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Abstract: The molecular and phenotypic effects of a brown seaweed extract (BSE) were assessed
in sugar beet (Beta vulgaris L.). Transcript levels of BSE-treated and untreated plants were studied
by RNA-seq and validated by quantitative real-time PCR analysis (RT-qPCR). Root morphology,
sugar yield, and processing quality traits were also analyzed to better elucidate the treatment effects.
RNA-seq revealed 1019 differentially expressed genes (DEGs) between the BSE-treated and untreated
plants. An adjusted p-value < 0.1 and an absolute value of log2 (fold change) greater than one was
used as criteria to select the DEGs. Gene ontology (GO) identified hormone pathways as an enriched
biological process. Six DEGs involved in auxin and ABA pathways were validated using RT-qPCR.
The phenotypic characterization indicated that BSE treatment led to a significant increase (p < 0.05)
in total root length and the length of fine roots of plants grown under hydroponics conditions. The
sugar yield of plants grown under field conditions was higher (p < 0.05) in the treated field plots
compared with the control treatment, without impacting the processing quality. Our study unveiled
the relevant effects of BSE application in regulating auxin- and ABA-related gene expression and
critical traits related to sugar beet development and yield.

Keywords: sugar beet; root traits; RNA-seq; RT-qPCR; molecular pathways; sugar yield

1. Introduction

Environmental concerns about climate change and food security are prompting mod-
ern agriculture to find environmentally friendly ways to sustain crop productivity and
reduce its reliance on chemical fertilizers [1]. Plant biostimulants (PBs) have evolved into
unique and sustainable agricultural inputs during the last few decades [2]. Their impact
on plants depends on various mechanisms, including the ability to promote hormone-like
activity and to stimulate plant−soil microbe interactions [3–6]. Seaweed extracts (SE) are
a major class of plant biostimulants subjected to the study of multidimensional plant re-
sponses. Seaweeds are macroscopic algae that can be found in coastal and aquatic habitats.
They are characterized by high quantities of polysaccharides, polyunsaturated fatty acids
(PUFAs), enzymes, and bioactive peptides [7–11].

Treatments with seaweed extracts can impact the transcription levels of plant genes
involved in the synthesis of growth hormones, such as auxin, cytokinin, and abscisic

Plants 2023, 12, 843. https://doi.org/10.3390/plants12040843 https://www.mdpi.com/journal/plants

https://doi.org/10.3390/plants12040843
https://doi.org/10.3390/plants12040843
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/plants
https://www.mdpi.com
https://orcid.org/0000-0003-4959-2935
https://orcid.org/0000-0003-0573-1024
https://orcid.org/0000-0002-1961-1165
https://orcid.org/0000-0002-5812-8504
https://orcid.org/0000-0002-6577-6956
https://orcid.org/0000-0002-7851-0065
https://doi.org/10.3390/plants12040843
https://www.mdpi.com/journal/plants
https://www.mdpi.com/article/10.3390/plants12040843?type=check_update&version=2


Plants 2023, 12, 843 2 of 14

acid (ABA) [12–18]. The already demonstrated impact of SE on plant hormone activi-
ties has, as a consequence, had multifaceted effects on plant development and yield, but
the mechanism that regulates such plant responses has yet to be understood and needs
careful assessment.

Sugar beet is a root crop that grows mainly in temperate areas and accounts for ap-
proximately 20% of the global yearly sugar output [19]. The use of PBs during critical stages
could hasten root growth, allowing for rapid soil colonization and, consequently, more
efficient water and nutrient uptake. Barone et al. [20] identified extracts from microalgae
such as Scenedesmus quadricauda and Chlorella vulgaris as potential biostimulants in the initial
growth stages of sugar beet cultivation, enhancing nitrogen uptake and root development.

The combination of high-throughput transcriptomics and phenomics was the most
effective approach to characterize the PBs effects and their mode of action on important
crops such as corn, soybean, and tomato [21,22]. Remarkably, the RNA-seq approach is
used not only to clarify the mode of action of PBs, but also as a successful strategy for
developing new products [23]. In this work, we aimed to assess the effects of a brown
seaweed extract (BSE) in sugar beet grown under hydroponics and open field. RNA-seq
and quantitative real-time PCR (RT-qPCR) approaches substantiated the molecular impacts
of BSE. The root morphology, sugar yield, and quality traits were also analyzed to better
elucidate the treatment effects.

2. Results
2.1. Chemical Characterization of the BSE Extract

The constituents of BSE biostimulants were analyzed by determining the amounts of
specific major components such as dry matter, ash, and total carbohydrates and polyphenols
(Table 1). Carbohydrates and phenolic compounds accounted for up to 60% and 15% of all
matter, respectively.

Table 1. Composition of the BSE biostimulant. Each value is expressed based on the total dry matter
of the BSE extract.

Composition

Dry matter (g L−1) 90.39 ± 2.3
Ash (%) 29.58 ± 0.9

Carbohydrate (g kg−1) 387.70 ± 12.1
Lipids (g kg−1) 2.50 ± 0.1
Protein (g kg−1) 37.80 ± 0.8

Total phenolic compounds (g kg−1) 101.20 ± 1.8

2.2. Transcriptomic Analysis of Plants Grown in the Open Field

After removing the low-quality adaptor and barcode sequences, 91.29, 88.51, and
90.82 total million raw reads were obtained from the transcriptome libraries of samples
treated with 1 mL L−1, 2 mL L−1, and 4 mL L−1 concentrations, respectively. The average
total number of reads for each sample was 6,495,945, with an average overall alignment
rate of 78.41%. The mapped reads ensued in the recognition of a total of 24,206 genes in
all of the samples that were used for further analysis on the effect induced by BSE leaf
treatment in the Beta vulgaris L. transcriptome.

2.2.1. Identification of DEGs Response to BSE Treatment

DEGs were analyzed for the three different BSE concentrations (1, 2, and 4 mL L−1),
at three time points (24, 48, and 72 h after the treatment), at phenological stage BBCH32.
A total of 813 significant DEGs (adj-p < 0.1) were found 24 h after the treatment, irrespective
of the dilution used. Among them, 641 were upregulated and 172 were downregulated.
A total of 560 significant DEGs (adj-p < 0.1) were found 48 h after the treatment, irrespective
of the dilution. Among them, 133 were upregulated and 427 were downregulated. The
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results for 72 h were not reported as the DEGs analysis did not show any significant
differentially expressed genes.

The 2 mL L−1 concentration was the one stimulating the highest number of upreg-
ulated genes 24 h after the treatment (326 DEGs) and at 48 h (57 DEGs). In addition, the
highest number of downregulated genes 48 h after the treatment were obtained in the
samples treated with the same BSE dose.

With the BSE dose equal to 1 mL L−1, the highest number of downregulated DEGs
at 24 h (111 DEGs at 24 h) were found. This dilution was also the one with the less
upregulated DEGs in both of the timings (154 DEGs at 24 h and 24 at 48 h after treatment)
(Supplementary Figure S1).

Some genes have been found to be differentially expressed in response to the
three dilutions (Figure 1: 24 h after treatment, most of the genes were upregulated from the
treatment (Figure 1a), while 48 h after the treatment, most of the genes were downregulated
from the treatment (Figure 1b). The 2 mL L−1 dilution seemed to be the one modulating
the highest number of genes: 266 specific upregulated genes after 24 h and 72 specific
downregulated genes after 48 h. These results underline a dose-dependent effect of BSE on
the gene expression and the time-dependent effect of the BSE treatment.
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Figure 1. Number of DEGs specific and unique for each dilution. Upregulated (red) and downregu-
lated (blue) genes at the three BSE concentrations with respect to the control 24 h after treatment (a) and
48 h after treatment (b).

Finally, the up- (Supplementary Figure S2) and down- (Supplementary Figure S3) reg-
ulated genes after 24 h and 48 h treatments were sorted based on their enriched functional
category (biological process).

A cluster analysis on enriched GO terms highlighted specific pathways homogeneous
in their DEGs composition. A consistent part of the upregulated genes was clustered in
the hormonal pathways. “Cellular response to auxin stimulus” was the category with the
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highest fold enrichment value. Among the downregulated genes, the GO category with the
highest number of DEGs was the “organonitrogen compound metabolic process”.

2.2.2. Candidate Genes Validation

The expression of six DEGs (ARF19, NH23, YUCCA6, PYL4, MYB30, and PP2C62)
involved in hormonal regulation was evaluated using RT-qPCR in leaf samples collected
from plants grown in pots and treated with BSE leaf treatment. Detailed statistical results
are shown in Supplementary File S1.

Overall ARF19, NH23, and YUCCA6 are part of the AUXIN pathway, while PP2C62,
PYL4, and MYB30 belong to the ABA pathway. Comparative expression levels of the
six identified genes indicated distinct expression levels between the BSE-treated and
untreated plants.

ARF19, NH23, and YUCCA6 were upregulated at both time points in response to the
treatments (Figure 2). PYL4, MYB30, MYB30, and PYL4 were downregulated, while PP2C62
was upregulated in the treated plants but downregulated in the untreated control (Figure 3).
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Figure 2. Fold change for the gene expression analysis of the auxin-related genes 24 and 48 h after
treatment for all the BSE concentrations (0 mL L−1: untreated; 4 mL L−1; 2 mL L−1; 1 mL L−1). Each
bar-plot shows the mean of eight replicates with the standard error of the mean.
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Figure 3. Fold change for the gene expression analysis of the ABA-related genes 24 and 48 h after
treatment for all the BSE concentrations (0 mL L−1: untreated; 4 mL L−1; 2 mL L−1; 1 mL L−1). Each
bar-plot shows the mean of eight replicates with the standard error of the mean.

2.3. Root Morphological Analysis of Plants Grown in Hydroponics

The total root length and length of the fine roots were measured to evaluate the
effect of the hydroponic BSE treatment on the root system. Morphological changes were
observed after 48 h of treatment (Figure 4). Significant variations (p < 0.05) with respect
to the untreated plants were observed in the total root length and fine roots length with
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0.2 mL L−1 and 0.1 mL L−1 dilutions (Figure 4). Only the higher concentration (2 mL L−1)
showed a detrimental effect on the root length.
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after treatment. “*” identifies the group of treated plants whose means are significantly different from
the untreated (0 mL L−1) at p < 0.05, after Duncan’s post hoc test.

2.4. Yield Analysis

The effects of the foliar application of the BSE biostimulant on sugar beet in open field
conditions were measured by evaluating the yield and other quality parameters on sugar
beet taproot. Plants treated with BSE presented a higher root yield and sugar yield (Table 2).
No relevant effect of treatment on sugar purity (K, Na, and α-amino-N constituents) was
found in the sugar beet root juice in the treated plants compared with the untreated plants.

Table 2. Mean values of sugar yield, root yield, and processing quality traits in the BSE-treated and un-
treated sugar beet. The results are expressed as the mean of four randomized replicates with 60 plants
each. ANOVA was used to evaluate the differences between the treatments with a 0.05 p-value
threshold. Mean values followed by asterisk differ significantly from the untreated samples.

Treatment Root Yield
(t ha−1)

Sugar Yield
(t ha−1)

Potassium
(meq % ◦S)

Sodium
(meq % ◦S)

α-Amino N
(meq % ◦S)

Sugar Purity
(%)

Control 75.6 11.4 26.12 5.56 5.71 92.2
4 mL L−1 76.1 12.7 * 25.37 6.31 5.92 92.4
2 mL L−1 77.2 * 11.9 * 27.17 5.42 6.15 91.9
1 mL L−1 76.8 12.0 * 25.14 5.23 5.54 92.3

3. Discussion

Plant biostimulants are a new group of agricultural products that boost crop quality
and yield while guarding against biotic and abiotic challenges [24]. Effects vary depending
on application and dose and are also affected by various agronomical and environmental
factors [25]. The ability to predict plant response to biostimulants is necessary for the
outgrowth of sustainable agriculture. The impact of the BSE biostimulant on plant growth
is multidimensional and leads to increased production [26]. They, instead, operate ambigu-
ously on plant metabolism by generating signaling cascades triggering reactions that lead
to biotic and abiotic stress mitigation together with an increased growth and productive
performance as a result [27,28]. Because of the vast range of bioactive components found in
seaweeds, there is little knowledge about the intricate mechanisms through which seaweed
extracts affect plant development processes [29,30].

In this study, we aimed to assess the effects of a brown seaweed extract (BSE) on sugar
beet grown in both open fields and hydroponics. First, the chemical characterization of the
BSE extract revealed that carbohydrates are a major component of the product. Seaweed-
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derived carbohydrates can trigger plant biostimulation, as reported by Carmody et al. [31].
The carbohydrates in biostimulants may act by changing plant signaling cascades to
activate defense reactions in response to abiotic and biotic stimuli. In addition, carbo-
hydrates may act as a source of energy and carbon for endophytic and non-endophytic
microbial populations [32].

After the chemical characterization, we focused on the plant’s transcriptome because
biostimulants have a broad spectrum of activity encompassing numerous plant metabolic
pathways and biological processes, mainly in hormone regulation. Transcriptomics allowed
us to identify a set of BSE-responsive DEGs. In particular, the detailed characterization of
the expression levels of six DEGs (ARF19, NH23, YUCCA6, PYL4, MYB30, and PP2C62)
involved in hormonal regulation was evaluated using RT-qPCR in leaf samples treated
with BSE.

ARF19, NH23, and YUCCA6 are part of the AUXIN pathway [33–35]. BSE treatment
upregulated the transcription levels of these genes. The ARF19 gene belongs to the ARF
gene family that controls many plants’ developmental phases through the proteins involved
in DNA binding, transcriptional activation, or repression. Upregulation of ARF19 controls
the auxin-responsive gene expression related to the lateral root initiation in Arabidopsis
thaliana [36]. The NH23 gene belongs to the Nudix family and plays an active part in
cellular homeostasis and plant signaling, affecting several outputs in such as hormone
signaling and pathogen defense [34]. The YUCCA6 gene belonging to the YUCCA family
has a crucial role as the primary endogenous auxin biosynthesis pathway that is involved
in major biological processes mediated by the activity of auxin [37]. Overexpression of
the YUCCA6 gene leads to elevated auxin levels and the induction of auxin-responsive
genes together with a large increase in inflorescence height and altered leaf morphology in
Arabidopsis thaliana [38].

Out of six selected genes, PYL4, MYB30, and PP2C62 are part of the ABA pathway [39–41].
In the treated plants, PYL4 and MYB30 were downregulated. PYL4 is known to encode
the ABA receptor. Dittrich et al. [39] reported that PYL4/5 is needed for a CO2-induced
guard-cell response and for regulating the stomatal functioning in Arabidopsis thaliana.
If upregulated, PYL4 acts as an inductor of stomatal closure through the regulation of
the turgor of the guard cells. The transcript overaccumulation of this gene can trigger
the degenerative process of leaf senescence. MYB30 is described as a transcription factor
acting as an ABA-responsive factor. It has been reported to play an important role in
root elongation through ROS-dependent processes in the ABA signaling pathways [40].
Moreover, the R2R3-MYB transcription factor MYB30 has been identified as an effective
regulator of the hypersensitive response (HR) programmed cell death linked to pathogen
resistance in plants and brassinosteroid (BR) signaling [42]. MYB30 enhances HR and BR
signaling by instantly interacting with BRI1-EMS-SUPPRESSOR 1(BES1) and improving its
activity [43]. Furthermore, MYB30 influences HR and disease resistance by regulating the
salicylic acid (SA) status and expressing SA-related genes [44]. PP2C62 was upregulated in
the treated plants. PP2C62 is a negative regulator of ABA synthesis, and its upregulation
can lead to a reduction in the ABA content, as well as in a general non-stressed status, due
to the repressed ABA sensing mechanisms, which can orchestrate a generalized improved
photosynthetic machinery, because of the unaltered stomatal conductance in response to low
ABA sensing [45–49]. The PYR/PYLs, PP2C, along with SnRK2s and ABF ABA receptors
form the core network of ABA signal control [41]. It is well established that the gene family
PP2Cs are at the center of the ABA signaling network, and the upregulation of these genes
inhibits the ABA receptors system and blocks the downstream ABA-responsive gene.

In the present work, root morphological features such as the total root length and
length of the fine roots in hydroponics significantly increased following BSE application.
These findings are especially intriguing for sugar beet as the above root traits influence
plant development and water−nutrient uptake, which improves the final sugar yield [50].
Our results showed, in fact, that the treated plants had a relatively high sugar yield
when compared with the untreated plants. We found no discernible variations in the
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impurity level between the treated and control plants. The upregulation of auxin-related
genes observed in the treated plants could be as a result of an auxin-driven response at
a phenotypical level, improving the root development. Auxin engages in a comprehensive
growth activity, including cell division in the root pericycle, which is essential for the
beginning and elongation of lateral roots [51].

The schematic representation of the BSE mode of action influencing the auxin- and
ABA-related gene expression is summarized and given in Figure 5.
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placing the samples of BSE in a drying oven at 105 °C until a standard weight was reached. 
The samples were cooled for two hours inside a closed bell jar, and then the obtained dry 
matter was weighed again. The BSE ash content was estimated by incineration of the sam-
ple in a muffle furnace at 550 °C to constant mass, and was expressed as % with respect 
to DW. The carbohydrate content was assessed according to Moxley and Zhang [52] by 
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PA20 using an isocratic elution of 20 mM NaOH. The sensor (pulsed amperometric-
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Figure 5. Putative representation of the BSE mode of action. The BSE foliar treatment is perceived
by a complex sensing mechanism made of different membrane receptors that can trigger a classic
MAPKKK cascade signaling, resulting in a regulatory response of different pathways. In this study, it
is shown that the different dosages of BSE treatment can alter the expression level of the key genes
involved in auxin- and ABA-related gene expression with consequent effects on the root development
and sugar yield in the sugar beet.

4. Materials and Methods
4.1. Chemical Characterization of the BSE Extract

The BSE extract was provided by Sofbey SA (Chiasso, Switzerland) and was extracted
from brown seaweed Ascophyllum nodosum. Dry weight (DW) was measured by placing
the samples of BSE in a drying oven at 105 ◦C until a standard weight was reached. The
samples were cooled for two hours inside a closed bell jar, and then the obtained dry matter
was weighed again. The BSE ash content was estimated by incineration of the sample in
a muffle furnace at 550 ◦C to constant mass, and was expressed as % with respect to DW. The
carbohydrate content was assessed according to Moxley and Zhang [52] by ion exchange
chromatography using a Dionex DX500 system equipped with CarboPac PA20 using an
isocratic elution of 20 mM NaOH. The sensor (pulsed amperometric-EDet1) used the Gold
Standard PAD waveform with an AgCl reference electrode, which included the following
electrode potentials set as waveform A: E1: +0.1 V for 400 ms. E2: −2.0 V for 1 ms. E3:
+0.6 V for 1 ms. E4: −0.1 V for 6 ms. The samples were prepared by treating 100 mg of the
dried BSE with 3 mL of 72% H2SO4 (w/w) at 30 ◦C for 20 min, then diluted with 84 mL of
distilled water and 4% H2SO4 (w/w), and finally autoclaved at 121 ◦C for 20 min [53]. The
total carbohydrate content was expressed as g kg−1 of the extract dry weight (DW). Lipids
were extracted from 250 mg of freeze-dried samples using dichloromethane, following the
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method described by Folch et al. [54]. The total lipid content was expressed as g kg−1 of
the dry weight of the extract. The complete protein content was quantified according to
the Bradford method [55] using BSA as a standard curve and was expressed as mg protein
g kg−1 of DW of extract. The total phenols were measured according to Chatris et al. [56].
Soluble phenolic acids were extracted with 3 mL pure methanol (1:10 w/v). The extracts
were maintained in an ice bath for 30 min and then centrifuged at 5000× g for 30 min at
4 ◦C. The supernatants were stored at −20 ◦C until analysis.

4.2. Plant Material and Growing Conditions

A diploid sugar beet hybrid (Cv. Beniamina, KWS, Einbeck, Germany) was used for
this study. This hybrid is tolerant to Cercospora beticola Sacc. and Heterodera schachtii.

4.2.1. Field Experiment

Field trials were carried out between March and August 2020 and 2021 in San Martino
di Venezze, Rovigo, Italy (45◦06′12.9′′ N. 11◦53′52.5′′ E). The experimental design comprised
four randomized blocks. Each randomized block was split into four sub-plots of 2.7 × 10 m.
The sugar beet plant density in each sub-plot was 10 plants m−2. An additional control pot
was added to the experiment. The foliar biostimulant treatment was applied at BBCH32
and BBCH40. The plants were treated with foliar sprays of BSE solutions at different
dilutions (4 mL L−1, 2 mL L−1, and 1 mL L−1). The leaf samples were collected before
treatments and 24 h, 48 h, and 72 h after treatment. Then, the samples were immediately
transferred to dry ice and stored at −80 ◦C for the transcriptome analysis.

4.2.2. Pots Experiment

Sugar beet seedlings were grown in 13 cm diameter pots filled with standard peat
substrate, with pH 7. A mineral-based slow-release fertilizer (nitrophoska) was applied
before seedling germination to the substrate at a rate of 20 g per pot. The fertilizer chemical
composition included nitrogen, phosphorus, and potassium at concentrations of 12%,
12%, and 17%, respectively; the fertilizer also had an additional 2% of MgO, 24% of
sulfur, 0.02% of boron, and 0.10% of zinc. Each pot was irrigated with around 250 mL
of water every two days. Water in excess was resupplied until complete absorption by
the peat substrate. Pots were maintained for 50 days in a climatic chamber at 25/20 ◦C
and a 16/8 light/dark photoperiod. The foliar biostimulant treatment was applied at
BBCH32. Plants were treated with foliar sprays of different BSE dilutions (2 mL L−1,
1 mL L−1, 0.5 mL L−1, 0.2 mL L−1, and 0.1 mL L−1). The leaf samples were collected before
treatments and 24 h and 48 h after treatments. Sampling was performed by taking two
leaf disks per plant from each experimental condition. A total of four biological replicates
were collected from the treated and untreated plants. Then, the samples were immediately
stored at −80 ◦C for the validation analysis.

4.2.3. Hydroponics Experiment

Sugar beet seedlings were grown under hydroponics to determine root morphological
traits. The seeds were sterilized for 5 min in 76% ethanol and rinsed in distilled water
three times. The seeds were put on wet filter paper and incubated in a growth chamber at
25 ◦C for 48 h. Germinated seeds were transplanted into 500 mL glass pots with a Hoagland
solution [57] (Arnon and Hoagland, 1940). After eight days, 30 plants of each replicate
were treated with multiple BSE dilutions (2 mL L−1, 1 mL L−1, 0.5 mL L−1, 0.2 mL L−1,
and 0.1 mL L−1). To select the appropriate BSE doses, preliminary tests were conducted.
The samples were collected 48 h after BSE application. The experiment was performed
in triplicate.

4.3. RNA Sequencing and Differential Gene Expression Analysis

RNA sequencing was carried out in leaf samples collected from sugar beet grown
under field conditions. Samples were collected at 24 h, 48 h, and 72 h after treatment.
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Sampling was performed using two leaf disks from four plants from each experimental
condition. The RNA sequencing protocol was performed entirely in-house and has also
been described in Della Lucia et al. [21]: mRNA was extracted using the Dynabeads mRNA
Direct Micro Kit (Thermo Fisher Scientific, Carlsbad, CA, USA), then quantified using an
Agilent 4150 TapeStation system (Agilent Technologies, Santa Clara, CA, USA). Sequencing
libraries were prepared using Ion Total RNA-Seq Kit v2 (Thermo Fisher Scientific). Libraries
were quantified through D1000 screen tape (Agilent Tapestation 1500), normalized to obtain
a molar concentration of 100 pM, and then pooled and sequenced using three Ion 540™
Chips on the Ion Torrent S5 System (Thermo Fisher Scientific). In all of the steps, the
manufacturer’s instructions were followed. Low-quality reads were removed from the raw
RNA-seq data with a phred-like Q value > 20. Screened reads were mapped to the reference
sugar beet genome (publicly accessible from NCBI, GenBank accession GCA 000188115.3)
by using Bowtie2 (v2.4.2) [58]. Samtools (v1.11) [59] was used to examine the mapped
files, and raw read values for all of the annotated genes were determined using bedtools
multiBamCov v2.30.0 [60]. Non-informative data were removed by filtering the genes with
a total expression level less than 20 reads. To execute the inferential analysis and identify
the differentially expressed genes (DEGs) among the different experiments, the DESeq2
R package (v.1.30.0) [61] was used. A p-value < 0.05 and a |log2-fold change| ≥ 1.0 were
used as the criteria of significance to select the DEGs.

4.4. Validation of Selected DEGs by RT-qPCR

The validation of the selected DEGs by RT-qPCR was carried out in leaf samples
collected from sugar beet plants grown in pots. The total RNA for validation was extracted
using the RNeasy plant mini kit (Qiagen, Hilden, Germany) following the manufacturer’s
instructions. Primer Express V3.0 from Thermo Fisher Scientific was used to build primers
using mRNA sequences selected from the reference sugar beet genome (publicly accessible
from NCBI, GenBank accession GCA 000188115.3). The primer sequences are reported
in Table 3.

Table 3. Gene name and primer sequences of the genes selected for RT-qPCR validation. The six DEGs
selected for validation are listed and divided according to the hormonal cluster they belong to. Each
gene description is also provided. Primer forward (PF) and reverse (PR) are given for each gene.

Gene Cluster Gene Name Gene Description Primer Sequence (5′-3′)

AUXIN-related genes

YUCCA6 Indole-3-pyruvate monooxygenase PF: GGAGGCGGCAGTGACAAC
PR: GTCGCCACCACCAACCA

ARF19 Auxin response factor 19 PF: ACTTTACCTGGCTCCACAGCTT
PR: TCCTAGTTGACGGGATAGATCAGAA

NH23 Nudix hydrolase 23, chloroplastic PF: CCGTTTTAGACCGTTCCGAAT
PR: GAAGAAGAGGAAGCACTTAAATTTGAG

ABA-related genes

PYL4 Abscisic acid receptor PF: TGAAACCCTCGTTAGCTCATGA
PR: TGGAGATGGGCAGCAGAGA

MYB30 Transcription factor MYB30-like PF: GCGCGGCCCTTGAAA
PR: ACCCCTGAACAAGCCTCTGA

PP2C62 Probable protein phosphatase 2C 62 PF: AATTCGGAGATGCAGGTGAAA
PR: TCTCTCTCCAATTCTGCTTCATTTT

Real-time quantitative reverse transcription PCR (RT-qPCR) amplification and de-
tection were performed using a Quant Studio 12K Flex Real-Time PCR (Thermo Fisher
Scientific) and the Quantitect SYBR Green RT-PCR kit (Qiagen) using the one-step protocol.
The 10 µL reaction mix was composed of 5 µL of Quantitect SYBR Green master mix, 0.5 µL
of retro-transcriptase, 0.5 µL of both forward and reverse primers, 2.5 µL of nuclease-free
water, and 1 µL of RNA. Each sample was run in triplicate. The thermocycling conditions
were: 15 min–95 ◦C, 45 cycles of 30 s–95 ◦C, 30 s–55 ◦C, and 30 s–72 ◦C.
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The resulting threshold cycle (Ct) values were standardized against the mean transcript
levels of three housekeeping genes (GAPDH, Actin, and UBI) using the ∆∆Ct method,
where Ct is calculated as the difference between the target gene’s Ct and the control gene’s
Ct [62,63]. Then, to assess the fold change, the level of expression before the treatment was
used as a control, for the treated and untreated conditions, at different timings.

4.5. Root Morphological Analysis

Root morphological traits, such as the total root length and fine root length, were
evaluated on seedlings grown in hydroponics using a scanner-based image processing
method (WINRHIZO Pro Regent Instruments, Quebec City, QC, Canada) after 48 h of BSE
treatment. To improve contrast, the root systems were stained for 15 min with 0.1% (w/w)
toluidine blue (Sigma-Aldrich, Montréal, QC, Canada). The root systems were kept in
3 mm of water in a Plexiglas tray, and the lateral roots were distributed to reduce root
overlap. The tray was scanned (STD-1600 EPSON) at a resolution of 1200 dpi. The total
root length and fine root length were measured using the WINRHIZO software.

4.6. Yield Measurements

Sugar beet yield traits such as root yield, sugar yield, and processing quality-related
parameters were determined in the field experiments. A total of 100 sugar beet roots were
collected at BBCH 49 from each subplot. The roots of each plant were cleaned before being
sawed into 1 kg of micronized tissues (brei) using a specialized saw (AMA-KWS. AMA
Werk GmbH, Alfeld, Germany). Approximately 70 g of homogenized brei samples were
promptly frozen at−40 ◦C. The sugar content and major non-sugars were determined using
an automatic brei mixer following cold digestion of the brei in lead acetate 0.75% (w/w)
solution [64] (Venema Automation b.v. Groningen, The Netherlands). A Thorn-Bendix
243 polarimeter (Bendix Corp, Nottingham, UK) was utilized to quantify the sugar con-
tent. Finally, a flame photometer was employed to determine the K and Na contents
(Model IL 754. Instrumentation Laboratory S.p.A., Milan, Italy). The colorimetric analysis
(PM2K; Carl Zeiss GmbH, Oberkochen, Germany) method proposed by Kubadinow and
Wieninger [65], and Stevanato et al. [66] was employed to measure the α-amino N. The
purity was calculated as the proportion of sugar from the roots that the manufacturer could
extract and was quantified at 405/492 nm using the plate reader Uniplan AIFR-01 (CJSC
Picon, Moscow, Russia) [65,66].

5. Statistical Analysis

The statistical analysis was performed using Statistica 13.0 (StatSoft, Tulsa, OK, USA)
and Sigma Plot 14.0 (Systat Software, Palo Alto, CA, USA) packages. The data are ex-
pressed as mean values ± standard errors. One-way ANOVA analysis was carried out
to determine whether untreated and treated samples differed in terms of the evaluated
variables. In the case of significant difference (p value < 0.05), the means were separated
using Duncan’s method.

6. Conclusions

In conclusion, brown seaweed extract (BSE) application influences auxin- and ABA-
related gene expression with improvements in the root morphological traits and sugar
yield, without impacting the processing quality. Particularly, the root morphological
analysis of the treated plants highlighted that the BSE stimulatory activity led to better
root morphological development, allowing for rapid soil colonization and, consequently,
more efficient water and nutrient uptake. These critical traits correlate with the remarkable
yield attributes in field-grown sugar beets. The application of the BSE extract at the field
level could enhance the ability of sugar beet to cope with environmental stressors. Further
study should also investigate this trend in other crops so as to search for shared or unique
responses to BSE and a common ground for the BSE mode of action.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12040843/s1. Figure S1: Volcano plots showing DEG genes
(p-value < 0.05) at 24 h and 48 h after BSE treatment, for each tested BSE concentration. Green and or-
ange dots are genes not DE for the p-value or the FC; red dots are up-regulated genes (p-value < 0.05);
blue dots are down-regulated genes (p-value < 0.05); purple dots are genes DE according to the
adjusted p-value (p-adj < 0.1). Figure S2: Enrichment chart showing fold enrichment analysis of
GO biological processes for up-regulated genes after ANE treatment. The cluster analysis based on
similarity is also reported, and a dashed line separates each homogeneous group. In each cluster,
pathways are in descending order. Figure S3: Enrichment chart showing fold enrichment analysis of
GO biological processes for down-regulated genes after ANE treatment. The cluster analysis based
on similarity is also reported, and each homogeneous group is separated by a dashed line. In each
cluster, pathways are in descending order.

Author Contributions: F.M., P.S., G.B., G.C. (Giuseppe Concheri), A.B. and M.C.D.L.: conceptualiza-
tion. S.N., F.M. and P.S.: supervision. F.M., P.S., G.B., M.C.D.L., A.B., G.C. (Giovanni Campagna) and
A.S.: methodology. G.B., P.L., M.C.D.L., B.K.G. and C.M.: data collection S.R., C.C., A.B. and M.B.:
data analysis. P.S., C.C., G.B. and B.K.G.: writing the original draft. All authors have read and agreed
to the published version of the manuscript.

Funding: The study was carried out within the Agritech National Research Center and received
funding from the European Union Next-Generation EU (PIANO NAZIONALE DI RIPRESA E RE-
SILIENZA (PNRR)—MISSIONE 4 COMPONENTE 2, INVESTIMENTO 1.4—D.D. 1032 17/06/2022,
CN00000022). Our study represents a position paper related to: (1) Spoke 1 “Plant and animal genetic
resources and adaptation to climate changes” and a baseline for the fulfillment of the milestones
within task 1.2.4 titled “Profiling plant-microbial associations and modulating these interactions
by biostimulant treatments to enhance the ability of plants to cope with environmental stressors”.
(2) Spoke 7 “Integrated models for the development of marginal areas to promote multifunctional
production systems enhancing agroecological and socio-economic sustainability” and a baseline for
the fulfillment of the milestones within Task 7.1.2 titled “Strategies for development of the agricultural
and forestry systems, plant and animal biodiversity enhancement also at landscape level in marginal
areas”. This manuscript reflects only the authors’ views and opinions, neither the European Union
nor the European Commission can be considered responsible for them. This study was also funded
by Veneto Region in the framework of the PSR 2014–2020 (Project: “Implementation and validation
of innovative plant protection methods to increase the environmental sustainability of organic and
sugar beet production”). Authors SR and MB were supported by Cariparo Foundation and PON
Research &. Competitiveness MIUR-CUP C93H20000320007, respectively. This manuscript reflects
only the authors’ views and opinions, neither the European Union nor the European Commission
can be considered responsible for them.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Xu, L.; Geelen, D. Developing biostimulants from agro-food and industrial by-products. Front. Plant Sci. 2018, 9, 1567.

[CrossRef] [PubMed]
2. Del Buono, D. Can biostimulants be used to mitigate the effect of anthropogenic climate change on agriculture? It is time to

respond. Sci. Total Environ. 2021, 751, 141763. [CrossRef] [PubMed]
3. Nardi, S.; Pizzeghello, D.; Schiavon, M.; Ertani, A. Plant biostimulants: Physiological responses induced by protein hydrolyzed-

based products and humic substances in plant metabolism. Sci. Agric. 2016, 73, 18–23. [CrossRef]
4. Van Oosten, M.J.; Pepe, O.; De Pascale, S.; Silletti, S.; Maggio, A. The role of biostimulants and bioeffectors as alleviators of abiotic

stress in crop plants. Chem. Biol. Technol. Agric. 2017, 4, 1–12. [CrossRef]
5. Hellequin, E.; Monard, C.; Chorin, M.; Daburon, V.; Klarzynski, O.; Binet, F. Responses of active soil microorganisms facing to

a soil biostimulant input compared to plant legacy effects. Sci. Rep. 2020, 10, 13727. [CrossRef] [PubMed]
6. Della Lucia, M.C.; Bertoldo, G.; Broccanello, C.; Maretto, L.; Ravi, S.; Marinello, F.; Sartori, L.; Marsilio, G.; Baglieri, A.; Romano, A.;

et al. Novel effects of leonardite-based applications on sugar beet. Front. Plant Sci. 2021, 12, 646025. [CrossRef] [PubMed]
7. Courtois, J. Oligosaccharides from land plants and algae: Production and applications in therapeutics and biotechnology.

Curr. Opin. Microbiol. 2009, 12, 261–273. [CrossRef]

https://www.mdpi.com/article/10.3390/plants12040843/s1
https://www.mdpi.com/article/10.3390/plants12040843/s1
http://doi.org/10.3389/fpls.2018.01567
http://www.ncbi.nlm.nih.gov/pubmed/30425724
http://doi.org/10.1016/j.scitotenv.2020.141763
http://www.ncbi.nlm.nih.gov/pubmed/32889471
http://doi.org/10.1590/0103-9016-2015-0006
http://doi.org/10.1186/s40538-017-0089-5
http://doi.org/10.1038/s41598-020-70695-7
http://www.ncbi.nlm.nih.gov/pubmed/32792675
http://doi.org/10.3389/fpls.2021.646025
http://www.ncbi.nlm.nih.gov/pubmed/33815453
http://doi.org/10.1016/j.mib.2009.04.007


Plants 2023, 12, 843 12 of 14

8. de Jesus Raposo, M.F.; de Morais, R.M.S.C.; de Morais, A.M.M.B. Health applications of bioactive compounds from marine
microalgae. Life Sci. 2013, 93, 479–486. [CrossRef]

9. Ahmadi, A.; Zorofchian Moghadamtousi, S.; Abubakar, S.; Zandi, K. Antiviral potential of algae polysaccharides isolated from
marine sources: A review. BioMed Res. Int. 2015, 2015, 825203. [CrossRef]

10. Shukla, P.S.; Borza, T.; Critchley, A.T.; Hiltz, D.; Norrie, J.; Prithiviraj, B. Ascophyllum nodosum extract mitigates salinity stress in
Arabidopsis thaliana by modulating the expression of miRNA involved in stress tolerance and nutrient acquisition. PLoS ONE
2018, 13, e0206221. [CrossRef]

11. Okolie, C.L.; Mason, B.; Critchley, A.T. Seaweeds as a source of proteins for use in pharmaceuticals and high-value applications.
In Novel Proteins for Food, Pharmaceuticals, and Agriculture; Wiley Blackwell: Hoboken, NJ, USA, 2018; pp. 217–238. [CrossRef]

12. Ali, O.; Ramsubhag, A.; Jayaraman, J. Biostimulatory activities of Ascophyllum nodosum extract in tomato and sweet pepper crops
in a tropical environment. PLoS ONE 2019, 14, e0216710. [CrossRef] [PubMed]

13. Ali, O.; Ramsubhag, A.; Jayaraman, J. Phytoelicitor activity of Sargassum vulgare and Acanthophora spicifera extracts and their
prospects for use in vegetable crops for sustainable crop production. J. Appl. Phycol. 2021, 33, 639–651. [CrossRef]

14. Vijayanand, N.; Ramya, S.S.; Rathinavel, S. Potential of liquid extracts of Sargassum wightii on growth. biochemical and yield
parameters of cluster bean plant. Asian Pac. J. Reprod. 2014, 3, 150–155. [CrossRef]

15. Craigie, J.S. Seaweed extract stimuli in plant science and agriculture. J. Appl. Phycol. 2011, 23, 371–393. [CrossRef]
16. Chouliaras, V.; Tasioula, M.; Chatzissavvidis, C.; Therios, I.; Tsabolatidou, E. The effects of a seaweed extract in addition to

nitrogen and boron fertilization on productivity, fruit maturation, leaf nutritional status and oil quality of the olive (Olea europaea
L.) cultivar Koroneiki. J. Sci. Food Agric. 2009, 89, 984–988. [CrossRef]

17. Kaladharan, P.; Sridhar, N. Cytokinins from marine green alga, Caulerpa racemosa (Kuetz) Taylor. Fish. Technol. 1999, 36, 87–89.
18. Wally, O.S.; Critchley, A.T.; Hiltz, D.; Craigie, J.S.; Han, X.; Zaharia, L.I.; Abrams, S.R.; Prithiviraj, B. Regulation of phytohormone

biosynthesis and accumulation in Arabidopsis following treatment with commercial extract from the marine macroalga Ascophyllum
nodosum. J. Plant Growth Regul. 2013, 32, 324–339. [CrossRef]

19. Biancardi, E.; McGrath, J.M.; Panella, L.W.; Lewellen, R.T.; Stevanato, P. Sugar beet. In Root and Tuber Crops. Handbook of Plant
Breeding; Bradshaw, J.E., Ed.; Springer Science + Business Media, LLC.: New York, NY, USA, 2010; pp. 173–219. [CrossRef]

20. Barone, V.; Baglieri, A.; Stevanato, P.; Broccanello, C.; Bertoldo, G.; Bertaggia, M.; Cagnin, M.; Pizzeghello, D.; Moliterni, V.;
Mandolino, G.; et al. Root morphological and molecular responses induced by microalgae extracts in sugar beet (Beta vulgaris L.).
J. Appl. Phycol. 2018, 30, 1061–1071. [CrossRef]

21. Della Lucia, M.C.; Baghdadi, A.; Mangione, F.; Borella, M.; Zegada-Lizarazu, W.; Ravi, S.; Deb, S.; Broccanello, C.; Concheri, G.;
Monti, A.; et al. Transcriptional and physiological analyses to assess the effects of a novel biostimulant in tomato. Front. Plant Sci.
2022, 12, 781993. [CrossRef] [PubMed]

22. Briglia, N.; Petrozza, A.; Hoeberichts, F.A.; Verhoef, N.; Povero, G. Investigating the impact of biostimulants on the row crops
corn and soybean using high-efficiency phenotyping and next generation sequencing. Agronomy 2019, 9, 761. [CrossRef]

23. Franzoni, G.; Cocetta, G.; Prinsi, B.; Ferrante, A.; Espen, L. Biostimulants on crops: Their impact under abiotic stress conditions.
Horticulturae 2022, 8, 189. [CrossRef]

24. Rajput, R.S.; Ram, R.M.; Vaishnav, A.; Singh, H.B. Microbe-based novel biostimulants for sustainable crop production. In Microbial
Diversity in Ecosystem Sustainability and Biotechnological Applications; Springer: Singapore, 2019; pp. 109–144.

25. Di Mola, I.; Ottaiano, L.; Cozzolino, E.; Senatore, M.; Giordano, M.; El-Nakhel, C.; Sacco, A.; Rouphael, Y.; Colla, G.; Mori, M.
Plant-based biostimulants influence the agronomical. physiological. and qualitative responses of baby rocket leaves under
diverse nitrogen conditions. Plants 2019, 8, 522. [CrossRef] [PubMed]

26. Battacharyya, D.; Babgohari, M.Z.; Rathor, P.; Prithiviraj, B. Seaweed extracts as biostimulants in horticulture. Sci. Hortic. 2015,
196, 39–48. [CrossRef]

27. Bajpai, S.; Shukla, P.S.; Asiedu, S.; Pruski, K.; Prithiviraj, B. A biostimulant preparation of brown seaweed Ascophyllum nodosum
suppresses powdery mildew of strawberry. Plant Pathol. J. 2019, 35, 406. [CrossRef] [PubMed]

28. Nair, P.; Kandasamy, S.; Zhang, J.; Ji, X.; Kirby, C.; Benkel, B.; Hodges, M.D.; Critchley, A.T.; Hiltz, D.; Prithiviraj, B. Transcriptional
and metabolomic analysis of Ascophyllum nodosum mediated freezing tolerance in Arabidopsis thaliana. BMC Genom. 2012, 13, 643.
[CrossRef] [PubMed]

29. Ramkissoon, A.; Ramsubhag, A.; Jayaraman, J. Phytoelicitor activity of three Caribbean seaweed species on suppression of
pathogenic infections in tomato plants. J. Appl. Phycol. 2017, 29, 3235–3244. [CrossRef]

30. Jayaraj, J.; Rahman, M.; Wan, A.; Punja, Z. Enhanced resistance to foliar fungal pathogens in carrot by application of elicitors.
Ann. Appl. Biol. 2009, 155, 71–80. [CrossRef]

31. Carmody, N.; Goñi, O.; Łangowski, Ł.; O’Connell, S. Ascophyllum nodosum extract biostimulant processing and its impact on
enhancing heat stress tolerance during tomato fruit set. Front. Plant Sci. 2020, 11, 807. [CrossRef]

32. Trouvelot, S.; Héloir, M.-C.; Poinssot, B.; Gauthier, A.; Paris, F.; Guillier, C.; Combier, M.; Trdá, L.; Daire, X.; Adrian, M.
Carbohydrates in Plant Immunity and Plant Protection: Roles and Potential Application as Foliar Sprays. Front. Plant Sci. 2014,
5, 592. [CrossRef]

33. Li, M.; Qin, C.; Welti, R.; Wang, X. Double knockouts of phospholipases D ζ 1 and D ζ 2 in Arabidopsis affect root elongation
during phosphate-limited growth but do not affect root hair patterning. Plant Physiol. 2006, 140, 761–770. [CrossRef]

http://doi.org/10.1016/j.lfs.2013.08.002
http://doi.org/10.1155/2015/825203
http://doi.org/10.1371/journal.pone.0206221
http://doi.org/10.1002/9781119385332.ch11
http://doi.org/10.1371/journal.pone.0216710
http://www.ncbi.nlm.nih.gov/pubmed/31086398
http://doi.org/10.1007/s10811-020-02309-8
http://doi.org/10.1016/S2305-0500(14)60019-1
http://doi.org/10.1007/s10811-010-9560-4
http://doi.org/10.1002/jsfa.3543
http://doi.org/10.1007/s00344-012-9301-9
http://doi.org/10.1007/978-0-387-92765-7_6
http://doi.org/10.1007/s10811-017-1283-3
http://doi.org/10.3389/fpls.2021.781993
http://www.ncbi.nlm.nih.gov/pubmed/35087552
http://doi.org/10.3390/agronomy9110761
http://doi.org/10.3390/horticulturae8030189
http://doi.org/10.3390/plants8110522
http://www.ncbi.nlm.nih.gov/pubmed/31752373
http://doi.org/10.1016/j.scienta.2015.09.012
http://doi.org/10.5423/PPJ.OA.03.2019.0066
http://www.ncbi.nlm.nih.gov/pubmed/31632216
http://doi.org/10.1186/1471-2164-13-643
http://www.ncbi.nlm.nih.gov/pubmed/23171218
http://doi.org/10.1007/s10811-017-1160-0
http://doi.org/10.1111/j.1744-7348.2009.00321.x
http://doi.org/10.3389/fpls.2020.00807
http://doi.org/10.3389/fpls.2014.00592
http://doi.org/10.1104/pp.105.070995


Plants 2023, 12, 843 13 of 14

34. Fonseca, J.P.; Dong, X. Functional characterization of a Nudix hydrolase AtNUDX8 upon pathogen attack indicates a positive role
in plant immune responses. PLoS ONE 2014, 9, e114119. [CrossRef] [PubMed]

35. Li, S.B.; Xie, Z.Z.; Hu, C.G.; Zhang, J.Z. A review of auxin response factors (ARFs) in plants. Front. Plant Sci. 2016, 7, 47.
[CrossRef] [PubMed]

36. Wilmoth, J.C.; Wang, S.; Tiwari, S.B.; Joshi, A.D.; Hagen, G.; Guilfoyle, T.J.; Alonso, J.M.; Ecker, J.R.; Reed, J.W. NPH4/ARF7 and
ARF19 Promote Leaf Expansion and Auxin-Induced Lateral Root Formation. Plant J. 2005, 43, 118–130. [CrossRef] [PubMed]

37. Cao, X.; Yang, H.; Shang, C.; Ma, S.; Liu, L.; Cheng, J. The roles of auxin biosynthesis YUCCA gene family in plants. Int. J. Mol. Sci.
2019, 20, 6343. [CrossRef] [PubMed]

38. Kim, J.I.; Murphy, A.S.; Baek, D.; Lee, S.W.; Yun, D.J.; Bressan, R.A.; Narasimhan, M.L. YUCCA6 over-expression demonstrates
auxin function in delaying leaf senescence in Arabidopsis thaliana. J. Exp. Bot. 2011, 62, 3981–3992. [CrossRef] [PubMed]

39. Dittrich, M.; Mueller, H.M.; Bauer, H.; Peirats-Llobet, M.; Rodriguez, P.L.; Geilfus, C.M.; Carpentier, S.C.; Al Rasheid, K.A.;
Kollist, H.; Merilo, E.; et al. The role of Arabidopsis ABA receptors from the PYR/PYL/RCAR family in stomatal acclimation and
closure signal integration. Nat. Plants 2019, 5, 1002–1011. [CrossRef]

40. Sakaoka, S.; Mabuchi, K.; Morikami, A.; Tsukagoshi, H. MYB30 regulates root cell elongation under abscisic acid signaling.
Commun. Integr. Biol. 2018, 11, e1526604. [CrossRef]

41. Zhu, J.K. Abiotic stress signaling and responses in plants. Cell 2016, 167, 313–324. [CrossRef]
42. Zheng, Y.; Schumaker, K.S.; Guo, Y. Sumoylation of transcription factor MYB30 by the small ubiquitin-like modifier E3 ligase SIZ1

mediates abscisic acid response in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 2012, 109, 12822–12827. [CrossRef]
43. Li, L.; Yu, X.; Thompson, A.; Guo, M.; Yoshida, S.; Asami, T.; Chory, J.; Yin, Y. Arabidopsis MYB30 is a direct target of BES1 and

cooperates with BES1 to regulate brassinosteroid-induced gene expression. Plant J. 2009, 58, 275–286. [CrossRef]
44. Raffaele, S.; Rivas, S.; Roby, D. An essential role for salicylic acid in AtMYB30-mediated control of the hypersensitive cell death

program in Arabidopsis. FEBS Lett. 2006, 580, 3498–3504. [CrossRef] [PubMed]
45. Meyer, K.; Leube, M.P.; Grill, E. A Protein Phosphatase 2C Involved in ABA Signal Transduction in Arabidopsis thaliana. Science

1994, 264, 1452–1455. [CrossRef]
46. Ali, A.; Pardo, J.M.; Yun, D.-J. Desensitization of ABA-signaling: The swing from activation to degradation. Front. Plant Sci. 2020,

11, 379. [CrossRef] [PubMed]
47. Jung, C.; Nguyen, N.H.; Cheong, J.-J. Transcriptional regulation of protein phosphatase 2c genes to modulate abscisic acid

signaling. Int. J. Mol. Sci. 2020, 21, 9517. [CrossRef] [PubMed]
48. Qiu, J.; Ni, L.; Xia, X.; Chen, S.; Zhang, Y.; Lang, M.; Li, M.; Liu, B.; Pan, Y.; Li, J.; et al. Genome-wide analysis of the protein

phosphatase 2c genes in tomato. Genes 2022, 13, 604. [CrossRef] [PubMed]
49. Umezawa, T.; Nakashima, K.; Miyakawa, T.; Kuromori, T.; Tanokura, M.; Shinozaki, K.; Yamaguchi-Shinozaki, K. Molec-

ular basis of the core regulatory network in ABA responses: Sensing, signaling and transport. Plant Cell Physiol. 2010, 51,
1821–1839. [CrossRef]

50. Stevanato, P.; Trebbi, D.; Saccomani, M. Root traits and yield in sugar beet: Identification of AFLP markers associated with root
elongation rate. Euphytica 2010, 173, 289–298. [CrossRef]

51. Zhou, D.-X.; Yin, K.; Xu, Z.-H.; Xue, H.-W. Effect of polar auxin transport on rice root development. J. Integr. Plant Biol. 2003, 45, 1421.
52. Moxley, G.; Zhang, Y.H.P. More accurate determination of acid-labile carbohydrates in lignocellulose by modified quantitative

saccharification. Energy Fuels 2007, 21, 3684–3688. [CrossRef]
53. Puglisi, I.; Barone, V.; Sidella, S.; Coppa, M.; Broccanello, C.; Gennari, M.; Baglieri, A. Biostimulant activity of humic-like substances

from agro-industrial waste on Chlorella vulgaris and Scenedesmus quadricauda. Eur. J. Phycol. 2018, 53, 433–442. [CrossRef]
54. Folch, J.; Lees, M.; Sloane Stanley, G.H. A simple method for the isolation and purification of total lipids from animal tissues.

J. Biol. Chem. 1957, 226, 497–509. [CrossRef]
55. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of

protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef] [PubMed]
56. Chatris, J.; Quintela, J.; Folch, J.; Planas, E.; Arnaldos, J.; Casal, J. Experimental study of burning rate in hydrocarbon pool fires.

Combust. Flame 2001, 126, 1373–1383. [CrossRef]
57. Arnon, D.; Hoagland, D. Crop production in artificial culture solutions and in soils with special reference to factors influencing

yields and absorption of inorganic nutrients. Soil Sci. 1940, 50, 463–485.
58. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359. [CrossRef] [PubMed]
59. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R.; 1000 Genome Project Data

Processing Subgroup. The sequence alignment/map format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [CrossRef]
60. Quinlan, A.R.; Hall, I.M. BEDTools: A flexible suite of utilities for comparing genomic features. Bioinformatics 2010, 26,

841–842. [CrossRef]
61. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol.

2014, 15, 550. [CrossRef]
62. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2- Delta Delta CT

method. Methods 2001, 25, 402–408. [CrossRef]
63. Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative CT method. Nat. Protoc. 2008, 3, 1101–1108. [CrossRef]

http://doi.org/10.1371/journal.pone.0114119
http://www.ncbi.nlm.nih.gov/pubmed/25436909
http://doi.org/10.3389/fpls.2016.00047
http://www.ncbi.nlm.nih.gov/pubmed/26870066
http://doi.org/10.1111/j.1365-313X.2005.02432.x
http://www.ncbi.nlm.nih.gov/pubmed/15960621
http://doi.org/10.3390/ijms20246343
http://www.ncbi.nlm.nih.gov/pubmed/31888214
http://doi.org/10.1093/jxb/err094
http://www.ncbi.nlm.nih.gov/pubmed/21511905
http://doi.org/10.1038/s41477-019-0490-0
http://doi.org/10.1080/19420889.2018.1526604
http://doi.org/10.1016/j.cell.2016.08.029
http://doi.org/10.1073/pnas.1202630109
http://doi.org/10.1111/j.1365-313X.2008.03778.x
http://doi.org/10.1016/j.febslet.2006.05.027
http://www.ncbi.nlm.nih.gov/pubmed/16730712
http://doi.org/10.1126/science.8197457
http://doi.org/10.3389/fpls.2020.00379
http://www.ncbi.nlm.nih.gov/pubmed/32391026
http://doi.org/10.3390/ijms21249517
http://www.ncbi.nlm.nih.gov/pubmed/33327661
http://doi.org/10.3390/genes13040604
http://www.ncbi.nlm.nih.gov/pubmed/35456410
http://doi.org/10.1093/pcp/pcq156
http://doi.org/10.1007/s10681-009-0042-1
http://doi.org/10.1021/ef7003893
http://doi.org/10.1080/09670262.2018.1458997
http://doi.org/10.1016/S0021-9258(18)64849-5
http://doi.org/10.1016/0003-2697(76)90527-3
http://www.ncbi.nlm.nih.gov/pubmed/942051
http://doi.org/10.1016/S0010-2180(01)00262-0
http://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
http://doi.org/10.1093/bioinformatics/btp352
http://doi.org/10.1093/bioinformatics/btq033
http://doi.org/10.1186/s13059-014-0550-8
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1038/nprot.2008.73


Plants 2023, 12, 843 14 of 14

64. Schneider, K.W.F. Sugar Analysis. ICUMSA Methods. Official and Tentative Methods Recommended by the International
Commission for Uniform Methods of Sugar Analysis (ICUMSA). herausgeg. vom. Starch-Stärke 1980, 32, 325–326. [CrossRef]

65. Kubadinow, N.; Wieninger, L. Analyses of alphaamino nitrogen in sugar beets and in processing juices. Zucker 1972, 25, 43–47.
66. Stevanato, P.; Zavalloni, C.; Marchetti, R.; Bertaggia, M.; Saccomani, M.; McGrath, J.M.; Panella, L.W.; Biancardi, E. Relationship

between subsoil nitrogen availability and sugarbeet processing quality. Agron. J. 2010, 102, 17–22. [CrossRef]

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

http://doi.org/10.1002/star.19800320914
http://doi.org/10.2134/agronj2009.0041

	Introduction 
	Results 
	Chemical Characterization of the BSE Extract 
	Transcriptomic Analysis of Plants Grown in the Open Field 
	Identification of DEGs Response to BSE Treatment 
	Candidate Genes Validation 

	Root Morphological Analysis of Plants Grown in Hydroponics 
	Yield Analysis 

	Discussion 
	Materials and Methods 
	Chemical Characterization of the BSE Extract 
	Plant Material and Growing Conditions 
	Field Experiment 
	Pots Experiment 
	Hydroponics Experiment 

	RNA Sequencing and Differential Gene Expression Analysis 
	Validation of Selected DEGs by RT-qPCR 
	Root Morphological Analysis 
	Yield Measurements 

	Statistical Analysis 
	Conclusions 
	References

