly up-regulated by MT against V
toxicity. These findings concludes that MT can enhance V stress tolerance directly or indirectly by
scavenging the H202 accumulation in B. napus plant. Our findings are useful not only for
understanding MT role in V stress toxicity, but also for gaining new insights into the possible use of
MT against abiotic stresses in the B. napus crop.
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